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Abstract

:

The edible leaves of the mulberry (Morus alba L.) plant are used worldwide. They contain abundant polyphenolic compounds with strong anticancer properties. We previously revealed that apoptosis was mediated in p53-negative Hep3B cells, and mulberry leaf polyphenol extract (MLPE) induced autophagy in p53-transfected Hep3B cells. However, how this autophagy is induced by p53 in human hepatoma HepG2 (p53 wild type) cells remains unclear. In the current study, MLPE induced autophagy, as demonstrated by enhanced acidic vesicular organelle staining, by upregulating beclin-1, increasing LC3-II conversion, and phosphorylating AMPK. In HepG2 cells, these processes were associated with p53. Western blot also revealed phosphatidylinositol-3 kinase (PI3K), p-AKT, and fatty acid synthase (FASN) suppression in MLPE-treated cells. Moreover, treatment with the p53 inhibitor pifithrin-α (PFT-α) inhibited autophagy and increased apoptotic response in MLPE-treated HepG2 cells. PFT-α treatment also reversed MLPE-induced PI3K, p-AKT, and FASN suppression. Thus, co-treatment with MLPE and PFT-α significantly increased caspase-3, caspase-8, and cytochrome c release, indicating that p53 deficiency caused the apoptosis. In addition, rutin, a bioactive polyphenol in MLPE, may affect autophagy in HepG2 cells. This study demonstrates that MLPE is a potential anticancer agent targeting autophagy and apoptosis in cells with p53 status. Moreover, this work provides insight into the mechanism of p53 action in MLPE-induced cytotoxicity in hepatocellular carcinoma.
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1. Introduction


Hepatocellular carcinoma (HCC) is a major cancer worldwide [1]. HCC risk factors include human immunodeficiency virus, hepatitis B virus, alcoholic liver disease, and nonalcoholic fatty liver disease [2]. Treatment options include surgical resection, chemotherapy, and radiotherapy [3]. Recent studies have shown that surgical resection and transplantation remain the curative standard of care for early-stage patients. Moreover, the effects of immunotherapy and personalized biomolecule signatures on improvement of HCC survival rate provide a stronger strategy to tackle this disease [4]. However, the 5-year survival rate is limited by high recurrence rates, highlighting the need for adjuvant therapies with low toxicity in patients with advanced HCC.



Mulberry (Morus alba L.) is an edible plant used to raise silkworms, and it is broadly distributed in tropical and temperate regions [5]. The roots, bark, leaves, and fruit of the mulberry are used in folk medicines and considered to be highly nutritious and anti-oxidative [6]. Mulberry leaf contains high levels of polyphenolic compounds, such as chlorogenic acid, rutin, isoquercitrin, quercetin, astragalin, and kaempferol [7]. Mulberry leaf extracts reportedly relieve obesity-related inflammation, help to attenuate type 2 diabetes, and inhibit atherosclerosis [8]. The mulberry leaf polyphenol extract (MLPE) has been reported to have numerous beneficial functions, such as those affecting antioxidants and free radicals [9]. The anticancer properties of MLPE have been reported for various types of cancer cells, including liver, breast, colon, and lung cancer cells [10]. However, MLPE’s anti-HCC mechanism remains poorly understood.



Under stress, the cell-survival pathway of autophagy is upregulated. Nutritional deprivation, hypoxia, infection, and the accumulation of damaged proteins can upregulate autophagy, during which cytoplasmic components are engulfed by autophagosomes; consequently, a microtubule-associated protein light chain 3 (LC3)-I with a cytosolic form conjugates to phosphatidylethanolamine, generating LC3-II [11]. However, severe autophagy may lead to a prodeath response. Autophagy and apoptosis might be associated, implying that the two processes have common regulators [12]. Beclin-1, a key molecule in autophagy, exhibits a structural similarity to the Bcl-2 homology 3 domain [13]. Common transcription factors are involved in the regulation of both autophagy and apoptosis. These factors include PI3K, tumor protein p53, c-Jun N-terminal kinase, and nuclear factor-kappaB (NF-kB) [14]. Beclin-1 and p53 are thought to link apoptosis with autophagy. Studies have discovered a p53 mutation in various human cancers, and such mutation is common in primary liver cancers. In 50% of human cancers, the p53 suppressor gene is inactivated, and patients with such gene inactivation have shorter survival rates than patients with wild p53 in liver carcinoma do [15].



We previously reported that apoptosis was induced by MLPE in Hep3B cells via a pathway independent of p53; MLPE also induced autophagy in Hep3B cells transfected with p53 [16]. We suspected p53 involvement in autophagy regulation. We therefore investigated the pathways that MLPE regulates to induce p53-dependent autophagy in human HepG2 (p53-positive) cells and p53-independent apoptosis to extend the aforementioned findings.




2. Results


2.1. HPLC Characterization of MLPE Polyphenols


The quantities of each polyphenol in the MLPE are presented in Figure 1. The phenolic compounds in dried mulberry leaves were protocatechuic acid, chlorogenic acid, cryptochlorogenic acid, nicotiflorin, rutin, and astragalin compounds, with respective contents of 6.25, 12.06, 19.7, 8.34, 45.35, and 24.67 μg/mg. The most abundant polyphenol in MLPE was rutin, presented in Table 1.




2.2. MLPE Cytotoxicity to Various Cell Lines


To explore the antitumor activity of MLPE in various tumor cells, the viabilities of HepG2, AGS, MCF-7, A549, HT29, Chang liver, and Hep3B cells were measured through the MTT assay. The half-maximal inhibitory concentration (IC50) values of these cells were 0.44, 0.66, 0.75, 0.92, 1.29, 1.81, and 0.74 mg/mL, respectively. Compared with the other cancer cells, the HepG2 cells had the lowest IC50 after MLPE treatment (Figure 2A). Therefore, we investigated the anticancer mechanism of MLPE by using HeG2 cells.




2.3. Regulation of MLPE-Induced Autophagy in HepG2 Cells by p53


Plant-derived compounds exert anticancer effects by inducing autophagy in cancer cells [17]. The morphological characteristics indicating autophagy were detected through acidic vesicular organelle (AVO) fluorescence staining. Therefore, we tested whether MLPE induced autophagy in HepG2 cells. After MLPE treatment (0, 0.25, and 0.5 mg/mL), AO staining and fluorescence microscopy were performed on the cells. AVO formation after 24 h increased in HepG2 cells treated with 0.5 mg/mL MLPE (Figure 2B). PFT-α could prevent cell apoptosis in a p53-independent manner [18]. To evaluate whether autophagy induction in HepG2 cells is associated with p53 activation, the effects of the p53 inhibitor PFT-α on MLPE-treated cells were assessed through AVO staining. AVO formation was reduced in cells treated with MLPE (Figure 2C). Subsequently, we evaluated apoptosis expression in HepG2 cells co-treated with MLPE and PFT-α. The DAPI stain revealed significant apoptotic nuclear chromatin condensation in these cells (Figure 2C). To determine whether MLPE induced apoptosis in HepG2 cells, we evaluated the cell cycle sub-G1 ratios, which exhibited a slight increase following 0.5 mg/mL MLPE treatment (Figure 2D). These data indicate that MLPE has little influence on apoptotic HepG2 cells.




2.4. Effect of MLPE on HepG2 Autophagy


PI3K, AKT, and p-AKT expression were determined through Western blot. MLPE suppressed PI3K, AKT, and p-AKT activation in HepG2 cells (Figure 3A). Moreover, the MLPE-induced suppression of PI3K, AKT, and p-AKT was rescued by PFT-α (Figure 3B). To further investigate whether autophagy was regulated by MLPE treatment, we analyzed the levels of LC3-II and beclin-1, which indicate autophagy. As presented in Figure 3A, MLPE treatment at 0.25 and 0.5 mg/mL induced dominant LC3-II formation and beclin-1 activation, respectively, in HepG2 cells when Bcl-2 expression was suppressed. Furthermore, PFT-α blocked LC3-II and beclin-1 protein expression significantly (Figure 3B).



To determine whether the MLPE-induced cytotoxicity in PFT-α-treated HepG2 cells was due to apoptosis, Western blot was performed after treatment with MLPE at various concentrations for 24 h. Cytochrome c protein levels significantly increased in the MLPE–PFT-α treatment group. However, the expression of both pro-caspase-3 and pro-caspase-8 significantly decreased in the cells treated with both MLPE and PFT-α (Figure 3C). We also investigated whether p53-regulated AMPK/FASN expression is associated with MLPE-induced autophagy. Increased AMPK and p53 phosphorylation was observed, and FASN expression was reduced after treatment with MLPE at 0.25 and 0.5 mg/mL (Figure 3D). In addition, FASN expression was increased in the cells treated with MLPE and PFT-α (Figure 3E). These results indicate that autophagy inhibition by the p53 inhibitor PFT-α led to MLPE-induced apoptosis, and that p53 is a key regulator.




2.5. Rutin Mediation of Autophagy in MLPE-Treated HepG2 Cells


Rutin and astragalin are phenolic components of MLPE with various reported biochemical activities [19]. Through AVO staining, we investigated the phenolic components of both rutin and astragalin in regulating autophagy. AVO formation was increased in rutin-treated cells but not in astragalin-treated cells (Figure 4A). PFT-α significantly blocked this AVO formation in rutin-treated cells (Figure 4A). Moreover, p53 phosphorylation and LC3-II accumulation were markedly greater, and Bcl-2 expression and AKT phosphorylation were lower in rutin-treated HepG2 cells than in astragalin-treated cells (Figure 4B). After co-treatment with PFT-α and rutin or astragalin, the Western blot indicated increased PI3K/AKT and Bcl-2. By contrast, LC3-I/LC3-II and beclin-1 were reduced in HepG2 cells (Figure 4C). Moreover, pro-caspase-3 and pro-caspase-8 decreased in rutin-treated and astragalin-treated cells that were also treated with PFT-α (Figure 4D). Astragalin-induced autophagy was not significant in HepG2 cells. These results demonstrate that MLPE triggers autophagy, and that rutin is the bioactive compound of MLPE.





3. Discussion


Mulberry leaves contain polyphenols and are used in Asian medicinal formulas. MLPE reportedly benefits human health [6,8]. We previously demonstrated that MLPE induced apoptosis and autophagy in p53-negative and p53-positive (p53-transfected) Hep3B cells, respectively [16]. However, the p53 signaling underlying the autophagy and apoptosis crosstalk has yet to be described. Here, we investigated the anticancer effects of MLPE on p53-positive HepG2 cells. Our results indicate that autophagy is induced in p53-positive HepG2 cells by MLPE treatment, and apoptosis occurs in a p53-indepedent manner in HepG2 cells. Moreover, MLPE increased LC3-II conversion and upregulated beclin-1, leading to autophagy accompanied by PI3K, p-AKT, and Bcl-2 down-regulation. PFT-α, a p53 inhibitor, suppressed autophagy and enhanced apoptosis-related protein expression (Figure 5). This mechanism may explain how autophagy inhibition can sensitize tumor cells to apoptosis.



How autophagy can be used in potential cancer therapies is controversial. Strategies for autophagy mediation in tumor cells can be prosurvival or prodeath [12]. Specifically, autophagy has a tumor-suppressive function in apoptosis-resistant tumor cells. A previous study reported that autophagy may be caused by some therapeutic drugs; the use of such drugs can counteract drug resistance in cancer cells [20]. Moreover, autophagy may be regarded as a prosurvival mechanism that helps tumor cells to respond to metabolic stress and survive chemotherapy. Beclin-1 cannot trigger autophagy while bound to Bcl-2. Beclin-1 is released by proapoptotic Bcl-2 homology 3 proteins from Bcl-2 to induce autophagy [21].



In this study, MLPE induced autophagy by increasing LC3-II (autophagosome formation) and beclin-1 levels and reducing Bcl-2 expression (Figure 3). On the other hand, the previous study had shown that autophagy activation is related to the down-regulation of p62 levels [22,23]. It was also reported that using the sinensetin (SIN) significantly increased the ratio of LC3-II/I, beclin-1, and decreased p62 levels in HepG2 cells [24]. Additionally, autophagy inhibition by the p53 inhibitor PFT-α enhanced MLPE-induced apoptosis by activating cytochrome c, caspase-3, and caspase-8 in HeG2 cells (Figure 3). Moreover, co-treatment with PFT-α and SIN resulted in up-regulation of p62, PARP, and caspase-3 proteins and down-regulation of p-AMPK and LC3B-II expression compared with SIN treatment alone in HepG2 cells. In the HepG2 cells treated with SIN, blocking p53 translocation by PFT-α induced apoptosis instead of autophagy [24]. Therefore, p53 deficiency changed the HepG2 cell response to MLPE-induced apoptosis when autophagy was suppressed. Our data are inconsistent with the assumption of a prosurvival pathway of autophagy that promotes cancer growth. However, the molecular mechanism that connects autophagy and apoptosis is poorly understood. Fitzwalter et al. demonstrated that increased FOXO3a expression upon autophagy inhibition caused apoptosis sensitization [25]. Other mechanisms may include the accumulation of polyphenols in the mitochondria, thereby regulating the mitochondrial electron transport chain and Bcl-2 protein family, leading to mitochondrial apoptosis, even under p53-deficient conditions [26]. We demonstrated that MLPE enhanced cytochrome c release, which was followed by caspase-3 and caspase-8 activation in HepG2 cells treated with PFT-α, indicating mitochondrial dysregulation (Figure 3C).



The tumor suppressor p53 is crucial to numerous cellular responses, to stress signals, and triggers responses such as senescence, apoptosis, and cell cycle arrest [27]. In one study, p53 suppression increased autophagy in various types of cells. Lee et al. demonstrated that luteolin induced autophagy only in p53-null Hep3B cells [28]. By contrast, Wei et al. indicated that XingNaoJing inhibits autophagy by suppressing the p53 signaling pathway in PC12 cells [29]. Similarly, our results demonstrate that MLPE induces cell apoptosis by suppressing autophagy under p53-deficient conditions. The mammalian target of rapamycin (mTOR) is crucial in autophagy induction in various pathways. Specifically, active p53/AMPK inhibits mTOR activity, thereby inducing autophagy. The inhibition of the PI3K/AKT pathway also leads to autophagy activation through mTOR inhibition [30]. In a previous study, cell proliferation and cell survival were increased by activating the PI3K and AKT signaling pathways [31]. Relevant studies have indicated that AMPK acts as a metabolic tumor suppressor. AMPK activation reprograms cellular metabolism and regulates various targets downstream, including FASN, p53, and mTORC1. De novo free fatty acid synthesis requires the downstream target FASN, which is highly expressed in various cancers. FASN inhibition reportedly causes cancer cell apoptosis [32]. FASN inhibition induced both autophagy and endoplasmic reticulum stress in human breast cancer cells [33]. Consistent with these observations, we demonstrated that p53 inactivation induced by MLPE treatment negatively regulated autophagy via the AMPK/FASN signaling pathway. It then downregulated PI3K/AKT expression, LC3-II conversion, and beclin-1 release from Bcl-2.



The abundant polyphenols in mulberry leaves, including protocatechuic acid, chlorogenic acid, nicotiflorin, rutin, and astragalin, have different bioactivities and functions. Rutin is the most abundant bioactive flavonoid in MLPE (Figure 1). It has diverse pharmacological properties, including antioxidative and anticancer activities. Nabavi et al. reported that polyphenols can regulate autophagy [34]. Another study reported that rutin induced autophagy in oral (CA9-22) and lung (A549) cancer cells [35]. Similarly, our findings indicate that rutin in MLPE regulates autophagy in HepG2 cells by influencing p53 signaling (Figure 5).




4. Materials and Methods


4.1. Chemicals and Reagents


This study used acridine orange (AO), 4′,6-diamidino-2-phenylindole (DAPI), and pifithrin-α (PFT-α) (Sigma-Aldrich, St. Louis, MO, USA); anti-p53, anti-caspase-8, anti-caspase-3, anti-β-actin, anti-AKT, anti-PI3K, anti–fatty acid synthase (FASN), anti-AMPK, anti-LC3, and anti-beclin-1 antibodies (1:1000 dilution; Cell Signaling Technology, Danvers, MA, USA); and anti-mouse and anti-rabbit horseradish peroxidase–conjugated secondary antibodies (1:5000; Santa Cruz, CA, USA).




4.2. MLPE Preparation and High-Performance Liquid Chromatography


Leaves from mulberry (M. alba) plants were acquired from Miaoli District Agricultural Research and Extension Station in Miaoli County, Taiwan. Dried mulberry leaves were used to prepare MLPE. In brief, 100 g of mulberry leaves was combined with 300 mL of methanol and heated at 50 °C for 3 h. Subsequently, the filtrate was collected and evaporated under vacuum, then kept at −20 °C until use. A solution of the mulberry extract was created in 500 mL of ddH2O and then added to 200 mL of n-hexane and left overnight to collect the water layer. Next, 180 mL of ethyl acetate was used to extract the polyphenols for high-performance liquid chromatography (HPLC; Hitachi, Danbury, CT, USA). The powders were resuspended in 0.05% EtOH, filtered with a sterile 0.22 μm filter, and then used in cell culture.



A Waters system (including the 2998 photodiode array detector, 600 HPLC controller and pump, and four-channel In-Line Degasser-AF) was used for HPLC. A Mightysil RP-18 GP (particle size: 5 μm, i.d.: 250 × 4.6 mm) at room temperature was employed as the separating column. Formic acid in water (pH: 2.5), acetonitrile, and methanol—respectively termed solutions A, B, and C—formed the mobile phase. The following gradient elution program was used for HPLC with a flow rate of 1.0 mL/min, injection volume of 20 μL, and ultraviolet detection range of 210–400 nm: at minute 0, 100% A; at minute 5, 90% A, 0% B; at minute 15, 85% A, 3% B; at minute 20, 85% A, 5% B; at minute 30, 85% A, 8% B; at minute 50, 85% A, 15% B; at minute 65, 75% A, 25% B; at minute 70, 70% A, 30% B; at minute 80, 50% A, 50% B; at minute 85, 100% B; and at minute 100, 100% B.




4.3. Cell Line Culture


The Bioresource Collection and Research Center (Food Industry Research and Development Institute, Hsinchu, Taiwan) provided all cell lines used in the present study. In Dulbecco’s modified Eagle’s medium were kept human hepatoma HepG2 cells, HCC Hep3B cells, and human breast carcinoma cells (MCF-7). Chang liver cells (normal liver cells) were kept in Eagle’s basal medium. In F-12 nutrient mixture medium were kept human colonic adenocarcinoma cells (HT29) and gastric adenocarcinoma cells (AGS). Medium supplemented with 2 mM glutamine, 1% antibiotics (100 μg/mL streptomycin and 100 U/mL penicillin), and 10% fetal bovine serum was used to culture all cell lines under 5% CO2 at 37 °C.




4.4. Cell Viability Assay


Each cell line (density: 7 × 104 cells) was seeded in 24-well plates and underwent 24 h of treatment with MLPE at various concentrations (dissolved in 50% ethanol). After the addition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 3 h of incubation, the MTT was converted into formazan crystals. The purple-blue formazan crystals were then washed with PBS. After dissolution in 1 mL of DMSO, absorbance at 563 nm was measured.




4.5. DAPI and Acidic Vesicular Organelle Fluorescence Staining


In six-well plates, HepG2 cells (density: 1 × 105 cells) were seeded and treated with pretreated PFT-α or 0, 0.25, or 0.5 mg/mL of MLPE for 6 h and then co-treated with MLPE for 24 h. At 37 °C, the cells were exposed to DAPI (4′,6-diamidino-2 phenylindole, 1 μL/mL) for 5 min and then subsequently to AO solution (5 μg/mL) for 15 min. After the HepG2 cells were incubated with dye, they were suspended in 1× PBS and analyzed through fluorescence microscopy at 400× magnification (Nikon DIAPHOT-300, Tokyo, Japan).




4.6. Flow Cytometry for Cell Cycle Analysis


In six-well plates, the HepG2 cells (density: 2 × 105 cells) were seeded and treated for 24 h with 0, 0.25, 0.5, 1, or 2 mg/mL MLPE. They were subsequently collected and fixed in ethanol (70%). After 24 h of incubation at −20 °C, the samples underwent centrifugation for 5 min at 1200 rpm. The resulting pellets were then resuspended in 40 μg/mL PI solution, 100 μg/mL RNase, and 1 × PBS and incubated in the dark at 37 °C for 15 min. Flow cytometry (BD Biosciences, Bedford, MA, USA) was conducted to analyze the samples. C6 software (BD Biosciences) was used for cell cycle distribution analysis.




4.7. Protein Extraction and Western Blot


Western blot was performed after the HepG2 cells had been successively treated with PFT-α and MLPE for 6 and 24 h, respectively, to determine how MLPE affected autophagy and markers for apoptosis. We washed the samples in ice-cold PBS. A solution containing the following components was then used to lyse the samples on ice: a protease inhibitor cocktail (Roche, Indianapolis, IN, USA), 150 mM NaCl, 20 mM Tris-HCl (pH 7.5), 1 mM EDTA, Nonidet P-40 0.5% (v/v), 1 mM DTT, and 0.5 mM PMSF. We employed a Bradford protein assay kit to measure protein concentrations. Next, 12% sodium dodecyl sulphate–polyacrylamide gel electrophoresis was used to separate 30 μg protein samples. We then moved the protein to PVDF membranes (Roche), which were then blocked with Tris-buffered saline–Tween20 (TSBT; Sigma-Aldrich) containing 5% blocking solution. Appropriate primary antibodies and secondary horseradish peroxidase–conjugated antibodies were then used for incubation (GE Healthcare, Little Chalfont, Buckinghamshire, UK). We washed the membranes in TBST extensively and used enhanced chemiluminescence to detect protein bands (Amersham Pharmacia Biotech, UK).




4.8. Statistical Analysis


All experiments expressed as the mean ± SD. Statistical analysis was performed using Students’ t-test and were performed at least three times. The results indicated a statistically significant difference at p values < 0.05.





5. Conclusions


Our results demonstrate that MLPE induces autophagy by activating the p53 pathway in human HepG2 cells. The consequent inhibition of the p53 signaling induced by PFT-α enabled the transition from autophagy to apoptosis. Further research is required to determine whether MLPE can be used for cancer therapy.







Author Contributions


M.-H.Y. and M.-C.T. carried out the experiments and summarized the results; M.-H.Y. and Y.-J.C. assisted the process of the experiments; M.-H.Y., C.-C.W. and S.-W.W. participated in the interpretation of the data; C.-H.W. and C.-J.W. provided the supervision and wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Ministry of Science and Technology Grant (MOST 107-2320-B-040-026), and Chung Shan Medical University Hospital, Taichung, Taiwan (grant no. CSH-2020-C-039).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hartke, J.; Johnson, M.; Ghabril, M. The diagnosis and treatment of hepatocellular carcinoma. Semin. Diagn. Pathol 2017, 34, 153–159. [Google Scholar] [CrossRef] [PubMed]

	



Sayiner, M.; Golabi, P.; Younossi, Z.M. Disease burden of hepatocellular carcinoma: A global perspective. Dig. Dis. Sci 2019, 64, 910–917. [Google Scholar] [CrossRef] [PubMed]

	



Merchant, T.E.; Bendel, A.E.; Sabin, N.D.; Burger, P.C.; Shaw, D.W.; Chang, E.; Wu, S.; Zhou, T.; Eisenstat, D.D.; Foreman, N.K. Conformal radiation therapy for pediatric ependymoma, chemotherapy for incompletely resected ependymoma, and observation for completely resected, supratentorial ependymoma. J. Clin. Oncol. 2019, 37, 974. [Google Scholar] [CrossRef] [PubMed]

	



Makary, M.S.; Khandpur, U.; Cloyd, J.M.; Mumtaz, K.; Dowell, J.D. Locoregional therapy approaches for hepatocellular carcinoma: Recent advances and management strategies. Cancers 2020, 12, 1914. [Google Scholar] [CrossRef]

	



Lee, H.-J.; Lee, H.; Choi, Y.-I.; Lee, J.-J. Effect of lactic acid bacteria-fermented mulberry leaf extract on the improvement of intestinal function in rats. Korean J. Food Sci. Anim. Resour. 2017, 37, 561. [Google Scholar] [CrossRef]

	



Ai, J.; Bao, B.; Battino, M.; Giampieri, F.; Chen, C.; You, L.; Cespedes, C.; Ognyanov, M.; Tian, L.; Bai, W. Recent advances on bioactive polysaccharides from mulberry. Food Funct. 2021, 12, 5219–5523. [Google Scholar] [CrossRef]

	



Yu, Y.; Zhang, B.; Xia, Y.; Li, H.; Shi, X.; Wang, J.; Deng, Z. Bioaccessibility and transformation pathways of phenolic compounds in processed mulberry (Morus alba L.) leaves after in vitro gastrointestinal digestion and faecal fermentation. J. Funct. Foods 2019, 60, 103406. [Google Scholar] [CrossRef]

	



Peng, C.-H.; Lin, H.-T.; Chung, D.-J.; Huang, C.-N.; Wang, C.-J. Mulberry leaf extracts prevent obesity-induced NAFLD with regulating adipocytokines, inflammation and oxidative stress. J. Food Drug Anal. 2018, 26, 778–787. [Google Scholar] [CrossRef]

	



Li, Q.; Liu, F.; Liu, J.; Liao, S.; Zou, Y. Mulberry leaf polyphenols and fiber induce synergistic antiobesity and display a modulation effect on gut microbiota and metabolites. Nutrients 2019, 11, 1017. [Google Scholar] [CrossRef]

	



Demir, S.; Turan, I.; Aliyazicioglu, Y.; Kilinc, K.; Yaman, S.O.; Ayazoglu Demir, E.; Arslan, A.; Mentese, A.; Deger, O. Morus rubra extract induces cell cycle arrest and apoptosis in human colon cancer cells through endoplasmic reticulum stress and telomerase. Nutr. Cancer 2017, 69, 74–83. [Google Scholar] [CrossRef]

	



Khandia, R.; Dadar, M.; Munjal, A.; Dhama, K.; Karthik, K.; Tiwari, R.; Yatoo, M.; Iqbal, H.; Singh, K.P.; Joshi, S.K. A comprehensive review of autophagy and its various roles in infectious, non-infectious, and lifestyle diseases: Current knowledge and prospects for disease prevention, novel drug design, and therapy. Cells 2019, 8, 674. [Google Scholar] [CrossRef]

	



Bhattacharjee, A.; Hasanain, M.; Kathuria, M.; Singh, A.; Datta, D.; Sarkar, J.; Mitra, K. Ormeloxifene-induced unfolded protein response contributes to autophagy-associated apoptosis via disruption of Akt/mTOR and activation of JNK. Sci. Rep. 2018, 8, 2303. [Google Scholar] [CrossRef]

	



Pihán, P.; Carreras-Sureda, A.; Hetz, C. BCL-2 family: Integrating stress responses at the ER to control cell demise. Cell Death Differ. 2017, 24, 1478–1487. [Google Scholar] [CrossRef]

	



Sarwar, M.S.; Zhang, H.-J.; Tsang, S.W. Perspectives of plant natural products in inhibition of cancer invasion and metastasis by regulating multiple signaling pathways. Curr. Med. Chem. 2018, 25, 5057–5087. [Google Scholar] [CrossRef]

	



Graur, F.; Furcea, L.; Mois, E.; Biliuta, A.; Rozs, A.-T.; Negrean, V.; Al Hajjar, N. Analysis of p53 Protein Expression in Hepatocellular Carcinoma. J. Gastrointest. Liver Dis. 2016, 25, 345–349. [Google Scholar] [CrossRef]

	



Yang, T.-P.; Lee, H.-J.; Ou, T.-T.; Chang, Y.-J.; Wang, C.-J. Mulberry leaf polyphenol extract induced apoptosis involving regulation of adenosine monophosphate-activated protein kinase/fatty acid synthase in a p53-negative hepatocellular carcinoma cell. J. Agric. Food Chem. 2012, 60, 6891–6898. [Google Scholar] [CrossRef]

	



Dehelean, C.A.; Marcovici, I.; Soica, C.; Mioc, M.; Coricovac, D.; Iurciuc, S.; Cretu, O.M.; Pinzaru, I. Plant-Derived Anticancer Compounds as New Perspectives in Drug Discovery and Alternative Therapy. Molecules 2021, 26, 1109. [Google Scholar] [CrossRef]

	



Zhu, J.; Singh, M.; Selivanova, G.; Peuget, S. Pifithrin-α alters p53 post-translational modifications pattern and differentially inhibits p53 target genes. Sci. Rep. 2020, 10, 1049. [Google Scholar] [CrossRef]

	



Han, X.-X.; Jiang, Y.-P.; Liu, N.; Wu, J.; Yang, J.-M.; Li, Y.-X.; Sun, M.; Sun, T.; Zheng, P.; Yu, J.-Q. Protective effects of astragalin on spermatogenesis in streptozotocin-induced diabetes in male mice by improving antioxidant activity and inhibiting inflammation. Biomed. Pharmacother. 2019, 110, 561–570. [Google Scholar] [CrossRef]

	



Linder, B.; Kögel, D. Autophagy in cancer cell death. Biology 2019, 8, 82. [Google Scholar] [CrossRef]

	



Turk, M.; Tatli, O.; Alkan, H.F.; Ozfiliz Kilbas, P.; Alkurt, G.; Dinler Doganay, G. Co-Chaperone Bag-1 Plays a Role in the Autophagy-Dependent Cell Survival through Beclin 1 Interaction. Molecules 2021, 26, 854. [Google Scholar] [CrossRef]

	



Klionsky, D.J.; Abdel-Aziz, A.K.; Abdelfatah, S.; Abdellatif, M.; Abdoli, A.; Abel, S.; Abeliovich, H.; Abildgaard, M.H.; Abudu, Y.P.; Acevedo-Arozena, A. Guidelines for the use and interpretation of assays for monitoring autophagy. Autophagy 2021, 17, 1–382. [Google Scholar] [CrossRef]

	



Bonam, S.R.; Bayry, J.; Tschan, M.P.; Muller, S. Progress and challenges in the use of MAP1LC3 as a legitimate marker for measuring dynamic autophagy in vivo. Cells 2020, 9, 1321. [Google Scholar] [CrossRef]

	



Kim, S.M.; Ha, S.E.; Lee, H.J.; Rampogu, S.; Vetrivel, P.; Kim, H.H.; Venkatarame Gowda Saralamma, V.; Lee, K.W.; Kim, G.S. Sinensetin induces autophagic cell death through p53-related AMPK/mTOR signaling in hepatocellular carcinoma HepG2 cells. Nutrients 2020, 12, 2462. [Google Scholar] [CrossRef] [PubMed]

	



Fitzwalter, B.E.; Towers, C.G.; Sullivan, K.D.; Andrysik, Z.; Hoh, M.; Ludwig, M.; O’Prey, J.; Ryan, K.M.; Espinosa, J.M.; Morgan, M.J. Autophagy inhibition mediates apoptosis sensitization in cancer therapy by relieving FOXO3a turnover. Dev. Cell 2018, 44, 555–565.e553. [Google Scholar] [CrossRef] [PubMed]

	



Bi, Y.-L.; Min, M.; Shen, W.; Liu, Y. Genistein induced anticancer effects on pancreatic cancer cell lines involves mitochondrial apoptosis, G0/G1cell cycle arrest and regulation of STAT3 signalling pathway. Phytomedicine 2018, 39, 10–16. [Google Scholar] [CrossRef] [PubMed]

	



Mijit, M.; Caracciolo, V.; Melillo, A.; Amicarelli, F.; Giordano, A. Role of p53 in the Regulation of Cellular Senescence. Biomolecules 2020, 10, 420. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.; Kwon, Y.H. Regulation of apoptosis and autophagy by luteolin in human hepatocellular cancer Hep3B cells. Biochem. Biophys. Res. Commun. 2019, 517, 617–622. [Google Scholar] [CrossRef]

	



Wei, G.; Huang, Y.; Li, F.; Zeng, F.; Li, Y.; Deng, R.; Lai, Y.; Zhou, J.; Huang, G.; Chen, D. XingNaoJing, prescription of traditional Chinese medicine, prevents autophagy in experimental stroke by repressing p53-DRAM pathway. BMC Complement. Altern. Med. 2015, 15, 377. [Google Scholar] [CrossRef]

	



Delou, J.; Biasoli, D.; Borges, H.L. The complex link between apoptosis and autophagy: A promising new role for RB. An. Acad. Bras. Ciências 2016, 88, 2257–2275. [Google Scholar] [CrossRef]

	



Khan, M.A.; Jain, V.K.; Rizwanullah, M.; Ahmad, J.; Jain, K. PI3K/AKT/mTOR pathway inhibitors in triple-negative breast cancer: A review on drug discovery and future challenges. Drug Discov. Today 2019, 24, 2181–2191. [Google Scholar] [CrossRef]

	



Chen, W.-L.; Jin, X.; Wang, M.; Liu, D.; Luo, Q.; Tian, H.; Cai, L.; Meng, L.; Bi, R.; Wang, L. GLUT5-mediated fructose utilization drives lung cancer growth by stimulating fatty acid synthesis and AMPK/mTORC1 signaling. JCI Insight 2020, 5, 5. [Google Scholar] [CrossRef]

	



Huang, W.; Liang, Y.; Ma, X. Alpha-mangostin induces endoplasmic reticulum stress and autophagy which count against fatty acid synthase inhibition mediated apoptosis in human breast cancer cells. Cancer Cell Int. 2019, 19, 151. [Google Scholar] [CrossRef]

	



Nabavi, S.F.; Sureda, A.; Dehpour, A.R.; Shirooie, S.; Silva, A.S.; Devi, K.P.; Ahmed, T.; Ishaq, N.; Hashim, R.; Sobarzo-Sánchez, E. Regulation of autophagy by polyphenols: Paving the road for treatment of neurodegeneration. Biotechnol. Adv. 2018, 36, 1768–1778. [Google Scholar] [CrossRef]

	



Park, M.H.; Kim, S.; Song, Y.-r.; Kim, S.; Kim, H.-J.; Na, H.S.; Chung, J. Rutin induces autophagy in cancer cells. Int. J. Oral. Sci. 2016, 41, 45–51. [Google Scholar] [CrossRef]








[image: Pharmaceuticals 14 01310 g001 550] 





Figure 1. Composition and characterization of phenolic compounds contained in MLPE. The HPLC chromatogram and absorbance at 280 nm for polyphenols were monitored for MLPE. 
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Figure 2. Autophagy-dependent p53 effects of MLPE on HepG2 cells. (A) IC50 of MLPE on the viability in different cell lines. (B) HepG2 cells were treated with 0, 0.25, 0.5 mg/mL of MLPE and solvent for 24 h and subjected to AVO staining. The arrow indicated AVO cells. AVOs values were calculated as the percentage of AVO cells relative to the total number of cells in each random field. Results were statistically analyzed with Student’s t-test. Magnification: 400×. (C) HepG2 cells were pretreated with PFTα for 6 h and treated with 0, 0.5 mg/mL of MLPE and solvent for 24 h and subjected to DAPI/AO staining. (D) Apoptosis effects of MLPE on HepG2 cells. HepG2 cells were treated with 0, 0.25, 0.5, 1, 2 mg/mL of MLPE and solvent (0.05% EtOH) for 24 h and subjected to flow cytometric analysis after PI staining. The figure shows a representative staining profile for 10,000 cells per experiment. Sub G1 was defined as apoptotic cells and represents the average of three independent experiments ±SD, n = 3. *, p < 0.05 compared with E. Magnification: 100×. The figure shows a representative staining profile for 8000 cells per experiment. C, control; E, ethanol. 
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Figure 3. Immunoblot analysis of the autophagosome induction of autophagy in HepG2. Cultured cells were treated with 0, 0.125, 0.25, 0.5 mg/mL of MLPE, PFT α for 6 h and treated with various concentrations of MLPE and solvent (0.05% EtOH) for 24 h, and whole-cell extracts were prepared as described in Materials and Methods. Equal amounts of total proteins were loaded in each lane of SDS-polyacrylamide gel (protein concentration is 50 μg/μL). Western hybridization was performed with antibodies against (A,B) PI3K, p-Akt/Akt, Bcl-2, Beclin-1, LC3-I, and LC3-II. (C) Cytochrome C, pro-caspase 3, and pro-caspase 8. (D,E) p-AMPK/AMPK, FASN, and p-P53/P53. Western blot analysis of β-actin was used as an internal control and represents the average of three independent experiments ±SD, n = 3. *, p < 0.05 compared with (E). 
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Figure 4. Rutin induced autophagy-dependent p53 in HepG2 cells. (A) HepG2 cells were treated with PFT α for 6 h and treated with 1 mM rutin, 0.1 mM of astragalin for 24 h and subjected to AVO staining. The arrow indicated AVO cells. AVOs values were calculated as the percentage of AVOs cells relative to the total number of cells in each random field. Results were statistically analyzed with Student’s t-test. Magnification: 400×. (B) Cultured cells were treated with 1 mM rutin, 0.1 mM of astragalin, and PFT-α for 24 h, and whole-cell extracts were prepared as described in Materials and Methods. Equal amounts of total proteins were loaded in each lane of SDS-polyacrylamide gel (protein concentration is 50 μg/μL). Western hybridization was performed with antibodies against p-P53/P53, pAkt/Akt, Bcl-2, LC3-I, and LC3-II. (C) PI3K, pAkt/Akt, Bcl-2, Beclin-1, LC3-I, and LC3II. (D) Pro-caspase 3, and pro-caspase 8. (E) pAMPK/AMPK, FASN, and p-P53/P53. Western blot analysis of β-actin was used as an internal control and represents the average of three independent experiments ±SD, n = 3. #, p < 0.05 compared with C. *, p < 0.05 compared PFT α. 
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Figure 5. Schematic diagram illustrating the p53-dependent autophagy of HepG2 cell treated with MLPE or rutin. 
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Table 1. The isolated phenolic compounds (numbered peaks) identified in MLPE by LC-MS/MS.
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	Peak No.
	RT (min)
	[M + H]+ (m/z)
	UV Band (nm)
	Compounds Name
	Concentration (μg/mg)





	1
	17.72
	153.1 [M − H]−
	259.7 (max), 291
	Protocatechuic acid
	6.25 ± 0.33



	2
	26.73
	355.7 [M + H]+
	241.9, 326.3 (max)
	Chlorogenic acid
	12.06 ± 0.41



	3
	29.77
	355.7 [M + H]+
	238.4, 323.9 (max)
	Cryptochlorogenic acid
	19.70 ± 1.68



	4
	60.84
	595.9 [M + H]+
	265.6 (max), 346.6
	Nicotiflorin
	8.34 ± 0.31



	5
	61.38
	609.2 [M − H]−
	256.1 (max), 355.0
	Rutin
	43.35 ± 0.91



	6
	66.67
	449.7 [M + H]+
	265.6 (max), 346.6
	Astragalin
	24.67 ± 0.25
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