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Untargeted Metabolomics Reveals the Protective Effect of Fufang Zhenshu Tiaozhi (FTZ) on Aging-Induced Osteoporosis in Mice
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Fufang Zhenzhu Tiaozhi (FTZ), as an effective traditional Chinese medicine, has been prescribed for more than 20 years. It has proven clinical efficacy as a prescription for patients with dyslipidemia, glucocorticoid- and high-fat-induced osteoporosis, but its effect on osteoporosis induced by aging is still unclear. The aim of this study was to investigate the anti-osteoporosis effect of FTZ in aging mice and revealed its biochemical action mechanism using metabolomics. Model of primary osteoporosis induced by aging was established. The mice in treatment group received a therapeutic dose of oral FTZ extract once daily during the experiment. The model and control groups received the corresponding volume of oral normal saline solution. Plasma samples of all three groups were collected after 12 weeks. Clinical biochemical parameters and biomechanics were determined in the osteoporosis model induced by normal aging to evaluate anti-osteoporosis effect of FTZ. Ultra performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (UPLC-QTOF/MS) was used to analyze metabolic changes. The changes of histomorphometric and biomechanic parameters of femurs, as well as osteoblast and osteoclast activity indicated that FTZ administration reduced the risk of osteoporosis. Partial least squares discriminant analysis (PLS-DA) score plot revealed a clear separation trend between model and controls. Moreover, PLS-DA score plot indicated the anti-osteoporosis effect of FTZ with sphingosine 1-phosphate, LPA (16:0) and arachidonic acid (AA) among key biomarkers. The pivotal pathways revealed by pathway analysis including sphingolipid metabolism, glycerophospholipid metabolism, and AA metabolism. The mechanism by which FTZ reduces the risk of primary age-related osteoporosis in mice might be related to disorders of the above-mentioned pathways. FTZ has a protective effect against osteoporosis induced by aging, which may be mediated via interference with sphingolipid, glycerophospholipid, and AA metabolisms in mice.
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INTRODUCTION

Millions of people were affected by osteoporosis, which was a degenerative bone disease characterized by decreasing bone mineral content and bone strength. Osteoporosis are especially severe in, those with pathological fractures, and women accounted for more than 70% of the total number because of the decline in hormone level associated with aging (Cotts and Cifu, 2018). Traditional Chinese medicines (TCM) or natural products have been longtime used in clinic and considered as an alternative therapy for the prevention and treatment of various diseases worldwide (Liu et al., 2013; Hao et al., 2014; Moloney, 2016; Chen D. Q. et al., 2018; Chen H. et al., 2018; Wang et al., 2018a,b). Fufang Zhenzhu Tiaozhi (FTZ), as an effective traditional Chinese medicine, has been prescribed for more than 20 years in cases of dyslipidemia and glucocorticoid-treated osteoporosis (Guo et al., 2006, 2009; Sun et al., 2016), but its effect on osteoporosis induced by aging is still unclear.

Metabolomics has been applied to establish novel therapeutic targets and provide prognostic biomarkers for the early detection and diagnosis of disease progression (Johnson et al., 2016). Recently, ultra performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (UPLC-QTOF/MS)-based metabolomics was widely used in pharmacological bioactivity and toxicity evaluation of TCM (Chen D.Q. et al., 2016; Shi et al., 2016; Wang et al., 2017). The development and progression of postmenopausal osteoporosis were associated with many pathophysiological factors including estrogen receptor dysregulation (Gallagher and Jeffre, 2011), pro-inflammatory factors (Barbour et al., 2012), oxidative stress (Callaway and Jiang, 2015), and OPG/RANK/RANKL system (Hofbauer and Schoppet, 2004). There is still no sensitive and specific biomarker that can reflect the pathogenesis of osteoporosis. Metabolomics projects usually yield clusters of biomarkers, which make it potentially useful for the study of the development and progression of osteoporosis. Ovariectomized (OVX) animal models were the most widely used model organisms in the study of osteoporosis. By contrast, we used normal aging mice as a model in this study in conjunction with metabolomics to explore the changes of endogenous metabolites and the effects of FTZ.

In current study, we first sought to establish aging female mice as animal models of postmenopausal osteoporosis. Secondly, blood biochemical parameters, bone microarchitecture histomorphometry, and bone biomechanics were used to evaluate the characteristics of the postmenopausal osteoporosis disease in aging mice. Finally, UPLC-QTOF/MS was used to delineate the metabolic profile to identify and characterize specific metabolic pathways with potential relevance for treatment and intervention of FTZ in postmenopausal osteoporosis.

MATERIALS AND METHODS

Chemicals and Reagents

Formic acid was purchased from Merck company (Germany). LC-grade acetonitrile was purchased from the Merck company (Germany). Ultra-high purity water was prepared using a Milli-Q water purification system. Other chemicals were of analytical grade and purity was above 99.5%. The components of FTZ, including Citri sarcodactylis fructus, Ligustri lucidi fructus, Salviae miltiorrhizae radix et rhizoma, Notoginseng radix et rhizoma, Coptidis rhizoma, Atractylodis macrocephalae rhizoma, Cirsii japonici herba et radix, and Eucommiae cortex, were obtained from Zhixin Chinese Herbal Medicine Co., Ltd. (Guangzhou, China). Professor Wei He, Guangdong Pharmaceutical University authenticated the plant material using the Pharmacopeia of the people’s republic of China identification key (ISBN 2015, volume I). The voucher specimens were GDPUZYY 20110901-8 (Supporting Material-Voucher specimen) (Guo et al., 2011). Authentic reference FTZ was provided by the Institute of Materia Medica, Guangdong Pharmaceutical University. HPLC fingerprinting was used to confirm the quality of the FTZ extract (Zhong et al., 2012), as shown in Supplementary Data Sheet S1.

Animals and Experimental Design

Eighteen specified pathogen free (SPF) C57BL/6J Narl female mice were purchased from the same vendor were obtained from the Guangdong animal experimental medical center. The Animal Ethics Committee of Guangdong Pharmaceutical University approved the study. The mice were housed in cages at a room temperature of 25 ± 2°C, with free access to standard solid food and water. The eighteen mice were randomly divided after 1 week of acclimatization to yield a model group (21 months old), a treatment group (21 months old), and a control group (4 months old). The treatment group received 1.0 g/kg/d of oral FTZ every day for 12 weeks continuously. The model and control groups were orally administered the corresponding volume of normal saline.

Histomorphometric Analysis Using Micro Computed Tomography

A high performance in vivo micro-CT SKYSCAN 1176 (Bruker, Germany) was used for quantitative and qualitative analysis of the right femurs with image field at pixel size 9 μm. CTVol (Skyscan, Germany) was used to reconstruct 3D images. The distal femoral metaphyses were analyzed within a region of 1.5 mm in length 1.0 mm below the growth plate. CTAn (Skyscan) was used to quantify the trabecular bone mineral density (Tb.BMD), trabecular thickness (Tb.Th),bone surface/bone volume (BS/BV), bone surface/tissue volume (BS/TV), bone volume/tissue volume (BV/TV), trabecular separation (Tb.Sp), trabecular number (Tb.N), and structure model index (SMI) within the region of interest. SMI was used to quantify the plate-rod characteristics of the 3D trabecular structure. Cortical bone parameters including endosteal circumference (EC), cortical bone shell thickness, cortical BMD, periosteal circumference (PC), and cross-sectional area were measured in the middle of the diaphysis of the femur.

Measurement of Serum Indicators of Osteoblast and Osteoclast Activity

The concentrations of procollagen type-I amino-terminal propeptide (PINP), osteocalcin, osteoprotegerin (OPG), bone alkaline phosphatase (BALP), pyridinoline (PYD), and crosslinked N-telopeptide of type I collagen (NTXI) in the serum were all measured by commercial kits (CUSABIO, Wuhan, Hubei, China), according to the manufacturer’s instructions.

Bone Biomechanics Analysis Using the Three-Point Bending Method

Right femurs stored at -20°C were thawed at room temperature and then wetted with saline. The samples were placed in the INSTRON E1000 Electrodynamic static universal testing machine (Instron, United Kingdom), for testing and analysis of biomechanical properties. The parameters were set as follows: the diameter of the indenter was 1 mm, loading speed was 2 mm/min, span (L) was 10 mm. The maximum load, breaking load, bending energy, maximum displacement, and stiffness were recorded by the acquisition computer.

Serum Metabolomics

A 300 μL aliquot of plasma was mixed with 900 μL acetonitrile in an Eppendorf tube by vortexing for 2 min. The resulting mixture was centrifuged at 20000 × g and 4°C for 15 min. The clear supernatant was removed and used for UPLC-QTOF/MS analysis. Positive and negative ion modes were used for all samples.

A guard column (Waters, United States) was placed in front of an ACQUITY UPLC BEH C18 column (100 mm × 2.1 mm, 1.7 μm; Waters, United States). The injection volume was 5 μL and the column temperature was 30°C. Water with 0.1% formic acid was used as solvent A and acetonitrile as solvent B. The flow rate was 0.4 mL min-1. The elution gradient was as follows: 0–4 min, 98% A; 4–10 min, 98–75% A; 10–12 min, 75–50% A; 12–22 min, 50–35% A; 22–28 min, 35–15% A; 28–30 min, 15–20% A.

The UPLC system was interfaced with a AB Sciex Triple TOF 5600 mass spectrometer (AB Science, United States) with the following settings: Positive ion mode: ion spray voltage, 5500 V; ion source temperature, 550°C; decluttering potential, 80 eV; collision energy, 10 eV; collision energy spread, 20 eV; 50 psi was used for the curtain gas, ion source gas 1 and gas 2. Negative ion mode: ion spray voltage, 4500 V; ion source temperature, 550°C; decluttering potential, -100 eV; collision energy, -10 eV; collision energy spread, 20 eV; 50 psi was used for the curtain gas, ion source gas 1 and gas 2. The IDA model was used to qualitatively analyze the potential biomarkers in both positive and negative ion modes.

Statistical Analysis

Student’s t-test was used for all comparisons between two groups of bone measurements, and ANOVA followed by Bonferroni’s multiple t-test for multiple groups. Kruskal-Wallis non-parametric analysis followed by Dunn’s multiple comparison test was used for metabolomic data. Time-course data such as body weight, were analyzed using repeated measures two-way ANOVA. Differences with p-values < 0.05 were considered statistically significant. The scope of the variation of the data has been expressed in terms of mean six standard deviation (SD) of mean six standard error of the mean (SEM). Prism GraphPad 6 software (GraphPad Software Inc., San Diego, CA, United States) was used to analyze significance, while log10 – transformed metabolite concentrations were used for partial least squares-discriminant analysis (PLS-DA) in SIMCA-P (version 14.0, Umetrics, Umeå, Sweden). The goodness-of-fit parameter (R2X) and the predictive ability parameter (Q2) were used to analyze the quality of the models.

RESULTS

Body Weight and Serum Estradiol Levels

The average body weight for each group of mice is shown in Figure 1A. There was a significant difference between the model and control groups, but none the model group and the FTZ-treatment group. Serum E2 levels of mice in the model group were significantly decreased compared with the in control, while in the FTZ-treatment group they were significantly higher relative to the model (p < 0.05; Figure 1B).
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FIGURE 1. (A) Body weight of control, model, and FTZ groups. (B) Serum estradiol E2 levels of control, model, and FTZ groups. (C) Micro-CT femur parameters. (D) Micro-CT three-dimensional images. Femur images of control, model, and FTZ groups.



Micro Computed-Tomography Analysis

After 12 weeks, the trabecular bone parameters in the distal femur were analyzed by micro-CT (Figure 1C). There were significant decreases of Tb.BMD, BV/TV, Tb.th and Tb.N and significant increases of, Tb. Sp and SMI in model group compared with the control group, suggesting the appearance of osteoporosis symptoms. Tb. BMD, BV/TV, and Tb. N were significantly increased in the FTZ-treated mice, while Tb. Sp and SMI were significantly decreased compared with model mice. Measurements of the cortical bone in the middle of the femur showed that the model mice had a significantly thinner cortical bone structure with EC, PC, and increased cross-sections compared to the control mice. We therefore confirmed that female C57BL/6J Narl mice lost bone mass in the femur with aging. Conversely, the FTZ-treated mice did not show significant differences in EC, PC, and cross-sectional area compared with model mice.

Three-dimensional (3D) micro-CT images of the middle diaphysis of the distal femur with trabecula are shown in Figure 1D. A larger trabecular network was observed in the control mice compared to the model mice.

Analysis of Bone Biomechanics

After 12 weeks, the biomechanic parameters of the tibia were analyzed using a static universal testing machine (Figure 2). There were significant decreases of the elastic load, bending energy, fracture load, and stiffness, while displacement was significantly increased in model mice compared with control mice, suggesting that the biomechanical performance of the tibia deteriorated with age in the mice. Conversely, the elastic load, bending energy, fracture load, and stiffness were significantly increased, while displacement was significantly decreased in the FTZ-treated mice compared with model mice. Additionally, femoral fracture characterized by segment rule pulverization was mainly observed in the aged bones.
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FIGURE 2. Bone biomechanics parameters of control, model, and FTZ groups. (A–E) Bone parameters of the distal femur analyzed by INSTRON E1000 electrodynamic static universal testing machine. (A) Elastic load. (B) Frartufe load. (C) Bending energy. (D) Displacement. (E) Stiffness.



Serum Concentrations of Markers Related to Osteoblast and Osteoclast Activity

The activity of osteoblasts and osteoclasts was measured using specific markers as proxy (Figure 3). Accordingly, elevated concentrations of BALP, osteocalcin, BGP, and PINP indicate osteoblast activity, whereas elevated concentrations of PYD and NTXI indicate osteoclast activity. The serum concentrations of osteocalcin, BALP, and were significantly increased PINP in the model mice, whereas serum OPG showed a significant decrease compared with the control mice. Serum PYD and NTXI were significantly increased in the model mice. These results suggest the presence of age-related osteoporosis of the high-conversion type, whereby both bone formation and resorption were increased, but the increase of bone resorption was more pronounced. There were decreased in FTZ-treatment mice compared with model mice.
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FIGURE 3. The concentrations of osteoblast and osteoclast indicators. Effects on serum osteoblast and osteoclast indicators, calcium and phosphate content ratio of control, model, and FTZ groups (A–D). (A) BGP, osteocalcin. (B) ALP, alkaline phosphatase. (C) OPG, osteoprotegerin. (D) PINP, procollagen type I amino-terminal propeptide. (E,F) Osteoclast indicators. (E) PYD, pyridinoline. (F) NTX, cross-linked N-telopeptide of type I collagen.



Serum Metabolomics

The repeatability and precision were tested by six reduplicate analyses from the QC samples and six samples, respectively. RSD% of retention time and peak area were below 0.16 and 4.83%, respectively. The data showed that the repeatability and precision meet the demand of this study. As can be seen in the typical base peak intensity chromatograms of the control, model, and FTZ-treated groups (Figure 4A), the UPLC–QTOF/MS demonstrated good reproducibility. The influence of FTZ on the metabolite patterns in the plasma was investigated using the PLS-DA model. The resulting projection model provided the latent variables (LVs) with a focus on maximum separation. Score plots of the PLS-DA model [ESI+: R2X(cum) = 0.971, Q2(cum) = 0.738] are shown in Figure 4B. The permutation test have done[R2 = (0.0,0.168), Q2 = (0.0,-0.267)], which implied a high quality of the PLS-DA model. The control, model and FTZ groups were significantly separated, whereby the samples from the model group had the opposite direction along LV2 compared with those of the control group. By contrast, control group samples had the opposite direction along LV1 compared with the FTZ and model groups. The clustering analysis revealed that the FTZ-treatment group was located between the model and control groups (Figure 4C). The results therefore support the efficacy of FTZ in mitigating age-related osteoporosis.
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FIGURE 4. Metabolic profiling and multivariate statistical analysis. (A) Base peak intensity chromatograms of control, model, and FTZ groups in positive ion mode obtained from UPLC-QTOF/MS analysis. (B) Score plot of PLS-DA of control, model, and FTZ groups. [R2X(cum) = 0.971, Q2(cum) = 0.738]. (C) Clustering analysis of control, model, and FTZ groups. (D) Loading plot of PLS-DA in positive ion mode from control, model, and FTZ groups.



The significantly altered metabolites were searched by selecting variables on the basis of the VIP values in the loading plot of the PLS-DA model (Figure 4D). To identify the metabolites that contributed most to the clustering, the variables with importance values above 1.5 and p-values of independent Student’s t-test between two groups <0.05 were selected. The thus endogenous metabolites were subjected to further structural identification according to the previous reported methods (Zhao et al., 2013; Chen H. et al., 2016; Chen et al., 2017). The resulting potential biomarkers are listed in Table 1. Structures corresponding to the selected metabolites were obtained by searching the following databases: HMDB1, LIPID MAPS2, METLIN3, and KEGG4. Finally, 12 differentially abundant metabolites were identified. These included neuroprotectin D1, fructose 1,6-bisphosphate, NADH, arachidonic acid (AA), lysophosphatidylcholines (LysoPCs), glycocholic acid, taurodeoxycholic acid, LPA (16:0), lysoPE (22:5), DG (36:3), and sphingosine 1-phosphate (S1P). The fold changes (FC) based on the relative intensities and biological corresponding pathways are listed in Table 1.

TABLE 1. Identified potential biomarkers, fold changes (FC) and p-values among control, model, and FTZ groups.
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The results of the heatmap analysis indicated that samples in the FTZ-treatment group were similar to the control (Figure 5). By contrast, the PLS-DA score plots revealed a clear difference between the model and FTZ-treatment groups, implying that FTZ significantly improved the metabolic profile in the plasma of osteoporotic mice.
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FIGURE 5. Heatmap of 12 potential biomarkers among control, model, and FTZ groups. Red and green indicate increased and decreased levels, respectively.



Potential biomarkers of the anti-osteoporosis effects of FTZ were searched using PLS-DA-based ROC curves. The 12 biomarkers shown in Figure 6A had high sensitivity (>90%), specificity (>90%), and AUC values (>0.80), which makes them potential biomarkers for the anti-osteoporosis effect of FTZ. Figure 6B illustrates the difference in the level of the potential biomarkers among the control group and model group and FTZ-treated groups. These results indicated that Sphingosine 1-phosphate, LPA (16:0), AA represent potential biomarkers of the anti-osteoporosis effects of FTZ.
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FIGURE 6. (A) PLS-DA-Based ROC curves of the 12 potential biomarker of anti-osteoporosis effects of FTZ. The associated AUC, 95% CI, sensitivities, and specificities are indicated. (B) Relative intensity analysis of 12 potential biomarkers. Box plots showing significant changes in the levels of 12 potential biomarkers among the control, model, and FTZ groups. The statistical significance between the two groups is marked; ∗p < 0.05, ∗∗p < 0.01 significant difference compared with control group; [image: image]p < 0.05, [image: image][image: image]p < 0.01 significant difference compared with model group. Y-axis: normalized relative intensity.



The metabolic pathways and networks possibly influenced by aging were searched via MetPA analysis. IPA showed dysregulation in eight pathways, including the metabolism of sphingolipids, glycerolipids, glycerophospholipids, biosynthesis of unsaturated fatty acids, and primary bile acids, as well as the metabolism of arachidonic-, linoleic-, and alpha-linolenic acid in the mice with age-induced osteoporosis (Figure 7A and Table 2). An example of the results of biological pathway analysis is illustrated with glycerophospholipid metabolism as an example (Figure 7C). The effects obtained for the other pathways are shown in Supplementary Figures S1–S7. In addition, the QEA algorithm of the MSEA method revealed the dysregulation of seven metabolic pathways in age-induced osteoporosis (Figure 7B).
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FIGURE 7. Metabolic pathway analysis of identified differential species. (A) Summary of IPA with MetPA. (B) QEA performed using MSEA. (C) Overview of glycerophospholipid metabolism with MetPA (reference map by KEGG). Green boxes represent enzymatic activities with putative cases of analogy in mice.



TABLE 2. Ingenuity pathway analysis with MetPA from differential biomarkers.
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DISCUSSION

The three types of primary osteoporosis are postmenopausal osteoporosis (type I), senile osteoporosis (type II), and idiopathic osteoporosis. Aging women account for the majority of patients due to the double impact of age and declining hormone levels. Type 1 osteoporosis is characterized by reduced hormone levels, which results in accelerated bone turnover leading to bone loss. The earliest OVX rat and mouse models were established in 1991 (Kalu, 1991). These models revolutionized the study of bone loss because the removal of the ovaries mimics postmenopausal hormonal changes that occurs in humans, including in the decreased estrogen levels (Caverzasio et al., 2008; Guillerminet et al., 2010). Nevertheless, these models still have some disadvantages. Firstly, the postmenopausal model relies on ovariectomy, which does reflect the decrease of estrogen levels, but does not reflect practical and clinical discrepancies. While ovarian dysfunction indeed plays a role in osteoporosis, the ovarian stromal cells in postmenopausal women still retain some endocrine function rather than completely disappearing. In addition, the surgical intervention induces physical stress, resulting in inconsistent laboratory values (Giangregorio and Blimkie, 2002).

In this study, we established a model of osteoporosis based on normal aging female mice. The weight of the aging mice over 24 months of age was increased compared to young 7 months old mice, and there was no significant difference between the model group and the FTZ-treatment group. This was in agreement with previous studies which reported that body weight was increased in the ovariectomized mouse model of osteoporosis (Zhang et al., 2009; Zhao et al., 2011; Kim et al., 2016).

Several serum indicators of osteoblast and osteoclast activity were examined. The aging mice exhibited higher levels of the osteoblast markers BALP, osteocalcin and PINP, but lower OPG. Similarly, Liao et al. (2002) observed that serum BALP increases with age, while Lofman et al. (2005) reported that serum osteocalcin increased in postmenopausal women, with continuously increased levels for about 15 years, which was significantly different compared with pre-menopausal women. Reginster et al. (2004) reported that the serum levels of PINP decreased among 7705 postmenopausal women that were treated with raloxifene, which supports the observations presented here. Furthermore, the aging mice exhibited higher levels of the osteoclast markers NTXI and PYD, which corroborated the characteristically high bone turnover rate indicative of osteoporosis. Similarly, Iwamoto et al. (2007) observed that NTX levels were significantly increased in osteoporotic postmenopausal women compared to normal premenopausal controls. Chopin et al. (2012) observed a significant negative correlation between PYD and BMD in postmenopausal women, whereby the PYD content was significantly higher than in pre-menopausal control. In this study, the FTZ-treated group exhibited lower NTXI and PYD, which suggested that FTZ may decrease bone resorption.

We evaluated the age-related changes in trabecular architecture in C57BL/6J mice, which showed that the trabecular BV/TV decreased significantly. Moreover, the decrease of Tb.N and Tb.BMD, indicated trabecular bone loss. By contrast, Tb.Sp and SMI increased compared with the control mice, which was consistent with previous reports on the ovariectomized model (Liao et al., 2002; Ju et al., 2015). Conversely, the Tb.BMD, BV/TV, and Tb.N increased in the FTZ-treatment group, while Tb.Sp and SMI decreased compared with the model group, which indicates that FTZ may increase bone mass and strength.

We studied the age-related deterioration of the tibiae of C57BL/6J female mice, which showed that elastic load, fracture load, bending energy, and stiffness decreased significantly compared with the control group. Conversely, the elastic load, fracture load, bending energy, and stiffness increased in the in FTZ-treatment group, which suggested that FTZ has a positive effect on the biomechanical properties of bones.

Metabolomics can measure the changes in the levels of metabolites found in biological fluids and tissues, yielding a quantitative and comprehensive picture of metabolic pathway activity (DeBerardinis and Thompson, 2012). In the previous metabolomics study on osteoporosis, OVX animal models were used usually Chen et al. (2014). Chen et al. (2014) used OVX rats and found significantly higher concentrations of metabolites associated with energy metabolism, including TCA-cycle intermediates, glucose, fumarate, and taurine, as well as lower concentrations of 3-hydroxybutyrate, allantoin, citrate, malate, succinate, aspartate, glycine, acetate, ethanol, and dimethylamine rats as osteoporosis model and found that OVX group significantly higher concentrations of metabolites associated with energy metabolism (including TCA-cycle intermediates and glucose), fumarate, taurine. Lower concentrations of 3-hydroxybutyrate, allantoin, citrate, malate, succinate, aspartate, glycine, acetate, allantoin ethanol, and dimethylamine. The metabolomic analyses of rat plasma in the study of Ma et al. (2013) showed that levels of AA, octadecadienoic acid, branched-chain amino acids (valine, leucine, and isoleucine), homocysteine, hydroxyproline, and ketone bodies (3-hydroxybutyric acid) significantly elevated, while levels of docosahexaenoic acid, dodecanoic acid, and lysine significantly decreased in OVX group compared with those in the homeochronous sham group. In this study, we also observed metabolic differences between the model and control groups. One interesting class of differential metabolites was phospholipids.

Phospholipids are a class of lipids containing phosphoric acid, with glycerophospholipids and sphingomyelin components being the most prominent (Blackburn and Mansell, 2012). Lysophosphatidic acid (LPA) serves in the phospholipid metabolism not only as an intermediate, but also as cellular messenger. It can promote proliferation, growth, differentiation and other important biological behaviors (Gennero et al., 2011). Increasing evidence suggests that osteoblasts can produce LPA which then acts as an autocrine signaling molecule in the bone microenvironment that can also serve as a paracrine signaling molecule, with a profound effect on bone development (Salles et al., 2013). LPA was a potential mediator of osteoblast-osteoclast signaling in bone (Gennero et al., 2011; Salles et al., 2013; Sims et al., 2013; Marion et al., 2014). The regulatory effect of LPA on osteoblasts and osteoclasts is mediated by P2X7 nucleotide receptor signaling which can produce LPA, revealing a new signaling axis that may play a key role in bone mechanical conduction. LPA receptor subtypes have multiple effects on mature bone cells, including cell contraction and modulation of calcium ion concentration, activation of the key transcription factor NFATc1, promoting osteoclast survival. LPA also promotes the integration of osteoclasts, which leads to the formation of larger cells, and increased numbers of osteoclasts have been found in pathological bone resorption. Thus, LPA and its receptors play an important role in the pathophysiology of osteoporosis (Sims et al., 2013). Phosphatidylcholines (PC) are produced by phospholipase A2, which is activated under inflammatory conditions. It hydrolyzes lysophosphatidylcholine (LPC), which is a bioactive pro-inflammatory lipid generated through pathological activities and a clinical diagnostic indicator of certain pathophysiological states (Matsumoto et al., 2007, Matsumoto), including ovariectomy-induced osteoporosis (Allard-Chamard et al., 2014). Moreover, Liu et al. (2012) reported that the LPC levels increased significantly in the plasma of osteoporotic rats. In these animals, the production of reactive oxygen species (ROS) may bring about extensive bone loss and skeletal fragility, resulting in acute osteoporosis.

In the study found that S1P was one of the potential biomarkers for aged mice with primary osteoporosis compare with young group. S1P Previous studies had confirmed that S1P plays an important role in bone metabolism and become a new therapeutic strategy for the treatment of osteoporosis by regulating osteoclast-related bone remodeling (Ishii et al., 2009; Junichi et al., 2013; Kim et al., 2016; Weske et al., 2018). S1P is an important factor in the communication between bone resorption and bone formation, its effect on bone metabolism in humans depends on its plasma/medullary gradient.

S1P can control the trafficking of osteoclast precursors between bone marrow and the circulation cavities via the S1PR G protein-coupled receptors. When the bone-marrow concentration of S1P is low, S1PR1 acts as a chemoattractant for S1P in the bone marrow. By contrast, when the S1P concentration in the blood is high, S1PR2 mediates chemorepulsion. The regulation of precursor recruitment may yield novel therapeutic strategies for the control osteoclast-dependent bone remodeling (Maceyka et al., 2012; Ishii and Kikuta, 2013).

The fatty acid levels were significantly perturbed in the process of bone loss, which was particularly reflected in our metabolomic data. AA is released from membrane phospholipids by phospholipase hydrolysis of unsaturated fatty acids. It was found to promote osteoclast genesis by stimulating RANK-L expression and inhibiting OPG secretion in osteoblasts (Casado-Díaz et al., 2013). Moreover, its metabolites such as epoxyeicosatrienoic acids (EETs), which include prostaglandins and leukotrienes, were recently shown to affect osteoclasts and bone loss. EETs significantly increased bone loss and inhibited osteoclast formation and activity, and reduced NF-κB ligand (RANKL) receptor activation (Guan et al., 2015). Moreover, leukotrienes have also been implicated in bone remodeling, specifically in osteoporosis and rheumatoid arthritis (Abrahamsen et al., 2000; Tilg et al., 2008). The metabolic pathway of AA might act as an important factor in the pathogenesis of osteoporosis according to our study data, since it is perturbed by aging.

Generally, estrogen deficiency associated with aging is the main cause of postmenopausal osteoporosis. In contrast with previous studies that used the OVX model, we used aging female mice as a more natural osteoporosis model to study aging-induced bone loss, investigate the characteristic parameters of osteoporosis and obtain metabolomic profiles. On the basis of the current results, we identified potential biomarkers with important biological significance. Most importantly, FTZ was found to reverse the abnormal levels of metabolites related to the metabolism of phospholipids, AA and energy. These alterations of endogenous metabolites confirmed that the protective effect of FTZ against osteoporosis was systemic.

CONCLUSION

A metabolomic approach based on UPLC-QTOF/MS and multivariate statistical analysis was successfully applied to investigate the protective effects of FTZ against aging-induced osteoporosis in mice. The PLS-DA score plot showed a complete separation of the model group from the FTZ-treatment group. Furthermore, the levels of phospholipids and AA in the FTZ treated group were brought back to normal levels when compared with those of the model group, which may be helpful in explaining the anti-osteoporosis effects of FTZ. At the same time, clinical biochemistry, and biomechanical analysis also validated the protective effects of FTZ against osteoporosis. Our study demonstrated that the approach based on metabolomics UPLC-QTOF/MS and multivariate analysis could reflect the systemic regulation mechanism of TCM, which makes it a promising tool for evaluating the efficacy of traditional Chinese therapies. In addition, the osteoporosis model induced by aging in mice can be used for broader osteoporosis research.
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FIGURE S3 | Overview of alpha-linolenic acid metabolism with MetPA (reference map by KEGG). Green boxes represent enzymatic activities with putative cases of analogy in mice.

FIGURE S4 | Overview of glycerolipid metabolism with MetPA (reference map by KEGG). Green boxes represent enzymatic activities with putative cases of analogy in mice.

FIGURE S5 | Overview of sphingolipid metabolism with MetPA (reference map by KEGG). Green boxes represent enzymatic activities with putative cases of analogy in mice.

FIGURE S6 | Overview of biosynthesis of unsaturated fatty acids with MetPA (reference map by KEGG). Green boxes represent enzymatic activities with putative cases of analogy in mice.

FIGURE S7 | Overview of primary bile acid biosynthesis with MetPA (reference map by KEGG). Green boxes represent enzymatic activities with putative cases of analogy in mice.
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No. Metabolite tg-m/z Elemental composition Model vs. Control FTZ vs. Model FTZ vs. Control

FC P-value FC  P-alue  FC P-value
1 Sphingosine 1-phosphate 2052-380.2090  CigHasNOsP 6.58 0.00 0.84 0.02 550 0.00
2 LPA (0:0/16:0) 11.95-452.2801  CioHagO7P 032 0.00 1.53 0.00 0.49 0.00
3 LysoPE (22:5) 12.73-528.3105  CprHagNO7P 0.70 0.02 0.64 0.00 0.45 0.00
4 DG (36:3) 16.11-619.4063  CgoH7Os 001 0.00 175 0.00 0.03 0.00
5 PC (16:0/18:1) 28.43-802.5384  CagHrgNOgP 063 001 1.37 001 0.86 021
6 PC (40:9) 2052-828.5545  CagHrsNOgP 1.60 0.00 127 0.03 2.02 0.00
7 Neuroprotectin D1 17.64-361.1682  CooHaO4 1.47 0.00 124 0.04 1.84 0.00
8 Arachidonic acid 8.98-305.1617 CaoHa02 378 0.00 068 0.00 258 0.00
9 Fructose 1,6-bisphosphate  15.93-341.1827  GgHi4012P2 16.79 0.00 0.01 0.00 0.20 0.00
10 NADH 29.16-666.3661  Co1HaoN7O1aP2 0.20 0.00 0.49 0.00 0.10 0.00
11 Glycocholic acid 15.73-466.3327  CogHaaNOs 1.24 0.04 028 0.00 035 0.00
12 Taurodeoxycholic acid 11.73-500.2791  CpoHasNOGS 0.41 0.00 0.39 0.00 0.16 0.00

VIP values were obtained from the model. FC was calculated based on a binary logarithm for model vs. control and FTZ vs. model. FC with a value greater than zero
indicates a higher intensity of the plasma metabolite, while a FC value less than zero indicates a lower intensity of the plasma metabolite. P-values are calculated by
one-way ANOVA.
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