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Matrine exerts antitumor activity in cervical cancer by protective
autophagy via the Akt/mTOR pathway in vitro and in vivo
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Abstract. Matrine is a quinazoline alkaloid extracted from
Sophora flavescens. The aim of the present study was to deter-
mine whether matrine can induce autophagy in the human
HeLa and SiHa cervical cancer cell lines in vitro and in vivo.
Cell viability assay was used to assess the suppressive effect
of matrine and cisplatin on the proliferation of HeLa and SiHa
cells. A total of 28 4-week-old female BALB/c nude mice were
used for the in vivo study. Autophagy and protein expression
were observed via transmission electron microscopy, monodan-
sylcadaverine and immunohistochemical staining and western
blotting. The inhibitory effect of matrine on the proliferation
of cervical cancer cells was time- and dose-dependent. The
combination of matrine and cisplatin synergistically inhibited
the proliferation of cervical cancer cells in vitro and in vivo.
Transmission electron microscopy showed that after the addition
of matrine, numerous autophagosomes and autophagolysosomes
were observable in HeLa and SiHa cells, as demonstrated by
monodansylcadaverine staining. Western blotting and immu-
nohistochemical staining showed that as the concentration of
matrine increased, the expression of the autophagy marker
LC3A/B-II also increased significantly in vitro and in vivo.
These findings suggested that matrine inhibited the proliferation
of cervical cancer cells and induced autophagy by inhibiting the
Akt/mTOR signaling pathway. Thus, matrine may represented
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a potential candidate in combination therapy for cervical cancer
as an inducer of autophagy.

Introduction

Cervical cancer was the fourth most frequently diagnosed
cancer worldwide in 2018, with an estimated 570,000 new
cases. It was also the fourth leading cause of cancer-related
deaths in women worldwide, accounting for an estimated
311,000 deaths in 2018 (1). In China, the large size of the
population constitutes a great challenge to cervical cancer
screening and vaccination programs (2). Despite a current
standard of care that includes radiotherapy, chemotherapy
and/or surgical resection (3), the 5-year survival of patients
with advanced recurrent and metastatic cervical cancer is only
15% (4). To achieve satisfactory therapeutic effectiveness for
patients with advanced cervical cancer, improved treatment
strategies are needed.

Matrine is a quinazoline alkaloid extracted from the dried
roots and fruits of Sophora flavescens (5), and preparations for
injection and for use as alkaloid gels have been clinically used
in China for several years to treat gynecological inflamma-
tion, gynecological tumors, hepatitis and other diseases (6-8).
The main component of Sophora flavescens preparations
is matrine, which has broad pharmacological properties,
including sedation, analgesia (9), antiviral (10), anti-inflam-
matory (11), antifibrotic (12) antitumor and immunoregulatory
activity (13,14), as well as other effects (15). Previous studies
have investigated the inhibitory effects of matrine on a variety
of tumor cells including cervical cancer (16-20). Matrine
combined with chemotherapy drugs, such as cisplatin,
docetaxel and adriamycin, may have antitumor activity (21-23).
Matrine has also been shown to enhance the levels of immuno-
logical parameters such as IgA, IgM, CD8* and IFN-vy, improve
cachexia in patients with advanced cancer, and reduce adverse
reactions caused by platinum-based chemotherapy (24).

Autophagy is ubiquitous in tumor cells, and during various
stages of the development and progression of cervical cancer,
autophagy promotes cell death or cell survival (25). Matrine
also has a complex, multifaceted role in tumor development,
and can either promote or inhibit autophagy. Matrine-induced
autophagy may have opposite effects in different types of tumor
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cells (26,27). Previous studies have reported that matrine can
induce autophagy, promote cell death and enhance the sensi-
tivity of cancer cells to some chemotherapeutic drugs (28,29).
Others have reported opposite effects, including reduced
autophagy and increased cancer cell survival (30). Our
previous observations suggested that matrine could inhibit the
growth of cervical cancer by downregulating the p38 signaling
pathway (19). However, whether matrine can induce autophagy
in cervical cancer remains unclear. In the present study, matrine
inhibited the proliferation of cervical cancer cells in vitro
and suppressed tumor growth in vivo. With the increased
matrine concentration, the expression of the autophagy marker
LC3A/B-II increased both in vitro and in vivo, and this effect
was mediated by the Akt/mTOR pathway. These findings
suggest that matrine-induced autophagy may prove useful for
the treatment of cervical cancer.

Materials and methods

Reagents. The following reagents were used: Matrine
(Xi'an Caogen Biological Engineering), cisplatin (also
known as DDP; Qilu Pharmaceutical), DMEM (Hyclone;
Cytiva), FBS (Gibco; Thermo Fisher Scientific, Inc.), Cell
Counting Kit-8 (CCK-8; Dojindo Laboratories, Inc.) and
DMSO (MilliporeSigma). Antibodies specific for LC3A/B
(cat. no. 12741t), Akt (cat. no. 4691T), phosphorylated (P)-Akt
(Serd73; cat. no. 4060T), mTOR (cat. no. 2983T), P-mTOR (Ser
2448; cat. no. 5536T), p70 ribosomal protein S6 kinase (p70S6;
cat. no. 2708T), phospho-p70S6 kinase (Thr 389; cat. no. 9234T)
and B-actin (cat. no. 4970T) were obtained from Cell Signaling
Technology, Inc. The structure of matrine is shown in Fig. 1A.

Cell culture. The human HeLa and SiHa cervical cancer
cell lines were purchased from the American Type Culture
Collection and were cultured in DMEM supplemented with 10%
FBS, 100 U/ml penicillin and 100 pg/ml streptomycin (Beijing
Solarbio Science & Technology Co., Ltd.) at 37°C with 5% CO,.

CCK-8 assay. HeLa and SiHa cells (5x10° cells/well) were
seeded in 96-well plates and treated with matrine (0, 0.01,
0.1, 1.25, 2.5, 5 or 10 mM) and cisplatin (0, 0.01, 0.1, 1.25,
2.5,5 or 10 ug/ml). After 24 or 48 h, cells were incubated
for 60 min with CCK-8 solution, and the absorbance
at 450 nm was measured using a microplate reader (Bio-Rad
Laboratories, Inc.). For morphological observation, HeLa
and SiHa cells (1x10° cells/well) were plated in 24-well
plates and treated with matrine (0.00, 1.25, 2.50, 5.00 or
10.00 mM). After 24 h, the plates were observed using an
inverted microscope.

Synergy determination. Synergy was determined using the
Chou-Talalay method (31) with the CompuSyn software
(ComboSyn, Inc.; version no. 2005). CompuSyn is based on
the median effect principle and its combination index (CI)
theorem for pharmacodynamic research and computerized
analysis. A CI value <1 indicates a synergistic effect, 1 indi-
cates an additive effect, and >1 indicates an antagonistic effect.

Monodansylcadaverine (MDC) staining. HeLLa and SiHa cells
(10° cells/well) were seeded in 6-well plates and incubated

with matrine (0 or 5 mM) for 24 h. The cells were collected
and mixed with MDC for 30 min at room temperature in the
dark. Granules were observed using a confocal laser scanning
microscope (Leica Microsystems GmbH).

Transmission electron microscopy. Matrine (0 or 5 mM) was
added to culture flasks containing 1x10° cells/ml. After incu-
bation for 24 h, the cells were collected and fixed with 2.5%
glutaraldehyde and 2% osmium tetroxide in sodium caco-
dylate buffer (pH 7.2) at 4°C for 2 h. The fixed specimen was
postfixed in 1% osmium tetraoxide (OsO4) containing 1.5%
potassium ferrocyanide for 30 min at 4°C. The samples were
dehydrated using 50, 60, 70, 80, 90 and 100% ethanol series for
20 min each, and embedded in Epon for 12 h at 37°C, for 12 h
at 45°C, and for 24 h at 60°C, then sectioned at 50-70 nm with
an ultramicrotome. The sections were double stained with 3%
uranyl acetate and lead citrate for 30 min at room temperature
and observed with a transmission electron microscope.

Tumor xenograft model. The Institutional Animal Care and
Treatment Committee of Xi'an Jiaotong University approved
the study (approval no. XJTULAC2020-1337). A total of 28
4-week-old female BALB/c nude mice (weight 20 g) were
purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. Mice were kept in a specific-pathogen-free
laminar air flowbox at 22°C, humidity at 30-50% and light/dark
cycle of 14/10 h and were fed with sterile food pellets and water
ad libitum. After HeLa cells in logarithmic growth phase were
digested with trypsin, a cell suspension was prepared. HeLa cells
(1x10%) suspended in 0.2 ml PBS were implanted subcutaneously
into the right flank of the nude mice. After 7 days, the mice
were randomly assigned to the following groups (n=7/group):
i) Control, administered 100 ul normal saline; ii) matrine
50 mg/kg; iii) cisplatin 2 mg/kg; and iv) matrine 50 mg/kg +
2 mg/kg cisplatin. The mice were treated by intraperitoneal
injection once every 2 days and were sacrificed 21 days later.
The length (1) and width (w) of the tumor were measured every
2 days and the volume (V=1 x w?/2) was calculated. The mice
were sacrificed by cervical dislocation after 21 days, and the
tumors were excised and weighed.

Immunohistochemistry. Tumor tissue were fixed in 10%
formalin for 24 h at 4°C, paraffin-embedded and sectioned
at 5 ym, dewaxed and incubated with 0.01 M sodium citrate
at 100°C for 10 min for antigen retrieval. Then the slides
were dehydrated with gradient ethanol (100, 95, 90, 80 and
70%) at 1 min each ethanol concentration. After washing in
PBS, sections were immersed in 3% hydrogen peroxide for
15 min. After adding 2% bovine serum for 30 min at 37°C
to block non-specific antibody binding for 2 h, the sections
were washed twice with PBS and incubated overnight with the
antibody LC3A/B (1:100, cat. no. 12741t) at 4°C. PBS diluted
biotin-labeled rabbit anti-mouse secondary antibody (1:100,
cat. no. 7074P2) was added, and the specimens incubated at
room temperature for 2 h. Then samples were rinsed quickly
with distilled water, and re-stained with hematoxylin for
30 sec at room temperature, dehydrated, cleared and mounted
for observation under a light microscope. The expression of
LC3A/B-II was assessed using the integral optical density
value calculated using ImageProPlus6.0 software.
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Figure 1. Matrine inhibits the proliferation of cervical cancer cells. (A) Structure of matrine. (B) Cell viability was measured using Cell-Counting Kit-8 assays. The
data are presented as the mean + SD. n=3. "P<0.05 vs. 0 mM matrine. (C) Morphology of cervical cancer cells treated with matrine for 24 h. Magnification, x200.

Western blot assays. Proteins were isolated from cells and
tissues in 200 1 RIPA lysis buffer (Beyotime, Shanghai, China)
supplemented with 1% phenylmethanesulfonyl fluoride and 1%
phosphatase inhibitor. The lysate was centrifuged at 10,000 g
and 4°C for 10 min. The protein concentration was determined
with a bicinchoninic acid assay kit (Pierce; Thermo Fisher
Scientific, Inc.) compared with a standard reference curve.
Around 30 mg proteins were separated by 8-12% SDS-PAGE
and blotted onto PVDF. Afterwards, electro-rotation was
carried out for 60 min under constant current (250-350 mA),
and then samples were sealed with 10% skimmed milk powder
at room temperature for 1 h. The membranes were incubated
overnight at 4°C with primary antibodies (1:1,000, LC3A/B
(cat. no. 12741t), Akt (cat. no. 4691T), phosphorylated (P)-Akt
(Serd73; cat. no. 4060T), mTOR (cat. no. 2983T), P-mTOR
(Ser 2448; cat. no. 5536T), p70 ribosomal protein S6 kinase
(p70S6; cat. no. 2708T), phospho-p70S6 kinase (Thr 389;
cat. no. 9234T) and B-actin (cat. no. 4970T; CST) and then
with horseradish peroxidase-conjugated secondary antibody
(1:100, cat. no. 7074P2) at 37°C for 1 h. Subsequently, signals
were detected using an ECL detection kit (Yeasen). Quantity
One software (Bio-Rad Laboratories, Inc.) was used to visu-
alize the proteins and measure their relative expression. Bands
were quantified by ImageJ 1.29 software (National Institutes
of Health).

Statistical analysis. Statistical analysis was performed
using SPSS 19.0 (IBM Corp.). The data are presented as
means + standard deviation. Differences between two groups
were compared using Student's t-test. For experiments
involving more than two groups, one-way ANOVA was using
instead followed by Fisher's least significant difference test

(for n<3 groups). or Tukey's post hoc test (for n =3). P<0.05
was considered to indicate a statistically significant difference.

Results

Matrine inhibits the proliferation of cervical cancer cells
in vitro. The proliferation of HeLa and SiHa cells was assessed
using CCK-8 assays. As shown in Fig. 1B, matrine inhibited
the proliferation of HeLa and SiHa cells. Indeed, matrine
inhibited the proliferation of HeLa and SiHa cells in both a
dose- (0-10 mM) and time- (24 and 48 h) manner. Numerous
cytoplasmic vacuoles of varying size were present in HeLa
and SiHa cells treated with matrine after 24 h. In addition, the
number of small, rounded cells increased when the matrine
concentration was increased (Fig. 1C).

Matrine induces autophagy in cervical cancer cells in vitro.
Transmission electron microscopy revealed an abundance of
autophagosomes and autophagolysosomes in HeLa and SiHa
cells treated with 5 mM matrine (Fig. 2A) compared with
untreated control cells. Consistent with the evidence from
transmission electron micrographs, MDC staining revealed an
abundance of positive particles in HeLa and SiHa cells treated
with matrine compared with untreated control cells (Fig. 2B).
Western blot assays found that the expression of LC3A/B-II
increased significantly as the dose of matrine and the duration
of treatment increased (Fig. 2C). These results suggested that
matrine induced autophagy in cervical cancer cells in vitro.

Matrine initiates autophagy by activating the Akt/mTOR
signaling pathway. The effect of matrine treatment on
Akt/mTOR signaling pathway was assessed by analyzing
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Figure 2. Matrine induces autophagy in cervical cancer cells. (A) Representative electron micrograph of an autophagic cervical cancer cell following matrine
treatment. (B) Matrine induced autophagy in cervical cancer cells, as shown by MDC staining and confocal laser scanning microscopy. Magnification, x400.
(C) Western blot analysis of the autophagy marker LC3A/B-II in cervical cancer cells treated with 0, 2.5 or 5 mM matrine for 6, 12 or 24 h. The data are
presented as the mean + SD. n=3. “P<0.01, ““P<0.001 vs. control. Nu, nucleus; AP, autophagosome; M, mitochondria; AL, autophagolysosome.

the expression of Akt, p-Akt, mTOR, p-mTOR and down-
stream proteins via western blotting. Matrine inhibited the
phosphorylation of mTOR-Ser 2448, p70S6K (a downstream
target of mTOR) Akt-Ser 473 (an upstream regulator of
mTOR) (Fig. 3). These findings suggested that matrine

promoted HeLa and SiHa cell autophagy via the Akt/mTOR
signaling pathway.

Matrine and cisplatin synergistically inhibit cervical cancer
cell proliferation in vitro. Because matrine alone inhibited
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Figure 3. Effects of matrine on the Akt/mTOR pathway. (A) Western blot images showing the effects of matrine on the expression of proteins involved
in Akt/mTOR signaling in cervical cancer cells. (B) Akt (Ser 473), mTOR (Ser 2448), p70S6K (Thr 389) protein expression in cervical cancer cells. (C)
Densitometric quantification of the Akt ,mTOR, p70S6K. (D) Densitometric quantification of the associated phosphorylated levels of Akt (Ser 473), mTOR (Ser
2448), p70S6K (Thr 389). (E) p-Akt/Akt, p-mTOR/mTOR, p-p70S6K/p70S6K ratio in cervical cancer cells. "P<0.05, “P<0.01, ““P<0.001 vs. 0 mM matrine.

p70S6K, p70 ribosomal protein S6 kinase; p-, phosphorylated.

the proliferation of cervical cancer cells, the next experiments
aimed to determine its effects when combined with cisplatin
were investigated. Following treatment for 24 h, the I1Cs, of
matrine was 2.181 mM for HeLa cells and 2.178 mM for
SiHa cells. The corresponding ICs, values for cisplatin were
0.008 and 0.009 mM (Fig. 4A and C). When matrine and
cisplatin were combined (1:300) for 24 h treatment, the inhibi-
tion of HeLa and SiHa cell proliferation was greater than that
seen with either drug alone. The corresponding ICs, values for
combination group were 0.612+0.002 mM for HeLa cells and
0.587+0.002 mM. An affected fraction (Fa) of 0.5 corresponds
to 50% survivability. At Fa=0.5, the CI was 0.26 for HeLa and
0.34 for SiHa cells (Fig. 4B and D). These values suggested
that the combination of matrine and cisplatin had a synergistic
effect in HeLa and SiHa cells.

Tumor growth following HeLa cell transplantation into nude
mice and treatment with matrine. BALB/c nude mice were used
to establish an cervical tumor xenograft model and to determine
whether matrine induced autophagy in vivo. Matrine (50 mg/kg)
+ cisplatin (2 mg/kg) significantly suppressed tumor growth
(Fig. 5A) without leading to a reduction in body weight (Fig. SB).
The volume (Fig. 5C) and weight (Fig. 5D) of transplanted
tumors in nude mice were lower in the matrine + cisplatin
group than in the control, matrine, and cisplatin groups. At the
end of the experiment, the volumes of the xenografts in the
7 mice in the control group were 174291, 1938.40, 1800.63,
1976.20, 1893.55 and 1535.04 mm?®. Additionally, the longest
diameter of the xenografts of all mice is 16.1 mm. Histological

evaluation found less dissemination of disease and destruction
of tissue architecture with matrine + cisplatin than in the other
treatment groups (Fig. SE). In addition, immunohistochemical
staining (Fig. 5SE and F) and western blotting (Fig. 5G and H)
suggested that both matrine and matrine + cisplatin upregulated
LC3A/B-II in tumor tissue.

Discussion

The global prevalence of cervical cancer has dropped from the
third place 10 years ago to the fourth place in 2018 (1). The
change is associated with the development of medical standards
in some countries, increased cervical cancer screening and
human papillomavirus vaccination coverage and enhancement
of women's health awareness. These interventions seem onco-
logically safe in the current selection of patients with low-stage
and low-grade disease (32). Internationally, the chance
for recurrence in early stage cervical cancer is 6-9% (33).
However, patients with special types of cervical cancer, such
as mid-to-late stage, relapsed, drug-resistant disease, and
fertility needs, require multidimensional, multiplan, individu-
alized treatment with few side effects and palliative treatment
when necessary (34). Improved understanding of the role and
mechanism of matrine in HeLa and SiHa cells may provide
new ideas for the treatment of cervical cancer (35).

Cisplatin is the first-line drug in adjuvant combined
chemotherapy regimens for cervical cancer (36). Drugs that
act synergistically with and reduce the toxicity of cisplatin are
important (37). The inhibitory effects of matrine and cisplatin
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were stronger than those either drug alone (38). When Fa=0.5,
isobologram analysis determined that the CI of the drugs in
combination was <1.0, indicating that the two drugs had a
synergistic effect. The effects of matrine and cisplatin have
also been found to be synergistic in urothelial bladder cancer
and rhabdomyosarcoma cells (21,39). Matrine may therefore
increase the sensitivity of cervical cancer cells to cisplatin.
In the present study, matrine combined with cisplatin signifi-
cantly inhibited tumor volume and weight in vivo. The in vivo
antitumor activity of matrine combined with cisplatin has been
reported in liver cancer (16), and the combination may be less
toxic to normal cells (40).

Sophora flavescens has been widely used clinically in
China to treat various diseases including tumors (41). Moreover,
matrine suppositories or Sophora flavescens alkaloid gels are
used for gynecological diseases such as trichomonal vaginitis,
candidal vaginitis and chronic cervicitis (6). Matrine injection
is also used for adjuvant treatment of chronic hepatitis (42).
Surprisingly, Matrine and Sodium Chloride Injection have a good
clinical effect in the treatment of the model mice and 40 patients
with coronavirus disease 2019 (COVID-19) (43). At present,
the most commonly used anti-tumor matrine drug in clinical
practice is Compound Kushen Injection in traditional Chinese
medicine (31,44,45). It is a mixture of natural compounds

extracted from two medical herbs: Sophora flavescens and
Rhizoma smilacis Glabrae (7). Our previous study have
suggested that matrine inhibits the proliferation of HeLa and
C33A cells (19). Additionally, matrine combined with cisplatin
shows antitumor activity in Ul4 rats with cervical cancer (46).
Thus, matrine has the potential for development as therapeutic or
adjuvant agent for human cervical cancer. However, matrine as
single dosage in the treatment of cervical cancer is still uncon-
firmed. The reason may be that their ability to inhibit tumor
proliferation is limited. In addition, the specific mechanism
underlying their potential anti-tumor effects remain unclear.
The findings of the present study provide an updated perspective
on the relationship between the antitumor property of matrine
(either alone or combined with cisplatin) and autophagy, as well
as its underlying molecular mechanism.

Autophagy is a double-edged sword in cancer treat-
ment (47-49). Recent studies have shown that the anticancer
activity of matrine involves promotion of autophagy (29,50-52).
In the present study, both transmission electron microscopy and
MDOC staining revealed the formation of numerous autopha-
gosomes and autophagolysosomes in cervical cancer cells
treated with matrine. In cervical cancer cells, matrine promoted
autophagy, as suggested by upregulation of LC3A/B-II in vitro
and in vivo. However, the increase in LC3A/B-II cannot be
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tissue. (H) LC3A/B-II protein expression in tumor tissue. The data are presented as the mean + SD. n=3. "P<0.05, “P<0.01,

entirely attributed to the increase of autophagy and formation of
autophagosomes, but also to decreased digestion of substances
in autophagolysosomes. Therefore, it is necessary to determine
whether autophagy was inhibited and whether the increase in
LC3A/B-II was the result of an increase in autophagy.

The Akt/mTOR signaling pathway is known to be asso-
ciated with autophagy (53-55). Akt-mediated mTORCI1

ok

P<0.001 vs. control.

activation is a key regulator of cell anabolism and growth,
and p70S6K is a downstream target of mTORC1 (56). The
Akt/mTOR signaling pathway is also active in human papil-
loma virus (HPV) infection (57). HPV activates the mTORC1
complex (58), increases protein synthesis and reduces host
cell autophagy before HPV-16 enters keratinocytes in the
early stage to protect the virus entering the body from rapid
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degradation, thereby prolonging the lifespan of HPV in the
host cell (59). In several malignancies, the anticancer activity
of matrine depends on inducing autophagy by blocking the
Akt/mTOR signal cascade (52,60-62). In the present study,
matrine inhibited the phosphorylation of Akt (Ser 473), mTOR
(Ser 2448) and the downstream effector molecule p70S6K
(Thr 389). Overall, these results are consistent with previous
studies on other tumor types (52,61,62).

In conclusion, matrine inhibited the growth of cervical
cancer cells by enhancing autophagy in vitro and in vivo. The
synergy between matrine and cisplatin provide a theoretical
basis for the clinical application of combined treatment of
cervical cancer. In addition, matrine-induced autophagy may
involve the Akt/mTOR signaling pathway.
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