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Abstract: Copper oxide nanoparticles (CuO-NPs) induce neurological diseases, including
neurobehavioral defects and neurodegenerative diseases. Direct evidence indicates that
CuO-NPs induce inflammation in the central nervous system and cause severe neurotoxicity.
However, the mechanism of CuO-NP-induced damage to the nervous system has rarely
been studied, and the toxicity of different CuO-NP particle sizes and their copper ion (Cu®*)
precipitation in microglia (BV2 cells) is worth exploring. Therefore, this study investigated
CuO-NPs with different particle sizes (small particle size: S-CuO-NPs; large particle size:
L-CuO-NPs), Cu?* with equal molar mass (replaced by CuCl, [Equ group]), and Cu?*
precipitated in a cell culture solution with CuO-NPs (replaced by CuCl, [Pre group]), and
examined the mechanism of action of each on BV2 microglia after co-culture for 12 h and 24
h. The activity of BV2 cells decreased, the morphology was damaged, and the apoptosis rate
increased in all the exposed groups. Toxicity increased time- and dose-dependently, and
was highest in the Equ group, followed by the S-CuO-NPs, L-CuO-NPs, and Pre groups,
respectively. Subsequently, we investigated the mechanism of S-CuO-NP-induced cell
injury, and revealed that S-CuO-NPs induced oxidative stress and inflammatory response
and increased the membrane permeability of BV2 cells. Moreover, S-CuO-NPs reduced
the ratio of p-CSF-1R/CSF-1R, p-PLCy2/PLCy2, p-extracellular signal-regulated kinase
(ERK)/ERK, p-Nrf2/Nrf2, and Bcl-2/Bax protein expression in microglia, and elevated
cleaved caspase-3 expression. The CSF-1R/PLCy2/ERK/Nrf2 apoptotic pathway was
activated. The downregulation of CX3CR1, CSF-1R, brain-derived neurotrophic factor
(BDNF), and IGF-1 protein expression indicates impairment of the repair and protection
functions of microglia in the nervous system. In summary, our results reveal that CuO-NPs
promote an increase in inflammatory molecules in BV2 microglia through oxidative stress,
activate the CSF-1R/PLCy2/ERK/Nrf2 pathway, cause apoptosis, and ultimately result in
neurofunctional damage to microglia.

Keywords: CuO-NPs; microglia; cell apoptosis; CSF-1R/PLCy2/ERK/Nrf2 pathway;
functional impairment

1. Introduction

Copper oxide nanoparticles (CuO-NPs) are popular toxic substances. CuO-NPs have
various physical and chemical properties from large-size copper oxide, and are different
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from ordinary copper oxide particles because their particle size is at the junction of macro-
scopic and microscopic objects. Their light, electricity, sound, force, heat, magnetic activity,
internal pressure, chemical activity, and catalytic activity exhibit great changes, due to their
excellent physical and chemical properties. They are widely used in many industries, such
as photoelectric products, the chemical industry, and biomedicine. CuO-NPs exhibit a
smaller particle size than ordinary copper oxide, and the particle size is directly related
to many chemical properties, including specific surface area, solubility, and reactivity [1],
which strongly affect the toxicity of nanoparticles. The small size characteristics of the
nanoparticles help them to easily enter the organism, penetrate the biological barrier, and
accumulate in the body. Further, the resulting large specific surface area increases the reac-
tivity and interaction between the nanoparticles and biomolecules [2]. Therefore, CuO-NPs
demonstrate high chemical activity and intrinsic toxicity.

Neurodegenerative diseases are characterized by a progressive loss of neuronal and
central nervous system (CNS) function, and most neurodegenerative diseases currently
have no cure [3]. Microglia, as immune sentinels of the CNS, are responsible for eliminating
microorganisms, dead cells, excess synapses, protein aggregates, and other particles and
soluble antigens that may harm the CNS [4-7]. This immunosurveillance function is critical
for maintaining neuronal health and preventing neurodegenerative diseases [8]. However,
sustained microglia overactivation induces a chronic neuroinflammatory response [9], and
microglia-mediated neuroinflammation is a predominant feature of many neurodegen-
erative diseases, including Alzheimer’s disease (AD) [10], Parkinson’s disease (PD) [11],
amyotrophic lateral sclerosis [12], etc. After activation, microglia release a large number of
inflammatory mediators, such as TNF-« and IL-1f [13], which activate the death receptor
pathway in neuronal cells, including caspase family members, thereby triggering a cascade
reaction, causing the programmed death of neurons [14]. Normal immune surveillance and
inflammatory regulation functions are destroyed as the microglia are damaged, and an ex-
cessive amount of reactive oxygen species (ROS) is produced, causing oxidative stress [15].
This induces cellular damage, impairs synaptic pruning and regeneration, and compro-
mises neural circuit reconstruction, resulting in obstacles in neural circuit reconstruction,
affecting learning, memory, and cognitive functions [16], and ultimately increasing the risk
of neurodegenerative diseases such as AD and PD [17-19].

Although direct environmental monitoring data of CuO-NPs are scarce, CuO-NPs are
highly toxic compared to other metal oxide nanoparticles, as well as carbon nanoparticles
and carbon nanotubes [20]. CuO-NP exposure damages the liver, kidneys, lungs, and
other organs [21-23]. CuO-NPs precipitate Cu®* in a biological medium. Studies have
demonstrated that dissolved Cu?* derived from CuO-NPs can adsorb onto bacterial cell
walls and translocate across the cell membrane into the cytoplasm, potentially disrupting
intracellular processes [24]. Cu®* reacts with the amino, sulfhydryl, and carboxyl groups to
change the helix structure of bacterial proteins and inactivate the proteins, thereby killing
bacteria. Concurrently, Cu?* accumulates valence transitions in the catalytic Fenton or
Haber—Weiss reaction, produces numerous hydroxyl radicals, induces oxidative stress,
damages cell components, such as membrane lipids, proteins, and nucleic acids, and pro-
duces biological toxicity [25-27]. CuO-NPs, in addition to their ability to release Cu?*, exert
a more pronounced biotoxic effect than the toxicity caused by the CuO-NP-precipitated
Cu?* [28]. High concentrations of reactive oxygen species caused by nanoparticles, such as
peroxidizing free radicals, hydroxyl free radicals, and hydrogen peroxide, cause oxidative
damage and destroy cell metabolism [29]. Further, they exert other effects associated with
oxidative stress, such as membrane damage, cell necrosis, and autophagy [30-32]. The
brain, as the most crucial organ of the human body, contains the most difficult blood-brain
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barrier (BBB) to penetrate, but nanoparticles can pass through the BBB and damage the
brain [33].

At present, research on the toxic effects of CuO-NPs is mostly focused on their damage
to animals and plants. Further, in vitro experiments are focused on their damage to non-
nerve cells [34-38], and studies on their toxic effects and mechanisms on nerve cells,
especially microglia, are very rare. The toxicity of CuO-NPs with different particle sizes
and Cu?* on microglia remains unknown. Therefore, this study investigated the damage
and mechanism of CuO-NPs with different particle sizes, Cu?>* with equal molar mass
(replaced by CuCl,), and CuO-NP-precipitated Cu?* in cell culture media. The role of
the CSF-1R/PLCy2/ERK/Nrf2 signaling pathway in CuO-NP-induced apoptosis and
neurologic damage of microglia were discussed to further analyze the toxic effect of CuO-
NPs on microglia and their mechanism.

2. Materials and Methods
2.1. Preparation and Characterization of CuO-NP Suspension

Sigma-Aldrich supplied the CuO-NPs used in this study. CuO-NPs were suspended
in normal saline separately, mixed, and vortex-mixed. The solution was then ultrasonically
treated at 60 Hz and 4 °C for 4 h, and vortex-mixed every 10 min to prepare the CuO-NP
suspension, which was stored at 4 °C. The particle size of the CuO-NPs was observed with
a TEM instrument (Thermo Fisher, Waltham, MA, USA).

2.2. Cu®* Precipitation

The CuO-NP-contaminated cell suspensions of small particle size, with different
concentrations, were oscillated in an oscillating incubator (120 rpm) at 37 °C for 24 h, and
centrifuged (3000 rpm) for 30 min. A 0.45 um filter membrane was then used to filter the
supernatant three times. The Cu?* level in the supernatant was identified using inductively
coupled plasma mass spectrometry (ICP-MS) (Model: AA-IE-280), which was repeated
three times per sample.

2.3. Preparation of Copper Chloride

CuCly-2H,0; solid was dissolved in deionized water to prepare a 1 M stock solution
(206.5 g/L). The dissolution was assisted by sonication, and then the volume was made up
to 1 L. Gradient dilution was performed to obtain the target concentration using DMEM
medium. After this, the solution was sterilized through a 0.22 um filter and dispensed
into aliquots.

2.4. Cell Culture and Exposure

The cell line used in this study was BV2. The cells were obtained from the Biological
and Medical Culture Collection (BNCC), with the accession number BNCC337749. The
cell culture medium was utilized as the dispersing solution to prepare different concentra-
tions of CuO-NP-contaminated cell suspension, according to Section 2.1. of the Methods.
The cells were cultured in complete medium (containing 10% FBS, 1% penystreptomycin
mixture [100 U/mL of penicillin and 100 U/mL of streptomycin], and 89% Dulbecco’s
Modified Eagle Medium) at 37 °C in an incubator with 5% CO, saturation humidity. The
culture medium was changed daily. Cells were exposed according to the following groups,
once they reached 80% confluence: (1) Negative control group (NC): no toxic treatment;
(2) Large-particle-size CuO-NPs (L-CuO-NPs): received 5, 10, 15, 20, 25, 30, 35, 40, 45,
and 50 ug/mL of large-particle-size CuO-NPs for contamination; (3) Small-particle-size
CuO-NPs (small CuO-NPs, S-CuO-NPs): treated with Cu?* with a molar mass of 5, 10, 15,
20, 25, 30, 35, 40, 45, and 50 pg/mL of small-particle-size CuO-NPs; (4) CuO-NPs replaced
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by CuCl, (Equ group): treated with CuCl, with a molar mass equal to that of CuO-NPs.
The molar concentrations of the CuCl, groups were 6.25 X 1072, 0.125, 0.1875, 0.25, 0.3125,
0.375, 0.4375, 0.5, 0.5625, and 0.625 mM, respectively; (5) The mass of Cu®* precipitated
from CuO-NPs in cell culture solution substituted by CuCl, (Pre group): treated with CuCl,
at the Cu?* concentration previously detected by ICP-MS, which reflected the mass of Cu?*
precipitated in the cell culture with CuO-NPs. Each group was set up with three multiple
holes and incubated in a CO, incubator for 12 h and 24 h, and all indexes were detected.

2.5. Effects of CuO-NPs on BV2 Cell Activity, Determined Using Cell Counting Kit-8
(CCK8) Method

BV2 cells of the logarithmic growth stage were prepared in a cell suspension, and
100 pL of the cell suspension was added into 96-well plates, with each well containing
approximately 4 x 103 BV2 cells. The 96-well plates were then cultured in a CO, incubator
for 24 h. After culture, the exposure experiment was conducted. After incubation for 12 h
and 24 h and after discarding the old medium, a medium containing 10% CCKS solution
(Zinke spectrometry) was added to each cell hole and incubated for 2 h. Absorbance
at 450 nm was measured using enzyme markers. The following formula was used: cell
relative survival rate (%) = (OD treatment group — OD blank group)/(OD control group —
OD blank group) x 100%. The experiment was repeated three times.

2.6. Cytoplasmography

An inverted phase contrast microscope (Olympus BX51, Tokyo, Japan) was used to ob-
serve the cell changes in the L-CuO-NP, S-CuO-NP, Equ, and Pre groups with 10 m pg/mL
of CuO-NPs and corresponding CuCl, concentrations, respectively, after 12 h and 24 h; this
was not conducted for the NC group.

2.7. Apoptosis Detection Using Flow Cytometry

Cells of the logarithmic growth stage were inoculated with 5 x 10° cells/well into
6-well plates. The NC group cells were not treated with poison, whereas the Pre and S-CuO-
NP groups received 5, 10, 20, 30, 40, and 50 pg/mL of CuO-NPs and the corresponding
CuCl; concentration for 12 h and 24 h, respectively. The cells were digested and collected
with pancreatic enzyme without ethylenediaminetetraacetic acid, washed with phosphate-
buffered saline twice, and centrifuged at 1000 rpm for 5 min, and the supernatant was
discarded. The apoptosis rate was detected using a double-staining apoptosis kit (Becton
Dickinson, Franklin Lakes, NJ, USA). The cells were first resuspended with 200 pL of
Annexin V-FITC binding solution, then stained and mixed with 5 puL of Annexin V-FITC
and 10 pL of propyl iodide. They were incubated at room temperature (2025 °C), without
light, for 15 min, using using BD FACSCalibur flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA).

2.8. Cell Integrity Detection

Lactate dehydrogenase (LDH) leakage is another objective indicator of cytotoxicity
based on membrane integrity. Extracellular LDH levels were measured using the LDH kit
(Beyotime Biotech, Shanghai, China). After 12 h and 24 h of full-concentration treatment of
BV2 cells in the S-CuO-NPs group, the cell culture medium was collected and centrifuged
at 3000 rpm for 10 min, and the supernatant was taken and operated by following the kit
instructions. The optical density at 490 nm was measured using the MD SpectraMax Mbe.



Toxics 2025, 13, 231

50f17

2.9. Identification of TNF-, IL-1B, and IL-6 Levels Using Enzyme-Linked Immunosorbent
Assay (ELISA)

Cells in the NC group were not treated with CuO-NPs, whereas the BV2 cells in
the S-CuO-NP group received full concentrations for 12 h and 24 h. The cells were then
collected, and the TNF-«, IL-1§3, and IL-6 levels in the cells were identified using an ELISA
kit (Yunclon, Wuhan, China), following the manufacturer’s instructions. Absorbance was
measured at 440 nm using an enzyme marker (model SpectraMax 190 [Molecular Devices,
San Jose, CA, USA)).

2.10. Cell Oxidative Stress Level Detection and ROS Determination

The NC group was not treated with CuO-NPs, whereas the BV2 cells in the S-CuO-NPs
group received a full concentration for 12 h and 24 h, and ROS levels were detected using
an ROS kit (Dojindo, Kumamoto, Japan). Intracellular ROS production was measured
using a fluorescent probe 2/, 7' -dichlorofluorescein diacetate (DCF-DA), following the
manufacturer’s instructions. Absorbance was measured at 450 nm using the SpectraMax
190 (Molecular Devices, San Jose, CA, USA).

Cells in the NC group were not treated with CuO-NPs, whereas those in the S-CuO-
NP group received 5, 10, 20, 30, 40, and 50 pg/mL of CuO-NPs and the corresponding
CuCl; concentration for 12 h and 24 h. The superoxide dismutase (SOD), glutathione
peroxidase (GSH), and malondialdehyde (MDA) (Wuhan, China) levels were detected
using commercial kits, following the kit instructions. Absorbance was measured at 450 nm,
utilizing the SpectraMax 190 (Molecular Devices, San Jose, CA, USA).

2.11. Western Blot (WB)

The NC group was not treated, whereas the BV2 cells of the S-CuO-NPs group received
5, 10, 20, 30, 40, and 50 pg/mL of CuO-NPs for 24 h, and the cells were collected. WB
was used to detect colony-stimulating factor 1 receptor (CSF-1R) and phospholipase C
gamma 2 (PLCG-2), extracellular signal-regulated kinase (ERK), nuclear factor erythroid
2-related factor 2 (Nrf2), Fractalkine receptor 1 (CX3CR1), brain-derived neurotrophic factor
(BDNFEF), insulin-like growth factor 1 (IGF-1), B-cell lymphoma/leukemia-2 (Bcl-2), and Bax
protein. After fully cracking the cells in an ice bath, they were centrifuged at 12,000 rpm for
5 min (4 °C), and the supernatant was taken. After quantifying the protein concentration
using a BCA protein detection kit (Bestbio, Shanghai, China), the cells were denatured by
boiling at 95 °C for 10 min. Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
separation gel and concentrated gel were prepared, electrophoresis was conducted after
labeling was completed, and Tris-buffered saline Tween was used to wash and seal the
gel after completing the membrane transfer. Moreover, anti-CSF-1R, P-CSF-1R (1:1000,
Proteintech, Wuhan, China), PLCG-2, p-PLCG-2, ERK, p-ERK, Nrf2, p-Nrf2, CX3CR1,
BDNE, IGF-1, Bax, and Bcl-2(1:1000, Abcam, Cambridge, UK) were added. Glyceraldehyde
3-phosphate dehydrogenase (1:2000, Abcam, UK) was used for internal argumentation.
The cells were incubated at 4 °C overnight. After washing the film, an anti-HRP secondary
antibody (1:20,000, Abcam, UK) was added and incubated in a shaker at room temperature
for 60 min. Light incubation, image collection, and analyses were performed using Image]J
software (Version 1.53k, National Institutes of Health, Bethesda, MD, USA).

2.12. Statistical Analysis

Data were expressed as the mean + standard deviation. Software was used to conduct
a one-way analysis of variance to evaluate the statistical significance of the differences.
Tukey’s postmortem test was conducted for multiple comparisons. The statistical signifi-
cance was set at p-values of <0.05.
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3. Results
3.1. CuO-NP Particle Size Characterization

TEM observations revealed that the CuO-NPs were spherical in shape (Figure 1). The
size of the CuO particles with a small particle size was between 20 and 40 nm (Figure 1A);
detailed information is shown in Table 1 [39]. The size of the CuO particles with a large par-
ticle size was approximately 500 nm (Figure 1B). Their detailed structure and characteristic
parameters, which were obtained from the supplier (Sigma-Aldrich, Darmstadt, Germany),
are given in Table 1 [39].

A L4 B

100pm

Figure 1. TEM image of CuO-NPs. (A) S-CuO-NP granules; (B) L-CuO-NP granules.

Table 1. Characteristics of Cuo-NDPs.

Size Density SSA Crystalline

(nm) (g/m?) (m?/g) Structure Shape Composition
500 6.3-6.49 101 Cubic/tetragonal Nearly 99.9%
spherical
2040 6.3-6.49 29 Monoclinic Sphere 99.9%

3.2. Cu?* Level of CuO-NPs Precipitated in Cell Culture Medium

ICP-MS was utilized to analyze the level of Cu?* precipitated in the cell culture so-
lution with different CuO-NP concentrations. The results in Table 2 reveal that the Cu?*
concentration accounted for approximately 1/10 of the corresponding CuO-NP concen-
tration. Accordingly, cells in the Pre group were treated with CuCl, at the corresponding
concentration determined by ICP-MS to mimic the Cu?* released from CuO-NPs.

Table 2. Precipitation degree of nanometer copper oxide in complete medium for 24 h (n = 3).

Concentration of S-CuO-NPs CuCl, with Molar Mass Equal

Concentration of Cu?* (ug/mL)

(ug/mL) to Cu? (mM)
0 0+0 0

0.5 0.02 + 0.03 315 x 10~*
1 0.06 + 0.01 944 x 10~*
15 0.09 + 0.03 1.42 x 1073
2 0.1 +0.03 1.57 x 1073
25 0.11 4+ 0.04 1.73 x 1073
3 0.17 + 0.04 2.68 x 1073
35 0.13 + 0.02 2.05 x 1073
4 0.35 + 0.03 551 x 1073
45 0.33 + 0.03 519 x 1073
5 0.38 + 0.03 5.98 x 1073
10 0.86 + 0.04 1.35 x 1072
15 1.26 + 0.05 1.98 x 102
20 1.65 + 0.09 2.60 x 1072
25 222 +0.04 349 x 1072
30 2.7 +0.15 425 x 1072
35 324 +0.15 5.10 x 1072
40 3.64 +0.07 573 x 1072
45 419 +0.11 6.59 x 1072

50 472 £0.09 7.43 x 1072
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3.3. Cell Activity

Compared with the control group, the cell activity of the S-CuO-NP, L-CuO-NP,
and Equ groups was significantly decreased. The Pre group demonstrated a downward
trend, and the concentration of 35-50 pug/mL was significantly decreased. The cell activity
decreased dose-dependently. Compared with the 12 h treatment, the cell proliferation
activity decreased after the 24 h treatment. The toxicity of all groups increased, and
was highest in the Equ group, followed by the S-CuO-NP, L-CuO-NP, and Pre groups,
respectively (Figure 2).

2 150~

\°> 1 S-CuO-NPs 12h [ L-CuO-NPs 12h (1 Pre12h [ ] Equ 12h
2 B8 S-CuO-NPs 24h = L-CuO-NPs 24h 0 Pre 24h =3 Equ 24h
= 120-

8 TR

> 90- ol )

@ . '" i "

%)

2 60-

prer)

o

T 30 | !

e 0 5 10 15

CuO-NP Conc. (ug/mL)

Figure 2. Cell activity measured by CCK8 (n = 3). ** p < 0.01, compared with control group; # p < 0.05,
compared with S-CuO-NP group at 12 h and 24 h; ## p < 0.01, compared with S-CuO-NP group at
12 h and 24 h. CCKS: Cell Counting Kit-8; S-CuO-NP: small-size copper oxide nanoparticle.

3.4. Cell Morphology Observation

The morphology of microglia changes significantly when they are damaged or acti-
vated. First, the cells shift from a resting state to an active state, with the cells becoming
larger and rounder, exhibiting an amoeba-like appearance. Thickening and shortening of
the dendrimers and an increase in the density of the receptors on the cell surface accom-
pany this morphological change. The morphological results (Figure 3) reveal that BV2 cells
that were inoculated and cultured normally were semi-floating cells with typical small
branching fusiform morphology. Hence, microglia in the resting state were thin, their
cell bodies were small, round, or oval, and the synapses were slender. Cell growth was
slow at 12 h, the number of cells increased exponentially after 24 h, and contact inhibition
appeared. After treating the cells with 10 ug/mL of CuO-NPs and the corresponding
CuCl; concentration, the branches of individual small branching cells were shortened and
enlarged, and demonstrated an amoeba-like appearance. Some BV2 cells lost their original
form and became cramped, and the number of cells was reduced relative to the number of
normal incubated cells. The morphological damage toxicity was highest in the Equ group,
followed by the S-CuO-NPs, L-CuO-NPs, and Pre groups, respectively. The increase was
time-dependent, which was consistent with the changing trend of living cell activity.

3.5. Apoptosis

Compared with the control group, the S-CuO-NP and Pre group BV2 cells demon-
strated significant early apoptosis after treatment for 12 h and 24 h (Figure 4B). The levels
of late apoptotic cells in the S-CuO-NP and Pre group BV2 cells demonstrated an increasing
trend, being significantly elevated at the concentration of 40-50 pug/mL (Figure 4C). At the
same concentration and time, the degree damage caused by S-CuO-NPs to BV2 cells was
greater than that observed for cells in the Pre group. Moreover, the damage to BV2 cells at
24 h was greater than that at 12 h. The apoptosis results further confirmed that the toxicity
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of CuO-NPs was greater than that in the Pre group. Therefore, S-CuO-NPs were then used
to further investigate the mechanism of CuO-NP damage to microglia.
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Figure 3. Images from 40x inverted light microscope for BV2 cells. (A) Image of control cells at
12 h. (B) Image of L-CuO-NP-contaminated cells at 12 h. (C) Image of S-CuO-NP-contaminated cells
at 12 h. (D) Image of cells in Cu?* group with precipitation of CuO-NPs at 12 h. (E) Image of cells
in Cu?* group with equal molar mass and CuO-NPs at 12 h. (F) Image of cells in control group at
24 h. (G) Image of L-CuO-NP-contaminated cells at 24 h. (H) Image of S-CuO-NP-contaminated
cells at 24 h. (I) Image of cells in Cu?t group with CuO-NP precipitation at 24 h. (J) Image of cells
in Cu?* group with equal molar mass and CuO-NPs at 24 h. CuO-NP: copper oxide nanoparticles;
L-CuO-NP: large-size CuO-NP; S-CuO-NP: small-size CuO-NP; Cu?*: CuO-NP and its copper ion.
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Figure 4. Apoptosis was detected using flow cytometry. (A) Result of 50 ug/mL FCM de-
tection. (B) Proportion of early apoptotic cells in different groups with various concentrations
(n = 3). (C) Proportion of late apoptotic cells in different groups with various concentrations (1 = 3).
** p < 0.01, compared with the control group (group at 0 h).

3.6. Extracellular LDH Levels

The LDH leakage rate was significantly increased with elevated CuO-NP concentration.
The LDH leakage rate of BV2 cells significantly increased in the 24 h group compared to
in the 12 h group (FIG. 5H), indicating improved membrane permeability and further
revealing that BV2 cells were damaged by CuO-NP exposure.
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3.7. Cellular Oxidative Stress and Inflammation Levels

The results of inflammatory level analysis (Figure 5A-C) revealed that TNF-o, IL-183,
and IL-6 levels in BV2 cells were significantly increased after 24 h of treatment with S-CuO-
NPs compared to the control, indicating a dose-dependent elevation. TNF-«, IL-1f3, and
IL-6 levels in the cells tended to increase after 12 h of treatment, which was significant at
concentrations of 25-50 pg/mL, and shows that they were affected in a time-dependent
manner. Meanwhile, compared with the control group, the intracellular ROS and MDA
levels increased significantly after 24 h of treatment, and the levels gradually increased with
elevated CuO-NP concentration, whereas the SOD activity and GSH levels significantly and
gradually decreased with elevated CuO-NP concentration, in a time-dependent manner
(Figure 5D-G). The ratio of NADP+/NADPH increased with an increase in CuO-NP
concentration in a time-dependent manner (Figure 5I), and the difference was statistically
significant (p < 0.05). These results indicate that BV2 cell damage caused by CuO-NP
exposure is related to the inflammatory response and oxidative stress.
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Figure 5. Results of cellular inflammation and oxidative damage. (A) Tumor necrosis factor-« (TNF-
«) (n = 3); (B) interleukin-1f (IL-1p) (n = 3); (C) interleukin-6 (IL-6) (n = 3); (D) malondialdehyde
(MDA) (n = 3); (E) superoxide dismutase (SOD) (n = 3); (F) glutathione (GSH) (n = 3); (G) reactive
oxygen species (ROS) (n = 3); (H) lactate dehydrogenase (LDH) (1 = 3); (I) nicotinamide adenine
dinucleotide phosphate/reduced nicotinamide adenine dinucleotide phosphate (NADP/NADPH)
(n =3). *p <0.05, compared with control group (group at 0 h; ** p < 0.01, compared with control
group (0 h group); ## p < 0.01, compared with control group (S-CuO-NPs group at 12 h and 24 h).

3.8. CuO-NPs Cause Functional Damage to BV2 Cells and Promote BV2 Apoptosis Through
CSFE-1R/PLC+y2/ERK/Nrf2 Signaling Pathway and Its Effect on Level of Functional Damage
Protein and Damage Mechanism

To further investigate the mechanism of neuronal injury induced by CuO-NPs, the
protein expression related to apoptosis was detected after 24 h of treatment with S-CuO-
NPs. The results revealed that compared with the control group, the apoptotic proteins
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p-CSF-1R/CSF-1R, p-Nrf2/Nrf2, and Bcl-2/Bax, associated with neuronal injury and
degenerative diseases, were significantly decreased, and cleaved caspase-3 expression
was significantly increased. Further, p-PLCy2/PLCy2 and p-ERK/ERK were signifi-
cantly decreased at CuO-NP concentrations of 20-50 pg/mL, in a dose-dependent manner
(Figure 6A,B). CuO-NPs induced oxidative stress and inflammation in BV2 cells through
the CSF-1R/PLCy2/ERK/Nrf2 pathway, causing apoptosis of BV2 cells.
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Figure 6. Effect of CuO-NPs on apoptotic protein levels in BV2 cells. (A) Apoptotic pathway
WB grayscale map. (B) Expression levels and cleaved caspase-3 ratio of p-CSF-1R/CSF-IR, p-
PLCy2/PLCy2, p-ERK/ERK, p-Nrf2/Nrf2, Bcl-2/Bax, and cleaved caspase-3 (n = 3). ** p < 0.01,
compared with control group (group at 0 h).

The expression of CX3CR1 was significantly decreased in the exposed group compared
to in the control group, and BDNF and IGF-1 expression levels were significantly decreased
when the CuO-NP concentration was 20-50 ug/mL, in an efficiency-time-dependent
manner (Figure 7A,B). These results indicate that CuO-NPs reduced the protective and
repairing ability of BV2 cells in the nervous system.
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Figure 7. Effect of CuO-NPs on neurofunctional protein levels in BV2 cells. (A) Neural function WB
grayscale map; (B) expression levels of CX3CR1, CSF-1R, and IGF-1 (1 = 3). * p < 0.05, compared with
control group (group at 0 h); ** p < 0.01, compared with control group (group at 0 h).

4. Discussion

In this study, we first conducted a series of experiments to explore the toxicity of
different substances related to CuO-NPs. Given that the potential toxicity differences
between CuO-NPs and copper ions were not fully clear, we designed the initial exper-
imental groups. We aimed to compare the toxicity of CuO-NPs with different particle
sizes (S-CuO-NPs, L-CuO-NPs), Cu?* of an equal molar weight (Equ group), and CuCl,
with an equal molar weight of Cu®* separated from CuO-NPs (Pre group). After co-
culturing these substances with BV2 microglia for 12 and 24h, we obtained results regard-
ing cell activity, morphology, and apoptosis. These results clearly showed the toxicity
order of Equ Group > S-CuO-NPs > L-CuO-NPs > Pre group, and showed that the toxicity
increased in a time- and dose-dependent manner.
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Based on these findings, we then focused on the mechanism of damage cause by
5-CuO-NPs to cells. CuO-NPs caused morphological changes in the microglia, increased
oxidative stress and inflammation levels, and destroyed the integrity of the cell membrane,
resulting in cell apoptosis and decreased cell activity.

The toxicity mechanism of CuO-NPs has two main aspects [40,41]. First, the released
Cu?* exerts ionic toxicity in organisms. CuO-NPs precipitate a large amount of Cu?* in the
cell media [42], causing cell damage. Second, CuO-NPs directly cause oxidative stress and
physical damage to body cells. When a small number of CuO-NPs enter the cell, a large
number of ROS can be produced [43], which affects mitochondrial respiration and apoptosis,
causing REDOX imbalance in the cell and peroxidation in the cell membrane [44], resulting
in cell damage. Further, CuO-NPs move to the nucleus through direct physical damage to
the nuclear pore or membrane, causing cell damage [45]. In this study, the damage and
mechanism of BV2 microglia induced by CuO-NPs with different particle sizes, Cu®* with
equal molar mass, and CuO-NPs deposited in the cell culture solution for 12 h and 24 h
were investigated. The results of cell activity and morphology revealed the highest toxicity
in the Equ group, followed by the S-CuO-NP, L-CuO-NP, and Pre groups, respectively. The
toxic effect of the CuO-NPs itself was higher than that of the Cu?* released by CuO-NPs,
and the toxicity of the different treatments was consistent with cell activity and morphology
results. In particular, we revealed that copper ions with equal molar mass were more toxic
than CuO-NPs themselves, as also reported in previous studies [46]. Building on these
in vitro findings, it is worth noting that in vivo copper homeostasis is strictly regulated
by transporters such as ATP7A /B and metallothioneins. The concentration of free Cu?* is
usually maintained at the nanomolar level, which is much lower than the concentration of
Cu?* released by CuO-NPs in in vitro experiments [47,48]. Different cells exhibit diverse
sensitivities and response patterns to nanoparticles. Specifically, for CuO-NPs (copper
oxide nanoparticles), toxicity varies with particle size [49]. In our study, we chose two
distinct CuO-NP size ranges: 20—40 nm and 500 nm. The 2040 nm CuO-NPs, being smaller,
likely have a larger specific surface area than the 500 nm ones. This surface area difference
implies more intense cell interactions for the 2040 nm NPs. They may penetrate cells
more easily, causing greater ROS production and more substantial disruption to cellular
functions. Conversely, the larger 500 nm CuO-NPs may interact with cells less effectively,
potentially having a lower impact on cellular processes and a different toxicity profile.
Understanding this size-related toxicity difference is crucial in our research, as it can offer
insights into cellular responses to variously sized CuO-NPs.

BV2 cells, a subtype of microglial cells within the immune cell family, may possess a
certain level of resistance to CuO-NPs. As immune cells, they are endowed with self-defense
and regulatory mechanisms. These innate capabilities enable BV2 cells to potentially sustain
their metabolic activity through self-regulation, even when subjected to relatively high
doses of CuO-NPs [49]. Notably, compared to ordinary cells, BV2 cells might exhibit a
higher survival rate under identical exposure circumstances [37]. This could be attributed
to their unique immune-associated features, which equip them to better withstand the
stress imposed by CuO-NPs. Nevertheless, despite this demonstrated resilience, a more
in-depth exploration of their response mechanisms to nanoparticles, considering their
distinct characteristics, remains imperative. Such knowledge is vital for a comprehensive
assessment of the influence of CuO-NPs on the immune-related functions of BV2 cells and
their role in the overall cellular response to nanoparticle exposure.

To further investigate the mechanism of CuO-NP damage to microglia, we treated
BV2 cells with S-CuO-NPs for 24 h and examined the pathway of apoptosis induced by
CuO-NPs. Activation of the CSF-1R/PLCy2/ERK/Nrf2 pathway may be associated with
inflammatory and neurodegenerative diseases. CSF-1R plays a crucial role in neurodegen-
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erative diseases [50]. In the CNS, CSF-1R is mainly expressed in microglia, and plays an
important role in the growth, development, cell function, and neurophenotype of neurons
and microglia [51-53]. CSF-1R deficiency will affect microglia development and matura-
tion and homeostasis maintenance, causing neuroinflammation [54], thereby reducing the
nutritional support of microglia to neurons and the regulation of neurogenesis [55], and
inhibiting the activity of microglia. Moreover, mutations in CSF-1R cause neurodegenera-
tive and inflammatory diseases [56,57]. PLCy2 is located downstream of CSE-1R and is a
component of CSF1-induced microglia differentiation after triggering an immune response.
PLCy2 is a membrane-associated enzyme that plays a crucial role in cell surface receptor
signaling. Previous studies have revealed that PLCy2 expression increases dependently
with AD progression, and PLCy2 is highly expressed in patch-induced brain microglia [58].
PLCy2 is the primary effector protein of CSF1/CSE-1R, which participates in mediating the
biological functions of CSF1/CSF-1R in neuronal apoptosis and neuroinflammation [59],
and plays the biological function of alleviating cellular inflammation, oxidative stress,
and apoptosis through different downstream molecules [60]. The activation products of
PLCy2 activate the ERK signaling pathway, and studies have demonstrated that PLCy2
promotes hepatocyte proliferation through the ERK pathway [61]. ERK1/2 is highly ex-
pressed, and plays different biological functions in various cells. It is involved in different
cell signal transduction pathways, and mainly regulates cell proliferation, differentiation,
apoptosis, and stress response. As the upstream pathway of Nrf2 [62], ERK activation
promotes the nuclear translocation of Nrf2, thereby improving the antioxidant capacity of
Nrf2 [63,64]. When cells are subjected to external stimuli (e.g., growth factors, cytokines),
ERK is activated, which then regulates the phosphorylation of downstream target pro-
teins [65], affecting the physiological functions of cells. Previous studies have revealed
the involvement of Nrf2 in neurobiological activities or functions such as memory and
cognitive impairment, oxidative stress, nerve damage, and apoptosis [66-70].

ERK phosphorylation regulates the direction of cell differentiation, as well as inhibit-
ing apoptosis during cell survival. Nrf2 is an important transcription factor that is related to
protecting target gene expression, alleviating oxidative stress, and maintaining intracellular
environmental homeostasis. A previous study reported that the Nrf2 signaling pathway
activation changes the degree of oxidative damage induced by Af in SH-SY5Y cells [71].
The proapoptotic member Bax, the antiapoptotic member Bcl-2, and downstream cleaved
caspase-3 play a key regulatory role in apoptosis, and are frequently used for apoptosis
assessment [72]. An increase in the Bax/Bcl-2 ratio can upregulate caspase-3 to induce
apoptosis, and caspase-3 upregulation and related pathway activation are considered the
main pathways of neuronal apoptosis [44]. In this study, we revealed that CuO-NPs re-
duced the expression ratio of p-CSF-1R/CSF-1R, p-PLCy2/PLCy2, p-ERK1/2/ERK1/2,
and p-Nrf2/Nrf2 proteins in BV2 cells in a concentration-dependent manner [43]. Concur-
rently, the Bax/Bcl-2 ratio of BV2 and the cleaved caspase-3 protein level were significantly
upregulated. These results indicate that CuO-NPs may cause the homeostatic imbalance
and apoptosis of nerve cells and neurons, including BV2 microglia, through the CSE-1R
pathway, and participate in the process of cellular oxidative stress, inflammation, and
apoptosis through PLCy2. CuO-NP treatment reduced ERK1/2 phosphorylation and Nrf2
nuclear translocation by inhibiting ERK signaling in BV2 cells, thereby destroying intra-
cellular homeostasis. In conclusion, our study revealed that CuO-NPs induced oxidative
stress and inflammation in BV2 cells through the CSF-1R/PLCy2/ERK/Nrf2 pathway,
resulting in cell apoptosis.

Similarly, CX3CR1, BDNF, and IGF1, which are associated with microglia function,
were also downregulated at different levels. IGF1, a microglia-derived neurotrophic factor,
promotes neuronal survival and inhibits apoptosis [55]. This study confirmed that CuO-



Toxics 2025, 13, 231

13 of 17

NPs induced a concentration-dependent decrease in IGF-1 in BV2 microglia, indicating the
protective effect of microglia on neurons. CX3CR1 is a fractalkine receptor and a common
marker of microglial expression, which is mainly expressed in monocytes, macrophages,
dendritic cells, T cells, and natural killer cells [73]. In the CNS, CX3CR1, which is specifically
expressed by microglia and is closely related to microglia, can be utilized as a link or target
to inhibit microglia activation [74]. The downregulation or loss of the expression level
of CX3CR1 and other receptors improves phagocytosis of microglia and increases the
release of inflammatory cytokines [75], thereby causing a toxic effect on neurons and
triggering neurological toxicity. Further, CX3CR1 signaling dysregulation inhibits synaptic
pruning, resulting in associated cognitive dysfunction [76]. In this study, CuO-NPs caused
CX3CR1 signal dysregulation in BV2 microglia, with a concentration-dependent decrease,
which confirms that CuO-NPs may cause neuronal damage by triggering the imbalance
of microglia homeostasis and promoting neurodegenerative disease occurrence. BDNF
is primarily expressed in the CNS, and plays a crucial role in cell survival and neuronal
differentiation [77]. When neurons are damaged by hypoxia, excitotoxicity, etc., BDNF
activates the intracellular antiapoptotic mechanism and increases the survival probability
of neurons. Concurrently, BDNF increases the plasticity of the cortical dendritic spines,
and synaptic loss is considered an accurate indicator of cognitive decline in AD [78]. This
study revealed BDNF downregulation in a concentration-dependent manner after BV2
cells were exposed to CuO-NPs, indicating that CuO-NPs affect neuronal differentiation
by inhibiting microglia-derived BDNEFE. They exert a catalytic effect on the occurrence
of neurodegenerative diseases, which may be caused by them affecting BV2 cells at the
synaptic level.

5. Conclusions

Our study confirms that the toxic effect of CuO-NPs on microglia primarily originates
from the nanoparticle itself; a small amount comes from the precipitated Cu®*, and the
toxicity to cells was successively equal to the molar amount of Cu?*, S-CuO-NPs, L-CuO-
NPs, and the precipitated amount of Cu?*, respectively. CuO-NPs induced oxidative stress
and inflammation in BV2 cells through the CSF-1R/PLCy2/ERK/Nrf2 pathway, causing
cell apoptosis. Concurrently, this study revealed that CX3CR1, BDNEF, and IGF1 in BV2 cells
were downregulated to varying degrees after CuO-NP exposure, indicating that CuO-NPs
damaged the neural function of microglia. The ability of microglia to support peripheral
neurons to maintain survival, promote the growth and differentiation of neurons, and
fight against apoptosis is reduced by exposure to CuO-NPs, making neurons vulnerable
to further damage, and resulting in nervous system dysfunction and the occurrence and
development of neurodegenerative diseases.
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