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A novel Diels–Alder adduct of mulberry leaves exerts
anticancer effect through autophagy-mediated cell death
Yu-han Shu1,2, Hua-hua Yuan1, Meng-ting Xu1, Ye-ting Hong3, Cheng-cheng Gao1, Zhi-pan Wu1, Hao-te Han1, Xin Sun4, Rui-lan Gao5,
Si-fu Yang4, Shou-xin Li1,6, Jing-kui Tian1,6 and Jian-bin Zhang2

Guangsangon E (GSE) is a novel Diels–Alder adduct isolated from leaves of Morus alba L, a traditional Chinese medicine widely applied
in respiratory diseases. It is reported that GSE has cytotoxic effect on cancer cells. In our research, we investigated its anticancer effect
on respiratory cancer and revealed that GSE induces autophagy and apoptosis in lung and nasopharyngeal cancer cells. We first
observed that GSE inhibits cell proliferation and induces apoptosis in A549 and CNE1 cells. Meanwhile, the upregulation of
autophagosome marker LC3 and increased formation of GFP–LC3 puncta demonstrates the induction of autophagy in GSE-treated cells.
Moreover, GSE increases the autophagy flux by enhancing lysosomal activity and the fusion of autophagosomes and lysosomes. Next,
we investigated that endoplasmic reticulum (ER) stress is involved in autophagy induction by GSE. GSE activates the ER stress through
reactive oxygen species (ROS) accumulation, which can be blocked by ROS scavenger NAC. Finally, inhibition of autophagy attenuates
GSE-caused cell death, termed as “autophagy-mediated cell death.” Taken together, we revealed the molecular mechanism of GSE
against respiratory cancer, which demonstrates great potential of GSE in the treatment of representative cancer.

Keywords: Guangsangon E; autophagy; ER stress; respiratory cancer

Acta Pharmacologica Sinica (2021) 42:780–790; https://doi.org/10.1038/s41401-020-0492-5

INTRODUCTION
Lung cancer and nasopharyngeal carcinoma (NPC), representative
respiratory cancers, are the most frequently diagnosed cancers
and the leading cause of cancer death worldwide and especially in
China [1]. Non-small cell lung cancer (NSCLC), which represents
the remaining 85% of lung cancers, has a lower 5-year overall
survival rate of 15% [2, 3]. A review of the outcome of 57,496
international screening cases substantiated the indolent behavior
of nonsolid pulmonary nodules [4], suggesting that a more
conservative approach to surgical resection is appropriate [5].
However, the overall cure and survival rates of NSCLC remain low,
particularly in metastatic disease [6]. NPC is the most common
malignant tumor of the head and neck. According to the
International Agency for Research on Cancer, there were
~129,000 new cases of NPC in 2018, accounting for 0.7% of all
cancers, and more than 70% of these cases occurred in East and
Southeast Asia [7]. NPC patients also face the same low cure and
survival rates. Thus, the need to develop novel therapeutics to
expand clinical benefits to more patients with respiratory cancer
and improve their outcomes is urgent.
Morus alba L. contains various bioactive compounds, such as

polyphenols and anthocyanins, and is commonly used as a
medicinal herb. In ancient China, the leaves of Morus alba L. were

often prescribed to relieve cough. Previous phytochemical
investigations showed that Morus alba L. contains a large number
of biologically important secondary metabolites, including 2-
arylbenzofurans, stilbenes, flavonoids, and Diels–Alder adducts
[8, 9]. These compounds exhibit various biological properties, such
as cytotoxic, antioxidant, anti-inflammatory, antibacterial, anti-
microbial, and antiviral properties [10]. More studies have shown
that Morus alba L. extracts have anticancer activity and that the
intake of these extracts inhibits cancer growth [11]. For example,
in lung cancer, the root bark of Morus alba L. inhibits the migratory
activity of cancer cells [12]; in prostate cancer, morusin induces
cytotoxicity and autophagy in cancer cells, and the inhibition of
autophagy affects the cytotoxicity of morusin [13]. In addition,
autophagy induction is involved in the anti-inflammatory effect of
moracin M, which inhibits LPS-induced PI3K-AKT activation
through autophagy [14], and the antioxidant activity of sang-
genon C, which protects against cardiomyocyte hypoxia injury by
autophagy [15]. Here, we isolated and purified another effective
component of the leaves of Morus alba L., guangsangon E (GSE).
Its structure is shown in Fig. 1a. To date, there have been no
reports on the biological activity and molecular mechanism of
GSE. In the present study, we aimed to investigate the anticancer
effect and molecular mechanism of GSE in respiratory cancer.
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Autophagy is a ubiquitous catabolic process that involves the
degradation of cytoplasmic components, including proteins,
cytoplasm and even whole organelles, via the lysosomal pathway
[16, 17]. Autophagy has historically been considered a defensive
mechanism in response to various stresses because it is
responsible for metabolic compensation and organelle turnover
[18]. Generally, autophagy induction refers to an increase in
autophagic flux (completion of autophagy) rather than the
presence of increased autophagy markers in dying cells [16, 19].
The role of autophagy in tumorigenesis is very complicated.
Multiple studies have demonstrated that autophagy participates
in anticancer drug resistance mechanisms and protects lung
cancer cells from therapeutics [20–23]. In contrast, a study [24]
suggested that autophagy acts to sensitize lung cancer cells to
therapeutic drugs. It has been proposed that autophagy functions
as a cytotoxic mechanism when cell death mediated through
apoptosis is compromised [25]. Thus, it is necessary to reveal the
biological function of autophagy in lung cancer, which will be
helpful to develop novel therapeutics targeting autophagy.
In this study, we found that GSE induced autophagy and

apoptosis in A549 and CNE1 cells. GSE treatment caused the
unfolded protein response (UPR) through oxidative stress, which
further led to autophagy. Interestingly, autophagy and apoptosis
are two parallel pathways of GSE-induced cell death. These
findings indicate that GSE might be a novel therapeutic agent for
respiratory cancers.

MATERIALS AND METHODS
Reagents and antibodies
The following reagents were used in our research: N-acetyl-
cysteine (NAC, Aladdin, #616-91-1), crystal violet (Beyotime,
#C0121), MTT (Solarbio, #M8180), dimethyl sulfoxide (DMSO,
SCR, #30072418), a BCA protein assay kit (Solarbio, #PC0020), si-
Atg5 (CST, #6345), si-IRE1α (GenePharma, Shanghai, 5′-CUACU
GGAUGAUAAAUUUGCUUCATT-3′), negative control (GenePharma,
5′-UUCUCCGAACGUGUCACGUTT-3′), chloroquine (CQ, Sigma-
Aldrich, #C6628), LysoTracker Red DND-99 (Invitrogen, #L7528),
endoplasmic reticulum (ER) Tracker green (CST, #8787S), ER
Tracker red (Beyotime, #C1041), Fluo-3 AM (Beyotime, #S1056),
fetal bovine serum (FBS, Biological Industries, #04-001-1A), trypsin
with EDTA (Genom, Hangzhou, #GNM-25200), trypsin (Genom,
Hangzhou, #GNM-27250), a reactive oxygen species (ROS) assay kit
(NJJCTECH, #E004-1-1), an Annexin V-FITC/PI apoptosis kit (Key-
GenBiotech, #KGA105), DAPI (Solarbio, #C0065), BeyoECL Plus
(Beyotime, #P0018S), a mitochondrial membrane potential (MMP)
assay kit with JC-1 (NJJCTECH, #G009-1-2), and Lipofectamine
2000 reagent (Invitrogen, #11668027).
All of the human antibodies against the following used in the

experiments were from Cell Signaling Technology (CST): light
chain 3 (LC3) (CST, #3868), caspase 3 (CST, #14220), cleaved
caspase 3 (CST, #9661), GAPDH (CST, #5174), ATG5 (CST, #12994),
inositol-requiring enzyme 1α (IRE1α) (CST, #3294), glucose-
regulated protein 78 (GRP78) (CST, #3177), activating transcription
factor 4 (ATF4) (CST, #11815), Bcl-2 (CST, #4223), and Bax (CST,
#5023). The secondary antibodies goat anti-rabbit and goat anti-
mouse IgG-HRP were obtained from Immuno Research Labora-
tories (#111-035-003 and #115-035-003, respectively).
GSE with a high chemical purity of more than 98% was isolated

and purified by Professor Jing-kui Tian from the Key Laboratory of
Biomedical Engineering at Zhejiang University. Its content in
mulberry leaves had been further improved through UV induction
technology.

Cell culture
The A549 human non-small-cell lung cancer cell line and CNE1
human NPC cell line were purchased from American Type Culture
Collection. HeLa cells stably expressing GFP–LC3 and L929 cells

stably expressing tfLC3 were kindly provided by Professor Han-
ming Shen (National University of Singapore, Singapore). Cells
were maintained in RPMI-1640 (Genom) supplemented with 10%
FBS, 100 units/mL penicillin, 100 mg/mL streptomycin, 1 mM
sodium pyruvate, and 1mM nonessential amino acids. Cells were
grown in 75-cm2 cell culture flasks (Biofil) at 37 °C in a 5% CO2

incubator (Thermo Scientific).

Cell viability assay
Cell viability was measured using the MTT assay. Cells (3 × 103) were
seeded in 96-well plates and allowed to attach overnight in a 5%
CO2 incubator. The cells were then treated with drugs at different
concentrations. MTT (2.5mg/mL) was added to each well and
incubated for another 2 h at 37 °C. The supernatants were carefully
aspirated, and the purple formazan crystals were dissolved in 200 µL
of DMSO. The absorbance at 570 nm was measured with a Multiscan
spectrophotometer (Thermo Scientific).

Colony formation assay
A total of 2 × 105 cells were seeded in a six-well plate for 18–24 h.
After 48 h of GSE treatment, the original medium was removed,
and the cells were resuspended in medium containing drugs at
each concentration tested. Four hundred cells were seeded in
triplicate in a six-well plate, incubated for another 9 days,
photographed after staining with 0.1% (w/v) crystal violet and
counted.

Reactive oxygen species (ROS) measurement
The intracellular ROS levels were measured using a ROS assay kit.
A total of 2 × 105 cells were seeded into a six-well plate. After GSE
treatment with or without NAC pretreatment, cells were incubated
with DCFH-DA at 37 °C for 30 min. Hydrogen peroxide was used as
a positive control. After trypsinization, fluorescence was measured
on a flow cytometry (Beckman Coulter). The percent fluorescence
intensity was used to represent the level of ROS generation.

Detection of cell apoptosis
Cell apoptosis was detected by staining using an Annexin V-FITC/
PI apoptosis kit according to the manufacturer’s instructions.
Briefly, A549 cells were digested with EDTA-free trypsin after GSE
treatment and resuspended in 500 μL of binding buffer. After
incubation with 5 μL of Annexin V-FITC and PI staining for 30 min
at room temperature in the dark, data acquisition and analysis
were carried out using flow cytometry.

Western blotting
Cells were seeded into 6-cm dishes (5 × 105 cells per dish)
overnight and treated with GSE. After treatment, cells were
collected by scraping and washed twice with PBS. Then, the cells
were lysed with RIPA buffer (50 mM Tris-HCl [pH 7.4], 150 mM
NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS,
sodium orthovanadate, sodium fluoride, EDTA, and leupeptin).
Protein concentrations in the supernatants were determined with
a BCA protein assay kit (Solarbio, PC0020). Equal amounts of
proteins were separated on SDS-polyacrylamide gels, and then
electroblotted onto polyvinylidene fluoride membranes (Bio-Rad,
1620184). The membranes were blocked with TBST plus 5%
skimmed milk for 2 h and incubated with primary antibodies
(1:1000) overnight at 4 °C. After washing three times with TBST,
the membranes were incubated with secondary antibodies
(1:5000) for 1 h at room temperature. Before development, the
membranes were washed three times again, and the immunoblots
were visualized with an ECL system. All the experiments were
performed at least three times to ensure reproducibility.

Immunofluorescence
A549 cells were seeded into a chamber and treated with or
without GSE. After treatment, cells were fixed with 4%
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formaldehyde in PBS for 20 min at 37 °C, permeabilized with
0.25% Triton X-100 in PBS for 15 min at room temperature, and
then blocked with 1% BSA in PBS for 10 min. After that, the cells
were incubated overnight with anti-Bax or anti-Bcl-2 antibody.
After incubation with fluorescent secondary antibodies, the cells
were observed under a confocal microscope.

Immunoprecipitation (IP)
HEK293 cells were seeded into 6-cm dishes overnight and then
transfected with empty vector or vector for the expression of Myc-
Bcl-2 plus Flag-Beclin 1. After 24 h, the cells were treated with GSE
for 48 h. Finally, the cells were collected and lysed using IP lysis
buffer (Thermo Scientific, 87787). Anti-Flag affinity gel (Sangon,
D111139) was used to pull down proteins with a Flag tag
overnight at 4 °C. After that, Western blotting was performed to
determine the expression levels of Bcl-2.

Mitochondrial membrane potential (JC-1) assay
MMP (Δψm) was analyzed with an MMP assay kit with JC-1. Briefly,
after the indicated treatments, cells were incubated with a JC-1
staining solution for 30 min at 37 °C. A Leica TCS SP8 microscope
was used for observation and to take photographs.

Cell transfection with small interfering RNA
Briefly, cells were seeded into six-well plates overnight. Then,
siRNA targeting Atg5 was transfected into A549 cells using
Lipofectamine 2000 according to the manufacturer’s protocol.
After 24 h, the cells were digested and reseeded into plates for
experiments.

Subcellular localization
Fluorescence localization of subcellular structures (autophago-
somes, lysosomes and the ER) in A549 cells was observed under a
confocal microscope. An autophagosome formation assay was
carried out in HeLa cells stably expressing GFP–LC3 or L929 cells
expressing RFP-GFP–LC3.

Transmission electron microscopy
A549 cells were seeded into 5-cm petri dishes and treated with
GSE. Then, the cells were collected with a scraper and centrifuged
at 4 °C and 2000 rpm. The precipitated cells were fixed with 4%
glutaraldehyde for another 2 h at room temperature and stored at
4 °C. Electron photomicrographs of the A549 cells were taken by
Wuhan Goodbio Technology Co.

In vivo study
Female Balb/c nude mice (4–6 weeks old) were purchased from the
Laboratory Animal Centre of the Zhejiang University of Technology
(Hangzhou, China). Animal welfare was ensured, and the experi-
mental procedures strictly followed the Guide for the Care and Use
of Laboratory Animals. All efforts were made to minimize animal
suffering and to reduce the number of animals used. Xenograft
tumors were established by subcutaneously injecting 1.5 × 106

A549 cells in PBS in a total volume of 0.1mL. After 1 week, to assess
the effect of GSE on tumor growth, tumor-bearing mice were
randomly divided into four groups: the vehicle group (10% DMSO,
20% polyethylene glycol, and 5% Tween-80 in PBS), GSE treatment
group (40mg/kg GSE), CQ treatment group (25mg/kg CQ), and GSE
plus CQ treatment group. All treatments were administered by
intraperitoneal injection once every 2 days for 3 weeks.

Statistical analysis
All the experiments were performed at least three times in
triplicate to ensure reproducibility. Differences among groups
were analyzed by one-way variance, and the means of two groups
were compared using Student’s t test with IBM Statistics SPSS 22.
The results are expressed as the mean ± standard deviation.

Differences with a **P value < 0.01 or *P value < 0.05 were
considered statistically significant.

RESULTS
GSE inhibited cancer cell proliferation and induced apoptosis in
cancer cells
To evaluate the antiproliferative activity of GSE in cancer cells,
several cell lines were exposed to GSE at different concentrations
for 24, 48, and 72 h (Fig. 1b). In A549 and CNE1 cells, the
cytotoxicity of GSE was shown to occur in a dose- and time-
dependent manner (Fig. 1b). In addition, we determined the effect
of GSE on cell proliferation by colony formation assay. The results
showed that GSE significantly decreased colony formation in both
A549 and CNE1 cells (Fig. 1c, d).
To elucidate the type of cell death caused by GSE, we analyzed

apoptosis markers by flow cytometry and Western blotting. The
percentages of apoptotic cells in the GSE-treated group and the
untreated group were 35.4% and 2.5% (Fig. 1e), respectively.
Western blotting results also demonstrated that the cleavage of
caspase 3 was increased after GSE treatment in both A549 and
CNE1 cells (Fig. 1f). Moreover, immunofluorescence was per-
formed to examine the expression levels of Bax and Bcl-2, and the
ratio of Bcl-2 to Bax was significantly decreased by GSE (Fig. 1g, h),
further confirming that GSE induced cell apoptosis.

GSE increased autophagic flux in cancer cells
To ascertain the induction of autophagy, cells were treated with
GSE, and the autophagosome marker microtubule-associated
protein 1 LC3 was assessed. As shown, the number of GFP–LC3
puncta, indicating the formation of autophagosomes, was
significantly increased by GSE (Fig. 2a, b). Moreover, assessment
of the ultrastructure of A549 cells showed the presence of double-
membrane autophagosomes in GSE-treated cells (Fig. 2c). In
addition, the protein levels of LC3 were dramatically increased by
GSE, as shown by Western blot analysis (Fig. 2d). For the purpose
of this article, autophagy induction specifically refers to an
increase in autophagic flux rather than simply an increase in
autophagic markers in cells. Thus, we detected changes in
autophagy flux using the lysosomal inhibitor CQ and observed a
further increase in LC3 levels induced by GSE in both A549 and
CNE1 cells (Fig. 2e). This result suggests that autophagy flux was
also enhanced under GSE treatment.
To investigate the relationship between autophagy and

apoptosis induced by GSE, IP was performed to assess the
interaction between Beclin 1 and Bcl-2. Beclin 1, an antiapoptotic
protein that interacts with Bcl-2, is important in autophagy
induction. We first transfected HEK293 cells with plasmids for the
expression of Myc-Bcl-2 and Flag-Beclin 1, and then treated the
cells with GSE. As shown in Fig. 2f, GSE treatment attenuated
the interaction between Beclin 1 and Bcl-2, allowing the
dissociation of Beclin 1 from Bcl-2 and the subsequent stimulation
of autophagy.
To examine the effect of GSE on lysosomal function, LysoTracker

staining was performed, and the fluorescence intensity of the cells
was measured by flow cytometry and confocal microscopy. As
shown, a significant increase in cell fluorescence (Fig. 2g, h) and
the colocalization of lysosomes and GFP–LC3 (Fig. 2i, j) were
observed, indicating enhanced lysosomal acidification and the
formation of autolysosomes. In addition, we used mRFP-GFP
tandem fluorescent‑tagged LC3B expression in cells to examine
autophagosome–lysosome fusion. In cells transfected with this
RFP-GFP tandem construct, the RFP component is stable under
the acidic environment of the lysosome, while GFP is degraded.
Thus, the number of RFP-positive puncta can be used as an
indicator of autolysosome formation. As shown in Fig. 2k, l, we
observed significant increases in puncta positive for only RFP and
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Fig. 1 GSE inhibited cancer cell growth and induced cell apoptosis. a The structure of GSE. b Cell viability of A549 and CNE1 cells under GSE
treatment for different times. c Colony formation ability of A549 and CNE1 cells after GSE treatment. d as in c, Colony numbers were
determined and statistically analyzed.**P < 0.01.e A549 cells were treated with GSE as indicated, and cell apoptosis was measured using
Annexin V/PI staining coupled with flow cytometry. **P < 0.01. f The expression of cleaved caspase 3 in GSE-treated cells was determined
using Western blotting. g Analysis of Bax and Bcl-2 expression in A549 cells treated with GSE was carried out using immunofluorescence.
h The ratio of Bcl-2 to Bax was calculated and statistically analyzed. **P < 0.01.
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Fig. 2 GSE induced autophagy and promotes the fusion of autophagosomes and lysosomes. a, b HeLa cells stably expressing GFP–LC3
were treated with GSE for 48 h. Confocal images of GFP–LC3 puncta are shown (scale bar: 25 µm). GFP puncta were quantified by ImageJ.
**P < 0.01. c TEM images show the ultrastructure of A549 cells under GSE treatment (scale bar 0.2 μm). ▲ indicates double-membrane
autophagosomes. d Expression of the LC3 protein in A549 and CNE1 cells under GSE treatment was determined. e Expression of the LC3
protein with or without CQ pretreatment in A549 and CNE1 cells under GSE treatment for 48 h was determined. f The interaction between
Bcl-2 and Beclin 1 was determined using IP. GAPDH was used as a loading control. g, h LysoTracker staining was performed in GSE-treated
A549 cells examined under confocal microscopy(scale bar: 50 µm), and cell fluorescence was measured by flow cytometry. *P < 0.05.
i, j HeLa–GFP–LC3 cells were treated with GSE in the presence of the autophagy inhibitor CQ or the autophagy inducer rapamycin, and then
stained with LysoTracker. The colocalization of lysosomes and GFP–LC3 was determined under a confocal microscope. The colocalization
coefficient was detected using Image-Pro Plus. *P < 0.05. k, l L929 cells stably expressing fLC3B were treated with GSE with or without an
autophagy inhibitor or inducer. Confocal images of GFP–LC3 and RFP–LC3 puncta are shown (scale bar: 25 µm). *P < 0.05.
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RFP- and GFP-positive puncta following GSE treatment, confirming
the enhanced formation of autolysosomes.

GSE treatment activated endoplasmic reticulum (ER) stress
We previously observed that GSE treatment could induce the
cellular vacuolization of A549 and CNE1 cells under light
microscopy by Giemsa staining (Fig. 3a). To investigate this
phenomenon, we stained GSE-treated cells with ER Tracker and
found vacuoles around the ER under confocal microscopy,
indicating the presence of ER stress (Fig. 3b). The ER has an
important function in maintaining calcium homeostasis, and
calcium disorder results in ER stress [26]. In this study, Fluo-3
AM was used to label cytoplasmic calcium in A549 cells. Under
confocal microscopy, a significantly elevated cytoplasmic calcium
level was detected in GSE-treated cells (Fig. 3c, d). Consistently,
the expression levels of the UPR markers GRP78, IRE1α, and ATF4
were also increased by GSE treatment (Fig. 3e). These findings
strongly demonstrate that GSE induced ER stress in A549 cells.

GSE induced autophagy through the activation of ER stress
ER stress is closely related to the activation of autophagy, an
important and evolutionarily conserved mechanism for the
maintenance of cellular homeostasis [26]. Functionally, autophagy
is a double-edged sword in cancer, as it can either promote or
suppress cancer cell growth in the tumor microenvironment. To
further assess the role of ER stress in autophagy induction, we
knocked down IRE1α in A549 cells and found that the increase in
the autophagy marker LC3 by GSE was impaired in IRE1α-
knockdown cells (Fig. 3f). Consistently, the increase in GFP–LC3
puncta induced by GSE was also attenuated when IRE1α was
knocked down (Fig. 3g, h), indicating the involvement of ER stress
in autophagy induction. In addition, the IRE1α inhibitor 4μ8c was
employed to block the IRE1α pathway. As shown in Fig. 3i, we
observed the opposing effects of 4μ8c and GSE on autophagy
induction. These data demonstrated that ER stress is required for
GSE induced autophagy.

GSE induces ER stress through ROS generation
To reveal the mechanism by which GSE induces ER stress, we
measured ROS production using the fluorescent probe DCFH-DA.
As shown, GSE significantly increased ROS generation in a dose-
dependent manner in A549 cells (Fig. 4a). The main source of
cellular ROS is mitochondria. Under GSE treatment, we observed a
decrease in MMP (Fig. 4b), accompanied by a decrease in red
fluorescence (aggregated JC-1) and an increase in green
fluorescence (monomeric JC-1). Consequently, these changes in
the Bcl-2 protein family illustrated mitochondrial dysfunction
(Fig. 4c).
Next, we determined the role of ROS production in ER stress

activated by GSE. With pretreatment with the ROS scavenger NAC,
the degree of vacuolation in GSE-treated cells observed under a
light microscope was significantly decreased (Fig. 4d), in
accordance with the decrease in ROS levels (Fig. 4e). This result
indicated that GSE-activated ER stress may have been alleviated. In
addition, we determined the protein levels of UPR markers and
found that NAC pretreatment attenuated the increase in GRP78
induced by GSE (Fig. 4f). Under confocal microscopy, ER Tracker
and Fluo-3 AM staining showed that the increase in cytoplasmic
calcium levels induced by GSE was also impaired (Fig. 4g, h),
suggesting that the release of Ca2+ was partially inhibited by NAC.
The above results demonstrate that ROS generation is a key
initiator of ER stress induced by GSE.
Finally, we investigated whether ROS production was involved

in GSE-induced cell apoptosis. Thus, we examined the protein
levels of caspase 3 following treatment with GSE and the ROS
scavenger NAC. As shown in Fig. 4i, the cleavage of caspase 3
induced by GSE was partially suppressed by NAC pretreatment,
suggesting the inductive effect of ROS accumulation on apoptosis.

Consistently, decreases in the cell death and apoptosis rates
induced by NAC pretreatment also demonstrated that ROS
production leads to cell apoptosis induced by GSE (Fig. 4j, k).

Autophagy is involved in GSE-induced cancer cell death
To reveal the role of autophagy in the cytotoxicity of GSE, we first
assessed the viability of A549 cells under treatment with GSE plus
chloroquine (CQ, an autophagy inhibitor). Compared with GSE
treatment alone, the presence of CQ significantly increased cell
viability (Fig. 5a), indicating that autophagy served as the type of
cell death induced by GSE. Next, we knocked down Atg5, a key
autophagy-related gene, in A549 cells and observed the
morphological changes in these A549 cells under GSE treatment.
As shown, knockdown of Atg5 reversed the cell death induced by
GSE treatment observed under a light microscope (Fig. 5b).
Consistently, the apoptosis rate was also lower in Atg5-
knockdown cells under GSE treatment compared to control cells
(Fig. 5c). Meanwhile, the increase in cleaved caspase 3 levels
induced by GSE was also attenuated when Atg5 was knocked
down (Fig. 5d), clarifying the role of autophagy in promoting
apoptosis. Taken together, these data demonstrate that autop-
hagy is required for the cancer cell death caused by GSE and that
GSE exerts an anticancer effect through autophagy.

GSE exerts an antitumor effect in vivo through autophagy
induction
To evaluate the antitumor effect of GSE in vivo, xenograft model
mice were intraperitoneally treated with GSE. The autophagy
inhibitor CQ was used to determine the role of autophagy in
tumor suppression. As shown in Fig. 5e, treatment with 40 mg/kg
GSE inhibited tumor xenograft growth by 72.8%, but cotreatment
with 25mg/kg CQ inhibited tumor xenograft growth by only
18.3%. This result indicates that GSE exerts an autophagy-
mediated tumor-suppressive effect. No mice died during the
experiment, and no significant difference in body weight between
the control and treatment groups was observed (data not shown).
After the mice were sacrificed, the tumors were resected, and the
tumors were weighed. A significant decrease in tumor weight was
observed in the GSE treatment group, but this decrease was
reversed in the presence of CQ (Fig. 5f, g). The above results
demonstrated that GSE exerts an antitumor effect through
autophagy, which is consistent with our in vitro results.

DISCUSSION
Morus alba L. is a traditional Chinese medicine widely applied for
the treatment of respiratory diseases. More recently, it was proven
[27] that compounds extracted from Morus alba L. could be
beneficial in the treatment of human cancers. For example, morusin
could induce apoptosis and suppress NF-κB activity in cancer cells
[28]. GSE is a secondary metabolite extracted from the leaves of
Morus alba L. Here, we conducted a novel study on the anticancer
activity of GSE in human respiratory cancer. In this study, we have
shown for the first time that GSE induced autophagy-mediated cell
death via ER stress and that this effect was mediated by ROS
generation (Fig. 5h). Cell apoptosis was also triggered by ROS
generation under GSE treatment. The accumulation of ROS caused
the UPR and induced autophagy. Interestingly, inhibition of
autophagy reduced GSE-induced cell death, indicating that
autophagy plays a critical role in cell apoptosis.
Autophagy is a highly regulated process that serves as a

dynamic system by which cellular proteins and organelles are
recycled to produce new building blocks and energy for cellular
renovation and homeostasis [29]. The autophagosome, the
intermediate organelle in the autophagy process, sequesters a
small portion of the cytoplasm into an isolated membrane-bound
vesicle. It fuses with the lysosome to form an autolysosome in
which the molecules and organelles contained within are
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Fig. 3 GSE activated ER stress in cancer cells. a Vacuoles in A549 and CNE1 cells following the indicated GSE treatment were observed under a
light microscope (scale bar: 20 μm). b ER localization in GSE-treated A549 cells stained using ER Tracker (scale bar: 25 µm) was determined with
confocal images. c, d The colocalization of ER and Ca2+ in GSE-treated A549 cells was determined using confocal microscopy (scale bar: 25 µm).
The colocalization coefficient was detected using Image-Pro Plus. **P < 0.01. e The expression of ER stress-related proteins in cells under GSE
treatment was measured using Western blotting. GAPDH was used as a loading control. f The expression of autophagy-related proteins was
determined in GSE-treated cells after the knockdown of IRE1α. GAPDH was used as a loading control. g, h The formation of GFP–LC3 puncta in
GSE-treated cells in which IRE1α was knocked down was assessed by confocal microscopy (scale bar: 25 µm). GFP puncta were quantified by
ImageJ. *P < 0.05. i The expression of autophagy-related proteins was determined in GSE-treated cells in which IRE1α was inhibited by 4μ8c.
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Fig. 4 ROS accumulation is involved in ER stress induced by GSE. a ROS generation in A549 cells under the indicated GSE treatment was
determined using DCFH-DA staining. The results were quantified using flow cytometry and statistically analyzed. *P < 0.05, **P < 0.01.
b Confocal images of JC-1-stained GSE-treated cells are shown (scale bar: 25 µm). c The expression of mitochondria-related apoptotic proteins
was assessed in A549 cells under GSE treatment. GAPDH was used as a loading control. d Vacuoles in GSE-treated A549 cells with or without
NAC treatment were compared under a light microscope (scale bar: 20 μm). e ROS generation in GSE-treated A549 cells pretreated with NAC
was determined using the probe DCFH-DA. The results were quantified using flow cytometry and statistically analyzed. **P < 0.01. f GRP78
expression levels were assessed in GSE-treated A549 cells with or without NAC pretreatment. GAPDH was used as a loading control.
g, h Colocalization of the ER and Ca2+ in A549 cells treated with GSE in the presence or absence of NAC was determined with confocal
microscopy (scale bar: 25 µm). The colocalization coefficient was detected using Image-Pro Plus. *P < 0.05. i Caspase 3 expression levels in
A549 cells with GSE treatment in the presence or absence of NAC were determined. GAPDH was used as a loading control. j Cell viability in
GSE-treated A549 cells in which ROS were scavenged with NAC was determined using the MTT assay. **P < 0.01. k The A549 cell apoptosis rate
was determined using Annexin V-FITC/PI staining coupled with flow cytometry. **P < 0.01.
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Fig. 5 Autophagy inhibition attenuated GSE induced cell death in vitro and in vivo. a A549 cell viabilities under GSE treatment with or
without the autophagy inhibitor CQ were determined using the MTT assay and compared. **P < 0.01. b Changes in cell morphology in Atg5-
knockdown A549 cells treated with GSE were determined under a light microscope (scale bar: 50 μm). c The cell apoptosis rate in GSE-treated
A549 cells with Atg5 knockdown was determined using Annexin V-FITC/PI staining coupled with flow cytometry. *P < 0.05, **P < 0.01. d The
expression of cleaved caspase 3 in Atg5-knockdown A549 cells under GSE treatment was determined by Western blotting. GAPDH was used as
a loading control. e The effect of GSE treatment on tumor growth in mice was measured by tumor volume. *P < 0.05, **P < 0.01. f Tumors were
taken from tumor-bearing mice after sacrifice and photographed. g Tumor weight was measured and statistically analyzed. *P < 0.05.
h Schematic diagram of the anticancer mechanism of GSE.
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degraded [30]. In our study, the formation of GFP–LC3 puncta and
double-membrane autophagosomes showed that GSE induced
autophagy in A549 and CNE1 cells (Fig. 2a–c). We also used the
autophagy inhibitor CQ to evaluate autophagy flux, which showed
a further increase in LC3 protein levels under treatment with GSE
plus CQ, suggesting that autophagy flux was also enhanced
(Fig. 2e). This could be attributed to enhanced lysosomal activity
(Fig. 2g, h) and the fusion of lysosomes and autophagosomes
(Fig. 2i–l), demonstrating the positive effect of GSE on the
autophagy process.
Generally, inhibition of autophagy attenuates the ability of cells

to overcome stress and maintain homeostasis. However, given
that autophagy is a cellular response to various stresses, such as
starvation or inflammation, it is not surprising that cells also show
features of autophagy as they die [31]. However, autophagy
neither promotes nor inhibits apoptosis in lung cancer cells [32].
Recently, many studies have reported the prodeath role of
autophagy in anticancer processes, and signs of autophagy in
dying cells were interpreted as indicating the use of autophagy as
a death mechanism [32–36]. In our study, the autophagy inhibitor
CQ and small interfering RNA were used to explore the role of
autophagy in the process of cell death. Cell death induced by GSE
was decreased in the presence of CQ (Fig. 5a) or knockdown of
Atg5 (Fig. 5b–d), which supports the notion that autophagy
functions to promote cell death. The crosstalk between autophagy
and cell death suggests that the role of autophagy may be context
specific, and revealing their relationship will aid in understanding
the contribution of autophagy to cell death [37].
The most studied mechanism employed in the ER is the UPR,

which is known to cause a series of effects, such as autophagy
[38]. Three conserved ER transmembrane proteins involved in ER
stress, IRE1α, activating transcription factor 6 and pancreatic ER
kinase-like ER kinase, bind globulin protein (also called GRP78 or
Kar2p) under normal conditions [38]. The ER is also involved in
intracellular Ca2+ homeostasis. Following ER stress, calcium is
released from the lumen to the cytosol through Ca2+ channels;
this increase in cytoplasmic calcium causes abnormal MMP and
activates prodeath autophagy [39, 40]. For example, the
natural product cryptotanshinone induced prodeath autophagy
in lung cancer [36]. In our study, the release of Ca2+ from the ER
and the upregulation of GRP78 expression indicated the
occurrence of ER stress. Ca2+ was found to be released, and the
IRE1α pathway was activated after GSE treatment (Fig. 3c–e). The
partial decrease in autophagy when ER stress was inhibited
indicated the positive regulatory effect of GSE treatment on
autophagy (Fig. 3f–i).
ROS are a series of crucial signaling molecules in the oxidative

stress response. The excessive accumulation of ROS results in
oxidative stress and mitochondrial dysfunction [41], which further
leads to autophagy and cell injury [42]. Recent studies have shown
that ROS act as cellular signaling molecules and initiate
autophagosome formation and autophagic degradation [43].
Conversely, autophagy serves to reduce oxidative damage through
the removal of protein aggregates and damaged organelles, such
as mitochondria [44]. The UPR is carried out through a collection of
adaptive signaling pathways that resolve protein misfolding and
restore an efficient protein-folding environment. Many studies
suggest that altered redox homeostasis in the ER is sufficient to
cause ER stress, which in turn induces the production of ROS in
the ER and mitochondria [45]. In this study, we observed the
accumulation of ROS and a decrease in MMP under GSE treatment
(Fig. 4a, b). We found that when ROS were scavenged, ER stress,
and autophagy activated by GSE were also attenuated accordingly.
Therefore, we conclude that ROS constitute a pathway upstream of
ER stress and autophagy. At the same time, ROS scavenging also
decreased cell death (Fig. 4i–k). The above findings reveal the
anticancer mechanism of GSE in lung cancer. We will explore the
anticancer activity of GSE in vivo in the future.

In summary, the effects of GSE on autophagy and apoptosis
provide a new research field in the treatment of respiratory
cancers and a new possibility towards the development of cancer
therapeutics with traditional Chinese medicine. Great progress will
be achieved through the development of more effective drugs,
leading to a promising therapy.
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