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Hyperoside induces both autophagy and apoptosis in 
non-small cell lung cancer cells in vitro
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Aim: Hyperoside (quercetin-3-O-β-D-galactopyranoside) is a flavonol glycoside found in plants of the genera Hypericum and Crataegus, 
which exhibits anticancer, anti-oxidant, and anti-inflammatory activities.  In this study we investigated whether autophagy was involved 
in the anticancer mechanisms of hyperoside in human non-small cell lung cancer cells in vitro.
Methods: Human non-small cell lung cancer cell line A549 was tested, and human bronchial epithelial cell line BEAS-2B was used for 
comparison.  The expression of LC3-II, apoptotic and signaling proteins was measured using Western blotting.  Autophagosomes were 
observed with MDC staining, LC3 immunocytochemistry, and GFP-LC3 fusion protein techniques.  Cell viability was assessed using MTT 
assay.
Results: Hyperoside (0.5, 1, 2 mmol/L) dose-dependently increased the expression of LC3-II and autophagosome numbers in A549 
cells, but had no such effects in BEAS-2B cells.  Moreover, hyperoside dose-dependently inhibited the phosphorylation of Akt, mTOR, 
p70S6K and 4E-BP1, but increased the phosphorylation of ERK1/2 in A549 cells.  Insulin (200 nmol/L) markedly enhanced the 
phosphorylation of Akt and decreased LC3-II expression in A549 cells, which were reversed by pretreatment with hyperoside, whereas 
the MEK1/2 inhibitor U0126 (20 µmol/L) did not blocked hyperoside-induced LC3-II expression.  Finally, hyperoside dose-dependently 
suppressed the cell viability and induced apoptosis in A549 cells, which were significantly attenuated by pretreatment with the 
autophagy inhibitor 3-methyladenine (2.5 mmol/L).
Conclusion: Hyperoside induces both autophagy and apoptosis in human non-small cell lung cancer cells in vitro.  The autophagy is 
induced through inhibiting the Akt/mTOR/p70S6K signal pathways, which contributes to anticancer actions of hyperoside.
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Introduction
Lung cancer is one of the most common malignant tumors in 
the world.  Non-small cell lung cancer (NSCLC) accounts for 
approximately 85% of all lung cancers.  Despite the combina-
tion of surgery, chemotherapy, and radiotherapy, NSCLC 
patients still have poor prognoses.  Therefore, there is an 
urgent need to develop new therapeutic strategies.

Most anti-cancer drugs are associated with the induction of 
programmed cell death (PCD).  Apoptosis, also known as type 
Ι cell death, was regarded as the principal cell death mecha-
nism[1, 2].  However, cancer cells trigger multiple pathways 
to escape from apoptosis[3].  Autophagy is known as a non-
apoptotic (type II) PCD.  It has been reported that excessive 
stimulation of autophagy through over-expression of beclin 1 

suppresses tumorigenesis[4].  Autophagy has a complex 
relationship with apoptosis, especially in tumor cell lines[5].  
Autophagy functions as a tumor suppression mechanism 
by removing damaged organelles/proteins and limiting cell 
growth and genomic instability[6].  Several studies have shown 
that autophagy can enhance caspase-dependent cell death[7].

Autophagy is characterized by the large-scale sequestra-
tion of portions of the cytoplasm in autophagosomes, giving 
the cell a characteristic vacuolated appearance[8].  During 
autophagy, a phagophore sourced from endoplasmic reticu-
lum or plasma membrane sequesters the cellular contents and 
elongates to form autophagosomes, depending on autophagy-
related gene (Atg) proteins[9, 10].  Then, the autophagosomes 
fuse with lysosomes to form autolysosomes[11].

Phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) 
signaling is frequently activated in various types of cancers 
and hence represents a major cell survival pathway[12].  One 
well-known signaling pathway downstream of PI3K/Akt 
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is the mammalian target of rapamycin (mTOR) pathway.  
mTOR serves as a central regulator of autophagy and forms 
two distinct signaling complexes, known as mTORC1 and 
mTORC2[13].  The best-characterized downstream effectors of 
mTORC1 are p70S6 kinase (p70S6K) and the eukaryotic initia-
tion factor 4E binding protein 1 (4E-BP1), which control pro-
tein translation[14].  Constitutive activation of the PI3K/Akt/
mTOR pathway occurs in 90% of NSCLC cell lines[15].  Several 
anti-cancer agents are known to inhibit the PI3K/Akt/mTOR/
p70S6K pathway and simultaneously activate extracellular 
signal-regulated kinase (ERK1/2), resulting in induction of 
autophagy in tumor cell lines[16, 17].  In accordance with this 
observation, treatment with the mTOR inhibitor rapamycin 
was associated with a 90% reduction in carcinogen-induced 
lung tumors in a murine model[18].

Flavonoids are a group of the most abundant polyphenols 
in our daily diet and display a wide range of pharmacologi-
cal properties[19].  Quercetin-3-O-β-D-galactopyranoside, also 
known as hyperoside, is a flavonol glycoside mainly found 
in plants of the genera Hypericum and Crataegus[20].  Previous 
studies have shown that hyperoside has anti-oxidant[21], anti-
cancer[22, 23] and anti-inflammatory activities[24-26].  Furthermore, 
hyperoside produced anti-cancer effects through inducing 
apoptosis[22] and inhibiting of oncogenic microRNA-27a[27].  
However, whether hyperoside induces autophagy, and the 
role it plays in cell death in human lung cancer cells, remain 
unclear.  In this study, we aimed to investigate the effects of 
hyperoside-induced autophagy in the A549 cell line and its 
underlying mechanisms, focusing on the role of the PI3K/
Akt/mTOR and ERK1/2 signaling pathways in hyperoside-
induced autophagy.

Materials and methods
Reagents
Hyperoside (MW: 464.38, HPLC ≥98%) was purchased from 
Nanjing Spring & Autumn Biological Engineering Co, Ltd 
(Nanjing, China).  Hyperoside was dissolved in aqueous 
DMSO and delivered to cells in media containing this solvent 
at a final concentration of 0.1% (v/v).  U0126 and rapamy-
cin were obtained from Calbiochem (Darmstadt, Germany).  
3-Methyladenine (3-MA) was from Sigma-Aldrich Chemical 
Co (St  Louis, MO, USA).  E64d, pepstatin A, and insulin were 
from Sigma Chemical Co (St Louis, MO, USA).  Triciribine 
was from Santa Cruz Biotechnology (Santa Cruz, CA, USA).  
Monodansylcadaverine (MDC) was purchased from Nanjing 
KeyGEN Biotech Co, Ltd (Nanjing, China).  The 5-bromo-
2’-deoxyuridine (BrdU) cell proliferation assay kit was from 
Merck Millipore.

Cell culture
The human NSCLC cell line A549 was obtained from Rochen 
Pharma Co, Ltd (Shanghai, China).  The normal human 
bronchial epithelial cell line BEAS-2B was from Shanghai 
MEIXUAN Biological Science and Technology Ltd (Shanghai, 
China).  The cells were cultured and grown in Dulbecco’s 
modified Eagle’s medium (DMEM, Gibco, Grand Island, 

NY, USA) supplemented with 10% fetal bovine serum (FBS), 
(Gibco, USA) and 100 U/mL penicillin-streptomycin mixed 
antibiotics at 37 °C in a humidified 5% CO2 incubator.

Cell viability assays
Cell viability was measured by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) method.  Briefly, 
A549 cells were seeded in a 96-well plate at a density of 5×103 

cells/well containing 100 μL of culture medium.  After 24 h 
incubation, the medium was carefully removed, and 100 μL 
of fresh medium containing various concentrations of hype-
roside (0.1, 0.5, 1, and 2 mmol/L) was added to the wells.  
The cells were continuously treated with hyperoside for 24 or 
48 h.  Then, the medium was carefully removed, and 100 μL of 
fresh medium containing 0.5 mg/mL MTT was added to the 
wells.  After 4 h incubation, the dark blue formazan crystals 
formed in intact cells were dissolved in DMSO, and the absor-
bance at 570 nm was read using a microplate reader (Thermo, 
Waltham, MA, USA).  Absorbance of untreated cells was con-
sidered 100%.

BrdU cell proliferation assay
The BrdU assay was used to examine the effect of hyperoside 
on the proliferation of A549 cells.  A cell proliferation ELISA 
was used to measure the incorporation of BrdU during DNA 
synthesis following the manufacturer’s protocols.  Briefly, 
A549 cells were seeded in a 96-well plate at a density of 5×103 

cells/well containing 100 μL of culture medium.  After 24 h 
incubation, the medium was carefully removed, and 100 μL of 
fresh medium containing various concentrations of hyperoside 
(0.1, 0.5, 1, and 2 mmol/L) was added to the wells for 48 h.  
Eighteen hours before termination of the experiments, BrdU 
(10 µmol/L) was added to the culture medium.  Then, the 
BrdU-labeled cells were fixed, and the DNA was denatured 
in fixative solution for 30 min at room temperature.  The cells 
were then incubated with peroxidase-conjugated anti-BrdU 
antibody for 1 h at room temperature, followed by washing 
three times with washing solution.  The immune complex was 
detected using a 3,3′,5,5′-tetramethylbenzidine substrate reac-
tion, and absorbance was measured at 450 nm.

MDC staining of autophagic vacuoles
MDC staining of autophagic vacuoles was performed for 
autophagy analysis as previously described[28].  A549 cells 
or BEAS-2B cells were seeded onto coverslips placed onto a 
24-well plate at a density of 1×104 cells/mL 24 h before treat-
ment and were incubated overnight at 37 °C.  After a 48 h 
treatment with hyperoside (2 mmol/L), the cells were incu-
bated for 20 min with MDC (0.05 mmol/L) at 37 °C and were 
then washed four times with PBS.  Autophagic vacuoles were 
observed under a fluorescence microscope.

Western blotting analysis
Western blot analysis was performed as previously 
described[29].  Whole cell lysates were prepared from A549 
cells or BEAS-2B cells cultured in 6-well dishes using radioim-



507

www.chinaphar.com
Fu T et al

Acta Pharmacologica Sinica

npg

munoprecipitation assay (RIPA) lysis buffer in the presence 
of protease inhibitors.  After 30 min of lysis buffer treatment 
at 4 °C, insoluble material was removed by centrifugation 
for 30 min at 12 000×g, and the protein concentration of the 
lysate was determined using a BCA assay.  Equal amounts of 
protein were then separated by SDS-PAGE, transferred onto 
nitrocellulose membranes, and probed with the following 
primary antibodies: anti-p70S6K (#2708), anti-4E-BP1(#9644), 
anti-mTOR (#2983), anti-Akt (#92720), anti-ERK1/2 (#4695), 
anti-phospho-p70S6K (Thr389, #9234), anti-phospho-4E-BP1 
(Thr37/46, #2855), anti-phospho-mTOR (Ser2448, #2971), 
anti-phospho-Akt (Ser473, #4060), anti-phospho-ERK1/2 
(Thy202/Tyr204, #4370), anti-microtubule-associated protein 
1 light chain 3 (LC3) A/B (#4108), and anti-p62 (#8025), anti-
GFP (#2956), anti-caspase-3 (#9662), anti-cleaved caspase-3 
(#9661), and anti-cleaved PARP (#5625) (all from Cell Signal-
ing Technology, Beverly, MA, USA and diluted 1:1000).  After 
being washed with PBS, membranes were incubated with 
horseradish peroxidase-conjugated anti-rabbit IgG secondary 
antibody (1:2000, Cell Signaling Technology).  Then, the mem-
branes were washed and visualized using the ECL kit (Pierce, 
Rockford, IL, USA).  The membranes were then reprobed for 
β-actin immunoreactivity using anti-β-actin antibody (1:2000, 
Cell Signaling Technology).  Staining intensity was quantified 
from 3 blots derived from 3 independent experimental trials.  
The density of each band was quantified using ImageJ soft-
ware and normalized β-actin expression.  The protein levels 
are expressed as a ratio of the band intensity for the protein of 
interest to that for β-actin, which was used as a loading con-
trol.

GFP-LC3 plasmid transfection and GFP-LC3 dot formation
The GFP-LC3 fusion protein was used to visualize autopha-
gosomes in cells.  A549 cells were seeded onto coverslips 
placed onto a 24-well plate at a density of 1×104 cells/mL 24 h 
before treatment and were incubated overnight at 37 °C.  The 
cells were transfected with 1 μg GFP-LC3-expressing plasmid 
(Genomeditech, Shanghai, China) in each well of a 24-well 
plate according to the manufacturer’s instructions.  After 24 h 
of incubation, the medium was removed and fresh medium 
containing hyperoside (2 mmol/L) was added to the wells.  
The cells were continuously treated with hyperoside for 48 h.  
At the end of treatment, cells were washed twice with PBS and 
fixed in 4% paraformaldehyde for 15 min at room tempera-
ture.  After washing with PBS, coverslips were mounted on 
a microscope slide and observed under a fluorescence micro-
scope.

Immunofluorescence microscopy
After fixation with 4% paraformaldehyde for 30 min, A549 
cells cultured on coverslips were permeabilized in PBS with 
0.2% Triton X-100 for 5 min and incubated with 3% BSA 
in PBS for 30 min for the immunocytochemical analysis of 
LC3A/B.  The cells were incubated with a rabbit anti-LC3A/B 
(1:100; Cell Signaling Technology, Beverly, MA, USA) anti-
body overnight at 4 °C.  After extensive washes with PBS, the 

cells were incubated with an anti-rabbit secondary antibody 
conjugated with rhodamine (TRITC, 1:1000; The Jackson Labs, 
West Grove, PA, USA).

Statistical analysis
The data are expressed as the mean±SEM and were compared 
by one-way ANOVA followed by an LSD post hoc multiple-
comparison test.  P<0.05 was considered statistically signifi-
cant.

Results
Hyperoside induces autophagy in A549 cells
At the beginning of autophagy, the cytosolic form of LC3 
(LC3-I, 18 kDa) is converted to the phagophore and autopha-
gosome bound form of LC3 (LC3-II, 16 kDa).  Therefore, it is 
essential for formation of autophagosome and has been widely 
used for estimating the abundance of the autophagosome or 
autophagy[30].  To determine whether hyperoside induced 
autophagy in lung cancer cells, we first examined LC3-II levels 
by using Western blotting.  As presented in Figure 1A, LC3-
II levels (compared to β-actin loading controls) increased 
with 0.5–2 mmol/L hyperoside treatment over 48 h in A549 
cells in a concentration-dependent manner.  The hyperoside-
induced increase in LC3-II could occur at 6 h and could be 
sustained up to 48 h (Figure 1B).  Because the autofluorescent 
drug MDC accumulates in mature autophagic vacuoles, such 
as autophagolysosomes[28], MDC staining can be used to detect 
autophagic vacuoles.  As shown in Figure 1C, in control cells, 
MDC-labeled vacuoles were partially detected.  However, in 
48 h hyperoside-treated cells, MDC-labeled fluorescent dots 
were markedly increased.  p62 is selectively incorporated 
into autophagosomes through direct binding to LC3 and is 
efficiently degraded by autophagy[31]; thus, the total cellular 
expression levels of p62 inversely correlate with autophagic 
activity.  In this study, expression levels of p62 were decreased 
by hyperoside treatment in a concentration-dependent man-
ner (Figure 1D).  To investigate the LC3 localization, A549 
cells were transfected with a plasmid encoding GFP-LC3.  
After hyperoside treatment, GFP-LC3 was redistributed from 
a ubiquitous, diffuse pattern toward autophagosomes, which 
became visible as cytoplasmic dots, in A549 cells (Figure 1E).  
This effect was confirmed by the observation that hyperoside 
administration also increased the number of vesicles positive 
for endogenous LC3 (Figure 1F).

LC3-II can accumulate due to increased upstream autopha-
gosome formation or impaired downstream autophagosome-
lysosome fusion.  To distinguish between these two possibili-
ties, we assayed LC3-II in the presence of E64d plus pepstatin 
A, which inhibits lysosomal proteases[32].  As shown in Figure 
2A, hyperoside treatment significantly increased LC3-II levels 
in the presence of E64d plus pepstatin A compared to E64d 
plus pepstatin A alone.  To confirm the hyperoside effect on 
autophagic flux, GFP-LC3 conversion and the appearance of 
cleaved GFP was detected by immunoblotting with an anti-
GFP antibody after hyperoside treatment (Figure 2B).  These 
results strongly indicate that hyperoside treatment enhances 
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Figure 1.  Hyperoside induces autophagy in human non-small cell lung cancer cell lines A549.  (A) Conversions of LC3-Ι to LC3-II were determined by 
Western blotting with an antibody against LC3A/B after A549 cells were treated with various concentrations of hyperoside for 48 h.  β-Actin was a 
loading control.  The bar chart shows semiquantitative analysis of LC3-II levels relative to actin using three independent experiments.  (B) A549 cells 
treated with 2 mmol/L hyperoside for 6–48 h were analyzed by Western blotting with antibodies against LC3 A/B and β-actin.  The bar chart shows 
semiquantitative analysis of LC3-II levels relative to actin using three independent experiments.  (C) Monodansycadaverine (MDC) staining.  A549 cells 
treated with hyperoside (2 mmol/L) for 48 h were incubated with MDC (0.05 mmol/L) for 20 min and observed under a fluorescence microscope.  
Inserts are high magnification micrographs of the boxed regions (scale bar, 10 μm).  (D) A549 cells treated with various concentrations of hyperoside 
for 48 h were analyzed by immunoblotting with antibodies against p62 and β-actin.  The bar chart shows semiquantitative analysis of p62 levels 
relative to actin using three independent experiments.  (E) A549 cells transfected with GFP-LC3 expression vector for 4 h were subsequently treated 
with hyperoside (2 mmol/L) for 48 h.  The GFP-LC3 dots induced by hyperoside in A549 cells were observed with a confocal microscope.  (F) A549 cells 
treated with 2 mmol/L hyperoside for 48 h were stained with antibodies against LC3A/B.  They were analyzed with confocal microscopy.  Inserts are 
high magnification micrographs of the boxed regions (scale bar, 10 μm).  The data are expressed as the mean±SEM of 3 independent experiments.  
cP<0.01 compared with the control group.
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autophagic flux.

Hyperoside inhibits the Akt/mTOR/p70S6K signaling pathway 
and activates the ERK1/2 signaling pathway in A549 cells
The PI3K/Akt/mTOR signaling pathway, which is associated 
with tumorigenesis and often activated in numerous types of 
tumors, plays a critical role in autophagy and cell prolifera-
tion.  The inhibition of this signaling pathway is linked to the 
triggering of autophagy[33].  Thus, we sought to test whether 
hyperoside could induce autophagy by inhibition of this 
pathway using Western blotting.  After a 24 h treatment with 
hyperoside, there was a significant decrease in the levels of 
phosphorylated p70S6 kinase (Figure 3A) and 4E-BP1 (Figure 
3B) in a concentration-dependent manner compared with total 
normal levels in A549 cells.  To further ascertain the require-
ment for mTOR pathway inhibition in hyperoside-induced 
autophagy, we used a phospho-specific mTOR antibody 
(Ser2448), which has been shown to be important in the control 
of mTOR.  As expected, hyperoside treatment also decreased 
the level of phosphorylated mTOR and mTOR in A549 cells 
(Figure 3C).  To further investigate the upstream inhibition of 
mTOR by hyperoside, we used an antibody specific for phos-
phorylated serine 473, which measures both Akt/mTOR and 
mTORC2 activity.  As shown in Figure 3D, treatment with 
hyperoside caused marked decreases in phosphorylated Akt 
in a concentration-dependent manner.  In addition, increased 
activity of ERK1/2 has been reported to be required for induc-
tion of autophagy[17].  Therefore, we investigated whether 
hyperoside increases the level of phosphorylated ERK1/2, a 
key regulator of autophagy downstream of Akt.  As shown 
in Figure 3E, treatment with hyperoside increased the level 
of phosphorylated ERK1/2.  The inhibitory effects of hypero-
side on phospho-mTOR and phospho-p70S6K were initially 
detected 6 h after the addition of hyperoside, reaching a maxi-
mal level after 24 h (Figure 3F).

Hyperoside-induced autophagy is dependent on the PI3K/Akt/
mTOR pathway
Our above findings that hyperoside decreased the levels of 
major proteins in the Akt/mTOR pathway prompted us to 
investigate whether hyperoside-induced autophagy is acti-
vated through this pathway.  It has been reported that insulin 
not only activates the PI3K/Akt/mTOR signaling pathway 
but also suppresses autophagy[34, 35].  As shown in Figure 4A, 
insulin treatment for 30 min significantly increased the level 
of phospho-Akt (Ser473) whereas the phosphorylation of Akt 
was almost completely abolished by hyperoside (2 mmol/L) 
pretreatment.  The LC3-II/actin ratio was suppressed by insu-
lin; however, this effect of insulin was reduced by hyperoside 
pretreatment (Figure 4B).  Furthermore, the hyperoside and 
Akt inhibitor triciribine did not have additive effects on the 
levels of LC3-II/actin ratio compared to the single treatment 
of hyperoside or triciribine (Figure 4C and 4D).  To further 
clarify whether hyperoside facilitates autophagy through 
ERK1/2 signaling, A549 cells were treated with the mitogen-
activated protein kinase kinase 1/2 (MEK1/2) inhibitor U0126 
for 4 h followed by treatment with or without hyperoside for 
24 h.  The results showed that U0126 significantly but mildly 
reversed the levels of the LC3-II/actin ratio (Figure 4F).  The 
failure of U1026 to completely reverse the hyperoside effect 
can be explained by the autophagy induction through Akt/
mTOR signaling.

Because hyperoside-induced autophagy is dependent on 
mTOR inhibition, we looked at the effects of hyperoside on 
autophagy in the presence of rapamycin.  We hypothesized 
that combination treatment of hyperoside with rapamycin 
would not have additive effects on autophagy.  However, the 
results showed that the combination treatment of hyperoside 
with rapamycin showed an additive effect on the enhance-
ment of LC3-II/actin ratio compared to the single treatment 
with hyperoside or rapamycin (Figure 5A).  The results of 

Figure 2.  Hyperoside induced autophagic flux in a human non-small cell lung cancer cell line.  (A) A549 cells treated with hyperoside (2 mmol/L) 
with or without E64d (10 μg/mL) and pepstatin A (10 μg/mL) were analyzed by immunoblotting with antibodies against LC3A/B and β-actin.  The bar 
chart shows semiquantitative analysis of LC3 levels relative to β-actin using three independent experiments.  (B) A549 cells transfected with GFP-
LC3 expression vector for 24 h were treated with (2 mmol/L) hyperoside for 48 h.  Conversions of GFP-LC3 and endogenous LC3 were determined by 
Western blotting.  β-Actin was a loading control.  The data are expressed as the mean±SEM of 3 independent experiments.  cP<0.01 compared with the 
control group.  eP<0.05 compared with the E64d and pepstatin A group.



510

www.nature.com/aps
Fu T et al

Acta Pharmacologica Sinica

npg

MDC staining confirmed this additive effect (Figure 5B).

Role of autophagy in hyperoside-induced A549 cell death
Autophagy plays a critical role in regulation of survival or 
cell death[36].  Therefore, we decided to investigate whether 

hyperoside-induced autophagy rescues or induces cell death.  
A549 cells were treated with hyperoside (0.1, 0.5, 1, and 2 
mmol/L) for 24 h or 48 h, and cell viability was determined 
using the MTT assay.  Hyperoside treatment induced a sig-
nificant decrease in cell viability in a time- and concentration-

Figure 3.  Hyperoside inhibits the Akt/mTOR/p70S6 signaling pathway and activates ERK1/2 signaling in A549 cells.  A549 cells treated with 
hyperoside (0.5, 1, and 2 mmol/L) for 24 h were analyzed by Western blotting against phospho-p70S6K (Thr389) and total p70S6K (A), phospho-4E-
BP1 (Thr37/46) and total 4E-BP1 (B), phospho-mTOR (Ser2448) and total mTOR (C), phospho-Akt (Ser473) and total Akt (D), and phospho-ERK1/2 and 
total ERK1/2 (E).  β-Actin was a loading control.  Group data showing normalized phosphorylated or total kinases to β-actin were determined in each 
group of three experiments.  (F) A549 cells treated with 2 mmol/L hyperoside for 6, 12, or 24 h were analyzed by immunoblotting for levels of phospho-
mTOR and phospho-p70S6K.  β-Actin was a loading control.  The data are expressed as the mean±SEM of 3 independent experiments.  bP<0.05, 
cP<0.01 compared with the control group.
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Figure 4.  Hyperoside-induced autophagy is dependent on the PI3K/Akt/mTOR pathway.  (A and B) A549 cells treated with hyperoside (2 mmol/L) for 
4 h followed by treatment with or without 200 nmol/L insulin for 30 min were analyzed by Western blotting against phospho-Akt (A) or LC3A/B (B).  
Group data showing normalized phosphorylated Akt or LC3-II to β-actin were determined in each group of three experiments.  The data are expressed 
as the mean±SEM.  cP<0.01 compared with the control group.  fP<0.01 compared with insulin group.  (C and D) A549 cells treated with hyperoside (2 
mmol/L), 30 μmol/L triciribine, or hyperoside (2 mmol/L) with 30 μmol/L triciribine for 12 h were analyzed by immunoblotting against phospho-Akt (C) 
or LC3A/B (D).  Group data showing normalized phosphorylated Akt or LC3-II to β-actin were determined in each group of three experiments.  The data 
are expressed as the mean±SEM.  bP<0.05, cP<0.01 compared with the control group.  fP<0.01 compared with triciribine group.  (E and F) A549 cells 
treated with 2 mmol/L hyperoside with or without 20 μmol/L U0126 for 12 h were analyzed by immunoblotting using antibodies against phospho-ERK 
(E) or LC3A/B (F).  Group data showing normalized phosphorylated ERK or LC3A/B to β-actin were determined in each group of three experiments.  The 
data are expressed as the mean±SEM.  cP<0.01 compared with the control group.  fP<0.01 compared with hyperoside group.
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dependent manner (Figure 6A).  Additionally, the BrdU incor-
poration assay was used to examine the effect of hyperoside 
on the proliferation of A549 cells.  Continuous treatment of 
A549 cells with hyperoside for 48 h significantly inhibited the 
cell proliferation in a concentration-dependent manner (Figure 
6B).  Furthermore, we investigated the effects of hyperoside 
on cell viability in the presence of an autophagy inhibitor in 
A549 cells.  The autophagy inhibitor 3-MA is commonly used 
to define the role of autophagy under various physiological 
conditions[37].  As shown in Figure 6C and D, 3-MA, a specific 
inhibitor of the early-stage autophagic process[38], suppressed 
the expression of the LC3 protein and hyperoside-induced 
decrease in cell viability in A549 cells.  These data suggest that 
hyperoside-induced autophagy is not protective in A549 cells 
and leads to cell death.

Inhibition of autophagy reduced hyperoside-induced apoptotic 
cell death
Autophagy and apoptosis may act independently in paral-
lel pathways or may influence one another[5].  Autophagy 
may cooperate with apoptosis to promote cell death[39].  To 
determine if apoptosis occurs in hyperoside-induced A549 
cell death, we examined the activity of caspase-3 and cleaved 
PARP proteins, the biochemical hallmarks of an apoptotic 
event.  Treatment with various concentrations of hyperoside 
(0.5, 1, and 2 mmol/L) markedly increased levels of cleaved 
caspase-3 (Figure 7A) and cleaved PARP (Figure 7B) and 
decreased the levels of full-length caspase-3 in A549 cells in 
a concentration-dependent manner (Figure 7A).  These data 
indicated that hyperoside induced apoptosis in lung cancer 
cells.

Figure 5.  Rapamycin treatment with hyperoside shows an enhancement of autophagy.  (A) A549 cells treated with rapamycin (1 µmol/L) with or without 
2 mmol/L hyperoside for 48 h were analyzed by Western blotting with antibodies against LC3A/B and β-actin.  The bar chart shows the LC3-II/actin ratio 
using three independent experiments.  The data are expressed as the mean±SEM of 3 independent experiments.  cP<0.01 compared with the control 
group.  eP<0.05 compared with the single treatment of hyperoside.  (B) A549 cells treated with hyperoside (2 mmol/L) with or without rapamycin (1 
μmol/L) for 48 h were incubated with MDC (0.05 mmol/L) for 20 min and observed under a fluorescence microscope.
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To test whether hyperoside-induced apoptosis is dependent 
on autophagy, we investigated the apoptotic effect of inhibi-
tion of autophagy by 3-MA after hyperoside exposure.  A549 
cells were treated with hyperoside (2 mmol/L) in the presence 
or absence of 3-MA (2 mmol/L) for 48 h.  3-MA pretreatment 
markedly attenuated the hyperoside-induced up-regulation 
of cleaved caspase-3 and cleaved PARP (Figure 7C).  Pretreat-
ment with 3-MA remarkably attenuated the formation of 
autophagic vacuoles in the presence of hyperoside (Figure 
7D), suggesting that hyperoside-induced apoptosis of A549 
cells is at least partly dependent on autophagy.

Hyperoside does not affect human bronchial epithelial cells
To evaluate if hyperoside has any effect on non-tumor cells, 
the bronchial epithelial cell line BEAS-2B was used in further 
experiments.  As shown in Figure 8A, hyperoside did not 
cause a significant increase in LC3-II protein levels in BEAS-

2B cells.  In comparison, the same concentration of hyperoside 
tested under comparable experimental conditions resulted in a 
2.8-fold increase in LC3-II protein levels in the lung cancer cell 
line A549.  The results of MDC staining revealed that hypero-
side treatment did not induce a significant increase in the for-
mation of autophagic vacuoles in BEAS-2B cells (Figure 8B).

Discussion
Currently, it has been reported that hyperoside exhibits anti-
cancer properties by inhibiting cell proliferation, inducing 
apoptosis, decreasing angiogenesis, and causing cell cycle 
arrest in several cancer cell lines[40].  However, whether hype-
roside induces autophagy and its molecular mechanisms 
remain unknown.  The results of this study showed that 
hyperoside induced autophagy accompanied by apoptosis in 
A549 cells.  Regarding signal pathways, hyperoside inhibited 
the Akt/mTOR/p70S6K and activated the ERK1/2 pathways, 

Figure 6.  Autophagy is involved in hyperoside-induced A549 cell death.  (A) A549 cells (5×103 cells/well in 96-well plate) were treated with different 
concentrations of hyperoside (0.1, 0.5, 1, and 2 mmol/L) for 24 h or 48 h.  Cell viability was analyzed by the MTT assay.  (B) After A549 cells (5×103 
cells/well in 96-well plate) were treated with different concentrations of hyperoside (0.1, 0.5, 1, and 2 mmol/L) for 48 h, cell proliferation was measured 
using the BrdU incorporation assay.  (C and D) A549 cells were pretreated with 2.5 mmol/L 3-MA for 1 h before the addition of 2 mmol/L hyperoside for 
an additional incubation of 24 or 48 h.  Cellular proteins of the 48 h treatment sample were lysed and subjected to Western blot analysis with an anti-
LC3A/B antibody.  The bar chart showed LC3-II/β-actin ratio using three independent experiments (C).  Cell viability was analyzed by the MTT assay (D).  
The data are expressed as the mean±SEM of 3 independent experiments.  bP<0.05, cP<0.01 compared with the control group.  fP<0.01 compared with 
the single treatment with hyperoside (2 mmol/L).
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Figure 7.  Inhibition of autophagy reduced hyperoside-induced apoptotic cell death.  (A) A549 cells were treated with hyperoside (0.5, 1 or 2 mmol/L) 
for 48 h and analyzed with immunoblotting for levels of caspase-3 and cleaved caspase-3.  The bar chart shows semiquantitative analysis of caspase-3 
or cleaved caspase-3 to β-actin using three independent experiments.  (B) A549 cells were treated with hyperoside (0.5, 1 or 2 mmol/L) for 48 h 
and analyzed with immunoblotting for cleaved PARP.  The bar chart shows semiquantitative analysis of cleaved PARP.  (C) A549 cells were treated 
with hyperoside (2 mmol/L) with or without 3-MA (2 mmol/L) for 48 h and analyzed with immunoblotting for cleaved caspase-3 and cleaved PARP.  
The bar chart shows cleaved caspase-3 or cleaved PARP/β-actin ratio.  The data are expressed as the mean±SEM of 3 independent experiments.  
bP<0.05, cP<0.01 compared with the control group.  fP<0.01 compared with the single treatment with hyperoside (2 mmol/L).  (D) A549 cells treated 
with hyperoside (2 mmol/L) with or without 3-MA (2 mmol/L) for 48 h were incubated with MDC (0.05 mmol/L) for 20 min and observed under a 
fluorescence microscope.

resulting in autophagy.  We also found that inhibition of 
autophagy by specific inhibitors (3-MA) increased cell viabil-
ity and significantly decreased apoptosis in A549 cells.  The 
results strongly indicate that autophagy is important in anti-
cancer functions of hyperoside.

Autophagy is considered an alternative therapeutic 
approach in cancer cells[41].  Autophagy involves the formation 

of autophagosomes that assemble around and encapsulate 
damaged organelles or cellular debris and then fuse with 
lysosomes to degrade their contents[42].  The presence of LC3 
in autophagosomes and the conversion of LC3-I to LC3-
II are known indicators of autophagy[43].  Detection of LC3 
using Western blotting showed that in A549 lung cancer cells, 
hyperoside treatment increased the conversion of LC3-I to 
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II in a dose- and time-dependent manner.  LC3-II binds to 
p62/SQSTM1, which is involved in trafficking proteins to 
the proteasome and facilitates the autophagic degradation 
of ubiquitinated protein aggregates[31].  p62/SQSTM1 is nor-
mally degraded with autophagosomes and accumulates when 
autophagy is impaired[6].  In this study, expression levels of 
p62 were also decreased by hyperoside treatment.  Autopha-
gic flux implies a balance between autophagosome formation 
and autophagic degradation.  Either increased autophagosome 
formation in the early stage or defective degradation in the 
late stage can lead to accumulation of autophagic vacuoles.  
Lysosomal degradation can be prevented through the use of 
protease inhibitors such as E64d plus pepstatin A.

In our study, hyperoside-induced LC3-II accumulation 
could be a result of either LC3-I to LC3-II conversion or defects 
in LC3-II degradation.  To distinguish between these two 
possibilities, we assayed LC3-II in the presence of E64d plus 
pepstatin A.  The results showed that hyperoside significantly 
increased LC3-II levels in the presence of E64d plus pepstatin 
A compared to E64d plus pepstatin A alone in A549 cells.  This 
implies that the rate of autophagosome formation is much 
higher than its turnover by lysosomes.  According to these 
results, hyperoside elicits an extremely imbalanced autopha-
gic flux, leading to a cytotoxic effect on lung cancer cells.  The 

impact of hyperoside on healthy tissue was evaluated by 
use of the bronchial epithelial cell line BEAS-2B.  In contrast 
to lung cancer cells, hyperoside failed to induce significant 
autophagy in BEAS-2B cells.

Because activation of PI3K/Akt occurs in 90% of NSCLC cell 
lines, it has become an important target for the development 
of anti-cancer drugs.  Several anti-cancer agents are known to 
inhibit the PI3K/Akt/mTOR/p70S6K pathway, resulting in 
induction of autophagy in tumor cell lines[17].  In this study, we 
found that hyperoside treatment significantly decreased the 
expression levels of phospho-Akt (Ser473), phospho-mTOR, 
phospho-p70S6K (Thr389) and phospho-4E-BP1 (Thr37/46) in 
A549 cells.  Our results show that hyperoside treatment inhib-
ited the components of the Akt/mTOR/p70S6K pathway.  The 
intriguing finding in this study is that hyperoside decreases 
mTOR protein level in A549 cells.  Hyperoside might induce 
mTOR protein degradation.  A recent study has shown that 
some proteins, such as mTOR and p70S6K, can be regulated 
through facilitating proteasome-mediated protein degrada-
tion[44].  More studies will be needed to fully elucidate the 
mechanisms by which hyperoside decreases the mTOR pro-
tein level.

Next, we used insulin to further clarify the correlation 
between insulin-mediated activation of the PI3K/Akt/

Figure 8.  Effect of hyperoside on autophagy in human bronchial epithelial cells BEAS-2B.  (A) Conversions of LC3-Ι to LC3-II were determined by Western 
blotting with an antibody against LC3A/B after BEAS-2B cells were treated with various concentrations of hyperoside for 48 h.  β-Actin was a loading 
control.  The bar chart shows semiquantitative analysis of LC3-II levels relative to β-actin using three independent experiments.  The data are expressed 
as the mean±SEM of 3 independent experiments.  (B) BEAS-2B cells treated with hyperoside (2 mmol/L) for 48 h were incubated with MDC (0.05 mmol/L) 
for 20 min and observed under a fluorescence microscope.
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mTOR pathway and hyperoside-induced autophagy.  Insulin 
upregulates PI3K and its downstream targets, including Akt 
and mTOR, resulting in the inactivation of autophagy[34].  Our 
results provided evidence that insulin activated this signaling 
pathway, leading to autophagy suppression, and the effect of 
insulin was abolished by hyperoside addition.  mTOR serves 
as a central regulator of autophagy and forms two distinct 
signaling complexes, known as mTORC1 and mTORC2[13].  A 
number of upstream signaling pathways involved in autoph-
agy regulation converge on mTOR and include the class I 
PI3K/Akt pathway[45].  Suppression of mTOR triggers the 
autophagic cascade and inhibits cell proliferation.  Rapamy-
cin is a naturally occurring mTOR inhibitor.  Furthermore, 
the ratio of LC3-II/actin was enhanced by hyperoside co-
treatment with rapamycin compared with that of hyperoside 
or rapamycin treatment alone, indicating that hyperoside had 
a synergistic effect on induction of autophagy with rapamy-
cin.  It has been reported that rapamycin inhibits mTORC1 but 
regulates Akt via negative feedback, resulting in enhancement 
of Akt phosphorylation at Ser473[46].  These results suggested 
that hyperoside-induced autophagy in A549 cells was associ-
ated with the inhibition of the PI3K/Akt/mTOR signaling 
pathway.

It is well known that the ERK1/2 pathway is involved in the 
regulation of autophagy[47].  Therefore, we examined whether 
hyperoside increases the phosphorylation of ERK1/2.  The 
results showed that treatment with hyperoside increased the 
protein level of phosphorylated ERK1/2.  To further clarify 
whether hyperoside-induced autophagy was connected with 
phospho-ERK1/2 activation, A549 cells were pretreated with 
U0126 and then treated with or without hyperoside.  Notably, 
we found that U0126 mildly reversed the levels of LC3-II/
actin ratio.

Autophagy inhibition is important in clarifying the 
effects of autophagy.  A class III PI3K inhibitor, 3-MA, is 
extensively used as an autophagy inhibitor.  To investigate 
whether autophagy induced by hyperoside has cytoprotec-
tive effect or leads to cell death, we treated A549 cells with 
hyperoside in the presence or absence of 3-MA.  We per-
formed an autophagy suppression experiment with 3-MA at  
2 mmol/L.  Treatment with 2 mmol/L 3-MA significantly 
decreased the percentage of cell death caused by hypero-
side treatment (2 mmol/L), suggesting hyperoside-induced 
autophagy is not protective in these cell lines and leads to cell 
death.

Autophagy itself can induce cell death, a process known as 
autophagic cell death[48].  It has also been reported that induc-
tion of autophagy facilitates the activation of apoptosis[49].  
Autophagy and apoptosis often occur in the same cell, gener-
ally in a sequence in which autophagy precedes apoptosis.  To 
test whether hyperoside induces apoptosis, we examined the 
protein expressions of cleaved caspase-3 and cleaved PARP.  
Caspase-3 is the most important executioner protein of apop-
tosis, and PARP is the main substrate of caspase-3.  Thus, the 
activation of caspase-3 and PARP proteins is commonly con-
sidered the biochemical hallmarks of apoptosis.  The results 

of our study indicate that increased concentrations of hype-
roside cause a concentration-dependent increase in cleaved 
caspase-3 and cleaved PARP.  Interestingly, when hyperoside-
induced autophagy is blocked by 3-MA treatment, apoptosis 
is partially attenuated.  The cross-talk between apoptosis and 
autophagy is complex.  It has been reported that autophago-
some formation has been implicated in the activation of cas-
pase-8.  In this context, caspase-8 forms a complex with the 
death receptor adaptor protein FAS-associated death domain 
(FADD) and ATG5, colocalizes with ATG5, LC3 and SQSTM1 
and is activated in an ATG5-, FADD- and SQSTM1-dependent 
manner[50].  In addition, autophagy may also stimulate apopto-
sis by depleting endogenous inhibitors of this cell death path-
way[51].  These results provide new insight into the effects of 
hyperoside on cell death and suggest a possible intervention 
strategy for the upregulation of apoptosis by harnessing of its 
autophagic activity in tumor treatment.

In conclusion, our experiments provided the first evidence 
that hyperoside promoted autophagy and possesses anti-
cancer functions through inhibiting the Akt/mTOR/p70S6K 
signaling pathway in NSCLC cells.  The results of this study 
merit further investigation for the development of hyperoside 
as an anti-cancer agent.
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