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INTRODUCTION 
 

Hepatocellular carcinoma (HCC), the most common 

primary liver malignancy, is the second leading cause of 

cancer-related death in males and the sixth in females 

[1]. Most HCC patients are diagnosed at an advanced 

stage, where invasion and metastasis greatly limit 

treatment options [2]. Even early HCC cases that 

received surgical resection, chemotherapy, or liver 

transplantation are still subject to numerous side effects 

and frequent relapse, rendering HCC one of the most 

lethal cancers. Given the poor clinical outcomes, it is 

critical to identify novel effective therapeutic strategies 

for HCC. 

Most chemotherapy agents exploit apoptosis, a 

programmed cell death process, to hinder the 

development and progression of cancer [3]. An intricate 

relationship exists between apoptosis and autophagy, an 

essential catabolic process that serves to preserve cell 

viability under cellular stress [4]. Autophagy can be 

activated in many physiological and pathological 

contexts and is defined by the degradation and recycling 

of unfolded and aged proteins, as well as organelles, to 

maintain cellular homeostasis and prevent cellular 

damage against various stressors, including metabolic, 

hypoxic, chemotherapeutic, and detachment-induced 

stress [5]. Accordingly, autophagy has emerged as a key 

mechanism promoting tumor cell survival and 
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ABSTRACT 
 

Hepatocellular carcinoma (HCC) is an aggressive malignancy with high rates of metastasis and relapse. 
Isoquercitrin (ISO), a natural flavonoid present in the Chinese bayberry and other plant species, reportedly 
exerts notable inhibitory effects on tumor cell proliferation, though the mechanism is unknown. In the present 
study, we exposed HepG2 and Huh7 human liver cancer cells to ISO and examined the roles of autophagy and 
apoptosis in ISO-mediated cell death. We found that ISO exposure inhibited cell viability and colony growth, 
activated apoptotic pathway, and triggered dysregulated autophagy by activating the AMPK/mTOR/p70S6K 
pathway. Autophagy inhibition using 3-methyladenine (3-MA) or Atg5-targeted siRNA decreased the Bax/Bcl-2 
ratio, caspase-3 activation, and PARP cleavage and protected cells against ISO-induced apoptosis. Moreover, 
autophagy inhibition reversed the upregulation of AMPK phosphorylation and downregulation of mTOR and 
p70S6K phosphorylation elicited by ISO. By contrast, application of a broad-spectrum caspase inhibitor failed to 
inhibit autophagy in ISO-treated cells. These data indicate that ISO simultaneously induced apoptosis and 
autophagy, and abnormal induction of autophagic flux contributed to ISO-triggered caspase-3-dependent 
apoptosis. 
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resistance to cancer therapies. However, recent studies 

have shown that compared with normal cells, autophagy 

is generally reduced in many cancer cells [6], and 

suggested the relevance of various anticancer therapies 

that stimulate autophagy as a mean to induce tumor cell 

death [7–11]. The crosstalk between autophagy and 

apoptosis, essential for the maintenance of cellular 

homeostasis [12], is regulated by an extensive 

molecular interplay influenced by cell type, tissue 

microenvironment, and the specific conditions 

encountered by cells [13, 14]. Thus, research has shown 

that autophagy can inhibit apoptosis and promote cell 

survival, or may under certain conditions stimulate 

apoptosis and even trigger a distinct cell death program 

known as autophagy-related cell death [13]. 

 

The Chinese bayberry (Myrica rubra Sieb. et Zucc.) is a 

subtropical fruit tree, widely distributed in the hilly 

regions of Southern China, with a long cultivation 

history and multiple uses in Traditional Chinese 

medicine [15, 16]. Our previous study has identified 

isoquercitrin (ISO; quercetin-3-O-glucoside) as a main 

flavonoid of Chinese bayberry extracts and showed that 

it mediates significant enhancement of glucose 

consumption in HepG2 cells [17]. Other pharma-

cological studies have demonstrated that the M. rubra 

extract has powerful inhibitory actions on oxidative 

stress [18], excessive inflammatory responses [19], and 

tumor cell proliferation [20]. However, whether ISO 

can prevent tumor growth by stimulating autophagy 

remains unclear. Therefore, the present study aimed to 

explore the potential involvement of autophagy and its 

relation with apoptosis triggered by ISO on HCC cells. 

 

RESULTS 
 

Isoquercitrin inhibits HCC cell growth 
 

The Chinese bayberry fruit has a diverse flavonoid 

composition responsible for its various medicinal 

activities. To investigate the potential anti-cancer 

effects of Chinese bayberry crude extracts (CCE), we 

treated several human cancer cell lines (MDA-MB-231, 

A549, and HepG2) with various concentrations of CCE 

(0.14, 0.41, 1.23, 3.70, 11.11, 33.33, and 100.00 μg/mL) 

for 72 h and assessed cell viability through the RTCA 

assay. As shown in Figure 1A, CCE reduced cell 

viability dose-dependently (MDA-MB-231, IC50 = 

10.09 μg/mL; A549, IC50 = 8.6 μg/mL; HepG2, IC50 = 

4.67 μg/mL), whereas no significant effect on cell 

growth was observed in control cultures treated with 

drug vehicle (DMSO 0.05%).  

 
Using LC-ESI-Q-TOF-MS and HPLC, our previous 

study identified quercetin-3-O-glucoside [Q3G, 

isoquercitrin (ISO)] as one of the main flavonoids 

contributing to CCE’s antiproliferative activity on 

tumor cells [17]. Therefore, the potential therapeutic 

value of ISO against liver cancer was examined in 

subsequent experiments. CellTiter-Blue assays were 

performed to determine the anti-proliferative effect of 

ISO on HCC cells (HepG2 and Huh7 cell lines). The 

results indicated that ISO exposure suppressed the 

proliferation of HepG2 cells (IC50 = 307.3-478.2 μM) 

and Huh7 cells (IC50 = 317.1- 634.4 μM) after 24–72 h 

treatment (Figure 1B). Furthermore, we assessed ISO’s 

long-term growth inhibitory effect through colony 

formation assays. After 14 days of culture, colony 

formation was significantly inhibited in ISO-treated 

cells (Figure 1C, 1D). These data indicate that ISO 

inhibits cell growth and colony formation in HCC cells. 

 

Isoquercitrin induces apoptosis in HCC cells 
 

Next, we examined by Annexin V-FITC/PI staining 

whether ISO exposure triggers apoptosis in HCC cells. 

As shown in Figure 2A, 2B, a significant increase in 

both early and late apoptosis rates was observed in ISO-

treated HepG2 and Huh7 cells. To confirm this effect, 

we analyzed the expression of apoptosis-related proteins 

by western blotting. As shown in Figure 2C, 2D, ISO 

treatment (48 h) led to dose-dependent accumulation of 

both active (cleaved) caspase-3 and cleaved PARP and 

increased the Bax/Bcl-2 ratio. These results reveal that 

ISO inhibits proliferation and triggers apoptosis of HCC 

cells in a dose-dependent way. 

 

Isoquercitrin induces autophagy in HCC cells 

 

Our preliminary experiments showed that an increase of 

GFP-LC3 puncta, denoting formation of autophagic 

vacuoles, occurred in HeLa cells treated with ISO 

(Supplementary Figure 1). Based on this observation, we 

analyzed LC3 puncta density and LC3-II levels, two 

variables positively correlated with autophagosome 

formation, in HCC cells exposed to ISO. Using 

immunofluorescence, a characteristic punctate LC3 

pattern was detected in ISO-treated cells (Figure 3A, 3B). 

Meanwhile, western blot analysis of autophagy-related 

makers indicated a dose-dependent increase in LC3, Atg5, 

and Beclin-1, and a decrease in p62/sequestosome-1 (p62) 

expression, in HepG2 and Huh7 cells treated with ISO for 

48 h (Figure 3C, 3D).  

 

Autophagic flux comprises a sequence of events 

initiated by autophagosome formation and leading to 

degradation of autophagic substrates [21]. 

Accumulation of autophagosomes and increased levels 

of LC3-II indicate either activation of autophagic 

induction or blockade of downstream autophagic 

degradation steps [22, 23]. To determine whether  

ISO-mediated accumulation of LC3-II and increased 
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LC3 puncta are due to the activation of autophagy or 

blockade of lysosomal degradation, we monitored 

autophagic flux after co-treatment with Bafilomycin A1 

(Baf A1) which blocks autophagosome-lysosome 

fusion. Immunoblot analyses indicated that LC3-II 

levels were higher in HCC cells co-treated with ISO and 

Baf A1 than in those treated with ISO alone (Figure 3E, 

3F). In turn, the expression of p62/sequestosome-1 

(p62), a well-known autophagic cargo protein [24], was 

decreased following ISO treatment and restored by co-

exposure to Baf A1 (Figure 3E, 3F). This evidence 

indicated that p62 is rapidly degraded during ISO-

induced autophagy. Furthermore, p62 levels were 

restored to a lesser extent in Baf A1 co-treated cells 

than in cells treated with Baf A1 alone. Meanwhile, no 

obvious difference in activated caspase-3 levels was 

detected between cells treated with ISO alone and those 

exposed also to Baf A1 (Figure 3E, 3F). Together, these 

results strongly indicate that ISO induces autophagy in 

both HepG2 and Huh7 cells. 

 

Isoquercitrin-induced autophagy is mediated by 

AMPK/mTOR/p70S6K signaling  

 

Since activation of AMP-dependent protein kinase 

(AMPK) and inhibition of mammalian target of 

rapamycin (mTOR) is a main mechanism of autophagy

 

 
 

Figure 1. ISO inhibits HCC cell growth. (A) RTCA of proliferation of HCC cells treated with different concentration of CCE. (B) CellTiter-

Blue viability assay results from HepG2 and Huh7 cells treated with 100-500 μM ISO or 0.2% dimethyl sulfoxide (DMSO; vehicle) for 24, 48, 
and 72 h. (C) Representative images of HepG2 and Huh7 cell colonies. Cells were treated with ISO and allowed to grow for 2 weeks before 
quantification of cell colonies stained with crystal violet. (D) Quantification of crystal violet-stained cell colonies. Values represent mean ± SD; 
*p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 2. ISO induces apoptosis in HepG2 and Huh7 cells. (A) Apoptosis detection by Annexin V/PI staining and flow cytometry in 

HepG2 and Huh7 cells treated with ISO for 48 h. Criteria were set to distinguish between viable (bottom left), early apoptotic (bottom right), 
late apoptotic (top right), and necrotic (top left) cells. (B) Statistical analysis of apoptosis rate. (C) Western blotting analysis of apoptosis-
related proteins. GAPDH was used as loading control. (D) Densitometric analysis of the data shown in (C). Values represent mean ± SD; *p < 
0.05, **p < 0.01, ***p < 0.001. 

 

 
 

Figure 3. ISO induces autophagy in HCC cells. (A) Immunofluorescent detection of LC3 in HepG2 and Huh7 cells treated with ISO for 48 

h. Nuclei were stained with DAPI. Scale bar: 100 μm. (B) The number of LC3 dots per cell were quantified using ImageJ. (C) Western blotting 
detection of autophagy-related proteins in HepG2 and Huh7 cells treated with ISO for 48 h. (D) Densitometric analysis of the data shown in 
(C). (E, F) Western blot analysis of LC3, p62, Bax, Bcl-2, cleaved caspase-3, and cleaved PARP expression in HepG2 and Huh7 cells treated with 
400 μM ISO for 48, alone or after 2-h pre-treatment with 100 nM Bafilomycin A1. GAPDH was used as loading control. Values represent mean 
± SD; *p < 0.05, **p < 0.01, ***p < 0.001. 
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activation [25–28], we examined whether changes in the 

activation status of the AMPK/mTOR/p70S6 signaling 

cascade occurred during ISO-induced autophagy. As 

expected, ISO treatment led to dose-dependent 

activation of AMPK and decreased the phosphorylation 

of mTOR and its downstream substrate p70/p85S6 

kinase (p70/p85S6K) (Figure 4A), without affecting 

total AMPK and mTOR levels (Figure 4B). Next, we 

tested whether AMPK inhibition affected the increase in 

LC3-II elicited by ISO in both HCC cell lines. Western 

blot assays showed that pharmacological blockade of 

AMPK activation with dorsomorphin markedly 

inhibited AMPK phosphorylation and significantly 

attenuated LC3-II expression in ISO-treated cells 

(Figure 4C, 4D). To confirm that ISO exposure induces 

accumulation of LC3B-II through activation of AMPK 

signaling, we performed siRNA-mediated AMPK 

knockdown, and confirmed through western blotting 

that this maneuver also inhibited the increase in LC3B-

II (Figure 4F, 4G). Importantly, both dorsomorphin 

treatment and AMPK knockdown significantly reversed 

ISO-induced cytotoxicity (Figure 4E, 4H). These 

findings support our hypothesis that ISO- 

induced autophagy proceeds via AMPK/mTOR/ 

p70S6K signaling and suggests that autophagy is a key 

determinant of ISO-mediated cell death. 

 

Autophagy activation underlies ISO-mediated HCC 

cell death 

 

Autophagy may be either a cytoprotective or cytotoxic 

phenomenon, depending on the cellular context and the 

nature of the stress endured by the cells [29–31]. To 

confirm the role of autophagy in ISO-induced cell 

death, pharmacological (3-MA) and genetic (si-Atg5) 

inhibition of autophagy was performed in HCC cells. 

CellTiter-Blue assays showed that both maneuvers 

increased resistance against ISO-induced toxicity in 

both HepG2 and Huh7 cells (Figure 5A, 5D). To further 

determine the correlation between ISO-mediated

 

 
 

Figure 4. ISO induces autophagy through the AMPK/mTOR/p70S6K signaling pathway. (A) Western blotting analysis of AMPK, 
mTOR, p70S6K and their phosphorylated forms in HepG2 and Huh7 cells treated with increasing concentrations of ISO or 0.2% DMSO 
(vehicle) for 48 h. (B) Densitometric analysis of autophagy-related proteins. p-AMPK, AMPK, and LC3-II expression was detected after 
blocking AMPK activation with dorsomorphin (C, D) or si-AMPK (F, G); GAPDH served as loading control. (E, H) CellTiter-Blue viability assay 
results from HCC cells treated with 400 μM ISO for 48 h in the presence or absence of dorsomorphin or si-AMPK. Values represent mean ± 
SD; *p < 0.05, **p < 0.01, ***p < 0.001. 
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autophagic induction and apoptotic cell death, we 

analyzed LC3B-II processing, PARP cleavage, and 

caspase-3 levels by western blot. Compared to ISO-

treated control cells, a decrease in LC3B-II expression 

paralleled by an increase in p62 levels was observed 

following ISO exposure in HepG2 and Huh7 cells pre-

treated with 3-MA or si-Atg5 (Figure 5B, 5E). These 

cells showed also a marked reduction in cleaved  

PARP, cleaved-caspase-3, and the Bax/Bcl-2 ratio,  

indicating that autophagy inhibition led to apoptosis 

blockade (Figure 5B, 5E). In addition, the  

changes induced by ISO in AMPK/mTOR/p70S6 

phosphorylation status were prevented by co-treatment 

with 3-MA or si-Atg5 (Figure 5B, 5E). Quantitative 

results for these western blot assays are shown in  

Figure 5C, 5F. 

 

ISO-triggered autophagy precedes caspase-

dependent apoptosis 

 

To further validate the correlation between ISO-

triggered autophagy and apoptosis induction, the mTOR 

inhibitor rapamycin (RAPA) was used to stimulate 

autophagy in HCC cells. RAPA addition decreased cell 

viability and strengthened the inhibitory effect of ISO 

on cell growth (Figure 6A) while markedly increasing, 

either alone or with ISO, cleaved caspase-3 and cleaved 

PARP levels, as well as the Bax/Bcl-2 ratio. 

Furthermore, RAPA co-incubation potentiated LC3II 

expression and AMPK phosphorylation, and further 

suppressed p62 expression and both mTOR and 

p70S6K phosphorylation (Figure 6B, 6C). These data 

reveal that ISO and rapamycin exert a synergistic effect 

on apoptosis induction, and that suppression of 

autophagy diminishes ISO-induced apoptosis in HepG2 

and Huh7 cells.  

 

We then used the pan-caspase inhibitor Z-VAD-FMK 

to examine whether caspase activation would affect 

ISO-induced autophagy. As shown in Figure 6D, the 

inhibition of cell viability caused by ISO was 

decreased in the presence of Z-VAD-FMK, while Z-

VAD-FMK alone did not have any cytotoxic effects. 

In turn, in ISO-treated cells, apoptotic hallmarks, 

including the Bax/Bcl-2 ratio, cleaved caspase-3, and 

PARP cleavage, were also suppressed by ZVAD-FMK 

(Figure 6E, 6F). However, Z-VAD-FMK had little 

effect on LC3-II and p62 levels. These data strongly 

indicate that autophagic events precede ISO-induced 

apoptosis in HCC cells. 

 

DISCUSSION 
 
Clinical outcomes of HCC remain dismal, since 

approximately only one-third of patients are eligible for 

curative therapies such as surgical resection, 

percutaneous ablation, or liver transplantation [32]. In 

the present study we investigated the potential of ISO as 

a therapeutic agent in liver cancer. Our data revealed 

that ISO exerted growth inhibitory effects on HCC cells 

by coordinating the crosstalk between autophagy and 

apoptosis (Figure 7). At the molecular level, ISO 

actions were characterized by up-regulation of active 

caspase-3 and cleaved PARP and increased Bax/Bcl-2 

ratio, indicative of apoptosis, concomitant with 

enhanced LC3-II expression and p62 degradation, 

reflecting induction of autophagy. Since autophagy 

inhibition attenuated apoptosis in ISO-treated HepG2 

and Huh7 cells, we conclude that ISO-induced 

autophagy exerted a cytotoxic rather than a cyto-

protective effect.  

 

Phytonutrients are receiving increasing attention as 

potential anti-tumor agents. ISO, a flavonoid found in 

several plant species, has shown to suppress cancer cell 

proliferation and migration by targeting MAPK 

signaling in liver cancer [33] and Wnt/β-catenin 

signaling in colon cancer [34]. Most notably, ISO has 

been demonstrated to induce apoptosis in liver cancer 

cells [33]. The fact that apoptosis often occurs 

simultaneously with autophagy prompted us to explore 

whether autophagy is also involved in ISO’s anti-HCC 

effect. Autophagy is a catabolic process in which 

organelles and macromolecules are degraded and 

recycled to sustain metabolism [4]. However, the exact 

role of autophagy in cancer is controversial, as both a 

protective effect against the cytotoxic effects of anti-

cancer drugs, and promotion of cell death via apoptosis 

or distinct autophagy-related cell death pathways, have 

been observed in different tumor cells [13, 35]. 

Therefore, assessing the role of autophagy in a context-

dependent manner is crucial to determine whether 

autophagy-targeted interventions can be exploited for 

anticancer therapy. 

 

The complex molecular connections between autophagy 

and apoptosis, two evolutionarily conserved processes 

that are triggered in response to various stresses, remain 

incompletely understood [35]. Apoptosis and autophagy 

can cooperate, antagonize, or assist each other to 

differentially influence cell fate. These events may be 

concurrently triggered by common upstream signals; in 

other instances, they may represent instead mutually 

exclusive cellular responses [36]. For instance, it has 

been reported that vitamin K2 induces autophagy and 

apoptosis simultaneously in leukemia cells [37]. In turn, 

the survivin inhibitor YM155 inhibits the growth of 

PC3 and LNCaP prostate cancer cells by inducing 

autophagy-dependent apoptosis [38]. In our study, 

because HCC cell death depended on ISO-induced 

caspase-3 activation, it is unclear whether dysregulated 

autophagy itself directly led to autophagic cell death 
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Figure 5. Autophagy inhibition attenuates ISO-induced cell death. HepG2 and Huh7cells were pre-treated with 3-MA (5 mM) or 
vehicle for 2 h or transfected with si-Atg5 or si-NC for 6 h, and then treated with ISO (400 μM) for 48 h. (A, D) CellTiter-Blue viability assay 
results. Data are expressed as percentage relative to untreated control cells. (B, E) Western blotting analysis of LC3, p62, p-mTOR, mTOR, p-
AMPK, AMPK, p-p70S6K, p70S6K, Bax, Bcl-2, cleaved caspase-3, and cleaved PARP expression. (C, F) Densitometric analysis of protein 
expression data. Data are expressed as fold change relative to values from untreated control cells after normalization against GAPDH. Values 
are expressed as mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 6. ISO-triggered autophagy in HCC cells is promoted by rapamycin and not prevented by Z-VAD-FMK. HepG2 and 

Huh7cells were treated with 400 μM ISO for 48 h in the presence or absence of 100 nM rapamycin (RAPA) or 100 μM z-VAD-FMK (zVAD).  
(A, D) CellTiter-Blue viability assay results. (B, E) Immunoblot analyses of LC3, p62, p-mTOR, mTOR, p-AMPK, AMPK, p-p70S6K, p70S6K, Bax, 
Bcl-2, cleaved caspase-3, and cleaved PARP expression. (C, F) Densitometric analysis of protein expression data. Data are expressed as fold 
change relative to values from untreated control cells after normalization against GAPDH. Values are expressed as mean ± SD; *P < 0.05; **P 
< 0.01; ***p < 0.001. 
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(ACD). Nevertheless, we explicitly showed that 

dysregulated autophagy contributed to ISO- triggered 

caspase-3-dependent apoptosis. We confirmed this 

temporal cell death sequence by using pharmacological 

inhibition and genetic deletion experiments. For 

example, we demonstrated that cotreatment with 3-MA 

significantly blocked ISO-triggered caspase-3 activation 

and partially protected cells against ISO toxicity in 

HCC cells. We also found that ISO-induced caspase-3 

activation, PARP cleavage, and Bax/Bcl-2 ratio were 

attenuated when the induction of autophagy was 

prevented by the genetic depletion of Atg5. However, 

incubation with the pan-caspase inhibitor Z-VAD-FMK 

did not completely block ISO-mediated HCC cell death, 

and had little effect on LC3-II levels. Therefore, our 

results show a strong causal relationship between 

autophagy and apoptotic cell death in which ISO-

triggered dysregulated autophagy promotes caspase-

dependent apoptotic cell death. 

 

The AMPK/mTOR/p70S6K signaling pathway is a 

central regulator of autophagic flux [39, 40]. Upon 

metabolic stress, AMPK becomes activated and may 

trigger autophagy by phosphorylating and inactivating 

mTOR [41, 42], a core nutrient-sensing signaling 

 

 
 

Figure 7. Schematic diagram of the mechanism 
underlying ISO’s anti-HCC effects. ISO exposure activates 

AMPK and inhibits mTOR signaling in HCC cells, leading to 
upregulation of Atg5, Beclin-1 and LC3B-II and autophagosome 
formation (1). ISO-induced cell death is effectively alleviated by 
autophagy blockade (3-MA; si-Atg5) and further enhanced by 
autophagy stimulation (RAPA), indicating that autophagy 
activation contributes to ISO-induced cell death. In parallel, 
activation of the mitochondrial-dependent intrinsic apoptotic 
pathway is evidenced by a concomitant increase in cleaved 
caspase-3, cleaved PARP, and the Bax/Bcl-2 ratio (2). 

complex whose activity regulates the balance between 

cell growth and cell death in response to different 

stimuli. Inhibition of mTOR kinase activity can promote 

autophagy by inhibiting its downstream substrate 

p70S6K [43, 44], restraining in turn its downstream 

effector protein Beclin-1, an essential autophagy 

regulator [45]. Therefore, we investigated the involve-

ment of the AMPK/mTOR/p70S6K pathway on ISO-

induced autophagy and apoptosis. Blocking the 

expression of AMPK, either pharmacologically or via 

siRNA, prevented ISO-induced HCC cell death. To 

better discriminate the role of mTOR in ISO- triggered 

autophagy, HCC cells were co-treated with the mTOR 

inhibitor RAPA, which led to a greater increase in ISO-

induced LC3B-II levels in both cell lines. Furthermore, 

early-stage autophagy inhibitor 3-MA, mainly block the 

formation of autophagosomes through the inhibition of 

class III PtdIns 3-kinases, co-incubation attenuated 

LC3II expression and AMPK phosphorylation, and 

further rescued p62 expression and both mTOR and 

p70S6K phosphorylation. Because pharmacological 

effects might be insufficiently specific, to strengthen out 

hypothesis, the Atg5 siRNA, in which the early stage of 

autophagy was suppressed, were used. Consistently, the 

changes induced by ISO in AMPK/mTOR/p70S6 

phosphorylation status were prevented by co-treatment 

with si-Atg5. These findings further indicated that the 

AMPK/mTOR/p70S6K pathway is involved in the 

activation of autophagy and apoptosis in HCC cells. 

 

Research has shown that Bcl-2 and Beclin-1 mediate a 

close link between autophagy and apoptosis [46–48]. In 

a previous study, ISO inhibited the expression of Bcl-2 

[49], suggesting that ISO is beneficial to inducing 

autophagy and apoptosis in HCC cells. Meanwhile, in 

Bcl-2-overexpressing breast cancer cells, inhibition of 

Bcl-2 by siRNA had no effect on apoptosis, but led 

instead to Beclin1 upregulation and autophagic tumor 

cell death [50]. Indeed, a complex interplay exists 

between Bcl-2 (and other proteins containing BH3 

domains) and Beclin1, as part of a multilevel regulatory 

network linking autophagy and apoptosis through 

changes in protein expression levels, domain affinities, 

and phosphorylation events determining specific 

binding states [51]. Another key autophagic factor, 

Atg5, is also involved in the molecular network 

regulating autophagy and apoptosis [52, 53]. Atg5 can 

interact with FADD during IFN-gamma-induced 

autophagic cell death, eventually activating caspase-3 

[54, 55]. Therefore, we examined the effect of Atg5 on 

apoptosis by detecting the expression of the apoptosis-

related genes Bax, Bcl-2, and caspase-3. The Bax/Bcl-2 

ratio decreased significantly in HCC cells following 

Atg5 knockdown, which indicates that autophagy 

inhibition via Atg5 silencing can prevent apoptosis, and 

further proved the slow growth of the Atg5 knockout 
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cells was due to its own apoptosis and autophagy-

induced apoptosis. 

 

In conclusion, the present study revealed, for the first 

time, that ISO triggers HCC cell death by simultaneous 

induction of apoptosis and autophagy via AMPK 

activation and inhibition of mTOR/p70S6K signaling. 

These data shed light on the mechanisms underlying the 

antitumoral effects of ISO and suggest its potential 

therapeutic value as an inducer of both autophagy and 

apoptosis in HCC. 

 

MATERIALS AND METHODS 
 

Cell lines and cell culture  

 

Human HCC cell lines HepG2 and Huh7 were obtained 

from the American Type Culture Collection (VA, USA). 

Cells were cultured at 37° C with 5% CO2 in Dulbecco’s 

Modified Eagle’s Medium (DMEM) (Gibco, CA, USA) 

with 10% fetal bovine serum (Gibco) and 1% 

penicillin/streptomycin (Invitrogen, MA, USA). 

 

Reagents and antibodies  
 

Chinese bayberry crude extracts (CCE) were prepared 

as previously described [17]. Isoquercitrin and anti-

LC3B antibody were purchased from Sigma-Aldrich 

(MO, USA). Antibodies against phospho-Ser2481-

mTOR (Cat. 2974), mTOR (Cat. 2983), AMPKα (Cat. 

5831), phospho-Thr172-AMPKα (Cat. 2535), cleaved-

PARP (Cat. 5625), cleaved-caspase-3 (Cat. 9664), p62 

(Cat. 8025), Beclin-1 (Cat. 3495), Atg5 (Cat. 2630), 

phospho-Thr389-p70S6 kinase (Cat. 9234), total p70S6 

kinase (Cat. 9202), and GAPDH (Cat. 2118) were 

purchased from Cell Signaling Technology (MA, USA). 

Antibodies against Bax (Cat. ab32503) and Bcl-2 (Cat. 

ab182858) were obtained from Abcam (Cambridge, 

UK). 3-Methyladenine (3-MA), Bafilomycin A1 (Baf 

A1), Rapamycin (RAPA), z-VAD-FMK, and 

dorsomorphin were purchased from MCE (NJ, USA). 

Alexa Fluor 488 anti-rabbit IgG was bought from 

Invitrogen. Other chemicals and reagents were obtained 

from Sigma-Aldrich. 

 

Real-time cell analysis 

 

Experiments using Real-Time Cell Analysis (RTCA) 

were performed at 37° C with 5% CO2 using an 

iCELLigence Analyzer (ACEA Biosciences Inc., CA, 

USA, Cat. 00380601120). Background measurements 

were conducted on E-plate L8 plates (ACEA 

Biosciences Inc., Cat. 00300600840) containing 200 μL 
DMEM. For cellular assays, 400 μL of a cell suspension 

(8,000 cells/well) containing various concentrations of 

CCE were added to plates and kept at room temperature 

(RT) for 30 min to allow cell deposition. Impedance 

values (cell index) were recorded every 15 min for 96 h. 

Every independent experiment was performed in 

triplicate. The slope of the cell index was calculated 

automatically by the RTCA software package 1.1.1 

(ACEA, Biosciences Inc.).  

 

Cell viability assay 

 

Cells were seeded at a density of 3.0 ×10
3
 cells/well in 

96-well culture plates and allowed to attach overnight 

before being exposed to various concentrations of ISO 

for the indicated times. Cell viability was determined 

every day using a CellTiter-Blue assay kit (Promega, 

WI, USA) according to the instructions of the 

manufacturer.  

 

Colony formation assay 

 

Cells were plated in 6-well plates at a density of 3,000 

cells per well. ISO-containing media were refreshed 

every 3 days for 14 days. After this period, the cultures 

were washed with PBS once and the cell colonies 

stained with 0.1% crystal violet (Beyotime, Shanghai, 

China) for 10 min at RT. Images of each well were 

recorded with a digital camera and the number of 

colonies was counted with ImageJ software. Data 

represent the mean ± SD derived from at least 3 

separate experiments. 

 

Apoptosis assay 

 

Cell apoptosis was assessed in HCC cells treated with 

various concentrations of ISO for 48 h using a FITC 

Annexin V Apoptosis Detection Kit (BD Biosciences, 

CA, USA). according to the manufacturer’s 

instructions. Cells were analyzed on a FACScan flow 

cytometer (Beckman Coulter Inc., CA, USA) using 

CellQuest and FlowJo software. 

 

Western blotting 
 

Western blotting was performed using a standard 

protocol. Briefly, HCC cells were harvested and lysed 

with 1% ice-cold SDS lysis buffer (Beyotime, 

Shanghai, China) include protease and phosphatase 

inhibitors (Roche), and protein concentration was 

quantified using a BCA Assay Kit (Thermo Fisher, DE, 

USA). Protein samples (30 μg) were subjected to 4-20% 

gradient PAGE gel (GenScript M42012) with Tris-

MOPS running buffer, and transferred onto PVDF 

membranes (Millipore, MA, USA). The membranes 

were blocked with 5% non–fat milk at RT for 1 h and 

incubated sequentially with primary antibodies at 4° C 

overnight. Horseradish peroxidase-conjugated seconda-

ry antibodies (MultiSciences, Hangzhou, China) were 
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added the following day for 1 h and then washed with 

TBST. Protein signals were detected using 

chemiluminescent ECL reagent (Thermo Scientific, 

USA), analyzed on an AlphaImager HP gel imaging 

system, and quantified with an image analysis software. 

 

Confocal immunofluorescence 
 

For immunofluorescence staining, cells were cultured 

on cover slips, fixed with 4% paraformaldehyde for 15 

min, and permeabilized with 0.1% Triton X-100. After 

blocking in 3% BSA for 30 min, primary anti-LC3B 

antibodies diluted in 1% BSA were added overnight at  

4° C. After washing 3 times with PBS, slides were 

incubated with Alexa Fluor 488-conjugated secondary 

antibody (1:1000) for 1.5 h at RT. Cells were then 

counterstained with DAPI and LC3B puncta images 

were captured using an inverted confocal fluorescence 

microscope (Carl Zeiss, Germany). 

 

siRNA transfection 

 

siRNAs targeting human Atg5 (si-Atg5), AMPK (si-

AMPK), as well as scrambled nonspecific (control) 

siRNAs were obtained from RiboBio (Guangzhou, 

China). The sequences of the targeted siRNAs were: 

Atg5–1 GGATGCAATTGAAGCTCAT, Atg5–2 

GGAAGCAGAACCATACTAT; AMPK-1 GCTTGAT 

GCACACATGAAT, AMPK-2 GCTGCACCAGAAG 

TAATTT. Cells were seeded into 6-well plates and 

transiently transfected at approximately 60% confluence 

with 50 nM siRNA using Lipofectamine 3000 

Transfection Reagent (Invitrogen) according to the 

manufacturer’s instructions. After a 6-h incubation in 

antibiotic-free medium the transfection medium was 

replaced by fresh medium, and 24 h later the cells were 

treated as indicated and then harvested for analysis. 

 

Statistical analysis 

 

Statistical analyses were performed using GraphPad 

Prism software (GraphPad Software Inc., La Jolla, CA). 

Statistical comparisons were performed with one-way 

ANOVA followed by Dunnett’s t-test. P < 0.05 was 

defined as statistically significant. Data represent the 

mean ± SD derived from at least 3 separate 

experiments. 

 

AUTHOR CONTRIBUTIONS 
 

Min Zheng contributed to study conceptualization, 

supervision and funding acquisition. Liyan Shui and 

Yanning Liu conceived and designed the experiments. 
Liyan Shui, Weina Wang, Mingjie Xie and Bingjue Ye 

performed the experiments. Liyan Shui, Weina Wang 

and Mingjie Xie analyzed the data. Xian Li and Min 

Zheng contributed reagents and materials. Liyan Shui 

wrote the paper. Min Zheng and Yanning Liu reviewed 

and edited the manuscript. All authors approved the 

final version of the manuscript. 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest regarding 

this manuscript. 

 

FUNDING 
 

This work was supported by the 13-5 State S&T 

Projects of China (2018ZX10302206), the key R&D 

projects of Zhejiang province (2015C03045), the 

National Natural Science Foundation of China 

(81871646), the National Natural Science Foundation of 

China (No. 31771634). 

 

REFERENCES 
 

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, 
Jemal A. Global cancer statistics 2018: GLOBOCAN 
estimates of incidence and mortality worldwide for 36 
cancers in 185 countries. CA Cancer J Clin. 2018; 
68:394–424. 

 https://doi.org/10.3322/caac.21492 PMID:30207593 

2. Sastre J, Díaz-Beveridge R, García-Foncillas J, Guardeño 
R, López C, Pazo R, Rodriguez-Salas N, Salgado M, Salud 
A, Feliu J. Clinical guideline SEOM: hepatocellular 
carcinoma. Clin Transl Oncol. 2015; 17:988–95. 

 https://doi.org/10.1007/s12094-015-1451-3 
PMID:26607931 

3. Ghobrial IM, Witzig TE, Adjei AA. Targeting apoptosis 
pathways in cancer therapy. CA Cancer J Clin. 2005; 
55:178–94. 

 https://doi.org/10.3322/canjclin.55.3.178 
PMID:15890640 

4. Klionsky DJ, Emr SD. Autophagy as a regulated pathway 
of cellular degradation. Science. 2000; 290:1717–21. 

 https://doi.org/10.1126/science.290.5497.1717 
PMID:11099404 

5. Maiuri MC, Tasdemir E, Criollo A, Morselli E, Vicencio 
JM, Carnuccio R, Kroemer G. Control of autophagy by 
oncogenes and tumor suppressor genes. Cell Death 
Differ. 2009; 16:87–93. 

 https://doi.org/10.1038/cdd.2008.131 PMID:18806760 

6. Kondo Y, Kanzawa T, Sawaya R, Kondo S. The role of 
autophagy in cancer development and response to 
therapy. Nat Rev Cancer. 2005; 5:726–34. 

 https://doi.org/10.1038/nrc1692 PMID:16148885 

7. Chiu HW, Ho SY, Guo HR, Wang YJ. Combination 
treatment with arsenic trioxide and irradiation 

https://doi.org/10.3322/caac.21492
https://pubmed.ncbi.nlm.nih.gov/30207593
https://doi.org/10.1007/s12094-015-1451-3
https://pubmed.ncbi.nlm.nih.gov/26607931
https://doi.org/10.3322/canjclin.55.3.178
https://pubmed.ncbi.nlm.nih.gov/15890640
https://doi.org/10.1126/science.290.5497.1717
https://pubmed.ncbi.nlm.nih.gov/11099404
https://doi.org/10.1038/cdd.2008.131
https://pubmed.ncbi.nlm.nih.gov/18806760
https://doi.org/10.1038/nrc1692
https://pubmed.ncbi.nlm.nih.gov/16148885


 

www.aging-us.com 24329 AGING 

enhances autophagic effects in U118-MG cells 
through increased mitotic arrest and regulation of 
PI3K/Akt and ERK1/2 signaling pathways. Autophagy. 
2009; 5:472–83. 

 https://doi.org/10.4161/auto.5.4.7759 
PMID:19242099 

8. Kim DK, Yang JS, Maiti K, Hwang JI, Kim K, Seen D, Ahn 
Y, Lee C, Kang BC, Kwon HB, Cheon J, Seong JY. A 
gonadotropin-releasing hormone-II antagonist induces 
autophagy of prostate cancer cells. Cancer Res. 2009; 
69:923–31. 

 https://doi.org/10.1158/0008-5472.CAN-08-2115 
PMID:19176390 

9. Levine B. Cell biology: autophagy and cancer. Nature. 
2007; 446:745–47. 

 https://doi.org/10.1038/446745a PMID:17429391 

10. Liu YL, Yang PM, Shun CT, Wu MS, Weng JR, Chen CC. 
Autophagy potentiates the anti-cancer effects of the 
histone deacetylase inhibitors in hepatocellular 
carcinoma. Autophagy. 2010; 6:1057–65. 

 https://doi.org/10.4161/auto.6.8.13365 
PMID:20962572 

11. Moretti L, Yang ES, Kim KW, Lu B. Autophagy 
signaling in cancer and its potential as novel target 
to improve anticancer therapy. Drug Resist Updat. 
2007; 10:135–43. 

 https://doi.org/10.1016/j.drup.2007.05.001 
PMID:17627865 

12. Rubinstein AD, Kimchi A. Life in the balance - a 
mechanistic view of the crosstalk between autophagy 
and apoptosis. J Cell Sci. 2012; 125:5259–68. 

 https://doi.org/10.1242/jcs.115865 PMID:23377657 

13. Eisenberg-Lerner A, Bialik S, Simon HU, Kimchi A. Life 
and death partners: apoptosis, autophagy and the 
cross-talk between them. Cell Death Differ. 2009; 
16:966–75. 

 https://doi.org/10.1038/cdd.2009.33 PMID:19325568 

14. Mariño G, Niso-Santano M, Baehrecke EH, Kroemer G. 
Self-consumption: the interplay of autophagy and 
apoptosis. Nat Rev Mol Cell Biol. 2014; 15:81–94. 

 https://doi.org/10.1038/nrm3735 PMID:24401948 

15. Sun C, Huang H, Xu C, Li X, Chen K. Biological activities 
of extracts from Chinese bayberry (Myrica rubra Sieb. 
et Zucc.): a review. Plant Foods Hum Nutr. 2013; 
68:97–106. 

 https://doi.org/10.1007/s11130-013-0349-x 
PMID:23605674 

16. Zhang X, Huang H, Zhang Q, Fan F, Xu C, Sun C, Li X, 
Chen K. Phytochemical characterization of Chinese 
bayberry (Myrica rubra Sieb. et Zucc.) of 17 cultivars 
and their antioxidant properties. Int J Mol Sci. 2015; 
16:12467–81. 

 https://doi.org/10.3390/ijms160612467 
PMID:26042467 

17. Zhang X, Huang H, Zhao X, Lv Q, Sun C, Li X, Chen K. 
Effects of flavonoids-rich Chinese bayberry (Myrica 
rubra Sieb. et Zucc.) pulp extracts on glucose 
consumption in human HepG2 cells. Journal of 
Functional Foods. 2015; 14:144–53. 

 https://doi.org/10.1016/j.jff.2015.01.030 

18. Li R, Yuan C, Dong C, Shuang S, Choi MM. In vivo 
antioxidative effect of isoquercitrin on cadmium-
induced oxidative damage to mouse liver and kidney. 
Naunyn Schmiedebergs Arch Pharmacol. 2011; 
383:437–45. 

 https://doi.org/10.1007/s00210-011-0613-2 
PMID:21336539 

19. Rogerio AP, Kanashiro A, Fontanari C, da Silva EV, 
Lucisano-Valim YM, Soares EG, Faccioli LH. Anti-
inflammatory activity of quercetin and isoquercitrin in 
experimental murine allergic asthma. Inflamm Res. 
2007; 56:402–08. 

 https://doi.org/10.1007/s00011-007-7005-6 
PMID:18026696 

20. Amado NG, Cerqueira DM, Menezes FS, da Silva JF, 
Neto VM, Abreu JG. Isoquercitrin isolated from hyptis 
fasciculata reduces glioblastoma cell proliferation and 
changes beta-catenin cellular localization. Anticancer 
Drugs. 2009; 20:543–52. 

 https://doi.org/10.1097/CAD.0b013e32832d1149 
PMID:19491660 

21. Zhang XJ, Chen S, Huang KX, Le WD. Why should 
autophagic flux be assessed? Acta Pharmacol Sin. 
2013; 34:595–99. 

 https://doi.org/10.1038/aps.2012.184 PMID:23474710 

22. Levine B, Kroemer G. Autophagy in the pathogenesis of 
disease. Cell. 2008; 132:27–42. 

 https://doi.org/10.1016/j.cell.2007.12.018 
PMID:18191218 

23. Mizushima N, Yoshimori T, Levine B. Methods in 
mammalian autophagy research. Cell. 2010; 
140:313–26. 

 https://doi.org/10.1016/j.cell.2010.01.028 
PMID:20144757 

24. Klionsky DJ, Abdelmohsen K, Abe A, Abedin MJ, 
Abeliovich H, Acevedo Arozena A, Adachi H, Adams 
CM, Adams PD, Adeli K, Adhihetty PJ, Adler SG, Agam 
G, et al. Guidelines for the use and interpretation of 
assays for monitoring autophagy (3rd edition). 
Autophagy. 2016; 12:1–222. 

 https://doi.org/10.1080/15548627.2015.1100356 
PMID:26799652 

25. Egan DF, Shackelford DB, Mihaylova MM, Gelino S, 
Kohnz RA, Mair W, Vasquez DS, Joshi A, Gwinn DM, 

https://doi.org/10.4161/auto.5.4.7759
https://pubmed.ncbi.nlm.nih.gov/19242099
https://doi.org/10.1158/0008-5472.CAN-08-2115
https://pubmed.ncbi.nlm.nih.gov/19176390
https://doi.org/10.1038/446745a
https://pubmed.ncbi.nlm.nih.gov/17429391
https://doi.org/10.4161/auto.6.8.13365
https://pubmed.ncbi.nlm.nih.gov/20962572
https://doi.org/10.1016/j.drup.2007.05.001
https://pubmed.ncbi.nlm.nih.gov/17627865
https://doi.org/10.1242/jcs.115865
https://pubmed.ncbi.nlm.nih.gov/23377657
https://doi.org/10.1038/cdd.2009.33
https://pubmed.ncbi.nlm.nih.gov/19325568
https://doi.org/10.1038/nrm3735
https://pubmed.ncbi.nlm.nih.gov/24401948
https://doi.org/10.1007/s11130-013-0349-x
https://pubmed.ncbi.nlm.nih.gov/23605674
https://doi.org/10.3390/ijms160612467
https://pubmed.ncbi.nlm.nih.gov/26042467
https://doi.org/10.1016/j.jff.2015.01.030
https://doi.org/10.1007/s00210-011-0613-2
https://pubmed.ncbi.nlm.nih.gov/21336539
https://doi.org/10.1007/s00011-007-7005-6
https://pubmed.ncbi.nlm.nih.gov/18026696
https://doi.org/10.1097/CAD.0b013e32832d1149
https://pubmed.ncbi.nlm.nih.gov/19491660
https://doi.org/10.1038/aps.2012.184
https://pubmed.ncbi.nlm.nih.gov/23474710
https://doi.org/10.1016/j.cell.2007.12.018
https://pubmed.ncbi.nlm.nih.gov/18191218
https://doi.org/10.1016/j.cell.2010.01.028
https://pubmed.ncbi.nlm.nih.gov/20144757
https://doi.org/10.1080/15548627.2015.1100356
https://pubmed.ncbi.nlm.nih.gov/26799652


 

www.aging-us.com 24330 AGING 

Taylor R, Asara JM, Fitzpatrick J, Dillin A, et al. 
Phosphorylation of ULK1 (hATG1) by AMP-activated 
protein kinase connects energy sensing to mitophagy. 
Science. 2011; 331:456–61. 

 https://doi.org/10.1126/science.1196371 
PMID:21205641 

26. Inoki K, Zhu T, Guan KL. TSC2 mediates cellular energy 
response to control cell growth and survival. Cell. 2003; 
115:577–90. 

 https://doi.org/10.1016/s0092-8674(03)00929-2 
PMID:14651849 

27. Matsui Y, Takagi H, Qu X, Abdellatif M, Sakoda H, 
Asano T, Levine B, Sadoshima J. Distinct roles of 
autophagy in the heart during ischemia and 
reperfusion: roles of AMP-activated protein kinase and 
beclin 1 in mediating autophagy. Circ Res. 2007; 
100:914–22. 

 https://doi.org/10.1161/01.RES.0000261924.76669.36 
PMID:17332429 

28. Meijer AJ, Dubbelhuis PF. Amino acid signalling and the 
integration of metabolism. Biochem Biophys Res 
Commun. 2004; 313:397–403. 

 https://doi.org/10.1016/j.bbrc.2003.07.012 
PMID:14684175 

29. Boya P, González-Polo RA, Casares N, Perfettini JL, 
Dessen P, Larochette N, Métivier D, Meley D, Souquere 
S, Yoshimori T, Pierron G, Codogno P, Kroemer G. 
Inhibition of macroautophagy triggers apoptosis. Mol 
Cell Biol. 2005; 25:1025–40. 

 https://doi.org/10.1128/MCB.25.3.1025-1040.2005 
PMID:15657430 

30. Bristol ML, Di X, Beckman MJ, Wilson EN, Henderson 
SC, Maiti A, Fan Z, Gewirtz DA. Dual functions of 
autophagy in the response of breast tumor cells to 
radiation: cytoprotective autophagy with radiation 
alone and cytotoxic autophagy in radiosensitization by 
vitamin D 3. Autophagy. 2012; 8:739–53. 

 https://doi.org/10.4161/auto.19313  
PMID:22498493 

31. Livesey KM, Tang D, Zeh HJ, Lotze MT. Autophagy 
inhibition in combination cancer treatment. Curr Opin 
Investig Drugs. 2009; 10:1269–79. 

 PMID:19943199 

32. Forner A, Reig M, Bruix J. Hepatocellular carcinoma. 
Lancet. 2018; 391:1301–14. 

 https://doi.org/10.1016/S0140-6736(18)30010-2 
PMID:29307467 

33. Huang G, Tang B, Tang K, Dong X, Deng J, Liao L, Liao Z, 
Yang H, He S. Isoquercitrin inhibits the progression of 
liver cancer in vivo and in vitro via the MAPK signalling 
pathway. Oncol Rep. 2014; 31:2377–84. 

 https://doi.org/10.3892/or.2014.3099  
PMID:24676882 

34. Amado NG, Predes D, Fonseca BF, Cerqueira DM, Reis 
AH, Dudenhoeffer AC, Borges HL, Mendes FA, Abreu 
JG. Isoquercitrin suppresses colon cancer cell growth in 
vitro by targeting the Wnt/β-catenin signaling 
pathway. J Biol Chem. 2014; 289:35456–67. 

 https://doi.org/10.1074/jbc.M114.621599 
PMID:25359775 

35. Maiuri MC, Zalckvar E, Kimchi A, Kroemer G. Self-eating 
and self-killing: crosstalk between autophagy and 
apoptosis. Nat Rev Mol Cell Biol. 2007; 8:741–52. 

 https://doi.org/10.1038/nrm2239 PMID:17717517 

36. Gump JM, Thorburn A. Autophagy and apoptosis: what 
is the connection? Trends Cell Biol. 2011; 21:387–92. 

 https://doi.org/10.1016/j.tcb.2011.03.007 
PMID:21561772 

37. Yokoyama T, Miyazawa K, Naito M, Toyotake J, Tauchi 
T, Itoh M, Yuo A, Hayashi Y, Georgescu MM, Kondo Y, 
Kondo S, Ohyashiki K. Vitamin K2 induces autophagy 
and apoptosis simultaneously in leukemia cells. 
Autophagy. 2008; 4:629–40. 

 https://doi.org/10.4161/auto.5941 PMID:18376138 

38. Wang Q, Chen Z, Diao X, Huang S. Induction of 
autophagy-dependent apoptosis by the survivin 
suppressant YM155 in prostate cancer cells. Cancer 
Lett. 2011; 302:29–36. 

 https://doi.org/10.1016/j.canlet.2010.12.007 
PMID:21220185 

39. Duan P, Hu C, Quan C, Yu T, Huang W, Chen W, Tang S, 
Shi Y, Martin FL, Yang K. 4-nonylphenol induces 
autophagy and attenuates mTOR-p70S6K/4EBP1 
signaling by modulating AMPK activation in sertoli 
cells. Toxicol Lett. 2017; 267:21–31. 

 https://doi.org/10.1016/j.toxlet.2016.12.015 
PMID:28041982 

40. Meley D, Bauvy C, Houben-Weerts JH, Dubbelhuis PF, 
Helmond MT, Codogno P, Meijer AJ. AMP-activated 
protein kinase and the regulation of autophagic 
proteolysis. J Biol Chem. 2006; 281:34870–79. 

 https://doi.org/10.1074/jbc.M605488200 
PMID:16990266 

41. Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR 
regulate autophagy through direct phosphorylation of 
Ulk1. Nat Cell Biol. 2011; 13:132–41. 

 https://doi.org/10.1038/ncb2152 PMID:21258367 

42. Zhao M, Klionsky DJ. AMPK-dependent 
phosphorylation of ULK1 induces autophagy. Cell 
Metab. 2011; 13:119–20. 

 https://doi.org/10.1016/j.cmet.2011.01.009 
PMID:21284977 

43. Cao ZX, Yang YT, Yu S, Li YZ, Wang WW, Huang J, Xie 
XF, Xiong L, Lei S, Peng C. Pogostone induces 
autophagy and apoptosis involving PI3K/Akt/mTOR 

https://doi.org/10.1126/science.1196371
https://pubmed.ncbi.nlm.nih.gov/21205641
https://doi.org/10.1016/s0092-8674(03)00929-2
https://pubmed.ncbi.nlm.nih.gov/14651849
https://doi.org/10.1161/01.RES.0000261924.76669.36
https://pubmed.ncbi.nlm.nih.gov/17332429
https://doi.org/10.1016/j.bbrc.2003.07.012
https://pubmed.ncbi.nlm.nih.gov/14684175
https://doi.org/10.1128/MCB.25.3.1025-1040.2005
https://pubmed.ncbi.nlm.nih.gov/15657430
https://doi.org/10.4161/auto.19313
https://pubmed.ncbi.nlm.nih.gov/22498493
https://pubmed.ncbi.nlm.nih.gov/19943199
https://doi.org/10.1016/S0140-6736(18)30010-2
https://pubmed.ncbi.nlm.nih.gov/29307467
https://doi.org/10.3892/or.2014.3099
https://pubmed.ncbi.nlm.nih.gov/24676882
https://doi.org/10.1074/jbc.M114.621599
https://pubmed.ncbi.nlm.nih.gov/25359775
https://doi.org/10.1038/nrm2239
https://pubmed.ncbi.nlm.nih.gov/17717517
https://doi.org/10.1016/j.tcb.2011.03.007
https://pubmed.ncbi.nlm.nih.gov/21561772
https://doi.org/10.4161/auto.5941
https://pubmed.ncbi.nlm.nih.gov/18376138
https://doi.org/10.1016/j.canlet.2010.12.007
https://pubmed.ncbi.nlm.nih.gov/21220185
https://doi.org/10.1016/j.toxlet.2016.12.015
https://pubmed.ncbi.nlm.nih.gov/28041982
https://doi.org/10.1074/jbc.M605488200
https://pubmed.ncbi.nlm.nih.gov/16990266
https://doi.org/10.1038/ncb2152
https://pubmed.ncbi.nlm.nih.gov/21258367
https://doi.org/10.1016/j.cmet.2011.01.009
https://pubmed.ncbi.nlm.nih.gov/21284977


 

www.aging-us.com 24331 AGING 

axis in human colorectal carcinoma HCT116 cells. J 
Ethnopharmacol. 2017; 202:20–27. 

 https://doi.org/10.1016/j.jep.2016.07.028 
PMID:27416805 

44. Tam RC, Li MW, Gao YP, Pang YT, Yan S, Ge W, Lau CS, 
Chan VS. Human CLEC16A regulates autophagy 
through modulating mTOR activity. Exp Cell Res. 2017; 
352:304–12. 

 https://doi.org/10.1016/j.yexcr.2017.02.017 
PMID:28223137 

45. Zhang L, Wang H, Zhu J, Xu J, Ding K. Mollugin induces 
tumor cell apoptosis and autophagy via the 
PI3K/AKT/mTOR/p70S6K and ERK signaling pathways. 
Biochem Biophys Res Commun. 2014; 450:247–54. 

 https://doi.org/10.1016/j.bbrc.2014.05.101 
PMID:24887566 

46. Ishaq M, Khan MA, Sharma K, Sharma G, Dutta RK, 
Majumdar S. Gambogic acid induced oxidative stress 
dependent caspase activation regulates both apoptosis 
and autophagy by targeting various key molecules (NF-
κB, Beclin-1, p62 and NBR1) in human bladder cancer 
cells. Biochim Biophys Acta. 2014; 1840:3374–84. 

 https://doi.org/10.1016/j.bbagen.2014.08.019 
PMID:25218692 

47. Liang XH, Kleeman LK, Jiang HH, Gordon G, Goldman 
JE, Berry G, Herman B, Levine B. Protection against 
fatal sindbis virus encephalitis by beclin, a novel Bcl-2-
interacting protein. J Virol. 1998; 72:8586–96. 

 https://doi.org/10.1128/JVI.72.11.8586-8596.1998 
PMID:9765397 

48. Rahman MA, Bishayee K, Habib K, Sadra A, Huh SO. 
18α-glycyrrhetinic acid lethality for neuroblastoma 
cells via de-regulating the beclin-1/Bcl-2 complex and 
inducing apoptosis. Biochem Pharmacol. 2016; 
117:97–112. 

 https://doi.org/10.1016/j.bcp.2016.08.006 
PMID:27520483 

49. Dai Y, Zhang H, Zhang J, Yan M. Isoquercetin 
attenuates oxidative stress and neuronal apoptosis 
after ischemia/reperfusion injury via Nrf2-mediated 

inhibition of the NOX4/ROS/NF-κB pathway. Chem Biol 
Interact. 2018; 284:32–40. 

 https://doi.org/10.1016/j.cbi.2018.02.017 
PMID:29454613 

50. Akar U, Chaves-Reyez A, Barria M, Tari A, Sanguino A, 
Kondo Y, Kondo S, Arun B, Lopez-Berestein G, Ozpolat 
B. Silencing of bcl-2 expression by small interfering 
RNA induces autophagic cell death in MCF-7 breast 
cancer cells. Autophagy. 2008; 4:669–79. 

 https://doi.org/10.4161/auto.6083  
PMID:18424910 

51. Levine B, Sinha S, Kroemer G. Bcl-2 family members: 
dual regulators of apoptosis and autophagy. 
Autophagy. 2008; 4:600–6. 

 https://doi.org/10.4161/auto.6260 

52. Liao Z, Dai Z, Cai C, Zhang X, Li A, Zhang H, Yan Y, Lin W, 
Wu Y, Li H, Li H, Xie Q. Knockout of Atg5 inhibits 
proliferation and promotes apoptosis of DF-1 cells. In 
Vitro Cell Dev Biol Anim. 2019; 55:341–48. 

 https://doi.org/10.1007/s11626-019-00342-7 
PMID:31025250 

53. Shroff A, Reddy KV. Autophagy gene ATG5 knockdown 
upregulates apoptotic cell death during candida 
albicans infection in human vaginal epithelial cells. Am 
J Reprod Immunol. 2018; 80:e13056. 

 https://doi.org/10.1111/aji.13056  
PMID:30303264 

54. Lin P, Bush JA, Cheung KJ Jr, Li G. Tissue-specific 
regulation of fas/APO-1/CD95 expression by p53. Int J 
Oncol. 2002; 21:261–64. 

 PMID:12118319 

55. Pyo JO, Jang MH, Kwon YK, Lee HJ, Jun JI, Woo HN, Cho 
DH, Choi B, Lee H, Kim JH, Mizushima N, Oshumi Y, 
Jung YK. Essential roles of Atg5 and FADD in autophagic 
cell death: dissection of autophagic cell death into 
vacuole formation and cell death. J Biol Chem. 2005; 
280:20722–29. 

 https://doi.org/10.1074/jbc.M413934200 
PMID:15778222 

  

https://doi.org/10.1016/j.jep.2016.07.028
https://pubmed.ncbi.nlm.nih.gov/27416805
https://doi.org/10.1016/j.yexcr.2017.02.017
https://pubmed.ncbi.nlm.nih.gov/28223137
https://doi.org/10.1016/j.bbrc.2014.05.101
https://pubmed.ncbi.nlm.nih.gov/24887566
https://doi.org/10.1016/j.bbagen.2014.08.019
https://pubmed.ncbi.nlm.nih.gov/25218692
https://doi.org/10.1128/JVI.72.11.8586-8596.1998
https://pubmed.ncbi.nlm.nih.gov/9765397
https://doi.org/10.1016/j.bcp.2016.08.006
https://pubmed.ncbi.nlm.nih.gov/27520483
https://doi.org/10.1016/j.cbi.2018.02.017
https://pubmed.ncbi.nlm.nih.gov/29454613
https://doi.org/10.4161/auto.6083
https://pubmed.ncbi.nlm.nih.gov/18424910
https://doi.org/10.4161/auto.6260
https://doi.org/10.1007/s11626-019-00342-7
https://pubmed.ncbi.nlm.nih.gov/31025250
https://doi.org/10.1111/aji.13056
https://pubmed.ncbi.nlm.nih.gov/30303264
https://pubmed.ncbi.nlm.nih.gov/12118319
https://doi.org/10.1074/jbc.M413934200
https://pubmed.ncbi.nlm.nih.gov/15778222


 

www.aging-us.com 24332 AGING 

SUPPLEMENTARY MATERIAL 
 

Supplementary Figure 

 

 

 

 

 
 

Supplementary Figure 1. GFP-LC3 puncta in ISO-treated Hela cells. 


