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Matrine exerts anti-breast cancer activity by
mediating apoptosis and protective autophagy via
the AKT/mTOR pathway in MCF-7 cells
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Abstract.Matrine,amajor alkaloid isolated from the traditional
Chinese herb Sophora flavescens, has been used clinically to
treat breast cancer in China. However, the effects of matrine
on apoptosis and autophagy in breast cancer cells remain
unclear. In the present study, the anti-breast cancer capacity
of matrine was evaluated and its role in regulating apoptosis
and autophagy in vitro was investigated. Matrine significantly
inhibited the growth of MCF-7 cells. In addition, Hoechst
33342 staining and Annexin V/propidium iodide staining
demonstrated that incubation with matrine induced apoptosis
in MCF-7 cells. Furthermore, matrine induced autophagy
in MCF-7 cells, manifesting as an accumulation of light
chain 3 II and downregulation of p62. Additionally, matrine
suppressed AKT and mammalian target of rapamycin (mTOR)
phosphorylation, indicating that the AKT/mTOR pathway is
involved in matrine-induced apoptosis and autophagy. Overall,
the results of the present study indicated that matrine possesses
anti-breast cancer activity by providing protective autophagy
via inhibition of the AKT/mTOR pathway. These findings
indicated that matrine may be a promising candidate for drug
development targeting breast cancer.
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Introduction

Breast cancer is a malignant disease that seriously damages
the health of women worldwide and is considered to be
the second leading cause of cancer mortality in women
according to the 2018 American Cancer Report (1). Patients
with breast cancer undergo surgery or radiation therapy
combined with chemotherapy; despite the improved survival
rates with these treatments, drug resistance and recurrence
in certain patients continues to lead to poor prognosis and
treatment failure (2). Therefore, developing effective adju-
vant therapy with fewer side-effects compared with main
treatments to reduce the progression of breast cancer has
become an urgent need.

Natural products have been attracting increasing interest
worldwide due to their extensive biological activities and
minimum toxicity (3,4). These natural products have contrib-
uted to improving the quality of life and several of them
have been used clinically to treat various diseases, including
cancer (5). Matrine is a bioactive compound found in the
traditional Chinese medicine Sophora flavescens (Fig. 1). It
demonstrates versatile pharmacological properties, including
anti-inflammatory (6), antiviral (7), antitumor (8) and
anti-fibrotic properties (9). Matrine has been demonstrated
to effectively influence the development and progression of
cancer involving the blockade of cell cycle progression (10)
and the induction of apoptosis (11). Previous studies also
confirmed that matrine suppressed proliferation, invasion
and metastasis, regulating the expression of oncogenes and
inhibiting the production of cytokines of breast cancer in vitro
and in vivo (12,13). Due to such promising efficacy, matrine
is currently used as an adjuvant in China to improve 5-year
survival rates and quality of life in breast cancer patients and
to enhance their immunity (6). Nevertheless, the functional
role and exact mechanisms of matrine against breast cancer
remain to be elucidated.

Autophagy is an evolutionarily conserved mechanism
responsible for cellular homeostasis in eukaryotic cells. It is a
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form of programmed cell death that regulates tumor develop-
ment and progression (14,15). In addition, autophagy can have
opposing roles in different cell types (16), for example activa-
tion of autophagy can contribute to the survival of human lung
carcinoma A549 cells (17), or promote cell death of U251 (14)
and SMMCT7721 cells (15). Autophagy triggered in response to
anticancer therapy can be associated with cell death, leading
to the activation of the pro-death signaling pathway in cancer
cells (18). Previous studies demonstrated that autophagy is
involved in breast cancer biology (19,20) and in the development
of therapy resistance in breast cancer (21). Recently, studies
demonstrated that autophagy served a crucial role in breast
cancer therapeutics. For example, baicalein was revealed to
suppress cell proliferation and induce apoptosis and autophagy
in breast cancer cells by inhibiting the PI3K/AKT pathway
both in vitro and in vivo (22). In another study, corilagin was
revealed to inhibit breast cancer growth via reactive oxygen
species (ROS)-dependent apoptosis and autophagy (23).
Studies have demonstrated that matrine possesses potential
antitumor activities in breast cancer cells (5,24). However, the
exact effects of autophagy in regulating the cellular sensitivity
of breast cancer to matrine treatment remain to be elucidated.

Therefore, the present study investigated the influence of
matrine on breast cancer and explored the potential mecha-
nisms of autophagy involved in the anti-breast cancer activity
of matrine. To this end, a widely used epithelial cancer cell line
MCF-7, derived from breast adenocarcinoma, was employed
as an in vitro model to investigate the anticancer effects of
matrine on breast cancer by focusing on its influence on
autophagy. The findings of the present study may afford new
insights into the mechanisms of matrine in inhibiting breast
cancer.

Materials and methods

Materials. Matrine was purchased from Shanghai Yuanye
Biotechnology Co.,Ltd.,(purity 98%). DMEM was obtained from
Gibco (Thermo Fisher Scientific, Inc.). Penicillin-streptomycin
was purchased from Beijing Solarbio Science and Technology
Co., Ltd. Fetal bovine serum (FBS) was purchased from
Zhejiang Tianhang Biotechnology Co., Ltd. BCA protein assay
kit and Annexin V-FITC apoptosis detection kit were provided
by Beyotime Institute of Biotechnology. Cell Counting Kit-8
(CCK-8) was obtained from Dojindo Molecular Technologies,
Inc. Antibodies to light chain 3 (LC3)-II rabbit mAb
(cat. no. 3868s), p62 rabbit mAb (cat. no. 5114), phosphorylated
(p-)AKT rabbit mAb (cat. no. 13038), p-mammalian target of
rapamycin (mTOR) rabbit mAb (cat. no. 5536), B-actin rabbit
mAD (cat. no. 8457) and anti-rabbit IgG alkaline phosphatase
(AP)-linked antibodies (cat. no. 7054) were obtained from Cell
Signaling Technology, Inc.

Cell culture. MCF-7 cells were provided by Professor Jianqiang
Liu (Guangdong Medical University, China). The cells were
maintained in DMEM supplemented with 10% FBS and 1%
penicillin-streptomycin at 37°C in a humidified atmosphere of
5% CO,.

Cell viability assay. MCF-T cells were seeded into the 96-well
plate at 5x10* cells/ml. After the cells were attached, they were
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incubated with 2, 4, 8 and 10 mM matrine for 24, 48 and 72 h.
Cell viability of MCF-7 was determined using the CCK-8
assay kit in accordance with the manufacturer's protocol. The
absorbance at 450 nm was measured with a microplate reader.

Morphological changes of MCF-7 cells. MCF-7 cells
(1x10° cells/ml) were seeded into 12-well plates and the
morphological changes were observed by optical microscope
at x200 magnification and images were captured after the cells
had been treated with matrine for 24 h.

Apoptosis analysis. Following matrine exposure, MCF-7
were collected by scraping with a rubber policeman on
the ice followed by centrifugation at 1,000 x g for 5 min
at 4°C and re-suspended in fresh medium at a density of
2x10° cells/ml. Apoptosis was assessed according to the
manufacturer's instructions. The cells were labeled with 5 ul
Annexin V-FITC and 5 pl of propidium iodide (PI) for 10 min
in the dark. Samples were analyzed using flow cytometry
(FACSVerse; BD Biosciences) and data were analyzed with
Flowlo 7.6.1 software (Tree star, Inc.). Annexin V*/PI™ cells
were identified as early apoptotic cells, whereas Annexin
V*/PT* cells were designated as late apoptotic cells.

Hoechst 33342 staining. Apoptotic condensed nuclear changes
were identified with Hoechst 33342 staining. The MCF-7 cells
were washed twice with PBS and then incubated in Hoechst
33342 at 37°C for 30 min following matrine treatment. Then,
alterations in nuclear morphology were imaged under a
Olympus IX73 fluorescence microscope at 377 nm excitation
and 447 nm emission wavelengths (Olympus Corporation)
from five random fields (magnification, x200).

Western blot analysis. Total protein was extracted using RIPA
buffer containing 1 mM phenylmethylsulphonyl fluoride
(Beyotime Institute of Biotechnology) at 4°C for 30 min. The
concentrations of the protein were determined using a BCA
protein assay kit. Equal amounts of proteins (20 ug) were
subjected to 10% SDS-polyacrylamide gel electrophoresis
and electro-transferred to Immuno-Blot PVDF membranes.
Membranes were blocked with 5% (w/v) bovine serum
albumin (Beyotime Institute of Biotechnology, China) for 2 h
at 4°C. Subsequently, the membranes were incubated with
primary antibody (LC3-II, p62, p-AKT, p-mTOR, and $-actin;
all 1:1,000) overnight at 4°C. After washing with 0.1% (v/v)
Tween-20 in TBS, the anti-rabbit IgG AP-linked secondary
antibody was applied for 1 h at room temperature. The bands
were developed using the ECL detection system (Bio-Rad
Laboratories, Inc.) and densitometry analysis was performed
by Imagel software (version 1.46, National Institutes of
Health). B-actin served as the internal reference concurrently.
All data were expressed as the relative intensity compared to
the control group for the statistical analyses.

Statistical analysis. Data were reported as the means + stan-
dard deviation of at least three independent experiments
conducted in triplicate. Statistical analyses were performed
using GraphPad Prism 8.0 software (GraphPad Software,
Inc.). Differences between groups were performed using
Student's t-test (2-group comparisons) or one-way analysis of
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Figure 1. Chemical structure of matrine. (A) 2-D Structure of matrine and (B) 3-D conformer of matrine. Chemical formula: C;;H,,N,O, molecular weight:
248.37 g/mol, from PubChem https://pubchem.ncbi.nlm.nih.gov/compound/91466.

variance followed by Tukey's post hoc test (>2 groups). P<0.05
was considered to indicate a statistically significant difference.

Results

Matrine decreases cell viability of MCF-7 cells. To elucidate
the impact of matrine on the cell viability of human breast
cancer MCF-7 cells, the cells were cultured with 2, 4, 8 and
10 mM matrine for 24, 48 and 72 h, following which the
CCK-8 assay was conducted. As revealed in Fig. 2, matrine
significantly caused the inhibition of the viability of MCF-7
cells (P<0.05) and this effect was dose-dependent. Over the
course of extended treatments (72 h), matrine exhibited a
greater inhibitory effect compared with that at 24 and 48 h
(P<0.01). These results indicated that matrine exhibited
anti-cell growth effects on breast cancer MCF-7 cells in a
dose- and time-dependent manner.

Matrine induces morphologic changes of MCF-7 cells.
Morphological features were observed in MCF-7 cells
following treatment with various concentrations of matrine.
MCF-7 cells demonstrated shrinkage, membrane blebbing,
ballooning and partial detachment after treatment with
matrine for 24 h (Fig. 3).

Matrine induces cell apoptosis in MCF-7 cells. To evaluate
the effect of matrine on the apoptosis of breast cancer MCF-7
cells, Hoechst 33342 staining, which is sensitive to DNA,
was used to estimate the changes of nuclear morphology. As
revealed in Fig. 4A, Hoechst 33342 staining of the control
MCF-7 cells exhibited a uniformly blue dyed pattern in the
nuclei whereas the cells incubated with matrine demonstrated
typical characteristics of apoptosis, namely nuclear condensa-
tion/fragmented chromatin and apoptotic bodies with bright
blue fluorescent dots. These data indicated that matrine could
effectively induce cellular apoptosis. Apoptotic responses
were also assessed by flow cytometry following Annexin V/PI
staining. As is revealed in Fig. 4B, exposure to matrine led
to a significant increase in the percentage of apoptotic cells
in MCF-7 cells compared with the control. The apoptotic
rates were 56.04+2.00% (2 mM), 64.28+2.68% (4 mM) and
72.81+3.83% (8 mM), respectively. These results further
confirmed that matrine could induce cellular apoptosis. Based
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Figure 2. Effects of matrine on the cell viability of human breast cancer
MCEF-7 cells. MCF-7 cells were treated with 2, 4, 8 and 10 mM matrine for
24,48 and 72 h. Subsequently, cell viability was measured using a CCK-8
assay. The data are expressed as the means + standard deviation from three
independent experiments. "P<0.05 vs. the control group; “P<0.01 vs. the
control group; ““P<0.001 vs. the control group; "P<0.05 vs. 2 mM groups;
"P<0.01 vs. 2 mM groups; “"P<0.001 vs. 2 mM groups.

on these findings, matrine could induce an apoptotic response
in MCF-7 cells.

Matrine induces autophagy in MCF-7 cells. To determine the
effect of matrine on the induction of autophagy, expression
of LC3-II, a protein recruited to autophagosomal membranes
as an indication of autophagy (25), was assessed using
western blotting. As demonstrated in Fig. 5, in MCF-7 cells,
matrine enhanced LC3-II expression compared with the
control group, indicating that matrine induced autophagic
flux. To further determine whether matrine modulates
autophagic degradation, the expression levels of p62, also
known as sequestosome-1, which is associated with LC3-II
turnover and functions as a marker of autophagic degrada-
tion (26) were assessed. MCF-7 cells incubated with matrine
resulted in significantly decreased expression levels of p62,
indicating an inductive effect of matrine on autophagic flux.
Collectively, these results indicated that matrine was an
inducer of autophagy.
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Figure 3. Effects of matrine on morphologic changes of human breast cancer MCF-7 cells. MCF-7 cells were treated with 2, 4 and 8 mM matrine for 24 h.
The morphological features were observed using microscopy at X200 magnification. MCF-7 cells incubated with matrine demonstrated shrinkage, membrane

blebbing, ballooning and partial detachment.
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Figure 4. Effects of matrine on human breast cancer MCF-7 cell apoptosis. MCF-7 cells were treated with 2, 4 and 8 mM matrine for 24 h. (A) Apoptotic
condensed nuclear changes were quantified using Hoechst 33342 staining and observed using fluorescence microscopy at x200 magnification. (B) Apoptosis
was determined by Annexin V-FITC/PI staining and flow cytometry. Statistical analysis was performed using one-way ANOVA followed by Tukey's multiple
comparison test; “"P<0.001 vs. the control group; “P< 0.05 and **#P< 0.001 vs. the 2 mM matrine group. UL: Upper left, UR: Upper right, LL: Lower left, LR:

Lower right.
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Figure 5. Effects of matrine in inducing autophagy in breast cancer MCF-7 cells. MCF-7 cells were treated with and without matrine for 24 h. The levels of
the autophagy-related protein p62 and LC3-1I were confirmed using western blotting, with $-actin used as loading control. LC3, light chain 3.""P<0.01 vs. the
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Figure 6. Effects of matrine on the activation of the AKT/mTOR pathway. MCF-7 cells were treated with and without matrine for 24 h. Cell extracts were
analyzed by western blotting with antibodies specific for p-AKT and p-mTOR. Quantification of protein expression levels of p-AKT and p-mTOR to f3-actin.
“P<0.01 vs. the control group. p-, phosphorylated; mTOR, mammalian target of rapamycin.

Matrine induces autophagy via the AKT/mTOR pathway.
Next, the pathways involving the activation of autophagy
induced by matrine analysis were explored using western
blotting. It was identified that, compared with the control
group, levels of phosphorylation of AKT and mTOR were
significantly downregulated in MCF-7 cells following incu-
bation with matrine (Fig. 6). Matrine treatment significantly
decreased the ratio of p-AKT/AKT in MCF-7 cells. Variation
in the p-mTOR/mTOR ratio was consistent with the change
in the p-AKT/AKT ratio. Collectively, these results indicated
that matrine-induced autophagy was due, at least in part, to
inhibition of the AKT/mTOR pathway.

Discussion

Breast cancer is the commonest type of malignancy in females
worldwide (27). Recently, phytochemicals have become
a substantial source of cancer treatments (28). Matrine,
an alkaloid component extracted from the Chinese herb
Sophora flavescens, is considered to improve the quality of life

and prognosis of cancer patients when combined with standard
therapies (29). Matrine exhibits pro-apoptotic (30), anti-prolif-
eration (31) and metastasis-suppression effects (32,33) in
various cancer cells such as SGC-7901 human gastric cancer
cell and osteosarcoma cells (12,13). However, the mechanisms
underlying the anticancer properties of matrine in MCF-7
breast cancer cells remain to be elucidated. Therefore, the
potential mechanism of matrine against MCF-7 breast cancer
cells was explored in the present study.

To determine the role of matrine in MCF-7 breast cancer
cells, CCK-8 assay was performed. Consistent with previous
studies (6,34), matrine significantly suppressed cell viability
in a dose- and time-dependent manner in MCF-7 breast cancer
cells. Furthermore, the morphological changes of the MCF-7
breast cancer cells cultured in the presence of matrine also
revealed its cytotoxic effect on MCF-7 cells. Apoptosis induc-
tion serves a key role in cancer therapy (35). In the present
study, Hoechst 33342 staining and flow cytometry revealed
that matrine could cause cellular apoptosis in MCF-7 cells.
These findings supported the hypothesis that inhibition of
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cellular growth in MCF-7 by matrine was at least partly attrib-
uted to its induction of apoptosis.

Autophagy is closely associated with cancer therapeu-
tics (36). Previous studies have revealed that autophagy
enhancers can be used as potential treatment strategies for
cancer in precancerous lesions (37,38). In advanced cancer,
intervening in autophagy has been suggested as one of the
effective measures for cancer treatment (39,40). Resveratrol
has been revealed to inhibit the proliferation of A549 lung
cancer cells and to promote cell death by an autophagic
mechanism (41). Juglone conferred protection in human hepa-
tocellular carcinoma cells, mediated by its ability to induce
apoptosis and autophagy by adjustment of mitogen-activated
protein kinase pathways (42). Recently, several lines of
evidence have also demonstrated that matrine has potential
anticancer properties by enhancing autophagy. Matrine can
induce apoptosis and autophagy of glioma cell line U251 via
modulation of circular RNA-104075/BCL-9 (43) and induced
protective autophagy via ERK activation in osteosarcoma
cells (30). However, there is insufficient evidence to determine
the role of matrine interaction between autophagy and breast
cancer. To the best of the authors' knowledge, the present study
is the first time to identify matrine as an inducer of autophagy
in breast cancer MCF-7 cells. LC3, a cytosolic ubiquitin-like
protein, is expressed in the majority of cell types (44). During
autophagosome formation, cytosolic LC3-I is transformed
into its enzymatic LC3-II counterpart that aggregates on
membranes of autophagosomes (45); p62, a ubiquitin-binding
scaffold protein, has an LC3-interacting domain and is
degraded during autophagy progression (46). LC3-II and p62
are therefore reliable autophagy markers. Thus, to determine
the role of matrine in autophagy induction, expression levels
of LC3-II and p62 were assessed using western blotting. The
results demonstrated that matrine upregulated the expression
of LC3-II and concomitantly decreased p62 expression. These
results indicated that the cytotoxic effects of matrine in breast
cancer MCF-7 cells may at least in part associated with the
induction of autophagy.

Autophagy is regulated by a number of upstream signaling
pathways (47). The AKT/mTOR pathway is a crucial signaling
cascade that regulates numerous cellular processes in both
normal and cancer cells, including cell proliferation, the cell
cycle, synthesis of protein and angiogenesis (48). mTOR is
phosphorylated by activated AKT and p-mTOR negatively
regulates autophagy (49). A previous study suggested that
the AKT/mTOR signaling pathway serves a vital role in
autophagy (50). Inhibition of the AKT/mTOR pathway was
revealed to promote autophagy and apoptosis to produce
anticancer effects (51). Triptolide suppressed tumor growth
by inducing apoptosis and autophagy by activating the
ROS/INK and blocking the AKT/mTOR signaling pathways
in glioma cells (52). Curcumin demonstrated its antitumor
activity by regulating autophagy in human lung cancer A549
cells by inhibiting the PI3K/AKT/mTOR pathway (53). The
present study determined whether the AKT/mTOR signaling
pathway could be responsible for the autophagy upregulation
efficacy of matrine. Matrine treatment significantly inhibited
the phosphorylation of AKT and mTOR in breast cancer
MCF-7 cells. Collectively, the data from the present study
indicated that the AKT/mTOR signaling pathway participated
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in matrine-induced apoptosis and protective autophagy in
breast cancer MCF-7 cells. The present study demonstrated
that, in breast cancer MCF-7 cells, matrine could suppress
cellular growth by triggering apoptosis and autophagy,
both of which are regulated by the AKT/mTOR signaling
pathway. Consequently, these findings indicated that matrine
has a potential application in the treatment of human breast
cancer. However, the several factors involved in these events
are complex processes that require further characterization.
Detailed in vivo investigations into the therapeutic benefits of
matrine should be pursued.
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