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Abstract

:

Tomentosin is a natural sesquiterpene lactone extracted from various plants and is widely used as a medicine because it exhibits essential therapeutic properties. In this study, we investigated the anti-carcinogenic effects of tomentosin in human osteosarcoma MG-63 cells by performing cell migration/viability/proliferation, apoptosis, and reactive oxygen species (ROS) analysis assays. MG-63 cells were treated with various doses of tomentosin. After treatment with tomentosin, MG-63 cells were analyzed using the MTT assay, colony formation assay, cell counting assay, wound healing assay, Boyden chamber assay, zymography assay, cell cycle analysis, FITC Annexin V apoptosis assay, terminal deoxynucleotidyl transferase dUTP nick end labeling assay, western blot analysis, and ROS detection analysis. Our results indicated that tomentosin decreased cell viability and migration ability in MG-63 cells. Moreover, tomentosin induced apoptosis, cell cycle arrest, DNA damage, and ROS production in MG-63 cells. Furthermore, tomentosin-induced intracellular ROS decreased cell viability and induced apoptosis, cell cycle arrest, and DNA damage in MG-63 cells. Taken together, our results suggested that tomentosin exerted anti-carcinogenic effects in MG-63 cells by induction of intracellular ROS.
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1. Introduction


Osteosarcoma, also known as bone tumor, generally affects children and adolescents [1]. According to recent research, every year, approximately 1150 new cases of high-grade osteosarcoma are detected in the European Union [2]. Moreover, according to the latest cancer statistics, osteosarcoma was ranked as having the lowest five-year relative survival rate among the most common childhood and adolescent cancers in the United Sates [3]. Since modern therapeutic methods have developed rapidly, the outcome for patients with osteosarcoma has improved [4]. Typical treatments for osteosarcoma include surgery and intensive chemotherapy [5]. However, with respect to recurrent and metastatic osteosarcoma, previous treatments, including surgery and chemotherapy exhibit limited therapeutic effect [6]. Therefore, it is necessary to develop new therapeutic strategies to treat osteosarcoma.



In modern medicine, natural compounds have been a crucial source of many drugs. Tomentosin is a sesquiterpene lactone isolated from Inula viscosa (L.) Aiton., which is widely used as a medicine because it exhibits essential therapeutic properties, such as anti-inflammatory [7], anti-bacterial, and anti-cancer activities [8,9]. Moreover, recent research has shown that tomentosin has an anti-proliferative effect on human cancer cell lines in vitro. Tomentosin also induces apoptosis via telomere shortening in human cervical cancer cells [9].



Tomentosin has been shown to have an anti-carcinogenic effect in human melanoma cells, despite the fact that malignant melanoma is an aggressive tumor resisting frequent chemotherapy [10]. However, the anti-cancer effects of tomentosin in various cancer cell lines have barely been investigated, especially in osteosarcoma. Therefore, the present study investigated the anti-carcinogenic effects of tomentosin in human osteosarcoma MG-63 cells.



Reactive oxygen species (ROS) are generated during the process of mitochondrial oxidative metabolism as well as in response to cellular stress [11]. It has been reported that ROS function as crucial chemical messengers and play an important role in cell growth and proliferation [12]. Generally, the anti-carcinogenic characteristic of phytochemicals is believed to be associated with their ability to suppress intracellular ROS [13]. However, the pro-oxidant activity of phytochemicals, rather than their anti-oxidant activity in cancer cells, has been reported to be a crucial mechanism for mediating their anti-carcinogenic activities [14]. Celastrol has been shown to induce G2/M phase cell cycle arrest, apoptosis, and autophagy through the ROS/Jun N-terminal kinase (JNK) signaling pathway in human osteosarcoma cells [15]. Moreover, phenyl arsine oxide was shown to induce apoptosis in human hepatocellular carcinoma HepG2 cells via ROS-dependent signaling pathways [16].



The aim of our study was to evaluate the anti-carcinogenic effects of tomentosin in human osteosarcoma MG-63 cells. We investigated the mechanisms of tomentosin-induced cell death in MG-63 cells.




2. Results


2.1. Tomentosin Inhibited Proliferation and Induced G2/M Cell Cycle Arrest in MG-63 Cells


MG-63 cells were treated with different concentrations of tomentosin (0, 10, 20, and 40 μM) dissolved in dimethyl sulfoxide (DMSO) (final concentration of 0.1%) for 24 and 48 h. The structure of tomentosin is shown in Figure 1a. We observed detectable morphological changes after treatment of MG-63 cells with tomentosin (Figure 1b). After treatment with tomentosin, the MTT assay was performed. As shown in Figure 1c, the viability of MG-63 cells was decreased after tomentosin treatment in a dose- and time-dependent manner. The IC50 (concentration that inhibits 50% of cell survival) value of tomentosin in MG-63 cells was approximately 40 µM after 24 h of treatment. In addition, cell counting assay results showed that the number of cells was significantly decreased after treatment with 20 and 40 µM of tomentosin for 24 and 48 h (Figure 1d). Similarly, clonogenic survival of MG-63 cells was markedly decreased when treated with 10 µM of tomentosin compared to control group (Figure 1e). We counted the number of colonies and the data were analyzed statistically (Figure 1f). Taken together, our results indicated that tomentosin inhibited both the proliferation and clonogenic survival of MG-63 cells. To evaluate the effects of tomentosin on the cell cycle, a cell cycle assay was performed. MG-63 cells were treated with different concentrations of tomentosin (0, 10, 20, and 40 μM) for 48 h and analyzed using flow cytometry. Cell cycle analysis results showed a dose-dependent effect of tomentosin on the cell cycle in MG-63 cells (Figure 1g). After 48 h of treatment with 40 µM tomentosin, the percentage of cells in the G2/M population increased from 25.24 to 49.53%. The bar graph shows a significant increase in the proportion of cells in the G2/M phase as compared to that in the control group (Figure 1h). Our results demonstrated that tomentosin exerted anti-proliferative effects through cell cycle arrest in the G2/M phase.




2.2. Tomentosin Inhibited Migration and Invasion of MG-63 Cells


To determine the effects of tomentosin on cell migration, a wound healing assay was performed in MG-63 cells. Migration of tomentosin-treated MG-63 cells was significantly decreased in a dose- and time-dependent manner (Figure 2a). The results showed that the wound area was healed perfectly after 36 h in the control group. Statistical analysis showed that the empty area was significantly increased in tomentosin-treated MG-63 cells compared to that in the control group (Figure 2b). Furthermore, we performed Boyden chamber assays to evaluate the invasive ability of MG-63 cells after tomentosin treatment (Figure 2c). We found that the number of invading cells was significantly decreased after treatment with tomentosin (Figure 2d). We also performed zymography analysis to evaluate the activity of matrix metalloproteinase (MMP)-2 in tomentosin-treated MG-63 cells (Figure 2e). The enzymatic activity of MMP-2 in MG-63 cells was significantly inhibited after treatment with tomentosin (Figure 2f). Taken together, our results indicated that tomentosin reduced the migration and invasion ability of MG-63 cells.




2.3. Tomentosin Induced Apoptosis in MG-63 Cells


To investigate tomentosin-induced apoptosis in MG-63 cells, we next performed an annexin V/propidium iodide (PI) double-staining assay. We stained MG-63 cells with annexin V and PI dye after treatment with different concentrations of tomentosin (0, 10, 20, and 40 μM) for 24 and 48 h. After treatment, the cells were analyzed using flow cytometry. Our results indicated that the levels of annexin V+/PI– cells and annexin V+/PI+ cells were increased in tomentosin-treated MG-63 cells and the bar graphs showed that the percentage of total apoptotic cells (early and late apoptosis) was increased in MG-63 cells treated with tomentosin in a dose- and time-dependent manner (Figure 3a–d). Furthermore, to observe tomentosin-induced DNA fragmentation in the nuclei of MG-63 cells, the terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) assay was performed after treatment of MG-63 cells with different concentrations of tomentosin (0, 10, 20, and 40 μM) for 24 and 48 h. We observed that green fluorescence (a sign of DNA fragmentation) was increased in tomentosin-treated MG-63 cells in a dose- and time-dependent manner (Figure 3e–h). Merged images showed the DNA-fragmented nuclei of MG-63 cells treated with tomentosin. Thus, our results indicated that tomentosin induced apoptosis and DNA fragmentation in the nuclei of MG-63 cells. To investigate the tomentosin-induced apoptosis signaling pathways in MG-63 cells, we performed western blot analysis. We analyzed the protein levels of caspase-3, caspase-7, caspase-8, caspase-9, activated caspases, poly (ADP-ribose) polymerase (PARP), cleaved PARP, H2AX, γH2AX, Bcl-2, Bcl-xl, and FOXO3 after treatment of MG-63 cells with tomentosin (0, 10, 20, and 40 μM) for 48 h (Figure 3i). We found that the tomentosin treatment decreased the levels of caspase-3, caspase-7, caspase-8, and caspase-9, and also induced PARP cleavage. Furthermore, we analyzed the protein levels of Akt, phospho (p)Akt, JNK, pJNK, p38, pp38, extracellular signal-regulated kinase (ERK), pERK, peroxiredoxin-1, and Bax after treatment of MG-63 cells with tomentosin. There was no significant change in the levels of JNK, pJNK, p38, and pp38. However, we found that tomentosin treatment decreased peroxiredoxin-1 and pERK levels and increased γH2AX levels in MG-63 cells. We also found that the Bax and p27 expression levels were significantly increased after treatment with tomentosin. Taken together, our results showed that tomentosin treatment induced apoptosis in MG-63 cells via activation of caspases and mitochondrial pro-apoptotic proteins. To verify the role of FOXO3 for G2/M cell cycle arrest in MG-63 cells treated with tomentosin, we performed Western blotting analysis of FOXO3 and p27 expression level in MG-63 cells transfected with control siRNA or FOXO3 siRNA followed by tomentosin treatment. As shown in Figure 3j, after tomentosin treatment for 24 h, compared to the DMSO control, both of the FOXO3 and p27 expression levels were increased in MG-63 cells transfected with control siRNA but neither the FOXO3 nor p27 expression levels were changed in MG-63 cells transfected with siRNA against FOXO3. This result suggests that tomentosin may induce p27-mediated G2/M cell cycle arrest in a FOXO3-dependent manner.




2.4. Tomentosin Increased Intracellular ROS Level in MG-63 Cells


Since the expression level of peroxiredoxin-1 was downregulated in MG-63 cells after the treatment with tomentosin, we measured the ROS level in MG-63 cells treated with tomentosin using a 2’,7’-dichlorofluorescin diacetate (DCF-DA) assay. The cells were treated with different concentrations of tomentosin for 48 h. Flow cytometry analysis showed that mean fluorescence intensity (MFI) values of the cells treated with 0, 10, 20, and 40 μM of tomentosin were 125, 191, 221, and 449, respectively (Figure 4a,b). We also used N-acetyl cysteine (NAC) to investigate the effect of intracellular ROS. The cells were treated with 40 μM of tomentosin or/and 10 mM of NAC for 48 h. Flow cytometry results also showed that the MFI values of control, NAC-treated cells, cells treated with tomentosin, and cells treated with both were 151, 126, 716, and 149, respectively (Figure 4c,d).




2.5. Tomentosin-Induced Intracellular ROS Inhibited Proliferation and Induced G2/M Cell Cycle Arrest in MG-63 Cells


To investigate the effects of tomentosin-induced intracellular ROS in MG-63 cells, the cells were treated with 10 mM of NAC and 40 μM of tomentosin for 48 h. Compared with the tomentosin-treated group, there were a greater number of viable cells in the NAC + tomentosin-treated group (Figure 5a). We measured the viability of control cells, NAC-treated cells, cells treated with 40 μM of tomentosin, and cells treated with both using the MTT assay. The results showed that the viability of tomentosin-treated cells was lower than that of cells treated with NAC + tomentosin (Figure 5b). These results suggested that the tomentosin-induced increase in intracellular ROS decreased the viability of MG-63 cells. The cell counting assay also revealed that tomentosin induced ROS-mediated inhibition of proliferation of MG-63 cells (Figure 5c). To evaluate the effects of tomentosin-induced ROS on cell cycle, a cell cycle assay was performed (Figure 5d,e). The proportion of cells in the G2/M phase was significantly higher when treated with tomentosin alone as compared to when cells were treated with NAC + tomentosin. These results indicated that tomentosin-induced intracellular ROS mediated cell cycle arrest in MG-63 cells at the G2/M phase.




2.6. Tomentosin-Induced Intracellular ROS Inhibited Migration and Invasion of MG-63 Cells


To determine the effects of tomentosin-induced intracellular ROS on cell migration, Boyden chamber and zymography assays were performed on MG-63 cells. The cells were treated with 10 mM of NAC and/or 40 μM of tomentosin for 48 h. We found that the number of invading cells was significantly lower in the tomentosin-treated group compared with NAC + tomentosin-treated group (Figure 6a,b). These results suggested that tomentosin-induced intracellular ROS decreased the invasion ability of MG-63 cells. We also performed zymography analysis to evaluate the activity of MMP-2 in NAC- and/or tomentosin-treated MG-63 cells (Figure 6c,d). The enzymatic activity of MMP-2 in tomentosin-treated cells was lower compared with that in NAC + tomentosin-treated cells.




2.7. Tomentosin-Induced Intracellular ROS Promoted Apoptosis in MG-63 Cells


To investigate apoptosis caused by tomentosin-induced intracellular ROS in MG-63 cells, we performed an annexin V/PI double-staining assay, TUNEL assay, and Western blotting. The cells were treated with 10 mM NAC and/or 40 μM tomentosin for 48 h. FACS analysis showed that the total apoptotic cell rates of tomentosin-treated cells were higher compared with those of NAC + tomentosin-treated cells (Figure 7a,b). These results suggested that tomentosin-induced intracellular ROS caused apoptosis of MG-63 cells. Moreover, a TUNEL assay was performed to study the effects of tomentosin-induced intracellular ROS in MG-63 cells. We observed that green fluorescence (indicative of apoptosis) was higher in tomentosin-treated cells compared with that in NAC + tomentosin-treated cells (Figure 7c,d). These results showed that tomentosin-induced intracellular ROS promoted DNA damage in MG-63 cells. To investigate the apoptotic signaling pathways activated by tomentosin-induced intracellular ROS in MG-63 cells, we performed Western blot analysis. We analyzed the protein levels of caspase-3, caspase-7, caspase-8, caspase-9, PARP, cleaved PARP, H2AX, γH2AX, Bcl-xl, FOXO3, AKT, pAKT, JNK, pJNK, p38, pp38, ERK, pERK, Bcl-2, and Bax (Figure 7e). We observed that expression levels of caspase-3, caspase-7, caspase-8, and caspase-9 were lower in tomentosin-treated cells compared with those in NAC + tomentosin-treated cells. We also found that expression levels of cleaved PARP, γH2AX, and Bax were higher in tomentosin-treated cells compared with those in NAC + tomentosin-treated cells. These results suggested that tomentosin-induced intracellular ROS activated the apoptotic signaling pathways in MG-63 cells.





3. Discussion


Osteosarcoma is a highly prevalent cancer worldwide, commonly occurring in children and adolescents [17]. Although the prognosis of osteosarcoma has improved because of the development of new therapeutic methods, the long-term survival rate for osteosarcoma has stagnated [15]. Therefore, it is necessary to develop novel innovative drugs to improve long-term outcome in patients with osteosarcoma. The objective of the present study was to identify effective anti-carcinogenic agents for human osteosarcoma.



Tomentosin is a natural compound extracted from I. viscosa L. and it is recognized as an effective therapeutic agent against various cancers [9]. However, the anti-carcinogenic effects of tomentosin on many kinds of cancer have not been studied so far. In this study, we examined the anti-carcinogenic effects of tomentosin on human osteosarcoma MG-63 cells. We selected the MG-63 osteosarcoma cell line for this specific study because we wanted to investigate the possibility of tomentosin as a novel therapeutic option for p53 null osteosarcoma patients. MG-63 cells are known to have no functional p53 (p53 null) and thus serve as a good model cell line for the development of novel therapeutic treatments for osteosarcoma patients with p53 null status. We found that tomentosin inhibited the proliferation and migration of MG-63 cells. Moreover, our results also showed that tomentosin induced apoptosis, DNA fragmentation, cell cycle arrest, and activation of apoptotic signaling pathways in MG-63 cells. We also observed that tomentosin induced intracellular ROS in MG-63 cells.



In this study, we investigated the anti-carcinogenic effect of tomentosin in human osteosarcoma MG-63 cells. When cells were treated with a tomentosin dose higher than 40 µM, the cytotoxic effect was too strong and the cells almost died. Therefore, 40 µM was the maximum concentration of tomentosin used in this study.



When cells were treated with relatively low concentrations of tomentosin (0, 10, and 20 µM), the apoptotic rates were low. However, a low dose of tomentosin significantly decreased cell migration (migration assay) and invasion (invasion assay) abilities. Moreover, gelatinase activity was significantly decreased in the 20 µM tomentosin-treated group. These results suggested that tomentosin suppressed migration and invasion abilities under conditions of low concentration of tomentosin. When the cells were treated with 40 µM of tomentosin, however, the proportion of TUNEL-positive cells was much higher than that in other groups. These results suggested that tomentosin induced apoptosis when the cells were treated with high concentrations of tomentosin. Taken together, our results suggested that tomentosin suppressed migration/invasion ability and subsequently induced apoptosis in MG-63 cells depending on the treatment dose.



The PI3K/Akt signaling pathway has been studied widely for its roles in the cell survival process [18]. It was previously reported that tamoxifen induced apoptosis, and the pAkt expression level was significantly decreased after tamoxifen treatment in various kinds of cells, such as MDA-MB-231, MDA-MB-468, MDA-MB-453, and SK-BR-3 cells [19]. However, our results indicated that the pAkt expression level was not changed significantly in MG-63 cells after treatment with tomentosin. JNKs play a crucial role in apoptotic signaling pathways [20]. A recent study showed that hesperitin induces apoptosis and the activation of the ASK1/JNK signaling pathway in human breast carcinoma MCF-7 cells [13]. On the contrary, our results indicated that the JNK signaling pathway was not activated in MG-63 cells after treatment with tomentosin. The Ras/Raf/ERK signaling pathway also plays a critical role in cell function and survival [21]. It was reported that sorafenib induced apoptosis and decreased pERK expression in HepG2 cells [22]. Interestingly, our results also indicated that the pERK expression level was significantly decreased in MG-63 cells after treatment with tomentosin. Taken together, our results suggested that tomentosin-induced apoptosis might be mediated by the ERK signaling pathway in MG-63 cells.



ROS and the process of mitochondrial oxidative metabolism play an essential role in induction of apoptosis under both physiological and pathological conditions [23]. ROS can induce different pathologies, such as activation of apoptotic signaling pathways, disruption of intracellular redox homeostasis, and oxidative modifications of lipids, proteins, or DNA structure irreversibly [24]. In contrast to normal cells, cancer cells have high levels of intrinsic ROS because of an imbalanced mitochondrial oxidative metabolism process [23]. Intracellular ROS play crucial roles in the induction of apoptotic signaling pathways and regulation of cell proliferation in cancer cells [25].



Several studies have shown the anti-carcinogenic effect of natural compounds on human osteosarcoma cells. Kaempferol is a natural flavonoid, and it exhibits anti-cancer effects via endoplasmic reticulum stress and mitochondria-dependent apoptotic signaling pathways in human osteosarcoma U2OS cells [26]. Diosgenin is a plant steroid, which induces apoptosis via cell cycle arrest and activation of cyclooxygenase in the 1547 human osteosarcoma cell line [27]. Furthermore, ferulic acid, a ubiquitous phenolic acid found in corn, exerts potent anti-carcinogenic effects on human osteosarcoma MG-63 and 143B cells [28].



Peroxiredoxin-1 is a ROS scavenger protein and plays a crucial role in tumorigenesis [29,30]. Genistein is a flavonoid that induces apoptosis in human hepatocellular carcinoma SNU 449 cells via downregulation of peroxiredoxin-1 [31]. Furthermore, peroxiredoxin-1 has been shown to inhibit apoptosis via regulation of the apoptosis signal-regulating kinase-1 pathway in oral leukoplakia [32]. Our study suggested that downregulation of peroxiredoxin-1 induced cell apoptosis. Another study showed that peroxiredoxin-1 exerted anti-apoptotic effects in mouse models with oral precancerous lesions [33]. In this study, we found that the levels of the ROS scavenging protein peroxiredoxin-1 were decreased in MG-63 cells treated with tomentosin.



ROS is an important mediator of apoptosis in osteosarcoma cells. Deoxyelephantopin induces apoptosis via the induction of intracellular ROS in human osteosarcoma MG-63 and U2OS cells [34]. Moreover, nimbolide induces ROS production and apoptosis in MG-63 and U2OS cells [35]. Plumbagin induces apoptosis via intracellular ROS generation and mitochondrial apoptotic signaling pathways in MG-63 and U2OS cells [36]. However, previous studies could not elucidate the role of ROS in apoptosis. In this study, we examined the role of ROS in tomentosin-induced apoptosis.



To examine the role of intracellular ROS in tomentosin-induced apoptosis in MG-63 cells, we suppressed ROS production by treating cells with 10 mM NAC. Interestingly, our results showed that NAC treatment inhibited tomentosin-induced ROS generation in MG-63 cells (Figure 7c), which suggested that tomentosin induced intracellular ROS in MG-63 cells. Peroxiredoxin-1 is an antioxidant enzyme that reduces the level of hydrogen peroxide and alkyl hydroperoxides [37]. Interestingly, Western blot analysis showed that peroxiredoxin-1 levels were decreased after treatment with tomentosin. This result also supported the fact that tomentosin-induced apoptosis is closely associated with intracellular ROS.



In this study, our results strongly supported the notion that tomentosin treatment increased intracellular ROS levels. Thus, we focused on the effects of tomentosin-induced ROS in osteosarcoma MG-63 cells. We observed that tomentosin treatment decreased the expression of peroxiredoxin-1, one of regulators of ROS production in MG-63 cells. Peroxiredoxin-1 is well known to play an important role in maintaining the ROS level for tumor development [38,39,40]. Furthermore, our results supported that tomentosin-induced intracellular ROS was an important mediator of the proliferation, migration, and apoptosis processes in MG-63 cells. We concluded that ROS might be a critical mediator of tomentosin-induced anti-cancer effect. Therefore, we mainly discuss the effect of ROS here. It is known that cancer cells have large amounts of ROS. As shown in Figure 4b, we compared the relative ROS levels after treatment with different concentrations of tomentosin and observed that the ROS level was gradually increased after treatment with increasing concentrations of tomentosin. Furthermore, as shown in Figure 4c,d, NAC treatment decreased the ROS level significantly in tomentosin-treated cells. It is well known that cell cycle arrest in the G2/M phase is usually mediated by p53. Even though we used MG-63 cells (p53 null) for this study, our results indicated that the percentage of cells in the G2/M phase in tomentosin-treated group was significantly higher than that in the NAC + tomentosin-treated group, which suggests that there might be another mediator of cell cycle arrest in MG-63 cells treated with tomentosin. It is known that FOXO3 can induce G2/M phase cell cycle arrest in cells through p27 and GADD45α expression [41,42,43,44]. Although FOXO3 was not reported to be involved in cell cycle arrest, Tang et al. showed that the key gene is p27, and treatment with lapatinib triggers G1 cell cycle arrest through both transcriptional and post-translational mechanisms in Her2-overexpressing breast cancer cell lines [45]. p27 can also mediate G2/M phase cell cycle arrest [46,47]. Thus, FOXO3 and p27 have the potential to participate in cell cycle arrest. Consistently, in our current study, we observed that MG-63 cells were under G2/M phase cell cycle arrest due to the increase in FOXO3 and p27 expression following treatment with tomentosin. Moreover, FOXO3 expression level in tomentosin-treated group was higher than that in NAC + tomentosin-treated group.



Many studies showed that FOXO3 plays an important role in cell cycle arrest. For example, Tiantian Sang et al. demonstrated that FOXO3 regulated cell cycle arrest through p27 upregulation [48]. Moreover, FOXO3 is known to be able to induce G1 and G2/M phase cell cycle arrest and apoptosis in breast cancer cells treated with paclitaxel [49]. Our results showed that tomentosin increased FOXO3 and p27 expression in MG-63 cells. Moreover, we demonstrated that tomentosin-induced ROS-up-regulated FOXO3 and p27 expression in MG-63 cells, which are consistent with the fact that FOXO3 is overexpressed in response to oxidative stress [50]. Taken together, we concluded that upregulation of FOXO3 may regulate G2/M phase cell cycle arrest through p27 upregulation after tomentosin treatment in MG-63 cells



To be categorized as an anti-cancer medicine, a compound should be tested as follows. First, the anti-carcinogenic effects, such as the cytotoxic effect of the compound should be tested in vitro. For this purpose, various kinds of cells are treated with the compound and its effects at the cellular level are investigated. Next, in vivo animal experiments are performed. For this, appropriate concentrations of the compound are injected into animals and its effects are investigated in various ways. Finally, clinical tests are performed to test the final medicine. Our study is closely related to the first step. Tomentosin is a natural compound derived from I. viscosa L. This plant has been recognized as a highly effective medicinal plant in Asia, including Korea. Although tomentosin has a high potential to be developed as an effective medicine, the effect of the compound in this plant was not well investigated at a cellular level. Therefore, we concluded that the effect of tomentosin on various cancer cells needs to be investigated. In this study, we focused on the effect of tomentosin on osteosarcoma MG-63 cells. Thus, our next approach will be in vivo animal tests using a xenograft and orthotopic mouse model to confirm the anti-cancer effects, such as anti-metastasis and apoptotic effects on osteosarcoma cells. We anticipate that our research will help in the development of new medicines to cure bone cancer.




4. Materials and Methods


4.1. Reagents


Tomentosin was purchased from MCULE (Palo Alto, CA, USA) and dissolved in DMSO (Sigma-Aldrich, St. Louis, MO, USA). A 40 mM stock solution of tomentosin was stored at −20 °C. Antibodies for caspase-3, caspase-7, caspase-9, PARP, cleaved PARP, H2AX, γH2AX, Akt, JNK, ERK, pERK, Bcl-xl, Bcl-2, Bax, and peroxiredoxin-1 were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies against caspase-8, pAkt (Ser473), pJNK, p38, pp38, were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-rabbit immunoglobulin G (IgG) and anti-mouse IgG were purchased from Cell Signaling Technology.




4.2. Cell Culture


Human osteosarcoma MG-63 cell line was purchased from the American Type culture Collection (ATCC, Manassas, VA, USA). The cells were incubated under standard conditions (37 °C, 5% CO2, and 95% humidity). MG-63 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Scientific, Grand Island, NY, USA) containing 10% heat-inactivated (56 °C and 30 min) fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, Missouri, USA) and 1% penicillin/streptomycin antibiotics (Thermo Fisher Scientific, Grand Island, NY, USA).




4.3. Cell Proliferation Analysis Using MTT Assays


MG-63 cells were seeded in 96-well plates at a density of 5 × 103 cells per well and incubated for 24 h. The cells were then treated with different concentrations of tomentosin (0, 10, 20, and 40 µM) and incubated for another 24 and 48 h. Following incubation, 20 µL of MTT dye (5 mg/mL) was added to each well and the cells were incubated for 2 h at 37 °C. The supernatants were then removed and cells were treated with formazan (dissolved in 200 µL of DMSO) and incubated in a shaker at room temperature (25 °C). After incubation, the absorbance was measured at 570 nm using a spectrophotometer (Molecular Devices, Mountain View, CA, USA).




4.4. Cell Proliferation Analysis Via Colony Formation and Cell Counting Assays


MG-63 cells were seeded in six-well plates at a density of 300 cells per well and incubated for 48 h. The cells were then treated with tomentosin (0 and 10 µM) for 48 h, following which the medium was replaced with fresh medium and MG-63 cells were incubated for 2 weeks under standard conditions. Next, the cells were washed with phosphate buffered saline (PBS) twice and fixed with 4% formaldehyde for 20 min at 4 °C. After fixation, the cells were washed with PBS twice and stained with 1% crystal violet (Sigma-Aldrich, St. Louis, Missouri, USA) dissolved in distilled water for 30 min and then the colonies were counted. To perform the cell counting assay, cells (3 × 103) were seeded in six-well plates and incubated for 24 h under standard conditions. After incubation, the cells were treated with various concentrations of tomentosin (0, 20, and 40 µM) for 24 and 48 h. Cell numbers were then counted using a hemocytometer.




4.5. Cell Migration Analysis Using Wound Healing Assays


MG-63 cells were seeded in 24-well plates at a density of 5 × 104 cells per well and incubated for 48 h. A wound was then created artificially by scraping with a yellow pipette tip and the cells were washed with PBS twice. The cells were treated with different concentrations of tomentosin (0, 20, and 40 µM). The wound was observed for 36 h at intervals of 12 h (0, 12, 24, and 36 h). The microscopy images of the cells were taken at 40× magnification by a microscope (CKX53; Olympus, Tokyo, Japan).




4.6. Boyden Chamber Assay


The invasive ability of MG-63 cells was evaluated using Boyden chamber invasion assays. FBS DMEM (1%) treated with different concentrations of tomentosin (0, 10, 20, and 40 µM) was loaded into the bottom part of the Boyden chamber. The cells were seeded to the upper part of the Boyden chamber at a density of 5 × 104 cells in 50 µL of 0.1% FBS DMEM. A gelatin-coated membrane with 8 μm pore size was placed between the bottom and the upper parts of the Boyden chamber. After 3 h of incubation, the cells that invaded into the lower part of the chamber were stained using Diff-Quik staining solution (Sigma-Aldrich, St. Louis, Missouri, USA). The number of invaded MG-63 cells was counted.




4.7. Zymography Analysis


The activity of MMPs, especially gelatinases, was measured using the gelatin zymography assay. MG-63 cells were seeded in 100 mm cell culture dishes (1 × 106 cells) and incubated under standard conditions (37 °C, 5% CO2, and 95% humidity) for 24 h. The cells were then treated with different concentrations of tomentosin (0, 10, and 20 µM) in medium, which contained 0.1% FBS, and incubated for 48 h under standard conditions. After incubation, the cultured medium was concentrated using an Amicon Ultra-15 filter (Millipore, Billerica, MA, USA). Protein concentration was measured using Bradford protein assays. Concentrated media samples were mixed with zymography sample buffer and separated by gelatin-containing 8% acrylamide gels. The gel was incubated in developing buffer overnight. After that, the gel was stained with a Coomassie staining buffer (Sigma-Aldrich, St. Louis, Missouri, USA).




4.8. Cell Cycle Analysis Using Flow Cytometry


MG-63 cells were seeded at a density of 2 × 105 cells in 60 mm cell culture dishes and incubated for 48 h. The cells were then treated with different concentrations of tomentosin (0, 10, 20, and 40 µM) for 48 h, following which they were harvested by trypsinization and fixed in ice-cold 70% ethanol overnight at −20 °C. After fixation, the cells were centrifuged at 1350 rpm for 5 min and incubated with PI working solution (Sigma-Aldrich; 50 µg/mL PI and 200 µg/mL RNaseA) for 30 min at 37 °C. Cell cycle distribution analysis was performed using flow cytometry (Beckman Coulter, Brea, CA, USA).




4.9. Apoptosis Analysis Using Flow Cytometry


The percentage of apoptotic cells was measured using the FITC Annexin V apoptosis detection kit (BD Biosciences, Franklin Lakes, NJ, USA). MG-63 cells were seeded in six-well plates at a density of 3 × 103 cells per well and incubated for 24 h. The cells were then treated with different concentrations of tomentosin (0, 10, 20, and 40 µM) for 24 and 48 h. Next, cells were washed with PBS and suspended in 1× binding buffer. The cells were stained with FITC-labeled annexin V and PI for 15 min at room temperature in the dark. After staining, cells were analyzed using flow cytometry (Beckman Coulter, Brea, CA, USA).




4.10. DNA Fragmentation Analysis Using TUNEL Assays


We observed the fluorescence of apoptotic cells by TUNEL assay using the fluorometric TUNEL detection system (Promega, Madison, WI, USA). MG-63 cells were seeded in six-well plates at a density of 2.5 × 105 cells per well and incubated for 24 h. The cells were then treated with different concentrations of tomentosin (0, 10, 20, and 40 µM) for 24 and 48 h. Next, the cells were fixed with 4% formaldehyde for 20 min at 4 °C and permeabilized using 0.5% triton X-100 for 10 min at room temperature. Following that, the cells were treated with 50 µL TdT enzyme buffer and incubated for 1 h at 37 °C. The cell nucleus was stained using a Hoechst stain solution (Sigma-Aldrich). One microliter of Hoechst stain solution was dissolved in 2 mL of PBS. Labeled strand breaks were observed by fluorescence microscopy (CKX53; Olympus, Shinjuku, Tokyo, Japan).




4.11. Western Blot Analysis


MG-63 cells were treated with different concentrations of tomentosin (0, 10, 20, and 40 µM) for 48 h and lysed using a RIPA buffer (Sigma-Aldrich). The cell lysates were centrifuged at 17,000 rpm for 15 min and the supernatant was collected. The concentrations of cell lysate protein were measured using a Qubit™ Fluorocytometer (Invitrogen, Carlsbad, CA, USA). Total protein (15 µL) was separated on 10% sodium dodecyl sulfate-polyacrylamide gels at 100 V for 24 h and transferred onto a 0.45 µm nitrocellulose blotting membrane (GE Healthcare, Little Chalfont, United Kingdom) at 50 V for 2 h. The membranes were blocked with 3% bovine serum albumin (Bovogen, 12 Williams Ave, Keilor East VIC 3033, Australia) for 1 h at room temperature. The membranes were incubated with primary antibodies overnight at 4 °C, washed with TBS-T, and then incubated with a secondary antibody (Cell Signaling Technology). The membranes were washed with TBS-T again and chemiluminescence was detected using ECL (iNtRON Biotechnology, South Korea) and Chemidoc detection system (Bio-Rad, Hercules, CA, USA).




4.12. ROS Detection by Flow Cytometry


Intracellular ROS level was measured using the stable nonpolar dye DCF-DA, which readily diffuses into the cells. MG-63 cells were treated with different concentrations of tomentosin (0, 10, 20, and 40 µM) for 48 h and then incubated at 37 °C with 20 μM of DCF-DA for 30 min. After incubation, the ROS level was measured by flow cytometry (Beckman Coulter). For investigating the ROS dependency of tomentosin for its anti-cancer activity, MG-63 cells were treated with either 40 μM of tomentosin, 10 mM of NAC, or 40 μM of tomentosin + 10 mM of NAC for 48 h.




4.13. siRNA Transfection


Scramble control siRNA and siRNA against FOXO3 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). For transfection with siRNA, cells were transfected with scramble control siRNA or siRNA against FOXO3 using Lipofectamine 2000 transfection reagent (Thermo Scientific, Rockford, IL) according to the manufacturer’s protocol.




4.14. Statistical Analysis


Data are representative of three independent experiments. Student’s t-test and one-way analysis of variance (ANOVA), followed by a Bonferroni post-hoc test, were performed to statistically analyze the data, and a p-value of < 0.05 was considered statistically significant.





5. Conclusions


In conclusion, our results demonstrated that tomentosin induced apoptosis in human osteosarcoma MG-63 cells and increased the levels of intracellular ROS, which are important mediators of apoptosis in MG-63 cells.
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	DCF-DA
	2’,7’–dichlorofluorescin diacetate



	ROS
	Reactive oxygen species



	NAC
	N-acetyl-cysteine



	DMSO
	Dimethyl sulfoxide



	PBS
	phosphate buffered saline



	FBS
	Fetal bovine serum



	MMP
	matrix metalloproteinase



	PARP
	Poly (ADP-ribose) polymerase



	COX
	Cyclooxygenase







References


	



Isakoff, M.S.; Bielack, S.S.; Meltzer, P.; Gorlick, R. Osteosarcoma: Current Treatment and a Collaborative Pathway to Success. J. Clin. Oncol. 2015, 33, 3029–3035. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Grignani, G.; Palmerini, E.; Ferraresi, V.; D’Ambrosio, L.; Bertulli, R.; Asaftei, S.D.; Tamburini, A.; Pignochino, Y.; Sangiolo, D.; Marchesi, E.; et al. Sorafenib and everolimus for patients with unresectable high-grade osteosarcoma progressing after standard treatment: A non-randomised phase 2 clinical trial. Lancet Oncol. 2015, 16, 98–107. [Google Scholar] [CrossRef]

	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2018. CA Cancer J. Clin. 2018, 68, 7–30. [Google Scholar] [CrossRef]

	



Luetke, A.; Meyers, P.A.; Lewis, I.; Juergens, H. Osteosarcoma treatment—Where do we stand? A state of the art review. Cancer Treat. Rev. 2014, 40, 523–532. [Google Scholar] [CrossRef] [PubMed]

	



Kansara, M.; Teng, M.W.; Smyth, M.J.; Thomas, D.M. Translational biology of osteosarcoma. Nat. Rev. Cancer 2014, 14, 722–735. [Google Scholar] [CrossRef]

	



Zhou, W.; Hao, M.; Du, X.; Chen, K.; Wang, G.; Yang, J. Advances in targeted therapy for osteosarcoma. Discov. Med. 2014, 17, 301–307. [Google Scholar]

	



Hernandez, V.; Recio, M.C.; Manez, S.; Giner, R.M.; Rios, J.L. Effects of naturally occurring dihydroflavonols from Inula viscosa on inflammation and enzymes involved in the arachidonic acid metabolism. Life Sci. 2007, 81, 480–488. [Google Scholar] [CrossRef]

	



Maoz, M.; Neeman, I. Antimicrobial effects of aqueous plant extracts on the fungi Microsporum canis and Trichophyton rubrum and on three bacterial species. Lett. Appl. Microbiol. 1998, 26, 61–63. [Google Scholar] [CrossRef]

	



Merghoub, N.; El Btaouri, H.; Benbacer, L.; Gmouh, S.; Trentesaux, C.; Brassart, B.; Attaleb, M.; Madoulet, C.; Wenner, T.; Amzazi, S.; et al. Tomentosin Induces Telomere Shortening and Caspase-Dependant Apoptosis in Cervical Cancer Cells. J. Cell Biochem. 2017, 118, 1689–1698. [Google Scholar] [CrossRef] [PubMed]

	



Rozenblat, S.; Grossman, S.; Bergman, M.; Gottlieb, H.; Cohen, Y.; Dovrat, S. Induction of G2/M arrest and apoptosis by sesquiterpene lactones in human melanoma cell lines. Biochem. Pharm. 2008, 75, 369–382. [Google Scholar] [CrossRef] [PubMed]

	



Ray, P.D.; Huang, B.W.; Tsuji, Y. Reactive oxygen species (ROS) homeostasis and redox regulation in cellular signaling. Cell. Signal. 2012, 24, 981–990. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Jia, G.; Wang, Q.; Wang, R.; Deng, D.; Xue, L.; Shao, N.; Zhang, Y.; Xia, X.; Zhi, F.; Yang, Y. Tubeimoside-1 induces glioma apoptosis through regulation of Bax/Bcl-2 and the ROS/Cytochrome C/Caspase-3 pathway. Oncotargets Ther. 2015, 8, 303–311. [Google Scholar][Green Version]

	



Palit, S.; Kar, S.; Sharma, G.; Das, P.K. Hesperetin Induces Apoptosis in Breast Carcinoma by Triggering Accumulation of ROS and Activation of ASK1/JNK Pathway. J. Cell Physiol. 2015, 230, 1729–1739. [Google Scholar] [CrossRef]

	



Galati, G.; O’Brien, P.J. Potential toxicity of flavonoids and other dietary phenolics: Significance for their chemopreventive and anticancer properties. Free Radic. Biol. Med. 2004, 37, 287–303. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.Y.; Zhang, J.; Sun, L.L.; Li, B.H.; Gao, H.L.; Xie, T.; Zhang, N.; Ye, Z.M. Celastrol induces apoptosis and autophagy via the ROS/JNK signaling pathway in human osteosarcoma cells: An in vitro and in vivo study. Cell Death Dis. 2015, 6, e1604. [Google Scholar] [CrossRef]

	



Huang, P.; Zhang, Y.H.; Zheng, X.W.; Liu, Y.J.; Zhang, H.; Fang, L.; Zhang, Y.W.; Yang, C.; Islam, K.; Wang, C.; et al. Phenylarsine oxide (PAO) induces apoptosis in HepG2 cells via ROS-mediated mitochondria and ER-stress dependent signaling pathways. Met. Integr. Biomet. Sci. 2017, 9, 1756–1764. [Google Scholar] [CrossRef]

	



Raymond, A.K.; Jaffe, N. Osteosarcoma multidisciplinary approach to the management from the pathologist’s perspective. Cancer Treat. Res. 2009, 152, 63–84. [Google Scholar]

	



Chang, F.; Lee, J.T.; Navolanic, P.M.; Steelman, L.S.; Shelton, J.G.; Blalock, W.L.; Franklin, R.A.; McCubrey, J.A. Involvement of PI3K/Akt pathway in cell cycle progression, apoptosis, and neoplastic transformation: A target for cancer chemotherapy. Leukemia 2003, 17, 590. [Google Scholar] [CrossRef] [PubMed]

	



Liu, C.-Y.; Hung, M.-H.; Wang, D.-S.; Chu, P.-Y.; Su, J.-C.; Teng, T.-H.; Huang, C.-T.; Chao, T.-T.; Wang, C.-Y.; Shiau, C.-W.; et al. Tamoxifen induces apoptosis through cancerous inhibitor of protein phosphatase 2A–dependent phospho-Akt inactivation in estrogen receptor–negative human breast cancer cells. Breast Cancer Res. 2014, 16, 431. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Dhanasekaran, D.N.; Reddy, E.P. JNK signaling in apoptosis. Oncogene 2008, 27, 6245. [Google Scholar] [CrossRef]

	



Cagnol, S.; Chambard, J.C. ERK and cell death: Mechanisms of ERK-induced cell death--apoptosis, autophagy and senescence. FEBS J 2010, 277, 2–21. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.; Cao, Y.; Chen, C.; Zhang, X.; McNabola, A.; Wilkie, D.; Wilhelm, S.; Lynch, M.; Carter, C. Sorafenib blocks the RAF/MEK/ERK pathway, inhibits tumor angiogenesis, and induces tumor cell apoptosis in hepatocellular carcinoma model PLC/PRF/5. Cancer Res. 2006, 66, 11851–11858. [Google Scholar] [CrossRef]

	



Trachootham, D.; Alexandre, J.; Huang, P. Targeting cancer cells by ROS-mediated mechanisms: A radical therapeutic approach? Nat. Rev. Drug Discov. 2009, 8, 579–591. [Google Scholar] [CrossRef]

	



Circu, M.L.; Aw, T.Y. Reactive oxygen species, cellular redox systems and apoptosis. Free Radic. Biol. Med. 2010, 48, 749–762. [Google Scholar] [CrossRef]

	



Liou, G.-Y.; Storz, P. Reactive oxygen species in cancer. Free Radic. Res. 2010, 44. [Google Scholar] [CrossRef] [PubMed]

	



Huang, W.-W.; Chiu, Y.-J.; Fan, M.-J.; Lu, H.-F.; Yeh, H.-F.; Li, K.-H.; Chen, P.-Y.; Chung, J.-G.; Yang, J.-S. Kaempferol induced apoptosis via endoplasmic reticulum stress and mitochondria-dependent pathway in human osteosarcoma U-2 OS cells. Mol. Nutr. Food Res. 2010, 54, 1585–1595. [Google Scholar] [CrossRef] [PubMed]

	



Moalic, S.; Liagre, B.; Corbière, C.; Bianchi, A.; Dauça, M.; Bordji, K.; Beneytout, J.L. A plant steroid, diosgenin, induces apoptosis, cell cycle arrest and COX activity in osteosarcoma cells. FEBS Lett. 2001, 506, 225–230. [Google Scholar] [CrossRef][Green Version]

	



Wang, T.; Gong, X.; Jiang, R.; Li, H.; Du, W.; Kuang, G. Ferulic acid inhibits proliferation and promotes apoptosis via blockage of PI3K/Akt pathway in osteosarcoma cell. Am. J. Transl. Res. 2016, 8, 968–980. [Google Scholar]

	



Egler, R.A.; Fernandes, E.; Rothermund, K.; Sereika, S.; de Souza-Pinto, N.; Jaruga, P.; Dizdaroglu, M.; Prochownik, E.V. Regulation of reactive oxygen species, DNA damage, and c-Myc function by peroxiredoxin 1. Oncogene 2005, 24, 8038. [Google Scholar] [CrossRef] [PubMed]

	



Cai, A.-L.; Zeng, W.; Cai, W.-L.; Liu, J.-L.; Zheng, X.-W.; Liu, Y.; Yang, X.-C.; Long, Y.; Li, J. Peroxiredoxin-1 promotes cell proliferation and metastasis through enhancing Akt/mTOR in human osteosarcoma cells. Oncotarget 2018, 9, 8290–8302. [Google Scholar] [CrossRef] [PubMed]

	



Roh, T.; Kim, S.W.; Moon, S.H.; Nam, M.J. Genistein induces apoptosis by down-regulating thioredoxin-1 in human hepatocellular carcinoma SNU-449 cells. Food Chem. Toxicol. 2016, 97, 127–134. [Google Scholar] [CrossRef]

	



Zhang, M.; Niu, W.; Zhang, J.; Ge, L.; Yang, J.; Sun, Z.; Tang, X. Peroxiredoxin 1 suppresses apoptosis via regulation of the apoptosis signal-regulating kinase 1 signaling pathway in human oral leukoplakia. Oncol. Lett. 2015, 10, 1841–1847. [Google Scholar] [CrossRef][Green Version]

	



Zhang, J.; Jing, X.; Niu, W.; Zhang, M.; Ge, L.; Miao, C.; Tang, X. Peroxiredoxin 1 has an anti-apoptotic role via apoptosis signal-regulating kinase 1 and p38 activation in mouse models with oral precancerous lesions. Oncol. Lett. 2016, 12, 413–420. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Zou, J.; Zhang, Y.; Sun, J.; Wang, X.; Tu, H.; Geng, S.; Liu, R.; Chen, Y.; Bi, Z. Deoxyelephantopin Induces Reactive Oxygen Species-Mediated Apoptosis and Autophagy in Human Osteosarcoma Cells. Cell. Physiol. Biochem. 2017, 42, 1812–1821. [Google Scholar] [CrossRef][Green Version]

	



Liu, J.-F.; Hou, C.-H.; Lin, F.-L.; Tsao, Y.-T.; Hou, S.-M. Nimbolide Induces ROS-Regulated Apoptosis and Inhibits Cell Migration in Osteosarcoma. Int. J. Mol. Sci. 2015, 16, 23405–23424. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Chao, C.C.; Hou, S.M.; Huang, C.C.; Hou, C.H.; Chen, P.C.; Liu, J.F. Plumbagin induces apoptosis in human osteosarcoma through ROS generation, endoplasmic reticulum stress and mitochondrial apoptosis pathway. Mol. Med. Rep. 2017, 16, 5480–5488. [Google Scholar] [CrossRef]

	



Riddell, J.R.; Wang, X.Y.; Minderman, H.; Gollnick, S.O. Peroxiredoxin 1 stimulates secretion of proinflammatory cytokines by binding to TLR4. J. Immunol. 2010, 184, 1022–1030. [Google Scholar] [CrossRef] [PubMed]

	



Ye, Q.; Zhang, Y.; Cao, Y.; Wang, X.; Guo, Y.; Chen, J.; Horn, J.; Ponomareva, L.V.; Chaiswing, L.; Shaaban, K.A.; et al. Frenolicin B Targets Peroxiredoxin 1 and Glutaredoxin 3 to Trigger ROS/4E-BP1-Mediated Antitumor Effects. Cell Chem. Biol. 2019. [Google Scholar] [CrossRef]

	



Bajor, M.; Zych, A.O.; Graczyk-Jarzynka, A.; Muchowicz, A.; Firczuk, M.; Trzeciak, L.; Gaj, P.; Domagala, A.; Siernicka, M.; Zagozdzon, A.; et al. Targeting peroxiredoxin 1 impairs growth of breast cancer cells and potently sensitises these cells to prooxidant agents. Br. J. Cancer 2018, 119, 873–884. [Google Scholar] [CrossRef] [PubMed]

	



Hanschmann, E.M.; Godoy, J.R.; Berndt, C.; Hudemann, C.; Lillig, C.H. Thioredoxins, glutaredoxins, and peroxiredoxins—Molecular mechanisms and health significance: From cofactors to antioxidants to redox signaling. Antioxid. Redox Signal. 2013, 19, 1539–1605. [Google Scholar] [CrossRef]

	



Furukawa-Hibi, Y.; Yoshida-Araki, K.; Ohta, T.; Ikeda, K.; Motoyama, N. FOXO Forkhead Transcription Factors Induce G2-M Checkpoint in Response to Oxidative Stress. J. Biol. Chem. 2002, 277, 26729–26732. [Google Scholar] [CrossRef][Green Version]

	



Notas, G.; Alexaki, V.I.; Kampa, M.; Pelekanou, V.; Charalampopoulos, I.; Sabour-Alaoui, S.; Pediaditakis, I.; Dessirier, V.; Gravanis, A.; Stathopoulos, E.N.; et al. APRIL binding to BCMA activates a JNK2-FOXO3-GADD45 pathway and induces a G2/M cell growth arrest in liver cells. J. Immunol. 2012, 189, 4748–4758. [Google Scholar] [CrossRef]

	



He, L.; Yang, X.; Cao, X.; Liu, F.; Quan, M.; Cao, J. Casticin induces growth suppression and cell cycle arrest through activation of FOXO3a in hepatocellular carcinoma. Oncol. Rep. 2013, 29, 103–108. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.H.; Jang, K.Y.; Kim, M.J.; Yoon, S.; Jo, Y.; Kwon, S.M.; Kim, K.M.; Kwon, K.S.; Kim, C.Y.; Woo, H.G. Tumor suppressive effect of PARP1 and FOXO3A in gastric cancers and its clinical implications. Oncotarget 2015, 6, 44819–44831. [Google Scholar] [CrossRef][Green Version]

	



Tang, L.; Wang, Y.; Strom, A.; Gustafsson, J.A.; Guan, X. Lapatinib induces p27(Kip1)-dependent G(1) arrest through both transcriptional and post-translational mechanisms. Cell Cycle 2013, 12, 2665–2674. [Google Scholar] [CrossRef] [PubMed]

	



Roublevskaia, I.N.; Polevoda, B.V.; Ludlow, J.W.; Haake, A.R. Induced G2/M arrest and apoptosis in human epidermoid carcinoma cell lines by semisynthetic drug Ukrain. Anticancer Res. 2000, 20, 3163–3167. [Google Scholar] [PubMed]

	



Chen, H.C.; Hsieh, W.T.; Chang, W.C.; Chung, J.G. Aloe-emodin induced in vitro G2/M arrest of cell cycle in human promyelocytic leukemia HL-60 cells. Food Chem. Toxicol. 2004, 42, 1251–1257. [Google Scholar] [CrossRef]

	



Sang, T.; Cao, Q.; Wang, Y.; Liu, F.; Chen, S. Overexpression or Silencing of FOXO3a Affects Proliferation of Endothelial Progenitor Cells and Expression of Cell Cycle Regulatory Proteins. PLoS ONE 2014, 9, e101703. [Google Scholar] [CrossRef]

	



Sunters, A.; Fernandez de Mattos, S.; Stahl, M.; Brosens, J.J.; Zoumpoulidou, G.; Saunders, C.A.; Coffer, P.J.; Medema, R.H.; Coombes, R.C.; Lam, E.W. FoxO3a transcriptional regulation of Bim controls apoptosis in paclitaxel-treated breast cancer cell lines. J. Biol. Chem. 2003, 278, 49795–49805. [Google Scholar] [CrossRef]

	



Wang, J.; Chen, S.; Ma, X.; Cheng, C.; Xiao, X.; Chen, J.; Liu, S.; Zhao, B.; Chen, Y. Effects of endothelial progenitor cell-derived microvesicles on hypoxia/reoxygenation-induced endothelial dysfunction and apoptosis. Oxid. Med. Cell. Longev. 2013, 2013, 572729. [Google Scholar] [CrossRef]








[image: Ijms 20 01508 g001 550]





Figure 1. Cell cytotoxicity assay of MG-63 cells treated with tomentosin. (a) Chemical structure of tomentosin. (b) Morphological changes in tomentosin-treated MG-63 cells. (c) Cell viability was determined using an MTT assay. *p and #p < 0.05 compared with control cells. (d) The relative cell survival rate was determined by cell counting assay. *p and #p < 0.05 compared with control cells. (e) Colony formation assay of tomentosin-treated MG-63 cells. The cells were treated with 10 µM of tomentosin for 24 h; subsequently, colonies were allowed to grow for 10 days and the number of colonies was counted. (f) Colony formation assay results were analyzed using the Student’s t-test. *p < 0.05 compared with control cells. (g) Cell cycle analysis of MG-63 cells. The cells were treated with 0, 10, 20, and 40 µM of tomentosin for 48 h and stained with propodium iodide (PI). After staining, the cells were analyzed using flow cytometry. The distribution and percentage of cells in the G0, S, and G2/M phase of the cell cycle were evaluated. (h) The results were analyzed statistically using the Student’s t-test. *p < 0.05 compared with control cells. 
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Figure 2. Inhibitory effects of tomentosin on migration and invasion of MG-63 cells. (a) A wound healing assay was performed in MG-63 cells treated with tomentosin. The cells were treated with different concentrations of tomentosin (0, 20, and 40 µM) and the wound area was observed for 36 h at intervals of 12 h. (b) The results were analyzed using the Student’s t-test. a,b,c: p < 0.05 compared with control cells. (c) Invasion of MG-63 cells treated with different concentrations of tomentosin (0, 10, 20, and 40 µM) was analyzed using the Boyden chamber assay. (d) The results were analyzed statistically using the Student’s t-test. *p < 0.05 compared with the control (1% FBS treated only) cells. (e) Proteolytic activity of MMP-2 decreased in MG-63 cells after treatment with tomentosin (0, 10, and 20 μM) for 48 h. (f) The results were analyzed statistically using the Student’s t-test. **p < 0.01 compared with control cells. 
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Figure 3. Apoptosis induced by tomentosin in MG-63 cells. Fluorescence-activated cell sorting (FACS) analysis was undertaken of MG-63 cells treated with tomentosin to evaluate apoptosis. The cells were treated with different concentrations of tomentosin (0, 10, 20, and 40 µM) for 24 and 48 h and then analyzed using flow cytometry. Scatter plots represent the distribution of annexin V/PI staining for control and tomentosin-treated MG-63 cells. The cells were categorized as “viable” (lower left), “early apoptotic” (lower right), and “late apoptotic” (upper right). Flow cytometry analysis of cells after treatment with tomentosin for 24 (a) and 48 h (c). Quantitative analysis of the viable, early apoptotic, and late apoptotic cells after treatment with tomentosin for 24 (b) and 48 h (d) using FACS analysis. *p and #p < 0.05 compared with control cells. Detection of apoptosis using a TUNEL assay in MG-63 cells treated with tomentosin for 24 (e) and 48 h (g). The cells were treated with different concentrations of tomentosin (0, 10, 20, and 40 µM) for 24 and 48 h and then analyzed by the TUNEL detection system. Representative images showing TUNEL-positive nucleus (green color) (100× magnification). Quantitative analysis of the TUNEL-positive cells after treatment with tomentosin for 24 (f) and 48 h (h). The results were analyzed using the Student’s t-test. *p < 0.05 compared with control cells. (i) Western blot analysis after treatment of MG-63 cells with tomentosin. The cells were treated with different concentrations of tomentosin (0, 10, 20, and 40 µM) for 48 h and Western blot analysis was performed with specific antibodies as indicated. Expression levels of caspase-3, caspase-7, caspase-8, caspase-9, PARP, cleaved PARP, H2AX, γH2AX, Bcl-2, Bcl-xl, FOXO3, Akt, pAKT, JNK, pJNK, p38, pp38, ERK, pERK, peroxiredoxin-1, Bax, and p27 were evaluated. β-actin was used as a loading control. (j) Western blot analysis of FOXO3 and p27 expression level in MG-63 cells transfected with control siRNA or FOXO3 siRNA followed by tomentosin treatment. β-actin was used as a loading control. Scale bar = 200 μm in (e,g). 
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Figure 4. Measurement of ROS level in MG-63 cells after treatment with tomentosin. (a) The cells were treated with different concentrations of tomentosin (0, 10, 20, and 40 µM) for 48 h and DCF-DA staining was performed to measure fluorescence intensity. MFI refers to mean fluorescence intensity. (b) Statistical analysis of fluorescence intensity. *p < 0.05 and ***p < 0.001 compared with control cells. (c) The cells were treated with 10 mM of NAC and/or 40 µM of tomentosin for 48 h and DCF-DA staining was performed to measure fluorescence intensity. (d) Statistical analysis of fluorescence intensity. *p < 0.05 compared with control cells and #p < 0.05 compared with tomentosin-treated cells. 
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Figure 5. Cytotoxic effects of tomentosin-induced intracellular ROS in MG-63 cells. The cells were treated with 10 mM of NAC and/or 40 µM of tomentosin for 48 h. (a) Morphological changes in MG-63 cells treated with 10 mM of NAC and/or 40 µM of tomentosin. (b) Cell viability was determined using an MTT assay. (c) The relative cell survival rate was determined using a cell counting assay. (d) Cell cycle analysis of MG-63 cells. (e) The results were analyzed by the Student’s t-test. *p < 0.05 compared with control cells and #p < 0.05 compared with tomentosin-treated cells. 
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Figure 6. Inhibitory effects of tomentosin on the migration and invasion of MG-63 cells after treatment with 10 mM of NAC and/or 40 µM of tomentosin for 48 h. (a) Invasion of MG-63 cells was analyzed using the Boyden chamber assay. (b) The results were analyzed using the Student’s t-test. *p < 0.05 compared with control cells and #p < 0.05 compared with tomentosin-treated cells. (c) Proteolytic activity of MMP-2 was analyzed by zymography assay. (d) The results were analyzed using the Student’s t-test. *p < 0.05 compared with control cells and #p < 0.05 compared with tomentosin-treated cells. 
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Figure 7. Effect of tomentosin-induced intracellular ROS on MG-63 cell apoptosis. (a) Flow cytometry analysis. (b) Quantitative analysis of viable, early apoptotic, and late apoptotic cells. *p < 0.05 compared with tomentosin-treated cells. (c) Detection of apoptosis using a TUNEL assay in MG-63 cells. Representative images showing TUNEL-positive nucleus (green color) (100× magnification). (d) Quantitative analysis of the TUNEL-positive cells. *p <0.05 compared with control cells and #p < 0.05 compared with tomentosin-treated cells. (e) Western blot analysis was performed with specific antibodies as indicated. Expression levels of caspase-3, caspase-7, caspase-8, caspase-9, PARP, cleaved PARP, H2AX, γH2AX, Bcl-xl, FOXO3, Akt, pAKT, JNK, pJNK, p38, pp38, ERK, pERK, Bcl-2, Bax, and p27 were evaluated. β-actin was used as a loading control. 
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