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Paeoniflorin influences breast cancer cell proliferation and
invasion via inhibition of the Notch-1 signaling pathway
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Abstract. Breast cancer is one of the most frequently occur-
ring malignant tumors affecting women's health. At least one
million new cases are diagnosed each year. Therefore, research
that aims to identify strategies that inhibit the growth of breast
cancer cells has become a primary worldwide focus. Traditional
Chinese medicine (TCM) is regarded as a valuable resource in
China, and numerous monomer compositions extracted from
TCMs have been demonstrated to exhibit antitumor effects. The
present study aimed to determine the impact of paeoniflorin (PF)
on breast cancer cell proliferation and invasion, and to explore
the mechanisms underlying its effects. Different concentrations
of PF were applied to MCF-7 cells at various time points and the
Cell Counting kit-8 assay was used to determine cell prolifera-
tion, a transwell invasion assay was employed to determine cell
invasion, reverse transcription-polymerase chain reaction was
used to determine notch homolog-1 (NOTCH-1) and Hes family
basic helix-loop helix transcription factor (HES)-1 mRNA
expression levels, and western blotting was used to determine
NOTCH-1 and HES-1 protein expression levels. The results
demonstrated that PF inhibited the proliferation of MCF-7 cells
in a dose- and time-dependent manner. Following treatment with
different concentrations of PF, the total number of cells present
in the PF-treated groups was significantly lower when compared
with the untreated control group (P<0.05). With increasing
doses of PF, the rate of cell invasion significantly decreased,
indicating a dose-dependent association. NOTCH-1 and HES-1
mRNA expression levels were reduced when compared with the
untreated control group, which reached a statistical significance
following treatment with 15 and 30 xM PF (P<0.05). NOTCH-1
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and HES-1 protein levels demonstrated a similar trend to the
mRNA levels, whereby an increase in the concentration of PF
was associated with a decrease in NOTCH-1 and HES-1 protein
expression levels. The results of the present study therefore
suggest that PF may inhibit the proliferation and invasiveness
of breast cancer cells via inhibition of the NOTCH-1 signaling
pathway.

Introduction

Breast cancer is one of the most frequently occurring malignant
tumors affecting women worldwide (1). The incidence of breast
cancer is increasing, with a demonstrated younger age of onset in
recent years (2). Each year >1 million cases are newly diagnosed,
and there are >400,000 cases of mortality (3). The incidence
rate of breast cancer in China is increasing, and it is currently
the most frequently occurring malignant tumor in females.
Metastasis is the final stage of development in breast cancer and
is the leading cause of mortality in patients. Therefore, identi-
fying strategies that inhibit breast cancer cell growth, invasion
and metastasis are critical for the successful treatment of breast
cancer, and are the focus of primary research. Recent studies
have facilitated the development of more effective therapeutic
strategies for breast cancer treatment in areas including surgery,
chemotherapy, radiotherapy, endocrine therapy and targeted
molecular treatment (4-8). These have resulted in an increase in
the curative effects and survival rates of breast cancer patients to
varying degrees (4-8). At present, the primary treatment for the
inhibition of breast cancer metastasis is chemotherapy; however,
the results are generally unsatisfactory. In addition, currently
available chemotherapeutic agents are unable to effectively
distinguish tumor cells from healthy human cells, which leads
to adverse and toxic side effects. Therefore, the identification
of a highly potent antitumor treatment with low toxicity is a
primary focus of research.

The use of traditional Chinese medicine (TCM) as a thera-
peutic strategy for various diseases is of great value in China.
It has been demonstrated previously that numerous monomer
compositions extracted from TCMs exhibit antitumor effects,
such as curcumin (9) and puerarin (10). Paeoniflorin (PF) was
first isolated from the peony plant (Ranunculaceae family)
in 1963, and is the primary active monomer component
in peonies. PF is a monoterpene glycoside compound that


https://www.spandidos-publications.com/10.3892/mmr.2017.8002

1322

exhibits anti-inflammatory, immune regulatory and neuro-
protective properties (11-13). In addition, previous studies
have demonstrated that that PF may exhibit antitumor effects,
including inhibitory effects on the proliferation, invasion and
metastasis of lung (14), gastric (15), liver (16) and cervical
cancer cells (17). Zhang et al (18) revealed that PF inhibited the
proliferation and invasion of breast cancer cells by inhibiting
the Notch-1 signaling pathway.

The aim of the present study was to investigate the effects
of PF on the MCF-7 breast cancer cell line. Cells were treated
with increasing concentrations of PF for different durations
in order to examine the effects of PF on their proliferation
and invasion rates. It has been previously demonstrated that
silencing of notch homolog-1 (NOTCH-1) decreases the
invasive ability of breast cancer cells (19), and inhibition
of the expression of NOTCH-1 inhibits breast cancer cell
proliferation (20). These results suggest that the NOTCH-1
signaling pathway may be important in the regulation of breast
cancer cell proliferation and invasion. Therefore, the present
study examined the expression levels of key genes of the
NOTCH-1 signaling pathway, in order to identify the potential
mechanisms underlying the effect of PF on breast cancer cells.

Materials and methods

Instruments andreagents. The MCF-7 breastcancercell line was
obtained from American Type Culture Collection (Manassas,
VA, USA). RPMI-1640 culture medium, bovine serum albumin
(BSA) and fetal bovine serum (FBS) was obtained from
Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA, USA).
PF was purchased from the National Institute for the Control
of Pharmaceutical and Biological Products (Beijing, China).
The Cell Counting kit (CCK)-8 assay was purchased from
Peptide Institute, Inc. (Osaka, Japan), the transwell chamber
system was obtained from Corning Incorporated (Corning,
NY, USA), the Nanodrop2000 nucleic acid protein detector
was purchased from Thermo Fisher Scientific, Inc., the RNA
extraction reagent, TRIzol®, was purchased from Invitrogen;
Thermo Fisher Scientific, Inc., the SYBR Green Mixture was
purchased from Toyobo Life Science (Osaka, Japan), and the
real-time fluorescence quantitative reverse transcription-quan-
titative polymerase chain reaction (RT-qPCR) kit was obtained
from Takara Bio, Inc., (Otsu, Japan). The gel imaging system
and the ViiA7 Real-Time PCR System were obtained from
Applied Biosystems; Thermo Fisher Scientific Inc., the total
protein extraction kit was purchased from BestBio (Shanghai,
China), and the Coomassie Brilliant Blue protein assay kit
was obtained from Shanghai Meiji Biological Technology
Co. Ltd. (Shanghai, China). In addition, the SDS-PAGE gel,
phosphate-buffered saline plus 0.1% Tween-20 (PBST) solu-
tion (Nanjing Senbeijia Biological Technology Co., Ltd.,
Nanjing, China), vertical polyacrylamide electrophoresis appa-
ratus and the GIS-2020D gel imaging analysis system were
purchased from Sigma-Aldrich; Merck KGaA (Darmstadt,
Germany). Antibodies for NOTCH-1 (cat. no. ab52627), Hes
family basic helix-loop helix transcription Factor (HES)-1
(cat. no. abl08937), B-actin (cat. no. ab8226) and horseradish
peroxidase (HRP)-conjugated goat anti-rabbit secondary
antibody (cat. no. ab6721) were purchased from Abcam
(Cambridge, MA, USA).
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MCEF-7 cell culture. The MCF-7 cells were cultured in
RPMI-1640 medium supplemented with streptomycin and
penicillin (1,000 IU/1) and 10% FBS. The cells were then
placed in an incubator at 37°C with 5% CO,, and the cells were
passaged once every 2-3 days. During passaging, the culture
medium in the culture dish was discarded and the cells were
washed with PBS twice. Following incubation of cells with
trypsin for 1 min, the adherent cells were gently pipetted into
single cell suspensions, which were then centrifuged at 500 x g
at room temperature for 5 min. The supernatants were subse-
quently discarded and the cell pellet was re-suspended in 1 ml
medium; 200 gl of cell suspension was used for subculture.

CCK-8 cell proliferation assay. Cells growing in the loga-
rithmic phase were digested and counted, then 1x10* cells/well
were transferred to a 96-well plate. The cells were allowed
to adapt to the culture environment for 1 h, before they were
treated with 0, 7.5, 15 and 30 uM PF for 24, 48 and 72 h. For
each dose, there were five replicate wells, and a blank control
group was included in each assay. Following the treatment
intervention, the cells were washed with PBS three times
before 100 pl CCK-8 mixture (1:10, CCK-8 reagent: medium)
was added to the wells, which were then incubated in a 5%
CO, incubator at 37°C for 2 h. The absorbance (A) values were
measured at a wavelength of 450 nm using a microplate reader,
and the rate of cell survival was calculated using the following
formula: Cell survival rate=(A cyed group=blank control group) Beontrol

group'Ablank control group)'

Transwell invasion assay. A total of 50 mg/l Matrigel was
diluted in serum-free medium at a ratio of 1:8. The inner
surface of the membrane at the bottom of the transwell
chamber was coated with the Matrigel matrix mixture, and
the chamber was placed in an incubator for 30 min at 37°C
before it was transferred to a safety cabinet for air-drying over-
night. The chamber was blocked with serum-free RPMI-1640
medium containing 10 g/l BSA for 30 min. MCF-7 cells were
serum-starved for 24 h before they were digested, collected
and centrifuged at 500 x g for 5 min at room temperature. The
supernatant was discarded and the cell pellet was washed with
PBS twice before the cells were re-suspended in serum-free
RPMI-1640 medium containing 10 g/l BSA. The cell concen-
tration was adjusted to 5x107 cells/I. A total of 200 pl cell
suspension was added into the lower transwell chamber, and
600 ul RPMI-1640 culture medium supplemented with 10%
FBS was added into the lower chamber. Cells were incubated
for 6 h to allow them to adapt to the culture conditions before
PF was added to the lower chamber at concentrations of 0, 7.5,
15 and 30 M. A total of 5 replicate wells for each group were
analyzed, and each assay included a blank control. Following
the addition of PF, the plates were incubated for 48 h at 37°C.
Cells that remained in the upper chamber of the transwell inva-
sion system were removed using a cotton swab, and the wells
were washed with PBS twice. The cells on the underside of the
upper chamber were fixed with methanol (100%) for 15 min at
room temperature, stained with 1% crystal violet for 10 min at
room temperature, and then observed under an inverted micro-
scope for analysis and counting; for each group a total of five
fields were analyzed under the 400-fold microscope. A total of
three independent repeats of this assay were performed.
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Detection of NOTCH-1 and HES-1 mRNA expression levels.
Following treatment of MCF-7 (5x10%) cells with 0, 7.5, 15
and 30 M PF for 48 h, the cells were collected and RNA was
extracted using TRIzol® reagent according to the manufacturer's
instructions. The purity and content of RNA was determined
using the Nanodrop 2000 protein and nucleic acid analyzer. The
integrity of RNA was detected via 1% agarose gel electropho-
resis. A total of 1 ug RNA was reverse transcribed to cDNA using
an RNA reverse transcription kit (Takara Bio, Inc.), according
to the manufacturer's protocol. The reaction mixture for the
quantitative (qQ)PCR reaction consisted of the following: 5 ul
SYBR Green Mixture (2X), 0.5 ul cDNA, 0.5 ul forward primer
(10 uM), 0.5 ul reverse primer (10 uM) and 3.5 pl ddH,O. The
thermocycling conditions for the gPCR reaction were as follows:
Pre-denaturation at 95°C for 10 min, followed by 40 cycles of
denaturation at 95°C for 15 sec and annealing and extension
at 60°C for 60 sec. The following primers were used: Notch-1,
forward, 5'-CACTGTGGGCGGGTCC-3' and reverse, 5'-GTT
GTATTGGTTCGGCACCAT-3; HES-1, forward, 5-TAGCTC
GCGGCATTCCAAGC-3' and reverse, 5-GTGCTCAGCGCA
GCCGTCATCT-3'; B-actin, forward, 5'-CCACACTGTGCC
CATCTACG-3' and reverse, 5-AGGATCTTCATGAGGTAG
TCAGTCAG-3'. This was performed using the ViiA7 Real-Time
PCR System. Experiments were performed in triplicate for each
group and [3-actin was used as the internal reference gene. The
relative expression level of mRNA was determine using the by
2-44% method (21).

Detection of NOTCH-1 and HES-1 protein expression levels.
Following treatment of MCF-7 (5x10°) cells with 0, 7.5, 15, and
30 uM PF for 48 h, the cells were lysed in lysis buffer (20 mM
Tris-HCI, pH 8.0, 100 mM KCI and 0.2 mM EDTA) and
centrifuged at 2,600 x g for 30 min at room temperature. Total
proteins were then extracted from the supernatant using the
BestBio kit. The protein concentration was determined using the
Coomassie Brilliant Blue protein assay kit, and the buffers were
added into protein solutions and boiled. Protein samples (40 pg)
were loaded onto a 6-12% SDS-PAGE gel and electrophoresed.
Following the addition of transfer buffers, the gel was transferred
to a nitrocellulose membrane. The membrane was then blocked
with PBST containing 5% skim milk powder and placed on a
shaker at room temperature for 2 h. PBST was used to wash
the membrane three times before the primary antibodies were
added and incubated on a shaker in the refrigerator at 4°C over-
night. The following primary antibodies were used: NOTCH-1
(1:1,000), HES-1 (1:2,000) and p-actin (1:2,000). The membrane
was then washed with PBST for 30 min and incubated for 1 h at
the room temperature with the HRP-conjugated goat anti-rabbit
secondary antibody (1:10,000). Following washing with PBST
three times, the electroluminescence detection reagent (Thermo
Fisher Scientific, Inc.) was evenly spread on the nitrocellulose
membrane. The optical densities of NOTCH-1, HES-1 and
[-actin protein bands were analyzed using the GIS-2020D gel
imaging analysis system, and the ratio of NOTCH-1 and HES-1
protein band optical densities were compared with the -actin
protein band optical density to determine the expression intensi-
ties of the NOTCH-1 and HES-1 proteins.

Statistical analysis. SPSS software (version, 13.0; SPSS, Inc.,
Chicago, IL, USA) was used to perform statistical analysis, and
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Table I. Effect of paeonifiorin on MCF-7 cell proliferation.

Time (h)
Concentration
uM) 24 48 72
0 1.00+£0.042  1.00+0.043 1.00+0.041
75 0.89+0.038* 0.81+0.038*"  0.74+0.040*°
15 0.80+0.0417  0.73+x0.039*® 0.61+0.044*°
30 0.71+0.043*  0.65+0.041*®> 0.52+0.037%°

1P<0.05 vs. 0 uM-treated group; *P<0.05 vs. 24 h; “P<0.05 vs. 48 h.

normally distributed data are presented as the mean + standard
deviation. One-way analysis of variance (ANOVA) was used
to measure the effect of PF on cell invasion capacity and the
mRNA expression levels of NOTCHI1 and HES-1. Repeated
measures ANOVA was used to analyze the effect of PF on
the proliferation of MCF-7 cells at different time points, and
Mauchly's sphericity test was used to validate the results. The
post hoc Dunnett's test was used for multiple comparisons.
GraphPad Prism 5.0 software (GraphPad Software, Inc., La
Jolla, CA, USA) was used to generate the graphs. P<0.05 was
considered to indicate a statistically significant difference.

Results

PF inhibits cell proliferation. MCF-7 cells were treated
with increasing concentrations of PF at various time points,
and the effect of PF on the proliferation of MCF-7 cells was
determined using the CCK-8 assay. The results of the repeated
measures ANOVA test indicated that statistically significant
differences among all time points were observed (F=600.02;
P<0.05). In addition, it was revealed that PF significantly
inhibited the proliferation of MCF-7 cells in a time- and
concentration-dependent manner (F=100.93; P<0.05; Table I).
PF was observed to inhibit the proliferation of MCF-7 cells
in a dose- and time-dependent manner (Table I. The inhibi-
tory effect of 30 M PF on the proliferation of cells was most
pronounced when the cells were treated for 72 h.

PF inhibits cell invasion capacity. MCF-7 cells were treated
for 48 h with 0, 7.5, 15 and 30 M PF, and the transwell assay
system was used to detect the invasion ability of the cells. The
number of cells that traversed the membrane was 132.44+6.58
in the control group, whereas 102.56+5.74, 80.72+7.82 and
62.46+6.88 cells were observed to traverse the membrane
following treatment with 7.5, 15 and 30 M PF, respectively
(Fig. 1). The results demonstrated that a statistically significant
and dose-dependent reduction in cell invasion capabilities was
observed in PF-treated cells when compared with control cells
(F=99.51; P<0.05; Fig. 1).

PF decreases NOTCH-1 and HES-1 mRNA expression levels.
The 0 uM PF-treated group served as a control, and the B-actin
gene served as an internal reference gene for the analysis of
NOTCH-1 and HES-1 mRNA levels. Following treatment
with PF for 48 h, the mRNA levels of NOTCH-1 and HES-1
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Figure 1. Effect of paeoniflorin on cell invasion capacity. The invasive ability
of MCF-7 breast cancer cells treated with 0, 7.5, 15 and 30 M paeoniflorin
for 48 h, as determined using a transwell migration assay. "P<0.05 vs. 0 yuM
paeoniflorin-treated group.
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Figure 2. Effect of PF on NOTCH-1 and HES-1 mRNA expression levels. The
mRNA expression levels of NOTCH-1 and HES-1 were detected by reverse
transcription-polymerase chain reaction following treatment of MCF-7 cells
with 0, 7.5, 15 and 30 uM PF for 48 h. "P<0.05 vs. 0 uM PF-treated group.
PF, paeoniflorin; NOTCH-1, notch homolog-1; HES-1, Hes family basic
helix-loop helix transcription factor.

were determined using RT-qPCR. Different concentrations
of PF significantly decreased NOTCH-1 and HES-1 mRNA
expression (NOTCH-1, F=29.13, P<0.05; HES-1, F=29.97,
P<0.05). When compared with the results of the control group,
the mRNA expression levels NOTCH-1 and HES-1 decreased
in a dose-dependent manner, and were significantly different
in the 15 and 30 M PF groups (P<0.05). No significant
differences were observed between treatment with 7.5 uM PF
and the control (0 uM PF) group (Fig. 2).

PF decreases NOTCH-1 and HES-1 protein expression levels.
Following treatment of MCF-7 cells with 0, 7.5, 15 and 30 yuM
PF for 48 h, the protein expression levels of NOTCH-1 and
HES-1 were detected via western blotting. The results are
presented in Table II and Fig. 3. The pattern of NOTCH-1 and
HES-1 protein expression following PF treatment was similar
to the pattern of mRNA expression. The protein expression
levels of NOTCH-1 and HES-1 decreased with the increasing
concentrations of PF (Table II; Fig. 3). A statistically significant
difference in NOTCH-1 (t=22.15; P<0.05) and HES-1 (t=19.81;
P<0.05) protein expression was observed at all concentrations
(7.5, 15 and 30 uM) of PF tested when compared with the
untreated controls (0 M PF; Table II).

Discussion

At present, the primary cause of mortality in breast cancer is
the recurrence and metastasis of tumors. Therefore, inhibiting
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Table II. Effect of paeoniflorin treatment on HES-1 and
NOTCH-1 protein expression levels.

Paeoniflorin concentration (#M)

Protein 0 7.5 15 30
NOTCH-1 1.12#£0.06 0.98+0.05* 0.61+0.07* 0.55+0.04*
HES-1 1.08+0.08 0.94+0.07* 0.79+0.06* 0.56+0.05*

P<0.05 vs. 0 uM-treated group. HES-1, Hes family basic helix-loop
helix transcription factor; NOTCH-1, notch homolog-1.

PF (uM) 0 7.5 15 30

NOTCH-1

HES-1

P01 e s

Figure 3. Effect of PF on NOTCH-1 and HES-1 protein expression. The
protein expression levels of NOTCH-1 and HES-1 were detected by western
blotting following treatment of MCF-7 cells with 0, 7.5, 15 and 30 uM PF for
48 h. PF, paeoniflorin; NOTCH-1, notch homolog-1; HES-1, Hes family basic
helix-loop helix transcription factor.

the invasion and metastasis of cancer cells is of great impor-
tance. Current strategies that inhibit breast cancer metastasis
predominantly involve chemotherapeutic agents; however, the
low specificity of this procedure results in adverse and toxic
side effects. Medicinal plants used for the treatment of tumors
exhibit few toxic side effects, and may therefore be a more
effective treatment when compared with typical chemotherapy
drugs (22,23). Numerous studies have demonstrated that PF
exhibits antitumor effects (24,25), and may be used for the
treatment of cervical, lung and gastric cancers. However, the
role of PF in breast cancer remains to be elucidated. Therefore,
the present study investigated the role of PF in the inhibition of
MCF-7 breast cancer cell growth and invasion in vitro.

The results of the present study demonstrated that
increasing concentrations and durations of treatment with PF
were associated with a decrease in the survival rate of MCF-7
cells. The inhibitory effect of PF on MCF-7 cells was most
significant following treatment with 30 M PF for 72 h, and
the rate of growth inhibition was ~52%. Therefore, PF demon-
strated a significant inhibitory effect on the proliferation of
MCF-7 cells, in a dose- and time-dependent manner. In addi-
tion, following treatment of MCF-7 cells with PF for 48 h, cell
invasion decreased with an increasing dose, which suggests that
PF successfully inhibited the invasive ability of MCF-7 cells.
Zhang et al (18) suggested that the proliferation and invasion
of MCF-7 and MDA-MB-231 breast cancer cells are inhibited
by PF at concentrations of 10, 20 and 40 M, which is consis-
tent with the results of the present study. Therefore, the results
of the current study together with those of Zhang ef al (18),
provide a theoretical foundation for the future application of
PF in the treatment of breast cancer.



The NOTCH signaling pathway is a conserved signal
transduction pathway, which is important for cell develop-
ment (26,27) and apoptosis (28,29). Out of the four mammalian
NOTCH receptors, NOTCH-1 is the primary receptor (30). It
has previously been demonstrated that the NOTCH-1 signaling
pathway is associated with the proliferation, invasion and
metastasis of breast cancer cells (20,31,32); therefore, inhibition
of this pathway may subsequently inhibit these characteristics of
breast cancer cells. The authors of the present study investigated
the potential role of the NOTCH signaling pathway in the inhi-
bition of breast cancer cell proliferation and invasion following
treatment with PF. Following exposure of MCF-7 cells to PF
for 48 h, the mRNA and protein expression levels of NOTCH-1
and HES-1, which are involved in the NOTCH-1 signaling
pathway, were significantly decreased in a dose-dependent
manner. The results indicated that PF inhibited the proliferation
and invasion of breast cancer cells potentially via inhibition of
NOTCH-1 signal transduction. Zhang et al (18) revealed that
when MDA-MB-231 breast cancer cells were treated with PF
for 48 h at concentrations of 10, 20 and 40 xM, the mRNA
and protein expression levels of NOTCH-1 were significantly
reduced. In addition, when the NOTCH-1 gene was silenced,
the proliferation of breast cancer cells was suppressed (18). The
results of the study by Zhang er al (18) together with the results
of the present study, confirmed that the proliferation and inva-
sion abilities of breast cancer cells are inhibited by PF, and that
inhibition of the NOTCH-1 signaling pathway may be involved.

In conclusion, the present study provided further evidence
to demonstrate that PF inhibits the proliferation and invasion
of breast cancer cells via inhibition of NOTCH-1 signal trans-
duction. However, the mechanisms underlying these effects
may be more complex. Further investigation is required to
elucidate the precise mechanism by which PF mediates
inhibition of breast cancer cell growth and invasion, in order
to provide a theoretical basis for the application of PF in the
clinical treatment of breast cancer.
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