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Abstract

:

Colorectal cancer (CRC) is one of the most common causes of cancer-related death worldwide, and more therapies are needed to treat CRC. To discover novel CRC chemotherapeutic molecules, we used a series of previously synthesized novel imidazolidin-4-one derivatives to study their anticancer role in several cancer cell lines. Among these compounds, compound 9r exhibited the best anticancer activity in CRC cell lines HCT116 and SW620. We further investigated the anticancer molecular mechanism of compound 9r. We found that compound 9r induced mitochondrial pathway apoptosis in HCT116 and SW620 cells by inducing reactive oxygen species (ROS) production. Moreover, the elevated ROS generation activated the c-Jun N-terminal kinase (JNK) pathway, which further accelerated apoptosis. N-acetylcysteine (NAC), an antioxidant reagent, suppressed compound 9r-induced ROS production, JNK pathway activation, and apoptosis. Collectively, this research synthesized a series of imidazolidin-4-one derivatives, evaluated their anticancer activity, and explored the molecular mechanism of compound 9r-induced apoptosis in CRC cells. The present results suggest that compound 9r has a potential therapeutic role in CRC. Hence, it deserves further exploration as a lead compound for CRC treatment.
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1. Introduction


Colorectal cancer (CRC) is still one of the most common causes of cancer-related death in China and worldwide [1,2]. Fluorouracil (5-FU) has been pivotal in CRC chemotherapy [3,4]. Recently, biologic agents were introduced for the management of CRC with the aim of signaling cascades involved in tumor growth, metastatic spread, and apoptosis [5]. However, novel chemotherapeutic compounds with biological activity are still needed for CRC treatment.



Apoptosis is programmed cell death in multicellular organisms, which is involved in many cellular mechanisms, such as homeostasis and the elimination of harmful cells. Aberrant apoptosis is fundamental for carcinogenesis, tumor progression, and the development of anticancer drug resistance. It is considered to be a primary target for drug discovery and development, especially for cancer therapies. In the intrinsic apoptotic pathway, proapoptotic protein Bcl-2-associated X (Bax) accumulates at the mitochondrial outer membrane, which causes translocation to the mitochondrial membrane, resulting in mitochondrial outer membrane permeabilization (MOMP) [6]. MOMP leads to the release of cytochrome c, and then triggers the caspase cascade, which results in apoptosis. Anti-apoptotic protein Bcl-2/Bcl-xL mediates the translocation of Bax to cytosol. Consequently, the ratio of endogenous Bcl-2 to Bax determines whether apoptosis occurs or not [7].



The research spectrum of our lab includes synthesizing various of compounds and evaluating their anticancer activity. Through this approach, we have identified some compounds that exhibit prominent anticancer activity [8,9]. Imidazolidin-4-one compounds exist in many natural products, pharmaceuticals, and privileged scaffolds with remarkable anticancer biological activities [10,11,12,13]. We want to synthesis more imidazolidin-4-one compounds with the aim of finding novel compounds with good anticancer activities [14].



The aim of the present study was to evaluate the anticancer activity of our synthesized imidazolidin-4-one compounds and find the most active compound. We found that compound 9r exhibited prominent anticancer activity in human colorectal cancer cells. We also explored the underlying mechanism of the anticancer role of compound 9r. The results suggest that compound 9r is a promising anticancer agent in colorectal cancer, and it is worth further exploring as a lead compound to treat colorectal cancer.




2. Results


2.1. Anticancer Activity Evaluation of Compounds 9


In our previous study, we synthesized a small library of 4-imidazolidinones (Scheme 1) [14]. To evaluate the anticancer activity of compounds 9, we first examined the tumor cell growth inhibition activity in human cancer cell lines. Results from 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay showed that compounds 9 inhibited tumor cell growth in cervical adenocarcinoma cells (HeLa), colorectal carcinoma cells (HCT116) and glioblastoma cells (U87). Only a few compounds exhibited anticancer activity in hepatoma cells (Hep3B) (Figure 1A). Some structure–activity relationship (SAR) aspects were investigated in terms of their anticancer activity based on the nature of N-substitution on the 1-imidazolyl ring and the nature of substitution (aliphatic/aromatic) on the 2,5-imidazolyl ring (Scheme 1 and Table S1). The halogenated aromatic substitution on the 1-imidazolyl ring slightly increases anticancer activity ((9a, 9c, 9d) > 9e), while the methoxy-conjugated benzene substitution reduced the anticancer activity (9b < 9e). Among the aliphatic substitution on the 2-imidazolyl ring, the influence of substituent on anticancer activity was observed as acyclic propyl > cyclobutyl (9l > 9k). With aromatic substitution on the 5-imidazolyl ring, furyl-substitution significantly enhanced the anticancer activity (9r > 9l).



Among all the compounds, compound 9r showed the most promising anticancer activity. Therefore, it was selected for further biological studies. Since all compounds 9 had better anticancer activity in HCT116 cells than in other cancer cells (Figure 1A), we selected two colorectal cancer cell lines, HCT116 and SW620, for the following study. The structure of compound 9r is shown in Figure 1B.



We tested the anticancer activity of compound 9r in two colorectal cancer cell lines, HCT116 and SW620. The results revealed that the cell growth inhibition rate was elevated as the concentration of compound 9r increased, and the inhibition rate increased with a fixed concentration of compound 9r as time passed (Figure 1C). To confirm that compound 9r was not degraded by esterases, amidases, or other enzymes in the cell culture medium [15], we checked the presence of compound 9r in cell culture medium with high performance liquid chromatography (HPLC). The results showed that compound 9r was stable in cell culture medium after 48-hour incubation (Figure S1). Additionally, compound 9r had low cytotoxicity in normal human colon cells (FHC) (Figure S2). These results indicate that compound 9r suppresses CRC cell growth in a time- and dosage-dependent manner. The half-maximal inhibitory concentration (IC50) of compound 9r equals 9.44 μM and 10.95 μM in HCT116 and SW620, respectively. The results of the colony formation assay show that compound 9r suppresses tumor formation in HCT116 and SW620 (Figure 1D). All these results indicate that compound 9r has good anticancer activity in CRC cells.




2.2. Compound 9r Induces Apoptosis


Previous results show that compound 9r kills all cells at high concentration (Figure 1D). Therefore, we want to know whether compound 9r induces cell death in colorectal cancer cells. The propidium iodide (PI) staining assay indicated that as the concentration of compound 9r increased, the cell number decreased and PI positive cells increased (Figure 2A). The results indicate that compound 9r induces cell death in the cultured colorectal cancer cells of HCT116 and SW620.



Programed cell death, called apoptosis, is the main reason for chemical reagent-induced cell death in cancer cells. We want to explore whether compound 9r triggered apoptosis in colorectal cancer cells. Fluorescence-activated cell sorting (FACS) was applied to the colorectal cancer cells of HCT116 and SW620 after compound 9r treatment. The results revealed that apoptotic cells increased as the concentration of compound 9r increased in HCT116 and SW620 cells (Figure 2B). These results show that compound 9r induces apoptosis in colorectal cancer cells.




2.3. Compound 9r Triggers Mitochondrial Apoptosis


To explore which pathway was activated to trigger apoptosis by compound 9r, we examined the mitochondrial membrane potential (ΔΨm) of compound 9r-treated HCT116 and SW620 cells. Compound 9r induced the loss of mitochondrial membrane potential (Figure 2C). In accordance with the FACS results, the compound 9r treatment also increased the cleavage of caspase-8, caspase-3 and poly ADP-ribose polymerase (PARP) (Figure 3A). Compound 9r also upregulated the expression of proapoptotic protein Bax and down regulated the expression of antiapoptotic proteins Bcl-xL and Bcl-2 (Figure 3A). The ratio of Bax to Bcl-2 was upregulated by the 9r treatment, which resulted in apoptosis. These results suggest that compound 9r can trigger mitochondrial apoptosis in colorectal cancer cells.




2.4. Compound 9r Induces Caspase-Dependent Apoptosis


Compound 9r induces the loss of mitochondrial membrane potential, which implies that compound 9r induces intrinsic apoptosis. To validate whether compound 9r-triggered apoptosis is caspase-pathway-dependent, we treated HCT116 and SW620 cells with general caspase inhibitor z-VAD-fmk before compound 9r treatment. The FACS results show that compound 9r-induced apoptosis is dramatically suppressed by the pretreatment of z-VAD-fmk (Figure 3B). The compound 9r-induced decrease in cell viability was also suppressed by pretreatment with z-VAD-fmk (Figure 3C). These results demonstrate that compound 9r induces caspase-dependent apoptosis.




2.5. Compound 9r Induces ROS Production


Many chemical reagents trigger apoptosis by inducing reactive oxygen species (ROS) production. We want to know whether compound 9r promoted ROS generation. A DCFH-DA (2′-7′dichlorofluorescin diacetate) probe was used to detect ROS in compound 9r-treated cells. The results show that the amount of ROS increases as the concentration of compound 9r is elevated in HCT116 and SW620 cells (Figure 4A).




2.6. Compound 9r Induces Apoptosis through ROS Generation Which Activates JNK Pathway


The accumulation of ROS in cells leads to oxidative stress, which activates the c-Jun N-terminal kinase (JNK) pathway. We want to know whether compound 9r activated the JNK pathway in colorectal cancer cells. Human colorectal cancer HCT116 and SW620 cells were treated with different concentration of compound 9r for 24 h and subjected to Western blot assay. The results show that, as the concentration of compound 9r increased, the phosphorylation of JNK and its substrate c-Jun was elevated (Figure 4B), which means that JNK pathway was activated. These results indicate that compound 9r induces ROS production, which activates JNK pathway.



To find out whether compound 9r-triggered apoptosis was ROS dependent, we used antioxidant agent N-acetylcysteine (NAC) to block ROS generation. The fluorescent images show that compound 9r-induced ROS production was completely blocked by NAC (Figure 5A). Accordingly, compound 9r-triggered apoptosis in HCT116 and SW620 cells was suppressed by NAC (Figure 5B). The compound 9r-activated JNK pathway and caspase pathway were also inhibited by NAC (Figure 5C). Finally, the decrease in compound 9r-induced cell viability was reversed by NAC in HCT116 and SW620 cells (Figure 5D). All these data imply that compound 9r induces ROS generation, which activates the JNK pathway and caspase pathway, and finally, the activation of the JNK pathway and caspase pathway results in apoptosis.



In summary, we synthesized a series of 4-imidazolidinones and evaluated their anticancer activity in various cancer cell lines. From the in-cell anticancer activity screen, we found compound 9r exhibited the best activity among these compounds. We further investigated the anticancer activity of compound 9r in colorectal cancer cells. The underlying anticancer mechanism of compound 9r is that this compound induces ROS accumulation, which activates the JNK pathway and then the caspase pathway, finally resulting in apoptosis (Figure 6). Compound 9r-triggered ROS generation and caspase-dependent apoptosis were suppressed by NAC.





3. Discussion


The compounds with imidazolidinone scaffold have many biological activity [16,17]. A series of imidazolidinone derivatives were reported to be potent phosphodiesterase 4 inhibitors [18]. There has been much research focused on 2-imidazolidinones [19,20,21], but few 4-imidazolidinones have been studied. A previous study reported that 4-imidazolidinone compounds selectively inhibited human neutrophil elastase [22]. A series of 4-imidazolidinone derivatives exhibited modest anticancer cytotoxicity against a variety of cancer cell lines [23]. With the aim of searching for more 4-imidazolidinone compounds with anticancer activity, we synthesized a batch of compounds with a 4-imidazolidinone motif consistent with the previous description [14] and evaluated their anticancer effect in cultured human cancer cells. We also explored the molecular mechanism of anticancer activity of compound 9r, which harbored the best anticancer effect among these compounds in colorectal cancer cells.



Apoptosis is an important anticancer mechanism induced by many chemotherapies [24]. The intrinsic apoptosis pathway involves Bcl-2 family proteins, including the proapoptotic proteins Bax and Bid, as well as antiapoptotic proteins Bcl-2 and Bcl-xL [25]. Apoptosis is suppressed in CRC as the expression of antiapoptotic Bcl-2 proteins is up regulated [26]. Many small molecules that target Bcl-2 have been identified and used for cancer treatment [27,28,29]. Our study found that compound 9r increased the expression of Bax, which induced MOMP and then triggered the apoptosis pathway. The expression level of Bcl-2 and Bcl-xL decreased after compound 9r treatment, which suppressed the antiapoptosis effect of Bcl-2. However, more studies should be carried out to confirm whether compound 9r targets Bcl-2 to induce apoptosis.



In general, the ROS level is higher in most of cancer cells compared to their normal counterpart cells [30]. Excess ROS generation leads to a loss of mitochondrial membrane potential, resulting in mitochondrial pathway-dependent apoptosis [31]. Many drugs or agents used for the treatment of CRC exert their anticancer effect through ROS-dependent cell death [32]. Our study shows that compound 9r promotes ROS generation in colorectal cancer cells, which then triggers mitochondrial pathway dependent apoptosis. Furthermore, elevated ROS generation induces oxidative stress that activates the JNK pathway, which is well-known as a stress-activated protein kinase which leads to apoptosis. Taken together, compound 9r induces ROS accumulation in cells, which leads to MOMP and JNK pathway activation, and finally results in apoptosis. Similar to previously reported agents used to treat CRC, compound 9r exerts an anticancer role by promoting ROS generation.



In summary, we used a batch of previously synthesized imidazolidin-4-one compounds to explore their anticancer activity. The in vitro experiments show that compound 9r plays a prominent role in inducing cell death in colorectal cancer HCT116 cells and SW620 cells. The compound 9r treatment increases ROS generation, which subsequently leads to the upregulation of Bax/Bcl-2 and the activation of the mitochondrial-dependent apoptotic pathway. Moreover, compound 9r also activates JNK pathway, which induces apoptosis.




4. Materials and Methods


4.1. Chemical Synthesis of Compounds 9


Previously, we reported a post-Ugi/decarboxylative C(sp3)-N bond formation cascade reaction that proceeds under microwave irradiation to construct 4-imidazolidinones and drug-like spiroimidazolones [14]. Compounds 9 were synthesized as previously reported (Scheme 1) [14].



As part of our continued efforts to develop multicomponent reaction for therapeutic development [33], we reported a novel post-Ugi 4-component (U-4CR) cascade reaction for the synthesis of 4-imidazolones as previously reported [14]. We initially investigated the scope of the reaction to prepare a small library of 4-imidazolidinones. In all cases, initial Ugi products were obtained in good yields following the removal of the reaction solvent without further purification. A variety of different starting materials were successfully employed for the construction of structurally diverse 4-imidazolidinones with good yields, indicating a good functional group tolerance (Scheme 1).




4.2. Cell Culture


The human cervical adenocarcinoma cells of Hela, colorectal carcinoma cells of HCT116 and SW620, hepatoma cells of Hep3B, glioblastoma cells of U87, and fetal colon cells of FHC were obtained from Cobier Biotechnology (Cobier, Nanjing, China). U87 cells, SW620 cells, and Hep3B cells were cultured in high-glucose Dulbecco’s modified eagle medium (DMEM, Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, Australia origin). Hela cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Hyclone, Logan, UT, USA) with 10% FBS. HCT116 cells were cultured in McCoy’s 5A medium (Hyclone, Logan, UT, USA) supplemented with 10% FBS. FHC cells were cultured in DMEM:F12 medium supplemented with 10% FBS, 0.005 mg/mL insulin and 20 ng/mL human recombinant EGF. Cells were maintained at 37 °C under a humidified atmosphere and 5% CO2.




4.3. Reagents and Antibodies


The chemical reagents used in this study, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT), NAC, DAPI, PI, and DMSO, were purchased from Sigma-Aldrich. The inhibitor z-VAD-fmk was purchased from Beyotime Biotechnology. The primary antibodies, Bax, Bcl-2, Bcl-xL, cleaved caspase-8, caspase-3, cleaved caspase-3, PARP, cleaved PARP, P-JNK, JNK, P-c-Jun, c-Jun, and α-Tubulin were purchased from Cell Signaling Technology.




4.4. MTT Assay


Cells were seeded into wells of a 96-well plate at 4 × 103 cells per well in 100 µL of the corresponding medium. After incubation for 24 h, cells were treated with compound 9r at various concentrations, followed by continuous incubation for 24, 48, or 72 h. A 20 μL MTT solution was directly added to each well, and the incubation was continued for an additional 4 h. Finally, the purple formazan crystals were dissolved in DMSO. The absorbance was measured with a microplate reader (Bio-Tek, Winooski, VT, USA) at a wavelength of 570 nm.




4.5. Colony Formation Assay


Cells at a density of 600 cells per well were seeded into a 6-well plate. After an incubation of 24 h, cells were treated with compound 9r at concentration of 0, 10, 20 and 30 µM for 48 h. Cells were cultured with fresh medium for an additional 14 days. Then, the media was removed, and cells were washed with PBS thrice and fixed with 4% paraformaldehyde for 20 min at room temperature. Cells were washed with PBS thrice and stained with 1% crystal violet for 30 min. After the crystal violet was removed, the plate was rinsed with PBS and allowed to air dry. Cells were imaged with a scanner (Epson Perfection V800 Photo).




4.6. DAPI/PI Staining Assay


Cells were evenly dispersed on 12-well plates at a density of 2 × 104 cells per well. After being incubated overnight, the cells were treated with compound 9r at different concentrations for 24 h. Then, the cells were washed thrice with PBS and fixed with 4% Paraformaldehyde for 20 min at room temperature, followed by staining with DAPI (10 μg/mL) and PI (5 μg/mL) for 30 min. The images of the stained cells were taken using an inverted fluorescence microscope (IX73 Olympus).




4.7. Apoptosis Analysis


Cells were seeded into 6-well plates at 2 × 105 cells per well, incubated overnight, and treated with compound 9r at various concentrations for 48 h. Cells were harvested with 0.1% trypsin and washed with cold PBS twice, which was followed by resuspension in binding buffer. Afterwards, 5 μL of Annexin V fluorescein isothiocyanate (Annexin V-FITC) and 10 μL of propidium iodide (PI) were added, the mixture was kept in the dark for 15 min at room temperature, and finally, 200 μL of binding buffer was added. The cells were analyzed immediately by using flow cytometry (BD Accuri C6).




4.8. Mitochondrial Membrane Potential Assay


Cells were seeded into 6-well plates at a density of 2 × 105 cells per well and incubated overnight. After treatment with different concentrations of compound 9r for 24 h, the cells were harvested with 0.1% trypsin and washed twice with cold PBS. Cells were then suspended in 1 × JC-1 staining buffer (Beyotime Biotechnology, Shanghai, China) and incubated at 37 °C for 30 min in the dark. The relative fluorescence intensity of each sample was analyzed using flow cytometry with the setting of FL1A at 530 nm and FL2H 585 nm.




4.9. Measurement of Intracellular ROS


The level of intracellular ROS was estimated quantitatively using a peroxide-sensitive fluorescent probe, DCFH-DA (2′,7-dichlorofluorescein diacetate), which is oxidized in the presence of peroxides to the highly fluorescent DCF (2′,7-dichlorofluorescein). Cells were seeded into a 12-well plate at a density of 2 × 104 cells per well. After being incubated overnight, cells were treated with compound 9r at different concentrations for 24 h in the absence or presence of 5 mM of NAC for 2 h at 37 °C. The cells were then treated with 10 μM DCFH-DA for 30 min at 37 °C. The images of the stained cells were immediately taken with an inverted fluorescence microscope.




4.10. Western Blotting


Cells were harvested after compound 9r treatment, and then lysed in a RIPA buffer containing protease and phosphatase inhibitors. Lysates were quantified using the BCA assay kit (Beyotime Biotechnology). A total of 50 µg proteins was separated by SDS-PAGE and transferred onto polyvinyldene difluoride (PVDF, Millipore Corporation, Burlington, MA, USA) membranes afterward. Membranes were blocked with 1 × QuickBlock™ Blocking Buffer (Beyotime Biotechnology) for 1 h, which was followed by incubation with specific primary antibodies at 4 °C overnight and fluorescence-conjugated secondary antibody at room temperature for 1 h. Immunoreactive proteins were visualized using the Odyssey Fluorescence Scanner.





5. Conclusions


The present study shows that compound 9r induces apoptosis in the colorectal carcinoma cells HCT116 and SW620. The underlying mechanism of compound 9r was found to induce ROS generation, which triggers apoptosis and the activation of the JNK pathway. These results provide a novel insight, revealing that imidazolidin-4-one compounds exert an anticancer effect by inducing ROS-mediated apoptosis. The compound 9r is worthy of further exploration as a lead compound to treat colorectal cancer.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules27248844/s1, Figure S1: HPLC chromatograms of standards of compound 9r. Figure S2: FHC cell viability after compound 9r treated for 72 h; Table S1: The inhibition rate of compounds 9 in tumor cells.





Author Contributions


Conceptualization, J.H. and Z.X.; methodology, J.W.; validation, J.W. and G.S.; formal analysis, J.H. and C.H.; investigation, J.W.; writing—original draft preparation, J.H. and J.W.; writing—review and editing, J.H. and C.X.; supervision, Z.C. and C.X.; project administration, Z.X. and D.Y.; funding acquisition, J.H. and D.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Natural Science Foundation of Chongqing, grant number cstc2020jcyj-msxmX0595; Science and Technology Research Program of Chongqing Municipal Education Commission, grant number KJQN201901331, KJZD-K202001302, and KJQN202201330; Scientific Research Foundation of the Chongqing University of Arts and Sciences, grant number P2021YX05.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We would like to thank the laboratory members from IATTI for valuable advice and helpful discussions.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds 9 are available from the authors.




References


	



Siegel, R.L.; Miller, K.D.; Goding Sauer, A.; Fedewa, S.A.; Butterly, L.F.; Anderson, J.C.; Cercek, A.; Smith, R.A.; Jemal, A. Colorectal cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 145–164. [Google Scholar] [CrossRef]

	



Chen, W.; Zheng, R.; Baade, P.D.; Zhang, S.; Zeng, H.; Bray, F.; Jemal, A.; Yu, X.Q.; He, J. Cancer statistics in China, 2015. CA Cancer J. Clin. 2016, 66, 115–132. [Google Scholar] [CrossRef] [PubMed]

	



Woo, I.S.; Jung, Y.H. Metronomic chemotherapy in metastatic colorectal cancer. Cancer Lett. 2017, 400, 319–324. [Google Scholar] [CrossRef] [PubMed]

	



Chau, I.; Cunningham, D. Chemotherapy in colorectal cancer: New options and new challenges. Br. Med. Bull. 2002, 64, 159–180. [Google Scholar] [CrossRef]

	



Geng, F.; Wang, Z.; Yin, H.; Yu, J.; Cao, B. Molecular Targeted Drugs and Treatment of Colorectal Cancer: Recent Progress and Future Perspectives. Cancer Biother. Radiopharm. 2017, 32, 149–160. [Google Scholar] [CrossRef]

	



Tang, D.; Kang, R.; Berghe, T.V.; Vandenabeele, P.; Kroemer, G. The molecular machinery of regulated cell death. Cell Res. 2019, 29, 347–364. [Google Scholar] [CrossRef] [PubMed]

	



Signore, M.; Ricci-Vitiani, L.; De Maria, R. Targeting apoptosis pathways in cancer stem cells. Cancer Lett. 2013, 332, 374–382. [Google Scholar] [CrossRef]

	



Moccia, M.; Yang, D.; Lakkaniga, N.R.; Frett, B.; McConnell, N.; Zhang, L.; Brescia, A.; Federico, G.; Zhang, L.; Salerno, P.; et al. Targeted activity of the small molecule kinase inhibitor Pz-1 towards RET and TRK kinases. Sci. Rep. 2021, 11, 16103. [Google Scholar] [CrossRef]

	



Zhang, Y.J.; Yang, D.L.; Qin, H.X.; He, L.J.; Huang, J.H.; Tang, D.Y.; Xu, Z.G.; Chen, Z.Z.; Li, Y. DMAPT-D6 induces death-receptor-mediated apoptosis to inhibit glioblastoma cell oncogenesis via induction of DNA damage through accumulation of intracellular ROS. Oncol. Rep. 2021, 45, 1261–1272. [Google Scholar] [CrossRef]

	



Ijzendoorn, D.R.; Botman, P.N.; Blaauw, R.H. Diastereoselective cationic tandem cyclizations to N-heterocyclic scaffolds: Total synthesis of (-)-dysibetaine PP. Org. Lett. 2006, 8, 239–242. [Google Scholar] [CrossRef]

	



Aboul-Enein, M.N.; El-Azzouny, A.A.; Saleh, O.A.; Amin, K.M.; Maklad, Y.A.; Hassan, R.M. Synthesis and Anticonvulsant Activity of Substituted-1,3-diazaspiro[4.5]decan-4-ones. Arch. Pharm. 2015, 348, 575–588. [Google Scholar] [CrossRef] [PubMed]

	



Araujo, M.J.; Bom, J.; Capela, R.; Casimiro, C.; Chambel, P.; Gomes, P.; Iley, J.; Lopes, F.; Morais, J.; Moreira, R.; et al. Imidazolidin-4-one derivatives of primaquine as novel transmission-blocking antimalarials. J. Med. Chem. 2005, 48, 888–892. [Google Scholar] [CrossRef] [PubMed]

	



Ramu, D.; Jain, R.; Kumar, R.R.; Sharma, V.; Garg, S.; Ayana, R.; Luthra, T.; Yadav, P.; Sen, S.; Singh, S. Design and synthesis of imidazolidinone derivatives as potent anti-leishmanial agents by bioisosterism. Arch. Pharm. 2019, 352, e1800290. [Google Scholar] [CrossRef] [PubMed]

	



Song, G.-T.; Qu, C.-H.; Lei, J.; Yan, W.; Tang, D.-Y.; Li, H.-Y.; Chen, Z.-Z.; Xu, Z.-G. A Decarboxylative C(sp3)−N Bond Forming Reaction to Construct 4-Imidazolidinones via Post-Ugi Cascade Sequence in One Pot. Adv. Synth. Catal. 2020, 362, 4084–4091. [Google Scholar] [CrossRef]

	



Montenegro, M.F.; Moral-Naranjo, M.T.; Munoz-Delgado, E.; Campoy, F.J.; Vidal, C.J. Hydrolysis of acetylthiocoline, o-nitroacetanilide and o-nitrotrifluoroacetanilide by fetal bovine serum acetylcholinesterase. FEBS J. 2009, 276, 2074–2083. [Google Scholar] [CrossRef]

	



Swain, S.P.; Mohanty, S. Imidazolidinones and Imidazolidine-2,4-diones as Antiviral Agents. ChemMedChem 2019, 14, 291–302. [Google Scholar] [CrossRef]

	



Abdel-Aziz, A.A.; El-Azab, A.S.; Ekinci, D.; Senturk, M.; Supuran, C.T. Investigation of arenesulfonyl-2-imidazolidinones as potent carbonic anhydrase inhibitors. J. Enzym. Inhib. Med. Chem. 2015, 30, 81–84. [Google Scholar] [CrossRef]

	



Dorokhov, V.S.; Golovanov, I.S.; Tartakovsky, V.A.; Sukhorukov, A.Y.; Ioffe, S.L. Diastereoselective synthesis and profiling of bicyclic imidazolidinone derivatives bearing a difluoromethylated catechol unit as potent phosphodiesterase 4 inhibitors. Org. Biomol. Chem. 2018, 16, 6900–6908. [Google Scholar] [CrossRef]

	



Matos-Rocha, T.J.; Lima, M.C.A.; Veras, D.L.; Santos, A.F.; Silva, A.L.; Almeida Junior, A.S.A.; Pitta-Galdino, M.R.; Pitta, I.R.; Pitta, M.G.R.; Alves, L.C.; et al. In vivo study of schistosomicidal action of (Z)-1-(2-chloro-6-fluoro-benzyl)-5-thioxo-4-(2,4,6-trimethoxy-benzylidene)-imidaz olidin-2-one. Braz. J. Biol. 2020, 80, 187–189. [Google Scholar] [CrossRef]

	



El-Sharief, M.; Abbas, S.Y.; El-Sharief, A.M.S.; Sabry, N.M.; Moussa, Z.; El-Messery, S.M.; Elsheakh, A.R.; Hassan, G.S.; El Sayed, M.T. 5-Thioxoimidazolidine-2-one derivatives: Synthesis, anti-inflammatory activity, analgesic activity, COX inhibition assay and molecular modelling study. Bioorg. Chem. 2019, 87, 679–687. [Google Scholar] [CrossRef]

	



Lei, H.; Jiang, N.; Miao, X.; Xing, L.; Guo, M.; Liu, Y.; Xu, H.; Gong, P.; Zuo, D.; Zhai, X. Discovery of novel mutant-combating ALK and ROS1 dual inhibitors bearing imidazolidin-2-one moiety with reasonable PK properties. Eur. J. Med. Chem. 2019, 171, 297–309. [Google Scholar] [CrossRef] [PubMed]

	



He, G.; Dou, D.; Wei, L.; Alliston, K.R.; Groutas, W.C. Inhibitors of human neutrophil elastase based on a highly functionalized N-amino-4-imidazolidinone scaffold. Eur. J. Med. Chem. 2010, 45, 4280–4287. [Google Scholar] [CrossRef] [PubMed]

	



Chern, J.H.; Shia, K.S.; Chang, C.M.; Lee, C.C.; Lee, Y.C.; Tai, C.L.; Lin, Y.T.; Chang, C.S.; Tseng, H.Y. Synthesis and in vitro cytotoxicity of 5-substituted 2-cyanoimino-4-imidazodinone and 2-cyanoimino-4-pyrimidinone derivatives. Bioorg. Med. Chem. Lett. 2004, 14, 1169–1172. [Google Scholar] [CrossRef] [PubMed]

	



Carneiro, B.A.; El-Deiry, W.S. Targeting apoptosis in cancer therapy. Nat. Rev. Clin. Oncol. 2020, 17, 395–417. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.; Mao, Y.; Zhang, H.; Xu, Y.; An, J.; Huang, Z. The chemical biology of apoptosis: Revisited after 17 years. Eur. J. Med. Chem. 2019, 177, 63–75. [Google Scholar] [CrossRef] [PubMed]

	



Ramesh, P.; Medema, J.P. BCL-2 family deregulation in colorectal cancer: Potential for BH3 mimetics in therapy. Apoptosis Int. J. Program. Cell Death 2020, 25, 305–320. [Google Scholar] [CrossRef]

	



Knight, T.; Luedtke, D.; Edwards, H.; Taub, J.W.; Ge, Y. A delicate balance—The BCL-2 family and its role in apoptosis, oncogenesis, and cancer therapeutics. Biochem. Pharmacol. 2019, 162, 250–261. [Google Scholar] [CrossRef]

	



Croce, C.M.; Reed, J.C. Finally, An Apoptosis-Targeting Therapeutic for Cancer. Cancer Res. 2016, 76, 5914–5920. [Google Scholar] [CrossRef]

	



Dong, D.; Dong, Y.; Fu, J.; Lu, S.; Yuan, C.; Xia, M.; Sun, L. Bcl2 inhibitor ABT737 reverses the Warburg effect via the Sirt3-HIF1alpha axis to promote oxidative stress-induced apoptosis in ovarian cancer cells. Life Sci. 2020, 255, 117846. [Google Scholar] [CrossRef]

	



Yang, Y.; Karakhanova, S.; Werner, J.; Bazhin, A.V. Reactive oxygen species in cancer biology and anticancer therapy. Curr. Med. Chem. 2013, 20, 3677–3692. [Google Scholar] [CrossRef]

	



Redza-Dutordoir, M.; Averill-Bates, D.A. Activation of apoptosis signalling pathways by reactive oxygen species. Biochim. Biophys. Acta 2016, 1863, 2977–2992. [Google Scholar] [CrossRef] [PubMed]

	



Lin, S.; Li, Y.; Zamyatnin, A.A., Jr.; Werner, J.; Bazhin, A.V. Reactive oxygen species and colorectal cancer. J. Cell. Physiol. 2018, 233, 5119–5132. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Huang, J.H.; Wang, J.L.; Song, G.T.; Tang, D.Y.; Yao, F.; Lin, H.K.; Yan, W.; Li, H.Y.; Xu, Z.G.; et al. Diversity-Oriented Synthesis of Imidazo-Dipyridines with Anticancer Activity via the Groebke-Blackburn-Bienayme and TBAB-Mediated Cascade Reaction in One Pot. J. Org. Chem. 2019, 84, 12632–12638. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 27 08844 sch001 550] 





Scheme 1. Protocol for the synthesis of compounds 9. 
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Figure 1. Compounds 9 inhibit tumor cell proliferation and viability. (A). Compounds 9 inhibits cancer cell proliferation. Hela, HCT116, Hep3B, and U87 cells were treated with compounds 9 at the concentration of 10 μM for 48 h, cell growth inhibition rate compared with DMSO treatment was measured with MTT assay. Data are represented as mean ± SD (n = 5), the figure only shows the inhibition rate between 0 and 100. (B). The chemical structure of compound 9r. (C). HCT116 and SW620 cell were treated with indicated concentrations of compound 9r for 6, 12, 24 and 48 h; cell growth inhibition rate was measured with MTT assay. Data are demonstrated as the mean ± SD (n = 3). (D). Colony formation assay was performed to assess cell growth ability in vitro after treatment with the indicated concentrations of compound 9r. 
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Figure 2. Compound 9r induces apoptosis in colorectal cancer cells. (A). Cell death induced by compound 9r was observed with a fluorescence microscope after DAPI and PI staining. HCT116 and SW620 cells were treated with indicated concentrations of compound 9r for 24 h. Cells exhibiting red fluorescence indicated apoptosis or necrosis, the cell nucleus was stained with DAPI. Scale bar represents 100 μm. (B). Apoptosis was measured and analyzed via flow cytometry using Annexin V-FITC/PI staining. Cells were treated with the indicated concentration of compound 9r for 48 h. Bar figure represents the apoptotic rate. Data are represented as mean ± SD (n = 3). (C). The mitochondrial membrane potential was measured by flow cytometry using JC-1 staining. Cells were treated with the indicated concentrations of compound 9r for 24 h. Results indicating the intensity of green fluorescence are shown as fold changes from control from three independent experiments. Data are represented as mean ± SD (n = 3). DAPI: 4′, 6-diamidino-2-phenylindole. 
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Figure 3. Compound 9r induces apoptosis through caspase-dependent pathways. (A). The expression of apoptotic proteins (Bax, Bcl-xL, Bcl-2, cleaved caspase-8, cleaved caspase-3, PARP and cleaved PARP) was measured using Western blotting, α-Tubulin was used as loading control. Cells were treated with the indicated concentrations of compound 9r for 48 h. (B). Apoptosis was measured by flow cytometry using Annexin V-FITC/PI staining. General caspases inhibitor z-VAD-fmk pretreatment reserved compound 9r-induced apoptosis in HCT116 and SW620 cells. Cells were pretreated with 50 μM z-VAD-fmk for 2 h before being exposed to 30 μM compound 9r for 48 h. Bar figure represents the apoptotic rate of indicated compound treatment. Data are represented as mean ± SD (n = 3). Significance was tested by Student’s t-test (** p < 0.01). (C). Cell viability of compound 9r-treated HCT116 and SW620 cells. Cells were preincubated with 50 μM z-VAD-fmk for 2 h before treatment with 30 μM compound 9r for 24 h, and the cell viability was measured by MTT assay. Data are demonstrated as the mean ± SD (n = 3). Significance was tested by Student’s t-test (** p < 0.01). 
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Figure 4. Compound 9r induces ROS production and activates JNK pathway. (A). Fluorescence images of cells stained with DCFH-DA probe. Cells were treated with the indicated concentrations of compound 9r for 24 h. Scale bar represents 100 μm. (B). Expressions of JNK, Phospho-JNK (P-JNK), c-Jun and Phospho-c-Jun (P-c-Jun) were determined by Western blotting after treatment with the indicated concentrations of compound 9r for 48 h, α-Tubulin was used as a loading control. 
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Figure 5. Compound 9r induces JNK pathway activation and apoptosis through ROS generation. (A). Fluorescence images of cells stained with DCFH-DA probe and DAPI. Cells were pretreated with or without 5 mM of NAC for 2 h followed by 30 μM of compound 9r treatment for additional 24 h. Scale bar represents 100 μm. (B). Cell apoptosis was measured by flow cytometry using Annexin V-FITC/PI staining. Cells were pretreated with or without 5 mM of NAC for 2 h, followed by 30 μM of compound 9r exposure for 24 h. Data represent the apoptosis rate of HCT116 and SW620 cells treated with indicated compound. Bar figures depict the apoptotic rate of indicated compound treatment. Data are represented as mean ± SD (n = 3). Significance was tested by using Student’s t-test (** p < 0.01). (C). Expression of JNK, P-JNK, c-Jun, P-c-Jun, cleaved caspase-3, PARP and cleaved PARP proteins was quantified by Western blotting; α-Tubulin was used as a loading control. HCT116 and SW620 cells were treated with 30 μM of compound 9r for 24 h with or without 5 mM of NAC pre-treatment. (D). Cell viability was measured with MTT assay. Cells were preincubated with 5 mM NAC for 2 h before treatment with 30 μM compound 9r for 24 h, Data are demonstrated as the mean ± SD (n = 3). Significance was tested by using Student’s t-test (** p < 0.01). 
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Figure 6. Scheme of this research. Compound 9r activates JNK pathway by inducing ROS generation. The activated JNK pathway induces the loss of mitochondrial membrane potential, which triggers caspase cascade-mediated apoptosis. 






Figure 6. Scheme of this research. Compound 9r activates JNK pathway by inducing ROS generation. The activated JNK pathway induces the loss of mitochondrial membrane potential, which triggers caspase cascade-mediated apoptosis.



[image: Molecules 27 08844 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
S6 - SaT e
15 @ i ..m_.,. % A e
bg
b TRE TRE
o6
_.._m (—] - r
we A T =
— — 4
|6 - -
= ) (6 -1 K b~
e 16 b s = = o
g = % Q =
ug = = 2 o= .
B O = =2 = = &
o~ = . ™ =
}6 o= o W o
26 = =
PG = o
[— & :
26 F— T — .n ..... -,
a6 -~ e *,
P - - - T : : . mm ....M... I_ . -..__ N ._. -
g S S ) ) a P A — — — Tl ol o &
- B 2 2 2 2 =2 <= e & & = = & = . :
(4,) 23ea vomqIyuy {94} 21E1 voRIqIY U m WL T M m e T A ‘ m m & . #..-. i e
2 . " 5 r . Ly e ;
(%)a1e.1 uonIqIYUY (%o)are1 HODIqIY U = wl.i .
S % g :
= IR LR g |
O = W
(5

Br
s
A
)
‘.
p-
s

Hep3B

Exact Mass:424,07864

Control

w 1 jﬂlu c?l-" g o

100+

mm - H .'.i. .........”. ._.u...... .. .. .._“. .“.- ;
. _lhm IR SEEAY 00
0 bg ALY @000
i dg o bR e 30000
o6 LOG | ....._F.,t-_ ml.......__...n._. i . .... it e i ;
16 s R R
16 -u__m —a L S
I6 16 -
= ! W e e s T
® 16 -16 ; .‘. *“. -’H;o.. o B ..f.-.........
_._m |_.—m . h .rl : . : P 'o .. ._.._-a..» ..»..... ...o. .-_. .......... .
T b6 ; T _..1 * TR § 5. B
16 6 o) . i 2 Beat g8, 7000 £
" T 4P . B i N
um um o ﬂ -- - .‘I. . a..'l".ln ‘ -um-.—. - . £l 1 .....n..o-.” ¥ 5 = 3
a6 a6 PO a0
(] I‘ i . ..:ql.- e ._r. .r -.. .. ™ ... o
P o6 e6 W L .-ﬁ-_-_. el o
= = =] =]
m 8 8 § &

(9/) M1 onIqIyu] (%) avwa noprqiym == = 91 LLOH 079M\S

ol LTE L L





nav.xhtml


  molecules-27-08844


  
    		
      molecules-27-08844
    


  




  





media/file2.png
R1

NH 0 R
R ; 2 A cooH B 0. Ar
1 3 MeOH 0 N”’ 0 y DBUDMF ™
RE{ _>:m i . AJ\QH | N’ MW, 200 °C. 20 min  R® (>(\
. ~4- "
7 4 i R* ) R®
8 9
Compd. R! R*? R? Ar
Oa 4-Br Cyclohexyl Bn Ph
9b 4-OMe Cyclohexyl Bn Ph
Oc 4-F Cyclohexyl Bn Ph
9d 3-Cl Cyclohexyl Bn Ph
O¢ H Cyclohexyl Bn Ph
of 4-Br Cyclopentyl Bn Ph
Og 3.4-d1-OMe Cyclopentyl Bn Furyl
Oh H Cyclopentyl Bn 4-Br-C;H,
Oi 4-Cl Cyclopentyl 3-F-Bn 4-OMe-CH,
9i 3-Br Cyclopentyl Bn 4-OMe-C:H,
ok 4-Br Cyclobutyl Bn Ph
| 4-Br Acyclic Propyl Bn Ph
9m 4-Br Acyclic Propyl PhC,H, Ph
n 3-Cl-4-F Acyclic Propyl Bn Ph
%90 4-Br Acyclic Propyl Cy Ph
op 4-F Acyclic Propyl Bn Piperonylic
9q 3.4-d1-OMe Acyclic Propyl Bn Ph
o 4-Br Acyclic Propyl Bn Furyl
Os 4-OMe Acyclic Propyl Cy 4-Br-C . H,






media/file5.jpg





media/file3.jpg
bl

St






media/file1.jpg
o a

r

oBuDME
[Tl Sy
B
Compd R! R Ar
) 4-Br B
LY 4-0Me Bu
% 4F Cyclohexyl B
% 3l Cyclohexyl B
% H Cyclohexyl B
o 4Br Cyclopentyl Bu
% 34-di-0Me Cyclopentyl B vl
n H Cyclopentyl B 4Br-CH,
% 4-cl Cyclopentyl 3F-Bn 4-OMe-CH,
9 3Br Cyclopentyl Bu 4-OMe-CH,
9% 4-Br Tobutyl B Ph
a 4-Br Acyclic Propyl B Ph
om 4Br Acyclic Propyl  PhC;H, Ph
LY 3-Cl4F Acyclic Propyl B P
% 4-Br Acyelic Propyl  Cy Ph
» 4F AcyclicPropyl B Piperonylic
% 34i-0Me Acyclic Propyl  Bn
o 4Br  Prop B
£ 4-OMe Acyclic Propyl __ Cy






media/file7.jpg





media/file10.png
HCTI116

SWe620

Concentration/uM

Control
HCT116 SWo20
] ; ation/p¥ 3 o trats N
Cadtid Concentration/pM i e Concentration/uM
10 20 30 10 20 30
- — — — . -
——— JNK —— -
—— S SS— ———— — — —
’ - - - ? ‘ P-c-Jun | - - “|

o [ = e

[_ —— —— “‘ Tubulin |~ — — d|






media/file12.png
Control

HCTI116

SW620

NAC Or

NACH9r

Control NAC Or NACHIr 60 HCT116
3 % %
107 1Q1 Q2] 10{Q1 Q2] 1071Q7 Q2] 1o74Q1 Q2 =
0.981% 0.94%| " 10.134% 15.6%| 1 12.63% 49.9%| "° 0.366% 28.0% >
10° 10°9 10° 10°9 oedaad
=) d L s L >
| 3 e
= 10°] E 105} - 1051 1051 4 £ 21
O 104 10% - 4 4 o S
10° / 10° / < o
Jos ¥ Q3| 9 Yq4 3| 1°°1q4 a3 10°Ya4 Q3 Or
102 188.7% 0.341%)] 102{83.9% 0.399%] 102J47.1%, 0.284%) 192]71.1% 0.526% ) ) i +
= 10°10* 10° 10° 10/ 10°10* 10° 10° 107 10°10* 10° 10° 107 10°10* 105 105 107 NAC B * - Ly
74Q1 Q2] 1074Q1 Q2] 4074 Q1 Q2] 107 Q SW620
10746.139% 8.84% 106 0.020% 8.30%| ' 1.29% 36.9%] ' 16:052% 13.6% S 40 [
10°] 10°1 106 10°4 —
§ 10°1 10°1 10 "o 10°1 S
= = 204
o 1041 / 10%] 1041 1041 v =
="
10°304 a3 10°1 Q4/ Q3| 10"1q4 3| 19" 4 Q3 21
102490:6% 0.407%] 102§91.4% 1 0.244%] 1021604% .. 137@ 102185.9% 0.484% < 0
10310 105 108 107 10°10* 10° 10° 107 10310° 105 10° 107 10°10* 10° 10° 107 Or _ i} + 4
Annexin V-FITC NAC - 4 - g
C
HCTI116 SW620
Ir - + - + - + - +
—|
| 100 -
———
Py %k
807 1 [] HCT116
c-Jun I- — ”‘ |-’;"- — ‘_l ; ] Bl SW620
= 601
cleaved — I | -— ‘ .'.g
caspase-3 > 40
PARP |y essss gumy S 3
‘ — TR T — O 201
cleaved — —
PARP -—— — "
Tubulin | — c—— — #l h TR . — 9r = +
NAC 55 -





media/file9.jpg
Concentration/uM

Control

0 0 0
B HCTIG swe2o
Contral atration M
@ £ El
= — ==
— e | K
- — —
Jun
[ ——— — Tubulin






media/file0.png





media/file14.png
mitocho d al membra
potential (Aym)






media/file8.png
PI

HCT116 SW620
Control Concentration/uM Control Concentration/pM
20 30 10 20 30
| —— — — —— —— B‘dX

W W s BoxL | NN SN e

p— — ——4 - cleaved = :

caspase-8

W, cleaved :

caspase-3

- - - - PARP — - e ——
— — cleaved
PARP -

Control z-VAD-fmk Or z-VAD-fmk+9r = HCT116
S 50- sk

{Q1 2] 1074Q1 2] 171 2] 107 Q2 —

10°36.408% 7.47%| 10 {6189 79| 10'16iBa0% 46.5%| 10747020, 12.5% T 407

& 106'-I f“ 106] -,._,,'.';‘f-éx;. 1061 rd 106] g 4 % 304

E 10°1 10°; 10%] 10% S 20
] ] =

%:) 10%1 10%4 1041 104 <%_‘10-

10°1 10° il 10°1 A 104 - 0-

102 191.7% 0_616%2. 102 191.3% 0.661%/0 102]%‘_3% 2.0(61% 102 8%.0% 0.48%% Or - = -+ -+
10°10° 10° 10° 107 10%10* 10° 10° 10’ 10°10% 10° 10° 107 10%10% 10° 106 107 ZVAD-fmk -+ -+
74Q1 Q2| 1074Q1 Q2| 1071Q1 o7 PP (oY - SW620

10°36.186% 9.03%]| 10" 36.123% 11.8%| 10 ¥ .80% 32.4%| 10'§767% < 40 o
6 o 6 6 —

_ 10°1 | 10°7 1 10, L 108 3 30

Q 10°1 10°1 10°1 10°] & 5o

> 10t 10% 100 104 2
3] 3 3] A A S 10-

1071 _ Q3 10”7 Q3 10 ]Q4,,” 03 10% a -

102 “ﬁ_ﬂ-_ 0.2489 102_ 2% 0.384%| 10?2 65,§_°.A; - '_9.20'5_)_@ 102] ! ) 0-

10210* 10° 10° 107 10210* 10° 108 107 10°10* 10° 10° 107 10310 10° 10° 107 Or - - + +
z-VAD-fmk - + - +
Annexin V-FITC
C
1007 —
_ T
£ ™ e RS
&
= 60- Framm
% k% -
'S 40-
3
O 20 HI
Or - - + +

z-VAD-fmk _ + ) +





media/file11.jpg





media/file6.png
HCT116 SW620

HCT116

SW620

Concentration/pM Concentration/uM
Control a Control H
30
e e
—-— =%
< <
=) =
e e
= =W
D D
1) Y
S e
é) g .
Control 10nM 20uM 30pM HCT116
~ 50
Q5 6 Q5 Q5 4Q5 6] =X
"35.95% 0.36%| "'18743% 1838 1% 36.6%| " 10%17% um| < 40
o 6 6 6 6 —_—
10771 10°7 10 1067 )
— ] o 30
—_ 0% g 1654 / 10°] 10°1 / é 20-
=]
¢ E 4 10 p—
: 109 10%7 / 10%7 1 § 10-
34Q8 Q7 8 Q7 8 71 ,31Q8 7
R A WY [y Y WY B & S Y. [N A Y B
10° 168 10°  10% 10 10° 100 10°  10% 10 100 16t 10° 108 10 10* 160 10° 10° 10 Contro 10pM 20pM 30pM
"% [T 71 IRR (o5 21 @ 2] Qi o7 [N SW620
6]0.063% 5.04% 0.235% 29.9%]  +11.23% 53.5%] +11.21% 60.0%
- 5] 10°1 =3 =
Q 0% 10°] 108 10°y = 60-
\&
10t 10 // 104 / 10? / 8 o
1 - 3
e B 10 0% i g
102 10° 102 102 =
1a4 3| 14 Q3 Q4 Q3 Q4 Q3| 220
101§94.6% 0.295%] 10'165.8% 4.07%] 101143.2% 2.03%| 101336.7% 2.07% =y
10210° 10" 10° 10° 10" 10210 10* 10° 10°10" 10210 10 10° 10° 10 10210° 10° 10° 10°10° <
o Contro 10upM 20uM 30uM
Annexin V-FITC H H H
Control 10pM 20pM 30uM 2 HCT116
S 10
10°% 10°1 10°1 10°4 o=
N N N N = £
L 10°1 L10°7 10°] L 10°] = 3 6
; ; ; : 55 4
N10* N10*4 N10*4 N1y L
L 3 L 3 L L 3 QD'E' 2..
-
L s | [ e [ e — 5‘“0.
10 10* 0% 107 10 10° 10 107 0~ 10 0% 10° 104 10° 10 107 i
FL1-A: FL1-A FL1-A: FL1-A FL1-A: FL1-A FL1-A: FL1-A Contro 10pM 20pM 30pM
<P]
< SW620
5 30
iz
N
: in
T 105 = 3
N g
o 3 310
= S
L3 L] | 104 1 L 1 L ] L] L 1 L | L] v L] L @ | ioé
10°  10° 107 10°  10° 10’ 10°  10° 10 100 10° 107y (M
FL1-A:: FL1-A FL1-A:: FL1-A FL1-A:: FL1-A FL1-A:: FL1-A = Contro 10pM 20pM 30pM





