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Hydroxysafflor yellow A induces autophagy in human liver
cancer cells by regulating Beclin 1 and ERK expression
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Abstract. Hydroxysafflor yellow A (HSYA) is a water-soluble
component of the safflower (Carthamus tinctorius), and
research has revealed that HSYA exhibits antitumor effects.
In the present study, the effects of HSYA on the autophagy
of a Hep-G2 liver cancer cell line, as well as the underlying
mechanisms, were investigated. Hep-G2 cells were treated
with HSYA and the viability of cells was measured using an
MTT assay. Western blotting and immunofluorescence assays
were performed to determine the expression of light chain 3 II
(LC3-II) and p62, as well as the autophagy regulators
Beclin 1 and ERK1/2. Transmission electron microscopy was
performed to observe the formation of autophagosomes. The
combined effects of HSYA and the autophagy inhibitor chloro-
quine (CQ) were also determined. The results revealed that the
viability of Hep-G2 cells decreased with increasing concen-
trations of HSYA. Furthermore, LC3-II expression increased
significantly and the level of p62 decreased significantly in the
HYSA group compared with the control group. Additionally,
an increase in Beclin 1 expression and a decrease in phos-
phorylated-ERK1/2 expression was observed in Hep-G2 cells
treated with HYSA. Following treatment with CQ and HSYA,
a significant increase in the viability of Hep-G2 cells was
observed compared with the HSYA group. Collectively, the
results indicated that HSYA induced autophagy by promoting
the expression of Beclin 1 and inhibiting the phosphorylation
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of ERK in liver cancer cells. Therefore, HSYA may serve as a
potential therapeutic agent for liver cancer.

Introduction

Liver cancer is one of the most common malignancies and is
the second leading cause of morbidity and mortality worldwide.
Furthermore, the incidence of liver cancer has increased in recent
years (1). Surgery, as well as chemotherapy, radiation, targeted
therapy and immunotherapy are currently the most common
treatment strategies for liver cancer. However, these therapeutic
methods, used either alone or in combination, have numerous
limitations (2). Therefore, a number of previous studies have
attempted to identify novel therapeutic agents for liver cancer
derived from Traditional Chinese Medicine (TCM) (3,4). In
China, it has been claimed that TCM has therapeutic advan-
tages, including suppressing liver cancer progression, reducing
surgical complications and increasing the sensitivity of cells to
chemotherapy and radiotherapy (4,5). Furthermore, previous
studies have reported that specific TCMs improve the function
of the immune system in certain organisms and limit the detri-
mental effects of surgery, chemotherapy and radiotherapy (2,5).
Therefore, TCM has gradually become a major focus for anti-
tumor drug research and development.

Hydroxysafflor yellow A (HSYA) is a water-soluble
component of the safflower (Carthamus tinctorius), which has
been reported to exert pharmacological effects (6). Due to its
potency and minimal side effects, the clinical use of HSYA
has continued to increase since 2000 (7). Previous studies have
reported that safflower exerts antitumor effects (8), and it has
been reported that HSYA prevented pulmonary metastasis
in liver cancer cells (9), induced apoptosis in human gastric
carcinoma cells (BGC-823 cells) (10) and inhibited the growth
of transplanted BGC-823 tumors. Another study also reported
that the effect of HSYA on tumor capillary angiogenesis
may be one of the mechanisms underlying its antineoplastic
effect (11). However, to the best of our knowledge, the effects
of HSYA on autophagy regulation in liver cancer cells have
not yet been established.

Autophagy allows cells to survive under conditions
of stress, including nutritional deficiency and injury, and
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also serves a critical role in maintaining cellular energy
production (12). Autophagy has a two-way effect on tumor
progression. A number of studies have reported that autophagy
can inhibit tumorigenesis (13-15); however, when tumors
form under oxygen-deficient conditions, autophagy is able
to promote tumor growth and survival (16). Additionally,
>30 autophagy-associated proteins have been identified,
including light chain 3 (LC3), which was the first autophago-
some protein marker to be discovered, the Beclin 1 complex and
p62 (17-19). The expression of the Beclin 1 complex is closely
associated with the occurrence and development of various
tumors (18) and p62 is an autophagic substrate protein (19).
Therefore, the three aforementioned proteins were selected as
target proteins in the present study. Additionally, transmission
electron microscopy was performed to detect the formation
of autophagosomes. The results of the present study presented
a theoretical and experimental basis for the development of
novel antitumor drugs.

Materials and methods

Cell source. The Hep-G2 cell line was provided by the
Internal Medicine Laboratory of Dongzhimen Hospital and
identified by Beijing Microread Genetics Co., Ltd. Cells were
maintained in RPMI-1640 medium (HyClone; GE Healthcare
Life Sciences) supplemented with 10% fetal bovine serum
(Zhejiang Tianhang Biotechnology Co., Ltd.) and 1% peni-
cillin-streptomycin. Cells were cultured at 37°C with 5% CO,.

HSYA preparation. A working solution of HSYA (C,;H;,04;
32 uM/ml; National Institutes for Food and Drug Control) was
prepared by dissolving 20 mg HYSA standard stock in 1.02 ml
PBS. The solution was then sterilized using a 0.22-pm filter
and stored at -20°C.

MTT assay. At 80-90% confluency, Hep-G2 cells were
harvested and seeded (3x10* cells/ml) into a 96-well plate.
The cells were incubated at 37°C with 5% CO, for 24 h.
HSYA was added to the cells to a final concentration of 0.5,
1,2, 4,8 or 16 uM; the concentrations were selected based
on a preliminary study, as well as ICs, values obtained from
the literature (64.0+4.6 uM) (20). At 24 h post-transfection,
10 1l MTT solution was added to each well and the plate
was incubated for a further 4 h at 37°C. Subsequently, 100 ul
DMSO (Sigma-Aldrich; Merck KGaA) was added to each
well and the plate was incubated for 10 min with shaking
at room temperature. Absorbance was measured at a wave-
length of 570 nm (reference wavelength, 630 nm) using a
multi-functional full-wavelength microplate reader and the
optimal inhibitory concentration was recorded. 50 mM chlo-
roquine (CQ) solution was prepared by dissolving 0.016 g
CQ (cat. no. KH-0005; Key Organics) in 100 1 DMSO and
900 ul RPMI-1640 medium (supplemented with 10% FBS and
1% penicillin streptomycin). The solution was then sterilized
using a 0.22-um filter and stored at 4°C and diluted to 10 uM
as previously described (21-24).

Observation of cell morphology. Hep-G2 cells (3x10* cells/ml)
were seeded into 6-well plates and incubated for 24 h at 37°C.
Subsequently, the RPMI-1640 medium was discarded, 2 uM
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HSYA was added and the plates were incubated for 24 hat 37°C.
Cells were photographed in three randomly selected fields
under an inverted microscope (CKX41; Olympus Corporation)
at x400 magnification.

Transmission electron microscopy. Hep-G2 cells
(3x104 cells/ml) were plated in six-well plates and incubated
for 24 h at 37°C. Subsequently, 2 M HSYA was added and
the cells were incubated for a further 6 h at 37°C. Cells were
harvested, fixed with 2.5% glutaraldehyde for 12 h at 4°C and
washed with PBS three times for 5 min each time. The cells
were further treated with 1% osmium tetroxide for 3 h at room
temperature. Subsequently, cell samples were dehydrated using
an ascending ethanol and acetone series, and embedded using
1.5% DMP-30 and epoxy resin, gradient polymerization was
performed on the cell samples using the following conditions:
35°C for 12 h, 45°C for 12 h and 60°C for 24 h. Subsequently,
the samples were sliced into 70-nm thick sections using a
microtome prior to staining with uranyl acetate and lead citrate
for 2 h at room temperature. The samples were observed using
a Tecnai™ Spirit transmission electron microscope (magnifi-
cation, x18,500 and x30,000).

Immunofluorescence detection. Hep-G2 cells were treated
with 2 uM HSYA and incubated for 6 h at 37°C. Subs
equently, the cells were harvested, fixed in 4% parafor-
maldehyde for 15 min at room temperature, and washed in
0.1% Triton X-100 at room temperature prior to blocking
[5% FBS; 1% FGS (cat. no. SL038; Beijing Solarbio Science &
Technology Co., Ltd. and 0.3% Triton X-100 (cat. no. PO096;
Beyotime Institute of Biotechnology)] at room temperature
for 1 h. Cells were incubated with an anti-LC3A/B primary
antibody (cat. no. 4108; 1:50; Cell Signaling Technology,
Inc.) at 4°C overnight, followed by a second incubation step
with a goat anti-rabbit secondary antibody (cat. no. A-1108;
1:200; Thermo Fisher Scientific, Inc.) IgG (H+L) at room
temperature for 2 h. Subsequently, the samples were sealed
with a water-soluble mounting media containing DAPI
and three fields of view were observed under an inverted
fluorescence microscope (magnification, x400; Olympus
Corporation).

Western blotting. Total protein was extracted from Hep-G2
cells using RIPA buffer (Applygen Technology Co., Ltd.)
supplemented with 2% protease inhibitor and 1% protein
phosphatase inhibitor according to the manufacturer's instruc-
tions. Total protein was quantified using a bicinchoninic acid
assay and 20 pg of protein/lane were separated via SDS-PAGE
(7, 10 or 13% due to the different molecular weights of the
samples). Subsequently, separated proteins were transferred
to PVDF membranes and blocked with 5% non-fat milk at
room temperature for 1 h. The membranes were incubated
at 4°C overnight with primary antibodies targeted against
the following: LC3A/B (1:500), Beclin 1 (cat. no. 11306;
1:5,000; ProteinTech Group, Inc.), p62 (cat. no. 18420;
1:2,000; ProteinTech Group, Inc.), ERK1/2 (cat. no. AF0155;
1:2,500; Affinity Biosciences), phosphorylated (p)-ERK1/2
(cat. no. AF1015; 1:1,500; Affinity Biosciences), GAPDH
(cat. no. HRP-6004; 1:50,000; ProteinTech Group, Inc.) and
B-actin (cat. no. HRP-6008; 1:20,000; ProteinTech Group,
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HepG-2 cell morphology

Figure 1. HSYA inhibits the viability of Hep-G2 cells. (A) MTT assay demonstrated that treatment of Hep-G2 cells with different concentrations of HSYA
significantly increased cell viability in the 2 to 16 xuM HYSA groups compared with the 0 uM HYSA group, the effects of which were dose dependent.
(B) Microscopically, a large number of vacuoles (as indicated by the arrows) were observed in Hep-G2 cells treated with 2 yM HSYA for 24 h, compared with
the control group (magnification, x400). “P<0.05, “P<0.01 and “*"P<0.001 vs. the 0 M HYSA group. HYSA, hydroxysafflor yellow A.

Inc.). After washing with TBS-Tween, the membranes were
incubated with a goat anti-mouse (cat. no. ZB-2305; 1:20,000;
Zhongshan Golden Bridge Bio-Technology) immunoglob-
ulin G (IgG) (H+L) or goat anti-rabbit (cat. no. CW0103S;
1:5,000; Kangwei Century) IgG (H+L) secondary antibody
for 1 h at room temperature. Protein bands were visualized
using the horseradish peroxidiase-conjugated ECL Luminol
substrate (Applygen Technologies, Inc.). Protein expression
was quantified using AlphaView software (version 3.4; Alpha
Innotech gel imager) with GAPDH or B-actin as the loading
control. Western blot experiments for each protein were
repeated at least three times.

Statistical analysis. Data are presented as the mean + stan-
dard deviation. Statistical differences were calculated using
the Student' t-test, one-way ANOVA followed by Dunnett's
post hoc test or two-way ANOVA followed by Sidak's multiple
comparison test. Statistical analyses were performed using
SPSS software (version 20.0; IBM Corp.). P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

HSYA reduces the viability of Hep-G2 cells. Hep-G2 cells
were treated with six different concentrations of HSYA and
cell viability was assessed using an MTT assay. The results
revealed that cell viability was decreased following HSYA
treatment compared with the control group, in a dose depen-
dent manner (Fig. 1A). The 2-16 uM HSYA groups exhibited a
significant decrease in cell viability compared with the control
group (Fig. 1A). Therefore, 2 yuM HSYA was selected for
subsequent experimentation based on the minimum effective
dose.

Hep-G2 cells in the control group were morphologically
confirmed to be in good condition, displaying fullness, clear
cell boundaries and close adherence (Fig. 1B). After incuba-
tion for 24 h with 2 yM HSYA, Hep-G2 cells exhibited a
large number of vacuoles and cellular debris, suggesting that
autophagy had occurred (Fig. 1B).

HSYA affects the expression of autophagy-associated proteins.
To identify autophagy, the autophagy marker protein, LC3 and
its substrate protein, p62, were detected using western blot-
ting. The results revealed that the LC3-II content increased in
a time-dependent manner in the HSYA cells, peaking at the
6-h time point to a level significantly higher compared with
the control group. Furthermore, LC3-II content decreased
between 6 and 24 h in HSYA groups. By contrast, the protein
expression of p62 was significantly reduced by 46% at 6 h, and
there was no significant difference at 24 h compared with the
control group (Fig. 2).

HSYA induces autophagy in Hep-G2 cells. Following the
addition of 2 uM HSYA for 6 h, the distribution of LC3
protein in Hep-G2 cells was observed by immunofluores-
cence staining. The nucleus exhibited blue coloration and
LC3 protein expression was indicated in green (Fig. 3). The
results suggested that the green fluorescence in the control
group was diffusely distributed; however, a large number
of green clusters were visible within the cells of the HYSA
group, indicating an increase in LC3 protein expression.
At 6 h, the increase in autophagy marker protein LC3 and
decrease in autophagy substrate p62 expression further
suggested that HSYA-induced autophagy had occurred
(Fig. 2B and D).

To further investigate autophagy, the cell morphology
assays were visualized under a transmission electron micro-
scope. Due to the higher resolution of transmission electron
microscopy compared with fluorescence microscopy, the
microstructures of pre-autophagosomes, autophagosomes
and autolysosomes that were present during autophagy
formation were clear. When autophagy begins, the phago-
cytic vacuoles of the bowl-shaped bilayer membrane
structure form and continuously extend into the cytoplasm,
enclosing the organelles to form autophagosomes with a
vesicular structure and the encapsulated organelles are
subsequently degraded (25). In the present study, the early
(AVi) and late (AVd) autophagosomes were broadly clas-
sified depending on whether the envelope structure in the
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Figure 2. Effect of 2 xM HSYA on LC3 and p62 protein expression. Protein levels of LC3-II were determined by (A) western blot analysis and (B) quantified.
Protein levels of p62 were determined by (C) western blot analysis and (D) quantified. “P<0.05 vs. the control group. HYSA, hydroxysafflor yellow A; LC3,

light chain 3.
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Figure 3. Effect of 2 uM HSYA on the distribution of LC3 protein in Hep-G2 cells. The nucleus is indicated by blue and LC3 expression is indicated by green

(magnification, x400). HYSA, hydroxysafflor yellow A; LC3, light chain 3.

vesicles remained intact. The two structures distinguished
the different stages of autophagy, to determine whether
autophagy had occurred. After treatment with 2 yM HSYA
for 6 h, Hep-G2 cells were observed under a transmission
electron microscope. Part of the bilayer membrane structure
of AVi enveloped the contents prior to degradation (Fig. 4A).
At the same time, autophagosomes were fused with lyso-
somes to form autolysosomes and the encapsulated contents
were degraded to form a single-layer membrane structure,
the AVd. The control group exhibited fewer autophago-
somes compared with the HSYA group (Fig. 4A and B).
Furthermore, AVi and AVd structures were increased in
the HYSA group, indicating that autophagy had occurred
(Fig. 4C and D). Following quantitative analysis, the degree
of autophagy in the 6 h group, regardless of AVi or AVd
status, was higher compared with the 0 h group. The AVi
status of the 6 h group was significantly increased compared

with the 0 h group (Fig. 5). Collectively, the results suggested
that 2 uM HSYA induced autophagy in Hep-G2 cells, most
significantly at the 6 h time point.

HSYA and CQ increase the viability of Hep-G?2 cells. After
observing HSYA-induced autophagy, the effects of the 10 M
autophagy inhibitor CQ on the viability of Hep-G2 cells were
assessed. CQ was combined with HSYA and alterations in
hepatoma cell viability were determined using an MTT assay.
The results revealed that HSYA (2 uM for 6 h) treatment
reduced hepatoma cell viability, with a significant decrease
of 13% compared with the control group (Fig. 6A). However,
the combination of CQ and HSYA increased cell viability at
18 and 24 h, compared with the use of either reagent alone
(Fig. 6B and C). At 18 h, the viability of the combination group
was significantly increased by 58% compared with the HSYA
group (Fig. 6C).
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Figure 4. Effect of HSYA on autophagy microstructure. (A) TEM image and (B) magnified image of autophagosome structures in the control group. (C) TEM
image and (D) magnified image of autophagosome structures in the 2 yM HSYA group. The white arrow indicates the cell bilayer membrane structure of the
autophagosome. The white boxes indicate the enlarged areas. HYSA, hydroxysafflor yellow A; TEM, transmission electron microscope; AVi, early autophago-

some; AVd, late autophagosome.
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Figure 5. Quantification of the number of autophagosomes. Number of
autophagosomes in control (0 h) and 2 M HSYA groups (6 h). "P<0.05 vs. the
control group. HYSA, hydroxysafflor yellow A; AVi, early autophagosome;
AVd, late autophagosome.

HSYA affects autophagy by regulating the expression of
Beclin 1 and ERK. To determine the possible mechanisms of
autophagy regulation, western blot analysis was performed
to detect the expression of the autophagy regulator proteins
Beclin 1 and ERK in Hep-G2 cells. Beclin 1 is an important
protein involved in the regulation of autophagy and the acti-
vation of ERK1/2 can be detected in numerous autophagic
processes (26,27). The protein expression of Beclin 1
increased significantly by 44% in Hep-G2 cells following
the addition of 2 uM HSYA for 6 h. The levels of Beclin 1
protein expression increased slightly at 24 h compared with
the control group (Fig. 7A and B). Additionally, the ratio of
p-ERK1/2 to total ERK1/2 decreased significantly by 31%
in the HSYA group at 6 h compared with the control group
(Fig. 8A and B). The results indicated that HSYA influenced

autophagy by regulating Beclin 1 and ERK protein expres-
sion.

Discussion

Liver cancer is the second most common cause of cancer-asso-
ciated death worldwide, and the incidence and mortality
rates have steadily increased (28). At present, surgery and
western pharmaceutical drugs are the two primary strate-
gies for treating tumors. However, unwanted side effects
and drug resistance have led to increased research into novel
multi-faceted and multi-targeting antitumor drugs, including a
focus on TCM (4.,5).

TCM adjuvant treatments may have significant advantages
in improving the quality of life and prolonging the survival
time of patients with liver cancer compared with standard treat-
ment strategies (2). HSYA is one of the primary water-soluble,
active ingredients of the TCM safflower. HSYA has been
reported to promote apoptosis in abnormal human umbilical
vein endothelial cells (29) and to suppress the inflammatory
responses of BV2 microglial cells after oxygen-glucose depri-
vation (30). In the present study, an MTT assay revealed that
HSYA reduced the viability of liver cancer cells and a large
number of vacuoles and a small amount of cell debris were
microscopically observed in HSYA-treated cells, suggesting
that HSYA induced autophagy. A previous study had deter-
mined that the IC,, value for HSYA was 64.0+4.6 uM (20);
therefore, a final concentration of 2 uM HSYA was used in
the present study, and the effects on cellular viability were
considered to be the result of the pharmacological properties,
rather than toxic side effects.

Autophagy is referred to as cellular self-digestion. The
autophagic membrane envelops areas of the cytoplasm to form
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Figure 8. HSYA reduces the ratio of p-ERK1/2 to total ERK1/2 in Hep-G2 cells. Protein levels were determined by (A) western blot analysis. (B) Quantification
of western blotting results. ““P<0.001 vs. the control group. HYSA, hydroxysafflor yellow A; p, phosphorylated.

an autophagosome, encompassing organelles and proteins for
degradation (25). The autophagosome then fuses with a lyso-
some to form an autolysosome, which subsequently degrades
the encapsulated contents, the products of degradation provide
raw materials and are a means of recycling existing cellular
material (25). AVi structures contain morphologically intact
cytoplasm, which is comparable to the surrounding cyto-
plasm (25). By contrast, AVd structures contain material
that can still be recognized as cytoplasmic. However, the

ribosomes are partially degraded, resulting in a more elec-
tron dense cytoplasm compared with the surroundings. Only
vacuoles containing cytoplasmic material can be considered
autophagic (25). In addition, an autophagy landmark LC3
protein test is required to determine whether autophagy has
occurred (17).

LC3 was the first autophagosome marker protein to be
identified in LC3 synthesis (17) and exists in a soluble form
(LC3-I) in the cytosol. When autophagy occurs, LC3-I is
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converted to LC3-II with the help of autophagy complexes.
LC3-II is an autophagosome marker with membrane-binding
ability, which is also localized to autophagic membranes and
its expression is related to the number of autophagosomes (31).
Theoretically, increases in the LC3-II/LC3-I ratio indicate the
occurrence of autophagy (32). However, LC3-II and LC3-I
have different sensitivity to antibodies thus the LC3-II/LC3-I
ratio was different than expected. Therefore, to determine the
degree of autophagic viability, it is necessary to observe the
entire process, including the degradation of the autophagy
substrate p62 (32).

In the present study, treatment of Hep-G2 cells with 2 uM
HSYA for 6 h increased the LC3-II content and decreased
the p62 content. In the HYSA group, immunofluorescence
detection suggested that the LC3 protein aggregated within
the cells at 6 h and electron microscopy revealed that AVi
and AVd structures were present, confirming that autophagy
had occurred. In summary, the results demonstrated that
HSYA induced autophagy in Hep-G2 cells and that autophagy
occurred at the highest rate at the 6 h time point.

He et al (33) reported that the use of a chalcone deriva-
tive, Chal-24, induced autophagy and promoted cancer cell
apoptosis, indicating that autophagic induction may serve as
a novel treatment strategy for tumors. In the present study,
2 uM HSYA significantly reduced cell viability and CQ, a
common autophagy inhibitor, increased cell viability. CQ
+ HSYA treatment also increased liver cancer cell viability
compared with control cells. The results suggested that
CQ inhibited HSYA-induced autophagy and increased cell
viability. Furthermore, it could be suggested that HSYA
reduced the viability of cells by inducing autophagy, further
suggesting that autophagy inducers may serve as a potential
treatment strategy to enhance the effects of HSYA in liver
cancer.

Beclin 1 is an important protein involved in the regulation
of autophagy (34), which promotes autophagy by localizing to
autophagic precursors (35). In the present study, the addition of
2 uM HSYA to Hep-G2 cells significantly increased Beclin 1
protein expression levels at the 6 h time point, indicating that
autophagy was induced by regulating Beclin 1 in liver cancer
cells.

ERK1/2 activation can be detected in various autophagic
processes and can influence the proliferation of tumor cells via
autophagy (26,27). p-ERK1/2 proteins directly phosphorylate
the S664 residue of the tuberin protein, thereby inhibiting
autophagy (36). Furthermore, upregulating the p-ERK/ERK
ratio can inhibit autophagy in the hippocampus of mice (37).
Therefore, it was hypothesized that p-ERK/ERK was associ-
ated with autophagy. In the present study, HSYA significantly
decreased the p-ERK/ERK content of Hep-G2 cells. The
results indicated that HSYA significantly inhibited the phos-
phorylation of ERK1/2 and subsequently induced autophagy
and inhibited the viability of liver cancer cells.

During the process of autophagosome-to-autolysosome
formation, the Beclin 1 complex and ERK1/2 serve an
important role in regulating autophagy (38). The results of the
present study indicated an increase in LC3-II and a decrease
in p62 content following HYSA treatment of Hep-G2 cells,
suggesting an induction of autophagy. Therefore, the present
study suggested that the Beclin 1 complex may promote the
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occurrence of autophagy; a process that may be indirectly
inhibited by ERK1/2.

In combination with previous research, the results of the
present study indicated that HSYA had various effects on
liver and gastric cancer cells, including preventing metastasis,
inducing apoptosis and reducing viability (10). The results of
the current study also suggested that HSYA induced autophagy
by increasing the expression of Beclin 1 and inhibiting the
phosphorylation of ERK in human liver cancer cells, there-
fore indicating that HSYA exhibited antitumor viability. To
conclude, HSYA may serve as a potential therapeutic for liver
cancer by enhancing autophagy.
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