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Abstract

:

Euonymus alatus (Thunb.) Siebold, a traditional medicinal plant, has been used in China and several other Asian countries to address a variety of health concerns. The extensive research conducted on E. alatus is driven by its diverse pharmacological applications. However, its biological effects on osteoclastogenesis and osteoporosis have not been previously studied. In this research, we investigated the impact of an ethanolic extract of E. alatus (EEEA) on osteoclast differentiation and function as well as estrogen deficiency-induced bone loss. We found that EEEA inhibits osteoclast differentiation by downregulating the expression of the receptor activator of nuclear factor-κB ligand (RANKL) in osteoclast-supporting cells and by directly impeding RANKL-mediated signaling pathways for osteoclastogenesis in precursor cells. In addition, EEEA inhibited the bone-resorptive function of mature osteoclasts in vitro. Furthermore, oral administration of EEEA significantly alleviated bone loss in an ovariectomy-induced osteoporosis mouse model. Additionally, we identified phytochemicals in EEEA that have suppressive effects on osteoclast differentiation and bone loss. Collectively, these results suggest that EEEA holds potential as a biotherapeutic candidate for anti-postmenopausal osteoporosis.
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1. Introduction


Bone is a living, dynamic tissue that constantly renews through a tightly connected process of osteoblastic bone formation and osteoclastic bone resorption [1]. Osteolytic bone diseases, including postmenopausal osteoporosis, occur due to elevated osteoclast formation or excessive activation of osteoclast activity [2]. Therefore, osteoclasts are the primary targets for the development of new therapeutic agents for anti-osteoporosis treatment [2,3]. Pharmacological treatments for osteoporosis encompass a range of therapeutic agents, such as nitrogen-containing bisphosphonates, denosumab (the anti-receptor activator of nuclear factor-κB ligand (RANKL) antibody), and romosozumab (anti-sclerostin antibody) [3,4,5,6]. Although these agents effectively alleviate bone loss, they can also cause critical side effects such as vomiting, stomach pain, renal and gastrointestinal toxicities, endometrial cancer, breast cancer, and myocardial infarction when used long-term [7]. Therefore, there is a desperate need for natural products such as herbal medicines and foods that can serve as prophylactic or therapeutic agents for osteoporosis and other osteolytic bone diseases, with low toxicity and fewer side effects [8,9]. Osteoclasts are multinucleated giant cells derived from the monocyte/macrophage lineage in response to two vital cytokines, RANKL and macrophage-colony stimulating factor (M-CSF) [2]. M-CSF plays an important role in osteoclast precursor proliferation and survival [10]. RANKL plays a pivotal role in the process of osteoclast development by inducing and activating the key transcription factors, namely the nuclear factor of activated T cells c1 (NFATc1) and cellular oncogene fos (c-Fos), through the downstream signaling pathways of RANKL’s receptor, including nuclear factor-κB (NF-κB) and mitogen-activated protein kinases (MAPKs) such as c-Jun N-terminal protein kinase (JNK) and p38 [10,11]. NFATc1, regarded as the central transcriptional regulator, governs the expression of a multitude of osteoclast-specific genes, including cathepsin K (Ctsk), tartrate-resistant acid phosphatase (TRAP), dendritic cell-specific transmembrane proteins (DC-stamp), and ATPase H+ transporting V0 subunit D2 (Atp6v0d2) [11,12].



Following their differentiation, mature osteoclasts require activation in order to initiate the degradation of the bone matrix. These multinucleated osteoclasts undergo polarization towards the bone surface, facilitated by cytoskeletal rearrangement, and subsequently establish a tightly sealed resorption compartment positioned between the bone surface and the osteoclasts. Within this sealed compartment, osteoclasts secrete acids and lytic enzymes to facilitate the degradation of both bone mineral and the organic matrix. It is noteworthy that this osteoclast activation process is modulated by RANKL as well [13]. Given these insights, the suppression of osteoclast differentiation and the activation pathways regulated by RANKL present a promising strategy for the mitigation and control of bone loss associated with osteoclast activity, particularly in conditions such as postmenopausal osteoporosis.



Euonymus alatus (Thunb.) Siebold has a long medicinal history of use as a traditional medicinal plant in Asia. The medicinal efficacy of E. alatus was first recorded in the earliest Chinese medical monograph, the ShenNong BenCaoJing, and was discussed in the traditional Chinese medicine monographs of later dynasties. Moreover, the cork cambium of its twigs and wings, known as ‘Gui-jun-woo’, has historically been attributed to various functions, including enhancing blood circulation, alleviating pain, eliminating stagnant blood, and treating dysmenorrhea in past dynasties. [14,15,16,17,18,19]. In the RiHuaZi BenCao, another well-known traditional Chinese medicine (TCM) classic, E. alatus was recorded as a drug with the function of modulating gynecological diseases [19]. Furthermore, recent studies have substantiated the effects of E. alatus, including its efficacy in treating rheumatoid arthritis, its immune-modulating characteristics, its benefits in managing hyperglycemia and diabetic retinopathy, along with its anti-inflammatory attributes [14,15,16,17,19,20]. Despite these findings, the potential impact of E. alatus on bone metabolism and bone loss remains uninvestigated. Therefore, this study aimed to explore the inhibitory effects of an ethanolic extract of E. alatus (EEEA) on osteoclast differentiation and function, as well as its potential bone-protective effect, using an ovariectomy (OVX)-induced bone loss mouse model.




2. Materials and Methods


2.1. Materials


MLO-Y4 cells were obtained from Kerafast (Boston, MA, USA). Primary antibodies against phospho-IκBα (Ser32) (#2859), phospho-p38 (#9211), phospho-SAPK/JNK (Thr183/Tyr185) (#9251), phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (#9101), IκBα (#9242), p38 (#9212), SAPK/JNK (#9252), p44/42 MAPK (Erk1/2) (#9102), and β-Actin (#3700) were obtained from Cell Signaling Technology (Danvers, MA, USA). Anti-rabbit and anti-mouse HRP-conjugated secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The RNA-spinTM extraction kit was purchased from iNtRON Biotechnology (Seongnam, Republic of Korea), and the High-Capacity cDNA Reverse Transcription Kit was obtained from Thermo Fisher Scientific (Waltham, MA, USA). A TaqMan Universal Master Mix II was obtained from Applied Biosystems (Foster City, CA, USA). Dried cork cambiums of E. alatus were bought from Omniherb (Yeongcheon, Republic of Korea). They were extracted using 70% ethanol in a 15-fold volume, under reflux conditions at 80 °C for 3 h. After filtration, the extract was then lyophilized. The EEEA powder was dissolved in dimethyl sulfoxide for the in vitro experiments or in distilled water for the animal experiments.




2.2. Preparation of Osteoclast Precursor Cells


Freshly flushed bone marrow macrophages (BMMs) were obtained from the femurs and tibias of C57BL/6J mice. The BMMs were cultured in α-MEM supplemented with M-CSF (60 ng/mL) in a cell culture plate for 24 h. Non-adherent cells were harvested and cultured in non-coated plates in α-MEM supplemented with M-CSF (60 ng/mL) for 5 days. The adherent cells, excluding the non-adherent cells in the non-coated plates, were used as BMMs for subsequent experiments, serving as osteoclast precursor cells.




2.3. Cell Viability Assay


The BMMs were seeded into 96-well plates at a density of 2 × 104 cells per well and cultured in the presence of M-CSF (60 ng/mL) with or without EEEA (11.1, 33.3, and 100 μg/mL). The BMMs were then incubated with different concentrations of EEEA for 24 h. After that, the CCK-8 reagent was added to each well and incubated for 2 h. The absorbance of the plate was read using a microplate reader (Molecular Devices, San Jose, CA, USA) at 450 nm.




2.4. In Vitro Osteoclastogenesis Assay


For the co-culture of the BMMs and MLO-Y4 cells to induce osteoclast differentiation, the MLO-Y4 cells and BMMs were seeded in 96-well plates at densities of 4 × 103 and 4 × 104 cells/well, respectively. On the following day, the BMM-MLO-Y4 co-culture was exposed to 10 nM of 1α,25-dihydroxyvitamin D3 (VitD3) with or without varying concentrations of EEEA (11.1, 33.3, and 100 μg/mL) for a duration of 5 days. In order to explore the direct impact of EEEA on osteoclast differentiation from precursor cells, the BMMs (1 × 104 cells/well) were seeded in 96-well plates and cultured with or without EEEA in the presence of M-CSF (60 ng/mL) and RANKL (50 ng/mL) for a duration of 4 days. The evaluation of osteoclast differentiation was conducted through the measurement of the total cellular TRAP activity and TRAP staining, as described previously [21].




2.5. In Vitro Osteoclast Function Assay


To initiate osteoclast differentiation, the BMMs were cultured in a 10 cm culture dish and treated with M-CSF (60 ng/mL) and RANKL (50 ng/mL) for a duration of 2 days. The committed cells were subsequently cultured for an additional 2 days on a culture dish coated with a collagen gel to promote the maturation of osteoclasts. The mature osteoclasts obtained were then seeded onto a Corning Osteo Assay Surface plate (Corning Inc., Corning, NY, USA) using 0.2% collagenase (Sigma-Aldrich, St. Louis, MO, USA). Following a 3 h settlement period, the mature osteoclasts were subjected to treatment with or without EEEA (11.1, 33.3, and 100 μg/mL) for 1 day in the presence of M-CSF and RANKL. Subsequent to cell removal, the resorbed pits were photographed, and the resorbed area was quantified using ImageJ software.




2.6. Western Blotting


The cells were harvested and lysed on ice. After the cell lysis, the protein concentrations were measured using a BCA protein assay kit. The protein samples were separated via SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. The membranes were blocked with 5% skim milk for 1 h at room temperature and then incubated with specific primary antibodies overnight at 4 °C. After three washes with Tris-buffered saline plus 0.1% Tween 20, the membranes were incubated with HRP-conjugated secondary antibodies for 1 h. Finally, the proteins were visualized via chemiluminescence using a ChemiDoc Imaging System (Bio-Rad, Hercules, CA, USA).




2.7. Quantitative Real-Time Polymerase Chain Reaction (PCR)


Total RNA was extracted using the RNA-spinTM extraction kit, followed by reverse transcription into cDNA using the High-Capacity cDNA Reverse Transcription Kit for the real-time PCR detection of the related gene expression. The synthesized cDNA was amplified using TaqMan Universal Master Mix II and TaqMan probes for the target genes: tumor necrosis factor ligand superfamily member 11 (Tnfsf11, Mm00441908_m1), tumor necrosis factor receptor superfamily member 11B (Tnfrsf11b, Mm0043542_m1), colony stimulating factor 1 (Csf1, Mm00432686_m1), c-Fos (Mm00487425_m1), Nfatc1 (Mm00479445_m1), Atp6v0d2 (Mm00656638_m1), Dc-stamp (Mm01168058_m1), Ctsk (Mm00484036_m1), positive regulatory domain zinc finger protein 1 (Prdm1; encoding Blimp1, Mm00476128_m1), interferon regulatory factor 8 (Irf8, Mm00492567_m1), v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog B (Mafb, Mm00627481_s1), and 18S rRNA (Hs99999901_s1). The amplification was performed using an ABI 7500 Real-Time PCR Instrument (Applied Biosystems).




2.8. OVX-Induced Osteoporosis Model


Seven-week-old female C57BL/6J mice were obtained from Japan SLC Inc. (Shizuoka, Japan) and housed under standard conditions with free access to a standard chow diet and water. After one week of acclimatization, the mice underwent either a sham or OVX operation after being anesthetized. Previous studies have demonstrated that the oral administration of E. alatus extracts at doses ranging from 50 to 300 mg/kg/day resulted in neuroprotective and immunostimulatory effects in animal models [22,23,24]. Based on these findings, we established an EEEA oral dosage regimen, with 100 mg/kg/day as the low dose and 300 mg/kg/day as the high dose, to assess the impact of EEEA in an OVX-induced mouse bone loss model. The mice were divided into four groups (n = 7 mice per group): sham, OVX, OVX + low-dose EEEA (EEEA-L, 100 mg/kg/day), and high-dose EEEA (EEEA-H, 300 mg/kg/day). Starting one week after the operation, the mice were fed a purified low-fat diet (D12450B, Research Diet, New Brunswick, NJ, USA) and orally administered either distilled water (sham and OVX groups) or EEEA (low-and high-dose groups) every day for six weeks. After the treatment period, the mice were sacrificed, and their femurs were obtained for bone microstructure analysis.




2.9. Micro-Computed Tomography (Micro-CT) Analysis


For the structural analysis of the trabecular bone, the distal end of the right femur was scanned using the SkyScan 1276 micro-computed tomography system (Bruker, Kontich, Belgium). The morphometric parameters of the trabecular bone, including the trabecular bone mineral density (BMD; g/cm3), bone volume to total volume (BV/TV), trabecular number (Tb. N), trabecular separation (Tb. Sp), and trabecular thickness (Tb. Th), were measured using SkyScan software (version 1.7.42, Bruker, Kontich, Belgium).




2.10. Ultrahigh Performance Liquid Chromatography–Tandem Mass Spectrometry (UHPLC-MS/MS) Analysis


The EEEA constituents were analyzed using a Thermo Dionex UltiMate 3000 HPLC system (Dionex Corp., Sunnyvale, CA, USA) coupled with a Thermo Q-Exactive mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Chromatographic separation was carried out on an Acquity BEH C18 column (1.7 µm, 100 × 2.1 mm). The analysis protocol was based on a previous study with slight modifications [25,26]. The UHPLC-MS/MS analysis targeted the identification of various compounds in EEEA. Two triterpenoids, namely betulinic acid and oleanonic acid, and nine flavonoids, namely catechin, epicatechin, quercetin-3-O-sophoroside, quercetin-3-O-sambubioside, isoquercitrin, kaempferitrin, quercitrin, dihydrokaempferol, and naringenin, were investigated [14,27,28,29,30]. Except for isoquercitrin, these compounds were obtained from ChemFace (Wuhan, China).




2.11. Statistical Analysis


Data were indicated as mean ± standard deviation (SD) for the in vitro experiments and as mean ± standard error of the mean (SEM) for the in vivo experiments. Statistical data analysis was performed using a one-way analysis of variance (ANOVA) followed by Dunnett’s test, or two-way ANOVA followed by Sidak’s test. Levels of p values below 0.05 were considered statistically significant.





3. Results and Discussion


3.1. EEEA Inhibits Osteoclast Differentiation


We investigated the effect of EEEA on osteoclast formation in a co-culture of osteocyte-like cells, MLO-Y4, with osteoclast precursor cells, BMMs. Osteocytes are the major cells that produce crucial pro-osteoclastogenic molecules, such as RANKL and its inhibitor osteoprotegerin (OPG), which regulate osteoclast formation and activation [31,32,33]. As shown in Figure 1A, stimulation with VitD3 in the co-culture system for 5 days increased osteoclast formation, which was inhibited by EEEA in a dose-dependent manner. In the co-culture system, the presence of VitD3 promotes osteoclast differentiation from its precursors by upregulating RANKL expression and downregulating OPG expression in MLO-Y4 cells. Therefore, we next examined the impact of EEEA on the mRNA expression of Tnfsf11 (the gene encoding RNAKL), Tnfrsf11b (the gene encoding OPG), and Csf1 (the gene encoding M-CSF) in MLO-Y4 cells. EEEA suppressed the VitD3-induced mRNA expression of Ttnfsf11, whereas it had no effect on Tnfsf11b and Csf1 expression in the basal and VitD3-stimulated conditions (Figure 1B). These results suggest that EEEA could inhibit osteoclast formation by suppressing RANKL expression in the osteoclast-supporting cells, MLO-Y4 cells. We next explored whether EEEA could inhibit osteoclast formation independently of its effect on Ttnfsf11 expression. To verify the direct effect of EEEA on osteoclast differentiation from its precursors, BMM cells were treated with various concentrations of EEEA (0, 11.1, 33.3, and 100 μg/mL) for 5 days in the presence of M-CSF (50 ng/mL) and RANKL (50 ng/mL). According to TRAP activity and staining, RANKL stimulation significantly induced osteoclast formation, and this induction was dose-dependently inhibited by the EEEA treatment (Figure 2A,B). To ensure that EEEA inhibits osteoclast differentiation without causing cytotoxicity, we investigated the cell viability of the BMMs. EEEA did not exhibit any cytotoxic effects on the BMMs but slightly increased cell viability (Figure 2C). These results provide evidence that EEEA directly impedes the osteoclast differentiation process by inhibiting RANKL’s action on osteoclast precursor cells.




3.2. EEEA Inhibits RANKL-Induced Signaling Pathways


To explore the mechanism of action by which EEEA exerts its inhibitory role on the differentiation of osteoclast precursors, we examined the effect of EEEA on key transcription factors involved in the RANK signaling pathways for osteoclastogenesis. Among the TNF superfamily members, RANKL binds to the its receptors of osteoclast progenitor cells and plays an important role in promoting osteoclastogenesis [10,34,35]. The RANK-RANKL interaction activates MAPK and NF-κB signaling pathways by recruiting TNF receptor-associated factors (TRAFs). These factors, in turn, induce the activation of c-Fos and NFATc1, which are crucial master modulators for osteoclast differentiation [10,11,35]. These transcription factors positively regulate the expression of genes specific to osteoclasts, including TRAP, ATP6v0d2, CtsK, and Dc-stamp [11,12,35,36]. Upon stimulation with RANKL, both the NFATc1 mRNA and protein expression were elevated, but this increase was significantly inhibited by the EEEA treatment (Figure 3A,B). Correspondingly, the EEEA treatment suppressed RANKL-induced mRNA expression levels of ATP6v0d2, Dc-stamp, and CtsK (Figure 3B). RANKL attenuates the expression of MafB, which acts as a negative osteoclast transcription factor by downregulating the transcriptional activity of NFATc1 [37]. Similarly, IRF-8 has been known as a negative modulator of NFATc1. These negative modulators are negatively regulated by transcriptional suppressors, such as Prdm1 [37,38]. As shown in Figure 3B, the decrease in mRNA levels of IRF-8 and MafB, and the increase in mRNA levels of Prdm1, were suppressed by the EEEA treatment.



The aryl hydrocarbon receptor (AhR) has been shown to play an important role in osteoclast differentiation through its involvement in the RANK/c-Fos axis. Its expression increases during osteoclast differentiation, and the BMMs from the AhR knockout mice exhibit an impaired RANKL-induced activation of MAPKs and NF-κB, as well as c-Fos induction [39,40]. We observed that EEEA inhibits the RANKL-induced protein expression of c-Fos but does not affect its mRNA expression (Figure 3A,B). Additionally, EEEA attenuated the RANKL-induced AhR protein expression (Figure 3A). Early RANK signaling for osteoclast differentiation involves the NF-κB and MAPK signaling pathways [10,38]. In line with the reduction in AhR expression, EEEA significantly inhibited the RANKL-induced activation of MAPKs (ERK, JNK, and p38 phosphorylation) and the classical NF-κB pathway, as demonstrated by the IκBα phosphorylation and degradation (Figure 3C). Our collective findings suggest that EEEA inhibits RANKL-induced osteoclast differentiation by negatively regulating the positive AhR/c-Fos/NFATc1 axis, as well as the negative regulators, IRF-8 and MafB.




3.3. EEEA Inhibits the Function of Mature Osteoclasts


Following the confirmation of EEEA’s efficacy in inhibiting osteoclast differentiation, our investigation extended to its impact on the bone-resorptive function of mature osteoclasts. Mature osteoclasts, as part of their activity, degrade bone mineral through the secretion of acids into a sealed resorption compartment. In this context, we assessed the influence of EEEA on the mineral lytic activity of mature osteoclasts using Osteo Assay Surface plates with a bone-mimetic synthetic surface. After culturing mature osteoclasts on these plates for 1 day, the formation of the resorption pits was observed. Importantly, this formation was dose-dependently inhibited by the EEEA treatment (Figure 4A,B), indicating the capacity of EEEA to impede osteoclast resorptive activity.




3.4. EEEA Prevents Bone Loss in OVX Mice


After discovering the inhibitory effects of EEEA on osteoclast differentiation and function, we investigated the effects of EEEA on bone loss in vivo, utilizing an OVX-induced mouse model of postmenopausal osteoporosis. In this study, one week after the OVX or sham operation, the mice were fed a purified low-fat diet and orally administered EEEA for 6 weeks. As expected, the OVX mice exhibited a significant decrease in trabecular BMD in the distal femur, along with metaphyseal trabecular bone loss. Micro-CT analysis demonstrated that EEEA administration in the OVX mice significantly attenuated bone loss, as evidenced by the increased BMD, BV/TV, Tb.N, and Tb.Th, with decreased trabecular separation (Tb.Sp) compared to the OVX control group (Figure 5A,B). Estrogen is a fundamental hormonal regulator in skeletal growth and bone remodeling for both men and women [41,42]. Postmenopausal osteoporosis is a disease characterized by excessive bone destruction, which results from estrogen deficiency [41,42]. Hormone replacement therapy with estrogen may help prevent bone loss in postmenopausal osteoporosis [41,42]. However, the long-term administration of estrogen may lead to critical side effects such as gastrointestinal toxicities, endometrial cancer, breast cancer, and myocardial infarction [7,41,42]. Therefore, exploring nonpharmaceutical alternatives that leverage the properties of natural products, including herbal medicines and foods, may present a promising avenue for addressing osteoporosis prevention and treatment [8,9].



Our findings highlight the potential of EEEA as a valuable alternative for addressing postmenopausal osteoporosis, given its inhibitory effect on bone loss in the OVX-induced model. However, further research is imperative to elucidate the exact mechanisms responsible for EEEA’s bone-protective effects, particularly its direct impact on osteoclast differentiation and function in vivo.




3.5. Phytochemical Constituents of EEEA


To investigate the phytochemical constituents responsible for the anti-osteoporotic effects of EEEA, we conducted a chemical profile analysis using UHPLC-MS/MS. Mass spectra and retention times allowed us to identify the following compounds present in EEEA: two triterpenoids (betulinic acid and oleanonic acid) and nine flavonoids (catechin, epicatechin, quercetin-3-O-sophoroside, quercetin-3-O-sambubioside, isoquercitrin, kaempferitrin, quercitrin, dihydrokaempferol, and naringenin) (Figure 6 and Table 1). Previous studies have reported that the two triterpenoids, betulinic acid and oleanolic acid, can prevent bone loss in ovariectomized mice by inhibiting RANKL-associated osteoclast differentiation [43,44,45,46,47]. Furthermore, five flavonoids, namely isoquercitrin, kaempferitrin, epicatechin, quercitrin, and naringenin, have been shown to have anti-osteoporotic effects [48,49,50,51,52,53,54,55,56]. Isoquercitrin has shown anti-osteoporotic activity in ovariectomized rats by inhibiting hypoxia-inducible factor-1 alpha [48], while kaempferitrin exerts protective effects against OVX-related bone loss and microarchitecture deterioration [49]. Quercitrin has been reported to inhibit osteoclast differentiation in RAW264.7 cells, stimulate osteoblast differentiation in MC3T3-E1 cells in vitro, and attenuate osteoporosis in ovariectomized rats by increasing the expression of alkaline phosphatase [50,51,52]. Additionally, studies have shown that epicatechin and naringenin inhibit osteoclast differentiation and prevent OVX-induced bone loss [53,54,55,56]. Therefore, the presence of these phytochemical constituents in EEEA suggests potential biological efficacy in exerting anti-osteoclastic and anti-osteoporotic effects through the synergistic actions among various phytochemicals.



In summary, our study has unveiled the previously unexplored potential of EEEA in conferring bone protection. Its ability to inhibit osteoclast differentiation and function, combined with the presence of phytochemical constituents possessing bone-protective properties, along with its demonstrated effectiveness in OVX mice, collectively position it as a promising candidate for addressing a range of pathological bone loss conditions marked by excessive osteoclast activity. However, further investigations are essential to elucidate various aspects, including in vivo efficacy, safety profile, and the composition of active constituents within EEEA. These inquiries are crucial for its prospective development as a therapeutic agent against a spectrum of pathological bone diseases.





4. Conclusions


In conclusion, the findings of our study suggest that EEEA holds promising potential as a therapeutic agent for the prevention and treatment of osteoporosis. EEEA effectively inhibited osteoclastogenesis by indirectly reducing RANKL expression in osteoclast-supporting cells and directly inhibiting RANKL-mediated signaling pathways for osteoclastogenesis. In addition, EEEA exhibited anti-resorptive properties in mature osteoclasts. Moreover, in an OVX-induced mouse model of osteoporosis, EEEA administration significantly mitigated bone loss, indicating its potential preventive effect in postmenopausal osteoporosis. Collectively, these findings highlight EEEA as a potential therapeutic agent with anti-osteoporotic effects, presenting new possibilities for osteoporosis management. Further research and clinical studies are warranted to validate the efficacy and safety of EEEA as a treatment for osteoporosis.
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Figure 1. EEEA inhibits osteoclast differentiation in the co-culture of osteoclast precursor cells and osteocyte-like cells. BMMs and MLOY-4 cells were co-cultured for 5 days in the presence of VitD3 (10 nM) with either vehicle (DMSO) or EEEA (11.1, 33.3, and 100 μg/mL). (A) Representative microscope images of TRAP staining (left panel; scale bar, 100 µm) and the number of osteoclasts, as well as TRAP-positive multinucleated cells (MNCs) with more than three nuclei (right panel). (B) MLO-Y4 cells were treated with or without EEEA (100 μg/mL) and VitD3 (10 nM) for 1 day. mRNA expression levels were evaluated via real-time PCR. ** p  <  0.01; *** p  <  0.001 versus vehicle control. 
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Figure 2. EEEA inhibits RANKL-induced osteoclast differentiation in BMMs. BMMs were cultured for 4 days in the presence of M-CSF (60 ng/mL) and RANKL (50 ng/mL) with either vehicle (DMSO) or EEEA (11.1, 33.3, and 100 μg/mL). (A) Representative microscope images of TRAP staining (scale bar, 100 µm). (B) Total TRAP activity (left panel) and the number of osteoclasts (right panel). (C) Cell viability was determined using the CCK-8 assay. *** p  <  0.001 versus vehicle control. 
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Figure 3. EEEA inhibits RANKL-induced osteoclastogenic transcription factors and osteoclast specific marker genes. BMMs were pretreated with vehicle (DMSO) or EEEA (100 μg/mL) for 3 h and then stimulated with RANKL (50 ng/mL) for the indicated times. (A) c-Fos, NFATc1, and Ahr protein levels were evaluated via Western blotting. (B) mRNA expression levels were evaluated via real-time PCR. (C) The activation of MAPKs and NF-κB pathways was evaluated via Western blotting. * p  <  0.05; ** p  <  0.01; *** p  <  0.001 versus the control. 
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Figure 4. EEEA inhibits the bone-resorptive function of mature osteoclasts. Mature osteoclasts were cultured on Osteo Assay Surface plates in the presence of either vehicle (DMSO) or EEEA (11.1, 33.3, and 100 μg/mL) for 1 day. (A) Representative images of resorption pits after cell removal (scale bar, 200 µm). (B) Relative quantification of the resorbed area. * p  <  0.05; *** p  <  0.001 versus vehicle control. 
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Figure 5. EEEA suppresses the bone loss induced by OVX in vivo. (A) Three-dimensional reconstructed images of the distal femurs from each treatment group were obtained using micro-CT. (B) Morphometric analysis of distal femoral metaphyseal trabecular bone. Trabecular bone mineral density (BMD), bone volume to total volume (BV/TV), trabecular number (Tb. N), trabecular thickness (Tb. Th), and trabecular separation (Tb. Sp). Data are presented as mean ± standard error of the mean (SEM) for each group, with n = 7. * p  <  0.05; ** p  <  0.01; *** p  <  0.001 versus OVX group. 
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Figure 6. Analysis of EEEA constituents using UHPLC-MS/MS. (A) Base peak chromatogram in negative ion mode. (B) Extracted ion chromatogram of identified phytochemicals. 
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Table 1. The phytochemical profiles of EEEA were analyzed using UHPLC-MS/MS.
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	No
	Retention Time (min)
	Ion Mode
	Error

(ppm)
	Formula
	Expected Mass

(m/z)
	Measured Mass

(m/z)
	MS/MS Fragments (m/z)
	Identifications





	1
	5.09
	     [ M − H ]   −     
	1.8547
	C15H14O6
	289.0718
	289.0723
	289.0722, 245.0819, 109.028
	Catechin *



	2
	5.60
	     [ M − H ]   −     
	2.1714
	C15H14O6
	289.0718
	289.0724
	289.0721, 245.0818, 203.0709, 125.0323
	Epicatechin *



	3
	5.83
	     [ M − H ]   −     
	2.5901
	C27H30O17
	625.141
	625.1426
	439.6026, 421.9533, 300.0278, 151.0027
	Quercetin 3-O-sophoroside *



	4
	6.11
	     [ M − H ]   −     
	4.266
	C26H28O16
	595.136
	595.1319
	300.0277, 271.0239, 224.6036, 151.0025
	Quercetin 3-O-sambubioside



	5
	6.72
	     [ M − H ]   −     
	2.561
	C21H20O12
	463.0882
	463.0894
	303.0411, 300.0278, 299.0195, 272.0279
	Isoquercitrin



	6
	6.82
	     [ M − H ]   −     
	1.5343
	C27H30O14
	577.1563
	577.1572
	431.1940, 285.0475
	Kaempferitrin *



	7
	7.47
	     [ M − H ]   −     
	2.4164
	C21H20O11
	447.0933
	447.0944
	301.0347, 300.0269
	Quercitrin *



	8
	8.09
	     [ M − H ]   −     
	1.6359
	C15H12O6
	287.0561
	287.0566
	287.0563, 259.0612, 243.0661, 125.023
	Dihydrokaempferol *



	9
	10.73
	     [ M − H ]   −     
	1.6436
	C15H12O5
	271.0612
	271.0616
	271.0614, 151.0025, 119.0489, 93.0331
	Naringenin *



	10
	20.57
	     [ M − H ]   −     
	2.386
	C30H48O3
	455.3531
	455.3542
	437.3282, 327.2552, 281.2494
	Betulinic acid *



	11
	20.79
	     [ M − H ]   −     
	2.6541
	C30H48O3
	455.3531
	455.3543
	455.3535, 437.3281, 393.3023
	Oleanolic acid *







*, compared with the retention time and MS spectral data of an authentic standards.
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