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ABSTRACT

Objective(s): Combination anticancer therapy holds promise for improving the therapeutic efficacy of
chemotherapy drugs such as doxorubicin (DOX) as well as decreasing their dose-limiting side effects.
Overcoming the side effects of doxorubicin (DOX) is a major challenge to the effective treatment of
cancer. Zinc oxide nanoparticles (ZnO NPs) are emerging as potent tools for a wide variety of biomedical
applications. The aim of this study was to develop a combinatorial approach for enhancing the anticancer
efficacy and cellular uptake of DOX.

Materials and Methods: ZnO NPs were synthesized by the solvothermal method and were characterized
by X-ray diffraction (XRD), dynamic light scattering (DLS) and transmission electron microscopy (TEM).
ZnO NPs were dispersed in 10% bovine serum albumin (BSA) and the cytotoxic effect of the resulting
ZnO nanofluids was evaluated alone and in combination with DOX on DU145 cells. The influence of ZnO
nanofluids on the cellular uptake of DOX and DOX-induced catalase mRNA expression were investigated by
fluorescence microscopy and semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR),
respectively.

Results: The MTT results revealed that ZnO nanofluids decreased the cell viability of DU145 cells in a time-
and dose-dependent manner. Simultaneous combination treatment of DOX and ZnO nanofluid showed a
significant increase in anticancer activity and the cellular uptake of DOX compared to DOX alone. Also,
a time-dependent reduction of catalase mRNA expression was observed in the cells treated with ZnO
nanofluids and DOX, alone and in combination with each other.

Conclusion: These results indicate the role of ZnO nanofluid as a growth-inhibitory agent and a drug delivery
system for DOX in DU145 cells. Thus, ZnO nanofluid could be a candidate for combination chemotherapy.
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INTRODUCTION

Doxorubicin (DOX) is a well-known anthracycline
drug with therapeutic activity against a variety of
human cancers including prostate cancer [1, 2].
The way by which anthracyclines provide their
antineoplastic properties has not been totally
clarified. The mechanisms discussed are generally
basedontopoisomeraseinhibition,drugintercalation
into DNA, membrane interaction, and free radical
generation [3-5]. Like other chemotherapeutic
agents, the application of DOX in cancer treatment
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is limited. The two major limitations that hinder the
clinical application of this drug are systemic toxicity
and drug resistance [2, 6]. Combination therapy has
been extensively developed in order to improve the
therapeutic efficacy of chemotherapeutic drugs and
reduce the side effects as a result of applying a lower
dosage [7, 8].

ZnO nanoparticles (ZnO NPs) have been
demonstrated to have a variety of biological
properties such as antibacterial, antifungal,
photocatalytic, anticancer, and UV blocker activities
[9-12]. ZnO NPs are reported to have a strong
preferential cytotoxic activity against cancer cells
of identical lineage. For example, ZnO NPs showed
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no appreciable cytotoxic effect on resting primary
human T lymphocytes at a concentration of <5 mM
while a significantly increased ZnO NPs-induced
cytotoxicity was observed in the same lineage
cancer cells [13, 14]. The mechanisms of cytotoxicity
of ZnO NPs are not completely understood, but
the increased concentration of Zn®** (due to ZnO
dissociation), reactive oxygen species (ROS)
generation and apoptosis are believed to cause cell
death [15-17]. Since ZnO NPs are biocompatible
and have a few hours of survival time in the body,
they can be considered as promising materials for
medicinal applications [18]. ZnO NPs are biosafe
up to a certain amount, but may be hazardous at
higher concentrations. Yang et al. found that no
haemolysis occurred in the following exposure to
ZnO quantum dots at a concentration of above 1600
pg/ml under in vitro condition [19] and Reddy et al.
also showed that ZnO NPs reduced the viability of
human T cells at and above 5 mM [20]. At present,
it is difficult to determine the threshold limits for
various forms of ZnO NPs due to a lack of sufficient
data [13-17, 19-24].

Several published studies have revealed that ZnO
NPs-DOX complexes or DOX loaded ZnO NPs could
have a synergistic cytotoxic activity in cancer cells
[25, 26]. Considering the possibility of the combined
application of ZnO NPs and chemotherapeutic
agents, for the first time we have combined the
individual ZnO nanofluids with DOX and not a
complex of two agents to inhibit the growth of
androgen-independent prostate cancer DU145 cells
and increase drug delivery efficiency. Meanwhile,
the influence of ZnO nanofluids on the cytotoxicity
of DOX in three combination treatments of drugs
and nanofluids was investigated by MTT assay.
The cellular uptake of DOX and the expression of
catalase in DU145 cells were treated simultaneously
with ZnO nanofluids and DOX were evaluated by
fluorescence microscopy and semi-quantitative RT-
PCR, respectively. The results showed the enhanced
cytotoxicity and cellular uptake of DOX for DU145
cells in the presence of ZnO nanofluids, suggesting
the effective antiproliferative activity of ZnO
nanofluids accompanied with DOX.

MATERIALS AND METHODS
Preparation of ZnO NPs

Zinc acetate dehydrate (0.001 mol) was
dissolved in 80-90 ml of deionized water and then
it was diluted to 920 ml. 80 ml of sodium hydroxide
(0.02 M). It was slowly added to the zinc acetate
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dehydrate solution under magnetic stirring at 0 °C
and a transparent Zn(OH) > solution was formed.
The mixture was incubated into a water bath at 65
°C for 2 h and at ambient temperature for 3 days.
After that, the white precipitate was collected
by centrifugation and it was washed twice with
deionized water and ethanol for several times. Then,
it was dried in a vacuum oven at 40 °C for 10 h [27].
The synthesized ZnO NPs were characterized by a
Bruker Axs D8 ADVANCE diffractometer (Ettlingen,
Germany) with Cu Ka radiation (A = 0.15406 nm).
The transmission electron microscopy (TEM)
was recorded by LEO 912AB OMEGA microscope
(Massachusetts, USA) operating at 120 kV for the
samples. The average particle size was calculated
with the Digimizer software.

Preparation of ZnO nanofluids

Suspensions of ZnO NPs in deionized water
were prepared in continuous stirring conditions
for 30 min. In order to enhance the stability of
the suspension, 10% bovine serum albumin (BSA)
was used as a dispersant [28]. Finally, the aqueous
solution of the nanoparticles was mixed with the
aid of a magnetic stirrer for 4 h. In every sample, the
weight ratio of the dispersant to the NPs was kept as
10:1. A nanoparticle size analyzer (Cordouan-Vasco,
Pessac France) was used to determine the particle
size distribution (PSD).

Cell culture

The human prostate cancer cell line, DU145, was
obtained from American Type Culture Collection
(Rockville, MD). Human foreskin fibroblast cells
(HFF) was a gift from Tissue Engineering Laboratory
in the Department of Biology, Ferdowsi University
of Mashhad. RPMI-1640 medium, DMEM medium,
penicillin-streptomycin and fetal bovine serum
(FBS) were supplied from Biosera, UK. The human
prostate cancer cell line, DU145, was cultured in
RPMI 1640 medium supplemented with 10% FBS
and penicillin-streptomycin at 37 °C in a humidified
atmosphere containing 5% CO.,.

Cytotoxicity assays

DU145 cells were seeded in 96-well plates at a
density of 1x10* cells/cm? and were incubated for
48 h at 37 °Ciin a 5% CO, humidified environment.
Then, the cells were treated BSA alone (10%
w/v, control), nanofluids containing different
concentrations of ZnO NPs (15.6-250 pg/ml) which
were dispersed in 10% BSA, or DOX (0.05-500 puM)
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alone for 24, 48, and 72 h. Each treatment and
time point was done at least in triplicate. Controls
were cultivated under the same conditions with
no addition of ZnO NPs and DOX. Cell viability was
measured by MTT (3-(4, 5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide, Sigma-Aldrich) assay.
After the treatment period, 20 pl of MTT (5 mg/ml in
PBS) was added to each well and it was incubated in
5% CO, at 37 °C for 4 h. Then the cells were treated
with 150 pl of dimethyl sulfoxide (DMSO) and the
optical absorbance at 570 nm was recorded using
ELx800 Absorbance Microplate Reader (BioTek
Instruments, Winooski, VT, USA). The viable cells of
the treated group were expressed as follows (Eq. 1):

[A]mmple

control

Cell Viability (%)= %100

Where [A] represents the light absorbance at
570 nm. The inhibitory concentration 50 (IC_) for
ZnO nanofluids and DOX was determined from dose-
response curves (cell viability% vs concentration).

According to the above experimental results, the
growth-inhibitory effects of combinations of 15.6
and 31.2 pg/ml ZnO nanofluids with 0.05 and 0.5
UM DOX versus each agent alone were evaluated.
Two days after initial seeding, the cells were treated
with DOX or ZnO nanofluids either alone or first
with DOX and then with ZnO nanofluids 24 h later,
or vice versa, or a combination of both agents
simultaneously for 48 h. In addition, cell viability
was assayed by MTT. The overall effects of DOX and
ZnO nanofluids combination in DU145 cells were
analyzed by the method of Chou-Talalay [29]. The
combination index (Cl) was calculated according to
the classic isobologram equation (Eq. 2):

dy  dp
Cl=—+ —=

D, D,
Where d1 is the dose of drug 1 in the presence
of drug 2 and vice versa for d2, required to produce
x% effect.

D1 and D2 are doses of 1 and 2 drugs alone,
respectively, required to produce the same effect. Cl
was interpreted as follow: Cl < 1.0 synergy, Cl > 1.0
antagonism and Cl = 1 additive.

Fluorescence microscopy

For evaluating the role of ZnO nanofluids in the
cellular uptake of DOX, 95 x 10° cells were seeded in
the 6-well plate and were incubated for 24 h at 37
°Cin a 5% CO, humidified environment. Then, the
cells were treated with 31.2 ug/ml of ZnO nanofluids
and 10 uM of DOX simultaneously. We used 10 uM
of DOX since at lower concentrations, there is no
possibility of detecting fluorescence emission [22].
Cell suspensions containing drug or ZnO nanofluids
were taken as controls. Six hours after treatment, the
cells were collected and analyzed by fluorescence
microscopy (Olympus BX51, Tokyo, Japan).

RNA extraction and semi-quantitative reverse
transcription polymerase chain reaction (RT-PCR)

DU145 cells were cultured at a density of 10°
cells per T25 flask for 48 h in RPMI 1640medium. The
cells were treated with ZnO nanofluids (31.2 pg/ml)
and DOX (0.5 puM) separately and simultaneously.
After the designated times (3, 6, and 48 hours) of
treatment, the total RNA was extracted from cells
with RNX plus kit according to the protocol described
by the supplier (CinnaGen, Iran). Semi-quantitative
RT-PCR was performed using oligo (dT) primerin 20 pl
volume. The reverse transcription polymerase chain
reaction (RT-PCR) reaction was done with 2.0 pg of
total RNA, 1.0 pl of oligo (dT) primer (20 uM), 2.0 ul
of dNTPs (10 mM), 4.0 ul buffer (5X), and RNase-free
water. After incubation of the mixture at 70 °C for 5
min, the reverse transcription was carried out in the
presence of 1.0 pl of M-MLV Reverse Transcriptase
(200 U/ul) at 42 °C for 60 min and it was terminated
at 70 °C for 10 min. PCR amplification was performed
on a thermal cycler (Biometra, Germany).

Glyceraldehyde 3- phosphate dehydrogenase
(GAPDH) gene was used as an internal standard to
monitor the loading variations.

Table 1. Primer sequences of genes used in this study

Gene name Gene Bank ID Primer sequences Size (bp)
Catalase NM001752.2 F:5-TCATGACATTTAATCAGGCA-3’ 235
R:5'-GTGTCAGGATAGGCAAAAAG-3’
GAPDH NMO002046 F:5'-GAGCCACATCGCTCAGACAC-3’ 150

R:5'CATGTAGTTGAGGTCAATGAAGG-3’
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The primer sequences of amplified genes and
the expected sizes of the PCR products are shown
in Table 1. For catalase gene, 1.0 ul of the reverse
transcription product was amplified in a 25 pl
mixture containing 0.4 pl of Tag DNA polymerase (5
U/ul), 2.5 ul PCR buffer (10X), 2.0 ul MgCl, (25 mM),
0.5 pl dNTPs (10 mM), and 2.0 pl of each primer
(100 uM). Amplification conditions were: 5 min at
95 9C for the initial denaturation step followed by
30 cycles at 94 C for 1 min, then at 59 °C for 1 min,
then at 72 2C for 1 min and then at 72 °C for 10 min.

For the GAPDH gene, PCR was carried out on
1.0 ul of the reverse transcription product in a 20
pl volume containing 0.2 pl Tag DNA polymerase
(5 U/ul), 2.0 pl PCR buffer (10X), 1.2 ul MgCl, (25
mM), 0.4 pl dNTPs (10 mM), and 0.5 pl of each
primer (100 uM). The PCR conditions were 5 min
at 94 °C, then 25 cycles at 94 °C for 30 s, then at
60 2C for 30 s, then at 72 °C for 30 s and then at 72
oC for 10 min. The amplified cDNA products were
electrophoresed on 1.5% agarose gel and were
visualized by ethidium bromide staining and UV
transilluminator system (Celltoc-illu, Korea).

Statistical and densitometry analysis

The results of cell viability are expressed as mean
+ standard error mean (SEM). Every experiment was
repeated for at least three independent times. All
data were analyzed utilizing one-way ANOVA Tukey
post-test (SPSS software) to determine the statistical
significance. p values < 0.05 were significant
statistically. For analysing catalase and GAPDH
mMRNA expression results, the mean density of each
band was evaluated with Non-linear Dynamics of the
TotalLab TL120. Densitometry data were compared
with control treatment. Changes in mRNA expression
were also evaluated.

RESULTS
Characterizations of ZnO nanoparticles

The X-ray diffraction patterns (XRD) of ZnO NPs
powder are shown in Fig 1A. These patterns display
the hexagonal wurtzite structure of ZnO NPs. All of
the reflections from the peaks (100),(002),(10
1),(102),(110),(103),(200),(2112),(201),
(0 0 4) and (2 0 2) can be indexed to the known
hexagonal wurtzite structure of ZnO with lattice
constants of a = b = 3.242A and ¢ = 5.205 A. These
match well with those in the JCPDS card (Joint
Committee on Powder Diffraction Standards, Card
No. 89-1397). The strong intensity and the narrow
width of ZnO diffraction peaks indicated that the
resulting products were with high crystalline.
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Fig 1. Characterizations of ZnO nanoparticles. X-ray
diffraction patterns (A), Particle size distribution of ZnO
nanoparticles (B), TEM image (C)

Particle size distribution of ZnO nanofluids
is shown in Fig 1B according to its intensity. ZnO
NPs with the average size of 10 nm had the most
abundance among other nanoparticles with
different particle sizes. The TEM image of the
particles is depicted in Fig 1C.

The mean size of ZnO particles was calculated
to be 8-10 nm. This value matches well with that
obtained by particle size distribution.
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Fig 2. Cytotoxicity. Influence of ZnO nanofluids (A) and
doxorubicin (B) on DU145 cell viability

Table 2. Estimated IC50 values for doxorubicin (DOX) and ZnO
nanofluids (ZnO NFs) against DU145 cells for 24,48 and 72 h

Time (h) DOX (uM) ZnO NFs (ug/ml)
24 263.0 67.6
48 1.0 35.5
72 0.4 28.8

Cytotoxicity

First, we investigated the cytotoxic effect of
ZnO nanofluids and DOX on DU145 cell growth.
The results of MTT assay showed that ZnO
nanofluids inhibited cell growth in a time- and
dose-dependent manner, accounting for 27.1-
70.8, 34.4-71.1, and 39.5-79.8% inhibition in 24,
48 and 72 h from lower to upper concentrations,
respectively (Fig 2A). This significant level of
cytotoxicity was in agreement with others who had
shown that ZnO NPs have toxic dose-dependent
effect on cancer cells [18, 22]. Similarly, treatment
with DOX alone caused a reduction in dose-
dependent growth of DU145 cells, accounting for
14.7-52.8, 43.4-65.5, and 38.6-79.6 % inhibition in
24, 48 and 72 h, respectively from lower to upper
concentrations (Fig 2B). The estimated IC, values
of ZnO NPs and DOX against DU145 cells are given
in Table 2.

Low concentrations of ZnO nanofluids (15.6
and 31.2 pug/ml) and DOX (0.05 and 0.5 uM) had no
significant effect on the cell viability of HFF cells.

In the combination experiment, we used
nanofluids containing 31.2 and 15.6 pg/ml
concentrations of ZnO nanofluids in combination
with 0.5 and 0.05 uM doses of DOX. Cell viabilities
were compared with each other in three
combination treatments of drug and nanofluids. As
itisshowninTable 3, therearesignificantreductions
of cell viability in all combination treatments as
compared to single-agent treatments (Fig 2) (p <
0.05). The cell viability was significantly reduced
in the increased concentration of nanofluids and/
or drug when DU145 cells were first treated with

Table 3. Cell viability percentage of DU145 cells in combination treatment of ZnO nanofluids
and doxorubicin

DOX (uM)  ZnONFs  DOX/ZnONFs  ZnO NFs/DOX DOX + ZnO NFs
(ng/ml)
15.6 18.20+2.70" 34.60 +5.50 45.05 +1.20
005 31.2 16.73 +2.02 22.3244.30 17.50 £3.18
15.6 16.40+0.30° 28.83+3.90 16.03+0.36"
o 31.2 15.50 +2.37 13.13 +1.64 10.30 £ 0.56

DOX / ZnO NFs: DU145 cells were first treated with doxorubicin for 24 hours and then treated with ZnO
nanofluids for 24 hours

ZnO NFs / DOX: DU145 cells were first treated with ZnO nanofluids for 24 hours and then treated with
doxorubicin for 24 hours

DOX +ZnO NFs: DU145 cells were treated with combination of doxorubicin and ZnO nanofluids for 48 hours.
(*p <0.05 vs. ZnO NFs (15.6 ug/ml) / DOX (0.5 uM), **p < 0.01 vs. DOX (0.05 uM) + ZnO NFs (15.6 pg/ml)). DOX:
Doxorubicin, ZnO NFs: ZnO nanofluids
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nanofluids and were treated with DOX 24 h later,
in totally 48 h (p < 0.05).

No dose-dependent reduction of cell viability
was observed in cells treated with DOX for 24 h,
followed by ZnO nanofluids for another 24 h. The
addition of both agents together for 48 h resulted
in a significant reduction of cell viability (p < 0.05)
and the cell viability was reduced with increasing
nanofluids and drug concentrations. The Cl value
for the simultaneous combination was 0.336,
indicating synergistic interaction of DOX and ZnO
nanofluids.

The results of this study demonstrated that
there is no significant reduction of cell viability
between different combination treatments of
31.2 pg/ml of nanofluids with either 0.05 or 0.5
UM of drug. Comparison of cell viability in three
combination treatments of 0.05 uM of drug and
15.6 pg/ml of nanofluids showed that there are
significant differences between cell viabilities
when DU145 cells are first treated with drug

Fig 3. Influence of ZnO nanofluids on cellular uptake of
doxorubicin. Inverted fluorescence micrographs of DU145
cells after incubation with 10 uM doxorubicin alone (A) and
combination with 31.2 pg / ml ZnO nanofluids (B)

32

and are treated with nanofluids after 24 h in
comparison with the other two states (p < 0.05).
Concentrations of 0.5 uM of drug and 15.6
pg/ml nanofluids in simultaneous treatment and/
or first 24 hours of treatment with drug and the
second 24 hours treatment with nanoparticles
showed a significant reduction in cell viability in
comparison with other states (p < 0.05).

Cellular uptake of DOX in the presence of ZnO
nanofluids

The potential effect of ZnO nanofluids on the
drug uptake of DU145 cells has been investigated
by using inverted fluorescence microscopy. As it
is shown in Fig 3, the accumulation of DOX into
DU145 cells was increased in the presence of ZnO
nanofluids.

Gene expression analysis

To investigate the oxidative stress produced
by DOX and ZnO nanofluids as a mechanism of
cellular toxicity, DU145 cells were treated with
31.2 pg/ml of ZnO nanofluids and 0.5 uM of drug
either alone or simultaneously.

The expression of catalase mRNA and
glycera- Idehyde-3-phosphate dehydrogenase
(GAPDH), as an internal control was determined
by semi-quantitative RT-PCR after 3, 6 and 48
h of treatment (Fig 4). The expression level of
catalase after 3 and 6 h of treatment with drug
alone remained unchanged in comparison with
controlled untreated cells.

In contrast, 3 and 6 h of treatment with ZnO
nanofluids alone or simultaneous with DOX caused

Catalase g 8 8 55 8 = 0 - -

GAPDH ﬁ*ﬁ# e o W

ZmMONFs - - - - 4+ + + + + +
DOX. = + F + = = = 4 4 +
Time 36 48 3 6 48 3 6 48

Fig 4. Gene expression analysis. Expression of catalase and
GAPDH mRNA in human DU145 prostate cancer cells by RT-PCR
after treatment with doxorubicin (0.5 uM) and ZnO nanofluids
(31.2 pg/ml) either alone or simultaneously for 3, 6, and 48 h.
DOX: Doxorubicin, ZnO NFs: ZnO nanofluids
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a decrease of about 25% in mRNA expression of
catalase in comparison with the controlled cells.
Forty-eight hours of treatment of DU145 cells with
ZnO nanofluids alone and in combination with
drug resulted in a significant reduction of catalase
mRNA levels compared to the controlled cells,
whereas the expression level of catalase gene did
not significantly change in combined treatment
compared with DOX alone.

DISCUSSION

Doxorubicin causes high toxicity in normal
tissues during treatment in an advanced stage
of prostate cancer as well as other cancers [30].
Combination chemotherapy has received more
attention for the purpose of finding compounds
with a known mechanism of action that could
increase the therapeuticindex of clinical anticancer
drugs [31].

Combination of DOX with other agents such
as small TGF-B inhibitor, selenium, and alpha-
tocopheryl succinate were also investigated. The
combination treatment was found to have the
potential to reduce the dose and side effects
of DOX [6, 31, 32]. Since the unique properties
of biocompatible nanomaterials may play
an important role in the possible biomedical
application, we have evaluated the cytotoxic
activity of DOX in the presence of ZnO nanofluids
on DU145 cells in this study. ZnO NPs were found to
induce toxicity in a cell-specific and proliferation-
dependent manner with rapidly dividing and
quiescent cells being the most and least sensitive
ones, respectively [13]. The marked difference
in cytotoxic response between cancer cells and
their normal counterparts suggests an exciting
potential for ZnO NPs as an alternative to cancer
chemotherapy.

Several studies have showed that ZnO
NPs can enhance the cytotoxic effect of some
chemotherapy agents. Guo et al. (2008) found
that the combination of the different size ZnO NPs
and daunorubicin under UV irradiation could have
a synergistic cytotoxic effect on leukemia cancer
cells. They observed that ZnO NPs could effectively
enhance the accumulation of daunorubicinin drug-
resistant cancer cells [21]. Kim et al. demonstrated
that DOX-ZnO nanocomplexes could act as an
efficient drug delivery system for importing
DOX into SMMC-7721 cells and enhancing its
potential chemotherapy efficiency by increasing
the intracellular concentration of DOX [33]. The
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influence of ZnO NPs on the cytotoxicity of DOX in
prostate cancer cells has not been addressed. In
the present study, combination treatment resulted
in a significant increase in cytotoxic activity of
DOX as compared to the single agent (p < 0.001).
Our observations demonstrated that using a
combination approach of ZnO nanofluids with DOX
could improve the cellular toxicity of DOX. Thus,
the use of ZnO nanofluids and DOX combination
therapy could be a promising therapeutic strategy
for the treatment of prostate cancer and it will
possibly have fewer adverse side effects compared
to DOX therapy alone.

Catalase is one of the key components of
the antioxidant defense system to prevent the
damage from ROS and its expression is thought
to be critical for ROS homeostasis. Induction of
catalase by oxidative stress depends on the cell
line and toxic agents [25, 34]. The generation of
ROS is one of the earliest biochemical changes in
cancer cells. Beyond ROS involvement in cancer
initiation and progression, some anticancer drugs
can increase ROS level and inhibit tumour cell
growth [25]. Generation of ROS and induction of
apoptosis are important determinants of DOX and
ZnO NPs cytotoxicity [34, 35]. The effect of DOX
on the activity of catalase and its gene expression
in different cells has been reported, but with
inconsistent results. Catalase expression and its
activity were found to increase in DOX resistant
K562 and SKVLB cells, whereasadramaticreduction
in catalase was observed in DOX-resistant variant
of human breast cancer cell line MCF-7 and acute
myeloid leukemia (AML)-2/DX100 [36-38]. The
different results of various studies may in part be
due to the differences in the cell types and the
techniques used. In previous studies, the changes
of catalase activity were investigated in response
to ZnO NPs [39]. Akhtar et al. (2012) investigated
the cytotoxicity of ZnO NPs against three types
of cancer cells (human hepatocellular carcinoma
HepG2, human lung adenocarcinoma A549, and
(BEAS-2B) human bronchial epithelial and two
primary rat cells (astrocytes and hepatocytes)
[40]. Their results showed that the activity of
catalase was significantly lower in ZnO NP-treated
cells compared with untreated cells. Wang et al.
(2009) found that ZnO NPs significantly diminished
the activity of catalase in A549 cells [24].

The influence of ZnO nanofluids in combination
with DOX on catalase mRNA expression in prostate
cancer cells has not been investigated before. A
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significant decrease in catalase mRNA level was
detected in cells treated with ZnO nanofluids alone
or in combination with DOX in a time-dependent
manner. Certainly, the mechanism of catalase
expression changes needs further investigation to
determine.

CONCLUSION

The results of this study showed that ZnO
nanofluids could act as an efficient factor to
enhance the cytotoxic effect of DOX and the
uptake of drug in cancer cells, which indicates
the potential of ZnO nanofluids to improve DOX
efficiency in the growth inhibition of prostate
cancer cells. This observation suggests that the
combination of ZnO nanofluids with conventional
chemotherapy will improve the therapeutic
outcomes of tumors.
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