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Editorial on the Research Topic 
Tissue Stem Cells During Trauma: From Basic Biology to Translational Medicine

Bone is a metabolically active organ that undergoes regular and ongoing remodeling throughout the lifespan, which is crucial for the maintenance of mineral metabolism and normal skeletal structure (Salhotra et al., 2020). The dynamic balance between bone formation and bone resorption is essential to maintain normal bone homeostasis. It is generally accepted that osteoporosis is attributed to an imbalance between bone formation and resorption during bone reconstruction under certain conditions, such as senescence, estrogen deficiency and use of glucocorticoid, whereby the rate of bone absorption is greater than that of bone formation, resulting in accelerated bone turnover and rapid bone loss.
Osteogenic differentiation is the key process in bone formation, and the decreased osteogenic differentiation ability of mesenchymal stem cells (MSCs) leads to decreased bone formation, which has been proven to be responsible for multiple bone disorders, including osteonecrosis of the femoral head and osteoporosis. Multiple clinical trials and animal experiments have demonstrated the beneficial effects of MSCs in preventing bone loss (Wang et al., 2021). Thus, MSCs may provide a therapeutic approach for patients suffering from osteoporosis, potentially contributing to promoting osteogenic differentiation, enhancing bone formation, and influencing the progression of bone remodeling (Jiang et al., 2021). However, current available therapies have some side effects, including muscle cramps, increased serum or urine calcium, etc, which may lead to decreased treatment compliance. Therefore, the continuous search for novel, effective drugs with low side effects has become a commitment to humanity.
Lin et al. found that polydatin (POL) may have a promising therapeutic effect in osteoporosis by bioinformatic analyses, and POL treatment exhibited an increase in the ALP-positive area, the alizarin red-positive area and levels of osteogenic gens, including collagen type I alpha 1 (COL1A1), alkaline phospatase (ALP), osteocalcin (OCN) and Runx2, through MAPK signaling pathway in vitro Lin et al., 2021 Another studies supplemented that POL could improve osteogenic differentiation of MSCs potentially via BMP2-Wnt/β-catenin signaling pathway (Shen et al., 2020), Nrf2 signaling (Chen et al., 2016) and regulating osteoprotegerin (OPG) and RANKL levels in vivo and in vitro (Zhou et al., 2016). These results demonstrated that POL treatment could increase bone mass via activation of multiple signaling molecules, but the side effects and the strength of the effect are unknown compared the current available drugs. This can only be clarified by a large randomized trial.
Hesperidin, a flavanone glycoside highly abundant in citrus fruits, has exhibited a protective role in osteoporosis through enhancing osteogenic differentiation and inhibition of osteoclastogenesis (Liu et al., 2019; Miguez et al., 2021; Zhang et al., 2021), but little is known about the role of hesperidin in the dexamethasone-induced osteoporosis. Zhang et al. indicated that hesperidin showed enhanced osteogenic differentiation and partially reversed dexamethasone-induced inhibition of osteogenic differentiation by p53 signaling pathway in vitro, suggesting the compound may be a promising candidate against dexamethasone-induced osteoporosis (Zhang et al., 2021). However, hesperidin in combination with calcium supplementation appears to have better effect in preserving bone in postmenopausal women compared with hesperidin (Martin et al., 2016). Given that hesperidin was widely found in vegetables and fruits, the study by Zhang et al. may provide evidence to support that food therapy could treatment or prevent dexamethasone-induced osteoporosis to some extent, but the effective dose of the compound is needed to be identify.
Xie et al. demonstrated that SHIP1 activator AQX-1125 not only simulated differentiation of bone mesenchymal stem cells (BMSCs) into osteoblasts and osteoblast matrix mineralization, but inhibited osteoclast formation and function in a dose-dependent manner, and subsequently reversed estrogen deficiency-induced bone loss. AQX-1125 is first-in-class, oral SHIP1 activator in clinic, and a clinical trial regarding the effect of the SHIP1 activator AQX-1125 reported that it was well tolerated and low side effect (Nickel et al., 2016). Therefore, AQX-1125, maybe have some unique advantages compared with current available therapies, such as few side effects, easily accessibility and dual effects between osteogenesis and osteoclastogensis. The short-term efficacy of AQX-1125 may be excellent in rescuing bone loss, but the long-term administration may lead to low bone turnover, resulting in high bone strength but increased bone fragility.
A combination of biophysical stimuli and drugs therapy may be a future direction in treatment osteoporosis. Given the inefficiency of current biomaterials and bioactive molecules, biophysical stimulation for MSCs osteogenesis, including internal structural stimulation, external mechanical stimulation and electromagnetic stimulation, showed promising potential to prevent and treat osteoporosis, although specific osteoinductive mechanisms remains unclear (Hao et al.; Zhang et al., 2021). Furthermore, application of biophysical stimuli might augment the therapeutic benefit and reduce drugs dose, subsequently reducing the side effects. Therefore, it appears to be an ideal adjunct on top of antiosteoporosis drugs.
In summary, the Research Topic indicated that the efficacy of these therapies and its mechanism against osteoporosis, highlighting the fact that strategies for enhanced osteogenic differentiation of MSCs in osteoporosis are effective. As researchers come round to the understanding that bone is a mechanosensitive tissue, biophysical stimulations offer some unique advantages for enhancing osteogenic differentiation of MSCs. Furthermore, drugs therapy in combination with biophysical stimuli may be as a first line therapy in the future. We predict that this Research Topic will continue to rapidly evolve and attract more researches to develop more antiosteoporosis therapies with few side effects.
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Purpose: Polydatin (POL) is a natural active compound found in Polygonum multiflorum with reported anti-oxidant and antiviral effects. With the aging population there has been a stark increase in the prevalence of osteoporosis (OP), rendering it an imposing public health issue. The potential effect of POL as a therapy for OP remains unclear. Therefore, we sought to investigate the therapeutic effect of POL in OP and to elucidate the underlying signaling mechanisms in its regulatory process.

Methods: The POL-targeted genes interaction network was constructed using the Search Tool for Interacting Chemicals (STITCH) database, and the shared Kyoto Encyclopedia of Genes and Genomes (KEGG). Pathways involved in OP and POL-targeted genes were identified. Quantitative real-time PCR (qRT-PCR) and enzyme-linked immunosorbent assay (ELISA) were performed to evaluate the osteogenic genes and the phosphorylation level in pre-osteoblastic cells. In addition, ALP and alizarin red staining was used to test the effect of POL on extracellular matrix mineralization.

Results: Twenty-seven KEGG pathways shared between POL-related genes and OP were identified. MAPK signaling was identified as a potential key mechanism. In vitro results highlighted a definitive anti-OP effect of POL. The phosphorylation levels of MAPK signaling, including p38α, ERK1/2, and JNK, were significantly decreased in this regulatory process.

Conclusion: Our results suggest that POL has a promising therapeutic effect in OP. MAPK signaling may be the underlying mechanism in this effect, providing a novel sight in discovering new drugs for OP.

Keywords: MAPK, gene, osteoporosis, polydatin, KEGG pathway


INTRODUCTION

Osteoporosis (OP), a condition characterized by thin and brittle bones, compromises bone strength and predisposes bones to fractures, especially the bones in the hip, spine, and wrist (Cummings and Melton, 2002; Compston et al., 2019). The prevalence of OP is on the rise, owing to the aging population, with millions of people worldwide either already having OP or being at high risk due to low bone mass (Black and Rosen, 2016; Compston et al., 2019). Studies have suggested that approximately one in two women and up to one in four men aged 50 and older will suffer a bone fracture due to OP (Sambrook and Cooper, 2006; Rachner et al., 2011; Compston et al., 2019). Although immense strides have been made in drug development, the incidence of OP is growing exponentially (Rachner et al., 2011; Compston et al., 2019). Design and development of effective drugs that can delay the pathological progress of OP have the potential to revolutionize healthcare provision.

Owing to their low toxicity, natural active compounds of a plant origin are attracting attention (Zhu et al., 2018; Suroowan and Mahomoodally, 2019). Polydatin (POL, 3, 4, 5-trihydroxystibene-3-β-mono-D-glucoside), a stilbenoid compound obtained from the root of Polygonum cuspidatum, has a long history of use as a Chinese traditional medicine in a wide array of diseases (Chen et al., 2013; Jiang et al., 2013; Huang et al., 2015; Mele et al., 2018). Polydatin (POL) has been reported to enhance the anti-oxidant ability of bone marrow stromal cells (BMSCs) and to induce bone remodeling (Chen et al., 2019). A recent study reported that POL has anti-OP activity in ovariectomized mice (Shen et al., 2020). However, to the best of our knowledge, the mechanism of POL’s anti-OP activity remains elusive and requires further investigation.

Bioinformatic analyses have been widely applied in the elucidation of potential molecular mechanisms underlying diseases (Agarwal and Searls, 2009; Zampieri et al., 2017). In the current study, we employ a set of bioinformatic tools to identify the target genes and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways involved in POL’s mechanism of anti-OP activity. Our primary aim was to identify the potential molecular and cellular mechanism of POL in OP. We analyzed the shared KEGG pathways between POL-targeted genes and OP, and performed in vitro assays to validate our hypothesis.



MATERIALS AND METHODS


Reagents

Polydatin was purchased from MedChemExpress LLC (NJ, United States), the quantitative real-time PCR (qRT-PCR) kit was purchased from Thermo Fisher Scientific Co. (Boston, MA, United States). The enzyme-linked immunosorbent assay (ELISA) kits were purchased from R&D SYSTEMS Co. (p-p38α and p-ERK1/2, Emeryville, CA, United States), and Shanghai Jianglai Ltd. (p-JNK, Shanghai, China).



Culture of MC3T3-E1 Cells

Murine pre-osteoblasts (MC3T3-E1 cells) were kindly donated by the Shanghai University of Medicine & Health Sciences (Shanghai, China). The medium used for cell culture is α-MEMcontaining 10% FBS, and 1% penicillin and streptomycin. The cells were grown at 37°C with 5% CO2 at 95% humidity and were used for up to five passages. To induce a cellular OP model the MC3T3-E1 cells were treated with 100 μM dexamethasone (DXM) for 7 days.



Quantitative Real-Time PCR Analysis

TRIzol was used for RNA extraction, according to the manufacturer’s protocol. cDNA was generated with a one-step Prime Script miRNA cDNA synthesis kit, and amplification of equivalent cDNA amounts was performed by SYBR Premix Ex TaqII. The qPCR analysis was performed by using a Thermal Cycler C-1000 Touch system. The reverse transcription-quantitative polymerase chain reaction messenger RNA quality of each gene was calculated using the 2–ΔΔCt method and normalized to GAPDH. The primer sequences of the genes are displayed in Table 1.


TABLE 1. mRNA primer sequences.
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Enzyme-Linked Immunosorbent Assay

MC3T3-E1 were incubated serum-free medium for a 48-h period. The concentration of proteins was measured by ELISA. Before the ELISA assay, the number of cells in each culture well was counted to ensure that the cell numbers were same. The concentration of phospho-p38α, phospho-ERK1/2 and phospho-JNK were calculated based on the standard curve.



ALP Staining

An ALP staining was performed by using the color-development kit based on the provided guidance to evaluate ALP staining results. Briefly, MC3T3-E1 cells were fixed in 10% formalin for 15 min after washing the cells twice with PBS. The BCIP/NBT liquid substrate was used to stain cells for 24 h. Absorbance was measured at 405 nm.



Alizarin Red Staining

Cells were grown in six-well plates in a special osteogenic media (#HUXMA-90021, Cyagen, United States) for 21 days to promote osteogenesis. Briefly, cells were washed twice with PBS, followed by fixation in 10% formalin for 15 min. The cells were stained with 0.5% Alizarin-Red solution at room temperature for 15 minutes, then rinsed with distilled water for 5 min. A charge-coupled device microscope was used to analyzed red mineralized nodules. Absorbance was measured at 570 nm.



Retrieval of Polydatin-Related Genes and Compounds

The Search Tool for Interacting Chemicals (STITCH) database1 was used to search for POL-related genes and compounds. STITCH is a database of known and predicted interactions between chemicals and proteins (Szklarczyk et al., 2016). POL-related genes and compounds were obtained using the following settings: the maximum number of interactions in each shell was 10, three shells were retrieved, and the intermediate confidence score was 0.4. The data were imported into Cytoscape 3.8.0 to construct a POL-related gene relationship network and to calculate the degree, betweenness, and closeness of each gene in the network. A weighted network was constructed according to the degree of genes in Cytoscape (Shannon et al., 2003).



Enrichment Analysis of Genes and Kyoto Encyclopedia of Genes and Genomes Pathways

The database for Annotation, Visualization, and Integrated Discovery (DAVID) database was used to search POL-related KEGG pathway. The DAVID knowledge base contains millions of identifiers from thousands of species allowing agglomeration of a diverse array of functional and sequence annotation, greatly enriching the level of biological information available for each gene (Huang et al., 2009; Jiao et al., 2012).



Shared Kyoto Encyclopedia of Genes and Genomes Pathways

The miRwalk2.0 database was used to search for KEGG pathway related to OP (Dweep and Gretz, 2015). POL targeted gene related KEGG pathways were also identified (q ≤ 0.05). The shared KEGG pathways were established with a Venn Diagram (Venny 2.12).



Identification of the Hub Genes

Gplot, an R package that visually combines expression data with functional analysis, was used to present the enrichment information of the top five KEGG pathways (Walter et al., 2015). The genes included in the top five KEGG pathways were considered hub genes. The specific information and chromosomal position of all genes in the network were presented using the circlize R package (Gu et al., 2014).



Retrieval of the Kyoto Encyclopedia of Genes and Genomes Pathway

The top five shared KEGG pathways with the smallest q-values were selected and the KEGG pathways were established using the KEGG database.3



Statistical Analysis

All analyses were conducted by GraphPad Prism 8.0; the presentation of data is mean ± SD. The data of two groups were compared with Student’s t-test, whereas one-way analysis of variance with Tukey’s textitpost-hoc test was used to compare groups of 3 or more. P < 0.05 was considered to be statistically significant. All experiments were repeated in triplicate.




RESULTS


Polydatin-Related Genes and Interaction Network

In total, 30 POL genes and compounds were obtained in STITCH using a limit of three shells. The interaction network was constructed in Cytoscape (Figure 1A). IL8, ARNT, AHR, G6PD, CXCL10, MAPK3, CCL2, MAPK1, TYR, and PDE5A were involved in the first shell. Sildenafil, MAP2K1, AIPm HIF1A, tadalafil, CXCR2, DUSP1, EPAS1, CXCR3, and RPS6KA1 were involved in the second shell. RPS6KA3, vardenafil, RELA, PTPN7, HSP90AA1, PTPRR, CCR2, MBP, PTPN11, and CXCR1 were involved in the third shell. A weighted network was constructed (Figure 1B). MAPK1 and MAPK3 had the highest weight.


[image: image]

FIGURE 1. Interaction networks of polydatin-targeted genes. (A) Interaction network constructed by Cytoscape. (B) Weighted interaction network.


DAVID database was used to obtain 69 polydatin-related KEGG pathways and 61 KEGG pathways with q-value < 0.05 were selected. And the miRwalk database was used to obtain 110 osteoporosis-related KEGG pathways.



Enrichment Analysis of Genes and Kyoto Encyclopedia of Genes and Genomes Pathway

Twenty-seven KEGG pathways shared between POL-related genes and OP were identified using a Venn Diagram (Figure 2). According to the above analysis, the top five KEGG pathways were Chemokine signaling pathway, Renal cell carcinoma, MAPK signaling pathway, Neurotrophin signaling pathway, and Pathways in cancer (Table 2). According to the information in the table, MAPK1, MAPK3, and MAP2K1 are found in all top five KEGG pathways. Therefore, these genes are regarded as hub genes. The enrichment information of the KEGG pathways with p.adjust < 0.05 is shown in Figure 3. The gene enrichment analysis results are shown in Figure 4. The specific information and the chromosomal position of all genes in the network are shown in Figure 5.


[image: image]

FIGURE 2. Identification of KEGG pathways shared between polydatin-targeted genes and osteoporosis. Sixty-one polydatin-targeted genes related KEGG pathways, and 110 osteoporosis related KEGG pathways were found; 27 (18.8%) shared KEGG pathways were identified.



TABLE 2. Top five KEGG pathway and related genes.
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FIGURE 3. Enrichment information of KEGG pathways with p.adjust < 0.05. Top five KEGG pathways were the Chemokine signaling pathway (hsa04062), Renal cell carcinoma (hsa05211), the MAPK signaling pathway (hsa04010), the Neurotrophin signaling pathway (hsa04722), and Pathways in cancer (hsa052009).
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FIGURE 4. Gene enrichment analysis. MAP2K1, MAPK1, and MAPK3 were involved in all five pathways. The sub genes by degree were MAPK1, MAPK3, and MAP2K1.
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FIGURE 5. Circular visualization of the chromosomal positions and connectivity of polydatin-targeted genes. Gene names are shown in the outer circle. In the outer heatmap, deep color represents high betweenness, in the middle heatmap, deep color represents high closeness, and in the inner heatmap, deep color represents high degree. Lines extend from each gene point to its specific chromosomal locatio on the chromosomal circle.




Retrieval of the Kyoto Encyclopedia of Genes and Genomes Pathway

The top five shared KEGG pathways with the smallest q-values are shown in Figure 6. These pathways are involved in proliferation, invasion, differentiation, inflammation, and cell survival. The MAPK signaling pathway is found in all the top five shared KEGG pathways.
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FIGURE 6. Polydatin-targeted genes related to the top five shared KEGG pathways. (A) Polydatin-targeted genes related to the Chemokine signaling pathway: (1) MAPK signaling pathway and (2) NF-kB. (B) Polydatin-targeted genes related to Renal cell carcinoma: (1) HIF-1 signaling pathway, and (2) MAPK signaling pathway. (C) Polydatin-targeted genes related to the MAPK signaling pathway:(1) Classical MAP kinase pathway, (2) JUK and p38 MAP kinase pathway, and (3) NFκB. (D) Polydatin-targeted genes related to the Neurotrophin signaling pathway: (1) MAPK signaling pathway, and (2) NFκB. (E) Polydatin-targeted genes related to Pathways in cancer: (1) HIF-1 signaling pathway, (2) MAKP signaling pathway, (3) NFκB, and (4) HSP.




Polydatin Reverses Osteoporosis in vitro

A cellular OP model was created using DXM. The MC3T3-E1 cells were treated with POL in different concentrations (20, 40, and 80 μM), the total RNA was extracted and the levels of osteogenic genes, including Col-1a1, ALP, OCN, and Runx2 were measured using qRT-PCR analysis. Our results showed that the DXM treatment could significantly decreased the bone turnover markers in MC3T3-E1 cells, and POL could partially reverse this effect in a dose-dependent manner (Figures 7A–D). Additionally, ALP staining was performed to visualize the extracellular matrix mineralization among the different groups. Similarly, POL could partially rescue the impaired mineralization induced by the DXM treatment (Figures 7E–H).
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FIGURE 7. Polydatin (POL) reverses OP in vitro. (A–D) The expression of Col-1a1, ALP, OCN, and Runx2 in the different groups [Control(PBS); OP; OP + 20μM POL; OP + 40μM POL; OP + 80μM POL] was measured using a qRT-PCR analysis. The cellular OP model was performed using DXM; (E,F) ALP staining in MC3T3-E1 following different treatments; (G,H) Alizarin red- calcium staining in MC3T3-E1 following different treatments.




MAPK Signaling Pathway Involved in the Regulation of POL

As shown in Figure 8, in the POL-treated groups, the relative expression of p-JNK, p-P38, and p-ERK was decreased compared to the control group (PBS treatment) in a dose-dependent manner. Thus, it can be assumed that the MAPK signaling pathway is involved in the regulation of POL.
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FIGURE 8. Involvement of the MAPK signaling pathway in the regulation of POL. The relative expression of (A) p-P38, (B) p-ERK, and (C) p-JNK in the different groups [Control (PBS); OP; OP + 20μM POL; OP + 40μM POL; OP + 80μM POL] by ELISA is shown (**P < 0.05, ***P < 0.001). (D) The cellular OP models were treated with different concentrations of POL. Western blotting results of p38, p-p38, ERK, p-ERK, JNK, and p-JNK protein levels in BMSCs.





DISCUSSION

Polydatin, a stilbenoid compound obtained from the root of P. cuspidatum, is believed to possess anti-osteoporotic activity (Chen et al., 2016, 2019; Zhou et al., 2016). BMSCs have the ability of self-renewal and multidirectional differentiation. They can potentially differentiate into adipocytes, osteoblasts, and chondrocytes (Yim et al., 2014; Ruiz et al., 2016). Therefore, BMSCs play a key role in the treatment of OP. As shown in previous study, POL can protect from oxidative stress and promote BMSCs migration (Chen et al., 2019). POL has also been shown to possess notable anti-OP activity via regulation of OPG, RANKL, and β-catenin (Zhou et al., 2016). In addition, a study suggested that POL may promote BMSC migration via the ERK 1/2 signaling pathways (Chen et al., 2016). However, the precise mechanism of POL’s anti-OP activity has yet to be investigated.

In this study, we identified 27 KEGG pathway shared between POL-targeted genes and OP. The top five KEGG pathways with the smallest q-values were Chemokine signaling pathway, Renal cell carcinoma, MAPK signaling pathway, Neurotrophin signaling pathway, and Pathways in cancer. The hub genes of the five signaling pathway were MAPK1, MAPK3, and MAP2K1.

By mapping the KEGG pathways related to target genes, we found that POL exerts its biological effects through regulating Classical MAP kinase pathway, JNK, and p38 MAP kinase pathway. POL-targeted genes ERK (MAPK1, MAPK3), MEK1 (MAP2K1) were involved in the above pathways. And the identified POL-targeted genes are associated with proliferation, differentiation, inflammation, cellular growth and differentiation, and cytokine production.

As is known, there are three major subfamilies of MAPK: the extracellular-signal-regulated kinases (ERK MAPK, Ras/Raf1/MEK/ERK), the c-Jun N-terminal or stress-activated protein kinases (JNK, SAPK), and p38 (Fang and Richardson, 2005; Cargnello and Roux, 2011). JNK and p38 have similar functions and are related to inflammation, apoptosis, and growth (Wagner and Nebreda, 2009). ERK is responsible for basic cell processes, including cell proliferation and differentiation (Guo et al., 2020). Several studies have suggested that the ERK-MAPK pathway can positively regulate bone development (Radio et al., 2006; Ge et al., 2007; Shim et al., 2013). At the same time, studies have shown that the p38 MAPK pathway is essential for bone production and bone homeostasis (Greenblatt et al., 2010; Weske et al., 2018). In addition, osteoclast formation and survival can be inhibited through the attenuation of JNK/c-jun and NFκB signaling (Abe et al., 2003; Krum et al., 2010).

Protein phosphorylation (PP) is a common regulatory mode in organism and plays an important role in the process of cell signal transduction (Kummer and Ban, 2021). It was widely demonstrated that PP is the most basic, universal and important mechanism for regulating and controlling protein activity and function (Jiang et al., 2021). To validate our bioinformatic results, the phosphorylation level of MAPK signaling pathway was detected. Our results indicated that POL reduced the phosphorylation levels of ERK1/2, p38α and JNK in MC3T3-E1, suggesting MAPK signaling pathway involved in the regulation of POL, which is high incidence with the bioinformatic results. In the current study, we proved that POL induces osteoblastic differentiation via suppressing the MAPK signaling pathway, and further signaling pathways involved in the protective functions of POL on OP will be verified in future studies.

Like other bioinformatic analysis, some limitations could be found in the study. On the one hand, the effect of activation or suppression of MAPK signaling on osteoblasitc differentiation was not explored in the present research. On the other hand, animal osteoporotic model was not constructed and the beneficial effect of POL on OP was nor demonstrated in vivo.

However, it is worth noting, that previous researches has identified POL as a potential activator of the Sirtuin family, which is involved in specific biological functions, including regulation of transcription, cell cycle, cell differentiation, apoptosis, anti-oxidation, and genomic stabilization (Chen and Lan, 2017; Sun et al., 2021). Sirtuins, which is highly conserved NAD+ dependent deacetylases, exist in most organisms and play a key role in promoting the health and survival (Sinclair and Guarente, 2006; Haigis and Sinclair, 2010). According to previous studies, sirtuins can regulate the lifespan of lower organisms and age-related diseases in mammals (Imai and Guarente, 2014). A study has shown that sirtuin might play an important role in the treatment of mitochondrial dysfunction, aging, and metabolic diseases (Westphal et al., 2007). As an activator of sirtuin, resveratrol can reduce oxidative stress and inflammation by acting on Akt and MAPK signaling pathways (Shin et al., 2012). A related study has reported that sirituin affects the MAPK pathway by regulating the phosphorylation of p38, JNK, and ERK (Becatti et al., 2012). Therefore, this evidence taken together with our results, allows for speculation that polydatin might alleviates osteoporosis by acting on the Sirtuin family and regulating biological processes and MAPK signaling. This highlights a potential path for subsequent research.



CONCLUSION

Our study determined that POL exhibited protective effects in OP, as evidenced by a suppression of MAPK signaling in vitro. This study identifies a promising potential candidate for the treatment of OP.
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Mesenchymal Stem Cells and NF-κB Sensing Interleukin-4 Over-Expressing Mesenchymal Stem Cells Are Equally Effective in Mitigating Particle-Associated Chronic Inflammatory Bone Loss in Mice
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Wear particles from total joint arthroplasties (TJAs) induce chronic inflammation, macrophage infiltration and lead to bone loss by promoting bone destruction and inhibiting bone formation. Inhibition of particle-associated chronic inflammation and the associated bone loss is critical to the success and survivorship of TJAs. The purpose of this study is to test the hypothesis that polyethylene particle induced chronic inflammatory bone loss could be suppressed by local injection of NF-κB sensing Interleukin-4 (IL-4) over-expressing MSCs using the murine continuous polyethylene particle infusion model. The animal model was generated with continuous infusion of polyethylene particles into the intramedullary space of the femur for 6 weeks. Cells were locally injected into the intramedullary space 3 weeks after the primary surgery. Femurs were collected 6 weeks after the primary surgery. Micro-computational tomography (μCT), histochemical and immunohistochemical analyses were performed. Particle-infusion resulted in a prolonged pro-inflammatory M1 macrophage dominated phenotype and a decrease of the anti-inflammatory M2 macrophage phenotype, an increase in TRAP positive osteoclasts, and lower alkaline phosphatase staining area and bone mineral density, indicating chronic particle-associated inflammatory bone loss. Local injection of MSCs or NF-κB sensing IL-4 over-expressing MSCs reversed the particle-associated chronic inflammatory bone loss and facilitated bone healing. These results demonstrated that local inflammatory bone loss can be effectively modulated via MSC-based treatments, which could be an efficacious therapeutic strategy for periprosthetic osteolysis.

Keywords: wear particles, chronic inflammation, bone loss, mesenchymal stem cells, macrophages


INTRODUCTION

Wear particles from total joint arthroplasties (TJAs) incite a persistent macrophage-mediated chronic inflammatory reaction resulting in the release of cytokines, chemokines, and other molecules (Bi et al., 2001; Xu et al., 2009; Abu-Amer, 2013) and, stimulate key paracrine and autocrine cell interactions (Goodman et al., 2013). This reaction promotes bone resorption and impedes bone formation, leading to periprosthetic osteolysis and eventually, loss of mechanical support for the implant (Goodman, 2007; Goodman et al., 2014; Qiu et al., 2020). Revision surgery for osteolysis is technically demanding, with higher costs and poorer outcomes than primary arthroplasty (Kurtz et al., 2014). Although modern bearing couples and alloys have been developed to reduce wear, new strategies for reducing particle-induced osteolysis are needed to improve the durability of TJAs.

Mesenchymal stem cells (MSCs) have shown great potential in skeletal tissue regeneration (Caplan, 1991; Zhang et al., 2021). Previously we showed an intervention using unaltered MSCs during the chronic inflammatory phase could mitigate the adverse effects of contaminated particles on bone (Utsunomiya et al., 2021a). Furthermore, specific properties of MSCs, such as differentiation capability and immunomodulation potential can be further refined by genetic modification to optimize MSC-based therapy (Wei et al., 2018; Zhang et al., 2021). Whether local delivery of genetically modified MSCs could abrogate the adverse effects of particles on bone in vivo, using the murine continuous femoral infusion model is unknown. Interleukin-4 over expression by genetically modified MSCs mitigates inflammation by converting pro-inflammatory M1 macrophages to an anti-inflammatory M2 phenotype (Lin et al., 2017b); modulation of macrophage phenotype at an appropriate time can optimize osteogenic differentiation of MSCs (Lin et al., 2019) and enhance bone regeneration (Chow et al., 2019; Niu et al., 2021). An in vitro study showed that genetically modified MSCs over-secreting IL-4 trigged by NF-κB activation could mitigate the proinflammatory response of macrophages exposed to wear particle (Lin et al., 2018). In the present study, we injected NF-κB sensing IL-4 over-expressing MSCs locally in the murine continuous femoral particle infusion model. We test whether NF-κB sensing IL-4 over-expressing MSC treatment is a more efficacious therapeutic strategy than unaltered MSCs for particle induced chronic inflammatory bone loss in this model.



MATERIALS AND METHODS


Cells

Male BALB/c murine bone marrow derived MSCs were isolated and characterized as previously described (Lin et al., 2015). Briefly, 8–10- week-old BALB/c male mice were used to collect the bone marrow from femurs and tibias. The bone marrow with cells was filtered through 70 μm cell strainer, spun down and resuspended using α-minimal essential medium (α-MEM, Thermo Fisher Scientific, Waltham, MA United States) supplied with 10% certified fetal bovine serum (FBS, Invitrogen, Thermo Fisher Scientific, Waltham, MA United States) and antibiotic-antimycotic solution (100 units of penicillin, 100 μg of streptomycin and 0.25 μg of amphotericin B per milliliter, Hyclone, Thermo Fisher Scientific, Waltham, MA United States). Unattached cells were removed by replacing medium the next day (passage 1). Flow cytometry (LSRII, Stanford Shared FACS Facility, Stanford, CA, United States) was used to characterize the immunophenotype of isolated MSCs at passage 4: spinocerebellar ataxia type 1 (Sca1+)/CD105+ /CD44+ /CD34–/CD45–/CD11b–. Identified MSCs passages 4–8 were used in the experiments. This protocol has been approved by Stanford’s Administrative Panel on Laboratory Animal Care (APLAC).



Generation of Genetically Modified Mesenchymal Stem Cells

The lentiviral vector preparation was performed as previously described (Pajarinen et al., 2015). Human embryonic kidney 293T cells (ATCC, Manassas, VA, United States) were used to transfect the control lentivirus vector the mouse IL-4 secreting pCDH-NF-κB-mIL-4-copGFP expressing lentivirus vector (Lin et al., 2017b) together with psPAX2 packaging vector and pMD2G VSV-G envelope vector using the calcium phosphate transfection kit (Clontech, Mountain View, CA, United States) with 25 μM chloroquine. The virus was diluted in MSC culture medium supplemented with 6 μg/ml of polybrene (Sigma Aldrich, St. Louis, MO, United States), and infected to murine MSCs at multiplicity of infection (MOI) = 100. At 3 days post-infection, the infected cells were GPF positive confirmed by fluorescence microscope (Keyence, Itasca, IL, United States).



Enzyme-Linked Immunosorbent Assay

ELISA kits for mouse IL-4 (R&D system, Minneapolis, MN, United States) were used to quantify IL-4 expression by the genetically modified MSCs exposed to 1 μg/ml LPS (Sigma Aldrich, St. Louis, MO) or left untreated for 24 h culture. The manufacturers’ protocols were carefully followed. The optical densities were determined using SpectraMax M2e Microplate Readers (Molecular Devices, San Jose, CA, United States) set at 450 nm with wavelength correction set to 540 nm.



Ultra-High Molecular Weight Polyethylene Particles

The polyethylene particles were processed as previously described (Lin et al., 2018, 2019). Briefly, Ceridust 3,610 polyethylene particles (Clariant Corporation, CA, United States) were washed by ethanol and filtered using a 20 μm pore membrane. A particle size of 4.62 ± 3.76 μm was verified by an electron microscopy (Cell Science Image Facility at Stanford University). The filtered particles were vacuum dried for 3 days then resuspended using Phosphate-Buffered Saline (PBS) containing 5% Bovine Serum Albumin (BSA, Thermo Fisher Scientific). The concentration of the resuspended particles was approximately 3.1 × 1010 particles/ml. 10 ng/ml of lipopolysaccharides (LPS, Sigma-Aldrich St. Louis, MO, United States) was used to generate the contaminated particles (cPE) (Greenfield et al., 2010). The endpoint chromogenic Limulus Amebocyte Lysate assay (Lonza, Portsmouth, NH, United States) was used to confirm the sterility of the particles.



Continuous Femoral Infusion Murine Model

The animal experiment was approved by the Institutional APLAC at Stanford University (Protocol number: 17566). Institutional Guidelines for the Care and Use of Laboratory Animals were followed in all aspects of this project. Eleven to twelve-week-old BALB/c male mice were used to generate the murine continuous femoral infusion model as previously described (Ma et al., 2008; Ren et al., 2011; Gibon et al., 2012; Sato et al., 2015, 2016; Lin et al., 2016; Nabeshima et al., 2017; Pajarinen et al., 2017; Goodman et al., 2019). The surgery was conducted on mice under preoperative analgesia by subcutaneously injection of 0.1 mg/kg of buprenorphine, and inhalation anesthesia using 1 L/min flow of 2% isoflurane in 100% oxygen on small animal surgery station at 37°C. The right distal femur was exposed after patellar dislocation via a lateral parapatellar incision. 25 gauges, 23 gauges, and 22 gauges needles were used sequentially to pierce through the intercondylar notch into the medullary cavity. A hollow titanium rod (6 mm long, 23 gauge) (Figures 1A–D, part III) was then press-fit into the distal canal of the femur. An osmotic pump (Figures 1A–D, part I) containing 10% BSA/PBS with or without contaminated polyethylene particles (cPE, 1.25% of polyethylene particles and 10 ng/ml of LPS) was implanted into dorsal side of mouse subcutaneously through a second incision around the right shoulder girdle; the pump was connected to the implanted rod via subcutaneous vinyl catheter tubing (Figures 1A–D, part II). Skin incisions were closed using 5–0 Ethilon sutures (J&J Medical Devices) after all the procedures. No infection was observed in any of the mice and all mice appeared to ambulate relatively normally several days after the surgical procedure. Three weeks after primary surgery, pumps (Figures 1A–D, part I) and connected tubing (Figures 1A–D, part II) were removed. 10 μl PBS with 0.5 × 106 MSCs or NF-κB sensing IL-4 over-expressing MSCs were injected through the rod into the femur (Figures 1A–D, part III), then pumps and tubes were changed to new ones containing 10% BSA/PBS with/without cPE, which was infused for 3 more weeks (Figure 1E).


[image: image]

FIGURE 1. Continuous femoral infusion murine model generation and experimental design based on the treatments. (A) The murine continuous femoral infusion model. (B) Infusion system. I: osmotic pump; II: connected tube; III: hollow titanium rod. (C) Rod press-fit into the distal femoral canal and the selected ROI for assessments. (D) Cell injection at 2nd surgery. (E) Summary of the treatments and experimental design.


Thus, there were 6 groups with/without cPE and with/without different MSCs as follows: (1) control without cPE (cPE- control group), (2) MSCs injection at 3 weeks after primary surgery without cPE (cPE- MSCs group), (3) NF-κB sensing IL-4 over-expressing MSCs injection at 3 weeks after primary surgery without cPE (cPE- IL-4 MSCs group), (4) control with cPE (cPE + control group), (5) MSCs injection at 3 weeks after primary surgery with cPE (cPE + MSCs group), (6) NF-κB sensing IL-4 over-expressing MSCs injection at 3 weeks after primary surgery with cPE (cPE + IL-4 MSCs group).



Micro-Computational Tomography

Mice were euthanized 6 weeks after the primary surgery (Figure 1E) and the titanium rod was removed from the distal femur. μCT scans were performed using TriFoil Imaging CT120 (TriFoil Imaging, Chatsworth, CA, United States) with 49 μm resolution. A 4 mm × 4 mm × 3 mm three-dimension (3D) region of interest (ROI) was created within the distal femur which began 3 mm from the distal end of the femur and proceeded proximally (Figures 1C, 2A; Lin et al., 2016; Nabeshima et al., 2017). The threshold bone mineral density (BMD, mg/mm3) was quantified by using GEMS MicroView software (threshold: 700 HU).


[image: image]

FIGURE 2. Bone Mineral Density (BMD) within the ROI for all groups. (A) The 3D ROI was defined as a 4 mm × 4 mm × 3 mm box and started 3 mm from the distal femur end. (B) Quantitative assessments of BMD within the region of interest for all groups. (cPE- control group: n = 8; cPE- MSCs group: n = 7; cPE- IL-4 MSCs group: n = 8; cPE + control group: n = 8; cPE + MSCs group: n = 8; cPE + IL-4 MSCs group: n = 9).




Tissue Processing and Histological Staining

Isolated femurs were fixed with 4% paraformaldehyde overnight and decalcified with 0.5 M ethylenediamine tetra acetic acid (EDTA, pH 7.4). After dehydration, the specimens were embedded in optimal cutting temperature (OCT) compounds. The ROI (Figure 1C) located 3 mm from the distal end of femur was cut into transverse sections with 10 μm-thickness for subsequent staining (Lin et al., 2016). Hematoxylin and Eosin (H&E) staining and immunohistochemistry were performed for general tissue morphological assessment and morphometry.



Immunohistochemistry for Macrophage Phenotype Analysis

To identify the macrophages by immunohistochemistry, the sections were covered by blocking buffer (5% BSA) for 30 min at room temperature followed by primary and secondary antibody incubation for 1 h each at room temperature. Macrophages were identified by immunofluorescence staining with rat anti-mouse F4/80 monoclonal antibody (CI: A3-1, Bio-Rad) followed by Alexa Fluor® 594 conjugated goat anti-rat IgG (Invitrogen, CA, United States). M1 pro-inflammatory macrophages were further identified by rabbit anti-mouse inducible nitric oxide synthase (iNOS) polyclonal antibody (Abcam, Cambridge, MA, United States) followed by Alexa Fluor® 488 conjugated goat anti-rabbit IgG (Invitrogen, CA, United States). M2 anti-inflammatory macrophages were identified by rabbit anti-mouse liver Arginase (Arg1) polyclonal antibody (Abcam, Cambridge, MA, United States) followed by Alexa Fluor® 488 conjugated goat anti-rabbit IgG (Invitrogen, CA, United States). ProLong Gold Antifade Mount with DAPI (Life Technologies, Grand Island, NY, United States) was used to mount the slides. A fluorescence microscope (Digital Microscope, Keyence, IL, United States) was used to detect the immunohistochemistry staining. Finally, the cells were manually counted in 3 randomly selected fields of view by Image J software (National Institutes of Health, United States).



Osteoclast-Like Cells and Osteoblast-Like Cells Detection

Osteoblast-like and osteoclast-like cells were identified as previously described (Goodman et al., 2013; Sato et al., 2015; Miron et al., 2016; Brooks et al., 2019). The tartrate resistant acid phosphatase (TRAP) staining kit (Sigma-Aldrich, St. Louis, MO, United States) was used to identify osteoclast-like cells; multi-nucleated TRAP positive cells located on the bone perimeter within the resorption lacunae were defined as osteoclast-like cells. For the detection of osteoblast-like cells, anti-alkaline phosphatase staining (1-stepTM NBT/BCIP Substrate Solution, Thermo Fisher Scientific, Rockford, IL) was used. The TRAP positive cell number of 6 randomly selected areas in each section and the percentage of ALP positive area of the entire area of each section were quantified using Image J software (National Institutes of Health, United States) according to our previous protocol (Utsunomiya et al., 2021a). The color threshold of each parameter was determined by consensus of three of the investigators. Double-blinded quantitative analysis was conducted by two of the investigators.



Statistical Analysis

The statistical analysis was conducted using Prism 8 (GraphPad Software, San Diego, CA, United States). Data were expressed as median with interquartile range. Mann-Whitney U-test was performed to evaluate the difference between the control group with and without cPE. The Kruskal-Wallis test with Dunn’s multiple comparisons was used to compare data with 3 or more groups. p < 0.05 was regarded as statistically significant.



RESULTS


NF-κB Sensing Interleukin-4 Over-Expressing Mesenchymal Stem Cells Generation and Characterization

Murine MSCs were successfully infected by empty lentiviral vectors (Vector MSCs) and NF-κB sensing IL-4 expressing lentiviral vectors (IL-4 MSCs). GFP positive MSCs were also produced successfully (Figure 3A). The IL-4 secretion in the unaltered MSC group and Vector MSC group was below the detectable range by ELISA with or without 1 μg/ml LPS treatment (Lin et al., 2017b). The current LPS concentration (1 μg/ml) was used according to the protocols of previous studies investigating the effect of LPS on MSCs with the goal of reliably inducing NF-κB activation rather than modeling any specific disease state (Pevsner-Fischer et al., 2007; Wang et al., 2009; Ti et al., 2015). IL-4 secretion in the IL-4 MSCs group was significantly upregulated by 1 μg/ml LPS treatment for 24 h (from 97.75 ± 11.29 pg/ml to 1832.55 ± 105.19 pg/ml, Figure 3B).
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FIGURE 3. Characterization of MSCs and genetically modified MSCs. (A) Representative fluorescence microscopy images of genetically modified MSCs. (B) IL-4 secreting levels detected by ELISA in the culture media with or without 1 μg/ml LPS treatment for 24 h (n.d.: cannot be detected by ELISA; ***: p < 0.001). Note the high levels of IL-4 protein produced by the IL-4 MSCs exposed to LPS.




Local Injection of Cells Decreased M1 Macrophage and Increased M2 Macrophage Proportions in the Presence of Contaminated Particles

The proportion of M1 pro-inflammatory macrophages (iNOS+, F4/80+) in cPE + control group was significantly increased compared with that in cPE- control group (p = 0.0002) (Figures 4A,B). Local injection of MSCs significantly decreased the proportion of M1 macrophages when comparing cPE + MSCs group with cPE + control group (p = 0.0297). Local injection of NF-κB sensing IL-4 over-expressing MSCs also significantly decreased the proportion of M1 macrophages when comparing cPE + IL-4 MSCs group with cPE + control group (p = 0.0029) (Figures 4A,B). The M2 anti-inflammatory macrophage (Arg1+, F4/80+) proportion in cPE + control group was significantly decreased compared with that in cPE- control group (P = 0.0001) (Figures 4C,D). Local injection of MSCs and NF-κB sensing IL-4 over-expressing MSCs significantly increased the proportion of M2 macrophages when comparing cPE + MSCs group with cPE + control group (p = 0.0001) and comparing cPE + IL-4 MSCs group with cPE + control group (p = 0.0112) (Figures 4C,D).
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FIGURE 4. Immunohistochemistry and quantitative analysis for M1 and M2 macrophages in all groups. (A) Representative images of immunohistochemistry for M1 macrophages (iNOS + , F4/80 + , red arrows). (B) Quantitative analysis for iNOS positive cell proportion (cPE- control group: n = 7; cPE- MSCs group: n = 9; cPE- IL-4 MSCs group: n = 7; cPE + control group: n = 10; cPE + MSCs group: n = 8; cPE + IL-4 MSCs group: n = 6). (C) Representative images of immunohistochemistry for M2 macrophages (Arg1 + , F4/80 + red arrows). (D) Quantitative analysis for Arg1 positive cell proportion (cPE- control group: n = 7; cPE- MSCs group: n = 8; cPE- IL-4 MSCs group: n = 7; cPE + control group: n = 10; cPE + MSCs group: n = 9; cPE + IL-4 MSCs group: n = 7).




Local Injection of Cells Reduced the Osteoclast-Like Cell Number Induced by Contaminated Particles

The TRAP staining positive cell number in cPE + control group was significantly increased compared with that in the cPE- control group (p = 0.0041) (Figures 5A,B). Local injection of cells including MSCs and NF-κB sensing IL-4 over-expressing MSCs significantly reduced the TRAP positive cell number in cPE + MSCs group and cPE + IL-4 MSCs group when compared with the cPE + control group (p = 0.00209, p = 0.0491, respectively). No differences were observed among cPE- groups with or without injection of cells (Figures 5A,B).


[image: image]

FIGURE 5. TRAP staining of all the groups. (A) Representative images of TRAP staining, red arrows point the TRAP positive cells. (B) Quantitative analysis of TRAP positive cells number. (cPE- control group: n = 7; cPE- MSCs group: n = 8; cPE- IL-4 MSCs group: n = 9; cPE + control group: n = 7; cPE + MSCs group: n = 8; cPE + IL-4 MSCs group: n = 9).




Local Injection of Cells Increased the Positive Staining Area of Osteoblast-Like Cells

The percentage of ALP positive area in cPE + control group showed decreased staining compared with that in the cPE- control group, but the decrease did not reach statistical significance (Figures 6A,B). The percentage of ALP positive area in cPE + MSCs group was significantly (p = 0.0198) increased compared with that in the cPE + control groups (Figure 6B) and the percentage of ALP positive area in the cPE + IL-4 MSCs group exhibited a strong trend (p = 0.0679) when compared with that in the cPE + control group (Figure 6B). The percentage of ALP positive area in the cPE- MSCs group increased significantly compared with that in the cPE- control group (p = 0.0204). The percentage of ALP positive area in the cPE- IL-4 MSCs group demonstrated a dramatic increase (p = 0.00091) compared with that in the cPE- control group (Figure 6B).
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FIGURE 6. ALP staining of all the groups. (A) Representative images of ALP staining, red arrows point the ALP positive area. (B) Quantitative analysis of ALP positive proportion. (cPE- control group: n = 7; cPE- MSCs group: n = 7; cPE- IL-4 MSCs group: n = 5; cPE + control group: n = 7; cPE + MSCs group: n = 7; cPE + IL-4 MSCs group: n = 8).




Local Injection of Mesenchymal Stem Cells Mitigates Contaminated Particles-Induced Bone Loss in Chronic Inflammation

The BMD in the ROI (Figure 2A) of the cPE + control group was significantly reduced compared with the BMD of the cPE- control group (p = 0.0019). Local injection of MSCs and NF-κB sensing IL-4 over-expressing MSCs in the presence of cPE increased the BMD compared with the cPE + control group although no significant differences were detected. Interestingly, after local injection of MSCs in the cPE- groups, the cPE- MSCs group showed significantly lower BMD compared with the cPE- control group (p = 0.0169). The cPE- IL-4 MSCs group also showed slightly lower BMD compared with the cPE- control group, but no significant difference was detected (Figure 2B).



DISCUSSION

Chronic inflammation around implants due to byproducts of wear or other causes (e.g., instability, low grade infection etc.) is still a major an unsolved problem. We have demonstrated that local delivery of contaminated polyethylene particles (cPE) can induce acute or chronic inflammation and polarize macrophages to a pro-inflammatory M1 rather than an anti-inflammatory M2 macrophage phenotype in different in vitro and in vivo models (Utsunomiya et al., 2021a, b). Macrophages are the characteristic cell type involved in chronic inflammation (Allison et al., 1978; Maruyama et al., 2020); furthermore modulation of macrophage phenotype at an appropriate time can optimize osteogenic differentiation of MSCs (Lin et al., 2019) and the enhancement of the bone regeneration (Chow et al., 2019; Niu et al., 2021). The increased pro-inflammatory M1 macrophage proportion and the decreased anti-inflammatory M2 macrophage proportion caused by cPE over a 3-week period was subsequently reduced by the local injection of MSCs and NF-κB sensing IL-4 over-expressing MSCs at harvest 3 weeks later. The increased TRAP positive osteoclast-like cell number, the lower ALP positive osteoblast-like area and BMD trend in the presence of cPE infusion further confirmed that the cPE could induce bone loss (Lin et al., 2016, 2017a; Pajarinen et al., 2017; Utsunomiya et al., 2021a, b). The injection of MSCs and NF-κB sensing IL-4 over-expressing MSCs reversed these findings in part.

The results of TRAP staining (Figure 5) showed significant differences between control groups with and without cPE. However, only a trend was noted when assessing ALP staining comparing cPE- control group with cPE + control group. Similar results concerning the TRAP and ALP staining were observed in other reports using the murine continuous infusion model with polyethylene particles (Lin et al., 2016, 2017a). This suggests that the cPE might selectively affect the regulation of osteoclastogenesis more than osteoblastogenesis. Therapeutic strategies targeting the regulation of osteoclastogenesis could be a promising approach to limit the bone loss due to wear particles. Interestingly, similar efficacy was observed between controls vs. the MSCs or IL-4 MSCs group in the presence of cPE, respectively. It would appear that unaltered MSCs are sufficiently activated to downregulate the chronic inflammation induced by cPE.

The presence of cPE significantly reduced BMD in the control groups. Previous reports showed that injection of MSCs and preconditioning of MSCs during the chronic inflammation stage could increase the BMD in the presence of cPE (Utsunomiya et al., 2021a). In the current study, local injection of MSCs and NF-κB sensing IL-4 over-expressing MSCs also tended to increase BMD in the presence of cPE. Surprisingly, local injection of MSCs reduced the BMD without cPE. The possible reasons for these observations may be that this is a shorter-term model of a complex process, and BMD may be less sensitive than other methods of analysis to determine efficacy using the parameters chosen for this experiment. In fact, we observed confirmatory differences in the histological and immunohistological results, which are consistent with our previous in vitro studies. Possible reasons for the lack of difference in BMD may be the specific shorter-term model used, the particle load chosen, the well-established and efficacious immunomodulatory properties of MSCs alone and the production of IL-4 by the MSCs. A longer time period for particle infusion and resultant bone loss, and for subsequent cell delivery may further highlight the potential efficiency of MSCs and NF-κB sensing IL-4 over-expressing MSCs in the murine cPE infusion model.

Nuclear factor kappa-light-chain- enhancer of activated B cells (NF-κB) is the key transcription factor associated with chronic inflammation and osteolysis (Xu et al., 2009; Abu-Amer, 2013; Zuo et al., 2018). Previous studies have shown that suppression of NF-κB by its decoy oligodeoxynucleotides (ODNs) could enhance osteogenesis in MSCs exposed to polyethylene particles in vitro (Lin et al., 2015) and mitigate the in vivo particle induced chronic inflammatory osteolysis (Lin et al., 2016, 2017a; Utsunomiya et al., 2021b). In the current study, NF-κB sensing IL-4 secreting MSCs produced IL-4 when the NF-κB pathway was activated by inflammatory signals; IL-4 production ceased when the inflammatory activation signal was withdrawn (Lin et al., 2017b). IL-4 was only expressed by the genetically modified MSCs during the ongoing chronic inflammation period, limiting potential adverse effects caused by excessive IL-4 expression (Lin et al., 2017b; Zhang et al., 2021). This feedback mechanism would be potentially useful in other inflammatory conditions in other organ systems.

Surprisingly, the unaltered MSCs were as effective as the NF-κB sensing IL-4 over-expressing MSCs in reversing the adverse effects of cPE on bone. This may be due to the specific animal model chosen, and the duration and particle load delivered. The efficacious immunomodulatory properties of MSCs by themselves with/without the over-production of IL-4 may be the potential reason for this comparable effectiveness. More prolonged and intense inflammatory stimuli may demonstrate an augmented utility of NF-κB sensing IL-4 over-expressing MSCs in chronic inflammation.

The current study has some limitations. Unaltered MSCs were locally injected rather than MSCs infected with an empty vector (vector-MSCs) to investigate the efficacy of naïve MSCs. Six weeks of continuous cPE infusion is a relatively shorter-term time period compared to the longer-term process associated with periprosthetic osteolysis in clinical scenarios. Only one time point at week 6 analysis was conducted; multiple time points for analysis would be more informative about this process. The generation of MSCs with combinations of co-expressing cytokines, growth factors, or chemokines to enhance the bone regeneration (Nabeshima et al., 2017; Zhang et al., 2020, 2021) in the presence of wear particles might be more efficient in mitigating the particle induced chronic inflammatory bone loss.

In summary, continuous infusion of cPE into the femur increased the pro-inflammatory M1 macrophage phenotype and decreased the anti-inflammatory M2 macrophage phenotype. Also, cPE increased osteoclastogenesis and lowered BMD. Local delivery of either MSCs or NF-κB sensing IL-4 over-expressing MSCs is a potential therapeutic intervention in mitigating particle-associated chronic inflammatory bone loss.
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The repair of critical bone defects remains challenging worldwide. Three canonical pillars (biomaterial scaffolds, bioactive molecules, and stem cells) of bone tissue engineering have been widely used for bone regeneration in separate or combined strategies, but the delivery of bioactive molecules has several obvious drawbacks. Biophysical stimuli have great potential to become the fourth pillar of bone tissue engineering, which can be categorized into three groups depending on their physical properties: internal structural stimuli, external mechanical stimuli, and electromagnetic stimuli. In this review, distinctive biophysical stimuli coupled with their osteoinductive windows or parameters are initially presented to induce the osteogenesis of mesenchymal stem cells (MSCs). Then, osteoinductive mechanisms of biophysical transduction (a combination of mechanotransduction and electrocoupling) are reviewed to direct the osteogenic differentiation of MSCs. These mechanisms include biophysical sensing, transmission, and regulation. Furthermore, distinctive application strategies of biophysical stimuli are presented for bone tissue engineering, including predesigned biomaterials, tissue-engineered bone grafts, and postoperative biophysical stimuli loading strategies. Finally, ongoing challenges and future perspectives are discussed.
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1 INTRODUCTION
After trauma, bone tissue shows self-healing property, but this ability is limited for critical bone defects (average diameter over 2 cm in humans) caused by serious injury, tumor excision, or other orthopedic diseases (Lopes et al., 2018). Bone healing failure, which occurs in 5–10% of all patients with bone fracture, generally causes delayed union (healing process over 3 months) or non-union (healing process over 9 months without obvious bone regeneration in the first 3 months) (Zura et al., 2016; Wojda and Donahue, 2018). Autologous bone grafting is currently the gold standard for the healing of critical bone defects because it provides three critical components: an osteoconductive substrate, osteoinducive signals, and preosteoblastic cells (Yong et al., 2020). However, the strategy fails to meet clinical requirements because of limited autografts, potential donor site complications (such as infections, chronic pain, and bleeding), and the risk of graft failure (Roseti et al., 2017; Yang et al., 2018).
Bone tissue engineering has been becoming an ideal strategy to replace autologous bone grafting, and it is composed of three pillars to emulate the basic components of autografts: biomaterial scaffolds, bioactive molecules, and stem cells (Huang et al., 2020). Bioactive molecules are generally in the form of recombinant growth factors or small molecular bioactive peptides to provide osteoinductive properties (Yang et al., 2018). But the delivery of bioactive molecules shows some limitations: 1) initial burst release, 2) declined biological activity, 3) high therapeutic dosage, and 4) potential side effects (Krishnan et al., 2017; Bertrand et al., 2020). Therefore, another pillar showing osteoinductive properties needs to be incorporated into bone tissue engineering for bone regeneration or bone healing.
Biophysical stimuli have attracted great attention for bone regeneration because of their great promise as the fourth pillar of bone tissue engineering. From Wolff’s law to Frost’s “mechanostat theory”, a plethora of evidence verifies that bone is a mechanosensitive tissue (Tyrovola 2015; Haffner-Luntzer et al., 2016; Qin E. C. et al., 2020). Multiple bone cells that respond to biophysical stimuli include osteocytes, osteoblasts, osteoclasts, bone lining cells, and mesenchymal stem cells (MSCs) (Steward and Kelly, 2015; Stewart et al., 2020). In bone tissue engineering, the osteogenic differentiation of MSCs is the most important process. Therefore, this review focuses on the osteoinductive effects of biophysical stimuli toward MSCs. Biophysical stimuli with osteoinductive properties can be categorized into three groups depending on their physical properties: internal structural stimuli, external mechanical stimuli, and electromagnetic stimuli.
External mechanical stimuli were proposed as the fourth pillar of bone regeneration by Lopes et al. (2018). Here we suggest that the concept can cover even more comprehensive forms of biophysical stimuli. In this review, we first update the fourth pillar of bone tissue engineering as biophysical stimuli and summarize distinctive biophysical stimuli with their osteoinductive windows for MSC osteogenesis, including internal structural stimuli, external mechanical stimuli, and electromagnetic stimuli. Then, a novel concept of biophysical transduction (a process of sensing, transmission, and regulation) that incorporates mechanotransduction and electrocoupling is proposed to interpret the osteoinductive mechanisms of biophysical stimuli for the osteogenic differentiation of MSCs. And biophysical stimuli, depending on sensing mechanisms, can be divided into self-biophysical transduction, cell-matrix transduction, and cell-cell biophysical transduction. Moreover, the application strategies of biophysical stimuli as the fourth pillar of bone tissue engineering are presented, which include preconstructed scaffolds with osteoinductive properties, tissue engineered bone grafts (TEBGs), and postoperative biophysical stimuli loading strategies. (Figure 1). This review aims to propose a novel and comprehensive concept that biophysical stimuli show potential to be used as the fourth pillar of bone tissue engineering.
[image: Figure 1]FIGURE 1 | Overview of biophysical stimuli for bone tissue engineering: distinctive patterns, osteoinductive mechanisms, and bone tissue engineering applications. Created with BioRender.com.
2 DISTINCTIVE BIOPHYSICAL STIMULI FOR BONE TISSUE ENGINEERING
MSCs can be obtained from various tissues, including bone marrow-derived MSCs (BMSCs), periosteum-derived stem cells (PDSCs), adipose-derived stem cells (ADSCs), and periodontal ligament stem cells (PDLCs). For bone tissue engineering, MSCs are introduced to biomaterials either by direct encapsulation or indirect recruitment. Biophysical stimuli could modulate various MSC processes, including migration, proliferation, and differentiation. Distinctive biophysical stimuli with different parameters may result in different MSC specifications. Biophysical stimuli for osteogenic differentiation should be limited by one or several parameters, which can be termed as osteoinductive windows. Depending on physical properties, biophysical stimuli can be categorized into internal structural stimuli, eternally mechanical stimuli, and electromagnetic stimuli (Figure 2).
[image: Figure 2]FIGURE 2 | Distinctive biophysical stimuli for bone tissue engineering, including internal structural stimuli (stiffness and topography), external mechanical stimuli [hydrostatic pressure, compression, tension, load induced-fluid flow shear stress (FFSS), oscillatory FFSS without load, and acoustic stimuli], and electromagnetic stimuli (electric current, electric field, magnetic field, and electromagnetic field). Created with BioRender.com.
2.1 Internal Structural Stimuli
Internal structural stimuli are derived from matrix microenvironment where MSCs survive and grow. In human, distinctive tissues show different mechanical properties, among which matrix stiffness and topography determine the fate of MSCs.
2.1.1 Matrix Stiffness
Matrix stiffness is the rigidity or elasticity of the three dimensional (3D) microenvironment. MSCs show different cell shapes when loaded on the surface of collagens with distinctive stiffness (Engler et al., 2006). In specific microenvironment with different matrix stiffness, they transfer from the initially round shape to a branched (0.1–1 kPa), spindle (8–17 kPa), or polygonal (25–40 kPa) shape, which then determines their commitment for neurogenic, myogenic, or osteogenic differentiation (Engler et al., 2006). The results can be also supported by the fact that spread, flattened, and adherent MSCs undergo osteogenic differentiation, whereas unspread and round MSCs undergo adipogenic differentiation (McBeath et al., 2004). However, in a 3D microenvironment, the influence of cell shape transfers to nanoscale integrin binding and the rearrangement of cell adhesion ligands, which could stimulate the osteogenic differentiation of MSCs by contractility (Huebsch et al., 2010). In addition, 3D matrix with a stiffness of 11–30 kPa predominantly stimulates osteogenesis (Huebsch et al., 2010).
2.1.2 Topography
Topography is another mechanical property related to cell adhesion. According to the patterning size, topography exerts effects on different levels, including macroscale colony level (>100 µm), microscale cell level (0.1–100 µm), and nanoscale receptor level (1.0–100 nm), among which nanotopography influences the commitment of MSCs (Prè et al., 2013). Various nanopatterns (such as nanopits, nanorods, nanopillars, or nanocolumns) can be modified on the surface of biomaterials for the osteogenic differentiation of MSCs, and specific osteoinductive parameters (shape, diameter, spacing, height, or depth) vary greatly among these nanopatterns and different fabrication techniques (Dobbenga et al., 2016). However, all osteoinductive windows of different nanotopographies show nanoscale-controlled disorder, a nanopattern that is not completely random and not highly ordered (Prè et al., 2013). Dalby et al. first fabricated five nanotopographies on the surface of polymethylmethacrylate embossed with nanopits (diameter 120 nm, depth 100 nm): highly ordered hexagonal array (center–center spacing 300 nm), highly ordered square array (center–center spacing 300 nm), disordered square array with a controlled displacement of 20 nm (center–center spacing 300 ± 20 nm), and disordered square array with a controlled displacement of 50 nm (center–center spacing 300 ± 50 nm) (Dalby et al., 2007). All highly ordered groups and completely random groups fail to sufficiently induce the osteogenic differentiation of MSCs, but both disordered nanotopographies with controlled displacement show osteoinductive properties; those with a controlled displacement of 50 nm are superior to those with a controlled displacement of 20 nm in terms of osteocalcin (OCN), osteopontin (OPN), and bone nodule contents (Dalby et al., 2007). Zhang et al. utilized nanorods to explore the osteoinductive properties of nanotopography with controlled disorder (Zhou J. et al., 2016). They fabricated five nanopatterns with different interrod spacings (302.7 ± 10.5, 137.2 ± 7.5, 95.9 ± 3.8, 66.8 ± 4.1, and 32.6 ± 2.7 nm). And they found that the group with interrod spacings over 137 nm impedes MSC osteogenesis, the group with interrod spacings below 96 nm facilitates osteogenic differentiation, and the 66.8 ± 4.1 nm group shows preferable osteoinduction (Zhou X. et al., 2016). The above results suggested that the interspacing of nanopattern determines the osteoinductive windows of nanotopography. And the modification of nonopits may need relatively large interspacing because the spacing area supports cell adhesion, whereas the modification of nanorods or nanopillars needs relatively small interspacing because they support cell adhesion. Although nanopillars with different heights (Sjöström et al., 2009; McNamara et al., 2011; Sjöström et al., 2013) or nanopits with distinctive diameters (Lavenus et al., 2011) show different osteoinductive properties, nanopattern interspacing changes with height. Thus, whether or not the height or diameter of nanopatterns truly controls the osteogenic differentiation of MSCs remains unknown, and further studies should make spacing constant while changing other parameters.
2.2 External Mechanical Stimuli
External mechanical stimuli are derived from external forces, which could exert effects on MSCs continuously or cyclically. External mechanical stimuli that show osteoinductive properties include hydrostatic pressure (HP), compression, tension, load-induced fluid flow shear stress (FFSS), oscillatory FFSS, and acoustic stimuli.
2.2.1 Hydrostatic Pressure
MSCs reside in a fluid-filled microenvironment. Thus, HP affects the fate of MSCs, which may exert homogenous compression to MSCs. Huang et al. used cyclic HP (0.5 MPa, 0.5 Hz) by a perfusion bioreactor and found that the sinusoidal profile could promote osteogenic differentiation, but the proliferation is spoiled (Huang and Ogawa, 2012). HP with high magnitude does not accord with physiological HP; hence, high-magnitude HP may be limited for regenerative medicine. From a physiological perspective, MSCs in the bone marrow are exposed to static intramedullary pressure (approximately 4 kPa), which increases to 50 kPa when exposed to external mechanical stimuli, and stem cells in the perivascular space and Haversian channels may experience 300 kPa pressure. Thus, researchers further compared the osteogenic effects of three HPs (10, 100, and 300 kPa) with different frequencies (0.5, 1, and 2 Hz) and durations (1, 2, and 4 h) and found that HP with 300 kPa and 2 Hz produces the most effective osteoinductive property (Stavenschi et al., 2018). However, the collagen synthesis and mineral deposition are similar among different groups, showing that HP with 10 kPa is sufficient to induce MSC osteogenesis (Stavenschi et al., 2018). Reinwald et al. found that intermittent HP (270 kPa, 1 Hz, 60 min/day, 21 days) promotes the osteogenic differentiation of MSCs when loaded onto poly (E-caprolactone) (PCL) scaffolds (Reinwald and El Haj, 2018). Altogether, cyclic or intermittent HP with magnitude 10–300 kPa induces MSC osteogenesis.
2.2.2 Compression
In addition to HP, compression (physiological strain from 0.2 to 0.4%) is induced on the vertical direction of the force when natural bone is compressed (Al Nazer et al., 2012). Depending on loading pattern, compression can be classified into uniaxial compression and equiaxial compression, both of which could induce the osteogenic differentiation of MSCs when they are limited by specific parameters. The stiffness of biomaterials is enhanced to promote osteogenesis when scaffolds are exposed to compression (Baumgartner et al., 2018). Among parameters describing compression, the magnitude of compression strain determines the fate of compressed MSCs. However, osteoinductive compression strain magnitude varies greatly because of different compression devices, durations, and biomaterials. For relatively high compression strain (≥1.5%), whether or not high-magnitude compression stimulates osteogenesis remains controversial (Haudenschild et al., 2009; Sittichokechaiwut et al., 2010; Aziz et al., 2019; Schreivogel et al., 2019). It was revealed that 5% compression could induce the osteogenic differentiation of MSCs loaded onto polyurethane scaffolds without biochemical cues, which show comparable osteoinduction with dexamethasone (Sittichokechaiwut et al., 2010). However, Horner et al. adopted four compression strains (5, 10, 15, and 20%) and found that osteogenic markers decrease and chondrogenic markers increase in a magnitude-dependent manner (Horner et al., 2018). Haudenschild et al. also found that ±5% bulk strain with 5% offset stimulates chondrogenic differentiation (Haudenschild et al., 2009). Indeed, high compression strain inhibits the expression of Runt-related transcription factor 2 (RUNX2), but the expression of bone Morphogenetic Protein-2 (BMP-2) is interestingly upregulated (Schreivogel et al., 2019). Thus, one potential explanation for this discrepancy is that abundant culture medium blocks the effects of mechanosensitive autocrine factors, which impede osteogenic differentiation. Schreivogel et al. further explored the effects of autocrine factors by improving the number of scaffolds containing MSCs and reducing the volume of culture medium; results showed that 5 and 10% compression could promote the osteogenic differentiation of MSCs (Schreivogel et al., 2019). Therefore, high-magnitude compression may induce osteogenesis by mechanosensitive autocrine factors, such as BMP-2, and the ratio of cell number and medium volume may determine the fate of MSCs. Compared with high-magnitude compression, low-magnitude compression could directly promote the expression of osteogenic markers. A previous study seeded MSCs to monetite calcium phosphate scaffolds and then subjected them to compression (0.4%, 0.1 Hz) (Gharibi et al., 2013). After 2 h stimulation, some immediate-early response genes are activated, which promote the expression of other genets (such as RUNX-2) to induce the proliferation and osteogenic differentiation of MSCs (Gharibi et al., 2013). Ravichandran et al. adopted low compression strains (0.22, 0.88, and 1.1%) and found that the 0.22% group induces more alkaline phosphatase (ALP) and calcium than the other groups (Ravichandran et al., 2017). These studies indicate that although compression with high magnitude stimulates osteogenesis by mechanosensitive autocrine factors, the precise ratio of cell number to medium volume is difficult to control. Thus, physiological compression (0.2–0.4%) shows great promise for MSC osteogenesis.
2.2.3 Tension
When natural bone is pulled, tension is also induced on the vertical direction of the force. Depending on the loading pattern, tension could be divided into uniaxial compression and equiaxial compression. Different from compression, tension with high strain (such as 5%) promotes osteogenic differentiation and inhibits adipogenic differentiation (Li et al., 2015a). Tensile strain-inducing cell culture plates are generally used to study the effects of tension. In these two dimensional (2D) models, MSCs are initially seeded on the cell culture plates coated with the matrix, and then the plates are subjected to tension strain, which indirectly exerts tension to MSCs. Thus, the matrix should show great ability for cell adhesion, and type I collagen has been widely used for luxuriant arginine–glycine–aspartate (RGD) peptide (Sumanasinghe et al., 2009). Lohberger et al. seeded MSCs on type I collagen-coated cell culture plates, which were then subjected to continuous tension (10%, 0.5 Hz), and the tension-loaded groups show improved expression of osteogenic genes, higher calcium deposition, and more ALP when compared with the unstimulated groups (Lohberger et al., 2014). (Zhao et al., 2010) compared the effects of 0.3 Hz tension with different strains (9, 12, and 15%) and found that the 12% tension group induces robust osteogenic response (Zhao et al., 2021). To explore the effects of tension in a 3D microenvironment, a novel uniaxial tension bioreactor was designed to exert tensile forces (10%, 0.5 Hz for 7 days with 4 h each day) to fibrin hydrogels seeded with MSCs (Carroll et al., 2017). Results show that tension could promote the intramembranous ossification and impede the adipogenic differentiation of MSCs (Carroll et al., 2017). Therefore, the osteoinductive window of tension is mainly determined by tension strain, and 5–15% magnitude could stimulate MSC osteogenesis.
2.2.4 Fluid Flow Shear Stress (Perfusion and Rotation)
FFSS is another external mechanical stimulus generated by the load of compression or tension. Load-induced FFSS could change cell shape. One classic 2D model to explore the effect of load-induced FFSS is parallel-plate flow chamber (Yourek et al., 2010; Dash et al., 2020). Using this model, it was confirmed that short-term continuous FFSS (9 dynes/cm2) for 24 h could promote the osteogenic differentiation of MSCs without chemically osteoinductive molecules (Yourek et al., 2010). However, for long-term intermittent FFSS, low-magnitude FFSS (such as 10 mPa, namely, 0.1 dynes/cm2) is sufficient to induce osteogenesis (Dash et al., 2020). However, these strategies fail to emulate the natural ECM microenvironment; thus, various bioreactors, including rotation and perfusion bioreactors, have been developed to generate FFSS. Perfusion bioreactors have been widely used to explore the osteoinductive effects of FFSS (Filipowska et al., 2016). In the absence of biochemical cues (such as dexamethasone), FFSS (1 ml/min) provided by perfusion bioreactors for 16 days could dramatically promote the mineralization of MSCs within decellularized matrix/Ti meshes (Datta et al., 2006). Bjerre et al. (2008) used a perfusion bioreactor to dynamically culture MSCs seeded in silicate-substituted tricalcium phosphate scaffolds and found that FFSS (0.1 ml/min) for 21 days could promote the proliferation and osteogenic differentiation of MSCs. Filipowska et al. established an intermittent model (2.5 ml/min for three times with 2 h per section) by using perfusion bioreactors to stimulate MSCs seeded in gelatin-coated polyurethane scaffolds and found that intermittent protocols can induce MSC osteogenesis (Filipowska et al., 2016). During dynamic perfusion culture, the expression of type X collagen is upregulated, suggesting that endochondral and intramembranous ossification participates in osteogenesis (Moser et al., 2018). Therefore, the osteogenic window of load-induced FFSS is mainly determined by interchangeable pressure or flow rate, and load-induced FFSS with pressure > 0.2 dynes/cm2 shows osteoinductive properties (Yong et al., 2020).
2.2.5 Oscillatory Fluid Flow Shear Stress (Microvibration and Nanovibration)
Oscillatory FFSS is another FFSS generated by oscillatory displacement without strain, which is the microscale or nanoscale form of vibration (Stewart et al., 2020; Birks and Uzer, 2021). According to amplitude, vibration can be classified into microvibration (≤50 µm) and nanovibration (<100 nm).
Microvibration is vibration with amplitude ≤ 50 µm, magnitude < 1 g, and frequency 1–100 Hz (Wu et al., 2020). Frequency may determine the osteoinductive window of microvibration. Cashion et al. revealed that microvibration with a low frequency (1 Hz) induces chondrogenesis, whereas relatively high frequency (100 Hz) promotes osteogenesis (Cashion et al., 2014). Thus, low-magnitude high-frequency vibration (LMHFV) (magnitude < 1 g, frequency 20–90 Hz) is generally used for osteogenesis (Steppe et al., 2020). 50 Hz LMHFVs with different magnitudes (0.1, 0.3, 0.6, and 0.9 g) were used to stimulate PDLCs, and it was found that all groups promote osteogenic differentiation, but LMHFV with 0.3 g peaks the osteoinduction (Zhang et al., 2015). Some studies revealed that LMHFV stimulates MSC osteogenesis in a frequency-dependent response. One study revealed that horizontal vibration at 100 Hz causes higher osteoinduction than that at 30 Hz (Pongkitwitoon et al., 2016). A previous study observed that 800 Hz microvibration promotes higher biomineralization and osteogenic marker expression than 0, 30, and 400 Hz, but long-term stimulation of microvibration (30 min/day, 14 days) with frequencies of 30 and 400 Hz inhibits osteogenesis (Chen et al., 2015). Thus, stimulation duration and loading time also influence the osteogenic differentiation of MSCs. One study revealed that microvibration (60 Hz, 1 h/d for 5 days) inhibits the mineralization and osteogenic differentiation of MSCs (Lau et al., 2011), whereas another study showed that microvibration (30 Hz, 45 min/day for 21 or 40 days) could promote MSC osteogenesis (Prè et al., 2013). These results suggest that the osteoinductive window of microvibration can be determined by frequency, duration, and single loading time. For 30 Hz vibration, long-term duration may be effective to osteogenic differentiation. For vibration with frequencies over 60 Hz, single loading time should be limited with 30 min, and short-term duration (<7 days) may be superior for osteogenesis.
Nanovibration refers to vibration with nanoscale amplitude (<100 nm). It was confirmed that nanovibration (frequency 1,000 Hz, amplitude 10–14 nm) could promote the osteogenic differentiation of MSCs in 2D condition (Nikukar et al., 2013). Another study showed that nanovibration (frequency 1,000 Hz, amplitude 10–14 nm) could stimulate the osteogenic differentiation of MSCs seeded in 3D collagen hydrogels (Tsimbouri et al., 2017). Thus, the osteoinductive window of nanovibration is a frequency of approximately 1,000 Hz and amplitude of 10–20 nm.
2.2.6 Acoustic Stimuli
Acoustic stimuli, according to frequency, can be categorized into infrasound (<20 Hz), audible sound (20–20,000 Hz), and ultrasound (>20,000 Hz). Therapeutic acoustic stimuli are generally termed as ultrasound with frequency varying from 0.7 to 3.3 MHz and low or high intensity (Zhang et al., 2017). When loaded to tissue, ultrasound could convert energy to heat via thermal effect, which may cause irreversible damage. Some nonthermal effects induced by ultrasound, including cavitation, acoustic microstreaming, acoustic radiation force, the spread of surface waves, and oscillatory FFSS may modulate the commitment of MSCs. (Esfandiari et al., 2014; Padilla et al., 2014).
Low-intensity pulsed ultrasound (LIPUS) (intensity 30–100 mW/cm2, frequency 1.5 MHz, and duty cycle 20% or 100%) is a preferential strategy to reduce the thermal effect for regenerative medicine. This strategy has been approved by the United States Food and Drug Administration for the treatment of fresh fractures and established non-union (de Lucas et al., 2020). Depending on duty cycle, continuous LIPUS (100%) can also be used. However, one research revealed that LIPUS with 20% duty cycle shows higher osteoinductive properties toward ADSCs than LIPUS with 50% duty cycle (Yue et al., 2013). Thus, LIPUS may be more effective than cLIPUS. Using PDLCs, the osteoinduction of LIPUS was explored, and it was found that LIPUS could stimulate osteogenic differentiation and upregulate osteocalcin, Runx2, and integrin 1, and that LIPUS with an intensity of 90 mW/cm2 is more effective for osteoinduction than LIPUS with an intensity of 30 or 60 mW/cm2 (Hu et al., 2014). Zhou et al. further improved the intensity of LIPUS and found that LIPUS with an intensity of 150 mW/cm2 is more effective than LIPUS with intensities of 20, 50, 75, and 300 mW/cm2 (Zhou X. et al., 2016). These results suggest that the osteoinductive window of LIPUS is primarily determined by duty cycle and intensity, and 20% duty cycle and 90–150 mW/cm2 intensity may be optimal for the osteogenic differentiation of MSCs.
Pulsed focused ultrasound (intensity 133 W/cm2, frequency 1 MHz, and duty cycle 5%) is another acoustic stimulus model with relatively minimizing thermal effect that is characterized by short term and high intensity (de Lucas et al., 2020). It could induce MSC homing (Burks et al., 2018), but whether or not it induces the osteogenic differentiation of MSCs remains unclear.
2.3 Electromagnetic Stimuli
Electromagnetic stimuli are also important biophysical cues that could exert effects on the fate of MSCs. Depending on physical properties, electromagnetic stimuli can be further classified into magnetic stimuli in the form of magnetic field and electric stimuli in the form of electric field and electric current.
2.3.1 Electric Current
Natural bone physiologically generates electric stimuli on account of non-centrosymmetric collagen after mechanical stress, which supports bone development and repair (Khare et al., 2020). Thus, external electric stimuli can be applied to MSCs for regenerative medicine. Alternating electric current is an effective external electric stimulus that induces the osteogenic differentiation of MSCs (Creecy et al., 2013). In one study, MSCs were seeded on an indium-tin-oxide-coated glass and then subjected to alternating electric current (5–40 µA, 5–10 Hz, 1–24 h/day) for 21 days without exogenous biochemical osteogenic molecules, and results showed that all setups of alternating electric current could stimulate osteogenic differentiation and inhibit chondrogenic and adipogenic differentiation (Wechsler et al., 2016). In addition, alternating electric current (10 µA, 10 Hz, 6 h/day) could reach optimized osteogenic effects (Wechsler et al., 2016). Direct current is another form of electric current, but its osteogenic effects without electric field remain unknown, which needs further research.
2.3.2 Electric Field
Electric field is another effective external electric stimulus to promote MSCs toward osteogenic differentiation. According to the generation pattern, electric field can be categorized into direct current electric field, capacitively coupled electric field, and inductively coupled electric field (Thrivikraman et al., 2018). When MSCs are exposed to electrical stimuli, the membrane potential could be altered, and hyperpolarization stimulates osteogenesis (Murillo et al., 2017; Bhavsar et al., 2019). In addition, the configuration of plasma receptors could be modulated for osteogenic differentiation (Murillo et al., 2017). Furthermore, cytoskeletal elongation and nuclear orientation could be changed by electric field for osteogenesis (Khaw et al., 2021).
Among various parameters, electric field intensity may determine the osteoinductive windows. Using osteogenic differentiation medium, a previous study applied an electric field (2 mV/mm, 60 kHz, 40 min/day) to induce MSCs and found that the electric field could induce a delayed osteogenic differentiation of MSCs (Esfandiari et al., 2014). However, Hronik-Tupaj et al. reported that a 2 mV/mm, 60 kHz electric field promotes chondrogenesis (Hronik-Tupaj et al., 2011). The discrepancy may be interpreted as the utilization of osteogenic molecules, which could synthetically direct electric field to promote osteogenesis. One research revealed that electric field (0.36 mV/mm, 10 Hz) alone fails to induce osteogenic differentiation but dramatically promotes MSC osteogenesis when osteogenic sulfated hyaluronan derivative is added (Hess et al., 2012). Therefore, electric field with low intensity may not promote MSCs toward osteoblasts but could synthetically improve the osteoinductive properties of biochemical molecules.
Different from low-intensity electric field, high-intensity electric field could directly promote the osteogenic differentiation of MSCs. For instance, when MSCs are subjected to electric field (100 mV/mm, 1 h/day), osteogenic differentiation occurs, and osteoinductive effects could be maintained even when the electric field is removed (Hess et al., 2012; Eischen-Loges et al., 2018). Khaw et al. utilized two electric fields (100 and 200 mV/mm) to MSCs without biochemical osteogenic supplements, and found that both electric fields could promote the osteogenic differentiation of MSCs, and the 200 mV/mm electric field was optimized (Khaw et al., 2021). Ravikumar et al. designed an electric field device where a static potential (15 V) was loaded to parallel electrodes with a space of 15 mm (Ravikumar et al., 2017). MSCs were seeded to HA-CaTiO3 composites and then exposed to electric field for 10 min/day without osteogenic molecules, and results showed that the electric field could dramatically improve the osteogenic markers (Ravikumar et al., 2017). These studies suggest that an electric field with an intensity over 100 mV/mm may be needed for MSC osteogenesis without biochemical osteogenic molecules.
2.3.3 Magnetic Field
Exposure of MSCs to magnetic field may directly deform their plasma membrane, which causes cytoskeleton remodeling, improves cell viability, and promotes differentiation (Santos et al., 2015). Magnetic biomaterials should be introduced to culture systems, including magnetic particles and substrates, to enhance the effects of magnetic field. Boda et al. fabricated a series of hydroxyapatite-Fe3O4 magnetic substrates with different magnetization and then applied a periodic magnetic field (100 mT) to these magnetic substrates seeded with MSCs, and they found that all magnetic substrates combined with magnetic field could promote the osteogenic differentiation of MSCs (Boda et al., 2015). Magnetic particles can be also used to transform magnetic stimuli into mechanical stimuli. Magnetic particles coupled with magnetic field (14.7 or 21.6 mT) were used to stimulate ADSCs, and it was found that low-density magnetic field (14.7 mT) with intermittent short-term exposure (2 days) favors adipogenic differentiation, whereas high-density magnetic field (21.6 mT) promotes osteogenesis in all exposure profiles including continuous or intermittent long-term exposure (7 days) and intermittent short-term exposure (2 days) (Labusca et al., 2020). To further control the effects of magnetic particles, magnetic particles are generally functionalized by antibodies or peptides, which could directly exert pico-newton level forces to mechanosensitive plasma membrane receptors under magnetic field, which could then induce the osteogenic differentiation of MSCs (Kanczler et al., 2010; Hu et al., 2013). For example, Henstock et al. used either the antibody of transmembrane ion channel stretch-activated potassium channel (TREK-1) or RGD peptide to functionalize magnetic nanoparticles (Henstock et al., 2014). Then, an oscillating magnetic field (25 mT) was loaded to collagen hydrogels containing MSCs and functionalized magnetic nanoparticles to generate a force of 4 pN, and results showed that functionalized magnetic nanoparticles could promote matrix mineralization (Henstock et al., 2014). The osteogenic window of magnetic field may be determined by magnetic flux density (21.6–100 mT), and the quantity and functionalization of magnetic nanoparticles affect their osteogenic effectiveness.
2.3.4 Electromagnetic Field
Electromagnetic field is a combination of electric and magnetic fields, and pulsed electromagnetic field (PEMF) has been clinically used to delay osteoporosis and bone fracture repair (Sun et al., 2009). When loaded to MSCs, PEMF without osteogenic molecules inherently induces osteogenic differentiation and impedes angiogenic differentiation, and the osteogenic effects can be further enhanced by additional osteogenic molecules (Ongaro et al., 2014; Lu et al., 2015). For example, Arjmand et al. seeded ADSCs to PCL nanofibrous scaffolds, which were then exposed to PEMF (1 mT, 50 Hz) with or without osteogenic medium (Arjmand et al., 2018). Results revealed that the osteogenic effects of PCL scaffolds with PEMF are comparable with those of PCL scaffolds with osteogenic medium and that PCL scaffolds with PEMF and osteogenic medium show enhanced osteogenic differentiation (Arjmand et al., 2018). PEMF has been also verified to stimulate MSC proliferation (Tsai et al., 2009; Sun et al., 2010). Therefore, PEMF shows great promise for bone tissue engineering.
Among various parameters describing PEMF, magnetic flux density and frequency may determine the osteoinductive window of PEMF. For magnetic flux density, Jazayeri et al. compared two PEMFs (0.1 and 0.2 mT) and found that the expression of osteogenic markers, such as RUNX2 and OCN, is higher under 0.2 mT PEGF than under 0.1 mT PEGF (Jazayeri et al., 2017). Esposito et al. used a device that could generate 1.8–3 mT PEGF to induce MSCs and observed osteogenic differentiation (Esposito et al., 2012). Therefore, magnetic flux density is generally limited to 0.1–3 mT, but the optimal density remains unknown. On the other hand, for frequency, MSCs were exposed to PEMFs with different frequencies (5, 25, 50, 75, 100, and 150 Hz), and all groups showed osteogenic differentiation, but with the increase of frequencies, osteogenic differentiation initially enhanced and then peaked at 50 Hz, which decreased until 150 Hz (Luo et al., 2012). Lim et al. also found that PEMF with 50 Hz shows improved osteogenic differentiation compared with those with 10 and 100 Hz (Lim et al., 2013). Therefore, the frequency of PEMF should be limited to 10–150 Hz, and 50 Hz is preferable.
3 OSTEOINDUCTIVE MECHANISMS OF BIOPHYSICAL STIMULI FOR BONE TISSUE ENGINEERING
When distinctive biophysical stimuli are subjected to MSCs, they will be ultimately loaded by or transferred to either mechanical or electromagnetic stimuli. Thus, mechanotransduction and electrocoupling have been separately proposed to interpret their molecular mechanisms. Considering that both signaling show high comparability and that they simultaneously occur in physiological microenvironment, we propose a new concept of biophysical transduction that integrates mechanotransduction and electrocoupling. Biophysical transduction mainly includes three stages: sensing, transmission, and regulation. According to the sensing pattern of MSCs, biophysical transduction can be further categorized into self-biophysical transduction, cell–matrix biophysical transduction, and cell–cell biophysical transduction.
3.1 Self-Biophysical Transduction
Self-biophysical transduction refers to biophysical sensing coupled with transmission and regulation by structures that do not adhere with biomaterials and adjacent cells, which mainly include biophysical-sensitive ion channels and primary cilium. And some biophysical-sensitive ribose nucleic acids (RNAs) are also upregulated by biophysical stimuli to regulate the osteogenic differentiation of MSCs (Figure 3).
[image: Figure 3]FIGURE 3 | Self-biophysical transduction for mesenchymal stem cell (MSCs) osteogenesis, including biophysical sensitive ion channels, primary cilium, and biophysical sensitive. When MSCs are exposed to biophysical stimuli, various biophysical sensitive ion channels on the plasma membrane may be activated for the influx of Ca2+, which include voltage-gated calcium channels (VGCC), stretch-activated calcium channels (SACCs), Piezo, transient receptor potential vallanoid 1 (TPRV1), and TPRV4. TPRV4 is located at high-strain regions, especially primary cilium. Biophysical stimuli can also stimulate the release of Ca2+ from the endoplasmic reticulum to the cytoplasm by uncanonical Wnt-Ca2+ signaling. In specific, Wnt ligand binds to the Frizzled (Fzd)/receptor tyrosine kinase-like orphan receptor (Ror) complex to activate Dishevelled (Dvl), which then activates phospholipase C (PLC) to produce inositol 1,4,5-trisphosphate (IP3). IP3 could activate IP3 receptor for the release of Ca2+ from the endoplasmic reticulum. The increased Ca2+ in the cytoplasm may promote osteogenic differentiation by activating calcineurin/Nuclear Factor of Activated Cells (NF-AT) signaling and initiating extracellular signal-related kinase 1/2 (ERK1/2) by focal adhesion kinase (FAK) to regulate the activity of β-catenin. Biophysical stimuli could regulate the primary cilium containing intraflagellar transport protein 88 (IFT88) for MSC osteogenesis by regulating length or Gpr161/adenylyl cyclase 6 (AC6) signaling, and the activation of AC6 promotes the synthesis of cyclic adenosine 3′,5′-monophosphate (cAMP), which then promotes the osteogenic differentiation of MSCs by Hedgehog (Hb) signaling and proteinkinase A (PKA) signaling. Biophysical stimuli could also promote some long noncoding RNAs (lncRNAs) to inhibit some microRNAs (miRNAs) for osteogenic differentiation. Created with BioRender.com.
3.1.1 Biophysical-Sensitive Ion Channels
A plethora of biophysical-sensitive ion channels exist on the surface of plasma membrane or endoplasmic reticulum, which can be activated by distinctive biophysical stimuli for Ca2+ influx to induce the osteogenic differentiation of MSCs. When a sufficiently giant electric field is applied to plasma membrane and generate a large transmembrane potential difference (over 100 mV), voltage-gated calcium channels can be directly activated because of plasma depolarization (Thrivikraman et al., 2018). Electric field and mechanical tension could directly promote the influx of Ca2+ by activating stretch-activated calcium channels (Cho et al., 1999; Kearney et al., 2010). In addition, biophysical-sensitive Piezo1 for Ca2+ influx could be initiated by mechanical stimuli, such as HP (Sugimoto et al., 2017). Transient receptor potential vallanoid 1 (TRPV1) can be activated by nanovibration (Tsimbouri et al., 2017), whereas TRPV4 can be activated by load-induced FFSS, which is mainly located at high-strain regions (especially primary cilium) (Corrigan et al., 2018; Eischen-Loges et al., 2018). The initiation of these biophysical-sensitive ion channels increases Ca2+ concentration in the cytoplasm, which may initiate calmodulin/calcineurin signaling (Kapat et al., 2020). Calcineurin frees the phosphate group from phosphorylated nuclear factor of activated cells (NF-AT), and dephosphorylated NF-AT then shuttles to the nucleus and interacts with other transcription factors to induce the osteogenic differentiation of MSCs (Khare et al., 2020). In addition, increased Ca2+ in the cytoplasm initiates protein kinase C and extracellular signal-related kinase 1/2 (ERK1/2), which then regulate the activity of β-catenin to promote MSC osteogenesis (Tsimbouri et al., 2017).
The increase in Ca2+ concentration in the cytoplasm can also be mediated by Ca2+ release from the endoplasmic reticulum, which may be related to noncanonical Wnt-Ca2+ signaling (Bertrand et al., 2020). Biophysical stimuli promote the expression of Wnt (Chen et al., 2019; Fu et al., 2020). Thus, secreted Wnt may interact with a transmembrane receptor Frizzled (Fzd) coupled with receptor tyrosine kinase-like orphan receptor (Ror) to promote the activity of phospholipase C (PLC) by activated Dishevelled (Dvl), and then PLC degrades phosphatidylinositol 4,5-bisphosphate in the cell membrane to obtain inositol 1,4,5-trisphosphate (IP3), which moves to the endoplasmic reticulum and binds to IP3 receptors to promote Ca2+ release (Thrivikraman et al., 2018). Moreover, Ca2+ channels on the endoplasmic reticulum may be directly modulated by electromagnetic stimuli because of the change in configuration, which also promotes the increase in Ca2+ concentration in the cytoplasm (Khare et al., 2020). Therefore, endoplasmic reticulum-derived Ca2+ may participate in the osteoinduction of biophysical stimuli.
3.1.2 Primary Cilium
Primary cilium is a biophysical-sensitive organelle based on immotile microtubule and appears from the cytomembrane surface (Delaine-Smith and Reilly, 2012). Primary cilium could sense mechanical and electromagnetic stimuli to induce the osteogenic differentiation of MSCs (Hoey et al., 2012; Chen et al., 2016). The osteoinductive mechanism of primary cilium may be related to its length regulation and ciliary receptors or molecules. One research revealed that topography influences the length of primary, and reduced length promotes the nuclear translocation of β-catenin (McMurray et al., 2013). Thus, specific biophysical stimuli may lower the length of primary cilium for MSC osteogenesis. Gpr161 is a biophysical-sensitive G protein-coupled receptor (GCPR) localized to primary cilium containing intraflagellar transport protein 88 (IFT88), which is essential for cilium formation (Johnson et al., 2021). After being subjected to biophysical stimuli, the GCPR may activate ciliary localized adenylyl cyclase 6 (AC6) for the synthesis of cyclic adenosine 3′,5′-monophosphate (cAMP), which then activates Hedgehog signaling for MSC osteogenesis (Johnson et al., 2018; Johnson et al., 2021). cAMP may also initiate protein kinase A to induce the osteogenic differentiation of MSCs (Johnson et al., 2018). Further studies should focus on other receptors or molecules localized to primary cilium from MSCs and their biophysical transduction and osteoinductive mechanisms.
3.1.3 Biophysical-Sensitive RNAs
After being subjected to biophysical stimuli, MSCs could express some RNAs, including microRNAs (miRNAs) and long noncoding RNAs (lncRNAs), to regulate osteogenic differentiation. One research revealed that tension promotes the expression of lncRNA-MEG3, which then inhibits the expression of miRNA-140-5p for MSC osteogenesis (Zhu et al., 2021). Another research revealed that lncRNA H19 is upregulated to impede miRNA-138, and decreased miRNA-138 may recover the expression of focal adhesion kinase (FAK), which participates in cell–matrix biophysical transduction (Wu et al., 2018). miRNA-132-3p and miR-129-5p are also inhibited when MSCs are subjected to biophysical stimuli for osteogenesis (Hu et al., 2020; Wu et al., 2021). Although biophysical-sensitive RNAs exert critical effects in biophysical regulation, related studies are limited, which need further attention.
3.2 Cell–Matrix Biophysical Transduction
Cell–matrix biophysical transduction refers to biophysical sensing coupled with transmission and regulation by structures that adhere to biomaterials. Cell adhesion is mainly induced and regulated by integrin and focal adhesion (Figure 4).
[image: Figure 4]FIGURE 4 | Cell–matrix biophysical transduction for MSC osteogenesis, including integrin signaling and focal adhesion. Integrins generally induce cell adhesion, and integrin signaling may be activated for the osteogenic differentiation of MSCs under biophysical stimuli. Integrin activates phosphatidylinositol 3-kinase (PI3K) to initiate Akt, which then avoids the degradation of β-catenin by inhibiting glycogen synthase kinase-3β (GSK-3β). GSK-3β can be also impeded by integrin linked kinase (ILK) initiated by integrin. Activated ILK can also promote the cytoplastic accumulation of β-catenin by dissociating β-catenin from cadherin. β-catenin is then translocated to the nucleus for osteogenic differentiation. Integrin can also initiate FAK to activate mitogen-activated protein kinase (MAPK) (such as ERK1/2) to phosphorylate transcription factors, such as Runt-related transcription factor 2 (Runx2) and nuclear factor κB (NF-κB), which then shuttles to the nucleus for MSC osteogenesis. Biophysical stimuli can be directly transduced by the structure of focal adhesion-cytoskeleton-nucleus to promote chromatin for gene expression, which is composed of integrin, docking proteins (DPs), recruited FAK, F-actin, myosin II, stress fiber, the Linker of Nucleoskeleton and Cytoskeleton (LINC) complex (nesprin and SUN protein), and formin homology 1/formin homology 2 domain containing protein 1 (FHOD1). The structure is mainly regulated by ras homolog family member A (RhoA) signaling. RhoA can be activated by leukemia-associated Rho guanine nucleotide exchange factor (LARG), which is initiated by the recruitment of Fyn and FAK to initiate mammalian target of rapamycin complex 2 (mTORC2). RhoA can be also activated by initiated Dvl by the binding of Wnt to the Ror/Fzd complex. Activated RhoA initiates LIM kinase (LIMK) by stimulating Rho-associated protein kinase (ROCK), which could inhibit cofilin to avoid F-actin severing. Activated RhoA also promotes the formation and contraction of the structure by initiating Diaphanous (Dia). Furthermore, contracted cytoskeleton may diminish the mechanical resistance for the translocation of Yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ) to the nucleus for osteogenesis. Created with BioRender.com.
3.2.1 Integrin Signaling
Integrin is a transmembrane heterodimer that serves as a receptor to bind with specific ligands from external microenvironment (Thompson et al., 2012). When MSCs adhere to biomaterials and subjected to biophysical stimuli, multiple integrin signaling can be activated for the osteogenic differentiation of MSCs. FAK, under biophysical stimuli, may be recruited to integrin and undergo autophosphorylation (Bertrand et al., 2020), which then activates mitogen-activated protein kinases (MAPKs), such as ERK1/2 and P38 (Liu et al., 2014; Niu et al., 2017; Chang et al., 2019). Activated or phosphorylated MAPKs then induce the phosphorylation of transcription factors, such as RUNX2, to promote the osteodifferentiation of MSCs (Chang et al., 2019). Activated ERK1/2 also phosphorylates nuclear factor κB (NFκB), which upregulates integrin β1 in a feedback model and promotes the expression of BMP-2 for osteogenesis (Liu et al., 2011; Liu et al., 2014). Another research revealed that activated ERK1/2 inhibits adipogenesis by downregulating the expression of BMP-4 (Lee et al., 2012). Moreover, biophysical stimuli may activate integrin-linked kinase (ILK) by integrin, which inhibits N-cadherin to release β-catenin and glycogen synthase kinase-3β (GSK-3β) to avoid the degradation of β-catenin. Then, β-catenin shuttles to the nucleus to induce the osteogenic differentiation of MSCs (Niu et al., 2017). Furthermore, integrin could be stimulated by biophysical stimuli to activate Akt by phosphatidylinositol 3-kinase (PI3K), which then activates GSK-3β to inhibit the degradation of β-catenin for MSC osteogenesis (Song et al., 2017; Sun et al., 2018). Osteoinductive mechanisms of integrin signaling by biophysical stimuli can be mainly interpreted as FAK/MAPK signaling, ILK/β-catenin signaling, and PI3K/Akt/β-catenin signaling. In addition, crosslinking exists among distinctive integrin signaling.
3.2.2 Focal Adhesion-Cytoskeleton-Nucleus
In addition to indirect integrin signaling to induce osteogenesis, integrins also participate in the formation of focal adhesion to transfer biophysical stimuli directly to contractible cytoskeleton and nucleus, which is generally known as bundles of clustered integrins (Dalby et al., 2014). At the site of focal adhesion, the cytoplasmic tail of integrin is linked to the (F)-actin cytoskeleton by talin and vinculin, which is stabilized by other docking proteins, including zyxin, actinin, and p130Cas (Bertrand et al., 2020). Adjacent actins generate prestress by the bundling of stress fibers (such as α-actinin) and myosin II (Wang et al., 2009). The tail of actin is linked to the nuclear envelope by the Linker of Nucleoskeleton and Cytoskeleton (LINC) complex, which is composed of nesprin (nesprin1 or nesprin2) and SUN (Bouzid et al., 2019). Moreover, formin homology 1/formin homology 2 domain containing protein 1 binds to multiple sites among nesprin and actin to enhance the association (Birks and Uzer, 2021). Furthermore, SUN proteins bind to lamins to form the lamina, and lamina coupled with G-actin and myosin may assemble into the nucleoskeleton, which connects to chromatin and deoxyribonucleic acid (DNA) (Wang et al., 2009). Therefore, the structure of focal adhesion-cytoskeleton-nucleus allows biophysical stimuli to be transferred from outside to DNA and directly activates gene expression (Wang et al., 2009). When MSCs are subjected to biophysical stimuli, autophosphorylated FAK is recruited to focal adhesion and connects to integrin β by talin and paxillin and promotes cytoskeletal contraction, which then promote MSC osteogenesis (Hao et al., 2015; Bertrand et al., 2020).
Cytoskeletal stabilization and contraction are mainly regulated by biophysical-sensitive ras homolog family member A (RhoA) signaling. And biophysical stimuli could promote the osteogenic differentiation of MSCs by RhoA signaling (Arnsdorf et al., 2009a; Zhao et al., 2015). The activation of RhoA is related to focal adhesion and uncanonical Wnt/RhoA signaling. After biophysical stimuli, kinase Fyn and FAK are recruited to focal adhesion, which synthetically initiate mammalian target of rapamycin complex 2 to activate RhoA, which may be related to the activation of leukemia-associated Rho guanine nucleotide exchange factor (Thompson et al., 2013; Thompson et al., 2018). Moreover, biophysical stimuli could stimulate MSCs to upregulate Wnt5a and Ror2 (Arnsdorf et al., 2009b; Shi et al., 2012). Wnt ligand binds to the complex of Ror and Fzd to initiate Dvl, which could also activate RhoA (Bertrand et al., 2020). The activated RhoA then initiates Rho-associated protein kinase (ROCK) and subsequently LIM kinase (LIMK), which inactivate or phosphorylate cofilin to diminish its effects of severing F-actin (Hayakawa et al., 2011; Bertrand et al., 2020). The structure of focal adhesion-cytoskeleton-nucleus can be also enhanced by the initiation of Diaphanous via RhoA (Bertrand et al., 2020).
Yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ) are biophysical-sensitive transcriptional activators for MSC osteogenesis. When MSCs are subjected to biophysical stimuli, YAP/TAZ are activated and then translocate to the nucleus, where they interact with various transcription factors to promote osteogenesis (Kim et al., 2014; Qian et al., 2017; Li et al., 2020). The regulation of YAP/TAZ stimulated by biophysical stimuli may undergo a Hippo/LATS-independent signaling pathway (Dupont et al., 2011). Recent studies have revealed that the nuclear translocation of YAP/TAZ is related to the structure of focal adhesion-cytoskeleton-nucleus (Driscoll et al., 2015). When biophysical stimuli are loaded to MSCs, forces cause focal adhesion to the nucleus by the cytoskeleton to open the size of nuclear pores relatively. Thus, the mechanical resistance to transfer molecules is lowered, allowing for YAP/TAZ translocate to the nucleus (Elosegui-Artola et al., 2017).
3.3 Cell–Cell Biophysical Transduction
Cell–cell biophysical transduction refers to biophysical sensing coupled with transmission and regulation by direct contact by structures from adhering with adjacent cells (cadherin and Notch receptor) (Figure 5). Bioactive factors under biophysical stimuli by the autocrine and paracrine network could also exert effects via indirect interaction (Figure 6).
[image: Figure 5]FIGURE 5 | Cell–cell biophysical transduction for MSC osteogenesis: direct interaction. Cadherin is a main molecule to induce direct intercellular interaction, and α-catenin and β-catenin are linked to the cytoplasmic section of cadherin. Under biophysical stimuli, β-catenin dissociates from cadherin to cytoplasm. In addition, β-catenin is mainly regulated by biophysical sensitive canonical Wnt signaling. Wnt binds to the lipoprotein receptor-related protein (Lrp)/Fzd complex and activates Dvl to inhibit the axin/adenomatous polyposis coli/GSK-3β/CK1 (Axin/APC/GSK-3β/CK1) complex to avoid the degradation of β-catenin. Then, β-catenin moves to the nucleus to promote MSC osteogenesis. The osteoinduction of direct cell–cell biophysical transduction can be induced by Notch signaling, which is mediated by Notch receptors and Delta-like (Dll) or Jagged (JAG) ligands. Under biophysical stimuli, two proteases, including ADAM-family metalloproteases and presenilin-γ-secretase complex (PγSC), release Notch intracellular domain (NICD) form Notch receptor, which then moves to the nucleus for osteogenic differentiation. Created with BioRender.com.
[image: Figure 6]FIGURE 6 | Cell–cell biophysical transduction for MSC osteogenesis: indirect autocrine and paracrine. Indirect cell–cell biophysical transduction is mainly induced by the autocrine and paracrine network. Under biophysical stimuli, MSCs may sensitively secret some autocrine proteins to promote osteogenesis, including BMP-2, VEGF, IGF1, TGF-β, and MIF. MSCs also secrete paracrine factors (such as exosome) to inhibit osteoclastogenesis. Osteocytes release nitric oxide (NO) and relatively more osteoprotegerin (OPG) than NF-κB ligand (RANKL) to impede osteoclastogenesis. Paracrine factors from osteoblasts also diminish osteoclastogenesis. Moreover, paracrine factors (such as exosome containing miRNA181b-5p) stimulate the osteogenic differentiation of MSCs. Biophysical stimuli also stimulate macrophage (phenotype 2) to promote MSC osteogenesis. Created with BioRender.com.
3.3.1 Adhesion Junction
Intercellular adhesion junction is directed by calcium-dependent cadherins, and MSCs express neural (N-) cadherin and epithelial (E-) cadherin (Qin L. et al., 2020). The classical structure of cadherins can be divided into three domains: an extracellular domain to direct intercellular adhesion, a single-pass transmembrane domain, and a cytoplasmic domain to bind multiple proteins including β-catenin and α-catenin (Leckband and de Rooij, 2014). When MSCs are subjected to mechanical stimuli (such as load-induced FFSS) or electromagnetic stimuli (such as PEMF), β-catenin disassociates from N-cadherin or E-cadherin to the cytoplasm, respectively, which then moves to the nucleus to induce osteogenic differentiation (Arnsdorf et al., 2009b; Zhang et al., 2020).
The β-catenin signaling pathway is generally regulated by canonical Wnt signaling, which shows biophysical sensitivity. When MSCs are subjected to electromagnetic stimuli for osteogenesis, the expression levels of Wnt, low-density lipoprotein receptor-related protein (Lrp), and β-catenin are upregulated, suggesting that canonical Wnt signaling exerts critical effects in osteogenic differentiation (Chen et al., 2019; Fu et al., 2020). Secreted Wnt binds to the complex formed by Fzd and LRP 5/6, which then activates Dvl to impede the phosphorylation and degradation of β-catenin mediated by the axin/adenomatous polyposis coli/GSK-3β/CK1 (Axin/APC/GSK-3β/CK1) complex (Schupbach et al., 2020). Then, β-catenin shuttles to the nucleus to activate osteogenic Runx2 and osterix (Benayahu et al., 2019). The activation of canonical Wnt signaling by biophysical stimuli could also inhibit MSC adipogenesis by downregulating the expression of peroxisome proliferator-activated receptor γ (Sen et al., 2008; Case et al., 2013).
3.3.2 Notch Signaling
Exerting critical effects on stem cell specification and bone development, Notch signaling is an intercellular conversed pathway that is activated by a surface ligand [Delta-like (Dll)1, 3, or 4 and Jagged (JAG)1 or 2] from adjacent cells to bind their Notch receptor (Notch1, 2, 3, or 4) (Bagheri et al., 2018). After initiation, two types of proteases (ADAM-family metalloproteases and presenilin-γ-secretase complex) exert effects at an activated Notch receptor to release the Notch intracellular domain (NICD). The NICD then forms a complex with the DNA-binding CSL protein after translocating to the nucleus, which recruits coactivator Mastermind to transcript related genes. When MSCs are subjected to PEMF, Notch-4 receptor, Dll-4 ligand, and related genes (Hey1, Hes1, and Hes5) are upregulated, and inhibitors of Notch signaling diminish the osteoinducutive effects of PEMG (Bagheri et al., 2018). Thus, Notch signaling is involved in the osteogenic differentiation of MSCs stimulated by electromagnetic signaling. Another research also reported that mechanical stimuli could initiate JAG1-mediated Notch signaling to promote MSC osteogenesis, which is controlled by the inhibition of endogenous histone deacetylase 1 (Wang et al., 2016a).
3.3.3 Autocrine and Paracrine Network
After being subjected to biophysical stimuli, MSCs secrete various biophysical-sensitive molecules, including BMP-2 (Liu et al., 2011; Rui et al., 2011), vascular endothelial growth factor (Lee et al., 2017), insulin-like growth factor 1 (Tahimic et al., 2016), transforming growth factor-β (TGF-β) (Li et al., 2015b), and migration inhibitory factor (Yuan et al., 2016), which could biochemically promote MSC osteogenesis by autocrine. In addition, bone regeneration in vivo is an extremely complex process that involves osteogenesis, angiogenesis, osteoclastogenesis, neurogenesis, and immune regulation; thus, a paracrine network possibly stimulates osteogenesis among various cells when subjected to biophysical stimuli. Paracrine factors from stimulated osteocytes promote the osteogenic differentiation of MSCs but do not induce the osteogenic differentiation of osteoblasts (Hoey et al., 2011; Brady et al., 2015). Another study found that exosomes containing miRNA181b-5p from stimulated osteocytes enhance the osteogenic differentiation of PDLCs by BMP-2/RUNX2 (Lv et al., 2020). Stimulated osteocytes also secrete nitric oxide and relatively more osteoprotegerin than NF-κB ligand (RANKL) to inhibit osteoclastogenesis (Tan et al., 2007; You et al., 2008). Moreover, exosomes from stimulated MSCs impede osteoclastogenesis by weakening the activity of NF-κB signaling (Xiao et al., 2021). Although paracrine factors from stimulated osteoblasts fail to promote the osteogenic differentiation of MSCs, they inhibit the formation of osteoclasts (Tan et al., 2007). Furthermore, Dong et al. (2021) found that tension could activate macrophages to M2 phenotype, secrete anti-inflammatory factors (such as TGF-β and interleukins-10), and promote the nuclear translocation of YAP to generate BMP-2 for the osteogenic differentiation of MSCs. Altogether, the autocrine and paracrine network may ultimately promote the osteogenic differentiation of MSCs in vivo, which further promote bone repair.
4 APPLICATIONS OF BIOPHYSICAL STIMULI FOR BONE TISSUE ENGINEERING
For critical bone defects, bone tissue engineering is committed to replace or surpass autografts for surgical bone repair. Given their osteoinductive properties, distinctive biophysical stimuli can be used as the fourth pillar to improve traditional bone tissue engineering for bone healing. Biophysical stimuli can be integrated to bone tissue engineering by three methodologies: preconstructed scaffolds with osteoinductive properties, TEBGs, and postoperative biophysical stimuli loading strategies.
4.1 Preconstructed Scaffolds With Osteoinductive Properties
Biomaterial scaffolds comprise an important pillar for bone tissue engineering, but most current scaffolds are used to provide osteoconductivity without osteoinductivity. Thus, most studies focused on the introduction of bioactive molecules to scaffolds by various strategies. However, these methods fail to construct scaffolds with multi-environment for different regenerative purposes. Thus, preconstructed scaffolds by biophysical stimuli show great promise for novel bone tissue engineering because these scaffolds show inherent osteoinductivity, which also support the construction of multi-microenvironment. Preconstructed scaffolds include stiffness-improved scaffolds, topography-modified scaffolds, piezoelectric scaffolds, and magnetically actuated scaffolds.
4.1.1 Stiffness-Improved ECM-like Scaffolds
ECM-like scaffolds are those scaffolds that are structurally analogous to natural nanoscale natural ECM, which can be obtained by electrospinning or hydrogelation. However, the application of ECM-like scaffolds is generally limited by their unsatisfying stiffness. Thus, various strategies, including chemical and physical crosslinking, have been developed to enhance their rigidity. Chemical crosslinking improves stiffness by introducing chemical crosslinkers (such as genipin) and specific chemical groups, whereas physical crosslinking enhances rigidity by constructing an interpenetrating network or physical crosslinkers, such as inorganic particles and graphene (Zhang et al., 2016). When the stiffness of organic scaffolds is improved, these scaffolds could even stimulate the osteogenic differentiation of MSCs without osteogenic molecules. For example, elastin-like polypeptides (ELPs) are recombinant biomaterials that could assemble into organic scaffolds when the temperature reaches over inverse phase transition temperature (Ding et al., 2020). Glassman et al. (2016) utilized telechelic oxidative coupling to chemically interlink or oxidate ELPs containing cysteine, and the stiffness of ELP scaffolds is obviously enhanced, varying from 5 kPa to over 1 MPa. When seeded on the toughened scaffolds, MSCs could be induced to undergo osteogenic differentiation without bioactive molecules. Raftery et al. introduced chitosan to collagen to construct organic scaffolds with an interpenetrating network and found that the modulus is improved and that the interpenetrating scaffold (collagen/chitosan ratio 75/25) could dramatically promote calcium deposition and sulfated glycosaminoglycan production (Raftery et al., 2016). Thus, stiffness-improved scaffolds may be superior to unoptimized organic scaffolds.
4.1.2 Topography-Modified Scaffolds
Modifying topography is another methodology for osteoinductive preconstructed scaffolds. The outer and inner surfaces can be modified for different regenerative purposes. Outer topography-modified scaffolds are those scaffolds whose outer surface are modified by nanopattern with controlled disorder, which could promote osteointegration and avoid the formation of fibrous tissue at the surface of bone implants (Dobbenga et al., 2016). For example, Silverwood et al. (2016) utilized a block-copolymer templated anodization technique to modify the outer surface of titania scaffolds with nanopillars (height 15 nm) and then transplanted modified titania and polished titania to rabbit femurs. Compared with the flat titania, the outer topography-modified titania with 15 nm nanopillars show higher bone to implant contact (20%) (Silverwood et al., 2016). Meanwhile, inter topography-modified scaffolds are those scaffolds whose porous inner surface are modified by controlled nanotopography. For example, Wang et al. used cold atmospheric plasma to treat or modify the inter topography of 3D printed poly-lactic-acid scaffolds, which could improve nanoscale surface roughness from 1.20 to 10.50 nm (1 min treatment), 22.90 nm (3 min treatment), and 27.60 nm (5 min treatment) (Wang et al., 2016b). And modified scaffolds could improve cell adhesion and proliferation when compared with unmodified scaffolds, showing great potential for bone tissue engineering (Wang M. et al., 2016). Further studies should focus on the osteogenic effects of the modified inter surface, and related treating techniques should also be developed.
4.1.3 Piezoelectric Scaffolds
Natural bone is an electricity-generated tissue because of piezoelectric collagen (Yu et al., 2017). Thus, piezoelectric scaffolds are developed to provide electric stimuli for bone regeneration, which include piezoelectric polymers such as PEDOT (Iandolo et al., 2016) and poly (vinylidene fluoride), piezoelectric ceramics such as BaTiO3 (Polley et al., 2020) and K0.5Na0.5NbO3 (Yu et al., 2017), and scaffolds containing piezoelectric particles such as piezoelectric ceramic particles (Mancuso et al., 2021) and nylon-11 nanoparticles (Ma et al., 2019)). When piezoelectric scaffolds are subjected to external mechanical stimuli (physiologically or additionally), electric stimuli will be induced for bone regeneration (Tang et al., 2017). Osteogenic differentiation can be obtained by high voltage output form piezoelectric scaffolds (Damaraju et al., 2017). However, the piezoelectricity of scaffolds should be optimized for practical applications. For example, Zhang et al. utilized annealing treatment to control β phase contents, thus constructing piezoelectric poly (vinylidene fluoridetrifluoroethylene) [P(VDF-TrFE)] membranes with different surface potentials (−78 and −53 mV) (Zhang et al., 2018). When transplanted to critical calvarial defects of rats, all groups could promote bone regeneration, but P(VDF-TrFE) membrane with −53 mV surface potential is better because it dramatically promotes faster bone regeneration with more mature bone structure than unpolarized group and that with −78 mv surface potential (Zhang et al., 2018). Furthermore, the osteoinductive effects of piezoelectric scaffolds can enhance additional mechanical stimuli. Piezoelectric scaffolds were fabricated by modifying porous Ti6Al4V scaffolds (pTi) with BaTiO3, and then piezoelectric pTi/BaTiO3 or pure pTi were transplanted to rabbit radius bone defects with a length of 13 mm (Fan et al., 2020). Results showed that pTi/BaTiO3 with or without LIPUS promotes more bone regeneration than pure pTi, but LIPUS treatment could further enhance osteointegration and osteogenesis (Fan et al., 2020).
4.1.4 Magnetically Actuated Scaffolds
Magnetically actuated scaffolds are generally constructed by introducing magnetic particles (usually magnetite) to other biomaterial scaffolds (Santos et al., 2015). When magnetically actuated scaffolds are exposed in magnetic field, the deformation of scaffolds stimulates the differentiation of stem cells (Spangenberg et al., 2021). Aldebs et al. (2020) used PEGF (1 mT, 15 Hz) to stimulate ADSCs for 7 days seeded in RADA16 self-assembling peptide hydrogel containing magnetic particles and found that PEGF coupled with magnetic particles could promote the osteogenic differentiation of ADSCs without spoiling cell viability. Moreover, magnetic nanoparticles can be encapsuled to piezoelectric scaffolds, which could provide magnetomechanical and electromagnetic stimuli (Fernandes et al., 2019). Zhang et al. fabricated magnetically actuated scaffolds with magnetic effects by simultaneously incorporating two magnetic particles: positive CoFe2O4 (CFO) and negative TbxDy1-xFe2 alloy (TD) to piezoelectric P(VDF-TrFE) (Zhang et al., 2020). A CFO/TD ratio of 4:1 could dramatically improve surface potential when scaffolds are exposed to magnetic field. Then, MSCs were seeded on the film for 7 or 14 days, and a magnetic field was applied at the 4th or 8th day. Results showed that magnetic field could dramatically stimulate the osteogenic differentiation of MSCs in the 14-days culture, but osteogenic differentiation was not observed at the 4-days culture, suggesting that magnetic field-coupled magnetic particles could promote osteogenesis, but sufficient exposure time is needed (Zhang et al., 2020). Although magnetically actuated scaffolds show satisfying biocompatibility when transplanted in vivo, additional evidence is needed about bone defect repair in vivo by magnetically actuated scaffolds coupled with magnetic field.
4.2 Tissue Engineered Bone Grafts by in vitro Bioreactors
In addition to prefabricated osteoinductive scaffolds by biophysical stimuli, they can be directly exerted by in vitro bioreactors to construct TEBGs, artificial autografts with anatomically matched shape and size (Grayson et al., 2010). TEBGs are generally fabricated by a combination of a biomaterial scaffold, autogenous stem cells, osteogenic supplements, and in vitro bioreactors providing biophysical stimuli (Fröhlich et al., 2010).
Among various in vitro bioreactors, load-induced FFSS-based bioreactors have been widely used to construct TEBGs, especially perfusion bioreactors. The efficiency of TEBGs for bone tissue engineering was initially verified by ectopic bone formation in animal models. Hosseinkhani et al. mixed MSC suspension with peptide amphiphile (PA) solution to form PA nanofiber hydrogel containing MSCs, which was then infiltrated to collagen/poly (glycolic acid) sponge for static or prefusion culture (Hosseinkhani et al., 2006). After 3 weeks of in vitro culture, both groups were transplanted to the back subcutis of rats for 8 weeks, and results showed that the TEBGs obtained by perfusion culture promote homogenous and robust bone regeneration when compared with those by static culture (Hosseinkhani et al., 2006). Moreover, TEBGs for critical bone defects have been verified in clinically relevant pig bone defect models. An image-guided personalized strategy was utilized to construct TEBGs by 3 weeks of invitro culture (Bhumiratana et al., 2016). TEBGs are constructed by a combination of decellularized bone matrixes (DBMs), autogenous ADSCs, osteogenic medium, and a perfusion-based bioreactor, and immure bone formation is observed after 3 weeks of perfusion culture. Then, TEBGs or acellular DBMs were transplanted to bone defects of mature Yucatán minipigs for 6 weeks, and results revealed that TEBGs show improved bone formation and vascularization compared with untreated defects and acellular scaffolds (Bhumiratana et al., 2016). Therefore, TEBGs show great promise for critical bone defects, which ideally integrate four pillars of bone tissue engineering.
TEBGs may be the second-generation autogenous bone grafts for surgical bone repair. Thus, various methods have been developed to improve the effectiveness of TEBGs, which are based on four hierarchies. The first level is to optimize perfusion profile, which includes perfusion duration and perfusion model. Dynamic culture for at least 2 weeks is needed to fabricate TEBGs (Mitra et al., 2017). In addition, sequential application of continuous perfusion and intermittent perfusion may be better than single model (Correia et al., 2013). The second level is to optimize bioreactor system medium. For example, marine hemoglobin could be incorporated to perfusion medium to deliver sufficient oxygen, which enhances the proliferation and osteogenic differentiation of MSCs in perfusion bioreactors (Le Pape et al., 2018). The third level is to optimize seed cells. For example, BMSCs may be superior to ADSCs because of better potential for osteogenesis (Wu et al., 2015). In addition, co-culture of multiple cells may be superior to single cell culture for the fabrication of TEBGs (Sawyer et al., 2020), but multiple cells must be obtained from autogenous stem cells. Thus, co-culture of osteogenically indued stem cells and angiogenic-induced stem cells shows great promise. Furthermore, the fourth level is to optimize biomaterial scaffolds. Hydrogels can be used to modify other biomaterials because hydrogels could improve cell retention (Yu et al., 2012). In addition, bioactive molecules can be introduced to biomaterial scaffolds to provide sustained-release osteoinductive signaling (Panek et al., 2019).
In addition to perfusion bioreactors, load induced-FFSS-based bioreactors include rotating wall vessel bioreactors, spinner flask bioreactors, and biaxial rotating bioreactors, among which biaxial rotating bioreactors may surpass other uni-axial perfusion bioreactors because they generate homogenous FFSS and promote robust osteogenesis (Singh et al., 2005; Zhang et al., 2010a). TEBGs fabricated by biaxial rotating bioreactors induce ectopic bone regeneration (Zhang et al., 2009) and promote the healing of critical femoral defects of rats (Zhang et al., 2010b).
Other bioreactors include compression bioreactors (Ravichandran et al., 2017), tension bioreactors (Carroll et al., 2017), nanovibration bioreactors (Wu et al., 2020), ultrasound bioreactors (Wang M. et al., 2016), and electromagnetic bioreactors (Fernandes et al., 2019), which show promise to construct TEBGS, but they are limited to transport nitrogen, oxygen, and growth factors. Therefore, other bioreactors can be synthetically used with load induce-FFSS based bioreactors to design multi-biophysical stimuli bioreactors. For example, a multimodal bioreactor was designed which could provide compression and load-induced FFSS, and osteogenic differentiation is improved when compared with static culture and culture with single biophysical stimuli when the system is used to dynamically culture MSCs (Ravichandran et al., 2018). Further evidence is needed about TEBGs fabricated by multimodal bioreactors to repair critical bone defects.
4.3 Postoperative Biophysical Stimuli Loading Strategies
Postoperative biophysical stimuli loading strategies are those methods that use noninvasive methods to generate biophysical stimuli to stimulate bone regeneration after surgery, including distraction osteogenesis (DO) (Shah et al., 2021), LMHFV (Steppe et al., 2020), LIPUS (Hannemann et al., 2014), and PEMF (Wang et al., 2019). These strategies have been clinically used to promote the healing of fractures; thus, their use can be extended to the treatment of critical bone defects. For example, Parmaksiz et al. transplanted DBM and DBM containing magnetic particles to bilateral critical-size cranial defects of rats with or without PEMF exposure, and results revealed that exposed groups of DBM and DBM containing magnetic particles show improved bone regeneration and reduced fibrous formation compared with unexposed groups (Parmaksiz et al., 2021). Yan et al. also verified that postoperative LIPUS could promote the healing of rabbit femurs defects (Yan et al., 2016). Therefore, postoperative biophysical stimuli loading strategies show great promise in bone tissue engineering, but they remain poorly explored. Bone defects are usually limited to local regions. Thus, small loading devices are also highly developed for clinical bone repair. When postoperative biophysical stimuli loading strategies are used in combination of other pillars of bone tissue engineering, their clinical complications or drawbacks may diminish. For example, DO is a long-term treatment that may cause infections or delay, but it shows great promise for bone regeneration when combined with osteoinducive Mg nail, which could reduce the treatment time of traditional DO (Ye et al., 2021).
5 DISCUSSION
Considering the inefficiency of current biomaterials and bioactive molecules, biophysical stimuli are critical to be applied as the fourth pillar of bone tissue engineering. In addition, biophysical stimuli should not be only limited to external mechanical stimuli, but in a more comprehensive concept, the fourth pillar can also include internal structural stimuli, acoustic stimuli, and electromagnetic stimuli. Although distinctive biophysical stimuli are based on different physical properties, they will be transferred to mechanical or electromagnetic stimuli. Given that both show reminiscent signal pathways for MSC osteogenesis, a novel concept of biophysical transduction is proposed to incorporate mechanotransduction and electrocoupling to interpret the osteoinductive mechanisms of biophysical stimuli for osteogenic differentiation. Biophysical transduction can be divided into three stages: sensing, transmission, and regulation. Depending on sensing pattern, biophysical transduction can be categorized into self-biophysical transduction, cell–matrix biophysical transduction, and cell-cell biophysical transduction. Furthermore, biophysical stimuli, as the fourth pillar of bone tissue engineering, can be used by fabricating preconstructed scaffolds with osteoinductive properties and TEBGs or by employing postoperative biophysical stimuli loading strategies.
While biophysical stimuli show promising potential to be used as the fourth pillar of bone tissue engineering, ideal biophysical stimuli are needed to promote cell recruitment, proliferation, osteogenesis, angiogenesis, neurogenesis, and immune regulation. Osteoinductive windows of biophysical stimuli need to be comprehensively considered and optimized. The synergy effects of multiple biophysical stimuli should be also explored for bone regeneration. Moreover, specific osteoinductive mechanisms of biophysical stimuli need further investigation. The interaction between mechanotransduction and electrocoupling should be probed to interpret their similarity. Whether or not other cell adhesion receptors and ligands participate in cell–matrix biophysical transduction remains unknown. The autocrine and paracrine network of cell–cell biophysical transduction also needs to be refined. In vivo preclinical evidence about preconstructed scaffolds may be obtained, especially for piezoelectric scaffolds and magnetically actuated scaffolds. Novel in vitro bioreactors may be designed to diminish complexity and volume. Further studies may focus on the application of postoperative biophysical stimuli loading strategies for the treatment of critical bone defects. Specific parameters using model and duration may be established.
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Anthracyclines, such as doxorubicin (DOX), are among the effective chemotherapeutic drugs for various malignancies. However, their clinical use is limited by irreversible cardiotoxicity. This study sought to determine the role of neuraminidase 1 (NEU1) in DOX-induced cardiomyopathy and the potential cardio-protective effects of NEU1 inhibitor oseltamivir (OSE). Male Sprague–Dawley (SD) rats were randomized into three groups: control, DOX, and DOX + OSE. NEU1 was highly expressed in DOX-treated rat heart tissues compared with the control group, which was suppressed by OSE administration. Rats in the DOX + OSE group showed preserved cardiac function and were protected from DOX-induced cardiomyopathy. The beneficial effects of OSE were associated with the suppression of dynamin-related protein 1 (Drp1)-dependent mitochondrial fission and mitophagy. In detail, the elevated NEU1 in cardiomyocytes triggered by DOX increased the expression of Drp1, which subsequently enhanced mitochondrial fission and PINK1/Parkin pathway-mediated mitophagy, leading to a maladaptive feedback circle towards myocardial apoptosis and cell death. OSE administration selectively inhibited the increased NEU1 in myocardial cells insulted by DOX, followed by reduction of Drp1 expression, inhibition of PINK1 stabilization on mitochondria, and Parkin translocation to mitochondria, thus alleviating excessive mitochondrial fission and mitophagy, alleviating subsequent development of cellular apoptotic process. This work identified NEU1 as a crucial inducer of DOX-induced cardiomyopathy by promoting Drp1-dependent mitochondrial fission and mitophagy, and NEU1 inhibitor showed new indications of cardio-protection against DOX cardiotoxicity.
Keywords: doxorubicin, cardiotoxicity, neuraminidase1, oseltamivir, dynamin-related protein 1 (Drp1), mitophagy
1 INTRODUCTION
Doxorubicin (DOX), an extensively prescribed and the most potent chemotherapeutic agent for various malignancies, still remains footstones in oncotherapy combined with emerging targeted drugs. However, its clinical use is limited ascribed to dose-dependent cardiotoxicity, leading to irreversible cardiomyopathy and heart failure ultimately (Swain et al., 2003; Yeh, 2006). Although clinical evaluation makes it possible to detect cardiotoxicity earlier (Thavendiranathan et al., 2014; Vejpongsa and Yeh, 2014; Cardinale et al., 2015), no consensus has been reached on the best way to prevent DOX-induced cardiotoxicity, emphasizing an immediate need for developing novel therapeutic agents.
Accumulating evidence shows that DOX cardiotoxicity is closely linked to mitochondrial damage. Mitochondria are highly dynamic organelles that undergo successive fusion and fission to maintain an appropriate population for mitochondrial quality control. GTPase dynamin-related protein 1 (Drp1) is an essential regulator of mitochondrial fission (Fonseca et al., 2019), and Drp1-mediated mitochondrial fission has been reported to contribute to various cardiovascular diseases, such as diabetic cardiomyopathy, ischemia/reperfusion cardiac injury, and DOX-induced cardiomyopathy (Xia et al., 2017; Zhou et al., 2017; Ding et al., 2018; Lee et al., 2020; Zhuang et al., 2021). Consistently, mitochondrial fission occurs in coordination with mitophagy (Morales et al., 2020), which is a selective form of autophagy that targets elimination of damaged or unfunctional mitochondria. When excessive mitochondrial fission occurs, the number of functional mitochondria is extensively reduced along with an accumulation of mitochondrial fragmentations. Then, the mitophagy process is triggered to digest and clear those structures, attempting to maintain a healthy mitochondrial network (Palikaras et al., 2018). However, upon prolonged stress, mitophagy can also be detrimental to the heart by aggravating mitochondrial damage and accelerating cellular death via excessive self-consumption, resulting in cardiac dysfunction (Morales et al., 2020). A recently published study (Catanzaro et al., 2019) identified that Drp1 knockdown could attenuate DOX-induced accelerated mitophagy flux, and Drp1-deficient mice were protected from DOX-induced cardiac damage, strongly confirming the role of Drp1-dependent mitophagy in DOX cardiotoxicity.
Neuraminidases (NEUs), also called sialidases, are a family of glycosidases responsible for the removal of terminal sialic acid from glycoproteins and glycolipids. In mammals, four types of NEUs (NEU1, NEU2, NEU3, and NEU4), encoded by different genes, have been identified according to their distinct enzymatic properties and subcellular localization (Glanz et al., 2019). Among them, NEU1 is the most highly expressed in the heart, involved in several cardiovascular diseases (Zhang et al., 2021). Researchers discovered that NEU1 was highly expressed in the heart of patients with coronary artery disease, and NEU1 knockdown notably protected cardiomyocytes from ischemic injury (Zhang et al., 2018). Overexpression of NEU1 promoted atherosclerosis development and plaque instability by enhancing pro-inflammatory cytokine expression (Sieve et al., 2018). In addition, in ischemia/reperfusion mice model, NEU1 expression and activity were increased in cardiomyocytes as well as in invading monocytic cells, contributing to stronger inflammation and eventually heart failure (Heimerl et al., 2020). What is more, a recently published study identified that NEU1 acted as a crucial driver in cardiac hypertrophy by interplaying with transcriptional factor GATA4 (Chen et al., 2021). However, there are rare researches exploring the relationship between NEU1 and DOX-induced cardiomyopathy so far. In this study, we proposed the hypothesis that NEU1 was a mediator of DOX-induced cardiomyopathy and NEU1 inhibitor could improve DOX-induced cardiac dysfunction through modulating Drp1-dependent mitochondrial fission and mitophagy.
2 MATERIALS AND METHODS
2.1 Drugs and Materials
DOX (S1208) was purchased from Selleck, and oseltamivir (HY-17016) was obtained from MedChemExpress (MCE). ELISA kits for NEU1 and N-acetylneuraminic acid (Neu5Ac) were purchased from Jingmei Biotechnology (Jiangsu, China). ELISA kits for creatine kinase isoenzyme-MB (CK-MB) and cardiac troponin T (cTnT) were obtained from Meilian Biotechnology. Commercial assay kits of aspartate aminotransferase (AST), lactate dehydrogenase (LDH), superoxide dismutase (SOD), total antioxidant capacity (T-AOC), reduced glutathione (GSH) activities, and hydrogen peroxide (H2O2) were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay was obtained from Beyotime Biotechnology (Shanghai, China). Cell Mitochondria Isolation Kit was purchased from Beyotime Biotechnology (China). All primary antibodies used in this study are listed in Supplementary Table S1.
2.2 Animal Experiment
Adult male Sprague–Dawley (SD) rats (7 weeks old) were purchased from Huazhong University of Science and Technology in a total number of 36. Rats were housed in sterilized filter top cages in a temperature- and humidity-controlled environment (22 ± 2°C) with a 12-h day–night cycle. After adaptive feeding for a week, rats were randomly assigned into three groups as follows. Rats in the DOX group received intraperitoneal injection of DOX in a cumulative dose of 15 mg/kg within 2 weeks (2.5 mg/kg for six times), mimicking the human therapeutic regimens. Rats in the DOX + OSE group received gavage of OSE (20 mg/kg) dissolved in normal saline beginning from 3 days before the first injection of DOX to the end of the experiment. Rats in the control group were given equal volume of saline for intraperitoneal injection or gavage. The scheme of experiment is shown in Figure 1A. All animal experiments were approved by the Institutional Animal Care and Use Committee of Tongji Medical College, Huazhong University Science and Technology (IACUC number: 2555), which strictly conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
[image: Figure 1]FIGURE 1 | Doxorubicin (DOX) exposure resulted in elevated neuraminidase 1 (NEU1) activity and expression in adult rats. (A) The chemical structure of NEU1 inhibitor oseltamivir (OSE) and the schematic diagram of this study. (B–E) The content of NEU1 and its regulated downstream metabolite N-acetylneuraminic acid (Neu5AC) in animal plasma or heart tissue measured by commercial ELISA assays (n = 8 per group). (F) Representative immunohistochemical images of NEU1 expression in rat hearts (n = 5 per group, scale bar = 50 μm). (G) The expression of NEU1 in rat hearts analyzed by western blot (n = 6 per group). (**p < 0.01 vs. control group, ***p < 0.001 vs. control group. #p < 0.05 vs. DOX group, ##p < 0.01 vs. DOX group, ###p < 0.001 vs. DOX group).
2.3 Echocardiography
After the first injection of DOX for a month, transthoracic echocardiography was conducted to evaluate cardiac function. In brief, rats were tied under anesthetization with 100 mg/kg pentobarbital sodium, and their chest hairs were removed. M-mode images and echocardiographic parameters were obtained when heart rate was about 450 bpm. Ejection fraction (EF) and Fractional shortening (FS) were calculated as previously described.
2.4 Histopathology Analysis
Hearts were harvested, weighed, and cut into several pieces, and then, samples were either frozen immediately in liquid nitrogen for further biochemistry detection or fixed in 4% paraformaldehyde for histopathological analysis. For histopathological analysis, after being fixed, dehydrated, and embedded in paraffin blocks, heart samples were cut into thin cross sections at 5 μm. To investigate the pathological morphology of the heart, myocardial fibrosis, and cardiomyocyte size, hematoxylin and eosin (HE) staining, Masson’s trichrome staining, and wheat germ agglutinin (WGA) staining were conducted strictly following manufacturer’s instructions, respectively. All images were obtained by an optical microscope (Olympus, Tokyo, Japan) and analyzed by Image-Pro Plus 6.0 software.
2.5 Biochemical Indexes of Myocardial Injury and Oxidative Stress
Cardiac injury parameters and oxidative stress indexes in adult rat serum were measured. Briefly, blood samples were collected and centrifuged at 3,000 rpm for 10 min at 4°C to obtain the serum, which was directly applied for biochemical detection or stored at −80°C until use. The levels of CK-MB and cTnT were measured by ELISA kits. The levels of AST and LDH were detected by commercial assay kits. Then, the levels of oxidative stress indexes including SOD, T-AOC, GSH, and H2O2 were measured by commercially available assay kits too. All detections were strictly in accordance with the manufacturer’s instructions.
2.6 Analysis of the Levels of NEU1 and Neu5AC in Rat Hearts and in Serum
The levels of NEU1 and its downregulated metabolite Neu5AC in adult rat hearts and blood serum were measured using ELISA kits. In brief, left ventricular samples were quickly homogenized in PBS on ice (100 mg/ml), and then, homogenate was obtained for later detection after centrifugation at 1,000 g for 10 min at 4°C following manufacturer’s protocol.
2.7 Immunohistochemistry and Immunofluorescence Analyses
Formalin-fixed, paraffin-embedded heart sections were deparaffinized, rehydrated in xylene and gradient ethanol, boiled with an antigen retrieval solution for 20 min, and then incubated with 3% hydrogen peroxide for 30 min after cooling down. Next, heart sections were blocked with 5% goat serum in PBS for 1 h at room temperature before incubation with different primary antibodies overnight at 4°C. For immunohistochemical analysis, sections were incubated with secondary antibody prior to staining with diaminobenzidine then counterstaining with hematoxylin; images were obtained by a light microscope (Olympus). For immunofluorescence analysis, after incubation with secondary antibody and counterstaining with DAPI, images were observed and attained by a fluorescent microscope (Olympus). The positive staining areas were calculated and analyzed by Image-Pro Plus 6.0 software.
2.8 Transmission Electron Microscopy Analysis
Hearts were harvested, and left ventricular walls were quickly cut into 1-mm3 pieces, which were fixed in 2.5% glutaraldehyde with 0.1 M sodium cacodylate buffer for 2 h at room temperature before being stored at 4°C overnight. Heart samples were washed in 0.1 M sodium cacodylate buffer three times for 30 min, then immersed in 1% osmium tetroxide with 0.1 M sodium cacodylate buffer. After being dehydrated, embedded, and counterstained, ultrathin sections were imaged on a transmission electron microscope (Hitachi-151 HT7800, Japan).
2.9 Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling Staining
Paraffin-embedded adult rat heart sections were deparaffinized and rehydrated, then processed for the One-Step TUNEL Apoptosis Assay Detection Kit according to the manufacturer’s protocol. The average apoptotic index was defined as the ratio of the number of TUNEL positively stained nuclei to the number of DAPI-stained nuclei.
2.10 Protein Extraction and Immunoblotting
For extraction of the total protein, rat hearts and H9C2 cells were lysed on ice for 15 min in commercial RIPA buffer supplemented with protease inhibitor and phosphatase inhibitor. Lysates were centrifuged at 12,500 rpm for 15 min at 4°C to obtain supernatants. Different from total protein extraction, mitochondrial protein extraction from H9C2 cell was performed using a commercial Cell Mitochondria Isolation Kit. In brief, cells were digested by trypsin, collected in PBS, and centrifuged at 100 g for 5 min at room temperature to obtain sediments. Mitochondria isolation reagent was added, and cells were homogenized several times on ice until the percentage of trypan blue positively stained cells was approximately 50%. Cells were then centrifuged at 600 g for 10 min at 4°C to obtain supernatants, which were centrifuged again at 11,000 g for 10 min at 4°C. Then, the supernatants contained cytosolic protein while the sediments were purified mitochondria. Next, supernatants were centrifuged at 12,500 rpm for 15 min at 4°C to obtain supernatants, which were purified cytosol protein. The purified mitochondria were lysed on ice for 30 min in mitochondria lysis buffer, followed by centrifugation at 12,500 rpm for 15 min at 4°C to obtain supernatants, which were purified mitochondrial protein. Protein concentration was determined by using a bicinchoninic acid assay. Denatured proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes. Membranes were blocked with 5% bovine serum albumin (BSA) for 1 h at room temperature and subsequently incubated with different primary antibodies at 4°C overnight. After incubation with appropriate peroxidase-conjugated secondary antibodies for 1 h at room temperature, signals were detected with enhanced chemiluminescence.
2.11 Cell Culture and Treatment
H9C2 cell line was purchased from the American Type Culture Collection (ATCC, United States) and was cultured in Dulbecco’s modified Eagle’s medium, supplemented with 10% fetal bovine serum and 100 U/ml penicillin/streptomycin, at 37°C with 5% CO2. To investigate the effect of DOX on H9C2 cell line in different times, cells cultured at about 80% confluence were treated with 1 μM DOX for 3, 6, and 12 h, respectively. To study the effect of OSE against DOX-induced myocardial injury, cells were treated as follows: cells in the control group were treated with culture medium only; cells in the DOX group were treated with 1 μM DOX for 12 h; and cells in the DOX + OSE group were pretreated with 2.5, 5, and 10 μM OSE for 2 h, respectively, followed by incubation with 1 μM DOX for 12 h.
2.12 Statistical Analysis
All data were statistically analyzed using Prism software (GraphPad software 8.0) and shown as Mean ± SEM. Log-rank test was used for survival analysis. p values were calculated with one-way ANOVA or Student’s t-test as appropriate. p values <0.05 were considered statistically significant.
3 RESULTS
3.1 Elevated NEU1 Content and Expression in Adult Rats After DOX Exposure
The level of NEU1 in blood serum or left ventricular tissue of adult rats among the three groups was analyzed using a commercial ELISA assay. The level of NEU1 in blood serum tended to be higher in the DOX group in comparison with the other two groups (control vs. DOX: 5.29 ± 1.14 vs. 5.91 ± 0.72 p = 0.21; DOX vs. DOX + OSE: 5.91 ± 0.72 vs. 5.39 ± 1.06 p = 0.27) (Figure 1B). As regards to the level of NEU1 in myocardial tissue, a significant increase was observed in the DOX group when compared with the control group (p < 0.05), while the increase was dramatically restrained by co-treatment with OSE (p < 0.05) (Figure 1C). Moreover, DOX exposure resulted in an elevated level of Neu5AC, a kind of metabolite whose generation was predominantly regulated by NEU1, in both blood serum and myocardial tissue compared with the control group, and the elevated level of Neu5AC was significantly attenuated post-OSE treatment (Figure 1D, E). What is more, by immunohistochemical staining, it was revealed that NEU1 expression was dramatically increased in myocardial tissues of DOX-treated rats in comparison with the control group, which was significantly attenuated by OSE co-treatment (Figure 1F). Western blot analysis revealed that the protein expression of NEU1 in left ventricular tissues was in complete accordance with the results of the immunohistochemical staining (Figure 1G). These data indicated that DOX exposure was capable of triggering abnormal activation of NEU1 in adult rat myocardial tissues but not in blood serum, followed by increasing generation of regulated downstream metabolite Neu5AC; however, the abnormally activated processes were substantially prohibited by OSE co-treatment.
3.2 NEU1 Inhibitor Improved DOX-Induced Cardiac Dysfunction in Rats
Based on the hypothesis that abnormally activated NEU1 activity in rat hearts was one of major contributors in DOX-induced cardiac dysfunction, we next investigated whether NEU1 inhibitor OSE could play a protective role against DOX-induced cardiotoxicity. The ratio of body weight to initial body weight (BW/initial BW) analysis showed that rats in the DOX group had a gradually decreasing body weight post-DOX exposure, while NEU1 inhibitor OSE tended to prevent the body weight loss induced by DOX (Figure 2A). A survival rate analysis depicted no significant differences among the three groups, indicating that the dose of DOX we used was well tolerated by adult rats (Figure 2B). Then, the ratios of heart weight (HW), lung weight (lung W), or liver weight (liver W) to tibial length (TL) among the three groups were assessed. A significant decrease of HW/TL ratio was observed in the DOX group in comparison with the control group, which was prevented by OSE co-treatment (Supplementary Figure S1A). No significant difference in lung W/TL ratio or liver W/TL ratio was observed among the three groups (Supplementary Figure S1B, C), indicating the absence of lung and liver congestion in these rats, reminiscent of a subclinical myocardial dysfunction, which was observed in chronic DOX-related cardiotoxicity of the clinical practice.
[image: Figure 2]FIGURE 2 | NEU1 inhibitor improved DOX-induced cardiac dysfunction in rats. (A) The tendency of body weight change of rats in three groups (n = 12 per group). (B) The survival curve of rats in different groups. (C) Representative images of M-mode echocardiography in different rat groups at the endpoint of the study. (D) Statistical analyses of echocardiographic parameters including ejection fraction (EF), fractional shortening (FS), left ventricular end-systolic dimension (LVEDs), and left ventricular end-diastolic dimension (LVEDD) of rats in the three groups at the end of the study. (E) Representative images of hematoxylin and eosin (HE) staining, Masson’s trichrome staining, and wheat germ agglutinin (WGA) staining of heart tissues in the three different groups, which display the extent of cardiac atrophy, myocardial fibrosis, and cell sizes, respectively (scale bar = 50 μm). (F) Concentrations of cardiac injury markers including cardiac troponin T (cTnT), creatine kinase isoenzyme-MB (CK-MB), lactate dehydrogenase (LDH), and aspartate aminotransferase (AST) in plasma of rats in different groups. (**p < 0.01 vs. control group, ***p < 0.001 vs. control group. #p < 0.05 vs. DOX group, ##p < 0.01 vs. DOX group, ###p < 0.001 vs. DOX group).
Echocardiographic evaluation at 4 weeks after the first DOX intraperitoneal injection revealed that DOX induced a significant reduction of cardiac contractility (Figure 2C), manifested by reduced left ventricular ejection fraction (LVEF) and left ventricular fraction shortening (LVFS), compared with the control group, and the reduction was substantially prevented by OSE treatment (Figure 2D). A significant increase of left ventricular end-systolic dimension (LVEDS) but not left ventricular end-diastolic dimension (LVEDD) was observed in DOX-treated rats compared with control rats, and the increase was prevented by OSE co-treatment (Figure 2D). Moreover, HE staining, Masson’s trichrome staining, and WGA staining uncovered cardiac atrophy, increased fibrosis, and decreased cell sizes in the DOX group hearts, respectively, which were attenuated by OSE treatment (Figure 2E). Then, DOX exposure significantly increased the concentrations of cTnT, CK-MB, LDH, and AST in circulation compared the control group, which were alleviated by OSE treatment (Figure 2F). The results above strongly confirmed the cardio-protective effects of OSE against DOX-induced cardiomyopathy.
3.3 NEU1 Inhibitor Modulated Autophagy, Mitochondrial Fission, and Mitophagy in DOX-Treated Rat Hearts
Emerging evidence has demonstrated that dysregulation of autophagy in myocardium is critically involved in pathophysiologic processes in cardiovascular disease including DOX cardiotoxicity. The possible link between NEU1 and autophagy was thus investigated in DOX-treated rats. The levels of LC3-II, converting from LC3-I and serving as a specific hallmark of autophagy, were significantly increased in DOX-treated rat hearts by immunofluorescence staining and western blot analysis (Figure 3A, B). In contrast, the LC3-II accumulation was dramatically lower in the OSE co-treatment group hearts. Moreover, Beclin 1 and ATG5 are essential components for autophagosome initiation and formation, and we found that, in comparison with the control group, DOX exposure induced much higher protein expressions of these genes, which were effectively suppressed by OSE co-treatment (Figure 3B). In addition, p62/SQSTM1, another protein marker of autophagy, and western blot analysis showed that the protein expression of p62 was much lower in DOX-treated rat hearts than in the control group, while OSE co-treatment significantly suppressed the effect of DOX on P62 expression (Figure 3B). The results above indicate that NEU1 inhibitor OSE may act as a regulator for improving autophagy dysregulation in DOX-induced cardiotoxicity.
[image: Figure 3]FIGURE 3 | NEU1 inhibitor modulated autophagy, mitochondrial fission, and mitophagy in DOX-treated rat hearts. (A) Representative images of LC3II expression in heart tissues of the three groups (scale bar = 50 μm). (B) The expression levels of LC3I/II, ATG5, Beclin 1, and P62 in heart tissues of the different groups by western blot (n = 6 per group). (C) Representative electron microscopy images of heart tissues in the three groups; the red arrows direct autophagic vacuoles containing cargos (scale bar = 1 μm). (D) The expression levels of dynamin-related protein 1 (Drp1), PINK1, and Parkin in heart tissues of the three groups by western blot (n = 6 per group). (E) Representative immunohistochemical images of Drp1, PINK1, and Parkin expressions in heart tissues of the three groups (n = 5 per group, scale bar = 50 μm). (**p < 0.01 vs. control group, ***p < 0.001 vs. control group. #p < 0.05 vs. DOX group, ##p < 0.01 vs. DOX group, ###p < 0.001 vs. DOX group).
Dysregulation of autophagy in myocardium is capable of inducing organelle impairment, especially the mitochondria. Results of transmission electron microscopy revealed an elevated proportion of smaller, fatter, and disorganized mitochondria as well as an increasing number of autophagic vacuoles containing cytosolic cargos including damaged mitochondria in DOX-treated rat hearts compared with the control group (Figure 3C), indicating the initiation of mitochondrial autophagy, which was also called mitophagy. However, OSE co-treatment markedly improved the disorders, including maintaining mitochondrial morphology and reducing autophagosome formation. In mammalian cells, mitophagy occurs in coordination with mitochondrial fission. In parallel with the observation from transmission electron microscopy, western blot analysis and immunohistochemical staining both showed that the expression of Drp1, a key protein controlling mitochondrial fission in mammalian cells, was significantly increased in DOX-treated rat hearts compared with the control group, which was attenuated by OSE co-treatment (Figure 3D, E). In addition, our findings revealed that mitophagy-related critical proteins including PINK1 and Parkin were dramatically increased in DOX-treated rat hearts compared with the control group, which were reduced by OSE co-treatment (Figure 3D, E), indicating that OSE played a protective role against DOX-induced abnormal mitochondrial fission and mitophagy in adult rat hearts.
3.4 NEU1 Inhibitor Effectively Prevented Apoptosis in DOX-Treated Rat Hearts
Abnormal mitochondrial fission and enhanced mitophagy make it hard to maintain a healthy mitochondrial population. Damaged mitochondria not only generate a great deal of reactive oxygen species (ROS) but also have a greater propensity to trigger apoptosis. As shown in Figure 4, DOX treatment significantly reduced the concentrations of endogenous antioxidants including SOD, GSH, and T-AOC in blood serum, whereas it dramatically increased the concentrations of endogenous oxidative factors like H2O2 compared with the control group, which at least partly indicated that DOX exposure triggered oxidative damage in adult rats, and OSE co-treatment could attenuate the adverse process (Figure 4A–D).
[image: Figure 4]FIGURE 4 | NEU1 inhibitor effectively prevented apoptosis in DOX-treated rat hearts. The concentrations of endogenous antioxidants including total antioxidant capacity (T-AOC) (A), glutathione (GSH) (B), superoxide dismutase (SOD) (C), and endogenous oxidative factor hydrogen peroxide (H2O2) (D) in blood serum measured by commercial assays. (E) Representative immunohistochemical images of cleaved caspase-3 abundance in heart tissues of the three groups (n = 5 per group, scale bar = 50 μm). The expression levels of cleaved caspase-3 and cleaved caspase-9 (F) and Bax, Bcl-2, and Bad (G) in heart tissues of the three groups by western blot (n = 6 per group). (H) Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining of heart tissues in three groups; positive nuclei were stained in green while nuclei were stained in blue (n = 5 per group, scale bar = 50 μm). (**p < 0.01 vs. control group, ***p < 0.001 vs. control group. ##p < 0.01 vs. DOX group, ###p < 0.001 vs. DOX group).
In addition, our data showed that the cleaved caspase-3, a critical marker protein of apoptosis, was more abundant in DOX-treated rat hearts than in the control group, which tended to be less abundant after OSE co-treatment, as evidenced by immunohistochemical staining (Figure 4E) and western blot analysis (Figure 4F). Then, our data demonstrated that DOX exposure resulted in the upregulation of cleaved caspase-9, while OSE co-treatment significantly reversed this phenomenon (Figure 4F). B-cell lymphoma 2 (Bcl-2) family proteins, which are located in the outer membrane of mitochondria, are known regulators of mitochondrial-initiated apoptotic events (Dong et al., 2019). Western blot analysis revealed that DOX treatment significantly increased the expression levels of Bax and Bad but decreased Bcl-2 level in adult rat hearts when compared with the control group, which was suppressed by OSE co-treatment (Figure 4G). TUNEL staining assay also revealed that myocardial sections in the DOX group had much more amounts of apoptotic cardiomyocytes than in the control group, which tended to be less in the OSE co-treatment group (Figure 4H). The results above indicated that the cardio-protective role of OSE against DOX cardiotoxicity was at least partly through inhibiting mitochondrial-mediated myocardial apoptosis.
3.5 DOX Induced the Upregulation of NEU1 and Dysfunction of Autophagy and Mitophagy in H9C2 Cells in a Time-Dependent Manner
The role of NEU1 and its possible relationship with autophagy and mitophagy in DOX-induced cardiotoxicity were further explored in H9C2 cells. As shown in Figure 5, the levels of NEU1 and Drp1 in H9C2 cells were gradually increased after DOX exposure for 0, 3, 6, and 12 h, as evidenced by immunofluorescence (Figure 5A, B) and western blot analysis (Figure 5C, D), indicating that prolonged DOX insult led to the upregulation of NEU1 as well as the increase of mitochondrial fission in H9C2 cells in a time-dependent manner. Our results revealed that DOX insult increased autophagosome formation in H9C2 cells, as evidenced by the gradually increased protein levels of ATG5, Beclin 1, and LC3I/II (Figure 5E); meanwhile, DOX exposure promoted the fusion of autophagosome with lysosome in H9C2 cells, as evidenced by the gradually decreased protein level of P62 (Figure 5E). Prolonged DOX exposure seemed to enhance mitophagy as well, as evidenced by gradually increased protein levels of PINK1 and Parkin (Figure 5F), two critical molecules in the canonical pathway of mitophagy. In addition, the levels of cleaved caspase-9 and cleaved caspase-3 were also observed to increase in a time-dependent manner in H9C2 cells after DOX exposure (Figure 5G). These findings strongly suggested that DOX insult was able to upregulate NEU1 expression, enhance mitochondrial fission, and mitophagy in H9C2 cells, followed by myocardial apoptosis.
[image: Figure 5]FIGURE 5 | DOX induced the upregulation of NEU1 and dysfunction of autophagy and mitophagy in H9C2 cells in a time-dependent manner. Representative immunofluorescent images of NEU1 (A) and Drp1 (B) expressions in H9C2 cells that suffered from DOX exposure for 0, 3, 6, and 12 h. Western blot analysis showed that prolonged DOX exposure gradually increased expressions of NEU1 (C) and Dpr1 (D) in H9C2 cells. (E) Prolonged DOX exposure increased the expressions of autophagic markers including ATG5, Beclin 1, and LC3I/II, while it decreased the expression of P62 in H9C2 cells. (F) Prolonged DOX exposure enhanced the expressions of mitophagy-related markers like PINK1 and Parkin in H9C2 cells. (G) Prolonged DOX exposure activated apoptotic markers including caspase-3 and caspase-9 in H9C2 cells. (*p < 0.05, **p < 0.01, ***p < 0.001).
3.6 OSE and Drp1 Inhibitor Mdivi-1 Effectively Blunted Excessive Mitochondrial Fission and Mitophagy in DOX-Exposed H9C2 Cells
Supposing that the increased mitochondrial fission and mitophagy in DOX-exposed H9C2 cells were ascribed to the upregulation of NEU1, further studies were conducted to investigate whether the NEU1 inhibitor OSE showed protective effects against DOX-induced excessive mitochondrial fission and mitophagy in H9C2 cells. Firstly, western blot analysis revealed that OSE treatment significantly decreased the high expression of NEU1 in DOX-treated H9C2 in a dose-dependent manner (Figure 6A), and the most effective dose of OSE was 10 μM, which was used in the later study. Interestingly, the elevated expression of Drp1 caused by DOX was also decreased consistent with NEU1 after OSE treatment (Figure 6B). The results above were further evidenced by immunofluorescence assays (Figure 6C, D), indicating that the upregulation of Drp1 in DOX-exposed H9C2 cells was ascribed to the elevation of NEU1. What is more, the enhancement of autophagy after DOX insult was suppressed in a dose-dependent manner after OSE treatment, as evidenced by decreased expressions of ATG5, Beclin 1, and LC3II and increased level of P62 (Figure 6E).
[image: Figure 6]FIGURE 6 | OSE effectively blunted excessive mitochondrial fission and mitophagy in DOX-exposed H9C2 cells. (A) OSE suppressed the elevated NEU1 expression induced by DOX in H9C2 cells in a dose-dependent manner. (B) OSE suppressed the elevated Drp1 expression induced by DOX in H9C2 cells in a dose-dependent manner. Representative immunofluorescent images of NEU1 expression (C) or Drp1 expression (D) after OSE treatment in DOX-induced H9C2 cells. (E) Western blot analysis revealed that OSE suppressed the excessive autophagy activation induced by DOX in H9C2 cells in a dose-dependent manner. (F) Western blot analysis showed that OSE attenuated mitophagy activity in DOX-treated H9C2 cells in a dose-dependent manner through inhibiting PINK1 accumulation, Parkin recruitment, and ubiquitination on mitochondria. (G) OSE suppressed apoptotic activity in DOX-treated H9C2 cells in a dose-dependent manner. (*p < 0.05 vs. control group, **p < 0.01 vs. control group, ***p < 0.001 vs. control group. ##p < 0.01 vs. DOX group, ###p < 0.001 vs. DOX group).
Then, we explored the effects of OSE on enhanced mitophagy activity in DOX-treated H9C2 cells after extraction and segregation of mitochondrial protein and cytoplasmic protein. Western blot analysis revealed that the level of PINK1, an inducer of mitophagy, was increased in DOX-treated mitochondria (Figure 6F), confirming that damaged mitochondria elicited by DOX was deprived of degradation of imported PINK1. Accumulated PINK1 on mitochondria could recruit E3 ubiquitin ligase Parkin from cytosol to mitochondria, which subsequently led to the ubiquitination of mitochondrial substrates. This modification got damaged mitochondria ready for being autophagic removal. In keeping with the increased level of PINK1 on mitochondria, the increased translocation of Parkin from cytosol to mitochondria as well as the increased ubiquitination of mitochondria after DOX exposure were evidenced by western blot analysis (Figure 6F), suggesting that DOX treatment enhanced the activity of mitophagy in H9C2 cells. However, the enhanced mitophagy was notably suppressed by the NEU1 inhibitor OSE, as evidenced by less abundant PINK1 accumulation, reduced Parkin recruitment, and decreased ubiquitination on mitochondria after OSE administration (Figure 6F). In addition, we further observed that OSE suppressed the processes of mitochondrial fission and mitophagy, accompanied by the inhibition of apoptotic activities in DOX-treated H9C2 cells (Figure 6G).
Last but not the least, the role of Drp1 on enhanced mitophagy was further explored in DOX-treated H9C2 cells. As depicted in Figure 7, Drp1 inhibitor Mdivi-1 not only blunted the increased expression of Drp1 but also suppressed autophagic activities by decreasing the expressions of ATG5, Beclin 1, and LC3II and increasing the expression of P62 (Figure 7A). Consistent with the effects of OSE, Mdivi-1 could also reduce the abundance of PINK1 on mitochondria and prevent the translocation of Parkin from cytosol to mitochondria (Figure 7B). Moreover, the increased apoptosis activity caused by DOX was significantly suppressed by Mdivi-1, as evidenced by the results of TUNEL staining and western blot (Figure 7C, D).
[image: Figure 7]FIGURE 7 | Drp1 inhibitor Mdivi-1 showed similar effects with OSE in DOX-exposed H9C2 cells. (A) Mdivi-1 decreased the elevated Drp1 expression and suppressed the enhanced autophagic activity in DOX-treated H9C2 cells, similarly like OSE. (B) Mdivi-1 reduced PINK1 accumulation on mitochondria and prevent Parkin translocation from cytosol to mitochondria in DOX-induced H9C2 cells. (C) Consistent with the effects of OSE, Mdivi-1 suppressed apoptotic activity in DOX-induced H9C2 cells. (D) Representative TUNEL staining images showing that Mdivi-1 suppressed the enhanced apoptosis in DOX-induced H9C2 cells, similarly like OSE.
4 DISCUSSION
Although numerous studies have sought to elucidate the mechanism of anthracycline-induced cardiotoxicity for decades, specific determinants are not yet fully clarified (Renu et al., 2018). The generation of excess ROS and topoisomerase (Top) 2β are most widely accepted contributors facilitating DOX cardiotoxicity progression (Zhang et al., 2012; Rochette et al., 2015); however, neither antioxidants nor iron chelation could completely prevent dilated cardiomyopathy development (Hasinoff et al., 2003; Chow et al., 2015; Ambrosone et al., 2020), indicating multifactorial pathogenic processes responsible for DOX cardiotoxicity. Whether NEU1, a recently identified inducer in various cardiovascular diseases, is involved in DOX cardiotoxicity remains unknown until now. In this study, we uncovered that NEU1 acted as a critical driver of DOX cardiotoxicity, and NEU1 inhibitor had potentials to effectively improve cardiac dysfunction in DOX-induced cardiomyopathy by suppressing Drp1-mediated mitochondrial fission and mitophagy (Figure 8).
[image: Figure 8]FIGURE 8 | The potential molecular mechanisms of OSE against DOX-induced cardiotoxicity.
The role of NEU1 has been studied in different cardiovascular diseases, including atherosclerosis, ischemic/reperfusion injury, cardiac hypertrophy, and heart failure (Heimerl et al., 2020; Chen et al., 2021), (Gökmen et al., 2000; Süer Gökmen et al., 2006; Yang et al., 2012; Gayral et al., 2014; White et al., 2018). In this study, we observed the elevated content as well as the increased protein expression of NEU1 in the hearts of DOX-treated rats, whereas no significant difference in NEU1 level in the plasma of DOX-treated rats was observed when compared with the control group, strongly suggesting that DOX-induced abnormal activation of NEU1 was in the heart and not in blood. We assumed that this may be ascribed to the distribution and subcellular location of NEU1, since NEU1 is highly expressed in the heart (Pshezhetsky et al., 1997) and predominantly distributed in the cell membrane, cytoplasmic vesicles, and lysosomes in mammals (Igdoura et al., 1998). Similar results were also observed in the mice myocardial ischemic model by Zhang et al. (2018). In vitro studies further discovered that the expression of NEU1 was increased in a time-dependent manner under DOX exposure in H9C2 cells. Interestingly, NEU1 inhibitor treatment significantly reduced cardiac injury and notably improved cardiac dysfunction in DOX-treated rats, manifested by decreased level of plasma concentrations of cTnT, CKMB, LDH, and AST and improved left ventricular function. Therefore, we conducted advanced studies to investigate the role of NEU1 in DOX-exposed rat hearts and discovered that increased NEU1 content was associated with Drp1-mediated excessive mitochondrial fission and mitophagy, together with an increased risk of myocardial apoptosis.
Although the role of cardiac autophagy and mitophagy in DOX cardiotoxicity has been controversial for decades (Li et al., 2016; Ma et al., 2017; Wang et al., 2019; Liang et al., 2020), our results kept in line with the notion that DOX overstimulated autophagy and mitophagy, and this overstimulation was harmful to the cardiac physiological activities (Catanzaro et al., 2019). Consistent with previous reports (Wang et al., 2014; Yin et al., 2018), our study revealed that DOX exposure induced autophagy activation, as evidenced by elevated levels of autophagy markers including LC3II, Beclin 1, and ATG5, together with a decreased level of autophagosome–autolysosome fusion marker P62 in vivo and in vitro. Moreover, transmission electron microscopy measure observed small, round, swollen, and disorganized mitochondrial fragmentations as well as increased autophagic vacuoles engulfing cargos like damaged mitochondria in the hearts of DOX-treated rats. Then, we uncovered that NEU1 inhibitor administration dramatically suppressed DOX-induced autophagy activation and mitochondrial damage. It is well known that mitochondrial damage is an apparent hallmark of DOX cardiotoxicity, since DOX accumulates mainly in mitochondria and nucleus (Wallace et al., 2020). Mitochondrial quality control network would segregate damaged mitochondria or mitochondrial fragmentations by mitochondrial fission for autophagic removal, aiming at maintenance of a functional mitochondrial network. However, excessive mitochondrial fission and mitophagy can form a catastrophic feedback loop, disturbing mitochondrial quality control network and resulting in cell death ultimately (Catanzaro et al., 2019). Previous studies have reported that highly expressed Drp1 and Drp1-dependent excessive mitochondrial fission contributed to DOX-induced cardiomyopathy (Xia et al., 2017; Liang et al., 2020; Zhuang et al., 2021), and Drp1 heterozygous knockout mice were protected against DOX-induced cardiotoxicity (Catanzaro et al., 2019), strongly supporting the critical role of Drp1-dependent mitochondrial fission in DOX-related cardiotoxicity. Our results observed highly expressed Drp1 in the hearts of DOX-treated rats; what is more, the expression of Drp1 was demonstrated to increase in a time-dependent manner under continuous DOX insult in H9C2 cells. Given that mitochondrial fission occurs in coordination with mitophagy, we then explored whether and how mitophagy contributes to DOX-stimulated cardiotoxicity.
PINK1/Parkin-mediated mitophagy is the most extensively studied pathway in autophagic elimination of defective mitochondria (Ashrafi and Schwarz, 2013). Under basal conditions, the level of PINK1 is very low since it is imported to the inner mitochondrial membrane for quick degradation by several proteases; however, damaged mitochondria failed to transport and degrade PINK1, thus resulting in accumulation and stabilization of PINK1 on the outer membrane of mitochondria, which subsequently recruited and activated E3 ubiquitin ligase Parkin, leading to Parkin translocation from cytosol to mitochondrial surface. Activated Parkin leads to ubiquitination of mitochondrial substrates readying for autophagic removal (Pickles et al., 2018). However, the role of PINK1/Parkin-mediated mitophagy in DOX-induced cardiomyopathy is still in dispute. Some studies claimed that enhanced mitophagy could protect against DOX cardiotoxicity (Mancilla et al., 2020; Xiao et al., 2020), while others stood on the opposite (Gharanei et al., 2013; Catanzaro et al., 2019). These mixed results might be explained by the different model used, different DOX concentrations, different time of treatment, and different degree of cell damage. Our results showed that mitophagy-related critical proteins including Parkin and PINK1 were notably increased in parallel with the increased expression of Drp1 in the hearts of DOX-treated rats. Whereafter, in vitro studies further showed the accumulation of PINK1 on the mitochondria and the translocation of Parkin from cytosol to mitochondria, together with the ubiquitination of mitochondrial substrates in DOX-treated H9C2 cells, confirming the activation of PINK1/Parkin signaling pathway-regulated mitophagy in DOX-induced cardiomyopathy. Then, NEU1 inhibitor administration not only suppressed the increased expression of Drp1 but also reduced PINK1 accumulation on mitochondria and Parkin translocation to mitochondria in DOX-treated hearts as well as in H9C2 cells. Interestingly, Drp1 inhibitor Mdivi-1 exhibited a synergistic effect with NEU1 inhibitor OSE, strongly indicating that NEU1 inhibitor could attenuate DOX-induced cardiotoxicity through suppressing Drp1-dependent mitochondrial fission and mitophagy.
On the other hand, mitochondrial fission could lead to pro-apoptotic protein release from mitochondria to cytosol, triggering apoptosis and finally cell death (Wan et al., 2018). Emerging evidence also demonstrates that mitophagy undergoes abundant crosstalk with apoptosis (Ham et al., 2020). The activation of mitochondrial-dependent apoptotic pathway in DOX-treated cardiomyopathy has been reported by several groups (Hu et al., 2019; Zhang et al., 2020). In line with these studies, our results revealed an increased myocardial apoptosis caused by DOX both in vivo and in vitro, whereas NEU1 inhibitor OSE and Drp1 inhibitor Mdivi-1 treatment dramatically improved the apoptotic activities, as evidenced by the decreased expression of pro-apoptotic proteins Bax and Bad, the increased expression of anti-apoptotic protein Bcl-2, and the decreased expression of cleaved caspase-3 and cleaved caspase-9. Therefore, we hold the belief that NEU1 inhibitor could suppress myocardial apoptosis through inhibiting Drp1-mediated excessive mitochondrial fission and mitophagy, subsequently delaying the development of DOX-induced cardiomyopathy.
However, there are some limitations existing in this work. First, further investigations are required to clarify how NEU1 was elevated in DOX cardiotoxicity. Second, the mechanisms of how elevated NEU1 induced Drp1 upregulation remain to be further precisely illuminated. Third, although the cardio-protective effect of NEU1 inhibitor against DOX-induced cardiomyopathy was remarkable in animal models, a large number of clinical trials are needed to confirm the efficacy of existing anti-viral drugs like OSE in DOX-induced cardiomyopathy treatment.
5 CONCLUSION
In conclusion, our study confirmed NEU1 as a crucial inducer of DOX cardiotoxicity by enhancing mitochondrial fission and mitophagy, and inhibition of NEU1 could dramatically improve cardiac dysfunction caused by DOX insult, strongly suggesting the clinical potential of targeting NEU1 as a novel strategy for cardiomyopathy treatment.
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Hypertrophic scars or keloid form as part of the wound healing reaction process, and its formation mechanism is complex and diverse, involving multi-stage synergistic action of multiple cells and factors. Adipose stem cells (ASCs) have become an emerging approach for the treatment of many diseases, including hypertrophic scarring or keloid, owing to their various advantages and potential. Herein, we analyzed the molecular mechanism of hypertrophic scar or keloid formation and explored the role and prospects of stem cell therapy, in the treatment of this condition.
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INTRODUCTION
Hypertrophic scars are abnormal fibroproliferative wound healing reactions (Zouboulis and Orfanos, 1990; Limandjaja et al., 2020), hypertrophic scars can continue to develop into keloids, keloids are lesions that are higher than the skin surface and beyond the original injury range. The texture of the keloid becomes hard and thickened, presenting nodular or flake masses. Hypertrophic scars and keloid are characterized by excessive scar tissue formation and invasive growth beyond the original wound boundary. Hypertrophic scarring is an unpleasant, maladaptive comorbidity that affects most people around the world and imposes a heavy social and economic burden on affected parties.
Scars usually occur on specific body sites, such as the anterior chest, ear-lobe, mandibular border, and the suprapubic region (Huang and Ogawa, 2021). In addition to obvious cosmetic disfigurement, hypertrophic scars can also produce symptoms such as itching, pain, contracture, and movement restriction, resulting in serious impairment of emotional health and reduced quality of life (Bijlard et al., 2017; Balci et al., 2009). Hypertrophic scars can be acquired genetically or pathologically. Histologically, hypertrophic scars are benign hyperplastic disorder caused by excessive accumulation of extracellular matrix (ECM) and other components (Feng et al., 2017).
The incidence of hypertrophic scarring varies widely and is known to correlate with race and ethnicity. Incidence rates are reportedly as low as <1.0% in Taiwanese Chinese and Caucasians (Seifert and Mrowietz, 2009; Sun et al., 2014), and range from 4.5 to 16.0% in the black and Hispanic general population (Rockwell et al., 1989; Hunasgi et al., 2013). More recent data are available for specific subgroups, reporting that the incidence of hypertrophic scar formation increases significantly in African Americans compared to Caucasians, Asians and other groups, after head and neck surgery, and in women, following cesarean section (C-section) (Tulandi et al., 2011; Sun et al., 2014). Overcoming the complications, and social and economic burden caused by hypertrophic scarring, has become an important medical research topic.
MECHANISM OF SCAR FORMATION
Scar formation is part of the abnormal wound healing response after non-severe trauma, such as caesarean section incision, chest hair folliculitis, ear piercing and vaccination. The potential mechanism of scar is complicated, involves genetic susceptibility, mechanobiology, endocrine factors, infection, excessive inflammatory response and so on (Huang and Ogawa, 2021; Yu et al., 2021, Riccio et al., 2019b). Scar formation include multiple cell factors and synergy between multiple stages of repair.
The stages of wound healing mainly comprise inflammation, proliferation, and reshaping (Mari et al., 2015; Leavitt et al., 2016; Morikawa et al., 2019; Rodrigues et al., 2019; Tan et al., 2019; De Francesco et al., 2020). When skin lesions occur, the first reaction entails the formation of a platelet plug, followed by clot formation that immediately stems the bleeding. Then, damaged tissue and activated platelets initiate an inflammatory response by recruiting immune cells such as neutrophils and monocytes to fight local infection, engulf localized debris and damaged connective tissue, and subsequently remove fibrin. After the inflammation subsides, the hyperplasia phase begins, during which new blood vessels and connective tissue appear in the wound area. Re-epithelialization, driven by keratinocyte migration, marks the beginning of proliferation. Thereafter, organizational maturity signifies the reshaping phase, which involves the degeneration of neovascularization and concomitant reconstruction of the extracellular matrix (ECM), resulting in development of organized collagen fibrils that serve as the basis of normal scarring (Wang et al., 2020).
Interference with any of these processes can lead to poor or excessive wound healing, resulting in the formation of hypertrophic scars and non-malignant dermal tumors, which share similar phenotypes, cellular bioenergetics, epigenetic methylation, and other characteristics. Platelet-derived growth factor (PDGF), transforming growth factor-β (TGF-β) and other factors can lead to fibroblast dysfunction and phenotypic changes, ECM disorder and repeated deposition, and an unbalanced angiogenesis cascade, ultimately causing excessive scarring (Tan et al., 2019; Wang et al., 2020; Putri and Prasetyono, 2021).
Genetic Variation, Epigenetic Modifications and Scar
Single nucleotide polymorphisms have also been implicated in keloid formation, and genetic studies have identified several SNPS and genes that may contribute to understanding the association with keloid development (Halim et al., 2012, Tsai and Ogawa, 2019). For example, a genome-wide association study (GWAS) by Nakashima et al. found that four SNPS (rs873549, rs1511412, rs940187 and rs8032158) in three chromosomal regions were significantly associated with keloid (Nakashima et al., 2010). In other study, Ogawa et al. also reported that rs8032158 may also influence keloid development (Halim et al., 2012).
Recent studies suggest that epigenetic inheritance may also contribute to keloid formation. For example, DNA methylation can change the structure of DNA, thus affecting cell differentiation and cell phenotype (Bataille et al., 2012). Other epigenetic changes include changes in cell phenotypes by popular non-coding RNA. Epigenetic modifications and DNA methylation caused by non-coding RNA (such as microRNAs and LncRNAs) may also play an important role by inducing sustained activation of keloid fibroblasts (Tsai and Ogawa, 2019).
Mechanical Stress and Scar
The two main anatomical layers of skin, from top to bottom, are the epidermis and dermis. The epidermis consists mainly of epithelial keratinocytes, which are forced together by actin (Harn et al., 2016). These keratinocytes form the skin’s barrier and are layered on top of the dermis, acting as building blocks against external shearing and stretching forces. In contrast, the dermis contains mostly ECM, blood vessels, fibroblasts, and other mesenchymal cells, rather than epithelial cells. Mesenchymal cells, such as fibroblasts, exhibit more cell-matrix interactions (Tracy et al., 2016; Harn et al., 2019; Watt and Fujiwara, 2011).
Mechanical forces regulate skin homeostasis and play a role in the pathogenesis of skin diseases (Fu et al., 2021). As mention, the dermis is rich in ECM—especially collagen, secreted by fibroblasts—that provides the bulk of the skin’s tension (Hsu et al., 2018). Changes in external tension and the internal mechanical properties of cells are associated with collagen, and scarring is specifically the result of excessive collagen production. To some extent, the mechanical stiffness of the skin environment determines the regenerative ability of wound healing. Strategies that alter mechanical forces or mechanical transduction signals may provide new approaches for treating skin diseases and promoting skin regeneration (Harn et al., 2019).
Immunological Aspects of Scar
Scarring and autoimmune skin disease represent fibrosis events that require a variety of growth factors and result from synergy between immune cells and the medium. These conditions share certain features, such as high infiltration of immune cells and immunoglobulin (Ig), as well as complement deposition in the scar tissue and scar fibroblasts, and medium-high secretion of immune factors, among others (Dong et al., 2013; Jiao et al., 2015; Ogawa, 2017).
Scar can be classified as inflammatory, nodular, and mixed types (Yu et al., 2021). The number and type of immune cells in a patient’s scar tissue or peripheral blood may vary by type and stage. Moreover, the formation of a scar may be related to abnormal wound healing and related immune factors, especially in repeatedly recurring scars. Hence, the classification of scar types and stages provides direction for future research. In the process of scar formation, the initial activation of mast cells (MCs) is the key factor inducing chronic inflammation. Further, MCs release mediators that initiate host defense cascades leading to fibrotic processes. (Hsu et al., 2018; Tsai and Ogawa, 2019).
CURRENT MAINSTREAM STRATEGIES FOR INHIBITING SCAR FORMATION
Therapeutic strategies for treating hypertrophic scars include steroid injection, surgical hypertrophic scar removal, radiotherapy, compression, and cryotherapy, pulsed dye and CO2 laser, silicone gel, nanoparticles and radiotherapy, among others (Salameh et al., 2021; Ogawa, 2021; Svolacchia et al., 2016; Nicoletti et al., 2013; Riccio et al., 2019a; Jimi et al., 2020; Barrera, 2003; Aoki et al., 2020). However, existing treatments are not guaranteed to reduce recurrence of keloids, due to the high recurrence rate thereof at the hypertrophic scar excision site (Coentro et al., 2019; Kumar and Kamalasanan, 2021).
Scar-free healing is the ultimate goal of scar prevention strategies (Falanga, 2005; Ho Jeong, 2010; Heng, 2011; Leavitt et al., 2016). To develop an optimal combination strategy to this effect, it is necessary to fully reveal the causal relationship between key cells and molecules in scar pathogenesis, thus providing new therapeutic targets for scar-free healing. In addition, advances in stem cell and tissue engineering have brought more alternative therapies closer to reality. Functionalization of biomaterials through various drugs and growth factors, provides a well-controlled approach to scar therapy (Fuller et al., 2016; Rahimnejad et al., 2017; Wang et al., 2022).
MESENCHYMAL STEM CELLS AND ADIPOGENIC STEM CELLS
Mesenchymal stem cells (MSCs) are primarily responsible for the regeneration of damaged cells and can be obtained from a variety of sources, including bone marrow, umbilical cord, and adipose tissue. MSCs are abundant and have recently been attracting increasing research attention as potential treatment options in many diseases. The basic characteristics of MSCs are defined by the International Society for Cell & Gene Therapy (ISCT), as follows: 1) plasticity when cultured under standard conditions; 2) expression of a unique set of surface antigens specified by the ISCT; 3) ability to differentiate into osteoblasts, chondrocytes, and adipose cells (Dominici et al., 2006; De Francesco et al., 2017; Bougioukli et al., 2018).
Adipogenic stem cells (ASCs) are bone marrow MSCs extracted from fat cells (53). Not only do they have the general characteristics of bone marrow MSCs, but they are also easy to obtain. ASCs are found in large numbers in the human body, have high proliferation and self-renewal potential, and other advantages, based on which numerous studies have shown their potential in addressing many diseases, including hypertrophic scarring (Gir et al., 2012; Lee et al., 2012; Strong et al., 2015; O’Halloran et al., 2017; Gardin et al., 2018; Gentile and Garcovich, 2019; Ren et al., 2019; Xiong et al., 2020).
DISCUSSION OF ADIPOGENIC STEM CELLS AND HYPERTROPHIC SCARRING
Existing studies have shown that ASCs’ mechanism of action entails secretion of bioactive factors (including growth factors and cytokines, among others), on the one hand, to promote cell proliferation, differentiation, and migration. On the other hand, exosomes derived from ASCs play a role (Hu et al., 2016; Li et al., 2018; Han et al., 2019; Kucharzewski et al., 2019). Moreover, ASCs can play a direct part in disease management, through their multidirectional differentiation ability, by forming complex hybrid systems with novel treatment materials.
Directed Differentiation
ASCs are pluripotent stem cells with the ability of self-renewal and multidirectional differentiation. They are not only the precursors of fat cells, but also capable of differentiating into osteoblasts, chondrocytes, muscle cells, and neuronal cells. ASCs have also been shown to differentiate into keratinocytes. These results suggest that ASCs may also differentiate directly into epidermal and dermal cells to promote tissue regeneration and prevent scarring in an injured area, during wound healing (Joshi et al., 2020; Xiong et al., 2020; Putri and Prasetyono, 2021).
Secretion of Biologically Active Factors
ASCs regulate inflammation facilitated by immune cells, through paracrine bioactive factors, inhibiting scar hyperplasia. Long-term inflammation is a main cause of hypertrophic scar formation. ASCs are known to modulate the activity of inflammatory cells, thereby attenuating periods of excessive and prolonged inflammation. This immunomodulatory activity of ASCs is conducted by paracrine secretion of several anti-fibrotic cytokines, including prostaglandin E2 (PGE2), interleukin (IL)-10, hepatocyte growth factor (HGF), and nitric oxide (NO) (Seo and Jung, 2016). In contrast, mast cells are involved in the regulation of vascular homeostasis and angiogenesis and can upregulate fibroblast proliferation, resulting in excessive collagen synthesis and differentiation of fibroblasts into myofibroblasts. ASCs can further reduce hypertrophic scarring by inhibiting the number and activity of mast cells (Putri and Prasetyono, 2021).
ASCs can also activate various anti-fibrotic molecular pathways through paracrine signaling, regulate the activity of primary fibroblast transforming growth factor, and stabilize the function of fibroblast and keratinocyte receptor sites, to achieve relevant anti-fibrosis goals (Borovikova et al., 2018). In addition, injection of ASCs can reverse the abnormal vascularization pattern of scar tissue and reshape the microvascular structure (Garza et al., 2014; Luan et al., 2016).
Release of Adipogenic Stem Cell-Derived Exosomes (Adipogenic Stem Cell-Exos)
Exosomes are a subset of small, membranous extracellular vesicles (Han et al., 2018; Jing et al., 2018) with a diameter of approximately 30–150 nm, which originate from entosis and are distributed in many bodily fluids—including blood, urine, cerebrospinal fluid, and bile—under physiological and pathological conditions. Exosomes include a variety of active biological substances such as proteins, DNA, mRNAs, and microRNAs, which can carry complex biological information and release it into target cells (Hessvik et al., 2016; Buratta et al., 2020). In addition, exosomes may exist between MSCs and target cells as paracrine mediators (Valadi et al., 2007; Chiba et al., 2012). Many studies have shown that ASC-derived exosomes (ASC-Exos) play an important role in cell migration, proliferation, and collagen synthesis (Xiong et al., 2020; Putri and Prasetyono, 2021).
For example, characteristics of scarring include collagen receptor rearrangement, activation of myofibroblasts expressing α-smooth muscle actin (α-SMA), and the production and secretion of high levels of TGF-β1 in affected tissues (Beanes et al., 2003). Xu et al. indirectly inhibited PLOD1 levels in ASCs through post-transcriptional regulation, which may significantly improve the anti-corrosion potential of ASCs during wound healing, by changing macrophage polarization and regulating scar formation (Xu et al., 2021). In addition, Wang et al. found that ASC-Exos reduced scar formation mainly by regulating the ratios of type III:type I collagen, TGF-β3:TGF-β1, matrix metalloproteinases-3 (MMP-3):tissue inhibitor of metalloproteinases-1 (TIMP-1), and promoting human dermal fibroblast HDF differentiation. This resulted in improved ECM reconstruction and other implementations (Wang et al., 2017).
Formation of Complex Hybrid Systems
ASCs can play a role in disease management by forming complex hybrid systems with novel materials. For example, Wang et al. proved that ASCs are capable of multi-potential—including lipogenic, osteogenic, and chondrogenic—differentiation, and developed ASC-Exos-delivering collagen/poly (L-lactide-co-caprolactone) (P (LLA-Cl)) nanoyarns, which conform to a material system that mimics the morphological structure of the natural tissue matrix. With sufficient biocompatibility and mechanical properties, it can effectively promote neovascularization, cell proliferation and tissue regeneration, and simultaneously limit scar formation, collagen deposition, and formation of multi-layer epithelium (Wang et al., 2022). Liu et al. showed that hyaluronic acid (HA) can be used as immobilizing agent in a constructed system of ASC-Exos with HA, to retain exosomes in the wound area and effectively play a role in wound repair. The system activated wound-based HDF activity and increased re-epithelialization, which was expected to reduce scar formation (Liu et al., 2019). In addition, Wang et al. developed an FHE hydrogel-carrier system with stimulus-responsive ASC-Exos, which significantly increased the regeneration of skin appendages and reduced scar tissue formation (Wang et al., 2019). Hector et al. also identified three types of ECM-based biomaterials—Integra™ Matrix Wound Dressing, XenoMEM™, and MatriStem™—that serve as human ASC delivery vehicles, which could inhibit scar formation (Capella-Monsonís et al., 2020).
CONCLUSION AND FUTURE DIRECTION
ASCs have the advantages of being derived from a large source, offering abundant availability and high proliferative ability, having low immunogenicity in clinical applications, and being safer and more effective. ASCs histologically promote the regeneration of healthy tissue, reduce fibroblasts, and reconstruct collagen, similar to that of normal skin. At the molecular level, ASCs reduce hypertrophic scarring through direct differentiation and paracrine mechanisms. Clinically, they can improve the color, elasticity, texture, thickness, and size of hypertrophic scars. ASCs have a positive effect on alleviating hypertrophic scarring, indicating their potential as a possible treatment approach in this condition, with broad therapeutic prospect.
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Wound healing is one of the most complex physiological regulation mechanisms of the human body. Stem cell technology has had a significant impact on regenerative medicine. Adipose stem cells (ASCs) have many advantages, including their ease of harvesting and high yield, rich content of cell components and cytokines, and strong practicability. They have rapidly become a favored tool in regenerative medicine. Here, we summarize the mechanism and clinical therapeutic potential of ASCs in wound repair.
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INTRODUCTION
The skin is the largest organ of the body. It is a key structure that protects internal tissues from mechanical damage, microbial infection, ultraviolet radiation, and extreme temperatures (Falanga, 2005; Ren et al., 2019; Rodrigues et al., 2019; Yang et al., 2020). In the United States, the annual medical cost of adverse wounds, including surgical incisions and scars, is $12 billion (Fife and Carter, 2012; Leavitt et al., 2016). Wound healing is a highly complex physiological regulation mechanism (Rodrigues et al., 2019) and a sophisticated multicellular process involving the coordination of various cell types and cytokines (Ho Jeong, 2010). Interactions involving epidermal and dermal cells, extracellular matrix (ECM), cytokines, and growth factors coordinate the entire repair process, which can be roughly divided into three stages: inflammation, new tissue formation, and reconstruction (Heublein et al., 2015; Rodrigues et al., 2019). The inflammatory stage includes neutrophil and monocyte recruitment and macrophage activation (Park and Barbul, 2004; Larouche et al., 2018). New tissue formation mainly refers to the proliferation, migration, and recombination of endothelial cells to form new blood vessels. When new blood vessels are formed, resident fibroblasts proliferate and invade fibrin clots to form contractile granulation tissue and produce collagen (Heng, 2011; Ansell and Izeta, 2015; Morikawa et al., 2019). This is followed by the proliferation of epidermal stem cells to rebuild the epidermis and stem cells from sebaceous glands, sweat glands, and hair follicles to form epidermal attachments.
Routine Treatment of Wounds
In view of the complex, multi-stage, physiological and pathological processes of acute and chronic skin wound healing, efficient targeted wound healing treatment methods have been studied and applied. Thorough surgical debridement, prevention of infection, and elimination of dead spaces can minimize the risk of poor wound healing. Emerging technologies, such as those based on growth factors, bioactive molecules, and gene modification, can also overcome the limitations of wound healing technology to some extent and serve as personalized therapeutic strategies (Tottoli et al., 2020).
However, despite these efforts, existing interventions for wound healing have not been sufficiently effective. While there are several treatments available for both acute and chronic wounds, traditional approaches have had limited success. Due to the limitations of traditional methods, such as drug-based therapy, more effective treatments are needed. Skin regeneration therapy strategies and experimental techniques for cell and tissue engineering have also emerged. Stem cell-based therapy has opened a new door for wound repair and has attracted extensive attention in the field of regenerative medicine.
Stem Cells
There are thousands of cells undergoing constant daily dynamic changes, such as loss and self-renewal, to maintain tissue homeostasis. Self-renewal is mainly driven by stem cells. Stimulation from regeneration signals, such as the accumulation of crosstalk with niche factors or environmental changes at the time of injury, can disrupt tissue homeostasis, change stem cell behavior, induce self-renewal, and promote tissue growth (Hsu et al., 2011; Cosgrove et al., 2014; Porpiglia et al., 2017). When homeostasis is restored, differentiated progeny can return to their niche, preventing further proliferation and tissue regeneration, and this process is regulated by a careful balance of time-coordinated cell interactions and molecular feedback loops (Fuchs and Blau, 2020).
Stem cells can be divided into embryonic and adult stem cells according to their developmental stage. Embryonic stem cells refer to cells derived from the embryonic inner cell mass or primordial germ cells in vitro. Embryonic stem cells have developmental totipotency and can differentiate into any type of cell. Embryonic stem cells can be extensively amplified, screened, frozen, and resuspended in vitro without them losing their original characteristics (VanOudenhove et al., 2017; Wang et al., 2019; Sun et al., 2021). Adult stem cells, which are found in various tissues and organs of the body, are undifferentiated cells in a differentiated tissue that can self-renew and differentiate into the specialized cells composing that tissue. These stem cells include hematopoietic stem cells, bone marrow mesenchymal stem cells, neural stem cells, muscle satellite cells, epidermal stem cells, and adipose stem cells (ASCs) (Cinat et al., 2021; Menche and Farin, 2021). In this review, we focus on ASCs.
Sources and Applications of ASCs
Adipose tissue is a multifunctional tissue that contains a variety of cell types, such as the stromal vascular fraction and mature adipose cells. Stromal vascular fragments (SVFs) are a rich source of ASCs that can be easily isolated from human fat (Whiteside, 2008; O’Halloran et al., 2017). The Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular Therapy (ISCT MSC) proposes minimal criteria to define human MSC follows: First, MSC must be plastic-adherent when maintained in standard culture conditions. Second, MSC must express CD105, CD73 and CD90, and lack expression of CD45, CD34, CD14 or CD11b, CD79alpha or CD19 and HLA-DR surface molecules. Third, MSC must differentiate to osteoblasts, adipocytes and chondroblasts in vitro. ASCs conform to most of the mesenchymal criteria of ISCT MSC, defined as CD45−CD235a−CD31−CD34+. The phenotype of cultured ASCs is CD13+CD73+CD90+CD105+CD31−CD45−CD235a− (Dominici et al., 2006; Bourin et al., 2013).
ASCs have many advantages. They can be directly extracted from the adipose layer of a patient. Adipose tissue has a high frequency of stem cells, and ASCs can be used immediately with primary cells without the need for culture amplification. In addition, ASCs provide not only cellular components, but also a large number of cytokines. Currently, ASCs have various clinical applications, including in scar reshaping and tissue repair, regeneration, and reconstruction, which are treatments often associated with cancer and metabolic diseases (Brayfield et al., 2010; Gir et al., 2012; Rodrigues et al., 2014; Strong et al., 2015; Clevenger et al., 2016; Gentile and Garcovich, 2019; Sabol et al., 2019; Qin et al., 2020). Skin repair/regeneration is one of the most common clinical applications of ASCs, which has a positive therapeutic effect when used to treat skin wounds in patients with diabetes, vascular dysfunction, radiation history, or burn history.
Mechanism of ASCs in Wound Healing
Factors Secreted by ASCs
The mechanisms of wound healing by ASCs are complex and diverse. ASCs are involved throughout the entire process of wound healing, including inflammation, proliferation, and remodeling (Hyldig et al., 2017). During inflammation, ASCs may induce the transformation of the macrophage phenotype from pro-inflammatory M1 to anti-inflammatory M2 to regulate inflammation (Lo Sicco et al., 2017). During proliferation and remodeling, ASCs secrete biological factors such as VEGF, HGF, IGF, PDGF, and TGF-β, which promote the proliferation and migration of fibroblasts, the growth of new blood vessels, and the synthesis of collagen and other ECM proteins, which have beneficial effects on the skin (Rehman et al., 2004; Ho Jeong, 2010; Rodrigues et al., 2014; Na et al., 2017). For example, radiation damage to the skin can cause progressive occlusive endarteritis in local tissues, leading to severe tissue ischemia. Mesenchymal stem cells can be used to repair cellular damage and regenerate new blood vessels in ischemic tissues in patients with radioactive skin injury (Bensidhoum et al., 2005; François et al., 2006). ASC replacement after radiotherapy may reduce the incidence of radiation-related skin complications and is used for the prevention and treatment of skin injury related to tumor radiotherapy (Rigotti et al., 2007).
In addition, ASCs inhibit ECM degradation by increasing the binding of matrix metalloproteinases and secreting tissue metalloproteinase inhibitors (Lozito et al., 2014). Proteins in the ECM, in turn, protect against degradation of growth factors and cytokines produced by activated platelets and macrophages, such as PDGF and TGF-β (Barrientos et al., 2008). Finally, in vitro studies have confirmed that ASCs may promote re-epithelialization by regulating keratinocyte proliferation and migration (Riis et al., 2017). In summary, ASCs can promote wound healing by reducing inflammation, inducing angiogenesis, promoting the growth of fibroblasts and keratinocytes, and generating ECM.
ASC-Derived Extracellular Vesicles
Recent studies have shown that paracrine factors significantly promote the effect of stem cells during tissue repair and that extracellular vesicles may play an important role. Extracellular vesicles include exosomes and microvesicles, which play an important role in and are considered mediators of intercellular communication (Shao et al., 2018; Théry et al., 2018). The differences between exosomes and microvesicles in terms of physical function are yet to be clarified. Microvesicles are large vesicles (50–1000 nm in diameter) that germinate outward from the plasma membrane, whereas exosomes are small vesicles (50–150 nm in diameter), and their secretion requires the fusion of multiple vesicles with the plasma membrane.
In recent years, there has been extensive research on different types of cells, such as fibroblasts, endothelial progenitor cells, and human umbilical cord mesenchymal stem cells, that are involved in tissue repair by regulating cell function and promoting angiogenesis and wound healing (Zhang et al., 2015a; Li et al., 2016; Geiger et al., 2015; Zhang et al., 2015b). ASC-derived exosomes have also been shown to accelerate wound healing by optimizing fibroblast function (Figure 1) (Ren et al., 2019; Casado-Díaz et al., 2020). Studies have found that ASC-derived microvesicles (ASC-MVs) are easily internalized by human umbilical vein endothelial cells (HUVECs), HaCaTs, and fibroblasts, suggesting that ASC-MVs can serve as a suitable vector for delivering a variety of biomolecules and signals to these targeted cells. ASC-MVs can enhance the migration and proliferation of HUVECs, HaCaTs, and fibroblasts through internalization (Zhang et al., 2018; Bi et al., 2019; Ren et al., 2019). Cell cycle progression can be accelerated in a variety of ways, including by increasing the expression of genes related to cyclin D1, cyclin D2, cyclin A1, and cyclin A2, ultimately promoting wound healing (Bretones et al., 2015).
[image: Figure 1]FIGURE 1 | Biogenesis and function of exosomes (Casado-Díaz et al., 2020).
The migration of HUVECs and angiogenesis play an important role in promoting wound healing. ASC-MVs can significantly upregulate the gene expression of integrin β1 and CXCL16 and regulate migration of HUVECs (Hattermann et al., 2008; Tang et al., 2017). ASC-MVs can also accelerate the wound healing process by promoting angiogenesis (Zhang et al., 2018).
ASCs Serve as Effective Immunomodulators in Inflammatory Environments to Promote Wound Healing and Regeneration
Adipose tissue has an immune function because it contains many immune cells and immunomodulatory cells, including ASCs. ASCs regulate mechanisms related to cell differentiation, proliferation, and migration through exosomes by upregulating genes involved in different functions, including skin barrier, immune regulation, cell proliferation, and epidermal regeneration (58). In addition, there are several populations of stromal and immune cells in heterogeneous products obtained after the digestion of adipose tissue, including SVFs. These properties make ASCs effective immune modulators in inflammatory environments (DelaRosa et al., 2012; Gardin et al., 2018; Li and Guo, 2018).
ADSCs directly interact with their microenvironment and specifically the immune cells, including macrophages, NK cell, T cells and B cells, resulting in differential inflammatory and anti-inflammatory effect (Figure 2) (Mazini et al., 2021). The immune regulatory function of ASCs is manifested as regulation of the Th1/Th2 balance and promotion of Tregs to restore immune tolerance. ASCs secrete the anti-inflammatory cytokine interleukin-10 (IL-10), which enhances Treg activity, and Tregs respond by further secreting IL-10 and amplifying IL-10 signaling (Chaudhry et al., 2011). Tregs and IL-10 attenuate Th1 and Th17 activity, thereby reducing the aggregation of additional pro-inflammatory immune cells at pathological sites (Skapenko et al., 2005; Chaudhry et al., 2011). Additionally, the low expression of NK-activated receptor ligands increases human ASC resistance to NK-mediated recognition, which enables them to remain in the host for longer period. Furthermore, the mechanism by which human ASCs develop NK cell tolerance may be mediated by soluble factors (Spaggiari et al., 2008; DelaRosa et al., 2012). The role of these anti-inflammatory and immunomodulatory effects of ASCs in wound healing needs to be further confirmed.
[image: Figure 2]FIGURE 2 | ASCs serve as effective immunomodulators in inflammatory environments to promote wound healing and regeneration (Mazini et al., 2021).
DISCUSSION
Although ASCs are fundamental to the tissue regeneration process, the clinical transformation of ASC-based therapies remains problematic. Due to the variation in donor age, sex, body mass index, clinical condition, and cell sampling location, ASCs are heterogeneous. Transplanted cells in severe trauma cases have only a limited ability to survive, which can affect their phenotypic features and functions, including proliferation, differentiation potential, immune phenotype, and paracrine activity (Prieto González, 2019). Therefore, future studies on the role of ASCs in regenerative medicine, especially dermatology, are still needed. Nevertheless, ASCs have promising applications in regenerative medicine, including the development of lipogenic potential and the construction of artificial skin by replacing dermal fibroblasts (Trottier et al., 2008; Tartarini and Mele, 2015), which will be the direction of our future research.
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Mesenchymal stem cell (MSC) transplantation has been widely used as a potential treatment for a variety of diseases. However, the contradiction between the low survival rate of transplanted cells and the beneficial therapeutic effects has affected its clinical use. Lysosomes as organelles at the center of cellular recycling and metabolic signaling, play essential roles in MSC homeostasis. In the first part of this review, we summarize the role of lysosomal acidification dysfunction in MSC senescence. In the second part, we summarize some of the potential strategies targeting lysosomal proteins to enhance the therapeutic effect of MSCs.
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INTRODUCTION
Mesenchymal stem cells (MSCs) are pluripotent stem cells with self-renewal (Pittenger et al., 1999), immunosuppressive (Bartholomew et al., 2002), and anti-inflammatory capabilities (Uccelli et al., 2008). MSCs were first extracted from mouse bone marrow by Friedenstein in 1976 when he referred to them as clonogenic fibroblast precursor cells (CFU-F) (Friedenstein et al., 1976). It was not until 1991 that Caplan first defined these cells as mesenchymal stem cells (MSCs) (Caplan, 1991). In 1995, Lazarus et al. completed the world’s first clinical trial of MSCs therapy (Lazarus et al., 1995). As of November 2020, 1,025 clinical trials based on MSC therapies have been registered at FDA. gov (Zhang et al., 2021) (clinicaltrials.gov). However, the therapeutic effects of MSCs given to humans are not as robust as preclinical studies have shown, and most clinical-stage MSC therapies fail to meet the primary efficacy endpoint. To date, only 10 MSC-based products have been approved by regulatory authorities worldwide (Levy et al., 2020).
In vitro aging of stem cells severely affects its therapeutic efficacy. These “in vitro aged” cells exhibit abnormal morphology, skewed differentiation potential, diminished expression of surface markers, downward migration and antioxidant capacity (Wagner et al., 2008; Geissler et al., 2012; Lunyak et al., 2017; Yang et al., 2018). Diminished autophagic activity and lysosomal function play an important role in these age-related manifestations (Cuervo et al., 2005). With recent advances in the understanding of lysosomal function, new opportunities for treatment by specifically targeting lysosomes are beginning to emerge (Bonam et al., 2019). Lysosomes degrade intracellular pathogens, as well as damaged organelles and proteins, through the autophagic pathway. Lysosomes must be able to respond rapidly with enhanced or diminished function to a variety of metabolic conditions (Ballabio and Bonifacino, 2020). Therefore, depending on the disease context, activation, or inhibition of different components of the lysosome may represent potential pharmacological strategies.
Regulation of lysosomal acidification is an emerging direction in MSCs-based therapy (Ruckenstuhl et al., 2014). Therapeutic strategies targeting lysosomes in autoimmune disorders and neurodegenerative diseases have been described in great detail by Srinivasa Reddy Bonam et al. (Bonam et al., 2019). In this paper, we focus on the relationship between lysosomal acidification and senescence. We assemble information from relevant studies to demonstrate the association between lysosomal acidity and the aging process, as well as highlight the most recent research on lysosomal acidification control, in the hopes of providing some insight into the entire MSC aging process.
MECHANISM OF LYSOSOMAL ACIDIFICATION
Lysosome was first discovered in the 1950s by Christian de Duve et al. (De Duve et al., 1955). It is a membrane-bound vesicle containing more than 60 hydrolytic enzymes that break down proteins, lipids, nucleic acids, and polysaccharides. In addition to degradation, lysosomes are involved in many other cellular processes, including nutrient sensing (Shin and Zoncu, 2020), metabolic signaling (Sancak et al., 2010), chromatin processing (Ivanov et al., 2013), and plasma membrane repair (Morgan et al., 2011). Each of these behaviors is influenced by the internal pH of the lysosome, which is maintained in the 4.5–5 pH range by the vacuolar H+-ATPases (V-ATPases) and the counterion transporter, which can be either a cation (moving out of the lysosome) or an anion (moving into the lysosome) (Steinberg et al., 2010; Mindell, 2012).
Vacuolar H+-ATPases are ATP-driven pH-regulated proton pumps. V-ATPase was first found in the vesicles of microsomal membrane fractions of maize coleoptiles in 1980 by A Hager et al. (Hager et al., 1980). S Ohkuma et al. first identified v-ATPase on mammalian cell lysosomes in 1982 (Ohkuma et al., 1982). V-ATPase consists of two functional domains, V0 embedded in the lysosome membrane, responsible for proton translocation, and V1 in the cytoplasm, responsible for ATP hydrolysis. Membrane-bound V0 consists of six subunits (a, c, c’, c’’, d, e) and intracellular V1 consists of eight subunits (A, B, C, D, E, F, G, H), several of these subunits are present in multiple copies. Subunit a of V0 accepts and expels protons with the help of a central proteolipid ring consisting of the c, c’, and c’’ subunits. Subunits A, B, and D of V1 form a catalytic core that is involved in the binding and hydrolysis of ATP, while the other subunits play structural and regulatory roles. ATP-driven V1V0 proton transport maintains organelle, cellular and extracellular pH homeostasis (Figure 1). Recently, overexpression of v-ATPase components has been reported to increase lifespan (Hughes and Gottschling, 2012; Ruckenstuhl et al., 2014). However, these were found experimentally in yeast, and whether this is the case in mammals needs further study.
[image: Figure 1]FIGURE 1 | Lysosomal acidification process and regulatory strategies targeting channel proteins other than V-ATPase. Created with BioRender.com.
Lysosomal ion channels and transport proteins play a crucial role in lysosomal homeostasis. Lysosomal function requires the maintenance of intraluminal ion homeostasis and membrane potential ΔΨ (defined as Vcytosol—Vlumen) (Bertl et al., 1992). But it is not well known how ionic conductance determines ΔΨ. Studies have revealed several lysosomal channels/transporters Cl−, H+, Ca2+, and Na+,K+. Among the counterion channels, CIC and TRPML are the most thoroughly studied. Shigekuni Hosogi et al. found that lowering the level of Cl-leads to lysosomal acidification disruption and dysfunctional autophagy (Hosogi et al., 2014). Mihyun Bae et al. stimulated TRPM1 with agonists, resulting in increased calcium efflux, luminal acidification, and a clear increase in sphingomyelin and Aβ in lysosomes (Bae et al., 2014). Chunlei Cang et al. identified the K+ channel protein TMEM175 on the lysosome, and the stabilization of K+ helps maintain the pH stability of the lysosome during cell starvation (Cang et al., 2015).
Lysosomal biogenesis is mainly regulated by TFEB (Sardiello et al., 2009; Settembre et al., 2011). Translocation of TFEB from the cytoplasm to the nucleus upregulates v-ATPase and lysosomal gene expression. Because of its physiological importance, V-ATPase is seen as the product of housekeeping genes expressed continuously (Wechser and Bowman, 1995). V-ATPase activity can be regulated in a variety of ways. V-ATPase transcription can be enhanced through TFEB-dependent (Peña-Llopis et al., 2011) and non-TFEB-dependent pathways (Zhu et al., 2017). V-ATPase reversible catabolism and recombination have been reported to be regulated by many factors. The formation of disulfide bonds between cysteine residues at the catalytic site of the V-ATPase is another mechanism proposed for regulating the activity of the V-ATPase in vivo (Forgac, 1999). Finally, because V-ATPases are electrogenic, parallel ion conductance must accompany proton transport for significant acidification to occur. The regulation of these ion channels to achieve lysosome acidification represents a very comprehensive method that has not been studied. Lysosomal acidification is essential to maintain normal cellular function. Defective lysosomal acidification is a pathophysiological mechanism in a variety of diseases including virus infection (Jouve et al., 2007; Singh et al., 2021), autoimmune disorders (Monteith et al., 2016), neurodegeneration diseases (Lee et al., 2010) and tumor drug resistance (Chauhan et al., 2003). Pathogens avoid phagocytosis by preventing vacuolar acidification (Pujol et al., 2009). Recently, lysosome pH elevation has been found in and MSCs (Wang et al., 2014; Wang et al., 2018a), Lihong Wang and Fang-Wu Wang et al. use acridine orange and Lysosensor™ Green DND-189 to identify the lysosome acidity and activity. Under a confocal laser scanning microscope, they both down-regulated in senescent MSCs.
ROLE OF LYSOSOMAL ACIDIFICATION DYSFUNCTION IN CELLULAR SENESCENCE
The proliferative potential of bone marrow MSCs cultured in vitro is very limited (Stenderup, 2003), and the presence of aging stem cells severely limits their clinical therapeutic effects. The causes of aging are very complicated, and many studies are still at the hypothetical stage. They include genetic determination theory (Larsson, 2011), oxidative free radical damage theory (Harman, 1956), telomere clock theory (Olovnikov, 1996), metabolic waste accumulation theory (Benveniste et al., 2019), inflamm-aging theory (Franceschi et al., 2000), and so on. In recent years, the relationship between cellular senescence and lysosomal function has received increasing attention (Ansari et al., 2021). Hui Sun et al. found that many lysosomal genes showed differences in aging MSCs (Sun et al., 2021). During aging, lysosomes undergo various modifications that weaken their degradability and increase their susceptibility to metabolic conditions. Impaired lysosomal acidification during cellular senescence is a phenomenon that has been studied and confirmed (Colacurcio and Nixon, 2016). However, whether in turn lysosomal acidification impairment is a determinant of aging remains an open question. Lysosomal acidification disorders have many negative effects on cells, and these effects are highly consistent with the oxidative free radical damage theory of aging and the metabolic waste accumulation theory.
Defective Cellular Clearance and Accumulation of Toxic Proteins
An abnormal increase in lysosomal pH can have a broad impact on lysosomal digestion. Lysosome alkalization inhibits acidic hydrolases and increases the activity of neutral hydrolases. This shift promotes poor digestion and atypical cleavage of the substrate, which may produce toxic digestion products. Impaired substrate clearance is one of the key lysosomal functions that may be affected by acidification defects (Colacurcio and Nixon, 2016). Altered lysosomal pH may also promote lipid oxidation and ROS generation (Yokomakura et al., 2012). Dan L. Li et al. use dihydroethidium (DHE) staining revealed that knocking down the V-ATPase subunit ATP6V0D1 or ATP6V1B2 in neonatal rat ventricular myocytes (NRVMs) increased cellular reactive oxygen species (Li et al., 2016). This further weaken the integrity of lysosomal membranes (Kurz et al., 2008a), increase the release of cathepsins, leading ultimately a “lysosomal pathway of apoptosis” (Guicciardi et al., 2004) or “lysosomal cell death” (Gómez-Sintes et al., 2016) (Figure 2). The degree of oxidative stress determines the degree of lysosomal membrane instability (Kurz et al., 2008b). In addition, ROS may promote lysosome membrane permeabilization (LMP) by activating lysosomal Ca2+ channels (Sumoza-Toledo and Penner, 2011) or by altering the activity of lysosomal enzymes such as phospholipase A2 (PLA2). Mild LMP activates apoptotic pathways, while extensive LMP can lead to uncontrollable necrosis (Kågedal et al., 2001). Decreased cellular component turnover and accumulation of abnormal intracellular macromolecules are common features of all aging cells. Lysosome-mediated activation of selective-autophagy actively inhibits cellular senescence through degradation of the senescence regulator GATA4 (Kang and Elledge, 2016). Autophagy includes nucleation, autophagosome formation, and fusion with lysosomes (Ktistakis and Tooze, 2016). Each step can be regulated to enhance the autophagy flux and new evidence suggests that autophagic activity can be enhanced by enhancing lysosomal acidification to delay cellular degeneration (Zhu et al., 2017).
[image: Figure 2]FIGURE 2 | Impaired lysosomal acidification occurs in aging MSCs amplified in vitro. Lysosomal alkalinization leads to reduced autophagic flux and accumulation of toxic products, resulting in oxidative stress and increased lysosomal permeability, and ultimately cell senescence and death. Created with BioRender.com.
Decreased Mitophagy and ROS Accumulation
During aging, changes in mitochondrial structure and function are evident in most eukaryotes (Seo et al., 2010), but how this occurs is unclear. Adam L. Hughes et al. identified a functional link between lysosome-like vacuoles and mitochondria in Saccharomyces cerevisiae, and showed that mitochondrial dysfunction in replicative senescent yeast is caused by altered vesicle PH. Preventing the vacuolar acidity decrease inhibits mitochondrial dysfunction and extends lifespan (Hughes and Gottschling, 2012). In addition, Mikako Yagi et al. found that HIF1α-Nmnat3-mediated NAD (+) levels affected by mitochondrial dysfunction are essential for lysosomal maintenance (Yagi et al., 2021). Mitochondrial ROS production damages lysosomes (Demers-Lamarche et al., 2016). King Faisal Yambire et al. showed that inhibition of lysosomal acidification triggers cellular iron deficiency, which leads to impaired mitochondrial function and cell death (Yambire, 2019). Interplay between lysosome and mitochondrial play an important role in cellular senescence in multiple ways.
PREVENTING LYSOSOMAL ACIDIFICATION DYSFUNCTION AND SENESCENCE IN MSCS
Pretreatment of MSCs with hypoxia (Lan et al., 2015; Martinez et al., 2017; Sivanathan et al., 2017), oxidative stress (Sharma et al., 2008; Pendergrass et al., 2013), heat shock (Wang et al., 2009; Bolhassani et al., 2019), starvation (Moya et al., 2017), or inflammatory biological agents (Klinker et al., 2017; Boland et al., 2018) has been reported to potentially improve their survival and potency. However, less attention has been paid so far to investigate the potential of directly targeting the lysosomes of MSCs with small molecules, peptide drugs, and nanomaterials. Vacuolar H+-ATPase (v-ATPase) defects are the underlying cause of several human diseases (Haggie and Verkman, 2009; Halcrow et al., 2021). New studies have shown v-ATPase activity is altered, and lysosomal pH regulation is dysregulated during cellular senescence and apoptosis (Nilsson et al., 2006). Regulation of lysosomal acidification is an emerging direction in MSCs-based therapy.
Coupling Efficiency of V-ATPase Pump
Coupling efficiency of the V-ATPase pump is thought to regulate intracellular acidification (Kane, 2006). Interestingly, the assembly of the V0 and V1 structural domains is dependent on the nutrient (Cotter et al., 2015). Amino acid starvation has been shown to promote v-ATPase assembly (Onishi et al., 2019) by inactivating mTORC1 in a TFEB-dependent manner (Peña-Llopis et al., 2011). AKT1, AKT3 isoforms are required to maintain V-ATPase activity in a state of amino acid starvation (Collins et al., 2020). Ju-Hyun Lee et al. showed that presenilin-1 (PS1) knockout impairs the orientation of v-ATPase V0a1 subunit to the lysosome (Lee et al., 2010). Michael C. Jaskolka et al. found that the prokaryotic RAVE and eukaryotic Rabconnectin-3 complexes facilitate the recombination of V1 with V0 during glucose recovery and consequently restore ATP-driven proton transport (Jaskolka et al., 2021). Qing Tang et al. reported the absence of the N-deacetylase and N-sulfotransferase 3 (NDST3) promotes the assembly of the V-ATPase holoenzyme on the lysosomal membrane (Tang et al., 2021). Limor Avrahami et al. found that treatment with a novel substrate competitive GSK-3 inhibitor, L803-mts, restored N-glycosylation of the V-ATPase V0a1 subunit and the impairment caused by dysfunctional presenilin-1 in Alzheimer disease patients (Avrahami and Eldar-Finkelman, 2013; Avrahami et al., 2013). Ju-Hyun Lee et al. reported that isoproterenol (ISO) and related β2-adrenergic agonists re-acidify lysosomes in PSEN1 knockout (KO) cells by restore delivery of vATPaseV0a1 to lysosome (Lee et al., 2020). Youn-Sang Jung et al. found that transmembrane protein 9 (TMEM9), a regulator of vesicle acidification, binds to V-ATPase and promotes its assembly, leading to enhanced vacuolar acidification and trafficking (Jung et al., 2018).
Dan L Li et al. found that Doxorubicin obstructs proton translocation of the V-ATPase V0 domain and impaires lysosomal acidification in cardiomyocytes (Li et al., 2016). Yoshinori Tanaka et al. found that Progranulin (PGRN), a secreted lysosomal protein, promoted lysosomal acidification by enhancing the function of V-ATPase rather than its amount (Tanaka et al., 2017). Limor Avrahami et al. found that inhibition of glycogen synthase kinase-3 (GSK-3) and activation of tuberous sclerosis complex (TSC) promotes lysosomal acidification through the mTORC1/autophagy axis and endocytic trafficking pathways (Avrahami et al., 2020). In contrast, some clinical agents have been found to inhibit lysosomal acidification. Yong Lin et al. shown that GlcN, a dietary supplement widely used to promote joint health and effectively treat osteoarthritis, inhibits the acidification of lysosomes through its amino group (Lin et al., 2020). Modulation of V-ATPase activity is by far the most used method to alter lysosomal acidity (Figure 3).
[image: Figure 3]FIGURE 3 | Reversal of lysosomal acidification in in-vitro amplified senescent MSCs by regulating V-ATPase activity.
Expression and Amount of V-ATPase Pump
A second method to increase lysosomal acidification is to modulate V-ATPase expression. Simon Wheeler et al. reported that inhibition of non-lysosomal glucocerebrosidase2 (GBA2) increased expression of ATP6V0a1 subunit in Niemann-Pick type C disease (NPCD) fibroblasts (Wheeler et al., 2019). Joo-Yong Jung et al. reported that providing IL-12 and neutralizing IL-27 increases lysosomal acidification by increasing V-ATPase expression (Jung and Robinson, 2014). The use of imatinib and siRNA to inhibit the expression of Abelson (Abl) tyrosine kinase increased the transcription and expression of v-ATPase and decreased the pH of lysosomes in human macrophages (Bruns et al., 2012). Traditional Chinese medicine is an emerging source for exploring new treatments for lysosomal acidification disorders. Xinhong Zhu et al. showed that supplementation with Baicalein increased the expression of V-ATPase V1 subunit and co-localization of V1 subunit in mouse lysosomes via the mTOR pathway (Zhu et al., 2020). Jing Nie et al. found that Dendrobium nobile Lindl. alkaloids (DN LA) could increase the expression of the A1 subunit of v-ATPase to promote lysosomal acidification (Nie et al., 2018). Mengyao Yu et al. found that Dehydropachymic acid (DPA) treatment restored the bafilomycin A1-induced increase in lysosomal pH (Yu et al., 2017). Mingwei Zhu et al. found that Mask, an Ankyrin-repeat and KH-domain containing protein, enhance lysosomal acidification by promoting V-ATPase expression levels in a TFEB-independent manner (Zhu et al., 2017). Josephine J Wu et al. identified UBQLN2 as an important regulator of ATP6V1G1 expression and stability, and overexpression of UBQLN2 increased acidification of autophagosomes (Wu et al., 2020).
Nanomaterials and Artificial Small Molecule Compounds
Nanomaterials and artificial small molecule compounds also have great potential in promoting lysosomal acidification. Most of the nanomaterials taken up by cells are concentrated on lysosomes, making the lysosomal compartment the most common intracellular site for nanoparticle sequestration and degradation (Stern et al., 2012). Lihong Wang et al. invented a novel small molecule, 3-butyl-1-chloro imidazo (Caplan, 1991, Pittenger et al., 1999 pyridine-7-carboxylic acid (SGJ), which can promote lysosomal acidification and inhibit hBMSCs senescence (Wang et al., 2018b). Fang-Wu Wang et al. identified a small molecule compound 6-amino-3,4-dihydro-2H-3-hydroxymethyl-1,4-benzoxazine (ABO), which could promote the expression of Annexin A7 (ANXA7) to counteract the damage of lysosomes by Baf-A1, and inhibit the senescence of MSCs (Wang et al., 2014). Mathieu Bourdenx et al. showed that added poly (DL-lactide-co-glycolide) (PLGA) acidic nanoparticles (aNP) (PLGA-aNP) were transported to the lysosomes in human dopaminergic neuroblastoma BE-M17 cells within 24 h, lowering the lysosomal pH. After PLGA-aNP treatment, defective lysosomes are re-acidified and lysosomal function is restored (Bourdenx et al., 2016). Kyle M Trudeau et al. described a photoactivatable acidified nanoparticle (paNPs) that were taken up by lysosomes in INS1 and mouse β-cells and lysosomal acidity and function was enhanced (Trudeau et al., 2016). Jialiu Zeng et al. reported that biodegradable poly (lactic acid-glycolic acid) (PLGA) nanoparticles (NPs) can be localized to the lysosome to reduce luminal pH and restore autophagic flux in insulin-secreting (INS1) β-cells (Zeng et al., 2019). Benjamin R Ros et al. have proposed a new tool, pHoenix, could functionally replace the endogenous proton pump with the light-driven proton pump Arch3, enabling optogenetic control of lysosomal acidification and neurotransmitter accumulation (Rost et al., 2015).
Other Ion Channels in Lysosome Membrane
In addition to V-ATPase, targeting other channel proteins can also regulate lysosomal acidification. Amitabha Majumdar et al. found that resting microglia expressed only low levels of osteopetrosis-associated transmembrane protein 1 (Ostm1), which impaired lysosomal transport of voltage-gated chloride channel-7 (ClC-7) protein (Lange et al., 2006). Activation of microglia with MCSF increased lysosomal ClC-7 and Ostm1 transcription, leading to increased lysosomal acidification (Majumdar et al., 2011). Anke Di et al. found that the cystic fibrosis transmembrane conductance regulator Cl–channel (CFTR) contributes to lysosomal acidification (Di et al., 2006). Zhiqiang Xia et al. found that ML-SA1, a TRPML agonist, inhibits dengue virus (DENV) and Zika virus (ZIKV) in vitro by promoting lysosomal acidification (Xia et al., 2020). Liang Hui et al. found that TRPML1 agonist ML-SA1 blocked LDL-induced increases in intra-neuronal and secretory levels of Aβ and the accumulation of Aβ in endolysosomes and increase lysosomal acidification (Hui et al., 2019). Huikyong Lee et al. reported that ZnT3/H+/K + -ATPase is another pathway for lysosomal acidification, cAMP activation of PKA increased the overall level and proportion of H+/K + - atpase in lysosomes when v-ATPase is blocked, indicate a potential strategy to overcome this lysosomal dysfunction (Lee and Koh, 2021). Arjun N Sasikumar et al. used a yeast model to show that potassium limitation enhances lysosomal acidity and brings health benefits early in life (Sasikumar et al., 2019).
DISCUSSION
In this review, we summarize the effects of lysosomal acidification disorders that can further cause cellular senescence and summarize existing strategies for controlling lysosomal acidification disorders. During aging, lysosomal acidification becomes impaired and the luminal pH increases. To begin, a rise in luminal pH decreases acidic hydrolase activity while increasing neutral hydrolase activity. This shift causes inefficient substrate degradation and a rise in hazardous metabolites, as well as a decrease in mitophagy and an increase in ROS generation. ROS accumulation further causes LMP and cathepsins leakage, ultimately leads to cellular senescence and apoptosis. In the next place, we summarize current studies that promote lysosomal acidification in the hope of providing some insights into reversing aging of MSCs. Genetic engineering, traditional Chinese medicine, nanomaterials, and small molecule compounds all have potential to be strategies for lysosomal acidification therapy.
However, the current understanding of lysosomes may still be only the tip of the iceberg. Lysosomal membranes contain hundreds of integrins and peripheral proteins, many of which have unknown functions (Ballabio and Bonifacino, 2020). The upregulation of V-ATPase activity and lysosomal acidification can be beneficial in some diseases as well as harmful in others. Activating only the V-ATPase activity in specific cells without affecting others is also a major difficulty in the clinical transformation process. For all these reasons, the study of lysosomes remains a highly specialized field. More research is needed in the future to focus on the translation of lysosomal biology to clinical applications.
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Osteogenesis Imperfecta (OI) is a rare genetic disease characterized by bone fragility, with a wide range in the severity of clinical manifestations. The majority of cases are due to mutations in COL1A1 or COL1A2, which encode type I collagen. There is no cure for OI, and real concerns exist for current therapeutic approaches, mainly antiresorptive drugs, regarding their effectiveness and security. Safer and effective therapeutic approaches are demanded. Cell therapy with mesenchymal stem cells (MSCs), osteoprogenitors capable of secreting type I collagen, has been tested to treat pediatric OI with encouraging outcomes. Another therapeutic approach currently under clinical development focuses on the inhibition of TGF-β pathway, based on the excessive TGF-β signaling found in the skeleton of severe OI mice models, and the fact that TGF-β neutralizing antibody treatment rescued bone phenotypes in those OI murine models. An increased serum expression of TGF-β superfamily members has been described for a number of bone pathologies, but still it has not been addressed in OI patients. To delve into this unexplored question, in the present study we investigated serum TGF-β signalling pathway in two OI pediatric patients who participated in TERCELOI, a phase I clinical trial based on reiterative infusions of MSCs. We examined not only the expression and bioactivity of circulating TGF-β pathway in TERCELOI patients, but also the effects that MSCs therapy could elicit. Strikingly, basal serum from the most severe patient showed an enhanced expression of several TGF-β superfamily members and increased TGF-β bioactivity, which were modulated after MSCs therapy.
Keywords: stem cells, cell therapy, TGF-β, osteogenesis imperfecta, mesenchymal stem cells
INTRODUCTION
Osteogenesis Imperfecta (OI), a rare skeletal dysplasia with a high degree of genetic and phenotypic heterogeneity, is characterized by bone fragility, due to low bone mass and abnormalities in bone material properties. Accordingly, OI patients manifest an increased risk of fractures and skeletal deformities with a broad range of clinical severities: mild, moderate, severe and even lethal (Marini et al., 2017). OI is currently considered a collagen-related disorder, caused mainly by autosomal dominant mutations in type I collagen, the main bone extracellular matrix (ECM) protein (approximately 85% of all cases), or by mutations (autosomal dominant or recessive) in genes playing key roles in collagen homeostasis (around 15%) (Jovanovic et al., 2021). OI patients with mutations in COL1A1 or COL1A2 genes, who have a mixture of normal and abnormal collagen fibrils, can exhibit a wide range of OI severities, depending on the mutated α-chain and the type and position of the mutation along the triple helix (Marini et al., 2007). Thus, mutations that disrupt the structure of type I collagen (usually glycine substitutions) lead to severe OI, manifested in multiple low-trauma fractures throughout patient’s lifetime, short height, long-bone deformities, reduced mobility and chronic pain.
Currently, there is no effective treatment for OI. Since OI bones exhibit an increased bone remodeling, with a higher bone resorption at the expenses of bone formation, inhibitors of bone resorption, mainly bisphosphonates (BPs), are the first-line therapy in pediatric OI (Tauer et al., 2019). However, although BPs increase bone mineral density (BMD) in most OI patients, their efficacy in reducing long bones fractures and pain is controversial. Moreover, the associated adverse events (such as delayed bone healing of osteotomy site) and the safety about long-term use (BPs are retained in bone for extended periods after discontinuation of therapy) are a matter of concern. Hence, the development of new therapeutic strategies exploring novel safer and more effective approaches to address the pathological OI bone phenotypes is an actual and urgent need. In this line, the cell therapy based on MSCs emerged as a possible therapeutic option, with the assumption that MSCs would engraft in host bone and differentiate into osteoblasts, the collagen-producing cells, ameliorating the symptoms associated with OI (Pereira et al., 1995). Thus, MSCs therapy was first addressed by Horwitz and coworkers, who administered allogenic MSCs in immunosuppressed OI pediatric patients (Horwitz et al., 1999; Horwitz et al., 2002). One or two MSCs infusions were demonstrated to be feasible and safe, exerting clinical improvements of OI phenotypes, in spite of being short-lived with transitory beneficial effects, mainly because the expected cell engraftment into bone was utterly low (Horwitz et al., 1999; Horwitz et al., 2002; Götherström et al., 2014). The existence of a paracrine mediation of MSCs was then considered as underlying mechanism responsible for the observed clinical benefits in OI patients (Horwitz et al., 2002; Otsuru et al., 2018; Infante et al., 2021).
In order to overcome the transitory effect of MSCs therapy in OI pediatric patients, we conducted an independent, multi-center cell therapy phase I clinical trial based on reiterative infusions of allogenic MSCs applied to two OI pediatric patients (TERCELOI) (Infante et al., 2021). Moreover, to avoid a possible alloimmunization of non-immunosuppressed patients after repeated exposure to non-self MSCs, the need of human leukocyte antigen (HLA)-identical or histocompatible (5 shared out of six HLA antigens) not affected sibling donor was mandatory to enroll in TERCELOI. In fact, only two domestic patients fulfilled all the restricted inclusion criteria, P01 and P02 (Table 1). P01, a 6-year-old boy affected by severe Type III OI, carried a de novo heterozygous missense mutation in exon 16 of COL1A1, leading to a glycine substitution in the α1(I) chain of type I collagen. P02 (8-year-old girl affected by moderate Type IV OI), carried a de novo heterozygous variant in exon 35 of COL1A2, leading to the skipping of exon 35, in the α2(I) chain of type I collagen. We demonstrated that the reiterative cell therapy was safe and both patients showed durable improvements regarding the reduction of the number of bone fractures and enhancement in morphometric bone parameters, leading to a better quality of life. In TERCELOI, we also addressed for the first time, the possibility of a paracrine mechanism exerted by MSCs in OI patients’ context. Intriguingly, the clinical beneficial effects were especially noticeable in the most severe patient, P01, and after the first MSCs infusion, coupled with the molecular and cellular significances characterized by enhanced serum response in terms of global protein expression and pro-osteogenic capabilities among others (Infante et al., 2021). Moreover, P01, but not P02 basal serum also showed a clear upregulation of several bone-fracture associated miRNAs, which were gradually downregulated during the cell therapy.
TABLE 1 | Characteristics of TERCELOI pediatric patients.
[image: Table 1]Other completely different therapeutic strategy for OI, currently under clinical development, attempts to inhibit the transforming growth factor (TGF-β) signaling, a key pathway for bone homeostasis (MacFarlane et al., 2017). The rationale for this approach stands on the excessive TGF-β signaling found in the skeleton of three severe OI mouse models (Col1a2+/G61°C, Crtap−/− and Col1a1Jrt/+), and the concomitant rescue of the pathological bone phenotypes by using 1D11, a specific anti-TGF-β monoclonal antibody in two of them, Col1a2+/G61°C, Crtap−/− (Grafe et al., 2014; Greene et al., 2021). Interestingly, the inhibition of TGF-β signaling by 1D11 was not effective in Col1a1Jrt/+ mice (Tauer et al., 2018), suggesting that the different response to anti-TGF-β treatment depends on the severity of the OI mouse model, which in turn, is determined by the mutation type leading to OI. Thus, Col1a1Jrt/+ mice carry a splice mutation in Col1a1 leading to an 18-amino acid deletion in the collagen I alpha I chain, exhibiting the most severe phenotype within these three OI mice models (Tauer et al., 2018).
Surprisingly, the knowledge about the status of TGF-β pathway activation in OI patients is quite scarce, although some evidences, such as an increased expression of TGF-β receptors in human OI osteoblasts, point also to an increased TGF-β signaling in OI patients (Gebken et al., 2000). In this line, the pathogenic excessive TGF-β activation in OI could be correlated with increased circulating TGF-β levels, although to the best of our knowledge, this possibility has not been described in OI population. Supporting this assumption, correlations between increased circulating TGF-β levels and other pathologies with causative alterations in ECM components which lead to TGF-β dysregulation have been described, such as in Marfan syndrome, a genetic disease caused by mutations in FBN1, encoding fibrillin-1, an ECM protein that binds to latent TGF-β. Thus, mutations in fibrillin-1 leads to an increased pool of active TGF-β and therefore to an enhanced TGF-β signalling (Matt et al., 2009; Franken et al., 2013). Moreover, increased TGF-β circulating levels have also been observed in conditions altering bone homeostasis, such as extensive exercise and bone fractures healing (Hering et al., 2001; Hering et al., 2002; Zimmermann et al., 2005; Sarahrudi et al., 2011). In addition, evidences of a positive correlation between increasing circulating TGF-β levels and a decreased bone mineral density in osteoporosis, a low bone mass disease, have been also described (Grainger et al., 1999; Wu et al., 2013; Faraji et al., 2016).
Considering these previous evidences, in this work we have delved into TERCELOI, exploring the circulating expression levels and functional activity (bioactivity), of TGF-β superfamily in OI patients before and after being subjected to the cell therapy (Infante et al., 2021). For this, we re-analyzed the sera proteomic data obtained in TERCELOI, based on antibody arrays which covered multiple members of the TGF-β superfamily such as structurally related ligands, TGF-β transmembrane receptors, and effectors. In order to elucidate the resultant bioactivity regarding TGF-β signaling, we also examined the ability of OI sera samples in activating TGF-β pathway, by using a TGF-β reporter cell line (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic diagram illustrating TERCELOI clinical trial cellular infusions and the current study of circulating TGF-β expression and bioactivity in patients’ sera collected before (basal serum) and after the five consecutive MSCs infusions. The post-infusions sera included those collected 1 week (1w), 1 month (1 m) and 4 months (4 m) after each cell infusion, as well as the follow-up sera, collected 1 year and 2 years after the last cell infusion.
To the best of our knowledge, the current study is the first to address the circulating TGF-β pathway in the context of OI patients. Our results, which are indeed supported by the aforementioned molecular and cellular findings obtained from TERCELOI, show an increased expression and activation of TGF-β pathway in the basal serum from the most severe patient. Moreover, in the most severe patient, TGF-β signaling was modulated after MSCs therapy. These results suggest that different circulating TGF-β pathway activation could be occurring depending on OI mutation and its corresponding severity. Even more, MSCs therapy could modulate the enhanced TGF-β bioactivity in the case of the severe patient.
MATERIALS AND METHODS
Ethics Statement
The study was in accordance with the ethical standards formulated in the Helsinki Declaration and was approved by the Basque Ethics Committee for Clinical Research and the Spanish Agency of Medicines and Medical Devices (AEMPS).
Patients and Sera Samples
TERCELOI is a clinical trial Mesenchymal Stem Cell Therapy for the Treatment of Osteogenesis Imperfecta, registered at clinicaltrials.gov (NCT02172885) and eudract. ema.europa.eu (2012-002553-38). TERCELOI is an independent multi-center phase I clinical trial to evaluate the feasibility, safety and potential efficacy of infused sibling HLA-matched MSCs in non-immunosuppressed children with OI. Due to the highly restrictive eligibility criteria, especially limited by the need of having an HLA-matched unaffected sibling susceptible to donate, only two patients enrolled: P01, male, 6 years 1 month of age affected by severe OI and P02, female, 8 years and 1 month of age with a moderate OI. Patients’ characteristics are reported in Table 1.
Blood samples were collected in clot activator tubes (BD Vacutainer) and left undisturbed for 40 min at RT to allow the blood to clot. Then, blood samples were centrifuged at 1,300 g at RT during 15 min to remove the clot. The resulting serum supernatant was immediately aliquoted, frozen and stored at-80°C until analysis.
Antibody Arrays
RayBio® biotin label-based (L-Series) Human Antibody Array 1,000 kit (AAH-BLG-1000), including a total of 1,000 soluble proteins, were used to perform sera hybridizations according to the manufacturer’s instructions (RayBiotech, United States) and as previously described(Infante et al., 2021). Sera from P01 and P02 collected before the cell therapy (basal serum) and 1 week, 1 month and 4 months after the first MSCs infusion were use. In order to be comparable, each array was processed under the same conditions and signals were scanned using an Axon GenePix laser scanner and data normalized with RayBiotech analysis tool. Fluorescent intensities were obtained by taking the mean of the two spots specific to each target protein, and all protein intensities on each array were normalized against the negative control, representing non-specific binding of the Cy3-conjugated streptavidin, and positive control spots, standardized amounts of biotinylated IgGs printed directly onto the array. Thus, after subtracting background signals spot intensities from each array, fluorescent signal intensities were normalized to positive controls, allowing the comparison among different arrays.
In this work, after normalization and to ensure the detection of a positive, real binding of target proteins to array antibodies, only the spots with a fluorescent intensity ≥300 above background were considered, as previously described by other studies using the same technology(Wang et al., 2020). To compare the TGF-β superfamily member expression after and before the cell therapy, any ≥1.5-fold increase or ≤0.65-fold decrease in signal intensity for a single protein between samples was considered a significant difference in expression.
TGF-β Reporter Cell Line
The ability of patients’ sera to activate the TGF-β pathway was determined using the HEK-Blue-TGF-βTM reporter cells (Invivogen) according to the manufacturer’s protocol. Briefly, 180 µL of HEK-Blue-TGF-βTM reporter cells at a concentration of 280,000 cells/mL were seeded in p96 plates in test medium (DMEM 4.5 g/L glucose, 2 mM l-glutamine, 10% FBS heat inactivated, Pen-Strep 100 U/mL) in the presence of 20 µL of patient’s serum (10% v/v) for 24 h at 37°C and 5% CO2. Then, 20 µL of the cell culture supernantant were removed from each well and transferred to a transparent p96 plate containing 180 µL of prewarmed QUANTI-Blue solution and incubated at 37°C (in the dark) during 30 min. The QUANTI-Blue is a colorimetric enzymatic assay in which the presence of alkaline phosphatase changes the media color from pink to blue and can be quantified at 655 nm using a microplate reader. 20 µL of test medium and 20 µL of human recombinant TGF-β at 10 ng/ml were used as negative and positive controls, respectively. For each serum, the HEK-Blue-TGF-βTM reporter cells were seeded in octuplicates. Two independent experiments were performed for each serum. Data are mean ± standard deviation obtained from the two independent experiments. Induced SEAP data for each serum is expressed normalized versus the values obtained for the negative control in each experiment.
RESULTS
Increased Circulating TGF-β-Related Members Expression in Severe OI Patient
The study scheme is illustrated in Figure 1. First, we explored the global protein expression of basal OI serum (before the cell therapy), by using antibody array technology, which allows the simultaneous determination of over 1,000 proteins (Figures 2A,B). After detecting the expressed proteins in each basal serum (showing a fluorescent intensity of at least 300 above the background), we compared the total number of proteins expressed in the sera from P01 and P02 patients (Figure 2A, left heatmap). Interestingly, we observed a very different trend in terms of number and expression level between the two OI patients. Thus, 746 of the 1,000 proteins evaluated were detected as expressed in P01 (more than 70% of the total target proteins) versus the only 228 detected proteins in P02 (the ≈25% of total target proteins) (Figure 2A, left heatmap). Moreover, the fluorescent intensity of the detected proteins in P01 was in general higher than that exhibited by detected proteins in P02 basal serum, indicating a higher expression of circulating proteins in P01. Therefore, after grouping expressed proteins depending on fluorescent intensities, P01 basal serum showed 451 proteins with low signal intensities (signal between 300 and 2,000), 246 with medium signal intensity group (between 2,000 and 10,000) and 40 proteins with a high signal intensity (over 10,000). In the case of P02, the majority of the detected proteins, 218, exhibited a low signal intensity, whereas only eight and two proteins displayed medium and high signal intensities respectively (Figure 2B). Further analysis identified a quite high expression of a number of TGF-β-relevant members, including ligands (activators and inhibitors), receptors and effectors in P01 basal serum, contrarily to P02 basal serum (Figure 2A, right heatmap). These results point to the existence of a global higher expression of circulating TGF-β superfamily members in P01, finding that could be due to the highest OI severity exhibited by this patient.
[image: Figure 2]FIGURE 2 | Basal circulating TGF-β superfamily members’ expression and bioactivity in OI patients. (A) Left heatmap shows the fluorescent signal intensities for target proteins expressed in P01 and P02 basal sera samples. Only the spots with a fluorescent intensity cutoff ≥300 above the background were considered. Right heatmap magnified shows the fluorescent intensities of the TGF-β superfamily members present in basal P01 and P02 sera are shown (right heatmap). (B) Graph showing the total number of expressed proteins in P01 and P02 basal sera, grouped according to their fluorescent signal intensity: low (300-2,000), medium (2,000-10,000) and high (>10,000). (C) Left, schematic representation of the HEK-Blue-TGF-βTM reporter cell line assay. Right, Scatter plot with bars showing TGF-β-induced SEAP in HEK-Blue-TGF-βTM cells. The TGF-β induced SEAP from patients’ sera samples is shown normalized versus that shown by the negative control (C-; w/o TGF-β). C+ stands for the positive control, cells stimulated with TGF-β (10 ng/ml). The experiments were performed in octuplicates for each condition and repeated two independent times. Data are mean ± standard deviation obtained from the two independent experiments. Each dot represents an independent experiment.
Increased TGF-β Bioactivity in Basal Serum From Severe OI Patient
The circulating TGF-β-enriched milieu in basal P01 serum, showed a coexistence of several TGF-β superfamily ligands (activators and inhibitors which can bind the same receptors and compete with each other for binding) and soluble receptors (able to bind to ligands and therefore to modulate the downstream TGF-β signaling) (Wang et al., 2017; Nickel et al., 2018; Martinez-Hackert et al., 2021). This mixture of activating and inhibiting signals led us to interrogate for the final TGF-β bioactivity of P01 (and P02) basal serum. For this, we used the HEK-Blue-TGF-βTM reporter cell line which expresses TGFBRI, Smad3 and Smad4 genes and a secreted embryonic alkaline phosphatase (SEAP) reporter gene under the control of the ß-globin minimal promoter fused to three Smad3/4-binding elements (SBE). Stimulation of HEK-Blue-TGF-βTM cells with TGF-β induces the activation of the TGF-β/Smad signaling pathway leading to the formation of a Smad3/Smad4 complex, which enters the nucleus and binds SBE sites inducing the production of SEAP. The secreted SEAP can be measured using QUANTI-Blue™ solution, a SEAP detection reagent (Figure 2C, left image). We first validated the functionality of this reporter system by stimulating the HEK-Blue-TGF-βTM cells with the manufacturer’s recommended concentration of recombinant human TGF-β, which led to a high TGF-β pathway activation (Figure 2C, right). Concerning TERCELOI sera samples, we found that the TGF-β bioactivity of P01 basal serum was three times higher than that exhibited by P02, consistently with the TGF-β superfamily enrichment detected in P01 basal serum. In fact, P02 basal serum was unable to activate TGF-β pathway, showing similar activation levels to that obtained by the negative control (w/o TGF-β). Interestingly, P01 basal serum showed almost similar levels of TGF-β signaling activation as the positive control (Figure 2C, right). These data suggest that in the TGF-β enriched milieu of P01 basal serum, the TGF-β pro-activating factors prevailed over those inhibiting this pathway.
The Circulating TGF-β Pathway in the Severe OI Patient Was Modulated After the MSCs Therapy
Next, we interrogated whether a modulation of the circulating TGF-β pathway could be occurring after the MSCs therapy in P01 and P02. Thus, we focused on the sera collected after the 1st MSCs infusion, which, in the case of P01, showed in TERCELOI the most significant molecular findings in terms of global protein and miRNAs expression (Infante et al., 2021). We studied the antibody arrays’s signal intensities of TGF-β superfamily members in P01 and P02 sera collected 1 week, 1 month and 4 months after the 1st cell infusion, and compared them to those of their respective basal sera. Interestingly, we found in P01 a profound upregulation of the expression level of most TGF-β superfamily members analyzed, especially in the sera collected 1 and 4 months after the 1st cell infusion (Figure 3A). On the contrary, we did not observe this effect in the expression of TGF-β superfamily members in P02 sera (Figure 3A).
[image: Figure 3]FIGURE 3 | Circulating TGF-β superfamily members expression and bioactivity after MSCs therapy in OI patients. (A) Heatmap showing the expression ratio of TGF-β superfamily members after the 1st MSCs infusion in P01 and P02, calculated as the fluorescent signal intensity of target proteins after the MSCs therapy, 1 week (1w), 1 month (1 m) or 4 months (4 m) versus the fluorescent intensity of target proteins from each patient’s basal serum. To be considered, a cutoff ratio of ±1.5 was established. (B) Scatter plot showing TGF-β induced SEAP of HEK-Blue-TGF-βTM cells exposed to P01 and P02 sera collected after the first MSCs infusion and compared to the results obtained with basal serum for each patient. The TGF-β induced SEAP is shown normalized versus the negative control. (C) Scatter plot showing TGF-β induced SEAP of HEK-Blue-TGF-βTM cells exposed to the sera from P01 obtained during the 2nd, 3rd, 4th, 5th infusions and follow-up visits, and compared to the results obtained with basal serum. Two independent experiments were performed with P01 and P02 sera, each of one with their respective positive (c+) and negative controls (c-). Within each independent experiment, each condition was performed in octuplicates. Data are mean ± standard deviation obtained from the two independent experiments. Each dot represents an independent experiment.Dashed horizontal lines illustrate the TGF-β bioactivity level of basal P01 and P02 sera.
Then, we analyzed the TGF-β bioactivity of P01’s and P02’s sera after the 1st cell infusion, and compared them to that showed by the basal serum of each patient. Intriguingly, the TGF-β bioactivity of P01’s sera collected after the 1st cell infusion showed a diminished trend when compared to that showed by P01’s basal serum, in spite of the enhanced expression of TGF-β superfamily members found in these sera (Figure 3B). Regarding P02, the sera collected after the 1st cell infusion showed no TGF-β bioactivity (similar to the negative control), as occurred with the basal serum. These results were consistent with the absence of significant expression of TGF-β superfamily members in P02 sera before and after the 1st cell infusion, (Figure 3B). Given that only the P01’s sera showed a modulation of TGF-β pathway after the 1st cell infusion, we wondered if those sera collected after the successive MSCs administrations (second, third, fourth, fifth infusions) and in the follow-up visits (1 year and 2 years since the last cell infusion) in P01 exhibited also a reduction in the TGF-β bioactivity. Strikingly, we observed that the reduced TGF-β bioactivity of P01 sera was maintained with a similar trend during the consecutive MSCs infusions and follow-up visits (Figure 3C). These results suggest that, after the cell therapy, the circulating TGF-β inhibiting factors prevailed over those activating this pathway in P01.
DISCUSSION
The present study addresses, for the first time, the circulating TGF-β pathway in OI pediatric patients before and after receiving MSCs therapy. Our results should be interpreted in the context of certain limitations derived from the inherent nature of TERCELOI clinical trial. First, and the most important, the low number of pediatric patients included in this study, determined by the low prevalence of a rare disorder as OI and the restrictive inclusion criteria of TERCELOI such as the need of a HLA compatible sibling donor. Second, the fact that our patients were pediatric and third, the absence of a population of healthy pediatric controls. Thus, our findings need further confirmation in larger cohorts of OI patients, encompassing different OI severities and ages, along with age-matched healthy controls. Nevertheless, the present study provides new insights into the pathophysiology of OI, specifically concerning the circulating TGF-β pathway before and after MSCs therapy. Moreover, our observations shed light about the possibility of increased circulating levels of TGF-β superfamily members and TGF-β bioactivity correlating with OI severity.
Thus, to the best of our knowledge, this is the first time that an enhanced TGF-β expression and bioactivity has been reported in the serum of a severe OI pediatric patient when compared to a moderate OI one. These results are in line with previous findings in the skeleton of severe OI mice models and in osteoblasts isolated from OI patients (Gebken et al., 2000; Grafe et al., 2014; Tauer et al., 2018).
We speculate that the basal overactivation of circulating TGF-β pathway in the severe patient when compared to the moderate one could be due to the different phenotypic severities that these patients show, which in turn depends not only on the affected gene, but also on the type and the position of the mutation in the gene. In this line, mutations leading to a glycine substitution, such as that present in the severe patient, have been associated to most severe, and even perinatal lethal, phenotypes (Maioli et al., 2019). Thus, the enrichment of TGF-β superfamily members in the serum of the most severe patient could be reflecting the intense alteration in bone homeostasis that this patient exhibits. There are two evidences supporting this observation. First, the existence of increased circulating TGF-β1 activity and concentration in other connective tissue disorders such as heterotopic ossification, characterized by ectopic bone formation in extraskeletal tissues and Marfan syndrome, caused by mutations in fibrillin-1, an ECM protein (Matt et al., 2009; Franken et al., 2013; Wang et al., 2018). Second, as previously reported in TERCELOI, we also found striking molecular changes in basal serum from the most severe OI patient, which we also linked to the OI severity of this patient: an enhanced expression of circulating miRNAs known to be associated with osteoporotic bone fractures which was not observed in the moderate OI patient (Infante et al., 2021).
Interestingly, after the MSCs therapy we detected a general increase in the expression of several circulating TGF-β superfamily members only in the severe OI patient, but not in the moderate one. Surprisingly, TGF-β bioactivity of these sera was decreased when compared to that exerted by P01 basal serum. We speculate that this effect could be driven by the prevalence of ligands that function as inhibitors and compete with activators for the same TGF-β receptors, and the existence of more soluble TGF-β receptors (which can bind to ligands and therefore modulate the downstream TGF-β signaling) in the sera after cell therapy (Wang et al., 2017; Martinez-Hackert et al., 2021). Supporting our assumption, a previous study using the HEK-Blue-TGF-βTM reporter cell line showed that not only the three TGF-β isoforms were able to activate the downstream TGF-β signaling, but also activin A, a member of the TGF-β superfamily binding to activing type I and II receptors, different from TGF-β receptors. Moreover, the concomitant addition of soluble chimeric TGF-β receptors inhibited this activation (Takahashi et al., 2020).
Importantly, our work shows that increased TGF-β bioactivity of basal serum from the severe OI patient can be modulated along the MSCs treatment, correlating with the beneficial effects exhibited by this patient (at clinical, molecular and cellular levels) after the cell therapy (Infante et al., 2021). Interestingly, the increased miRNA expression previously found in the basal serum of this patient, was also downregulated after the MSCs infusions.
The moderately affected patient exhibited low expression and bioactivity levels of circulating TGF-β, that were not modulated after the cell therapy. The specific mutation of this patient, an exon skipping of exon 35 in COL1A2, which leads to moderate OI, could be responsible for its lack of impact on the homeostasis of TGF-β pathway.
Assuming the limitations of the present study, our hypothesis linking OI disease severity with the activation of TGF-β pathway is in line with the increased skeleton TGF-β activation that mice models resembling severe OI, Col1a2+/G61°C, Crtap−/-, and Col1a1Jrt/+ exhibit (Grafe et al., 2014; Tauer et al., 2018). Interestingly, TGF-β inhibition was efficient in Col1a2+/G61°C, and Crtap−/- mice, but not in Col1a1Jrt/+ ones, suggesting different effects of the antibody in different OI types or even different TGF-β activation levels in these OI murine models. Thus, OI severity should be a point of especial interest to take into account when addressing a TGF-β targeting approach.
On the other hand, it is worth mentioning that the inhibition of TGF-β has been also shown to be effective in mice models exhibiting skeletal pathologies and elevated TGF-β signaling, such as heterotopic ossification (HO), and osteoarthritis (Zhen et al., 2013; Wang et al., 2018). Moreover, and supporting our finding in the most severe patient, significantly elevated circulating levels of active TGF-β were found in HO patients (Wang et al., 2018). Denoting the interest in exploring the inhibition of TGF-β pathway in OI, a phase I clinical trial evaluating the safety and efficacy of fresolimumab, a human monoclonal antibody, that recognizes all TGF-β isoforms, is currently being assessed in adult patients (NCT03064074).
Overall, further studies involving representative cohorts of OI patients with different severities are needed to clarify the status of circulating TGF-β pathway activation in OI. Our study suggests that mainly severe OI patients would show increased circulating TGF-β signaling, and therefore could benefit from treatment approaches aiming to inhibit the excessive TGF-β activation.
The identification of those OI patients with excessive TGF-β would be crucial to select patients who may benefit from TGF-β targeting therapies.
CONCLUSION
Osteogenesis Imperfecta (OI) is a rare collagen-related disorder with no current curative treatment. New therapeutic approaches have been tested with encouraging results, such as MSCs therapy. The inhibition of TGF-β signaling, effective in some severe murine OI models showing increased TGF-β activation in the skeleton, is also currently undergoing clinical evaluation for OI. This study examined for the first time the TGF-β pathway in the serum of two OI pediatric patients. These patients previously participated in TERCELOI clinical trial, and showed clinical improvements after receiving MSCs therapy. We found elevated basal TGF-β levels and bioactivity in the serum of the most severely affected patient, which were modulated after the MSCs therapy. The outcomes suggest that the specific mutation of the severe patient could be mediating the TGF-β overactivation. The current investigation provides a foundation for further exploring the circulating TGF-β pathway in a bigger cohort of OI patients encompassing different disease severities. The identification of OI patients with excessive TGF-β activation would be crucial to identify those patients who could benefit from TGF-β targeted therapies.
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Background: Androgen alopecia (AGA), the most common type of alopecia worldwide, has become an important medical and social issue. Accumulating evidence indicates that long noncoding RNAs (lncRNAs) play crucial roles in the progression of various human diseases, including AGA. However, the potential roles of lncRNAs in hair follicle stem cells (HFSCs) and their subsequent relevance for AGA have not been fully elucidated. The current study aimed to explore the function and molecular mechanism of the lncRNA AC010789.1 in AGA progression.
Methods: We investigated the expression levels of AC010789.1 in AGA scalp tissues compared with that in normal tissues and explored the underlying mechanisms using bioinformatics. HFSCs were then isolated from hair follicles of patients with AGA, and an AC010789.1-overexpressing HFSC line was produced and verified. Quantitative real-time polymerase chain reaction (qRT-PCR) and Western blotting were performed to verify the molecular mechanisms involved.
Results: AC010789.1 overexpression promoted the proliferation and differentiation of HFSCs. Mechanistically, we demonstrated that AC010789.1 overexpression promotes the biological function of HFSCs by downregulating miR-21-5p and TGF-β1 expression but upregulating the Wnt/β-catenin signaling pathway.
Conclusion: These results reveal that overexpression of AC010789.1 suppresses AGA progression via downregulation of hsa-miR-21-5p and TGF-β1 and promotion of the Wnt/β-catenin signaling pathway, highlighting a potentially promising strategy for AGA treatment.
Keywords: androgen alopecia, hair follicle stem cells, AC010789.1, Wnt/β-catenin, TGF-1
INTRODUCTION
Alopecia, a common disorder occurring worldwide, characterized by hair loss, can be caused by multiple factors, such as heredity, hormonal disorders, immune inflammation, malnutrition, environmental factors, mental disorders, and aging (Ho and Shapiro, 2019). Androgen alopecia (AGA) is the most common type of alopecia and has become an important medical and social issue due to its high incidence; increasingly young onset age; and associated psychological problems, such as depression, anxiety, and emotional disorders (Bas et al., 2015; Molina-Leyva et al., 2016; Katzer et al., 2019; Ding et al., 2020). Currently, finasteride and minoxidil are the only therapeutic drugs approved by the Food and Drug Administration for AGA treatment (Chen et al., 2020a). Finasteride, a specific inhibitor of type II 5α reductase, inhibits the metabolic conversion of testosterone to highly active dihydrotestosterone, reducing the effect of active androgens on hair follicles (Spinucci and Pasquali, 1996). However, finasteride is associated with a risk of sexual dysfunction and depression during treatment (Motofei et al., 2020). Minoxidil treats AGA by predominantly promoting hair growth but can cause side effects, such as contact dermatitis, skin irritation, and dizziness during treatment, and on treatment cessation, alopecia generally recurs (Goren et al., 2017; Jimenez-Cauhe et al., 2019). Hair transplantation is the gold standard for AGA treatment, but the limited number of active hair follicles in the donor site makes it impossible to apply to large areas of baldness (Chouhan et al., 2019a; Chouhan et al., 2019b). Hence, new methods for the treatment of AGA need to be developed urgently.
The three phases of periodic hair follicle growth are resting, growth, and degenerative periods, and cessation of this regeneration cycle is the main mechanism contributing to AGA (Baker and Murray, 2012). Previous studies report that the periodic growth of hair follicles depends on the hair follicle stem cells (HFSCs) located in the bulge area of the hair follicle (Cotsarelis et al., 1990; Fu and Hsu, 2013). HFSCs are a group of adult stem cells with self-renewal ability that specifically express surface markers such as CD34 and CK15 (Morris et al., 2004; Owczarczyk-Saczonek et al., 2018). In normal conditions or during wound repair, HFSCs in the bulge area activate and differentiate into various hair follicle cell types for hair follicle regeneration (Oshima et al., 2001; Yang et al., 2017). However, there is evidence that the scalp hair follicles in patients with AGA are impaired in HFSC activation, thereby preventing their differentiation into hair follicle precursors. Garza et al. (2011) found that, although patients with AGA had a similar quantity of hair follicles in the alopecia scalp area as in nonalopecia areas, the HFSCs in the alopecia areas were in a static state and did not actively differentiate into hair follicle precursors. Thus, activation of HFSC proliferation and differentiation may be an effective breakthrough for the treatment of AGA.
Long noncoding RNAs (lncRNAs), a type of noncoding RNA over 200 nt in length, have attracted considerable interest in recent years. Functional data suggest that they play essential regulatory roles in multiple biological processes, such as cell development, differentiation, disease, subcellular localization, and cell structure maintenance (Yao et al., 2019). Intriguingly, genome analyses comparing AGA scalp tissues with adjacent normal tissues (defined as 5 cm from the margin of the AGA areas with a follicle density >325/cm2) in patients with AGA found a large number of differentially expressed lncRNAs, indicating that the dysregulation of lncRNA expression profiles may be involved in AGA progression (Chew et al., 2016; Bao et al., 2017). Moreover, several lines of evidence demonstrate a novel lncRNA regulatory mechanism in promoting hair follicle regeneration. Zhu et al. (2020) demonstrate that overexpression of lncRNA H19 can directly downregulate the expression of Wnt pathway inhibitors, including DKK1, Kremen2, and sFRP2, which activates Wnt signaling, thereby maintaining the hair follicle regeneration potential of dermal papilla cells (DPCs). Likewise, Lin et al. (2020a); Lin et al. (2020b) found that lncRNA XIST targets miR-424 and PCAT1 targets miR-329 to activate Wnt and hedgehog signaling, respectively, and maintain the regeneration characteristics of DPCs. To date, many molecular mechanisms of DPC-mediated hair follicle regeneration have been investigated. However, the role of the potential connection between lncRNAs and HFSCs in AGA has not been fully elucidated.
The current study aimed to explore the potential function of the lncRNA AC010789.1 in AGA progression. We demonstrate that AC010789.1 expression was downregulated in AGA scalp tissues, and overexpression of AC010789.1 promoted the proliferation and differentiation of HFSCs. Mechanistically, overexpression of AC010789.1 was shown to delay AGA progression by interacting with miR-21 and activating Wnt/β-catenin signaling. Therefore, this study provides insights into the mechanisms underlying AC010789.1 regulation of AGA progression to provide a new theoretical and experimental basis for the prevention and treatment of AGA.
MATERIALS AND METHODS
Tissue Collection and Ethics Statement
Hair follicle tissues extracted from patients with AGA were obtained from the Shanghai East Hospital affiliated with the Tongji University School of Medicine, and informed consent was obtained from all patients. Ethical approval was obtained from the Shanghai East Hospital Ethics Committee. Tissue specimens were snap-frozen and stored in liquid nitrogen until further use.
Microarray Data Acquisition
Gene expression microarray data sets (GSE84839 and GSE36169) were downloaded from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo). The GSE84839 data set was based on the GPL21827 platform (Agilent-079487 Arraystar Human LncRNA microarray V4) and included three pairs of male AGA scalp tissues and adjacent normal tissues. The GSE36169 data set was based on the GPL96 platform (Affymetrix Human Genome U133A Array) and contained AGA and adjacent normal scalp tissues from five individuals. The lncRNA and mRNA expression data in the AGA and adjacent normal tissues were downloaded and used for this study.
Differential Analysis of lncRNA and mRNA Expression
Differential analysis of lncRNA and mRNA expression between AGA and adjacent normal scalp tissues was performed using the GEO2R analysis tool. The platform data were converted using R language software and standardized using the limma array function within the R package (http://www.bioconductor.org/). A p-value < .05, and a base-2 logarithm of fold change (log FC) < −1 or >1 were used as selection criteria to screen differentially expressed lncRNAs and mRNAs (Xiong et al., 2020).
Functional and Pathway Enrichment Analysis
Database for Annotation, Visualization, and Integrated Discovery (DAVID) v6.8 (https://david.ncifcrf.gov/) provides a comprehensive annotation tool to help investigators better clarify the biological function of the submitted genes (Dennis et al., 2003). In this study, DAVID v6.8 was used for gene ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. GO annotation analysis revealed biological processes (BPs), cellular components (CCs), and molecular functions (MFs) of the genes. Statistical significance was set at p < 0.05. Then, XTalkDB (http://www.xtalkdb.org/home), a database that documents scientific literature supporting crosstalk between pairs of signaling pathways, was used to explore the relationship between pathways.
Integrated Analysis of Interaction Network
GeneMANIA (http://genemania.org/) is a data set that provides a series of functional association information to identify the relation between genes of the submitted set in terms of their genetic interactions, pathways, expression patterns, localization, and protein domain similarity. In this study, protein-protein interaction (PPI) networks were analyzed using the GeneMANIA data set, and Cytoscape (version 3.7.2) was used to visualize the PPI networks.
Isolation and Cultivation of HFSC
Isolation of HFSCs was performed as previously described (Aran et al., 2020). Follicular unit extraction was performed to collect and isolate hair follicle tissues from 20 patients with AGA under a stereomicroscope. A needle was used to separate the hair shaft and papilla, and only the bulge areas were reserved. The bulge areas were treated with dispase II (2.5 mg/ml, Sigma, United States) and collagenase I (1 mg/ml, Gibco, United States) for 60 min, and 0.25% trypsin-ethylene diamine tetra acetic acid (EDTA; Gibco, Grand Island, NY, United States) for 15 min. The obtained cells were cultured in a keratinocyte serum-free medium (K-SFM, Gibco) in a 5% CO2 humidified incubator at 37°C, and the medium was changed every 2–3 days. The third passage (P3) of HFSCs was characterized by immunofluorescence with an anti-K15 antibody (Santa Cruz Biotechnology, TX, United States) and was used for follow-up studies.
Cell Proliferation Assay
Cell Counting Kit 8 (CCK8) assays (Beyotime Biotechnology Company, Jiangsu, China) and 5-ethynyl-2 deoxyuridine (EdU) assays (RiboBio, Guangzhou, China) were performed to assess the cell proliferation ability. For CCK8 assays, cells were seeded at approximately 2×103 cells/well in 96-well plates, and cell attachment was allowed for 12 h. Then, a 10 μl CCK8 test solution was added to each well at 24, 48, 72, and 96 h, and the cells were incubated in a humidified incubator with 5% CO2 at 37°C for 2 h at each time point to evaluate the cell growth viability. The optical density (OD) was measured at 450 nm with a microplate reader (Tecan, Thermo Scientific, United States). For EdU assays, the experiments were performed according to the manufacturer’s instructions (Xiong et al., 2019). Then, the cells were observed under a fluorescence microscope (Zeiss HLA100, Shanghai, China) and analyzed by using ImageJ software (Bethesda, MD, United States). The data shown are representative of three independent experiments.
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was isolated from tissues or cells using Trizol® Reagent (Life Technologies, United States) and reverse transcribed into cDNA using a cDNA synthesis kit (Thermo Scientific) according to the manufacturer’s instructions. qRT-PCR was performed as previously reported (Xiong et al., 2019). Melt curves were established for the reactions, and the normalized fold expression was calculated using the 2−ΔΔ Ct method. The primer sequences are listed in Table 1.
TABLE 1 | Primers used for qRT-PCR.
[image: Table 1]Western Blotting
The cells from each sample were collected and lysed in radioimmunoprecipitation (RIPA) buffer (Thermo Scientific), followed by centrifugation at 1,200×g for 10 min and subsequent collection of the supernatant. Western blotting was performed as previously described (Xiong et al., 2019). The primary antibodies were GAPDH (1:20,000, Proteintech, China), Lgr5 (1:1,000, Abcam, United States), TGF-β1 (1:1,000, Santa Cruz Biotechnology, United States), and β-catenin (1:1,000, Cell Signaling Technology, United States), and the secondary antibody was horseradish peroxidase-conjugated goat antimouse (1:10,000, Abcam, United States). Protein expression was observed and visualized by chemiluminescence using an Alpha Imager scanner (Tecan, Thermo Scientific).
Statistical Analysis
All data are expressed as the mean ± standard deviation, and statistical significance was determined using Student’s t-test. All statistical analyses were performed using SPSS (version 17.0). Statistical significance was set at p < 0.05.
RESULTS
AC010789.1 Expression is Downregulated in Patients With AGA
To investigate the role of lncRNAs in AGA, we used the gene expression microarray data set GSE84839, which included the data of three pairs of male scalp AGA and adjacent normal tissues. Analysis using the screening criteria of p < 0.05 and |log FC| > 1 revealed a total of 4,939 differentially expressed lncRNAs (4,239 upregulated and 700 downregulated). A volcano map was used to show the distribution of all differentially expressed lncRNAs (Figure 1A). AC010789.1, whose expression was significantly reduced in AGA scalp tissues compared with adjacent normal tissues, was selected for further analysis. To validate the results from the GSE84839 data set, we examined the expression level of AC010789.1 in clinical AGA scalp and adjacent normal tissues. The results showed that AC010789.1 expression was indeed downregulated in the AGA scalp tissues of patients (Figure 1B). These results strongly indicate that AC010789.1 expression is significantly downregulated in AGA scalp tissues and might be an essential predictive factor for patients with AGA.
[image: Figure 1]FIGURE 1 | AC010789.1 is downregulated in patients with AGA, and its overexpression promotes proliferation and differentiation of HFSCs. (A) Volcano plot of the GSE84839 microarray data set. (B) AC010789.1 was downregulated in scalp tissues compared with adjacent normal tissues of AGA patients. n = 6 (C) The HFSCs highly express K15. HFSCs were stained with green fluorescence, and all nuclei were stained with blue fluorescence. Scale bars indicate 100 μm. (D) The AC010789.1 overexpression HFSC cell lines were successfully constructed. (E–I) Overexpression of AC010789.1 increased cell abilities of differentiation and proliferation. Scale bars indicate 100 μm n = 3 *p < 0.05, **p < 0.01 and ***p < 0.001.
Overexpression of AC010789.1 Promotes Proliferation and Differentiation of HFSCs
HFSCs were isolated from normal hair follicle tissues, and immunofluorescence was performed to detect the hair follicle stem cell marker K15. As shown in Figure 1C, the HFSCs displayed a high expression of K15. To better understand the biological effects of AC010789.1 on AGA development, we constructed an AC010789.1 overexpression plasmid, which was subsequently transfected into HFSCs. The qRT-PCR results in Figure 1D show that AC010789.1 was successfully overexpressed, and the resulting HFSC line (AC010789.1-OE) was used for further study. The qRT-PCR analysis showed that overexpression of AC010789.1 significantly upregulated the expression of HFSC differentiation markers K6HF and Lgr5 (Figures 1E,F). Subsequently, CCK8 and EdU assays revealed that AC010789.1 upregulation also resulted in increased cell proliferation (Figures 1G–I). Taken together, these experiments reveal that AC010789.1 has important functions in regulating the proliferation and differentiation of HFSCs.
AC010789.1 Interacts With miR-21 to Participate in AGA Progression
LncRNAs can act as miRNA sponges to regulate downstream targets. Therefore, we predicted putative candidate AC010789.1-binding miRNAs using RNAhybrid v2.2 and identified hsa-miR-21-5p as a potential candidate (Figure 2A). Next, we demonstrated that the expression level of hsa-miR-21-5p negatively correlated with that of AC010789.1 in AC010789.1-OE samples (Figure 2B). Hence, we considered hsa-miR-21-5p to be a potential target of AC010789.1.
[image: Figure 2]FIGURE 2 | AC010789.1 interacts with miR-21 to participate in AGA progress and exploration on the pathogenesis of AGA. (A) RNAhybrid v2.2 showed the putative binding sites of miR-21-5p on AC010789.1. (B) Relative expression of miR-21-5p in AC010789.1-OE. n = 6 (C) Volcano plot of the GSE36169 microarray data set. (D) Venn diagram of upregulated and downregulated DEGs among the mRNA expression profiling sets GSE36169 and hsa-miR-21-5p targeted genes. *p < 0.05, **p < 0.01 and ***p < 0.001.
To further evaluate the mechanism by which AC010789.1 interacts with hsa-miR-21-5p in the pathogenesis of AGA, we analyzed the gene expression microarray data set GSE36169, which contained data of AGA and adjacent normal scalp tissues from five individuals. Analysis using the same screening criteria described above revealed a total of 198 differentially expressed genes (DEGs; 68 upregulated and 300 downregulated), which were represented on a volcano map (Figure 2C). Subsequently, we used the databases miRWalk and miRDB to predict the target genes of hsa-miR-21-5p and Venn diagram software to identify the genes that were common to both sets of analyses (Figure 2D). A total of 11 common genes (four upregulated and nine downregulated) were detected (Table 2).
TABLE 2 | Common genes crossed by DEGs and hsa-miR-21-5p target genes.
[image: Table 2]GO Annotation and KEGG Pathway Enrichment Analysis of DEGs
To further explore the pathogenesis of AGA, we performed GO and KEGG enrichment analyses to further reveal the enrichment status of the DEGs in terms of their MFs, BPs, CCs, and pathways. With regard to BPs (Figures 3A,E), the upregulated DEGs were mainly involved in GO:0050776 (regulation of immune response), GO:0030199 (collagen fibril organization), and GO:0006954 (inflammatory response), and the downregulated DEGs were mainly involved in GO:0008544 (epidermis development), GO:0001942 (hair follicle development), and GO:0007010 (cytoskeleton organization). In terms of CCs (Figures 3B,F), the majority of upregulated DEGs were components of GO:0005576 (extracellular region), GO:0005615 (extracellular space), and GO:0072562 (blood microparticles), and the downregulated DEGs were mainly components of GO:0005882 (intermediate filament), GO:0045095 (keratin filament), and GO:0005615 (extracellular space). For the MFs (Figures 3C,G), the upregulated DEGs were mainly involved in GO:0031720 (haptoglobin binding), GO:0004252 (serine-type endopeptidase activity), and GO:0048407 (platelet-derived growth factor binding), and the downregulated DEGs were mainly involved in GO:0005198 (structural molecule activity), GO:0005509 (calcium ion binding), and GO:0008013 (beta-catenin binding). KEGG pathway analysis was used to explore pathway enrichment of the DEGs (Figures 3D,H). The most upregulated DEGs were significantly enriched in hsa05143 (African trypanosomiasis), hsa05144 (malaria), and hsa05150 (Staphylococcus aureus infection), and the downregulated DEGs were mainly enriched in hsa05144 (malaria), hsa04151 (PI3K-Akt signaling pathway), and hsa04350 (TGF-beta signaling pathway).
[image: Figure 3]FIGURE 3 | GO annotation and KEGG pathway enrichment analysis of the DEGs through the DAVID database. (A,E) The category of “biological process” of upregulated DEGs and downregulated DEGs, respectively. (B,F) The category of “cellular component” of upregulated DEGs and downregulated DEGs, respectively. (C,G) The category of “molecular function” of the predicted TG of upregulated DEGs and downregulated DEGs, respectively. (D,H) The category of “KEGG” of upregulated DEGs and downregulated DEGs, respectively.
Comprehensive Analysis of the Common DEGs
Next, the PPI networks of the common DEGs were analyzed using GeneMANIA, and the 20 most relevant genes were identified. GPM6B, SOX10, MBP, PIM2, CDH19, PMP2, GPM6A, PTPRN, MAG, TNFRSF17, ENPP6, ENPP2, SP2, ITGAV, SPI1, PIGO, CD79A, ENPP7, PIGG, and ENPP5 were primarily associated with the PPI network of the upregulated common genes (Figure 4A), and COL6A1, GABRD, MLLT10, MFAP5, SGK1, RAI14, DDX17, HOXC4, MMP14, ADH1B, VAV2, EFNA5, PLA2G15, RAB31, PCK1, HOXA10, NRP1, ZKSCAN5, MBTPS2, and PRRX1 were primarily associated with the PPI network of the downregulated common genes (Figure 4B). Furthermore, all the common DEGs and their 20 most relevant network genes were analyzed by GO and KEGG enrichment analysis. For BP (Figure 4C), most of the genes were involved in GO:0002040 (sprouting angiogenesis), GO:0035987 (endodermal cell differentiation), and GO:0001525 (angiogenesis). For CC (Figure 4D), the genes were mainly components of GO:0005886 (plasma membrane) and GO:0031012 (extracellular matrix). With regard to MF (Figure 4E), a majority of the genes were involved in GO:0003705 (transcription factor activity, RNA polymerase II distal enhancer sequence-specific binding), GO:0019911 (structural constituent of myelin sheath), and GO:0002020 (protease binding). KEGG pathway enrichment analysis results showed that hsa04151 (PI3K-Akt signaling pathway) and hsa05221 (acute myeloid leukemia) were the most significantly enriched pathways of the genes (Figure 4F).
[image: Figure 4]FIGURE 4 | Comprehensive analysis of the common DEGs. (A) PPI network of the upregulated common DEGs. (B) PPI network of the downregulated common DEGs. (C) The category of “biological process” of the common DEGs and their most relevant genes. (D) The category of “cellular component” of the common DEGs and their most relevant genes. (E) The category of “molecular function” of the common DEGs and their most relevant genes. (F) The category of “KEGG” of the common DEGs and their most relevant genes.
AC010789.1 Targets the Wnt/β-Catenin Signaling Pathway to Regulate AGA Progression
According to the results of KEGG pathway enrichment analysis, a majority of the enriched pathways were highly associated with Wnt/β-catenin signaling (Figures 5A,B). Thus, we analyzed the mRNA and protein expression levels of several key genes of the Wnt/β-catenin pathway, including DKK-1, TGF-β1, Wnt10b, and β-catenin in AC010789.1-OE. The results showed that the expression of DKK-1 and TGF-β1 was significantly downregulated, whereas the expression of Wnt10b and β-catenin was significantly upregulated in AC010789.1-OE compared with control cells (Figures 5C–F). These data suggest that AC010789.1 may participate in AGA progression by regulating the Wnt/β-catenin pathway.
[image: Figure 5]FIGURE 5 | AC010789.1 targets with Wnt/β-catenin signaling pathway to participate in AGA progress. (A) The pathway interaction networks with Wnt/β-catenin signaling pathway. (B) KEGG map of Wnt/β-catenin signaling pathway. (C) The mRNA expression levels of DKK-1, TGF-β1, and Wnt10b in AC010789.1-OE. n = 9 (D–F) The protein expression levels of TGF-β1 and β-catenin in AC010789.1-OE. n = 3. *p < 0.05, **p < 0.01 and ***p < 0.001.
DISCUSSION
AGA is an androgen-dependent genetic hair loss disorder characterized by progressive microencapsulation of hair follicles and continuous shortening of the hair follicle growth period (Randall et al., 2000; Rathnayake and Sinclair, 2010). It is currently the most common clinical type of alopecia and can seriously affect a patient’s appearance, mental health, and social behavior. The most common first-line treatments for AGA currently include finasteride and minoxidil, but their application is hindered by limited efficacy, the need for long-term treatment, and inevitable complications. Hair transplant surgery, which involves hair follicle redistribution, is an effective method to improve the appearance of patients; however, as hair follicles cannot be regenerated, AGA patients with large areas of alopecia often have insufficient donor site hair follicles (Rogers, 2015). Therefore, it is necessary to explore the potential molecular mechanisms of AGA onset, progression, and hair follicle regeneration to design more effective treatments.
Several studies indicate that lncRNAs play essential roles in the occurrence and progression of various diseases and that they could be used as new diagnostic and treatment markers. For example, Wang et al. (2018) report that lncHOXA-AS2 promotes the progression of various human tumors by inducing epithelial–mesenchymal transition by directly inhibiting Bax expression, promoting c-Myc and Bcl-2 expression, and activating the Akt-MMP signaling pathway. Accumulating evidence now indicates that the deregulation of the expression of lncRNAs is strongly correlated with the onset and development of AGA (Bao et al., 2017; Zhu et al., 2020). In this study, we used the GSE84839 microarray data set from the GEO database and found that AC010789.1 was expressed to a lower level in AGA scalp tissues than in adjacent normal tissues, which was verified using clinical AGA samples. This suggests that low expression of AC010789.1 is associated with the progression of AGA.
HFSC aging, characterized by a reduction in stemness signatures and a concomitant increase in epidermal commitment, leads to a progressive miniaturization of hair follicles and ultimately, to the hair loss characteristic of AGA (Matsumura et al., 2016). Recently, accumulating evidence indicates that activating HFSCs could be an effective treatment for AGA. Zhang et al. (2020) found that vascular endothelial growth factor significantly reduced 5α-dihydrotestosterone-induced HFSC apoptosis by inhibiting the PI3K-Akt pathway, thereby delaying the progression of AGA. Kubo et al. (2020) used fisetin to induce a telogen-to-anagen transition in hair follicles by inducing the proliferation of HFSCs, thus promoting hair growth. Therefore, we hypothesized that AC010789.1 may promote hair growth by promoting the proliferation and differentiation of HFSCs. In the current study, we successfully isolated K15-positive HFSCs from hair follicles of patients with AGA and constructed an AC010789.1-overexpressing HFSC line. K6HF and Lgr5 are shown to be particularly good markers of hair differentiation and proliferation (Roh et al., 2004; Chen et al., 2020b), and we found that the expression of both marker genes as well as the cell proliferation rate were significantly higher in AC010789.1-OE than in the control group, indicating an important role of AC010789.1 in regulating HFSC functions.
Emerging evidence indicates that a large number of lncRNAs participate in a variety of biological functions by interacting with miRNAs and regulating their target genes (Huang, 2018). In this study, we found that AC010789.1 interacts with miR-21 to participate in the progression of AGA. Many reports show that miR-21 plays an essential role in the regulation of several diseases (Lakhter et al., 2018; Wang et al., 2020). To further explore how the interaction between AC010789.1 and hsa-miR-21-5p regulates the pathogenesis of AGA, the GSE36169 microarray data were downloaded, and the genes targeted by hsa-miR-21-5p were identified. A total of 198 AGA-related DEGs, including 11 common genes intersecting with hsa-miR-21-5p target genes, were identified by differential analysis with adjacent normal controls. GO annotation enrichment analysis was performed to explore the biological functions of the AGA-associated DEGs. The upregulated DEGs were primarily enriched in the BP category of immune and inflammatory responses. Previous studies show that an abundance of immune inflammatory cells in the bulge area of the hair follicle leads to the deregulation of the hair follicle microenvironment, thus impairing the normal function of HFSCs and resulting in alopecia (Wang and Higgins, 2020). Interestingly, the downregulated DEGs were directly related to hair follicle development (GO:0001942) and the hair cycle (GO:0042633). Subsequently, we extended the PPI network of the common genes and performed annotated enrichment analysis. Notably, the most downregulated common genes and their most relevant network genes were enriched in angiogenesis. Vascularization is closely related to hair growth (Gentile and Garcovich, 2019). The vascular system plays a vital role in maintaining the HFSC microenvironment, and angiogenesis helps to increase the blood supply of DPCs and promote hair growth. These findings enhance our understanding of the pathogenesis of AGA and the potential mechanism of interaction between AC010789.1 and miR-21-5p to delay the progression of AGA.
The TGF-β1 and Wnt signaling pathways are the most crucial pathways for maintaining a quiescent niche and regulating the proliferation and differentiation of HFSCs (Yang and Peng, 2010; Ge et al., 2019). Previous studies report that TGF-β1 promotes telogen-to-anagen transition in hair follicles, whereas the transition from anagen to telogen is significantly delayed in the hair follicles of TGF-β1 knockout mice (Foitzik et al., 2000; Daszczuk et al., 2020). The Wnt signaling pathway is the main regulatory pathway of biological development and a key driving factor for stem cells in most tissues (Nusse and Clevers, 2017). In the hair follicle, the Wnt signaling pathway plays a key role in starting the hair follicle cycle by initiating the proliferation response of HFSCs in the bulge area; HFSCs treated with Wnt pathway activator can quickly enter the proliferation period (Greco et al., 2009; Hawkshaw et al., 2020). Moreover, Leirós et al. (2017) found that Wnt pathway inhibitors (DKK-1) impair the differentiation of HFSCs, and the addition of promoters (Wnt10b) can reverse this effect in AGA. In addition, miR-21 is closely related to the Wnt/β-catenin signaling pathway. Previous studies reveal that inhibiting the expression of miR-21 can lead to upregulation of the Wnt/β-catenin pathway, thereby promoting cell activity (Hao et al., 2019; Liu et al., 2019). A recent study also reveals that lncRNA GAS5 competitively combined with miR-21 to regulate the epithelial–mesenchymal transition of human peritoneal mesothelial cells via activation of Wnt/β-catenin signaling (Fan et al., 2021). In this study, we conducted a comprehensive pathway analysis of the DEGs, common genes, and the genes most closely related in the PPI network to help us understand the molecular mechanisms underlying AGA progression. In line with our results, we found that the upregulated DEGs were highly enriched in the TGF-β signaling pathway, and a majority of the pathways were highly correlated with the Wnt/β-catenin signaling pathway. Further analysis showed that AC010789.1 overexpression induced the upregulation of Wnt10b and β-catenin, and downregulation of DKK-1 and TGF-β1. In summary, our results suggest that AC010789.1 regulates Wnt/β-catenin pathway activation, thereby enhancing the proliferation and differentiation of HFSCs and participating in AGA progression.
In summary, our data shows that AC010789.1 overexpression delayed AGA progression through the downregulation of hsa-miR-21-5p and promotion of the Wnt/β-catenin signaling pathway (Figure 6). Our findings provide a novel insight into the mechanism by which AC010789.1 promotes the proliferation and differentiation of HFSCs, which sheds light on the future development of lncRNA-based AGA therapies.
[image: Figure 6]FIGURE 6 | A schematic diagram shows how AC010789.1 delays AGA progression by targeting microRNA-21 and the Wnt/β-catenin signaling pathway.
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Although bone is an organ that displays potential for self-healing after damage, bone regeneration does not occur properly in some cases, and it is still a challenge to treat large bone defects. The development of bone tissue engineering provides a new approach to the treatment of bone defects. Among various cell types, mesenchymal stem cells (MSCs) represent one of the most promising seed cells in bone tissue engineering due to their functions of osteogenic differentiation, immunomodulation, and secretion of cytokines. Regulation of osteogenic differentiation of MSCs has become an area of extensive research over the past few years. This review provides an overview of recent research progress on enhancement strategies for MSC osteogenesis, including improvement in methods of cell origin selection, culture conditions, biophysical stimulation, crosstalk with macrophages and endothelial cells, and scaffolds. This is favorable for further understanding MSC osteogenesis and the development of MSC-based bone tissue engineering.
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INTRODUCTION
Bone is an important organ that serves a wide range of functions, including preserving vital internal organs and structures, providing the levers for muscles, maintaining mineral homeostasis, secreting growth factors and cytokines, and providing the environment for hematopoietic cell development (Clarke, 2008). It is mainly comprised of osteocytes, osteoblasts, osteoclasts and extracellular matrix (ECM), which maintains a dynamic balance between bone resorption and bone formation (Yang and Liu, 2021). Bone is a vascularized organ that can undergo self-healing after less severe damage. However, it is still a challenge for orthopedists to treat large segmental bone defects (Gage et al., 2018). In addition, an increasing number of people are suffering osteoporosis as the population ages, in which bone quality is decreased and adversely affects the treatment of bone injury (Tarantino et al., 2011). Thus, the development of strategies for bone healing and regeneration represents an area that is of great significance to improve patients’ function and quality of life (Guda et al., 2014).
Over the past few decades, increasing attention has been given to bone tissue engineering for the treatment of bone damage. Multiple factors are essential in bone tissue engineering, such as an ideal microenvironment, appropriate scaffolds, and viable cell populations (Li J. J. et al., 2018; Zhao et al., 2020). Mesenchymal stem cells (MSCs) are adult stem cells with self-renewal, multiple differentiation and immunomodulation functions and are regarded as promising seed cells for bone tissue engineering (Seong et al., 2010; Wang et al., 2013). MSCs reside in a variety of tissues, such as bone marrow, peripheral blood, adipose tissue, umbilical cord, and placenta (Hass et al., 2011). MSCs are multipotent cells that are able to differentiate into a determined mesenchymal lineage under specific conditions, such as osteoblasts, chondrocytes, adipocytes, muscle cells, neural cells and keratinocytes (Han et al., 2019). The cell fate and differentiation direction of MSCs depend on various factors, including the cell origin and viability, extracellular environment, and physical stimulation (Chen et al., 2016; Halim et al., 2020). The identification of appropriate approaches that support the osteogenic differentiation of MSCs is important for bone tissue engineering.
Several clinical trials have proven that MSC-based bone tissue engineering is safe and effective in promoting bone healing and leading to functional outcomes in patients, but the long-term therapeutic effect cannot be guaranteed (Giannotti et al., 2013; Morrison et al., 2018; Garcia de Frutos et al., 2020). It has been proposed that MSCs contribute to bone healing through three different approaches: differentiation and replacement (Garg et al., 2017), secretion of cytokines and extracellular vesicles (Marolt Presen et al., 2019; Tsiapalis and O'Driscoll, 2020), and immunomodulatory activity (Medhat et al., 2019; Weiss and Dahlke, 2019). It is still difficult to judge which is the most important way for MSCs to improve bone regeneration. Nevertheless, the regulation of MSC osteogenesis is conducive to improving the therapeutic effect of MSC-based bone tissue engineering. How to make MSCs differentiate into osteocytes or osteoblasts and maintain their physiological function has become a field of extensive research.
In this review, we overviewed the recent research progress in enhancement strategies for MSC osteogenesis, including improvement of methods in cell origin selection, culture conditions, biophysical stimulation, crosstalk with macrophages and endothelial cells, and scaffolds (Figure 1). This will aid the further development of MSC-based bone tissue engineering.
[image: Figure 1]FIGURE 1 | Developed methods for enhancing MSC osteogenic differentiation. Recent research progress on strategies for enhancing MSC osteogenic differentiation includes improvement of methods in cell origin selection, culture conditions, biophysical stimulation, crosstalk with macrophages and endothelial cells, and scaffolds.
OSTEOGENIC DIFFERENTIATION OF MSCS
A thorough understanding of the regulation of MSC osteogenesis requires familiarity with the normal osteogenic differentiation process of MSCs. It is indicated that MSCs are prone to give rise to preosteoblasts for the first step instead of directly differentiating into osteocytes. Preosteoblasts develop into mature osteoblasts, which synthesize bone matrix and then become entombed in the matrix as osteocytes (James, 2013). The whole process is regulated by numerous signaling pathways, such as transforming growth factor-β (TGF-β)/bone morphogenetic protein (BMP) signaling, Wingless-type MMTV integration site (Wnt) signaling, and Sonic Hedgehog (SHH) signaling (Figure 2). As the targets of these signaling pathways, runt-related transcription factor 2 (Runx2) and osterix (Osx) are key transcription factors in the process of MSC osteogenic differentiation (Pokrovskaya et al., 2020). BMPs are members of the TGF-β superfamily, of which BMP-2 (Hu et al., 2017), -4 (Querques et al., 2019), -6 (Friedman et al., 2006), -7 (Kim Y. et al., 2018), and -9 (Wu et al., 2021) are involved in the promotion of MSC osteogenesis. BMP-2 is the most widely studied BMP in MSC osteogenic differentiation, and its function is achieved through the activation of downstream signaling, including in Drosophila mothers against decapentaplegic protein (Smad)1/5/8 (Li et al., 2014; Aquino-Martinez et al., 2017) and mitogen-activated protein kinase (MAPK) (Kong et al., 2012). Wnt signaling is considered another central signaling pathway in the regulation of MSC osteogenesis. The proosteogenic effect of Wnt signaling on MSCs can be achieved through both β-catenin-dependent and β-catenin-independent signaling pathways (Fakhry et al., 2013; James, 2013; Li Y. et al., 2018). It is reported that Wnt/β-catenin activity is involved in the regulation of bone development and bone remodeling (Little et al., 2002; Day et al., 2005; Chen and Long, 2013). Meanwhile, inactivation of Wnt/β-catenin in MSCs in vitro causes significant inhibition of osteogenic differentiation and promotion of adipogenic or chondrogenic differentiation, indicating that Wnt/β-catenin signaling is important in determining whether MSCs will differentiate toward osteoblasts (Day et al., 2005; Zhou et al., 2019). The SHH signaling pathway also has a well-established effect on MSC osteogenesis at an early stage via the activity of the Gli transcription factor (James, 2013). The addition of SHH protein significantly stimulated MSC osteogenic differentiation and reduced MSC adipogenic differentiation (James et al., 2012). Interestingly, SHH signaling and BMP-2 signaling can interact with each other and synergistically promote osteogenic differentiation by regulating Smad activity in the murine MSC line C3H10T1/2 (Spinella-Jaegle et al., 2001; Yuasa et al., 2002).
[image: Figure 2]FIGURE 2 | Signaling pathways in the regulation of MSC osteogenic differentiation. BMP signaling, Wnt signaling, and SHH signaling pathways are involved in the modulation of MSC osteogenesis, and the targets are the transcription factors Runx2 and Osx. MSC, mesenchymal stem cell; BMP, bone morphogenetic protein; Wnt, wingless-type MMTV integration site; SHH, sonic hedgehog; Runx2, runt-related transcription factor 2; Osx, osterix.
HETEROGENEITY IN MSC OSTEOGENIC DIFFERENTIATION POTENTIAL
The International Society for Cellular Therapy has provided the following standard criteria for human MSCs: 1) must be plastic-adherent in standard culture conditions; 2) must have the capacity to differentiate into adipocytes, osteoblasts and chondroblasts; and 3) must express CD105, CD73 and CD90 and lack the expression of CD45, CD34, CD14 or CD11b, CD79α or CD19 and HLA-DR (Dominici et al., 2006). In recent years, increasing research has identified that MSCs are heterogeneous populations. It is well acknowledged that MSCs from different individual donors and tissue sources have different biological properties (Wang and Han, 2019). Moreover, MSCs can be divided into different subpopulations according to their expression of cell surface markers, which also exhibit unique characteristics and cellular functions. Thus, the selection and utilization of superior MSCs is fundamental to improve the therapeutic effect of bone tissue engineering.
Characteristics of Donors
The osteogenic differentiation potential of MSCs from donors of different ages has been studied. Gene expression analysis revealed that bone marrow-derived MSCs (BMSCs) from 3- and 6-month-old mice expressed similar levels of osteogenic differentiation-related genes (Bragdon et al., 2015). Tokalov et al. (2007) isolated BMSCs from rats of 2–48 weeks of age and reported that MSC osteogenesis was independent of donor age, as revealed by similar levels of calcium accumulation after osteogenic induction in vitro. Lee et al. (2021) demonstrated that the osteogenic differentiation potential of human BMSCs was not impaired in older donors, as shown by alizarin red staining. Similar results were found by Ding and his coworkers, who revealed that the osteogenic differentiation capacities of human adipose tissue-derived MSCs (ADSCs) between old age individuals and young age individuals were the same (Ding et al., 2013). These results suggest that MSC osteogenesis is independent of donor age, indicating that MSCs from elderly donors are eligible for bone tissue engineering in terms of osteogenic differentiation potential. However, Yang et al. (2014) analyzed the cellular properties of ADSCs isolated from 66 human donors (age: 10–70 years). Although they observed a trend in which the osteogenic differentiation ability of ADSCs declined as the donor age rose, it failed to reach statistical significance. Carvalho et al. (2021) found that the osteogenic differentiation potential of BMSCs from older fracture patients (60 and 80 years old) was inferior to that from younger fracture patients (30 and 45 years old), as evidenced by alkaline phosphatase (ALP) activity, calcium deposition, and osteogenic gene expression assays after 21 days under osteogenic differentiation conditions. The conflicting results obtained by these researchers might be due to the different cell sources, culture conditions, and evaluation methods used. The effect of donor age on the osteogenic differentiation capacity of MSCs remains controversial, and more related research is still needed.
Since bone formation and development are different between males and females, it is necessary to determine whether MSC osteogenesis was also sexually dimorphic. Leonardi et al. demonstrated that the osteogenic differentiation potential of human BMSCs was not affected by donor sex after 14 days of induction culture (Leonardi et al., 2008). Interestingly, Bragdon et al. (2015) revealed that the expression of bone-related genes in BMSCs derived from male mice and female mice was similar at 3 and 9 months, while at 6 months, BMSCs from female mice expressed these genes twofold greater than those from male mice. This suggests that at certain ages, MSC osteogenesis is different between males and females.
Tissue Sources
In bone tissue engineering, bone marrow, adipose tissue, dental pulp, and umbilical cord are widely used as tissue sources of MSCs (Seong et al., 2010). The osteogenic differentiation abilities of MSCs from these tissues are heterogeneous. Above all, comparisons are often made between the osteogenesis of BMSCs and ADSCs. Lotfy et al. (2014) compared the characteristics of rat-derived BMSCs and ADSCs and found that BMSCs were more prone to differentiate into osteocytes after 2–3 weeks of induction culture than ADSCs. Similarly, Zaminy et al. (2008) studied the effects of melatonin on the osteogenic differentiation of rat-derived MSCs and concluded that BMSCs had greater potential for osteogenic differentiation than ADSCs, as determined by ALP activity and matrix mineralization assays. In addition, Lee et al. (2017) seeded dog-derived BMSCs and ADSCs on three-dimensional (3D)-printed polycaprolactone/tricalcium phosphate (PCL/TCP) scaffolds. When the composites were subjected to an in vitro osteogenic differentiation assay, the expression of genes associated with ossification was higher in BMSCs. These results indicate that BMSCs may represent a better candidate for bone tissue engineering than ADSCs regarding MSC osteogenesis. Dental pulp-derived MSCs (DPSCs), originating in the neural crest, are characterized by a fast proliferation rate and the capacity to differentiate into multiple cell lineages and have been widely used in the regeneration of periodontal bone defects (Ferro et al., 2014; Amghar-Maach et al., 2019; Lorusso et al., 2020). Pettersson et al. (2017) compared the osteogenic differentiation potential of DPSCs with jawbone-derived MSCs (JBMSCs) in vitro and reported no significant difference in osteogenesis between them. In other studies, it was demonstrated that DPSCs possessed a stronger ability to differentiate into osteoblasts than BMSCs both in vitro and in vivo (Ito et al., 2011; Jensen et al., 2016; Kumar et al., 2018). Wharton’s jelly derived MSCs (WJMSCs) appear to be another good choice for bone regeneration (Liu et al., 2017; Ansari et al., 2018; Kosinski et al., 2020). The osteogenic commitment in WJMSCs has been identified and was reported to be poorer than that in BMSCs and ADSCs (Zajdel et al., 2017; Cabrera-Perez et al., 2019). On the other hand, WJMSCs have reached a more advanced stage of immunomodulation action and proliferation ability, which deserves to be taken into account for bone tissue engineering (Kalaszczynska and Ferdyn, 2015; Vieira Paladino et al., 2019).
Expression of Surface Markers
In recent years, increasing evidence has suggested that MSCs derived from the same tissue source express different surface markers, which reflect their different origins, statuses, and osteogenic differentiation potential (Table 1). CD73 is a well-known surface marker for MSCs in humans and mice. CD73+ mouse BMSCs were proposed to have increased “stemness” and greater osteogenic differentiation potential in vitro than CD73− mouse BMSCs. When used to repair bone fractures in mice, CD73+ BMSCs also displayed an enhanced ability to promote fracture healing (Kimura et al., 2021). Gullo and De Bari (2013) used the combination of CD73 and CD39 (ectonucleoside triphosphate diphosphohydrolase 1, ENTPD1) to purify human synovial membrane-derived MSCs (SMSCs) and confirmed that CD73+CD39+ SMSCs exhibited significantly greater chondro-osteogenic potency than CD73+CD39− SMSCs. CD200 is another potential new marker of BMSCs. Kim H. J. et al. (2018) evaluated the effect of CD200 on the cellular function of human BMSCs and found that CD200 overexpression significantly enhanced the osteogenic differentiation potential of BMSCs. In addition, Kouroupis et al. (2020) revealed that the expression of CD10 was associated with improved differentiation potential of human ADSCs. Ding et al. (2020) demonstrated that both CD10+ and CD10− human adventitial cells exhibited phenotypic features of MSCs. Compared with their CD10− counterparts, CD10+ adventitial cells showed higher proliferation ability and osteogenic differentiation potential. CD271, also known as low-affinity nerve growth factor receptor (LNGFR), has been regarded as an important surface protein of MSCs (Zha et al., 2021). Quirici et al. (2002) investigated the expression and function of CD271 in human BMSCs and demonstrated that CD271+ BMSCs exhibited greater CFU-F activity and adipogenic and osteogenic differentiation abilities, indicating that CD271 might be a “stemness” marker of BMSCs. Similar results were found in mouse and human ADSCs (Yamamoto et al., 2007; Barilani et al., 2018). However, it was challenged by Mikami and his colleagues, who found that the expression of CD271 could inhibit multipotential differentiation of DPSCs, including osteogenic differentiation (Mikami et al., 2011). These findings indicate that the effects of CD271 on different types of MSCs might be different or even opposite. In addition, CD271 expression is not consistently detectable in MSCs from fetal tissues, such as Wharton’s jelly, umbilical cord blood, and amniotic fluid, indicating that CD271 might not be an appropriate marker for the identification of functional subpopulations in fetal tissue-derived MSCs (Barilani et al., 2018). CD146, also known as melanoma cell adhesion molecule, is an adhesion molecule belonging to the immunoglobulin superfamily and is expressed in various types of MSCs. Ulrich et al. (2015) investigated the effect of CD146 on osteogenic differentiation of human placenta-derived MSCs (PDSCs) and demonstrated that CD146+ PDSCs had higher osteogenic differentiation and mineralized extracellular matrix production abilities than CD146- PDSCs in vitro, indicating that CD146+ PDSCs might present a PDSC subpopulation that was predetermined to differentiate into osteoblasts. However, Paduano et al. (2016) found that CD146Low human periapical cyst MSCs (PCy-MSCs) displayed stronger osteogenic differentiation potential than CD146High PCy-MSCs. This variation might be attributed to the different types of MSCs they used. The role of CD146 in MSC osteogenesis requires more comprehensive and accurate research.
TABLE 1 | Osteogenic differentiation potential different MSC subpopulations.
[image: Table 1]CULTURE CONDITIONS
In general, MSCs isolated from tissues need to be cultured and expanded in vitro before in vivo transplantation. The improvement of culture conditions might be an efficient approach to enhance MSC osteogenesis. It is well recognized that conventional 2D culture is unable to mimic the in vivo 3D MSC niche, which is characterized by cell-cell and cell-ECM interactions. The drawback of 2D culturing methods has currently promoted the development of 3D MSC culture. In an effort to more closely recapitulate the in vivo microenvironment, both cellular properties and functions of MSCs, such as phenotype, differentiation ability and immunomodulatory action, can be preserved or enhanced by 3D culturing technologies (Kouroupis and Correa, 2021). Recent studies have compared the osteogenic differentiation abilities of MSCs in 2D monolayers and 3D culture systems. It was demonstrated that MSCs in 3D culture systems (e.g., scaffolds and microcarriers) exhibited spread morphology and were more prone to differentiate into osteoblasts than MSCs in 2D cultures, indicating that 3D cultures might be more suitable for bone tissue engineering (Brennan et al., 2015; Shekaran et al., 2015). In addition, flow perfusion culture has been shown to enhance osteoblastic differentiation and ECM deposition of MSCs compared to static culture (Holtorf et al., 2005). Mitra et al. (2017) cultured human BMSCs in macroporous scaffolds in direct perfusion bioreactors and found that continuous dynamic culture conditions could significantly promote BMSC osteogenic differentiation, as shown by enhanced osteogenic gene expression and ectopic bone formation. In addition, MSC 3D spheroids have shown increased osteogenic differential potential compared to monolayer cultured MSCs (Griffin et al., 2017; Kim et al., 2019). Saleh et al. (2016) revealed that Wnt signaling was activated in MSC spheroids but not 2D cultured MSCs during osteogenic differentiation. Interestingly, Sankar et al. (2019) used a 3D double strategy for osteogenic differentiation of human ADSC spheroids on patterned poly (lactic-co-glycolic acid) (PLGA)/collagen/hydroxyapatite (HA) electrospun fiber mats and found that the osteogenic differentiation of ADSCs was significantly enhanced even in the absence of osteogenic induction culture medium.
Several studies have shown that aged MSCs after long-term in vitro expansion exhibit decreased osteogenic differential potential (Yu et al., 2014; Bertolo et al., 2016; Yang et al., 2018). Senescence is associated with the impaired differentiation ability of late-passage MSCs, which show decreased colony-forming unit (CFU) activity, reduced proliferation capacity, and increased senescence-associated β-galactosidase activity and gene expression (Bertolo et al., 2016; Grotheer et al., 2021). Thus, it is suggested that MSCs at early passages are more appropriate candidates for bone tissue engineering. Oxidative stress is another factor that could impact the behaviors of MSCs, including their proliferation, differentiation and immunomodulation functions. Increased reactive oxygen species (ROS) usually promote MSC adipogenesis but impair MSC osteogenesis (Denu and Hematti, 2016). Binder et al. (2015) indicated that reduced serum (5%) and hypoxic conditions (5%) in culture medium could enhance osteogenic differentiation in human BMSCs. Similar effects of hypoxia were also found in human PDSCs (Gu et al., 2016) and ADSCs (Fotia et al., 2015). However, MSCs exposed to excessively low oxygen content (1%) demonstrated decreased osteogenic differentiation capacity, which is associated with increased expression of hypoxia inducible factors (HIFs) and Notch1 (Tamama et al., 2011; Yang et al., 2019). In addition, it has been proposed that MSC osteogenesis is influenced by the glucose content in the culture medium. Aswamenakul et al. (2020) confirmed that human BMSC osteogenesis was reduced under high glucose conditions (10, 25, and 40 mM), as revealed by Alizarin red S staining and ALP activity assays.
BIOPHYSICAL STIMULATION
Physical stimulation has been proposed to affect MSC fate and differentiation by initiating or strengthening biochemical signaling (Wang and Chen, 2013; Huang et al., 2015). The effects of mechanical stimulation, electric field, and electromagnetic field on MSC osteogenesis have been widely investigated over the past few years.
Mechanical Stimulation
Since the promotion of exercise on bone repair and reconstruction in clinical settings is well recognized, the effect of mechanical stimulation on MSC osteogenesis is worth exploring. Hu et al. (2013) conducted a study in which they delivered noninvasive dynamic hydraulic stimulation (DHS) to rat mid-tibiae and found that BMSCs in the stimulated tibiae were induced into osteoblasts in a time-dependent manner. In addition, Gharibi et al. (2013) seeded human BMSCs onto calcium phosphate scaffolds and subjected the composite to an appropriate pulsating compressive force (5.5 ± 4.5 N at a frequency of 0.1 Hz). Gene expression analysis showed that Runx2 was significantly upregulated after 22 h of loading. Kang et al. (2012) examined the impact of mechanical strain on the osteogenic differentiation of human umbilical cord-derived MSCs (UCMSCs) and revealed that mechanical strain (5% or 10% strain magnitude, 5 s of stretch and 15 s of relaxation) decreased the protein expression of MSC surface antigens, such as CD73, CD90, and CD105, while increasing the gene expression of osteogenic markers, such as osteopontin (OPN), osteonectin (ON), and type I collagen (COL I). Similar results were reported by Li and his coworkers in rat BMSCs, who demonstrated that the gene expression of Runx2 and Osx and the production of COL I were more strongly induced in cells subjected to mechanical strain (5% strain magnitude, 6 h/day, 10 times/min) compared to those in unstrained groups (Li et al., 2015). The underlying mechanism by which mechanical stimulation regulates MSC osteogenesis has been investigated. It has been proposed that cell–cell and cell-ECM adhesion is the major structure for MSCs to sense mechanical stimulation. Integrin is a transmembrane protein on MSCs and acts as a bridge between the ECM and intracellular actomyosin cytoskeleton in mechanical transmission, resulting in the activation of downstream signaling pathways (Sun et al., 2021). Qi et al. (2008) indicated that mechanical strain was able to promote BMSC osteogenesis through upregulation of the transcription factors core binding factor alpha 1 (Cbfa1) and v-ets erythroblastosis virus E26 oncogene homolog 1 (Ets-1). In addition, Chen et al. (2018) demonstrated that mechanical stretching could improve MSC osteogenic differentiation through activation of the AMP-activated protein kinase (AMPK)-silent information regulator type 1 (SIRT1) signaling pathway.
Electrical Stimulation
Electrical stimulation has emerged as a useful tool to enhance MSC osteogenic differentiation and bone healing. It was found that exposing human BMSCs to an appropriate electrical current (10 or 40 mA, 10 Hz, sinusoidal waveform, 6 h/day) resulted in enhanced osteogenic differentiation, as evidenced by significantly increased expression of the osteogenic marker genes Runx2, Osx, OPN and osteocalcin (OCN) (Creecy et al., 2013). Similar findings were achieved by Zhang and his coworkers in human ADSCs (Zhang et al., 2018). Eischen-Loges et al. (2018) reported that treatment with electrical stimulation (100 mV/mm, 1 h/day) significantly promoted rat BMSC osteogenic differentiation, and this effect lasted a maximum of 7 days after electrical stimulation was discontinued. Furthermore, Leppik et al. (2018) combined ADSCs, β-TCP scaffolds and electrical stimulation (1.2 V, 80 mAh) to treat large bone defects in rats and found that bone healing was more strongly improved in the electrically stimulated group than in the control group. Interestingly, Hou et al. efficiently initiated the process of MSC osteogenic differentiation by optimizing electrical stimulation parameters based on the calcium spike patterns of MSCs (Hou et al., 2019). The effects of electrical stimulation on cellular properties and functions are known to be achieved through induction of conformational changes in voltage-sensitive proteins, reversible pore formation in plasma membranes, Ca2+ influx, and activation of various signaling pathways (Thrivikraman et al., 2018; Ning et al., 2019). It has been demonstrated that electric fields were able to induce activation of the wnt/β-catenin signaling pathway and BMP signaling pathway (Zhang et al., 2014; Kwon et al., 2016). However, how electrical cues are transferred into intracellular molecular signals that result in MSC osteogenic differentiation remains unclear and needs further investigation.
Magnetic Stimulation
Magnetic stimulation is another physical approach to regulate MSC osteogenic differentiation. Kim et al. (2015) evaluated the effects of static magnetic field treatment on the osteogenic differentiation of human BMSCs. Their results demonstrated that a moderate intensity (15 mT) magnetic field promoted osteoblastic differentiation in BMSCs, as determined by increased ALP activity, mineralized nodule formation, calcium content, and expression of osteogenic markers, such as Run×2, Osx, OCN, ON, OPN, COL I and bone sialoprotein 2 (BSP2) In another study, Ceccarelli et al. investigated the effects of pulse electromagnetic field (PEMF) (magnetic field intensity: 2—0.2 mT, electric tension amplitude: 5—1 mV, 75—2 Hz, pulse duration: ∼1.3 msec) exposure on the osteogenic differentiation of human BMSCs and ADSCs. Bone-related ECM deposition was more strongly induced in BMSCs than in ADSCs, indicating that the promoting effect of PEMFs might be more efficient in BMSCs (Ceccarelli et al., 2013). It has been proposed that cells respond to magnetic stimulation with changes in cytoskeleton remodeling, membrane potential, ion channel gating, and targeted gene expression (Zablotskii et al., 2018). However, the underlying mechanism by which magnetic stimulation promotes MSC osteogenic differentiation has not been revealed and needs to be studied in the future.
CROSSTALK WITH MACROPHAGES AND ENDOTHELIAL CELLS
Macrophages, key cells of innate immunity, can be found in nearly all tissues during inflammation and infection. The important roles of macrophages in the secretion of anti-inflammatory factors and the recruitment and regulation of the differentiation of MSCs during bone healing have been revealed in recent years (Pajarinen et al., 2019). In response to environmental signals, macrophages can undergo polarization into the M1 phenotype (related to the inflammatory response) and M2 phenotype (related to inflammation resolution and tissue regeneration) (Sinder et al., 2015; Pajarinen et al., 2019). Gong et al. utilized cocultures of mouse macrophages and BMSCs to investigate the effects of macrophages with different phenotypes on mediating MSC osteogenic differentiation. They found that osteogenic markers, ALP activity, and bone mineralization were increased in MSCs cocultured with M2 macrophages but decreased in MSCs cocultured with M1 macrophages. The effects might be regulated by M2 macrophage-derived pro-regenerative cytokines, such as TGF-β, VEGF, and IFG-1, and M1 macrophage-derived inflammatory cytokines, such as IL-6, IL-12, and TNF-α (Gong et al., 2016). Similar results were obtained by Zhang and his coworkers in human ADSCs (Zhang et al., 2017). It was suggested that the soluble proteins BMP-2, -6 and oncostatin M (OSM) produced by M2 macrophages and related signaling pathways might be involved in the promotion of MSC osteogenic differentiation (Zhang et al., 2017; Wang et al., 2021). In addition, Luo et al. (2020) indicated that macrophages stimulated BMSC osteogenesis by reducing intracellular ROS, which was increased during osteogenic differentiation. However, researchers found that in a 3D coculture system, both M1 and M2 macrophages inhibited the osteogenic differentiation of human ADSCs (Tang et al., 2019). The conflicting conclusions might be due to the use of different cell ratios, culture times and means, and polarization methods for macrophages. Therefore, the role of macrophages in the osteogenic differentiation of MSCs needs to be investigated more comprehensively and accurately.
It is well recognized that angiogenesis is mandatory for successful bone repair. The crosstalk between endothelial cells and MSCs has been studied in the past decade. The coculture of endothelial progenitor cells and MSCs is proposed to have a synergistic effect in terms of angiogenesis and bone formation, in which endothelial progenitor cells promote osteogenesis, and conversely, MSCs foster angiogenesis (Bouland et al., 2021). Gershovich et al. (2013) evaluated the effects of coculturing BMSCs and human umbilical vein endothelial cells on BMSC osteogenic differentiation and found that ALP activity, collagen production, and calcium nodule formation were significantly promoted. Chen et al. cocultured rabbit endothelial progenitor cells and peripheral blood-derived MSCs (PBSCs) on a 3D calcium phosphate bioceramic scaffold and found that the expression of osteogenic- and vascular-related genes was increased in vitro. When the cell-scaffold construct was used to repair large bone defects in rabbits, both new bone and promoted vascularization were observed in vivo (Chen et al., 2019). Similar results were obtained by Liang et al. (2016), who utilized cocultures of rat EPCs and BMSCs to treat alveolar bone defects in rats. The underlying mechanism by which endothelial cells regulate MSC osteogenic differentiation has been partly revealed. It has been proposed that endothelial cells directly interact with MSCs and regulate MSC osteogenesis via gap and adherence junctions (Bouland et al., 2021). In addition, endothelial cells can promote MSC osteogenic differentiation through the secretion of growth factors, such as BMP-2, endothelin-1 (ET-1), and insulin-like growth factor (IGF), which interact with specific membrane receptors on MSCs (Grellier et al., 2009). Xu et al. (2020) indicated that the MAPK signaling pathway was involved in the regulation of endothelial progenitor cells on MSC osteogenic differentiation. They found that silencing the expression of p38 resulted in decreased osteogenic gene expression, ALP activity, and calcium deposition in cocultured MSCs.
SCAFFOLD
The scaffold is an essential component of bone tissue regeneration, which supports MSC adhesion and survival by providing a 3D structure and forming the cell niche. In addition, both the composition and structure of scaffolds can regulate MSC fate and behaviors, such as cell migration, proliferation and differentiation (Garcia-Sanchez et al., 2019). Thus, culturing MSCs onto scaffolds may be an efficient approach to improve the engraftment of MSCs and the therapeutic effects of MSC-based bone tissue engineering. Designing an appropriate scaffold for bone healing has been a focus of research in bone tissue engineering, in which the stimulatory effect on MSC osteogenesis is an important aspect (Table 2).
TABLE 2 | The effects of scaffolds on MSC osteogenic differentiation.
[image: Table 2]The composition is a key factor that needs to be taken into account when designing scaffolds to enhance MSC osteogenesis. Many different materials have been applied to fabricate scaffolds in bone tissue engineering, including natural and synthetic materials. Natural materials, such as collagen, ECM, calcium phosphate, chitosan, hyaluronic acid, silk fibroin and alginate, are widely used due to their high biocompatibility and biodegradability (Tang et al., 2021). Of these, collagen, ECM and calcium phosphate are probably most commonly used because of their abilities to replicate the properties of the bone microenvironment and to promote MSC osteogenic differentiation (Curry et al., 2016; Dong and Lv, 2016). For example, Salgado et al. (2019) developed an HA/collagen scaffold that was modified with phosphorylated amino acids. The results of ectopic bone formation analysis showed that the scaffold could promote osteogenic differentiation and bone-related ECM deposition of human BMSCs. In another study, Caliari and Harley (2014) endowed the collagen/glycosaminoglycan scaffold with the ability to promote osteogenic differentiation of human BMSCs by incorporation of a calcium phosphate mineral phase. However, their applications in bone tissue engineering are limited by unsatisfactory mechanical strength and rapid degradation rate. Thus, they are often used in conjunction with synthetic polymers, which possess low biocompatibility but sufficient mechanical strength. For example, Silva et al. (2020) coated human BMSC-derived ECM on a 3D polycaprolactone (PCL) scaffold and demonstrated that the composite scaffold was able to modulate BMSC behavior in favor of differentiation into osteoblasts. Recently, the application of biodegradable metals and their alloys has shown broad prospects in bone fracture healing. Increasing evidence demonstrates that calcium (Ca) and magnesium (Mg) ions are able to promote the osteogenic differentiation of MSCs (Park et al., 2019; Hohenbild et al., 2021). Hussain et al. (2014) found that rat BMSCs seeded on gelatin scaffolds incorporating magnesium calcium phosphate exhibited enhanced osteogenic differentiation, as shown by increased ALP activity. Yuan et al. (2019) developed injectable PLGA microspheres with tunable Mg2+ release and confirmed that they were able to promote rat BMSC osteogenic differentiation in vitro and result in significant bone regeneration in vivo.
In addition, the microstructure of the scaffold is also proposed to have an impact on the osteogenic differentiation of MSCs. The porosity and appropriate pore size of the scaffold were considered influencing factors for MSC osteogenesis (Kasten et al., 2008). Urquia Edreira et al. (2016) conducted a study in which they cultured human ADSCs on calcium phosphate scaffolds with hemispherical concavities of various sizes (440, 800 or 1800 μm). They revealed that ADSCs seeded on scaffolds with 440 and 800 μm concavities, but not with 1800 μm concavities, exhibited enhanced osteogenic differentiation. Ferlin et al. (2016) investigated the impact of pore geometries on human BMSC osteogenic differentiation and found that osteogenic marker expression at early timepoints was increased in BMSCs cultured on scaffolds with cylindrical pores, while BMSCs cultured in scaffolds with ordered cubic pores expressed late osteogenic markers, suggesting that ordered cubic pores might be more suitable for the promotion of MSC osteogenic differentiation. However, the underlying mechanism is not fully understood and needs further investigation. In addition, based on the advancement of manufacturing technology, 3D printing technology has been applied to fabricate porous scaffolds with 3D architecture, good biocompatibility, and bone induction function (Wang et al., 2020). For example, Prasopthum et al. fabricated 3D printed polymer scaffolds with micro/nanosurface pores (0.2–2.4 μm) and found that they were able to promote human BMSC osteogenic differentiation in the absence of soluble differentiation factors (Prasopthum et al., 2019). Recently, the application of nanomaterial-based scaffolds in bone tissue engineering has also received much attention, showing improved bone regeneration effects compared with conventional scaffolds. It has been proposed that nanomaterials can promote MSC osteogenic differentiation due to their specific chemical, physical and mechanical properties (Zhang et al., 2021). The commonly used nanomaterials in bone tissue engineering include metals and their derivatives, bioactive ceramics, carbon nanomaterials and polymers (Ye et al., 2020). For example, Las Amaral et al. (2019) designed a barium titanate nanoparticle/alginate scaffold that exhibited highly interconnected pores and surface nanotopography. The osteogenic differentiation of human DPSCs seeded on it was enhanced, as indicated by upregulated gene expression of BMP-2 and ALP.
Another strategy for inducing MSCs into osteoblasts is to design scaffolds containing spatially graded bioactive molecules. For example, Wang et al. (2018) constructed a chitosan-agarose-gelatin scaffold that was modified with chitosan oligosaccharide/heparin nanoparticles, which could sustainably release BMP-2 and induce mouse BMSC differentiation towards osteoblasts. Pullisaar et al. (2014) coated a titanium dioxide (TiO2) scaffold with alginate hydrogel containing simvastatin and found that human ADSCs seeded on it were more strongly induced into osteoblasts, as demonstrated by increased expression of osteogenic genes and proteins, compared with TiO2 scaffolds without simvastatin. Recently, exosomes have been introduced into bone tissue engineering, which also shows an osteogenic induction effect on MSCs (Qi et al., 2016; Yahao and Xinjia, 2021). Zhang et al. (2016) loaded human-induced pluripotent stem cell-derived MSC-derived exosomes on β-TCP scaffolds and confirmed that the composite was able to efficiently enhance the osteogenic differentiation of human BMSCs.
CONCLUSION AND PERSPECTIVE
MSCs represent one of the most promising cell types in bone tissue engineering, in which researchers are always making efforts to guide MSCs to efficiently differentiate toward osteoblasts. In the present review, we provide an overview of recently developed strategies for enhancing osteogenic differentiation of MSCs, including selection of optimal cell origin, improvement of culture conditions, application of biophysical stimulations, crosstalk with M2 macrophages and endothelial cells, and fabrication of appropriate scaffolds. Although significant advances in the development of methods for promotion of MSC osteogenic differentiation have been achieved, there are still some issues that need to be resolved. First, numerous strategies display positive effects in promoting MSC osteogenic differentiation. However, the efficiency of different methods has not yet been compared. In addition, the safety and ease of applying these approaches also need to be considered before making a choice. Second, the in vivo microenvironment is quite different from that in vitro. Thus, the efficiency and safety of these methods should be evaluated in vivo. Third, the underlying mechanisms by which several methods regulate MSC osteogenic differentiation, such as how the presence of macrophages and magnetic fields increase MSC osteogenesis, remain unclear. Future research should focus on the signaling pathways leading to the response of MSCs to osteogenic stimulation.
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With the worldwide aging population, the prevalence of osteoporosis is on the rise, particularly the number of postmenopausal women with the condition. However, the various adverse side effects associated with the currently available treatment options underscore the need to develop novel therapies. In this study, we investigated the use of AQX-1125, a novel clinical-stage activator of inositol phosphatase-1 (SHIP1), in ovariectomized (OVX) mice, identifying a protective role. We then found that the effect was likely due to increased osteogenesis and mineralization and decreased osteoclastogenesis caused by AQX-1125 in a time- and dose-dependent manner. The effect against OVX-induced bone loss was identified to be SHIP1-dependent as pretreatment of BMSCs and BMMs with SHIP1 RNAi could greatly diminish the osteoprotective effects. Furthermore, SHIP1 RNAi administration in vivo induced significant bone loss and decreased bone mass. Mechanistically, AQX-1125 upregulated the expression level and activity of SHIP1, followed upregulating the phosphorylation levels of PI3K and Akt to promote osteoblast-related gene expressions, including Alp, cbfa1, Col1a1, and osteocalcin (OCN). NF-κB signaling was also inhibited through suppression of the phosphorylation of IκBα and P65 induced by RANKL, resulting in diminished osteoclastogenesis. Taken together, our results demonstrate that AQX-1125 may be a promising candidate for preventing and treating bone loss.
Keywords: AQX-1125, SHIP1, bone loss, osteoblast, osteoclast
INTRODUCTION
Bone homeostasis requires osteoclast-mediated removal of old or damaged bones and osteoblast-mediated formation of new bones. An imbalanced process, either due to excessive bone resorption and/or decreased bone formation, can lead to bone quality deterioration (Recker et al., 2004; Tranquilli Leali et al., 2009) and result in various bone conditions, including osteoporosis. Furthermore, the worldwide prevalence of osteoporosis is on the rise due to the aging population, which has also resulted in a growing number of postmenopausal women with osteoporosis (Looker et al., 2012). However, given the various severe side effects associated with currently available treatments, it is crucial to develop novel therapies to treat such conditions (Brumsen et al., 1997; Knopp-Sihota et al., 2013; Compston et al., 2019).
Increased bone formation, decreased bone resorption, or a combination of both effects may be a crucial therapeutic target for the treatment of osteoporosis. Osteoclasts, which are responsible for bone resorption, are tissue-specific multinucleated giant and cooperatively induced by the nuclear factor-κB ligand (RANKL) and the macrophage colony-stimulating factor (M-CSF) (Teitelbaum and Ross, 2003). The association of RANKL and its receptor RANKL recruits tumor necrosis factor receptor-associated factor 6 (TRAF6) and subsequent activation of downstream signaling molecules, including nuclear factor kappa-B (NF-κB), fos proto-oncogene (c-Fos), and mitogen-activated protein kinase (MAPK), leading to expression of osteoclast-related genes, such as the nuclear factor of activated T cells c1 (NFATc1) and tartrate-resistant acid phosphatase (TRAP) (Kim and Kim, 2016). Osteoblasts, the bone-forming cells, are derived from bone marrow mesenchymal stem cells (BMSCs) under the control of several transcription factors and signaling cascades. It has been shown that the Wnt/β-catenin pathway is involved in bone formation (Krishnan et al., 2006; Maupin et al., 2013), which promotes osteogenic differentiation of BMSCs through activation of Runt-related transcription factor 2 (Runx2) and inhibits peroxisome proliferator-activated receptor-γ (PPARγ) transcription to inhibit adipogenic differentiation of BMSCs (Bennett et al., 2005).
Studies have demonstrated that inositol phosphatase-1 (SHIP1) is strongly associated with the development of osteoporosis (Iyer et al., 2013). Specifically, SHIP−/− mice exhibit severe osteoporosis, which is considered to be the result of excessive osteoclast activity (Takeshita et al., 2002). Mechanistically, src homology 2 (SH2) domain–containing inositol phosphatase-1 (SHIP1) can suppress TREM2- and DAP12-induced signaling via connection with DAP12 in an SH2 domain–dependent manner and restrict the recruitment of PI3K to DAP12 (Peng et al., 2010). Furthermore, hematopoietic stem cells (HSCs) from SHIP-deficient mice exhibit defective repopulating and self-renewal capacity upon transfer to SHIP-competent hosts (Desponts et al., 2006). In addition, lower alkaline phosphatase (Alp) activity, which is required for bone formation mediated by osteoblasts, has been noted in bone marrow–derived SHIP1−/− osteoblasts, suggesting that osteoblast development and function might be directly impaired by SHIP1 deficiency (Hazen et al., 2009). Nonetheless, the aforementioned findings strongly indicate that SHIP1 is critical to maintain the balance between bone formation and bone resorption.
AQX-1125, also known as (1S,3S,4R)-4-[(3aS,4R,5S,7aS)-4-(aminomethyl)-7a–methyl-1-methylidene-octahydro-1H-inden-5-yl]-3-(hydroxymethyl)-4-methylcyclohexan-1-ol; acetic acid salt, is a novel, clinical-stage, low molecular weight activator of SHIP1, which has exhibited promising anti-inflammatory effects in a number of animal models of pulmonary inflammation (Stenton et al., 2013). Furthermore, oral AQX-1125 treatment of women with moderate to severe interstitial cystitis/bladder pain syndrome showed no serious adverse events, displaying a good tolerance profile (Nickel et al., 2016). As the effect of AQX-1125 on osteogenesis or/and osteoclastogenesis is yet to be established, in this study, we first carried out experiments in vitro to observe the molecule effect on osteogenesis or/and osteoclastogenesis, followed by in vivo demonstration of its protective functions in OVX-induced bone loss model.
MATERIALS AND METHODS
Reagents
AQX-1125 was purchased from MedChemExpress (MCE). The primary antibodies of GAPDH, PI3K, p-PI3K, Akt, p-AKT, P65, p-P65, IκBα, p- IκBα, SHIP1, Runx2, Alp, NFATc1, and c-Fos were acquired from ABclonal (Wuhan, China). Phalloidin and 4, 6-diamidino-2-phenylindole (DAPI) were purchased from Solarbio (Beijing, China). RANKL (the receptor activator of the nuclear factor kappa-B ligand) and M-CSF (macrophage colony-stimulating factor) were obtained from R&D Systems (Minnesota, USA). Cell culturing plates were purchased from NEST (Jiangsu, China). Minimum Essential Medium Alpha (α-MEM), Dulbecco’s Modified Eagle Medium: F-12 (DMEM/F-12), fetal bovine serum (FBS), penicillin, streptomycin, and trypsin were purchased from Gibco (Grand Island, NY, United States). The TRAP staining kit was obtained from Solarbio (Beijing, China).
Animal Model and Treatment
The ovariectomized mouse model was performed in specific pathogen-free (SPF) facilities, as previously described (Chen et al., 2017). All animal studies were performed according to protocols approved by the Laboratory Animal Center, Tongji Medical College, Huazhong University of Science and Technology, and were carried out as regulated by the Tongji Medical College Animal Care and Use Committee. Eight-week-old female C57BL/6 mice were randomly distributed into three groups (n = 3): the sham group (served as controls), model group (mice subjected to bilateral OVX and treated with vehicle), and treatment group (mice underwent bilateral OVX and treated with AQX-1125).
Briefly, mice were weighed and given general anesthesia with 1% pentobarbital by intraperitoneal injection and then subjected to bilateral OVX or a sham operation. Four weeks later, mice were treated with AQX-1125 (10 mg/kg) through intraperitoneal administration in the treatment group three times per week for 4 weeks. SHIP1-RNAi (5 nmol/20 g) was administrated through the tail vein to the mice in the treatment group twice a week for 4 weeks.
Preparation and Culture of BMSCs
Human bone marrow specimens were collected from the iliac crests of healthy volunteer donors. All samples were attained with signed informed consent. BMSCs were isolated by density gradient centrifugation, and adherent cells were harvested. Cells were cultured in DMEM/F12 medium containing 10% FBS and 1% penicillin–streptomycin solution. The cells from the third passage were used in subsequent experiments.
Preparation and Culture of Osteoclasts
Five-week-old male C57BL/6 mice were obtained from the Center of Experimental Animal, Tongji Medical College, Huazhong University of Science and Technology. Bone marrow–derived macrophages (BMMs) were prepared, as previously described (Xie et al., 2014). Briefly, bone marrow cells were obtained from mouse femurs and tibias. After elimination of red blood cells (RBCs) using RBC lysis buffer (Servicebio; Wuhan, China), the cells were incubated overnight in α-MEM medium (Gibco; Grand Island, NY, United States) supplemented with 10% FBS (Gibco) and 1% penicillin–streptomycin solution (Gibco). Nonadherent cells (stroma-free bone marrow cells) were incubated with 30 ng/ml M-CSF for 5 days to differentiate into osteoclast precursors (BMMs), which were then seeded into a 96-well culture plate at 1 × 104 cells/0.2 ml/well and differentiated into mature osteoclasts with 30 ng/ml M-CSF and 50 ng/ml RANKL.
Cell Counting Kit 8
For BMSCs, cells were seeded at a density of 5  ×  103 cells per well in 96-well plates and cultured overnight. Then, cell viability was tested 3 days after AQX-1125 treatment. For the BMMs, approximately 1 × 104 cells were seeded in 96-well plates and cultured overnight. Then, cells were incubated with various concentrations of AQX-1125 for 5 days in the presence of 30 ng/ml M-CSF and 50 ng/ml RANKL. The medium was replaced with serum-free medium containing the CCK-8 reagent and incubated for 2 h, followed by detection of absorbance at 450 nm.
Osteoclastogenesis Assay In Vitro
Approximately 1 × 104 BMMs were seeded into each well of a 96-well plate and cultured overnight. A differentiation medium (α-MEM medium, 10% fetal bovine serum, 1% penicillin–streptomycin solution, 30 ng/ml M-CSF, and 50 ng/ml RANKL) with or without AQX-1125 was used to induce osteoclast differentiation. After 5 days, TRAP staining was performed following the manufacturer’s instructions. TRAP-positive cells with more than three nuclei were regarded as osteoclasts. The osteoclastogenic ability was determined by analyzing the TRAP-positive area compared with the total area.
Pit Formation Assay
Approximately 1 × 104 BMMs were seeded into each well of a 96-well plate and cultured overnight. Then, cells were incubated without AQX-1125 in the presence of 30 ng/ml M-CSF and 50 ng/ml RANKL and the medium was changed every 2 days. After 5 days, TRAP staining was performed to detect the osteoclast formation. Then, osteoclasts were digested with collagenase and seeded into a Corning® Osteo Assay Surface 96-well Plate, and cultured for 4 days with AQX-1125 in the presence of 30 ng/ml M-CSF and 50 ng/ml RANKL. The culture medium was replaced and the surface was washed with 0.5% sodium hypochlorite. The plate was washed twice with PBS and left to dry at room temperature for 3 h. Finally, the resorbing area was visualized using a digital microscope system and analyzed with the ImageJ software.
Western Blotting
Cells (4 × 105 cells per well) were seeded into six-well plates and cultured overnight. After treatment, total protein was extracted using a RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 1% NP-40, and 0.5% sodium deoxycholate) with a proteinase inhibitor cocktail. Subsequently, 10 µg protein was subjected to 10% or 12.5% SDS-PAGE and electrophoretically transferred onto polyvinylidene fluoride (PVDF) membranes. After blocking with nonfat milk for 2 h, the PVDF membranes were incubated with specific antibodies at 4°C overnight. Next, the membranes were washed three times, each time for 10 min with TBS-T, and incubated with anti-rabbit secondary antibodies for 1 h at room temperature. After washing thrice with TBS-T, the membranes were incubated in a chemiluminescent substrate and visualized using the Bio-Rad Image Capture system.
Real-Time PCR
Total RNA was extracted using TRIzol (Invitrogen), according to standard protocols. The concentration and purity of RNA were measured at an optical density of 260 nm/280 nm. One microgram of total RNA was used to synthesize cDNA (Vazyme; Nanjing, China). Equal quantities of cDNA were subjected to qRT-PCR using the 2×AceQ qPCR SYBR Green Master Mix (Vazyme; Nanjing, China), while GAPDH was used as the control. The cycle threshold (Ct) values were collected. The ΔΔCt method was used to calculate the relative mRNA levels of each target gene. The primers are listed in Table 1.
TABLE 1 | Primer sequences.
[image: Table 1]Immunofluorescence Staining
Approximately 1 × 104 BMMs were seeded into each well of a 96-well plate and cultured overnight. For the actin ring formation assay, α-MEM medium supplemented with 10% FBS, 1% penicillin–streptomycin solution, 30 ng/ml M-CSF, and AQX-1125 (0, 50, 100, 200 nM) in the presence/absence of 50 ng/ml RANKL was used to induce osteoclast differentiation for 5 days. The cells were fixed in 4% paraformaldehyde (PFA) for 20 min at room temperature. Then, the cells were washed at least four times with PBS and stained with phalloidin (proteintech; Wuhan, China) for 1 h, followed by DAPI staining for 5 min. Finally, the cells were observed using a digital microscope system (IX81; Olympus, Japan).
For immunofluorescence staining of OCN, the femurs were collected from mice and fixed in 4% PFA for 4 days. The samples were subsequently decalcified for 2 weeks using 10% tetracycline-EDTA (Servicebio, Wuhan, China), and 4-μm-thick paraffin-embedded sections were prepared. Subsequently, the slices were dewaxed in xylene for 20 min and rehydrated with a graded series of alcohol for 5 min, followed by antigen recovery in the 10 mM citrate buffer. Endogenous peroxidase was quenched using 3% hydrogen peroxide for 15 min, and then, sections were blocked with 10% unimmunized donkey serum for 30 min after washing three times with PBS. After that, the slices were incubated with the OCN rabbit polyclonal antibody (1:100; ABcolonal, China) at 4°C overnight. The slices were washed three times with PBS and incubated with the horseradish peroxidase-conjugated secondary antibody (1:200; proteintech) at room temperature for 1 h, followed by DAPI staining for 5 min.
SHIP1 Small Interfering RNA Transfection
BMMs and BMSCs were incubated with SHIP1 small interfering RNA (siRNA; GENE; Shanghai, China) or nontarget control (NTC) siRNA (GENE; Shanghai, China) using the transfection reagents for 48 h, according to the manufacturer’s instructions. We verified the SHIP1 knockdown efficiency using qRT-PCR and Western blotting, followed by testing the differentiation capacity of BMSCs into osteoblasts and BMMs into osteoclasts. To enhance stability in serums and transfection efficiency, cholesterol, and methylation-modified siRNA, in vivo experiments were performed.
Micro-CT Analysis
Micro-computed tomography (micro-CT; Bruker SkyScan 1176 scanner mCT system) was used to analyze the femur structure. Setting the analysis conditions to 37 kV and 121 mA, 300 section planes were scanned. For the morphometric analysis, we obtained the following trabecular parameters, bone mineral density (BMD), bone volume/tissue volume (BV/TV), trabecular bone surface area/total value (BS/TV) and trabecular number (Tb. N).
Hematoxylin and Eosin Staining and TRAP Staining
The femurs were collected from mice and fixed in 4% PFA for 4 days. The samples were subsequently decalcified for 2 weeks using 10% tetracycline-EDTA (Servicebio), and 4-μm-thick paraffin-embedded sections were prepared for H&E staining and TRAP staining for further analysis. H&E and TRAP staining were carried out according to the kit instructions (Solarbio, Beijing, China). The images were obtained using a microscope, and histological analyses were performed by ImageJ software.
Alkaline Phosphatase and Alizarin Red S Staining
Osteogenic induction was performed by culturing cells in an osteogenic differentiation medium (Cyagen Biosciences) containing 10% (v/v) FBS, 1% (v/v) penicillin–streptomycin, 2 mM l-glutamine, 50 μM ascorbate, 10 mM β-glycerophosphate, and 100 nM dexamethasone. The culture medium was changed every 2–3 days. The BMSCs were induced in the osteogenic differentiation medium for 14 days. Cells were washed thrice with PBS, and then fixed with 4% PFA for 15 min. Finally, cells were stained with an Alkaline Phosphatase Assay Kit (Alp; Beyotime, Shanghai, China, #C3206), according to the manufacturer’s instructions.
Alizarin Red S staining was performed after 21 days of induction. After fixing with 4% PFA, each well was treated with Alizarin Red S solution (Cyagen Biosciences) and incubated in the dark for 30 min. Then, the images were obtained by microscopy. Finally, quantification of calcium deposition was performed by elution of AR-S with 10% (W/V) cetylpyridinium chloride in 10 mM sodium phosphate (PH 7.0) for 1 h at room temperature, and absorbance of the eluted dye was measured at 570 nm.
Statistical Analysis
All experiments were performed at least three times and are presented as the mean ± standard deviation (SD). One-way analysis of variance for three groups and Student’s t-test for two groups were performed using GraphPad Prism 5.0 (GraphPad Software). A value of p < 0.05 was considered statistically significant.
RESULTS
AQX-1125 Alleviates OVX-Induced Bone Loss In Vivo
To investigate whether AQX-1125 has protective effects in osteoporosis, we performed an ovariectomized mouse model mimicking postmenopausal osteoporosis. We observed extensive bone loss in the OVX groups using micro-CT. Intraperitoneal injection of AQX-1125 (10 mg/kg) for 4 weeks was shown to reduce the OVX-induced bone loss in the distal femur (Figure 1A). BMD, BV/TV, BS/TV and Tb.N were measured, and an increase in BMD, BV/TV, BS/TV, and Tb.N in the OVX + AQX-1125 group was observed compared to the OVX group (Figure 1B), as confirmed by H&E staining (Figures 1C,D). To investigate whether AQX-1125’s bone protective effects occurred through enhanced osteoblast differentiation and/or decreased osteoclast formation and activity, we performed immunofluorescence analysis of the levels of the OCN expression and TRAP staining in the femurs. As seen in Figures 1E,F, the OCN expression level was downregulated in OVX mice, while reduced level of the OCN expression was partly restored upon AQX-1125 stimulation. In addition, we also found that AQX-1125 administration could reduce the number of TRAP-positive cells in the femurs of ovariectomized mice (Figures 1G,H). Together, these results demonstrated that AQX-1125 could effectively rescue OVX-induced bone loss potentially via regulation of osteogenesis and osteoclastogenesis.
[image: Figure 1]FIGURE 1 | AQX-1125 alleviates OVX-induced bone loss in vivo. (A) Micro-CT analysis of the distal femurs from three groups (n = 3): sham, OVX, and OVX + AQX-1125 (10 mg/kg/bw). (B) Quantitative analysis of BMD, BV/TV, BS/TV and Tb. N. (C) Representative images of HE staining of the distal femur sections. Scale bars = 200 μm. (D) Quantitative analysis of trabecular (Tb) bone area in (C). (E) Representative immunofluorescence images of OCN in femurs from different groups. Blue: DAPI; red: OCN. Scale bars = 100 μm. (F) Quantification of the osteoblast number in (E). (G) Representative images of femurs stained with TRAP. Scale bars = 50 μm. (H) Histomorphometric analysis of the osteoclast number in (G). Data are presented as means ± SD from three independent experiments (*p < 0.05; **p < 0.01; and ***p < 0.001).
AQX-1125 Facilitates Osteoblast Differentiation
We first investigated the influence of AQX-1125 on osteoblast formation in vitro. Before the study, a CCK-8 analysis was performed to determine the appropriate assay concentration of AQX-11125. As seen in Figure 2A, no toxic effects were observed after incubation with an AQX-1125 concentration lower than 200 nM. Alp and alizarin red S staining were performed to detect osteoblast differentiation and mineralization. Alp- and alizarin red S–positive cells increased in the presence of AQX-1125 in a dose-dependent manner, which demonstrated that AQX-1125 could enhance osteoblast differentiation and mineralization (Figures 2B–D). Consistently, the osteogenic markers, including Alp, Cbfa1, Col1a1, and OCN genes were also markedly upregulated after induction with AQX-1125 (Figure 2E). These data showed that BMSCs after exposure to AQX-1125 were in a state of enhanced osteogenesis.
[image: Figure 2]FIGURE 2 | AQX-1125 facilitates osteoblast differentiation. (A) Effect of AQX-1125 on BMSCs viability. (B,C) BMSCs were cultured in osteogenic differentiation medium with various concentrations of AQX-1125, as indicated for 14 days (B, Alp staining) or 21 days (C, alizarin red staining. scale bars = 100 μm). (D) Matrix mineralization was assessed by quantitative analysis of alizarin red S staining in (C). (E) Relative mRNA expression level of Alp, Cbfa1, Col1a1, and OCN in BMSCs treated with AQX-1125, as indicated for 24 h. Data are presented as means ± SD from three independent experiments (*p < 0.05; **p < 0.01; and ***p < 0.001).
AQX-1125 Inhibits RANKL-Induced Osteoclast Differentiation In Vitro
To explore the effect of AQX-1125 on osteoclast formation in vitro, bone marrow macrophages (BMMs), a standard in vitro osteoclast differentiation model, were used. We performed CCK-8 assay to explore the effect of AQX-1125 on BMMs viability, suggesting that cell viability was comparable to that of the vehicle-treated cultures at lower doses below 200 nM (Figure 3A). After RANKL induction for 5 days, we observed significantly increased numbers of TRAP-positive cells. BMMs were then treated with AQX-1125 at various concentrations (0, 50, 100, 200 nM) in the presence of 30 ng/ml M-CSF and 50 ng/ml RANKL and we found that addition of AQX-1125 sharply suppressed osteoclast differentiation in a dose-dependent manner, as demonstrated by TRAP staining (Figure 3B). Osteoclasts with smaller size and fewer than eight nuclei were observed upon treatment with 200 nM AQX-1125 (Figure 3C), which was consistent with the qRT-PCR results (Figure 3D). Then, to evaluate the osteoclast activity, we detected actin ring formation of osteoclasts, which is considered to be a key process during the formation of mature osteoclasts. After treatment with various concentrations of AQX-1125, the actin ring became smaller in a dose-dependent manner, showing that AQX-1125 could impede actin ring formation in mature osteoclasts (Figure 3E). Furthermore, to verify the direct effect of AQX-1125 on osteoclast activity, we cultured BMMs in differentiation medium for 5 days in the absence of AQX-1125 and then verified osteoclast differentiation by TRAP staining (Figures 3F,G), which suggested that BMMs differentiated into osteoclasts, and no difference was seen in the osteoclast number and size in the absence of AQX-1125. Then, mature osteoclasts were cultured for 4 additional days with AQX-1125, and the bone resorption pits were analyzed to evaluate AQX-1125’s effect on the resorption activity of mature osteoclasts. The results indicated that treatment with AQX-1125 decreased the bone resorption area significantly compared with vehicle treatment (Figures 3H,I).
[image: Figure 3]FIGURE 3 | AQX-1125 inhibits RANKL-induced osteoclast differentiation in vitro. (A) Effect of AQX-1125 on BMMs viability. (B) BMMs were cultured in α-MEM medium with 30 ng/ml M-CSF and 50 ng/ml RANKL in the presence of various concentrations of AQX-1125, as indicated for 5 days. TRAP-staining and quantification of TRAP-positive cells. Scale bars = 100 μm. (C) Quantitative analysis was performed to assess TRAP-positive cells/total area, relative TRAP-positive cell size, and the number of nuclei in TRAP-positive cells. (D) BMMs were cultured for 24 h in the presence of different concentrations of AQX-1125 (0, 50, 100, 200 nM). The mRNA expression levels of NFATc1, c-Fos, Ctsk, and ACP5 were detected with qRT-PCR. (E) F-Actin ring formation assays were carried out to detect the effect of AQX-1125 on the generation of mature osteoclasts. The actin rings were detected using phalloidin by fluorescence microscopy following treatment with various concentrations of AQX-1125. Scale bars = 100 μm. (F) TRAP-staining and quantitation of TRAP-positive cells. BMMs were cultured for 5 days to differentiate into mature osteoclasts in differentiation medium in the absence of AQX-1125. Scale bars = 100 μm. (G) Quantitative analysis was performed to test TRAP-positive cells/total area. (H,I) Pit formation assay of osteoclasts and quantification of the pits area. The images were captured with a microscope. Scale bars = 100 μm. Data are presented as means ± SD from three independent experiments (*p < 0.05; **p < 0.01; ***p < 0.001).
AQX-1125 Promotes Osteoblast Differentiation via the PI3K/Akt Signaling Pathway
Studies have indicated that PI3K plays a central role in osteoblast differentiation and survival (Guntur and Rosen, 2011), and PI3K/Akt signaling activation by Wnt3a and heparin exhibits increased osteoblast differentiation (Ling et al., 2010). Therefore, we tested whether AQX-1125 increased osteoblast differentiation through activation of the PI3K/Akt signaling pathway. As shown in Figures 4A,B, Western blotting showed that treatment with AQX-1125 facilitated the phosphorylation of p-PI3K and p-Akt in BMSCs, which suggested that AQX-1125 significantly activated PI3K/Akt signaling pathway.
[image: Figure 4]FIGURE 4 | AQX-1125 promotes osteoblast differentiation via the PI3K/Akt signaling pathway. (A) Protein expression levels of PI3K, p-PI3K, Akt and p-Akt in BMSCs were detected by Western blotting after treatment with various concentration of AQX-1125 for 4 days. (B) Quantitative analysis of each immunoblot in (A). Data are presented as means ± SD from three independent experiments (*p < 0.05; **p < 0.01; ***p < 0.001).
AQX-1125 Suppresses the NF-κB Pathway during Osteoclastogenesis
In the last decade, studies have established that NF-κB signaling is involved in RANKL–induced osteoclastogenesis, and it has been proven that inhibition of NF-κB signaling is an effective strategy to suppress osteoclast formation and bone resorption activity (Abu-Amer, 2013). Therefore, NF-κB signaling plays a predominant function in osteoclast differentiation and activity. To investigate whether AQX-1125 inhibited osteoclastogenesis via the NF-κB signaling mechanism, we performed Western blotting assays of the NF-κB signaling pathway. In BMMs, we observed that AQX-1125 suppressed the RANKL-induced phosphorylation of IκBα and P65 (Figures 5A,B). These data showed that the AQX-1125 treatment suppressed RANKL-mediated NF-κB signaling activation.
[image: Figure 5]FIGURE 5 | AQX-1125 suppresses the NF-κB pathway in osteoclastogenesis. (A) Western blotting was used to test the phosphorylation levels of IκBα and P65 in the presence of 50 ng/ml RANKL after pretreatment with AQX-1125 for the indicated time. (B) Quantitative analysis of the Western blotting results. Data are presented as means ± SD from three independent experiments (*p < 0.05; **p < 0.01; ***p < 0.001).
Increased Osteogenesis and Decreased Osteoclastogenesis Induced by AQX-1125 are SHIP1-Dependent
To demonstrate that AQX-1125 predominantly exerted its effects through activation of SHIP1, BMSCs and BMMs were first transfected with either control siRNA or siRNA against SHIP1. To verify the transfection efficiency, the expression of the SHIP1 expression levels in BMSCs and BMMs were detected. These results showed that SHIP1 RNAi (SHIP1 siRNA) significantly decreased the SHIP1 mRNA level in BMSCs (Figure 6A) and BMMs (Figure 6D). Subsequently, Western blotting showed that AQX-1125 significantly activated the SHIP1 expression, followed by an increase in the Runx2 and Alp expression level in BMSCs (Figures 6B,C) and a diminished NFATc1 and c-Fos expression level in BMMs (Figures 6E,F), while the effects could be markedly reversed after pretreatment with SHIP1 RNAi (Figures 6B,C,E,F). Furthermore, after pretreatment with SHIP1 RNAi, reduced Alp activity and staining and increased osteoclast formation were observed compared with the control group, which had received no treatment with SHIP1 RNAi (Figures 6G,H). The results highlighted that the protective role against OVX-induced bone loss was likely to be SHIP1-dependent.
[image: Figure 6]FIGURE 6 | Increased osteogenesis and decreased osteoclastogenesis induced by AQX-1125 are SHIP1-dependent. (A) Gene expression level of SHIP1 in BMSCs after transfection with SHIP1 RNAi. (B) Protein expression levels of SHIP1, Runx2, and Alp in BMSCs with or without AQX-1125, were detected 4 days following transfection with SHIP1 RNAi. (C) Quantitative analysis of each immunoblot in (B). (D) Gene expression level of SHIP1 in BMMs after transfection with SHIP1 RNAi. (E) BMMs were treated with or without AQX-1125 for 3 days in the presence of M-CSF and RANKL. The expression levels of SHIP1, NFATc1, and c-Fos was measured with Western blotting. (F) Quantitative analysis of each immunoblot in (E). (G) BMSCs were transfected with SHIP1 RNAi for 48 h, and then, Alp staining was performed 14 days after osteogenic induction in the absence or presence of AQX-1125. Scale bars = 100 μm. (H) BMMs were incubated with SHIP1 RNAi for 48 h, and then TRAP staining was used to test the effect of SHIP1 RNAi on AQX-1125-mediated osteoclastogenesis after 5-days incubation with differentiation medium in the absence or presence of AQX-1125. TRAP staining was used to test the effect of SHIP1 RNAi on AQX-1125-mediated osteoclastogenesis. Scale bars = 100 μm. Data are presented as means ± SD from three independent experiments (*p < 0.05; **p < 0.01; and ***p < 0.001).
SHIP1 RNAi Administration Causes Bone Loss
After demonstrating that the protective effect of AQX-1125 against bone loss is SHIP1-dependent, we investigated whether SHIP1 RNAi administration could cause bone loss or deteriorate osteoporosis. Western blotting verified efficient knockdown of SHIP1 in femurs, following treatment with SHIP1 RNAi via the tail vein for 4 weeks, while AQX-1125 only partly reversed the effect of SHIP1 RNAi (Figures 7A,B). Furthermore, SHIP1 RNAi–treated mice displayed deteriorated trabecular bone microarchitecture in their femurs compared with the vehicle-treated group (Figure 7C). Morphometric analyses of trabecular parameters confirmed the decreased bone mass in BMD, BS/TV, BV/TV, and Tb.N in SHIP1 RNAi–treated mice, and the SHIP1 RNAi–induced deterioration of the trabecular microarchitecture was only partly reversed with AQX-1125 (Figure 7D). Together, AQX-1125, as an activator of SHIP1, is highly likely to exhibit the bone protective roles.
[image: Figure 7]FIGURE 7 | SHIP1 RNAi administration induces bone loss. (A) Protein expression level of SHIP1 in femurs after exposure to treatment. Eight-week-old male C57 mice were retreated with vehicle (control group), SHIP1 RNAi (5 nm/20 g), and SHIP1 RNAi (5 nm/20 g) +AQX-1125 (10 mg/kg) for 4 weeks. Total protein was isolated from femurs of each group, and Western blotting was performed. (B) Quantitative analysis of each immunoblot in (A). (C) Micro CT analysis of the distal femurs from the control, SHIP1 RNAi, and SHIP1 RNAi + AQX-1125 group. (D) Calculation of the BMD, BV/TV, BS/TV and Tb.N. Data are presented as means ± SD from three independent experiments (*p < 0.05; **p < 0.01; ***p < 0.001).
DISCUSSION
In this study, our data demonstrate that AQX-1125 facilitates osteogenesis and inhibits osteoclastogenesis in vitro through SHIP1-dependent PI3K/Akt and NF-κB signaling pathway (Figure 8). Moreover, AQX-1125 rescued OVX-induced osteoporosis in vivo, while SHIP1 RNAi administration led to bone loss. Together, these findings indicate that AQX-1125 has promising potential as a novel drug for the treatment of osteoporosis.
[image: Figure 8]FIGURE 8 | AQX-1125 positively regulates osteogenesis through PI3K/Akt signaling and inhibits osteoclastogenesis through NF-κb signaling via activation of SHIP1. Upon AQX-1125 stimulation, SHIP1 was activated in the BMSCs and BMMs. The activated SHIP1 facilitates the phosphorylation of PI3K and Akt in BMSCs, followed by acceleration of the differentiation of BMSCs into osteoblasts. In addition, activated SHIP1 inhibits the NF-κb signaling pathway, which reduces the phosphorylation of p65 and IkBα in BMMs, followed by suppression of the differentiation of BMMs into osteoclasts and the activity of osteoclasts. Overall, AQX-1125 alleviates OVX-induced bone loss.
Studies have demonstrated that AQX-1125 can exhibit a variety of biological effects, including inhibition of bleomycin-induced pulmonary fibrosis (Cross et al., 2017), relief of allergic and pulmonary inflammation in vivo (Stenton et al., 2013), and improvement of moderate to severe interstitial cystitis/bladder pain syndrome (Nickel et al., 2016), but no such evidence has been shown in bones. Therefore, we first explored the ability of AQX-1125 to treat osteoporosis. Here, AQX-1125 was used in OVX-induced osteoporosis model, and the results highlighted that the compound could sharply attenuate bone loss in vivo.
The balance between bone regeneration and resorption is dependent on the osteoblast and osteoclast population (Jakob et al., 2015). Disruption of the balance, for example, increased osteoclastogenesis and decreased osteogenesis under certain conditions, such as the estrogen deficiency, aging, and inflammation, results in bone loss or osteoporosis (Chen et al., 2016; Seo et al., 2016; Wang et al., 2016). Inhibition of osteoclastogenesis or/and promotion of osteogenesis can counteract bone loss under these conditions. To further investigate the mechanism of increased bone mass caused by AQX-1125, we performed in vitro experiments. We found that AQX-1125 could facilitate osteogenesis and mineralization in a dose-dependent manner. Additionally, treatment with AQX-1125 was associated with upregulation of osteoblast-related genes, including Alp, cbfa1, Col1a1, and OCN. The PI3K/Akt signaling pathway plays a crucial role in bone tissue not only by facilitating proliferation and differentiation but also by suppressing apoptosis in osteoblasts (Ling et al., 2010; Guntur and Rosen, 2011). We demonstrated that the compound might activate the PI3K/Akt signaling pathway to accelerate osteoblast differentiation and mineralization by Western blot assay, which exhibited that treatment with AQX-1125 significantly increased the phosphorylation of PI3K and subsequently increased the phosphorylation of Akt in a dose-dependent manner.
Additionally, we also observed that AQX-1125 suppressed RANKL-induced osteoclast differentiation and bone resorption in a dose-dependent manner in vitro. Osteoclast-related genes, such as NFATc1, c-Fos, CTSK, and ACP5, were downregulated following treatment with AQX-1125. From these, NFATc1 is considered to be a central regulator of osteoclast differentiation (Takayanagi et al., 2002). Mechanistically, we found that AQX-1125 could suppress the activation of RANKL-induced NF-κB signaling by inhibiting the phosphorylation of p65 and IκBα. These results show that AQX-1125-mediated inhibition of osteoclastogenesis might be involved in the NF-κB signaling pathway.
It is well established that PI3K/Akt and NF-κB are downstream signaling molecules in this process. Hence, we hypothesized the existence of an upstream molecule that regulates the effects upon stimulation with AQX-1125. Given that the compound is a novel, clinical-stage activator of SHIP1, we identified SHIP1 as the crucial upstream molecule. Moreover, prior research has shown that SHIP1 is associated with osteogenesis and osteoclastogenesis (Peng et al., 2010; Iyer et al., 2013). In our study, treatment with AQX-1125 markedly upregulated SHIP1 protein level, followed by an increase in the Alp and Runx2 expression levels and a concurrent decrease in the NFATc1 and c-Fos expression levels. Pretreatment with SHIP1 RNAi could reverse the effects. Accordingly, increased Alp activity and staining and decreased TRAP staining were observed with the use of AQX-1125, while SHIP1 RNAi significantly weakened the effects of stimulation of AQX-1125. Furthermore, SHIP1 RNAi administration in vivo resulted in bone loss. Our results highlight that the AQX-1125–induced protection against bone loss was SHIP1-dependent.
CONCLUSION
Taken together, our results demonstrate that AQX-1125 promotes osteogenesis and suppresses osteoclastogenesis in vitro and attenuates OVX-induced bone loss in vivo through SHIP1-dependent PI3K/Akt and NF-κB signaling. Therefore, regulating the expression of SHIP1 with AQX-1125 could be a promising option for the treatment of osteoporosis in the future. However, our findings are based solely on the ovarectomized mouse model, with more clinical research warranted.
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Osteoporosis is one of the most frequent skeletal disorders and a major cause of morbidity and mortality in the expanding aging population. Evidence suggests that hesperidin may have a therapeutic impact on osteoporosis. Nevertheless, little is known about the role of hesperidin in the development of osteoporosis. Bioinformatics analyses were carried out to explore the functions and possible molecular mechanisms by which hesperidin regulates osteogenic differentiation. In the present study, we screened and harvested 12 KEGG pathways that were shared by hesperidin-targeted genes and osteoporosis. The p53 signaling pathway was considered to be a key mechanism. Our in vitro results showed that hesperidin partially reversed dexamethasone-induced inhibition of osteogenic differentiation by suppressing the activation of p53, and suggest that hesperidin may be a promising candidate for the treatment against dexamethasone-induced osteoporosis.
Keywords: hesperidin, osteoporosis, bioinformatics, KEGG, p53
INTRODUCTION
Millions of individuals suffer from skeletal disorders each year, which result in severe morbidity and mortality in the elderly (Kannegaard et al., 2010; Marrinan et al., 2015). Osteoporosis is one of the most frequent skeletal disorders characterized by decreased bone mass and deteriorated bone microarchitecture, leading to skeletal fragility and increased susceptibility to fractures (Golob and Laya, 2015; Qiu et al., 2021). Globally, more than 200 million individuals are affected with osteoporosis, impairing quality of life and imposing a heavy economic burden on individuals and society (Johnell and Kanis, 2006). With the expanding aging population, osteoporotic fractures increase dramatically each year. Currently, the approaches to treat osteoporosis work primarily through inhibiting bone absorption and promoting bone formation (Langdahl, 2021). However, the side effects of anti-osteoporosis drugs pose a huge challenge to the prevention and treatment of osteoporosis in clinical practice (Cuzick, 2001; McClung et al., 2019). As a result, it is extremely important to explore new treatment strategies for osteoporosis.
Hesperidin (hesperetin-7-O-rutinoside), a flavanone glycoside highly abundant in citrus fruits, particularly in oranges, has gained considerable attention in recent years due to its diverse bioactivities (Gattuso et al., 2007). Hesperidin exhibits a variety of potential positive benefits, including antioxidant, anti-inflammatory, anti-atherogenic, and neuroprotective properties, therefore may serve as a promising therapeutic approach for a wide range of disorders (Li et al., 2008; Yamamoto et al., 2013; Semis et al., 2021). Accumulating evidence suggests that hesperidin plays an important role in regulating bone metabolism and bone formation, which may contribute to ameliorate or prevent the onset of osteoporosis. It has been found that hesperidin appears to regulate cell differentiation through Wnt/β-catenin signaling pathway while also influence the mineralization process by increasing the expression of osteogenic gene (ALP, OCN, Osx, and Runx2) in human alveolar osteoblasts (Hong and Zhang, 2020). In a previous study, hesperidin protected bone mass loss by alleviating oxidative stress and inflammation in an ovariectomy rat model (Zhang et al., 2021). Hesperidin could upregulate the expression of osteogenic markers and promote the maturation of bone organic matrix, thus exerting anti-osteoporosis effects in vitro and in vivo (Miguez et al., 2021). In an experimental rat model, hesperidin intake resulted in bone mass gain in young rats and protected against ovariectomy-induced bone loss in adult rats, as well as reduced oxidative stress and total lipid content (Horcajada et al., 2008). However, the molecular and cellular mechanisms underlying the osteogenic effect of hesperidin are still largely unknown.
In the present study, we identified the targets genes of hesperidin using the STITCH database, followed by the construction of protein–protein interaction (PPI) network to investigate the protein interactions. In addition, Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was carried out to identify pathways that are involved in hesperidin targeted genes and osteoporosis. According to the bioinformatics analyses results, we finally conducted in vitro experiments to further investigate the potential molecular mechanisms underlying hesperidin’s anti-osteoporosis effects. The schematic flow chart of this work is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flowchart of the bioinformatics analyses and experimental validation in this study.
MATERIALS AND METHODS
Regents
Hesperidin was purchased from Herbpurify (Chengdu, China) and dissolved in dimethyl sulphoxide (DMSO). Ascorbic acid phosphate, β-glycerophosphate, and dexamethasone used in this study were purchased from Sigma-Aldrich.
Cell Culture and Treatment
Bone marrow mesenchymal stem cells (BMSCs) were harvested from C57BL/6 mice and were kept in α-MEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin according to a previous work (Case et al., 2010). The third to sixth generations of BMSCs were used for our subsequent experiments. To induce osteogenic differentiation, the medium was changed to osteogenic induction medium (OIM) containing 20 mM β-glycerophosphate, 100 nM dexamethasone (DEX), and 50 μM ascorbic acid phosphate once the cells reached subconfluence. BMSCs were co-incubated with DEX (1 μM) and different concentrations of hesperidin (5 and 10 μM) for 7 days or 14 days for further analysis.
Alkaline Phosphatase and Alizarin Red S Staining
BMSCs were seeded and cultured in OIM on indicated days, then washed with PBS and fixed with 4% paraformaldehyde for 15 min. After 7 days of osteogenic differentiation, alkaline phosphatase (ALP) staining was performed using a BCIP/NBT Kit (C3206, Beyotime) following the manufacturer’s instructions. After 14 days of osteogenic differentiation, alizarin red S (ARS) staining was performed to evaluate the mineralized matrix formation.
Quantitative Real-Time Polymerase Chain Reaction
The BMSCs were seeded into and cultured in 6-well plates, co-incubated with DEX and different concentrations of hesperidin for 7 days. Total RNA was extracted from the cells using the NucleoZOL Reagent (Machery-Nagel GmbH, Düren, Germany). Next, 1 μg of total RNA from each sample was reverse transcribed into cDNA using the Hifair® II 1st Strand cDNA Synthesis SuperMix for qPCR (YEASON, Shanghai, China). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed on an ABI Stepone plus real-time PCR system (Applied Biosystems, Foster City, CA) with Hieff® qPCR SYBR Green Master Mix (YEASON, Shanghai, China). Relative expression of each gene was analyzed using the 2−ΔΔCt method. The primer sequences were listed in Supplementary Table S1.
Western Blot
The BMSCs were seeded into and cultured in 6-well plates, co-incubated with DEX and different concentrations of hesperidin for 7 days. Total cell lysates from BMSCs were extracted using RIPA lysis buffer supplemented with protease inhibitors. The protein concentrations were measured with the use of a BCA protein assay kit (Beyotime, Shanghai, China) according to the manufacturer’s protocol. Equal amounts of protein from each sample were then separated by SDS-PAGE gel and subjected to standard western blot procedures. Protein bands were visualized using an ECL kit (BeyoECL Plus, Beyotime Biotechnology) and quantitatively analyzed with Image Lab 3.0 software (Bio-Rad). The antibodies against P53 and GAPDH were purchased from Proteintech (Wuhan, China).
Immunofluorescence
For immunofluorescence, BMSCs were washed and fixed with 4% paraformaldehyde at room temperature for 30 min, followed by permeabilization with 0.3% Triton X-100 for 10 min. After blocking with 3% BSA for 30 min, the cells were incubated with anti-Runx2 antibody overnight at 4°C. Subsequently, the cells were washed with PBS and incubated with corresponding secondary antibody for 1 h at room temperature, then mounted with DAPI contained fluorescent mounting solution (F6057, Sigma-Aldrich). All images were viewed and photoed with a fluorescence microscope (Olympus).
Identification of Hesperidin-Targeted Genes and Construction of Protein–Protein Interaction Network
Target genes related to hesperidin were obtained from STITCH (http://stitch.embl.de/) based on the following settings: three shells with a maximum interaction number of 10 for each shell, while the parameter organism was limited to “Homo sapiens” (Szklarczyk et al., 2016). Then, the interactive network map of hesperidin and its targeted genes was constructed, while the degree value in the protein–protein interaction (PPI) network was calculated with the help of the Cytoscape 3.7.2 software. Furthermore, Gephi software was used to establish and visualize a weighted network between hesperidin and targeted genes.
Identification of Shared KEGG Pathways Involved Both in Osteoporosis and Hesperidin-Targeted Genes
Hesperidin-targeted genes were imported into DAVID database (https://david.ncifcrf.gov/) (Huang et al., 2007), and the KEGG pathway enrichment analysis was carried out to explore the most significantly enriched pathways with a p-value of ≤0.05. The miRWalk2.0 database was used to identify KEGG pathways associated with human osteoporosis (Dweep and Gretz, 2015). Subsequently, the overlapping KEGG pathways between osteoporosis and hesperidin-targeted genes were displayed by using Venn diagram webtool (http://bioinformatics.psb.ugent.be/webtools/Venn/).
Identification of Hub Genes and KEGG Pathways Related to Hesperidin-Targeted Genes
The top five shared KEGG pathways ranked by the smallest p values calculated in the KEGG pathway analysis were screened out, followed by graphically visualizing the enrichment information using the bioinformatics platform (http://www.bioinformatics.com.cn/). Hub genes were defined as those genes included in each of the top five shared KEGG pathways.
Data Analysis
The data was displayed as mean ± standard deviation (SD) and statistically analyzed with GraphPad Prism 8.0 (GraphPad). Statistically differences between two groups were evaluated by Student’s t-test, while comparisons among multiple groups were estimated by one-way analyses of variance (ANOVA). A p-value of less than 0.05 indicated statistical significance.
RESULTS
Bioinformatics Analyses of Hesperidin-Targeted Genes
Based on a three shell limit screening criteria, a total of 30 hesperidin-targeted genes were obtained from online database STITCH. Subsequently, a network map of the interactions between hesperidin and the targeted genes was constructed the STITCH online tool (Figure 2A). Members in the first shell (chemical-protein), including NOS3, PPARG, PTGS2, SIRT1, SIRT3, TP53, AKT1, PTGS1, ESR1 and SIRT5, were considered to be closely related to hesperidin. The second shell (protein-protein) were composed of ATM, BRCA1, EP300, FOXO1, RICTOR, KAT2B, FOXO3, MTOR, CDKN1A, and MDM2, whereas HSP90AA1, CDKN2A, HIPK2, SRC, RCHY1, NCOA3, MAPK8, CREBBP, USP7, and SP1 were found in the third shell (protein-protein and chemical). To facilitate exploration and comprehension of the complicated connections between targeted genes, a visual network based on interaction weights was established (Figure 2B). Further analysis revealed that TP53 was the most highly weighted gene, making it a significant part of the network.
[image: Figure 2]FIGURE 2 | The interaction networks of hesperidin-targeted genes (A) Interaction network constructed by Cytoscape (B) Weighted interaction network constructed by Gephi.
PPI Network of Hesperidin-Targeted Genes
A visualized PPI network of hesperidin-targeted genes was constructed by using Cytoscape (Figure 3A). Subsequently, the hesperidin-targeted genes were ranked according to degree values (Figure 3B). Due to the fact that CDKN2A, KAT2B and SP1 had the same degree value, the top 10 genes were TP53, CDKN1A, BCL2, EP300, MDM2, ATM, ESR1, HSP90AA1, BRCA1, CDKN2A, KAT2B, and SP1.
[image: Figure 3]FIGURE 3 | PPI network of hesperidin-targeted genes (A) PPI network of hesperidin-targeted genes was constructed by Cytoscape (B) PPI network of hesperidin-targeted genes was shown according to degree connectivity. The top ten hesperidin-targeted genes ranked by degree connectivity were displayed as green color.
Enrichment Analysis of KEGG Pathways and Identification of Shared KEGG Pathways Between Hesperidin-Targeted Genes and Osteoporosis
We used DAVID to perform KEGG pathway enrichment analysis. 39 hesperidin-related KEGG pathways were obtained, and 33 KEGG pathways with p-value < 0.05 were finally selected. Additionally, 110 KEGG pathways associated with osteoporosis were identified using the miRwalk database. With the help of a Venn Diagram, we were able to identify 12 KEGG pathways that were shared by hesperidin-targeted genes and osteoporosis (Figure 4A). The enrichment information of hesperidin-related KEGG pathways involved in 12 KEGG pathways was shown in Figure 4B. As shown in Table 1, the top five shared KEGG pathways were prostate cancer signaling pathway, pathways in cancer, glioma signaling pathway, p53 signaling pathway, and cell cycle signaling pathway.
[image: Figure 4]FIGURE 4 | Enrichment analysis of KEGG pathways (A) Common shared KEGG pathways between hesperidin-targeted genes and osteoporosis was showed by Venn diagram (B) Enrichment information of hesperidin-related KEGG pathways involved in 12 KEGG pathways.
TABLE 1 | Top five KEGG pathways and related genes.
[image: Table 1]Identification of Hesperidin-Targeted Hub Genes
Among the 30 hesperidin-targeted genes, TP53, CDKN1A, BCL2, EP300, MDM2, ATM, HSP90AA1, CDKN2A, CREBBP, CHEK2, PRKDC, MAPK8, CASP3, MDM4, MMP9, and RCHY1 were involved in the top five shared KEGG pathways. The enrichment analysis results of these genes were shown in Figure 5. Importantly, TP53, CDKN1A, and MDM2 were involved in all top five KEGG pathways and were considered as hub genes.
[image: Figure 5]FIGURE 5 | Enrichment analysis of hesperidin-targeted genes. TP53, CDKN1A, and MDM2 were involved in all five shared KEGG pathways. The top three genes by degree were TP53, CDKN1A, and BCL2.
Hesperidin Partially Reverses Dexamethasone-Induced Inhibition of Osteogenic Differentiation
ALP staining and ARS staining results showed that dexamethasone exposure significantly inhibited the osteogenic differentiation of BMSCs, whereas hesperidin partially promoted nodule formation against dexamethasone treatment (Figure 5A and Figure 6B). Furthermore, qRT-PCR analysis results showed that the dexamethasone treatment dramatically downregulated the mRNA levels of osteogenic genes such as ALP, Runx2, Osx, and OPN in BMSCs, but further incubation with hesperidin partially reversed the inhibitory effect of dexamethasone (Figure 6C).
[image: Figure 6]FIGURE 6 | The effect of hesperidin on DEX-induced osteogenic differentiation of BMSCs (A) ALP staining was conducted on day 7 (B) ARS staining was conducted on day 14 (C) The mRNA expression of ALP, Runx2, Osx and OPN were detected by qRT-PCR on day 7. ***p < 0.001, ****p < 0.0001 vs OIM; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs DEX.
Hesperidin Partially Reverses Dexamethasone-Induced Osteoporosis by Inhibiting p53 Expression
Immunofluorescence staining results demonstrated that dexamethasone dramatically inhibited the protein levels of Runx2 during the osteogenic differentiation of BMSCs, while higher levels of Runx2 protein expression were observed after hesperidin treatment (Figure 7A). Besides, treated with dexamethasone significantly increased the mRNA level of p53 compared with OIM group, but hesperidin partially inhibited the p53 activation in the dexamethasone group in a dose-dependent manner (Figure 7B). Similar results were also observed regarding the protein expression of p53 detected by Western blot (Figure 7C). Thus, it can be assumed that downregulation of p53 expression alleviated dexamethasone-induced osteogenic reduction.
[image: Figure 7]FIGURE 7 | Involvement of the p53 signaling pathway in the regulation of hesperidin (A) The typical image of immunofluorescence staining of Runx2. Scale bars = 50 μm (B) The relative expression of p53 in the different groups. ***p < 0.001, ****p < 0.0001 vs OIM; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs DEX (C) The level of p53 was detected by western blot.
DISCUSSION
Osteoporosis is a chronic metabolic bone disorder associated with aging, resulting in functional disability and a decrease in quality of life. As the population ages, a rising number of people currently suffer from osteoporosis substantially. Up to date, there is still no effective treatment for osteoporosis. Furthermore, the mechanisms responsible for osteoporosis remain largely unknown. In the present study, the molecular mechanisms behind hesperidin’s anti-osteoporosis benefits were explored using bioinformatics analyses and in vitro studies.
Hesperidin, a flavanone glycoside with a wide range of biological activities, is widely used in the treatment of various diseases. In recent years, emerging studies highlight the importance of hesperidin in the regulation and bone metabolism. Hesperidin has been shown to protect male mice against androgen deficiency-induced bone loss by inhibiting bone resorption and hyperlipidemia (Chiba et al., 2014). It has been reported that hesperidin alleviated diabetic osteoporosis via reducing the expression level of TNF-α and NF-κB in rat bone and increasing the expression of OPN and OCN in serum (Shehata et al., 2017). In addition, calcium supplementation along with hesperidin was effective to improve bone health in postmenopausal women (Martin et al., 2016). However, the exact mechanisms through which hesperidin exerts its anti-osteoporosis effects are still needed to be explored.
In this study, 110 KEGG pathways associated with osteoporosis and 33 KEGG pathways associated with hesperidin-targeted genes were screened out by KEGG pathway enrichment analysis. A total of 13 KEGG pathways were commonly shared by these two groups. Among them, the top five KEGG pathways with the smallest p-values were the p53 signaling pathway, Cell cycle signaling pathway, Prostate cancer pathway, Pathways in cancer, and Bladder cancer. The hub genes involved in all five KEGG pathways were TP53, CDKN1A, and MDM2. These findings suggested that hesperidin may exert its biological activity by regulating the p53 signaling pathway.
Glucocorticoids, most commonly dexamethasone, have been widely used to treat a variety of diseases due to their significant anti-inflammatory, immunosuppressive, and metabolic regulator effects (Schacke et al., 2002; Giles et al., 2018). It has been well accepted that there is a strong correlation between long-term glucocorticoids therapy and the development of osteoporosis (Ding et al., 2015; Liu et al., 2018). Growing evidence from in vitro and in vivo studies shows that glucocorticoids can inhibit osteoblast proliferation and promote its apoptosis, subsequently resulting in the suppression of bone production and growth (Wang Y. et al., 2020; Wang L. et al., 2020).
Consistent with previous findings, the results of the present study suggest that dexamethasone treatment significantly inhibited the osteogenic differentiation of BMSCs following ALP Staining and ARS Staining, as well as downregulated the expression of osteogenic genes such as ALP and Runx2, implying that dexamethasone inhibited osteogenic differentiation of BMSCs in vitro. Notably, hesperidin treatment partially alleviated the dexamethasone-induced suppression of osteogenic differentiation, showing the positive effect of hesperidin on dexamethasone-induced bone deterioration.
The p53 tumor suppressor has long been recognized as critical in cancer prevention (Vogelstein et al., 2000; Qin et al., 2018). In recent years, increasing attention has been paid to the role of p53 in skeletal disorders. Several studies conducted in vitro have demonstrated that p53 plays a negative role in the differentiation of MSCs(Molchadsky et al., 2010). It was observed that the expression of p53 was increased in patients with osteoporosis, and upregulation of p53 was associated with a decrease bone mass (Yu et al., 2020). Emerging evidence suggests that glucocorticoids can lead to upregulation of p53, causing activation of the p53 signaling pathway (Li et al., 2012; Zhen et al., 2014). Therefore, we investigated whether hesperidin could exert its anti-osteoporosis effects via the p53 signaling pathway. In this study, p53 was identified as the hub gene with the highest degree value in the PPI network. qRT-PCR and western blot analysis confirmed that the expression of p53 was upregulated in BMSCs during osteogenic differentiation after dexamethasone’s treatment. The results indicated that dexamethasone treatment activated the p53 signaling pathway, leading to inhibition of osteogenic differentiation in vitro. However, treated with hesperidin partially inhibited both the mRNA and protein level of p53. Thus, when combined with our findings, this evidence suggests that hesperidin may protect against dexamethasone-induced osteoporosis by inhibiting the p53 signaling pathway.
Some concerns and limitations in this study should be acknowledged. Firstly, we did not perform quantitative analysis of the ALP and ARS staining results. Second, the effects of hesperidin on osteogenic differentiation were not investigated while activating or inhibiting the p53 signaling pathway. Furthermore, no in vivo evidence was presented regarding the beneficial effects of hesperidin on osteoporosis.
CONCLUSION
In summary, our study determined that dexamethasone activated the p53 signaling pathway in BMSCs, causing downregulation of osteogenic markers and suppression of extracellular matrix mineralization during osteogenic differentiation, while hesperidin exerted anti-osteoporosis effects by inhibiting the p53 signaling pathway. Collectively, our study demonstrated that hesperidin could be a potential candidate for the treatment against dexamethasone-induced osteoporosis.
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mMsc
subpopulations

BMSCs transfected
with CD200

CD73" BMSCs
CD73* CD39*
SMSCs
CD10M9" ADSCs
CD271* BMSCs

CD271* ADSCs

CD271* DPSCs

CD146" PDSCs

CD146 PCy-
MSCs

Control

BMSCs transfected
without interposed
gene

CD73" BMSCs

CD73* CD39™ SMSCs

ADSCs
PA BMSCs

CD271" ADSCs

CD271" DPSCs

CD146  PDSCs

CD146"9" PCy-MSCs

Species

human

mouse

human

human
human
mouse
human

human

human

human

Analysis methods

ALP staining and gene expression and
protein production of Runx2

Alizarin red staining, bone fracture
repar in vivo

Alizarin red staining and expression of
osteoblast genes

Alizarin red staining
Alizarin red S staining

Alizarin red S staining

ALP staining, Ca** level, and genes
expression of Runx2, Osterix,
Osteocalcin, and Nestin

von Kossa staining

Alizarin red staining and expression of
osteoblast genes

Results

CD200 expression increased the levels of ALP
activity and Runx2 expression in BMSCs

CD73* BMSCs exhibited enhanced potentials
for osteogenic differentiation in vitro and fracture
repair in vivo

CD73* CD39*

SMSCs showed increase in calcium
accumulation and gene expression of Runx2
CD10"9" ADSCs exhibited higher level of
calcium accumulation

CD271* BMSCs had a larger mineralized area

CD271* ADSCs were more prone to form
calcium nodule after osteogenic differentiation

ALP activity and Ca?* levels were lower in
CD271* DPSCs; no difference in the expression
level of osteogenic genes was detected
CD146" PDSCs exhibited a higher level of
spontaneous ossification

calcium accumulation and genes expression of
Runx2 and Osteopontin were greater in the
CD146"" than in CD146"9" PCy-MSCs
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BMSCs, bone marrow-derived mesenchymal stem cells; ALP, alkaline phosphatase; SMSCs, synovial membrane-derived mesenchymal stem cels; ADSCs, adipose tissue-derived
mesenchymal stem cells, PA, plastic adherent; DPSCs, dental pulp-derived mesenchymal stem cels; PDSCs, placenta-derived mesenchymal stem cells; PCy-MSCs, periapical cyst

mesenchymal stem cells.
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Aspects Scaffold features

composition
amino acids

collagen/glycosaminoglycan scaffold incorporated with a

calcium phosphate mineral phase

PCL scaffold coated with human BMSCs derived ECM

gelatin scaffold incorporated with magnesium calcium

phosphate

PLGA microspheres with tunable Mg?* release

structure calcium phosphate scaffolds with hemispherical

concavities of various sizes

3D printed PPF porous scaffolds

3D printed PCL/DCM scaffolds with micro/nanosurface

pores

barium titanate nanoparticle/alginate scaffold

bioactive chitosan oligosaccharide/heparin nanoparticles-modiiied
molecule delivery  chitosan-agarose-gelatin scaffold with sustainable BMP-2

release

titanium dioxide scaffold with alginate hydrogel containing

simvastatin

B-TCP scaffold containing human-induced pluripotent
stem cel-derived MSG-derived exosomes

nanoHA/collagen scaffold modified with phosphorylated

MSCs

human
BMSCs

human
BMSCs

human
BMSCs

rat
BMSCs
rat
BMSCs

human
ADSCs

human
BMSCs

human
BMSCs
human
DPSCs
mouse
BMSCs

human
ADSCs
human
BMSCs

Effects on MSC
osteogenic differentiation

BMSCs underwent osteogenic differentiation in vitro in
the absence of osteogenic inductor and ectopic bone
formation in vivo

the scaffold promoted osteogenic differentiation and
mineral deposition of BMSCs within osteogenic
induction media

BMSCs seeded on the scaffold exhibited an increase in
calcium deposition and expression of bone-specific
genes

BMSCs exhibited enhanced osteogenic differentiation,
as shown by increased ALP activity

the scaffold promoted BMSC osteogenic differentiation
in vitro and resuited in significant bone regeneration in
rats with critical-sized calvarial defects

ADSCs seeded on scaffolds with 440 and 800 ym
concavities, but not with 1800 um concavities, showed
enhanced osteogeric differentiation

scaffolds with ordered cubic pores were more suitable
for the promotion of BMSC osteogeric differentiation
than that with cylindrical pores

BMSCs displayed increased ALP activity and
osteocalcin production in osteogenic medium

DPSCs exhibited higher levels of BMP-2 and ALP
genes expression

the scaffold induced BMSG differentiation towards
osteoblasts in the absence of osteogenic media

ADSCs seeded on the scaffold showed increased
expression of osteogenic genes and proteins

the scaffold increased the levels of ALP activity and
calcium deposition of BMSC in osteogenic media
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HA, hydroxyapatite; BMSCs, bone marrow-derived mesenchymal stem cells; PCL, polycaprolactone; ECM, extracellular matrix; ALP, alkaline phosphatase; PLGA, poly (lactic-co-glycolic
acid), ADSCs, adipose tissue-derived mesenchymal stem cells; PPF, Poly Propylene Fumarate), DM, dichloromethane; DPSCs, dental pulp-derived mesenchymal stem cells; BMP-2,

bone morphogenetic protein-2, B-TCP B-tricalcium phosphate.
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Gene name

NFATc1-forward
NFATC1-reverse

c-Fos

c-Fos

CTSK-forward
CTSK-reverse
ACP5-forward
ACP5-reverse
Alp-forward
Alp-reverse
Cbfai-forward
Cbfai-reverse
Coltai-forward
Coltai-reverse
Osteocalcin-forward
Osteocalcin-reverse
Mouse GAPDH-forward
Mouse GAPDH-reverse
Human GAPDH-forward
Human GAPDH-reverse
Mouse SHIP1-forward
Mouse SHIP1-reverse
Human SHIP1-forward
Human SHIP1-reverse

Primer sequence (5’ to 3')

5'-GGAGCGGAGAAACTTTGCG-3"
5'-GTGACACTAGGGGACACATAACT-3'
5'-CGGGTTTCAACGCCGACTA-3'
5'-TTGGCACTAGAGACGGACAGA-3"
5'-CTCGGCGTTTAATTTGGGAGA-3"
5'-TCGAGAGGGAGGTATTCTGAGT-3'
5'-CACTCCCACCCTGAGATTTGT-3"
5'-AAGTAGTGCAGCCCGGAGTA-3"
5'-ACCACCACGAGAGTGAACCA-3'
5'-CGTTGTCTGAGTACCAGTCCC-3"
5'-TGGTTACTGTCATGGCGGGTA-3'
5'-TCTCAGATCGTTGAACCTTGCTA-3"
5'-GTGCGATGACGTGATCTGTGA-3"
5'-CGGTGGTTTCTTGGTCGGT-3'
5'-GGCGCTACCTGTATCAATGG-3'
5'-GTGGTCAGCCAACTCGTCA-3'
5'-ACCCAGAAGACTGTGGATGG-3"
5'-CACATTGGGGGTAGGAACAC-3"
5'-ACAACTTTGGTATCGTGGAAGG-3'
5'-GCCATCACGCCACAGTTTC-3'
5'-GCCCCTGCATGGGAAATCAA-3'
5'-TGGGTAGCTGGTCATAACTCC-3'
5'-GCGTGCTGTATCGGAATTGC-3'
5'-TGGTGAAGAACCTCATGGAGAC-3'
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Gender Age (years) Ol type Disease Severity Affected Gene Mutation Molecular consequence

PO1 Male 6 n Severe COL1AT c.1031G > A Glycine substitution p.Gly344Asp
PO2 Female 8 v Moderate COL1A2 ©.2133+6T > A Skipping of exon 35
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GAPDH
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Us
hsa-miR-21-5p
TGF-p1

Keh

WNT10b
DKK-1

Forward primer (5'-3')

AGAAGGCTGGGGCTCATT
TGCATCCCTGGCAATACTCAG
CGATACAGAGAAGATTAGCATGGC
GCAGTAGCTTATCAGACTGATG
ATGGAGAGAGGACTGCGGAT
TTGTAGCCCTGAAAAAGGACG
CATCCAGGCACGAATGCGA
GAGTACTGCGCTAGTCCCAC

Reverse primer (5'-3')

TGCTAAGCAGTTGGTGGTG
GGAGTGCTGTGCATTCATTGG
AACGCTTCACGAATTTGCGT
AGTGCGTGTCGTGGAGTCG
GTAGTGTTCCCCACTGGTCC
CAGCTCTGCATCAAAGACTGAG
CGGTTGTGGGTATCAATGAAGA
TTTGCAGTAATTCCCGGGGC
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