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Abstract

:

Hypoxia-inducible factor-1α (HIF-1α) is a major transcriptional regulator that plays a crucial role in the hypoxic response of rapidly growing tumors. Overexpression of HIF-1α has been associated with breast cancer metastasis and poor clinical prognosis. Plumbagin, the main phytochemical from Plumbago indica, exerts anticancer effects via multiple mechanisms. However, its precise mechanisms on breast cancer cells under hypoxic conditions has never been investigated. This study aims to examine the anticancer effect of plumbagin on MCF-7 cell viability, transcriptional activity, and protein expression of HIF-1α under normoxia and hypoxia-mimicking conditions, as well as reveal the underlying signaling pathways. The results demonstrate that plumbagin decreased MCF-7 cell viability under normoxic conditions, and a greater extent of reduction was observed upon exposure to hypoxic conditions induced by cobalt chloride (CoCl2). Mechanistically, MCF-7 cells upregulated the expression of HIF-1α protein, mRNA, and the VEGF target gene under CoCl2-induced hypoxia, which were abolished by plumbagin treatment. In addition, inhibition of HIF-1α and its downstream targets did not affect the signaling transduction of the PI3K/Akt/mTOR pathway under hypoxic state. This study provides mechanistic insight into the anticancer activity of plumbagin in breast cancer cells under hypoxic conditions by abolishing HIF-1α at transcription and post-translational modifications.
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1. Introduction


Breast cancer is the most common type of malignancy in women. Clinically, approximately 90% of breast cancer patient deaths are the result of metastasis [1]. The development of breast cancer is linked intratumorally to hypoxia, which occurs when the oxygen supply and demand are imbalanced due to the rapid growth of a large solid tumor mass [2,3]. In response to hypoxic conditions, cancer cells adapt to the stress environment by upregulating a transcription factor called hypoxia-inducible factor-1α (HIF-1α), which plays a critical role in the growth, invasion, metastasis, and therapeutic resistance of breast cancer [3,4]. HIF-1α exerts an important function in cellular adaptation to hypoxia by activating multiple cancer signaling pathways, including phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of rapamycin (PI3K/Akt/mTOR) and ERK/MAPK. The oxygen availability regulates HIF-1α stability, in which HIF-1α is hydroxylated under normoxic conditions by the oxygen sensor prolyl hydroxylases (PHD), leading to its polyubiquitylation by the von Hippel–Lindau (VHL) protein E3 ligase and degradation in the proteasome. Under hypoxia, PHD activity is inhibited, resulting in the stabilization of HIF-1α in the cytosol. Subsequently, the activated HIF-1α will translocate into the nucleus and form a heterodimer with HIF-1β to transactivate the transcription of target genes involved in tumor survival, metastasis, and angiogenesis, including vascular endothelial growth factor (VEGF) [5].



Overexpression of HIF-1α in primary breast tumor biopsies has been linked to an increased risk of metastasis, and is proposed as an adverse indicator of prognosis and diagnosis in patients [1]. As overexpressed HIF-1α has been correlated with treatment failures, it is considered to be a potential drug target for breast cancer therapy [4]. Over the past two decades, tremendous efforts have been made to develop HIF-1α inhibitors to prevent the spread of cancers. However, none of the HIF-1α inhibitors have been approved for the treatment of breast cancer patients in clinics due to insufficient effectiveness, toxicity, and lack of specificity [6]. Searching for novel agents targeting HIF-1α with greater efficacy and specificity is thus necessary to improve anticancer therapy in the future.



In recent years, plant-based medicines have drawn much attention for cancer treatments due to their promising efficacy and low toxicity compared with conventional chemotherapeutic drugs. Plumbago indica L. (Family: Plumbaginaceae), a medicinal plant native to Thailand, China, India, Indonesia, and other Asian countries, has been traditionally used for carminative, tonic elements, blood tonic, and anti-diarrhea treatment. Plumbagin (5-hydroxy-2-methyl-1, 4-naphthoquinone) is the major bioactive component found in the roots of P. indica with a wide range of biological properties, including anti-inflammatory, antioxidant, antifungal, antiprotozoal, and antibacterial activities [7,8]. The chemical structure is shown in Figure 1. Several studies have reported the pharmacological properties of plumbagin, including anticancer activities on various types of cancer cell lines. The anticancer mechanisms of plumbagin are mostly associated with its anti-proliferative and apoptotic-inducing effects [9,10,11,12,13,14,15]. However, the effect under the hypoxic conditions of plumbagin has not yet been investigated in breast cancer. As hypoxia is a key feature of breast cancer progression, the present study investigated the effects of plumbagin on HIF-1α expression under hypoxic conditions, and the potential molecular mechanisms in MCF-7 cancer cells.




2. Results


2.1. Cytotoxic Effects of Plumbagin on MCF-7 Cells


The cytotoxic effects of plumbagin on MCF-7 cells were examined by MTT assay. In normoxic conditions, cells were treated with plumbagin at various concentrations (1, 2, and 4 μM) for 24, 48, and 72 h. The results show that the viability of MCF-7 cells was reduced in a concentration-dependent manner (Figure 2A,C,E). The IC50 values were 2.63 ± 0.01, 2.86 ± 0.01, and 2.76 ± 0.01 μM at 24, 48, and 72 h, respectively (Figure 2B,D,F and Table 1). Plumbagin did not display a time-dependent cytotoxic effect on MCF-7 cells compared to the vehicle (0.1% DMSO). The IC50 values of the compound were comparable at all time courses of incubation.




2.2. Effects of CoCl2-Induced Conditions on HIF-1α Expression and MCF-7 Cell Viability


To investigate the effect of plumbagin under hypoxic conditions, cell viability was initially examined by treating with CoCl2, a well-known hypoxia mimetic agent, to determine its noncytotoxic concentration before treating with plumbagin. The MTT results show that CoCl2 reduced the viability of MCF-7 cells in a concentration- and time-dependent fashion (Figure 3A). The least cytotoxic concentration for CoCl2 is 150 at 24 h of incubation. As HIF-1α is a key regulator of hypoxia, its expression at the protein level was further determined following CoCl2 treatments. The results demonstrate that CoCl2 induced the expression of HIF-1α protein in a concentration- and-time-dependent manner (Figure 3B,C). In particular, 6-h exposure of 150 μM CoCl2 is the optimal condition to achieve the increase in HIF-1α protein expression compared with the control, without using cytotoxicity. Based on the results, a pretreatment of MCF-7 cells with 150 μM CoCl2 was chosen to mimic hypoxic conditions, followed by treatments with plumbagin to investigate the cytotoxicity under chemical-induced hypoxia. In Figure 3D, the results show that 24-h exposure to plumbagin reduced the viability of MCF-7 cells, with an IC50 value of 2.30 ± 0.02 μM, compared with the vehicle control in a concentration-dependent manner.




2.3. Plumbagin Inhibited HIF-1α mRNA and Protein Expression under Hypoxic Conditions


To examine the effect of plumbagin on HIF-1α under CoCl2-induced hypoxic conditions, the changes in expression of the HIF-1α protein were determined by Western blotting. The findings reveal that CoCl2 potently induced the expression of HIF-1α proteins compared with the normoxic group (Figure 4A). Interestingly, plumbagin, at the concentration of 4 μM, significantly downregulated HIF-1α protein expression compared with the untreated hypoxic group. The relative quantities of HIF-1α protein are shown in Figure 4B. We next asked whether a decrease in HIF-1α protein by plumbagin is modulated at the transcriptional level, and mRNA expression of HIF-1α was determined by qRT-PCR. It was found that CoCl2 significantly increased the mRNA levels of HIF-1α compared to under normoxic conditions. While plumbagin at concentrations of 2 and 4 μM significantly downregulated the HIF-1α mRNA expression compared to CoCl2-induced untreated group (Figure 4C). These findings indicate that plumbagin exerts an inhibitory effect on HIF-1α by blocking its transcription and translation under hypoxia-induced conditions.




2.4. The mRNA and Protein Expression of HIF-1α Target Genes, Including VEGF-A and VEGFR-2, Were Downregulated by Plumbagin


We further assessed the suppressive effects of plumbagin on HIF-1α. The transcriptional activity and protein expression of its downstream targets were determined by q-PCR and Western blotting under CoCl2-induced hypoxic conditions in MCF-7 cells. The mRNA expression of the key HIF-1α target genes including VEGF-A and VEGFR-2 was examined. The results demonstrate that plumbagin at the concentration of 4 μM significantly suppressed the mRNA expression levels of VEGF-A (Figure 5A). In comparison, VEGFR-2 mRNA levels were reduced by plumbagin at concentrations of 2 and 4 μM (Figure 5B). However, it is interesting that VEGF-A protein expression was unaffected by plumbagin compared to both untreated normoxic and hypoxic groups (Figure 5C,D). Together, these results indicate that plumbagin blocks HIF-1α signaling by partly mediating the transcription of its target genes.




2.5. Suppression of HIF-1α by Plumbagin Was Not Regulated by the PI3K/Akt/mTOR Pathway


The PI3K/Akt/mTOR signaling pathway is associated with the regulation of HIF-1α protein synthesis. To further examine the mechanism underlying HIF-1α inhibition by plumbagin, the PI3K, Akt, mTOR, and its phosphorylated forms were detected by Western blotting. BKM120 (PI3K inhibitor), MK2206 (Akt inhibitor), and rapamycin (mTOR inhibitor) were used as positive controls. Under CoCl2-induced hypoxia, the results show that rapamycin inhibited HIF-1α protein expression, similar to plumbagin compared with the mimic hypoxic group without treatment (Figure 6A,B). However, plumbagin did not affect PI3K, Akt, or mTOR in both phosphorylated forms and total protein levels (Figure 6C–H). The findings suggest PI3K/Akt-independent signaling pathways controlling the effect of plumbagin under CoCl2-induced hypoxia.





3. Discussion


This study reveals that plumbagin exerts anticancer activity in breast cancer cells by inhibiting HIF-1α activity under hypoxic conditions. Plumbagin reduced MCF-7 cell viability in a concentration-dependent manner under normoxic and hypoxic conditions. HIF-1α overexpressed under hypoxia is important for the adaptation of cancer cells to the low oxygen concentration of solid tumors within hypoxic regions.



CoCl2, a chemical inducer of HIF-1α expression, mimicked hypoxia via the inhibition of hydroxylation by PHDs leading to HIF-1α stabilization, accumulation, and translocation into the nucleus. The advantages of the induction with CoCl2 are the ease of obtaining results and the inexpensive and time-efficient method used to induce hypoxia in cell culture, while the disadvantage of CoCl2 at high concentrations is that it can cause cytotoxicity [16]. A hypoxia incubator chamber can be used to create a hypoxic environment with 1% oxygen gas. The advantage is that 1% oxygen does not change cell behavior, while the disadvantages are expensiveness and difficulty to control reoxygenation during the experiment [17]. We demonstrated that HIF-1α expression levels were increased after exposure to CoCl2 at various concentrations and times. Incubation with CoCl2 at the concentration of 150 μM for 6 h is the optimal time and concentration, increasing both gene and protein expressions of HIF-1α. CoCl2 is used in several hypoxia induction studies in which it can induce HIF-1α expression at both mRNA and protein levels in many types of cancers, including MCF-7 cells [18,19,20,21,22]. Our results are in concordance with others, indicating that CoCl2 is an effective hypoxic inducer for in vitro experiments.



HIF-1α overexpression in solid tumors is associated with tumor progression via a variety of processes, including proliferation, angiogenesis, invasion, and metastasis [23,24,25]. In this study, we identified, for the first time, that plumbagin inhibited HIF-1α expression under hypoxic conditions, indicating that plumbagin has a translational inhibitory effect on HIF-1α. Furthermore, HIF-1α mRNA levels were measured to determine whether plumbagin affects HIF-1α at the translational or transcriptional level. We found that plumbagin significantly reduced HIF-1α expression at both the mRNA and protein levels, whereas several studies have reported effective inhibition of HIF-1α at the protein level. HIF-1α inhibition occurred as a result of a decrease in HIF-1α protein synthesis, which resulted in protein accumulation, but did not disrupt mRNA levels [26,27]. As a result, the precise underlying mechanisms of plumbagin on HIF-1α mRNA inhibition in MCF-7 cells under hypoxic conditions must be investigated further.



VEGF, a pro-angiogenic factor, is one of the downstream targets of HIF-1α critical for HIF-1α-mediated angiogenesis. As plumbagin downregulated HIF-1α protein expression, this event may subsequently lead to a decrease in the downstream targets of HIF-1α. This study provides evidence that plumbagin significantly downregulated mRNA expression of VEGF-A and VEGF-R2, key HIF-1α targets, indicating that plumbagin inhibited HIF-1α-mediated transcription in MCF-7 breast cancer cells under hypoxic conditions. It is well known that the VEGF-VEGFR-2 axis is a key signaling cascade of angiogenesis via the promotion of endothelial cell mitosis and chemotactic responses. Due to the overexpression of VEGF regulating the VEGFR-2 pathway via the phosphorylation of various tyrosine residues and the activation of multiple signaling cascades that are implicated in tumor angiogenesis [28,29]. Therefore, our results suggest that plumbagin might act as an anti-angiogenic agent by inhibiting the VEGF pathway. However, the protein expression of VEGF was unaffected by plumbagin treatment. This suggests that plumbagin may not be effective in modulating VEGF proteins under hypoxic conditions. The observed finding can be explained by the incomplete inhibition of VEGF proteins, which may result from the (1) post-transcriptional regulation of VEGF, including VEGF internal ribosome entry site (IRES)-mediated translation [30,31], microRNA (miRNA)-mediated regulation [32], or the regulation of cytokines, hormones, and growth factors [33,34]; or (2) post-translational modifications, such as phosphorylation, acetylation, or glycosylation, leading to VEGF protein stability [35].



The PI3K/Akt/mTOR signaling pathway is involved in regulating HIF-1α translation [36]. Previous research reported that plumbagin induced cell cycle arrest and autophagy via the inhibition of the PI3K/Akt/mTOR signaling pathway in MCF-7 cells [37]. Inhibition of HIF-1α expression also occurred via the suppression of the PI3K/Akt/mTOR signaling pathway in various cell types under hypoxia or CoCl2-induced hypoxia [38,39,40]. In the present study, we reveal that plumbagin did not affect the expression of total PI3K, Akt, or mTOR proteins, or their phosphorylated forms, under hypoxic conditions. The results suggest that plumbagin is unlikely to block HIF-1α signaling and its target genes by interrupting the PI3K/Akt/mTOR signaling pathway in MCF-7 breast cancer cells. However, the inhibition effect of plumbagin on HIF-1α may act through the inhibition of the ERK/MAPK-dependent signaling pathway (Figure 7). Further studies on other molecular mechanisms and targets of HIF-1α remain to be conducted in order to fully explain the inhibitory effect of plumbagin. In addition, MCF-7 cell lines have been shown to express high levels of HIF-1α protein [41]. Several studies found that plumbagin potently exhibited an anticancer effect against estrogen receptor (ER)-positive cell lines. Furthermore, plumbagin had a high specificity for ERs that were highly expressed in MCF-7 cells, but a low specificity for MDA-MB-231 cells [42]. Therefore, in this investigation, we aim to investigate the impact of plumbagin on the ER-positive MCF-7 cell line associated with HIF-1α. The impact of plumbagin on ER-negative MDA-MB-231 cells, however, is an intriguing subject that merits more research.




4. Materials and Methods


4.1. Chemicals and Reagents


Plumbagin, cobalt chloride (CoCl2), dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and bovine serum albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). TRIzol was purchased from Invitrogen (Carlsbad, CA, USA). A protease inhibitor, BCA protein assay kit, polyvinylidene difluoride (PVDF) membrane, precision plus protein dual color standard, and nonfat dry milk were purchased from Bio-Rad (Hercules, CA, USA). A phosphatase inhibitor cocktail was purchased from Roche Diagnostic (Mannheim, Germany).




4.2. Cell Culture and Experimental Treatments


A human breast adenocarcinoma cell line (MCF-7) was obtained from American Type Culture Collection (ATCC; HTB-22, Manassas, VA, USA). Cells were maintained in complete growth media and Minimum Essential Medium (MEM) with Earle’s salt containing 10% fetal bovine serum (FBS), 100 μg/mL penicillin, and 100 μg/mL streptomycin (Capricorn Scientific, Ebsdorfergrund, Germany) at 37 °C in a humidified incubator with 5% CO2. Stock solutions of plumbagin and CoCl2 were dissolved in DMSO and stored at −20 °C. The final concentration of DMSO in the medium did not exceed 0.1%. Before experiments, MCF-7 cells were plated at the desired density in MEM supplemented with 10% FBS, and incubated at 37 °C in a humidified incubator with 5% CO2 for 24 h. Under the normoxic condition, cells were treated with plumbagin at various concentrations (1, 2, and 4 μM) for 24, 48, and 72 h in a quadruplicate manner. While under hypoxic conditions, cells were pretreated with 150 μM CoCl2 for 6 h, followed by treatment with plumbagin at various concentrations (1, 2, and 4 μM) in MEM supplemented with 1% FBS for a further 24 h in quadruplicates.




4.3. Cell Viability


The effect of plumbagin on cell viability under normoxic and hypoxic conditions was determined using an MTT assay. MCF-7 cells were plated into 96-well plates at a density of 1 × 104 cells/well for 24 h, and then treated with various conditions according to the experimental design. After incubation, MTT working solution was added and incubated for 4 h. The medium was discarded and replaced with DMSO to solubilize the formazan product. The optical density was measured at a wavelength of 562 nm using a Varioskan Flash Multimode Reader (Thermo Fisher Scientific, Marietta, OH, USA). The cell viability of treatment groups was expressed as a percentage compared with the DMSO control.




4.4. RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)


MCF-7 cells were plated at a density of 1.5 × 106 cells/dish in 60 mm tissue culture dishes for 24 h. After incubation, cells were treated in various conditions according to the experimental design. Total RNA was extracted with TRIzol reagent. The purity of the extracted RNA was determined using NanoDrop. cDNAs were synthesized using the iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s protocol. Real-time PCR of HIF-1α, VEGF and VEGFR-2 were performed with iTaq™ Universal SYBR® Green Supermix (Bio-Rad, Hercules, CA, USA) and analyzed with ABI PRISM7500 Sequence Detection System and analytical software (Applied Biosystems, Carlsbad, CA, USA). Samples were analyzed in a triplicate manner and the expression ratio was normalized with GAPDH. The relative expression of each gene was calculated by the ∆∆Ct method. The threshold cycle (Ct) number of each gene was normalized to the Ct of GAPDH. Fold changes (arbitrary units) were determined as 2−∆∆Ct. A panel of PCR primers was designed using NCBI/Primer-Blast and the sequences were listed in Supplementary Table S1.




4.5. Western Blotting


Treated cells were harvested and lysed with ice-cold RIPA buffer containing protease inhibitors cocktail at 4 °C for 30 min. The cell suspension was centrifuged at 12,000 rpm at 4 °C for 20 min, and the supernatant was collected for protein analysis using the BCA protein assay kit. Twenty micrograms of protein were separated by 10% SDS-PAGE and transferred onto 0.2 μM polyvinylidene fluoride membranes (EMD Millipore, MA, USA). The membranes were immunoblotted with the indicated antibodies, including anti-HIF-1α (H1alpha67) (Novus Biologicals, CO, USA), anti-VEGF (Santa Cruz Biotechnology, CA, USA), anti-phospho-Akt (S473), anti-phospho-Akt (T308), anti-Akt, anti-phospho-mTOR, anti-mTOR, and anti-β-Actin antibodies (Cell Signaling Technology, Danvers, MA, USA). Blots were incubated in 5% nonfat dry milk in TBS-T (Tris, NaCl, Tween 20 at pH 7.4) for 2 h at room temperature to block nonspecific protein binding, and then probed overnight at 4 °C with primary antibody. Membranes were then incubated with corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature. The detection of the bands was developed using an enhanced chemiluminescence reagent (ECL) (Millipore Corporation, Waltham, MA, USA) and imaged with the ChemiDoc™ Touch Imaging system (Bio-Rad, Hercules, CA, USA). The densitometry analysis was performed using provided software (Image Lab).




4.6. Statistical Analysis


All data are presented as the mean ± SEM from three independent experiments. Statistical differences between groups were compared using ANOVA followed by Tukey’s post hoc test. All statistical analyses were performed using GraphPad Prism (version 6; GraphPad software). p-values < 0.05 and <0.01 were considered statistically significant.





5. Conclusions


In conclusion, our results indicate that plumbagin exerts anticancer activity on MCF-7 breast cancer cells by blocking HIF-1α expressions at both mRNA and protein levels. Moreover, it suppresses HIF-1α-mediated VEGF-A and VEGF-R2 mRNA expression through the PI3K/Akt/mTOR-independent signaling pathway. Our findings provide new and insightful information regarding the anticancer mechanisms of plumbagin in breast cancer. This compound is a promising natural inhibitor that could potentially be used to target HIF-1α-overexpressing cancer cells or combine with other endocrine therapies to reduce drug resistance or recurrence of hormone-dependent breast cancer.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules27175716/s1. Figure S1: Full-length blots representing the protein expression of HIF-1α and β-actin as shown in Figure 4A. Figure S2: Full-length blots representing the protein expression of VEGF and β-actin as shown in Figure 5C. Figure S3: Full-length blots representing the protein expression of PI3K/Akt/mTOR/HIF-1α and β-actin as shown in Figure 6A. Table S1: List of primer sequences used for qRT-PCR.





Author Contributions


Conceptualization, S.J., W.P. and D.P.; methodology, S.J., D.T., W.P. and D.P.; validation, S.J. and S.R.; formal analysis, S.J. and W.P.; investigation, S.J. and S.R.; resources, S.R. and D.P.; data curation, S.J. and D.P.; writing—original draft preparation, S.J.; writing—review and editing, S.R., D.T., W.P. and D.P.; visualization, S.J.; supervision, D.P.; project administration, D.P.; funding acquisition, D.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research project was funded in part by the Department of Pharmacology’s graduate programme and the CIF and CNI Grant, Faculty of Science, Mahidol University.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We are grateful to all staff at the Department of Pharmacology, Faculty of Science, Mahidol University.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Plumbagin compound can be purchased from Sigma-Aldrich (St. Louis, MO, USA).




References


	



Gilkes, D.M.; Semenza, G.L. Role of hypoxia-inducible factors in breast cancer metastasis. Future Oncol. 2013, 9, 1623–1636. [Google Scholar] [CrossRef] [PubMed]

	



Koh, M.Y.; Powis, G. Passing the baton: The HIF switch. Trends Biochem. Sci. 2012, 37, 364–372. [Google Scholar] [CrossRef] [PubMed]

	



Muz, B.; Puente, P.D.I.; Azab, F.; Azab, A.K. The role of hypoxia in cancer progression, angiogenesis, metastasis, and resistance to therapy. Hypoxia 2015, 3, 83–92. [Google Scholar] [CrossRef]

	



Jing, X.; Yang, F.; Shao, C.; Wei, K.; Xie, M.; Shen, H.; Shu, Y. Role of hypoxia in cancer therapy by regulating the tumor microenvironment. Mol. Cancer. 2019, 18, 157. [Google Scholar] [CrossRef] [PubMed]

	



Kizaka-Kondoh, S.; Konse-Nagasawa, H. Significance of nitroimidazole compounds and hypoxia-inducible factor-1 for imaging tumor hypoxia. Cancer Sci. 2009, 100, 1366–1373. [Google Scholar] [CrossRef]

	



Shirai, Y.; Chow, C.C.T.; Kambe, G.; Suwa, T.; Kobayashi, M.; Takahashi, I.; Harada, H.; Nam, J.M. An overview of the recent development of anticancer agents targeting the HIF-1 transcription factor. Cancers 2021, 13, 2813. [Google Scholar] [CrossRef]

	



Padhye, S.; Dandawate, P.; Yusufi, M.; Ahmad, A.; Sarkar, F.H. Perspectives on medicinal properties of plumbagin and its analogs. Med. Res. Rev. 2012, 32, 1131–1158. [Google Scholar] [CrossRef]

	



Wu, H.; Dai, X.; Wang, E. Plumbagin inhibits cell proliferation and promotes apoptosis in multiple myeloma cells through inhibition of the PI3K/Akt-mTOR pathway. Oncol. Lett. 2016, 12, 3614–3618. [Google Scholar] [CrossRef]

	



Li, Y.C.; He, S.M.; He, Z.X.; Li, M.; Yang, Y.; Pang, J.X.; Zhang, X.; Chow, K.; Zhou, Q.; Duan, W.; et al. Plumbagin induces apoptotic and autophagic cell death through inhibition of the PI3K/Akt/mTOR pathway in human non-small cell lung cancer cells. Cancer Lett. 2014, 344, 239–259. [Google Scholar] [CrossRef]

	



Zhou, Z.W.; Li, X.X.; He, Z.X.; Pan, S.T.; Yang, Y.; Zhang, X.; Chow, K.; Yang, T.; Qiu, J.X.; Zhou, Q.; et al. Induction of apoptosis and autophagy via sirtuin1- and PI3K/Akt/mTOR-mediated pathways by plumbagin in human prostate cancer cells. Drug Des. Devel. Ther. 2015, 9, 1511–1554. [Google Scholar] [CrossRef]

	



Wang, C.C.C.; Chiang, Y.M.; Sung, S.C.; Hsu, Y.L.; Chang, J.K.; Kuo, P.L. Plumbagin induces cell cycle arrest and apoptosis through reactive oxygen species/c-Jun N-terminal kinase pathways in human melanoma A375.S2 cells. Cancer Lett. 2008, 259, 82–98. [Google Scholar] [CrossRef] [PubMed]

	



Manu, K.A.; Shanmugam, M.K.; Rajendran, P.; Li, F.; Ramachandran, L.; Hay, H.S.; Kannaiyan, R.; Swamy, S.N.; Vali, S.; Kapoor, S.; et al. Plumbagin inhibits invasion and migration of breast and gastric cancer cells by downregulating the expression of chemokine receptor CXCR4. Mol. Cancer 2011, 10, 107. [Google Scholar] [CrossRef] [PubMed]

	



Subramaniya, B.R.; Srinivasan, G.; Sadullah, S.S.M.; Davis, N.; Subhadara, L.B.R.; Halagowder, D.; Sivasitambaram, N.D. Apoptosis-inducing effect of plumbagin on colonic cancer cells depends on the expression of COX-2. PLoS ONE 2011, 6, e18695. [Google Scholar] [CrossRef]

	



Sameni, S.; Hande, M.P. Plumbagin triggers DNA damage response, telomere dysfunction and genome instability of human breast cancer cells. Biomed. Pharmacother. 2016, 82, 256–268. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.Q.; Yang, C.Y.; Rao, X.F.; Xiong, J.P. Plumbagin show anti-cancer activity in human breast cancer cells by the upregulation of p53 and p21 and suppression of G1 cell cycle regulators. Eur. J. Gynaecol. Oncol. 2016, 37, 30–35. [Google Scholar]

	



Yuan, Y.; Hilliard, G.; Ferguson, T.; Millhor, D.E. Cobalt inhibits the interaction between hypoxia-inducible factor-alpha and von Hippel-Lindau protein by direct binding to hypoxia-inducible factor-alpha. J. Biol. Chem. 2003, 278, 15911–15916. [Google Scholar] [CrossRef]

	



Wu, D.; Yotnda, P. Induction and testing of hypoxia in cell culture. J. Vis. Exp. 2011, 54, e2899. [Google Scholar] [CrossRef] [PubMed]

	



Chachami, G.; Simos, G.; Hatziefthimiou, A.; Bonanou, S.; Molyvdas, P.A.; Paraskeva, E. Cobalt induces hypoxia-inducible factor-1alpha expression in airway smooth muscle cells by a reactive oxygen species- and PI3K-dependent mechanism. Am. J. Respir. Cell Mol. Biol. 2004, 31, 544–551. [Google Scholar] [CrossRef]

	



Ardyanto, T.D.; Osaki, M.; Tokuyasu, N.; Nagahama, Y.; Ito, H. CoCl2-induced HIF-1·expression correlates with proliferation and apoptosis in MKN-1 cells: A possible role for the PI3K/Akt pathway. Int. J. Oncol. 2006, 29, 549–555. [Google Scholar] [CrossRef]

	



Triantafyllou, A.; Liakos, P.; Tsakalof, A.; Georgatsou, E.; Simos, G.; Bonanou, S. Cobalt induces hypoxia-inducible factor-1alpha (HIF-1alpha) in HeLa cells by an iron-independent, but ROS-, PI-3K- and MAPK-dependent mechanism. Free Radic. Res. 2006, 40, 847–856. [Google Scholar] [CrossRef]

	



Suzuki, E.; Matsunaga, T.; Aonuma, A.; Sasaki, T.; Nagata, K.; Ohmori, S. Effects of hypoxia-inducible factor-1a chemical stabilizer, CoCl2 and hypoxia on gene expression of CYP3As in human fetal liver cells. Drug Metab. Pharmacokinet. 2012, 27, 398–404. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Q.; Xu, Z.; Mao, S.; Chen, W.; Zeng, R.; Zhou, S.; Liu, J. Effect of hypoxia on hypoxia-inducible factor-1alpha, insulin-like growth factor I and vascular endothelial growth factor expression in hepatocellular carcinoma HepG2 cells. Oncol. Lett. 2015, 9, 1142–1148. [Google Scholar] [CrossRef] [PubMed]

	



Vaupel, P. The role of hypoxia-induced factors in tumor progression. Oncologist 2004, 9, 10–17. [Google Scholar] [CrossRef] [PubMed]

	



Liao, D.; Johnson, R.S. Hypoxia: A key regulator of angiogenesis in cancer. Cancer Metastasis Rev. 2007, 26, 281–290. [Google Scholar] [CrossRef] [PubMed]

	



Place, A.E.; Huh, S.J.; Polyak, K. The microenvironment in breast cancer progression: Biology and implications for treatment. Breast Cancer Res. 2011, 13, 227. [Google Scholar] [CrossRef]

	



Hossain, C.F.; Kim, Y.P.; Baerson, S.R.; Zhang, L.; Bruick, R.K.; Mohammed, K.A.; Agarwal, A.K.; Nagle, D.G.; Zhou, Y.D. Saururus cernuus lignans—Potent small molecule inhibitors of hypoxia-inducible factor-1. Biochem. Biophys. Res. Commun. 2005, 333, 1026–1033. [Google Scholar] [CrossRef]

	



Zhang, J.; Cao, J.; Weng, Q.; Wu, R.; Yan, Y.; Jing, H.; Zhu, H.; He, Q.; Yang, B. Suppression of hypoxia-inducible factor 1alpha (HIF-1alpha) by tirapazamine is dependent on eIF2alpha phosphorylation rather than the mTORC1/4E-BP1 pathway. PLoS ONE 2010, 5, e13910. [Google Scholar]

	



Goel, H.L.; Mercurio, A.M. VEGF targets the tumour cell. Nat. Rev. Cancer 2013, 13, 871–882. [Google Scholar] [CrossRef]

	



Wang, X.; Bove, A.M.; Simone, G.; Ma, B. Molecular Bases of VEGFR-2-Mediated Physiological Function and Pathological Role. Front. Cell Dev. Biol. 2020, 8, 599281. [Google Scholar] [CrossRef] [PubMed]

	



Casanova, C.M.; Sehr, P.; Putzker, K.; Hentze, M.W.; Neumann, B.; Duncan, K.E.; Thoma, C. Automated high-throughput RNAi screening in human cells combined with reporter mRNA transfection to identify novel regulators of translation. PLoS ONE 2012, 7, e45943. [Google Scholar]

	



Vries, S.D.; de Vries, I.S.N.; Urlaub, H.; Lue, H.; Bernhagen, J.; Ostareck, D.H.; Ostareck-Lederer, A. Identification of DEAD-box RNA helicase 6 (DDX6) as a cellular modulator of vascular endothelial growth factor expression under hypoxia. J. Biol. Chem. 2013, 288, 5815–5827. [Google Scholar] [CrossRef] [PubMed]

	



Suárez, Y.; Sessa, W.C. MicroRNAs as novel regulators of angiogenesis. Circ. Res. 2009, 104, 442–454. [Google Scholar] [CrossRef] [PubMed]

	



Tabernero, J. The role of VEGF and EGFR inhibition: Implications for combining anti-VEGF and anti-EGFR agents. Mol. Cancer Res. 2007, 5, 203–220. [Google Scholar] [CrossRef] [PubMed]

	



Simó, R.; Sundstrom, J.M.; Antonetti, D.A. Ocular Anti-VEGF therapy for diabetic retinopathy: The role of VEGF in the pathogenesis of diabetic retinopathy. Diabetes Care 2014, 37, 893–899. [Google Scholar] [CrossRef]

	



Kumar, G.K.; Prabhakar, N.R. Post-translational modification of proteins during intermittent hypoxia. Respir. Physiol. Neurobiol. 2008, 164, 272–276. [Google Scholar] [CrossRef]

	



Xie, Y.; Shi, X.; Sheng, K.; Han, G.; Li, W.; Zhao, Q.; Jiang, B.; Feng, J.; Li, I.; Gu, Y. PI3K/Akt signaling transduction pathway, erythropoiesis and glycolysis in hypoxia. Mol. Med. Rep. 2019, 19, 783–791. [Google Scholar] [CrossRef]

	



Kuo, P.L.; Hsu, Y.L.; Cho, C.Y. Plumbagin induces G2-M arrest and autophagy by inhibiting the AKT/mammalian target of rapamycin pathway in breast cancer cells. Mol. Cancer Ther. 2006, 5, 3209–3221. [Google Scholar] [CrossRef]

	



Lee, Y.K.; Park, O.J. Involvement of AMPK/mTOR/HIF-1α in anticancer control of quercetin in hypoxic MCF-7 cells. Food Sci. Biotechnol. 2011, 20, 371–375. [Google Scholar] [CrossRef]

	



Li, G.; Shan, C.; Liu, L.; Zhou, T.; Zhou, J.; Hu, X.; Chen, Y.; Cui, H.; Gao, N. Tanshinone IIA inhibits HIF-1 alpha and VEGF expression in breast cancer cells via mTOR/p70S6K/ RPS6/4E-BP1 signaling pathway. PLoS ONE 2015, 10, e0117440. [Google Scholar]

	



Yang, Y.; Cong, H.; Han, C.; Yue, L.; Dong, H.; Li, J. 12-Deoxyphorbol 13-palmitate inhibits the expression of VEGF and HIF-1alpha in MCF-7 cells by blocking the PI3K/Akt/mTOR signaling pathway. Oncol. Rep. 2015, 34, 1755–1760. [Google Scholar] [CrossRef]

	



Shi, Y.; Chang, M.; Wang, F.; Ouyang, X.; Jia, Y.; Du, H. Role and mechanism of hypoxia-inducible factor-1 in cell growth and apoptosis of breast cancer cell line MDA-MB-231. Oncol. Lett. 2010, 1, 657–662. [Google Scholar] [CrossRef] [PubMed]

	



Kilcar, A.Y.; Tekin, V.; Muftuler, F.Z.B.; Medine, E.I. 99mTc labeled plumbagin: Estrogen receptor dependent examination against breast cancer cells and comparison with PLGA encapsulated form. J. Radioanal. Nucl. Chem. 2016, 308, 13–22. [Google Scholar] [CrossRef]








[image: Molecules 27 05716 g001 550] 





Figure 1. Chemical structure of plumbagin. 






Figure 1. Chemical structure of plumbagin.



[image: Molecules 27 05716 g001]







[image: Molecules 27 05716 g002 550] 





Figure 2. Cytotoxic effects of plumbagin on MCF-7 cells. MCF-7 cells were treated with 1, 2, and 4 μM of plumbagin for (A,B) 24 h, (C,D) 48 h, and (E,F) 72 h. The MCF-7 cell viability was measured by MTT assay. Data are means ± SEM compared with the control from three independent experiments (n = 3). * p < 0.05 vs. control. 
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Figure 3. Effects of CoCl2-induced conditions on HIF-1α expression and MCF-7 cell viability. (A) MCF-7 cells were treated with 0–800 μM of CoCl2 for 4, 6, 8, 12, 24, 48, and 72 h and subjected to MTT assay. (B,C) HIF-1α protein expression of MCF-7 cells was analyzed by Western blotting after treatments with 50, 100, 150, and 200 μM of CoCl2 for 6 h or 150 μM of CoCl2 for 4, 6, 8, 12, and 24 h. The relative quantities of HIF-1α protein were quantified and normalized with β-actin. (D) MCF-7 cells were pretreated with 150 μM CoCl2 for 6 h and then treated with plumbagin for another 24 h. The MCF-7 cell viability was measured by MTT assay. Data are means ± SEM compared with the control from three independent experiments (n = 3). * p < 0.05 vs. control. 
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Figure 4. Plumbagin suppressed HIF-1α at transcriptional and translational levels under CoCl2-induced hypoxic conditions in MCF-7 cells. (A) HIF-1α protein expression was analyzed by Western blotting. MCF-7 cells were treated with 0–4 μM of plumbagin for 24 h under hypoxic conditions induced by CoCl2. (B) The relative quantities of HIF-1α protein were quantified and normalized with β-actin. (C) Plumbagin downregulated HIF-1α gene expression. Data are means ± SEM from three independent experiments (n = 3). # p < 0.05 vs. normoxic, * p < 0.05 vs. mimic hypoxic group without treatment. 
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Figure 5. Plumbagin abolished mRNA and protein expression of HIF-1α target genes under hypoxia. (A,B) The mRNA expression of VEGF-A and VEGFR-2 was determined by qRT-PCR. MCF-7 cells were treated with 1, 2, and 4 μM of plumbagin for 24 h under hypoxic conditions. The relative mRNA expression was quantified and normalized with GAPDH. Data are means ± SEM from three independent experiments (n = 3). # p < 0.05 vs. normoxic, * p < 0.05 vs. mimic hypoxic group without treatment. (C,D) The VEGF protein expression was investigated by Western blotting. MCF-7 cells were treated with 0, 1, 2, and 4 μM of plumbagin for 24 h under hypoxic conditions. The relative quantities of VEGF protein were quantified and normalized with β-actin. Data are means ± SEM from three independent experiments (n = 3). 
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Figure 6. Plumbagin inhibited HIF-1α via PI3K/Akt/mTOR-independent signaling pathways under hypoxic conditions. (A) The protein expression of total PI3K, p-mTOR, and total mTOR were not altered by plumbagin. (B) Exposure to the compound downregulated HIF-1α protein expression. MCF-7 cells were treated with plumbagin (0–4 μM), BKM120 (1 μM), MK2206 (50 nM), or rapamycin (50 nM) under hypoxic conditions for 24 h and subjected to Western blotting. (C–H) The relative quantities of proteins were quantified and normalized with β-actin or total proteins. The relative quantities of p-Akt (Ser473), p-Akt (Thr308), and p-mTOR proteins were quantified and normalized with PI3K, Akt, or mTOR. Data are means ± SEM from three independent experiments (n = 3). # p < 0.05 vs. normoxic, * p < 0.05 vs. mimic hypoxic group without treatment. 
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Figure 7. A proposed mechanism of action of plumbagin on MCF-7 cells. 
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Table 1. The IC50 values of plumbagin for MCF-7 cells with different exposure times.
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	Time (h)
	IC50 a (µM)





	24
	2.63 ± 0.01



	48
	2.86 ± 0.01



	72
	2.76 ± 0.01







a IC50 = Concentrations corresponding to 50% cell viability inhibition.
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