#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Improved therapeutic efficacy of quercetin-loaded
polymeric nanoparticles on triple-negative breast
cancer by inhibiting uPAfT

i ") Check for updates ‘

Cite this: RSC Adv., 2020, 10, 34517

Yang Zhou,}? Dan Chen,}? Guangpu Xue,? Shujuan Yu,® Cai Yuan,?
Mingdong Huang ©*? and Longguang Jiang & *2¢

Triple negative breast cancer (TNBC) is one kind of breast cancer that demonstrates highly aggressive tumor
biology. The high heterogeneity of TNBC makes its individual clinical treatment extremely blind and limited,
which also introduces more challenges into the diagnosis and treatment of diseases. Urokinase-type
plasminogen activator (UPA) is a high level marker for breast cancer, which mediates tumor growth and
metastasis. Quercetin is a plant-derived flavonoid in many plants, which inhibits uPA and has low
bioavailability and mediocre pharmaceutical efficacy. Thus,
nanoparticulate systems from PLGA-TPGS (Qu-NPs) for quercetin oral delivery and evaluated the

we herein developed polymeric

anticancer effect of this formulation on TNBC in vitro and in vivo. Qu-NPs have a uniform spherical
morphology with a mean diameter of 198.4 + 7.8 nm and good drug loading capacity (8.1 + 0.4%).
Moreover, Qu-NPs exhibited significantly improved inhibition on the growth and metastasis in TNBC

cells. Following oral gavage, a remarkable antitumor effect of Qu-NPs on 4Tl-bearing mice was
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Accepted 2nd Septermber 2020 observed with a tumor inhibition ratio of 67.88% and fewer lung metastatic colonies. Furthermore, the
inhibitory effect of quercetin on the migration of uPA knockdown MDA-MB231 cells was greatly

DOI: 10.1039/d0ra04231e attenuated. Together, Qu-NPs improved the significant antitumor and antimetastatic effects by inhibiting
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1. Introduction

A steep increase in the incidence of breast cancer has been
noted globally in recent years. Breast cancer, the most common
malignancy in women, is a heterogeneous group of tumors with
diverse histology, behavior and response to therapies, and
remains a major public health problem." Among breast cancer
subtypes, triple negative breast cancer (TNBC) accounts for
approximately 15-20%. TNBC is defined by the lack of estrogen
receptor (ER), progesterone receptor (PR) and human epidermal
growth factor receptor 2 (HER 2).>* Therefore, TNBC lacks
specific molecular targets and is extremely aggressive, making
its treatment a daunting task and leading to higher mortality
than the other two subtypes.> Conventional treatments,
including chemotherapy, radiation, and surgical resection, are
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uPA, which provides a new strategy for the treatment of TNBC.

often limited by pain and resistance. Some new targets have
been reported, such as epidermal growth factor receptor (EGFR)
and androgen receptor (AR), but they have not made encour-
aging progress in clinical trials.® Therefore, TNBC still requires
an effective targeted therapy and the treatment for this disease
should continue to improve.

Urokinase-type plasminogen activator (uPA), a biomarker in
breast cancer,” is an extracellular serine proteolytic enzyme,
which is involved in many physiological and pathological
processes such as wound healing, fibrin degradation, migration
of inflammatory cells, dissipation of extravascular hematoma,
and invasion and metastasis of tumor cells.”® According to the
exciting results, some tumor cells have high uPA expression to
activate plasminogen around the cells to degrade the extracel-
lular matrix and basement membrane of tumor cells, and
promotes the invasion and metastasis of tumor cells. Therefore,
the study of uPA inhibitors is of great significance for the clin-
ical prognosis of cancer and anti-cancer metastasis.

In view of the important role of uPA in cancer, we have been
focusing on the research of uPA and a series of serine protease
inhibitors for a long time including flavonoids.'*** Flavonoids
have a wide range of biological activities and have been used in
many diseases and health care since ancient times as
a component of Chinese herbal medicine.”*™*® Quercetin (Fig. 1),
a plant-derived flavonoid from many plants, binds to uPA with

RSC Adv, 2020, 10, 34517-34526 | 34517


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra04231e&domain=pdf&date_stamp=2020-09-17
http://orcid.org/0000-0003-0085-9141
http://orcid.org/0000-0002-4734-3778
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04231e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010057

Open Access Article. Published on 17 September 2020. Downloaded on 6/10/2026 7:44:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

a general inhibition (ICs, = 7 uM)."” In our previous work, we
determined the crystal structure of uPA in a complex with
quercetin, and the inhibition mechanism of quercetin was
preliminarily understood. We found that quercetin interacts
with uPA in a different way from traditional uPA inhibitors (e.g.
phenylguanidine). The main pharmacophore of quercetin is the
catechol group (Fig. 1), which interacts with the Asp189 in the
uPA substrate recognition pocket.' However, there are still
some issues of quercetin that need to be addressed, such as its
poor water solubility and susceptibility to oxidation leading to
the loss of efficacy.'®'” Hence, we not only focused on inhibiting
potential targets, but also enhancing the anticancer potential of
existing drugs by designing new drug delivery systems. For most
drugs, oral administration is the most common form, which
has the advantages of economy, safety, easy dose control, and
convenience. At the same time, it can effectively improve patient
compliance. However, quercetin has poor bioavailability, which
is a major obstacle to oral administration due to poor water
solubility and easy oxidation. Therefore, we sought to develop
a quercetin-loaded nanoparticle oral delivery system.

PLGA shows advantageous performance compared with
most other types of delivery systems due to its biodegrad-
ability, sustained-release efficacy and long-term stability of
entrapped bioactive molecules.”® TPGS is another well-known
biocompatible and amphiphilic polymer extensively used in
nanoparticle surface coatings to improve encapsulation effi-
ciency, bioavailability and circulation time in vivo.** Hence, in
this study, we encapsulated quercetin in PLGA/TPGS nano-
particles (Qu-NPs) to obtain uniform and stable nanoparticles
with high drug loading. On this basis, we established an
orthotopic model of 4T1 breast cancer with oral administra-
tion of Qu-NPs. The results showed that Qu-NPs had improved
quercetin's inhibition on the proliferation, migration and
invasion of TNBC cells much better both in vitro and in vivo
compared with quercetin alone. Mouse oral gavage showed
a remarkable antitumor effect of Qu-NPs with a good tumor
inhibition ratio (67.88%) and few lung metastatic colonies.
Furthermore, the inhibitory effect of quercetin on the migra-
tion of uPA knockdown MDA-MB231 cells was greatly attenu-
ated. This study indicates uPA may serve as an effective target
of TNBC and provides a new strategy for drug development
towards the treatment for breast cancer.

OH
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HO 0
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Fig. 1 Chemical structure of quercetin (3.3,4',5,7-

pentahydroxyflavone).
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2. Materials and methods
2.1 Materials and cell lines

Poly(lactic-co-glycolic acid) (PLGA) with a 75 : 25 monomer ratio
and viscosity of 0.7 dL. g~ was purchased from Jinan Dai Gang
Biological Technology Co. (Jinan, China). Quercetin (CAS
number: 117-39-5), p-a-tocopherol polyethylene glycol 1000
succinate (TPGS, CAS number: 9002-96-4) and all reagents were
purchased either from Sigma-Aldrich (St Louis, MO, USA) or
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China)
unless otherwise stated. Human breast cancer cells (MDA-MB-
231), human embryo lung fibroblasts (HELF), and mouse
breast cancer cells (4T1) were purchased from American Type
Culture Collection (ATCC, Rockville, MD, USA). Cells were
cultured in Dulbecco's Modified Eagle's Medium-high glucose
(DMEM) supplemented with 10% fetal bovine serum (FBS) and
1% antibiotics (penicillin-streptomycin solution). All cells were
kept at 37 °C in a humidified incubator with 5% CO, atmo-
sphere and maintained in logarithmic phase with viability
>95%.%?

2.2 Preparation and characterization of Qu-NPs

Qu-loaded PLGA/TPGS nanoparticles were prepared by a single-
step nanoprecipitation approach.” Briefly, PLGA was first dis-
solved in acetone with a concentration of 9.6 mg mL™", and
then quercetin was dissolved in the above PLGA solution with
a concentration of 0.8 mg mL™'. Additionally, TPGS was dis-
solved and stirred in a 4% ethanol aqueous solution with
a concentration of 5.76 mg mL ™" in a 37 °C water bath. Qu-NPs
were prepared by adding 10 mL of the preheated aqueous
solution dropwise into 2 mL of PLGA acetone solution under
gentle stirring. After stirring for 30 minutes, 8 mL of ultrapure
water was added drop-wise into the system. Qu-NPs were
allowed to self-assemble for another 30 minutes, and the
remaining organic solvent and non-encapsulated free drugs
were removed by washing the Qu-NPs using Amicon Ultra-4
centrifugal filters (Millipore, MA) with a MWCO of 10 kDa.
Qu-NPs were used immediately or stored at —4 °C.>*** The size
distribution and diameter of quercetin nanoparticles and
PLGA/TPGS nanoparticles were measured by a dynamic light
scattering (DLS) instrument (Nano ZS ZEN 3600, Malvern
Instruments, Malvern, UK) at room temperature. Meanwhile,
the zeta potential of two nanoparticles was also detected by DLS.
Next, the sample was placed on a 300-mesh copper grid coated
with carbon after concentration exchange, dried at 65 °C for 4 h,
the morphology of Qu-NPs was observed by a transmission
electron microscope (TEM, Hitachi H-7650) operated at an
acceleration voltage of 80 kv and an ultra-high resolution field
emission scanning electron microscope (SEM, Verios G4 UC)
operated at an acceleration voltage of 3 kv.>»*® The content of
quercetin in Qu-NPs was determined by UV spectroscopy. The
absorbance of quercetin was measured at the determined
maximum absorption wavelength (370 nm). Encapsulation
efficiency (EE%) and drug-loading efficiency (DL%) were
calculated as following:*”
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EE% — quercetin wel.ght n.leasured in NPs < 100%
quercetin weight added
DLY% — quercetin weight measured in NPs < 100%

total weight of Qu-NPs

2.3 Invitro drug release

The in vitro drug release study of Qu-NPs formulations was
studied by the dialysis bag diffusion method. Drug-loaded
nanoparticles (2 mL) were dispersed into a dialysis bag and
the dialysis bag was then kept in a beaker containing 20 mL of
PH 7.4 phosphate buffer, 0.1% SDS (v/v) and 2.5% tween 80 (v/
v). The beaker was placed over a magnetic stirrer and the
temperature of the assembly was maintained at 37 = 1 °C
throughout the experiment. During the experiment rpm was
maintained at 100 rpm. Samples (100 pL) were withdrawn at
a definite time intervals and replaced with equal amounts of
fresh dialysate buffer. Afterwards, the samples were analyzed
using a UV-visible spectrophotometer at 370 nm.

2.4 Cytotoxicity of quercetin and Qu-NPs determined by
MTT assay

The cells were seeded into 96-well plates (10 000 cells per well),
and 24 h later, breast cancer cells were treated with a series of
concentrations of free quercetin and Qu-NPs, respectively. After
48 hours, the medium in the 96-well plate was removed and
washed with PBS. Then 100 pL of MTT was added to each well.
After 4 hours, the MTT solution in the 96-well plate was aspi-
rated, and 100 pL of DMSO solution was added to each well.
After incubating for 30 min on a shaker, the absorbance was
measured at 490 nm with a microplate reader.>®

2.5 Anti-migration effect of quercetin and Qu-NPs
determined by wound healing assay

The cells were seeded at a density of 5 x 10> cells per well in
a 12-well plate. A confluent monolayer of cells was scraped with
a white pipette tip after approximately 24 hours and washed
with PBS to remove floating cells. The cells were then incubated
with different concentrations (0, 5, 10, and 50 pM) of quercetin
and Qu-NPs, respectively, and images of the migration of cells
into the wound were captured at 0, 12 and 24 hours.?® For each
cell type, the wound area was measured using Image ] software
at the beginning of the experiment (0 h) and after 24 h. The data
were expressed as the change in the wound area over time and
calculated as a percentage of the original wound area. Experi-
ments were performed in duplicates and repeated twice.

2.6 Anti-invasion effect of quercetin and Qu-NPs determined
by transwell chamber invasion assay

For migration experiments, cells in 5 x 10? serum-free medium
were placed in the upper chamber of a Transwell permeable
support with an 8 pm-well cell culture insert. For the invasion
assay, the upper chamber of the insert was coated with 100 puL of
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50-fold diluted BD matrigel and allowed to cure in the incu-
bator. Next, basement membrane hydration was performed on
Matrigel, and 5 x 10* cells in serum-free DMEM medium were
added to the upper chamber and treated with different
concentrations of quercetin and Qu-NPs. DMEM medium
which contained 10% FBS was added to the lower chamber of
a 24-well plate. The cells were incubated for 24 h in a carbon
dioxide cell incubator (37 °C, 5% CO,). Then, the cells
remaining on the upper side of the membrane were removed
with a cotton swab, and the cells that migrated or invaded were
fixed in methanol for 20 min, stained with crystal violet for
20 min, photographed under a microscope, and finally decol-
orized with 33% acetic acid. The OD value of the decolorizing
solution was measured by using a microplate reader at
570 nm.*®

2.7 Antitumor and antimetastatic efficacy in orthotopic 4T1
breast tumor model

We established an orthotopic 4T1 breast tumor model to assess
the anti-proliferative and anti-metastatic efficacy of nano-
medicine in vivo. 4T1 cancer cells (4 x 10°) were inoculated into
a fat pad under the fourth mammary gland of female Balb/c
mice (weighing approximately 20 g). Mice were randomly
divided into 2 groups (n = 5) when the tumor volume reached
50-100 mm?®. Mice in the control group received saline (10 pL
g~ ! by gavage). Mice in the Qu-NPs group were treated with Qu-
NPs orally at a Qu dose of 30 mg kg™~ * once a day for consecutive
10 days. The tumor size and body weight were recorded daily.
The mice were sacrificed the day after the final administration,
and the tumor and lung were harvested immediately and
weighed. Nodules of the metastatic tumor on the surface of the
lungs were counted. After that, the tumor and lung were fixed in
formalin, embedded in paraffin, sectioned into 5 pm sections
and stained with H&E for further histologic analysis.”® The
protocols and handling of the animals were conducted in
accordance with the Guidelines for Care and Use of Laboratory
Animals of Fuzhou University as approved by the Animal Ethics
Committee in Fuzhou University.

2.8 Construction of stable uPA knockdown cell lines

Small interfering oligonucleotides specific for uPA
(CCGGGGGCGAACGACAATAGCTTTACTCGAGTAAAGCTATTGT
CGTTCGCCCTTTTTG) were synthesized and annealed. The
designed sequences of the primes are shown in ESI Table S2.1 A
uPA RNAI plasmid vector that expresses shRNA for uPA under
the control of a human U6 promoter was constructed by
inserting pairs of the annealed DNA oligonucleotides specific
for uPA at the Age I site and EcoR I site sequentially into the
PLKO.1 puro vector (sh-uPA). Then we transfected the shRNA
construct. Before transfection, the cells were grown and sub-
cultured to a six-well plate at a density of 2.5 x 10> cells per well
until they reached a confluency of 60-80% (24 h). The experi-
ment was divided into a blank group, control group and sh-uPA
experimental group. The blank group was transfected with the
negative control shRNA expression vector (1 pg), and the
experimental group was transfected with the sh-uPA expression
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vector (1 pg). Cells were transfected with LIPOFECTAMINE™
2000 reagent at 37 °C for 24 h. With increased concentrations of
puromycin, we obtained a stable uPA knockdown cell line.**-*?

2.9 The quantitative real-time polymerase chain reaction
(qPCR) analysis

Total RNA was first extracted from the control and transfected
cells using TRIzol reagent (Invitrogen). The isolated RNA was
reverse transcribed using the Verso cDNA synthesis kit (Thermo
Scientific) according to the manufacturer's protocol. PCR
amplification was then performed using the SYBR green
method with the help of CFX96™ Optics Module machine (BIO-
RAD). GAPDH was used as a reference gene for normalization.*
The PCR conditions consisted of 1 cycle of initial activation at
95 °C for 10 minutes, 40 cycles of denaturation at 95 °C for 10
seconds, annealing at 50 °C for 20 seconds and then extension
at 72 °C for 15 seconds, followed by a melting reaction step of
65 °C and 95 °C for 1 cycle. Relative changes in the gene
expression were analyzed using the 27**“" method.**? The
sequences of the primers used are presented in ESI Table S2.}

2.10 Statistics
All data were presented as mean =+ standard deviation (SD). All

experiments were performed at least three times unless

Table 1 Characterization of Qu-NPs

Formulation  Size (nm) Zeta potential DL (%) EE (%)
Qu-NPs 1984 + 7.8 —225+£2.5 8.1+04 823+5.7
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otherwise indicated. The experimental data in vitro were
analyzed using the one-way ANOVA. Differences at the 95%
confidence level were considered to be statistically significant (P
< 0.05).

3. Results

3.1 Characterization of quercetin-loaded nanoparticles (Qu-
NPs)

The Qu-NPs were prepared as described previously,” and were
observed to be opalescent and yellow with a particle size of
198.4 + 7.8 nm with a polydispersity index (PDI) of 0.095,
demonstrating a good homogeneity. The zeta potential of Qu-
NPs was —22.5 &+ 2.5 mV (Table 1, Fig. 2A and B). After quer-
cetin entrapment, nanoparticles showed a slight size increase
compared to drug-free nanoparticles (approximately 173 nm)
(Fig. S1A and BfY). The particle size and zeta potential of the Qu-
NPs did not change significantly during storage at 4 °C for one
week, showing good storage stability (Table S11). Qu-NPs were
uniform in size with a spherical shape and dense structure as
revealed by TEM and SEM (Fig. 2C and D). Furthermore, we
developed a simple method to determine the concentration of
quercetin by UV spectroscopy. The free quercetin solution had
a maximum absorption peak at 370 nm, and the maximum
absorption peak of the Qu-NPs solution (Qu-NPs) also appeared
at 370 nm; however, the PLGA-TPGS NPs had no obvious
absorption peak at 370 nm. These results demonstrated that
quercetin had already been packed into the PLGA-TPGS NPs
(Fig. S2Af). Furthermore, we built the standard curve deter-
mined by UV spectroscopy at 370 nm (Fig. S2Bt). The drug
loading of this nano-formulation was calculated to be 8.1 +

300000+
200000+

100000

0

-200

-100 0 100 200

Apparent Zeta Potential (mV)

Fig.2 Morphology, particle size and zeta potential distribution of Qu-NPs, and the uniformity and stability of the nanoparticles were determined.
(A) Particle size intensity distribution map of Qu-NPs. The average particle size (Z-average) of the obtained quercetin hanoparticles was 198.4 +
7.8 nm, the dispersion coefficient (PDI) was 0.095 and the peak shape showed a single peak, and the particle size distribution was relatively
uniform. (B) Zeta potential profile of Qu-NPs. The measured zeta potential result was —20 mV, and the peak shape showed a single peak,
indicating that the prepared quercetin nanoparticles were also relatively stable. (C) Transmission electron microscopy (TEM) images of quercetin
nanoparticles at different magnifications. (D) Scanning electron microscope (SEM) images of quercetin nanoparticles at different magnifications.
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Fig. 3 The cytotoxicity of quercetin and Qu-NPs on a range of cells. (A) MDA-MB231, (B) 4T1 and (C) HELF cells were treated with quercetin and
Qu-NPs at concentrations of 0, 1, 5, 10, and 50 uM for 48 hours, respectively. Cell viability was measured by MTT assay. The cytotoxic effects of
Qu-NPs on TNBC cells are much stronger than that of quercetin alone, and the cytotoxicity to HELF cells was not significantly improved
compared with quercetin alone.

0.4%, and the encapsulation efficiency was 82.3 & 5.7% (Table assays were performed at the indicated time points. The results
1). In addition, in vitro release experiments showed that the showed that free quercetin at high concentrations (>100 puM)
release rate of Qu-NPs is much slower than that of free quer- has weak cytotoxic effects against both of the TNBC cell lines,
cetin, and achieves a sustained release effect and improves the which is consistent with the result reported before*® and limits
medicinal value of quercetin (Fig. S31). Based on the above- the practical applications of quercetin (Fig. S41). Therefore, we
mentioned in vitro characteristic results, we concluded that investigated the cytotoxic effect of Qu-NPs on the above
this nano-formulation was a stable nanoparticulate system with mentioned cells. Studies have shown that PLGA-TPGS formu-
high quercetin loading. lations have no toxic effect on breast cancer and exhibit rela-

tively slow drug release.**** Compared with quercetin alone, it

can be easily observed that the inhibitory effects of Qu-NPs on
3.2 Invitro cytotoxic effects of Qu-NPs on TNBC cell lines MDA-MB231 and 4T1 are greatly improved at lower concentra-
Cytotoxic effects of Qu-NPs in vitro were evaluated on two TNBC ~ tions (10 uM) (Fig. 3A and B). Moreover, the cytotoxic effect of
cell lines (mouse 4T1 cells and human MDA-MB231 Cells), Qu-NPs to HELF cells is not signiﬁcantly increased (Flg. 3C)‘
which have high-level uPA expression.”” Human embryonic lung These results not only fully demonstrated that nano-
fibroblast (HELF) cells were also used as a control. Cells were formulations have an enhanced impact on quercetin to
treated with different concentrations of quercetin, and MTT increase the inhibitory effects on TNBC cells proliferation, but

A 0uM 5uM 10 pM 50 pM

Quercetin - Qu-NPs  Quercetin Qu-NPs  Quercetin Qu-NPs  Quercetin Qu-NPs

-------- "
0 pM 5uM

B 10 pM 50 pM

0

=
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=

Quercetin - Qu-NPs  Quercetin Qu-NPs  Quercetin Qu-NPs  Quercetin Qu-NPs

MDA-
12h
MB231

Fig. 4 Inhibition of quercetin and Qu-NPs on the migration of triple negative breast cancer cells. In the wound healing experiment, (A) 4T1 and
(B) MDA-MB231 cells were cultured in a 12-well plate until they reached a single layer fusion, and the monolayer cells were scraped with a pipette
tip and then treated with different concentrations of the drugs (0, 5, 10, and 50 uM). Final images of the cells migrated into the scratches were
captured at different time points (0 h, 12 h, and 24 h).
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=
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also showed that Qu-NPs had a better specific inhibitory effect
for TNBC cells.

3.3
cells

Inhibitory effects of Qu-NPs on the migration of TNBC

In addition to uncontrolled growth, malignant tumors are
capable of invading surrounding normal tissues and then
spreading throughout the body via lymphatic or circulatory
systems. To investigate the effects of quercetin and Qu-NPs on
cell motility, the confluent cell layers were scraped with
a pipette tip and treated with different concentrations of quer-
cetin and Qu-NPs, respectively. In order to avoid the strong
cytotoxic effects of Qu-NPs in 48 h, we decided to record the
images of the cell migration at different time points in 24 h (0 h,
12 h, and 24 h). As shown in Fig. 4, compared with the untreated
groups, both quercetin and Qu-NPs significantly inhibited the
migration of 4T1 and MDA-MB231 cells along with the
increased concentration of quercetin. The comparison of the
effects of quercetin and Qu-NPs at the same concentration and
time point revealed that the inhibition effect of Qu-NPs on the
migration of 4T1 and MDA-MB231 cells was much stronger than
that of quercetin alone. Furthermore, quercetin and Qu-NPs
inhibited the migration of MDA-MB231 cells more strongly

Quercetin
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than that of 4T1 cells, which is consistent with the results of the
inhibition on breast cancer cell proliferation. These results
demonstrated that nano-encapsulation greatly enhanced the
inhibition efficacy of quercetin on the migration of TNBC cells.

3.4 Inhibitory effects of Qu-NPs on the invasion of TNBC
cells

We further measured the invasion of TNBC cells using a trans-
well invasion assay in 4T1 and MDA-MB231 cells. For the same
reason in the assay of inhibitory effects of Qu-NPs on cell
migration, we treated the cells with different concentrations of
Qu and Qu-NPs for 24 hours, respectively. As shown in Fig. 54,
the amount of 4T1 and MDA-MB231 cells penetrating the
matrigel and entering the lower chamber gradually decreased
with increasing concentrations of free quercetin. In addition, it
is noted that only a small number of both 4T1 and MDA-MB231
cells were invaded when treated with 5 uM of Qu-NPs, and the
quantity of invaded cells was further reduced when treated with
10 uM of Qu-NPs. The results indicated a concentration-
dependent inhibitory effect of free quercetin and Qu-NPs on
tumor cell invasion. Moreover, the invasion rate of cells treated
with Qu-NPs was significantly reduced compared with that
treated with the same concentration of free quercetin (Fig. 5B

Qu-NPs
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o

04
S & & & & &
S OSSO

e & & e
(S? <$> » <29 D
o o“"\

Concentrations of Quercetin (M)

50 pM S5uM 10 pM

MDA-MB231

-

(=

o
1

*hkk

Standardized cell invasion (%)
o
o

0-

& N N N N 0
SO SSSS
o @ AN
(e > O Q” o2
¢ & &g

&

Concentrations of Quercetin (uM)

Fig. 5 Inhibition of quercetin and Qu-NPs on triple-negative breast cancer cell invasion. (A) 100 pL of matrigel (0.25 mg mL™Y) was coated in
a Transwell chamber, and the basement membrane was hydrated with DMEM medium. 4T1 and MDA-MB231 cells were treated with different

concentrations of quercetin alone (0, 5, 10, and 50 uM) and Qu-NPs (0, 5,

and 10 uM) respectively for 24 hours, and stained with crystal violet to

capture cell images of cells invading the subsurface. (B) and (C) are quantitative plots of 4T1 and MDA-MB231 cells invading into the lower
chamber, respectively. The crystal violet on the cells was eluted with a 33% acetic acid solution and its absorbance was measured at 570 nm.
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and C). For 4T1 cells, compared with the control group (0 uM
quercetin), 10 uM of free quercetin reduced the cell invasion
rate to 77.5%, while treatment with 10 uM of Qu-NPs decreased
the cell invasion rate to 9.8%, indicating that Qu-NPs have
a better capability to prevent 4T1 cell invasion. For MDA-MB231
cells, incubation with 10 uM of free quercetin reduced the cell
invasion rate to 42.9% compared with the control group, while
incubation with 5 uM of Qu-NPs decreased the cell invasion rate
to 18.1%. Therefore, these results showed that the inhibitory
effect of Qu-NPs on 4T1 and MDA-MB231 cell invasion is much
stronger than that of free quercetin.

3.5 Qu-NPs exerted antitumor and antimetastatic effect in
an orthotopic 4T1 breast tumor model

Furthermore, we investigated the inhibitory effect of Qu-NPs on
the proliferation and metastasis of triple-negative 4T1
mammary carcinoma in vivo. After oral gavage for 10 days, Qu-
NPs significantly inhibited tumor growth with much lower
tumor weight and smaller tumor volume at the end of a once-
daily dosing compared with saline treatment (Fig. 6A-C). The
H&E staining of the excised tumor and lung sections showed
that the tumors in the control group treated with saline grew
well, while the tumors in the Qu-NPs treatment group showed
partial necrosis and apoptosis. Metastatic foci were seen in all
of the lungs of mice in the control group, while no metastatic

A

Control

Qu-NPs

Control

Qu-NPs

View Article Online
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foci were observed in the mice treated by Qu-NPs (Fig. 6D). This
indicated that Qu-NPs greatly inhibited the proliferation of
orthotopic 4T1 mammary carcinoma and hindered their
metastasis in vivo, which is consistent with the in vitro results.
Moreover, we also found that there was no significant decrease
in body weight in the experimental animals, indicating that Qu-
NPs did not have severe toxicity to mice (Fig. 6E).

3.6 Quercetin inhibits migration of triple-negative breast
cancer cells by inhibiting uPA

To study if the inhibition of quercetin is mediated by uPA on
triple-negative breast tumors, we used small hairpin RNAs to
knock down the expression of endogenous uPA genes in the
human breast cancer cell line MDA-MB231 (Table S27). The real-
time quantitative PCR showed that we successfully constructed
a stable uPA knockdown cell line (MDA-MB231 shuPA) with
70% knockdown efficiency (Fig. S57). One of the key functions
of uPA is the promotion of tumor metastasis. Some studies have
shown that knocking down uPA inhibited the invasion and
metastasis of cancer cells.*** To evaluate the impact of uPA
knockdown on the migration of TNBC cells, we performed
wound healing assays using MDA-MB231 pLKO.1 cells and
MDA-MB231 shuPA cells. As shown in Fig. 7, without quercetin
treatments, the migration rate of shuPA cells was significantly
slower compared with pLKO.1 cells. However, under the
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Fig. 6 The anti-tumor and anti-metastatic efficacies of Qu-NPs in vivo. The suppression of the tumor growth in Balb/c mice orthotopically
implanted with 4T1 cells at the daily dosage of 30 mg kg~* Qu-NPs for 10 days. Representative graphics (A) and tumor weights (B) of resected
tumors with and without treatments. (C) The tumor volume of Balb/c mice was recorded from the seventh day of tumor seeding, and the data
were processed with 0.5 x length x width.2 The values were represented as mean + SEM. (D) The graphics of the H&E-stained histological
sections of the tumor and lungs with and without the treatments. (E) The changes of the body weights of mice orthotopically implanted with 4T1
cells with the treatment of Qu-NPs. PBS buffer as a control, the values were represented as mean + SEM.
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Fig. 7 Quercetin inhibits migration of MDA-MB231 cells by inhibiting uPA and supplemental uPA restores the migration of MDA-MB231 shuPA
cells. (A) Wound healing experiments of MDA-MB231 cells knocked down of uPA (MDA-MB231 shuPA) and MDA-MB231 pLKO.1 cells transfected
with empty vector as a positive control. After treating with 5 uM quercetin or 10 uM quercetin, the cell migration process was photographed at
different time points (0 h, 12 h, and 24 h). (B) Statistical analysis of the wound scratch closure monitored over time in the presence of quercetin.
(C) Wound healing experiments of MDA-MB231 cells knocked down by RNAi (MDA-MB231 shuPA). After treating with 5 uM quercetin, 100 nM
uPA, and a combination of the two, the cell migration process was photographed at different time points (0 h, 12 h, and 24 h). (D) Statistical
analysis of the wound scratch closure monitored over time in the presence of quercetin or uPA. Green areas indicate cell-free zones as
determined using the MRl Wound Healing Tool of Image J. Results are representative of three independent experiments. Data are presented as

the mean residual wound area at different time points as a percentage of the original wound area at 0 h + SEM.

condition of quercetin treatment, the migration rate of MDA-
MB231 pLKO.1 cells was greatly reduced, and the inhibitory
effect of quercetin on the migration of MDA-MB231 shuPA cells
was also greatly attenuated. Moreover, in order to verify the
relationship between quercetin and uPA, we also performed
wound healing experiments in MDA-MB231 shuPA cells by
adding additional uPA. Compared with the control, the migra-
tion ability of MDA-MB231 shuPA cells co-cultured with uPA was
significantly improved. After incubation with 5 uM of quercetin,
the migration ability of MDA-MB231 shuPA cells, which still
have 30% uPA expression, was significantly reduced compared
with the control. However, after co-cultivation with quercetin
and uPA, its migration ability was slightly restored. The above
experimental results show that knockdown of uPA expression by
RNAi can inhibit the migration of MDA-MB231 cells to a certain
degree. Supplemental uPA can restore the migration of uPA
knockdown cells (MDA-MB231 shuPA), and then treating with
quercetin again inhibited the migration of uPA knockdown
cells. Combined with our previous findings on the crystal
structure of quercetin and uPA complex, we conclude that
quercetin inhibits the migration of TNBC cells mediated by
uPA.

4. Discussion

Quercetin is different from the traditional uPA inhibitors, which
usually contain a guanidine or amidine as the P1 group.
Although these basic groups can help uPA inhibitors target the
S1 pocket of the uPA active site,'”*>*® they are prone to

34524 | RSC Adv,, 2020, 10, 34517-34526

protonation at physiological pH, hindering uPA inhibitors from
penetrating the cell membrane into the interior of the cell, thus
resulting in poor oral availability."® Quercetin is one of the most
important flavonoids in the human diet with a wide range of
biological activities. Previous studies have shown that quercetin
can bind to uPA with moderate inhibition at the micromolar
level;** however, there is no basic group in the structure of
quercetin that might be a replacement to overcome the poor
oral availability of traditional uPA inhibitors. In addition, the
toxic effects showed that the inhibition of quercetin alone on
a series of breast cancer cells is not obvious, and the specificity
is not good enough due to being easily oxidized (Fig. S47). In
order to solve the above-mentioned disadvantages as well as
improve the inhibition efficacy and specificity of quercetin on
triple-negative breast cancer, we packaged quercetin with
various materials, but only PLGA/TPGS nanoparticles exhibited
good encapsulation. Qu-NPs prepared in this work have good
uniformity and stability (Fig. 2). The cytotoxicity test showed
that Qu-NPs had a much stronger inhibition effect on TNBC
cells than quercetin alone (Fig. 3). A large number of studies
and our study have shown that PLGA-TPGS formulations not
only have no toxicity or side effects on many cancers but also
have relatively slow drug release, which may prevent the Qu
from being oxidized quickly.**?

Tumor metastasis is the main reason for the low survival rate
of patients with malignant tumors, and it is the bottleneck of
clinical treatment of malignant tumors. In this study, wound
healing and matrigel invasion experiments were performed to
verify the effect of Qu-NPs on the metastasis of TNBC cells. The

This journal is © The Royal Society of Chemistry 2020
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results demonstrated that Qu-NPs have a much stronger
inhibitory effect on TNBC metastasis than quercetin alone
(Fig. 4 and 5). Du et al. reported that quercetin only slowed
tumor growth but failed to reduce the initial tumor size and
cure tumor-bearing mice.*” We further tested the effect of Qu-
NPs by mouse orthotopic tumor models. The results showed
that Qu-NPs significantly inhibit the growth of TNBC tumors in
vivo. The results of cell experiments were further confirmed
from lung sections. As a result, the transfer of TNBC cells to the
lungs of mice treated with Qu-NPs were greatly reduced after
treating with Qu-NPs, demonstrating that Qu-NPs effectively
inhibit the growth and metastasis of TNBC tumors in vivo
(Fig. 6).

While we did not measure the biodistribution of free quer-
cetin and Qu-NPs in vivo, the biodistribution of free quercetin
and its nanoparticle formulations have been reported in related
literature, which revealed that quercetin can be significantly
accumulated in the lung, kidney and liver after oral administra-
tion.**>* However, it is still unclear whether quercetin exerts its
anti-TNBC effect by interacting with uPA. To illuminate this
issue, we established a stable TNBC cell line that knocked down
uPA (MDA-MB231 shuPA). Wound healing experiments were
performed on this cell line to reveal the role of uPA in cell
migration. As results have shown, the migration capabilities were
significantly reduced after MDA-MB231 knocked down the
expression of uPA. However, the migration capabilities were
rescued after supplementation with uPA and co-culturing with it,
indicating that uPA has a strong relationship with the migration
and invasion of TNBC cells. Moreover, the migration decreased
slightly when adding quercetin by inhibiting uPA (Fig. 7).

5. Conclusion

In this study, quercetin-loaded PLGA/TPGS nanoparticles were
prepared with high uniformity and stability, and was charac-
terized by high drug loading capacity. After nano-encapsulation,
compared with quercetin alone, Qu-NPs had much stronger
inhibition not only on the proliferation but also on the migra-
tion and invasion of breast cancer cells. In the mechanism of
action, we demonstrated that quercetin inhibited the migration
and invasion of triple-negative breast cancer cells by inhibiting
the activity of uPA. In general, our results demonstrated that
quercetin-loaded PLGA/TPGS nanoparticles are more effective
in treating breast cancer than free quercetin, indicating that
uPA may serve as an effective target of TNBC and provide a new
strategy for drug development towards treatment for breast
cancer.
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EGFR Epidermal growth factor receptor

AR Androgen receptor

PLGA Poly(lactic-co-glycolic acid)

TPGS p-o-Tocopherol polyethylene glycol 1000 succinate
uPA uPA-type plasminogen activator

TNBC Triple negative breast cancer

Qu Quercetin

Qu-NPs  Quercetin-loaded nanoparticles
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