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Impaired bone formation is the main characteristics of glucocorticoid (GC)-induced osteoporosis (GIO), which can be ameliorated by tanshinol, an aqueous polyphenol isolated from Salvia miltiorrhiza Bunge. However, the underlying mechanism is still not entirely clear. In the present study, we determined the parameters related to microstructure and function of bone tissue, bone microcirculation, and TXNIP signaling to investigate the beneficial effects of tanshinol on skeleton and its molecular mechanism in GIO rats. Male Sprague-Dawley rats aged 4 months were administrated orally with distilled water (Con), tanshinol (Tan, 25 mg kg−1 d−1), prednisone (GC, 5 mg kg−1 d−1) and GC plus tanshinol (GC + Tan) for 14 weeks. The results demonstrated that tanshinol played a significant preventive role in bone loss, impaired microstructure, dysfunction of bone metabolism and poor bone quality, based on analysis of correlative parameters acquired from the measurement by using Micro-CT, histomorphometry, ELISA and biomechanical assay. Tanshinol also showed a significant protective effect in bone microcirculation according to the evidence of microvascular perfusion imaging of cancellous bone in GIO rats, as well as the migration ability of human endothelial cells (EA.hy926, EA cells). Moreover, tanshinol also attenuated GC-elicited the activation of TXNIP signaling pathway, and simultaneously reversed the down-regulation of Wnt and VEGF pathway as manifested by using Western-blot method in GIO rats, EA cells, and human osteoblast-like MG63 cells (MG cells). Collectively, our data highlighted that tanshinol ameliorated poor bone health mediated by activation of TXNIP signaling via inhibiting microcirculation disturbance and the following impaired bone formation in GIO rats.
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INTRODUCTION
Glucocorticoid (GC)-induced osteoporosis (GIO) is one of the most common secondary osteoporosis in clinical practice and may occur in people of all ages. In general, GIO is characterized by a marked impairment of bone formation, due to the decrease in osteoblast proliferation and activity (Taylor and Saag, 2019). To date, the therapeutic strategy for GIO depends mainly on antiresorptive drugs used for the treatment of postmenopausal osteoporosis, its characteristic feature distinguished from GIO. Teriparatide was an unique bone anabolic drugs approved by FDA owing to stimulating osteogenesis (Taylor and Saag, 2019). Notwithstanding, its application is limited by the vast expense and mode of injectable administration. Urgently, more focuses on the new findings involving in bone metabolism may be beneficial for the research and development of novel therapeutic approach for GIO treatment.
Bone vessels play multiple roles in the maintenance of bone homeostasis during physiological and pathological conditions besides participating in transport network. Bone microvascular niches supply oxygen, nutrients, and secrete cytokines required for bone tissue and the correlative cells (Sivaraj and Adams, 2016). Therefore, blood vessels can drive bone formation during development, repair, and regeneration (Xu et al., 2018; Chen et al., 2020). It is known that endothelial cells (ECs) releases crucial factors termed as “angiocrine signals” to regulate the behavior of neighboring cells in the varied bone microenvironment (Ramasamy et al., 2014; Sivan et al., 2019). Vascular endothelial growth factor (VEGF) is considered as an important modulating factor for bone remodeling in GC-induced osteoporosis (Pufe et al., 2003; Jiang et al., 2015). Since GC leads to the decrease of blood vessels and blood flow to the bone (Weinstein, 2010; Cui et al., 2012), microcirculation dysfunction has been named “blood stasis syndrome” in Traditional Chinese Medicine (TCM) (Liao, 2000), and might be considered as a new target for the treatment of GIO.
Thioredoxin-interacting protein (TXNIP), also known as vitamin D3-up-regulated protein (VDUP1), is an endogenous inhibitor of thioredoxin (Trx) to keep cellular redox-state homeostasis (Wu and Du, 2015). It was reported that the expression of TXNIP was abnormally increased in the bones of patients with Cushing syndrome (Lekva et al., 2012) and also high express in cells or in mice under the treatment of dexamethasone (Dex) (Wang et al., 2006; Reich et al., 2012). Further results indicated that TXNIP modulated osteoblast-mediated osteoclastogenesis by regulating the OPG/RANKL ratio to facilitate bone resorption (Lekva et al., 2012). Hence, limiting TXNIP directly or indirectly may be helpful to ameliorate osteoporosis (Mo et al., 2021; Yang et al., 2021). It was reported that high glucose-mediated overexpression of TXNIP induced a widespread impairment in endothelial cell (EC) function and survival by reducing VEGF production (Dunn et al., 2014). Moreover, hyperglycemia significantly up-regulated expression of TXNIP and down-regulated β-catenin pathway in endothelial cells (Yu et al., 2015). However, it’s still not clear to how TXNIP exerts the effect on bone metabolism, and how to regulate the canonical Wnt/β-catenin signaling pathway in the pathological process of GIO.
Tanshinol (D(+)β-3,4-dihydroxyphenyl lactic acid, also called danshensu), is the main bioactive component of Salvia miltiorrhiza Bunge, coinciding with “improve blood circulation and disperse stasis” based on the TCM theory. Our previous studies have highlighted the beneficial effect of tanshinol on improvement of bone formation via up-regulation of Wnt signaling pathway either in zebrafish, or in rats, and or in MSCs exposed to excessive GC (Cui et al., 2009; Luo et al., 2016; Yang et al., 2018). Our evidence also demonstrated that salvianolic acid B improves bone microcirculation and bone function in GIO rats (Cui et al., 2012). One other previous study indicated that salvianolate can inhibit TXNIP-mediated signaling pathway in a post-myocardial infarction model of rat (Qiu et al., 2018). As a consequence, the precise mechanism of tanshinol might involve in alleviating microcirculation disturbance, and then counteracting the damaged bone formation in GIO rats, in view of the fact that salvianolic acid B might be hydrolyzed into tanshinol (Guo et al., 2007). Particularly, whether tanshinol suppresses activation of the TXNIP signaling and rescues down-regulation of Wnt/VEGF cascade pathway in GIO rats remain need to be investigated. Based on the evidence mentioned above, the present study aims to comprehensively elucidate the anti-osteoporotic effect of tanshinol and its underlying mechanism in GIO rats and in vitro, and to provide a potential therapeutic insight for GIO.
MATERIALS AND METHODS
Animal Experiments
4 month-old male Sprague–Dawley rats (396.4 ± 28.55 g, n = 48) were purchased from the Center of Experiment Animal of Guangxi Medical University (certificate of quality: SCXK (GUI) 2014-0002). The animals were housed in Guangdong Medical University animal facility according to the Guide for the Care and Use of Laboratory Animals of Guangdong Laboratory Animal Monitoring Institute. All experimental methods were approved by the Academic Committee on the Ethics of Animal Experiments of the Guangdong Medical University (Permit Number: SYXK (YUE) 2015–0147). All rats were fed with standard chow and free access to water with a 12 h light–dark cycle (25 ± 1°C). The rats were randomly assigned to the following four groups: Con, standard chow and CMC-Na (n = 12); Tan, Tanshinol 25 mg kg−1 d−1 (n = 12); GC, prednisone acetate 6 mg kg−1 d−1 (n = 12); Tan + GC (n = 12), GC plus tanshinol 25 mg kg−1 d−1 (n = 12). The drugs were administered for 16 weeks.
Thirty-six rats (9 rats per group) were injected subcutaneously with calcein (7 mg kg−1, Sigma, St. Louis, MO, United States) on day 13, 14, and day 3, 4 before sacrifice. All animals were sacrificed at the experimental end point. The left femurs were collected for evaluation of bone biomechanical properties and bone micro-architecture analysis. The proximal metaphysis of right tibias were explored to undecalcified section for bone histomorphometry analysis. The right femurs were prepared to detect expression of genes or proteins.
Micro-CT, Bone Biomechanics and Morphometric Measurements
Bone trabecular microarchitecture of cancellous bone in the right proximal femur was determined by using Micro-computed tomography (Micro-CT, SCANCO vivaCT40, Basserdorf, Switzerland). In brief, the designated regions of femur to be scanned (18 μm/slice) were 1–4 mm distal to the growth plate-epiphyseal junctions. Trabecular 3D images were reconstructed by using micro-CT system. Then volume Bone Mineral Density (vBMD), Number of Trabeculae (Tb.N), Trabecular Thickness (Tb.Th), Trabecular Separation degree (Tb.Sp), Connectivity Density (Conn.D), and Bone volume fraction (BV/TV) were obtained from the system software.
For the histomorphometric detection, the tibia was fixed in 10% phosphate buffered formalin for 24 h, following by dehydrating in an ascending ethanol series, and then embedding undecalcified in methyl methacrylate. These tissues were cut into 5 mm sections to stain by toluidine blue for observing trabecular architectural property, including trabecular bone area (%Tb.Ar), Tb.Th, Tb. N, Tb.Sp, Number of Osteoclasts (Oc.N), active osteoclast surface (Oc.S/BS, %) and active osteoblast surface (Oc.S/BS, %), and 9 mm unstained sections for measuring the fluorescence labels in order to evaluate the indices of bone formation, such as Labeling Perimeter percentage (L.pm), Mineralization deposition rate (MAR), Bone Surface new Bone Formation Rate (BFR/BS) according to the two fluorescent labels. Histomorphometric assay was performed by using the Osteomeasure software (OsteoMetrics, Decatur, GA, United States).
Mechanical strength of long bone was measured by a three-point bending test by using the Testing machinery (MTS, Eden prairie, Minnesota, United States). The frozen left femurs were thawed at room temperature, and tested with a 1 mm indenter at a speed of 2 mm/min with a 15 mm span (L). Elastic load (N), fracture load (N), bending energy (N × mm) and stiffness (N × mm2) were obtained by calculation according to load-deformation curve.
Serum Markers Assay
At the end of the experiment, rats that labeled by fluorescent were sacrificed by cardiac puncture under anesthesia with injection of 3% pentobarbital, serum was collected by centrifugation. The levels of serum of PINP (a marker of bone formation) and β-CTX (a marker of bone resorption) were determined by ELISA method.
Bone Microvascular Perfusion Angiography
At the experimental end point, the remaining three rats in each group were subjected to MICROFIL® (Flow Tech Inc., CT, United States) perfusion. After anesthesia with chloral hydrate, the thoracic cavity was exposed, the left ventricle was cannulated to the aorta, and the right atrial appendage was cut. Sequentially they were perfused the mixture of heparin sodium saline, formalin and Microfil contrast medium. The cadaver specimens were kept overnight in a refrigerator at 4°C. After 24 h, sample of bilateral bone tissues of rats were collected, fixed in 10% formaldehyde for 24 h. After 1 month of decalcification, a Micro-CT (Viva CT 40, Scanco, Switzerland) was performed, a suitable threshold was set, and three-dimensional images of rat bone tissue were reconstructed and correlated. Quantitative analysis of the morphology of blood microvessels, such as the course of blood vessels, the way of interconnection, and the range of distribution, to obtain the ratio of microvessel volume (Mv.V/TV), microvessel connectivity density (Mv.conn.D), microvessel number (Mv.N), average microvessel thickness (Mv.th) and microvessel separation (Mv.Sp) related parameters, as described in detail (Cui et al., 2016).
Cell Cultrue
Human osteosarcoma MG-63 cells (MG-63) and Human umbilical vein endothelial fusion cells (a permanent human cell line EA.hy926 cells, abbreviated to EA cells) were purchased from iCell (iCell Bioscience Inc., China). We chose the MG63 cell lines because it is no difference of bone metabolism between the MG-63 cell lines and the MC3T3-E1 or hFOB1.19 cell lines. The EA cells was derived by fusing human umbilical vein endothelial cells with the permanent human cell, line A549 (Edgell et al., 1983). MG cells and EA cells were cultured in MEM basic (Thermo Fisher, China) and DMEM High glucose (Thermo Fisher, China) in supplemented with10% fetal bovine serum (Thermo Fisher, China), at 37°C with an atmosphere of 5% CO2 and 95% humidity, respectively.
Cell Scratch Test
EA cells were seeded in a 12-well plate at density of 5 × 104 Cell/well. After the cells cultured for 24 h, the complete medium was added by containing different concentrations of Dex or Tan, each group has three multiple wells (1 ml/well). After culturing for 0, 6, 12, and 24 h, the cells were photographed for the analysis of the cell migration.
Western Blotting Assay
For Western blotting, the right femur of rats in each group was ground into a fine powder while frozen with liquid nitrogen, and total protein was extracted from this powder using a total protein extraction kit. Cells were lysed by RIPA buffer containing complete protease inhibitor cocktail. Western blotting was performed as described in detail (Yang et al., 2016). There were biological replicates in the two lanes of every group both in GIO rats and in MG cells. The antibody recognizing TXNIP, VEGF, VEGFR2, β-catenin, GAPDH and α-Tubuling were purchased from Cell Signaling Technology (Beverly, MA, United States). The protein expression was monitored by the measurement of Chemiluminescence alterations using a FlourChem Q (Alpha Innotech., CA, United States) luminescent imaging system. The quantitative analysis of these images was performed using the Image-Pro Plus image software.
Statistical Analysis
All experimental results were reported as mean ± SD, and p < 0.05, 0.01 and/or 0.001 were defined as the threshold of significance. Data was analyzed with the SPSS v20.0 statistical software package (IBM, Chicago, IL, United States). Samples were considered normally distributed if p > 0.05, 0.01 and/or 0.001 with Kolmogorov–Smirnov test. Heterogeneity of variance was accepted if p > 0.05, 0.01 and/or 0.001 and a Fisher least significant difference test was used for generating multiple comparisons between groups. Otherwise, the DunnettT3 test was used for such comparisons.
RESULTS
Oral Administration of Tanshinol Attenuates Glucocorticoid-Induced Weight Loss
All rats were flexible response and exhibited good appetite in each group. As shown in Figure 1, variation curve of body weight showed an ascending trend with age of rats during the experimental period, except for the second week. The body weight of rats in the GC group kept slowly increasing compared with the Con group, but body weight of rats both in the Con group and the Tan group maintained at the highest level. Interestingly, body weight of both the GC + Tan group was higher than those in the GC group.
[image: Figure 1]FIGURE 1 | Changes of body weight during the experimental period. The body weight of all rats in each group was recorded each week for 16 weeks. The data are presented as the mean ± SD (n = 9). Note: Con, control group; GC, the group treated with prednisone acetate (6 mg kg−1 ⋅ d−1); GC + Tan, the group treated with GC plus tanshinol (25 mg kg−1 ⋅ d−1); Tan, tanshinol group.
Tanshinol Rescues Glucocorticoid-Elicited Bone Loss and the Impaired Microstructure
To explore the protective effect of tanshinol on bone tissue of rats exposed to GC, we firstly scanned the cancellous bone by micro-CT and reconstructed the 3D-image of microstructure. The evidence demonstrated that the trabecular bone of rats in GC group showed impaired bone microarchitecture (Figures 2A,B), which were in accordance with the alterations of the main parameters, including volumetric bone mineral density (vBMD), bone volume to tissue volume (BV/TV) ratio, trabecular thickness (Tb.Th), trabecular number (Tb.N), connectivity density (Conn.D) and trabecular separation (Tb.Sp) (Figure 2C). Encouragingly, tanshinol exerted an apparent preventive effect on GC-triggered bone loss and impaired microarchitecture of rats (Figure 2C).
[image: Figure 2]FIGURE 2 | Effect of tanshinol on microarchitecture in GIO rats. At the experimental end point, the following measurements were carried out. (A) Micro-CT reconstruction of the trabecular part of distal femur. (B) Micro-CT reconstruction of the trabecular separation of distal femur. (C) Microarchitectural parameters of distal femoral spongiosa were measured by Micro-CT. Data are given as mean ± SD (n = 9). Note: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 versus normal control (Con); #p < 0.05, ##p < 0.01, ###p < 0.001 versus GC treatment (GC).
Tanshinol Reverses Glucocorticoid-Initiated Dysfunction in Bone Metabolism and Poor Bone Quality
We next ask whether the preventive action of tanshinol on skeletal tissue associated with restoring the balance of bone metabolism in GIO rats. To begin with, the changes of %Tb.Ar, Tb.Th, Tb.N, and Tb.Sp in trabecular bone originated from the measurement of bone histomorphometry analysis were in line with those of the evidence measured by micro-CT analysis (Figure 2, Figures 3A,C). Furthermore, GC caused the increased number of osteoclasts and the following activity of mature osteoclasts, as well as the level of serum β-CTX (a bone resorption marker). Simultaneously, GC hampered the function of osteoblasts and bone formation indicated by the parameters including L.Pm (%), BFR/BS (%year) and MAR (μm/d), in accordance with the content of serum PINP (a bone formation marker). These deleterious alterations of bone remodeling can be rescued by tanshinol (Figures 3B,D, 4A,B). To testify whether tanshinol can exert beneficial influence on skeletal quality, femoral shaft samples were used for the three-point bending test. The evidence demonstrated that different kinds of parameters related to biomechanical properties were decreased in varying extent in GIO rats, and tanshinol exhibited a moderate trend towards ameliorating the deleterious effects of GC on biomechanical characteristics (Figure 4C). Collectively, tanshinol contributes to improve bone metabolism and bone strength in GIO rats.
[image: Figure 3]FIGURE 3 | Effect of tanshinol on bone metabolism in GIO rats. (A) Toluidine blue staining of cancellous bone of the proximal tibia metaphysis. (B) Histomorphometric results of Oc.s/BS, OC.N, and Ob.s/BS of cancellous bone of proximal tibial metaphysis. (C) Static parameters of proximal tibial metaphysis in cancellous bone. (D) Serum markers of bone formation (PINP) and bone resorption (β-CTX) measured by using ELISA assay. The data are presented as the mean ± SD (n = 9). Note: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001versus Con; #p < 0.05, ##p < 0.01, ###p < 0.001 versus GC.
[image: Figure 4]FIGURE 4 | Effect of tanshinol on bone formation and biomechanical properties in GIO rats. (A) Representative fluorescent micrographs of dual calcein labeling in the tibia. (B) Histomorphometric quantitative analysis of dynamic parameters of %L.Pm, BFR/BS, and MAR used as key indicators of bone forming capacity in the tibia spongiosa. (C) Biomechanics characteristics of femur were determined by three-point bending assay. The data are presented as the mean ± SD (n = 9). Note: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 versus Con; #p < 0.05, ##p < 0.01, ###p < 0.001 versus GC.
Tanshinol Abrogates Glucocorticoid-Elicited Disorder of Bone Microcirculation
It is well-known that the vascular endothelium is considered as a mediator of bone health and disease (Prisby, 2017). We next examined the bone microcirculation by virtue of microfil microvascular perfusion imaging in rats treated with GC in the presence or absence of tanshinol. As shown in Figure 5, GC caused the decline of blood vessels in cancellous bone. In contrast, tanshinol could protect skeleton from GC-induced impairment and reduction of bone microvessels. Surprisingly, some parameters related bone microcirculation in GC + Tan group were higher than those in Con or GC group.
[image: Figure 5]FIGURE 5 | Protective effects of tanshinol on bone microcirculation in GIO rats. (A) Microfil microvascular perfusion imaging of microvascular structure of the distal femur. (B) Microvascular parameters of distal femoral were measured by Micro-CT. The data are presented as the mean ± SD (n = 3). Note: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 versus Con; #p < 0.05, ##p < 0.01, ###p < 0.001 versus GC.
Tanshinol Hampers Glucocorticoid-Provoked Up-Regulation of Thioredoxin Interacting Protein Signaling and Down-Regulation of Wnt/Vascular Endothelial Growth Factor Pathway
It has been previously demonstrated that GC can up-regulate TXNIP signaling in the bone tissue (Lekva et al., 2012), and TXNIP contributes to inhibition of canonical Wnt pathway (Hui et al., 2015) and VEGF pathway (Dunn et al., 2014). We further explored whether the osteoprotective action of tanshinol involved in counteraction of GC-induced activation of TXNIP signaling together with down-regulation of Wnt/VEGF pathway. The evidence of bone tissue acquired from the results of ELISA determination and Western blot assay proved that tanshinol reversed the increased expression of TXNIP, HIF-α, Txr and VEGF in GIO rats, and simultaneously restored the decreased expression of β-catenin (Figure 6), in line with the partial evidence collected from in vitro (Figure 7, Supplementary Figures 1, 2). As expected, GC leaded to inhibiting the ability of migration and tube formation of EA cells, and tanshinol could rescue the function within 24 h reaching to the extent of migration in normal control group (Figure 8 and Supplementary Figure 3).
[image: Figure 6]FIGURE 6 | Tanshinol inhibits activation of TXNIP signaling and simultaneously rescues β-catenin/VEGF pathway in GIO rats. (A) Serum markers VEGF, HIF-α, TXNIP, Trx were measured using ELISA assay. (B) Expression of TXNIP, VEGF, β-Catenin (a key molecule of canonical Wnt signaling) in the bone tissue were measured by Western blot, and the two lanes of every group are biological replicates. Bars indicate mean ± SD of triplicate determinations. Note: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001versus Con; #p < 0.05, ##p < 0.01, ###p < 0.001 versus GC.
[image: Figure 7]FIGURE 7 | Effect of tanshinol on bone formation and blood vessel formation in vitro. Expressions of VEGFR2 (a key protein in angiogenesis) and β-catenin in MG cells and in EA cells, respectively. The two lanes of every group (A) are biological replicates. Bars indicate mean ± SD of triplicate determinations. Note: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 versus Con; #p < 0.05, ##p < 0.01, ###p < 0.001 versus Dex.
[image: Figure 8]FIGURE 8 | Tanshinol protects migration ability of EA cells against Dex. Effects of Dex or Tan on the migration of EA cells in 0, 6, 12, and 24 h was measured by scratch method respectively. Bars indicate mean ± SD of triplicate determinations. Note: ∗p < 0.05 versus normal control (Con); #p < 0.05 versus dexamethasone treatment (Dex).
Concerning the evidence that there was a cell-to-cell communication between osteoblast and endothelial cells (Veeriah et al., 2016), and a crosstalk between VEGF signaling and Wnt pathway (Wang et al., 2016), we next asked whether the supernatant fluid from MG cell culture can influence endothelial cells, and vice versa. The results demonstrated that only the supernatant fluid from endothelial cell culture can promote the expressions of VEGFR2 and β-catenin in MG cells (Figure 7). Moreover, tanshinol exerted a preventive effect on expressions of VEGFR2 and β-catenin in varying extent in the two cells (Figure 7). In brief, these evidences highlight the beneficial role of the tanshinol in angiogenesis and osteogenesis in GIO rats, in which may involve the down-regulation of TXNIP signaling and up-regulation of the Wnt/VEGF pathway.
DISCUSSION
Increasing documented evidences highlight the role of microcirculation dysfunction in the development and progression of GIO. Impaired bone microvasculature is a deleterious consequence owing to treatment with high doses and long-term administration of GC, and subsequently exert severe influence on function of bone formation (Peng et al., 2020). As illustrated in Figure 9, the present study provided a new finding to highlight the protective effect of tanshinol on bone tissue against the pathologic process of GIO, in accordance with the previous reports in our team (Cui et al., 2009; Luo et al., 2016; Yang et al., 2018). Here, we further confirmed that tanshinol exerts a protective effect on skeleton against the influence of GC relying on its inhibitory action on microcirculation disturbance and the following impairment of bone formation. Meanwhile, we demonstrated that the molecular mechanism of tanshinol underlying the anti-osteoporotic efficacy is related to regulation of the TXNIP/Wnt/VEGF cascade pathways. As tanshinol effectively relieved the impaired bone formation and improved bone quality, it seems to be a promising candidate reagent for the prevention and treatment of GIO.
[image: Figure 9]FIGURE 9 | Model of the pathogenesis of GC-induced microcirculation dysfunction and impaired osteogenesis by TXNIP and its intervention of tanshinol: Long-term high-dose glucocorticoid can activate expression of TXNIP proteins. TXNIP down-regulates both VEGF and Wnt signaling pathways in vascular endothelial cells and osteoblasts respectively, contributing to inhibition of angiogenesis, followed by dysfunction of microcirculation in bone vessels, which causes blood stasis and decreased bone formation and eventually induced osteoporosis. However, tanshinol protects rats from GIO involving in the regulation of TXNIP/Wnt/VEGF cascade pathway.
It is well-known that bone metabolism is carried out from cradle to grave to maintain hardness and strength of skeleton. The pathophysiology of GIO is characterized by two distinct phases: an early rapid and transient phase followed by a slower, progressive phase (Compston, 2018). In the initial phase, GC triggers an imbalance between osteoclastogenesis and osteoblastogenesis during the remodeling, subsequently inducing an increase in the osteoclasts number and bone resorption and a decrease in the osteoblasts number and bone formation among patients on chronic steroid therapy (Taylor and Saag, 2019). Inevitably, the reduction in osteoblastic lineage cells leads to a corresponding reduction in both bone resorption and formation during long-term administration of GC, so-called low bone turnover (Chotiyarnwong and McCloskey, 2020). In this study, a high level of bone turnover was found in the GIO rats, indicating that bone resorption is higher than bone formation, and bone turnover in our study was still in the initial phase of GIO, according to the most commonly situation occurred in our previous studies and other reports (Cui et al., 2009; Cui et al., 2012; Yang et al., 2018; Zhang et al., 2018; Mo et al., 2021). Encouragingly, we found that tanshinol at least partially blocked the pathological progression of GIO, even some parameters related to bone metabolism in the Tan group restored to the similar extent like those in the Con group. Although it was no report that tanshinol exerted any effect on osteoclast differentiation and function, the evidences suggest that tanshinol exerts dual protective effects on bone tissue due to both blocking and reversing the pathological progression of GIO. In the light of the fact that tanshinol could meliorate GC-elicited osteoporotic bone loss, impaired bone microstructure, and poor bone strength by restoring the balance between bone formation and bone resorption, we assumed that tanshinol has a good application prospect for prevention and treatment of GIO in the future.
TXNIP has attracted considerable attention regarding drug development owing to its multiple functions and involvement in metabolic disorders, inflammation, neurodegenerative disorders as well as cancer (Qayyum et al., 2021). Generally, TXNIP is considered as a vital regulator in response to oxidative stress relying on interacting with reduced thioredoxin (Trx),and further blocking its potential for scavenging reactive oxygen species (Alhawiti et al., 2017). Recently, it was found that TXNIP gene highly expressed in the patients with endogenous Cushing’s Syndrome (Lekva et al., 2012). Our previous evidence further revealed that TXNIP elicited bone loss by promoting the excessive mitochondrial oxidative phosphorylation under conditions of oxidative stress induced by GC, which can be blocked in the TXNIP knockout mice (Mo et al., 2021). Several preclinical and clinical evidence related to diabetes mellitus supported the TXNIP-specific inhibitors for the development of new promising agents (Qayyum et al., 2021), such as Verapamil (Khodneva et al., 2016), Taurine (Gondo et al., 2012), and SRI-37330 (Thielen et al., 2020). It was reported that TXNIP pathway could be inhibited by a salvianolate injection (Qiu et al., 2018), the main water-soluble bioactive compounds of Salvia miltiorrhiza bunge. As one of the bioactive water-soluble components, tanshinol exerts exactly aforementioned protective effect on osteogenesis, in line with our previous studies (Cui et al., 2009; Yang et al., 2013; Luo et al., 2016; Yang et al., 2018). Therefore, there is a need to elucidate whether tanshinol protects bone function from injury evoked by long-term excessive use of GC via regulating the TXNIP pathway in GIO rat. Our present data showed that tanshinol contributed to suppressing the up-regulation of TXNIP signaling in GIO rats. That might be the underlying mechanism of tanshinol for treating GIO.
It is believed that VEGF secreted from osteoblasts can trigger signaling responses in different cell populations expressing VEGF receptors (VEGFR), including the endothelial cells and varied bone cells, such as osteoblasts and chondrocytes (Wang et al., 2007). In a variety of pathophysiological conditions, reduced osteoblasts may reduce the expression of hypoxia inducible factor 1a (HIF-1α) and the production of VEGF, thereby adversely affecting the vasculature (Sivaraj and Adams, 2016). As a target gene for HIFα, TXNIP is required for VEGF-mediated VEGFR2 activation and angiogenic response in hypoxia-induced abnormal angiogenesis (Abdelsaid et al., 2013). Similarly, we found here that the express of VEGF was high in the bone tissue of GIO rats and the express of VEGFR2 in EA cells were also at a high level exposed to Dex. In contrast, Dex could lead to a significant decrease in express of VEGFR2 in MG cells. These results suggest that GC-induced angiogenic response mainly occurs within endothelial cell. Additionally, a distinct finding was showed that the supernatant fluid from EA cell culture stimulated an obvious elevation of VEGFR2 express in MG cells, and the supernatant fluid from MG cell culture had little effect on endothelial cells. The discrepancy of this opposite evidence between the previous results and partial ours may be due to the different mechanisms in different experimental design. However, it is worthy of further study on the precise relationship between osteoblasts and endothelial cell in the bone tissue. Based on biomarker expression and functional characteristics, an endosteal type H capillaries who couples angiogenesis to osteogenesis was found to reduce strongly in bone of aged animals, contributing to bone loss (Kusumbe et al., 2014). As a matter of fact, GC can cause bone senescence (Pignolo et al., 2019). These evidence from literatures published may help explain the present result partially. In the present study, tanshinol could down-regulate the excessive expression of VEGF in the GIO rats, while almost no significant effect against GC was observed in the both cells. Further studies need to prove the findings that the preventive effect of tanshinol on bone microcirculation disturbance links to the type H capillaries.
Generally, osteoblastogenesis is mediated by the Wnt/β-catenin signaling pathway. This study validated that GC inhibit Wnt pathway both in vitro and in vivo, which can be reversed by tanshinol, consistent with our previous studies (Yang et al., 2013; Yang et al., 2018). In our previous study, KLF15, a novel identified glucocorticoid receptor (GR) target gene, exerted an inhibitory effect on Wnt pathway in osteoblast (Yang et al., 2018). However, whether a connection between TXNIP and KLF15 lied in osteoblasts and their interaction contributed to regulation of Wnt pathway remains to be elucidated. It was reported that endothelial cells supported osteogenesis of osteoprogenitor cells via up-regulation of Wnt signaling by activating β-catenin expression (Grellier et al., 2009; Maes et al., 2010), and that both β-catenin dependent and independent Wnt signaling pathways can control angiogenesis in EC cells (Phng et al., 2009; Korn et al., 2014). In the present study, the supernatant fluid from EA cell culture promoted the express of β-catenin in MG cells, but the supernatant fluid from MG cell culture exerted inhibitory effect on β-catenin in endothelial cells. Although an enormous amount of research efforts involved in the effect of endothelial cells on osteoblasts, the precise mechanism of osteoblasts on endothelial cells is still unclear. We have planned to confirm the findings mentioned above with the help of gene-conditioned knockout mice, rat’s primary osteoblast and endothelium cell in the next study. Collectively, the evidence highlights the complexity of molecular mechanism underlying tanshinol on osteoprotective effect in GIO rat.
CONCLUSION
Our study demonstrated that tanshinol ameliorated microcirculation dysfunction and impairment of bone formation, revealing a significant osteoprotective effect as evidenced by the down-regulation of TXNIP signaling. However, it was not adequate signaling molecule to be detected in our study for explaining the relationship between tanshinol and the changes of signal transduction in the GIO model. Further experiments are needed, such as adding TXNIP inhibitors or the TXNIP knockout model of mice, to go deeper into the role of the TXNIP signaling pathway in the protection of tanshinol on GIO mice.
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