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Baicalein and Baicalin Promote Melanoma Apoptosis and Senescence via Metabolic Inhibition
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Malignant melanoma is one of the most common and dangerous skin cancers with a high rate of death every year. Furthermore, N-RAS and B-RAF mutations in melanoma cells increase the difficulties for clinical treatment in patients. Therefore, development of effective and universal drugs against melanoma is urgently needed. Here we demonstrate that baicalein and baicalin, the active components of the Chinese traditional medicinal plant Scutellaria baicalensis Georgi, can significantly inhibit melanoma cell growth and proliferation, suppress tumor cell colony formation and migration, as well as induce apoptosis and senescence in melanoma cells. The anti-tumor effects mediated by baicalein and baicalin are independent of N-RAS and B-RAF mutation statuses in melanoma cells. Mechanistically, we identify that the suppression of baicalein and baicalin on melanoma cells is due to inhibition of tumor cell glucose uptake and metabolism by affecting the mTOR-HIF-1α signaling pathway. In addition, we demonstrated that baicalein and baicalin can suppress tumorigenesis and tumor growth in vivo in the melanoma model. These studies clearly indicate that baicalein and baicalin can control tumor growth and development metabolically and have great potential as novel and universal drugs for melanoma therapy.
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INTRODUCTION

Melanoma, a type of skin cancer, is one of the deadly cancers in the world. In the United States, according to the American Cancer Society, there were 91,270 new cases of melanoma, and 9,320 cases were expected to die in 2018 (American Cancer Society, 2018). Great progress has made in diagnosis and treatment with melanoma, but the overall survival of advanced melanoma is still very low. In addition, melanoma with N-RAS and B-RAF mutations has been well-recognized as a challenge that brings out more difficulties for the treatment (Brose et al., 2002; Omholt et al., 2003; Thumar et al., 2014). Furthermore, the status of those mutations is directly associated with the worse prognosis of the cancer patients (Thomas et al., 2015). Although certain activated signaling pathways induced by the mutations, such as RAS-RAF-MAPK have been identified as the promising targets for drug development, the clinical therapeutic effects of target inhibitors are still varied (Flaherty et al., 2010; Nazarian et al., 2010; Kaplan et al., 2011). Importantly, treatments with some target inhibitors may induce drug resistance and/or promote tumor growth and progression in cancer patients as well as pre-clinical tumor models (Flaherty et al., 2010; Hatzivassiliou et al., 2010; Nazarian et al., 2010; Poulikakos et al., 2010; Kaplan et al., 2011; Kwong et al., 2012). Therefore, development of the unique inhibitors to target specific mutations or universal drugs against melanoma is urgently needed.

Recent studies suggest that many natural products have been developed into promising drugs and applied into clinical trials for various disease treatments including cancers (Cragg et al., 2009; Cragg and Newman, 2013; Stover et al., 2014). Baicalin and its aglycon baicalein are the major flavonoids derived from the edible medicinal plants Scutellaria baicalensis Georgi (Xiao et al., 2014). Baicalein and baicalin have been widely used for inflammation and infectious disease treatments (Johnson, 2011; Ding et al., 2014; Moghaddam et al., 2014; de Oliveira et al., 2015; Ji et al., 2015). Furthermore, both baicalein and baicalin are also potent anti-tumor drugs, which have been shown strong anti-tumor effects in various cancers, including in breast cancer, prostate cancer, pancreatic cancer, esophageal squamous cell carcinoma and burkitt lymphoma (Takahashi et al., 2011; Huang et al., 2012; Yu et al., 2013; Zhang et al., 2013; Aryal et al., 2014; Chung et al., 2015; Dou et al., 2018). Both compounds can inhibit the proliferation, migration, adhesion and invasive properties of tumor cells, and induce tumor cell cycle arrest (Chao et al., 2007; Chiu et al., 2011; Takahashi et al., 2011; Aryal et al., 2014; Wang et al., 2015; Gong et al., 2017). We have recently demonstrated that baicalein and baicalin could inhibit human colon cancer cell growth and proliferation in vitro and in vivo (Dou et al., 2018; Wang et al., 2018). The suppressive effects are due to the induction of colon cancer cell apoptosis and senescence (Dou et al., 2018; Wang et al., 2018). However, whether baicalein and baicalin have anti-tumor effects against melanoma, especially melanoma with mutations is unknown. Furthermore, the molecular mechanism by which the two compounds inhibit cancer is still unclear. A precise understanding of biological functions and mechanisms of these two natural compounds on different types of cancers will provide novel targets for the clinical therapy against cancers including melanoma.

In this study, we explored the anti-tumor effects and related mechanism of baicalein and baicalin in melanoma. We demonstrated that baicalein and baicalin can significantly inhibit both human and mouse melanoma cell growth and proliferation, suppress tumor cell colony formation and migration, as well as induce apoptosis and senescence in melanoma cells. The anti-tumor effects mediated by baicalein and baicalin are independent of N-RAS and B-RAF mutation statuses in melanoma cells. Furthermore, we identified that the suppressive effects mediated by baicalein and baicalin on tumor cells are mechanistically due to the inhibition of tumor cell glucose metabolism, which are molecularly controlled by mTORC1-HIF-1α signaling pathway in melanoma cells. In addition, we demonstrated that baicalein and baicalin can suppress tumorigenesis and tumor growth in vivo in the melanoma model. These studies clearly indicate that baicalein and baicalin could be potential novel and universal drugs for melanoma therapy.



RESULTS


Baicalein and Baicalin Inhibit Melanoma Cell Growth and Proliferation

Our previous studies have demonstrated that baicalein and baicalin can suppress colon cancer cell proliferation and growth (Dou et al., 2018; Wang et al., 2018). We further determined whether baicalein and baicalin can inhibit tumor growth of melanoma cells. Three human melanoma cell lines Mel586, SK-MEL-2 (wild type B-RAF and mutant N-RAS), A375 (B-RAF V600E and wild type N-RAS), as well as mouse B16F0 melanoma cell line were cultured in the presence of different concentrations of baicalein and baicalin. Tumor cell growth and proliferation were further determined using cell growth curve and [3H]-thymidine incorporation assays. We found that baicalein and baicalin strongly suppressed tumor growth and proliferation of both human and mouse melanoma cells (Mel586, SK-MEL-2, A375 and B16F0) regardless of the mutation statuses of B-RAF and N-RAS (Figures 1A,B). Furthermore, the suppressive effects mediated by the two compounds were in a dose-dependent manner. In addition, baicalein has stronger inhibitory activity on melanoma cell growth and proliferation than that of baicalin. High concentration of baicalein (40 μM) almost completely inhibited human melanoma growth (Figure 1B). These results clearly suggest that both baicalein and baicalin strongly suppress melanoma cell proliferation and growth.
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FIGURE 1. Baicaleinand baicalin inhibit both melanoma cell growth and proliferation. Three human melanoma cell lines (Mel586, SK-MEL-2, and A375) and one mouse melanoma cell line (B16F0) were cultured at a started number of 2 × 105/well in 6-well plates, or 5 × 103/well in 96-well plates, and treated with the indicated concentrations of baicalein or baicalin. The cell growth was evaluated at different time points using the cell number counting (A), and cell proliferation was determined using [3H]-thymidine assays (B). Data shown in Panels (A,B) are mean ± SD from three independent experiments with similar results. *p < 0.05 and **p < 0.01 compared with the medium control group.




Baicalein and Baicalin Inhibit Melanoma Cell Colony Formation, Migration and Adhesion

We then investigated whether baicalein and baicalin have inhibitory effects on the other key biological behaviors of melanoma cells, including colony formation, migration and adhesion capacities. We observed that the numbers and sizes of tumor cell colonies were significantly decreased in SK-MEL-2 and A375 tumor cells after treatment with baicalein or baicalin (Figures 2A,B). Furthermore, two different concentrations of baicalein and baicalin markedly suppressed both human and mouse melanoma cell migration at different time points using a wound healing assay (Figure 2C). In addition, baicalein and baicalin inhibited the adhesion ability of both human and mouse melanoma cell lines (Figure 2D). Consistent with the effect on tumor growth and proliferation, the suppression of melanoma cell colony formation, migration and adhesion is in a dose-dependent manner and regardless of the mutation statuses of B-RAF and N-RAS genes. These results collectively indicate baicalein and baicalin can strongly inhibit tumor cell growth and biological behaviors in melanoma.
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FIGURE 2. Baicalein and baicalin inhibit melanoma cell colony formation, migration and adhesion. (A,B) Baicalein and baicalin treatments dramatically decreased the numbers and sizes of tumor colonies in SK-MEL-2 and A375 cells. 200–500 per well of melanoma cells pre-treated with the indicated concentrations of baicalein or baicalin, were seeded in 6-well plates for culture, and cell colonies counted after 10–14 days of culture. Results shown in the histogram (B) are summaries of mean ± SD from three independent experiments. **p < 0.01 compared with the medium control group. (C) Different concentrations of baicalein and baicalin treatments in both human and mouse melanoma cells significantly inhibited tumor cell migration compared with the medium control group at 24 and 36 h time points in the wound closure assays. Data shown are representatives from three independent experiments with similar results. (D) Baicalein and baicalin treatments suppressed the adhesion of melanoma cells. Both human and mouse melanoma cells pretreated with the indicated concentrations of baicalein and baicalin were cultured in the fibronectin-coated plates for 45 min. Adherent cells were counted and averaged in 10 fields at high (×400) magnification with a microscope. Results shown are summaries of mean ± SD from three independent experiments with similar results **p < 0.01 compared with the medium control group.




Baicalein and Baicalin Induce Apoptosis and Senescence in Melanoma Cells

Our previously studies have shown that baicalein and baicalin can induce colon cancer cell apoptosis and senescence (Dou et al., 2018; Wang et al., 2018). Furthermore, studies from other groups have also shown that baicalein and baicalin induce cancer cell apoptosis in pancreatic cancer, esophageal squamous cell carcinoma and burkitt lymphoma (Takahashi et al., 2011; Huang et al., 2012; Zhang et al., 2013). Therefore, we measured apoptosis and cell death in melanoma cell lines treated by both baicalein and baicalin. We found that culture with medium, melanoma cells contained around 2–10% apoptotic cells (around 10% in Mel586 and SK-MEL-2, and below 5% in A375 and B16F0 tumor cells). Furthermore, consistent with the previous reports in other tumor cells, treatment with baicalein significantly induced tumor cell apoptosis in both human and mouse melanoma cells at 36 and 72 h (Figures 3A,B and Supplementary Figure S1) (Takahashi et al., 2011; Huang et al., 2012; Zhang et al., 2013; Dou et al., 2018; Wang et al., 2018). We have previously shown that baicalin treatment induced increased senescence rather than apoptosis or cell death in colon cancer cell lines (Dou et al., 2018; Wang et al., 2018). However, our current studies clearly showed that treatment with baicalin also dramatically induced tumor cell apoptosis in both human and mouse melanoma cells, but its effect is less potent than that of baicalein (Figure 3 and Supplementary Figure S1). Interestingly, treatments with baicalein and baicalin also induced some necrotic cell populations in SK-MEL-2 and B16F0 tumor cells (Figure 3A).
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FIGURE 3. Baicalein and baicalin treatments promote melanoma cell apoptosis. (A,B) Significantly increased apoptotic cell populations were induced in both human and mouse melanoma cells after treatments with baicalein and baicalin. Tumor cells were cultured in the presence of indicated concentrations of baicalein and baicalin for 72 h. Apoptosis in treated tumor cells was analyzed after staining with PE-labeled Annexin V and 7-AAD (A). Results shown in the histogram (B) are summaries of mean ± SD from three independent experiments. *p < 0.05 and ***p < 0.001, compared with the medium control group.


We then determined whether baicalein and baicalin can induce senescence in melanoma cells, which is another mechanism involved in the suppressed cell growth and proliferation mediated by baicalin in colon cancer cells (Dou et al., 2018; Wang et al., 2018). The most widely used biomarker for senescent cells is the senescence-associated β-galactosidase (SA-β-Gal) (Ye et al., 2012; Liu et al., 2018). We observed that culture with baicalein and baicalin in human Mel586, SK-MEL-2, and A375 melanoma cells as well as mouse B16F0 melanoma cells significantly increased the numbers of SA-β-Gal+ cells, indicating the induction of tumor cell senescence (Figures 4A,B). However, unlike the effect in colon cancer cells, treatment with baicalein induced more senescent cell populations in both human and mouse melanoma cell lines than that of baicalin treatment in those melanoma cells (Figures 4A,B). Interestingly, we observed that high concentrations of baicalein and baicalin (above 50 μM) were required to induce senescence in B16F0 mouse melanoma cells compared with those in human melanoma cell lines in in vitro treatment (Figures 4A,B). These results collectively suggest that baicalein and baicalin treatment in melanoma cells can induce both cell apoptosis and senescence, resulting in the inhibition of tumor cell growth and functions.
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FIGURE 4. Baicalein and baicalin treatments induce melanoma cell senescence. (A,B) Increased senescent cell populations were induced in human and mouse melanoma cells after treatments with baicalein and baicalin. Tumor cells were cultured in the presence of indicated concentrations of baicalein and baicalin for 72 h. Senescent cells were analyzed using the SA-β-Gal activity assay and the SA-β-Gal positive cells were identified with dark blue granules as indicated by the arrows (A). Data in panel (B) are mean ± SD from three independent experiments with similar results. *p < 0.05, **p < 0.01, and ***p < 0.001, compared with the medium control group.




Baicalein and Baicalin Suppress Glucose Metabolism in Melanoma Cells

Metabolic dysregulation is one of the characteristic hallmarks of tumor malignancy (Ward and Thompson, 2012; Dang, 2013). Cancer cells often display heightened glucose consumption in the tumor microenvironment. We reasoned that baicalein and baicalin-induced inhibition of tumor proliferation and biological functions may be caused by interfering with cell energy metabolism. We thus investigated the metabolic profile of the melanoma cells treated with baicalein and baicalin (Figure 5A). We first determined the glucose uptake ability of melanoma cells in the presence and absence of different concentrations of baicalein and baicalin, using a fluorescent glucose analog D-glucose analog 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino)-2-deoxy-D-glucose (2-NBDG) labeling assay (Liu et al., 2018; Li et al., 2019). Our results clearly showed that both human and mouse melanoma cells had high glucose uptake abilities. However, treatments with baicalein and baicalin significantly inhibited glucose uptake abilities of four melanoma cell lines no matter of N-RAS and B-RAF mutation statuses (Figure 5B). We then determined the effect on key glycolytic enzymes in tumor cells using real-time quantitative PCR analyses (Li et al., 2019). Those molecules include glucose transporters 1 and 3 (Glut1 and Glut3), as well as glycolysis-related enzymes hexokinase 2 (HK2), glucose-6-phosphate isomerase (GPI), phosphofructokinase 1 (PFK1), triosephosphate isomerase 1 (TPI1), enolase 1 (ENO1), pyruvate kinase muscle 2 (PKM2), and lactate dehydrogenase A (LDHα) (Figure 5A). Baicalein and baicalin treatments markedly suppressed gene expression of Glut1, Glut3, HK2, TPI, GPI, and PFK1 in both human and mouse melanoma cells (Figure 5C). In addition, both baicalein and baicalin inhibited LDHα expression in Mel586, A375, and B16F0 melanoma cells, and ENO1 expression in SK-MEL-2 and A375 cells, as well as partially suppressed PKM2 expression in SK-MEL-2, A375, and B16F0 tumor cells (Supplementary Figure S2). To further investigate the causative role of glucose metabolism inhibition in cell senescence and suppression of melanoma cells mediated by these two compounds, we determined whether we can prevent tumor cell senescence mediated by baicalein and baicalin if we promote glucose mentalism through overexpression of Glut1 gene in the melanoma cells. Consistent with the above results, baicalein and baicalin treatments significantly increased melanoma cell senescence. However, transfection of pCDNA-Glut1 plasmid but not control vector in melanoma cells dramatically reversed the senescence in the melanoma cells induced by both baicalein and baicalin treatments (Figure 5D). These results collectively suggest that baicalein and baicalin inhibit melanoma tumor growth and function via suppression of tumor cell glucose metabolism.
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FIGURE 5. Baicalein and baicalin treatments down-regulate glucose uptake and glycolysis in melanoma cells. (A) The sketch map shows the steps and regulations of the key metabolites and enzymes in cell glycolysis. (B) Baicalein and baicalin treatments significantly decreased glucose uptake in both human and mouse melanoma cells. Glucose uptake of melanoma cells was determined by the flow cytometry with addition of 2-NBDG (100 μM) for 30 min after 3-day culture with the indicated concentrations of baicalein and baicalin. (C) Baicalein and baicalin treatments significantly down-regulated gene expression levels of key glycolytic enzymes in both human and mouse melanoma cells. Melanoma cells were treated with or without indicated concentrations of baicalein and baicalin for 72 h. Total RNA was isolated from the tumor cells and analyzed by real-time PCR. The expression levels of each gene were normalized to β-actin expression levels and adjusted to the levels in untreated tumor cells (medium). Data shown in different melanoma cells are mean ± SD from three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001, compared with the medium only group. (D) Over-expression of Glut1 prevented cell senescence in melanoma cells induced by baicalein and baicalin. Melanoma cells were transfected with pCDNA-Glut1 or control vector plasmids for 24 h, then cultured for 3 days in the presence of baicalein or baicalin (40 μM for Mel586, A375, and SK-mel-2 cells, and 50 μM for B16F0 cells). Senescent cells were analyzed using the SA-β-Gal activity assay. Data shown are mean ± SD from three independent experiments with similar results. *p < 0.05, **p < 0.01, and ***p < 0.001, compared with the medium control group. #p < 0.05, ##p < 0.01, and ###p < 0.001, compared with the respective baicalein or baicalin treatment group.




Down-Regulation of mTORC1-HIF1α Signaling in Melanoma Cells Is Responsible for Glucose Metabolism Inhibition Induced by Baicalein and Baicalin

mTOR signaling pathway plays a central role in metabolic reprogramming of tumor cell growth and proliferation (Sun et al., 2011; Chen et al., 2015). Furthermore, hypoxia-inducible factor 1-alpha (HIF1α) serves as a key transcription factor that performs important functions in regulation of cellular metabolism (Cheng et al., 2014; Pusapati et al., 2016; Salmond, 2018). Our recent studies demonstrated that mTORC1–HIF1α pathway promotes glucose metabolism and glycolysis in Treg cells (Li et al., 2019). We therefore explored the possibility that baicalein and baicalin could inhibit mTORC1–HIF1α signaling pathway and thus result in suppression of glucose metabolism in melanoma cells. To test this possibility, we first analyzed the phosphorylation and activation of mTOR and its downstream substrates p70S6K and 4E-BP1 in melanoma cells treated with or without baicalein and baicalin. We found that both human and mouse melanoma cells have high phosphorylated mTOR and p70S6K cell populations, indicating elevated mTORC1 activity in melanoma tumor cells. However, treatments with baicalein and baicalin significantly suppressed the phosphorylation of mTOR and its downstream substrates p70S6K and 4E-BP1 in the melanoma cell lines, further confirming their inhibition of mTOR signaling in melanoma cells (Figure 6A). Consistent with our above and previous results, baicalein had more potent suppressive effect on mTOR signaling in tumor cells than that of baicalin. To further test the possibility that baicalein and baicalin-mediated suppression of melanoma cells involves the mTORC1–HIF1α signaling pathway regulation, we also determined HIF1α protein and mRNA expression in both human and mouse melanoma cells treated with or without the two compounds using the flow cytometry and Real-time PCR analyses. The four melanoma cell lines expressed high levels of HIF1α. Furthermore, treatments with baicalein and baicalin significantly inhibited HIF1α expression in all melanoma cells, suggesting down-regulation of HIF1α pathway in melanoma cells induced by the two compounds (Figures 6B,C). All these results suggest that baicalein and baicalin down-regulate the mTOR-HIFα signaling in tumor cells.
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FIGURE 6. Baicalein and baicalin treatments suppress mTORC1-HIFα signaling in melanoma cells. (A) Suppression of phosphorylation and subsequent activation of mTOR signaling in melanoma cells treated with baicalein and baicalin. Melanoma cells were treated with or without indicated concentrations of baicalein and baicalin for 72 h and then phosphorylated mTOR, p70S6K, and 4E-BP1 in tumor cells were determined by the flow cytometry analyses. (B,C) Baicalein and baicalin treatments down-regulated HIF1α protein and mRNA expression in melanoma cells. Cell preparation and treatment were identical to panel (A). The protein expression of HIF-1α in treated tumor cells was determined by the flow cytometry (B). Total RNA was isolated from the tumor cells and analyzed by Real-time PCR (C). The gene expression levels of HIF1α were normalized to β-actin expression levels and adjusted to the levels in untreated melanoma cells. Data shown are representatives of mean ± SD from three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001, compared with the medium only group.


We then confirmed the functional importance of mTOR-HIFα signaling pathway in glucose metabolism suppression and senescence induction in melanoma cells mediated by baicalein and baicalin. We performed a functional rescue experiment with over-expression of the mTOR upstream activator Rheb gene in melanoma cells (retrovirus-based Rheb) (Yang et al., 2017; Li et al., 2019). Activation of mTOR signaling with Retro-Rheb transfection significantly reversed suppression of gene expression levels of glucose transporters and glycolytic enzymes in melanoma cells induced by baicalein and baicalin (Figure 7A). Furthermore, mTOR signaling activation markedly prevented the baicalein and baicalin-induced senescence in both human and mouse melanoma cells (Figure 7B). In addition, we activated HIF1α function with the specific pharmacological activator dimethyloxalylglycine (DMOG) and then evaluated glycolysis inhibition and cell senescence induction mediated by baicalein and baicalin (Zhdanov et al., 2015; Cosin-Roger et al., 2017). Consistent with the results from Retro-Rheb transfection, activation of HIF1α signaling with DMOG in tumor cells markedly blocked the inhibition of gene expression of glucose transporters and glycolytic enzymes and prevented induction of senescence in melanoma cells mediated by baicalein and baicalin (Figures 7A,B). These results indicate that mTOR-HIF1α axis and its downstream glycolytic program is critical and involved in tumor growth suppression and senescence induction in melanoma cells mediated by baicalein and baicalin.
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FIGURE 7. mTORC1-HIFα signaling controls glucose metabolism inhibition and senescence induction in melanoma cells mediated by baicalein and baicalin. (A) Activation of mTORC1-HIFα signaling blocked baicalein and baicalin-induced down-regulated gene expression of key glycolytic enzymes in both human and mouse melanoma cells. Melanoma cells were transfected with Retro-Rheb plasmid or pretreated with DMOG (0.1 mM) for 24 h, then cultured for 3 days in the presence of 40 μM of baicalein or baicalin. Total RNA was isolated from the tumor cells and analyzed by Real-time PCR. The expression levels of each gene were normalized to β-actin expression levels and adjusted to the levels in untreated tumor cells (medium). Data shown in different melanoma cells are mean ± SD from three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001, compared with the medium control group. #p < 0.05, ##p < 0.01, and ###p < 0.001, compared with the respective baicalein or baicalin treatment group. (B) Activation of mTORC1-HIFα signaling prevented senescence induction in melanoma cells mediated by baicalein and baicalin. Cell treatment and procedure are identical to panel (A). Treated melanoma cells were cultured for 3 days in the presence of baicalein or baicalin (40 μM for Mel586, A375, and SK-MEL-2 cells, and 50 μM for B16F0 cells). Senescent cells were analyzed using the SA-β-Gal activity assay. Data shown are mean ± SD from three independent experiments with similar results. *p < 0.05, **p < 0.01, and ***p < 0.001, compared with the medium control group. #p < 0.05, ##p < 0.01, and ###p < 0.001, compared with the respective baicalein or baicalin treatment group.




Baicalein and Baicalin Inhibit Tumorigenesis and Growth of Melanoma in vivo

Our in vitro studies have clearly demonstrated that baicalein and baicalin could suppress glucose metabolism in melanoma cells, resulting in suppression of tumor cell growth and functions. We next performed complementary in vivo studies using mouse melanoma B16F0 cells in the humanized NOD-scid IL2Rγnull (NSG) mouse xenograft models, and explored whether baicalein and baicalin can inhibit tumorigenesis and growth of melanoma in vivo. B16F0 melanoma cells were subcutaneously injected into NSG mice. After 4 days post tumor injection (tumor size reached around 5 × 5 mm), baicalein and baicalin (80 mg/kg) were administered through intraperitoneal injection into the tumor-bearing mice, respectively, at every other day for 2 weeks. Tumor growth was evaluated. At the end of experiments (day 17), tumors were isolated from the different groups of the sacrificed mice and weighted. B16F0 tumor cells injected with PBS control grew progressively in NSG mice. However, treatments with both baicalein and baicalin significantly inhibited tumor growth (Figure 8A). Furthermore, tumor sizes collected from the baicalein- or baicalin-treated B16F0 groups were much smaller than those in the PBS treatment group (Figure 8B). In addition, the average tumor weights obtained from either the baicalein treatment group or baicalin treatment group were much lower than that of control group (Figure 8C). Notably, consistent with the results from in vitro studies, baicalein had more potent anti-tumor effect than that of baicalin in vivo.
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FIGURE 8. Baicalein and baicalin inhibit tumor growth and tumorigenesis of melanoma in vivo. (A) Both baicalein and baicalin dramatically inhibited B16F0 melanoma tumor growth in NSG immunodeficient mice. B16F0 cells (1 × 105/mouse) were subcutaneously injected into NSG mice. After 4 days post tumor injection (tumor size reached around 5 × 5 mm), the tumor-bearing mice were administrated with baicalein (80 mg/kg), baicalin (80 mg/kg), or PBS control through intraperitoneal injection, respectively at every other day for 2 weeks. Tumor volumes were measured and presented as mean ± SD (n = 4 mice/group). p values were determined by the one-way analysis of variance (ANOVA). (B) Representative image of B16F0 tumors obtained from the indicated groups at the endpoint of the experiments (day 17). (C) Treatments with both baicalein and baicalin had much lower tumor weights compared with that of PBS control group. Results shown are mean ± SD of the tumor weights from the indicated groups in the B16F0 model at the endpoint of the experiments (day 17) (n = 4 mice/group). *p < 0.05 and ***p < 0.001, compared with the PBS injection group using unpaired t-test. (D,E) Treatments with baicalein and baicalin significantly decreased the Ki-67+ cell populations in tumor tissues at the endpoint of experiment using an immunofluorescence assay. Panel (D) are representative images of Ki-67 expression in tumor tissues from different groups. Scale bar: 50 μm. Panel (E) is the summary of mean ± SD of KI-67+ cell fractions per high microscope field (×400) in the tumor tissues from four mice of each group. ***p < 0.001, compared with the PBS control treatment mice using unpaired t-test. (F,G) Large amounts of senescent tumor cells were observed in the tumor tissues from both treatments of baicalein and baicalin in NSG mice. SA-β-Gal expression was determined in the tumor frozen tissues from different groups at the endpoint of experiment. Panel (F) is photomicrographs of SA-β-Gal expression in tumor tissues from different groups as arrows indicated. Panel (G) is the summary of mean ± SD of SA-β-Gal+ cell numbers per high microscope field (×400) in the tumor tissues from four mice of each group. ***p < 0.001, compared with the PBS treatment control mice using unpaired t-test. (H,I) Increased apoptotic cells were observed in B16F0 tumor tissues from the treatment groups with baicalein and baicalin. Cell apoptosis in the frozen sections was analyzed by the anti-cleaved caspase-3 staining at the end of experiments. Panel (H) are representative images of cleaved caspase-3 expression in tumor tissues from different groups. Scale bar: 50 μm. Panel (I) is the summary of mean ± SD of cleaved caspase-3+ cell fractions per high microscope field (×400) in the tumor tissues from four mice of each group. ***p < 0.001, compared with the PBS treatment control group using unpaired t-test.


In addition to the tumor growth evaluation, we investigated the tumor cell proliferation, senescence and apoptosis mediated by baicalein and baicalin treatments in tumor tissues from different groups. We observed that baicalein and baicalin treatments markedly suppressed tumor cell proliferation as indicated by a decrease of Ki-67+ cell populations in tumor tissues (Figures 8D,E). Furthermore, baicalein and baicalin treatments also significantly induced increases of both senescent and apoptotic cell populations in tumor tissues as determined with SA-β-Gal and cleaved caspase-3 staining analyses, respectively (Figures 8F–I). All these studies collectively indicate that baicalein and baicalin can induce tumor cell senescence and apoptosis, and suppress tumor proliferation and growth in vivo. We then further confirmed whether baicalein and baicalin-mediated inhibition of tumor growth in vivo is due to suppression of glucose metabolism in tumor cells. We detected the gene expression of the key enzymes involved in glycolysis in tumor tissues obtained from different groups. We observed significantly decreased gene expression levels of glucose transporters Glut1 and Glut3, as well as the key glycolytic enzymes in tumor tissues treated with baicalein or baicalin, further suggesting inhibition of glycolysis in tumor cells (Supplementary Figure S3). Collectively, our studies clearly indicate that baicalein and baicalin can suppress tumor cell metabolism, promote cell senescence and apoptosis, and inhibit tumor proliferation and growth in vitro and in vivo.




DISCUSSION

Melanoma is one of the most common cancers worldwide and has a high rate of death with the advanced disease. Development of novel therapeutic strategies and/or effective drugs is a significant challenge and urgently needed for clinical patients (Brose et al., 2002; Omholt et al., 2003; Thumar et al., 2014). Our current studies have identified that the Chinese traditional medicines baicalein and baicalin are potent anti-tumor agents for melanoma even with N-RAS and B-RAF mutations. Baicalein and baicalin strongly inhibit melanoma cell behaviors and functions, including tumor cell growth and proliferation, as well as colony formation and migration. Mechanistic studies further demonstrated that baicalein and baicalin-mediated suppression of melanoma growth and development is through the inhibition of glucose metabolism in tumor cells, promoting tumor cell apoptosis and senescence. Our studies indicate that baicalein and baicalin could be potentially novel and effective therapeutic drugs for melanoma treatment.

Although significant progress has been made to develop target therapy for melanoma, the mutations on N-RAS and B-RAF occurred in tumor cells have been a significant challenge for successful treatment of melanoma patients (Brose et al., 2002; Omholt et al., 2003; Thumar et al., 2014). Patients with N-RAS and B-RAF mutations have higher incidences of central nervous system (CNS) metastasis in stage IV disease than those with wild-type B-RAF and N-RAS (Flanigan et al., 2013). Furthermore, N-RAS mutation status has been proved to be associated with shorter survival from stage IV melanoma patients and be an independent predictor for clinical outcomes (Ugurel et al., 2007; Jakob et al., 2012). Although many inhibitors have been developed to target the mutations and/or activated signaling pathways, the overall effects of the inhibitors against melanoma are limited in certain types of clinical patients (Brose et al., 2002; Thumar et al., 2014). Moreover, resistance against the target inhibitors and/or activation of alternative survival signaling pathways in cancer cells also keep merging in cancer patients (Nazarian et al., 2010; Villanueva et al., 2010; Gowrishankar et al., 2012). In addition, the currently developed inhibitors, such as PLX4720 and PLX4032, show limitations as they could not cure melanoma with both N-RAS and B-RAF mutations (Halaban et al., 2010; Kaplan et al., 2012). These are significantly obstacles for a target therapy against melanoma. Therefore, development of alternative new drugs which can target melanoma cells with or without different types of oncogenic mutations is needed. In fact, many promising drugs have been developed based on the natural products and applied in clinical trials for various disease treatments including cancers (Cragg et al., 2009; Cragg and Newman, 2013; Stover et al., 2014). In our current studies, we utilized different types of melanoma cell lines with/without N-RAS and B-RAF mutations, including Mel586, SK-MEL-2 (wild type B-Raf and mutant N-RAS), A375 (B-RAF V600E and wild type N-RAS), as well as mouse B16F0 melanoma cell line. Our results clearly demonstrated that baicalein and baicalin can significantly inhibit both human and mouse melanoma cancer cell growth and proliferation regardless of N-RAS and B-RAF mutation statuses in tumor cells. In addition, the suppression of melanoma cells is due to the promotion of cancer cell apoptosis and senescence mediated by baicalein and baicalin. All these studies indicate that baicalein and baicalin could be promising and effective drugs targeting different mutants for melanoma therapy.

Scutellaria baicalensis Georgi is one of the most important traditional Chinese medicines, which is widely used for the disease treatments. Baicalein and baicalin are active components of Scutellaria baicalensis Georgi. Increasing evidence suggests that baicalein and baicalin have strong anti-tumor effects in various cancers (Takahashi et al., 2011; Huang et al., 2012; Zhang et al., 2013; Aryal et al., 2014; Chung et al., 2015). Our previous studies have further demonstrated that baicalein and baicalin can suppress colon cancer cell proliferation and growth in vitro and in vivo (Dou et al., 2018; Wang et al., 2018). Thus, exploring anti-tumor efficacy in different cancer types and related mechanisms mediated by baicalein and baicalin will provide critical information for the development of novel strategies for cancer treatment. We have demonstrated that MAPK ERK and p38 signaling pathways are involved in baicalein and baicalin-induced apoptosis and senescence in colon cancer (Dou et al., 2018). Furthermore, we identified that baicalin up-regulates the expression of DEPP (progesterone) and activates its downstream Ras/Raf/MEK/ERK and p16INK4A/Rb signaling pathways by acting as an antioxidant, leading to senescence in colon cancer cells (Wang et al., 2018). In this study, we provide first evidence that baicalein and baicalin can induce melanoma cell apoptosis and senescence, which is consistent with our previous studies shown in colon cancer (Dou et al., 2018; Wang et al., 2018). Importantly, our current studies further identified the metabolic control as a novel molecular mechanism responsible for the tumor suppression mediated by baicalein and baicalin. Increasing evidence suggests that metabolic disorder is a significant hallmark in the malignant tumors which controls the progression of tumor biological behaviors and immune cell functions in the suppressive tumor microenvironment (Biswas, 2015; Yoshida, 2015). Furthermore, the “Warburg effect” has been widely accepted as a common feature of metabolic reprogramming in tumors, and tumor cells depend on aerobic glycolysis for maintaining biosynthesis and functions (Warburg, 1956; Koppenol et al., 2011). In our effort to identify how baicalein and baicalin molecularly inhibit melanoma growth, we demonstrated that baicalein and baicalin can metabolically reprogram melanoma cells via inhibition of glucose uptake and downregulation of the key enzymes in glucose transport and glycolysis in tumor cells. Furthermore, the metabolic inhibition by baicalein and baicalin involves the mTOR-HIF-1α signaling regulation. All the results from both in vivo and in vitro studies indicate that baicalein and baicalin can rewrite tumor metabolism and have potent anti-tumor effects in melanoma. We will continue our future studies to explore the possibility that combining baicalein or baicalin treatment with other therapeutic strategies including immunotherapy will synergistically enhance anti-tumor efficacy in different melanoma models.

In summary, we report that baicalein and baicalin can significantly inhibit melanoma regardless of mutation statuses in vitro and in vivo. We further revealed that their anti-tumor effects are mechanistically due to the suppression of cancer cell glucose metabolism and induction of melanoma cell apoptosis and senescence. These data clearly suggest that both baicalein and baicalin have potent anti-tumor effects against melanoma and are potential novel and universal target drugs for melanoma therapy.



MATERIALS AND METHODS


Chemical Compounds

Baicalein (Purity 98.5%) and baicalin (Purity 91.5%) were purchased from the Kanghua Company (Nanjing, Jiangsu, China) and were dissolved in dimethyl sulfoxide (DMSO, Sigma, St. Louis, Mo, United States). A 50 mM stock solution were prepared and stored in −20°C for the experiments, as we previously described (Dou et al., 2018; Wang et al., 2018).



Melanoma Cell Lines

Human melanoma cell lines (A375 and SK-MEL-2) and mouse melanoma cell line B16F were originally purchased from the American Type Culture Collection (ATCC, Manassas, VA, United States). Human Mel586 were obtained from the National Cancer Institute (NCI). Mel586 and B16F0 cells were maintained in RPMI-1640 medium containing 10% fetal bovine serum (FBS). A375 and SK-MEL-2 were maintained in DMEM medium containing 10% FBS.



Cell Growth and Proliferation Assay

Melanoma cell lines were cultured at a started number of 2 × 105/well in 6-well plates in the presence of different concentrations of baicalein and baicalin in triplicate wells, as we previously described (Dou et al., 2018; Wang et al., 2018). Cell growth was evaluated at different time points using the cell number counting. In addition, cell proliferation was determined using the [3H]-thymidine incorporation assays as we previously described (Ye et al., 2012, 2014). In brief, different numbers of tumor cells (5 × 103, 1 × 104 or 2 × 104) were cultured in 96-well plates in cell assay medium containing 2% FCS in the presence of different concentrations of baicalein and baicalin. After 56 h of culture, [3H]-thymidine was added at a final concentration of 1 μCi/well, followed by an additional 16 h of culture. The incorporation of [3H]-thymidine was measured with a liquid scintillation counter (PerkinElmer, Waltham, MA, United States).



Colony Formation Assay

Two hundred to five hundred per well of melanoma cells treated with different concentrations of baicalein or baicalin, were seeded in 6-well plates and cultured for 10–14 days. Cell colonies were fixed with 4% formaldehyde, stained with 0.5% crystal violet for 15 min at room temperature, washed for several times and then counted under a microscope, as we described previously (Liu et al., 2015; Dou et al., 2018; Wang et al., 2018).



Wound Healing Assay

Melanoma cells were plated in 6-well plates and grown to 60–80% confluence. A wound area was generated by scraping cells with a 10 μl pipette tip across the entire diameter of the dish and extensively rinsed with PBS to remove all cellular debris. The scratches were photographed after additional 24 and 36 h of culture in the presence of different concentrations of baicalein or baicalin. The closure was estimated as the wounded area relative to the initial area (Liu et al., 2015; Dou et al., 2018; Wang et al., 2018).



Adhesion Assay

The flat bottom 96-well plates were coated with fibronectin (10 μl/ml, BD Biosciences) at 4°C overnight and then blocked with 2% BSA in PBS at 37°C for 2 h. Melanoma cells (1 × 105/ml) pre-treated with different concentrations of baicalein or baicalin for 72 h were seeded into fibronectin-pre-coated 96-well plates (10 μl/well) in the medium without FBS and incubated for 45 min. After washing three times with PBS to remove non-adherent cells, the cells attached on the plates were fixed with 4% formaldehyde for 4 min and stained with 0.03% crystal violet for 15 min. Adherent cells were counted and averaged in 10 fields at a high (×400) magnification with a microscope (Liu et al., 2015).



Apoptosis Assays

Melanoma cells were cultured for 36 or 72 h in the presence of different concentrations of baicalein and baicalin, and apoptosis was analyzed after staining with PE-labeled Annexin V and 7-AAD (BD Biosciences, San Diego, CA, United States) (Liu et al., 2015; Dou et al., 2018; Wang et al., 2018). Stained cells were analyzed on a FACSCalibur (BD Bioscience) and the data were analyzed with the FlowJo software (Tree Star, Ashland, OR, United States).



Flow Cytometry Analysis

The expression of mTOR-HIF-1α signaling markers on tumor cells were determined by FACS analysis after staining with anti-human specific antibodies, including anti-phosphorylated mTOR (1:500), p70S6K (1:500), and 4E-BP1 (1:1000), as well as anti-HIF-1α (1:1000) and then secondary anti-rabbit antibody conjugated with either PE or FITC. These antibodies were purchased from Cell Signaling Technology. All stained cells were analyzed on a FACSCalibur flow cytometer (BD Bioscience) and data analyzed with the FlowJo software (Tree Star).



Senescence Associated β-Galactosidase (SA-β-Gal) Staining

Senescence associated β-Galactosidase (SA-β-Gal) activity in tumor cells was detected as we previously described (Dou et al., 2018; Wang et al., 2018). Briefly, melanoma cells were cultured for 3 days in the presence of different concentrations of baicalein or baicalin. For some experiments, tumor cells were transfected with Retro-Rheb, pCDNA-Glut1 or control plasmids, or pretreated with DMOG (0.1 mM, Sigma) for 24 h, then cultured for 3 days in the presence of different concentrations of baicalein or baicalin (Li et al., 2019). Tumor cells were fixed in 3% formaldehyde, and followed to incubate overnight at 37°C with freshly prepared SA-β-Gal staining solution. The stained cells were washed with PBS and examined with a microscope.



Quantitative Real-Time PCR Analysis

Total RNA was extracted from the mouse and human melanoma cells using the Trizol reagent (Invitrogen), and cDNA was transcribed using a SuperScript II RT kit (Invitrogen), both according to the manufacturers’ instructions. Expression levels of each gene were determined by reverse-transcription PCR using specific primers, and mRNA levels in each sample were normalized to the relative quantity of β-actin gene expression. All experiments were performed in triplicate. The specific primers used for mouse and human metabolic genes are listed in Supplementary Table S1. All primers were purchased from Integrated DNA Technologies.



Glucose Uptake Assay

Glucose uptake was determined following 20 min incubation of melanoma cells with a fluorescent D-glucose analog 2-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG) (Cayman Chemical), as we previously described (Li et al., 2019). Melanoma cells were pretreated with different concentrations of baicalein and baicalin for 72 h. Treated and untreated melanoma cells were cultured in the glucose-free medium for 30 min, and followed addition of 2-NBDG (100 μM) for 20 min and analyzed with a FACSCalibur flow cytometer (BD Bioscience).



Immunofluorescence Staining in Tissues

Tumor tissues were embedded into OCT and prepared for cryostat sections (4∼8 μm). Frozen slides were recovered to room temperature, washed with PBS and treated with 3% H2O2 in PBS for 30 min. The sections were further blocked with 3.7% formaldehyde for 30 min and added the primary antibodies, including anti-Ki-67 (#9129, Cell Signaling Technology), anti-cleaved caspase-3 (#9664, Cell Signaling Technology) at diluted concentrations of 1:50 and 1:400, respectively, under 4°C overnight. The slides were washed with PBS and added a secondary antibody-conjugated with AF594 and DAPI at diluted concentrations of 1:300 and 1:2500, under room temperature for 1 h. The stained slides were analyzed by an immunofluorescence microscopy.



In vivo Tumorigenesis Studies

NOD-scid IL2Rγnull (NSG, 6–8 weeks) immunodeficient mice were purchased from The Jackson Laboratory and maintained in the institutional animal facility. All animal studies have been approved by the Institutional Animal Care Committee. For tumorigenesis studies, B16F0 cells (1 × 105/mouse) were subcutaneously injected into NSG mice. After 4 days post tumor injection (tumor size reached around 5 × 5 mm), the tumor-bearing mice were randomly divided into three groups (n = 4/group) and administrated with baicalein (80 mg/kg), baicalin (80 mg/kg), and PBS control through intraperitoneal injection, respectively, at every other day for 2 weeks. Tumor size was measured with calipers every 2 days. Tumor volume was calculated on the basis of two-dimensional measurements. At the end of experiments (day 17), the mice were sacrificed and tumors were isolated and weighted. Furthermore, tumor tissues were embedded into OCT and prepared for cryostat sections (4∼8 μm), and SA-β-Gal expression, cell proliferation and apoptotic cell populations were assayed, as described above. In addition, parts of tumor issues were grinded and total RNA was extracted, and cDNA was transcribed for RT-PCR experiments.



Statistical Analysis

Statistical analysis was performed with GraphPad Prism5 software. Data are expressed as mean ± standard deviation (SD). For multiple group comparison in vivo studies, the one-way analysis of variance (ANOVA) was used, followed by the Dunnett’s test for comparing experimental groups against a single control. For single comparison between two groups, paired Student’s t-test was used. Non-parametric t-test was chosen if the sample size was too small and did not fit a Gaussian distribution.
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FIGURE S1 | Increased apoptotic cell populations are induced in both human and mouse melanoma cells after treatments with baicalein and baicalin. Tumor cells were cultured in the presence of the indicated concentrations of baicalein and baicalin for 36 h. Apoptosis in treated tumor cells was analyzed after staining with PE-labeled Annexin V and 7-AAD. Results shown in the histogram are summaries of mean ± SD from three independent experiments. ∗∗∗p < 0.001, compared with the medium control group.

FIGURE S2 | Baicalein and baicalin treatments significantly down-regulate gene expression levels of key glycolytic enzymes in melanoma cells. Both human and mouse Melanoma cells were treated with or without the indicated concentrations of baicalein and baicalin for 72 h. Total RNA was isolated from the tumor cells and analyzed by Real-time PCR. The expression levels of each gene were normalized to β-actin expression levels and adjusted to the levels in untreated tumor cells (medium). Data shown in different melanoma cells are mean ± SD from three independent experiments. ∗p < 0.05 and ∗∗p < 0.01, compared with the medium only group.

FIGURE S3 | Baicalein and baicalin treatments down-regulate gene expression levels of key glycolytic enzymes in B16F0 tumor cells in vivo. B16F0 cells (1 × 105/mouse) were subcutaneously injected into NSG mice. After 4 days post tumor injection (tumor size reached around 5 × 5 mm), the tumor-bearing mice were administrated with baicalein (80 mg/kg), baicalin (80 mg/kg), or PBS control through intraperitoneal injection, respectively at every other day for 2 weeks. At the end of experiments, tumor issues were grinded and total RNA was extracted. The expression levels of each gene were normalized to β-actin expression levels and adjusted to the levels in PBS treated group (set as 1). Results shown are mean ± SD from four mice per group. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001, compared with the PBS treatment control group using unpaired t-test.
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