[image: image1]Research Progress of the Role of Anthocyanins on Bone Regeneration

		REVIEW
published: 29 October 2021
doi: 10.3389/fphar.2021.773660


[image: image2]
Research Progress of the Role of Anthocyanins on Bone Regeneration
Wei Mao1,2, Guowei Huang1, Huan Chen1, Liangliang Xu3*, Shengnan Qin1* and Aiguo Li1*
1Department of Orthopedics, Guangzhou Institute of Traumatic Surgery, Guangzhou Red Cross Hospital, Medical College, Jinan University, Guangzhou, China
2Department of Clinical Medicine, Guizhou Medical University, Guiyang, China
3Lingnan Medical Research Center, The First Affiliated Hospital of Guangzhou University of Chinese Medicine, Guangzhou University of Chinese Medicine, Guangzhou, China
Edited by:
Daohua Xu, Guangdong Medical University, China
Reviewed by:
Longhuo Wu, Gannan Medical University, China
Long Zhang, Xi’an Jiaotong University, China
* Correspondence: Aiguo Li, liaiguo7161@163.com; Shengnan Qin, qinqinsn@163.com; Liangliang Xu, xull-2016@gzucm.edu.cn
Specialty section: This article was submitted to Integrative and Regenerative Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 13 September 2021
Accepted: 14 October 2021
Published: 29 October 2021
Citation: Mao W, Huang G, Chen H, Xu L, Qin S and Li A (2021) Research Progress of the Role of Anthocyanins on Bone Regeneration. Front. Pharmacol. 12:773660. doi: 10.3389/fphar.2021.773660

Bone regeneration in osteoporosis and fragility fractures which are highly associated with age remains a great challenge in the orthopedic field, even though the bone is subjected to a continuous process of remodeling which persists throughout lifelong. Regulation of osteoblast and osteoclast differentiation is recognized as effective therapeutic targets to accelerate bone regeneration in osteopenic conditions. Anthocyanins (ACNs), a class of naturally occurring compounds obtained from colored plants, have received increasing attention recently because of their well-documented biological effects, such as antioxidant, anti-inflammation, and anti-apoptosis in chronic diseases, like osteoporosis. Here, we summarized the detailed research progress on ACNs on bone regeneration and their molecular mechanisms on promoting osteoblast differentiation as well as inhibiting osteoclast formation and differentiation to explore their promising therapeutic application in repressing bone loss and helping fragility fracture healing. Better understanding the role and mechanisms of ACNs on bone regeneration is helpful for the prevention or treatment of osteoporosis and also for the exploration of new bone regenerative medicine.
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INTRODUCTION
Osteoporosis is a condition that bones become weak and brittle, so brittle that a fall or a cough can cause a fracture which is often called fragility fracture. Fragility fractures commonly occur in the hip, wrist, or spine, and hip fracture is associated with significant mortality and morbidity. Osteoporosis is closely related to aging. According to the first report on the prevalence of osteoporosis in China issued by the National Health Commission in 2018, 32% of people aged over 65 suffer from osteoporosis. More seriously, 46.4% of individuals aged over 50 were in the condition of low bone mass, suggesting they were at a high risk of becoming osteoporosis (Wang et al., 2021).
The process of bone maintenance is regulated by bone-forming osteoblasts and bone-resorbing osteoclasts. Bone is highlighted by its unique ability to regenerate throughout adulthood, restoring to a fully functional, pre-injury state (Salhotra et al., 2020). For osteoporosis and fragility fractures, the dysregulation of bone biology in the setting of bone repair is “lack of bone”. The excessive bone resorption guided by osteoclasts and/or the impaired capability of bone formation regulated by osteoblasts attributes the bone loss.
Recently, an emphasis has been placed on the relationship between diet and disease, and pieces of evidence have also emerged from clinical trials demonstrating that a dietary pattern, rich in anthocyanins (ACNs), is related to the reduced risk for chronic diseases, such as cancers, obesity, diabetes, and cardiovascular disease (Khoo and Azlan, 2017; D’cunha et al., 2018). ACNs are a class of naturally occurring compounds and show their positive influences on health owing to their antioxidant, anti-inflammatory, and anti-apoptotic potential in various chronic diseases, especially age-related diseases (Aqil et al., 2012; Huang et al., 2018; Speer et al., 2020). Increasing evidence from experimental, and clinical studies showed the consumption of ACNs rich foods played a role in protecting bone loss and helping the healing of fractures (Hardcastle et al., 2011; Mcnaughton et al., 2011).
CLINICAL THERAPIES OF PROMOTING BONE REGENERATION
Clinical strategies used in promoting bone regeneration mainly include bone transplantation, stem cell therapy, physical adjuvant therapy, and local injection of growth factors. These approaches and their current advantages and disadvantages are summarized in Table1.
TABLE1 | Therapies to promote bone regeneration.
[image: T1]Autogenous, allograft, and bone grafted substitutes are widely used in the treatment of posttraumatic conditions such as fracture, delayed union, and nonunion (Baldwin et al., 2019). Available in abundant living cells and various growth factors that facilitate the osteogenic differentiation of stem/progenitor cells, the autogenous bone graft is regarded as the gold standard (Gómez-Barrena et al., 2015; Baldwin et al., 2019). Nevertheless, problems like the limited quantity of bone available for harvest make autograft a less-than-ideal option for individuals with osteoporosis (Fillingham and Jacobs, 2016). Allograft and bone graft substitutes provide viable alternatives due to their convenience, abundance, and lack of procurement-related patient morbidity (Baldwin et al., 2019).
Stem cells, including bone mesenchymal stem cells (BMSCs), Human umbilical cord mesenchymal stem cells (HUC-MSCs), and periosteal cells (PCs), owing to their multipotency, anti-inflammatory, and immune-modulatory properties, have been applied in bone repair. BMSCs are the most commonly used stem cells in the field of bone regeneration (L et al., 2019). Endogenous BMSC activation or exogenous BMSCs are utilized for the repair of long bone and vertebrae fractures due to osteoporosis or trauma (Gómez-Barrena et al., 2019). HUC-MSCs Indirectly increased bone formation by promoting angiogenesis, but it is relatively rare for their use on bone regeneration (Li et al., 2016). PCs were widely used in the treatment of bone nonunion and especially used as a source of cells for tissue engineering of bone or cartilage (Li et al., 2016; Duchamp De Lageneste et al., 2018). For stem cell therapy, scaffolds or biomaterials are normally needed to improve their efficacy and stability.
Recombinant human bone morphogenetic protein (rhBMP) is the only osteoinductive growth factor as a bone graft substitute applied in the clinical setting (James et al., 2016). BMP-2 could improve the impaired fusion capacity for some patients, thereby decreasing the prevalence of repeated surgical re-entry, trauma, complications, and additional medical cost (Cahill et al., 2011). However, considering that the delivery of rhBMP often exceeds the physiological dose, this not only leads to the high cost of treatment, but also results in the spread of rhBMP that can lead to adverse effects such as heterotopic bone formation, natural bone resorption, soft tissue swelling, and bone lysis (James et al., 2016). Parathyroid hormone (PTH) provides anabolic therapy for osteoporosis clinically as it has been documented to increase bone mineral density and to reduce the rate of fractures in patients with osteoporosis and also improve fragility fracture-healing (Goltzman, 2018). Systemic injections of parathyroid hormone (PTH) also promoted the proliferation of chondrocytes and osteoblasts (Peichl et al., 2011). However, continuous high-dose injection of PTH could induce a catabolic reaction, which is not conducive to fracture healing and repair (Wojda and Donahue, 2018). In addition, consideration must be given to the instability and variability of growth factors after being injected.
Electrical stimulation (EStim) has been proven to promote bone healing in experimental settings and has been used clinically for many years. Low intensity pulsed ultrasound is the most widespread and studied technique which could accelerate fracture repair in some cases. However, it has not become a mainstream clinical treatment due to the great variation in methods reported, and the inconsistent results associated with this treatment approach (Padilla et al., 2016; Bhavsar et al., 2020).
By now, clinical treatment options for bone regeneration are relatively limited, so it is necessary to develop and improve drugs that are more effective, more economic, and have fewer side effects.
ANTHOCYANINS AND THEIR BIOLOGICAL EFFECTS ON CHRONIC DISEASES
ACNs are a class of water-soluble natural pigments that are prominent in colored plants and belong to flavonoid compounds. More than 635 ACNs have been identified based on the number and location of hydroxyl and methoxy groups (Wu and Prior, 2005; Mulabagal and Calderón, 2012; Sehitoglu et al., 2014; Wallace and Giusti, 2015; Smeriglio et al., 2016; Cerletti et al., 2017; Khoo and Azlan, 2017; Li et al., 2017). Different ACNs may exhibit different bioactive chemical structures due to their specificity. They are derived from the flesh, skin, roots of many colored fruits and vegetables. Anthocyanins, particularly glucosides and galactosides of cyanidin, peonidin, delphinidin, petunidin, Pelargonidin, and malvidin are responsible for the final color of the berries (Millar et al., 2017), and the information of these six major ACNs is summarized in Table 2.
TABLE 2 | The basic information of six major anthocyanins.
[image: Table 2]ACNs are well documented for their antioxidant, anti-inflammatory, and anti-apoptotic effects on human health (Henriques et al., 2020; Kozłowska and Dzierżanowski, 2021; Liu et al., 2021; Pérez-Torres et al., 2021; Vega-Galvez et al., 2021). ACNs could be rapidly absorbed in the stomach and detected in the blood and urine (Fang, 2014; Tian et al., 2019), so these pigments are recognized as one of the leading nutraceuticals for prolonging health benefits through the attenuation of chronic, non-communicable diseases, including cancers, obesity, diabetes, cardiovascular diseases, and neurodegenerative diseases.
ACNs have the potential anti-tumor effects for their anti-carcinogenic activities in the initial stage of tumorigenesis, the cancer formation stage, and the cancer development stage (Lin et al., 2017). Delphinidin strongly inhibited cell transformation and migration during tumorigenesis of various cancers (Yun et al., 2009; Ozbay and Nahta, 2011), and it significantly inhibited proliferation and induced apoptosis in osteosarcoma (OS) cell lines (Kang et al., 2018). In addition, delphinidin also showed its promise as a potential chemotherapeutic agent by blocking the development and progression of tumors by inducing apoptotic cell death of osteosarcoma cells (Lee et al., 2018).
ACNs also showed their biological effects on anti-inflammation and anti-oxidative stress (Lee et al., 2017; Samarpita et al., 2020; Tsuda et al., 2000; Choi et al., 2010; Jakesevic et al., 2011; Mane et al., 2011; Kim et al., 2013; Fintini et al., 2020; Casati et al., 2019). With the increase of age, low-grade inflammation and the production of reactive oxygen species (ROS) increased which were involved in the imbalance of bone homeostasis (Domazetovic et al., 2017). Cyanidin could be used for rheumatoid arthritis (RA) treatment as Interleukin 17A/IL-17 receptor A (IL-17/17RA) signaling targeted therapy and could alleviate clinical symptoms, synovial growth, immune cell infiltration, and bone erosion in adjuvant-induced arthritis (AA) rats (Samarpita et al., 2020; Samarpita and Rasool, 2021). Anthocyanins could reduce oxidative stress in vivo and in vitro (Ali et al., 2018; Ullah et al., 2019; Chen et al., 2020). Delphinidin repressed pathological cardiac hypertrophy by modulating oxidative stress through the AMPK/NADPH oxidase (NOX)/mitogen-activated protein kinase (MAPK) signaling pathway (Chen et al., 2020). The significant increase in the intracellular ROS levels induced by tert-butyl hydroperoxide was prevented by Delphinidin-3-rutinoside treatment (Casati et al., 2019).
However, there are controversial reports of the role of delphinidin on apoptosis. Delphinidin enhanced β2m-/Thy1+ bone marrow-derived hepatocyte stem cells (BDHSCs) survival by inhibiting transforming growth factor-β1 (TGF-β1)-induced apoptosis via PI3K/AKT signaling pathway (Chen et al., 2019), but it induced apoptosis of human osteosarcoma cells with compromising the cellular protective mechanisms (Lee et al., 2018). Therefore, the role of ACNs on apoptosis needs to be explored in the future to better understand the effects of ACNs on apoptosis.
ROLE OF ANTHOCYANINS ON BONE REGENERATION
Increasing evidence has demonstrated the beneficial role of ACNs on bone health (Zheng et al., 2016; Melough et al., 2017; Shimizu et al., 2018; Speer et al., 2020). Many ACNs could promote the differentiation of mesenchymal stem cells into osteoblasts and/or inhibit osteoclastogenesis (Park et al., 2015; Dou et al., 2016; Sakaki et al., 2018; Nagaoka et al., 2019a; Nagaoka et al., 2019b; Casati et al., 2019; Saulite et al., 2019; Domazetovic et al., 2020; Hu et al., 2021; Imangali et al., 2021; Karunarathne et al., 2021). In this review, the effects of different ACNs on bone regeneration were described in detail respectively as below and summarized in Table 3.
TABLE 3 | The roles of anthocyanin in bone regeneration.
[image: Table 3]The molecular mechanisms of ACNs underline bone regeneration have also been explored. For osteogenesis, as shown in Figure 1, there are three major pathways involved, including the BMP2 pathway, WNT-β catenin pathway, and FGF pathway. The pathways involved in the differentiation of the osteoblast lineage normally function in a coordinated manner. For example, BMP2 promotes osteoblast differentiation by targeting Runx2 downstream (Salhotra et al., 2020). As shown in Figure 1, the role of Delphinidin-3-rutinoside and Cyanidin-3-glucoside on osteoblast differentiation is mainly by activating the fibroblast growth factor (FGF) pathway, while the mechanisms of other ACNs, including delphinidin, malvidin, and petunidin as well as black rice extracts and maqui blackberry extracts, which also accelerating osteogenesis in vitro, are not yet explored. The transcription factors Sox9, Runx2, and Osterix (Osx) are three major components that commit stem/progenitor cells to osteoprogenitor cells, and most of ACNs which could promote osteogenesis upregulated the gene expressions of these transcription factors, at least one of them, as well as osteoblastic markers, such as type 1 collagen (Col1), osteopontin (OPN), osteocalcin (OCN), and alkaline phosphatase (ALP).
[image: Figure 1]FIGURE 1 | A proposed working model for the promotion of anthocyanins on osteogenesis.
The mechanisms of most ACNs on osteoclast differentiation were investigated. For osteoclastogenesis, as shown in Figure 2, the c-Fos pathway, NF-κB pathway, JNK pathway, Ca2+ pathway, and ROS pathway are four major pathways in osteoclastogenesis. These pathways also interact with each other to be functional. Three subfamilies (P38, ERK1/2, and JNK) of mitogen-activated protein kinases (MAPKs) also play an important role in RANK signal-mediated osteoclast generation (Zhai et al., 2014). The nuclear factor of activated T-cells 1(NFATc1) is a major transcription factor and a key target gene of most of the pathways that regulate osteoclastic differentiation. As shown in Figure 2, the regulation of ACNs which suppressed osteoclast formation and differentiation is through more than one of these pathways. For example, CC could regulate osteoclastogenesis by repressing the expression of ERK1/2, IKBα, and NFATc1, indicating it is involved in several key pathways. Furthermore, most of ACNs downregulated the expression of NFATc1, indicating that they might be involved in several pathways. Most of ACNs that inhibit osteoclastogenesis downregulated the gene expressions of osteoclast specific markers such as Tartrate-resistance acid phosphatase (TRAP), cathepsin K (CTSK), matrix metalloproteinase (MMP9), and dendritic cell-specific transmembrane proteins (DC-stamp). These substances can enhance the bone resorption activity of osteoclasts, decompose bone matrix proteins and inhibit matrix mineralization.
[image: Figure 2]FIGURE 2 | A proposed working model for the inhibition of anthocyanins on osteoclastogenesis.
Delphinidin
Delphinidin [2-(3,4,5-trihydroxyphenyl) chromenylium-3,5,7-triol], a flavonoid compound rich in berries, represents its role in the protection against bone loss by regulating osteoblasts and osteoclasts (Moriwaki et al., 2014; Nagaoka et al., 2019a; Nagaoka et al., 2019b; Imangali et al., 2021). Maqui blackberry extract (MBE), rich in delphinidin, prevented bone loss in osteopenic conditions by not only inhibiting bone resorption by suppressing the NF-κB pathway but also promoting bone formation by enhancing mineralized nodule formation and upregulating osteoblastic genes including BMP-2, Runx2, Osx, and OCN (Nagaoka et al., 2019a) (Figure 1). Osx is another transcript factor and triggers differentiation of immature osteoblasts to mature osteoblasts and eventually into osteocytes (Sinha and Zhou, 2013). Delphinidin could markedly inhibit the osteoclastic differentiation and prevented bone loss in both RANKL-induced osteoporosis model mice and OVX model mice by suppressing the activities of NF-κB, c-Fos, and NFATc1 (Moriwaki et al., 2014).
Delphinidin-3-rutinoside (D3R) is a simpler delphinidin derivative than nasunin (Azuma et al., 2008). D3R protected mouse embryo osteoblast precursor cells (MC3T3-E1) from oxidative damage, and promoted the osteoblastic differentiation of MC3T3-E1 by the PI3K/AKT pathway and increased Col1α1, ALP, and OCN gene expressions after D3R treatment (Figure 1), suggesting the potential utility of dietary D3R supplement to prevent osteoblast dysfunction in age-related osteoporosis (Casati et al., 2019). D3R also exerted their anti-inflammatory effects in LPS-induced osteoclastogenesis partly by inhibiting nuclear translocation of NF-κB (Figure 2), indicating its potential in suppressing bone resorption (Lee et al., 2014).
Petunidin
Petunidin, a B-ring 5'-O-methylated derivative of delphinidin, also showed its protection against bone loss and multi-faced function on bone cells. Daily oral administration of petunidin (7.5 mg/kg/day) could prevent bone mass loss in RANKL-induced osteopenic mice in vivo (Nagaoka et al., 2019b). In vitro, petunidin (>5 μg/ml) significantly suppressed osteoclastic differentiation by downregulating c-Fos, NFATc1, MMP9, CTSK, and DC-stamp mRNA expression in pre-osteoclasts (Nagaoka et al., 2019b) (Figure 2). Conversely, petunidin (>16 μg/ml) stimulated mineralized matrix formation and gene expression of BMP2 and OCN, specific osteoblastic markers, of pre-osteoblasts (Nagaoka et al., 2019b) (Figure 1).
Malvidin
Malvidin is one of the primary plant pigments mainly existing in fruit skins and abundant in blueberries. Blueberries, consist of malvidin (16%), exerted their anti-inflammatory effects in macrophages by inhibiting nuclear translocation of NF-κB (Lee et al., 2014). Reports on the role of malvidin on bone regeneration are rare by now, but it still showed promising application in promoting bone formation. Malvidin induced a significantly higher accumulation of calcium deposits in MSCs comparing to untreated MSCs, as well as upregulated the osteocyte-specific gene BMP-2 and Runx-2 expression and induced BMP-2 secretion (Saulite et al., 2019) (Figure 1).
Cyanidin
Cyanidin is an anthocyanin widely distributed in cherries. Cyanidin Chloride (CC) and Cyanidin-3-glucoside (C3G) are two cyanidins that are able to regulate bone homeostasis.
Kinds of literatures on the role of CC in regulating osteoclastogenesis are controversial. Cheng et al. (2018) found that CC inhibited osteoclast formation, hydroxyapatite resorption, and RANKL-induced signal pathways in vitro and protected against OVX-induced bone loss in vivo, indicating its therapeutic potential for osteolytic diseases. CC inhibited RANKL-induced NF-κB activation, suppresses the degradation of IκB-α, and attenuates the phosphorylation of extracellular signal-regulated kinases (ERK). In addition, CC abrogated RANKL-induced calcium oscillations, the activation of nuclear factor of activated T cells calcineurin-dependent 1 (NFATc1), and the expression of c-Fos (Figure 2). However, Dou et al. (2016) suggested that CC had a dual role in the differentiation of osteoclasts. Only a high dosage of cyanidin (>10 µg/ml) suppressed osteoclastogenesis and osteoclast fusion whereas a low dosage (<1 µg/ml) showed an opposite impact.
C3G has also played a role in bone regeneration by regulating osteoblast and osteoclast differentiation. C3G could improve the proliferation of osteoblasts, and upregulate the expression of osteogenic genes, including OCN, ALP, and Runx2 (Park et al., 2015; Kim et al., 2019; Hu et al., 2021). C3G mainly activated the ERK1/2 pathway to regulate the expression of OCN, enhancing the maturation of osteoblasts and promoting bone nodule formation (Cheng et al., 2018) (Figure 1). C3G has also shown promise in inhibiting bone resorption by regulating osteoclastic differentiation. C3G-rich blackberries treatment at the level of 5% (w/w) may modestly reduce OVX-induced bone loss evident by improved tibial, vertebral, and femoral BMD values, and tibial bone microstructural parameters (Kaume et al., 2015). C3G significantly reduced the expression of osteoclastic differentiation markers including CTSK, Osteoclast-associated receptor (OSCAR), transmembrane 7 superfamily member (Tm7sf4) and ATPase, H+ transporting, lysosomal 38kda, V0 subunit d2 (Atp6v0d2), and significantly inhibited the nuclear translocation of c-Fos and NFATc1 (Park et al., 2015) (Figure 2). Furthermore, C3G considerably reduced the induction of extracellular signal-regulated kinase, c-Jun N-terminal kinase, and p38 mitogen-activated kinases activation, which were major pathways regulated by RANKL in osteoclast precursor cells (Figure 2). In the process of osteoclast formation induced by RANKL, NF-κB and ERK/MAPK were activated by RANKL, while C3G attenuated the induction of RANKL in cultured cells in vitro, suggesting that C3G could inhibit the generation of osteoclasts (Aqil et al., 2012) (Figure 2).
CONCLUSION
In recent years, increasing studies have shown that anthocyanins display their beneficial role on bone formation, including upregulating the osteoblastic genes, promoting the proliferation of osteoblasts and enhancing the mineral nodule formation. Also, they play an important role in inhibiting osteoclastogenesis, able to protect against bone mass loss in osteopenic conditions. Nevertheless, reports of these pigments as therapeutic applications on bone homeostasis, especially on fracture healing, are limited and role of these pigments on bone homeostasis need to be further explored.
PERSPECTIVE OF ANTHOCYANINS
As a class of natural compounds, ACNs are rich in dietary sources, and their use in the prevention and treatment of adverse health events deserves attention. ACNs are a safe and inexpensive way to prevent diseases with minimal side effects. In the light of the molecular mechanisms, it is possible to find new targets for treating bone-related diseases such as fragility fractures in the future, and provide a new perspective for therapies. Most studies have been conducted in vitro or in animal models, while ACNs have rarely been studied in humans. In the future randomized controlled trials are needed to determine the role and mechanism of ACNs in human bone health. Further studies on the preventive dose of ACNs for bone health should standardize the amount of anthocyanin-rich fruits and vegetables consumed by humans. In addition, in order to better apply anthocyanin in orthopedic clinics, it is necessary to further study the role of anthocyanin in bone health, including dose, administration mode, toxicity, and side effects, etc. More importantly, Random Clinical Trial is needed to establish the role and mechanism of anthocyanin.
AUTHOR CONTRIBUTIONS
WM, GH, and HC write the manuscript; LX, SQ, and AL revised the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ali, T., Kim, T., Rehman, S. U., Khan, M. S., Amin, F. U., Khan, M., et al. (2018). Natural Dietary Supplementation of Anthocyanins via PI3K/Akt/Nrf2/HO-1 Pathways Mitigate Oxidative Stress, Neurodegeneration, and Memory Impairment in a Mouse Model of Alzheimer's Disease. Mol. Neurobiol. 55, 6076–6093. doi:10.1007/s12035-017-0798-6
 Aqil, F., Gupta, A., Munagala, R., Jeyabalan, J., Kausar, H., Sharma, R. J., et al. (2012). Antioxidant and Antiproliferative Activities of Anthocyanin/ellagitannin-Enriched Extracts from Syzygium Cumini L. (Jamun, the Indian Blackberry). Nutr. Cancer 64, 428–438. doi:10.1080/01635581.2012.657766
 Azuma, K., Ohyama, A., Ippoushi, K., Ichiyanagi, T., Takeuchi, A., Saito, T., et al. (2008). Structures and Antioxidant Activity of Anthocyanins in many Accessions of Eggplant and its Related Species. J. Agric. Food Chem. 56, 10154–10159. doi:10.1021/jf801322m
 Baldwin, P., Li, D. J., Auston, D. A., Mir, H. S., Yoon, R. S., and Koval, K. J. (2019). Autograft, Allograft, and Bone Graft Substitutes: Clinical Evidence and Indications for Use in the Setting of Orthopaedic Trauma Surgery. J. Orthop. Trauma 33, 203–213. doi:10.1097/BOT.0000000000001420
 Bhavsar, M. B., Han, Z., Decoster, T., Leppik, L., Costa Oliveira, K. M., and Barker, J. H. (2020). Electrical Stimulation-Based Bone Fracture Treatment, if it Works So Well Why Do Not More Surgeons Use it?. Eur. J. Trauma Emerg. Surg. 46, 245–264. doi:10.1007/s00068-019-01127-z
 Cahill, K. S., Chi, J. H., Groff, M. W., Mcguire, K., Afendulis, C. C., and Claus, E. B. (2011). Outcomes for Single-Level Lumbar Fusion: the Role of Bone Morphogenetic Protein. Spine (Phila Pa 1976) 36, 2354–2362. doi:10.1097/BRS.0b013e31820bc9e5
 Casati, L., Pagani, F., Fibiani, M., Lo Scalzo, R., and Sibilia, V. (2019). Potential of Delphinidin-3-Rutinoside Extracted from Solanum Melongena L. As Promoter of Osteoblastic MC3T3-E1 Function and Antagonist of Oxidative Damage. Eur. J. Nutr. 58, 1019–1032. doi:10.1007/s00394-018-1618-0
 Cerletti, C., De Curtis, A., Bracone, F., Digesù, C., Morganti, A. G., Iacoviello, L., et al. (2017). Dietary Anthocyanins and Health: Data from FLORA and ATHENA EU Projects. Br. J. Clin. Pharmacol. 83, 103–106. doi:10.1111/bcp.12943
 Chen, J., Li, H. Y., Wang, D., and Guo, X. Z. (2019). Delphinidin Protects β2m-/Thy1+ Bone Marrow-Derived Hepatocyte Stem Cells against TGF-Β1-Induced Oxidative Stress and Apoptosis through the PI3K/Akt Pathway In Vitro. Chem. Biol. Interact 297, 109–118. doi:10.1016/j.cbi.2018.10.019
 Chen, Y., Ge, Z., Huang, S., Zhou, L., Zhai, C., Chen, Y., et al. (2020). Delphinidin Attenuates Pathological Cardiac Hypertrophy via the AMPK/NOX/MAPK Signaling Pathway. Aging (Albany NY) 12, 5362–5383. doi:10.18632/aging.102956
 Cheng, J., Zhou, L., Liu, Q., Tickner, J., Tan, Z., Li, X., et al. (2018). Cyanidin Chloride Inhibits Ovariectomy-Induced Osteoporosis by Suppressing RANKL-Mediated Osteoclastogenesis and Associated Signaling Pathways. J. Cel Physiol 233, 2502–2512. doi:10.1002/jcp.26126
 Choi, M. J., Kim, B. K., Park, K. Y., Yokozawa, T., Song, Y. O., and Cho, E. J. (2010). Anti-aging Effects of Cyanidin under a Stress-Induced Premature Senescence Cellular System. Biol. Pharm. Bull. 33, 421–426. doi:10.1248/bpb.33.421
 D'cunha, N. M., Georgousopoulou, E. N., Dadigamuwage, L., Kellett, J., Panagiotakos, D. B., Thomas, J., et al. (2018). Effect of Long-Term Nutraceutical and Dietary Supplement Use on Cognition in the Elderly: a 10-year Systematic Review of Randomised Controlled Trials. Br. J. Nutr. 119, 280–298. doi:10.1017/S0007114517003452
 Domazetovic, V., Marcucci, G., Falsetti, I., Bilia, A. R., Vincenzini, M. T., Brandi, M. L., et al. (2020). Blueberry Juice Antioxidants Protect Osteogenic Activity against Oxidative Stress and Improve Long-Term Activation of the Mineralization Process in Human Osteoblast-like SaOS-2 Cells: Involvement of SIRT1. Antioxidants (Basel) 9, 125, doi:10.3390/antiox9020125
 Domazetovic, V., Marcucci, G., Iantomasi, T., Brandi, M. L., and Vincenzini, M. T. (2017). Oxidative Stress in Bone Remodeling: Role of Antioxidants. Clin. Cases Miner Bone Metab. 14, 209–216. doi:10.11138/ccmbm/2017.14.1.209
 Dou, C., Li, J., Kang, F., Cao, Z., Yang, X., Jiang, H., et al. (2016). Dual Effect of Cyanidin on RANKL-Induced Differentiation and Fusion of Osteoclasts. J. Cel Physiol 231, 558–567. doi:10.1002/jcp.24916
 Duchamp De Lageneste, O., Julien, A., Abou-Khalil, R., Frangi, G., Carvalho, C., Cagnard, N., et al. (2018). Periosteum Contains Skeletal Stem Cells with High Bone Regenerative Potential Controlled by Periostin. Nat. Commun. 9, 773. doi:10.1038/s41467-018-03124-z
 Fang, J. (2014). Bioavailability of Anthocyanins. Drug Metab. Rev. 46, 508–520. doi:10.3109/03602532.2014.978080
 Fillingham, Y., and Jacobs, J. (2016). Bone Grafts and Their Substitutes. Bone Jt. J 98-b, 6–9. doi:10.1302/0301-620X.98B.36350
 Fintini, D., Cianfarani, S., Cofini, M., Andreoletti, A., Ubertini, G. M., Cappa, M., et al. (2020). The Bones of Children with Obesity. Front. Endocrinol. (Lausanne) 11, 200. doi:10.3389/fendo.2020.00200
 Goltzman, D., Mannstadt, M., and Marcocci, C. (2018). Physiology of the Calcium-Parathyroid Hormone-Vitamin D Axis. Front. Horm. Res. 50, 1–13. doi:10.1159/000486060
 Gómez-Barrena, E., Rosset, P., Gebhard, F., Hernigou, P., Baldini, N., Rouard, H., et al. (2019). Feasibility and Safety of Treating Non-unions in Tibia, Femur and Humerus with Autologous, Expanded, Bone Marrow-Derived Mesenchymal Stromal Cells Associated with Biphasic Calcium Phosphate Biomaterials in a Multicentric, Non-comparative Trial. Biomaterials 196, 100–108. doi:10.1016/j.biomaterials.2018.03.033
 Gómez-Barrena, E., Rosset, P., Lozano, D., Stanovici, J., Ermthaller, C., and Gerbhard, F. (2015). Bone Fracture Healing: Cell Therapy in Delayed Unions and Nonunions. Bone 70, 93–101. doi:10.1016/j.bone.2014.07.033
 Hardcastle, A. C., Aucott, L., Fraser, W. D., Reid, D. M., and Macdonald, H. M. (2011). Dietary Patterns, Bone Resorption and Bone mineral Density in Early post-menopausal Scottish Women. Eur. J. Clin. Nutr. 65, 378–385. doi:10.1038/ejcn.2010.264
 Henriques, J. F., Serra, D., Dinis, T. C. P., and Almeida, L. M. (2020). The Anti-neuroinflammatory Role of Anthocyanins and Their Metabolites for the Prevention and Treatment of Brain Disorders. Int. J. Mol. Sci. 21, 653. doi:10.3390/ijms21228653
 Hu, B., Chen, L., Chen, Y., Zhang, Z., Wang, X., and Zhou, B. (2021). Cyanidin-3-glucoside Regulates Osteoblast Differentiation via the ERK1/2 Signaling Pathway. ACS Omega 6, 4759–4766. doi:10.1021/acsomega.0c05603
 Huang, W., Yan, Z., and Li, D. (2018). Antioxidant and Anti-inflammatory Effects of Blueberry Anthocyanins on High Glucose-Induced Human Retinal Capillary Endothelial Cells. Oxid. Med. Cell Longev. 2018, 1862462.
 Imangali, N., Phan, Q. T., Mahady, G., and Winkler, C. (2021). The Dietary Anthocyanin Delphinidin Prevents Bone Resorption by Inhibiting Rankl-Induced Differentiation of Osteoclasts in a Medaka (Oryzias latipes) Model of Osteoporosis. J. Fish. Biol. 98, 1018–1030. doi:10.1111/jfb.14317
 Jakesevic, M., Aaby, K., Borge, G. I., Jeppsson, B., Ahrné, S., and Molin, G. (2011). Antioxidative protection of Dietary Bilberry, Chokeberry and Lactobacillus Plantarum HEAL19 in Mice Subjected to Intestinal Oxidative Stress by Ischemia-Reperfusion. BMC Complement. Altern. Med. 11, 8. doi:10.1186/1472-6882-11-8
 James, A. W., Lachaud, G., Shen, J., Asatrian, G., Nguyen, V., Zhang, X., et al. (2016). A Review of the Clinical Side Effects of Bone Morphogenetic Protein-2. Tissue Eng. Part. B Rev. 22, 284–297. doi:10.1089/ten.TEB.2015.0357
 Kang, H. M., Park, B. S., Kang, H. K., Park, H. R., Yu, S. B., and Kim, I. R. (2018). Delphinidin Induces Apoptosis and Inhibits Epithelial-To-Mesenchymal Transition via the ERK/p38 MAPK-Signaling Pathway in Human Osteosarcoma Cell Lines. Environ. Toxicol. 33, 640–649. doi:10.1002/tox.22548
 Karunarathne, W. A. H. M., Molagoda, I. M. N., Lee, K. T., Choi, Y. H., Jin, C. Y., and Kim, G. Y. (2021). Anthocyanin-enriched Polyphenols from Hibiscus Syriacus L. (Malvaceae) Exert Anti-osteoporosis Effects by Inhibiting GSK-3β and Subsequently Activating β-catenin. Phytomedicine 91, 153721. doi:10.1016/j.phymed.2021.153721
 Kaume, L., Gilbert, W., Smith, B. J., and Devareddy, L. (2015). Cyanidin 3-O-β-D-Glucoside Improves Bone Indices. J. Med. Food 18, 690–697. doi:10.1089/jmf.2014.0029
 Khoo, H. E., Azlan, A., Tang, S. T., and Lim, S. M. (2017). Anthocyanidins and Anthocyanins: Colored Pigments as Food, Pharmaceutical Ingredients, and the Potential Health Benefits. Food Nutr. Res. 61, 1361779. doi:10.1080/16546628.2017.1361779
 Kim, B., Ku, C. S., Pham, T. X., Park, Y., Martin, D. A., Xie, L., et al. (2013). Aronia Melanocarpa (Chokeberry) Polyphenol-Rich Extract Improves Antioxidant Function and Reduces Total Plasma Cholesterol in Apolipoprotein E Knockout Mice. Nutr. Res. 33, 406–413. doi:10.1016/j.nutres.2013.03.001
 Kim, J. M., Yang, Y. S., Park, K. H., Oh, H., Greenblatt, M. B., and Shim, J. H. (2019). The ERK MAPK Pathway Is Essential for Skeletal Development and Homeostasis. Int. J. Mol. Sci. 20, 1803. doi:10.3390/ijms20081803
 Kozłowska, A., and Dzierżanowski, T. (2021). Targeting Inflammation by Anthocyanins as the Novel Therapeutic Potential for Chronic Diseases: An Update. Molecules 26. doi:10.3390/molecules26144380
 Lee, D. Y., Park, Y. J., Hwang, S. C., Kim, K. D., Moon, D. K., and Kim, D. H. (2018). Cytotoxic Effects of Delphinidin in Human Osteosarcoma Cells. Acta Orthop. Traumatol. Turc 52, 58–64. doi:10.1016/j.aott.2017.11.011
 Lee, S. G., Kim, B., Yang, Y., Pham, T. X., Park, Y. K., Manatou, J., et al. (2014). Berry Anthocyanins Suppress the Expression and Secretion of Proinflammatory Mediators in Macrophages by Inhibiting Nuclear Translocation of NF-Κb Independent of NRF2-Mediated Mechanism. J. Nutr. Biochem. 25, 404–411. doi:10.1016/j.jnutbio.2013.12.001
 Lee, Y. M., Yoon, Y., Yoon, H., Park, H. M., Song, S., and Yeum, K. J. (2017). Dietary Anthocyanins against Obesity and Inflammation. Nutrients 9, 1089. doi:10.3390/nu9101089
 Li, D., Wang, P., Luo, Y., Zhao, M., and Chen, F. (2017). Health Benefits of Anthocyanins and Molecular Mechanisms: Update from Recent Decade. Crit. Rev. Food Sci. Nutr. 57, 1729–1741. doi:10.1080/10408398.2015.1030064
 Li, N., Song, J., Zhu, G., Li, X., Liu, L., Shi, X., et al. (2016). Periosteum Tissue Engineering-A Review. Biomater. Sci. 4, 1554–1561. doi:10.1039/c6bm00481d
 Lin, B. W., Gong, C. C., Song, H. F., and Cui, Y. Y. (2017). Effects of Anthocyanins on the Prevention and Treatment of Cancer. Br. J. Pharmacol. 174, 1226–1243. doi:10.1111/bph.13627
 Liu, J., Zhou, H., Song, L., Yang, Z., Qiu, M., Wang, J., et al. (2021). Anthocyanins: Promising Natural Products with Diverse Pharmacological Activities. Molecules 26, 3807. doi:10.3390/molecules26133807
 Mane, C., Loonis, M., Juhel, C., Dufour, C., and Malien-Aubert, C. (2011). Food Grade Lingonberry Extract: Polyphenolic Composition and In Vivo Protective Effect against Oxidative Stress. J. Agric. Food Chem. 59, 3330–3339. doi:10.1021/jf103965b
 Mcnaughton, S. A., Wattanapenpaiboon, N., Wark, J. D., and Nowson, C. A. (2011). An Energy-Dense, Nutrient-Poor Dietary Pattern Is Inversely Associated with Bone Health in Women. J. Nutr. 141, 1516–1523. doi:10.3945/jn.111.138271
 Melough, M. M., Sun, X., and Chun, O. K. (2017). The Role of AOPP in Age-Related Bone Loss and the Potential Benefits of Berry Anthocyanins. Nutrients 9, 789. doi:10.3390/nu9070789
 Millar, C. L., Duclos, Q., and Blesso, C. N. (2017). Effects of Dietary Flavonoids on Reverse Cholesterol Transport, HDL Metabolism, and HDL Function. Adv. Nutr. 8, 226–239. doi:10.3945/an.116.014050
 Moriwaki, S., Suzuki, K., Muramatsu, M., Nomura, A., Inoue, F., Into, T., et al. (2014). Delphinidin, One of the Major Anthocyanidins, Prevents Bone Loss through the Inhibition of Excessive Osteoclastogenesis in Osteoporosis Model Mice. PLoS One 9, e97177. doi:10.1371/journal.pone.0097177
 Mulabagal, V., and Calderón, A. I. (2012). Liquid Chromatography/mass Spectrometry Based Fingerprinting Analysis and Mass Profiling of Euterpe Oleracea (Açaí) Dietary Supplement Raw Materials. Food Chem. 134, 1156–1164. doi:10.1016/j.foodchem.2012.02.123
 Nagaoka, M., Maeda, T., Moriwaki, S., Nomura, A., Kato, Y., Niida, S., et al. (2019b). Petunidin, a B-Ring 5'-O-Methylated Derivative of Delphinidin, Stimulates Osteoblastogenesis and Reduces sRANKL-Induced Bone Loss. Int. J. Mol. Sci. 20, 795. doi:10.3390/ijms20112795
 Nagaoka, M., Maeda, T., Chatani, M., Handa, K., Yamakawa, T., Kiyohara, S., et al. (2019a). A Delphinidin-Enriched Maqui Berry Extract Improves Bone Metabolism and Protects against Bone Loss in Osteopenic Mouse Models. Antioxidants (Basel) 8, 386. doi:10.3390/antiox8090386
 Nishimura, R., Hata, K., Ikeda, F., Ichida, F., Shimoyama, A., Matsubara, T., et al. (2008). Signal Transduction and Transcriptional Regulation during Mesenchymal Cell Differentiation. J. Bone Miner Metab. 26, 203–212. doi:10.1007/s00774-007-0824-2
 Ozbay, T., and Nahta, R. (2011). Delphinidin Inhibits HER2 and Erk1/2 Signaling and Suppresses Growth of HER2-Overexpressing and Triple Negative Breast Cancer Cell Lines. Breast Cancer (Auckl) 5, 143–154. doi:10.4137/BCBCR.S7156
 Padilla, F., Puts, R., Vico, L., Guignandon, A., and Raum, K. (2016). Stimulation of Bone Repair with Ultrasound. Adv. Exp. Med. Biol. 880, 385–427. doi:10.1007/978-3-319-22536-4_21
 Park, K. H., Gu, D. R., So, H. S., Kim, K. J., and Lee, S. H. (2015). Dual Role of Cyanidin-3-Glucoside on the Differentiation of Bone Cells. J. Dent Res. 94, 1676–1683. doi:10.1177/0022034515604620
 Peichl, P., Holzer, L. A., Maier, R., and Holzer, G. (2011). Parathyroid Hormone 1-84 Accelerates Fracture-Healing in Pubic Bones of Elderly Osteoporotic Women. J. Bone Jt. Surg Am 93, 1583–1587. doi:10.2106/JBJS.J.01379
 Pérez-Torres, I., Castrejón-Téllez, V., Soto, M. E., Rubio-Ruiz, M. E., Manzano-Pech, L., and Guarner-Lans, V. (2021). Oxidative Stress, Plant Natural Antioxidants, and Obesity. Int. J. Mol. Sci. 22. doi:10.3390/ijms22041786
 Sakaki, J., Melough, M., Lee, S. G., Kalinowski, J., Koo, S. I., Lee, S. K., et al. (2018). Blackcurrant Supplementation Improves Trabecular Bone Mass in Young but Not Aged Mice. Nutrients 10, 1671. doi:10.3390/nu10111671
 Salhotra, A., Shah, H. N., Levi, B., and Longaker, M. T. (2020). Mechanisms of Bone Development and Repair. Nat. Rev. Mol. Cel Biol 21, 696–711. doi:10.1038/s41580-020-00279-w
 Samarpita, S., Ganesan, R., and Rasool, M. (2020). Cyanidin Prevents the Hyperproliferative Potential of Fibroblast-like Synoviocytes and Disease Progression via Targeting IL-17A Cytokine Signalling in Rheumatoid Arthritis. Toxicol. Appl. Pharmacol. 391, 114917. doi:10.1016/j.taap.2020.114917
 Samarpita, S., and Rasool, M. (2021). Cyanidin Attenuates IL-17A Cytokine Signaling Mediated Monocyte Migration and Differentiation into Mature Osteoclasts in Rheumatoid Arthritis. Cytokine 142, 155502. doi:10.1016/j.cyto.2021.155502
 Saulite, L., Jekabsons, K., Klavins, M., Muceniece, R., and Riekstina, U. (2019). Effects of Malvidin, Cyanidin and Delphinidin on Human Adipose Mesenchymal Stem Cell Differentiation into Adipocytes, Chondrocytes and Osteocytes. Phytomedicine 53, 86–95. doi:10.1016/j.phymed.2018.09.029
 Sehitoglu, M. H., Farooqi, A. A., Qureshi, M. Z., Butt, G., and Aras, A. (2014). Anthocyanins: Targeting of Signaling Networks in Cancer Cells. Asian Pac. J. Cancer Prev. 15, 2379–2381. doi:10.7314/apjcp.2014.15.5.2379
 Shimizu, S., Matsushita, H., Morii, Y., Ohyama, Y., Morita, N., Tachibana, R., et al. (2018). Effect of Anthocyanin-Rich Bilberry Extract on Bone Metabolism in Ovariectomized Rats. Biomed. Rep. 8, 198–204. doi:10.3892/br.2017.1029
 Sinha, K. M., and Zhou, X. (2013). Genetic and Molecular Control of Osterix in Skeletal Formation. J. Cel Biochem 114, 975–984. doi:10.1002/jcb.24439
 Smeriglio, A., Barreca, D., Bellocco, E., and Trombetta, D. (2016). Chemistry, Pharmacology and Health Benefits of Anthocyanins. Phytother Res. 30, 1265–1286. doi:10.1002/ptr.5642
 Speer, H., D'cunha, N. M., Alexopoulos, N. I., Mckune, A. J., and Naumovski, N. (2020). Anthocyanins and Human Health-A Focus on Oxidative Stress, Inflammation and Disease. Antioxidants (Basel) 9, 366. doi:10.3390/antiox9050366
 Tian, L., Tan, Y., Chen, G., Wang, G., Sun, J., Ou, S., et al. (2019). Metabolism of Anthocyanins and Consequent Effects on the Gut Microbiota. Crit. Rev. Food Sci. Nutr. 59, 982–991. doi:10.1080/10408398.2018.1533517
 Tsuda, T., Horio, F., and Osawa, T. (2000). The Role of Anthocyanins as an Antioxidant under Oxidative Stress in Rats. Biofactors 13, 133–139. doi:10.1002/biof.5520130122
 Ullah, R., Khan, M., Shah, S. A., Saeed, K., and Kim, M. O. (2019). Natural Antioxidant Anthocyanins-A Hidden Therapeutic Candidate in Metabolic Disorders with Major Focus in Neurodegeneration. Nutrients 11, 1195. doi:10.3390/nu11061195
 Vega-Galvez, A., Rodríguez, A., and Stucken, K. (2021). Antioxidant, Functional Properties and Health-Promoting Potential of Native South American Berries: a Review. J. Sci. Food Agric. 101, 364–378. doi:10.1002/jsfa.10621
 Wallace, T. C., and Giusti, M. M. (2015). Anthocyanins. Adv. Nutr. 6, 620–622. doi:10.3945/an.115.009233
 Wang, L., Yu, W., Yin, X., Cui, L., Tang, S., Jiang, N., et al. (2021). Prevalence of Osteoporosis and Fracture in China. JAMA Netw. Open 4, e2121106. doi:10.1001/jamanetworkopen.2021.21106
 Wojda, S. J., and Donahue, S. W. (2018). Parathyroid Hormone for Bone Regeneration. J. Orthop. Res. 36, 2586–2594. doi:10.1002/jor.24075
 Wu, X., and Prior, R. L. (2005). Identification and Characterization of Anthocyanins by High-Performance Liquid Chromatography-Electrospray Ionization-Tandem Mass Spectrometry in Common Foods in the United States: Vegetables, Nuts, and Grains. J. Agric. Food Chem. 53, 3101–3113. doi:10.1021/jf0478861
 Yun, J. M., Afaq, F., Khan, N., and Mukhtar, H. (2009). Delphinidin, an Anthocyanidin in Pigmented Fruits and Vegetables, Induces Apoptosis and Cell Cycle Arrest in Human colon Cancer HCT116 Cells. Mol. Carcinog 48, 260–270. doi:10.1002/mc.20477
 Zhai, Z. J., Li, H. W., Liu, G. W., Qu, X. H., Tian, B., Yan, W., et al. (2014). Andrographolide Suppresses RANKL-Induced Osteoclastogenesis In Vitro and Prevents Inflammatory Bone Loss In Vivo. Br. J. Pharmacol. 171, 663–675. doi:10.1111/bph.12463
 Zheng, X., Mun, S., Lee, S. G., Vance, T. M., Hubert, P., Koo, S. I., et al. (2016). Anthocyanin-Rich Blackcurrant Extract Attenuates Ovariectomy-Induced Bone Loss in Mice. J. Med. Food 19, 390–397. doi:10.1089/jmf.2015.0148
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Mao, Huang, Chen, Xu, Qin and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-773660-t003.jpg
Anthocyanin

Delphinidin

Delphinidin-3-rutinoside

Petunidin

Malvidin

Cyanidin Chioride

Gyanicin-3-glucoside

Functions

1. Stimulate bone formation

2. Inhibit bone resorption

Enhance osteoblast prolferation

1. Suppress bone resorption

2. Accelerate osteogenesis

Stimulate bone formation

Protect against bone loss

1. Enhance osteoblast proliferation

2. Inhibit bone resorption

In vitro

1. BMP2, Runx2, Osx, OCN T

2. NF-kB, ¢-Fos, NFATC1 |
MMP9, CTSK, DC-stamp]

Col1, OCN, ALPT

1. >5 pg/ml
o-Fos, NFATC1|

MMP9, CTSK, DC-stamp]
2.>16 pg/ml

BMP2, OCNT

BMP2, Runx2T

1. NF-B|.

2. IkB-al

3.ERK|

4. NFATc1, c-FosT

1. OCN, ALP, Runx2]

2. c-Fos, NFATC1|

CTSK, OSCAR, Tm7sf4, Atp6v0d |

In vivo

Animal model
OVX rat

Osteopenic mouse model

OVX-induced osteoporosis mouse model

Micro-CT
1. BV/TVT
2.Tb.Tht
3.Tb.N[
4.Tb.Sp|
5.ES/BS|
6.N.Oc/BS|

1. BV/IV]
2.To.Thi
3.To.NT
4. To.Sp|
5.0c.5/BS

1. BV/TIVI
2.0cS/BST
3. N.Oc/BST





OPS/images/fphar-12-773660-t001.jpg
Treatment strategies

Bone transplantation

Stem cell therapy

Drug treatments

Physical adjuvant therapy
Padila et al., (2016), Bhavsar
et al., (2020)

Treatments

Autogenous bone
transplantation Filingham and
Jacobs (2016)

Allogratt bone transplantation
Gomez-Barrena et al. (2015)
Bone mesenchymal stem cells
(BMSCs) Casati et al. (2019)

HUC-MSCs (L et al., 2019)

PCs Casati et al. (2019)

thBMP Nishimura et al. (2008)

PTH James et al. (2016)

Low intensity puised
ultrasound

Treatment principle

The transfer of cancellous or
cortical bone from one part of the
body to another

Obtained from another person

Interact with a variety of growth
factors to promote differentiation
of osteoblasts

Indirectly promotes bone
formation by promoting
angiogenesis
Periosteum-derived cels (PDCs)
were implanted into the defect
using scaffolds

1. Promote the differentiation of
MSCs into osteogenic and
chondrogenic lineages

2. Promote chondrocyte
hypertrophy differentiation

3. Promote callus remodeling

1. Promote proiiferation

2. Delay chondrocyte hypertrophy

Accelerate the repair of fracture
injury through external stimulation

Advantages

1. Abundant living cells
2. Low Immunogenicity

3. Low risk of virus
transmission

4. Success rate of 80-90%
Suitable substitute for
autogenous bone

Wide applcation

1. Wide sources
2. Low risk of infection
3. Less immunogenicity
1. Strong bone
regeneration abilty

2. Be widely used in the
treatment of bone
nonunion

3. Promote bone
regeneration and
acoelerate healing

1. Reduce the risk of
fractures

2. Promote callus
formation

3. Reduce healing time
Promote angiogenesis and
remodeling in callus

Disadvantages

1. Less available bone source

2. Poor osteogenesis of donor tissue
leads to failure

Prolonged operation time and pain

1. Low accessibilty
2. Lack of standardized isolation

3. Poor long-term stabiity
Low application in bone regeneration

1. Bionics research is stil in its infancy

2. Material selection need to be
improved

1. Expensive treatment

2. The spread of thBMP can lead to
ectopic bone formation

3. Natural bone resorption

4. Soft tissue sweling

5. Dissolve the bone

High dose injection of PTH induce
catabolic reaction leads to fracture
healing and repairing

Poor healing results in many cases





OPS/images/fphar-12-773660-t002.jpg
Anthocyanin Formula ‘CAS number Sources Biological effects Molecular structure

Delphinidin CisHuCIOr 528-53-0 Berries and red wine Antioxidant; Anti-inflammatory - ,.T‘

e

Petunidin C16H1307 1429307 Purple potato and black goji  Antioxidant
Malvicin CuHusCIOy 643845 Blueberries Apoptosis-inducing; Antioxidant; Anti-tumorogenesis
Cyanidin C15H1106  13306-05-3  Cherries Antioxidant; Anti-angiogenic; Antiviral

Peonidin C16H1306 134-01-0 Berries Antioxidant; Apoptosis-inducing

Pelargonidin C15H1105 7,690-51-9 Stawberries Antioxidant






OPS/xhtml/nav.xhtml
Contents

		Cover

		Research Progress of the Role of Anthocyanins on Bone Regeneration		Introduction

		Clinical Therapies of Promoting Bone Regeneration

		Anthocyanins and Their Biological Effects on Chronic Diseases

		Role of Anthocyanins on Bone Regeneration		Delphinidin

		Petunidin

		Malvidin

		Cyanidin





		Conclusion

		Perspective of Anthocyanins

		Author Contributions

		Publisher’s Note

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Research Progress of the Role of
Anthocyanins on Bone
Regeneration





OPS/images/fphar-12-773660-g001.gif





OPS/images/fphar-12-773660-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





