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ABSTRACT: Quercetin is a potent cancer therapeutic agent present in fruits and vegetables. The pharmaceutical uses of quercetin are limited
due to many problems associated with low solubility, bioavailability, permeability, and instability. In addition, the high doses of quercetin show
toxic effects in clinical and experimental studies. Therefore, a new strategy is warranted to overcome these problems without the use of toxic
doses. The iron oxide nanoparticles can be used as a drug delivery system. This study aimed to prepare quercetin-conjugated magnetite
nanoparticles (QVINPs) using biological simple nanoprecipitation and mediated by fungus Aspergillus oryzae. Also, we initiated in vitro and in
vivo studies to determine whether QMNPs might sensitize breast cancer to radiotherapy treatment. The structural, morphological, and magnetic
properties of the prepared nanoparticles were studied. The results indicated that QMNPs were spherical in shape and 40nm in diameter. The in
vitro studies showed that the incubation of MCF-7, HePG-2, and A459 cancer cells with QMNPs for 24 h effectively inhibited the growth of cancer
cell lines in a concentration-dependent manner with IC50 values of 11, 77.5, and104 nmol/mL, respectively. The combination of QMNPs with
irradiation (IR) potently blocked MCF-7 cancer cell proliferation and showed significant changes in the morphology of these cells as observed
by bright-field inverted light microscopy. Focusing on the long-term toxicity of QMNPs (20 mi/kg), the assessment of hematological, hepatic, and
renal markers indicated no toxic effect. Besides, QMNPs inhibited tumor growth and potently enhanced the lateral radiotherapy treatment in
N-methyl-N-nitrosourea (MNU)-induced breast cancer in female white albino rats. These anticancer and radiosensitizing activities were ascribed
to cytotoxicity, cell cycle arrest, immunomodulation, and efficiency through induction of apoptosis. In a conclusion, these observations suggest
that the QMNPs combined with LRT could act as a potential targeted therapy in breast cancer.
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Introduction

Breast cancer is one of the most common causes of prevalent
malignant tumors with an increased mortality rate in the
last 5 years.! According to statistics of the International
Agency for Research on Cancer (IARC) of the World Health
Organization (WHO), a total of 18 989 634 new cases of breast
cancer associated with 10052507 deaths have been developed
in 2020 worldwide.? Radiotherapy (RT) is one of the com-
monly used in cancer treatment either alone or in conjunction
with surgery and/or chemotherapy. Irradiation kills cancer
cells by inducing DNA damage and the generation of reactive
oxygen species (ROS).> The accumulation of ROS can
deregulate the apoptotic signaling pathway, ultimately induc-
ing apoptosis. However, when using external-beam radiation
healthy tissues are unavoidably exposed, which increases the
probability of normal tissue complication.* Reports of the

literature evidenced that the use of radiosensitizing agents is
one of the ways to enhance RT treatment outcomes and caused
better survival in patients with breast cancer.” As most radio-
sensitizers can upregulate ROS which is considered as a poten-
tial target to improve RT treatment.® It is well known that
naturally occurring dietary compounds can fight against the
aggressiveness of breast cancer, inhibit cancer cell prolifera-
tion, and modulate cancer-related pathways.”# One of these
compounds is quercetin (3,5,7,3',4'-pentahydroxy flavone), a
potent cancer therapeutic agent and dietary antioxidant present
in fruit and vegetables.® Quercetin has selective anti-prolifera-
tive and antitumor effects via induction of apoptosis in differ-
ent human cancer cell lines. Furthermore, it caused cell cycle
arrest during GO/G1 in leukemia, S-phase in colorectal carci-
noma, and G2/M phases of the cell cycle in leukemia, breast
carcinoma, as well as esophageal adenocarcinoma cells.’® On
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the molecular level, it can modulate a number of key targets in
cellular signal transduction pathways related to apoptosis such
as downregulation of anti-apoptotic proteins of the Bcl-2 fam-
ily (Bel-XL and Bcl-2) and up-regulation of pro-apoptotic
members (Bax and Bad). Also, it has been demonstrated that
quercetin induces apoptosis through a caspase-3-dependent
mechanism.!* It is well known that the interplay between
immune cells and tumor cells exerts a major influence on breast
tumor development and progression,'? and the development of
cancer is associated with alterations in numbers and functions
of immune cells in the peripheral circulation and especially at
the sites of tumor progression.’® Quercetin showed antitumor
activity via stimulation of the immune system.™ T-Cells (1 of
the 2 main arms of the acquired immune system) comprise one
of the major components of the adaptive immune response.
There are 2 antagonistic classes of T-cells that have an impor-
tant role in fighting against cancer cytotoxic CD#* T-cells and
CD# regulatory T-cells (Tregs). Cytotoxic CD8* T-cells are
essential for the direct killing of cancer cells. Tregs are immu-
nosuppressive cells with a central role in maintaining self-
tolerance and immune homeostasis.’> According to the
literature, studies reporting potential synergistic effects when
combined with quercetin with RT can enhance tumor radio-
sensitivity both in vitro and in vive. Quercetin can also protect
normal cells from the side effects caused by RT, which obvi-
ously provides notable advantages in their use in anticancer
treatment.'® Despite its numerous biological effects, the phar-
maceutical use of quercetin is limited due to some challenges
such as low solubility, bioavailability, permeability, and insta-
bility. Furthermore, enzyme digestion of quercetin in the diges-
tive tract is overrated, and its survival time in blood circulation
is low.’” The formulation of quercetin nanostructures has been
conducted to increase its solubility and bioavailability,'® and
thereby improve their target specificity to cancer cells or tumors
by lowering the toxicity or side-effects to normal cells.!® In this
regard, magnetic nanoparticles comprise important character-
istics that make them attractive for a variety of biomedical
applications. Specifically, iron oxide magnetic nanoparticles
(IONPs) are physically and chemically stable, biocompatible,
and environmentally safe.?0 Owing to their cost benefits and
the harmful effects to the environment, the chemical and phys-
ical methods for the synthesis of nanoparticles are limited. So,
biosynthesis is, therefore, the best choice because it stands out
as a simple, low-cost, and ecofriendly route for IONPs produc-
tion.?! In this method, the biological system with its reducing
potential can interact with iron to transform the organic metal
into metal nanoparticles via the reactive capacity of proteins and
metabolites present in these organisms.?? In the present research,
quercetin-loaded magnetic NPs were biologically synthesized
and mediated by 4. oryzae for the first time using FeSO, as a
substrate to yield magnetite (Fe;O,) NPs. So, this study was
conducted to characterize the synthesized quercetin magnetite
nanoparticles (QIMNPs). We also aimed to provide sufficient
evidence about the safety or toxicity (acute and long-term) of

the synthesized QIVINPs on the cellular level in treated rats as
compared with the control rats in the range of the applied dose
during the study. The toxicity evaluation was done via investi-
gation of hematological and biochemical parameters such as
hepatic and renal biomarkers. Furthermore, the cytotoxicity
and antitumor activity of QMNPs and their efficacy to
enhance the radiosensitivity of breast cancer cells was dem-
onstrated iz vitro and in vivo with a focus on assessment of the
underlying critical mechanism.

Materials and Methods

1-methyl-1-nitrosourea (MNU) and Quercetin (Q4951),
KH,PO,; K,HPO, MgSO,; (NH,),SO,; K,Fe (CN),, and
FeSO, were (Sigma Aldrich). HePG2, MCF-7, and A-549
cancer cell lines were purchased from the tissue culture unit of
the Holding Company for Biological Products and Vaccines
(VACSERA), Giza, Egypt, and supplied through the American
Type Culture Collection (AT'CC). All cell culture material was
obtained from Cambrex BioScience (Copenhagen, Denmark).
A. oryzae fungus was kindly provided by the culture collection
unit of the Regional Center for Mycology and Biotechnology
(RCMB) Al-Azhar University, Cairo-Egypt. The fungal iso-
late was subcultured and maintained on Sabouraud’s Glucose
agar (SGA) medium containing; 20g/L glucose; 10g/L
peptone—; 20 g/L agar—and 1000 mL distilled water, at the tem-
perature of 25 (+2)°C and the pH was adjusted at 5.4 £0.2.

Preparation of QMNPs

The biomass of the fungal extract was prepared according to
the previously described method,?® with some modifications.
The fungus was grown aerobically in a liquid medium contain-
ing: 7¢/L; 2.0 KH,PO,; 0.1g/LL MgSO,; 1¢/L (NH,),SO;
0.6 g/L yeast extract; and 10 g/L glucose—-10.0 at pH (6.2 £ 0.2).
The flasks were inoculated and incubated on an orbital shaker
at 25°C and agitated at a speed of 1501/min. The biomass was
harvested after 72h of growth by sieving through Whatman
filter article no.1 followed by extensive washing with distilled
water to remove any component from the biomass. In this
work, FeSO4 was used as a substrate to prepare QMNPs and
mediated biologically by 4. oryzae. At first, the extracellular bio
extract of the fungal was prepared for the biosynthesis of
Fe304. For this purpose, 20 g of fresh clean fungal biomass was
brought in contact with 100mL of deionized water in an
Erlenmeyer flask and incubated at 25°C in a dark shaking
incubator (150 1/min) for 72 h. After the incubation period, the
cells filtrate was obtained by passing it through Whatman filter
article no.1. Second, for the synthesis of the MNPs by using
FeSO4 as a substrate, 100 mL of cell-free water extract of 4.
oryzae were exposed to 10mM FeSO, aqueous solutions at
(pH 3.1) in 500mL Erlenmeyer flasks and kept on a shaker
(2001/min) at 27°C. The reaction was carried out for a period
of 120 h in place of the iron cyanide complexes of the earlier
experiment. All of the bio-transformed nano-products were
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Figure 1. (A) Diagram of animal local RT by cobalt 60 and (B) schematic illustration of the experimental design and tumor induction.

MNU indicates 1-methyl-1-nitrosourea; QMNP, quercetin magnetite nanoparticles.

centrifuged at 10000r/min for 15min, following which the
pellet was re-dispersed in sterile distilled water to dispose of
any uncoordinated biological molecules. The process of cen-
trifugation and re-dispersion was run in sterile distilled water
and repeated 3 times to ensure better separation of free entities
from the metal nanoparticles. The purified pellets were then
sonicated for 30min using an ultrasonicator (united Jeveriy
tools supplies, Italy) for more disparity. Finally, samples were
freeze-dried using alyophilizer (Thermo Electron Corporation,
Micro Modulyo 230 freeze dryer). The lyophilized powder was

ready for further analysis and characterization.

Characterization of QMNPs

Characterization of the prepared MNPs and QMNPs was car-
ried out by different instruments and techniques. It includes
visual observation; UV-Visible spectrophotometer, transmis-
sion electron microscope (TEM), X-ray diffraction (XRD),
and Fourier transform infrared (FTIR) analysis.

Gamma—my irradiation

MCEF-7 cells were treated with a single-dose 6 Gy y-radiation,?*
using a cesium-137 source (Gammacell 40 Exactor; NCRRT,
AEA, Cairo, Egypt). The dose rate used was 0.423 Gy/min.
The dosimetry was used for all experiments to ensure uniform-
ity of dose and dose rate delivered using the Fricke reference
standard dosimeter.?> Local RT of the tumors was started
when tumors were detected and reached ~5 to 7 mm? in size at
119 days of animal age. Mice were anesthetized with an intra-
peritoneal (7.p.) injection of Phenobarbital 50 mg/kg and posi-
tioned in a Lucite jig with lead shielding the body and only the
breast bearing the tumor exposed for radiation treatment in the
Gamma cell Cobalt 60 irradiator at the cancer treatment unit,
National Center for Radiation Research and Technology
(NCRRT), Atomic Energy Authority (AEA) Cairo, Egypt.2¢
Rats received a single local dose of 15 Gy,?” on 119 days of ani-
mal age, using a Cobalt 60 source operating using a 250kV
orthovoltage system at a dose rate of 205/69¢ Gy/min with a
distance of 7.5cm on the field of 35 X 35 in the dorsoventral
axis. A custom-designed positioning device based on the

standard stereotactic frame was used so that 10 animals could
be simultaneously irradiated (Figure 1A). The dosimetry was
performed by implanting lithium fluoride thermoluminescent
dosimeters into various areas. Each 10 rat was confined to sit
under led plate with its tumor-bearing breast extended through
an opening in the side of the breast to allow the tumor site to
be irradiated locally.

In vitro study

Cytotoxicity assay. Cellular toxicity was run according to Foo
et al?® using 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) to demonstrate the cytotoxic potential
of the engineered QIMNPs on the viability of the human can-
cer cells (HePG2, MCF-7, and A-549). The cells were plated
separately in 96-well plates at a concentration of 5 X 105 cells/
well. After 24 h, cells were washed twice with 100 pL. of serum-
free medium and starved for 1h at 37°C. After starvation, cells
were treated with 20 pL of serial concentrations of the tested
material for 48 h at 37°C, in a humidified 5% CO, atmosphere.
After incubation, media were removed and 40 pL MTT solu-
tion/well was added and incubated for an additional 4h. The
absorbance of the purple-blue formazan dye was measured
spectrophotometrically in a microplate ELISA reader (ELx808
Absorbance Reader) at 570nm. The experiment was carried
out in triplicates, and the average of the viable cells was calcu-
lated. A graph was plotted between the percentage of the viable
cells and dilution. Data were expressed as the percentage of
relative viability compared with the vehicle control.

Estimation of the optimal irradiation dose and radiosensitizing
effect of QMNPs. MCF-7 cells were used for the determination
of the optimal irradiation dose that causes inhibition of prolif-
eration. The cell lines were exposed to 0, 4, 6, 8, and 10Gy.
Briefly, 103 to 10°cells/well were loaded in a 96-well plate,
thereafter; the cells were maintained in 5% CO, at 37°C for
24h. Cells were incubated in MTT (5mg/mL) for 4h at 37°C
and measured at 570 to 630nm in an ELISA reader (ELx808
Absorbance Reader) with the solubilization buffer as blank. Per-
centage of cell viability was determined according to the fol-
lowing formula:
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ODq; 4300f the treated cells/
% of cell viability= oD

7063001 the untreated control

In the subsequent study, the radiosensitizing effect of
QMNPs by the culture medium of the control set remained
without any treatment. For the other treatments, the culture
media were removed and replaced with the QMNPs at a con-
centration of 11 nM/mL (IC50) for the sole drug treatment,
another 2 sets were exposed to 6 Gy (optimum dose)
either alone or in combination with QMNPs (11 nM/ml
QMNPs + 6 Gy irradiation). All the experiments were incu-
bated for 24h, thereafter, 20 uL. of MTT (5 mg/mL in PBS)
was added to each well, and samples were incubated for 4h at
37°C and measured as above.

In vivo study

The study was approved by the research ethics committee for
experimental studies (Human and Animal subjects) at NCRRT,
EAEA, (Cairo, Egypt), following the 3Rs principle for animal
experimentation (Replace, Reduce, and Refine) and is organ-
ized and operated according to Council for International
Organizations of Medical Sciences and International Council
for Laboratory Animal Science International Guiding
Principles for Biomedical Research Involving Animals 2012
(serial number: 4A/20).

LDy, and toxicity estimation of QMNPs

Acute and long-term toxicities were performed to provide
information on the possible health hazards likely to arise from
single or multiple exposures to QMNPs after i.p. injection
within a period of 3days (acute toxicity) and 8 weeks (long-
term toxicity). For acute toxicity, 5 groups of animals (n=6/
group) of animal weight average of 120 =5gm were used.
Different concentrations (1, 10, 20, 40, and 80) mL/kg of
QMNPs were delivered to the animals. The rats were observed
daily for any signs of toxicity, morbidity, and mortality for 72h.
The long-term toxicity of QIMNPs was evaluated in the range
of the dose used in the iz vivo studies (20 mL/kg body weight,
twice/week for 8weeks) using the control group (n=10) and
rats treated with QMNPs (n = 10). These animals were observed
for 8weeks for the evidence of any adverse toxicity or death
tollowing QMNPs treatment. At the end of the experimental
period, blood was collected from the carotid artery. Blood was
separated into 2 parts: (1) with an anticoagulant agent to exam-
ine complete blood count and (2) plasma was separated to

examine the biochemical effect of the QMNPs (20 mL/kg).

Experimental design and tumor induction

Female Wistar Albino rats (n=90) injected 7.p. with MNU
(50mg/kg) dissolved freshly in 0.9% NaCl and adjusted to

pH=4.0 with acetic acid for activation. The injection of the
carcinogen was at 33,40, 47, 54, and 61 days of the animal’s age
according to the previous method.? The animals were weighed
weekly and palpated to record the numbers, location, and size
of tumors.

Female Sprague—Dawley rats (n=90) aged 45 to 50days
were randomly categorized into 2 main groups (Figure 1B):
group I (n=10 rats): which served as the control, and group 11
(n=80), injected 7.p. with MNU (50 mg/kg) dissolved freshly
in 0.9% NaCl and adjusted to pH =4.0 with acetic acid for acti-
vation. The injection of the carcinogen was at 33, 40, 47, 54,
and 61days of the animal’s age. The animals were weighed
weekly and palpated to record the numbers, location, and size
of tumors. When tumor size reached 0.5cm in the largest
dimension (45 rats had this inclusion criterion), group II was
randomly divided into 4 groups:

II.  Tumor group (n=15): animals received the vehicle of
CUR-NAR-D-MNPs.

III. RT group: tumor-bearing animals were exposed to
local RT (15 Gy) once at 119 days of animal age.

IV.  QMNPs: tumor-bearing animals have received a dose
of 20 mL/kg of QMNPs via 7.p., twice per week, which
started at 118days of animal age after the latency
period (the last tumor was observed at 117 days) and
continued for 8 weeks.

V. QMNPs + RT: tumor-bearing animals were treated

with QMNPs, then animals were exposed to RT
(15 Gy).

Mortality and body weight gain were recorded weekly. Tumor
volumes and weights were calculated using the following for-
mula: L/2XW/2X .30 At the end of the experimental study at
174 days, the animals were sacrificed; blood was collected, and
breast tissues were separated to examine the biochemical and

histological changes.

Hematological and biochemical analysis

The hematological indices were demonstrated using the
hematology analyzer system (CELL-DYN 1700 (Abbott
Diagnostics, Abbott Park, IL, USA). Alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) activities,3!
albumin levels (Alb),32 serum creatinine,3 and urea.3* The
oxidative status was evaluated via assessment of malondial-
dehyde (MDA),* reduced glutathione (GSH),% superoxide
dismutase (SOD),3” and catalase (CAT).38

Histopathological examination

The part of breast tissues of control rats and breast cancer
masses from the other group were fixed in 10% formol saline
for 24 h, washed in tap water, and followed for dehydration by
serial dilutions of alcohol (methyl, ethyl, and absolute ethyl).



Askar et al

Samples were embedded in paraffin after being cleared in
xylene and at 56C in a hot air oven for 24h. By slides
microtome, paraffin beeswax tissue blocks were prepared for
sectioning at 4 thickness. The obtained sections were
collected on glass slides, deparaffinized, and stained using
hematoxylin and eosin (H&E) for routine light electronic
microscope examination.’

Enzyme-linked immunosorbent assay

Bcl-2 and caspase-3 levels were determined by using the
markers assay kit (MyBioSource; Cat. No: MBS2881713 and
MBS841649 respectively), following a modification of the
manufacturer’s protocol. 10% tissue homogenate was obtained
from the mammary tissue samples in PBS consisting of a 1%
protease inhibitor cocktail. Furthermore, the homogenates
were undergone centrifugation (12000 g for 15 min) for about
15 min, and the resulting supernatants attained were collected.
Reactions were carried out following the manufacturer’s pro-
tocol, and absorbance was measured at 450 and 405nm,
respectively using an automatic microplate reader (Quant,
BioTek Instruments, Inc.,Winooski, VT, USA).

Flow-cytometry analysis of the cell cycle, CD4+,
and CD§+

After 24h of exposure to 6 Gy and/or RT QMNPs (11 nM/
mL) treatment, MCF-7 cells were seeded in 6-well plates at
1.3 X 105 cells in 3 mL of complete growth culture media, incu-
bated for 24h. Following incubation, the floating cells were
collected, and adherent cells were harvested by trypsinization
to detach the cells and pelleted at 100g for 5 min. Cells were
washed twice with PBS and resuspended in 70% ethanol at
-20°C overnight. Isolated tissues for all groups were processed
immediately. Breast tissues were cut into pieces of 2 to 5cm
thickness, rinsed, and cleaned with PBS. Fresh tissues were
mechanically dispersed, sequentially using 100 and 35pm
nylon cell-strainers (mesh) (BD-Falcon:0877119). Specimens
were pressed through the 100 um mesh, which was placed in a
tissue culture dish containing PBS/EDTA. The mesh was
rinsed several times at 4°C cold PBS/EDTA and centrifuged
for cell suspension (310g; 4°C; 6min). The supernatant was
removed, and 5mL cold ethanol (80%, -20°C) was added
dropwise under constant, gentle, vortexing to fixed cells. Before
staining, cells were kept at -20°C overnight. For the cell cycle
analysis, cells were treated with an appropriate volume of stain-
ing solution containing 30ug/mL PBS, and 0.3 mg/mL
RNase-free DNase. For the cell surface markers (CD* and
CD#), cells were stained with a 10pL monoclonal antibody in
the dark for 30 min at room temperature. (BD-Pharmingen™,
Cat. Nos. (557307 and 746832, respectively). The cell cycle and
cell surface marker data were analyzed by BD Accuri-C6-Plus
software (Biosciences,CA, USA).40

Statistical analysis

All experiments were performed at least in triplicate, and the
results were expressed as the mean * standard error (SEM).
The statistical software package (SPSS, 20, Inc., Chicago, IL)
was used for analysis. Statistical significance between all groups
was analyzed using the P<<0.001, P<<0.01, and P<<0.05.
Statistical analyses were performed using Prism, version 7

(GraphPad Software, La Jolla, CA)

Results
OMNPs characterizations

Visual characterization of the synthesized QIMNPs showed
that the 4. oryzae cell-free water extract was pale yellow before
the addition of iron nanoparticles (Figure 2BA), which changed
to a golden brownish color indicating completion of the reac-
tion with FeSO, after 28 h (Figure 2BB). The later color turned
to dark brownish as magnetite (Fe;O,)-quercetin forming
complex achieved by time (Figure 2BC). The features of the
UV-vis spectrum of the synthesized QMNPs are indicated in 2
curves (Figure 2C). Two intensive absorption bands of magnet-
ite were observed in curve 1 centered at 360 nm and 254 nm. In
curve 2, 2 absorption peaks of QMNPs were observed at
256nm and 377nm. The absorption peak II of curve 2 was
shifted 2 and 17 nm, respectively.

The transmission electron microscope image showed that
the particles were spherical in shape and uniformly distributed
(mono-dispersed) without significant agglomeration. The for-
mulated MNPs were ~11 nm in diameter (Figure 2DA), mean-
while, QMNPs were spherical in shape and 40 nm in diameter
(Figure 2DB). The XRD image (Figure 2E), showed that the
Fe;O, NPs were pure magnetite (Fe;O,) with a cubic inverse
spinel structure. The diffraction peaks belong to Fe;O, NPs
prepare by FeSO, substrate were (111); (220); (311); (400);
(422); (511); (440), (533); (553). The diffraction peaks belong
to QMNPs prepared by FeSO, substrate were (220); (311);
(400); (422); (511); (440). Iron, as well as quercetin-iron com-
plex nanoparticle characteristic peaks by the FTIR, were shown
in (Figure 2F), there was a strong absorption peak at 1654 cm™?
to quercetin for C-O telescopic vibration of carbonyl C-4.The
vibration frequency of quercetin (C—O) and Fe ion formation
complexes was shifted to 1635 cm™!, moved a low wavenumber
19cm . It could be inferred quercetin 4 C-O participates in
the match. At 623 cm™ it appeared in v (IM-0) for complexes
that could be inferred metal coordination bond formation.
There was a smaller change for the v (C-O-C) compared
between quercetin and Fe ion formation complexes but also
showed the oxygen of C-ring did not happen with the role of
metal ions. In 3404cm™! absorption peaks, nano magnetite
(Fe;O,) might through the surface adsorption effected on
complexes, may also through its surface hydroxyl and com-
plexes formed the hydroxyl, or magnetite (Fe;O,) nanometer
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Figure 2. Structural preparation and characterization of QMINPs: (A) schematic illustration of the reaction mechanisms for the overall synthesis process
of the quercetin-loaded Fe304 nanoparticles via A. oryzae, (B) visual characterization of the synthesized QMNPs, (C) the chromatogram of UV
spectrophotometry of MNPs (curve 1) and QMNPs (curve 2) mediated by A. oryzae using FeSO4 as a substrate, (D) TEM images of the synthesized
MNPs (A) and QMNPs (B) mediated by A. oryzae and FeSO4 as a substrate, magnification (X=200000K for A and X=100000K for B). (E) XRD patterns
of the synthesized MNPs (A) and QMNPs (B) mediated by A. orrzae and FeSO4 as a substrate. (F) FTIR analysis of magnetite (Fe304) nanoparticles (A),

magnetite (Fe304)—quercetin with FeSO4 substrate.

FTIR indicates Fourier transform infrared; MNP, magnetite nanoparticles; QMNP, quercetin magnetite nanoparticles; TEM, transmission electron microscope; UV,

ultraviolet; XRD, X-ray diffraction.

hydrogen and complexes formed a metal bond. But it was con-
sidered that nano magnetite (Fe;O,) was insoluble in ethyl
alcohol, so it was regarded as which was formed cladding by
nano magnetite (Fe;O,) and quercetin-Fe metal complexes.

Cytotoxicity and 1Cs, of QVMINPs

The cytotoxicity of the QMNPs and 1Cy, values was evaluated
against the viability of HePG-2, MCF-7, and A459 cancer

cells (Figure 3A). The cells were treated with different concen-
trations ranging from 5 to 40nmol/mL in comparison with
untreated control cell lines. The results showed that MCF-7
cells appeared to be more sensitive with the ICy, value of
11 nM/ml. Meanwhile, the IC;, values were found to be 40 and
37.5nmol/mL for HePG-2 and A459 cell lines, respectively.
The results also, clearly suggest that QIMNPs exhibited cell
specificity and concentration-dependent cytotoxicity. Taking
into account these data, the MCF-7 cell lines and
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Figure 3. (A) Dose-dependent cytotoxicity and IC50 values of QMINPs on MCF-7, Hep-G2, and A-549 cell lines at 24 h treatment. (B) Estimation of the
optimal radiotherapy dose on MCF-7 cell line. (C) Radiosensitization effect of QMNPs on MCF-7 cell line using; MCF-7 cells treated with 11 nmol/mL

QMNPs for 24 h prior to exposure to 6 Gy y-ray. (D) Effect of QMNPs and/or RT on cell cycle distribution. Values expressed as the mean = SEM, n=5.
QMNP indicates quercetin magnetite nanoparticles; RT, radiotherapy; SEM, mean * standard error.
alP <001, 2P < .01 vs control; ®'P <.001, k2P < .01, b3P < .05 vs RT group (4 Gy) and RT (6 Gy); ®3P <.05 vs QMNPs group.

concentration of QMNPs (11nmol/mL) were used for the

subsequent iz vitro studies.

Estimation of the optimal irradiation dose

The MCF-7 cell lines were exposed to different doses of radia-
tion to demonstrate the optimal radiation dose using MTT
assay. Photographs using a bright-field inverted light micro-
scope (Figure 3B) demonstrated that MCF-7 cell lines of the

control cells appeared round meanwhile displaying variable
degrees of reduction in cell viability accompanied with mor-
phological changes after exposure to 4, 6, 8, and 10 Gy, respec-
tively. The pronounced reduction and the greater morphological
changes which were closely correlated with reduction of the
viable cells were shown in 6 Gy-exposed cells than that of the
other sets. Thus, the 6 Gy dose was chosen which was used for

in vitro further investigations.
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Figure 4. QMNPs effect on vital indices: (A) hematological indices, (B) hepatic, renal markers, and antioxidants/oxidative markers. Values expressed as
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platelets; QMNP, quercetin magnetite nanoparticles; RBC, red blood cells; SEM, mean =+ standard error; SOD, superoxide dismutase; WBC, white blood cells.

a3p < .05 vs control.

The radiosensitization effect of QMNPs

In this study, the MT'T assay was used to determine the enhanc-
ing killing effect of radiation dose to MCF-7 by QMNPs
(Figure 3C). The dead cells were 0.9 £0.1 in the control set.
These values were increased to 66.4 = 7.8 and 65.7 5.3 after
the single treatments of RT (6 Gy) and QMNPs (11 nmol/mL),
respectively, compared with the control set. Nevertheless, the
dual treatment of QMNPs and RT enhanced the killing effect
of the y-irradiation as indicated by the great reduction of cells
survival by 91.2 = 7.1%, comparable with the survived cells after
exposure to RT or QMNPs alone. The morphological changes
were synchronized with the killing effect of each treatment used
(Figure 3C). The photographs showed that each of the single
treatments of radiation and QMNPs caused distinct morpho-
logical DNA damage characteristics such as cell shrinkage with
intact membranes as well as condensed cytoplasm along with
membrane blebbing, which led to the formation of apoptotic
bodies. The great pronounced morphological changes were
noticed after exposure to the dual treatment.

QMNPs induced G1/§ phase cell cycle arrest and
enhanced irradiation-mediated G1 phase arrest in
Vitro

Cell cycle distribution of nuclear DNA in MCF-7 human can-
cer cell lines in the different examined groups was determined
through the PI staining method followed by Flow-cytometry
analysis to measure the percentage of distribution of cell frac-
tions in each of the cells cycle phases (Figure 3D). In the con-
trol group, the percentages of cells were 5.5 £0.4, 11.2 £ 1.6,
13.4+1.1, and 71.4 £ 3.1 that showed the normal pattern of
DNA content and reflect sub-G1,G1/G0, S, and G2/M phases
of the cell cycle, respectively. Radiotherapy treatment increased
the DNA content in the sub-G1 phase (17.1 = 1.3) and caused
G1/GO phase (55.6*=2.7). Quercetin-conjugated magnetite

nanoparticles caused G1 phase (45.1£2.5) and S phase
(42 =2.3) arrest compared with the control group. More and
above, QMNPs obviously enhanced the killing effect of RT
treatment as the percentage of cells reached 59.9 + 2.6 in the
G1 phase compared with RT-treated cells.

In vivo studies

Acute and long-term toxicity estimation of QMNPs. For 72h
observation, after injection of different concentrations of
QMNPs (1, 10, 20, 40, and 80 mL/kg), the animals did not
show any abnormal signs and no mortalities. No physical dis-
comfort in the form of tremor, convulsion, salivation, diarrhea,
lethargy, sleep, or coma was observed verifying the nontoxic
nature of the synthesized nanoparticles even at the high dose,
suggesting that LDs, value was higher than 80mL/kg of
QMNPs.

In the subsequent iz vivo studies, the light has been shed
also, on the possible long-term toxicity of QMNPs on the cel-
lular level within the range of the dose used during this work
(20mL/kg) given twice weekly for 8 weeks.

A complete blood count (CBC) analysis was done for
treated rats and compared with those of the control group. The
collected data revealed a significant decrease in hemoglobin
(HDb) levels, meanwhile, there were not any significant changes
were recorded in the other hematological indexes, compared
with those of the control rats (Figure 4A).

Statistically, insignificant change was recorded in hepatic
markers (ALT, AST, and Alb), and renal metabolites (cre-
atinine and urea), compared to those of the control rats
(Figure 4B).

In the control group, MDA value was 11.2 + 1.3, GSH level
was 5.1+ 3.1 and 21.9 0.9, SOD and CAT activities were
25.7 = 1.9, respectively. These recorded a significant decline in
MDA level (7.1 £0.7) associated with a profound elevation in
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Table 1. QMNPs and/or RT effect on mortality, weight, tumor weight, and tumor volume.

GROUPS PARAMETERS
NUMBER OF ANIMALS ~ MORTALITY (%)  WEIGHT GAIN TUMOR WEIGHT (GM)  TUMOR VOLUME (MM3)

Control 10 20% 118.0+2.7 - -

Tumor 20 70% 91 +2.3a 41.2+1.3 409+7.3

RT 20 70%! 97 +1.9a 30.1+2.193 326.5 + 5.5"

QMNPs 20 60%3". b3, ¢8 99 = 1.8a1,b3 31.2+1.193 320 + 6.2V

50%at, b2, c2, d3

QMNPS +RT 20 108 £2.528.b1.03.98 201+ 1.5b1.c3, a3 195.3 + 5.741.b2,¢2,d3

Abbreviations: QMINP, quercetin magnetite nanoparticles; RT, radiotherapy.
The results presented as the mean = SEM. a'P <.001, 23P < .05 vs control; 1P < .001, "2P < .01, b3P < .05 vs tumor group; ©2P < .01, ®3P < .05 vs RT group, 2P < .01,

93P < .05 vs QMNPs.

GSH level (9.4%+0.4), and SOD (33.%£2.4) and CAT
(29.1 £2.1) activities compare to 11.2 = 1.3 (MDA),5.1=3.1
(GSH level), 21.9 0.9 (SOD), and 25.7 = 1.9 (CAT) activi-
ties in the control group (Figure 4B).

Effect of QMNPs and/or RT on morphological and histopathological
indices. As shown in (Table. 1), 70% of mortalities were noted
in animals after MNU injection (i.p.), which may be due to
MNU-toxicity. The tumor group had a significant decrease in
weight gain, compared with the control group. Meanwhile, the
rats treated with QMNPs and/or RT had a significantly
increased weight gain, compared with the tumor group. Other-
wise, the rats treated with QMNPs and/or RT showed signifi-
cant regression in tumor volume and weight, compared with the
tumor group. Moreover, QMNPs significantly enhanced the
effect of RT treatment to induce more reduction in tumor vol-
ume and tumor weight, compared with the single treatment.

As shown in Figure 5, no morphologic changes were
detected in the breast tissue of control rats. While the tumor
group showed a large solid mass (masses) with variable sizes
of breast cancer. A marked regression in the tumor size
was observed after RT treatment or QMNPs treatment.
Furthermore, an increase in this regression was shown in the
animal group delivered the dual treatment.

The histopathological examination of the mammary gland
(Figure 5), confirmed that the control rats have normal mam-
mary acini with normal epithelial linings embedded in the sur-
rounding adipose tissue. While the mammary gland of tumor
rats showed well-differentiated adenocarcinoma with various
histological subtypes including solid, comedo, cribriform, and
comedo-cribriform subtypes and few showed cystic type. All
these changes were accompanied by variable degrees of ductal
epithelial hyperplasia. The neoplastic cells appeared pleomor-
phic, and others appeared uniform with basophilic to eosino-
philic cytoplasm. They contained centrally or basally located
rounded or oval nuclei. The mitotic figures were sometimes
exceeded 8/high microscopic field. The solid type is formed
from solid rounded or oval masses of neoplastic cells separated

by thin fibrous bands. While the cribriform adenocarcinoma
appeared as solid masses of tumor contained numerous variable
sizes small empty spaces scattered throughout the mass. In the
comedo-form, the neoplastic cellular masses appeared with
centrally located cellular debris. The massive stromal response
was evident and characterized by fibrosis and mononuclear
inflammatory cells infiltration with or without variable degrees
of hemorrhage. While examination of the mammary gland
of y-irradiated rats showed fulminating necrosis of cancer cells
appeared as large eosinophilic granular areas of necrosis among
the tumor masses. Some of the later neoplastic cells showed
cytoplasmic vacuolation. Regarding the mammary gland
treated with QMNPs, the examination revealed marked swell-
ing, vacuolation with nuclear pyknosis, and necrosis of cancer
cells with the presence of large cystic fluid-filled spaces in some
cases and marked inflammatory reaction as well. The beginning
of fibrous bands proliferation among groups of cancer cells was
noticed. Regarding examination of mammary gland sections of
the treated groups; it was clear that the dual treatments caused
the best suppressive effect against the tumor growth over the
only QMNPs. Administration of combined QIMNPs and RT
conspicuously affected the neoplastic cells causing an obvious
marked cellular necrosis and transformation of the cancer cells
into hyalinized eosinophilic material with many pyknotic
nuclei. Some cases showed marked vacuolation, nuclear pykno-
sis and necrosis of the cancer cells with appearance of eosino-
philic derbies, and sometimes fibrous replacement of the cancer
masses were noticed to such extent that it was difficult to assure
presence of the previous tumor mass.

Effect of QMNPs and/or RT on cell cycle and apoptosis in breast
tissue. As shown in (Figure 6A and B), most cells in the control
group are blocked in the GO/1 phase before treatments. In
addition, the distribution of most cells in the tumor group was
concentrated in the G2/M phase with a significant increase in
the level of anti-apoptotic Bcl-2, and a significant decrease in
the apoptotic caspase-3 level, compared with those of the
control group. Furthermore, we found that most cells in the
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Figure 5. QMNPs and/or RT effect on morphological and histopathological indices. (Control rat) showing normal mammary acini (arrow) embedded in the
surrounding adipose tissue. (Tumor rat) showing many empty spaces (arrow) in the cribriform adenocarcinoma, the top left image is showing
adenocarcinoma, notice the multiple spaces within the solid masses of the tumor some are empty and others contained pink proteinaceous secretion
(arrow). (RT rat showing large eosinophilic granular areas of cancer cells’ necrosis [GN] among the tumor masses.). (QMNPs rat) showing marked
necrosis of the cancer cells with its transformation into hyalinized eosinophilic material (arrow) as well as many pyknotic nuclei. QMINPs + RT rat showing
necrosis and beginning of fibrous bands (arrow) among the cancer cell groups. Tumor size was measured using a standard caliber, in length and width,
and the tumor was weighed upon excision it of all treated and untreated tumor-bearing rats. Number of animals (5 per group).

QMNP indicates quercetin magnetite nanoparticles; RT, radiotherapy.

RT-treated rats were blocked in the S phase, with a significant
decrease in the Bcl-2 level, and a significant increase in the
caspase-3 level, compared with those in the tumor group.
However, the treatment with QMNPs induced an arrest to a
proportion of cells in the GO/1 phase, with a significant increase
in the sub-G1 phase (apoptosis), a significant decrease in the
Bcl-2 level, and a significant increase in the caspase-3 level
compared with the tumor or RT groups. In addition, the sub-
G1 phase had a significant increase compared with that in the
tumor group, with a significant decrease in the Bcl-2 level, and
a significant increase in the caspase-3 level, compared with
those in the tumor group. The combination treatment induced
a higher proportion of cells in the G0/1 and sub-G1 phases,
with a highly significant decrease in the Bcl-2 level, and a
highly significant increase in the caspase-3 level compared

with those in the tumor, RT, and QMNPs groups.

Effect of QMNPs and/or RT on CD**and CD?* expression in
breast tissue. The distribution of the 2 subsets of T-cell, CD*

helper T-cells (Figure 6C) and the CD?#* cytotoxic T-cells
(Figure 6D) in the control group were 22.82.3% and
25.7 = 2.1%, respectively. The percentage of CD* increased to
29.6+2.2% and the percentage of CD8* decreased to
16.1+1.5 % in the tumor rats. The expression of CD* was
decreased insignificantly after treatment with R, while the
expression of CD® was increased insignificantly after RT
treatment, compared with the tumor group. Meanwhile, a
marked reduction was seen in the CD* expression after
QMNPs treatment, while the percentage of the CD8#* popula-
tion was increased significantly compared with the RT and
tumor groups. Otherwise, QMNPs enhanced the effect of RT
treatment as indicated by the further reduction in the percent-
age of CD* and increase of the percentage of CD?* signifi-
cantly compared with the tumor, RT, and QMNPs groups.

Discussion
Magnetic nanoparticles comprise important characteristics
that make them attractive for a variety of biomedical
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applications. Specifically, IONPs are physically and chemically
stable, biocompatible, and environmentally safe.? Its effect
depends on the particle size, exposure route, and exposure dura-
tion.*! One of the advantages of NPs is used as a targeted drug
delivery system to carry quercetin for chemotherapy applica-
tions.* To our knowledge, it is the first time to synthesize
QMNPs by the eco-friendly biological method using 4. oryzae.

This was achieved by free-cell extract of 4. oryzae and FeSO, as
a substrate through a simple, cheap, and reproducible approach.
The formulated substance was characterized using UV-Vis
spectroscopy, TEM, XRD, and FT\IR and confirmed that
Fe304 nanoparticles were successfully coated with quercetin.
The MNPs and QMNPs were generally spherical, with an aver-
age diameter of 11 and 40nm, respectively. Previously,
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functionalization of the surface of the Fe;O, nanoparticles was
obtained by an electrostatic coating of quercetin onto the nano-
composite of the quercetin-Fe;O, to enhance the sensitivity,
specificity, stability, and reproducibility of the QIMINPs.*3
Furthermore, the fabricated QIMNPs exhibited dose-dependent
and cell-type-specific cytotoxicity against all tested breast can-
cer cell lines, being MCF-7 cells were the most sensitive ones
toward QMNPs with an ICy, value of 11.2 nm/mL. Inconsistent
with our results, it has been evidenced that QFe;O,NPs showed
concentration-dependent cytotoxicity.** A previous study
reported that quercetin-encapsulated in solid lipid nanoparti-
cles showed high toxicity against MCF-7 cells.#

The higher toxicity of QIMNPs toward the breast cancer
cells might be attributed to the strong binding between the
MCF-7 cells and quercetin molecules due to the partial release
of quercetin from the magnetite nanoparticles and magnetic
oxidation that resulted in DNA damage.?? Radiation (IR) is
one of the most common modalities for breast cancer treat-
ment; however, the outcome is limited as healthy tissues of the
neighborhood of target tumor cells are adversely affected.*® In
this study, we demonstrated the optimum irradiation dose used
in the subsequent iz vifro and in vivo studies as adjuvant ther-
apy in combination with QIMNDPs.

In this context, MCF-7 cell lines were exposed to different
doses of IR (4, 6, 8, and 10Gy) for 24 h. Our results revealed
variation in a decrease of cell viability after the initial 24 h of IR
exposure. The reduction in the viability was more pronounced
in the MCF-7 set exposed to 6 Gy irradiation. Many in vitro
studies have reported results from irradiation of MCF-7 cells
with various doses. Some studies have indicated a decrease in the
viability in MCF-cell lines exposed to 1 and 4 Gy, but the rate
of the cell viability reduction by 4 Gy was slower than that of
1 Gy.# In agreement with our result, another group of research-
ers demonstrated the effect of different IR doses (1, 2, 4, 6, 8,
10, and 20 Gy) on the MCF-7. They reported that the percent-
age of reduction in cell viability with 6 Gy was more obvious
than that of other doses.*® The discovery of novel agents which
sensitize malignant cells to the effect of radiation would
increase tumor response by slowing dividing tumors sensitive
to irradiation while minimizing toxicity to the surrounding
organs by lowering the effective therapeutic dose.*>*? In this
regard, the role of QMNPs to enhance the radiosensitivity of
MCF-7 cancer cells was evaluated. The current data of the in
vitro study revealed that QIMNPs enhanced the suppression of
MCF-7 cancer cells proliferation as examined qualitatively by
MTT assay and inverted light microscope, compared with the
sole RT treatment alone. In the line with our findings, several
studies have demonstrated the application of iron oxide nano-
particles (IONPs) as radiosensitizers.>! In a study reported by
Hauser and coworkers indicated that IONs enhanced the
effect of X-ray which may be due to intensifying the produc-
tion of secondary electrons and ROS and induction of DNA
damage,*? which in turn enhance radiation therapy effects by

these NPs.>3 On the contrary, strong in vitro and in vivo evi-
dence for quercetin as a radiosensitizer in tumors was reported
owing to its multifunctional nature.>* This could be due to the
DNA damage effect of QMNPs owing to the magnetic oxida-
tion via partial release of quercetin from the magnetite nanopar-
ticles and interacts with cancer cells in an acidic environment.
The cancer cells exhibit high levels of ROS, which enable
them to be selectively killed by radiation. It has been demon-
strated that ROS are involved in the enhancement of tumor
cell radiosensitivity.** In this regard, our results obviously dem-
onstrated that QMNPs either on their own or in combination
with LRT enhanced the toxic effect in the tumor tissue of
treated rats. This can be explained to an extent in terms of
auto-oxidation of quercetin into the toxic free radicals which
can irreversibly bind to various cell constituents forming sulf-
hydryl group and other essential groups producing secondary
free radicals which are responsible for the pro-oxidant activity
of quercetin.’®> Moreover, other studies reported that Fe;O,
acts as a radiosensitizer via enhancing the formation of ROS,>
which could be due to the presence of pro-oxidant func-
tional groups on their reactive surface or due to nanoparticle-
cell interactions.’® Owing to the small size of NPs and also,
depending on the mode of administration and sites of deposi-
tion, these features may underlie toxicity.>’

Regarding the acute toxicity study, the results confirmed the
nontoxic nature of the synthesized QMNPs with an LDy,
value higher than 80 mL/kg. In the subsequent iz vivo studies,
the results of hematological parameters demonstrated insig-
nificant changes (p>0.05) in ALT, AST, albumin, creatinine,
urea, MDA, GSH, SOD, and CAT which could be due to its
elimination from the blood circulation. One of the previous
studies emphasized that IONPs introduced to the bloodstream
are usually subjected to opsonization (adsorption of plasma
proteins on the surface of the particles), followed by subsequent
recognition and uptake by macrophages residing in the organs
of the phagocytic system, ultimately resulting in the elimina-
tion from the blood circulation.’® In addition, the 7.p. injection
is one of the main administration for IONPs which undergo
hepatic metabolism before reaching the systemic circulation.>”
Liver and kidney play major roles in the metabolic transforma-
tion of drugs; hence, they are basic biosafety evaluation for
drugs as well as NPs.®0 Plasma levels of liver enzyme ALT,
AST activities are considered as good markers for liver toxic-
ity.®* The level of serum creatinine and urea concentration has
been considered as useful markers for assessing nephrotoxicity.®?
Our results pointed to the non-hepatotoxic and non-nephro-
toxic properties of the formulated QIMNPs when used chroni-
cally in the range of the therapeutic dose. It has been reported
that IONPs (y-Fe,O; and Fe;O,) are biocompatible, biode-
gradable, and non-toxic,® to healthy tissues.®* Furthermore, in
the toxicity study, the effect of QMNPs on lipid peroxidation
and the antioxidant defense system was evaluated in plasma of
treated rats compared with that of the control. Our findings
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displayed a significant decrement in lipid peroxidation as indi-
cated by the brought down of MDA level accompanied by sig-
nificant elevation of GSH, SOD, and CAT. This is attributed
to the increasing endogenous antioxidant levels and the free
radical scavenging effect of quercetin.®> On the contrary, other
investigators demonstrated that quercetin nanoformulations
attenuated the lipid peroxidation and increased antioxidant
enzyme activities (SOD and CAT) and total GSH which
could be due to increasing in particle bioavailability.%¢

The rodent breast cancer has been used as an experimental
model for the study of mammary cancer because the mammary
gland tumors of this species are similar to the most frequently
diagnosed mammary cancer in women in terms of tumor his-
tology and hormone dependence.®” The induction of rodent
mammary tumors following the administration of NMU is a
widely used experimental model for investigating breast cancer
in women.% In our iz vivo study, the breast tumor was success-
fully induced experimentally in accordance with the aforemen-
tioned protocol of the current work. Induction of breast cancer
recorded 100% tumor incidence (20/20) in response to ip.
administration of MNU carcinogen at the dose rate of 50 mg
kg body weight to female albino rats at 33, 40, 47, 54, and
61days of animal age. The same results were obtained in an
early study by Russo and Russo.®” Other investigators reported
55% tumor incidence.”® Our observation can be explained on
the basis of the susceptibility of the mammary glands to the
carcinogen on the age of animals and that the high susceptibil-
ity of female rats can be observed when the carcinogen is
administered during the postnatal period, between 40 to
60days of early puberty with highly proliferating terminal end
buds (TEBs) in the mammary gland.® In agreement to a great
extent with the prior studies,®” our results indicated that all the
developed tumors were in the posterior pairs of the mammary
glands of the diseased rats. The authors reported that 36/44 of
the diagnosed tumors in NMU-treated rats were developed in
the abdominal inguinal mammary gland. The pathological
analysis demonstrated all the developed well-differentiated
adenocarcinoma with various histological subtypes including
solid, comedo, cribriform, and comedo cribriform subtypes and
tew showed cystic type. Also, there were variable degrees of
ductal epithelial hyperplasia. These findings are similar to
those of those who studied the histopathological alterations in
the breast tissue in NMU-induced mammary tumors in female
Sprague Dawley rats. Conversely, the microscopic micrographs
of sections in the mammary tumors of treated rats revealed that
QMNPs alone and in combination with LRT treatment
showed the highest significant decrease in the tumor burden.
Our results are in agreement with the study of Ren et al,’® who
found that quercetin nanoparticles inhibited liver cancer devel-
opment via apoptosis induction and proliferation inhibition in
the histopathology of xenograft tumors. Moreover, our histo-
pathological observations agree with the biochemical findings
which indicated that administration of QMNPs either alone or

in combination with radiation therapy augmented ROS pro-
duction, increased early apoptotic effect in sub G1 phase, G1/
GO cell cycle arrest, and enhancement of apoptotic effect. The
changes in weight gain have often been used as sensitive indi-
ces of toxicity after exposure to toxic substances.”? Regarding
the effect of tumor incidence and different treatments on body
weight gain, the current in vivo studies showed variations in
body weight gain. In agreement with the previous observation,
our results showed a significant loss in weight gain in the posi-
tive control (diseased rats) as well as LRT treatment, which
might be endorsed this effect to the tumor burden.®’ Rats
showed a significant gain in body weight after administration
of QMNPs either alone or in combination with LRT treat-
ment. In a study performed previously by Najafabadi et al,!”
they demonstrated the effect of superparamagnetic iron oxide
nanoparticles (SPION) and quercetin superparamagnetic iron
oxide nanoparticles (QT-SPION) on body weight gain in
treated rats. They reported that SPION showed a significant
weight loss, whereas quercetin could prevent weight loss due to
the SPION. In our study, the effect of QIMNPs could be attrib-
uted to the antioxidant capacity of quercetin and its ability to
disclose oxidative stress. During the 28th week of the experi-
mental period, the induction of NMU caused a great increase
in the tumor burden; however, the average growth rate of
tumor weight was 46.2*1.3gm and the tumor volume was
found to be 739 * 7.3 mm? in the diseased group, which was in
agreement with the earlier report.®” The current work revealed
that both LRT treatment and QMNPs either as a sole treat-
ment or in combination are effective in reducing the tumor
burden. In the line with our results, Spiotto and Coworkers
evidenced that the sole RT treatment reduces tumor burden
(tumor weight and tumor volume) by inducing DNA dam-
age.”? Other researchers reported that quercetin-loaded chi-
tosan nanoparticles (QCT-CS NPs) exerted a significant
reduction of tumor volume after intravenous treatment of
QCT-CS NPs in tumor xenograft mice in comparison to the
disease group.”? The transition from one cell cycle phase to
another occurs in an orderly manner and cell cycle control is
the major regulatory mechanism of cell growth.”? So, dysregu-
lation of the cell cycle is a key feature of cancer, and hence
targeting the cell cycle is an important approach in cancer ther-
apy.”* In this study, our results revealed alteration of the differ-
ent phases of the cell cycle in the diseased group, noting that a
great reduction in cell population was observed in G1/S phases
concomitant with increased cell population in the G2/M phase.
The present findings are in agreement with the previously
reported study, which stated that MNU caused cell cycle dis-
turbance and increased cell population in S and G2/M phases
indicating progression of cell division, meanwhile, decreased
cell fractions in sub-G1.7> Moreover, in this study, a prominent
early apoptotic cell death was noticed in the sub-G1 phase and
cell cycle arrest at G1 was noted upon treatment with QMNPs
alone and in combination with LRT treatment indicating the



14

Breast Cancer: Basic and Clinical Research

cytotoxic and radiosensitizing effect in MCF-7 cancer cells
and even in tumor tissues. It has been reported that when
quercetin delivered in the form of nanoparticles could induce
ROS production and arrest the cell cycle in the sub-G phase in
HePG2 cells,” increases the cells in the G1 phase of MCF-7
cells.”” More and above, in agreement with our observations,
the combination of quercetin with RT was found to enhance
tumor radiosensitivity of HePG2 cells and augmented the sub-
G1 population,’® as well as in human colorectal cancer xeno-
graft model in nude mice.” It is well known that the immune
cells and tumor cells exert a major influence on mammary
tumor development and progression.®® In the current study,
induction of mammary tumor in rats used a carcinogen (MNU)
caused an obvious increase in CD** cells concomitant with a
significant reduction in CD8* cells in the breast tissue of dis-
eased rats, while no significant change was observed in diseased
rats received 15 Gy of LRT treatment alone, compared to the
control group suggesting a negligible effect of RT on tumor-
specific immune responses. Our results can be explained on the
basis that CD8* cell depletion decreases the therapeutic efficacy
of irradiation as demonstrated in a mouse tumor model.8! The
increase of CD* and decrement in CD3* in diseased untreated
rats agree with Huang and coworkers who reported that CD*
and CD# T-cells have opposing roles in breast cancer progres-
sion and outcomes. They concluded that CD8 T-cells are the
key effector cell population, mediating sufficient antitumor
immunity and resulting in desirable clinical outcomes. In con-
trast, CD* T-cells have negative prognostic effects on breast
cancer patient outcomes.!” Regarding the immunomodulatory
effect QMNPs on the immune system, the cytotoxic
T-lymphocyte activity was examined via estimation of the per-
centage of CD* and CD#* T-cells population in the breast tis-
sue of rats. Our results revealed that QMNPs alone or in
combination with LRT treatment modulated the immune
response and reversed the alterations of CD* and CD?*. In
agreement with our observation, an earlier study performed by
Orsolic et al®? emphasized that polyphenolic compounds from
propolis containing quercetin as one of its active components
significantly increased the percentage of CD3* cells and caused
a reduction in the ratio between CD* and CD#* lymphocytes
favored to CD# in the tumor-bearing mice. The authors attrib-
uted the responses of immune activity to the immunomodula-
tion effect and interaction of immunomodulated effectors with
tumor cells. On the other hand, according to Lin et al,” the
combination of quercetin with RT has been found to potentiate
radiation-induced immunomodulation iz vifro and in vivo, at
least in part due to its effect on immune function. According to
the literature, it seems that uptake of IONPs by T-cells was not
accompanied by any measurable effects on T-cell functions.®
The chemical induction of mammary tumor-induced carcino-
genesis, a process that impairs apoptosis, which results in the
development of the malignant phenotype.3* The present study

evaluated the potential therapeutic effects of QIMNPs and RT
administered alone and in combination on the signal transduc-
tion pathways related to apoptosis such as anti-apoptosis pro-
tein Bcl-2 and caspase-3. Our results obviously displayed
increment of caspase-3 level, and downregulation Bcl-2 expres-
sion in breast tissues of diseased rats after NMU administration.
It has been reported that Bcl-2 is expressed in solid tumors such
as breast (about 80%), ovarian and stomach cancers.8® In addi-
tion, earlier studies revealed that caspase-3 plays in executing
apoptosis, and the observation that several examined breast
cancer cells showed alteration of caspases-3 expression.
Moreover, a similar loss in caspase-3 expression was evident
in morphologically normal peritumoral tissue samples
obtained from breast cancer patients.® The current observa-
tions showed that QMNPs alone and in combination with
LRT treatment reversed the survival effect caused by NMU
in diseased rats as indicated by increased the level of cas-
pases-3 and brought down of Bcl-2 pointed to induction of
apoptosis. In the line with our findings, a study showed
quercetin resulted in downregulation of the expression of
Bcl-2, Caspase-3 was also activated by quercetin, which
started a caspase-3-depended mitochondrial pathway to
induce apoptosis.!! In another study, it has been elucidated
that gold nanoparticles conjugated quercetin mediating can-
cer cell death through the caspase-3-dependent apoptosis
pathway.”? Balakrishnan et al®” suggest that QMNPs exhib-
ited a role in mediating antitumor and radiosensitizing by
enhancing RT-induced caspase-3 activation and downregu-
lation of antiapoptotic protein Bcl-2.

Conclusion

The results of our present investigation clearly demonstrate for
the first time that QIMNPs could be successfully synthesized by
the green method. Quercetin-conjugated magnetite nanoparti-
cles exhibit a striking antitumor and radio-synthetizing efficacy
in MCF-7 cancer cells and in NMU animal models of breast
cancer in a dose-responsive fashion (Figure 7). The antitumor
and radio-synthetizing effect of QIMNDPs has been reflected in
the ability of this compound to diminish the development of
NMU-induced mammary tumors and significantly reduce
tumor burden. Furthermore, our study provides considerable
evidence that the breast tumor-inhibitory effect of QMNPs
could be achieved, at least in part, through interference with
key hallmark capabilities of tumor cells, such as abnormal cell
proliferation, cell cycle arrest, immunomodulation, and induc-
tion of apoptosis. Finally, QMNPs-mediated and enhanced the
LRT treatment effect on the pro-apoptotic signal during
experimental induction of mammary carcinogenesis through
up-regulation of pro-apoptotic proteins and downregulation of
anti-apoptotic proteins of the mitochondrial apoptotic path-
way. These interesting results are coupled with the safety of
QMNPs as therapeutic drugs for mammary tumors.
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Figure 7. Summary of QMNPs and local radiotherapy (LRT) effect in breast cancer: in vitro and in vivo.
MNU indicates 1-methyl-1-nitrosourea; QMNP, quercetin magnetite nanoparticles; RT, radiotherapy.
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