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Introduction: The bioactive compound 3,5-DiCQA, derived from Duhaldea nervosa, has been traditionally utilized in folk remedies for bone fractures and osteoporosis. However, its therapeutic mechanisms remain unclear.Methods: We employed UHPLC-Q Exactive Orbitrap MS-based cell metabolomics to investigate the molecular mechanisms of 3,5-DiCQA in MC3T3-E1 cells. Cell proliferation was assessed via MTT assay, differentiation by alkaline phosphatase (ALP) activity, and mineralization through alizarin red staining and cetylpyridinium chloride quantification. Metabolomic profiling compared drug-treated and control groups.Results: Results from MTT assays demonstrated that 3,5-DiCQA significantly promoted cell proliferation at 100 μM. Alkaline phosphatase (ALP) assays and alizarin red staining revealed enhanced osteoblast differentiation and mineralization, respectively. Calcification deposition was significantly increased in the calcified stained cells by cetylpyridinium chloride quantization, indicating that 3,5-DiCQA can promote the mineralization of MC3T3-E1 cells. Metabolomic analysis identified key metabolic changes, including the downregulation of phytosphingosine and upregulation of sphinganine and citric acid.Discussion: These findings suggest that 3,5-DiCQA promotes osteoblast proliferation, differentiation and mineralization through pathways such as sphingolipid metabolism, arginine and proline metabolism, mucin type O-glycan biosynthesis and the citrate cycle (TCA cycle). This study provides insights into the therapeutic potential of 3,5-DiCQA for osteoporosis and highlights the utility of metabolomics in elucidating traditional Chinese medicine (TCM).Keywords: osteoporosis, MC3T3-E1 cells, metabolomics, UHPLC-Q-Exactive Orbitrap MS, Duhaldea nervosa, mechanism
1 INTRODUCTION
Osteoporosis (OP) is a chronic, systemic endocrine and metabolic disorder. There are two kinds of osteoporosis primary (caused by aging or a lack of sex hormones) and secondary (caused by hyperthyroidism, diabetes, obesity, Cushing’s syndrome, anorexia, rheumatoid arthritis, drug effects, etc.). The root cause of its occurrence is the imbalance of bone remodeling homeostasis including osteoclasts that absorb old bone and osteoblasts that form new bone. This causes the rate of bone loss to be faster than that of bone production (Föger-Samwald, Dovjak, Azizi-Semrad, Kerschan-Schindl and Pietschmann, 2020; Hardy, Zhou, Seibel and Cooper, 2018; Inaba, 2004; Lademann, Tsourdi, Hofbauer and Rauner, 2020; Mo et al., 2021; NIH Consensus Development Panel on Osteoporosis Prevention, Diagnosis, and Therapy, 2001; Workman, Blalock and Mehler, 2020). Therefore, the proliferation, differentiation and mineralization of osteoblasts play a very important role in fracture healing (Dirckx, Van Hul and Maes, 2013). As the population ages, osteoporosis and osteoporoid-related fractures have become a major public health problem for society and significantly increase the consumption of healthcare resources. Therefore, in-depth study of the pathological mechanism of osteoporosis will help reduce the medical costs associated with osteoporosis, and further targeted drug development can improve the quality of life of the elderly.
Duhaldea nervosa (Wallich ex Candolle) A. Anderberg, is a member of the Asteraceae family and is commonly known as Maoxiucai or Xiaoheiyao in China (Cai et al., 2020; Liu et al., 2018; Guan et al., 2017). It has been used as a folk medicine for dispelling wind-chill, fighting inflammation and treating a variety of conditions and diseases including fracture and rheumatoid arthritis (RA) (Long, 2004; Xiao, 2009; Xiao et al., 2013). Previous research has shown that D. nervosa contains isochlorogenic acid A (3,5-DiCQA), a chemical that has a wide range of physiological activities, such as cardiovascular protection, antioxidant and anti-inflammatory effects, and osteoblast proliferation, which might have a therapeutic effect in the treatment of fractures and RA (Naveed et al., 2018; Wang and Xiao, 2019). However, there are relatively few reports on the efficacy and metabolic pathways of 3,5-DiCQA in treating osteoporosis. Osteoblasts are bone lining cells responsible for the production of bone matrix components and minerals in the process of bone formation (Florencio-Silva, Sasso, Sasso-Cerri, Simões and Cerri, 2015). The regulation of the activity of MC3T3-E1 osteoblasts is of great significance for the prevention and treatment of fractures (Croucher, McDonald and Martin, 2016; Long, 2011). Therefore, it is of great significance to investigate the regulation of 3,5-DiCQA using an in vitro MC3T3-E1 cell model.
Metabolomics is a burgeoning field that emerged as an influential analytical approach for identifying potential biomarkers and unraveling the molecular underpinnings of Traditional Chinese Medicine (TCM) in disease treatment (Cheong, Yu, Chen and Zhong, 2022; Wang et al., 2021). The subfield of cellular metabolomics has garnered extensive interest, proving instrumental in scrutinizing the biochemical processes related to disease pathology. It offers insights into how TCM impacts cellular metabolism, thereby contributing to a comprehensive understanding of metabolic processes. For instance, recent studies have demonstrated the utility of cellular metabolomics in elucidating disease mechanisms, such as mitochondrial dysfunction in hypoxia/reoxygenation injury in cardiomyocytes (Lin et al., 2023) and oxidative stress in HepG2 cells (Yu et al., 2024). They have also uncovered the metabolic reprogramming of immune cells in response to inflammation (Wang et al., 2024). These findings highlight the potential of metabolomics to provide comprehensive insights into cellular metabolism and its role in health and disease. Advanced high-resolution mass spectrometry (HRMS) has solidified its role as the principal analytical platform within metabolomics studies. Its prevalence is due to its capacity for sensitive detection, precise resolution of complex mixtures, high precision in mass measurement, and its broad dynamic range, making it an indispensable asset in the quest to decode the metabolomic signatures of various biological systems (Sun et al., 2018; Xie et al., 2023; Yu et al., 2016; Yu et al., 2017). The union of Ultra-High-Performance Liquid Chromatography (UHPLC) with Q-Exactive Orbitrap Mass Spectrometry (MS) stands out as an exceptionally potent analytical methodology for both detecting and characterizing the chemical constituents within botanical extracts and complex biological matrices. The efficacy of this technique is largely due to the swift and decisive separation capabilities of UHPLC, complemented by the Q-Exactive Orbitrap’s prowess in delivering precise mass measurements coupled with a wealth of detailed fragment ion data from MSn experiments, which are crucial for the elucidation of molecular structures (Cai et al., 2017; Clifford, Johnston, Knight and Kuhnert, 2003; Qiao et al., 2016). This approach has been successfully applied in various studies, such as the investigation of Cynara scolymus Bracts’s effects on liver and breast carcinoma cells (El Sohafy et al., 2024) and the metabolic changes in mitochondrial dysfunction in kidney tubular cells (Marchese et al., 2022), demonstrating its versatility and reliability in cellular metabolomics research. Therefore, we used UHPLC-Q-Exactive Orbitrap MS to investigate the molecular mechanisms of 3,5-DiCQA in MC3T3-E1 cells to elucidate its therapeutic mechanism in osteoporosis.
2 MATERIALS AND METHODS
2.1 Materials and reagents
3,5-DiCQA was purchased from Chengdu Herpurify Co.,Ltd. Liquid chromatography-mass spectrometry (LC-MS/MS)-grade acetonitrile, LC-MS/MS-grade formic acid and the BCA protein concentration assay kit were purchased from Thermo Fisher Scientific Co., Ltd. Ultra-pure water was obtained from Guangzhou Watsons Food & Beverage Co., Ltd. Other solvents were of analytical grade and were supplied by the Aladdin Industrial Corporation.
Fetal bovine serum (FBS) was acquired from Zhejiang Tianhang Biotechnology Co., Ltd. α-MEM medium, tryptic digestion solution and 100 X penicillin streptomycin solution (containing 10 kU/mL penicillin+10 mg/mL streptomycin) were purchased from Hyclone. Dimethyl sulfoxide (DMSO), β-glycerophosphate sodium, vitamin C, estradiol (E2) and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) were bought from Sigma Chemical Co., Ltd. The alkaline phosphatase (ALP) kit was acquired from Nanjing Jiancheng Bioengineering Institute. The BCIP/NBT Alkaline Phosphatase Kit was purchased from Beyotime Biotechnology.
2.2 Solution preparation
The compound 3,5-DiCQA was prepared as a stock solution at a concentration of 100 mM in DMSO and stored in a dark environment at −20°C for subsequent use. Prior to experimentation, this stock solution was appropriately diluted with α-MEM medium to achieve the desired working concentrations.
2.3 Cell culture
The MC3T3-E1 cell line sourced from the National Collection of Authenticated Cell Cultures was maintained in an incubator at 37°C with an atmosphere containing 5% CO2. The culture medium was α-MEM supplemented with 10% FBS, 100 units/mL of penicillin, and 10 mg/mL of streptomycin. Upon reaching 80% confluence, the cells were passaged, sub-cultured, and then cryopreserved for future use.
2.4 Cell proliferation assay
The MTT assay was utilized to evaluate the viability of MC3T3-E1 cells. The cells were seeded in 96-well plates at a density of 5 × 103 cells per well. To determine the impact of 3,5-DiCQA on osteoblast viability, they were exposed to various concentrations of 3,5-DiCQA (12.5, 25, 50, and 100 μM) for both 24 and 48 h. Following incubation, 10 μL of MTT solution was added to 90 μL of complete medium and the cells were returned to the CO2 incubator for an additional 4 h. The absorbance was measured at a wavelength of 490 nm using a microplate reader (Biotek).
2.5 ALP activity and staining assay
The influence of 3,5-DiCQA on osteogenic differentiation was investigated by treating experimental groups with different concentrations of 3,5-DiCQA (25, 50, and 100 μM) alongside 10 nM estradiol. After a 6-day incubation period, ALP activity was quantified using a commercial ALP Assay Kit. The microplate reader was set to a wavelength of 562 nm for detection. Additionally, ALP staining was performed using the BCIP/NBT ALP Kit to visualize the activity.
2.6 Mineralization assay
The extent of mineralization was assessed using alizarin red staining. MC3T3-E1 cells were cultured in osteogenic induction medium, which contains 50 μg/mL of ascorbic acid and 10 mM β-glycerophosphate, and treated with varying concentrations of 3,5-DiCQA (12.5, 25, 50, and 100 μM) along with 10 nM estradiol for a period of 14 days. The cells were then stained with alizarin red S for 30 min to visualize mineralization nodules. The stained nodules were photographed, and 10% cetylpyridinium chloride (CPC) was utilized to extract the alizarin red for quantification, with the detection wavelength set to 540 nm.
2.7 Cell metabolomics
2.7.1 Cell sample collection and preparation
The MC3T3-E1 cells were cultured in 24-well plates and treated with 3,5-DiCQA for a period of 6 days. After incubation, the cells were meticulously rinsed with phosphate-buffered saline (PBS) three times. A volume of 1 mL of chilled methanol was then added to each dish, followed by gently scraping the cells using a cell scraper while on ice. The cells underwent a freeze–thaw cycle three times to facilitate extraction. The mixture was centrifuged at 4°C with a rotation speed of 12,000 rpm for 20 min to collect the supernatant. The supernatant was carefully transferred into LC-MS vials and conserved at −80°C for future analysis. To ensure the reliability of the LC-MS system and to mitigate potential bias, a quality control (QC) sample was crafted. The injection sequence was designed such that a QC sample was interspersed every five samples.
2.7.2 UHPLC-orbitrap-HRMS analysis
For the UHPLC-Orbitrap-HRMS analysis, the cell samples were processed using a Q-Exactive Focus Orbitrap mass spectrometer (Thermo Electron, Bremen, Germany), interfaced with a Thermo Scientific Dionex Ultimate 3000 RS liquid chromatography system (Thermo Fisher Scientific, California, United States) through an electrospray ionization (ESI) source. The chromatographic separation was achieved using a Thermo Scientific Hypersil GOLDTM aQ column (100 mm × 2.1 mm, 1.9 μm), with the column temperature regulated at 40°C. The mobile phase consisted of 0.1% formic acid in water (phase A) and acetonitrile (phase B), with a flow rate of 0.3 mL/min, according to the following gradient elution program: 0–2 min, 5%–40% B; 2–3 min, 40%–55% B; 3–5 min, 55%–69% B; 5–7 min, 69%–70% B; 7–10 min, 70%–73% B; 10–12 min, 73%–95% B; 12–12.1 min, 95%–5% B; and 15 min, 5% B. The injection volume was 2 μL.
High-resolution mass spectrometry (HRMS) operations were conducted using an ESI ion source, capable of both positive and negative ion detection modes. The spray voltage was set to 3.5 kV for the positive mode and 3.2 kV for the negative mode, with sheath gas pressure at 35 arb and auxiliary gas pressure at 10 arb. The capillary and auxiliary gas heater temperatures were maintained at 320°C and 350°C, respectively, and the S-lens RF level was adjusted to 60. Full scan data acquisition was performed over a mass range of m/z 100–1,200, utilizing data-dependent MS2 scanning. Nitrogen was utilized as the collision gas, with the energy set to a normalized collision energy of 30%. The entire system was controlled using Xcalibur software, version 4.2.
2.7.3 Data processing
The raw data underwent comprehensive processing utilizing the Compound Discoverer 3.3 software (Thermo, United States). A strict mass tolerance threshold of 5 parts per million (ppm) was applied. The metabolomics workflow was engaged to dissect the mass spectrometry data. Key parameters for analysis were defined, focusing on peaks with signal intensities exceeding a threshold of 10,000 for identification. A retention time window of 0.1 min and a noise elimination threshold of 10 were implemented. Critical data points including peak identification, m/z values, retention times, and signal intensities were extracted and prepared for use in subsequent experimental phases. SIMCA 14.1 software (Umetrics, Sweden) was used for the multivariate statistical treatment of the data, including principal component analysis (PCA), orthogonal partial least squares discriminant analysis (OPLS-DA), and other advanced statistical techniques. The quality of the OPLS-DA model was meticulously assessed through R2Y (cumulative) and Q2 (cumulative) metrics, and a stringent 200 permutation test protocol. The variable important in projection (VIP) score and the p-value from the T-test were pivotal in screening potential biomarkers. Metabolite enrichment and pathway analysis were further conducted using the MetaboAnalyst 5.0 online platform, integrating the potential metabolites for a deeper biological interpretation.
2.8 Statistical analysis
We used GraphPad Prism (version 9.0) to perform one-way ANOVA. The data are presented as the mean ± standard deviation, derived from a minimum of three replicates per test condition. Statistical significance was determined by a p-value of less than 0.05.
3 RESULTS
3.1 3,5-DiCQA promoted MC3T3-E1 cells proliferation
We used an MTT assay to explore the roles of 3,5-DiCQA in the proliferation of MC3T3-E1 cells. The results showed that compared with vehicle treatment, high-dose 3,5-DiCQA (100 μM) significantly promoted cell proliferation in a dose-dependent manner, whereas cell proliferation was significantly reduced 48 h after treatment in MC3T3-E1 cells. As shown in Figure 1, the results indicated that 3,5-DiCQA (12.5–100 μM) significantly promoted cell proliferation (Figure 1).
[image: Figure 1]FIGURE 1 | Effects of 3,5-DiCQA at different concentrations on proliferative activity of MC3T3-E1 cells at different time periods. Data were presented as the mean with standard deviation for technical triplicate in an experiment representative of several independent ones (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001, vs. DMSO.
3.2 3,5-DiCQA increased the ALP activity in MC3T3-E1 cells
Next, we evaluated whether 3,5-DiCQA would increase the ALP activity in MC3T3-E1 cells. MC3T3-E1 cells were cultured in osteogenic induction medium and incubated with E2 (10 nM) and 3,5-DiCQA (25, 50, and 100 μM) for 6 days. As a result, 3,5-DiCQA significantly increased the ALP activity in MC3T3-E1 cells. Cells treated with high-dose 3,5-DiCQA exhibited stronger ALP staining compared with control cells (Figure 2A). The ALP assay demonstrated that 3,5-DiCQA significantly enhanced cell differentiation (Figure 2B).
[image: Figure 2]FIGURE 2 | The effect of 3,5-DiCQA on the ALP activity in MC3T3-E1 cells. (A) BCIP/NBT staining was conducted. (B) The ALP activity was determined after 6-days co-treatment of MC3T3-E1 cells with 3,5-DiCQA (25, 50, and 100 μM) in OIM. Data were presented as the mean with standard deviation for technical triplicate in an experiment representative of several independent ones (n = 5), *p < 0.05 vs. DMSO.
3.3 3,5-DiCQA increased the mineralization in MC3T3-E1 cells
MC3T3-E1 cells were cultured in OIM and incubated with E2 (10 nM) and 3,5-DiCQA (12.5, 25, 50, and 100 μM) for 2 weeks. Alizarin red staining was used to visualize the calcified nodules (Figure 3A). 3,5-DiCQA (12.5, 25, 50, and 100 μM) promoted the formation of calcified nodules in MC3T3-E1 cells. Nodule formation was highest at 3,5-DiCQA treatments of 25 μM (Figure 3B).
[image: Figure 3]FIGURE 3 | The effect of 3,5-DiCQA on the mineralization of MC3T3-E1 cells. (A) Alizarin red S was used for staining on day 14. (B) The calcified nodules was quantified by extraction of alizarin red S with 10% cetylpyridinium chloride (CPC) on day 14. Data were presented as the mean with standard deviation for technical triplicate in an experiment representative of several independent ones (n = 6), *p < 0.05 vs. DMSO.
3.4 Identification of the metabolites of 3,5-DiCQA in MC3T3-E1 cells
From a chemical structure perspective, 3,5-DiCQA is formed by the esterification reaction of two molecules of caffeic acid and one molecule of quinic acid. It may undergo hydrolysis, methylation, sulfation, and other metabolic reactions within cells. By comparing the LC-MS spectra of the control group and the administered group, 11 metabolites (M1∼M11, Table 1) were preliminarily identified from the samples after administration of 3,5-DiCQA. After metabolism, the metabolites retain some basic structural features of the parent drug. Therefore, we can infer the structure of the metabolites by analyzing the mass spectrometry fragmentation patterns of the parent drug 3,5-DiCQA. On comparing the retention time and mass spectrometry data of the standards, the quasi-molecular ion peak of 3,5-DiCQA is m/z 515.1195 [M-H]- (with the molecular formula C25H24O12, an error of 0.72), and the retention time is 9.71 min. The MS2 spectrum shows the characteristic fragmentation ions resulting from the neutral loss of one molecule of caffeoyl group at m/z 353.08 [M-H-caffeoyl]−, the neutral loss of two molecules of caffeoyl group at m/z 191.05 [M-H-2×caffeoyl]−, the neutral loss of one molecule of caffeoyl group and one molecule of quinic acid residue at m/z 179.03 [M-H-caffeoyl-quinic acid]−, and further neutral loss of one molecule of CO2 producing the fragment ion at m/z 135.04 [M-H-caffeoyl-quinic acid-CO2]−. These characteristic fragmentation pathways provide a basis for the identification of metabolites. The retention time of M1 is 3.42 min. Its [M-H]- peak is at m/z 353.08818, which is 162 Da less than m/z 515.1195. It is speculated to be the product formed when 3,5-DiCQA loses one molecule of caffeoyl group during hydrolysis. The double bond on the caffeoyl group of 3,5-DiCQA undergoes a nucleophilic addition reaction with the thiol group of cysteine. After the conjugate metabolic reaction of cysteine, the molecular weight of the product increases by the molecular weight of one cysteine. Therefore, it is speculated that M2, M3 and M5 undergoes the cysteine conjugation metabolic reaction. In the molecule of 3,5-DiCQA, there are carbon-carbon double bonds in the caffeoyl part. These double bonds are the sites where hydration reactions can occur. When 3,5-DiCQA undergoes a hydration reaction once, it is equivalent to adding a water molecule to the molecular structure. Then, the molecular weight of the product M4 after the reaction is the molecular weight of 3,5-DiCQA plus that of a water molecule. By comparing the retention time and MS2 spectrum with those of the reference compounds, M8 and M9 were identified as 1,5-DiCQA and 4,5-DiCQA, respectively, both of which are products of the intramolecular acyl migration reaction of 3,5-DiCQA.The retention time of M10 is 11.13 min. The [M-H]- peak is at m/z 529.13515, which is 14 Da higher than m/z 515.1195. This is speculated to be the methylated product of 3,5-DiCQA. The retention time of M12 is 12.56 min. The [M-H]- peak is at m/z 543.15080, which is 28 Da higher than m/z 515.1195. We speculated that this is the dimethyl product of 3,5-DiCQA.
TABLE 1 | The retention time and mass spectrometric data of isochlorogenic acid A metabolites.
[image: Table 1]3.5 Multivariate statistical analysis
To delve deeper into the mechanisms by which 3,5-DiCQA influences the differentiation of MC3T3-E1 cells, a comparative metabolite analysis was conducted. We compared the differentiation induced by 3,5-DiCQA with that of cells treated with DMSO using UHPLC-HRMS. An unsupervised PCA approach was employed to assess the general sample distribution and the clustering of quality control (QC) samples as depicted in Figures 4A, B. The PCA plots demonstrated a coherent grouping of the QC samples, with some overlap between the control (DMSO) and the experimental (3,5-DiCQA) groups, which reflects the high stability and methodological soundness of the analytical instrument. In an effort to enhance the differentiation between the control and experimental groups and to boost the model’s analytical resolution, a supervised OPLS-DA analysis was conducted, as presented in Figures 5A, B. The OPLS-DA score plots revealed a significant divergence between the control and experimental groups in both positive and negative modes. This separation confirms the presence of metabolic differences, suggesting that 3,5-DiCQA induces changes in cellular metabolism. To ensure the robustness of the OPLS-DA model against overfitting, a 200 permutation test was applied. The R2Y (cumulative) metric indicates the model’s explanatory power along the y-axis, while the Q2 (cumulative) signifies its predictive accuracy. A Q2 value exceeding 0.5 is generally considered a threshold for model stability and reliability. In this study, the positive ion mode exhibited R2Y and Q2 values of 0.918 and 0.568, respectively, and the negative ion mode showed R2Y and Q2 values of 0.963 and 0.687, respectively. The permutation test results, as illustrated in Figures 5C, D, affirmed the model’s reliability and precision in both ionization modes.
[image: Figure 4]FIGURE 4 | Multivariate statistical analyses of metabolites in MC3T3-E1 cells. (A) The PCA score plots in positive modes. (B) The PCA score plots in negative modes.
[image: Figure 5]FIGURE 5 | Multivariate statistical analyses of metabolites in MC3T3-E1 cells. (A, B) The OPLS-DA score plots comparing Control groups and Drug groups in positive and negative modes, respectively. (C) Permutation plot for Control groups and Drug groups by the 200-response reciprocity test in the positive ion mode. (D) Permutation plot for Control groups and Drug groups by the 200-response reciprocity test in the negative ion mode.
3.6 Identification of potential biomarkers
Differential metabolite analysis among the groups was performed using multivariate and univariate statistical analysis. Specifically, the OPLS-DA model and t-test were employed to identify variations in metabolite levels. A VIP score exceeding 1, coupled with a t-test p-value below 0.05, were established as thresholds for the significance of differential metabolites. As a result, nine potential biomarkers (Supplementary Figures S1, S2) as detailed in Table 2. A heatmap with hierarchical clustering was used to make data visualization more intuitive. The changed patterns in metabolite concentrations across samples can clearly be seen in Figure 6. A similar color distribution was observed within each group, along with a large difference between the groups. In comparison to the control group, treatment with 3,5-DiCQA led to noticeable decreases in the levels of phytosphingosine while it induced substantial increases in sphinganine and citric acid, as outlined in Table 2. These findings underscore the substantial metabolic alterations induced by 3,5-DiCQA.
TABLE 2 | The identification of potential biomarkers in MC3T3-E1 cells in the negative and positive ion mode.
[image: Table 2][image: Figure 6]FIGURE 6 | The hierarchically clustered heatmap of metabolite levels in control and drug group. The columns represent samples in different experimental conditions, and the rows represent different biomarkers. Different colors represent the concentration differences of different samples.
3.7 Metabolic pathway analysis
We conducted an in-depth analysis to uncover the metabolic pathways that may be influenced by 3,5-DiCQA in enhancing the differentiation of MC3T3-E1 cells. Utilizing the MetaboAnalyst 5.0 platform, we enriched and examined the topological aspects of 29 metabolic pathways represented by biomarkers. In our graphical representation, the vertical axis denotes the name of the metabolic pathway, while the horizontal axis reflects the enrichment ratio, which is the proportion of altered metabolites relative to the entire pool within a given pathway. Our findings indicated a total of 11 pathways that are potentially modulated by 3,5-DiCQA to facilitate cell differentiation, with notable pathways including sphingolipid metabolism, arginine and proline metabolism, mucin type O-glycan biosynthesis, and the citrate cycle (TCA cycle), as depicted in Figure 7A. In the network topology analysis diagram, each circle symbolizes a distinct metabolic pathway. The variations in the size and color of these circles correspond to the extent of their influence within the system. As illustrated in Figure 7B, the differentiation of MC3T3-E1 cells induced by 3,5-DiCQA appears to be particularly linked to sphingolipid metabolism and several other pathways, the details of which are compiled in Table 3.
[image: Figure 7]FIGURE 7 | Analysis of metabolic pathway associated with the 3,5-DiCQA promotes MC3T3-E1 cells differentiation using an enrichment analysis with an online MetaboAnalyst 5.0. (A) Metabolic pathway enrichment analysis. (B) Metabolic pathway topology analysis.
TABLE 3 | Pathway analysis of biomarkers using MetaboAnalyst 5.0 online.
[image: Table 3]4 DISCUSSION
Osteoporosis (OP), characterized by low bone mass, degeneration of bone tissue and destruction of bone microstructure, can lead to decreased bone strength and increased risk of fracture. The number of OP hip fractures worldwide is estimated to exceed 200 million, and 40% of postmenopausal women and 30% of men will experience OP fractures during their lives (Garvey et al., 2016; Wright et al., 2014). In China, the incidence of OP is as high as 23.9% among people between 50 and 59 years old, and the incidence increases significantly with an increase in age (Liao et al., 2002). However, the current treatment of OP includes drug therapy, physical therapy and exercise therapy, but the therapeutic effect is relatively low, patients' compliance is poor, and there are many adverse reactions (Aaseth, Boivin and Andersen, 2012; Metcalf, Aspray and McCloskey, 2017; Piemonte et al., 2012). At present, the clinical treatment of osteoporosis is still dominated by chemical drugs. According to their different mechanisms of action in the treatment of osteoporosis, chemical drugs can be divided into bone absorption inhibitors (such as bisphosphonates, estrogen and calcitonin), bone formation promoters (fluoride and strontium preparations) and bone mineralization promotion drugs (vitamin D and calcium preparations) (An et al., 2016; Zeng et al., 2014; Du et al., 2013; Xu et al., 2018). However, taking these drugs is often accompanied by side effects such as inflammation of the esophagus, nausea, abdominal pain and even cancer of the reproductive system. Their potential toxicity and side effects limit their wide application to some extent (Black et al., 2013; Ma and Ge, 2017). Therefore, the search for safer natural substitutes of traditional Chinese medicine (TCM) that can promote bone formation and reverse bone structural damage is receiving increasing attention.
Duhaldea nervosa is traditionally used for activating meridians, promoting blood circulation and removing blood stasis, reducing swelling and dispersing blood. It has a good therapeutic effect on rheumatic pain, fall injury, fracture and other diseases, and can significantly shorten the course of fracture healing. Since ancient times, Duhaldea nervosa has been widely used as a medicine for treating fall injury by the Dong people (Long, 2004; Long et al., 2013; Wang et al., 2008; Wang et al., 2009; Zhu and He, 2011). It is common in Dong medicine to mix the stem powder of Duhaldea nervosa with glutinous rice sweet distiller’s grains and apply it to the injury or fracture, which can relieve pain, reduce swelling, disperse silting and promote fracture healing. According to our previous experimental studies, chlorogenic acids, especially 3,5-DiCQA are the main component of Duhaldea nervosa.
3,5-DiCQA is a dicaffeinoquinic acid found among coffee picolinic acids. The quinic acid component of coffee is a class of natural compounds formed by acidification of quinic acid and varying amounts of coffee. Modern pharmacological studies have shown that dicaffeoylquinic acid has antioxidant, anti-inflammatory, anti-microbial and other pharmacological effects (Fiamegos et al., 2011; Könczöl et al., 2012; Park et al., 2009). Therefore, in this study, MC3T3-E1 cells were used as the cell model in vitro to study its effects on the proliferation, differentiation and mineralization of osteoblasts, clarify the specific mechanism of its promotion of osteoblast differentiation and provide an experimental basis for the basic research of its pharmacodynamic substances in treating fall injury and promoting fracture healing.
To further investigate the mechanism by which 3,5-DiCQA promotes MC3T3-E1 cell differentiation, UHPLC-HRMS was used to compare differential metabolites between the control groups and drug groups, for 100 μM 3,5-DiCQA MC3T3-E1 cells. We concluded that 3,5-DiCQA increased the levels of sphinganine and citric acid and decreased the levels of phytosphingosine, which promotes differentiation in MC3T3-E1 cells. Bone remodeling balance is dynamic and easily stimulated by the external environment including energy metabolism substrates, hormones and growth factors (Shaw and Gravallese, 2016). Osteoporosis is also a systemic disorder of energy metabolism, of glucose and lipid metabolism, of abnormal distribution of fatty acids, and disorder of amino acid content, which are closely related to the occurrence and development of osteoporosis (Chin, Wong, Ekeuku and Pang, 2020; During, Penel and Hardouin, 2015; Martyniak et al., 2021; Su et al., 2019). Focusing on the bone microenvironment, the energy metabolism disorder of osteoblasts and osteoclasts is a key factor in pathogenesis. Cell energy production is mainly dependent on glucose Glycolysis (in the cytoplasm), the tricarboxylic acid (TCA) cycle, and oxidative phosphorylation (OXPHOS) (in mitochondria) are the main pathways by which adenine riboside triphosphate (ATP, the most important high energy phosphate bond compound in the body)is produced (Lee, Guntur, Long and Rosen, 2017). The C-H bonds in the molecular structure of energy substances such as glucose, amino acids and fatty acids contain chemical energy. In the process of oxidation, the C-H bonds are broken to generate CO2 and H2O, and energy is released at the same time. In the cell, the balance of chemical energy regulates the cascade amplification mechanism of many upstream and downstream molecules, thus controlling the transcription, translation and other processes of genes, and finally realizing the control of various cell phenotypes (Miyazaki et al., 2012; Sabbatinelli et al., 2019).
5 CONCLUSION
This study provides new insights into the mechanism of action of traditional Chinese medicines (TCMs) through a holistic cellular metabolomics approach, and has revealed the potential mechanisms by which 3,5-DiCQA promotes the proliferation, differentiation and mineralization of MC3T3-E1 cells. These findings not only provide a scientific basis for 3,5-DiCQA as a candidate for promoting bone formation, but also offer important references for further research into the application of TCM components in bone tissue engineering. However, this study has some limitations, and the results need to be further validated in animal models to explore the mechanism of 3,5-DiCQA.
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