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Abstract

:

Autophagy is the multistep mechanism for the elimination of damaged organelles and misfolded proteins. This mechanism is preceded and may induce other program cell deaths such as apoptosis. This study unraveled the potential pharmacological effect of 24MD in inducing the autophagy of lung cancer cells. Results showed that 24MD was concomitant with autophagy induction, indicating by autophagosome staining and the induction of ATG5, ATG7 and ubiquitinated protein, p62 expression after 12-h treatment. LC3-I was strongly conversed to LC3-II, and p62 was downregulated after 24-h treatment. The apoptosis-inducing activity was found after 48-h treatment as indicated by annexin V-FITC/propidium iodide staining and the activation of caspase-3. From a mechanistic perspective, 24-h treatment of 24MD at 60 μM substantially downregulated p-mTOR. Meanwhile, p-PI3K and p-Akt were also suppressed by 24MD at concentrations of 80 and 100 μM, respectively. We further confirmed m-TOR-mediated autophagic activity by comparing the effect of 24MD with rapamycin, a potent standard mTOR1 inhibitor through Western blot and immunofluorescence assays. Although 24MD could not suppress p-mTOR as much as rapamycin, the combination of rapamycin and 24MD could increase the mTOR suppressive activity and LC3 activation. Changing the substituent groups (R groups) from dimethylphenol to ethylphenol in EMD or changing methylazanedyl to cyclohexylazanedyl in 24CD could only induce apoptosis activity but not autophagic inducing activity. We identified 24MD as a novel compound targeting autophagic cell death by affecting mTOR-mediated autophagy.
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1. Introduction


Lung cancer is a primary public health issue worldwide. According to 2021 statistics, almost 25% of all cancer deaths are due to lung cancer [1]. Current chemotherapy focuses on apoptosis induction as a strategy for anticancer therapy [2]. Unfortunately, cancer cells can acquire resistance to apoptosis due to the dysregulation of anti-apoptotic or pro-apoptotic proteins [3,4]. For a decade, autophagy has been introduced as a backup strategy for cancer therapy [5]. Autophagy is a catabolic process in which intracellular components are engulfed and digested in autolysosome. Autophagy acts as a key cytoprotective mechanism by maintaining cellular homeostasis. However, this process may be activated to overcome cell death. “Autophagy-mediated cell death” is the mode when autophagy accompanies and induces other cell death modes, such as apoptotic cell death [6,7]. Autophagy may also promote apoptosis by degrading cell survival factors and anti-apoptotic proteins [8]. Moreover, the induction of autophagy is associated with p53-dependent apoptotic cell death [9]. Therefore, induction of autophagy-mediated cell death is believed to be a promising anticancer strategy.



Autophagy is shown to be tightly controlled by the mammalian target of rapamycin complex 1 (mTOR1), a downstream signaling in the phosphatidylinositol 3-kinase (PI3K)/Akt pathway. mTOR phosphorylates the ULK1 component to modulate phagophore formation. In membrane elongation, microtubule-associated protein 1 light chain 3 (LC3-I) is cleaved by ATG4 to form LC3-II before being conjugated with phosphatidyl ethanolamine by the ATG5-ATG12-ATG16 complex [10]. LC3 plays a crucial role in cargo selection and recruitment and therefore has been identified as a specific marker for autophagy. Ubiquitin-binding proteins, such as p62, serve as adaptors for targeted components to autophagic processes [11]. As a master regulator of autophagy, mTOR inhibitors have been studied in clinical trials for autophagic induction. Several mTOR inhibitors have been approved for cancer therapy [12], and some have shown beneficial effects of anti-aging and increasing lifespan [13]. Rapamycin is a selective mTOR1 inhibitor, and mTOR2 is partially inhibited after chronic rapamycin treatment [14]. This mTOR inhibitor is widely used as a standard in preclinical treatment [15].



c-Myc is identified as a major hallmark for several cellular biosyntheses, cell proliferation and cell survival [16]. The inactivation or inhibition of c-Myc can induce tumor regression by restoring of the normal cell checkpoint mechanisms or inducing of proliferation arrest, cellular senescence and apoptotic mechanisms [17,18]. c-Myc can be regulated by the Akt/mTOR signaling pathway [19]; and the inhibition of this signal transduction by mTOR inhibitor might affect c-Myc. In addition, c-Myc protein downregulation induces apoptosis and autophagy [20].



6,6′-((methylazanedyl)bis(methylene))bis(2,4-dimethylphenol) or 24MD is a benzoxazine dimer analog obtained from ring-opening reactions between dihydro-benzoxazines and phenols [21]. Previous studies have demonstrated the anticancer effect of another benzoxazine dimer analog, 2,2′-((methylazanedyl)bis(methylene))bis(4-ethylphenol) or EMD [22,23]. In the present work, we aim to explore the difference in anticancer activities when the substituent groups (R groups) on benzoxazine dimer in 24MD are changed. We aim to investigate the activity of 24MD on autophagy-mediate cell death in lung cancer cells and explored the key protein signal involved in pharmacology. Moreover, we identify specific chemical structure in mTOR inhibition activity through the comparison among 24MD, EMD, and 6,6′-((cyclohexylazanedy)bis(methylene))bis(2, 4-dimethylphenol) or 24CD.




2. Results


2.1. Effect of 24MD on Cytotoxicity and Apoptosis-Inducing Effect


Human lung cancer cells, A549 were treated with various concentrations of 24MD (0–100 μM) for 24 and 48 h to elucidate the potential cytotoxic inducing activity of 24MD. Cell viability was then analyzed by MTT assay. 24MD significantly reduced cell viability compared with that in nontreatment control at each time point. The half maximal inhibitory concentration (IC50) was 70.97 ± 9.66 and 54.14 ± 14.50 µM at 24 and 48 h, respectively (Figure 1B).



Apoptosis is an important program to inhibit cancer progression and is characterized by cell membrane alteration and blebbing, chromatin condensation and DNA fragmentation [24]. Therefore, the morphologic changes of the nucleus were examined by a nuclear staining assay with Hoechst33342 to reveal apoptosis-inducing activity of 24MD. A549 cells were treated with various concentrations of 24MD (0–100 µM) for 24 and 48 h, then stained, and finally visualized under a fluorescence microscope. The condensed and/or fragmented nuclei were significantly observed at 100 µM 24MD after 24 h treatment and strongly increased at 80 µM 24MD after 48-h treatment compared with those in the nontreatment control (Figure 1C,D).



Flow cytometry with Annexin V FITC/PI was performed to confirm the apoptosis-inducing activity. The results revealed that treatment of 24MD for 24 h did not significantly increase the number of apoptotic cell deaths. By contrast, the apoptotic cell death was notably increased in 48 h 24MD treatment compared with that in the nontreatment control (Figure 1E,F). The expression of an essential apoptotic marker, caspase-3, was examined by Western blot analysis after treatment with various concentrations of 24MD (0–100 µM) for 24 and 48 h. Similar to the results of flow cytometry with Annexin V FITC/PI, the expression activated caspase-3 was significantly increased in the 48-h treatment but not in the 24-h treatment compared with that in the nontreatment control (Figure 1G,H).




2.2. 24 MD Induced Autophagy in Non-Small Cell Lung Cancer Cells


Autophagy is involved in the delivery of cytoplasmic cargoes for degradation and can be defined by the accumulation and increase of autophagic vacuoles in the cells [25]. Therefore, the cytoplasmic vacuoles were observed after treatment with various concentrations of 24MD (0–100 µM) for 24 h. The number of cytoplasmic vacuoles increased at 80–100 µM 24MD (Figure 2A,B). The A549 lung cancer cells were then treated and stained with monodansylcadaverine (MDC) to further identify the autolysosomes. The mean fluorescence intensity of MDC in a 24MD-treated group was significantly elevated compared with that in the nontreatment control (Figure 2C,D).



Western blot analysis was carried out to confirm the expression of autophagy-related marker proteins, such as LC3-I to II conversion, SQSTM1/p62, and many ATG proteins. A time-course experiment was also performed to evaluate the alteration of the proteins after the A549 cells were treated with various concentrations of 24MD for 12 and 24 h. At 12 h, 24MD notably upregulated SQSTM1/p62, ATG5 and ATG7 expression; however, LC3-I to II conversion was not significantly changed (Figure 2E,F). By contrast, after 24 h treatment, ATG5 and ATG7 were restored to the same levels as those in the nontreatment group. Meanwhile, LC3-I to II conversion was strongly elevated, and SQSTM1/p62 was remarkably decreased (Figure 2G,H).




2.3. 24 MD Mediated mTOR Signaling and Enhanced mTOR Inhibition


Autophagy is rigorously regulated by the PI3K/Akt/mTOR signaling pathway. Hence, the expression levels of key proteins, i.e., Akt and p-Akt, mTOR and p-mTOR, PI3K and p-PI3K and cell proliferation marker, c-Myc were monitored in the A549 lung cancer cells treated with various concentrations of 24MD (0–100 µM) for 24 h. The ratios of p-mTOR/mTOR, p-PI3K/PI3K and p-Akt/Akt were essentially downregulated by 24MD at concentrations of 60, 80 and 100 µM, respectively. Meanwhile c-Myc protein level was strongly suppressed (Figure 3A,B).



mTOR inhibition induces autophagosome formation. Rapamycin, a mTOR inhibitor, has been shown to induce autophagy and widely used for autophagy induction. Here, the induction of autophagic effect was first evaluated by MDC staining after 100 µM 24MD treatment with or without 0.1 µM rapamycin. The results exhibited that the combination of 24MD and rapamycin notably increased the mean fluorescence intensity compared with that in the nontreatment control but did not alter the intensity compared with that in the 24MD treatment alone (Figure 3C,D).



The ratio of p-mTOR/mTOR was revealed by Western blot analysis after treatment with rapamycin or 24MD alone or their combination to elucidate the effect against mTOR. The ratio was prominently diminished in all three treatment conditions. The combination treatment could remarkably decrease the p-mTOR/mTOR ratio compared with that in the rapamycin-treated group. Moreover, LC3-I to II conversion significantly changed in the 24MD and combination treatment groups compared with that in the nontreatment control. The combination of 24MD and rapamycin could notably elevate LC-I to II conversion compared with that in the 24MD-alone treatment group (Figure 3E,F).



Immunofluorescence assay was performed to confirm the expression of essential protein markers, p-mTOR and LC3. Similar to the finding of Western blot analysis, the protein expression of p-mTOR was highly suppressed and that of LC3 was increased (Figure 3G,H).




2.4. Cytotoxicity and mTOR- Inhibiting Activities of EMD and 24CD


We further question whether the presence of a different substituent group (R-group) on benzoxazine dimer might affect the autophagic induction. 2,2′-((methylazanedyl)bis(methylene))bis(4-ethylphenol) or EMD is an anticancer compound that targets c-Myc protein [23] and integrin β3 [22]; however, its autophagic induction effect has not been reported. Another benzoxazine dimer analog, 6,6′-((cyclohexylazanedyl)bis(methylene))bis(2, 4-dimethylphenol) or 24CD was also introduced in the comparison experiment. EMD has 4,ethylphenol substitution on benzine ring instead of the 2,4 dimethylphenol in 24MD. Meanwhile, 24CD has N-methyl substituent as a replacement for the N-cyclohexyl substituent (Figure 4A).



The cytotoxicity of EMD and 24CD in A549 lung cancer cells was determined by MTT assay. The A549 cells were treated with various concentrations of EMD or 24CD (0–100 µM) for 24 h. EMD and 24CD significantly decreased cell viability with IC50 at 47.80 ± 15.63 and 87.59 ± 9.33 µM, respectively. A nuclear staining assay with Hoechst33342 was applied to explore nuclear morphological changes after EMD or 24CD treatment (Figure 4C,D). Phase contrast results revealed no vacuole formation in EMD- and 24CD-treated groups (Figure 4C,D).



We further confirmed the apoptosis-inducing activity of EMD or 24CD by flow cytometry with Annexin V FITC/PI. A549 cells were treated with EMD or 24CD at concentrations of 0–80 µM for 24 h. Apoptotic cell death significantly induced apoptotic cell death by EMD starting at a concentration of 60 µM and 24CD starting at a concentration of 80 µM (Figure 4E,F).



A549 lung cancer cells were treated with IC50 concentrations of EMD or 24CD for 24 h to examine their effect against mTOR protein. Western blot analysis was performed to evaluate the p-mTOR/mTOR protein ratio. EMD demonstrated a stronger effect against a p-mTOR/mTOR ratio than 24CD (Figure 4G,H).





3. Discussion


Apoptosis and autophagy are both anticancer pathways. At present, most first-line chemotherapy for lung cancer, such as platinum-based compounds, commonly result in apoptotic cell death [26]. Unfortunately, only 20–30% of patients with lung cancer respond to conventional chemotherapy [27]. This poor rate is essentially caused by defective apoptosis [3]. Autophagy is identified as a tumor suppressor pathway because it manipulates the degradation of oncogenic molecules [28]. Apoptosis and autophagy could occur in the same cell. The cells which commence apoptotic cell death may not exhibit autophagy due to the caspase-mediated cleavage of kay autophagic proteins [29]. By contrast, autophagy usually appears before apoptosis. Autophagy induction generates caspase-8 and activates the effector caspase-3 [30]. Therefore, these two-cell death mechanisms are capable of a crosstalk effect. Therefore, autophagy-mediated apoptosis might be a promising strategy for lung cancer therapy.



Autophagy is a cellular process that maintains intracellular homeostasis. In general, autophagy degrades dysfunctional cytoplasmic components, including oncoproteins by delivering them into the autolysosome [31]. This process is identified as a pro-survival mechanism for chemotherapy. Autophagy activation could mediate the acquired resistance phenotype [32]. However, this mechanism is a double-edged sword. It can play a role in autophagic cell death (ACD) or in autophagy-mediated cell death [33]. Several autophagic proteins exhibit crosstalk regulation between apoptosis and autophagy. Beclin-1 is recognized as an autophagy effector regulating phagophore formation. Its elevated expression may induce the release of Bak/Bax, a pro-apoptotic protein, from Bcl-2, an anti-apoptotic protein, to promote apoptosis [34]. ATG12-ATG5-ATG7 complex is essential for membrane elongation of autophagosome. ATG12 upregulation may also inhibit Mcl-1 activities leading to apoptosis induction [35]. Truncated ATG5, which is cleaved by calpain, could activate Bcl-XL and then induce cytochrome c release and caspase cascade [36]. As a backup cell death mechanism [5], autophagy may offer a new avenue to support cancer therapy in patients with defective apoptosis. The PI3K/Akt/mTOR signaling pathway mainly regulates autophagy mechanism. mTOR1 is defined as a key regulator for cell growth, metabolism, and autophagy, and its inhibition results in autophagy-mediated cell death [37,38,39]. The mTOR complex inhibits autophagy by phosphorylating and inactivating of ULK1, an initiator of autophagic mechanism [40,41]. Consistently, we found that 24MD exerts its autophagy-mediated cell death induction via the suppression of the PI3K/Akt/mTOR signaling pathway.



24MD presented cytotoxicity in A549 lung cancer cells and significantly induced apoptosis cell death after treatment for 48 h as indicated by the result of flow cytometry with Annexin V FITC/PI and the caspase-3 activation (Figure 1). Meanwhile, the A549 cells exhibited numerous vacuoles after 24MD treatment at 80–100 µM for 24 h as evidenced by the escalation of MDC fluorescence intensity in treatment cells (Figure 2A–D). The treatment of 24MD in A549 lung cancer cells for 48 h demonstrated that most of the cells have already undergone apoptosis cell death. The apoptosis process activates the caspases, the enzymes that degrade protein components of cells. Therefore, treatment for 48 h might decrease the up-stream protein signaling and autophagic markers due to caspase-mediated protein cleavage. Therefore, we use the early time points for evaluation of up-stream signaling. Protein analysis was performed to reveal the occurrence of autophagic flux. The key markers of autophagic induction such as ATG5, ATG7 and p62 were significantly upregulated after 12-h 24MD treatment, but ATG5 and ATG7 were restored in the next 12 h (Figure 2E,F). LC3-I to II conversion strongly increased after the 24-h treatment of 24MD at 80–100 µM, and this result was coincidental with p62 reduction (Figure 2G,H). This phenomenon might be attributed to the degradation phase of autophagosome where p62 itself is degraded [42,43].



The treatment for 12 h causes an early stage of autophagic induction, which is represented in Figure 2E. The LC3I to II conversion was not significantly different at 12 h. Therefore, evaluation at 24 h where the autophagy was obviously observed and LC3I to II conversion was steady (Figure 2A–D,G,H) might suitably indicate the autophagy. Considering that the PI3K/Akt/mTOR axis is a main pathway involved in autophagic induction, we further evaluated the effect of 24MD against this important pathway. The results indicated that the main mechanism of 24MD in mediating autophagy was through mTOR suppression. p-mTOR protein level began to decrease after 24-h treatment of 60 µM 24MD, followed by the inhibition of p-PI3K and p-Akt at 80 and 100 µM 24MD, respectively. Another key cell survival protein is c-Myc, the downstream signaling from PI3K/Akt/mTOR pathway. Its expression also dramatically decreased. Depletion of c-Myc is one of the significant factors in apoptosis induction [44,45] (Figure 3A,B). Rapamycin is a well-known selective mTOR inhibitor; however, long-term treatment with this drug also alters mTOR2 in some cell types [13]. The efficacy of 24MD and rapamycin combination treatment for A549 lung cancer cells was assessed. The results showed that the treatment with rapamycin at 0.1 µM for 24 h could not induce autophagy but significantly reduced p-mTOR compared with 24MD. The combination of rapamycin and 24MD had a stronger inhibition effect than rapamycin alone treatment (Figure 3C–H).



Other benzoxazine analogs, EMD and 24CD were evaluated for anticancer activity. EMD and 24CD also exhibited cytotoxicity against A549 lung cancer cells (Figure 4). Similar to a previous study [23], EMD but not 24CD could significantly induce apoptotic cell death (Figure 4C–F) at desired concentrations after 24-h treatment. Earlier chemical structure functional studies reported that EMD has the highest oxidative potential among the evaluated compounds that could generate the highest oxidative stress. Substitution with methyl groups at 2 and 4 positions on benzene ring in 24MD and 24CD provided these compounds a critical potential in stabilizing the cationic intermediates; the cation can be distributed to 2 and 4 positions on the benzene ring due to the effect of the hydroxyl group. The steric effect of substituents in 24CD molecules might promote the formation of intramolecular hydrogen bond (HB) [21], resulting in the subtraction of a couple of donor/acceptor functional motifs. The intramolecular HB could increase lipophilicity and enhance membrane permeability [46] while reducing aqueous solubility [47]. The molecules with intermolecular HB cannot interact with the solvent water molecules via H bonding because their polar functional groups are involved in an intramolecular interaction [48]. Therefore, 24CD precipitation occurred at concentration of 80 µM onward after being diluted with culture medium. The strong ROS induction might bypass autophagic mechanism to apoptotic cell death by inducing the expression of pro-apoptotic proteins such as caspase-3 activity [49]. Therefore, we could not observe autophagic induction in the EMD treatment. 24MD might only overbalance the oxidative stress after 24 h, resulting in autophagic induction. Apoptotic cell death was observed after continuing the treatment to 48 h. Considering that 24MD demonstrated significant p-mTOR reduction, the key regulator of autophagic and cell survival mechanism, we further evaluated the effect of these three benzoxazine dimer analogs against the mTOR protein. We only performed at the same time as we detected the alteration of p-mTOR protein expression in 24MD treatment (Figure 3A,B). At IC50 concentration, EMD demonstrated the largest effect against p-mTOR among these three analogs. Meanwhile, 24CD had no effect against the p-mTOR/mTOR ratio. Therefore, the different substituents on the benzoxazine dimer might relate to the cytotoxic activity and cellular molecular signal. Further work should focus on the effect of chemical structure on interested proteins. Structural-activity relationships and chemical properties that might affect the efficiency of the compound as an anticancer therapy must be investigated.




4. Materials and Methods


4.1. Reagents and Antibodies


Dulbecco’s Modified Eagle’s Medium (DMEM) medium, fetal bovine serum (FBS), antibiotic-antimycotic, L-glutamine supplement, phosphate-buffered saline (PBS), and 0.25% trypsin-EDTA were obtained from Gibco (Grand Island, NY, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and monodansylcadaverine (MDC) were acquired from Invitrogen, Thermo Fisher (Waltham, MA, USA). Dimethyl sulfoxide (DMSO) and Hoechst 33342 were purchased from Sigma Aldrich, Co. (St. Louis, MO, USA). Bovine serum albumin (BSA) and skim milk powder were obtained from Merck Millipore (HES, Germany). The primary antibodies, c-Myc (#5605), SQSTM1/p62 (#2947), p53 (#2527), Akt (#9272), phosphorylated Akt or p-Akt (#4046), caspase-3 (#2662), mTOR (#9283), p-mTOR (#5536), ATG5 (#12994), ATG7 (#8558), PI3K (#4292), p-PI3K (#4228), LC3B (#3868), β-actin (#8457) and the secondary antibodies for Western blot analysis, anti-rabbit IgG (#7074) were acquired from Cell Signaling Technology (Danvers, MA, USA). The secondary antibodies for immunocytochemistry, Alexa Fluor 488 goat anti-rabbit IgG (A11034) and Alexa Fluor 594 goat anti-rabbit IgG (A11037) were obtained from Invitrogen, Thermo Fisher (Waltham, MA, USA). Paraformaldehyde and 2,4-dimethylphenol were purchased from Sigma Aldrich, while methylamine (40% w/v in water) and anhydrous sodium sulfate were supplied from Merck. Cyclohexylamine was bought from Alfa Aesar. Sodium hydroxide and 4-ethylphenol were obtained from Ajax Finechem and Fluka Chemicals, respectively. The solvents such as dichloromethane, diethyl ether, propan-2-ol, and dioxane were received from RCI Labscan. All chemicals were analytical grade and used as received. EMD, 24MD and 24CD were delivered from the Department of Materials Engineering, Faculty of Engineering, Kasetsart University, Thailand.




4.2. Synthesis of EMD, 24MD and 24CD


Three N,N-bis(2-hydroxybenzyl) alkylamines, namely 2,2′-(methylazanediyl)bis(methylene)bis(4-ethylphenol) (EMD), 6,6′-(methylazanediyl)bis(methylene)bis(2,4-dimethylphenol) or (24MD), and 6,6′-(cyclohexylazanediyl)bis(methylene)bis(2,4-dimethylphenol) or (24CD), were synthesized according to the reactions illustrated in Figure 5 [21,50,51,52,53]. The first step was a one-pot Mannich reaction to form benzoxazine heterocycles, and the second step was a ring-opening reaction of the benzoxazines and phenols. For the first step, three starting materials, phenol (4-ethylphenol or 2,4-dimethylphenol), formaldehyde, and amine (methylamine or cyclohexylamine) with the molar ratio of 1:2:1, were mixed with dioxane in a round bottom flask [54,55]. The mixture was then refluxed for 6 h for the reaction to be completed, resulting in the clear yellow solution. The dioxane solvent was removed using a rotary evaporator, and dichloromethane was then added to the mixture. The obtained solution was washed with 3N NaOH solution and deionized water to remove impurities. The dichloromethane layer was separated from the aqueous layer using a separatory funnel and was then dried with anhydrous sodium sulfate to obtain a pure benzoxazine product (EM, 24M, and 24C) as a sticky brown liquid. Next, the equimolar amount of phenol (4-ethylphenol or 2,4-dimethylphenol) was added to the obtained benzoxazine (EM, 24M, or 24C) without any other solvent and then heated at 60 °C for 24 h. The obtained product was washed with diethyl ether to remove impurities and to precipitate off the white precipitate of the desired product (EMD, 24MD, and 24CD). Further purification was performed by recrystallization of the white precipitate in propan-2-ol. The spectra data of the synthesized compounds were demonstrated in supporting information (Figures S1–S9).




4.3. Preparation of EMD, 24MD and 24CD Stock Solution


EMD, 24MD and 24CD were prepared as a 40 mM master stock solution by dissolving in DMSO and then diluted to 4, 8, 12, 16, and 20-mM stock solutions. All of the stock solutions were stored at −20 °C and were freshly diluted 200 times with DMEM completed medium to the required concentrations before treatment. The final concentrations of DMSO in all treatment conditions were less than 0.5% v/v.




4.4. Cell Line and Culture


The non-small cell lung cancer cell line A549 (ATCC® CCL-185™, RRID: CVCL_0023™) was cultured in 10% FBS DMEM with 1% penicillin and streptomycin. The A549 lung cancer cells were stored at 37 °C in a humidified incubator of 5% carbon dioxide. The A549 lung cancer cells were used at about 75% confluence.




4.5. Cell Viability


For cytotoxicity activity testing, 1.5 × 104 cells/well were seeded onto 96-well plates and incubated overnight. Then, A549 lung cancer cells were treated with various concentrations of EMD, 24MD or 24CD for 24 h at 37 °C and analyzed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay according to the manufacturer’s protocol (Sigma-Aldrich). The absorbance of formazan was measured at 570 nm by the VICTOR3 Multilabel Plate Reader (PerkinElmer, CT, USA). To calculate cell viability, the absorbance of the treated cells was divided by that of nontreated cells and is reported as a percentage.




4.6. Nuclear Staining Assay


This assay reveals the morphological changing of nucleus in apoptosis inducting activity. The A549 lung cancer cells were stained with Hoechst33342 for 30 min at 37 °C after treatment with various concentrations of 24MD, EMD or 24CD for 24 h. After that, they were visualized and captured the image under a fluorescence microscope (Nikon ECLIPSE Ts2, Nikon, Tokyo, Japan). Results are reported as a percentage of apoptotic cells.




4.7. Flow Cytometry with Annexin V FITC/Propidium Iodide (PI)


This method was applied for examination of apoptotic cell death. The A549 lung cancer cells were treated with various concentrations of 24MD, EMD or 24CD for 24 and 48 h. Then, they were subjected and incubated with Annexin V FITC and PI for 15 min in the dark at room temperature. The A549 lung cancer cells were analyzed by guavaCyteTM flow cytometry systems (guavasoftTM Software version 3.3).




4.8. Western Blot Analysis


After treatment with decided condition, the A549 lung cancer cells were collected and incubated with RIPA lysis buffer which contains NaCl 150 mM, Tris-HCl pH 7.6 25 mM, 1% sodium deoxycholate, 1% NP-40, 0.1% SDS for 30 min at 4 °C. The lysates were collected and their protein content were determined using a BCA protein assay kit (Pierce Biotechnology, Rockford, IL, USA). An equivalent number of proteins from each sample were separated by SDS-PAGE and transferred to 0.2 μm polyvinylidene difluoride (PVDF) membranes (Bio-Rad). The separating blots were blocked with 5% skim milk in TBST (Tris-buffer saline with 0.1% tween containing NaCl 125 mM, Tris-HCl pH 7.5 25 mM and 0.1% tween 20) for 2 h and incubated with primary antibody overnight at 4°C. Secondary antibodies were incubated for 2 h at room temperature after being washed by TBST three times. Finally, the protein bands were detected using chemiluminescence substrate and exposed by Chemiluminescent ImageQuant LAS4000. Protein bands were analyzed using ImageJ software (version 1.52, National Institutes of Health, Bethesda, MD, USA).




4.9. Monodansylcadaverine (MDC) Staining


This assay was applied to assess the autophagic induction where the autophagic vacuoles are labeled by MDC. The A549 lung cancer cells were treated with decided conditions. Then, they were stained with 0.05 mM MDC for 30 min at 37 °C. After incubation, the A549 lung cancer cells were visualized by a fluorescence microscope (Nikon ECLIPSE Ts2).




4.10. Immunofluorescence


The A549 lung cancer cells were seeded at concentration of 8000 cells/well and cultured overnight. After that, the supernatant was removed and the A549 lung cancer cells were fixed with 4% paraformaldehyde for 15 min at room temperature or ice-cold methanol for 10 min at 4 °C. They were permeabilized with 0.5% Triton-X 100 in 10% FBS PBS for 5 min (no need to permeabilize in methanol fixation), followed by blocking the non-specific protein with 10% FBS in 0.1% Triton-X PBS for 1 h at room temperature. The primary antibodies were diluted to 1:50 v/v for p-mTOR and 1:200 for LC3 and incubated with the A549 lung cancer cells at 4 °C overnight. Later, the A549 lung cancer cells were incubated with secondary antibodies at a concentration of 1:500 v/v for 1 h before being stained with Hoechst 33342 for 15 min. Glycerol at concentration of 70% v/v was added. Then, the images were captured under a fluorescence microscope (Nikon ECLIPSE Ts2). The results were demonstrated in relative mean fluorescence intensity per cell.




4.11. Statistical Analysis


The results are presented as mean ± SEM of at least 3 independent measurements. Multiple comparisons for statistically significant differences between multiple groups were performed by ANOVA with a Scheffe post hoc test. For two-sample comparison, a one-sample t-test was calculated by an SPSS software program version 28 (SPSS Inc., Chicago, IL, USA). Statistical significance was considered at p < 0.05. GraphPad Prism 9 was used for creating graphs in all experiments.





5. Conclusions


In conclusion, 24MD with benzoxazine dimer analogs can induce both ACD and apoptosis in non-small cell lung cancers (NSCLCs) by targeting mTOR suppression. This effect is the novel mechanism of action of 24MD compound in shifting survival role of autophagy toward autophagy-associated cell death. The evidence from this study may support further investigation on this lead compound for anticancer approaches and is beneficial for improving the response to conventional drugs (Figure 6).








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules27196230/s1, Figure S1: Fourier-transform infrared spectrum of EMD, Figure S2: 1H-NMR spectrum of EMD, Figure S3: 13C-NMR spectrum of EMD, Figure S4: Fourier-transform infrared spectrum of 24MD, Figure S5: 1H-NMR spectrum of 24MD, Figure S6: 13C-NMR spectrum of 24MD, Figure S7: Fourier-transform infrared spectrum of ECD, Figure S8: 1H-NMR spectrum of ECD, Figure S9: 13C-NMR spectrum of ECD.





Author Contributions


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




Funding


This project is funded by the National Research Council of Thailand (NRCT) (N41A640075).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Acknowledgments


We sincerely thank the Center of Excellence in Cancer Cell and Molecular Biology, Faculty of Pharmaceutical Science, Chulalongkorn University. In addition, the scholarship from the Graduate School, Chulalongkorn University, to commemorate the 72nd anniversary of His Majesty King Bhumibol Adulyadej, is gratefully acknowledged.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds EMD, 24MD and 24CD are available from the authors.




Abbreviations
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	2,2′-(methylazanediyl)bis(methylene)bis(4-ethylphenol)



	24MD
	6,6′-(methylazanediyl)bis(methylene)bis(2,4-dimethylphenol)



	24CD
	6,6′-(cyclohexylazanediyl)bis(methylene)bis(2,4-dimethylphenol)
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	non-small cell lung cancer



	ATG
	autophagy related protein
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	microtubule-associated protein 1 light chain 3



	Akt
	protein kinase B



	p-Akt
	phospho-Protein kinase B



	mTOR
	mammalian target of rapamycin



	PI3K
	Phosphoinositide 3-kinases



	ULK
	Unc-51-like kinase



	MTT
	3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide



	MDC
	monodansylcadaverine



	DMSO
	dimethyl sulfoxide



	NP40
	nonyl phenoxypolyethoxylethanol
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Figure 1. Effect of 24MD on cell viability and apoptosis inducing activity for 24 and 48 h of treatment. (A) the chemical structure of 24MD. (B) The MTT assay was performed to evaluate the cytotoxicity of 24MD. A549 cells were treated with various concentrations of 24MD (0–100 μM) for 24 and 48 h. The percentage of cell viability was calculated by comparison with non-treatment control. The half maximal inhibitory concentration (IC50) of 24MD at 24 and 48 h against A549 cells were estimated by using a linear regression equation. (C,D) Morphological changes of nucleus after treatment of 24MD (0–100 μM) for 24 and 48 h were examined by nuclear staining assay with Hoechst 33342. Fragmented chromatin of apoptotic cells was visualized with condensed blue fluorescence. The percentage of apoptotic cells was calculated. (E,F) A549 cells were treated with 24MD (0–100 μM) for 24 and 48 h before being subjected to evaluate apoptosis inducing activity by flow cytometry with annexin V FITC/propidium iodide (PI) staining. The percentage of cells in each stage and percentage of apoptotic cell death were demonstrated. (G,H) Key molecular protein of apoptosis inducing activity, caspase-3 was evaluated by Western blot analysis after 24MD (0–100 μM) treatment for 24 and 48 h. Densitometric analysis was performed, and the result was represented in relative protein levels when compared with non-treatment control at each time point. β-actin protein was measured to confirm equal loading in each sample. The data are demonstrated as mean ± SEM (n = 3) (* 0.01 ≤ p < 0.05, ** 0.001 ≤ p < 0.01 and *** p < 0.001 when compared with non-treatment control). 
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Figure 2. Effect of 24MD on autophagy induction and autophagic flux in A549 cells. (A,B) A549 cells were treated with 24MD (0–100 μM) for 24 h. The morphological changes of the A549 cells were visualized under a phase contrast microscope, and the number of vacuoles per cells were calculated. (C,D) A549 cells were stained with MDC after treatment with various concentrations of 24MD (0–100 μM) for 24 h and visualized under a fluorescence microscope. The green fluorescence of MDC represented the autophagic vacuole. The fluorescence intensity was measured, and the relative mean intensity was calculated. (E–H) Western blot analysis was performed to assess the autophagic markers, ATG5, ATG7, p62 and LC3B after 24MD treatment for 12 h and 24 h in A549 cells. β-actin protein was measured to confirm equal loading in each sample. The densitometry of each protein levels was calculated, and the results were demonstrated in relative protein levels. Data represent the mean ± SEM (n = 3) (* 0.01 ≤ p < 0.05, ** 0.001 ≤ p < 0.01 and *** p < 0.001 when compared with non-treatment control). 
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Figure 3. A549 cells were treated with 24MD (0–100 μM) for 24 h. (A,B) Western blot analysis was applied to evaluate the mTOR-mediated autophagy, which is the essential regulator. β-actin protein was evaluated to confirm equal loading of proteins in each sample. Densitometry of each protein levels were calculated, and the results were demonstrated in relative protein levels. (C,D) Rapamycin enhances the autophagic inducing effect of 24MD in A549 cells. The A549 cells were treated with various concentrations of 24MD (0–100 μM) with or without rapamycin at a concentration of 0.1 μM for 24 h. The fluorescence intensity of MDC was measured and the relative mean intensity was calculated. (E,F) Western blot analysis was performed to evaluate the effect of 24MD (0–100 μM) with or without rapamycin (0.1 μM) against mTOR and LC3B protein. β-actin protein was evaluated to confirm equal loading of protein in each sample. Densitometry of each protein levels was calculated, and the results were demonstrated in relative protein levels. (G,H) To confirm the effect of 24MD against mTOR-mediated autophagic cell death, the protein expression of p-mTOR and LC3B was evaluated by using an ICC assay. The fluorescence intensity per cell was measured, and the relative mean intensity per cell was calculated. Data represent the mean ± SEM (n = 3) (* 0.01 ≤ p < 0.05, ** 0.001 ≤ p < 0.01 and *** p < 0.001 when compared with non-treatment control) (# 0.01 ≤ p < 0.05, ## 0.001 ≤ p < 0.01 when compared with rapamycin treatment group or 24MD treatment group). 
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Figure 4. To demonstrate the structural related activity of 24MD, other benzoxazine dimer analogues, EMD and 24CD were applied for activity comparison. (A) Comparison of chemical structure between 24MD, EMD and 24CD. (B) The MTT assay was performed to evaluate the cytotoxicity of EMD and 24CD. A549 cells were treated with various concentrations of EMD and 24CD (0–100 μM) for 24 h. The percentage of cell viability was calculated by comparison with non-treatment control. The half maximal inhibitory concentration (IC50) of EMD and 24CD at 24 h against A549 cells were estimated by using linear regression equation. (C,D) Nuclear staining with Hoechst 33342 was performed to access morphological changes of nucleus after EMD and 24CD treatment (0–100 μM) for 24 h. The morphological changes of the A549 cells were visualized under phase contrast microscope. (E,F) A549 cells were treated with EMD and 24CD (0–80 μM) for 24 h before being subjected to evaluate apoptosis inducing activity by flow cytometry with annexin V FITC/propidium iodide (PI) staining. The percentage of cells in each stage and percentage of apoptotic cell death were demonstrated. (G,H) The effect of EMD and 24CD against mTOR and p-mTOR was examined by Western blot analysis. β-actin protein was evaluated to confirm the equal loading of protein in each sample. Densitometry of each protein levels was calculated, and the results were demonstrated in relative protein levels. Data represent the mean ± SEM (n = 3) (* 0.01 ≤ p < 0.05, ** 0.001 ≤ p < 0.01 and *** p < 0.001 when compared with non-treatment control). 
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Figure 5. N,N-bis(2-hydroxybenzyl) alkylamine derivatives used in this work. 
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Figure 6. Autophagy is a multi-step catabolic process which controls cellular homeostasis and response to stress stimulation. As mTOR is the main autophagic suppressor, the type I PI3K-Akt-mTOR signaling which plays an important role is inhibited under the autophagic induction. The phagophore is generated, while ATG5-ATG12 associated with ATG7 is activated for vesicle elongation and completion. The other key marker which is involved in this step is LC3. LC3I is transformed to an autophagic-vesicle associated form LC3II. This cleaved form is designated as a marker of autophagy. The vesicle engulfs the cytosolic material which is recruited by a cargo receptor such as SQSTM1/p62. Then, a maturated autophagosome fuses with lysosomes to become autolysosomes. The engulfed material is degraded by acidic hydrolases and lysosomal enzymes. Autophagic-mediated apoptosis cell death is a process in which the autophagic induced apoptosis mechanism through degradation of the anti-apoptotic protein leads to activating the caspase cascade. 24MD could enhance autophagic-mediated apoptosis cell death by inhibiting mTOR signaling. However, the different substituted groups, EMD and 24CD, could only demonstrate the apoptosis inducing activity. 
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