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Abstract

Microbial biotransformation and detoxification of biotoxic selenite
into selenium nanoparticles (SeNPs) has emerged as an efficient
technique for the utilization of selenium. SeNPs are characterized
by high bioavailability and have several therapeutic effects owing
to their antioxidant, anti-inflammatory and neuroprotective ac-
tivities. However, their influence on microenvironment disturban-
ces and neuroprotection after spinal cord injury (SCI) is yet to be
elucidated. This study aimed to assess the influence of SeNPs on
SCI and explore the underlying protective mechanisms. Overall,
the proliferation and differentiation of neural stem cells were fa-
cilitated by SeNPs derived from Proteus mirabilis YC801 via the
Wnt/p-catenin signaling pathway. The SeNPs increased the
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number of neurons to a greater extent than astrocytes after differentiation and improved nerve regeneration. A therapeutic dose of
SeNPs remarkably protected the integrity of the spinal cord to improve the motor function of the hind limbs after SCI and decreased
the expression of several inflammatory factors such as tumor necrosis factor-o and interleukin-6 in vivo and enhanced the production of
M2-type macrophages by regulating their polarization, indicating the suppressed inflammatory response. Besides, SeNPs reversed
the SCI-mediated production of reactive oxygen species. In conclusion, SeNPs treatment holds the potential to improve the disturbed
microenvironment and promote nerve regeneration, representing a promising therapeutic approach for SCI.
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Introduction

As an essential trace element in the human body, Selenium (Se)
showed significant health benefits, including enhancing immune
capacity and resisting free radical damage [1]. However, the safe
range between the beneficial and toxic doses of Se is narrow
[2, 3]. Compared with inorganic selenium, nontoxic elemental
selenium (Se° such as selenium nanoparticles (SeNPs) has been
found to possess low toxicity, acceptable bioavailability and high
efficiency in preventing oxidative damage, thereby attracting
worldwide attention for their application as therapeutic agents
[4-7]. They are involved in several important metabolic and phys-
iological processes, including antioxidant defense and immune

regulation. In addition, nanoparticles with strong catalytic per-
formance can directly penetrate biological tissues and cells, sug-
gesting that SeNPs may have high efficiency in inhibiting
inflammation and oxidative stress than inorganic selenium [8].
Due to their unique advantages, SeNPs have attracted great at-
tention in the treatment of central nervous system (CNS) diseases
in recent years.

The administration of appropriate SeNPs had a therapeutic ef-
fect on Alzheimer’s disease by lowering reactive oxygen species
(ROS) and H,0, levels [9]. SeNPs could also be used to treat
cypermethrin-induced neurotoxicity by resolving the complex
immune environment, such as decreasing malondialdehyde
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(MDA) and tumor necrosis factor-o. (TNF-o) levels [10]. In a
Caenorhabditis elegans model, SeNPs could reverse Huntington’s
disease (HD) and enhance survival [11]. These findings suggested
that SeNPs are a promising therapeutic tool for neurological dis-
eases. However, the application of biogenic SeNPs to spinal cord
injury (SCI) remains to be explored.

SCI is a neurodegenerative disease that often occurs in young
and middle-aged adults [12, 13]. The underlying mechanisms of
SCI include oxidative stress, inflammatory response, excitotoxic-
ity, apoptosis and microcirculation disturbances [14]. After SCI, in-
flammation not only has a scavenging effect on necrotic tissue
and cells but also leads to the formation of cavities and glial scars,
inhibiting the recovery of neurological function. Macrophages are
one of the first activated inflammatory cells and play an important
role in the inflammatory process [12]. As the predominant effector
cells, macrophages enter the injured site and polarize into M1 and
M2 type in inflammatory responses [15, 16]. Activated M1-type
macrophages are characterized by the production of ROS that indi-
cates a rapid and powerful response to trigger inflammation [17-
19]. They release inflammatory cytokines like TNF-o and interleu-
kin (IL)-6 to activate neutrophils and lymphocytes to produce an
inflammatory cascade in the injury site [16, 19]. On the other
hand, IL-10 and IL-4 receptor antagonists produced by M2-type
macrophages attenuate the extent of SCI and thus show a positive
effect on the repair and regeneration after SCI [12]. In this process,
superoxide dismutase (SOD) is the predominant antioxidant en-
zyme for eliminating free radicals in cells, while glutathione perox-
idase (GSH-Px) eliminates the lipid peroxides and protects the cell
membrane integrity [20]. Studies have shown that the timely inhi-
bition of injury-related immunological mechanisms by attenuat-
ing oxidative stress and inflammation can minimize neuronal cell
apoptosis and promote axon regeneration after the injury and
may be a valuable approach to alleviate the neurological impair-
ment associated with SCI [21, 22].

Many attempts have been made to repair SCI using various
biomaterials, including combining biological scaffolds and natu-
ral drugs to promote tissue regeneration. Biological scaffolds
have good cell affinity and biodegradation characteristics, which
favors tissue repair. However, their rapid biodegradability also
hinders their application in various manufacturing technologies.
In contrast, natural drugs, because of their simplicity and con-
trollability, are promising methods for repairing SCI damage cas-
cades by reducing apoptosis and inflammation and improving
oxidative stress status [23].

SeNPs derived from bacteria are superior to those from physi-
cal or chemical origins due to their low cost, low environmental
hazard and high biocompatibility in vivo [24, 25]. In a previous
study, our research group successfully developed a method to
prepare biogenic SeNPs with Proteus mirabilis YC801, which could
reduce sodium selenite (Na,SeOs) into SeNPs with detoxification
[26]. Bacteria-derived biogenic SeNPs had extremely high biocom-
patibility and thus have shown promise for the treatment of in-
flammation- and oxidative stress-related disorders [27]. Hence, in
the present study, the biogenic SeNPs were used to explore their
potential value in spinal cord repair in SCI rats.

Materials and methods

Preparation of biogenic SeNPs

The biogenic SeNPs were prepared referring to the previous study
[26]. Briefly, P.mirabilis YC801 was cultured in a 500-ml flask with
200ml YEP medium and 5mM Na,SeOs at 30°C for 36 h. The bac-
terial cultures were centrifuged at 10 000xg at 4°C for 10min,

and the precipitate was collected and washed twice with 0.9% so-
dium chloride (NaCl) solution to remove the contamination of
Na,SeOs. Then, the precipitate was resuspended in 20ml Tris-
HCl buffer (50 mM, pH = 8.2) and ultrasonically crushed on ice for
20min (ultrasonic for 40s, stop for 40s). Subsequently, the sus-
pension was centrifuged at 12 000xg for 40 min, followed by cen-
trifugation at 40 000xg for 4°C for 40min to collect the
nanoparticles. Finally, the SeNPs were washed twice with 0.9%
NaCl and resuspended in deionized water.

Characterization of biogenic SeNPs

The following methods were applied to evaluate the location, dis-
tribution and characterization of biogenic SeNPs.

Transmission electron microscope

After culturing 24h with 5mM Na,SeOs, the fresh bacterial cul-
tures were taken out and centrifuged at 5000xg for 6 min. The
isolate cultured in only YEP medium served as a negative control.
The pellets were suspended with fresh precooled 2.5% glutaralde-
hyde in 0.1 M phosphate-buffered saline (PBS, pH 7.4) and fixed
overnight at 4°C. Subsequently, the samples were placed on the
copper grid and dried at room temperature. The micrograph of
the sample was obtained by HT-7700 (Hitachi, Tokyo, Japan)
transmission electron microscope (TEM) at 80kV.

Scanning electron microscopy-energy dispersive X-ray
As mentioned in 2.2.1, the fixed samples were washed twice in
0.1 M PBS and treated with an ascending series of ethanol (30%,
50%, 70%, 80%, 90%, and 100%) for gradient dehydration. Then,
samples were dried using CO, supercritical drying and coated
with a gold layer. The imaging was taken using the S4800
(Hitachi, Tokyo, Japan) scanning electron microscopy (SEM) at
3kV. Qualitative analysis of elements was analyzed by SEM
equipped with an Oxford Instruments energy dispersive X-ray
(EDX) analyzer at 12keV.

For the SEM characterization, the SeNPs suspension was first
free-dried and then subjected to the scanning electron
microscopy-energy dispersive X-ray analysis.

Dynamic light scattering

To investigate the size distribution of SeNPs, the dynamic light
scattering (DLS) was performed using Zen3600 Zetasizer Nano-ZS
(Malvern, Worcestershire, UK). The purified SeNPs were sus-
pended in distilled water, mixed by ultrasonic treatment and di-
luted 1:10-1:20 to meet the optical requirements of the
instrument. The determination was recorded using the software
equipped by Malvern Instruments and repeated three times.

In vitro experiments
Neural stem cells isolation and culture

Fetal Sprague-Dawley (SD) rats were provided by the Pengyue
Laboratory Animal Breeding Co. Ltd (Shandong, China). All animal
protocols were approved by the Animal Care and Use Committee
of Bengbu Medical College (Approval Number: 2020238, Bengbu,
China). Neural stem cells (NSCs) were obtained from pregnant
rats, 8-10weeks old. After the pregnant rats were sacrificed by cer-
vical dislocation, the fetal rats were removed from the uterus on
an aseptic table and soaked in 75% alcohol for 5min. The head
was isolated and then quickly soaked in PBS buffer (pH 7.4). After
removing the skull and meninges on a super-clean worktable, the
brain was cut into pieces in Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12 (DMEM/F12, Gibco, Invitrogen, USA) culture
medium. Next, the obtained brain solution was centrifuged (110 g)
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for Smin. Then the sediment was resuspended in the 4 ml serum-
free medium (DMEM/F12, 2% B27 supplement, and 1% penicillin-
streptomycin solution) after removing the supernatant. After cell
counting, the concentration was adjusted to 1.0 x 10°17%, and the
cells were inoculated in a 25 cm? culture flask. Next, the flasks
were incubated at 37°C in humidified air of 50% containing 5%
CO,. The medium was changed every 3 days and cells were used
in passage 3 [28].

NSCs proliferation and differentiation

The Cell Counting Kit-8 (CCK-8; Biosharp, HeFei, China) assay
and the immunofluorescence tests were used to assess the
effects of biogenic SeNPs on NSCs proliferation and differentia-
tion. For NSCs proliferation, the NSCs were seeded in 96-well
plates (8 x 10° cells/well), which were pretreated with a poly-D-ly-
sine solution (0.1 mg/ml; BBI Life Sciences, Shanghai, China) and
were incubated in 5% CO, at 37°C overnight. After the suspended
cells completely adhered to the bottom walls, the NSCs culture
medium (DMEM/F12 with 2% B27 supplement and 1% penicillin-
streptomycin solution) with an increasing concentration of the
SeNPs (0, 5, 10 or 20 ug/ml) was added to the wells. On Days 1, 4
and 7 of culture, CCK-8 reagent was added to each well, and the
absorbance at 450nm was measured after 10s of oscillation.
NSCs cultured without SeNPs served as a control group.

For NSCs differentiation, 8 x 10 cells/well were cultured in 96
well plates with an NSC differentiation medium (DMEM/F12, 2%
B27 supplement, 1% fetal bovine serum and 1% penicillin-
streptomycin solution) containing different concentrations of
SeNPs (0, 5, 10 or 20 pg/ml). After 7 days of culture, the cells were
incubated with antibodies against beta-tubulin III (Tuj-1, 1:200;
Biosharp, Hefei, China) and glial fibrillary acidic protein (GFAP,
1:200; Biosharp), and then with the corresponding secondary an-
tibody (Cyanine 3, 1:200; Biosharp). To quantify NSCs differentia-
tion, Tuj-1-positive and GFAP-positive neurons and astrocytes
were counted using Fluorescence Inverted Microscope (Zeiss,
Oberkochen, Germany).

Western blotting

To assess the mechanisms of SeNPs induced NSCs proliferation
and differentiation, the related proteins in NSCs after treatment
were measured by western blotting. Briefly, there were three
groups, including the Control group, SeNPs group and
SeNPs+Dkk-1 (100nM) group (Dkk-1, the Wnt pathway inhibitor)
[29]. After 7days cultured, the protein extracted with RIPA
(Biosharp, Heifei, China) was separated on sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) gels and
transferred onto polyvinylidene difluoride (PVDF) membranes
(Millipore, USA). After blocking with 5% skimmed milk and 0.1%
Tween 20 in Tris buffer solution (TBST) for 1h at room tempera-
ture, the membranes were incubated with primary antibodies
against Wnt-3 (1pg/ml, Abcam, Cambridge, UK), glycogen syn-
thase kinase (GSK)-3 (1:1000, Abcam, Cambridge, UK), p-GSK-3
(1:1000, Abcam, Cambridge, UK), B-catenin (1:5000, Abcam,
Cambridge, UK), p-B-catenin (1:1000, Abcam, Cambridge, UK), cy-
clin D (1:100, Abcam, Cambridge, UK), neuro D1 (1:1000, Abcam,
Cambridge, UK) and neurogenin (1:5000, Abcam, Cambridge, UK)
overnight at 4°C. Then, the membranes were incubated with
horseradish peroxidase-conjugated IgG antibody at room temper-
ature for 1h. The results were normalized using B-actin (1:1000,
Abcam, Cambridge, UK) as the internal reference, and quantifica-
tion of the protein levels was obtained using Image J (National
Institutes of Health).

In vivo experiments

Animals

Two-month-old female SD rats (190-210g) were obtained from
Pengyue Laboratory (Shandong, China). The rats were bred in
standard temperature conditions (23-25°C) with a 12h light/dark
cycle and a 40-60% relative humidity and had free access to food
and water.

Establishment of rat SCI model

The contusive SCI model was established using an NYU impactor
(NYU, New York) with a 10g rod dropped onto the T9 spinal cord
from a height of 12.5mm [30]. Briefly, the animals were firstly
anesthetized with phenobarbital (50 mg/kg). After the T9 lamina
was excised on the operating table, the spinal cord was exposed,
then the T8 and T11 spinous processes were clamped with the
impactor. The rod (1.3 mm in diameter) was used to hit the spinal
cord to establish the SCI model.

After the surgery, the rats were bred at a temperature of 25°C
and 40-60% humidity. For the SeNPs therapy assay, the rats were
randomly separated into four groups (n=10 in each group): the
SCI group received by gavage of 1ml of normal saline solution,
and the other three groups were administered by gavage of 1ml
of biogenic SeNPs at a concentration of 0.5, 1.0 or 2.0mg/kg, re-
spectively. The rats were injected intramuscularly with antibiot-
ics (2.5 mg/kg; Enrofloxacin 10%) for 7 days to prevent infection.
The bladder was squeezed twice daily to assist urination until
normal excretion was restored.

Motor behavior analysis

The behavioral evaluation was performed using the Basso Beattie
Bresnahan (BBB) locomotor rating scale, a 21-point scale based
on observations of the crawling ability of rats freely moving in an
open field. The BBB scores were observed at 0, 1, 3, 7, 14, 21 and
28 days following an injury. During the tests, the rats were moved
freely on an open-field surface for 5min while being observed by
two blinded evaluators.

Enzyme-linked immunosorbent assay

Inflammatory cytokines released in response to SCI were evalu-
ated 7 days after the surgery. Briefly, serum was collected, and
the levels of TNF-a (1317202), IL-6 (1310602), IL-4 (1310402) and
IL-10 (1311002) were determined using commercial enzyme-
linked immunosorbent assay kits (DAKEWEI, Beijing, China)
according to the manufacturer’s instructions.

Histological analysis

All tissue samples were removed 7 and 28days after injury for
histological analysis. As previously described [28], the samples
were longitudinally cut into serial sections of 9 um thickness and
were stained with hematoxylin and eosin (H&E). Then, the spinal
cord sections were observed and photographed under the
inverted fluorescence microscope (IX-71, Olympus, Tokyo,
Japan).

Estimation of oxidative stress activity

The levels of ROS, MDA, SOD and GSH-Px were assessed using
commercial kits to estimate internal oxidative stress levels
(Jiancheng BI, Nanjing, China). Briefly, blood samples and spinal
cord tissues were collected and processed 14 days after surgeries
according to the manufacturer’s instructions [31].
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Immunohistofluorescence staining

Spinal cord tissue sections were blocked and incubated with the fol-
lowing primary antibodies: anti-CD68 (1:100), anti-C-C motif recep-
tor (CCR)7 (1:500), anti-arginase (Arg)-1 (1:1000), ant-Tuj-1 (1 pg/ml),
anti-chondroitin sulfate (CS-56) (2.5 pg/ml), anti-laminin (1:50), anti-
GFAP (1:1000), anti-tyrosine hydroxylase (TH) (1:100) and anti-
neurofilament (NF) (1:500) (Abcam, Cambridge, UK). The following
day, the samples were stained with the respective secondary anti-
bodies (Cyanine 3, 1:200; Biosharp, Alexa Fluor® 488, 1:200;
Biosharp). Finally, the sections were sealed and images were
obtained using a fluorescence microscope (Olympus, Tokyo, Japan).

Statistics

All data were analyzed using the SPSS software (version 20.0; IBM,
Armonk, NY, USA). Data are presented as mean * standard devia-
tion and were evaluated by one-way analysis of variance. Differen-
ces were considered statistically significant at P-values <0.05.

Results

Localization and characterization of SeNPs
produced by P.mirabilis YC801

The biogenic SeNPs were extracted from P.mirabilis YC801 and
were then characterized by TEM, SEM, DLS and EDX (Fig. 1). As
expected, no nanoparticles were detected without Na,SeOs

supplementation, as confirmed by TEM and SEM results (Fig. 1A
and D). In the presence of Na,SeOs, the nanoparticles were distrib-
uted both intracellularly and extracellularly (Fig. 1B and C).
Notably, empty ghost cells, a phenomenon that might result from
the SeNPs release from cells, were also detected by TEM (black ar-
row, Fig. 1C) and confirmed by SEM (red arrow, Fig. 1E). Besides, the
purified nanoparticles were found to be spherical (Fig. 1F). DLS
results revealed that the nanoparticles had diameters ranging
from 1705 to 1825nm, with the average diameter as
178.3+11.5nm (Fig. 1G). EDX analysis showed that the electron-
dense particles formed a peak at 1.37 keV, which is the specific se-
lenium absorption peak [25], demonstrating that the synthesized
nanoparticles were indeed SeNPs (Fig. 1H). By comparing the ap-
pearance of SeNPs on Days 0 and 90, it was found that biogenic
SeNPs exhibited good stability (Fig. 1I).

Biogenic SeNPs promoted the differentiation and
proliferation of NSCs by activating the Wnt/g-
Catenin signaling pathway

SeNPs have been reported to protect nerve cells from neurologi-
cal disorders [32]. In this study, the influence of SeNPs on the pro-
liferation and differentiation of NSCs was further explored. After
treating NSCs with different concentrations of SeNPs at 0, 5, 10
and 20 pg/ml, the immunohistochemistry and CCK-8 assay were
implemented to evaluate the impact of SeNPs on NSCs (Fig. 2).
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Figure 1. Synthesis and characterization of biogenic SeNPs. (A) Transmission electron microscopy images of P.mirabilis YC801 grown without and (B, C)
with Na,SeOs. (D) SEM images of P.mirabilis YC801 grown without and (E) with Na,SeOs. (F) SEM images of SeNPs. (G) DLS spectra of the purified SeNPs.
(H) Energy dispersive X-ray spectra of the purified SeNPs. (I) Direct view of the SeNPs on Days 0 and 90.
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Figure 2. SeNPs promoted the proliferation and differentiation of NSCs. (A) NSCs differentiated into neuronal cells and astrocytes at different
concentrations of SeNPs. (B and C) Quantitative analysis in numbers of neuronal cells and astrocytes in each treatment group. (D) NSC proliferation via
CCK-8 assay at Days 1, 4 and 7 of culture. *P < 0.05, **P < 0.01, *P < 0.001 by one-way analysis of variance.

Tuj-1 and GFAP were used as neuronal and astrocyte differenti-
ation markers, respectively. When cultured with 10 pg/ml SeNPs,
the number of Tuj-1-positive cells was significantly higher, while
the number of GFAP-positive cells was significantly lower than
those cultured with 0, 5 and 20 ug/ml SeNPs (Fig. 2A-C), indicating
10pg/ml as the optimal concentration for SeNPs to promote the
differentiation of NSCs into neurons.

On the first day, no significant difference was observed among
groups in the absorbance at 450nm in the CCK-8 assay (Fig. 2D).
However, the NSCs proliferation rate in the 10pug/ml group be-
came significantly higher than the other groups on the third and
fifth days, revealing the better biocompatibility of SeNPs at 10 ug/
ml concentration.

Subsequently, we explored the mechanisms in which SeNPs
promoted the proliferation and differentiation of NSCs. Many
neuroregulatory pathways are involved in the proliferation
and differentiation mechanisms of nerve cells, including the
transforming growth factor-B, Notch and Wnt/B-Catenin. The
Wnt/p-Catenin signaling pathway is crucial in the nervous
centralis neuroepithelium and controls neurogenesis and NSCs re-
newal [33]. In the Wnt/p-Catenin signaling pathway, Wnt-3 is
maintained as a starting protein, and GSK-3 is the main compo-
nent of the B-caten degradation complex. The wnt/B-catenin signal
transduction pathway is involved in the proliferation and differen-
tiation of NSCs by regulating the expression of Cyclin D, Neuro D1
and neurogenin downstream. Dkk-1, the Wnt-3 suppressor, is a po-
tent inhibitor of the Wnt pathway. In the CNS, Dkk-1 increases
with age, inhibits neurogenesis and causes cognitive impairment
[29, 34]. Increased expressions of Wnt-3, f-catenin and p-GSK-3 in
10 pg/ml SeNPs-treated NSCs were detected compared with the

control (0 pg/ml SeNPs) group, and the increased expressions were
reversed by the presence of Dkk-1 (SeNPs+Dkk-1 group) (Fig. 3A
and B). In contrast, SeNPs significantly reduced the expression of
GSK-3. Meanwhile, Cyclin D, neuro D1 and neurogenin expressions
significantly increased after SeNPs treatment. The western blot
results indicated that the SeNPs mediated the Wnt/-catenin path-
way to promote the proliferation and differentiation of NSCs and
enhanced neurogenesis.

SeNPs reduced tissue damage and improved
motor function after SCI

BBB locomotor rating scale was performed in SCI rats within
4weeks postsurgery to assess the motor recovery function of
SeNPs (Fig. 4A). All SCI rats showed no observable hind limb
movement in the first 3days. After Day 14, SeNPs-treated ani-
mals had higher BBB scores than the SCI group, and this trend be-
came increasingly obvious by Week 4. It is worth noting that the
BBB scores in the 1.0mg/kg SeNPs group were higher than the 0.5
and 2.0 mg/kg groups.

H&E staining was performed 4 weeks post-SCI to explore the
histological morphology in the injury site (Fig. 4B and C). H&E
staining showed significantly more obvious malformations and
cavities in the injured area in the SCI group than in the SeNPs-
treated groups, suggesting that SeNPs could reduce cavitation
and repair structural disorders, thereby ameliorating the patho-
logical morphology of the injured area. Particularly, improved tis-
sue integrity on the rostral and caudal sides was observed in the
SeNPs groups (Fig. 4C). These in vivo results demonstrated that
SeNPs could enhance functional recovery and reduce tissue dam-
age in rats with SCIL.
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Figure 3. SeNPs regulated the proliferation and differentiation of NSCs via the Wnt/B-Catenin signaling pathway. (A) Expression of Wnt3, GSK-3, p-GSK-
3, catenin, p-catenin, cyclin D, neuro D1 and neurogenin assessed by western blot. Actin was used as the internal control. (B) Quantitative analysis of
protein contents among the three groups. *P < 0.05, **P < 0.01, **P < 0.001 by one-way analysis of variance.

Biogenic SeNPs attenuated oxidative stress after
SCI

After SCI, a high amount of MDA and ROS was produced in the in-
jury site. Over time, GSH-Px and SOD are produced to remove the
free radicals and scavenge ROS-induced lipid peroxides to protect
the tissue function [35]. To evaluate the inhibitory effects of SeNPs
at different concentrations on the oxidative stress of the SCI rats
in vivo, the expressions of MDA, ROS, SOD, and GSH-Px were
detected (Fig. 5). As shown in Fig. 5A and B, MDA and ROS activity
increased significantly after SCI, and SeNPs treatment could re-
store the reduced MDA and ROS activity. The oxidative stress level
in the 1.0mg/kg SeNPs group was significantly lower than that of
other SeNPs groups. In contrast, the SOD and GSH-Px contents

were higher in the 1.0mg/kg SeNPs group than in the other groups
(Fig. 5C and D), indicating that more antioxidant stress factors
were produced. These in vivo results demonstrated that SeNPs
could improve the oxidative stress microenvironment after SCI
and had the potential for SCI treatment.

Biogenic SeNPs inhibited SCI-induced
inflammatory cells and cytokines

The macrophage polarization status was quantified by the im-
munohistochemical analysis of specific markers for M1-type
macrophages (CD68/CCR7) and M2-type macrophages (CD68/
Argl) (Fig. 6A-C). After 7days, the number of M1-type macro-
phages in the SCI group was significantly higher, while the
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Figure 6. Effects of biogenic SeNPs on M1- and M2-type macrophage polarization in the injured spinal cord and inflammatory cytokine production. (A)
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TNF-o, IL-6, IL-4 and IL-6 in each group after 7-day treatment with SeNPs. *P < 0.05, **P < 0.01, **P < 0.001 by one-way analysis of variance.

number of M2-type macrophage cells was significantly lower
than in the SeNPs-treated groups, demonstrating that SCI pro-
duced a strong inflammatory response. Among the SeNPs-
treated groups, the number of M1-type macrophages in the
1.0mg/kg SeNPs group was the lowest, whereas the M2-type mac-
rophage number was the highest. It was revealed that SeNPs
could regulate the polarization of macrophages and ultimately
inhibit the inflammatory response after SCI.

Inflammation levels were measured by inflammatory cyto-
kines (Fig. 6D-G). In the first week, large amounts of proinflam-
matory factors including TNF-a and IL-6 were detected in the
blood of the SCI group (Fig. 6D and E). However, the proinflamma-
tory factor levels in the blood decreased after SeNPs treatment,
possibly related to the M2 macrophage polarization. Compared to
the 0.5 and 2.0mg/kg SeNPs groups, a more significant trend of
inflammation inhibition could be observed in the 1.0mg/kg
group. Furthermore, an increase in anti-inflammatory factors in-
cluding IL-4 and IL-10 was observed in the blood (Fig. 6F and G).
In addition, the expression of anti-inflammatory factors in the
1.0mg/kg SeNPs group was higher than those in the 0.5 and
2.0mg/kg SeNPs group. These results demonstrated that the
SeNPs treatment in SCI could effectively ameliorate the damaged
SCI microenvironment by reducing the proinflammatory factors
and increasing the anti-inflammatory factors.

Biogenic SeNPs reduced glial scar formation in
SCI rats

In this study, CS-56 and laminin were used as markers of
Chondroitin sulfate proteoglycans (CSPGs) and fibrotic glial scars,
respectively. Overall, the injury sites of rats in the SCI group were
filled with abundant CS-56-positive and laminin-positive

staining, whereas those in the SeNPs groups exhibited diminished
positive staining (Fig. 7A-C). The fluorescence intensities of
CSPGs and fibrotic glial scar-specific proteins at the SCI site were
stronger in 0.5 and 2.0mg/kg SeNPs-treated groups than in the
1.0mg/kg group, indicating that 1.0 mg/kg SeNPs treatment could
lead to the strongest inhibition of glial scar formation relevant
for neuronal function. These results indicated that SeNPs treat-
ment could provide an appropriate microenvironment for axon
regeneration.

Biogenic SeNPs promoted the neurocyte
regeneration and functional axonal regeneration
Double-immunofluorescence stainings for Tuj-1 and GFAP were
performed to identify newly formed neurons and astrocytes at
the SCI site, respectively. A lower Tuj-1 expression was observed
in the lesion site of the spinal cord in the SCI group (Fig. 8A and
B), whereas Tuj-1 expression was significantly increased in the
SeNPs-treated groups. The Tuj-1 expression was also signifi-
cantly higher in the 1.0mg/kg SeNPs than in other groups. The
formation of astrocytes indicated by the GFAP marker was inhib-
ited by the SeNPs, and its amount was the lowest in rats treated
with 1.0mg/kg SeNPs (Fig. 8A and C).

Serotonin (5-HT) is a crucial neurotransmitter that affects mo-
tor function, and its synthesis is catalyzed by TH [36]. NF is highly
specific for nerve cell injury and death and is used as a biomarker
for axonal nerve repair [37]. Hence, TH and NF staining were used
to detect motor function and nerve recovery in the injured site
(Fig. 9A and B). The TH-positive and NF-positive cells are signifi-
cantly higher in the SeNPs groups, while a few immunofluores-
cences could be observed in the injury sites in the SCI group.
Consistent with the previous results, the regeneration of
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Figure 7. Biogenic SeNPs reduced glial and fibrotic scar formation. (A) Chondroitin sulfate (CS-56) and laminin immunofluorescence staining at 4 weeks
after injury. (B and C) Quantitative analysis of the optical density of CS-56 and laminin in each group. *P < 0.05 by one-way analysis of variance.

serotonergic axons and axon myelination showed the best
curative effect at the SeNPs concentration of 1.0mg/kg (Fig. 9C
and D).

Discussion

SCl-induced inflammation and oxidative stress are highly disor-
dered metabolic processes, mainly manifested as an imbalance
of the microenvironment, ultimately leading to injury recovery
and progressive tissue degradation [15, 38, 39]. Macrophages play
a vital role in tissue repair in the inflammatory microenviron-
ment of SCI, but this process often results in a state where the
damaged tissue cannot be repaired due to the change of macro-
phage polarization direction. In addition, the inflammation pro-
cess is often accompanied by the participation of oxidative stress
in neurological diseases [16, 19]. As one of the main harmful
effects of secondary injury, the ROS level will continue to in-
crease [31, 40-42].

SeNPs, a new form of selenium with low toxicity and high bio-
compatibility, have been reported to possess neuroprotective
properties, including anti-inflammation and antioxidative stress
in different animal models of neurological diseases [9]. The thera-
peutic effect of SeNPs is related to the particle diameter and dos-
age [43, 44]. In this study, the SeNPs produced by P.mirabilis
YC801 had a diameter of 178.3=11.5nm (Fig. 1). Studies have
found that SeNPs showed comparable safety at the diameter of
25-80 and 50-250 nm, especially at the diameter of <200nm, and
they could directly scavenge free radicals in vitro since the

specific surface area could provide sufficient active sites [45, 46].
In addition, the levels of liver ROS and MDA in mice showed
varying degrees of decline with different doses of SeNPs (1 and
4mg/kg) [43]. The SeNPs possess more antioxidative and reten-
tive potential at a 0.5mg/kg concentration in vivo [47]. Moreover,
SeNPs had no cytotoxicity on the growth and proliferation of hu-
man normal epithelial cells (NCM460) at concentrations below
25 pg/ml in vitro [48]. But as a neuroprotective agent with multiple
functions, the specific roles of SeNPs in SCI remain unclear.
Therefore, this study aimed to explore the protective effect of
SeNPs on functional recovery after SCI and its underlying mecha-
nism. Hence, different SeNPs concentrations were used for
experiments, and the SeNPs exhibited optimal anti-inflammatory
and antioxidant stress effects at concentrations of 10 pg/ml and
1.0mg/kg in vitro and in vivo, respectively.

NSCs have great potential in treating CNS diseases [28]. There
is increasing evidence showing that NSCs mainly differentiate
into astrocytes rather than neurons due to the deterioration of
the microenvironment after SCI, and astrocytes then form glial
scars in the late stages, which limits nerve repair [49]. Therefore,
it is essential to create a microenvironment that induces NSCs to
differentiate into neurons for SCI treatment. SeNPs are associ-
ated with CNS diseases. For example, treating HD with SeNPs
could significantly reduce neuronal death and alleviate behav-
ioral disorders [11]. In this study, CCK-8 and cell immunofluores-
cence results indicated that SeNPs increased the neuronal
proliferation and differentiation of NSCs markedly (Fig. 2). Wnt/
B-catenin signaling pathway, which plays a critical effect in the
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survival, proliferation and self-renewal of stem cells, is related to
SeNPs-triggered proliferation and differentiation of NSCs (Fig. 3).
It is worth mentioning that the differentiation of astrocytes
increases at a SeNPs concentration of over 10 ug/ml, suggesting
that more glial scar formation inhibits nerve repair in the SCI
treatment.

In vivo, the behavioral test revealed that SeNPs promoted func-
tional motor recovery after SCI (Fig. 4A), indicating the chaotic
microenvironment was improved after SeNPs treatment.

Oxidative stress caused by excessive ROS production has be-
come an important mechanism in the progression of SCI [39].
SeNPs could reduce the tissue damage caused by oxidative stress
in mice by inhibiting the process of ROS generation [50].
Moreover, GSH-Px from SeNPs can be an antioxidant and effec-
tively protect cells from oxidative stress [51]. Therefore, suppress-
ing oxidative stress has been considered an effective therapeutic
strategy to improve SCI recovery. The SeNPs can not only inhibit
the production of ROS and MDA but also restore the activity of
SOD and GSH-Px in SCI (Fig. 5).

Excessive ROS can also activate macrophages, causing inflam-
mation and aggravating the progression of SCI [17]. The effects of
SeNPs on inflammation in SCI rats were further investigated.
After SCI, activated macrophages can not only release proinflam-
matory cytokines that cause cytotoxicity and demyelination but
also produce neuroprotective molecules that release anti-
inflammatory factors and stimulate axon regeneration and
sprouting [52]. According to the role of macrophages in SCI, they
are divided into two subpopulations: M1 cells that release proin-
flammatory cytokines and M2 cells that release anti-

inflammatory cytokines [53]. Therefore, phase change between
M1 and M2 polarization will lead to a shift in inflammation bal-
ance [54]. In this study, M1-types macrophages were the main in-
filtrating macrophages in the SCI group (Fig. 6). In terms of
macrophage polarization, SeNPs can not only significantly lower
M1-type macrophages but also notably enhance M2-type macro-
phages after SCI. Additionally, SeNPs can inhibit the proinflam-
matory factors including TNF-o and IL-1B, and promote the levels
of anti-inflammatory factors including IL-4 and IL-10. Therefore,
SeNPs can diminish M1-type microglia and ameliorate M2-type
microglia by targeting the macrophages after SCI.

CSPGs secreted by the astrocytes in the injury site have been
regarded as a chemical barrier to block the growth of axonal re-
generation and functional recovery. Other fibrotic scars are pro-
duced by fibroblasts as the excessive deposition of extracellular
matrix [41]. Glial scars formed by astrocytes after SCI inhibit the
expansion of the inflammatory microenvironment [49]. However,
a prominent and permanent glial scar generates a dense barrier
that inhibits axon regeneration at the lesion site [55]. Thus, find-
ing an intervention that reduces the glial scar area to benefit
axon regeneration and remyelination is critical for functional re-
covery in treating SCI. After SeNPs treatment, the formation of
glial scars is inhibited. In addition, the fibrotic component areas
of the glial scar were also reduced (Fig. 7). These results revealed
that SeNPs treatment could subsequently provide an appropriate
microenvironment for axon regeneration.

The impacts of SeNPs on the differentiation of NSCs were
demonstrated in our previous studies. Hence, GFAP and Tuj-1
double labeling was performed to detect the fibrotic component
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areas of the axon regeneration at the lesion site of SCI. Sufficient
regenerated neurons and a small number of astrocytes were
detected in the injured sites with the SeNPs treatment, which
was related to the dose of SeNPs (Fig. 8). Furthermore, neural de-
generation is the major cause of dysfunction after SCI [56]. The
regeneration of TH and NF is related to the recovery of motor
function [36, 37, 57]. In this study, TH and NF-positive nerve
fibers were discovered in the SeNPs group (Fig. 9). These results
indicated that SeNPs facilitated axonal regrowth and promoted
the regeneration of functional neurons and axons in the SCI site.

Conclusion

In this study, a novel biogenic SeNPs derived from P.mirabilis
YC801 was successfully constructed. In vitro studies showed that
the biogenic SeNPs regulated the proliferation and differentiation
of NSCs by activating the Wnt/B-Catenin signaling pathway.
Interestingly, SeNPs could promote the directed differentiation of
NSCs into neural cells and inhibit the generation of astrocytes. In
vivo studies demonstrated that SeNPs could help SCI rats recover
motor function, inhibit the damage at injury sites, decrease oxi-
dative stress and inflammatory response, reduce glial scar for-
mation and promote the regeneration of serotonergic and
dopaminergic axons. To conclude, bioderived SeNPs may be a

promising therapeutic approach for SCI by oral administration.
Further research is needed to better understand the underlying
mechanism by which SeNPs mediate the proliferation and differ-
entiation of NSCs, which will lay a foundation for future research
on nerve repair in SCI.
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