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ARTICLE INFO ABSTRACT

Keywords: In this study, one-dimensional copper oxide nanorods (CuO NRs) as new type anticancer particles were syn-
Copper oxide nanorods thesized by hydrothermal method along with sonication. Afterward, the biological properties of synthesized CuO
Melanoma

NRs against murine B16F10 melanoma with high metastatic potential and normal fibroblast cell line (3 T3) were
evaluated. XRD pattern of synthesized CuO NRs revealed a crystalline structure and FT-IR study disclosed that
bands at 438-607 cm ™! and 1010 cm ™ are typically associated with the stretching and bending vibrations of the
Cu-O bond. DLS study indicated that prepared NRs have a size distribution in the range of 37-99 nm in solution,
with a zeta potential value of —37.00 mV. Finally, TEM analysis demonstrated that CuO NRs have a nanorod-like
morphology with an average particle size of 5 nm in width and 25-100 nm in length. Furthermore, we discovered
that CuO NRs provided an apparent and selective antiproliferative effect on BI6F10 melanoma cells at a mini-
mum concentration of 10 ug/ml, associated with induction of membrane leakage and elevation of oxidative
stress. Also, induction of apoptotic process was observed in melanoma cells following exposure to CuO NRs
mediated by elevation of cytochrome c, AIF, caspase-3, caspase-9, Bax, and downregulation of Bcl-2 genes and
proteins. Therefore, it was deduced that both caspase-dependent and caspase-independent pathways were
associated with anticancer mechanisms of CuO NRs against B16F10 melanoma. In conclusion, CuO NRs could be
appointed as potential nanostructures in the modulation or prevention of skin cancer and may be an indication of
a new potential anticancer compound in the treatment of melanoma, which warrants further investigations in
future studies.

Signaling pathway

1. Introduction physicochemical properties has recently received much attention in

medical science. In comparison with the size/dimension control,

Nanotechnology has revolutionized the fields of biology and medi-
cine (Vo-Dinh, 2007). Today, new products based on nanotechnology
have entered the market more than ever, and the results of research in
this field are rapidly being commercialized. This technology improves
production processes with potential specifications and functions. In the
coming years, nanotechnology-related applications are expected to
cover almost all industrial sectors and enter the consumer market
widely. Therefore, due to the bright future of nanotechnology, different
countries are making large investments in this field. Increased cancer
cell resistance to anticancer drugs causes serious health problems.
Therefore, there is a strong incentive to improve alternative therapeutic
modalities. The size of nanomaterials is similar to that of many bio-
molecules, which enables them as useful compounds for biomedical
research and applications (Goodsell, 2000).

The synthesis of nanostructure-based particles with specific

morphology/shape regulation of nanostructures is also demanded by
biomedical researchers. Recently, several reports have depicted that the
anticancer activity of nano-based particles relies on not only their sizes
but also their shapes (Kessentini and Barchiesi, 2012; Mao et al., 2020).
Hence, for biomedical application, especially cancer therapy the regu-
lation of shape in addition to the size of nanostructure-based particles is
crucial.

As the population ages, skin tumor morbidity in China is becoming a
major concern, where age, gender and occupation are known as the
main factors significantly influencing skin tumors (Huang et al., 2023).
A malignant alteration of melanocytes found in the epidermis is referred
to as melanoma (Shain and Bastian, 2016). Although the early stage of
melanoma can be almost curable using appropriate treatments, the
metastatic melanoma could bring unfavorable consequences for prog-
nosis and therapy. Also, due to the occurrence of drug resistance in
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malignant melanoma, possibly hinders its curation with the currently
used chemotherapeutics, which results in minimizing the survival rate of
melanoma patients (Grossman and Altieri, 2001; Kong et al., 2022).
Additionally, the currently used chemotherapeutics trigger several side
effects (Bhatia et al., 2009). Based on these facts, it is crucial to explore
the new potential chemotherapeutics which are able to selectively
inhibit the proliferation of malignant melanoma cells.

Due to a wide range of anticancer applications of CuO nanostructure-
based particles based on serving as responsive platforms against pho-
tothermal tumor ablation (Gao et al., 2021) or apoptosis induction in
several kinds of cancers such as breast (Mahmood et al., 2022), cervical
(Chen et al., 2021), prostate (Wang et al., 2017), and other cancer cells
(Wang et al., 2017), the production of nanostructured CuO has attracted
considerable attention in this field. The unique characteristics of one-
dimensional (1D) nanostructured particles have made nanorods (NRs)
very interesting in biomedical applications. Even though different syn-
thesis routes have been reported in the literature to manipulate the
morphologies and nanostructures, the hydrothermal method is known
as one of the most feasible approaches to produce ID nanoscale CuO
particles (Vargeese and Muralidharan, 2012). Due to the anisotropic
nature of the crystal formation, it is more likely to grow slowly in the
direction of the ID under hydrothermal conditions (Vargeese and Mur-
alidharan, 2012).

Although, the induction of apoptosis have been reported to be
exclusively associated with the caspase proteases (Donovan and Cotter,
2004), it is becoming increasingly known that apoptosis can also occur
through a caspase-independent signaling pathway (Donovan and Cotter,
2004, Bhadra, 2022, Hussar, 2022) which can be regulated through
overexpression or leakage of apoptosis-inducing factor (AIF) from
mitochondria. It should be noted that mitochondrial function plays a key
role in both caspase-dependent and-independent apoptosis (Bhadra,
2022). However, the associated mechanisms induced by nanostructure
materials to govern the efflux of pro-apoptotic or anti-apoptotic mole-
cules are largely unknown. Therefore, in the present study, we aim to
report a bottom-up strategy for preparing CuO NRs via the hydrother-
mal/ultrasonication method followed by exploring their anticancer ef-
fects against melanoma cells through evaluation of apoptosis markers.

2. Materials and methods
2.1. Materials

Copper acetate monohydrate, Cu (CH3COO)3 H,0, urea, and other
materials used in this study were of analytical grade (Merck China Ltd.)
and used without further purification.

2.2. Synthesis of CuO NRs

The hydrothermal method along with sonication was used to syn-
thesize CuO NR based on a previous study with some modifications
(Vargeese and Muralidharan, 2012). Cu(CH3COO)5-H20 and urea dis-
solved in double deionized water (DDW) with a stock concentration of
0.025 M were mixed (10 ml each), heated in a Teflon-lined stainless steel
oven at 150 °C for 45 min followed by cooling down to room temper-
ature, washed with ethanol, collected, dried at room temperature for 50
min, redispersed in ethanol, and exposed to ultrasonication (150 T, 40
kHz, 320 W) for 2 h. Finally, the colloidal solution was dried under
reduced pressure at room temperature for 2 h and utilized for further
analyses.

2.3. Characterization of CuO NRs

X-ray diffraction (XRD) pattern of synthesized CuO NRs was detected
using a Shimadzu XRD-6000 X-ray diffractometer (Shimadzu, Japan)
with Ka radiation (A = 1.54059 nm). Fourier transform infrared spec-
troscopy (FT-IR) analysis was performed to reveal probable vibrational
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bonds presented in synthesized CuO NRs using an 8400S FT-IR (Shi-
madzu, Japan), with a standard potassium bromide pellet technique.
The mean hydrodynamic size and zeta potential of synthesized CuO NRs
were done on a Zetasizer analyzer (HPPS-5001; MI, Worcestershire, UK)
at room temperature. Transmission electron microscopy (TEM) analysis
was conducted on a Zeiss Libra 120 model (Carl Zeiss, Oberkochen,
Germany).

2.4. Cell culture

Murine B16F10 melanoma with a high metastatic potential and
normal fibroblast cell line (3 T3) was purchased from the American Type
Culture Collection (ATCC). The cells were cultured in DMEM (Sigma-
Aldrich, Shanghai, China) medium supplemented with fetal calf serum
(FCS) (10 %) (GIBCO, Shanghai, China) and antibiotics (1 %).

2.5. Cell viability and lactate dehydrogenase (LDH) assays

Cell viability of B16F10 melanoma and 3T3 normal fibroblast
cellswas done with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT, Sigma Aldrich, Shanghai, China) assay. The
cells (3 x 10° cells/well) were cultured in 96-well microplates for 24 h
followed by the addition of various concentrations (0.1-100 pg/ml) of
CuO NRs prepared in the medium. After 24 h of incubation, 20 pL of
MTT solution (5 mg/ml) was added, incubated for 4 h at 37 °C, and
finally cell viability was assessed spectrophotometrically at 570 nm
using a microplate reader (Biotech Inc., USA). The maximum concen-
tration of CuO NR which has a cytotoxic effect against BI6F10 mela-
noma while is nontoxic against 3T3 normal fibroblast cells was
considered for further cellular assays. To detect the LDH release, after
incubation of B16F10 melanoma cells with a single concentration of
CuO NRs for 24 h, LDH activity was assessed using a LDH Cytotoxicity
Detection Kit (Cat. #MK401 v201906, Takara Bio, Japan) according to
the protocol which was also reported previously (Filipova et al., 2018).

2.6. Intracellular glutathione (GSH) and reactive oxygen species (ROS)
contents

Intracellular GSH and ROS generation were determined as per the
methods reported by Mukhopadhyay et al. (Mukhopadhyay et al.,
2018). Briefly, for determination of GSH content, BI6F10 cells treated
with a single concentration of CuO NRs for 24 h were lysed and
centrifuged (3000 rpm for 15 min). Afterward, aliquots of supernatants
were collected, diluted, and incubated for 10 min at ambient tempera-
ture. The absorbance of samples was read at 412 nm using a microplate
reader (Biotech Inc., USA). For ROS assay B16F10 cells were added with
a single concentration of CuO NRs for 24 h. After incubation, the media
was replaced with 10 pM diacetyldichlorofluorescein (DCFDA-DA) and
incubated in the dark for 30 min. After washing twice, the cells with
PBS, the fluorescence intensity was read on a microplate reader in the
excitation wavelength of 485 nm and emission wavelength of 538 nm.

2.7. Caspase activity assay using a microplate reader

To further explore the induction of apoptosis, the activity of caspase-
3 and caspase-9 in B16F10 melanoma cells treated with a single con-
centration of CuO NRs was determined using Caspase Assay kits (Geno
Technology) as reported previously (Shiraga and Adamus, 2002).
Briefly, CuO NR-treated cells were lysed and centrifuged (14,000g, 4 °C,
30 min). Then, 50 pL of the supernatant with the similar volume of
caspase assay buffer was mixed. The used caspase substrates were LEHD-
AFC (Caspase 9) and DEVD-AFC (Caspase 3) and the assay was done at
37 °C for 2 h. The absorbances of samples was then read after 2 h using a
microplate reader (Biotech Inc., USA).
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Fig. 1. Characterization of CuO NRs synthesized through hydrothermal method along with sonication. (A) XRD, (B) FT-IR, (C) DLS, (D) Zeta potential, (E)

TEM analyses.

2.8. Quantitative real-time PCR analysis

Quantitative real-time PCR analysis was done based on the previous
study with minor modifications (Mukhopadhyay et al., 2018) on an ABI
PRISM 7000 Real-Time system (Applied Biosystems). Briefly, B16F10
cells seeded, exposed to 10 pg/ml of CuO NRs for 24 h, were exposed to

total RNA extraction using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) based on the standard protocols. Then, the RNA pellets were
quantified using a NanoDrop ND-3000 spectrophotometer (Thermo-
Fisher Scientific, Waltham, MA, USA). Reverse transcription was carried
out by using a cDNA synthesis kit (Ribobio, Guangzhou, China)
following the manufacturer’s protocol using a PrimeScript™ RT reagent
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Fig. 2. (A) The effect of increasing concentrations of CuO NRs after 24 h on cell viability of BI6F10 melanoma cancer and 3 T3 fibroblast cells evaluated by MTT
assay. (B) Cytotoxic influence of 10 ug/ml CuO NRs after 24 h on B16F10 cells determined by lactate dehydrogenase (LDH) assay. Data presented are mean + SD of

three experiments, (n = 3). Statistically significant at *P < 0.05, **P < 0.01, ***P < 0.001.

kit (Thermo Scientific, Shanghai, China). The apoptotic genes such as
Bax, caspase9, caspase3, AIF, and Bcl-2 were used for analysis, while
B-actin was taken as the reference gene. The primer sequences were used
as reported previously (Mukhopadhyay et al., 2018). The expression of
genes was calculated based on the threshold (Ct) method, and the fold
changes of mRNA were compared with the control samples.

2.9. Whole cell extract and western blotting

SDS-PAGE and western blots for proteins (whole or nuclear) were
done based on the standard protocols. Detection analysis was carried out
with HRP-conjugated secondary antibodies and visually assessed using
the chemiluminescence detection approach. Primary antibodies used in
this study were as following: anti-caspase-3 (1:2000, #9662, Cell
Signaling), anti-caspase-8 (1:2000, #1C12, Cell Signaling), anti-Bcl-2
(1:1000, #2772, Cell Signaling), anti-Bax (1:1000, #2872, Cell
Signaling), anti-AIF (1:5000, # 4642, Cell Signaling), and anti-p-actin
(1:1000, #4970, Cell Signaling). The secondary antibody was anti-
rabbit IgG-HRP (1:5000, #7074, Cell Signaling).

2.10. Statistical analysis

Data were analyzed using one-way ANOVA test and presented as
mean + SD. P < 0.05 was reported significant.

3. Result and discussion
3.1. Characterization of CuO NRs

Fabricating particles with dimensions < 100 nm has been known as
an interesting area for researchers in the nanomedicine field. As the size
of particles is reduced to the nanoscale dimension, nanomaterials tend
to show unique and novel features that do not mimic those of their bulk
counterparts (Auffan et al., 2009). These new properties make NRs,
especially inorganic ones, to be used potentially in the biomedical field,
especially cancer therapy (Pugazhendhi et al., 2018). Although these
characteristics make nanostructures attractive for medical applications,
complicated synthesis and characterization processes hamper their wide
utilization. Therefore, the concern lies in determining the precise char-
acterization methods/techniques with optimum capability for exploring
the unique nanostructure’s characteristics. As a result of this, in addition

to the synthesis and production procedures, NRs must be characterized
accurately in order to evaluate their properties. Several kinds of tech-
niques can be utilized for nanostructure-based particle characterization,
such as FT-IR, XRD, DLS, and TEM (Teimouri et al., 2018). Therefore, in
this paper, after the synthesis of CuO NRs mediated by the hydrothermal
method along with sonication, they were characterized by the above-
mentioned techniques.

The crystalline structure of the hydrothermal method along with
sonication-mediated prepared CuO NRs was analyzed through the XRD
technique. Fig. 1A depicts the XRD pattern of synthesized CuO NRs,
which depicts that the NRs provide a crystalline structure. The sharpness
and narrowness of diffraction peaks reflect the high crystalline nature
and tiny crystallite size of prepared NRs (Rao et al., 2020). According to
the JCPDS card Nr. [00-048-1548], the detected diffraction patterns are
associated with the appearance of the monoclinic CuO (space group C2/
¢) (Rao et al., 2020). The diffraction patterns were indexed as 32.2, 35.6,
38.6, 48.4, 53.2, 58.2, 62.0, 66.6, 68.6, 73.0, and 75.1 and could be
assignedtothe110,11-1,111,20-2,020,202,11-3,31-1,2
20,311, and0 0 4 planes, respectively (Rao et al., 2020). A imilar XRD
pattern has been also reported upon synthesizing CuO NRs assisted by
electrochemical (Mousali and Zanjanchi, 2019) and surfactants (Rao
et al., 2020)-based approaches.

Additionally, Fig. 1B displays the FT-IR spectrum of CuO NRs
recorded in the range of 4000-400 wave number (cm ) range using the
FT-IR spectrophotometer assisted with the KBr pellet technique. The
broad and sharp absorption bands were detected upon FT-IR analysis of
synthesized CuO NRs. The bands at 438-607 cm ™! are typically asso-
ciated with the stretching vibrations of Cu-O. The appearance of 1010
cm™! band is attributed to the bending vibration of the Cu-O bond. A
band at 1501 cm™! corresponds to surface-bound OH moieties, and the
broadband centered 3410 cm ™ is derived from stretching vibrations of
water molecules in the CuO powder. FT-IR findings indicated that the as-
prepared CuO NRs are of high purity. This data is in good line with
previous studies, which implied that CuO NRs were synthesized through
different methods with negligible contamination (Chen et al., 2008;
Sonia et al., 2014; Rao et al., 2020).

Furthermore, DLS analysis was performed to characterize the size
and zeta potential of as-synthesized CuO NRs. Fig. 1 C depicts that
prepared CuO NRs possess two distinct peaks with the hydrodynamic
size of around 37.35 nm and 98.75 nm, revealing that these NRs show a
size distribution in the range of 37-99 nm in solution. Fig. 1D exhibits
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Fig. 3. (A) The effect of 10 pg/ml CuO NRs after 24 h on reduced glutathione (GSH) content of the B16F10 cells determined by GSH assay. (B) The effect of 10 pg/ml
CuO NRs after 24 h on intracellular reactive oxygen species (ROS) level of the BI6F10 cells determined by DCF fluorescence intensity. Data presented are mean + SD

of three experiments, (n = 3). Statistically significant at ***P < 0.001.

the zeta potential of prepared CuO NRs, revealing a charge distribution
of about —37.00 mV. This data signified that the produced CuO NRs
possess a high negative surface charge, which induces electrostatic
resolution among NRs and prevents them from aggregating into big
pieces (Pochard et al., 2003; Hu et al., 2023).

Fig. 1E depicts a high magnification TEM photograph of CuO NRs
prepared via hydrothermal method along with sonication. From the
TEM image of prepared CuO NRs, it was revealed that particles have a
nanorod-like morphology with an average particle size of 5 nm in width
and 25-100 nm in length. Furthermore, the CuO NRs were observed to
be aggregated, however the sizes were almost regular. The sonication
used in the synthesis approach plays a key role in dictating the colloidal
stability and disaggregation of CuO NRs. However, it should be indi-
cated that most inorganic nanostructure-based particles tend to aggre-
gate upon TEM analysis.

3.2. Cytotoxicity assays

MTT as a tetrazolium dye with a yellow color can transform into
formazan crystals with purple color catalyzed by mitochondrial en-
zymes. This transformation occurs in viable cells with functional mito-
chondria and cell damage can be reflected by assessing the optical
density of formazan. Inorganic NRs can be used as efficient nano-
structures in cancer therapy (Zhou et al., 2014; Wang et al., 2019; Hu
etal., 2021). In this study, both BI6F10 melanoma cells and 3T3 normal
fibroblasts were incubated with various concentrations of CuO NRs
(ranging between 0.1 and 100 pg/ml) for 24 h and cell viability per-
centage was determined based on MTT assay. CuO NRs showed
concentration-dependent cytotoxicity, mainly in cancer cells, while in
normal cells they do not display a significant (*P < 0.05) cytotoxicity up
to 100 pg/ml (Fig. 2A). The 50 % reduction in cell viability value of the
B16F10 cell line was observed following exposure to 100 pg/ml whereas
around 80.37 % of 3T3 fibroblast cells were detected to be viable when
incubated with the same concentration of CuO NRs (Fig. 2A). This data
was in line with the previous study displayed that 102 pg/ml CuO
nanostructure-based particles (around 40 nm) stabilized with Quisqualis
indica extract could inhibit the proliferation of B16F10 and 3T3 fibro-
blast cells up to 50 % and 20 % compared to control cells, respectively
(Mukhopadhyay et al., 2018).

Therefore, the extent of cytotoxicity induced by CuO NRs was not
very apparent against normal fibroblasts. Also, it was found that 10 pg/
ml of CuO NRs triggered a significant cytotoxicity (*P < 0.05) against
B16F10 cell line, while more than 90 % of 3T3 fibroblast cells were
viable when incubated with this concentration. Therefore, 10 pg/ml of
CuO NRs was chosen for further cellular and molecular assays. Sahoo
et al. indicated that multifunctional CuO nanostructure-based particles

(with a diameter of ~13 nm) synthesized through green chemistry could
be used for photothermal therapy, as 30 ug/ml of these particles exhibit
the ability to damage ~50 % of B16F10 melanoma cells assisted by the
photothermal effect (Sahoo et al., 2023).

Lactate dehydrogenase (LDH) is an enzyme located in the cell cyto-
plasm that can be leaked to the cell culture medium after damaging the
cell membrane induced by nanostructure-based particles. In the present
study, a significant enhancement in LDH leakage from B16F10 mela-
noma cells incubated with 10 pg/ml of CuO NRs (for 24 h) was detected
(Fig. 2B). Also, Mukhopadhyay et al. reported that CuO nanostructure-
based particles modified with plant extract can induce anti-
proliferative activity against melanoma cancer cells mediated by cell
membrane damage analyzed by LDH assay (Mukhopadhyay et al.,
2018). It seems that cell membrane damage is one of the main mecha-
nisms by that inorganic nanostructures with rod-like morphology induce
their anticancer effects (Ahamed et al., 2017; Pan et al., 2017; Ali et al.,
2022).

3.3. Intracellular GSH and ROS estimation

Reduced glutathione as a non-enzymatic antioxidant molecule
demonstrating free radical scavenging capability. In the present study,
B16F10 melanoma cells incubated with 10 pug/ml Cuo NRs expressed a
significant (***P < 0.001) reduction in the content of cellular GSH
(Fig. 3A).

Furthermore, it was determined that B16F10 cells incubated with 10
pg/ml CuO NRs experienced intracellular oxidative stress and this, in
turn, led to the generation of ROS (Fig. 3B). In fact, the excessive free
radical due to oxidative stress caused the intracellular generation of
fluorescent 2',7-dichlorofluorescein (DCF). The level of ROS in cells
treated with CuO NRs was found to be significantly (***P < 0.001)
elevated relative to control cells. The above study indicated the gener-
ation of excessive ROS triggered-oxidative stress in cancer cells after
CuO NR exposure. Indeed, the low content of GSH in CuO NRs-incubated
cancer cells can be attributed to the elevated generation of ROS which is
in good agreement with the findings reported by several studies
(Ahamed et al., 2017; Mukhopadhyay et al., 2018). As a matter of fact,
inorganic NRs can decrease the intrinsic antioxidant defense system of
cells, which can be exploited to boost their therapeutic benefits (Cheng
et al., 2019).

3.4. Apoptotic study

Overactivation of oxidative stress signaling pathways leads to DNA
damage and cell proliferation reduction, finally resulting in the induc-
tion of apoptotic cell death (Obeng, 2020). Apoptosis as a process of
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programmed cell death can be induced by the activation of caspase
(Brentnall et al., 2013). Caspase-9 and caspase-3 play a key role in the
activation and execution of intrinsic apoptosis (Brentnall et al., 2013). In
the present study, the activation of the caspase-mediated apoptosis
pathway upon exposure of melanoma cells to CuO NR was qualitatively
determined by caspase-9 and caspase-3 activity assay. In the present
study treatment of the B16F10 cells with 10 pg/ml CuO NRs for 24 h was
seen to result in a significant (***P < 0.001) increase in caspase-9 ac-
tivity and caspase-3 activity (Fig. 4).

It was detected that the optical density was increased from 0.072 unit
to 0.163 unit for caspase-9 and from 0.084 to 0.203 upon incubation of
the B16F10 cell line with 10 pg/ml CuO NRs for 24 h. This study indi-
cated that CuO NRs triggered cell death in the B16F10 cell line mediated
by stimulating apoptosis, which is in good accordance with the previous
study reported by Murugadas et al. (Murugadas et al., 2016).

In general, induction of apoptosis pathways would result in the
overactivation of pro-caspase-3 into caspase-3, leading to cleavage of
DNA and formation of apoptotic bodies (Obeng, 2020).

3.5. Gene expression assay of apoptotic mRNA

Further studies were conducted to elucidate the initiation and pro-
gression of apoptosis in BI6F10 melanoma cell line following exposure
to 10 pg/ml CuO NRs for 24 h. Therefore, the expression levels of several
apoptotic marker mRNAs such as Bax, caspase9, caspase3, AIF, and Bcl-2
in the B16F10 cells were assessed upon exposure to CuO NRs.

Our results displayed that the mRNA levels of the apoptotic markers
such as Bax, caspase-9, caspase-3, and AIF were significantly elevated in
melanoma cells due to exposure to CuO NRs for 24 h (Fig. 5).

* k%

Fig. 5. The effect of 10 ug/ml CuO NRs after 24 h on gene expression of the BI6F10 cells determined by quantitative real-time PCR. Data presented are mean =+ SD of
three experiments, (n = 3). Statistically significant at *P < 0.0.05, **P < 0.01, ***P < 0.001.
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Fig. 6. The effect of 10 ug/ml CuO NRs after 24 h on protein expression of the
B16F10 cells determined by western blot.

Furthermore, it was detected that the expression of antiapoptotic mRNA,
Bcl-2, was reduced after incubation of B16F10 melanoma cell line with
10 pg/ml CuO NRs for 24 h, which resulted in a significant increase in
Bax/bcl-2 ratio. The mRNA level of AIF as an important marker of
apoptosis which stimulates chromatin condensation/DNA fragmenta-
tion was 1.61-fold (**P < 0.01) higher in treated cells in comparison
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with the untreated cells. Furthermore, the effect of CuO NRs on the
mRNA expression of Bax, caspase-9 and caspase-3 were evaluated. It was
then determined that the expression levels of Bax, caspase-9 and
caspase-3 were 1.61- (**P < 0.01), 1.34- (*P < 0.05) and 2.53-fold
(***P < 0.001) higher in tread cells in comparison with the control
cells. Finally, it was manifested that expression of Bcl-2 mRNA was 0.77-
fold (*P < 0.05) less in tread cells in comparison with the control cells,
which elevated the Bax/Bcl-2 ratio significantly (***P < 0.001) (Fig. 5).

Therefore, it can be suggested that in this study CuO NR incubation
reduced the expression of anti-apoptotic mRNA, Bcl-2, while enhancing
the levels of apoptotic AIF, Bax, caspase-9, and caspase-3. These data
substantiate the induction of apoptosis in melanoma cells after incuba-
tion with CuO NRs maybe through a mitochondria-assisted intrinsic
pathway (Murugadas et al., 2016), which needs further investigations in
future studies. In general, this study revealed that CuO NRs promoted
the expression of Bax and downregulation of Bcl-2, leading to the acti-
vation of caspase-9 and caspase-3, then apoptosis in BI6F10 melanoma
cells. Also, AIF has been reported to directly associate mitochondrial
membrane permeabilization with apoptosis through caspase-
independent pathways (Cande et al., 2004).

3.6. Protein expression assay for determination of caspase-dependent/
independent pathways

Mitochondria can be influenced by different signaling pathways in
several ways, including translocation of the mitochondrial matrix,
modification of proteins, and formation of channels (Green, 2022).
Nanostructure-based particles can trigger the permeability of the mito-
chondrial membranes and the resultant leakage of proteins into the
cytosol and nucleus (Asweto et al., 2017). The pro-apoptotic proteins,
Bak, Bax, and Bok, with oligomerization properties can result in the
macropore formation in the mitochondrial membrane which enables the
release of some mitochondrial proteins, while anti-apoptotic Bcl-2 can
negatively regulate this process (Yang et al., 1997, Green, 2022). For
example, cytochrome c following cytosolic release can mediate the
formation of apoptosomes which activate caspase-9 and caspase-3. The
caspase-independent pathway is associated with the release of AIF from
mitochondria (Harmand et al., 2005). A drop in mitochondrial mem-
brane potential is typically associated with AIF release from mitochon-
dria, which can translocate to the nucleus to trigger DNA condensation
and fragmentation (Harmand et al., 2005). Therefore, we investigated
the release of cytochrome c, AIF and overexpression of Bax, Bcl-2, cas-
pase-9, and caspase-3 protein in B16F10 melanoma cells following
exposure to 10 ug/ml CuO NRs for 24 h. As revealed in Fig. 6, CuO NRs
induce cytochrome c¢ and AIF release from mitochondria in B16F10
melanoma cells. Also, the protein expressions of Bax, caspase-9 and
caspase-3 were increased upon exposure of BI6F10 melanoma cells to
CuO NRs.

This data clearly indicated that CuO NRs stimulated apoptosis in
B16F10 melanoma cells through both caspase-dependent and caspase-
independent pathways.

4, Conclusion

In conclusion, one-dimensional CuO NRs were synthesized through
the hydrothermal method along with sonication and characterized by
several techniques. Then, the anticancer mechanisms of CuO NRs
against murine B16F10 melanoma were assessed by different tech-
niques. It was observed that the size distribution of CuO nanostructures
in solution was in the range of 37-99 nm with nanorod-like morphology
and an average particle size of 5 nm in width and 25-100 nm in length in
the powder form. Then, CuO NRs depicted a selective and significant
anticancer effect in B16F10 melanoma cells. To our knowledge, these
findings explicitly revealed for the first time that CuO NRs stimulate
apoptosis in melanoma malignant cells. The induction of apoptosis
contributed in CuO NR incubation was explicitly associated with the
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stimulation of the mitochondrial intrinsic pathway. Finally, we divulged
that CuO NR incubation induced caspase overexpression and relevant
activation as well as cytochrome ¢ and AIF leakage, indicating that CuO
NRs stimulated the induction of both caspase-dependent and caspase-
independent signaling pathways. Therefore, CuO NRs can be used as
encouraging nanostructures in the treatment or prevention of skin
cancer, although other in vivo and clinical studies should be done in
future studies to address the main limitation of this work.
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