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Co-administration of genistein with doxorubicin-
loaded polypeptide nanoparticles weakens the
metastasis of malignant prostate cancer by
amplifying oxidative damage†

Guanyi Wang,a,b Dawei Zhang,b Shengcai Yang,b Yalin Wang,b Zhaohui Tang *b

and Xueqi Fu *a

Prostate cancer is a typical malignant disease with a high incidence and a poor prognosis. Doxorubicin

hydrochloride (DOX·HCl) is one of the most effective agents in the treatment of prostate cancer, but

severe side effects and metastasis after its treatment impose restrictions on its application. Herein, a com-

bination of genistein (GEN) and doxorubicin-loaded polypeptide nanoparticles (DOX-NPs) is constructed

for the treatment of prostate cancer. The DOX-NPs can reduce the side effects caused by free DOX·HCl

and produce a relatively low level of intracellular reactive oxygen species (ROS)-induced oxidative

damage, while GEN, an inhibitor of the oxidative DNA repair enzyme apurinic/apyrimidinic endonuclease1

(APE1), can further amplify the ROS-induced oxidative damage by downregulating the intracellular

expression of APE1 and reducing oxidative DNA repair in the prostate cancer cells. Because high levels of

ROS-induced oxidative damage can prevent the distant metastasis of tumor cells, the distant metastasis

of malignant prostate cancer cells is significantly inhibited by the combination of genistein and DOX-NPs

with amplified oxidative damage.

Introduction

Prostate cancer is a typical malignant disease that affects men.
In 2012, worldwide, there were 1.1 million men diagnosed
with prostate cancer, accounting for 15% of all incident cancer
cases in men.1,2 The treatment of prostate cancer is still chal-
lenging; it is the fifth leading cause of death from cancer in
men. Most prostate cancer patients die of tumor metastasis
because malignant prostate carcinoma cells are able to meta-
stasize from a primary focus to a metastatic focus, located at
the rectum, bladder, bones, lymph nodes, lungs, or liver.3,4

Therefore, a new paradigm for treating prostate cancer is badly
in need of being sought out.

Doxorubicin hydrochloride (DOX·HCl), a conventional
chemotherapy drug, is considered to be one of the most
effective agents for the treatment of prostate cancer.4 However,

the application of DOX·HCl can lead to severe side effects,
such as cardiotoxicity and nephrotoxicity. Furthermore, meta-
stasis is often observed after DOX·HCl treatment. The short-
comings of DOX·HCl must be compensated in prostate cancer
therapy. The side effects caused by DOX·HCl can be reduced
significantly by using nanocarrier-based drug delivery
systems.4–7 In addition, it has been reported that oxidative
damage has the potential to inhibit the distant metastasis of
tumor cells.8,9 An elevated level of reactive oxygen species
(ROS) can cause oxidative DNA damage.10–12 It is well known
that tumor cells treated by DOX·HCl will produce elevated
levels of ROS and oxidative DNA damage. However, many
kinds of prostate cancer cells have an elevated DNA repair
capacity, resulting in tumor malignancy and imposing severe
restrictions on the anticancer efficacy of DOX·HCl, which is a
fundamental reason for the failure for prostate cancer treat-
ment.13 Apurinic/apyrimidinic endonuclease 1 (APE1), a
pivotal enzyme in the base excision repair (BER) pathway, is
overexpressed in tumor tissue and responsible for the DNA
repair of oxidative DNA damage.14–17 The downregulation of
APE1 can improve the level of reactive oxygen species,18,19 and
enhance drug sensitivity and oxidative damage towards tumor
cells.18,20–25 Thus, APE1 is a promising target for cancer
therapy.26,27 Therefore, while reducing the cardiotoxicity and
nephrotoxicity of DOX·HCl through nanotechnology, it is of
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importance to depress the function of APE1 in the treatment
of prostate cancer.

Recently, epidemiological studies have suggested that Asian
men could be more likely to avoid prostate cancer than
American men, due to Asian men consuming diets rich in
soybeans.2 Genistein (GEN), a bioactive component in soy iso-
flavones, has shown versatile pharmacological and medical
efficacy towards multiple cancer cells.28–31 A large amount of
literature has argued for the standpoint that GEN is an in-
hibitor of APE1.28,32

Polymeric nanocarrier-based drug delivery systems are
important in the treatment of metastatic cancers.33–36 In this
work, an experimental mouse model was established by sub-
cutaneously transplanting the mouse prostate cancer cell line
RM-1 in order to mimic malignant prostate tumors along with
rapid proliferation and metastasis.4,37 A combination of free
GEN and DOX-NPs was designed for the treatment of the meta-
static prostate cancer. An amphiphilic anionic copolymer,
methoxy poly (ethylene glycol)-b-poly (L-glutamic acid-co-L-
phenylalanine) (mPEG-b-P(Glu-co-Phe)) was used to load free
DOX·HCl. On one hand, the prepared DOX-NPs could reduce
the side effects of free DOX·HCl. On the other hand, the
DOX-NPs could enhance intracellular ROS levels and produce
oxidative damage. Meanwhile, the utilization of GEN, as an
adjuvant drug of the DOX-NPs, could downregulate the intra-
cellular expression of APE1, enhance ROS levels in the prostate
cancer cells, and reduce the DNA damage repair, further
amplifying oxidative damage and inhibiting the distant meta-
stasis of prostate cancer cells (Fig. 1).

Experimental section
Materials

Doxorubicin hydrochloride (DOX·HCl) was bought from
Beijing Huafeng United Technology Co., Ltd (Beijing,
P. R. China). Genistein (GEN) was bought from TCI (Shanghai)
Development Co., Ltd (Shanghai, P. R. China). 3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and 4′,6-
diamidino-2-phenylindole dihydrochloride (DAPI) were pur-
chased from Sigma-Aldrich (Shanghai, P. R. China). All of the
RT-PCR experimental kits were purchased from Tian-gen
Biotech Co., Ltd (Beijing, P. R. China).

The mPEG-b-P(Glu-co-Phe) copolymer was prepared as
reported previously,38 with 113 EG (ethylene glycol), 10 Phe,
and 10 Glu units in the polypeptide block. 1H NMR measure-
ments indicated that the number average molecule weight
(Mn) of mPEG-b-P(Glu-co-Phe) was 7.76 × 103. GPC analysis
revealed that the copolymer had a narrow molecular weight
distribution (poly dispersity index (PDI, Mw/Mn) = 1.1).

The mouse prostate cancer cell line RM-1 was obtained
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, P. R. China). The RM-1 cells were cultured in a
humid environment with a 5% CO2 atmosphere at 37 °C, and
the culture medium was DMEM medium (Gibco) to which
10% fetal bovine serum (FBS, Clake), 100 U mL−1 penicillin,
and 100 U mL−1 streptomycin was added.

Preparation of DOX-NPs

The nanoformulation of DOX·HCl was prepared by a method
similar to that which we reported before, but with slight modi-
fication.38 Briefly, mPEG-b-P(Glu-co-Phe) (720.0 mg) was dis-
solved in 13 mL distilled water and the pH was adjusted to
7.0–7.5 by adding 0.1 M NaOH solution. Then, DOX·HCl
(80.0 mg) in 17 mL distilled water was added to the solution
drop-wise under mild stirring. After 2 h, the solution was
transferred to a dialysis bag (MWCO 3500 Da), and dialyzed
for 24 h to remove free DOX·HCl. The solution in the dialysis
bag was centrifuged at 9000 rpm for 7 min. Then, the super-
natant was collected and filtered through a syringe filter
(membrane filter 0.45 μm). After freeze-drying, DOX-NPs were
obtained. The drug loading content (DLC %) and drug loading
efficiency (DLE %) were determined by a UV-Vis spectrometer
at 480 nm and calculated by eqn (1) and (2), respectively.

DLC% ¼ Amount of DOX
Total amount of NPs

� 100% ð1Þ

DLE% ¼ DOX content in NPs
Theoretial DOX content in NPs

� 100% ð2Þ

MTT assays

RM-1 cells were uniformly seeded in 96-well plates and under-
went 24-hour cell monolayer adherent growth. The density was
6000 cells per well. Then, the cells were treated with specific
drugs (free DOX·HCl, DOX-NPs (equivalent DOX·HCl dose), or
GEN) at pre-defined gradient concentrations for another 24 or

Fig. 1 A schematic representation of the co-administration of GEN and
DOX-NPs for prostate cancer treatment. (A) GEN and DOX-NPs were
administrated via oral administration (p.o.) and intravenous injection in
the tail (i.v.), respectively. (B) GEN and DOX-NPs were internalized by the
prostate cancer cells, resulting in the decrease of APE1 and the increase
of intracellular ROS. The combined treatment amplified oxidative
damage.
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48 h. Afterwards, 20 μL MTT solution (5.0 mg mL−1) was
added to each well of the plates and maintained for an
additional 4 h incubation at 37 °C. Subsequently, 150 μL
DMSO was added into every well, followed by the removal of
the culture medium. The plates were laid into a Bio-Rad
680 microplate reader and measured with an established
pattern (vibration for 5 min to dissolve the formazan dye and
detection of the optical density (OD) at 490 nm). Data are
exhibited as the mean ± standard deviation (n = 4). The wells
treated with different drugs (free DOX·HCl, DOX-NPs, or GEN)
were regarded as experimental wells, while those treated with
only culture media as control wells. The relative cell viability
(%) was defined as the ratio of the absorbance of the experi-
mental wells and the absorbance of the control wells × 100%.

Real-time quantitative polymerase chain reaction (RT-PCR)

The fluorescence signals of the dye SYBR Green I were used to
quantify gene expression. According to the manufacturer’s pro-
tocol, the total RNA from each sample was extracted using a
RNAprep Pure Cell Kit from the RM-1 cells treated with
different groups of drugs, then quantified to the same level
and reverse transcribed into cDNA. Then, following instruc-
tions, a 20 μL real-time PCR reaction system (consisting of the
acquired cDNA) was performed and reacted on the PCR instru-
ment (Stratagene Mx 3005P, USA) using the primer pairs: APE1
(F-5′-ATGAAGAAATTGACCTCCGTAACC-3′, R-5′-GTGTAAGCGTA
AGCAGTGTTG-3′) and GAPDH (F-5′-AGTGGCAAAGTGGAG
ATT-3′, R-5′-GTGGAGTCATACTGGAACA-3′). The conditions of
the PCR amplification were set at 1 cycle (95 °C for 15 min)
and 40 cycles (95 °C for 10 s, 60 °C for 20 s, and 72 °C for
32 s). GAPDH was used as an internal reference to certify an
equal concentration of cDNA in each sample. The data were
managed and analyzed with a 2−ΔΔCT method.

Cellular uptake assay and cellular ROS detection

The RM-1 cells were seeded into 6 well plates at a density of 5
× 105 cells per well and underwent 24-hour cell monolayer
adherent growth. Then, each well was washed with aseptic
phosphate buffered saline (PBS) and incubated with fresh
medium containing 10 μM DOX·HCl or DOX-NPs for another
1 or 3 h in the incubator. Subsequently, the RM-1 cells were
digested, collected, and immediately assessed for a DOX-
corresponding fluorescence signal by flow cytometry (FCM).

The cell processing methods for cellular ROS detection
were similar to the above steps. Each well was incubated with
fresh medium containing pre-defined concentrations of GEN
for 24 h. The RM-1 cells were collected and mixed with a
10 μM DCFH-DA probe at 37 °C for 20 min. Then, the collected
cells were washed three times with PBS to scour off the disso-
ciative DCFH-DA probe. The corresponding fluorescence inten-
sity was analyzed by FCM according to the manufacturer’s
protocol.39

Apoptosis analysis

To detect the influence of GEN on the apoptosis of prostate
cancer cells, RM-1 cells were seeded and adhered overnight in

the 6-well plates. Upon reaching 70–80% cell confluence, the
RM-1 cells were exposed to specific-concentration (0, 30, 60,
90, or 120 μM) GEN for 48 h. Afterwards, according to instruc-
tions, the collected cells from each group were re-suspended in
PBS and the fluorescent dyes Annexin V-FITC and PI were
added into each sample, and then each sample was incubated
at 37 °C for 5–15 min in the dark. The fluorescence intensity
of each sample was immediately detected using FCM.

Tumor therapy study

The whole animal experiments were approved by the Care and
Use of Animals Center of Jilin University. This study was
strictly carried out under the Guidelines for the Laboratory
Protocol of Animal Care and Use Committee, Jilin University.
Every effort was made to minimize animal pain. All partici-
pants were informed of the purposes of the study and the risks
associated with the procedures and abided by the “Laboratory
animals – guidelines of welfare and ethics” drafted by China.
C57BL/6 male mice (5–6 weeks of age) were provided by the
Laboratory Animal Center of Jilin University. The C57BL/
6 mice were subcutaneously injected with 2.0 × 106 RM-1 cells
(suspended in 0.1 mL of phosphate-buffered saline) into the
armpit of the right anterior limb. When the tumor volume
reached 80 mm3, the mice were randomly divided into six
groups (control, GEN, DOX·HCl, DOX-NPs, GEN + DOX·HCl,
and GEN + DOX-NPs) and numbered in their ears (n = 8). The
mice were dosed with 0.2 mL of PBS alone as a control.
DOX·HCl and DOX-NPs were administrated at an equivalent
DOX·HCl dose of 5 mg kg−1 in 0.2 mL of PBS through intrave-
nous injection into the tail at a pre-defined time point. GEN
was dissolved in 0.1 M Na2CO3 and mixed with sesame seed
oil at a 2 : 1 ratio (v/v) before treatment to avoid irritation of
the esophagus by the Na2CO3. GEN was taken via p.o. by
gavage at 0.45 mg per mouse on an empty stomach every other
day. Control, DOX·HCl, and DOX-NPs only-treated groups
received a mixture of 0.1 M Na2CO3 and sesame seed oil.32 The
mice were monitored and tumor volumes and body weights
were recorded. During treatment, tumor volumes were calcu-
lated by eqn (3), where a and b represent the longest and short-
est diameter of the tumors, respectively.

Tumor volumeðmm3Þ ¼ a� b2

2
ð3Þ

At the end of the animal experiments, the mice were sacri-
ficed and their major organ tissues were collected and low-
temperature frozen for stand-by application.

Tissue distribution assessments of DOX·HCl and DOX-NPs

The RM-1 tumor-bearing C57BL/6 mice were injected with
DOX·HCl or DOX-NPs (5 mg kg−1 DOX·HCl equivalent) at a
volume of 0.2 mL (per 20 g body weight) via the tail vein. After
the injection, the mice were sacrificed after 2, 6, or 12 h. The
tumors and other major organ tissue (heart, liver, spleen,
lungs, and kidneys) were collected. After rinsing with PBS
three times, the excised tissues were visualized using a
Maestro In Vivo Imaging System (Cambridge Research &
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Instrumentation, Inc., Woburn, MA, USA) at excitation and
emission wavelengths of 523 and 560 nm, respectively.

Tumor tissue ROS detection

Fresh tumor tissues from each group were excised into
1–2 mm3 sections and incubated with digestive liquids (0.25%
trypsin and 200 U mL−1 collagenases IV) under gentle
vibration at 37 °C for about 6 h. The collected digestive solu-
tions were ground and filtered at 100 mesh into a single cell.
The single cell suspensions were processed, followed by the
above cellular ROS detection steps using a DCFH-DA probe.
The green fluorescence intensity of every sample was immedi-
ately detected and analyzed by FCM to measure the ROS level.

Histopathological and immune-histochemical evaluations

The tumors and other major organs (heart, liver, spleen,
lungs, and kidneys) in each group were immersed in 4% (w/v)
PBS buffered paraformaldehyde and embedded in paraffin.
The paraffin-embedded tissues were cut to a thickness of
around 5 μm for hematoxylin and eosin (H&E) staining and
immune-histochemical evaluations. Immuno-histochemical
analyses were performed using antibodies against APE1 (CST)
and 8-hydroxyguanosine (8-oxo-dG, Abcam), respectively.
Thereafter, TUNEL staining (keygen bioTECH) was carried out
according to the manufacturer’s protocol. The H&E staining
was observed via a microscope (Nikon Eclipse Ti, Optical
Apparatus Co., Ardmore, PA, USA), and the immunofluores-
cence was analysed via confocal laser scanning microscopy
(CLSM; Carl Zeiss LSM 780, Jena, Germany). The levels of the
immunofluorescence intensity were evaluated by Image
J software.

Data analysis

Data are presented as the mean ± standard deviation (SD).
The statistical significance of these data was analyzed using

SPSS 14.0 (SPSS Inc., Chicago, IL, USA). A *p value <0.05 was
considered statistically significant, and a **p value of <0.01
was considered extremely statistically significant.

Results and discussion
Preparation and characterization of the nanoformulations

Through electrostatic interaction, free DOX·HCl was encapsu-
lated into the interior of the mPEG-b-P(Glu-co-Phe) nano-
particles. Therein, poly (phenylalanine) was used to provide
hydrophobic/aromatic groups to stabilize the nanoparticles in
the self-assembly process, and poly (glutamic acid) was used
to provide anions to encapsulate the cationic chemothera-
peutic drug.40,41

The DLC and DLE of the prepared DOX-NPs were 6.71%
and 67.1%. The hydrodynamic radius of the DOX-NPs in
aqueous solution was about 74.0 nm, which met the nano-
scale demand for passive targeting and facilitated the selective
tumor accumulation by EPR effects.42,43

In vitro cytotoxicity against RM-1 prostrate cells

As shown in Fig. 2, the MTT assay was used to estimate the
cytotoxicity of the drugs against the RM-1 cells after treatment
with free DOX·HCl, DOX-NPs, or GEN. Not only the cell cyto-
toxic drug doxorubicin hydrochloride and its nanoparticles
(DOX-NPs), but also the bioactive component genistein from
soy isoflavones had time- and dose-dependent cell cytotoxicity
against the RM-1 cells. The IC50 (inhibitory concentration to
produce 50% cell death) of DOX·HCl and the DOX-NPs at 24 h
was 0.647 μM and 0.451 μM, respectively. The IC70 of DOX·HCl
and the DOX-NPs at 48 h was 0.756 μM and 0.559 μM, respect-
ively, which indicated that the DOX-NPs had a higher cyto-
toxicity against the RM-1 cells than free DOX·HCl. Similar
results for the DOX-NPs were determined in MCF-7, A549, and
HeLa cells.38,44 GEN did not show forceful inhibitory effects,
as an ancillary drug, towards the RM-1 cells .45,46

APE1 expression at the mRNA level

By evaluating the expression of APE1 at the mRNA level, we
found that there was time- and dose-dependent APE1
expression in the RM-1 cells with the treatment of GEN
(Fig. S1†). The APE1 levels of the RM-1 cancer cells and 3T3 or
L929 normal cells without drug treatment were measured, and
the results showed that the RM-1 cancer cells had a higher
expression of APE1 than normal cells (Fig. S2†). This suggested
that the RM-1 prostate cancer cells had stronger DNA damage
repair abilities than normal cells. The intracellular APE1
expression in the RM-1 cells decreased obviously in the GEN,
GEN + DOX·HCl, and GEN + DOX-NPs groups as compared to
the control group, while there were no statistically significant
differences between the GEN, GEN + DOX·HCl, and GEN +
DOX-NPs groups (Fig. 3). This suggested that the existence of
GEN could reduce the DNA damage repair of the RM-1 cells by
downregulating the APE1 expression.

Cellular uptake assessments of DOX-NPs

In Fig. 4, since DOX itself has auto-fluorescent characteristics,
the DOX fluorescence signal is detected by FCM in order to
investigate cellular uptake without additional fluorescent
markers. The fluorescence signal intensity is positively pro-
portional to the amount of DOX internalized by the cells. The

Fig. 2 The cytotoxicity of DOX·HCl and DOX-NPs (A), and GEN (B)
against RM-1 cells at 24 h or 48 h (n = 4).
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RM-1 cells were treated with DOX·HCl or DOX-NPs (of equi-
valent DOX·HCl content). The detected DOX fluorescence
signal intensity in the DOX-NPs group was stronger than that
of the DOX·HCl group, indicating that the RM-1 cells were
inclined towards the cellular uptake of DOX-NPs rather than
the free DOX·HCl. The free small molecule doxorubicin hydro-
chloride was transported into cells via passive diffusion, while
the DOX-NPs entered into cells mainly by endocytosis.47 The
FCM analysis results suggested that the uptake of DOX-NPs by
the RM-1 cells was more efficient than that of the free
DOX·HCl. Both the DOX·HCl and DOX-NPs at 3 h were
observed, by analyzing DOX fluorescence signals, to be inter-
nalized more than at 1 h, which showed that cellular uptake
was a time-dependent behavior.

Cellular ROS level by genistein treatment

The DCFH-DA probe without fluorescence can pass easily
through the cell membranes into the cytoplasm and be hydro-
lyzed into DCFH by intracellular esterase. DCFH is accumu-
lated in the cells and oxidized into fluorescent DCF oxide by
intracellular ROS. The green fluorescence intensity detected by
FCM is proportional to the ROS level. From Fig. 5, the green
fluorescence intensity of the RM-1 cells treated with GEN was
dose-dependent – that is to say, the cellular ROS level was
gradually improved along with the gradient elevation of GEN.
This result can be conjectured to be associated with the influ-
ence of APE1. The higher concentration of GEN decreased the

expression of APE1, which reduced the DNA repair and further
enhanced the reactive oxygen species.19

Induction of apoptosis using genistein in vitro

As shown in Fig. 6, the apoptosis analysis highlighted that
genistein triggered apoptosis depending on the dose of GEN
on the whole; the total apoptotic cell proportions were
increased along with the increase in GEN concentration.
Relatively lower doses were inclined to trigger late apoptosis,
while higher doses brought about early apoptosis. At 30 μM
GEN, the cell proportions of early apoptosis and late apoptosis
were 1% and 3.25%, respectively. The cell proportions of early
apoptosis and late apoptosis could be inverted to 11.3% and
2.1% by using a high concentration (120 μM) of GEN. This indi-
cated that the genistein could influence the apoptosis level.

Tumor regression and DOX-NP bio-distribution

To assess the antitumor efficacy in vivo, the RM-1 tumor-
bearing mice were administered with PBS, GEN, DOX·HCl,
DOX-NPs, GEN + DOX·HCl, or GEN + DOX-NPs. In Fig. 7A, it
can be seen that the GEN + DOX-NPs group shows an extre-
mely significant inhibition of tumor growth in contrast to the
control group. Compared to the other drug treatment groups,
the GEN + DOX-NPs group displayed slightly stronger in-

Fig. 3 The relative mRNA level of APE1 in the RM-1 cells with the treat-
ment of drugs (n = 3).

Fig. 4 The cellular uptake of DOX·HCl and DOX-NPs at 1 h (A) and 3 h
(B) by FCM.

Fig. 5 The intracellular ROS level of the RM-1 cells treated with GEN at
pre-defined concentrations.

Fig. 6 The cell apoptosis of the RM-1 cells treated with GEN at pre-
defined concentrations. The “LR” and “UR” are “lower right” and “upper
right” in short, and represent the early cell apoptosis proportion and late
cell apoptosis proportion, respectively. The “LL” and “UL” are “lower left”
and “upper left” in short, and represent the living cell proportion and cell
debris or damaged cell proportion, respectively.
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hibition. In order to evaluate the systemic toxicity, the changes
in the body weight of the mice are described in Fig. 7B. There
were no significant changes in body weight in each group,
indicating negligible systemic toxicity against the body weight
of mice during the treatment.

The bio-distribution of the free DOX·HCl and DOX-NPs was
investigated by examining the ex vivo DOX fluorescence images
after intravenous administration. As shown in Fig. 8, the DOX
fluorescence intensity of the DOX-NPs group at every studied
time interval was significantly stronger than that of the free
DOX·HCl group at the tumor sites. This phenomenon showed
that the DOX-NPs were able to accumulate more at the tumor
sites than the free DOX·HCl, resulting in enhanced treatment
efficacy. In addition, for the DOX-NPs group, DOX fluorescence
in the tumors at 12 h post-injection became slightly stronger
compared to that at 2 h and 6 h post-injection, indicating that
DOX-NPs exhibited longer blood circulation and less uptake by
the reticuloendothelial system, owing to the shielding effect of
PEG. At 12 h post-injection, the lower fluorescence signals
from the excised heart in the DOX-NPs group could validate a
lower cardiotoxicity compared to the DOX·HCl group. For the
kidneys, DOX fluorescence signals in the DOX-NPs group had
an enhancement at 6 h post-injection and then a fast attenu-
ation at 12 h post-administration, as compared to that of the
DOX·HCl group, suggesting that DOX-NPs should have a low
influence on the kidneys.

Tumor tissue ROS detection

Emissive green fluorescence intensity was used to evaluate the
amount of ROS. As shown in Fig. 9, FCM analysis demon-
strated that the RM-1 cells in the GEN + DOX-NPs group were
compelled to produce more ROS than those in other groups,
as evidenced by the detected strongest green fluorescence
signal. The ROS level of the tumor tissue cells at the tumor
sites had an obvious increase with the co-administration of
GEN and DOX-NPs. The DOX-NPs could induce the production
of more ROS than the free DOX·HCl, while GEN could decrease
the APE1 level and then amplify the amount of ROS. The co-
administration of GEN and DOX-NPs, as a combination blow,
could be conjectured to enhance the oxidative damage caused
by the high level of ROS.

Histopathological and immune-histochemical analysis in
mouse prostate models

As depicted in Fig. 10 and 11, the H&E staining indicated that
spontaneous pulmonary metastases occurred in the control

Fig. 7 The anti-tumor evaluation in vivo (A) and body weight changes
(B). The red arrows represent the application of DOX·HCl or DOX-NPs
by i.v., while black arrows represent applications of genistein by p.o.

Fig. 8 The tissue distribution of DOX·HCl and DOX-NPs after adminis-
tration of DOX·HCl and DOX-NPs.

Fig. 9 The ROS level of tumor tissues.

Fig. 10 The pathological analysis of liver metastatic sections (A) and
quantification of average metastatic areas (B); scale bars, 100 μm. The
dashed white lines in the liver tissues represent metastatic sections.
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and GEN groups. The livers had more or less metastatic
lesions in all groups. However, these metastatic events could
be significantly reduced in the combined groups, including
the GEN + DOX·HCl and GEN + DOX-NPs groups; in particular,
in the GEN + DOX-NPs group, metastatic areas of the liver
tissue showed a remarkable reduction, which could be
explained by the notion that tumor cell metastasis was
depressed by the enhanced oxidative damage in the combined
group.9 With regard to the pathological sections in the free
DOX·HCl group, abnormal nuclei aggregation and myo-
cardium tissue damage were observed in the heart tissue.
However, the DOX-NPs did not trigger these phenomena in the
heart, suggesting that DOX-NPs do not have as obvious a
cardiotoxicity as free DOX·HCl. The partial renal capsule cavity
of the kidneys shrank or disappeared in the DOX·HCl and GEN
+ DOX·HCl groups, but the same phenomena did not occur
in the DOX-NPs and GEN + DOX-NPs groups, suggesting
that DOX-NPs do not have the same nephrotoxicity as free
DOX·HCl. It is worth mentioning that these symptoms could
be relieved after the co-administration of GEN and DOX-NPs.
As shown in H&E-dyed tumor tissues, the combination of GEN
+ DOX-NPs could destroy the nuclei integrities and produce
more massive necrosis of tumor cells than all the other
groups. This further suggested that GEN + DOX-NPs could
restrain the growth of tumors.

It is conjectured that the increased ROS could induce the
downregulation of APE1.19 As shown in the immunofluores-
cence analysis in Fig. 12, the expression of APE1 in the GEN +
DOX-NPs group was significantly decreased compared to other
groups, suggesting that the combination of GEN and DOX-NPs
could reduce damage repair. 8-Oxo-dG was used for labelling
the products of DNA oxidative damage by ROS and measuring
the oxidative damage levels because the expression of 8-oxo-dG
is positively proportional to the oxidative damage level.48,49 As
shown in Fig. 13, the intracellular 8-oxo-dG level of tumor cells
treated with GEN + DOX-NPs was significantly increased,
owing to the decrease of APE1 and increase of intracellular

ROS. Enhanced oxidative damage was associated with the com-
bined actions of the decrease of APE1 by GEN and the
elevation of ROS by the DOX-NPs. Oxidative damage could

Fig. 12 The APE1 expression of tumor tissues (A) and quantification of
the optical mean density (B); scale bars, 100 μm.

Fig. 13 The 8-oxo-dG level of tumor tissues (A) and quantification of
the optical mean density (B); scale bars, 100 μm.

Fig. 11 H&E staining of main organ tissues; scale bars, 100 μm. The
black arrows in the lung tissues represent metastatic sections, and the
red arrows refer to abnormalities of the tissues.
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result in the apoptosis of cancer cells.50 Therefore, the co-
administration of GEN and DOX-NPs could trigger more apop-
tosis and produce more DNA breaks that can be detected by a
TUNEL assay (Fig. 14).

Conclusions

In this study, a co-administration system of genistein and
DOX-NPs was constructed for the treatment of prostate
cancer with rapid proliferation and potential metastasis.
Based on nanotechnology, the prepared DOX-NPs could
improve tumor accumulation and reduce the systemic toxicity
compared to free DOX·HCl. Importantly, DOX-NPs could
augment the intracellular ROS level in the prostate cancer
cells and induce oxidative damage. GEN could assist in the
utilization of DOX-NPs by decreasing the expression of APE1
in order to enhance the ROS level and amplify oxidative
damage to the prostate cancer cells. Application of DOX-NPs
in conjunction with genistein was authenticated as a desired
strategy for promoting distinct tumor shrinkage and weaken-
ing the metastasis of prostate cancer. Therefore, amplifying
oxidative damage is a good choice for the prevention of meta-
stasis in cancer treatment.
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