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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 [7ï11]. 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 ɛg/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 ɛg/mL; A549, IC50 = 8.6 ɛg/mL; HepG2, IC50 = 

4.67 ɛg/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 CCEôs 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 ɛM) 

and Huh7 cells (IC50 = 317.1- 634.4 ɛM) after 24ï72 h 

treatment (Figure 1B). Furthermore, we assessed ISOôs 

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-рлл ˃a L{h ƻǊ лΦн҈ ŘƛƳŜǘƘȅƭ ǎǳƭŦƻȄƛŘŜ ό5a{hΤ ǾŜƘƛŎƭŜύ ŦƻǊ нпΣ пуΣ 
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 

ƘΦ bǳŎƭŜƛ ǿŜǊŜ ǎǘŀƛƴŜŘ ǿƛǘƘ 5!tLΦ {ŎŀƭŜ ōŀǊΥ млл ˃ƳΦ (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 
плл ˃a L{h ŦƻǊ пуΣ ŀƭƻƴŜ ƻǊ ŀŦǘŜǊ н-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 [25ï28], 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 [29ï31]. 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 ɛM 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/ɓ-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 ISOôs 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, ŀƴŘ ǘƘŜƴ ǘǊŜŀǘŜŘ ǿƛǘƘ L{h όплл ˃aύ ŦƻǊ пу ƘΦ (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 

IǳƘтŎŜƭƭǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ плл ˃a L{h ŦƻǊ пу Ƙ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻǊ ŀōǎŜƴŎŜ ƻŦ млл ƴa ǊŀǇŀƳȅŎƛƴ όw!t!ύ ƻǊ млл ˃a Ȋ-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. 


