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Abstract

:

Osteocytes play an important role as regulators of both osteoclasts and osteoblasts, and some proteins that are secreted from them play a role in bone remodeling and modeling. LPS affects bone structure because it is an inflammatory factor, despite verbascoside’s potential for bone preservation and healing. Osteocytes may also be involved in the control of the bone’s response to immunological changes in inflammatory situations. MLO-Y4 cells were cultured in either supplemented -MEM alone with a low serum to inhibit cell growth or media with LPS (10 ng/mL) and/or verbascoside (50 g/mL) to show the LPS effect. In our research, LPS treatment increased RANKL levels while decreasing OPG and RUNX2 expression. Treatment with verbascoside reduced RANKL expression. In our work, verbascoside increased the expression of OPG and RUNX2. In MLO-Y4 cells exposed to verbascoside, SOD, CAT, and GSH activities as well as the expression levels of bone mineralization proteins like PHEX, RUNX2, and OPG were all elevated.
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1. Introduction


The main structural element of the skeletal system that allows for movement, muscle attachment, organ protection, and calcium balance is bone. Additionally, bone creates a special milieu for osteoblasts, osteoclasts, and osteocytes [1]. The primary bone cells involved in bone formation and bone resorption are osteoblasts and osteoclasts. The other cell is osteocytes, which are embedded in the mineralized bone matrix [2]. The majority of bone cells (90–95%) are osteocytes [3], and osteocytes continue to increase with age and bone size [4]. A number of disorders can cause an imbalance between bone growth and resorption, which results in bone loss, such as aging and some inflammatory conditions [5], rheumatoid arthritis [6], periodontitis [7], obesity [8], and diabetes [9]. On the other hand, increased fracture incidence is also linked to inflammatory diseases [10,11]. Osteocytes are now recognized as important regulators of both osteoclasts and osteoblasts, directing changes in bone turnover, because of their responsiveness to inflammatory stimuli [5,12]. Pro-inflammatory cytokines are released by osteocytes in response to inflammation, and these cytokines both autocrinely and paracrinely modify the function of bone cells. The osteocyte can exacerbate inflammation in addition to acting as a bone cell or an endocrine cell. As a result, treating inflammation-related bone loss and other clinical consequences may involve targeting the osteocyte as a potential therapeutic target [13]. Another significant link between postmenopausal osteoporosis and oxidative stress is inflammation. The body experiences chronic inflammation as a result of oxidative stress, which damages biomolecules and produces chemokines and cytokines that attract and activate inflammatory cells [14]. Because osteocytes also express some important proteins such as dentin matrix protein 1 (DMP1), phosphate-regulating gene with homologies to endopeptidases on the X chromosome (PHEX), matrix extracellular phosphoglycoprotein (MEPE), Runt-related transcription factor-2 (RUNX2), Osteoprotegerin (OPG), receptor activator of nuclear factor kappa-Β (RANK) and its ligand (RANKL) play a role in mineral homeostasis [15,16]. Phosphate-regulating neutral endopeptidase on chromosome X (PHEX) and dentin matrix protein 1 (DMP1) are the most important markers for osteocytes. When it comes to mature osteocytes, some of these markers include matrix extracellular phosphoglycoprotein (MEPE), SOST/sclerostin, and receptor activator of nuclear factor-κB ligand (RANKL). PHEX, DMP1, MEPE, and FGF23 are a few of the markers that are involved in mineralization and phosphate homeostasis. Osteocytes regulate the remodeling of the skeleton by secreting RANKL, an activator of osteoclast function, and sclerostin, a negative regulator of osteoblastic bone production [17]. Osteocytes have a key role in the balance of osteoblast and osteoclast regulation, which contains multiple proteins. Some of these proteins are secreted by osteocytes and one of their main roles is to provide bone modeling and remodeling. Sclerostin, which is expressed and secreted in osteocytes and other terminally differentiated cell types embedded inside mineralized matrices, suppresses osteoblastic bone production, and PHEX, another osteocyte-specific protein, is linked to biomineralization and phosphate homeostasis [18,19,20]. MEPE has an important role in bone mineralization and maintains the balance of mineralization in the osteocyte environment, especially against mechanical loading [21]. When osteoblasts and osteocytes adhere to RANK on osteoclast progenitor cells, which eventually give rise to osteoclasts, they create RANKL and OPG. Additionally, cells in the osteoblast lineage produce osteoprotegerin (OPG), which inhibits RANKL from binding to RANK.



Additionally, these osteocyte-secreted proteins play a crucial part in bone modeling and remodeling [22]. Verbascoside is also called acteoside, which is one of the phenylethanoid glycoside components in some medicinal plants such as Verbascum and Cistanche [23]. In recent years, there are some studies showing the mechanism of action of acteoside as antioxidant [24], anti-inflammatory [25], and anti-osteoporotic [26,27,28]. Li et al. showed that C. deserticola extract induces osteoblast differentiation and maturation but not proliferation or migration and its increased bone mineralization [27]. In another study showing the relationship between asteoside and osteocyte, Lee et al. showed that acteoside inhibits RANKL-induced osteoclast differentiation and suppresses bone resorption by mature osteoclasts [29]. Xu et al. showed that cistanoside A, which is an active phenylethanoid glycoside isolated from C. deserticola, had significant antiosteoporotic activity on ovariectomized (OVX) mice, and they indicated that there was increased bone strength in OVX mice treated with different doses of cistano-side A and improvement in bone quality [28]. An important reaction to injury or infection is inflammation, which alerts the immune system to repair damaged tissues or defend the body from invading pathogens, although low levels of circulating pro-inflammatory cytokines are frequently indicative of chronic low-grade inflammation [30,31]. Gram-negative bacteria have a substance which is called lipopolysaccharide (LPS) on their outer membranes. These bacteria have the ability to release LPS, with small amounts entering the bloodstream normally through the gut epithelium [30]. Some of the previous studies showed that trabecular bone structures, bone mineral density, and bone strength were adversely affected by LPS treatment [32,33,34,35,36,37]. Therefore, inflammatory effects and genotoxic stress may occur in osteocyte cells exposed to LPS for a long time.



All of the above evidence suggests that verbascoside may have bone-preserving and bone-repairing properties, but LPS damages bone structure as an inflammatory factor. However, there are no studies in the literature describing the relationship between verbascoside and MLO-Y4 cells under the inflammation conditions. The regulation of the bone’s reaction to immunological alterations in inflammatory conditions may also be carried out by osteocytes. It is clear that osteocytes react to inflammatory signals in many ways, such as by balancing their expression of PHEX, MEPE, RANKL, RUNX2, and OPG. In the present study, it was aimed to explain the mechanism of verbascoside, which has a positive effect on bone tissue, on MLO-Y4 cells. Our hypothesis is that LPS may change the expression amount of bone mineralization proteins in MLO-Y4 cells, but verbascoside may have a regulatory effect on the amount of proteins released from osteocytes like PHEX, MEPE, RANKL, RUNX2, and OPG.




2. Material and Methods


2.1. Cell Culture and Viability


MLO-Y4 cells were obtained from the Kerafast company. MLO-Y4 cells were cultured in type I rat tail collagen-coated cell culture dishes at 37 °C in a humidified atmosphere containing 5% CO2 air in a completed medium (%89 alpha-minimum essential medium (α-MEM), 5% fetal bovine serum; 5% calf serum and 1% penicillin-streptomycin). To evaluate the LPS effect, cells were cultured in supplemented α-MEM alone containing low serum (2% FBS) to reduce cell proliferation or media containing LPS (10 ng/mL) and/or verbascoside (50 μg/mL). Cell viability was determined using water-soluble tetrazolium salt (WST)-8 reagent. WST-8 reagent was added into the cultures after 48 h of incubation. After incubating for an additional 4 h, the absorbance was measured at 450 nm using a microplate reader (ThermoFisher, Vantaa, Finland).




2.2. CAT, SOD, GSH, NOX and Caspase-3 Measurements


MLO-Y4 cells (1 × 106 cells) were seeded in 6-well plates and maintained for 3 days for the proper attachment, and incubated with verbascoside during 24 h. At the end of the time point, cells were washed with PBS and collected and lysed with ultrasonic wave treatment. After centrifugation at 2000× g for 5 min, the supernatant fractions were collected and measurements were conducted. Superoxide dismutase (SOD), catalase (CAT), glutathione (GSH), nitric oxide (NOX), and caspase-3 content were determined using corresponding colorimetric diagnostic kits (Shanghai YL Biotech, Shanghai, China). Cell lysates and HRP-conjugate reagent were added to the ELISA plate and incubated at 37 °C for 60 min. The liquid was discarded and the ELISA plate was washed five times with the wash buffer. Next, chromogen solution was added to each well and avoided the light for 15 min at 37 °C. Then, stop solution was added to each well, indicated by the blue color changing to yellow. Finally, the OD value of each well was measured at 450 nm and converted to a standard curve. Protein amounts of the samples were measured according to the Bradford Method.




2.3. Determination of the Total Antioxidant Status, Total Oxidant Status, and Oxidative Stress Index


Total antioxidant status (TAS) and total oxidant status (TOS) were measured in MLO-Y4 cells using the test kit from Rel Assay Diagnostics according to the manufacturer’s instructions. Oxidative Stress Index (OSI) was measured as: OSI = [(TOS, μmol H2O2 equivalent/L)/(TAS, mmol Trolox equivalent/L) × 10]. Total antioxidant capacity (TAC) and total oxidant status (TOS) rapid and reliable automated colorimetric assays are frequently used to determine the oxidative alterations. The results were considered as mM Trolox equivalent per liter. The oxidative stress index (OSI) was found by dividing the TOS level by the TAC level [38].




2.4. RNA Isolation, cDNA Synthesis, and Quantitative Real Time Polymerase Chain Reaction (qRT-PCR)


The mRNA expression of bone remodeling markers, such as MEPE, PHEX, RANKL, RUNX2, and OPG was determined by qRT-PCR (Table 1). In brief, total RNA was extracted from cells with Geneall kit (GeneAll, Seoul, Republic of Korea) according to the manufacturer’s instructions. OneScript Plus cDNA Synthesis Kit was utilized for the synthesis of cDNA (abm, Richmond, BC, Canada). Also, mRNA expression levels were determined by using SybrGreen mRNA qPCR MasterMix. Bio-Rad CFX96 was used for all qRT-PCR reactions. All PCR reactions were performed at least in triplicate, and the expression levels were normalized to the endogenous control; GAPDH was used for mRNA quantification. According to the manufacturer’s protocol, each technique was carried out. Data were analyzed using the 2−ΔΔCt method.




2.5. Statistical Analysis


All the data were given as the average ± standard error (mean ± SE). Statistical analysis was performed using SPSS packed program for Windows version 10.0 (SPSS Inc., Chicago, IL, USA). p < 0.05 was considered as a significant difference. Comparison of the non-parametric data among the groups was performed using the Mann–Whitney U test.





3. Results


3.1. The Effects of Verbascoside Cell Viability in MLO-Y4 Cells


To verify the effect of verbascoside on MLO-Y4 cell viability in inflammatory conditions, the cells were cultured with 50 μg/mL concentration of verbascoside and/or 100 ng/mL LPS for 48 h. Verbascoside did not change the number of osteocytes alone. LPS treatment led to 57.5% reduction in the number of viable cells. When the cells were treated concomitantly with verbascoside and LPS, the osteocyte number increased by 6% compared to cells treated with LPS alone (Figure 1A). Caspase-3 levels were evaluated in MLO-Y4 cells grown in media supplemented with 10 ng/mL LPS and/or 50 μg/mL verbascoside for 48 h (Figure 1B). Consistent with this result, verbascoside treatment decreased the cell LPS depending on the cell death of osteocytes. Caspase-3 level was significantly elevated by the LPS incubation compared to untreated control cells and the dimethyl sulfoxide (DMSO)-treated cell group. Treatment with verbascoside alone led to a significant decrease in caspase-3 levels compared to untreated control cells. The concomitant incubation of verbascoside and LPS significantly decreased the caspase-3 levels compared to single LPS treatment. The data obtained from our results show that LPS significantly activates the apoptosis in MLO-Y4 cells. This activation is suppressed by the verbascoside treatment.




3.2. Verbascoside Regulated the Activity of Oxidant and Antioxidant


Age-related diseases like osteoporosis can be impacted by oxidative stress, which also has a major impact on osteocytes. Therefore, oxidative parameters such as SOD, CAT, GSH, and NOX are very important to demonstrate this relationship. SOD levels were evaluated in MLO-Y4 cells grown in media supplemented with 10 ng/mL LPS and/or 50 μg/mL Verb for 48 h (Figure 2A). SOD level was elevated by the Verb incubation compared to untreated control cells and the DMSO-treated cell group. Treatment with LPS alone led to a significant decrease in SOD levels compared to untreated control cells. The concomitant incubation of Verb and LPS significantly elevated the SOD levels compared to single LPS treatment. The data obtained from our results show that Verb significantly inhibited the effects of LPS on SOD activity in MLO-Y4 cells. CAT levels were evaluated in MLO-Y4 cells grown in media supplemented with 10 ng/mL LPS and/or 50 μg/mL verbascoside for 48 h (Figure 2B). The CAT level was significantly elevated by the verbascoside incubation compared to the untreated control cells and DMSO-treated cell group. Treatment with LPS led to a significant decrease in CAT levels compared to untreated control cells. The concomitant incubation of verbascoside and LPS significantly enhanced the CAT levels compared to single LPS treatment. GSH levels were evaluated in MLO-Y4 cells grown in media supplemented with 10 ng/mL LPS and/or 50 μg/mL verbascoside for 48 h (Figure 2C). GSH level was significantly elevated by the verbascoside incubation compared to the untreated control cells and DMSO-treated cell group. Treatment with LPS led to a significant decrease in GSH levels compared to untreated control cells. The concomitant incubation of verbascoside and LPS significantly enhanced the CAT levels compared to single LPS treatment. NOX levels were evaluated in MLO-Y4 cells grown in media supplemented with 10 ng/mL LPS and/or 50 μg/mL verbascoside for 48 h (Figure 2D). NOX level was significantly elevated by LPS incubation compared to untreated control cells and the DMSO-treated cell group. Treatment with verbascoside alone led to a significant decrease in NOX levels compared to untreated control cells. The concomitant incubation of verbascoside and LPS significantly decreased the NOX levels compared to single LPS treatment. The data obtained from our results show that LPS significantly activates the NOX in MLO-Y4 cells. This activation is suppressed by the verbascoside treatment.



The effects of verbascoside and/or LPS for 48 h on oxidative stress were determined in MLO-Y4 cells by using the TAS-TOS assay. TAS levels significantly decreased in MLO-Y4 cells treated with LPS compared to untreated control cells. The TOS levels significantly increased in MLO-Y4 cells treated with LPS and LPS + Verb groups. OSI levels were elevated by LPS and its verbascoside combination (Figure 3).




3.3. Verbascoside Regulates the Balance of Mineralization and Demineralization via PHEX, RUNX2, OPG, RANKL, MEPE Genes


qRT-PCR analyses showed that PHEX, RUNX2, and OPG gene expression in MLO-Y4 cell cultures was affected by the presence or not of LPS and verbascoside. Verbascoside dramatically increased the expression levels of PHEX, RUNX2, and OPG. The levels of expression of PHEX and RUNX2 were upregulated in cultures exposed to LPS + verbascoside and verbascoside in comparison to the cell group treated with LPS alone (Figure 4). The peak levels of PHEX, RUNX2, and OPG expression were determined in single verbascoside treatment. Concomitant verbascoside treatment with LPS led to a significant decrease in MEPE and RANKL expression levels compared to LPS treatment alone. The deepest levels of MEPE and RANKL expression were observed in the single treatment of verbascoside.





4. Discussion


Osteocytes are an important cell type that is abundant in bone tissue and manages the balance between osteoblasts and osteoclasts. Basically, mechanisms targeting osteocytes often disrupt this balance, resulting in osteoporosis, which disrupts bone microarchitecture and damages bone. The MLO-Y4 cell line, which is a cell line with an osteocyte-like phenotype, represents a suitable model for studying the biological functions and properties of the osteocytes. The excess inflammatory response, oxidative stress, and apoptotic cell death were considered as the main culprits responsible for inflammation and Reactive Oxygen Species (ROS)-induced bone loss. It has been reported that some natural products provide healing in bone tissue by reducing oxidative stress in diseases that damage bone tissue, especially diseases such as osteoporosis and osteoarthritis. Inflammation, which is one of the most important responses to damage in tissue, this process continues with the expression of mediators including cytokines, chemokines, and ROS [29]. Verbascoside has some important antioxidant effects that occur in various cell systems, and different mechanisms of action have been identified for these. The first is short-term ROS scavenging by interfering with or preventing the initial ROS-producing reactions that indicate ROS-related damage. Another mechanism is to scavenge free oxygen molecules required to initiate ROS production and create long-term genomic effects for the down-regulation of genes encoding pro-oxidant enzymes [39,40]. Some of the in-vivo studies have shown relationships between LPS and bone structures; deterioration of bone structure has been revealed with LPS exposure [19,32,34,35,36]. Droke et al. showed that negative effects of LPS induced alterations in bone structure, and these effects upregulated the TNF-α expression in the tibia metaphyseal region [32]. In a different study, male mice exposed to LPS for four weeks had decreased bone mineral density of the vertebral body and bone volume/total volume ratio, which affected bone strength [19]. In a similar study, Cao et al. showed that female mice exposed to LPS for 13 weeks developed damaged bone structure in the distal femur and second lumbar vertebra, and it was caused by increased osteoclastogenesis and decreased bone formation [34]. Smith et al. revealed that reduced bone volume total volume ratio, decreased trabecular number, and increased trabecular separation as a result of the overexpression of cytokines like IL-1 and TNF- by LPS led to impaired bone strength [35]. Similarly, Shen et al. showed a decrease in femur bone mineral density with twelve weeks of LPS exposure in old female rats [36]. The goal of this work was to evaluate the orchestrator effects of verbascoside on LPS-induced inflammation as a bone resorption model in osteocyte cells.



In inflammation, the levels of pro-inflammatory cytokines increase, which leads to apoptosis of osteocyte cells, which causes the release of many inflammatory cytokines and signaling molecules that disrupt distant organ function. As a result of this imbalance caused by apoptosis, bone-related diseases such as osteonecrosis, osteoporosis, and osteoarthritis may occur [5]. Our results indicated that the caspase 3 level as an apoptosis marker was significantly increased by LPS. Anti-apoptotic strategies include inhibition of protease enzymes like caspase-3. Our results indicated that verbascoside (50 μg/mL) has a suppressor effect on apoptosis by inhibiting the caspase-3 without affecting cell viability (Figure 1 and Figure 3). Oxidative stress and inflammation in postmenopausal osteoporosis has been related to the activation of NADPH oxidase and/or decreased synthesis of SOD, CAT, and GSH levels [41]. Superoxide oxidoreductase (SOD) is the first defense mechanism of antioxidant enzymes, and catalyzes the dismutation reaction to convert superperoxide radical anion (•O−2) into hydrogen peroxide (H2O2) [39]. On the other hand, it has also been shown that increasing mitochondrial SOD activity prevents ROS-induced osteoblast apoptosis. [40]. The antioxidant mechanism of CAT, which is the second defense system of antioxidant enzymes, is mainly to affect the dismutation reaction on (H2O2) produced in SOD-mediated processes [42]. CAT can have a positive effect on bone mass by inhibiting H2O2-induced osteoclastic resorption [43]. According to our results, verbascoside treatment resulted in increased activity of SOD and CAT, which are inhibited by LPS. Elevated activity of SOD and CAT by the force of verbascoside prevents the osteocytes from the deteriorative effects of inflammation. Additionally, verbascoside exerts its anti-apoptotic effects by decreasing caspase-3 activity in MLO-Y4 cells. Our results prove the supportive role of verbascoside on bone mineralization through regulating the balance between SOD, CAT, and caspase-3 (Figure 2, Figure 3 and Figure 4). Free radicals lose their electronegativity by taking a pair of electrons from the sulfhydryl group (-SH) in GSH, thus losing their strong oxidizing and aggressive properties [44]. Verbascoside treatment supported the antioxidant activity by increasing GSH levels in osteocytes (Figure 5). OSI was utilized as an indicator of an antioxidant/oxidant system in our study. While LPS increased the OSI levels significantly, verbascoside decreased the OSI levels alone or in combination with LPS (Table 1). NADPH oxidases, as one of the most important sources of ROS, have been studied quite deeply for their role in osteocyte remodeling [45]. LPS stimulation resulted in activated NOX levels. Verbascoside not only has a preventive effect, but also has a supportive effect on bone structure (Figure 4). Inflammatory signals also influence osteocyte proteins controlling bone formation. In our study we have investigated the expression levels of bone remodeling markers such as PHEX, MEPE, RUNX2, RANKL, and OPG. The osteocyte microenvironment is modulated by mineralization via one of the most important bone mineralization regulators PHEX and MEPE. It was shown that osteoblast number and activity were significantly enhanced, leading to a rise in bone mass in MEPE knockout mice [46]. Additionally, increased MEPE protein production in the bone causes a deficit in mineralization in a murine mouse model [47]. PHEX is produced and released in osteocytes and other terminally differentiated cell types embedded inside mineralized matrices, and it is exclusive to osteoclasts [18]. Understanding the metabolism of these proteins is crucial because PHEX and MEPE depletion or inactivation can lead to some serious clinical issues. Donmez BO et al. suggest that different calcium concentrations can trigger bone mineralization proteins such as PHEX, MEPE, and DMP1 in osteocytes [48]. Our results showed that there is an antagonistic behavioral modulation between the MEPE and PHEX correlated with previous studies. Verbascoside treatment inhibited the MEPE expression and induced the PHEX expression in MLO-Y4 cells. LPS-induced bone resorption could be prevented by verbascoside via the PHEX and MEPE crosstalk. Verbascoside exerts its multiple biological functions by controlling the expression of different molecules as well as by modulating different signaling pathways. The osteoblasts release OPG, which binds to RANKL to prevent the osteoclast precursor from differentiating into a mature osteoclast, thus inhibiting the formation of osteoclastic materials [49]. Levels of the OPG and RANKL are used as an indicator of osteoclastogenesis. In our experiments, LPS treatment elevated the level of RANKL and downregulated the expression of OPG and RUNX2. It was shown that pretreatment with antioxidants inhibits RANKL-induced activation of NF-kB, thereby suppressing osteoclastogenesis. The RANKL/OPG/RUNX2 signaling axis has an important role in the regulation of bone remodeling. Verbascoside treatment decreased the RANKL expression in MLO-Y4 cells. While OPG and RUNX2 expression were stimulated by verbascoside in our study, SOD, CAT, and GSH activities and the expression levels of bone mineralization proteins such as PHEX, RUNX2, and OPG were increased in MLO-Y4 cell cultures exposed to verbascoside. More studies are needed to elucidate the mechanisms of action of verbascoside and to demonstrate its effects on human osteocyte cells. Taken together, these results suggested that verbascoside can positively regulate osteogenesis in vitro and prevent bone resorption induced by inflammation (Figure 5).
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Figure 1. Verbascoside increases cell viability by suppressing caspase-3 in MLO-Y4 cells. (A) Cell viability of MLO-Y4 cells incubated with DMSO (used as vehicle), 50 μg/mL Verb, 100 ng/mL LPS, LPS + Verb for 48 h. Cell viability was measured using WST-8 regent (n = 5 per each experiment). * p < 0.001 vs. control. # p < 0.001 vs. DMSO. & p < 0.001 vs. LPS. Δ p < 0.001 vs. Verb. (B) Caspase-3 levels in MLO-Y4 cells incubated with DMSO (used as vehicle), 50 μg/mL Verb, 100 ng/mL LPS, LPS + Verb for 48 h. * p = 0.002 cells treated with LPS, Verb, LPS + Verb vs. untreated control cells, # p < 0.001 LPS vs. DMSO, & p < 0.001 Verb and LPS + Verb vs. LPS (n = 5). LPS, lipopolysaccharide; Verb, verbascoside. 
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Figure 2. Effects of verbascoside on SOD, CAT, GSH and NOX in MLO-Y4 cells. (A). SOD levels in MLO-Y4 cells incubated with DMSO (used as vehicle), 50 μg/mL Verb, 100 ng/mL LPS, LPS + Verb for 48 h. * p = 0.001 cells treated with LPS and Verb vs. untreated control cells, # p = 0.0015 LPS and Verb vs. DMSO, & p = 0.0148 Verb and LPS + Verb vs. LPS, Δ p < 0.001 LPS + Verb vs. Verb (n = 5). (B). CAT levels in MLO-Y4 cells incubated with DMSO (used as vehicle), 50 μg/mL Verb, 100 ng/mL LPS, LPS + Verb for 48 h. * p < 0.0001 cells treated with DMSO, LPS, Verb, LPS + Verb vs. untreated control cells, # p < 0.001 LPS and Verb vs. DMSO, & p < 0.001 Verb and LPS + Verb vs. LPS, Δ p < 0.001 LPS + Verb vs. Verb (n = 5). (C). GSH levels in MLO-Y4 cells incubated with DMSO (used as vehicle), 50 μg/mL Verb, 100 ng/mL LPS, LPS + Verb for 48 h. * p < 0.0001 cells treated with LPS, Verb vs. untreated control cells, # p < 0.001 LPS and Verb vs. DMSO, & p < 0.001 Verb and LPS + Verb vs. LPS, Δ p < 0.001 LPS + Verb vs. Verb (n = 5). (D). NOX levels in MLO-Y4 cells incubated with DMSO (used as vehicle), 50 μg/mL Verb, 100 ng/mL LPS, LPS + Verb for 48 h. * p < 0.0001 cells treated with DMSO, LPS, Verb, LPS + Verb vs. untreated control cells, # p < 0.001 LPS, Verb, LPS + Verb vs. DMSO, & p < 0.001 Verb and LPS + Verb vs. LPS, Δ p < 0.001 LPS + Verb vs. Verb (n = 5). LPS, lipopolysaccharide; Verb, verbascoside. 
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Figure 3. Oxidative stress parameters of MLO-Y4 cells incubated with verbascoside. 50 μg/mL Verb, 100 ng/mL LPS, LPS + Verb for 48 h. * p < 0.05 vs. control, # p < 0.05 vs DMSO, & p < 0.05. vs. LPS, Δ p < 0.05 vs Verb. TOS, total oxidant status; TAS, total antioxidant status; OSI, oxidative stress index. 
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Figure 4. The verbascoside regulates bone formation by balancing osteogenic markers. The graphics show mRNA expression alteration of MEPE, RANKL, PHEX, RUNX2, OPG after verbascoside and/or LPS treatment. The results were presented as fold changes according to the 2−ΔΔCt method. DMP1: dentin matrix protein 1, PHEX: phosphate-regulating gene with homologies to endopeptidases on the X chromosome, MEPE: matrix extracellular phosphoglycoprotein, RUNX2: Runt-related transcription factor-2, OPG: Osteoprotegerin, RANKL: Receptor activator of nuclear factor kappa-Β ligand. 
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Figure 5. Hypothesized schematic model explaining molecular mechanisms how verbascoside regulate bone remodeling. 
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Table 1. Primer sequences of RUNX2, OPG, RANKL, PHEX, MEPE, and GAPDH.
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	Gene
	Forward Primer
	Reverse Primer





	RUNX2
	GGCGTCAAACAGCCTCTTCA
	GCTCACGTCGCTCATCTTGC



	OPG
	CGAGTGATGAATGCGTGTACTG
	CTTCGCACAGGGTGACATCTATT



	RANKL
	AGCGAAGACACAGAAGCACTAC
	TTTATGGGAACCCGATGGGATG



	PHEX
	TACTGCCTGAAGCCAGAATG
	CCACAGAAAGATTTACTTTGCTCA



	MEPE
	ACTGTTCCTCTTCAGTATGAC
	TGATATTTCTGAGGAGGGTG



	GAPDH
	AGGTCGGTGTGAACGGATTTG
	GGGGTCGTTGATGGCAACA
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