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Abstract

:

Osteosarcoma, which has poor prognosis after metastasis, is the most common type of bone cancer in children and adolescents. Therefore, plant-derived bioactive compounds are being actively developed for cancer therapy. Artemisia apiacea Hance ex Walp. is a traditional medicinal plant native to Eastern Asia, including China, Japan, and Korea. Vitexicarpin (Vitex), derived from A. apiacea, has demonstrated analgesic, anti-inflammatory, antitumour, and immunoregulatory properties; however, there are no published studies on Vitex isolated from the aerial parts of A. apiacea. Thus, this study aimed to evaluate the antitumour activity of Vitex against human osteosarcoma cells. In the present study, Vitex (>99% purity) isolated from A. apiacea induced significant cell death in human osteosarcoma MG63 cells in a dose- and time-dependent manner; cell death was mediated by apoptosis, as evidenced by the appearance of cleaved-PARP, cleaved-caspase 3, anti-apoptotic proteins (Survivin and Bcl-2), pro-apoptotic proteins (Bax), and cell cycle-related proteins (Cyclin D1, Cdk4, and Cdk6). Additionally, a human phosphokinase array proteome profiler revealed that Vitex suppressed AKT-dependent downstream kinases. Further, Vitex reduced the phosphorylation of PRAS40, which is associated with autophagy and metastasis, induced autophagosome formation, and suppressed programmed cell death and necroptosis. Furthermore, Vitex induced antimetastatic activity by suppressing the migration and invasion of MMP13, which is the primary protease that degrades type I collagen for tumour-induced osteolysis in bone tissues and preferential metastasis sites. Taken together, our results suggest that Vitex is an attractive target for treating human osteosarcoma.
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1. Introduction


Osteosarcoma, caused by osteoblasts of mesenchymal origin that deposit an immature osteoid matrix, is the most common malignant bone cancer in children and adolescents [1,2]. Symptoms of osteosarcoma, such as pain, swelling, decreased joint motion, and fracture, may appear at tumour sites [3]. The survival rate for cases where osteosarcoma is localised and has not spread to other parts of the body is 70%, but when it metastasises to the lungs or other bones at the time of diagnosis, the long-term survival rate decreases significantly to approximately 30% [4]. Neoadjuvant chemotherapy, surgical resection, and adjuvant chemotherapy are currently recommended for osteosarcoma treatment [1]. However, continued best studies have not resulted in a discernible improvement in the five-year survival rate of patients [5]. Further, the number of patients diagnosed with osteosarcoma in the last few decades indicates that current therapeutic approaches are inadequate. Therefore, the identification of novel therapeutic compounds with biological effects against osteosarcoma is critically needed.



Substantial evidence suggests that the disease is associated with the deregulation of various intracellular signalling pathways, most notably the AKT signalling pathway, which plays a critical role in the biological activities and homeostasis of cells [6,7]; AKT signalling is essential for a wide range of physiological and pathological processes [8]. Specifically, the route plays a major role in practically all human cancer types as an oncogenic pathway; the deregulation of AKT signalling plays an important role in proliferation, apoptosis, invasion, and carcinogenesis [9,10,11,12]. Thus, AKT signalling has been targeted by several small-molecule drugs to improve the survival of patients with osteosarcoma.



Recently, the remarkable biological activities of species of the globally prevalent genus Artemisia (family Asteraceae) have garnered significant attention [13]. Of these, Artemisia apiacea Hance ex Walp. is one of the traditional medicinal plants most widely used for the treatment of malaria, jaundice, and eczema in Eastern Asia, including in China, Japan, and Korea [14]. Numerous studies have investigated the anti-inflammatory activities of A. apiacea extract, and the immunosuppressive, anti-allergic, anti-pyretic, anti-bacterial, and anti-parasitic activities of A. apiacea [14,15,16]. A flavonoid called Vitexicarpin (Vitex), which is extracted from A. apiacea, has shown cytotoxic, anti-inflammatory, anti-tumour, anti-angiogenic, analgesic, and immunomodulatory effects [17]. However, the biological and pharmacological effects of Vitex on osteosarcoma have not been reported.



Here, for the first time, we isolated Vitex from the aerial parts of A. apiacea plants to explore the potential activities and biological mechanisms of Vitex in osteosarcoma. The aim of this study was to investigate the anti-osteosarcoma effects of Vitex with >99% purity in vitro in human osteosarcoma cells.




2. Results


2.1. Purification and Characterization of Vitex from A. apiacea


The procedure illustrated in Figure 1A was used to separate Vitex from 10 kg of Artemisia apiacea (Figure 1A).



1H-nuclear magnetic resonance (NMR) (500 MHz, DMSO-d6) assign data: δ 9.95 (1H, s, 5-OH); 9.43 (1H, s, 3′-OH); 7.59 (2H, dd, J = 2.0, 8.0 Hz, H-2′, 6′); 7.11 (1H, d, J = 8.0 Hz, H-5′); 6.87 (1H, s, H-5); 3.91 (3H, s, 7-OCH3); 3.86 (3H, s, 4′-OCH3); 3.80 (3H, s, 3-OCH3); 3.72 (3H, s, 6-OCH3) (Figure 1B).



13C-NMR (125 MHz, DMSO-d6) assign data: δ 55.6 (4′-OCH3); 56.5 (7-OCH3); 59.7 (3-OCH3); 60.0 (6-OCH3); 91.3 (C-8); 105.6 (C-10); 111.8 (C-5′); 115.0 (C-2′); 120.4 (C-6′); 122.2 (C-1′); 131.5 (C-6); 138.0 (C-3); 146.3 (C-4′); 150.3 (C-3′); 151.6 (C-5); 151.8 (C-9); 155.6 (C-2); 158.7 (C-7); 178.3 (C-4) (Figure 1C). The resulting Vitex was a pale-yellow powder with a molecular formula of C19H18O8 and a purity of >99%. The high-performance liquid chromatography (HPLC) results and chemical structure of Vitex are shown in Figure 1D.




2.2. Vitex Reduces Cell Viability in Human Osteosarcoma Cells


To investigate the anti-osteosarcoma activities of Vitex extracted from A. apiacea Hance ex Walp., we screened its activities at various concentrations ranging from 1 to 100 μM for 0 to 72 h. Vincristine was used as a positive control because it is a well-known chemotherapeutic drug used to treat various malignant tumours [18,19]. The cell viability was analysed using an MTT assay, and the results indicated that Vitex significantly reduced the viability (%) of human osteosarcoma cells in a dose- and time-dependent manner (Figure 2A). In subsequent experiments, the human osteosarcoma cells were treated with 1, 5, and 10 μM of Vitex. When comparing the viability of Vitex and Vincristine at 10 μM, the inhibitory effect of Vitex against human osteosarcoma cells exceeded that of vincristine.



To further examine the effect of Vitex on the viability of p53 mutant-type osteosarcoma MG63 cells and p53 wild-type osteosarcoma SJSA1 cells treated with an anti-osteosarcoma drug (Methotrexate), Vitex was administered for 24 h, and the cell viability was analysed using an MTT assay. The results showed that Vitex significantly reduced the viability of MG63 cells to a greater extent than that of SJSA1 cells (Figure 2B,C). Next, toxicity tests were performed on C3H/10T1/2 mesenchymal stem cells (MSCs) and MC3T3-E1 pre-osteoblasts. Vitex was not as highly toxic to normal cells as the known anti-osteosarcoma drug Methotrexate (Figure 2D,E). These results suggest that Vitex exerts an inhibitory effect on human osteosarcoma cells.




2.3. Vitex Induces Programmed Apoptotic Cell Death in Human Osteosarcoma Cells


To investigate whether programmed apoptotic cell death is a mechanism of the inhibitory effects of Vitex, we analysed apoptosis via the caspase cascade using western blotting. Vitex treatment enhanced the amount of cleaved PARP and caspase-3 products, and decreased the amount of full-length PARP and caspase-3 proteins in a dose-dependent manner (Figure 3A,B). Second, we assessed the amounts of pro- and anti-apoptotic proteins and found that Vitex treatment decreased the levels of Survivin and Bcl-2 proteins while increasing that of Bax proteins (Figure 3C). Third, we detected the cell cycle-related proteins required for cell proliferation and death. Fourth, Vitex treatment downregulated Cyclin D1, as well as the cyclin-dependent kinase 4 (Cdk4) and Cdk6 proteins (Figure 3D). We also detected the phosphorylation of pRB, a downstream target of CyclinD1 and CDK4/6, and found that Vitex treatment decreased pRB phosphorylation (Figure 3E). Additionally, bromodeoxyuridine (BrdU) is frequently incorporated during DNA synthesis for cell cycle analysis; therefore, we also validated the effect of Vitex on cell proliferation and the cell cycle using a BrdU incorporation assay, and found that Vitex treatment suppressed BrdU incorporation (Figure 3F). These results suggest that the inhibitory effects of Vitex are mediated by apoptosis in human osteosarcoma cells.




2.4. Vitex Inhibits the AKT-PRAS40 Pathway in Human Osteosarcoma Cells


To explore how Vitex induces apoptotic cell death through intracellular signalling proteins, we screened the response to Vitex using a proteome profiler human phospho-kinase array consisting of 37 different kinases. We identified a significant decrease in the phosphorylation of AKT signalling-related proteins, including AKT(T308), a 40 kDa proline-rich Akt substrate (PRAS40), p-70S6K(T389), GSK3β(S9), and ERK1/2 (Figure 4A,B). The phosphorylation of PRAS40 by AKT blocks mTORC1 inhibitory function, and PRAS40 competes with the mTOR downstream substrates 4E-BP1 and p70S6K by binding to Raptor. Then, p70S6K activates functions related to cell proliferation and the cell cycle. Consistent with the screening results, western blotting revealed a significant decrease in the phosphorylation of AKT and PRAS40 (Figure 4C,D). Additionally, we confirmed a decrease in STAT3 phosphorylation, one of the targets of Vitex (Supplementary Figure S1). These results suggest that the AKT-PRAS40 pathway is involved in the inhibitory effects of Vitex on human osteosarcoma cells.




2.5. Vitex Inhibits the AKT-PRAS40 Pathway-Associated Autophagy and Suppresses Necroptosis in Human Osteosarcoma Cells


Because the AKT-PRAS40 pathway is a representative autophagy-regulating protein, we next investigated whether Vitex could regulate autophagosome formation in human osteosarcoma cells. We analysed the effects of vitex on the autophagy-related proteins Beclin-1 and p62 in vitro using western blotting and found that Vitex treatment increased Beclin-1 protein levels but decreased those of p62 protein (Figure 5A). To further validate the effects of Vitex on autophagosome formation, autophagic vacuole formation was analysed using DAPGreen and an immunofluorescence assay. The observation showed that Vitex treatment increased autophagosome formation (Figure 5B,C).



Necroptosis is another type of programmed cell death that differs from, and competes, with apoptosis. Therefore, we investigated the effect of Vitex on necroptosis in human osteosarcoma cells. The key components of the necroptosis machinery, namely receptor-interacting serine/threonine-protein kinase (RIP), RIP3, and mixed-lineage kinase domain-like pseudokinase (MLKL), were detected using western blotting. We found that Vitex treatment decreased the phosphorylation of RIP, RIP3, and MLKL (Figure 5D). Overall, our findings suggest that Vitex induces AKT-PRAS40 pathway-associated autophagy, but blocks necroptosis in human osteosarcoma cells.




2.6. Vitex Exerts Anti-Metastatic Effects through the Inhibition of Migration and Invasion in Human Osteosarcoma Cells


Finally, to examine whether Vitex has anti-metastatic effects, we investigated the migration of human osteosarcoma cells using a wound-healing migration assay. Vitex treatment significantly reduced migration into the wound areas at 24 and 48 h compared to that in untreated control cells (Figure 6A,B). Next, we performed a Boyden chamber assay to observe cell invasion and extracellular matrix degradation during metastasis. As shown in Figure 6C,D, Vitex treatment significantly attenuated penetration and transmigration across the Matrigel-coated membrane compared to those in the untreated control cells (Figure 6C,D). Additionally, Vitex treatment for 24 h decreased the protein levels of matrix metalloproteinase 13 (MMP13), which degrades the extracellular matrix during metastasis (Figure 6E). Our results suggest that Vitex inhibits the metastatic properties of human osteosarcoma cells.





3. Discussion


A complex cascade of signalling pathways is involved in multifactorial and multistage diseases such as cancer. Despite the great heterogeneity of the various human tumour types, many cancers share eight characteristics known as the “hallmarks of cancer” [20,21,22], including uncontrolled proliferation, resistance to apoptosis, the evasion of growth suppression, induction and access to the vasculature, the activation of invasion and metastasis, the avoidance of immune destruction, and continuous proliferative signalling [21,22]. According to this theory, the malignant transformation of normal cells and benign tumours evades apoptosis through an imbalance between programmed cell death and proliferation. Natural compounds have drawn much interest in the development of medications to treat various cancers, with a focus on cell death [23,24,25]. Natural compounds, which have been used in traditional medicine for centuries, are often safer and more affordable than chemically manufactured pharmaceuticals [23,24,25]. In the present study, we demonstrated the effects of Vitex, isolated from A. apiacea, on apoptotic cell death and its antimetastatic properties through the AKT-PRAS40 pathway in human osteosarcoma cells.



Apoptotic cell death is primarily mediated by caspases, a family of cysteine proteases. The Bcl-2 family, which includes Bax and Bcl-2 proteins, and inhibitors of the apoptosis protein family, such as survivin, control caspase cascades as apoptotic regulatory proteins [26,27]. Pro-apoptotic Bax proteins, which form macropores in the outer mitochondrial membrane, facilitate the escape of cytochrome C from the mitochondria, while anti-apoptotic Bcl-2 proteins prevent apoptosis by inhibiting cytochrome C translocation and blocking caspase activation and the apoptotic process [28,29]. Survivin, as a caspase inhibitor, inhibits apoptosis by suppressing the caspase cascade and cleavage mediated by caspases [30]. We demonstrated that Vitex increased the active form of caspase-3, decreased levels of Bcl-2 and survivin proteins, and increased Bax protein levels in human osteosarcoma cells. Moreover, active caspase-3 induces the cleavage of PARP products, which lose their DNA repair activity, leading to DNA strand-break signals and cell cycle arrest; thus, PARP cleavage is a biochemical feature of apoptosis [31,32,33]. In this study, we demonstrated that Vitex increased PARP cleavage and reduced the protein expressions of Cdk4, Cdk6, and Cyclin D1. Of these, Cyclin D1 induces the transition from the G1 to S phase through complex formation with Cdk4 and Cdk, leading to tumour growth. These proteins are overexpressed at high frequencies in various human cancers [34,35,36]. Therefore, our results demonstrated that Vitex exerts anti-osteosarcoma effects by inducing caspase-dependent apoptotic cell death and suppressing cell growth in human osteosarcoma cells.



Previous studies have reported that AKT signalling proteins inhibit apoptotic cell death and increase cell cycle progression and metastasis through various pathways in human osteosarcoma cells [10,37,38,39]. The hyperactivation and overexpression of AKT signalling proteins contribute to tumorigenesis, proliferation, apoptosis, invasion, apoptosis, and metastasis in human osteosarcoma cells [40]. Thus, targeting AKT signalling proteins is a promising treatment strategy for osteosarcoma. In the present study, we demonstrated that Vitex inhibits the phosphorylation of AKT and its signalling proteins. Increased PRAS40 phosphorylation has been observed in malignant tumours and is associated with poor patient survival [41,42]. PRAS40 is a negative regulator of the mammalian target of rapamycin complex 1 (mTORC1), which is phosphorylated by AKT [43]. AKT-mediated PRAS40 phosphorylation increases cell growth, inhibits apoptotic cell death, increases metastasis, and contributes to tumorigenesis; thus, PRAS40 phosphorylation may be a novel biomarker or therapeutic target for tumour treatment [42]. In summary, AKT signalling has been targeted by several small-molecule drugs to improve the survival of patients with osteosarcoma. Previous studies have shown that by inhibiting the PI3K/AKT/mTOR pathway, Vitex induces apoptosis and cell cycle arrest in non-small cell lung cancers and glioblastoma [44]. In the present study, we demonstrated for the first time that Vitex decreases the phosphorylation of PRAS40 via the AKT signalling pathway in human osteosarcoma cells. These findings suggest that the anti-osteosarcoma effects of Vitex are mediated by intracellular mechanisms involving the AKT-PRAS40 pathway.



Autophagy, a fundamental cellular process that involves lysosomal degradation through the removal and recycling of cellular molecules, including nucleic acids, proteins, lipids, and organelles, regulates cell survival and death [45]. Previous studies have shown that the crosstalk between apoptosis and autophagy inhibits tumorigenesis and metastasis [46,47], and that the inhibition of AKT signalling leads to autophagy and cell death in human osteosarcoma cells [48,49]. Here, we found that Vitex suppressed AKT and PRAS40 phosphorylation and enhanced autophagy through autophagosome formation in human osteosarcoma cells; autophagy was inhibited by the increased PRAS40 phosphorylation of AKT [50]. AKT signalling is also involved in another type of programmed cell death called necroptosis [51,52], which is a newly described caspase-independent form of regulated necrosis [53,54]. Usually, apoptosis processes prevent necroptosis via the RIP1-RIP3-MLKL signalling pathway [55,56]. In the present study, we demonstrated that Vitex inhibited the RIP1-RIP3-MLKL signalling pathway in human osteosarcoma cells, leading to increased apoptosis and reduced necroptosis. Thus, our findings suggest that Vitex exerts its anti-osteosarcoma effects by inducing autophagy and apoptosis via the AKT-PRAS40 pathway.



Osteosarcoma cells can metastasise to the lungs and, in some cases, to the bones or lymph nodes, and metastatic osteosarcoma is associated with decreased long-term survival [4]. Patients with metastases exhibit elevated PRAS40 mRNA expression [57], as PRAS40 enhances cancer cell growth by suppressing apoptosis and metastasis [42]. Previous studies have shown that PRAS40 downregulation increases the migration and invasion of head and neck squamous cell carcinoma cells [58]. Metastatic osteosarcoma cells migrate away from the primary tumour and invade neighbouring tissues during the initial stages of metastasis [59]. Additionally, the metastasis of osteosarcoma cells is associated with AKT-mediated GSK3β phosphorylation and ERK1/2 phosphorylation [59]. In this study, we found that Vitex suppressed AKT and the expression of its downstream target proteins PRAS40, GSK3β and ERK1/2. In the present study, we demonstrated that Vitex suppressed cell migration in a wound-healing assay, inhibited the invasion of human osteosarcoma cells and suppressed the expression of MMP-13 in human osteosarcoma cells. The increased invasion and lung metastasis of human osteosarcoma cells are attributed to elevated MMP-13 expression and release [60]. Therefore, our findings suggest that Vitex exerts anti-osteosarcoma effects on the metastatic properties of human osteosarcoma.



In conclusion, osteosarcoma is a potentially fatal disease that often reduces the quality of life of patients. Despite the recent advances in diagnostics and therapeutics, limitations that can be addressed by developing new bioactive compounds still exist. The current study is the first to present evidence that Vitex isolated from A. apiacea reduces cell migration, invasion, and survival, while promoting apoptotic cell death and autophagy, specifically by inhibiting the intracellular AKT-PRAS40 pathway in an in vitro human osteosarcoma cell system. While in vivo studies should be performed in the future, our findings suggest that Vitex is a promising bioactive compound for the chemotherapeutic treatment of human osteosarcoma.




4. Materials and Methods


4.1. Plant Material and General Proceduresl


The aerial parts of Artemisia apiacea Hance ex Walp. (Origin: Yeongcheon-si, Gyeongsangbuk-do, Republic of Korea) were purchased from the commercial herbal medicine market. The P310 voucher specimen has been deposited in the Natural Products Bank at the National Institute for Korean Medicine Development (NIKOM). The nuclear magnetic resonance (NMR) spectra were obtained on a Jeol ECX-500 spectrometer (JEOL Ltd., Tokyo, Japan) operating at 1H (500 MHz) and 13C (125 MHz). The electron ionization mass spectrometer (EI-MS) data were obtained using the micromass spectrum (AUTOSPEC, Glasgow, UK). High-performance liquid chromatography (HPLC) was performed using Agilent 1200 series (Agilent Technologies, Santa Clara, CA, USA). Column chromatography (CC) was conducted using silica gel (70–230 mesh; Merck, Darmstadt, Germany).




4.2. Isolation of the Active Compound from A. apiacea


The aerial parts of A. apiacea (10 kg) were extracted with 100% MeOH (3 × 30 L) at room temperature. The combined extracts were concentrated under reduced pressure, and the residue (795.3 g) was partitioned into H2O and extracted with n-Hexane, CHCl3, and BuOH. The CHCl3 fraction (43.0 g) was subjected to open-column chromatography over silica gel (n-Hexane: EtOAc from 30:1 to 0:1) to give eleven fractions (A−K). Fraction H (9.1 g) was purified using a RP-C18 column with 60% MeOH to yield six subfractions (H-1~H-6). Fractions H-5 (0.8 g) were subjected to repeated Sephadex LH-20 column chromatography with 100% MeOH to isolate 136.6 mg of Vitexicarpin (Vitex, pale-yellow powder).




4.3. Cell Culture


Human osteosarcoma MG63 cells (#CRL-1427), isolated from the bone of a 14-year-old male patient with osteosarcoma, were obtained from the ATCC (Manassas, VA, USA). The cells were cultured in Dulbecco’s modified Eagle medium (WELGEME, Inc., Seoul, Republic of Korea) at 37 °C, 95% air, and 5% CO2. The p53 wild-type osteosarcoma cells (SJSA1, (#CRL-2098), MSCs (C3H/10T1/2, #CCL-226), and pre-osteoblasts (MC3T3-E1, #CRL-2593) were obtained from the ATCC (Manassas, VA, USA).




4.4. Cell Viability Analysis


Cell viability was analysed using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay kit according to the manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO, USA). The formazan was dissolved in 100% dimethyl sulfoxide (DMSO) and measured spectrophotometrically at 540 nm using a Multiskan GO Microplate Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).




4.5. Western Blotting


Western blotting was performed as described previously [61]. Briefly, the total protein concentration was determined using the Bradford reagent (Bio-Rad, Hercules, CA, USA), and 20 μg of total proteins was separated using SDS-PAGE and transferred to PVDF membranes (Millipore, Bedford, MA, USA). The following antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA) and used: AKT (1:1000, #4691), p-AKT (1:1000, #4060), Bax (1:1000, #2772), Bcl-2 (1:1000, #15071), Beclin1 (1:1000, #3495), Caspase-3 (1:1000, #9662), MLKL (1:1000, #14993), p-MLKL (1:1000, #91689), PARP (1:1000, #9542), p-PRAS40 (1:1000, #2997), p62 (1:1000, #5114), p-RB (1:1000, #8180), RIP (1:1000, #3493), p-RIP (1:1000, #65746), RIP3 (1:1000, #13526), pRIP3 (1:1000, #93654), p-STAT3 (1:1000, #9145), and Survivin (1:1000, #2808). β-actin (C4, 1:1000, #sc-47778), Cdk4 (1:1000, #sc-23896), Cdk6 (1:1000, #sc-7961), and CyclinD1 (1:1000, #sc-20044), were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). MMP13 (1:1000, NBP1-45723) was purchased from Novus Biologicals (Centennial, CO, USA). Protein signals were detected using the ProteinSimple detection system (ProteinSimple Inc., Santa Clara, CA, USA).




4.6. BrdU Incorporation Assay


A BrdU incorporation assay was performed to measure the quantification of DNA replication according to the protocol provided by the supplier using the colorimetric BrdU ELIZA Kit (Biovision, Milpitas, CA, USA).




4.7. Proteome Profiler Human Phospho-Kinase Array


Antibodies targeting human phosphokinases for capture and control were spotted in duplicates on the membranes. The following procedures were performed according to the protocol provided by the supplier (#ARY003C, R&D Systems, Minneapolis, MN, USA).




4.8. Autophagosome Formation Assay


Autophagosome formation was performed using the DAPGreen Autophagy Detection Kit (Dojindo, Kumamoto, Japan) according to the manufacturer’s instructions. Images of autophagosomes were captured using an Olympus IX73 inverted microscope (Olympus Corporation, Tokyo, Japan) and an intravital multi-photon microscope system (IMPM) at the Korea Basic Science Institute (KBSI) (Gwangju, Republic of Korea).




4.9. Cell Migration Assay


Cell migration was assessed using a wound-healing assay that was created by scratching the cell monolayer with a 200 μL pipette tip, as previously described [62]. After treatment with Vitex for 24 h and 48 h, images of the migrating cells were captured using a light microscope.




4.10. Cell Invasion Assay


The cell invasion assay was performed using a Boyden chamber with membranes coated with Matrigel solution (Corning Life Sciences, Tewksbury, MA, USA), as previously described [62]. After pretreatment with Vitex, cells were seeded and allowed to infiltrate for 4 h. Images of the invading cells were captured using a light microscope.




4.11. Statistical Analysis


Data were analyzed using GraphPad Prism version 5 (GraphPad Prism, Inc., San Diego, CA, USA). Data are presented as the mean with standard deviation (SD). Significance (p < 0.05) was evaluated using one-way analysis of variance with Dunnett’s post hoc test to compare all columns against the control column in the GraphPad Prism program.
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	Artemisia apiacea Hance ex Walp.



	BrdU
	Bromodeoxyuridine



	MLKL
	Mixed lineage kinase domain like pseudokinase
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	Matrix metalloproteinase 13



	MTT
	3-[4:5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide



	PRAS40
	40 kDa proline-rich Akt substrate



	RIP
	Receptor-interacting serine/threonine-protein kinase



	Vitex
	Vitexicarpin







References


	



Tian, H.; Cao, J.; Li, B.; Nice, E.C.; Mao, H.; Zhang, Y.; Huang, C. Managing the immune microenvironment of osteosarcoma: The outlook for osteosarcoma treatment. Bone Res. 2023, 11, 11. [Google Scholar] [CrossRef]

	



Durfee, R.A.; Mohammed, M.; Luu, H.H. Review of Osteosarcoma and Current Management. Rheumatol. Ther. 2016, 3, 221–243. [Google Scholar] [CrossRef]

	



Franchi, A. Epidemiology and classification of bone tumors. Clin. Cases Miner. Bone Metab. 2012, 9, 92–95. [Google Scholar]

	



Panez-Toro, I.; Munoz-Garcia, J.; Vargas-Franco, J.W.; Renodon-Corniere, A.; Heymann, M.F.; Lezot, F.; Heymann, D. Advances in Osteosarcoma. Curr. Osteoporos. Rep. 2023, 21, 330–343. [Google Scholar] [CrossRef] [PubMed]

	



Harris, M.A.; Hawkins, C.J. Recent and Ongoing Research into Metastatic Osteosarcoma Treatments. Int. J. Mol. Sci. 2022, 23, 3817. [Google Scholar] [CrossRef]

	



Lawrence, M.S.; Stojanov, P.; Mermel, C.H.; Robinson, J.T.; Garraway, L.A.; Golub, T.R.; Meyerson, M.; Gabriel, S.B.; Lander, E.S.; Getz, G. Discovery and saturation analysis of cancer genes across 21 tumour types. Nature 2014, 505, 495–501. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, Y.; Yang, Y.; Liu, J.; Yang, X. Functional role of MicroRNA/PI3K/AKT axis in osteosarcoma. Front. Oncol. 2023, 13, 1219211. [Google Scholar] [CrossRef] [PubMed]

	



Hoxhaj, G.; Manning, B.D. The PI3K-AKT network at the interface of oncogenic signalling and cancer metabolism. Nat. Rev. Cancer 2020, 20, 74–88. [Google Scholar] [CrossRef]

	



Atif, F.; Yousuf, S.; Stein, D.G. Anti-tumor effects of progesterone in human glioblastoma multiforme: Role of PI3K/Akt/mTOR signaling. J. Steroid Biochem. Mol. Biol. 2015, 146, 62–73. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Weng, Q.; Han, J.; Chen, J. Alantolactone suppresses human osteosarcoma through the PI3K/AKT signaling pathway. Mol. Med. Rep. 2020, 21, 675–684. [Google Scholar] [CrossRef]

	



Revathidevi, S.; Munirajan, A.K. Akt in cancer: Mediator and more. Semin. Cancer Biol. 2019, 59, 80–91. [Google Scholar] [CrossRef]

	



Song, M.; Bode, A.M.; Dong, Z.; Lee, M.H. AKT as a Therapeutic Target for Cancer. Cancer Res. 2019, 79, 1019–1031. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, M.T.; Luo, D.W.; Ke, Z.; Ye, J.; Tu, P.F. A novel polyacetylene from the aerial parts of. Phytochem. Lett. 2014, 8, 52–54. [Google Scholar] [CrossRef]

	



Yang, J.H.; Lee, E.; Lee, B.; Cho, W.K.; Ma, J.Y.; Park, K.I. Ethanolic Extracts of Artemisia apiacea Hance Improved Atopic Dermatitis-Like Skin Lesions In Vivo and Suppressed TNF-Alpha/IFN-Gamma-Induced Proinflammatory Chemokine Production In Vitro. Nutrients 2018, 10, 806. [Google Scholar] [CrossRef] [PubMed]

	



Ryu, J.C.; Park, S.M.; Hwangbo, M.; Byun, S.H.; Ku, S.K.; Kim, Y.W.; Kim, S.C.; Jee, S.Y.; Cho, I.J. Methanol Extract of Artemisia apiacea Hance Attenuates the Expression of Inflammatory Mediators via NF-κB Inactivation. Evid. Based Complement. Altern. Med. 2013, 2013, 494681. [Google Scholar] [CrossRef]

	



Deng, Y.; Liu, Z.; Geng, Y. Anti-allergic effect of Artemisia extract in rats. Exp. Ther. Med. 2016, 12, 1130–1134. [Google Scholar] [CrossRef]

	



Zhang, B.; Liu, L.; Zhao, S.; Wang, X.; Liu, L.; Li, S. Vitexicarpin acts as a novel angiogenesis inhibitor and its target network. Evid. Based Complement. Altern. Med. 2013, 2013, 278405. [Google Scholar] [CrossRef]

	



Mukhtar, E.; Adhami, V.M.; Mukhtar, H. Targeting microtubules by natural agents for cancer therapy. Mol. Cancer Ther. 2014, 13, 275–284. [Google Scholar] [CrossRef]

	



Dhyani, P.; Quispe, C.; Sharma, E.; Bahukhandi, A.; Sati, P.; Attri, D.C.; Szopa, A.; Sharifi-Rad, J.; Docea, A.O.; Mardare, I.; et al. Anticancer potential of alkaloids: A key emphasis to colchicine, vinblastine, vincristine, vindesine, vinorelbine and vincamine. Cancer Cell Int. 2022, 22, 206. [Google Scholar] [CrossRef] [PubMed]

	



Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [Google Scholar] [CrossRef] [PubMed]

	



Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022, 12, 31–46. [Google Scholar] [CrossRef]

	



Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef]

	



Sauter, E.R. Cancer prevention and treatment using combination therapy with natural compounds. Expert Rev. Clin. Pharmacol. 2020, 13, 265–285. [Google Scholar] [CrossRef]

	



Nobili, S.; Lippi, D.; Witort, E.; Donnini, M.; Bausi, L.; Mini, E.; Capaccioli, S. Natural compounds for cancer treatment and prevention. Pharmacol. Res. 2009, 59, 365–378. [Google Scholar] [CrossRef]

	



An, J.; Yang, H.; Zhang, Q.; Liu, C.; Zhao, J.; Zhang, L.; Chen, B. Natural products for treatment of osteoporosis: The effects and mechanisms on promoting osteoblast-mediated bone formation. Life Sci. 2016, 147, 46–58. [Google Scholar] [CrossRef]

	



Wang, C.; Youle, R.J. The role of mitochondria in apoptosis. Annu. Rev. Genet. 2009, 43, 95–118. [Google Scholar] [CrossRef] [PubMed]

	



Tamm, I.; Wang, Y.; Sausville, E.; Scudiero, D.A.; Vigna, N.; Oltersdorf, T.; Reed, J.C. IAP-family protein survivin inhibits caspase activity and apoptosis induced by Fas (CD95), Bax, caspases, and anticancer drugs. Cancer Res. 1998, 58, 5315–5320. [Google Scholar] [PubMed]

	



Ugarte-Uribe, B.; Garcia-Saez, A.J. Apoptotic foci at mitochondria: In and around Bax pores. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2017, 372, 20160217. [Google Scholar] [CrossRef] [PubMed]

	



Kluck, R.M.; Bossy-Wetzel, E.; Green, D.R.; Newmeyer, D.D. The release of cytochrome c from mitochondria: A primary site for Bcl-2 regulation of apoptosis. Science 1997, 275, 1132–1136. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Duan, N.; Zhang, C.; Zhang, W. Survivin and Tumorigenesis: Molecular Mechanisms and Therapeutic Strategies. J. Cancer 2016, 7, 314–323. [Google Scholar] [CrossRef] [PubMed]

	



Tewari, M.; Quan, L.T.; O’Rourke, K.; Desnoyers, S.; Zeng, Z.; Beidler, D.R.; Poirier, G.G.; Salvesen, G.S.; Dixit, V.M. Yama/CPP32 beta, a mammalian homolog of CED-3, is a CrmA-inhibitable protease that cleaves the death substrate poly(ADP-ribose) polymerase. Cell 1995, 81, 801–809. [Google Scholar] [CrossRef] [PubMed]

	



Bai, X.T.; Moles, R.; Chaib-Mezrag, H.; Nicot, C. Small PARP inhibitor PJ-34 induces cell cycle arrest and apoptosis of adult T-cell leukemia cells. J. Hematol. Oncol. 2015, 8, 117. [Google Scholar] [CrossRef]

	



Mashimo, M.; Onishi, M.; Uno, A.; Tanimichi, A.; Nobeyama, A.; Mori, M.; Yamada, S.; Negi, S.; Bu, X.; Kato, J.; et al. The 89-kDa PARP1 cleavage fragment serves as a cytoplasmic PAR carrier to induce AIF-mediated apoptosis. J. Biol. Chem. 2021, 296, 100046. [Google Scholar] [CrossRef] [PubMed]

	



Roue, G.; Pichereau, V.; Lincet, H.; Colomer, D.; Sola, B. Cyclin D1 mediates resistance to apoptosis through upregulation of molecular chaperones and consequent redistribution of cell death regulators. Oncogene 2008, 27, 4909–4920. [Google Scholar] [CrossRef]

	



Yang, K.; Hitomi, M.; Stacey, D.W. Variations in cyclin D1 levels through the cell cycle determine the proliferative fate of a cell. Cell Div. 2006, 1, 32. [Google Scholar] [CrossRef] [PubMed]

	



Montalto, F.I.; De Amicis, F. Cyclin D1 in Cancer: A Molecular Connection for Cell Cycle Control, Adhesion and Invasion in Tumor and Stroma. Cells 2020, 9, 2648. [Google Scholar] [CrossRef]

	



Zhang, J.; Yu, X.H.; Yan, Y.G.; Wang, C.; Wang, W.J. PI3K/Akt signaling in osteosarcoma. Clin. Chim. Acta 2015, 444, 182–192. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, G.; Li, M.; Zhu, X.; Bai, Y.; Yang, C. Knockdown of Akt sensitizes osteosarcoma cells to apoptosis induced by cisplatin treatment. Int. J. Mol. Sci. 2011, 12, 2994–3005. [Google Scholar] [CrossRef]

	



Diaz-Montero, C.M.; Wygant, J.N.; McIntyre, B.W. PI3-K/Akt-mediated anoikis resistance of human osteosarcoma cells requires Src activation. Eur. J. Cancer 2006, 42, 1491–1500. [Google Scholar] [CrossRef]

	



Sadrkhanloo, M.; Paskeh, M.D.A.; Hashemi, M.; Raesi, R.; Bahonar, A.; Nakhaee, Z.; Entezari, M.; Beig Goharrizi, M.A.S.; Salimimoghadam, S.; Ren, J.; et al. New emerging targets in osteosarcoma therapy: PTEN and PI3K/Akt crosstalk in carcinogenesis. Pathol. Res. Pract. 2023, 251, 154902. [Google Scholar] [CrossRef]

	



Madhunapantula, S.V.; Sharma, A.; Robertson, G.P. PRAS40 deregulates apoptosis in malignant melanoma. Cancer Res. 2007, 67, 3626–3636. [Google Scholar] [CrossRef]

	



Lv, D.; Guo, L.; Zhang, T.; Huang, L. PRAS40 signaling in tumor. Oncotarget 2017, 8, 69076–69085. [Google Scholar] [CrossRef]

	



Kovacina, K.S.; Park, G.Y.; Bae, S.S.; Guzzetta, A.W.; Schaefer, E.; Birnbaum, M.J.; Roth, R.A. Identification of a proline-rich Akt substrate as a 14-3-3 binding partner. J. Biol. Chem. 2003, 278, 10189–10194. [Google Scholar] [CrossRef]

	



Zhang, G.; Li, D.; Chen, H.; Zhang, J.; Jin, X. Vitexin induces G2/M-phase arrest and apoptosis via Akt/mTOR signaling pathway in human glioblastoma cells. Mol. Med. Rep. 2018, 17, 4599–4604. [Google Scholar] [CrossRef]

	



Kondo, Y.; Kanzawa, T.; Sawaya, R.; Kondo, S. The role of autophagy in cancer development and response to therapy. Nat. Rev. Cancer 2005, 5, 726–734. [Google Scholar] [CrossRef]

	



Levine, B. Cell biology: Autophagy and cancer. Nature 2007, 446, 745–747. [Google Scholar] [CrossRef] [PubMed]

	



Marino, G.; Niso-Santano, M.; Baehrecke, E.H.; Kroemer, G. Self-consumption: The interplay of autophagy and apoptosis. Nat. Rev. Mol. Cell Biol. 2014, 15, 81–94. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Huang, C.; Yang, P.; Li, C.; Li, M. Eldecalcitol induces apoptosis and autophagy in human osteosarcoma MG-63 cells by accumulating ROS to suppress the PI3K/Akt/mTOR signaling pathway. Cell. Signal. 2021, 78, 109841. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, G.S.; Gao, Z.R.; Zhang, Q.; Tang, X.F.; Lv, Y.F.; Zhang, Z.S.; Zhang, Y.; Tan, Q.L.; Peng, D.B.; Jiang, D.M.; et al. TSSC3 promotes autophagy via inactivating the Src-mediated PI3K/Akt/mTOR pathway to suppress tumorigenesis and metastasis in osteosarcoma, and predicts a favorable prognosis. J. Exp. Clin. Cancer Res. 2018, 37, 188. [Google Scholar] [CrossRef] [PubMed]

	



Lin, J.; Fang, Y.; Zhang, M.; Wang, X.; Li, L.; He, M.; Xue, A.; Zhu, K.; Shen, Y.; Li, B. Phosphorylation of PRAS40 contributes to the activation of the PI3K/AKT/mTOR signaling pathway and the inhibition of autophagy following status epilepticus in rats. Exp. Ther. Med. 2020, 20, 3625–3632. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Q.; Qiu, J.; Liang, M.; Golinski, J.; van Leyen, K.; Jung, J.E.; You, Z.; Lo, E.H.; Degterev, A.; Whalen, M.J. Akt and mTOR mediate programmed necrosis in neurons. Cell Death Dis. 2014, 5, e1084. [Google Scholar] [CrossRef] [PubMed]

	



McNamara, C.R.; Ahuja, R.; Osafo-Addo, A.D.; Barrows, D.; Kettenbach, A.; Skidan, I.; Teng, X.; Cuny, G.D.; Gerber, S.; Degterev, A. Akt Regulates TNFα synthesis downstream of RIP1 kinase activation during necroptosis. PLoS ONE 2013, 8, e56576. [Google Scholar] [CrossRef] [PubMed]

	



Galluzzi, L.; Kroemer, G. Necroptosis: A specialized pathway of programmed necrosis. Cell 2008, 135, 1161–1163. [Google Scholar] [CrossRef]

	



Gong, Y.; Fan, Z.; Luo, G.; Yang, C.; Huang, Q.; Fan, K.; Cheng, H.; Jin, K.; Ni, Q.; Yu, X.; et al. The role of necroptosis in cancer biology and therapy. Mol. Cancer 2019, 18, 100. [Google Scholar] [CrossRef]

	



He, S.; Huang, S.; Shen, Z. Biomarkers for the detection of necroptosis. Cell Mol. Life Sci. 2016, 73, 2177–2181. [Google Scholar] [CrossRef]

	



Seo, J.; Nam, Y.W.; Kim, S.; Oh, D.B.; Song, J. Necroptosis molecular mechanisms: Recent findings regarding novel necroptosis regulators. Exp. Mol. Med. 2021, 53, 1007–1017. [Google Scholar] [CrossRef]

	



Zhou, J.; Zhu, Y.; Liu, Y.; Niu, P.; Chen, H.; Deng, J.; Shi, D. High PRAS40 mRNA expression and its role in prognosis of clear cell renal cell carcinoma. Transl. Androl. Urol. 2020, 9, 1650–1660. [Google Scholar] [CrossRef] [PubMed]

	



Chen, G.; Li, Z.; Chen, C.; Liu, J.; Zhu, W.; She, L.; Huang, H.; Qin, Y.; Liu, G.; Wang, J.; et al. The Molecular Landscape and Biological Alterations Induced by PRAS40-Knockout in Head and Neck Squamous Cell Carcinoma. Front. Oncol. 2020, 10, 565669. [Google Scholar] [CrossRef]

	



Sheng, G.; Gao, Y.; Yang, Y.; Wu, H. Osteosarcoma and Metastasis. Front. Oncol. 2021, 11, 780264. [Google Scholar] [CrossRef]

	



Hirahata, M.; Osaki, M.; Kanda, Y.; Sugimoto, Y.; Yoshioka, Y.; Kosaka, N.; Takeshita, F.; Fujiwara, T.; Kawai, A.; Ito, H.; et al. PAI-1, a target gene of miR-143, regulates invasion and metastasis by upregulating MMP-13 expression of human osteosarcoma. Cancer Med. 2016, 5, 892–902. [Google Scholar] [CrossRef]

	



Park, K.R.; Park, J.I.; Lee, S.; Yoo, K.; Kweon, G.R.; Kwon, I.K.; Yun, H.M.; Hong, J.T. Chi3L1 is a therapeutic target in bone metabolism and a potential clinical marker in patients with osteoporosis. Pharmacol. Res. 2022, 184, 106423. [Google Scholar] [CrossRef] [PubMed]

	



Yun, H.M.; Kwon, Y.J.; Kim, E.; Chung, H.J.; Park, K.R. Machilin D Promotes Apoptosis and Autophagy, and Inhibits Necroptosis in Human Oral Squamous Cell Carcinoma Cells. Int. J. Mol. Sci. 2023, 24, 4576. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 25 03582 g001] 





Figure 1. Purification of Vitexicarpin (Vitex) from aerial parts of Artemisia apiacea. (A) Procedure for the isolation of Vitex. (B,C) 1H-NMR (500 MHz, DMSO-d6) (B) and 13C-NMR (100 MHz, CD3OD) (C) spectra of Vitex. (D) HPLC analysis of purified Vitex. The inset shows Vitex’s chemical structure, molecular formula, and purity. 
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Figure 2. Effects of Vitex on cell viability in human osteosarcoma cells. (A) Cell viability (%) was detected using an MTT assay after Vitex treatment at concentrations ranging from 0 to 100 μM, or 10 μM of Vincristine treatment for 0 to 72 h in human MG63 osteosarcoma cells. (B,C) After Vitex or Methotrexate treatment for 24 h, the cell viability (%) was detected in human MG63 (B) and SJSA1 (C) osteosarcoma cells using an MTT assay. (D,E) After Vitex or Methotrexate treatment for 24 h, the cell viability (%) was detected via an MTT assay in MSCs (D) and pre-osteoblasts (E). Asterisks indicate statistical significance (* p < 0.05); data represent the results of three experiments. 
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Figure 3. Effects of Vitex on apoptosis in the human osteosarcoma cells. (A–C) Western blotting of PARP and cleaved PARP (A); caspase 3 and cleaved caspase 3 (B); and Survivin, Bcl-2, and Bax protein levels (C). (D,E) Western blotting of cyclinD1, Cdk4, and Cdk6 (D) protein levels, as well as pRB phosphorylation levels (E). The amount of β-actin was detected as a loading control in the same sample. (F) BrdU incorporation assay results. Asterisks indicate statistical significance (* p < 0.05); data represent the results of three experiments. 
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Figure 4. Effects of Vitex on intracellular signalling proteins in human osteosarcoma cells. (A) The proteome profiler human phospho-kinase array contains 37 different kinases, including three references and two PBS negative control kinases. Red text: Proteins with large differences. (B) Vitex treatment shows the relative expression of the phosphorylation profiles of 37 different kinases. Double spots with large differences are marked with red rectangles. (C) Western blots of phospho-PRAS40 (p-PRAS40), phospho-AKT (p-AKT), AKT, and β-actin levels. The percentage change is depicted in a bar graph. The amount of β-actin was detected as a loading control in the same sample. Asterisks indicate statistical significance (* p < 0.05); data represent the results of three experiments. 
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Figure 5. Effects of Vitex on autophagy and necroptosis in human osteosarcoma cells. (A) Western blotting of Beclin1, p62, and β-actin levels. (B) Fluorescence microscopy to assess DAPGreen-stained autophagosomes in human osteosarcoma cells. Scale bar: 50 μm. (C) The DAPGreen (fold) is depicted in a bar graph. (D) Western blotting of phospho-MLKL (p-MLKL), MLKL, phospho-RIP3 (p-RIP3), RIP3, phospho-RIP (p-RIP), RIP, and β-actin levels. The amount of β-actin was detected as a loading control in the same sample. Asterisks indicate statistical significance (* p < 0.05); data represent the results of three experiments. 
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Figure 6. Effects of Vitex on cell migration and invasion of human osteosarcoma cells. (A,B) Migrative cells were detected using a wound-healing assay, and images were captured using a light microscope. Red dotted lines: migration region. Scale bar: 100 μm (A). The migration rate (%) is depicted in a bar graph (B). (C,D) Invasive cells were detected using Boyden chamber assays, and the images were obtained using a light microscope. Scale bar: 50 μm (C). The invasion rate (%) is depicted in a bar graph (D). (E) Western blots of MMP13 and β-actin levels. The amount of β-actin was detected as a loading control in the same sample. Asterisks indicate statistical significance (* p < 0.05); data represent the results of three experiments. 
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