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Context: Chronic neuropathic pain (NP) frequently occurs after spinal cord injury (SCI) but lacks effective therapeutic options in the 
clinic. Numerous evidence indicates the involvement of macrophages activation in the NP, and the modulation of macrophages is 
promising for NP treatment. In this study, we introduce Cerium oxide nanoparticles (CONPs) and aim to investigate whether it can 
relieve the NP by modulating macrophage polarization.
Methods: CONPs were prepared using the hydrothermal method. In vitro, different concentrations of CONPs were used to cultivate 
macrophages (RAW 264.7). In vivo, the analgesic effect of CONPs was investigated in a contusive rat SCI model. Mechanical paw 
withdrawal threshold (PWT) and thermal paw withdrawal latency (PWL) were tested to evaluate pain behaviors. Immunofluorescence 
staining and real-time quantitative polymerase chain reaction were applied to assess macrophage phenotypes.
Results: The synthesized CONPs were 6.8 ± 0.5 nm in size, presenting a cubic morphology. Live/dead staining showed that the 
relatively low concentrations of CONPs (less than 800 μg/mL) displayed good biocompatibility with macrophages. Intrathecal 
injection of CONPs could significantly increase the mechanical PWT and thermal PWL of SCI rats. Molecular experiments results 
showed the expression of M2 macrophage-related markers (CD206, Arg-1, IL-10) were significantly increased, while that of M1 
macrophage-related markers (CD86, TNF-α, iNOS) were downregulated after CONPs treatment.
Conclusion: Our study suggests that CONPs can relive the NP following SCI by promoting M2 macrophages polarization, which 
provides a novel insight for the treatment of SCI induced NP.
Keywords: cerium oxide nanoparticles, spinal cord injury, neuropathic pain, neuroimmune, macrophages polarization

Introduction
Nearly 68% of the patients with spinal cord injury (SCI) will develop chronic neuropathic pain (NP). The pain can lead to 
anxiety, depression, and sleep disturbance, greatly reducing the patient’s quality of life and increasing the risk of 
suicide.1,2 Instead of recovering their walking abilities, the priority of many SCI patients is reliving the NP. However, 
this need is largely unmet in the clinic. The existing therapeutic strategies usually behave poorly and are often 
accompanied by some side effects.3 Therefore, it is necessary to explore more effective interventions for SCI-induced 
NP management.

Many studies have highlighted the importance of the neuroimmune mechanism underlying NP pathogenesis. The 
persistent interactions between the immune and nervous systems trigger neuroinflammation, eliciting ectopic neuronal 
activity and resulting in the NP.4,5 Macrophages are the main immune cells and have a significant function in mediating 
neuroinflammation. They are highly plastic and can polarize into the classical phenotype (M1) and the alternative 
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phenotype (M2). M1 macrophages can exacerbate the inflammatory responses while M2 macrophages pose anti- 
inflammatory properties. Modulating the polarization of the macrophage can greatly influence the inflammation processes 
and has been seen as a promising strategy for NP treatment.6–8

Cerium oxide nanoparticles (CONPs) are redox-active rare earth nanomaterials. It has shown many fascinating 
biological properties such as anti-inflammation, anti-oxidation, anti-tumor, as well as free radical scavenging, and attracts 
increased interest for therapeutic application.9–12 Some studies have reported the analgesic effect of CONPs in the animal 
model of spinal nerve injury and diabetic neuropathy.13,14 Recently, a study revealed that CONPs could alleviate 
nociceptive behaviors by inhibiting macrophage activation in the injured sites.15 The further molecular analysis indicated 
that after CONPs injection, the cytokines secreted by M1 macrophages were greatly decreased while that of M2 
macrophages were upregulated, suggesting CONPs might modulate macrophage polarization in attenuating the 
NP.9,15,16 Based on a series of reports that highlighted the ability of CONPs in relieving the pain and the role of 
macrophages played in this process, we hypothesize that CONPs can also attenuate the NP after SCI by modulating 
macrophage polarization. In this study, we prepared nanoceria using the hydrothermal method first. To test this 
hypothesis, in vitro, we used macrophage RAW 264.7 cell lines and in vivo, we adopted the SCI contusive rats’ model.

Materials and Methods
Particle’s Preparation
The nanoceria was synthesized using the hydrothermal process with cerium nitrate hexahydrate (Ce (NO3)3·6H2O) as 
a cerium source. The detailed procedures have been described in the previous report.17 Controlling the base concentration 
and reaction temperature, the nanoceria with different sizes and shapes can be obtained. Then, the synthetic nanoceria 
underwent extensive characterization before the biological experiment. The particle size and shape were evaluated by 
Transmission Electron microscopy (TEM; Philips Tecnai 10, Amsterdam, The Netherlands). X-ray diffraction (XRD; 
Bruker advance D8, Germany) was used to characterize crystal morphology and structure. X-ray photoelectron spectro
scopy (XPS; Thermo Fisher Scientific, Loughborough, UK) was used to assess qualitatively and quantitatively the 
surface amount of Ce3+ and Ce4+. For cell and animal studies, the prepared nanoceria was firstly dispersed in a cell 
culture medium at a concentration of 1 mg/mL. The hydrodynamic size and surface electrical properties of dispersions 
were characterized by dynamic light scattering and Z-potential measurement (DLS; Malvern, Worcestershire, UK).

Cell Culture and Treatment
The RAW 264.7 were purchased from Stem Cell Bank (Chinese Academy of Sciences), and then cultured in Dulbecco’s 
modified Eagle’s medium (DMEM; C11330500BT, Gibco) supplemented with 10% fetal bovine serum (FBS; 10100147, 
Gibco) and 1% penicillin/streptomycin (PS; 15070063, Gibco). A Live/dead assay was performed to evaluate cell 
viability. Briefly, after 48-h incubation with CONPs, the medium was removed and the samples were stained using 
LIVE/DEAD™ Viability/Cytotoxicity Kit (L3224, Invitrogen) according to the manufacturer’s protocol. The live cells 
were stained with Calcein AM in green and the dead cells were stained with ethidium homodimer-1 (EthD-1) in red. The 
images were observed under a fluorescence microscope. For the quantification of cell viability, five images were 
randomly selected in each group and analyzed using ImageJ software (1.49 V, National Institutes of Health, 
Bethesda, MD).

RAW were seeded in a 24-well plate at the concentration of 1×105 per well and polarized to M1 phenotype via 
additionally giving supplements of 200 ng/mL lipopolysaccharide (LPS; L2880, Sigma-Aldrich) + 2.5 ng/mL Interferon- 
γ (IFN-γ; I3275, Sigma-Aldrich) in the medium. After culturing for 24 hours, different concentrations of CONPs (100 μg/ 
mL and 200 μg/mL) were added. To detect the impact of CONPs on macrophage phenotype, immunofluorescence 
staining was applied.

Animals
Adult female Wistar rats (180–250 g) were obtained from SPF (Beijing) Biotechnology Co., Ltd (permission number: 
SCX (JING) 2019–0010). The rats were group-housed 2–3 per cage and maintained with a 12-h light/dark cycle (light at 
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7 a.m.) under a temperature and humidity-controlled environment. All animals were given free access to food and water 
and acclimated for at least 7 days before the surgery for the adaption to the environment. The experiments were approved 
by the Animal Ethical and Welfare Committee of Kangtai Medical Laboratory Services Hebei Co., LTD (approval no. 
MDL20210812-1). All procedures involving animals complied with the National Research Council’s Guide for the Care 
and Use of Laboratory Animals.

Spinal Cord Injury
An established spinal cord contusion injury-induced neuropathic pain model was adopted.18,19 After anesthesia satisfac
tion, the T10 laminectomy was performed and the adjacent spinous process of T9 and T11 were clamped to stabilize the 
spinal column. The rats were then transferred to the New York University Impactor device (NYU) machine and the 
exposed spinal T10 segment was contused using a 10 g rob falling from a height of 25 cm. The rats were observed with 
two hindlimbs twitching involuntarily and the tails waggling which was in accordance with the criteria of spinal cord 
contusion injury. Then the incision was closed and the rats were kept warm until they woke. The rats’ bladders were 
manually expressed twice a day until the urinary function recovered. The antibiotics (penicillin, 40,000 u/kg/d) were also 
given to prevent postoperative infection.

Behavioral Tests
The Basso-Beattie-Bresnahan (BBB) scoring system was used to evaluate hindlimb motor function by three independent 
observers who were blinded to the rats’ identity and scored according to standard principles as described by Basso et al. 
BBB is a 21-point scale locomotion test with 21 indicative of normal movement and 0 representatives of no movement.20

Paw withdrawal threshold (PWT) measured by Von Frey (VF) filaments test was used to describe mechanical 
hypersensitivity. Briefly, the animals were acclimated for 30 min in plastic cages on the raised mental mesh floor for 
habituation prior to the pain test. Various VF filaments (RWD Life Science, China) with increased forces (0.4–60 g) were 
serially applied to the center of the plantar surface of the hind paws (up-down method).21 The sudden paw withdrawal 
was recorded as a positive response and the withdrawal threshold was defined as the lowest bending force of VF that 
elicited the positive responses.

Paw withdrawal latency (PWL) examined by the Hargreaves test was used to evaluate the heat sensitivity.22 Similarly, 
after acclimation for 30 minutes on a glass plate covered with a transparent chamber, infrared heat stimulation with 
a moveable radiant thermal source (RWD Life Science, China) was exerted on the center of the plantar surface. The heat 
intensity was set to produce basal PWL of approximately 12s, with the cut-off criteria of 20s in case of tissue damage. 
Each hind limb paw was tested 5 times at 10 min intervals and the final PWL for each rat was averaged.

The locomotion test and pain behavioral test were performed 4 weeks after SCI to ensure the success of establishing 
SCI induced central neuropathic pain model.23 After CONPs treatment, the behavioral tests were performed for another 
week to evaluate the efficacy of CONPs treatment.

Intrathecal Injection
To establish the homogenous animal models, we first selected those rats with BBB scores of 8–9 the 28 days after SCI. 
Then, we selected those rats which developed neuropathic pain after SCI with the criteria of PWT around 2–3 g and PWL 
around 5–6 s. Most rats (35/40) met the criteria and were included in the following experiment. Then, they were grouped 
as follows:

● Group 1: Vehicle group (n = 10).
● Group 2: CONPs 0.5 mg/mL group (n = 10).
● Group 3: CONPs 1 mg/mL group (n = 10).

The intrathecal injection was performed via direct lumbar puncture using a 30 μL Hamilton syringe (26-G needle, 
Reno, NV, USA) as previously described.24 A sudden tail-flick suggested that the needle arrived at the appropriate site. 
The vehicle group received the intrathecal injection of 20 μL PBS at one time. CONPs were prepared at 0.5 mg/mL and 
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1 mg/mL in PBS by sonicating for 5 min, the doses of which were based on the previous report.16 Then, CONPs (0.5 and 
1 mg/mL) with the same volume of 20 μL were performed intrathecal injection respectively.

Sample Collection
One week post-treatment, the rats were sacrificed and intracardially perfused with 150 mL pre-cold PBS followed by 
100 mL paraformaldehyde (PFA; 4% w/v). Approximately 10 mm spinal cord containing the injury site was dissected. 
The spinal cord was fixed in 4% paraformaldehyde overnight and cryoprotected with 30% sucrose for 2 days. For tissue 
immunostaining, 6 spinal cords in each group were embedded in optimal cutting temperature (OCT) and conducted in 
serial 10 μm - thick sagittal sections. The remaining samples were stored at −80 °C for molecular work.

Immunofluorescence Staining
After three rinses with PBS, cells and frozen tissues sections were fixed with 4% PFA for 20 min, permeabilized with 
0.5% TritonX-100 (85111, Thermo Scientific) for 12 min, and blocked with 5% bovine serum albumin (A1933, 
Sigma-Aldrich) for 20 min. All performances were at room temperature (RT). Then, cells and fixed sections were 
incubated overnight at 4 °C with primary antibodies: ED1, CD86, and Arg1. The next day, in the dark environment, 
the cells and samples were incubated with the secondary antibodies (conjugated to DyLight 488 or Cy3) for 1 h and 
subsequently counterstained with 4′,6′-diamidino-2-phenylindole (DAPI; C1002, Beyotime) for the nucleus. The 
images were observed under introverted fluorescence microscopy (Nikon, Tokyo, Japan). For tissue immunofluores
cence staining, macrophage polarization was quantified by calculating the percentage of the bright responses to anti- 
CD86 and anti-Arg1 antibodies in each section. Five sagittal sections were randomly selected and evaluated using 
ImageJ software (National Institutes of Health). Detailed information about the antibodies mentioned above can be 
found in Table 1.

RT-PCR
Total RNA was isolated with TRIzol reagent (R6834–01, Omega) according to the manufacturer’s protocol. cDNA was 
transcribed from total RNA (1 μg/sample) using the PrimeScript RT reagent kit (5081963001, Roche). Quantitative 
real-time PCR was performed using FastStart Universal SYBR Green Master (4913850001, Roche) on a Light 
Cycler® 480Real-Time PCR System (Hoffman-La Roche Ltd., Basel, Switzerland). The conditions were set as 
follows: 95 °C for 10 min followed by 40 cycles of 95 °C for 15s and 60°C for the 60s. The expression levels of 
each target gene were normalized to GAPDH (internal control) and the relative expression levels of target genes in 
experiment groups to that in the vehicle group were calculated with the 2−ΔΔCT method. All the primers used were 
listed in Table 2.

Statistical Analysis
All data analyses were performed using GraphPad Prism 8. A pairwise comparison was made using Student’s t-test. The 
comparison between multiple groups was made by one-way analysis of variance (ANOVA), followed by Turkey’s 
multiple comparisons as the post hoc test to determine the difference between the two groups. P < 0.05 was considered 
significant. The data were shown in mean ± standard deviation (SD).

Table 1 A Summary of Antibodies Used for Immunostaining

Antibodies Sources Dilution Identifier

Anti-mouse ED1 Thermo Fisher 1:200 MA5-16654

Anti-rabbit CD86 Thermo Fisher 1:200 PA5-88284
Anti-rabbit Arg1 Abcam 1:200 ab96183

Goat anti-mouse IgG (DyLight 488) Boster 1:100 BA1126

Goat anti-rabbit lgG (DyLight 488) Boster 1:100 BA11127
Goat anti-rabbit IgG (Cy3) Boster 1:100 BA1032
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Results
Characterization of CONPs
The synthetic nanoceria underwent extensive characterization. TEM image exhibited a size ranging 6.8 ± 0.5 nm and the 
single nanocrystal presented a cubic morphology (Figure 1A–C). No impurities can be detected and CONPs displayed 
typical peak broadening characteristics of nanosized particles, as determined by XRD analysis (Figure 1D). The 
bioactivity of CONPs was greatly based on the electron transfer between Ce3+ and Ce4+. XPS spectra showed the 
relative level of Ce3+ and Ce4+ were 27.80 ± 3.53% and 72.19 ± 3.52% respectively, which ensures the catalytic activity 
of CONPs (Figure 1E).25 To characterize the actual size of CONPs in biological tests, DLS analysis was performed and 
the results showed the hydrodynamic size of CONPs increased to 74.5 nm, suggesting nanoceria might assemble in 
a culture medium (Figure 1F). The measured Z-potential was + 18.2 mv which might be attributed to the presence of 
cationic on its surface (Figure 1G).

In vitro CONPs Modulate Macrophage Polarization
Before exploring the abilities that nanoceria might have on transforming macrophage phenotype, it was imperative to 
evaluate its cytotoxic effect. We performed a live/dead staining assay and the results revealed that a high dosage of 
CONPs application (800 μg/mL) would reduce macrophage viability (Figure 2A and B, P < 0.001, F = 20.02). Thus, 
nanoceria solutions with relatively low concentrations were used in the following in vitro study.

To examine the effects of CONPs on macrophage phenotype, we performed immunofluorescence staining. For 
immunofluorescence staining, cells were stained with CD86 (an M1 marker) and Arg1 (an M2 marker). The fluorescence 
intensity of CD86 displayed the trends as follows: M1> M1+ CONPs (200 μg/mL)>M1+ CONPs (400 μg/mL)>control, 
and the intensity of Arg1 displayed the trends as follows: M1+ CONPs (400 μg/mL)> M1+ CONPs (200 μg/mL)> M1> 
control (Figure 2C). Our results suggested that CONPs treatment could increase the percentage of M2 macrophages while 
reducing that of M1 macrophages.

In vivo CONPs Attenuate Pain Behaviors Following SCI
After spinal cord contusion injury, the rats’ hindlimbs were immediately paralyzed but spontaneously recovered within 
21 days until BBB scores 8–9 (Figure 3A). The response to the innoxious, mechanical stimuli was not detected until 7 
days after SCI and thereafter, the mechanical PWT decreased progressively (Figure 3B). The responsive latency of the 
injured rats to the thermal stimuli was prolonged compared with the sham group within the 14 days after SCI and 
thereafter, the thermal PWL decreased gradually (Figure 3C). For the injured rats, there was no response to the highest 
VF stimuli in the first week and the PWL values were also higher than the sham group within the first two weeks. Both 

Table 2 Primers Used for RT-qPCR

Gene Primer Sequence

GAPDH F: 5’-CCCTTAAGAGGGATGCTGCC-3’
R: 5’-TACGGCCAAATCCGTTCACA-3’

TNF-α F: 5’-CTGAACTTCGGGGTGATCGG-3’

R: 5’-GGCTTGTCACTCGAATTTTGAGA-3’
iNOS F: 5’-TGGTGAAGGGACTGAGCTGT-3’

R: 5’-CTGAGAACAGCACAAGGGGT-3’

IL-1β F: 5’-TGGAGAGTGTGGATCCCAAG-3’
R: 5’-GGTGCTGATGTACCAGTTGG-3’

Arg-1 F: 5’-CACCTGAGTTTTGATGTTGATGG-3’
R: 5’-TCCTGAAAGTAGCCCTGTCTTGT-3’

CD206 F: 5’-ACGAGCAGGTGCAGTTTACA-3’

R: 5’-ACATCCCATAAGCCACCTGC-3’
IL-10 F: 5’-GAGAAGCATGGCCCAGAAATC-3’

R: 5’-GAGAAATCGATGACAGCGCC-3’
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might be attributed to the low level of hindlimb motor function within the first two weeks following surgery. Then, the 
NP developed from day 14 for mechanical allodynia and from day 21 for thermal hyperalgesia. On day 28 after SCI, the 
injured rats showed significant mechanical and thermal pain (Figure 3B and C, P < 0.05).

Figure 1 Characteristics of cerium oxide nanoparticles (CONPs). (A–C) Transmission electron microscopy (TEM) image of CONPs. Arrows indicate the (111) and (200) 
lattice fringes with the interplanar spacing of 0.31 nm and 0.27 nm respectively. Scales = 10 nm (A), 50 nm (B) and 2 nm (C). (D) X-ray diffraction (XRD) pattern of CONPs. 
(E) Representative image of X-ray photoelectron spectroscopy (XPS) spectra of CONPs. (F) Dynamic light scattering (DLS) measurement of CONPs. (G) Summary of 
properties of CONPs.
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To evaluate whether CONPs treatment could attenuate pain behaviors, we delivered CONPs to the injured spinal cord 
which the NP developed through intrathecal injection. As shown in Figure 3E and F, both concentrations of CONPs 
solution significantly improved the mechanical PWT (F = 66.95; 0.5 mg/mL: P < 0.05; 1 mg/mL: P < 0.05) and thermal 
PWL compared (F = 29.94; 0.5 mg/mL: P < 0.05; 1 mg/mL: P < 0.05) with the vehicle group. Besides, the SCI rats that 
received higher concentrations of CONPs displayed better analgesic effects. What’s more, the CONPs treatment also 
improved the hindlimb motor function. The BBB scores increased from 8.3 ± 0.5 to 11.6 ± 0.6 (CONPs, 0.5 mg/mL) and 
from 8.6 ± 0.6 to 13.5 ± 0.7 (CONPs, 1 mg/mL) in one-week post-injection while the vehicle group did not exhibit any 
difference (Figure 3D).

In vivo, CONPs Nanoparticles Modulate Macrophage Polarization
To explore the underlying mechanism by which the CONPs attenuate the NP, we labeled the macrophages with ED1, M1 
macrophages with CD86, and M2 macrophages with Arg1. After CONPs treatment, the CD86+/ED1+ cells were 
significantly decreased (F = 137.4; 0.5 mg/mL: P < 0.01; 1 mg/mL: P < 0.01) while the CD206+/ED1+ cells (F 
=52.69; 0.5 mg/mL: P < 0.01; 1 mg/mL: P < 0.01) were significantly increased (Figure 4A and B). We also analyzed 
the mRNA expression in the tissue samples one week after injection treatment. The results showed the expression of M1 
markers including IL-1β (F = 17.73; 0.5 mg/mL: P < 0.01; 1 mg/mL: P = 0.0572), TNF-α (F = 142.5; 0.5 mg/mL: P < 
0.01; 1 mg/mL: P < 0.01), iNOS (F = 79.32; 0.5 mg/mL: P < 0.01; 1 mg/mL: P < 0.01), and CD86 (F = 65.53; 0.5 mg/ 
mL: P < 0.01; 1 mg/mL: P < 0.01) were reduced (Figure 4C). On the other hand, M2 makers including Arg-1 (F = 19.18; 
0.5 mg/mL: P < 0.05; 1 mg/mL: P < 0.01) and IL-10 (F = 15.66; 0.5 mg/mL: P < 0.05; 1 mg/mL: P < 0.01) were 

Figure 2 Effects of CONPs on macrophage viability and polarization. (A and B) Representative images (A) and statistical analysis (B) of live/dead staining showed a high 
concentration of CONPs treatment (800 μg/mL) can decrease the cell viability of macrophages (n = 5 each group). Scale bar = 100 μM. (C) Immunofluorescence analysis of 
macrophage phenotype distribution after CONPs treatment (n = 5 each group). M1 macrophages positive for CD86 (green) and M2 macrophages positive for Arg1 (red). 
Scale bar = 25 μM. The data were shown in mean ± standard deviation. P < 0.05 was set as significance. Compared with the control group, ***P < 0.001.
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confirmed to be increased (Figure 4D). Although, there was no significant difference in CD206 among all groups. 
Collectively, our results suggested that CONPs could promote macrophages’ polarization from M1 to M2 after SCI.

Discussion
Many researchers in the SCI region mainly focused on neuron regeneration and motor function recovery while ignoring 
the assessment of NP. However, NP is frequently complicated with SCI and usually causes depression, and sleep 
disturbance and seriously compromises patients’ life quality.26 In addition, effective treatments for NP are largely in 
lack in the clinic.27 Thus, it’s necessary to examine whether the NP is relieved while exploring new therapeutic methods 
for SCI repair. Some recent studies reported that nanoceria could repair the injured spinal cord and promote SCI rats’ 
locomotor function recovery.16,28 Here, we synthesized CONPs nanoparticles using the hydrothermal method. Besides, 
we adjusted the base concentration and reaction temperature in hope of getting a smaller nanoceria than that described by 
Jong-Wan Kim et.al17 There are mainly two reasons for doing so: first, the smaller particle size of nanoceria ensures 
a higher concentration of oxygen vacancy on the surface and more active biological activity;29 second, smaller nanoceria 
displayed better metabolism and biosafety.10 Then, we established the SCI-induced NP model and injected the nanoceria 
solution into the injured rats. The motor and sensory functions were assessed and histological analysis was also 
performed. We found CONPs could modulate macrophage polarization and attenuate pain behaviors following SCI.

Of the various immune cells infiltrating into the sites of nerve injury, macrophages predominate.30 The effects of 
those macrophages on the development of NP are controversial depending on their different phenotypes: M1 and M2.7,31 

The damaged nociceptive neurons upregulate the expression of proinflammatory cytokines and chemokines 
receptors.32,33 Thus, M1 macrophages, known for producing large amounts of pro-inflammatory molecules such as IL- 
6, IL-1β, and TNF-α, usually elicit the ectopic activity of nociceptors and exacerbate the pain.34,35 While M2 macro
phages act oppositely, tilting in the direction of inflammation resolution and pain relief.36 Targeted polarization of 
macrophages from M1 to M2 phenotype has been proved to be effective in reducing NP. For example, Norikazu et al 

Figure 3 CONPs reduced neuropathic pain after SCI in vivo. (A) Motor function was assessed by BBB score after SCI (n = 40). (B and C) Pain responses to mechanical 
stimuli (B, PWT) and thermal stimuli (C, PWL) after SCI (n = 40). The SCI rats which developed neuropathic pain received CONPs injection on day 28 post-injury. (D–F) 
Intrathecal injection of CONPs significantly increased the motor function of SCI rats (D) and improved their pain responses to mechanical (E) and thermal (F) stimuli (n = 
10 each group). The data were shown in mean ± standard deviation. P < 0.05 was set as significance. Compared with the sham or vehicle group, *p < 0.05. 
Abbreviations: PWT, paw withdrawal threshold; PWL, paw withdrawal latency.
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Figure 4 CONPs treatment promoted M2 macrophage polarization. (A and B) Representative immunofluorescence image of macrophage phenotype distribution after 
CONPs treatment (left, n = 12 each group). Scale bar = 50 μM. M1 macrophages positive for CD86 (red) and M2 macrophages positive for Arg1 (red). Cells were co-stained 
with pan macrophage markers (ED1, green). Statistical analysis showed CONPs injection significantly increased the percentage of Arg1+/ED1+ cells while decreasing that of 
CD68+/ED1+cells (right). (C) Gene expression analysis of M1-related markers by qRT-PCR (n = 5 each group). (D) Gene expression of M2-related markers by RT-qPCR (n = 
5 each group). The data were shown in mean ± standard deviation. P < 0.05 was set as significance. Compared with the vehicle group, *P < 0.05, **P < 0.01.
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injected IL-4 surrounding the mice’s injured sciatic nerve to increase the proportion of M2 macrophages and observed 
a marked reduction of pain behaviors.37 Another study by Hu et al reported red light therapy had a similar effect on 
recruiting M2 macrophages and relieved the pain condition following SCI.38 In this study, we also tried to increase M2 
macrophages in the injured sites and to see whether the NP induced by SCI can be attenuated.

Many studies have implied the ability of CONPs in modulating macrophage polarization. Hirst et al reported the anti- 
inflammatory properties of nanoceria by regulating inflammatory mediators’ production from the macrophages.9 Kai-Li et al 
incorporated CONPs nanoparticles into the hydroxyapatite (HA) to endow it with the ability to transfer macrophages’ 
phenotype from M1 to M2 type, while HA alone would provoke proinflammatory responses.39 Besides, a study about 
pulmonary inflammation suggests nanoceria was able to reprogram alveolar macrophages (AM) from the M1 to M2 
phenotype.40 Here, we examined our hypothesis using RAW 264.7 macrophage cell lines. We first cocultured RAW with 
CONPs under different concentrations and found CONPs with concentrations of 800 μg/mL could markedly lead to the 
macrophages’ cell death. This may explain why some researchers observed the adverse cellular response such as increased cell 
apoptotic rate and ROS when applying CONPs.41,42 The CONPs nanoparticles may work dose-dependent. Next, we evaluated 
the effect of nanoceria on macrophage phenotype qualitatively. The macrophage-specific markers CD86 and Arg1 were used 
to identify M1 and M2 phenotypes respectively. The results of immune fluorescence staining suggested that CONPs 
nanoparticles could significantly increase the percentages of M2 macrophages while decreasing that of M1 macrophages. 
Interestingly, a higher concentration of nanoceria (400 μg/mL) seems to induce more M2 macrophage polarization. Though, 
the relationship between the concentration of nanoceria and the phenotypic switch of macrophages requires further study.

Almost 70% study concerning SCI-induced NP adopted the thoracic spinal cord contusion model.43 Researchers 
assess the pain condition primarily based on the withdrawal responses from the mechanical or thermal stimuli. Because 
those nociceptive withdrawal reflexes are frequently observed in humans with NP.44 In this study, our observation was in 
line with the literature that rats after spinal cord injury developed significant mechanical hypersensitivity and thermal 
allodynia as the frequency and latency of paw withdrawal increased.45 Through intrathecal injection, we administered 
CONPs intervention on those animals with NP. In the following week, we found the rats’ motor function significantly 
improved which was consistent with previous studies.28 In addition, the mechanical PWT and thermal PWL were 
increased, suggesting that CONPs possess a pain-relive effect. Some recent studies have implicated the analgesia effect 
of CONPs in various animal models. For example, Kim et al reported that CONPs could alleviate edema and pain 
hypersensitivity in the animal model of inflammation pain.15 Therefore, these findings in the present study were in 
accordance with previous studies and implied that the use of nanoceria for pain relief was worthy of further study.

We also evaluated the effect of CONPs on macrophage polarization in vivo. Both tissue immunostaining and qRT-PCR 
displayed a similar changing trend of M1/M2 macrophages. Interestingly, Jong-Wan Kim et al reported the optimal 
therapeutic dosage of nanoceria in treating SCI was between 0.5 −1 mg/mL and we adopted the concentration they 
reported.16 However, our study suggested the optimal concentration of nanoceria in treating SCI-induced NP may be higher 
than 1 mg/mL. Because the in vivo study seemed to present a trend that the higher concentration of CONPs treatment leads to 
more M2 macrophage polarization and better analgesic effect. Besides, in neuropathic pain, M1 macrophages activation is 
known to elevate the sensitivity of somatosensory neurons by secreting large quantities of pro-inflammatory cytokines and 
further enhance NP, while there is ample evidence suggesting phenotypic transfer of M2 macrophages can diminish nerve 
injury-induced mechanical hypersensitivity.46–48 The present study revealed that CONPs injection could significantly 
increase the proportion of M2 macrophages and decrease that of M1 macrophages. Based on those observations, we 
speculated the analgesia of CONPs could be attributed to its modulation effect in macrophage subtypes.

Conclusion
Overall, the present study demonstrated that CONPs could alleviate neuropathic pain after rats’ SCI by promoting 
macrophage polarization towards M2 phenotypes. In addition, CONPs could also promote motor function recovery in 
rats’ SCI model. Thus, our findings implied the great pharmaceutical application of CONPs in treating SCI-induced 
neuropathic pain.
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