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Background: Qianggu Concentrate (QGHJ), a traditional Chinese medicine, is extensively used to treat Type 2 Diabetic Osteoporosis (T2DOP). Despite its widespread use, research on its therapeutic mechanisms within T2DOP is notably scarce.Objective: To explore QGHJ’s osteoprotection in T2DOP rats and BMSCs, focusing on the antioxidant activation of SIRT1/NRF2/HO-1 and NRF2 nuclear migration.Methods: QGHJ constituent analysis was performed using UPLC-HRMS. Safety, bone-health efficacy, and glucose metabolic effects in T2DOP rats were evaluated via general condition assessments, biomarker profiling, micro-CT, biomechanics, staining methods, and ELISA, supplemented by RT-qPCR and Western blot. BMSCs’ responses to QGHJ under oxidative stress, including viability, apoptosis, and osteogenic differentiation, were determined using CCK-8, flow cytometry, ALP/ARS staining, and molecular techniques. The modulation of the SIRT1/NRF2/HO-1 pathway by QGHJ was explored through oxidative stress biomarkers, immunofluorescence, and Western blot assays.Results: UPLC-HRMS identified flavonoids, monoterpenes, and isoflavones as QGHJ’s key compounds. In vivo, QGHJ proved safe and effective for T2DOP rats, enhancing bone mineral density, microenvironment, and biomechanical properties without impairing vital organs. It modulated bone markers PINP, TRACP 5b, RUNX2 and PPARγ, favoring bone anabolism and reduced catabolism, thus optimizing bone integrity. QGHJ also regulated glycemia and mitigated insulin resistance. In vitro, it preserved BMSCs’ viability amidst oxidative stress, curbed apoptosis, and fostered osteogenesis with regulated RUNX2/PPARγ expression. Mechanistic insights revealed QGHJ activated the SIRT1/NRF2/HO-1 pathway, augmented NRF2 nuclear translocation, and enhanced the antioxidative response, promoting bone health under stress.Conclusion: In T2DOP rat and BMSCs oxidative stress models, QGHJ’s bone protection is anchored in its antioxidative mechanisms via the SIRT1/NRF2/HO-1 pathway activation and NRF2 nuclear translocation.[image: Graphical Abstract]Keywords: traditional Chinese medicine, diabetic, osteoporosis, oxidative stress, osteogenic differentiation
1 INTRODUCTION
Type 2 diabetic osteoporosis (T2DOP), a severe skeletal complication of type 2 diabetes mellitus (T2DM), is characterized by bone loss and increased fracture risk. Diabetes significantly compromises bone health in millions of patients globally (Schacter and Leslie, 2021). Research suggests that up to 60% of T2DM patients develop osteoporosis (Zhang et al., 2019). These findings underscore the pressing need for effective strategies to manage T2DOP. Current treatment approaches for T2DOP combine lifestyle interventions with hypoglycemic and anti-osteoporotic medications. Lifestyle modifications improve glycemic control and bone health but require long-term adherence for optimal efficacy. Metformin and glucagon-like peptide-1 receptor agonists (GLP-1RAs) show positive or neutral effects on skeletal health while lowering blood glucose (Josse et al., 2017). Metformin influences bone metabolism by activating AMP-activated protein kinase in cultured bone marrow progenitor cells and osteoblasts (Chen et al., 2017). A recent meta-analysis associated metformin treatment for type 2 diabetes with reduced fracture risk (Hidayat et al., 2019). Liraglutide, a GLP-1RA, promotes osteoblast differentiation and bone formation by activating PI3K/AKT and cAMP/PKA signaling pathways via GLP-1 receptor binding (Ming-Yan et al., 2019). However, thiazolidinediones, sulfonylureas, and SGLT-2 inhibitors should be avoided in T2DOP treatment as they may decrease bone mineral density and increase fracture risk (Rajagopalan and Brook, 2017; Jackson and Moseley, 2020; Napoli et al., 2021). Various anti-osteoporosis medications effectively improve bone mineral density and reduce fracture risk (Tabacco and Bilezikian, 2019). These include calcium and vitamin D supplements, bisphosphonates, and parathyroid hormone analo gs. These medications, however, have limitations and potential side effects. Calcium and vitamin D supplements alone have limited efficacy. Bisphosphonates may cause gastrointestinal discomfort and, rarely, serious adverse effects like atypical femoral fractures and jaw osteonecrosis with long-term use (Silverman et al., 2018). Parathyroid hormone analogs have limited treatment duration and high costs. Traditional Chinese medicine (TCM) offers a unique, holistic approach to disease management, focusing on restoring overall body balance (Liu et al., 2020). Qianggu Concentrate (QGHJ), a TCM formula, shows promise in T2DOP management. QGHJ’s multi-component, multi-target mechanism potentially addresses both diabetic and osteoporotic aspects of T2DOP simultaneously.
QGHJ, a traditional Chinese medicine formula, has long been used to treat T2DOP by invigorating the spleen, tonifying the kidney, and strengthening tendons and bones. QGHJ is based on traditional Chinese medicine theory, which asserts that the kidney regulates bone health (Ju et al., 2014; Yang et al., 2022; Zhu et al., 2022) and the spleen controls metabolism and musculoskeletal function (Yang and Jia, 2013; Xiang et al., 2016). QGHJ incorporates traditional wisdom from the classical text “Jingyue Quanshu”, which describes the Yougui Pill. Key herbs from this pill, such as Eucommia ulmoides Oliv., Cornus officinalis Sieb. et Zucc., and Lycium barbarum L., have been traditionally used for their bone-strengthening properties (Li et al., 2018; Gu et al., 2019). Preliminary clinical studies have demonstrated QGHJ’s efficacy in alleviating knee pain, reducing blood glucose levels, increasing bone mineral density (BMD), and improving bone metabolism markers (Yang et al., 2015; Li W. et al., 2023). The QGHJ formulation comprises Eucommia ulmoides Oliv. [Eucommiaceae; bark] 5 g, Astragalus membranaceus (Fisch.) Bge. [Fabaceae; root] 5 g, Cornus officinalis Sieb. et Zucc. [Cornaceae; fruit] 3 g, Rehmannia glutinosa (Gaertn.) DC. [Orobanchaceae; tuber] 8 g, Lycium barbarum L. [Solanaceae; fruit] 5 g, Achyranthes bidentata Blume [Amaranthaceae; root] 3 g, Epimedium brevicornu Maxim. [Berberidaceae; leaf] 6 g, Fossilia Ossis Mastodi [fossil; bone] 5 g, Concha Ostreae [Ostreidae; shell] 5 g, Processed Endothelium Corneum Gigeriae Galli [Phasianidae; inner lining of chicken gizzard] 3 g, Cibotium barometz (L.) J. Sm. [Cibotiaceae; rhizome] 5 g, Psoralea corylifolia L. [Fabaceae; seed] 4 g, Dipsacus asperoides C.Y.Cheng et T.M.Ai. [Caprifoliaceae; root] 4 g, Ligusticum chuanxiong Hort. [Apiaceae; rhizome] 4 g, and Cistanche deserticola Y.C.Ma. [Orobanchaceae; stem] 4 g. QGHJ incorporates herbs traditionally used to enhance bone strength and kidney function (E. ulmoides, C. officinalis, A. bidentata, E. brevicornu, P. corylifolia, D. asperoides), as well as herbs known to nourish yin, promote fluid balance, and strengthen spleen function to alleviate diabetes symptoms (A. membranaceus, R. glutinosa, L. barbarum). Pharmacological studies have demonstrated synergistic effects among QGHJ herbs, enhancing anti-T2DOP efficacy. E. brevicornu combined with P. corylifolia has been shown to increase flavonoid bioavailability, enhancing anti-osteoporotic effects (Wang et al., 2024). C. officinalis and A. bidentata have been found to promote osteogenic differentiation by upregulating ALP and Runx2 genes (Park et al., 2020a). C. officinalis combined with R. glutinosa has been reported to maintain serum insulin levels and reduce diabetic symptoms in mice (Lv et al., 2016). A. membranaceus and R. glutinosa have been shown to decrease ROS levels in rats with diabetic foot ulcers, mitigating oxidative stress (Lau et al., 2012). Individual herbs in QGHJ have demonstrated specific therapeutic effects. Animal research has demonstrated that E. ulmoides extract prevented bone loss and bone turnover in rats (Pan et al., 2014), while P. corylifolia extract stimulated osteosarcoma cell proliferation and increased ALP activity, indicating potential anti-osteoporotic effects (Cai et al., 2021). A. membranaceus has been found to significantly reduce blood glucose levels in diabetic models (Liu et al., 2024). E. brevicornu has shown multifaceted pharmacological benefits, including anti-inflammatory and hypoglycemic effects (Yang et al., 2020). Furthermore, the aqueous extract of R. glutinosa has been reported to significantly increase femur and lumbar vertebrae BMD and decrease serum ALP levels (Lim and Kim, 2013).
Oxidative stress (OS), caused by excessive free radicals, contributes significantly to cellular damage (Sies et al., 2017). In T2DM patients, chronic hyperglycemia exacerbates oxidative stress, impairing pancreatic β-cell function and accelerating disease progression (Lotfy et al., 2017). Reactive oxygen species (ROS), particularly hydrogen peroxide and superoxide anions, directly impact bone metabolism by enhancing osteoclast activity and inhibiting osteoblast function (Zhou et al., 2021a). The SIRT1/NRF2/HO-1 signaling pathway plays a crucial role in protecting against oxidative damage (El-Shitany and Eid, 2019). Activation of the Nrf2/HO-1 axis reduces ROS accumulation and mitochondrial dysfunction, promoting bone marrow stromal cell (BMSC) osteogenesis (Jin et al., 2022). Therefore, therapeutic strategies targeting oxidative stress pathways are promising for addressing T2DOP-associated bone metabolism disorders.
In this study, we used UPLC-HRMS to identify QGHJ’s active components for treating T2DOP, providing a foundation for exploring its mechanism of action. We validated QGHJ’s effects on bone protection and glucose metabolism in a T2DOP rat model and investigated its impact on BMSC viability and osteogenic differentiation under oxidative stress in vitro. Moreover, mechanistic experiments were conducted to measure oxidative stress markers and the activation and nuclear translocation of the SIRT1/NRF2/HO-1 pathway (Figure 1).
[image: Figure 1]FIGURE 1 | Flow chart.
2 MATERIALS AND METHODS
2.1 Experimental drugs
Individual herbs comprising QGHJ were sourced from Yinchuan Traditional Chinese Medicine Hospital. The QGHJ was then prepared following standard protocols for Traditional Chinese Medicine in medical institutions. QGHJ preparation involved immersing herbs in water (1:8 w/v) for 2 h, followed by 2 h of boiling. The decoction was then filtered, centrifuged, concentrated, and adjusted to a final concentration of 0.33125 g/mL. For cell experiments, the prepared QGHJ was further centrifuged (4°C, 3,500 rpm, 15 min) and filtered through a 0.22 μm membrane.
Metformin hydrochloride (MET) was employed as a positive control in this study. For in vivo animal experiments, extended-release tablets (MET, C192204223, Ouyi Pharma, China) were utilized. In vitro assays used Metformin hydrochloride (HY-17471A, MedChemExpress, USA).
2.2 UPLC-HRMS analysis of QGHJ
The QGHJ supernatant, following centrifugation and vacuum lyophilization, was resuspended in 40% methanol and thoroughly mixed. This mixture was then centrifuged (16,000 g, 4°C, 15 min), and the resulting supernatant was collected for analysis. Chromatographic separation employed a Vanquish UHPLC system (Thermo Fisher Scientific, Germany) equipped with an ACQUITY UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 µm). The column temperature was maintained at 35°C with a flow rate of 0.3 mL/min. The mobile phase included 0.1% formic acid in water (A) and acetonitrile (B). The elution began with 2% solvent A for 17 min, linearly progressed to 98% solvent B over 17 min, then reversed to 95% solvent A for the next 17 min, shifted to 5% solvent B for 17.2 min, concluding with 95% solvent A and 5% solvent B each for 20 min. Mass spectrometric analysis was performed using a Q-Exactive HFX mass spectrometer (Thermo Fisher Scientific, Germany) coupled with the UHPLC system. Samples were ionized via electrospray in both positive (3,800 V) and negative (3,500 V) modes. The mass spectrometer operated in Full-MS/dd-MS2 mode with resolutions of 60,000 and 15,000 for full and data-dependent secondary scans, respectively. MS/MS spectra were acquired for the top 10 MS1 ions using stepped normalized collision energies (20, 40, and 60). The mass-to-charge ratio scan range was 90–1,300. Data analysis was performed using XCMS software, with results compared to a local high-resolution MS database for Chinese herbs. Component identification criteria included mass accuracy < 25 ppm and fit score > 0.7 to ensure reliability.
2.3 Assessment of QGHJ’s pharmacodynamic effects on T2DOP rats
2.3.1 Experimental animals
Forty male Sprague-Dawley (SD) rats were obtained from the Animal Center of Ningxia Medical University (license number: SYXK (Ning) 2020–0001). The rats were maintained in the animal laboratory of Ningxia Medical University under controlled conditions: (21 ± 1)°C, 41%–51% humidity, (20 ± 2) Pa pressure difference, and a 12-h light/dark cycle. The rats were housed in groups of three per cage in a specific pathogen-free (SPF) environment with ad libitum access to food and water. The study protocol was approved by the institutional ethical committee (approval number: IACUC-NYLAC-2022–098) and adhered to the guide for the care and use of Laboratory Animals (Research, 1996).
2.3.2 Animal model and grouping
To establish the T2DOP rat model, animals were initially fed a high-sugar, high-fat diet (HSHFD) for 4 weeks to induce insulin resistance (Zhang J. J. et al., 2022). The HSHFD (Boaigang-1135DM, Beijing Boaigang Biotechnology Co., Ltd., China) comprised 65% standard rat chow, 10% lard, 20% sucrose, 2.5% cholesterol, 1% sodium cholate, 1% mineral mixture, and 0.5% cellulose mixture. Subsequently, type 2 diabetes mellitus (T2DM) rat model (Xie et al., 2018) was induced by an intraperitoneal injection of 1% streptozotocin (STZ) at 30 mg/kg (BJBAG2001, Beijing Boaigang Biotechnology Co., Ltd., China) (Liang et al., 2021). The T2DM model was confirmed by fasting blood glucose levels ≥ 16.7 mmol/L and consistent diabetic symptoms (Liu S. et al., 2022). To induce osteoporosis, T2DM rats were maintained on the HSHFD for an additional 8 weeks (Liu et al., 2020). Osteoporosis was confirmed by reduced bone density (Samsulrizal et al., 2021).
Male SD rats were randomly divided into six groups (n = 6). Normal control (NC) group: rats fed a standard diet without interventions; T2DOP control group (T2DOP): rats fed the HSHFD and injected with 1% STZ (30 mg/kg), receiving no treatment; Metformin positive control group (MET): T2DOP rats treated with metformin (200 mg/kg/day) (Chen et al., 2022; Lin et al., 2023); QGHJ treatment groups: T2DOP rats treated with low (QGHJ-L, 1.7 g/kg/day), medium (QGHJ-M, 3.4 g/kg/day), or high (QGHJ-H, 6.8 g/kg/day) doses of QGHJ. QGHJ dosages were calculated based on clinically equivalent doses using a human-to-rat conversion factor (Jia et al., 2022). The formula applied was: rat dosage (QGHJ, g/kg) = (clinical dose × 0.33125 g/mL)/60 kg × 6.2. Clinical doses of 50, 100, and 200 mL corresponded to rat dosages of 1.7, 3.4, and 6.8 g/kg for low, medium, and high doses, respectively. QGHJ was administered via gavage to QGHJ-L/M/H groups at 5, 10, and 21 mL/kg, respectively. Metformin, dissolved in distilled water, was given to the MET group at 10 mL/kg. NC and T2DOP groups received equivalent volumes of distilled water. All treatments were administered twice daily for 8 weeks.
2.3.3 Animal sample collection
Rats were anesthetized with intraperitoneal injection of pentobarbital sodium (2% w/v, 40 mg/kg). Blood was allowed to clot at 4°C for 2 h, and centrifuged (4,500 rpm, 15 min) to obtain serum. Euthanasia was performed using isoflurane overdose (5% in 95% oxygen). Femurs were fixed in 4% paraformaldehyde for histology or rinsed with saline, cleaned, and stored at −80°C for further analysis.
2.3.4 Investigation of QGHJ’s effects on diet, weight, and water intake
Throughout the study, rats were closely monitored, with measurements of food and water consumption, as well as weight changes.
2.3.5 Micro-CT analysis of bone mineral density and microstructure
Femoral samples were precisely positioned within the scanning area and underwent Micro-CT (SkyScan1276, Bruker, Germany) scanning at 80 KV voltage, 88 μA current, and 9 μm resolution. Image analysis software was used to calculate osteoporosis-related parameters within a defined region of interest (ROI), including bone mineral density (BMD), bone volume fraction (BV/TV), trabecular number (Tb.N), and trabecular separation (Tb.Sp). The quantitative data obtained were then used for statistical analysis.
2.3.6 H&E and masson’s trichrome staining observations of femur tissues
Distal femur tissues underwent decalcification in 10% EDTA solution for 1 month. The decalcification fluid was replaced weekly, and tissue hardness was monitored throughout the process. After decalcification, femur sections (5 μm thick) were dewaxed, rehydrated, and stained with hematoxylin for 10 min and eosin for 5 min, followed by dehydration, clearing, and mounting. For Masson’s trichrome staining, samples were fixed in Bouin’s solution for 24 h, dehydrated in a graded ethanol series, cleared in xylene, and stained with Masson’s trichrome, concluding with dehydration and mounting. Microscopic examination was performed on all sections to document the staining effects on tissue structure.
2.3.7 Biomechanical testing of femur maximum load
Muscles and soft tissues were removed from the femurs, which were then air-dried and secured onto a three-point bending jig with a 20 mm span. A universal mechanical testing machine applied compression at a rate of 1 mm/min until complete bone fracture, and the maximum load was recorded.
2.3.8 Biochemical evaluation of renal and liver functions, alongside fasting glucose levels
An automatic biochemical analyzer was used to evaluate renal and hepatic function, as well as fasting blood glucose (FBG). Daily checks and calibrations were performed on the analyzer according to standard operating procedures to ensure optimal performance. Prepared samples were placed into different reaction pools of the analyzer, with specific reagents automatically added as needed for the assays. Following a series of automated reactions and detections, the analyzer directly provided numerical values for each parameter.
2.3.9 ELISA quantification of bone turnover markers, fasting insulin, and glycated hemoglobin in serum
Tartrate-resistant acid phosphatase 5b (TRAP5b) (JL12318, Shanghai Jinglelai Biotechnology Co., Ltd., China) and procollagen type I N-terminal propeptide (PINP) (JL13510, Shanghai Jinglelai Biotechnology Co., Ltd., China), as well as fasting insulin (FINS) (JL10692, Shanghai Jinglelai Biotechnology Co., Ltd., China) and glycated hemoglobin (HbA1c) (JL21014, Shanghai Jinglelai Biotechnology Co., Ltd., China), were determined in rat sera. Serum samples and standards were prepared according to the manufacturer’s instructions. ELISA was performed by sequentially adding standards/samples, biotinylated antibodies, and enzyme conjugates to the plate wells. Following washing and color development, OD values were measured using an ELISA reader. Concentrations were calculated using standard curves. Inter-group differences were assessed using appropriate statistical analyses.
2.3.10 Western blot analysis of bone regulatory proteins RUNX2 and PPARγ
Protein was extracted from bone tissue homogenates and quantified. Proteins were separated using 7% SDS-PAGE and transferred to PVDF membranes. The membranes were blocked with 5% non-fat milk and incubated with specific primary antibodies: Runt-related transcription factor 2 (TA5186, Abmart, China) (RUNX2, 1:1000) and Peroxisome proliferator-activated receptor gamma (PA4778, Abmart, China) (PPARγ, 1:1000), followed by incubation with anti-rabbit IgG (1:5000) for 2 h β-actin was used as the internal control. Protein bands were visualized using chemiluminescence (ECL) reagents and quantified using ImageJ 1.5.3 software.
2.3.11 RT-qPCR analysis of bone regulatory genes RUNX2 and PPARγ
Total RNA was extracted from rat bone tissues using Trizol reagent. RNA concentration and purity were determined before reverse transcription using Takara’s kits (Table 1). GAPDH served as the reference gene. RT-qPCR was performed using StepOnePlus system (4376600, USA) with the following protocol: initial denaturation at 95°C for 15 s, followed by annealing at 60°C and extension at 95°C for 15 s.
TABLE 1 | Sequences of Runx2 and PPARγ.
[image: Table 1]2.4 Pharmacological study of QGHJ on BMSCs under oxidative stress
2.4.1 Experimental cells
Rat bone marrow mesenchymal stem cells (BMSCs) (Catalogue No: CP-R131) were procured from Wuhan Puno Sai Life Science Ltd.
2.4.2 BMSCs culture
Primary BMSCs were cultured in an incubator at 37°C with 5% CO2. When cells reached 80%–90% confluence, they were passaged, and the medium was replaced as needed (every 3 days). Cells between passages two and 5 were used for subsequent experiments.
2.4.3 Morphological observation
BMSCs suspensions were seeded into fresh culture media. After 24 h, the adhesion and growth of primary and third-passage cells were observed.
2.4.4 Immunofluorescence characterization of BMSCs surface markers CD34 and CD44
BMSCs fixed with 4% paraformaldehyde, and permeabilized with 0.1% Triton X-100 for 10–15 min. Cells were then incubated for 1 h in PBST containing 5% BSA to block non-specific binding. Primary antibodies against CD34 and CD44 were added and incubated overnight at 4°C. After three to five washes with PBST (5 min each), fluorescence-labeled secondary antibodies were applied and incubated for 1 h at 37°C in the dark. Cell nuclei were stained with DAPI for 5–10 min, slides were mounted with anti-fade solution, and images were captured using a fluorescence microscope.
2.4.5 CCK-8 assay to plot BMSCs growth curve
Third-generation BMSCs were seeded in a 96-well plate at densities of 5 × 103, 1 × 104, and 2 × 104 cells per well. Cell viability was evaluated using the CCK-8 assay at 24, 48, 72, 96, 120, 144, and 168 h post-seeding, and growth curves were generated.
2.4.6 Grouping and treatment for BMSCs
This study investigated the effects of QGHJ on the viability, and apoptosis of BMSCs under oxidative stress conditions. Six groups were set up: a blank control group (NC) under standard conditions; a high-glucose group (HG) with 200 mmol/L glucose simulating oxidative stress; a positive control group treated with 0.1 mg/mL metformin (MET); and QGHJ intervention groups with low (QGHJ-L, 1 g/L), medium (QGHJ-M, 3 g/L), and high (QGHJ-H, 5 g/L) doses. Each group was treated for 24 h after establishing the oxidative stress model to evaluate the antioxidative effects.
The experiment explored the impact of QGHJ on osteogenic differentiation of BMSCs under oxidative stress. Built upon the existing group divisions, an additional osteogenic differentiation contingent (OD) was instituted. Subsequent to the 24-h treatment for antioxidative interrogation, the OD ensemble, along with the established sets, were commenced on osteogenic induction medium (PD-008–200, Wuhan Prunobio Life Technology Co., Ltd., China) concurrently. The medium was replenished every 3 days across the board to advance differentiation.
2.4.7 CCK-8 evaluation of QGHJ’s effect on normal BMSCs
The cytotoxicity of various QGHJ (1, 3, 5, 7, 9, and 11 g/L) was assessed using the CCK-8 assay. Third-generation BMSCs were seeded in a 96-well plate at a density of 5 × 103 cells per well. Once the cells reached 80% confluence, the medium was replaced with different QGHJ, along with blank and control groups. Cell survival rates were measured at 24, 48, and 72 h post-QGHJ treatment by determining the absorbance at 450 nm using CCK-8 reagent after 2 h of incubation in the dark.
2.4.8 CCK-8 assessment of QGHJ’s influence on the viability of BMSCs under oxidative stress
The effects of different QGHJ (1, 3, 5 g/L) and MET on the proliferation of BMSCs under hyperglycemic conditions were evaluated using the CCK-8 method. The absorbance at 450 nm for each group was measured at 24, 48, and 72 h. The calculation of cell survival rate was performed using the same method as described above.
2.4.9 Flow cytometric analysis of BMSCs apoptosis
Twenty-four hours after treatment, cells from each group were harvested for analysis. Apoptotic levels were determined using an Annexin V-FITC/PI staining kit, with reactions carried out in the dark. Flow cytometry was used to quantify apoptosis rates across the groups, and the assay was performed in triplicate for reproducibility.
2.4.10 Alkaline phosphatase (ALP) staining
On the 14th day of osteogenic induction, cells were fixed with 4% paraformaldehyde solution for 30 min. ALP staining was performed according to the instructions provided with the chromogenic reagent kit. After the reaction, cells were washed three times with PBS buffer to remove excess dye before imaging under a phase-contrast microscope.
2.4.11 Alizarin red s (ARS) staining
On day 21, cell mineralization and osteoid formation were assessed using Alizarin Red S staining. Post-induction, cells were fixed with 4% paraformaldehyde for 30 min. The staining reaction was conducted according to the ARS staining reagent manual to evaluate extracellular matrix mineralization and nodule formation. After stopping the reaction, cells were washed with deionized water to remove residual dye. Stained cells were then observed and imaged using an inverted microscope.
2.4.12 Western blot analysis of bone regulatory proteins RUNX2 and PPARγ
Fourteen days after osteogenic induction, Western blot was performed to detect RUNX2 and PPARγ proteins in all groups, following the methodology outlined in section 2.3.10.
2.4.13 RT-qPCR for RUNX2 and PPARγ regulation in bone
The expression levels of Runx2 and PPARγ were quantified on day 14 of osteogenic induction using the RT-qPCR protocol mentioned in section 2.3.11.
2.5 Investigation into how QGHJ alleviated oxidative stress in T2DOP through the SIRT1/NRF2/HO-1 pathway
2.5.1 ELISA assessment of SOD levels in BMSCs groups
SOD concentrations in cell supernatants from each group were measured with prepared samples, following the steps described in section 2.3.9.
2.5.2 Biochemical determination of oxidative stress markers SOD, MDA, and GSH-PX in rat serum
Reagents and specimens were prepared and aliquoted into ELISA plates along with corresponding detection mixtures. After appropriate reactions, optical densities were measured, and concentrations of SOD, malondialdehyde (MDA), and glutathione peroxidase (GSH-PX) were calculated based on standard curves, facilitating the evaluation of oxidative stress levels.
2.5.3 Flow cytometric assessment of reactive ROS levels in BMSCs
After 24 h of experimental treatment, cells were thoroughly washed with sterile PBS to remove residual culture media. Under light-protected conditions, treated cells were stained with the ROS-sensitive DCFH-DA fluorescent probe in serum-free culture medium and incubated at 37°C for 20 min, allowing for selective ROS-mediated fluorescence signal production. Flow cytometry was subsequently used to measure fluorescence intensity in a specific channel, with higher intensities indicating elevated intracellular ROS levels.
2.5.4 Immunofluorescence detection of oxidative stress proteins SIRT1, NRF2, and HO-1 in rats and BMSCs
Twenty-four hours post-treatment, cells were prepared for immunofluorescence detection following the steps outlined in section 2.4.4.
2.5.5 Western blot analysis of oxidative stress-related proteins SIRT1, NRF2, and HO-1 in rats and BMSCs
Immunoblotting was performed for cells post-24 h treatment using specific antibody incubation concentrations: NRF2 (TA0639, Abmart, China) (1:1000), HO-1 (TN24541, Abmart, China) (1:1000), SIRT1 (TA0639, Abmart, China) (1:1000), similar to the method in section 2.3.10.
2.6 Statistical methods
Data was analyzed using GraphPad Prism v8.02 software, and results were expressed as mean ± standard deviation. One-way ANOVA was used to determine statistical significance with P < 0.05 considered significant. Data are presented as mean ± standard deviation. Compared to NC group, *P < 0.05, **P < 0.01, ***P < 0.001; compared with the T2DOP/HG group, #P < 0.05, ##P < 0.01, ###P < 0.001. To prevent bias, the study was conducted using a double-blind design. The experimenters responsible for administering treatments and analyzing data were blinded to the group allocation. The blinding codes were only revealed after the completion of data analysis.
3 RESULTS
3.1 UPLC-HRMS analysis of QGHJ
In QGHJ, ion base peak chromatograms and peak analysis confirmed 36 significant peaks in both ion modes. These were identified as primary compounds (Figure 2; Supplementary Table S1). Using the NPClassifier, the compounds were classified into superclasses, identifying six flavonoids, five isoflavones, five steroids, five monoterpenes, three coumarins, three cyclic polyketones, two phenylpropanoids, two triterpenes, and other individual compounds including one tryptophan alkaloid, one tyrosine alkaloid, a phenylpropanoid, and a fatty acid with its derivatives. Notably, E. brevicornu contributed flavonoids and the tyrosine alkaloid, P. corylifolia yielded isoflavones and coumarins, D. asperoides asper supplied monoterpenes and monoterpenoids, and L. chuanxiong was the primary source of cyclic polyketones.
[image: Figure 2]FIGURE 2 | UPLC-HRMS analysis of QGHJ. (A) Positive ion mode of 40% methanol extract of QGHJ. (B) Negative ion mode of 40% methanol extract of QGHJ.
3.2 QGHJ exhibited good safety in T2DOP rats
3.2.1 QGHJ improved diet, body weight, and water intake
QGHJ increased body weight and reduced water and food intake in T2DOP rats. After 8 weeks of drug intervention, food and water intake significantly increased (T2DOP vs. NC, P < 0.001), while body weight decreased (T2DOP vs. NC, P < 0.001). QGHJ-L/M/H and MET exhibited significant decreases in food and water intake (QGHJ-L/M/H or MET vs. T2DOP, P < 0.001), and an increase in body weight (QGHJ-L/M/H or MET vs. T2DOP, P < 0.001) (Figures 3A–C). These results indicated that QGHJ can improve fundamental pathological features of T2DOP. Moreover, within the experimental dosage range, QGHJ did not exhibit any apparent toxicity in the T2DOP model.
[image: Figure 3]FIGURE 3 | QGHJ demonstrated a favorable safety profile in T2DOP rats (n = 6). (A–C) Body weight, water intake, and food intake of different groups, respectively. Note: The x-axis indicated the timeline: 0 weeks (pre-treatment), 4 and 8 weeks (post-treatment). (D, E) Renal and liver function parameters. (F) Weights of the liver, kidneys, and spleen.
3.2.2 QGHJ enhanced renal and liver function
QGHJ significantly reduced renal function indicators such as serum creatinine (Scr), uric acid (UA), and blood urea nitrogen (BUN) in T2DOP rats. It also significantly reduced liver function markers such as alanine transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALP), and gamma-glutamyl transpeptidase (GGT). After 8 weeks, indicators of liver and renal functions significantly increased (T2DOP vs. NC, P < 0.001). Markedly reduced markers of renal and liver function were observed (QGHJ-L/M/H or MET vs. T2DOP, P < 0.001) (Figures 3D, E). The results suggested that during the experiment, QGHJ did not cause noticeable toxic damage to the liver and kidneys of rats; on the contrary, it improved liver and kidney function abnormalities caused by diabetes, further supporting the safety and efficacy of QGHJ in treating this disease.
3.2.3 QGHJ ameliorated liver, spleen, and kidney weights
QGHJ was observed to ameliorate the weights of the liver, spleen, and kidneys in T2DOP rats. Following 8 weeks of treatment, significant increases in the weights of the liver, spleen, and kidneys were noted (T2DOP vs. NC, P < 0.001). Compared to T2DOP rats, QGHJ-L, QGHJ-M, and MET administrations did not significantly improve liver weight. However, the QGHJ-H significantly reduced liver weight (QGHJ-H vs. T2DOP, P < 0.001). All QGHJ treatments and MET significantly decreased the weights of the spleen and kidneys (QGHJ or MET vs. T2DOP, P < 0.001) (Figure 3F).
3.3 QGHJ exerted a bone-protective effect in T2DOP rats
3.3.1 QGHJ attenuated bone mass loss and regulated biomechanical parameters of femurs
In the T2DOP group, micro-CT scans revealed sparse trabecular structures and significant bone mass loss in the femurs. Quantitative analysis showed notably decreased BMD, BV/TV, and Tb.N (T2DOP vs. NC, P < 0.001), and substantially increased Tb. Sp (T2DOP vs. NC, P < 0.001). After 8 weeks of treatment, QGHJ-H and MET markedly improved BMD and BV/TV (QGHJ-H or MET vs. T2DOP, P < 0.001), while QGHJ-M/H and MET significantly increased Tb.N (QGHJ-M/H, or MET vs. T2DOP, P < 0.001) and decreased Tb. Sp (QGHJ-H or MET vs. T2DOP, P < 0.001) (Figures 4A–E). Biomechanical properties assessed by three-point bending tests demonstrated a significant reduction in the maximum load borne by T2DOP rat femurs (T2DOP vs. NC, P < 0.001). QGHJ-L/M significantly increased the maximum load (QGHJ-L/M vs. T2DOP, P < 0.05), with QGHJ-H and MET further enhancing it (QGHJ-H or MET vs. T2DOP, P < 0.001) (Figure 4F).
[image: Figure 4]FIGURE 4 | QGHJ exerted a bone-protective effect in T2DOP rats (n = 3). (A) Representative micro-CT images of distal femurs (scale bar = 2 mm). (B–E) Quantitative analysis of trabecular parameters: Tb. Sp, Tb.N, BV/TV, and BMD. (F) Maximum load. (G) H&E staining of distal femurs and bone marrow cavities. Black arrows indicated trabeculae and adipocyte in bone marrow cavities. Masson’s trichrome staining showing osteoid formation (blue areas) and mature, mineralized bone tissue (red areas) (scale bar = 200 μm).
3.3.2 QGHJ improved bone microstructure and inhibited marrow adipogenesis
Femoral trabecular structure, new bone formation, and marrow adipogenesis were evaluated in T2DOP rats treated with QGHJ or MET. In the NC group, femoral trabeculae exhibited a dense, moderately thick, and well-ordered distribution, accompanied by abundant new and mature bone tissue, while the bone marrow adipocytes were sparsely distributed with low cell density. Conversely, T2DOP rats exhibited trabecular depletion, thinning, and disorganization, along with reduced new bone formation and increased marrow adipocyte density and volume. QGHJ and MET treatments improved trabecular structure, promoted new bone formation, and inhibited marrow adipogenesis to varying degrees in a dose-dependent manner. The most significant improvements were observed in the QGHJ-M/H and MET groups, while the QGHJ-L group showed limited efficacy (Figure 4G).
3.3.3 QGHJ stabilized serum bone turnover biomarkers TRAP5b and PINP
The ELISA results demonstrated a significant elevation in TRAP5b and a concomitant decrease in PINP (T2DOP vs. NC, P < 0.001). After 8 weeks of treatment, the QGHJ-L group showed a significant elevation in TRAP5b (QGHJ-L vs. T2DOP, P < 0.01) and a marked decrease in PINP (QGHJ-L vs. T2DOP, P < 0.01). The QGHJ-M/H, and MET groups demonstrated a significant increase in TRAP5b (QGHJ-M/H or MET vs. T2DOP, P < 0.001) and a significant decrease in PINP (QGHJ-M/H or MET vs. T2DOP, P < 0.001) (Figures 5B, C).
[image: Figure 5]FIGURE 5 | Effects of QGHJ on bone biomarkers in T2DOP rats. (A) Western blot analysis of RUNX2 and PPARγ protein expression. β-actin served as the internal control (n = 3). (B, C) Serum levels of TRAP5b and PINP across groups (n = 6). (D, E) Relative protein expression of RUNX2 and PPARγ, normalized to β-actin (n = 3). (F, G) RUNX2 and PPARγ mRNA expression levels in bone tissues, n = 3.
3.3.4 QGHJ modulated bone regulatory proteins RUNX2 and PPARγ
Western blot analysis of femur samples assessed RUNX2 and PPARγ expression. The expression level of RUNX2 protein was found to be decreased (T2DOP vs. NC, P < 0.001), whereas PPARγ protein expression was elevated (T2DOP vs. NC, P < 0.001). After 8 weeks of treatment, QGHJ-H significantly increased RUNX2 protein expression (QGHJ-H vs. T2DOP, P < 0.001) and significantly decreased PPARγ protein levels (QGHJ-H vs. T2DOP, P < 0.001) (Figures 5A, D, E).
3.3.5 QGHJ improved bone regulatory genes RUNX2 and PPARγ
Expression levels of RUNX2 mRNA in femur tissues were reduced (T2DOP vs. NC, P < 0.001), while PPARγ mRNA levels were increased (T2DOP vs. NC, P < 0.001). Treatment with QGHJ-H for 8 weeks led to a significant increase in RUNX2 mRNA expression (QGHJ-H vs. T2DOP, P < 0.001) and a significant decrease in PPARγ mRNA levels (QGHJ-H vs. T2DOP, P < 0.001) (Figures 5F, G).
3.4 QGHJ stabilized glycemic metabolism
Biochemical and ELISA analyses revealed that HbA1c, FBG, and the insulin resistance index (HOMA-IR) were significantly elevated, while FINS levels were markedly reduced (T2DOP vs. NC, P < 0.001). After 8 weeks of treatment, QGHJ-L/M/H and MET significantly lowered HbA1c and FBG levels (QGHJ-L/M/H or MET vs. T2DOP, P < 0.001). FINS notably increased with QGHJ-L/M/H or MET treatment (QGHJ-L/M/H, or MET vs. T2DOP, P < 0.001). No statistical significance was found for HOMA-IR in the QGHJ-L/M groups. However, HOMA-IR significantly decreased in the QGHJ-H and MET groups (QGHJ-H or MET vs. T2DOP, P < 0.001) (Figure 6).
[image: Figure 6]FIGURE 6 | Effects of QGHJ on glycemic metabolism in T2DOP rats (n = 6). (A–D) Levels of FBG, HbA1c, FINS, and HOMA-IR across different groups.
3.5 Identification of BMSCs
3.5.1 Morphological observation of BMSCs
Inverted microscopy revealed that 24 h after primary culture, rat BMSCs began to adhere and grow, with a small number of spindle-shaped cells visible. After three passages, the obtained BMSCs had a purity exceeding 95%, exhibiting a spindle-shaped morphology and a swirling growth pattern (Figures 7A, B).
[image: Figure 7]FIGURE 7 | Identification of bone marrow mesenchymal stem cells (BMSCs). (A) Morphology of primary cultured BMSCs (scale bar = 200 μm). (B) Morphology of third-generation BMSCs (scale bar = 200 μm). (C) BMSC growth curve. (D) Immunofluorescence staining of BMSC surface markers (scale bar = 20 μm).
3.5.2 Plotting the growth curve of BMSCs
The CCK8 assay results showed that the growth curve of BMSCs exhibited a flat “S” shape trend, including a latent phase (days 1–2), a logarithmic growth phase (days 3–6), and a plateau phase (after day 6). At different seeding densities, the growth curves of BMSCs displayed similar three growth stages: initial adaptation delay, rapid proliferation, and stable growth. The experimental data reflected the typical growth pattern of BMSCs. Different seeding densities did not significantly affect the overall shape of the growth curve but influenced the specific time points at which cells entered the logarithmic and plateau phases (Figure 7C).
3.5.3 Detection of BMSCs surface markers
CD44 and CD34 are specific surface markers for BMSCs. CD44 is a positive marker, while CD34 is a negative surface marker. Immunofluorescence analysis demonstrated that the expression level of CD44-positive cells was extremely high in purified BMSCs, whereas the proportion of CD34-positive cells was remarkably low. This confirms that the vast majority of BMSCs express CD44 but not CD34 molecules (Figure 7D).
3.6 Assessment of BMSCs viability
3.6.1 Effects of QGHJ on normal BMSCs
The results indicated that at the 24-h time point, various concentrations of QGHJ had little impact on the cell viability of BMSCs, showing no apparent cytotoxicity compared to the normal control group. However, at 48 and 72 h, high concentrations of QGHJ (≥5 g/L) exhibited a certain degree of cytotoxicity, with cell viability gradually decreasing as the concentration increased (Figures 8A, B).
[image: Figure 8]FIGURE 8 | Effects of QGHJ on BMSC viability and apoptosis. (A, B) QGHJ effects on normal BMSC viability (n = 9). (C, D) QGHJ effects on BMSC proliferation under high glucose conditions (n = 9). (E) Effects of MET (0.1 mg/mL) on BMSC growth in hyperglycemic conditions (n = 9). (F, G) QGHJ effects on BMSC apoptosis (n = 3).
3.6.2 QGHJ improved the viability of BMSCs under oxidative stress
At the 24-h, 36-h, and 48-h time points, QGHJ at three concentration gradients of 1 g/L, 3 g/L, and 5 g/L significantly enhanced the cell proliferation activity of BMSCs under oxidative stress induced by high glucose. Among them, 5 g/L QGHJ-H group exhibited the most remarkable promoting effect at 24 h, with cell proliferation activity approaching the normal control level (Figure 8C). Therefore, 5 g/L was preliminarily determined as the optimal QGHJ concentration for promoting BMSCs proliferation. As shown in Figure 8D, at the 24-h time point, all concentrations of QGHJ significantly reversed the proliferation inhibition induced by high glucose (QGHJ vs. HG, P < 0.001). Additionally, at 24 h, 0.1 mg/mL was determined to be the optimal MET concentration for promoting BMSC proliferation (Ren et al., 2021) (Figure 8E).
3.7 QGHJ ameliorated apoptosis of BMSCs under oxidative stress
Initially, we employed flow cytometry to assess the apoptosis levels of BMSCs in each group. The results demonstrated that the apoptosis rate of cells in the HG group was significantly elevated (HG vs. NC, P < 0.001), suggesting that oxidative stress induced by high glucose induces excessive apoptosis of BMSCs, leading to decreased cell viability. Subsequently, we treated HG group cells with different concentrations of QGHJ and MET. The QGHJ groups and MET significantly reduced apoptosis (QGHJ-L/M/H, or MET vs. HG, P < 0.001) (Figures 8F, G). These findings preliminarily confirm that QGHJ possesses clear anti-apoptotic activity and can effectively counteract the excessive apoptosis of BMSCs caused by oxidative stress, thereby maintaining cell survival.
3.8 QGHJ mitigated oxidative stress-induced inhibition of osteogenic differentiation in BMSCs
3.8.1 ALP staining
ALP staining was primarily performed to detect the early osteogenic differentiation ability of cells. On day 14 of osteogenic differentiation, the ALP staining intensity of the OD group was significantly enhanced compared to the NC group, indicating that we successfully induced the early osteogenic differentiation of BMSCs. However, the ALP staining was weakened in the HG group compared to the OD group, suggesting that oxidative stress induced by high glucose has an inhibitory effect on early bone formation. Notably, the ALP staining intensity was significantly enhanced in all treatment groups compared to the HG group. These results suggest that QGHJ can significantly improve the early osteogenic differentiation ability of BMSCs under oxidative stress, partially reversing the osteogenic differentiation inhibition (Figure 9A).
[image: Figure 9]FIGURE 9 | Effects of QGHJ on oxidative stress-induced inhibition of BMSC osteogenic differentiation (n = 3). (A) Representative ALP staining images (scale bar = 200 μm). (B) Representative ASR staining images (scale bar = 200 μm). (C–E) Western blot analysis of RUNX2 and PPARγ in BMSCs. (F, G) RT-qPCR analysis of RUNX2 and PPARγ mRNA levels.
3.8.2 ASR staining
On day 21 of osteogenic differentiation, we performed SR staining to examine the extracellular matrix calcification in each group. The results showed that the alizarin red staining was more pronounced in the OD group compared to the NC group. The staining was significantly weakened in the HG group compared to the OD group. Compared to the HG group, all treatment groups formed more calcified nodules with more prominent alizarin red staining. This indicates that QGHJ can effectively promote the late osteogenic differentiation of BMSCs under oxidative stress induced by high glucose, enhancing the extracellular matrix calcification and bone tissue formation ability (Figure 9B).
3.8.3 QGHJ regulated the bone regulatory proteins RUNX2 and PPARγ in BMSCs
Western blot was used to detect RUNX2 and PPARγ in the OD, HG, and QGHJ-H groups after 14 days of osteogenic induction. The expression level of RUNX2 was decreased (HG vs. NC, P < 0.001), while the protein expression level of PPARγ was increased (HG vs. NC, P < 0.01). After treatment, QGHJ-H significantly increased the protein expression of RUNX2 (QGHJ-H vs. HG, P < 0.001), and the protein expression level of PPARγ was significantly decreased (QGHJ-H vs. HG, P < 0.05) (Figures 9C–E).
3.8.4 QGHJ regulated the bone regulatory genes RUNX2 and PPARγ in BMSCs
RT-qPCR detected that the mRNA expression level of RUNX2 was decreased (HG vs. NC, P < 0.001), while the mRNA expression level of PPARγ was increased (HG vs. NC, P < 0.001). After treatment, QGHJ-H significantly increased the mRNA expression of RUNX2 (QGHJ-H vs. HG, P < 0.001), and the mRNA expression level of PPARγ was significantly decreased (QGHJ-H vs. HG, P < 0.001) (Figures 9F, G).
3.9 The mechanism of QGHJ activating the SIRT1/NRF2/HO-1 pathway to reduce oxidative stress in T2DOP
3.9.1 QGHJ reduced oxidative stress indicators MDA, SOD, and GSH-PX
Biochemical test results showed that the levels of GSH-PX and SOD in the serum of the T2DOP group were significantly decreased, while the MDA level was significantly increased (T2DOP vs. NC, P < 0.001), reflecting a notable oxidative stress state in the T2DOP group. After 8 weeks of treatment, the levels of GSH-PX and SOD were significantly increased, and the MDA level was significantly decreased in the QGHJ-L/M/H, and MET groups (QGHJ-L/M/H, or MET vs. T2DOP, P < 0.001). This suggested that QGHJ and MET could effectively improve the oxidative stress condition in T2DOP rats (Figures 10A–C).
[image: Figure 10]FIGURE 10 | Serum oxidative stress levels and protein expression levels of SIRT1/NRF2/HO-1 in the femur. (A–C) GSH-PX activity, MDA content, and SOD activity in each group (n = 6). (D–F) Relative protein expression levels of SIRT1 and HO-1 quantified by grayscale analysis and normalized to β-actin. (G, I) Relative nuclear NRF2 protein expression quantified by grayscale analysis and normalized to Lamin B1. (G, H) Relative cytoplasmic NRF2 protein expression quantified by grayscale analysis and normalized to β-actin.
3.9.2 Immunofluorescence detection of SIRT1/NRF2/HO-1 in femur
The immunofluorescence results of animal bone tissue showed that the protein expression levels of SIRT1, NRF2, and its downstream effector molecule HO-1, as well as the nuclear translocation level of NRF2, were decreased in the T2DOP group (T2DOP vs. NC, P < 0.001), suggesting that the SIRT1/NRF2/HO-1 antioxidant pathway was inhibited in the T2DOP group. After 8 weeks of intervention with QGHJ or MET, the protein expression levels of SIRT1, NRF2, and HO-1 gradually increased (QGHJ-M/H, or MET vs. T2DOP, P < 0.001), and the nuclear translocation level of NRF2 also increased in these treatment groups. These results suggest that QGHJ can upregulate the activity of the SIRT1/NRF2/HO-1 antioxidant pathway, promote the nuclear translocation of NRF2, and activate the expression of downstream antioxidant genes, thereby exerting antioxidant protective effects (Figure 11).
[image: Figure 11]FIGURE 11 | Immunofluorescence analysis of SIRT1, NRF2, and HO-1 in femur (n = 3). (A) Representative image (scale bar = 20 μm). Note: White boxes in NRF2 images indicated nuclear translocation. (B–D) Quantitative analyses of SIRT1, NRF2, and HO-1 expression.
3.9.3 Western blot detection of SIRT1/NRF2/HO-1 in femur
Western blot detection showed that the expression levels of SIRT1 and HO-1 in the total protein of the femur were significantly decreased (T2DOP vs. NC, P < 0.05 and P < 0.01), while SIRT1 was significantly increased in the QGHJ-H (QGHJ-H vs. T2DOP, P < 0.05), and HO-1 was significantly increased (QGHJ-H vs. T2DOP, P < 0.001). The nuclear protein level of NRF2 was decreased (T2DOP vs. NC, P < 0.001), but the cytoplasmic protein level was increased (T2DOP vs. NC, P < 0.01), suggesting that NRF2 underwent nuclear-to-cytoplasmic translocation, indicating that the antioxidant mechanism was inhibited in the T2DOP group. In contrast, the nuclear protein level of NRF2 was increased (QGHJ-H vs. T2DOP, P < 0.05), and the cytoplasmic protein level was decreased (QGHJ-H vs. T2DOP, P < 0.01), suggesting that QGHJ-H may exert its effects by promoting the nuclear translocation of NRF2 from the cytoplasm. These results indicate that QGHJ-H may exert antioxidant effects by upregulating SIRT1 and promoting the nuclear translocation of NRF2 to activate HO-1 (Figures 10D–I).
3.9.4 QGHJ reduced oxidative stress indicators SOD and ROS in BMSCs
Flow cytometry results of intracellular ROS levels showed that the ROS content in BMSCs of the HG group was significantly increased (HG vs. NC, P < 0.001). After intervention, the intracellular ROS levels were significantly reduced (QGHJ-M/H, or MET vs. HG, P < 0.01). This indicated that QGHJ and MET can effectively clear the excessive ROS induced by high glucose in BMSCs, thereby improving the cellular oxidative stress condition (Figures 12C, D).
[image: Figure 12]FIGURE 12 | Analysis of NRF2 pathway activation and oxidative stress markers in BMSCs (n = 3). (A) Representative immunofluorescence images showing NRF2 expression and nuclear translocation in BMSCs. White arrows indicated NRF2 nuclear translocation. (B) Quantification of NRF2 immunofluorescence intensity. (C, D) Intracellular ROS levels in different treatment groups. (E) SOD activity in cells from each experimental group. (F–K) Western blot analysis quantified the protein expression levels of SIRT1, NRF2, and HO-1 in BMSCs. Expression levels of SIRT1 and HO-1 were normalized against β-actin, while nuclear NRF2 expression was compared to Lamin B1 and cytoplasmic NRF2 expression to β-actin.
ELISA detection showed that the SOD activity in BMSCs was significantly decreased (HG vs. NC, P < 0.001), reflecting an oxidative stress state in the HG group cells. After intervention with QGHJ or MET, the cellular SOD activity was significantly increased (QGHJ-L/M/H or MET vs. HG, P < 0.001), respectively, suggesting that these two groups could effectively alleviate oxidative stress (Figure 12E).
3.9.5 Immunofluorescence detection of NRF2 in BMSCs
The cellular immunofluorescence results showed that under HG-induced oxidative stress conditions, the expression and nuclear translocation levels of NRF2 were significantly decreased (HG vs. NC, P < 0.001), suggesting that the NRF2-mediated antioxidant stress response was inhibited. After 24 h of intervention with QGHJ or MET, the expression and nuclear translocation levels of NRF2 were significantly increased in the QGHJ-M/H, and MET groups (QGHJ-M/H, or MET vs. HG, P < 0.001), while no significant changes were observed in the QGHJ-L group. These results indicated that QGHJ and MET could effectively reverse the HG-induced decrease in NRF2 expression and inhibition of nuclear translocation, thereby restoring the NRF2-mediated cellular antioxidant stress capacity. Notably, the effect of QGHJ on NRF2 exhibited a dose-dependent relationship at different doses (Figures 12A, B).
3.9.6 Western blot detection of SIRT1/NRF2/HO-1 in BMSCs
Western blot results showed that in the BMSCs of the HG group, the protein expression of SIRT1 and HO-1 was significantly downregulated (HG vs. NC, P < 0.05 and P < 0.01), and NRF2 underwent nuclear protein downregulation (HG vs. NC, P < 0.05) and cytoplasmic protein upregulation (HG vs. NC, P < 0.001), indicating its translocation from the nucleus to the cytoplasm and suggesting impaired antioxidant capacity. In contrast, SIRT1 expression was significantly upregulated (QGHJ-H vs. HG, P < 0.05), HO-1 expression was also significantly upregulated (QGHJ-H vs. HG, P < 0.01), and NRF2 underwent nuclear protein upregulation (QGHJ-H vs. HG, P < 0.01) and cytoplasmic protein downregulation (QGHJ-H vs. HG, P < 0.001), translocating from the cytoplasm to the nucleus, indicating enhanced antioxidant function. These results were consistent with the Western blot results of bone tissue, suggesting that QGHJ-H may exert antioxidant stress effects through the SIRT1/NRF2/HO-1 pathway, thereby protecting the skeletal system (Figures 12F–K).
4 DISCUSSION
Our research findings revealed that QGHJ demonstrated safety in vivo experiments, exerting protective effects on bone and regulating blood glucose levels. In vitro experiments showed that QGHJ enhanced BMSC viability and osteogenic differentiation under high glucose conditions. Both in vivo and in vitro experiments demonstrated that QGHJ activated the SIRT1/NRF2/HO-1 pathway and promoted NRF2 nuclear translocation, suppressing oxidative stress. Using UPLC-HRMS, we identified the major active components of QGHJ, including flavonoids, isoflavones, steroids, and monoterpenes. These components exhibited synergistic effects in bone protection, glucose metabolism improvement, and antioxidant properties.
Our research findings revealed that QGHJ regulated bone metabolism-related factors, such as PINP, TRACP 5b, RUNX2, and PPARγ, to maintain bone homeostasis. Studies on bone metabolism regulatory factors have provided crucial evidence for diagnosing and treating bone metabolism-related diseases. Bone turnover biomarkers PINP and TRACP 5b reflect bone formation and resorption status, respectively. Monitoring their dynamic changes helps assess alterations in bone quality (Eastell and Szulc, 2017). Type I collagen, the predominant bone matrix protein in the skeleton, is a crucial component of the organic matrix (Koivula et al., 2012). During active type I collagen synthesis, osteoblasts cleave the precursor protein and release PINP, with its concentration level directly reflecting osteoblast activity within the bone tissue. TRACP 5b is recognized as a biomarker for evaluating bone resorption status. During bone mineral dissolution, osteoclasts secrete various acidic hydrolases, such as TRACP 5b, which participate in bone matrix degradation (Lv et al., 2015). RUNX2, a bone-specific transcription factor, plays a vital role in osteoblast differentiation and bone formation (Komori, 2022). RUNX2 gene knockout mice exhibit reduced BMD, decreased trabecular bone volume, and lower levels of bone formation and resorption markers (Qin et al., 2021). Research has shown that elevated ROS levels lead to RUNX2 oxidation and proteasomal degradation, inhibiting osteoblast differentiation (Hu et al., 2023). PPARγ, another critical regulatory factor, maintains the multi-directional differentiation potential of the osteoblast lineage when expressed at moderate levels. However, PPARγ overactivation promotes adipogenic differentiation and suppresses osteogenic differentiation, suggesting its potential as a therapeutic target for bone metabolism (Liu C. et al., 2022).
The role of QGHJ in maintaining bone homeostasis can be attributed to the synergistic bone-protective effects of its components, such as icariin, psoralidin, corylin, and 17α-estradiol. Icariin, a flavonoid, modulates miRNA expression, enhancing cell viability, inhibiting apoptosis, and promoting migration and angiogenesis (Zhang Q. et al., 2022). Psoralidin, an isoflavone, promotes calcium nodule formation, ALP activity, and osteocalcin levels in MC3T3-E1 cells, suggesting its potential in bone formation promotion and osteoporosis treatment (Cao et al., 2019). Corylin activates the Wnt/β-catenin and estrogen receptor pathways, thereby enhancing osteoblast differentiation and mineralization while upregulating RUNX2 and ALP expression (Yu et al., 2020). 17α-estradiol, a steroid, inhibits weight gain and obesity in ovariectomized mice while maintaining uterine weight, endometrial morphology, and improving BMD (Mann et al., 2020). Loganin, a monoterpene, promotes mouse osteoblast precursor differentiation into mature osteoblasts by regulating differentiation marker mRNA expression, thus improving BMD and bone microstructure (Lee et al., 2022). Sweroside increases bone mineral content and density while reducing bone marrow adipocyte formation. It also enhances ALP activity and upregulates RUNX2 expression (Choi et al., 2021). Loganic acid promotes osteoblast differentiation, enhances ALP activity, prevents BMD loss in ovariectomized mice, and improves bone structure (Park et al., 2020b). Ligustilide ameliorates prednisone-induced inhibition of bone formation in zebrafish by promoting osteoblast differentiation and survival, inhibiting apoptosis, and activating the EGFR and ERK1/2 pathways (Yang et al., 2019). Asperosaponin VI improves bone volume fraction, suppresses the reduction of trabecular number and separation of cancellous trabeculae, and maintains the structural model index (Niu et al., 2023). Additionally, bavachinin and cholic acid, components of QGHJ, may synergistically influence glucose metabolism. Bavachinin and protodioscin, flavonoids that act as selective modulators of PPARγ, increase the osteogenic activity of MC3T3-E1 cells, inhibit RANKL-induced differentiation of RAW264.7 cells, improve insulin sensitivity, and maintain bone mass and biomechanical properties (Liu et al., 2023). Cholic acid, a steroid, improves glucose tolerance, reduces total fat and energy efficiency, and decreases fasting blood glucose and insulin resistance (Ippagunta et al., 2018).
Our study revealed that QGHJ activated the SIRT1/NRF2/HO-1 pathway and facilitated NRF2 nuclear translocation. This effect may be attributed to the synergistic antioxidant properties of QGHJ components, including Psoralidin, 17β-estradiol, Sweroside, Loganic acid, and Ligustilide. Psoralidin, an isoflavone, suppresses COX-2 and ROS production in rat osteoblasts, thereby protecting bone tissue (Zhai et al., 2017) and activating the SIRT1/NRF2/HO-1 axis (Lei et al., 2022). 17β-estradiol, a steroid, binds to estrogen receptors and promotes SIRT1 deacetylation, activating the SIRT1/NRF2/HO-1 pathway in BMSCs (Tian et al., 2023; Yang et al., 2023). Loganic acid, a monoterpene, modulates the SIRT1/NRF2 pathway. Activated SIRT1 translocates to the nucleus through deacetylation, further activating NRF2 and inhibiting oxidative stress and inflammation (Prakash et al., 2023). Ligustilide is a known novel SIRT1 agonist that binds to SIRT1 and enhances its deacetylation activity (Li G. et al., 2023). The SIRT1/NRF2/HO-1 signaling pathway is a promising therapeutic target for oxidative stress-related diseases (Mukai et al., 2022) and plays a pivotal role in regulating skeletal homeostasis (Kubo et al., 2019). Studies have demonstrated that resveratrol activates the SIRT1/NRF2 pathway, mitigating oxidative stress and improving osteogenic potential in human dental pulp stromal cells (Zhang J. et al., 2022). Moreover, additional studies have revealed that the SIRT1/NRF2/HO-1 pathway promotes BMSC osteogenic differentiation by augmenting RUNX2 transactivation (Zainabadi et al., 2017; Mccarty et al., 2022). SIRT1, a member of the Sirtuin family, is a nicotinamide adenine dinucleotide-dependent deacetylase involved in oxidative stress processes (Cui et al., 2022). Upon activation, SIRT1 undergoes deacetylation and translocates to the nucleus, where it activates downstream transcription factors NRF2 and HO-1. These factors are crucial for bone metabolism and antioxidant stress response (Sun et al., 2018). In MC3T3-E1 cells, SIRT1 inhibitor (EX527) and Nrf2 inhibitor (ML385) have been shown to downregulate the expression of osteogenesis-related markers RUNX2 and ALP (Zhang et al., 2024). Similarly, another study has demonstrated that SIRT1 inhibitor EX-527 suppresses both SIRT1 expression and Nrf2 protein levels, indicating that NRF2 is a crucial downstream target in the SIRT1 signaling pathway (Kou et al., 2023). NRF2, a key transcription factor regulating antioxidant defense, is a potential therapeutic target for oxidative stress-related diseases. Under oxidative stress conditions, NRF2 remains inactive when bound to Kelch-like ECH-associated protein 1 (KEAP1). QGHJ treatment activates SIRT1, which promotes NRF2 dissociation from KEAP1 and facilitates its nuclear translocation. This process upregulates the expression of antioxidant enzymes, such as HO-1 (Singh and Ubaid, 2020). HO-1, a stress-induced isozyme, catalyzes heme degradation into biliverdin (BV), carbon monoxide (CO), and free iron (Fe2+) (Zhou et al., 2021). This process upregulates the expression of antioxidant enzymes, such as HO-1. For example, bilirubin, a product of biliverdin reduction, is a powerful antioxidant that scavenges ROS, thereby preventing protein and lipid peroxidation (Mcclements, 2020) (Graphical Abstract).
In summary, QGHJ contains various bioactive compounds, such as flavonoids, isoflavones, steroids, and monoterpenes, which synergistically affect bone metabolism, glucose homeostasis, and antioxidant defense via multiple signaling pathways and molecular targets. These coordinated actions may contribute to QGHJ’s overall therapeutic efficacy in managing T2DOP. However, some compounds may exhibit potential antagonistic effects. For example, although 17α-estradiol improves BMD, high concentrations of 17β-estradiol (10 µM) can severely disrupt cartilage formation in zebrafish, causing serious morphological defects (Fushimi et al., 2009). Moreover, high-dose 17β-estradiol treatment reduces osteoblast numbers in the craniofacial skeleton (Cohen et al., 2014), indicating that the bone formation-inhibiting effects of high-dose 17β-estradiol may counteract the bone formation-promoting effects of 17α-estradiol. The potential for other antagonistic interactions among QGHJ compounds requires further investigation to fully elucidate their net effects on T2DOP.
This study has several limitations that require further investigation. First, the use of rat and cell models limits the direct extrapolation of results to humans, necessitating validation through human clinical trials. Second, although QGHJ originates from traditional Chinese medicine and has a long history of use, its safety and potential side effects require thorough investigation. Future studies should evaluate the long-term safety of QGHJ. Furthermore, as the study was conducted in healthy adult rats, the evaluation of QGHJ’s effects in special populations is necessary. Moreover, any potential interactions with other medications commonly used by osteoporosis patients should be investigated. Finally, the synergistic and antagonistic effects among QGHJ compounds may significantly influence its pharmacological effects, emphasizing the need for further research on the interactions among these compounds and their impact on QGHJ’s overall efficacy.
5 CONCLUSION
In summary, the activation of the SIRT1/NRF2/HO-1 pathway and the nuclear translocation of NRF2 enhance antioxidative effects, which contribute to bone protection in T2DOP rats and elevate the vitality and osteogenic differentiation capacity of BMSCs.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was approved by Laboratory Animal Ethical and Welfare Committee Ningxia Medical University Laboratory Animal Center. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
KW: Conceptualization, Data curation, Investigation, Methodology, Software, Validation, Visualization, Writing–original draft. XD: Investigation, Validation, Writing–review and editing. YW: Funding acquisition, Investigation, Validation, Writing–review and editing. QY: Investigation, Writing–review and editing. TZ: Methodology, Writing–review and editing. PY: Methodology, Writing–review and editing. LY: Methodology, Writing–review and editing. RX: Funding acquisition, Investigation, Writing–review and editing. YD: Funding acquisition, Project administration, Resources, Supervision, Writing–review and editing. YN: Funding acquisition, Project administration, Resources, Supervision, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. Yinchuan Science and Technology Innovation Major Project (2021-SF-002). National Natural Science Foundation of China (No. 81860899, 81573695, 81674096). Key R&D Program in Ningxia Hui Autonomous Region (2021BEG03106). Innovative and Entrepreneurship Training Program for College Students (202410752020).
ACKNOWLEDGMENTS
The author wishes to sincerely thank YN and YD for their invaluable contributions in devising the experimental plan and providing technical support.
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1426767/full#supplementary-material
ABBREVIATIONS
T2DOP, Type 2 diabetic ostecporosis; QGHJ, Qianggu concentrate; ELISA, Enzyme-Linked immunosorbent assay; BMSCs, Bone marrow mesenchymal stem cells; SIRT1, Silent information regulator 1; NRF2, Nuclear factor erythroid 2- related factor 2; HO-1, Heme oxygenase-1; RUNX2, Runt-Related transcription factor 2; PPARγ, Peroxisomeproliferator-activated receptor γ.
REFERENCES
 Cai, X. Y., Zhang, Z. J., Xiong, J. L., Yang, M., and Wang, Z. T. (2021). Experimental and molecular docking studies of estrogen-like and anti-osteoporosis activity of compounds in Fructus Psoraleae. J. Ethnopharmacol. 276, 114044. doi:10.1016/j.jep.2021.114044
 Cao, H. J., Li, C. R., Wang, L. Y., Ziadlou, R., Grad, S., Zhang, Y., et al. (2019). Effect and mechanism of psoralidin on promoting osteogenesis and inhibiting adipogenesis. Phytomedicine 61, 152860. doi:10.1016/j.phymed.2019.152860
 Chen, B., He, Q., Yang, J., Pan, Z., Xiao, J., Chen, W., et al. (2022). Metformin suppresses oxidative stress induced by high glucose via activation of the Nrf2/HO-1 signaling pathway in type 2 diabetic osteoporosis. Life Sci. 312, 121092. doi:10.1016/j.lfs.2022.121092
 Chen, S. C., Brooks, R., Houskeeper, J., Bremner, S. K., Dunlop, J., Viollet, B., et al. (2017). Metformin suppresses adipogenesis through both AMP-activated protein kinase (AMPK)-dependent and AMPK-independent mechanisms. Mol. Cell. Endocrinol. 440, 57–68. doi:10.1016/j.mce.2016.11.011
 Choi, Y., Kim, M. H., and Yang, W. M. (2021). Promotion of osteogenesis by Sweroside via BMP2-involved signaling in postmenopausal osteoporosis. Phytother. Res. 35 (12), 7050–7063. doi:10.1002/ptr.7336
 Cohen, S. P., Lachappelle, A. R., Walker, B. S., and Lassiter, C. S. (2014). Modulation of estrogen causes disruption of craniofacial chondrogenesis in Danio rerio. Aquat. Toxicol. 152, 113–120. doi:10.1016/j.aquatox.2014.03.028
 Cui, Z., Zhao, X., Amevor, F. K., Du, X., Wang, Y., Li, D., et al. (2022). Therapeutic application of quercetin in aging-related diseases: SIRT1 as a potential mechanism. Front. Immunol. 13, 943321. doi:10.3389/fimmu.2022.943321
 Eastell, R., and Szulc, P. (2017). Use of bone turnover markers in postmenopausal osteoporosis. Lancet Diabetes Endocrinol. 5 (11), 908–923. doi:10.1016/S2213-8587(17)30184-5
 El-Shitany, N. A., and Eid, B. G. (2019). Icariin modulates carrageenan-induced acute inflammation through HO-1/Nrf2 and NF-kB signaling pathways. Biomed. Pharmacother. 120, 109567. doi:10.1016/j.biopha.2019.109567
 Fushimi, S., Wada, N., Nohno, T., Tomita, M., Saijoh, K., Sunami, S., et al. (2009). 17beta-Estradiol inhibits chondrogenesis in the skull development of zebrafish embryos. Aquat. Toxicol. 95 (4), 292–298. doi:10.1016/j.aquatox.2009.03.004
 Gu, F., Jiang, J., Wang, S., Feng, T., Zhou, Y., Ma, Y., et al. (2019). An experimental research into the potential therapeutic effects of Anti-Osteoporosis Decoction and Yougui Pill on ovariectomy-induced osteoporosis. Am. J. Transl. Res. 11 (9), 6032–6039.
 Hidayat, K., Du, X., Wu, M. J., and Shi, B. M. (2019). The use of metformin, insulin, sulphonylureas, and thiazolidinediones and the risk of fracture: systematic review and meta-analysis of observational studies. Obes. Rev. 20 (10), 1494–1503. doi:10.1111/obr.12885
 Hu, G., Yu, Y., Sharma, D., Pruett-Miller, S. M., Ren, Y., Zhang, G. F., et al. (2023). Glutathione limits RUNX2 oxidation and degradation to regulate bone formation. JCI Insight 8 (16), e166888. doi:10.1172/jci.insight.166888
 Ippagunta, S. M., Kharitonenkov, A., Adams, A. C., and Hillgartner, F. B. (2018). Cholic acid supplementation of a high-fat obesogenic diet suppresses hepatic triacylglycerol accumulation in mice via a fibroblast growth factor 21-dependent mechanism. J. Nutr. 148 (4), 510–517. doi:10.1093/jn/nxy022
 Jackson, K., and Moseley, K. F. (2020). Diabetes and bone fragility: SGLT2 inhibitor use in the context of renal and cardiovascular benefits. Curr. Osteoporos. Rep. 18 (5), 439–448. doi:10.1007/s11914-020-00609-z
 Jia, Y., He, T., Wu, D., Tong, J., Zhu, J., Li, Z., et al. (2022). The treatment of Qibai Pingfei Capsule on chronic obstructive pulmonary disease may be mediated by Th17/Treg balance and gut-lung axis microbiota. J. Transl. Med. 20 (1), 281. doi:10.1186/s12967-022-03481-w
 Jin, C., Lin, B. H., Zheng, G., Tan, K., Liu, G. Y., Yao, Z., et al. (2022). CORM-3 attenuates oxidative stress-induced bone loss via the Nrf2/HO-1 pathway. Oxid. Med. Cell. Longev. 2022, 5098358. doi:10.1155/2022/5098358
 Josse, R. G., Majumdar, S. R., Zheng, Y., Adler, A., Bethel, M. A., Buse, J. B., et al. (2017). Sitagliptin and risk of fractures in type 2 diabetes: results from the TECOS trial. Diabetes Obes. Metab. 19 (1), 78–86. doi:10.1111/dom.12786
 Ju, D., Liu, M., Zhao, H., and Wang, J. (2014). Mechanisms of "kidney governing bones" theory in traditional Chinese medicine. Front. Med. 8 (3), 389–393. doi:10.1007/s11684-014-0362-y
 Koivula, M. K., Risteli, L., and Risteli, J. (2012). Measurement of aminoterminal propeptide of type I procollagen (PINP) in serum. Clin. Biochem. 45 (12), 920–927. doi:10.1016/j.clinbiochem.2012.03.023
 Komori, T. (2022). Whole aspect of Runx2 functions in skeletal development. Int. J. Mol. Sci. 23 (10), 5776. doi:10.3390/ijms23105776
 Kou, Y., Rong, X., Tang, R., Zhang, Y., Yang, P., Liu, H., et al. (2023). Eldecalcitol prevented OVX-induced osteoporosis through inhibiting BMSCs senescence by regulating the SIRT1-Nrf2 signal. Front. Pharmacol. 14, 1067085. doi:10.3389/fphar.2023.1067085
 Kubo, Y., Wruck, C. J., Fragoulis, A., Drescher, W., Pape, H. C., Lichte, P., et al. (2019). Role of Nrf2 in fracture healing: clinical aspects of oxidative stress. Calcif. Tissue Int. 105 (4), 341–352. doi:10.1007/s00223-019-00576-3
 Lau, K. M., Lai, K. K., Liu, C. L., Tam, J. C., To, M. H., Kwok, H. F., et al. (2012). Synergistic interaction between Astragali Radix and Rehmanniae Radix in a Chinese herbal formula to promote diabetic wound healing. J. Ethnopharmacol. 141 (1), 250–256. doi:10.1016/j.jep.2012.02.025
 Lee, C. G., Kim, D. W., Kim, J., Uprety, L. P., Oh, K. I., Singh, S., et al. (2022). Effects of loganin on bone formation and resorption in vitro and in vivo. Int. J. Mol. Sci. 23 (22), 14128. doi:10.3390/ijms232214128
 Lei, W., Wu, S., Zhao, A., Wu, Z., Ding, B., Yang, W., et al. (2022). Psoralidin protects against cerebral hypoxia/reoxygenation injury: role of GAS6/Axl signaling. Phytother. Res. 36 (6), 2628–2640. doi:10.1002/ptr.7481
 Li, G., Hu, C., Liu, Y., and Lin, H. (2023). Ligustilide, a novel SIRT1 agonist, alleviates lipopolysaccharide-induced acute lung injury through deacetylation of NICD. Int. Immunopharmacol. 121, 110486. doi:10.1016/j.intimp.2023.110486
 Li, W., Liu, Z., Liu, L., Yang, F., Li, W., Zhang, K., et al. (2018). Effect of Zuogui pill and Yougui pill on osteoporosis: a randomized controlled trial. J. Tradit. Chin. Med. 38 (1), 33–42. doi:10.1016/j.jtcm.2018.01.005
 Li, W., Wang, Y., Yan, Q., Zhang, R., and Yang, X. (2023). Clinical observation of jianpi bushen Qianggu Mixture on type 2 diabetic osteoporosis of spleen-kidney-yang deficiency with stasis syndrome and its influence on markers of bone metabolism. Asia-Pacific Tradit. Med. 19 (04), 65–69. 
 Liang, B., Shen, X., Lan, C., Lin, Y., Li, C., Zhong, S., et al. (2021). Glycolipid toxicity induces osteogenic dysfunction via the TLR4/S100B pathway. Int. Immunopharmacol. 97, 107792. doi:10.1016/j.intimp.2021.107792
 Lim, D. W., and Kim, Y. T. (2013). Dried root of Rehmannia glutinosa prevents bone loss in ovariectomized rats. Molecules 18 (5), 5804–5813. doi:10.3390/molecules18055804
 Lin, R., Xu, B., Ye, Z., Gao, Y., Fang, H., Song, J., et al. (2023). Metformin attenuates diabetes-induced osteopenia in rats is associated with down-regulation of the RAGE-JAK2-STAT1 signal axis. J. Orthop. Transl. 40, 37–48. doi:10.1016/j.jot.2023.05.002
 Liu, C., Xiong, Q., Li, Q., Lin, W., Jiang, S., Zhang, D., et al. (2022). CHD7 regulates bone-fat balance by suppressing PPAR-gamma signaling. Nat. Commun. 13 (1), 1989. doi:10.1038/s41467-022-29633-6
 Liu, J., Li, X., Wang, H., Ren, Y., Li, Y., and Guo, F. (2023). Bavachinin selectively modulates PPAR gamma and maintains bone homeostasis in Type 2 Diabetes. Phytother. Res. 37 (10), 4457–4472. doi:10.1002/ptr.7912
 Liu, M., Di, Y. M., May, B., Zhang, A. L., Zhang, L., Chen, J., et al. (2024). Renal protective effects and mechanisms of Astragalus membranaceus for diabetic kidney disease in animal models: an updated systematic review and meta-analysis. Phytomedicine 129, 155646. doi:10.1016/j.phymed.2024.155646
 Liu, M. M., Dong, R., Hua, Z., Lv, N. N., Ma, Y., Huang, G. C., et al. (2020). Therapeutic potential of Liuwei Dihuang pill against KDM7A and Wnt/β-catenin signaling pathway in diabetic nephropathy-related osteoporosis. Biosci. Rep. 40 (9). doi:10.1042/BSR20201778
 Liu, S., Liu, Q., Peng, Q., Zhang, Y., and Wang, J. (2022). [Dihydromyricetin improves cardiac insufficiency by inhibiting HMGB1 in diabetic rats]. Nan Fang. Yi Ke Da Xue Xue Bao 42 (5), 641–648. doi:10.12122/j.issn.1673-4254.2022.05.03
 Lotfy, M., Adeghate, J., Kalasz, H., Singh, J., and Adeghate, E. (2017). Chronic complications of diabetes mellitus: a mini review. Curr. Diabetes Rev. 13 (1), 3–10. doi:10.2174/1573399812666151016101622
 Lv, X., Dai, G., Lv, G., Chen, Y., Wu, Y., Shen, H., et al. (2016). Synergistic interaction of effective parts in Rehmanniae Radix and Cornus officinalis ameliorates renal injury in C57BL/KsJ-db/db diabetic mice: involvement of suppression of AGEs/RAGE/SphK1 signaling pathway. J. Ethnopharmacol. 185, 110–119. doi:10.1016/j.jep.2016.03.017
 Lv, Y., Wang, G., Xu, W., Tao, P., Lv, X., and Wang, Y. (2015). Tartrate-resistant acid phosphatase 5b is a marker of osteoclast number and volume in RAW 264.7 cells treated with receptor-activated nuclear κB ligand. Exp. Ther. Med. 9 (1), 143–146. doi:10.3892/etm.2014.2071
 Mann, S. N., Pitel, K. S., Nelson-Holte, M. H., Iwaniec, U. T., Turner, R. T., Sathiaseelan, R., et al. (2020). 17α-Estradiol prevents ovariectomy-mediated obesity and bone loss. Exp. Gerontol. 142, 111113. doi:10.1016/j.exger.2020.111113
 Mccarty, M. F., Lewis Lujan, L., and Iloki Assanga, S. (2022). Targeting Sirt1, ampk, Nrf2, CK2, and soluble guanylate cyclase with nutraceuticals: a practical strategy for preserving bone mass. Int. J. Mol. Sci. 23 (9), 4776. doi:10.3390/ijms23094776
 Mcclements, D. J. (2020). Advances in nanoparticle and microparticle delivery systems for increasing the dispersibility, stability, and bioactivity of phytochemicals. Biotechnol. Adv. 38, 107287. doi:10.1016/j.biotechadv.2018.08.004
 Ming-Yan, Y., Jing, Z., Shu-Qin, G., Xiao-Liang, B., Zhi-Hong, L., and Xue, Z. (2019). Liraglutide inhibits the apoptosis of human nucleus pulposus cells induced by high glucose through PI3K/Akt/caspase-3 signaling pathway. Biosci. Rep. 39 (8). doi:10.1042/BSR20190109
 Mukai, E., Fujimoto, S., and Inagaki, N. (2022). Role of reactive oxygen species in glucose metabolism disorder in diabetic pancreatic β-cells. Biomolecules 12 (9), 1228. doi:10.3390/biom12091228
 Napoli, N., Incalzi, R. A., De Gennaro, G., Marcocci, C., Marfella, R., Papalia, R., et al. (2021). Bone fragility in patients with diabetes mellitus: a consensus statement from the working group of the Italian diabetes society (sid), Italian society of endocrinology (sie), Italian society of gerontology and geriatrics (SIGG), Italian society of orthopaedics and traumatology (siot). Nutr. Metab. Cardiovasc Dis. 31 (5), 1375–1390. doi:10.1016/j.numecd.2021.01.019
 Niu, Y. B., Zhang, Y. H., Sun, Y., Song, X. Z., Li, Z. H., Xie, M., et al. (2023). Asperosaponin VI protects against bone loss due to hindlimb unloading in skeletally growing mice through regulating microbial dysbiosis altering the 5-HT pathway. Calcif. Tissue Int. 112 (3), 389–402. doi:10.1007/s00223-022-01057-w
 Pan, Y., Niu, Y., Li, C., Zhai, Y., Zhang, R., Guo, X., et al. (2014). Du-zhong (Eucommia ulmoides) prevents disuse-induced osteoporosis in hind limb suspension rats. Am. J. Chin. Med. 42 (1), 143–155. doi:10.1142/S0192415X14500104
 Park, E., Lee, C. G., Kim, J., Lim, E., Hwang, S., Yun, S. H., et al. (2020a). Anti-osteoporotic effects of the herbal mixture of Cornus officinalis and Achyranthes japonica in vitro and in vivo. Plants (Basel) 9 (9), 1114. doi:10.3390/plants9091114
 Park, E., Lee, C. G., Lim, E., Hwang, S., Yun, S. H., Kim, J., et al. (2020b). Osteoprotective effects of loganic acid on osteoblastic and osteoclastic cells and osteoporosis-induced mice. Int. J. Mol. Sci. 22 (1), 233. doi:10.3390/ijms22010233
 Prakash, A. N., Prasad, N., Puppala, E. R., Panda, S. R., Jain, S., Ravichandiran, V., et al. (2023). Loganic acid protects against ulcerative colitis by inhibiting TLR4/NF-κB mediated inflammation and activating the SIRT1/Nrf2 anti-oxidant responses in-vitro and in-vivo. Int. Immunopharmacol. 122, 110585. doi:10.1016/j.intimp.2023.110585
 Qin, X., Jiang, Q., Komori, H., Sakane, C., Fukuyama, R., Matsuo, Y., et al. (2021). Runt-related transcription factor-2 (Runx2) is required for bone matrix protein gene expression in committed osteoblasts in mice. J. Bone Min. Res. 36 (10), 2081–2095. doi:10.1002/jbmr.4386
 Rajagopalan, S., and Brook, R. (2017). Canagliflozin and cardiovascular and renal events in type 2 diabetes. N. Engl. J. Med. 377 (21), 2098–2099. doi:10.1056/NEJMc1712572
 Ren, C., Hao, X., Wang, L., Hu, Y., Meng, L., Zheng, S., et al. (2021). Metformin carbon dots for promoting periodontal bone regeneration via activation of ERK/AMPK pathway. Adv. Healthc. Mat. 10 (12), e2100196. doi:10.1002/adhm.202100196
 Research, N. R. C. U. (1996). Guide for the care and use of laboratory animals. Washington, DC: National Academies Press (US). 
 Samsulrizal, N., Goh, Y. M., Ahmad, H., Md, D. S., Azmi, N. S., Noormohamad, Z. N., et al. (2021). Ficus deltoidea promotes bone formation in streptozotocin-induced diabetic rats. Pharm. Biol. 59 (1), 66–73. doi:10.1080/13880209.2020.1865411
 Schacter, G. I., and Leslie, W. D. (2021). Diabetes and osteoporosis: Part I, epidemiology and pathophysiology. Endocrin. Metab. Clin. 50 (2), 275–285. doi:10.1016/j.ecl.2021.03.005
 Sies, H., Berndt, C., and Jones, D. P. (2017). Oxidative stress. Annu. Rev. Biochem. 86, 715–748. doi:10.1146/annurev-biochem-061516-045037
 Silverman, S., Kupperman, E., and Bukata, S. (2018). Bisphosphonate-related atypical femoral fracture: managing a rare but serious complication. Cleve Clin. J. Med. 85 (11), 885–893. doi:10.3949/ccjm.85a.17119
 Singh, V., and Ubaid, S. (2020). Role of silent information regulator 1 (SIRT1) in regulating oxidative stress and inflammation. Inflammation 43 (5), 1589–1598. doi:10.1007/s10753-020-01242-9
 Sun, W., Qiao, W., Zhou, B., Hu, Z., Yan, Q., Wu, J., et al. (2018). Overexpression of Sirt1 in mesenchymal stem cells protects against bone loss in mice by FOXO3a deacetylation and oxidative stress inhibition. Metabolism 88, 61–71. doi:10.1016/j.metabol.2018.06.006
 Tabacco, G., and Bilezikian, J. P. (2019). Osteoanabolic and dual action drugs. Br. J. Clin. Pharmacol. 85 (6), 1084–1094. doi:10.1111/bcp.13766
 Tian, X., Gao, Z., Yin, D., Hu, Y., Fang, B., Li, C., et al. (2023). 17beta-estradiol alleviates contusion-induced skeletal muscle injury by decreasing oxidative stress via SIRT1/PGC-1α/Nrf2 pathway. Steroids 191, 109160. doi:10.1016/j.steroids.2022.109160
 Wang, L., Yin, X., Liu, H., Wang, Y., Li, Z., Zhao, Y., et al. (2024). Development and validation of a sensitive liquid chromatography-tandem mass spectrometry method for the assay of 12 substances in rat plasma and its application to rat pharmacokinetics of Epimedium and Psoraleae Fructus herb pair after oral administration. J. Sep. Sci. 47 (1), e2300786. doi:10.1002/jssc.202300786
 Xiang, T., Yang, Z., Sun, B., Luo, H., Zhang, S., Ren, B., et al. (2016). Traditional Chinese medicine: pivotal role of the spleen in the metabolism of aristolochic acid I in rats is dependent on oatp2a1. Mol. Med. Rep. 14 (4), 3243–3250. doi:10.3892/mmr.2016.5612
 Xie, H., Wang, Q., Zhang, X., Wang, T., Hu, W., Manicum, T., et al. (2018). Possible therapeutic potential of berberine in the treatment of STZ plus HFD-induced diabetic osteoporosis. Biomed. Pharmacother. 108, 280–287. doi:10.1016/j.biopha.2018.08.131
 Yang, F., Lin, Z. W., Huang, T. Y., Chen, T. T., Cui, J., Li, M. Y., et al. (2019). Ligustilide, a major bioactive component of Angelica sinensis, promotes bone formation via the GPR30/EGFR pathway. Sci. Rep. 9 (1), 6991. doi:10.1038/s41598-019-43518-7
 Yang, Q., Zhang, Y., Zhang, Y., and Dang, Y. (2015). Clinical observation of Qianggu Concentrate combined with western medicine in the treatment of diabetic osteoporosis. Ningxia Med. J. 37 (03), 281–283. 
 Yang, R., Li, J., Zhang, J., Xue, Q., Qin, R., Wang, R., et al. (2023). 17β-estradiol plays the anti-osteoporosis role via a novel ESR1-Keap1-Nrf2 axis-mediated stress response activation and Tmem119 upregulation. Free Radic. Biol. Med. 195, 231–244. doi:10.1016/j.freeradbiomed.2022.12.102
 Yang, S., Wang, T., Zhang, J., Leng, X., and Yao, B. (2022). Integrated RNA-seq analysis uncovers the potential mechanism of the "kidney governing bones" theory of TCM. Evid. Based Complement. Altern. Med. 2022, 7044775. doi:10.1155/2022/7044775
 Yang, X., and Jia, C. (2013). Understanding association of spleen system with earth on traditional Chinese medicine theory. J. Tradit. Chin. Med. 33 (1), 134–136. doi:10.1016/s0254-6272(13)60115-6
 Yang, X. H., Li, L., Xue, Y. B., Zhou, X. X., and Tang, J. H. (2020). Flavonoids from Epimedium pubescens: extraction and mechanism, antioxidant capacity and effects on CAT and GSH-Px of Drosophila melanogaster. PeerJ 8, e8361. doi:10.7717/peerj.8361
 Yu, A. X., Xu, M. L., Yao, P., Kwan, K. K., Liu, Y. X., Duan, R., et al. (2020). Corylin, a flavonoid derived from Psoralea Fructus, induces osteoblastic differentiation via estrogen and Wnt/β-catenin signaling pathways. FASEB J. 34 (3), 4311–4328. doi:10.1096/fj.201902319RRR
 Zainabadi, K., Liu, C. J., and Guarente, L. (2017). SIRT1 is a positive regulator of the master osteoblast transcription factor, RUNX2. PLoS One 12 (5), e0178520. doi:10.1371/journal.pone.0178520
 Zhai, Y., Li, Y., Wang, Y., Cui, J., Feng, K., Kong, X., et al. (2017). Psoralidin, a prenylated coumestan, as a novel anti-osteoporosis candidate to enhance bone formation of osteoblasts and decrease bone resorption of osteoclasts. Eur. J. Pharmacol. 801, 62–71. doi:10.1016/j.ejphar.2017.03.001
 Zhang, J., Li, R., Man, K., and Yang, X. B. (2022). Enhancing osteogenic potential of hDPSCs by resveratrol through reducing oxidative stress via the Sirt1/Nrf2 pathway. Pharm. Biol. 60 (1), 501–508. doi:10.1080/13880209.2022.2037664
 Zhang, J. J., Zhou, R., Deng, L. J., Cao, G. Z., Zhang, Y., Xu, H., et al. (2022). Huangbai liniment and berberine promoted wound healing in high-fat diet/Streptozotocin-induced diabetic rats. Biomed. Pharmacother. 150, 112948. doi:10.1016/j.biopha.2022.112948
 Zhang, Q., Li, T., Li, Z., Lu, J., Wu, X., Gao, F., et al. (2022). Autocrine activity of extracellular vesicles induced by icariin and its effectiveness in glucocorticoid-induced injury of bone microvascular endothelial cells. Cells 11 (12), 1921. doi:10.3390/cells11121921
 Zhang, X., Zhang, D., Zhao, H., Qin, J., Qi, H., Zu, F., et al. (2024). gCTRP3 inhibits oophorectomy-induced osteoporosis by activating the AMPK/SIRT1/Nrf2 signaling pathway in mice. Mol. Med. Rep. 30 (2), 133. doi:10.3892/mmr.2024.13257
 Zhang, Z. D., Ren, H., Wang, W. X., Shen, G. Y., Huang, J. J., Zhan, M. Q., et al. (2019). IGF-1R/β-catenin signaling axis is involved in type 2 diabetic osteoporosis. J. Zhejiang Univ. Sci. B 20 (10), 838–848. doi:10.1631/jzus.B1800648
 Zhou, X., Yuan, W., Xiong, X., Zhang, Z., Liu, J., Zheng, Y., et al. (2021a). HO-1 in bone biology: potential therapeutic strategies for osteoporosis. Front. Cell. Dev. Biol. 9, 791585. doi:10.3389/fcell.2021.791585
 Zhu, H., Liu, Q., Li, W., Huang, S., Zhang, B., and Wang, Y. (2022). Biological deciphering of the "kidney governing bones" theory in traditional Chinese medicine. Evid. Based Complement. Altern. Med. 2022, 1685052. doi:10.1155/2022/1685052
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 © 2024 Wang, Dang, Wang, Yang, Zhang, Yang, Yuan, Xu, Dang and Nan. 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-15-1426767-g012.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Qianggu concentrate: unlocking bone protection power via antioxidative SIRT1/NRF2/HO-1 pathways in type 2 diabetic osteoporosis		Background

		Objective

		Methods

		Results

		Conclusion

		1 Introduction

		2 Materials and methods		2.1 Experimental drugs

		2.2 UPLC-HRMS analysis of QGHJ

		2.3 Assessment of QGHJ’s pharmacodynamic effects on T2DOP rats

		2.4 Pharmacological study of QGHJ on BMSCs under oxidative stress

		2.5 Investigation into how QGHJ alleviated oxidative stress in T2DOP through the SIRT1/NRF2/HO-1 pathway

		2.6 Statistical methods





		3 Results		3.1 UPLC-HRMS analysis of QGHJ

		3.2 QGHJ exhibited good safety in T2DOP rats

		3.3 QGHJ exerted a bone-protective effect in T2DOP rats

		3.4 QGHJ stabilized glycemic metabolism

		3.5 Identification of BMSCs

		3.6 Assessment of BMSCs viability

		3.7 QGHJ ameliorated apoptosis of BMSCs under oxidative stress

		3.8 QGHJ mitigated oxidative stress-induced inhibition of osteogenic differentiation in BMSCs

		3.9 The mechanism of QGHJ activating the SIRT1/NRF2/HO-1 pathway to reduce oxidative stress in T2DOP





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/fphar-15-1426767-g011.gif





OPS/images/fphar-15-1426767-t001.jpg
S/AS q e
Forward GCCTTCCTCTGCTGCCATTAGTC
Reverse TCATTGAACTCCACCGTGCCTTC
Forward ACGATGCTGTCCTCCTTGATGAAC
Reverse ATGATGTCGCAGAATGGCTTCCTC






OPS/images/fphar-15-1426767-g010.gif
'f/ffff Ezrers '?;»:»zﬂ-,«






OPS/images/fphar-15-1426767-g009.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





OPS/images/fphar-15-1426767-g004.gif
A e L2DOF QU AP, [ MBE
W
1 c o
5






OPS/images/fphar-15-1426767-g005.gif





OPS/images/fphar-15-1426767-g002.gif





OPS/images/fphar-15-1426767-g003.gif





OPS/images/fphar-15-1426767-g008.gif





OPS/images/fphar-15-1426767-g006.gif
e

=
S

LR I

184 )sNId





OPS/images/fphar-15-1426767-g007.gif
o
i -

DAPL

D44

MERGE






OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

Qianggu concentrate:
unlocking bone protection
power via antioxidative SIRT1/
NRF2/HO-1 pathways in type 2
diabetic osteoporosis





OPS/images/fphar-15-1426767-gx001.gif
s g e ) B e eyt e o (@) Oucnbtas (2B) Ot





OPS/images/fphar-15-1426767-g001.gif
2080080

vPLCTIRMS

T





