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ARTICLE INFO ABSTRACT

Keywords: The goal of the current study was to investigate the therapeutic effects of exosomes derived from mesenchymal
Stem cells stem cells (MSCs-Exo) and copper sulfide nanoparticles (CuSNPs) as biomaterials in order to understand the
Exoso.mes mechanisms that contribute to overcoming cadmium (Cad) induced neurological disorders in rats. Animals were
Cadmium divided into five groups (n = 10): group 1 was served as a negative control and receive vehicle saline (Con), group
Nanotechnology

2 Positive control groups were received Cad as cadmium chloride at a dose of 20 mg/kg/day for six weeks (Cad
group), group 3 was received Cad plus MSCs-Exo as a single dose of 100 pLi. v. (Cad + MSCs-Exo), group 4 was
received Cad plus CuSNPs at a dose of 6.5 mg/kg orally (Cad + CuSNPs), group 5 was received Cad + MSCs-Exo +
CuSNPs for six weeks. However, the activities of each acetylcholine (Ach), acetylcholinesterase (AchE), total
antioxidant status (TAC) were measured. Also, the levels of ROS, nuclear factor kappa B (NF-kB), tumor necrosis
factor-o (TNF-0), Brain brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF) were evaluated.
Beneficial effects on the behavior of animals were observed after treatment with MSCs-Exo and CuSNPs.
Furthermore, the administration of MSCs-Exo and CuSNPs have been improve the TAC, BDNF and NGF via
ameliorating the oxidative stress and inflammatory markers. Moreover, Histopathological studies had shown that
great development in the brain of Cad rats treated with MSCs-Exo and CuSNPs. In conclusion, this study offers an
overview of innovative stem cell therapy techniques and how to integrate them with nanotechnology to boost
therapeutic performance.

Neurological disorders

1. Introduction

Cadmium (Cad) is one of the most toxic ingredients in the environ-
ment owing to its wide range of organ toxicity and long elimination half-
life of 10-30 years [1]. It is associated with a more pronounced death of
cholinergic neurons from the basal forebrain mediated, in part, by an
increase in amyloid plaques (Ap) and phosphorylated Tau protein. This
may explain the effects of cadmium on memory processes and learning
[2]. Exposure to Cad, which is a persistent neurotoxic environmental
pollutant [3], has been associated with numerous human pathologies,
including kidney dysfunction, osteoporosis, birth defects, respiratory
ailments, and neurodegenerative diseases [4].

* Corresponding author.
** Corresponding author.

Mesenchymal stem cells (MSCs) have been investigated as a delivery
tool to straightforwardly target therapies to the brain for the treatment of
a variety of brain diseases. They are clinically useful owing to their ca-
pacity for self-renewal, immunomodulatory properties, and tissue
regenerative potential [5]. MSCs are a versatile class of multipotent adult
stem cells found in various tissues throughout the body, with the most
abundant and accessible in the bone marrow, adipose, and placental
tissues. These cells generate the various connective tissues of the body
and can generate other cell types, including myocytes and functional
neurons [6]. Aside from their role in repopulation, MSCs are uniquely
capable of homing to areas of inflammation to function as
anti-inflammatory cells as well as exhibiting neuro protective effects [7].
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Exosomes (Exo) are extracellular vesicles with a diameter of 40-100
nm and a density of 1.13-1.19 g/mlL; they contain proteins, mRNA,
miRNAs, and DNA. Exosomes change the biochemical features of recip-
ient cells through biomolecule delivery and play a role in cellular
communication. These vesicles are produced from body fluids and
different cell types like MSCs [8].

Among the different classes of materials suitable for drug delivery,
biodegradable polymer nanoparticles (NPs) have attracted significant
attention because of their safety as well as mechanical and optical
properties [9]. Owing to their small size, NPs can readily enter the body
through various routes, cross the blood-brain barrier, and remain in the
central nervous system for long periods of time. Therefore, it is important
to thoroughly investigate the pathobiological changes in the nervous
system in response to NPs exposure [10].

Metallic NPs, particularly composed of copper sulfide nanoparticles
(CuSNPs), are involved in the vital functions in the body, such as
growth, digestion, hematopoiesis, and immunity [11]. CuSNPs have
been used in numerous applications, including bacterial infection,
anti-tumor therapy, lubricants for metallic coating, additives for live-
stock and poultry feed, and osteoporosis treatment [12]. In this study,
we explored the mechanisms through which the biomaterials,
MSC-exosomes (MSC-Exo) and CuSNPs, modulate the cholinergic sys-
tem, behavioral deficits, oxidative stress, and neuroinflammation and
enhance neurologic growth factors to ameliorate cadmium-induced
neurotoxicity in rats.

2. Materials and methods
2.1. Chemicals and reagents

Cadmium was purchased from Sigma-Aldrich Chemicals Co. All the
other reagents, solvents, and chemicals used for analysis met the quality
criteria in accordance with the international standards.

Copper (II) sulfate pentahydrate from Aldrich Chemical Co. Ltd, So-
dium sulfide nanohydrate from Riedel-de Haen.

2.1.1. Preparation and isolation of bone marrow-derived mesenchymal stem
cells (MSCs)

Bone marrow was harvested by flushing the tibiae and femurs of 6-
week-old male Wistar rats with phosphate-buffered saline (PBS). Bone
marrow cells were seeded in Dulbecco's Modified Eagle's Medium sup-
plemented with 10% fetal bovine serum. Nucleated cells were isolated
using a density gradient and resuspended in a complete culture medium
supplemented with 1% penicillin-streptomycin. Cells were incubated at
37 °C in a 5% humidified CO, incubator for 12-14 days as a primary
culture or upon formation of large colonies. When large colonies devel-
oped (80%-90% confluence), the plates were washed twice with PBS (pH
7), and the cells were trypsinized with 0.25% trypsin in 1-mM ethyl-
enediaminetetraacetic acid for 5 min at 37 °C. After centrifugation at
3000 rpm for 10 min, the cells were resuspended in serum-supplemented
medium and seeded into 50-cm? culture flasks. The resulting cultures
were referred to as first-passage cultures [13]. Cells were identified as
MSCs by their fusiform shape morphology and adherence and via
fluorescence-activated cell sorting with the detection of CD29+, CD90+,
and CD45— specific to MSCs [14].

2.1.2. Characterization of the surface markers of MSCs via flow cytometry

Cells were resuspended in wash buffer after a quick centrifugation
(BD Biosciences, Germany). The cell suspension (300 pL) was incubated
with antibodies against CD29, CD34, and CD90 conjugated with allo-
phycocyanin (APC), cyanine 5 (CY5), phycoerythrin (PE), and fluo-
rescein isothiocyanate (FITC) dyes, respectively, for 45 min at room
temperature. Flow cytometry was performed using FACS Calibur (BD
Biosciences, Germany), and the Cell Quest software was used for
analysis.
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2.1.3. Isolation and characterization of rat MSC-Exo

Exosomes were derived from the supernatants of third passage MSCs
(5 x 10° cells/mL) that were cultivated in serum-free RPMI supple-
mented with 0.5% bovine serum albumin (BSA) (Sigma-Aldrich). To
eliminate debris, the cell-free supernatant was centrifuged at 2000g for
20 min, followed by centrifugation at 100,000g (Beckman Coulter Op-
tima L-90K ultracentrifuge) for 1 h at 4 °C. The collected cell pellet was
subsequently washed with serum-free medium containing 25-mM HEPES
(Sigma-Aldrich) and subjected to a second ultra-centrifugation under the
same conditions. The quantification of protein content was performed
using the Bradford protein assay (Bio-Rad, Hercules, California, USA).
The sanitized extracellular exosomes (Exo) were then cultured overnight
in the media used for Exo gathering. Flow cytometry analysis was con-
ducted using FITC-conjugated antibodies, namely, CD83 (Miltenyi Bio-
tec, Bergisch, Germany) and CD73 (Becton Dickinson, New Jersey, USA),
whereas FITC mouse non-immune isotypic IgG (Dako Cytomation,
Glostrup, Denmark) was used as a control [15].

2.1.4. Tracking of MSC-Exo

The purified MSC-Exo cells were labeled using a PKH67 kit (Sigma-
Aldrich) according to the procedure reported by Bang et al. [15]. Briefly,
exosomes diluted in PBS were added to 0.5 mL of Diluent C. At the same
time, 4 mL of the PKH26/PKH67 dyes were added to 0.5 mL of Diluent C
and incubated for 4 min at room temperature with the exosome solution.
To bind excess dye, 2mL of 0.5% BSA/PBS was added. The labeled
exosomes were washed at 100,000 g for 1 h, and the exosome pellet
was resuspended with PBS and used for uptake experiments.

2.1.5. Characterization of nanomaterials

Experiments were conducted with different molar ratios of the com-
positions of cu’* and $* ata temperature of 220 °C. The experimental
details were as follows: CuSO4.5H20 powder and NayS.7H,0 powder
were dissolved separately in deionized water and stirred at room tem-
perature for 30 min. A NayS solution was added dropwise to the CuSO4
solution while stirring. Copper and sulfur at a 1:1 M ratio were used for
the synthesis. The chemical reactions may be described as follows [16]:

CuSOy4 & Cu*t + SOF @
Cu®*" + NapS < CuS + 2Na™ 2

The resulting white gels were placed into a Teflon-lined stainless-steel
autoclave and filled with the mixture to 50% of its volume. The closed
chamber was placed inside a box furnace (Mermert-500) at a temperature
of 220 °C for 12 h and then allowed to cool down to room temperature.
The solution containing the product was centrifuged, the supernatant
was decanted, and the pellet was washed with double-distilled water.
The washing procedure was repeated 10 times to remove impurities in
the sample. The final white product was air-dried at 60 °C for 12 h.

2.1.6. Animal protocol and dietary treatments

All experiments involving animals and tissue samples were conducted
in accordance with the Guide for the Care and Use of Laboratory Animals
of the US National Institutes of Health. This study was approved by the
Ethical Committee on Animal Experimentation, National Research Cen-
ter, Egypt, and conducted in the Hormones lab, Medical Research Divi-
sion, National Research Center, Giza, Egypt.

A total of 50 12-week-old male Wistar strain rats, weighing 150-200
g, were obtained from the Animal House Colony of the National Research
Center. They were housed in plastic cages at a room temperature of 25 °C
and humidity of 55% under a 12-h dark/light cycle. All animals were
maintained under laboratory conditions for at least 2 weeks prior to the
experiment and under the same conditions during the experiment.

One week before the start of the experiment, the rats were acclima-
tized. The animals were randomly divided into five experimental groups
(10 rats/group) according to the following experimental protocol: Group
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(1), negative control group (Con): the rats received the vehicle (saline) in
which the drugs are dissolved in the same manner as the treated groups;
Group (2), positive control group (Cad): the rats received cadmium
chloride at a dose of 20 mg/kg/day dissolved in 2mL of saline daily
through a feeding tube for 6 weeks [17]; Group (3) (Cad + MSC-Exo):
the rats received cadmium chloride at a dose of 20 mg/kg/day dis-
solved in 2mL of saline daily through a feeding tube for 6 weeks, followed
by IV injection of a single dose of 100 pL of the respective exosome within
1 h after delivery [18];Group (4) (Cad + CuSNPs): the rats received
cadmium chloride at a dose of 20 mg/kg/day dissolved in 2mL of saline
daily through a feeding tube for 6 weeks and then administered a dose of
CuSNPs (100 nm and 10 wide and 10 nm thickness) at a dose of 6.5
mg/kg orally [19] for 30 consecutive days; and Group (5) (Cad +
MSC-Exo + CuSNPs): the rats received cadmium chloride at a dose of 20
mg/kg/day dissolved in 2mL of saline daily through a feeding tube for 6
weeks and then treated with both MSC-Exo and CuSNPs as described
above.

2.1.7. Behavioral assessment

2.1.7.1. Forced swimming test (FST). In a transparent plastic cylinder
(diameter: 40 cm, height: 60 cm), each rat was positioned individually
and in full water to a height of 40 cm. The rats were forced to swim for 5
min. During the last 3 min, the time of immobility was registered.
Immobility was characterized by stopping, struggling, and floating on the
water surface. The test was video-recorded and analyzed. Each time, the
water was replaced, and the temperature was maintained at 26 °C [20].

2.1.8. Sample collection

After 4 weeks of exosome and CuSNP administration, the rats were
fasted overnight, then humanely euthanized via exsanguination under
sodium pentobarbital anesthesia. The brains were excised immediately,
and each was divided into two halves: one half was immediately ho-
mogenized to yield a 10% (w/v) homogenate in ice-cold medium con-
taining 50-mM Tris-HCl and 300-mM sucrose (pH 7.4) [21]. The
homogenate was centrifuged at 1800x g for 10 min at 4 °C. For the
biochemical assays, the supernatant (10%) was isolated. The other half of
each brain was fixed in formalin buffer (10%) for histopathological
examination.

2.1.9. Biochemical analyses
Quantitative estimation of total protein levels in brain homogenates
was performed according to the method described by Lowry et al. [22].

2.1.9.1. Measurement of cholinergic function. The brain acetylcholine
(Ach) content was measured via enzyme-linked immunosorbent assay
(ELISA) using a choline/acetylcholine assay kit purchased from BioVision
Research Product Co. (Linda Vista Avenue, USA) according to the method
described by Ostwald et al. [23]. The level of brain acetylcholinesterase
(AChE) was calculated colorimetrically using the method indicated in the
acetylcholinesterase assay kit purchased from Centronic GmbH Am
Kleinfeld 11,85456 (Wartenberg, Germany) and previously described by
Henry [24].

2.1.9.2. Oxidative stress and antioxidant content measurements. The gen-
eration of reactive oxygen species (ROS) in the brain tissue was measured
using the ROS Assay Kit (Cell Biolabs Inc., San Diego CA, USA) following
the manufacturer's protocol. In accordance with the method described by
Koracevic et al. [25], the total antioxidant capacity (TAC) was measured
colorimetrically using a kit purchased from Biodiagnostic Co., Egypt.

2.1.9.3. Measurement of inflammatory status. The levels of brain nuclear
factor kappa B (NF-kB) were measured via ELISA using a kit purchased
from Glory Science Co., USA, according to the method described by
Adams [26]. The levels of brain tumor necrosis factor-a (TNF-a) were
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also measured via ELISA using a kit purchased from AviBion Co., USA,
according to the method described by Intiso et al. [27].

2.1.9.4. Measurement of growth factors. The levels of brain-derived
neurotrophic factor (BDNF) were detected via ELISA using a kit pur-
chased from Ray Biotech, Inc., USA, according to the method described
by Barde [28]. The brain nerve growth factor (NGF) content was
measured using an ELISA kit (Chemicon, Temecula, CA, USA) according
to the manufacturer's protocol.

2.1.9.5. Histopathological evaluation. After fixing the brain specimens in
formal saline (10%) for 24 h and washing with tap water, the samples
were subjected to serial dilutions of alcohol (methyl, ethyl, and absolute
ethyl) for dehydration. Subsequently, the brain samples were cleaned of
xylene and placed in paraffin wax at 56 °C for 24 h in a hot air oven.
Paraffin-embedded tissue blocks were prepared via sectioning at
4pmusing a sledge microtome. The resulting tissue sections were trans-
ferred onto glass slides, deparaffinized, and stained with hematoxylin
and eosin (H&E) [29]. The slides were viewed using an Olympus CH
(Japan) light microscope. The image was captured using a digital camera
(Sony Dscow 3, Japan), and photomicrograph calibration was performed
using the Image J software [30].

2.2. Statistical analysis

The data are expressed as mean + standard error (SE). The Statistical
Package for the Social Sciences software, version19.0, was used to
compare the two groups. Differences were considered significant at P-
values 0.05. The percentage difference representing the percentage
variation with respect to the corresponding control group [31] was
calculated using the following formula:

% Difference = [(Treated value — control value)/control value] x 100
3. Results

3.1. Cell surface marker expression analysis and characterization via flow
cytometry

Flow cytometry analysis revealed the immunophenotype of MSCs.
MSCs were negative for the hematopoietic marker CD45 (Figure 1A) and
strongly positive for MSC-specific markers, including CD29 (Figure 1B)
and CD90 (Figure 1C).

3.1.1. Characterization of rat MSC-Exosomes via flow cytometry and
tracking of the exosomes

The immunophenotype of MSC-Exo cells was evaluated via flow
cytometry. MSC-Exo cells were negative for the hematopoietic marker
CD34 (A), whereas they were strongly positive for the Exo-specific
markers, namely, CD73 (Figure 2B) and CD83 (Figure 2C). MSC-Exo
cells were labeled with PKH26 to track their engraftment in the brain
tissue (Figure 3A and B).

3.1.2. Characterization of the nanomaterial

Figure 4 presents the XRD patterns of the sample prepared using a
hydrothermal method. According to the JCPDS file no. 78-0876 (a=b =
3.7918 A and ¢ = 16.3660 f\) [32], the XRD pattern of the CuS sample
demonstrated a hexagonal structure. No impurities, such as CuO or other
nonstoichiometric CuS, were detected. The XRD peaks were quite broad,
indicating that the nanocrystalline structure resulted from the prepared
sample.

The morphology of pure CuS nanopowder, which was prepared using
a hydrothermal method and heated to 60 °C, was analyzed via trans-
mission electron microscopy, as presented in Figure 5. Very fine nano-
wires agglomerated together were observed. Hexanano plates were
observed in the sample, which were 100-nm wide and 10-nm thick. The
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Figure 1. Flow cytometry analysis of the immunophenotype of MSCs. MSCs were negative for CD45 (A) and strongly positive for CD29 (B) and CD90 (C). The yellow
histograms indicate the antibody-labeled cells, whereas the gray histogram indicates the profile of the isotype control.

(A) (B) (€
100
e 100
20
80 CD73
80 CD 43 o 2 CD 83
@ - £ &80
€0 £ z
3 S w0 O 40
O 40 -
20
20 200 0 -
0 > - 10° 10 102 10°
10° ‘0‘ 102 10° 107 10 10¢ 10" 0 0 o 0

Figure 2. Immunophenotype of MSC-Exo cells as determined via flow cytometry. MSC-Exo cells were negative for the hematopoietic marker CD34 (A), whereas they
were strongly positive for the Exo-specific markers, namely, CD73 (B) and CD83 (C). The white histograms indicate the antibody-labeled cells, whereas the gray
histogram indicates the profile of the isotype control.
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Figure 3. Cad + MSC-Exo group showing the PKH26-labeled injected exosomes engrafted in the brain tissue (A) and the Cad + MSC-Exo + CuSNP group showing the
PKH26-labeled injected stem cells engrafted in the brain tissue (B).
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Figure 4. XRD patterns of CuS nanostructures, with Cu®>*/S?>~ having a molar ratio of 1:1.
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Figure 5. TEM and SAED image of CuS nanopowder prepared using Cu®’/$> at a molar ratio of 1:1.

selected area electron diffraction (SAED) patterns appeared as randomly
bright spots, indicating that the sample exhibited good crystallinity with
different orientations. The strong diffraction rings were interpreted and
specified as the (100), (102), and (110) planes for hexagonal CuS and
were readily observed and consistent with the XRD results.

Figure 6 presents typical EDAX patterns and details of the relative
analysis of this sample. The spectrum shows the expected elements. The
elemental analysis was only conducted for (CuS) Cu and S, and the
average atomic percentage was 50.34:49.66. The quantitative analysis of
the Cu/S atomic ratio was 50.34:49.66, which was close to 1:1 and in
accordance with its chemical formula [33]. Table 1. Showed EDX spec-
trum of CuS powder synthesized at 60 °C.

3.2. Behavioral assessment

Table 2 presents the Cad-induced behavioral disorder in male rats
in the FST, which is evidenced by a significant increase in immobility
compared with the control rats (P < 0.05). In contrast, the Cad rats
that received MSC-Exo and CuSNPs exhibited a significant reduction in
immobility duration compared with the Cad rats (P < 0.05), sug-
gesting that MSC-Exo and CuSNPs may function as neuroprotective
agents.

3.2.1. Effect of MSC-Exo and CuSNPs on the cholinergic function in the
brain tissue of cadmium-treated rats

Figure 7 presents the expected toxicity resulting from Cad treat-
ment of rats. Compared with the negative control group, there was a

Table 1. EDX spectrum of CuS powder synthesized at 60 °C.

Element Weight % Atomic % Net Int Error %
SK 33.24 49.66 349.84 5.31
CuK 66.76 50.34 173.19 3.53

significant increase in AChE activity (P < 0.05) associated with a
significant reduction ofthe levels of ACh and AChT (P < 0.05) in the
Cad-treated group. Cad rats treated with MSC-Exo and CuSNPs or
both exhibited a significant improvement in all cholinergic functions
in the brain tissue, particularly in the MSC-Exo + CuSNP group,
which confirmed beneficial effects compared with the untreated Cad
rats.

3.2.2. Effect of MSC-Exo and CuSNPs on the oxidative stress and
antioxidant content of the brain tissue from cadmium-treated rats

The ROS levels were significantly increased (P < 0.05) in the Cad
group compared with the normal control group. However, the level of
TAC showed a significant (P < 0.05) reduction compared with the
negative control. Administration of MSC-Exo and CuSNPs caused sig-
nificant changes in the tissue levels of ROS and TAC compared with the
Cad group. Furthermore, the administration of MSC-Exo + CuSNPs
significantly (P < 0.05) reduced the tissue levels of ROS and significantly
(P < 0.05) elevated the tissue levels of TACcompared with that of the
Cad-treated group (Figure 8).
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Figure 6. Typical EDAX patterns.
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Table 2. Effect of treatment with MSC-Exo and CuSNPs on the immobility time
(s) of cadmium chloride-treated rats in the forced swimming test (data are
expressed as mean + SE for 10 rats/group).

Parameter
Groups Immobility time (s)

Zero time After 45 days of After 75 days of
cadmium chloride cadmium chloride
administration administration

Con 43.00 + 6.28 45.32 + 5.92 46.26 + 5.42
Cad 45.00 + 7.74 120.37 + 10.82° 129.73 + 10.14%
Cad + MSC-Exo 44.00 + 6.22 125.36 + 8.63" 78.82 +7.13"¢
Cad + CuSNPs 41.00 £ 5.30 124.52 + 9.12° 83.75 + 8.42°¢
Cad + MSC-Exo 42.00 £ 4.12 121.70 + 10.64° 62.81 + 5.34"
+ CuSNPs

# P < 0.05 vs. the negative control group.
b p < 0.05 vs. the Cad group.
¢ P < 0.05 vs. Cad + MSC-Exo + CuSNP-treated group.

3.2.3. Effect of MSC-Exo and CuSNPs on the inflammatory markers in the
brain tissue of cadmium-treated rats

As can be seen from Figure 9, the levels of TNF-a and NF-xB of Cad
rats were significantly increased compared with that in the normal
control rats. The levels were significantly (P < 0.05) decreased in all
other groups after treatment with MSC-Exo and CuSNPs. Furthermore,
a significant reduction (P < 0.05) in the levels of TNF-a and NF-xB
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were detected in the brain tissue of rats treated with MSC-Exo +
CuSNPs.

3.2.4. Effect of MSC-Exo and CuSNPs on the growth factors in the brain
tissue of the cadmium-treated rats

Figure 10 demonstrates that the brain levels of NGF and BDNF were
significantly downregulated (P < 0.05) after Cad treatment compared
with the normal control group. The administration of MSC-Exo and
CuSNPs or MSC-Exo + CuSNPs significantly upregulated (P < 0.05) these
levels compared with the Cad group.

3.3. Histopathological investigation

Histopathological examination of the brains of control rats
revealed a normal histologic structure (Figure 11). Examination of the
H&E-stained sections prepared from the cadmium-treated group
revealed severe pathological lesions, whereas most sections demon-
strated multiple extracellular vacuoles associated with peri neuronal
vacuolations (Figure 12). Most of the examined neurons exhibited
vacuolar degenerative changes, and these vacuoles were variable in
size and associated with severe congestion of the meningeal blood
vessels (Figure 13). Pyramidal cells were atrophied, showing necrosis,
and appearing irregular in shape with darkly staining nuclei. Some
sections demonstrated multifocal neuronophagia and focal gliosis
(Figures 12 and 13).

Histopathological examination of the specimens obtained from rats
treated with cadmium concomitantly with MSC-Exorevealed a slight
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improvement in the nerve cells (Figure 14). Co-treatment with CuSNPs
for 1 month showed improvement in many sections of the nerve cells.
The sections revealed mildly congested blood vessels and mild vacuolar
degenerative changes (Figure 15), whereas treatment with cadmium,
MSC-Exo, and CuSNPs demonstrated a significant improvement in the
showing only mild vacuolar degeneration

pathological profile,
(Figure 16).

4. Discussion
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Figure 8. Effects of MSC-Exo and/or CuSNPs on
the oxidative stress and antioxidant content inthe
brain tissue of cadmium-treated rats. (A) The level
of ROS and (B) the activity of TAC was deter-
mined in the brain tissue homogenates of the Con
group, Cad-treated group, Cad + MSC-Exo-treated
group, Cad + CuSNP-treated group, and Cad +
MSC-Exo + CuSNP-treated group. Data are
expressed as mean =+ SE. (a) Significant difference
relative to the Con group; (b) significant differ-
ence relative to the Cad group, (c) significant
difference relative to the Cad + MSC-Exo +
CuSNP-treated group, p < 0.05 (n = 10).

Human insinuation to Cad through tobacco smoking, mining waste,

fertilizers, and sewage contamination thusly, reaches humans via
nutrient intake [34]. A diversity of events has been embroiled in the
pathophysiology of Cad-induced neurotoxicity and progression of the
central nervous system (CNS).
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Figure 9. Effects of MSC-Exo and/or CuSNPs on
the inflammatory markers in the brain tissue of
cadmium-treated rats. (A) The level of TNF-o and
(B) the level of NF-kB were determined in the
brain tissue homogenates of the Con group, Cad-
treated group, Cad + MSC-Exo-treated group,
Cad + CuSNP-treated group, and Cad + MSC-Exo
+ CuSNP-treated group. Data are expressed as
mean + SE. (a) Significant difference relative to
the Con group; (b) significant difference relative
to the Cad group, (c) significant difference rela-
tive to the Cad + MSC-Exo + CuSNP-treated
group, P < 0.05 (n = 10).

Figure 10. Effects of MSC-Exo and/or CuSNPs on
the growth factors in the brain tissue of Cad-
treated rats. (A) The level of BDNF and (B) the
level of NGF were measured in the brain tissue
homogenates of the Con group, Cad-treated
group, Cad + MSC-Exo-treated group, Cad +
CuSNP-treated group, and Cad + MSC-Exo +
CuSNP-treated group. Data are expressed as mean
+ SE. (a) Significant difference relative to the Con
group; (b) significant difference relative to the
Cad group, (c) significant difference relative to
the Cad + MSC-Exo + CuSNP-treated group, P <
0.05 (n = 10).



A.M. Zaazaa et al.

i

£

Figure 11. Photomicrograph of the brain of a control rat showing a normal
histologic structure (H&E scale bar 20 pm).

Our study demonstrated that Cad exposure was significantly and
positively correlated with memory deficit, anxiogenic and depressive-
like behaviors, and impairment in the FST. Cad is regarded as a poten-
tial neurotoxicant with a long biological half-life and the ability to
partially cross the placenta and blood-brain barrier [35]. Moreover, Cad
can cause oxidative stress and interfere with neuronal differentiation and
neurotransmitters [36]. Therefore, continuous exposure, even at low
levels, may lead to adverse neurobehavioral effects.

The present study demonstrated a significant decrease in the immo-
bility time in the FST of the Cad group treated with MSC-Exo and CuSNPs
or both compared with the Cad group. This finding may result from the
MSC-Exo and CuSNPs acting as antidepressant-like agents. A study by
Wang et al. [37] demonstrated that MSC-Exo significantly diminished the

Figure 12. Photomicrograph of a section in the brain of a Cad-treated rat
showing extracellular vacuoles (arrow) associated with perineuronal vacuola-
tions (arrowhead) (H&E scale bar 20 pm).

Figure 13. Photomicrograph of a section in the cerebral cortex of a Cad-treated
rat showing severe meningeal vascular congestion associated with neuronal
degeneration (arrows) and perineuronal vacuolations (arrowhead) (H&E scale
bar 20 pm).
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Figure 14. Photomicrograph of a section in the brain of a Cad + MSC-Exo-
treated rat showing mild vacuolar degeneration (H&E scale bar 20 pm).

ROS production and apoptosis in cardiac stem cells (CSC) subjected to
oxidative stress injury. Similarly, it is known that MSC-Exo increases
retinal ganglion cell survival through miRNA-dependent mechanisms in
traumatic ocular and degenerative diseases [38]. The positive function of
MSC-Exo during cell progression is consistent with that of previous
studies and could be responsible for the behavioral changes and pro-
tective activity toward depressive behavior. Otherwise, NPs could
transform the microglial polarization state from a pro-inflammatory
phenotype to an anti-inflammatory phenotype by scavenging ROS trig-
gered by stress stimuli in the microglial cells [39]. This is a proposed
mechanism through which CuSNPs could improve the immobility time in
the FST.

The present study demonstrated a significant increase in the AChE
activities correlated with a significant reduction in ACh and AChTin the
Cad-treated group compared with the control group. These results may
be due to the increased accumulation of Cad in the brain tissue and its
ability to enter the brain parenchyma and neurons, causing neurological
alterations and leading to decreasing serotonin and acetylcholine levels
[40]. Our findings are in agreement with those of Mendez-Armenta and
Rios [41], who reported that Cad expresses neurotoxic effects on the
animal brain, disrupting synaptic neurotransmission balance (excitatio-
n/inhibition) and the release of acetylcholine by interfering with calcium
metabolism.

We also observed that treatment of rats with MSC-Exo, CuSNPs, or
both ameliorated the levels of AChE, ACh, and AChT compared with the
Cad-treated group. This may occur because MSC-Exo and CuSNPs can
differentiate neuronal and glial fates [42]. Consistent with our results,
Snyder [43] found that treatment with stem cells can enhance neuro-
genesis in the models of degenerative diseases. Furthermore, the anti-
oxidant properties of CuSNPs are similar to Cu and carbon-coated copper
(Cu-C) NP suspensions, which contribute to the reduction of the AChE

Figure 15. Photomicrograph of a section in the brain of a Cad- and CuSNP-
treated rat showing mild vacuolar degeneration associated with mildly con-
gested blood vessels (H&E scale bar 20 pm).
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Figure 16. Photomicrograph of a section in the brain of a Cad + MSC-Exo -
CuSNP-treated rat showing mild vacuolar degeneration (H&E scale bar 20 pm).

activity and improvement in the levels of ACh and AChT, which protect
the neural cells from the toxic effects of Cad [44]. NPs may bind to AChE
and affect the effectiveness of AChE after entering the body by spreading
throughout the blood and the brain and primarily accumulating on the
extracellular surface of erythrocytes and neurons [45].

Moreover, our results indicated that administration of Cad to normal
rats resulted in a significant increase in the ROS levels, which is reflected
in the significant reduction in the levels of TAC, compared with the
normal rats. This may be attributable to the oxidative stress effect of Cad
inducing the various pathological abnormalities similar to those
observed in neurodegenerative diseases [46]. Consistent with our results,
Ognjanovi'c et al. [47] found that Cad stimulates free radical production,
resulting in the oxidative damage of lipids, proteins, and DNA. Parallel
studies demonstrated that Cad is capable of increasing ROS indirectly by
binding to functional protein groups. This disrupts the protein activity in
the neural system, resulting in impaired TAC levels [48].

Our study demonstrated that treatment of rats with MSC-Exo,
CuSNPs, or both resulted in a significant increase in the TAC levels,
which is reflected in the significant reduction in the levels of ROS
compared with the Cad group. Wang et al. [37] reported that MSC-Exo
significantly inhibited ROS production and apoptosis in CSC subjected
to oxidative stress injury. Exosomes act as a natural store for encapsu-
lating bioactive molecules, such as proteins and RNA, to target them to
the desired cells and to protect them from enzymatic degradation [49].
Along the same line, Guo et al. [50] found that the MSC-Exo elevated
superoxide dismutase (SOD) levels and lowered the malondialdehyde
(MDA), Lactate dehydrogenase (LDH), TNFa, and interleukin-1p (IL-1p)
levels in the hippocampal neurons of rats with depression by upregu-
lating the microRNA-26a expression.

CuSNPs enhanced the levels of TAC and strongly inhibited the levels
of ROS, indicating that CuSNPs exert a neuroprotective effect against Cad
toxicity. These results are consistent with prior reports, which revealed
that NPs derived from metals are rich in antioxidants and may be used to
eliminate free radicals [51]. Interestingly, it has been suggested that
metal NPs have significant antioxidant activities, and they destroy
numerous free radicals [52]. Moreover, our data agree with those of
Zangeneh et al. [53], who established that CuNPs exhibit effective anti-
oxidant properties owing to their benign and stable nature, non-cytotoxic
effects, and antioxidant and antibacterial activities, indicating that they
may be used as therapeutics.

Moreover, during the assessment of brain damage by Cad, the current
data indicated that Cad administration produced a significant increase in
the brain TNF-a and NF-kBlevels as compared with the Con group, whereas
exposure to cadmium caused brain injury and dysfunction as a result of
changes in the secretion of pro-inflammatory cytokines [54]. NF-xB is an
inducible and inescapably pervasively expressed transcription factor for
genes involved in various processes, including differentiation, cell survival,
inflammation, and growth. This family of transcription factors is vital to
the creation of inflammation. Distinct external stimuli can invigorate
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NF-B, including carcinogens, tumor promoters, toxic metals, UV radia-
tion, phorbol esters, asbestos, and alcohol [55] Critical cadmium exposure
has been demonstrated to activate NF-kB in various systems. Furthermore,
increased generation of ROS causes NF-kB to translocate from the cyto-
plasm to the nucleus, thus promoting the expression of various cytokines,
including IL-1p and TNF-a [56].

Activated macrophages produce TNF-o, which magnifies and extends
the inflammatory response and tissue injury by activating other cells that
release cytokines, such as IL-1, and other mediators, such as nitric oxide
and ROS [57]. Kundu et al. [58] investigated the effects of cadmium on
the inflammatory response in the transformed A549 human lung
adenocarcinoma epithelial cell line and found that Cad (2.5 pM) upre-
gulated the expression of TNF-a at 24 and 48 h.

Treatment of Cad-intoxicated rats with MSC-Exo and CuSNPs or both
showed a significant reduction in the brain NF-«xB and TNF-a compared
with the Cad group. MSC-Exo may improve neurological function by
promoting tissue repair. Consistent with our results, Li et al. [59] found
that treatment of experimental autoimmune encephalomyelitis (EAE)
rats with MSC-Exo enhanced the TNF-o levels. This indicates that
MSC-Exo modulates microglia polarization in theEAE models, which are
considered as important immune cells in the CNS [60]. A parallel study
demonstrated that MSC-Exocould insert bioactive tolerogenic molecules
into auto-reactive lymphocytes and modify their phenotypes and pro-
mote the powerful ability of MSC-Exo to induce regulatory T cells [61].
Conversely, Zhang et al. [62] found that CuSNPs administered to animals
with arthritis reduced pro-inflammatory modulator levels because of its
anti-inflammatory effects. Moreover, CuSNPs destroyed various free
radicals owing to their premium antioxidant activities [53]. Thus, the
antioxidant and anti-inflammatory effects of MSC-Exo and CuSNPs may
enhance the levels of NF-kB and TNF-a.

BDNF and NGF have been associated with the maturation, survival,
and maintenance of neuron functions in the CNS [63], and their deple-
tion leads to the development of neuronal injury and neurodegenerative
diseases [64]. Our findings indicated a significant decrease in the brain
BDNF and NGF levels after Cad exposure, which is in agreement with a
previous report [65]. Liberation of BDNF and NGF depends on Cad dis-
placing Ca?* [66]. An excessive ROS production inhibits these neuro-
trophic proteins [67]. Therefore, antioxidant agents that target
neurotrophic factors may protect the nervous tissue against Cad toxicity.

Treatment with MSC-Exo, CuSNPs, or in combination of both caused a
significant increase in the BDNF and NGF levels in response to Cad
exposure. Zhao et al. [68] demonstrated that BDNF is a direct target of
miR-206. Consequently, the expression of BDNF was further amplified by
miRNA knockdown. Studies demonstrated that exosomes contain miR-
NAs that can be transferred between cells and thus play a role in inter-
cellular communication. Their role in neurodegeneration is an active
area of investigation [69]. Moreover, MSC-Exoexerts an antioxidant ef-
fect through the inhibition of excessive ROS production stimulated by
Cad exposure [70]. Furthermore, the ameliorative effect of CuSNPs on
the restoration of BDNF and NGF levels may be attributed to different
processes, including reduced ROS generation, oxidative damage repair,
and enhanced antioxidative defense mechanisms [53]. Thus, the anti-
oxidant effect of MSC-Exo and CuSNPs may participate in the ameliora-
tion of BDNF and NGF levels.

In the present study, we also examined the histology of rat brain
tissues, which revealed that intervention withMSC-Exo and CuSNPs
decreased the toxic effects of Cad on brain tissue. We also demonstrated
the ability of MSC-Exo and CuSNPs to reduce degenerative changes that
could result from neuronal disorders. Wolfe and Molinoff [71] suggested
that brain degenerative changes could cause Alzheimer's disease in in-
dividuals exposed to Cad. Similarly, Sidman and Leviton [72] suggested
that Cad may induce an untimely aging process. The discoveries from this
study agree with those of Dzobo and Naik [73], who observed a lowering
effect of selenium on cadmium-induced increases in esterase activity and
oxidative stress in rat organs. This confirms the neuroprotective potential
of MSC-Exo and CuSNPs and the safety of the doses administered in this
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study. The possible mechanism of action of MSC-Exo and CuSNPs against
cadmium-induced neurotoxicity may be involved in the regulation of
cholinesterase activities, which attenuate antioxidant status,
anti-inflammatory action, and nerve growth factors associated with
neurological diseases.

Based on our results, we conclude that MSC-Exo and CuSNPs play a
promising therapeutic role against Cad-induced neurotoxicity in male
rats as evidenced by the improvements observed in behavioral and
biochemical markers and confirmed by histological examination. These
effects were achieved through the enhanced anti-cholinesterase, antiox-
idant, and anti-inflammatory properties of MSC-Exo and CuSNPs.Addi-
tional studies are needed to identify the specific proteins and other
molecules transported by BMSC exosomes that contribute to microglia
polarization, alleviation of inflammation, and tissue repair.
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