Biological Trace Element Research
https://doi.org/10.1007/512011-022-03107-8

=

Check for
updates

Copper Oxide Nanoparticles Exhibit Cell Death Through Oxidative
Stress Responses in Human Airway Epithelial Cells: a Mechanistic
Study

Nida N. Farshori' - Magsood A. Siddiqui?© - Mai M. Al-Oqail’ - Ebtesam S. Al-Sheddi' - Shaza M. Al-Massarani' -
Maqusood Ahamed? - Javed Ahmad? - Abdulaziz A. Al-Khedhairy?

Received: 16 December 2021 / Accepted: 4 January 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

Copper oxide nanoparticles (CuONPs) are purposefully used to inhibit the growth of bacteria, algae, and fungi. Several
studies on the beneficial and harmful effects of CuONPs have been conducted in vivo and in vitro, but there are a few stud-
ies that explain the toxicity of CuONPs in human airway epithelial cells (HEp-2). As a result, the purpose of this study is
to look into the dose-dependent toxicity of CuONPs in HEp-2 cells. After 24 h of exposure to 1-40 pg/ml CuONPs, the
MTT and neutral red assays were used to test for cytotoxicity. To determine the mechanism(s) of cytotoxicity in HEp-2
cells, additional oxidative stress assays (LPO and GSH), the amount of ROS produced, the loss of MMP, caspase enzyme
activities, and apoptosis-related genes were performed using qRT-PCR. CuONPs exhibited dose-dependent cytotoxicity in
HEp-2 cells, with an ICs, value of ~ 10 pg/ml. The morphology of HEp-2 cells was also altered in a dose-dependent manner.
The involvement of oxidative stress in CuONP-induced cytotoxicity was demonstrated by increased LPO levels and ROS
generation, as well as decreased levels of GSH and MMP. Furthermore, activated caspase enzymes and altered apoptotic
genes support CuONPs’ ability to induce apoptosis in HEp-2 cells. Overall, this study demonstrated that CuONPs can cause
apoptosis in HEp-2 cells via oxidative stress; therefore, CuONPs may pose a risk to human health and should be handled
and used with caution.
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Introduction

Copper oxide nanoparticles (CuONPs) are widely used in
a variety of consumer products, including electronics, cos-
metics, sensors, textiles, paints, and timber protection [1].
CuONPs are also used in a variety of other products, includ-
ing intrauterine contraceptive devices, heat transfer fluids,
semiconductors, and electronic chips [2]. Furthermore,
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CuONPs have been used as antifungal agents in plastics,
coatings, and textiles [3]. CuONPs, due to their electro-
chemical properties, are suitable for use in graphite surface
coating to improve capacitance properties [4]. The enormous
growth in consumption and manufacturing has raised major
concerns about the negative effects on human health and the
environment [5]. A large number of studies have shown that
it is harmful to organisms and cells [6]. CuONPs have been
reported to be effective against a wide variety of microor-
ganisms [7]. CuONPs have also been shown to be toxic to
zebrafish [8], crustaceans [9], microalgae [10], bacteria [11],
and yeast [12]. CuONPs have previously been shown in vitro
to cause cytotoxicity, genotoxicity, mitochondrial dysfunc-
tion, oxidative stress, and apoptosis [13, 14]. CuONP-
induced cell death has also been documented in human cell
lines, such as liver HepG2 [15], lung epithelial A549 [16],
cardiac vascular HCMECs [17], kidney HEK293 [18], neu-
ronal SHSYSY, H4 [19], skin epidermal HaCaT [20], and
endothelial HUVECs [21]. Recently, studies on cell lines
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(in vitro) and rat models (in vivo) revealed that the toxic-
ity of CuONPs is associated with elevated levels of ROS,
oxidative stress, and antioxidants depletion [14, 22]. These
free radicals and oxidative stress trigger a series of cellular
events, including apoptosis [14]. A number of studies have
found that CuONPs can be genotoxic depending on their
size, shape, concentration, and exposure time [23]. These
reports clearly state that additional research is required to
assess the toxic responses of CuONPs and their toxicity
mechanisms in order to assess the potential risk to human
health. The presence of NPs in the environment is significant
in terms of their impact on human health. Because of their
small size and large surface area, these nanoparticles can
easily enter the body through the airway and cause harm
to epithelial tissues. As a result, they can cross the cell
membrane with ease, causing cell disruption and transloca-
tion between cells [6]. Because of the high impact usage of
CuONPs, it is critical to disapprovingly evaluate the toxicity
of CuONPs. Nonetheless, there is a paucity of data on the
potentially harmful effects of CuONP exposure in humans.
As a result, in this study, we used human airway epithe-
lial cells (HEp-2) to investigate the cytotoxic responses of
CuONPs in vitro. Furthermore, the mechanisms or pathways
involved in CuONP-induced cytotoxicity were investigated.

Materials and Methods
Materials

CuONPs (from Sigma-Aldrich of <50 nm particle size)
were used in this study. The stock concentration of CuONPs
(10 mg/ml) was freshly prepared in Milli-Q water and soni-
cated before use in the study.

Characterization of CuONPs
X-ray Diffraction (XRD)

The crystalline nature of CuONPs was achieved by XRD
pattern. The XRD pattern of CuONPs was developed by
using a PANalytical X’Pert X-ray diffractometer equipped
with a Ni filter by Cu K, (A=1.54056 A) radiations as X-ray
source.

Transmission Electron Microscopy

Shape and size of CuONPs were measured by transmission
electron microscopy (JEM-2100F, JEOL Inc., Japan) at an
accelerating voltage of 200 kV. CuONPs were suspended in
deionized water at a concentration of 1 mg/ml and sonicated
at 40 W for 15 min at room temperature (RT). The stock
solution was then diluted to a working solution concentration
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of 50-100 pg/ml. A drop of CuONP suspension was then
placed onto a copper grid, air-dried, and examined under
FETEM.

Dynamic Light Scattering

The zeta potential and hydrodynamic size of CuONPs in
culture medium and water were determined using dynamic
light scattering (DLS) according to the method of Murdock
et al. [24]. CuONPs were suspended in culture medium and
water. Following the sonication, DLS study was performed
at room temperature.

Cell Culture

Human airway epithelial cells (HEp-2, ATCC; CCL-23™)
were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and used in this study between
passage numbers 20 and 25. The HEp-2 cells were grown
in DMEM supplemented with 10% FBS, streptomycin, and
penicillin. HEp-2 cells were maintained in a cell culture
incubator at 37 °C in a humidified atmosphere with 5% CO,.

CuONPs Treatment

Using 10 mg/ml of CuONP stock solution, a range of con-
centrations (1, 2, 5, 10, 20, and 40 pg/ml) were prepared in
culture medium for the treatment of cells for 24 h.

Cytotoxicity of CuONP-Treated HEp-2 Cells by MTT
Assay

HEp-2 cells were plated into a 96-well plate and grown over-
night. The medium was then aspirated and replaced with a
medium containing 1, 2, 5, 10, 20, and 40 pg/ml of CuONPs.
After 24-h incubation, 10 pl of MTT solution (5 mg/ml
stock) was added in wells. The solution was washed out after
4 h of incubation at 37 °C, and 200 pl DMSO was added to
each well. After gentle mixing, the developed purple color
was measured at 550 nm [25].

Cytotoxicity of CuUONP-Treated HEp-2 Cells by NRU
Assay

In a 96-well culture plate, HEp-2 cells were exposed to
CuONPs for 24 hat 1, 2, 5, 10, 20, and 40 pg/ml. Following
incubation, the existing medium was aspirated and replaced
with NR-containing medium (50 pg/ml), which was then
incubated at 37 °C for 3 h. After washing the wells with
washing solution, the dye was extracted in a solution of 50%
ethanol, 49% water, and 1% acetic acid. After gentle mixing,
an absorbance reading was recorded at 550 nm wavelength
[26].
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% cell viability was determined using the following
formula:

mean absorbance of treated group

% cell viability =
0 Y 1 mean absorbance of control group

Morphological Alterations

HEp-2 cells were grown in a 96-well plate at a density of
1x 10* cells. The old medium was then replaced with medium
containing various concentrations (1, 2, 5, 10, 20, and 40 pg/
ml). After 24 h of treatment, morphological changes were
observed under a microscope (Olympus CKX41, Japan)
equipped with a live camera at a magnification of 20X.

Lipid Peroxidation (LPO) Measurement

LPO was quantified using the TBA reagent according to the
protocol defined by Buege and Aust [27]. In brief, HEp-2 cells
were exposed for 24 h to CuONPs at concentrations of 10, 20,
and 40 pug/ml. After exposure, 1 ml cellular extract and 2 ml
TBA reagent were mixed and heated at 100 °C for 20 min.
After cooling the mixture to room temperature, the absorbance
was measured spectrophotometrically at 535 nm.

Glutathione (GSH) Measurement

GSH was measured using the protocol of Chandra et al. [28].
HEp-2 cells were exposed to 10, 20, and 40 pg/ml of CuONPs
for 24 h. The cells were then centrifuged, resuspended in 10%
TCA, and sonicated. After centrifugation, 1 ml of supernatant
was added to 2 ml of DTNB mixture (10 mM DTNB, 20 mM
EDTA, and 400 mM Tris buffer pH=28.9). The absorbance
at 420 nm was measured after 10 min of incubation at 37 °C.

ROS Measurement

HEp-2 cells were seeded in 24-well plates and grown at 37 °C
overnight. The medium was then aspirated and replaced with
a medium containing 10, 20, and 40 pg/ml of CuONPs. After
24-h incubation, the cells were washed and incubated with
20 pM of DCFDA dye for 60 min. The live imaging of the
cells was done under a fluorescence microscope (Olympus)
equipped with a camera. DCF intensity was also measured
in the cells at 485 nm and 538 nm emission and excitation,
respectively [29].

MMP

MMP was performed following the protocol of Al-Oqail
et al. [30], using rhodamine-123 (Rh-123) fluorescence
staining. After 24 h of exposure to CuONPs at 10, 20, and

40 pg/ml, the HEp-2 cells were washed and incubated with
Rh-123 (10 pM) for 30 min at 37 °C. The fluorescence of
mitochondrial transmembrane potential was then examined
by capturing images with a fluorescence microscope and
measuring the fluorescence at excitation and emission at 485
and 538 nm, respectively, with a fluorescence microplate
reader (Fluoroskan Ascent, Thermo-Scientific, Finland). The
values of MMP obtained in control were considered 100%.

Caspase-3 and Caspase-9 Enzyme Activities

To further assess the effect of CuONPs on cell apoptosis, the
enzymatic activity of caspase-3 and caspase-9 was done by
commercially available kits. After 24 h of CuONPs expo-
sure, cultured HEp-2 cells were collected, and experiments
were carried out according to the protocol provided with the
assay kits (BioVision, USA). The samples were measured
using a microplate spectrophotometer, and the values of cas-
pase-3 and caspase-9 activity obtained were presented as a
fold change compared to the control.

Gene Expression by qRT-PCR

HEp-2 cells were exposed to 40 pg/ml of CuONPs for
24 h, and total RNA was extracted using RNeasy mini kit
(Qiagen, Germany). The total RNA was quantified using a
spectrophotometer (Nanodrop 8000). Then, 1 pg RNA was
reverse-transcribed into cDNA using reverse transcriptase
kit. cDNA was used as a template for real-time quantitative
PCR using SYBR Master Mix to quantify gene transcription.
Our previous publications described the primers and detail
protocol [31, 32].

Statistical Analysis

All the results are presented as mean + SD. The data were
examined by one-way analysis of variance with post hoc
Dunnett’s test for comparison. A difference of p < 0.05 was
considered statistically significant.

Results
Characterization of CuONPs

XRD pattern of CuONPs evidently displays the crystalline
nature of the material (Fig. 1a). Using Scherrer’s equation
[33], the crystallite size was assessed from the XRD pattern.
The average crystallite size of the CuONPs as determined
from XRD was ~38 nm.

The average size of the CuONPs determined from TEM
image was ~ 37 nm, which supports the XRD results. The
TEM images, as shown in Fig. 1b, revealed that the majority
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Fig. 1 Characterization of
copper oxide nanoparticles (@ (200)
(CuONPs): a X-ray powder (002)
diffraction pattern of CuONPs
and b transmission electron
microscopic image of CuONPs
at 20 nm

Intensity (a.u.)

U
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Table 1 Characterization of CuONPs in H,O and culture medium

Dispersant Hydrodynamic size ~ Zeta potential (mV)
(nm)

Water (H,0) 275+27 —11+2.6

Culture medium 243 +43 —14+33

of the NPs were spherical in shape with smooth surfaces.
The size was determined by measuring over 75 NPs in a ran-
dom field of view. The physiochemical characteristics of the
CuONPs are provided in Table 1. The normal hydrodynamic
size of CuONPs in H,O and culture medium as determined
by dynamic light scattering was about 275 +27 nm and
243 +43 nm, respectively. The zeta potential of CuONPs in
H,0 and culture medium was about—11 mV and— 14 mV,
respectively.

Cytotoxicity of CUONPs

CuONP-induced cytotoxicity in HEp-2 cells was evaluated
by MTT and NRU assays (Fig. 2a, b). CuONPs reduced
the viability of HEp-2 cells in a dose-dependent manner,
according to the findings. The viability of HEp-2 cells was
found as 29%, 36%, 48%, 72%, and 88% by the MTT assay
(Fig. 2a) and 33%, 39%, 52%, 75%, and 92% by the NRU
assay (Fig. 2b) at 40, 20, 10, 5, and 2 pg/ml, respectively.
The IC, values of CuONPs in HEp-2 cells were 9.6 pg/
ml and 10.4 pg/ml, respectively, according to the MTT and
NRU assays.

Cell Morphology

The HEp-2 cells were treated with CuONPs for 24 h and
observed under an optical microscope. The control cells
have a regular shape and no membrane damage, as shown
in Fig. 2c. Cells exposed to a 5 pg/ml concentration of
CuONPs, on the other hand, began to leave the surface and
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become rounded. With increasing doses of CuONPs, the
HEp-2 cells began to lose their cellular contents, resulting
in cell death after 24-h exposure.

Oxidative Damage

The potential of CuONP-induced oxidative damage was
assessed in HEp-2 cells at 10, 20, and 40 pg/ml by measur-
ing the LPO and GSH levels, which are commonly used end-
points to quantify oxidative damage in cells. CutONP expo-
sure increased the level of LPO by 134%, 162%, and 197%
at 10, 20, and 40 pg/ml, respectively (Fig. 3a). GSH level,
on the other hand, was decreased by 29%, 48%, and 66%
at 10, 20, and 40 pg/ml of CuONPs, respectively (Fig. 3b).
Changes in oxidative stress markers (LPO and GSH) in
HEp-2 cells were concentration-dependent and statistically
significant when compared to control (**p <0.01).

ROS Generation

The ROS generation induced by CuONPs in HEp-2 cells was
evaluated at 10, 20, and 40 pg/ml concentrations (Fig. 4a, b).
Fluorescence microscopic images revealed that HEp-2 cells
treated with CuONPs exhibited a dose-dependent intensity
of DCF in terms of green fluorescence with high intensity at
40 pg/ml when compared to the untreated control (Fig. 4a).
CuONPs inhibited ROS generation in HEp-2 cells by 123%,
175%, and 218% at 10, 20, and 40 pg/ml concentrations for
24 h when compared to the control (Fig. 4b).

MMP Level

To evaluate the impact of CutONPs on mitochondria and its
mechanism of action, the effects of CuONPs on HEp-2 cells
were assessed by using Rh-123 fluorescence staining. When
compared to an untreated control, CUONPs had a significant
effect on mitochondrial membrane potential. As shown in
Fig. 5a, the red fluorescence images of Rh-123 in HEp-2
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Fig.2 Cytotoxicity assessments by a MTT assay and b neutral red
uptake (NRU) assay, and ¢ representative images of morphologi-
cal alterations in human airway epithelial (HEp-2) cell line. HEp-2
cells were exposed to CuONPs at 1-40 pg/ml for 24 h. Images

cells exposed to CuONPs showed a dose-dependent decrease
when compared to the control. At 10, 20, and 40 pg/ml con-
centrations of CuONPs, the intensity of Rh-123 fluorescence
was reduced by 15%, 39%, and 58%, respectively (Fig. 5b).

Caspase Enzyme Activity

Caspase-3 and caspase-9 activities were evaluated as mark-
ers of apoptosis initiation. CuONPs activated the caspase-3
and caspase-9 enzymes in a concentration-dependent man-
ner, as shown in Fig. 6. In HEp-2 cells exposed to CuONPs
for 24 h, caspase-3 was activated up to 1.6-, 2.1-, and 3.2-
fold, and caspase-9 was activated up to 1.8-, 2.4-, and 3.8-
fold, respectively.

Apoptosis Assay

Quantitative real-time PCR was used to quantify the mRNA
level of apoptosis genes (p53, bax, bcl2, caspases 3 and 9)
in HEp-2 cells treated with CuONPs at a concentration of
40 pg/ml for 24 h. The study’s findings revealed that CaONP
exposure significantly altered the mRNA levels of apoptosis
genes (Fig. 7). The mRNA level of p53 gene was 2.9-fold

were taken using an inverted phase contrast microscope (Olympus
CKX41, Japan) at 20 X magnification. Values are mean+SD of three
independent experiments. *p <0.05, ** p<0.01 vs control. Scale
bar=1 mm

higher in treated cells when compared to control. Further-
more, the expression of caspase 3 and 9 genes was 2.7- and
3.2-fold, respectively, higher in treated HEp-2 cells. The
mRNA expression of proapoptotic gene bax was 2.7-fold
higher and antiapoptotic gene bcl2 was 1.45-fold lower when
compared to control (Fig. 7).

Discussion

CuONPs have been extensively used in a variety of prod-
ucts [34]. Because of their small size and large surface area,
these nanoparticles can easily enter the body through the
airway and cause harm to epithelial tissues. As a result, it
is critical to understand the molecular mechanism underly-
ing CuONP-induced epithelial dysfunction. As a result, the
toxic responses of CuONPs in human airway epithelial cells
(HEp-2) were evaluated in the current study. CuONPs sig-
nificantly induced cytotoxicity in HEp-2 cells, according to
the findings. MTT and NRU assays revealed that CuONPs
cause HEp-2 cell death in a dose-dependent manner at con-
centrations ranging from 2 to 40 pg/ml. Several reports have
indicated that CuONPs can cause toxicity in cultured cells
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Fig.3 Copper oxide nanoparticles (CuONPs) induced oxida-
tive stress in human airway epithelial cells (HEp-2). The cells were
exposed to CuONPs at 1040 pg/ml for 24 h. a Lipid peroxidation
and b glutathione depletion. *p <0.05, **p <0.01 vs control
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Fig.4 Copper oxide nanoparticles (CuONPs) induced ROS gen-
eration in human airway epithelial cells (HEp-2). a Representative
fluorescence images showing ROS generation in HEp-2 cells after
the exposure of CuONPs at 10, 20, and 40 pg/ml for 24 h. b Percent-
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in a dose-dependent manner. These findings are consistent
with previous research that found CuONPs induced dose-
dependent cytotoxicity in human endothelial cells HUVEC
(1040 pg/ml for 24 h) [21], liver cells HepG2 (2-50 pg/
ml for 24 h) [14], lung epithelial cells A-549 (5-15 pg/ml
for 24 h) [35], and human embryonic kidney cells HEK293
(3-300 pg/ml for 48 h) [18]. The ICs, values of CuONPs
were found to be 9.6 pg/ml and 10.4 pg/ml by MTT and
NRU assays, respectively, at 24-h exposure. Similarly, Fu
[15] found significant cytotoxicity of CuONPs in this con-
centration range in human liver cells HepG2 with an ICy,
value of 8 pg/ml.

One of the mechanisms of cytotoxicity persuaded by
nanoparticles is the involvement of oxidative stress [36].
According to current research, CuONP-induced oxidative
stress was measured by an increased in LPO and decreased
in GSH levels [18]. In this study, CuONP-induced oxidative
damage was also observed in this study, with an increase
of 134%, 162%, and 197% in LPO level and a decrease of
29%, 48%, and 66% in GSH level at 10, 20, and 40 pg/ml,
respectively, after 24-h exposure. These findings showed that
when CuONPs were exposed to HEp-2 cells, they produced
a dose-dependent increase in LPO and a decrease in GSH
levels, indicating that oxidative stress played a role in HEp-2
cytotoxicity. There are numerous reports that back up our
findings. CuONPs have been shown in studies to be toxic to
human cells via oxidative stress [16, 37]. Previous research
suggested that excessive ROS production is a major cause
of cytotoxicity after NP exposure [38]. ROS is produced in
physiological condition as a natural response to the regular
metabolism of oxygen and plays an important role in several
cellular signaling pathways [39]. However, following the
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age change in ROS generation in HEp-2 cells after the exposure of
CuONPs at 10, 20, and 40 pg/ml for 24 h. *p<0.05, **p <0.01 vs
control. Scale bar=1 mm
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Fig.5 Copper oxide nanoparticles (CuONPs) induced MMP loss
in human airway epithelial cells (HEp-2). a Representative fluores-
cence images showing MMP loss in HEp-2 cells after the exposure
of CuONPs at 10, 20, and 40 pg/ml for 24 h. b Percentage change
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Fig.6 Copper oxide nanoparticles (CuONPs) induced apoptotic
responses in human airway epithelial cells (HEp-2). a Caspase-3
enzyme activity and b caspase-9 enzyme activity in HEp-2 cells after

exposure of CuONPs, the ROS generation was significantly
increased in HEp-2 cells. These results were supported by
other published reports exhibiting CuONP-induced cell
death through overproduction of ROS in cultured cells [40].
The most common mechanistic explanations for ROS are
that metal ions released by CuONPs promote ROS pro-
duction by interfering with mitochondrial respiration [41].
CuONPs have previously been shown to reduce mitochon-
drial membrane potential, potentially leading to cell death
[37]. Despite considerable methodical development, mito-
chondria remain a potential target of nanoparticles [42].
Furthermore, mitochondria act as a key modulator in the
cell signaling cascade involved in programmed cell death
[43]. There are a number of fluorescence probe available to
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bar=1 mm
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**p <0.01 vs control

measure mitochondrial membrane potential (MMP). Herein,
the effects of CuONPs were measured by Rh-123 staining.
Rh-123 is a cationic dye that displays dependent localiza-
tion in mitochondria with intracellular fluorescence [44].
As shown in Fig. 5, exposure to CuONPs reduced MMP
in HEp-2 cells in a concentration-dependent manner when
compared to unexposed control cells. As a result, CUONPs
may penetrate the membrane and activate intracellular sign-
aling pathways, resulting in ROS and apoptosis, as previ-
ously reported with CuONP exposure [37].

Caspase-3 and caspase-9 enzyme activity was examined
to confirm the CuONP-induced apoptosis in HEp-2 cells.
Caspase families play an important role in the regulation of
cell death signaling transduction in mammals. Proapoptotic
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Fig.7 The mRNA expression of apoptotic marker genes in HEp-2
cells after the exposure of CuONPs at 40 pg/ml for 24 h. The mRNA
expression of genes was assessed by using quantitative real-time PCR
(qRT-PCR). *p <0.05 vs control

caspases, in particular, play a dynamic role in this regula-
tion [45]. Caspase-3 and caspase-9 are particularly impor-
tant in demonstrating mitochondria-mediated apoptosis [46].
A significant increase in caspase-3 and caspase-9 activity
was observed after 24 h of CuONP exposure, indicating the
implementation of apoptosis in HEp-2 cells. We further ana-
lyzed the mRNA expression of apoptotic genes (p53, bax,
bcl2, caspases 3 and 9) in response to CuONP exposure in
HEp-2 cells, since the apoptosis is controlled through these
pathways. CuONPs increased the mRNA expression of
proapoptotic genes p53 and bax, according to the RT-qPCR
results. Furthermore, mRNA expression of caspase 3 and 9
genes was found to be increased in CuONP-treated HEp-2
cells. In addition, the antiapoptotic gene, bcl2, was down-
regulated in HEp-2 cells treated with CuONPs. It is well
reported that upregulation of p53 gene leads to activation
of proapoptotic members of bcl2 family [47]. Furthermore,
bax, a member of the bcl2 family, induced permeabilization
of the mitochondrial membrane, allowing soluble proteins to
enter the cytosol via the intermembranous space and activate
caspases [48]. Similarly, increased levels of caspases 3 and
9 in HEp-2 cells after CuONP exposure indicated execution
of mitochondria-mediated apoptosis. CuiONPs have previ-
ously been shown to cause cell death in other cell types via
a mitochondria-mediated pathway [14, 49].

Conclusion

We found that CuONPs induced significant cytotoxicity in
HEp-2 cells at low concentrations ranging from 2 to 40 pg/
ml in a dose-dependent manner. CuONP-induced oxidative
stress further tempted cellular damage which resulted in
ROS generation. These findings also support the mitochon-
drial dysfunction and activation of caspases as a primary
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target of CuONPs in HEp-2 cells. Moreover, quantitative
real-time PCR results demonstrated that mRNA expression
of apoptotic marker genes was altered by CuONP exposure.
These findings imply that CitONPs can induce apoptosis in
HEp-2 cells via the p53, bax, bcl2, and caspase pathways.
These molecular changes shed light on the mechanisms by
which CuONPs cause cytotoxicity, oxidative stress, ROS
production, mitochondrial dysfunction, caspase activation,
and apoptotic HEp-2 cell death. Furthermore, the current
study calls for additional research using an in vivo system to
determine the effects of CuONP exposure on human health.
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