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Abstract

:

Chemotherapeutic 5-fluorouracil (5-FU) combined with oxaliplatin is often used as the standard treatment for colorectal cancer (CRC). The disturbing side effects and drug resistance commonly observed in chemotherapy motivate us to develop alternative optimal therapeutic options for CRC treatment. Chrysin, a natural and biologically active flavonoid abundant in propolis, is reported to have antitumor effects on a few CRCs. However, whether and how chrysin achieves similar effectiveness to the 5-FU combination is not clear. In this study, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), western blotting, fluorescence microscopy, and reactive oxygen species (ROS) production were assayed. We found that chrysin exhibited similar inhibition of cell viability as the 5-FU combination in a panel of human CRC cells. Furthermore, the results showed that chrysin significantly increased the levels of LC3-II, an autophagy-related marker, in CRC cells, which was not observed with the 5-FU combination. More importantly, blockage of autophagy induction restored chrysin-attenuated CRC cell viability. Further mechanistic analysis revealed that chrysin, not the 5-FU combination, induced ROS generation, and in turn, inhibited the phosphorylation of protein kinase B (Akt) and mammalian target of rapamycin (mTOR). Collectively, these results imply that chrysin may be a potential replacement for the 5-FU and oxaliplatin combination to achieve antitumor activity through autophagy for CRC treatment in the future.
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1. Introduction


Colorectal cancer (CRC) is one of the most common cancer types in the world, and its occurrence is still on the rise yearly. Since CRC is a heterogeneous disease, both molecular expression patterns and pathological features reflect prognostic outcomes and treatment responses [1,2,3]. Although early-stage CRC has a better prognosis than other cancer types, it is frequently found that patients are diagnosed with advanced CRC because they had no obvious symptoms to start with. Currently, chemotherapy is often applied as the first-line treatment option for advanced CRC. A substantial improvement in survival for advanced CRC patients treated with chemotherapy was observed in the last two decades. Treatment options expanded from 5-fluorouracil (5-FU) only to regimens that combine 5-FU with oxaliplatin or irinotecan. To date, 5-FU combined with oxaliplatin is used most frequently as the standard treatment for advanced CRC [4,5,6]. Although it shows promising therapeutic effectiveness in CRC patients, disturbing side effects and drug resistance, which are commonly observed in chemotherapy, are hurdles for its application in cancer treatment [7,8,9,10,11]. This motivates us to develop alternative optimal therapeutic options.



Chrysin (5,7-dihydroxyflavone) is a naturally occurring and biologically active flavonoid found abundantly in propolis. It is frequently used as herbal medicine in some areas of Asia [12,13]. Accumulated studies demonstrated that chrysin has multiple functions. For example, it is reported to have potent anti-inflammatory activity. The underlying mechanisms may involve cyclooxygenase-2 (COX-2) or peroxisome proliferator-activated receptor-γ (PPARγ)-regulated M1/M2 status [14,15]. As a result, it can also be used as a health supplement. Furthermore, it displays promising antitumor activity in many cancer types. Results showed that it inhibits tumor growth via the induction of apoptosis, cell cycle arrest, and so on. Most importantly, no undesirable side effects or toxicity were reported [15,16,17]. Although chrysin is reported to have antitumor activity, whether it achieves similar effectiveness in CRC when compared to 5-FU combined with oxaliplatin is not yet known. Moreover, the underlying mechanism is not clarified in detail. In this study, we investigated and compared the therapeutic effectiveness and underlying mechanisms of chrysin with a combination of 5-FU and oxaliplatin in CRC.




2. Results


2.1. Chrysin Achieved Similar Effectiveness to 5-Fluorouracil (5-FU) Combined with Oxaliplatin in a Panel of Colorectal Cancer (CRC) Cells


Firstly, a comparison of therapeutic effectiveness on cell viability between chrysin and 5-FU combined with oxaliplatin was performed through application to a panel of CRC cells. To ensure consistent comparisons, the concentration of chrysin was made equal to the sum of 5-FU and oxaliplatin concentrations. Then, CRC cells were treated with the indicated concentration of each drug for three days, and cell viability was determined via a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. As shown in Figure 1, chrysin indeed significantly attenuated cell viability in a dose-dependent manner in CRC cell lines when compared with the control (vehicle only) group. Although chrysin had a minor effect on HT-29 cells, its effect on other CRC cell lines was dramatic. When comparing the effect between chrysin and 5-FU combined with oxaliplatin, we found that chrysin achieved similar effectiveness in these CRC cell lines. Although chrysin had a better effect than 5-FU combined with oxaliplatin in some cell lines (Figure 1B,C) and a worse effect in others (Figure 1D,E), the therapeutic effectiveness on the attenuation of CRC cell viability was overall equivalent between chrysin and 5-FU combined with oxaliplatin.




2.2. LC3-II Levels Were Induced in Chrysin-Treated but Not 5-Fluorouracil (5-FU) /Oxaliplatin-Treated Colorectal Cancer (CRC) Cells


Since chrysin achieved similar effectiveness in the attenuation of CRC cell viability when compared with 5-FU combined with oxaliplatin, we further analyzed how CRC cell viability was attenuated between these two groups. We examined the death pathways, apoptosis and autophagy, by detecting the expression of respective biomarkers—active caspase-3/cleaved poly-ADP-ribose polymerase (cleaved-PARP) for apoptosis and LC3-II for autophagy. As shown in Figure 2A–E, chrysin and the 5-FU combination were not much different with regards to the induction of apoptosis (upper panel) in most CRC cell lines. However, it is interesting that chrysin significantly increased LC3-II levels in all applied CRC cell lines, which was not observed in the 5-FU/oxaliplatin−treated group (lower panel). We further enforced HCT-116 cells expressing GFP-LC3, followed by chrysin treatment. During autophagy, LC3-II relocalizes to the autophagosomal membranes. Therefore, the accumulation of GFP-LC3 punctate structures provides a way of detecting autophagosomes. The results from fluorescence imaging analysis (Figure 2F) showed that GFP-LC3 punctate structures were not obviously detected in the control group (middle panel), but exhibited a significant increase in the chrysin-treated group (right panel). Collectively, this implies the involvement of different mechanisms underlying the antitumor activities of chrysin and 5-FU/oxaliplatin.




2.3. Blockage of Autophagy Induction Restored Chrysin-Attenuated Colorectal Cancer (CRC) Cell Viability


To further confirm the significance of chrysin-induced LC3-II production, the autophagy inhibitor, 3-methyladenine (3-MA), was applied. CRC cells were pretreated with the indicated concentration of 3-MA, followed by treatment with chrysin for three days. Cell viability was then determined via a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. As shown in Figure 3, treatment with chrysin alone attenuated cell viability in a dose-dependent manner. However, this dose-dependent inhibition was reversed when these CRC cells were pretreated with 3-MA. The degree of reversal was gradually enhanced with an increase in 3-MA concentration. Supporting these results, treatment with chrysin alone induced LC3-II expression, whereas such induction was not observed in cells treated with 3-MA (Figure 4). These results suggest that chrysin attenuates CRC cell viability at least in part through autophagy induction.




2.4. Chrysin-Mediated Autophagy Induction Was through Protein Kinase B (Akt)/Mammalian Target of Rapamycin (mTOR) Signaling Pathway in Colorectal Cancer (CRC) Cells


Next, we investigated the mechanism underlying chrysin-mediated autophagy induction. AMP-activated protein kinase (AMPK) is a well-known energy sensor and upstream regulator of autophagy. Under starvation conditions, AMPK is activated and, in turn, inhibits mammalian target of rapamycin 1 (mTOR1) activity, followed by decreasing protein synthesis and increasing autophagy [18,19]. We first examined the activation of AMPK and mTOR. As shown in Figure 5A, chrysin significantly inhibited mTOR phosphorylation in CRC cells, which is expected to induce autophagy. AMPK phosphorylation was increased by chrysin. In addition to AMPK, Akt is reported as another upstream regulator of autophagy through the targeting of mTOR [20,21]. The results in Figure 5B show that chrysin treatment obviously attenuated Akt phosphorylation in CRC cells. These results suggest that chrysin inhibits Akt activation and, in turn, decreases mTOR phosphorylation, which eventually leads to autophagy induction in CRC cells.




2.5. Chrysin Induced the Production of Reactive Oxygen Species (ROS) in Colorectal Cancer (CRC) Cells


Recently, several studies indicated that ROS induce autophagy through Akt/mTOR inhibition [22,23,24]. Notably, chrysin was reported to induce cell death through ROS production in prostate cancer and chronic lymphocytic leukemia [25,26]. Whether chrysin induces ROS production in CRC cells is not yet known. We further elucidated this issue. ROS production was analyzed using CM-H2DCFDA staining and flow cytometry. As shown in Figure 6A, ROS production was significantly increased in chrysin-treated CRC cells. Interestingly, such an effect was not observed in CRC cells treated with 5-fluorouracil (5-FU)/oxaliplatin. Furthermore, the level of ROS production was gradually enhanced with an increase in chrysin concentration (Figure 6B). Taken together, these results suggest that chrysin induces ROS production and, in turn, leads to autophagy through Akt/mTOR inhibition, unlike the effect of 5-FU/oxaliplatin.





3. Discussion


Colorectal cancer (CRC) is a cancer with a better prognosis than other cancer types. However, when CRC tumors progress to the advanced stage, the survival rate drops quickly. Currently, chemotherapy seems to be the only effective treatment option. Although chemotherapy is effective, the serious side effects often force patients to withdraw from treatment, and seek a better quality of life. Even when patients continue chemotherapy, acquired resistance eventually develops. These two problems severely challenge the clinical application of chemotherapy [27]. Developing alternative treatment options with similar therapeutic effectiveness but no undesirable adverse effects seems necessary. In this study, we found that a natural product, chrysin, induces similar effects on cell viability inhibition in a panel of human CRC cells when compared with a combination of 5-fluorouracil (5-FU) and oxaliplatin. Although chrysin is reported to have antitumor activity, it is not known whether it has similar effectiveness as chemotherapy in CRC treatment. Our study is the first to investigate this issue. Since chrysin was demonstrated to be harmless to normal cells, and to have multiple functions including anti-inflammation and anti–cancer progression, it is usually claimed as a health supplement to prevent disease [28,29]. Based on these studies and our results, chrysin may have significant potential for CRC treatment in the future. For example, the doses of 5-FU/oxaliplatin may be reduced to attenuate the degree of side effects by combining chrysin treatment. Alternatively, chrysin was reported as a potent inhibitor of breast cancer resistance protein (BCRP), which is one of the ATP-binding cassette (ABC) transporters, and commonly involved in the multidrug resistance (MDR) of chemotherapy [30]. This implies that chrysin may also have potential for use in interval or combination therapy to prevent the occurrence of resistance commonly observed in chemotherapy, a feature which deserves investigation. Although chrysin has potential for clinical application, as supported by in vivo results showing that chrysin efficiently attenuated tumor growth in a xenograft mouse model of several cancer types [31,32,33], chrysin was intravenously administered to mice in these studies. Chrysin was reported as having low oral bioavailability, mainly due to extensive metabolism and the efflux of metabolites back into the intestine for hydrolysis and fecal elimination [34]. Thus, improving the poor bioavailability is the first priority to address before considering clinical application of chrysin.



In the mechanistic analysis of the inhibition of CRC cell viability, we found that chrysin, not the 5-FU/oxaliplatin combination, induced reactive oxygen species (ROS) production and, in turn, led to autophagy induction, as detected by an increase in LC3-II levels, through protein kinase B (Akt)/mammalian target of rapamycin (mTOR) inhibition. This is why blockage of autophagy induction restored chrysin-attenuated CRC cell viability. This is the first time that chrysin is reported to induce ROS production and autophagy in CRC cells. Since autophagy is one mode of programmed cell death [35], our results imply that chrysin attenuates cell viability at least in part through autophagy-dependent cell death. Notably, our findings seem to conflict with studies stating that chrysin could protect rat kidneys from paracetamol-induced autophagy, and sensitize human glioblastoma cells to temozolomide by downregulating autophagy [36,37]. However, it is well known that whether autophagy induces cell death or survival depends on the cancer type and tumor microenvironment [38]. Moreover, some natural compounds from herbs are reported to potentially function as autophagy inducers for cancer therapy [39]. Therefore, the exact role of chrysin in autophagy-mediated CRC cell death awaits further investigation.




4. Materials and Methods


4.1. Cell Lines and Reagents


SW48, SW480, and SW620 colorectal cancer (CRC) cells were maintained in L15 medium; HT-29 and HCT-116 CRC cells were maintained in McCoy’s 5A medium. The medium for the CRC cells was also supplemented with 10% fetal bovine serum (Logan, UT, USA). Chrysin, 3-methyladenine (3-MA), and the antibody against tubulin were purchased from Sigma-Aldrich (St. Louis, MO, USA). The antibodies against poly-ADP-ribose polymerase (PARP), phosphorylated protein kinase B (Akt) (p-Akt) serine 473, Akt, phosphorylated AMP-activated protein kinase alpha (AMPKα) (p-AMPKα) threonine 172, AMPKα, phosphorylated mammalian target of rapamycin (mTOR) (p-mTOR) serine 2448, and mTOR were obtained from Cell Signaling (Danvers, MA, USA). The antibody against caspase-3 was purchased from BioVision (Milpitas, CA, USA). The antibody against LC-3 was obtained from Novus (Littleton, CO, USA). The CM-H2DCFDA dye was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Chrysin, and the combined 5-fluorouracil (5-FU) and oxaliplatin were dissolved in dimethylsulfoxide (DMSO), and the stock solution was prepared as 50 mM. 3-MA was dissolved in 95% ethanol with heating, and working solutions were freshly prepared prior to use. CM-H2DCFDA dye was reconstituted only as required by using DMSO, and working solutions were freshly prepared prior to use.




4.2. Cell Viability Assay


Cell viability was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assays. Cells at a density of 5 × 103 cells/well were seeded on 96-well plates overnight, and then treated with the indicated drugs. Three days later, relative cell amounts were determined by adding 1 μg/mL MTT to each well. Then, the medium was removed after 4 h incubation, and formazan was solubilized in 100 μL DMSO per well, followed by the measurement of absorbance at 570 nm.




4.3. Immunofluorescence Staining


The GFP-LC3 expression vector was transfected into HCT-116 cells at a ratio of 1:3 DNA to T-pro transfection reagent for two days, followed by treatment with 50 μM chrysin. Then, cells were fixed with 4% paraformaldehyde in phosphate buffered saline (PBS), followed by permeabilization using 1% Triton X-100 in PBS. The GFP-LC3 punctate structures were observed under a fluorescence microscope.




4.4. Detection of Intracellular Reactive Oxygen Species (ROS)


SW48 and SW480 cells were seeded overnight, and treated with the indicated concentration of chrysin or 5-fluorouracil (5-FU)/oxaliplatin for 24 h. Then, cells were trypsinized and centrifuged. The cell pellets were stained with 10 μM CM-H2DCFDA at 37 °C in the dark for 30 min. Intracellular ROS levels were measured via flow cytometry.




4.5. Statistical Analysis


The statistical analysis was performed using a Student’s t-test. */# p < 0.05, **/## p < 0.01, and ***/### p < 0.001 when compared with indicated control groups. A p-value < 0.05 was considered as statistically significant. N.S. means not significant.
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	5-FU
	5-fluorouracil
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	colorectal cancer



	COX-2
	cyclooxygenase-2



	PPARγ
	peroxisome proliferator-activated receptor-γ
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	3-methyladenine
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	AMP-activated protein kinase alpha



	mTOR
	mammalian target of rapamycin







References


	



Puccini, A.; Berger, M.D.; Naseem, M.; Tokunaga, R.; Battaglin, F.; Cao, S.; Hanna, D.L.; McSkane, M.; Soni, S.; Zhang, W.; et al. Colorectal cancer: Epigenetic alterations and their clinical implications. Biochim. Biophys. Acta 2017, 1868, 439–448. [Google Scholar] [CrossRef] [PubMed]

	



Mohammadi, A.; Mansoori, B.; Baradaran, B. The role of micrornas in colorectal cancer. Biomed. Pharmacother. 2016, 84, 705–713. [Google Scholar] [CrossRef] [PubMed]

	



Coppede, F.; Lopomo, A.; Spisni, R.; Migliore, L. Genetic and epigenetic biomarkers for diagnosis, prognosis and treatment of colorectal cancer. World J. Gastroenterol. 2014, 20, 943–956. [Google Scholar] [CrossRef] [PubMed]

	



De Gramont, A.; Figer, A.; Seymour, M.; Homerin, M.; Hmissi, A.; Cassidy, J.; Boni, C.; Cortes-Funes, H.; Cervantes, A.; Freyer, G.; et al. Leucovorin and fluorouracil with or without oxaliplatin as first-line treatment in advanced colorectal cancer. J. Clin. Oncol. 2000, 18, 2938–2947. [Google Scholar] [CrossRef] [PubMed]

	



Tournigand, C.; Andre, T.; Achille, E.; Lledo, G.; Flesh, M.; Mery-Mignard, D.; Quinaux, E.; Couteau, C.; Buyse, M.; Ganem, G.; et al. Folfiri followed by folfox6 or the reverse sequence in advanced colorectal cancer: A randomized gercor study. J. Clin. Oncol. 2004, 22, 229–237. [Google Scholar] [CrossRef] [PubMed]

	



Field, K.M.; Kosmider, S.; Jefford, M.; Jennens, R.; Green, M.; Gibbs, P. Chemotherapy treatments for metastatic colorectal cancer: Is evidence-based medicine in practice? J. Oncol. Pract. 2008, 4, 271–276. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.S.; Ryan, E.J.; Doherty, G.A. Gastro-intestinal toxicity of chemotherapeutics in colorectal cancer: The role of inflammation. World J. Gastroenterol. 2014, 20, 3751–3761. [Google Scholar] [CrossRef] [PubMed]

	



Prochilo, T.; Abeni, C.; Bertocchi, P.; Zaniboni, A. Oxaliplatin-induced lung toxicity. Case report and review of the literature. Curr. Drug Saf. 2012, 7, 179–182. [Google Scholar] [CrossRef] [PubMed]

	



Xie, T.; Huang, M.; Wang, Y.; Wang, L.; Chen, C.; Chu, X. Micrornas as regulators, biomarkers and therapeutic targets in the drug resistance of colorectal cancer. Cell. Physiol. Biochem. 2016, 40, 62–76. [Google Scholar] [CrossRef] [PubMed]

	



Temraz, S.; Mukherji, D.; Alameddine, R.; Shamseddine, A. Methods of overcoming treatment resistance in colorectal cancer. Crit. Rev. Oncol. Hematol. 2014, 89, 217–230. [Google Scholar] [CrossRef] [PubMed]

	



Crea, F.; Nobili, S.; Paolicchi, E.; Perrone, G.; Napoli, C.; Landini, I.; Danesi, R.; Mini, E. Epigenetics and chemoresistance in colorectal cancer: An opportunity for treatment tailoring and novel therapeutic strategies. Drug Resist. Updates 2011, 14, 280–296. [Google Scholar] [CrossRef] [PubMed]

	



Lirdprapamongkol, K.; Sakurai, H.; Abdelhamed, S.; Yokoyama, S.; Maruyama, T.; Athikomkulchai, S.; Viriyaroj, A.; Awale, S.; Yagita, H.; Ruchirawat, S.; et al. A flavonoid chrysin suppresses hypoxic survival and metastatic growth of mouse breast cancer cells. Oncol. Rep. 2013, 30, 2357–2364. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Kuropatnicki, A.K.; Szliszka, E.; Krol, W. Historical aspects of propolis research in modern times. Evid.-Based Complement. Altern. Med. 2013, 2013, 964149. [Google Scholar] [CrossRef] [PubMed]

	



Feng, X.; Qin, H.; Shi, Q.; Zhang, Y.; Zhou, F.; Wu, H.; Ding, S.; Niu, Z.; Lu, Y.; Shen, P. Chrysin attenuates inflammation by regulating m1/m2 status via activating PPARγ. Biochem. Pharmacol. 2014, 89, 503–514. [Google Scholar] [CrossRef] [PubMed]

	



Woo, K.J.; Jeong, Y.J.; Inoue, H.; Park, J.W.; Kwon, T.K. Chrysin suppresses lipopolysaccharide-induced cyclooxygenase-2 expression through the inhibition of nuclear factor for IL-6 (NF-IL6) DNA-binding activity. FEBS Lett. 2005, 579, 705–711. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Koosha, S.; Alshawsh, M.A.; Looi, C.Y.; Seyedan, A.; Mohamed, Z. An association map on the effect of flavonoids on the signaling pathways in colorectal cancer. Int. J. Med. Sci. 2016, 13, 374–385. [Google Scholar] [CrossRef] [PubMed]

	



Sak, K. Cytotoxicity of dietary flavonoids on different human cancer types. Pharmacogn. Rev. 2014, 8, 122–146. [Google Scholar] [CrossRef] [PubMed]

	



Alers, S.; Loffler, A.S.; Wesselborg, S.; Stork, B. Role of AMPK-mTOR-ULK1/2 in the regulation of autophagy: Cross talk, shortcuts, and feedbacks. Mol. Cell. Biol. 2012, 32, 2–11. [Google Scholar] [CrossRef] [PubMed]

	



Shaw, R.J. LKB1 and AMP-activated protein kinase control of mTOR signalling and growth. Acta Physiol. 2009, 196, 65–80. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Hu, X.; Liu, Y.; Dong, S.; Wen, Z.; He, W.; Zhang, S.; Huang, Q.; Shi, M. Ros signaling under metabolic stress: Cross-talk between ampk and akt pathway. Mol. Cancer 2017, 16, 79. [Google Scholar] [CrossRef] [PubMed]

	



Heras-Sandoval, D.; Perez-Rojas, J.M.; Hernandez-Damian, J.; Pedraza-Chaverri, J. The role of PI3K/AKT/mTOR pathway in the modulation of autophagy and the clearance of protein aggregates in neurodegeneration. Cell Signal. 2014, 26, 2694–2701. [Google Scholar] [CrossRef] [PubMed]

	



Shin, S.; Jing, K.; Jeong, S.; Kim, N.; Song, K.S.; Heo, J.Y.; Park, J.H.; Seo, K.S.; Han, J.; Park, J.I.; et al. The omega-3 polyunsaturated fatty acid dha induces simultaneous apoptosis and autophagy via mitochondrial ROS-mediated AKT-mTOR signaling in prostate cancer cells expressing mutant p53. BioMed Res. Int. 2013, 2013, 568671. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, Y.; Kou, J.; Han, X.; Li, X.; Zhong, Z.; Liu, Z.; Zheng, Y.; Tian, Y.; Yang, L. ROS-dependent activation of autophagy through the PI3K/AKT/mTOR pathway is induced by hydroxysafflor yellow a-sonodynamic therapy in THP-1 macrophages. Oxid. Med. Cell. Longev. 2017, 2017, 8519169. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.Y.; Park, K.I.; Kim, S.H.; Yu, S.N.; Park, S.G.; Kim, Y.W.; Seo, Y.K.; Ma, J.Y.; Ahn, S.C. Inhibition of autophagy promotes salinomycin-induced apoptosis via reactive oxygen species-mediated PI3K/AKT/mTOR and ERK/p38 MAPK-dependent signaling in human prostate cancer cells. Int. J. Mol. Sci. 2017, 18, 1088. [Google Scholar] [CrossRef] [PubMed]

	



Ryu, S.; Lim, W.; Bazer, F.W.; Song, G. Chrysin induces death of prostate cancer cells by inducing ROS and ER stress. J. Cell. Physiol. 2017, 232, 3786–3797. [Google Scholar] [CrossRef] [PubMed]

	



Salimi, A.; Roudkenar, M.H.; Seydi, E.; Sadeghi, L.; Mohseni, A.; Pirahmadi, N.; Pourahmad, J. Chrysin as an anti-cancer agent exerts selective toxicity by directly inhibiting mitochondrial complex II and V in CLL B-lymphocytes. Cancer Investig. 2017, 35, 174–186. [Google Scholar] [CrossRef] [PubMed]

	



Goldman, B. Multidrug resistance: Can new drugs help chemotherapy score against cancer? J. Natl. Cancer Inst. 2003, 95, 255–257. [Google Scholar] [CrossRef] [PubMed]

	



Basu, A.; Das, A.S.; Majumder, M.; Mukhopadhyay, R. Antiatherogenic roles of dietary flavonoids chrysin, quercetin, and luteolin. J. Cardiovasc. Pharmacol. 2016, 68, 89–96. [Google Scholar] [CrossRef] [PubMed]

	



Zeinali, M.; Rezaee, S.A.; Hosseinzadeh, H. An overview on immunoregulatory and anti-inflammatory properties of chrysin and flavonoids substances. Biomed. Pharmacother. 2017, 92, 998–1009. [Google Scholar] [CrossRef] [PubMed]

	



Sharom, F.J. Abc multidrug transporters: Structure, function and role in chemoresistance. Pharmacogenomics 2008, 9, 105–127. [Google Scholar] [CrossRef] [PubMed]

	



Xu, D.; Jin, J.; Yu, H.; Zhao, Z.; Ma, D.; Zhang, C.; Jiang, H. Chrysin inhibited tumor glycolysis and induced apoptosis in hepatocellular carcinoma by targeting hexokinase-2. J. Exp. Clin. Cancer Res. 2017, 36, 44. [Google Scholar] [CrossRef] [PubMed]

	



Sun, L.P.; Chen, A.L.; Hung, H.C.; Chien, Y.H.; Huang, J.S.; Huang, C.Y.; Chen, Y.W.; Chen, C.N. Chrysin: A histone deacetylase 8 inhibitor with anticancer activity and a suitable candidate for the standardization of chinese propolis. J. Agric. Food Chem. 2012, 60, 11748–11758. [Google Scholar] [CrossRef] [PubMed]

	



Fu, B.; Xue, J.; Li, Z.; Shi, X.; Jiang, B.H.; Fang, J. Chrysin inhibits expression of hypoxia-inducible factor-1α through reducing hypoxia-inducible factor-1α stability and inhibiting its protein synthesis. Mol. Cancer Ther. 2007, 6, 220–226. [Google Scholar] [CrossRef] [PubMed]

	



Walle, T.; Otake, Y.; Brubaker, J.A.; Walle, U.K.; Halushka, P.V. Disposition and metabolism of the flavonoid chrysin in normal volunteers. Br. J. Clin. Pharmacol. 2001, 51, 143–146. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Clarke, P.G. Developmental cell death: Morphological diversity and multiple mechanisms. Anat. Embryol. 1990, 181, 195–213. [Google Scholar] [CrossRef] [PubMed]

	



Liao, C.L.; Chen, C.M.; Chang, Y.Z.; Liu, G.Y.; Hung, H.C.; Hsieh, T.Y.; Lin, C.L. Pine (pinus morrisonicola hayata) needle extracts sensitize GBM8901 human glioblastoma cells to temozolomide by downregulating autophagy and O6-methylguanine-DNA methyltransferase expression. J. Agric. Food Chem. 2014, 62, 10458–10467. [Google Scholar] [CrossRef] [PubMed]

	



Kandemir, F.M.; Kucukler, S.; Eldutar, E.; Caglayan, C.; Gulcin, I. Chrysin protects rat kidney from paracetamol-induced oxidative stress, inflammation, apoptosis, and autophagy: A multi-biomarker approach. Sci. Pharm. 2017, 85, 4. [Google Scholar] [CrossRef] [PubMed]

	



Swart, C.; Du Toit, A.; Loos, B. Autophagy and the invisible line between life and death. Eur. J. Cell Biol. 2016, 95, 598–610. [Google Scholar] [CrossRef] [PubMed]

	



Lin, S.R.; Fu, Y.S.; Tsai, M.J.; Cheng, H.; Weng, C.F. Natural compounds from herbs that can potentially execute as autophagy inducers for cancer therapy. Int. J. Mol. Sci. 2017, 18, E1412. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 19 01763 g001 550] 





Figure 1. Chrysin achieved similar effectiveness to 5-fluorouracil (5-FU) combined with oxaliplatin in a panel of colorectal cancer (CRC) cells. (A–E) Each CRC cell line was treated with the indicated concentrations of chrysin or 5-FU and oxaliplatin for three days. Cell viability was determined via a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, and was statistically quantified. # p < 0.05; ## p < 0.01; ### p < 0.001 when compared with control (vehicle only) groups. * p < 0.05; ** p < 0.01; *** p < 0.001 when compared with indicated control groups. A p-value < 0.05 was considered as statistically significant. N.S.—not significant. 
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Figure 2. LC3-II levels were induced in chrysin-treated, but not 5-fluorouracil (5-FU)/oxaliplatin-treated colorectal cancer (CRC) cells. (A–E) Each CRC cell line was treated with the indicated concentrations of 50 μM chrysin or 25 μM 5-FU/25 μM oxaliplatin for 24 h. Then, cells were harvested for western blot analysis. The expressions of cleaved forms of caspase-3 and poly-ADP-ribose polymerase (PARP), as well as of LC3-II, were examined using indicated antibodies. The band images were quantified using tubulin as a calibrated control. Relative fold inductions of activated caspase-3, cleaved PARP, and LC3-II were indicated as compared to control groups. (F) The GFP-LC3 expression vector was transfected into HCT-116 cells, followed by treatment with 50 μM chrysin for 24 h. GFP-LC3 punctate structures were observed under a fluorescence microscope. White arrow represents GFP-LC3 punctate structure. The fluorescent images were displayed in a 10× multiplication. 
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Figure 3. Blockage of autophagy induction reversed chrysin-attenuated colorectal cancer (CRC) cell viability. (A–E) Each CRC cell line was pretreated with the indicated concentration of 3-methyladenine (3-MA) followed by the indicated concentration of chrysin for three days. Cell viability was determined via a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, and was statistically quantified. # p < 0.05; ## p < 0.01; ### p < 0.001 when compared with indicated control groups. A p-value < 0.05 was considered as statistically significant. N.S.—not significant. 
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Figure 4. Autophagy inhibitor, 3-methyladenine (3-MA), reversed chrysin-induced LC3-II expression. (A,B) Colorectal cancer (CRC) cell lines were pretreated with the indicated concentration of 3-MA, followed by chrysin treatment for 24 h. Then, cells were harvested for western blot analysis. Expression of LC3-II was examined using indicated antibodies. The band images were quantified using tubulin as a calibrated control. Relative fold induction of LC3-II was indicated as compared to indicated control groups. 
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Figure 5. The protein kinase B (Akt)/mammalian target of rapamycin (mTOR) signaling pathway was inhibited in chrysin-treated but not 5-fluorouracil (5-FU)/oxaliplatin-treated colorectal cancer (CRC) cells. (A,B) SW48 and SW480 cells were treated with the indicated concentrations of chrysin or 5-FU/oxaliplatin for 24 h. Then, cells were harvested for western blot analysis. Expressions of phosphorylated AMP-activated protein kinase alpha (p-AMPKα) threonine 172, AMPKα, phosphorylated mTOR (p-mTOR) serine 2448, mTOR, phosphorylated Akt (p-Akt) serine 473, and Akt were examined using the indicated antibodies. The band images were quantified using both actin and the AMPKα, mTOR, or Akt proteins as calibrated controls. Relative fold inductions of p-AMPKα threonine 172, p-mTOR serine 2448, and p-Akt serine 473 were indicated as compared to control (vehicle alone) groups. 
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Figure 6. Chrysin, not 5-fluorouracil (5-FU)/oxaliplatin, induced the production of reactive oxygen species (ROS) in colorectal cancer (CRC) cells. (A,B) SW48 and SW480 cells were seeded overnight, and treated with the indicated concentrations of 50 μM chrysin or 25 μM 5-FU/25 μM oxaliplatin for 24 h. Then, following trypsinization, cell pellets were stained with 10 μM CM-H2DCFDA at 37 °C in the dark for 30 min. Intracellular ROS level was measured using flow cytometry, and was statistically quantified. * p < 0.05; ** p < 0.01; *** p < 0.001 when compared with indicated control groups. A p-value < 0.05 was considered as statistically significant. 
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