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Regeneration in the therapeutics of spinal cord injury (SCI) remains a challenge caused by the hyper-
inflammation microenvironment. Nanomaterials-based treatment strategies for diseases with excellent thera-
peutic efficacy are actively pursued. Here, we develop biodegradable poly (lactic-co-glycolic acid) nanoparticles

f;ﬁziz:gnmeerin (PLGA) obtained by loading celastrol (pCel) for SCI thrapy. Cel, as an antioxidant drug, facilitated reactive
Neuroinﬂalimationg oxygen species (ROS) scavenging, and decreased the generation of pro-inflammatory cytokines. To facilitate its

administration, pCel is formulated into microspheres by oil-in-water (O/W) emulsion/solvent evaporation
technique. The constructed pCel can induced polarization of macrophages and obviously improved lipopoly-
saccharide (LPS) and interferon-y (IFN-y)-induced mitochondrial dysfunction, and increased neurite length in
PC12 cells and primary neurons. In vivo experiments revealed that pCel regulated the phenotypic polarization of
macrophages, prevented the release of pro-inflammatory cytokines, promoted myelin regeneration and inhibited
scar tissue formation, and further improve motor function. These findings indicated that the neuroprotective
effect of this artificial biodegradable nanoplatform is benefit for the therapy of SCI. This research opens an

exciting perspective for the application of SCI treatment and supports the clinical significance of pCel.

1. Introduction

Recently, the number of patients with traumatic spinal cord injury
(SCI) has been increasing globally, and this disease can seriously affect
their motor function [1-3]. In the pathological process of SCI, it is
generally accompanied by excessive generation of reactive oxygen
species (ROS), inflammation, and secondary damage to the central
nervous system (CNS), which has a negative impact on the treatment of
such patients [4,5]. ROS is closely related to cell activity, and research
has found that it can affect cell proliferation, survival, apoptosis levels,
and is also related to cell resistance [6]. Therefore, during the treatment
of SCI, clearing ROS and reconstructing the microenvironmen in the
injured spinal cord are the focus of research. However, the difficulty of
controlling ROS is increasing, and there are still many issues that need to
be further studied.

Nanoplatform with enzyme-like structures and functions can regu-
late ROS levels in cells through catalytic activation pathways derived
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from immune cells, thereby providing support for the treatment of SCI
related diseases [7,8]. Poly (lactic-co-glycolic acid) (PLGA) is a
high-performance polyester polymer that is biodegradable [9]. At pre-
sent, in the field of drug carrier research, PLGA-based nanoplatforms
have attracted attention due to their performance advantages, such as
low toxicity, high drug loading, and drug release potential [10,11]. In
this nanoplatform, drugs can be slowly released, thereby significantly
improving the therapeutic effect of drugs. In addition, PLGA-based
nanoplatforms can be designed with convenient size, active site,
which can efficiently target to specific cells and also help improve drug
efficacy [12,13].

Celastrol (Cel) is an antioxidant and also has a certain inhibitory
effect on inflammatory reactions [14-16]. Cel can promote the polari-
zation of M1 to the M2 phenotype and play a regulatory role in the
balance of immune response [17]. However, previous studies have
found that the degradation and poor solubility of this drug under
physiological conditions. Considering the ROS-enriched condition of
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Fig. 1. Characterization of the pCel. (a) Scheme of pCel-based therapy for SCI. Scale bar = 200 nm. (b) TEM results of pCel. (c) DLS of pCel. (d) 0> scavenging
activities of pCel. (e) -OH scavenging activities of pCel. (f) Cumulative Cel release analysis of pCel. **P < 0.01, ***P < 0.001.

injured spinal cord and poor solubility of Cel, a novel nanoplatform
delivery system with Cel (pCel) was established by using PLGA. pCel
were optimized to rebuild the microenvironment (Fig. 1a). The evalu-
ation of ROS scavenging-driven SCI therapy was conducted based on LPS
and IFN-y inducing BV2 cells and spinal cord contusion mice. The pCel
not only effectively eliminated ROS and polarized M1 toward M2
phenotype, but also promoted function recovery and hindered scar tis-
sue hyperplasia. Importantly, pCel drastically decreased the mortality
and alleviated the motor dysfunction via preventing pro-inflammatory
cytokines and ROS level. With higher biocompatibility, pCel adminis-
tration can be regarded as a excellent agent inhibiting ROS-associated
neuroinflammation.

2. Results and discussion
2.1. Preparation and characterization of pCel

In the experimental process, two phases were first prepared; The oil
phase consists of dichloromethane (DCM) (5 mL), Cel (50 mg), and
Resomer ® RG 502H (400 mg) is composed, while the aqueous phase is
relatively simple and consists solely of PVA solution (1 % w/v). Prepare
0.1 % (w/v) polyvinyl alcohol (PVA) culture medium (50 mL) according
to experimental requirements. The internal phase is prepared by dis-
solving polymers and drugs through vortex stirring. Then, the aqueous
phase was added to the organic phase at a suitable speed, and the O/W
lotion was produced at 8000 rpm after full agitation. The resultant
emulsion was later added to the maturation medium for 3 h, in an in-
cubation bath at 40 °C under magnetic stirring (100 rpm) to ease the
organic solvent evaporation. pCel were then collected by filtration
through a 25 pm nylon sieve and a 10 pm nylon filter respectively, to
select the desired size interval.

As shown in the TEM results (Fig. 1b), the pCel microspheres are
spherical and exhibit a good solid structure. From Fig. 1c, it can be
observed that the average particle size of this microsphere is about 720
nm, with high particle size concentration. Select typical free radicals
ROS, 0?7, and -OH for experimental research, and analyze the ROS-
scavenging effect of pCel. According to Fig. 1d and e, pCel exhibits

high ROS scavenging activity, and the scavenging performance is posi-
tively correlated with concentration. After pCel treatment, 55 % of the
total 02~ is 150 pg/mL pCel clearance (Fig. 1d). About 58 % of the -OH
was decomposed after treated by 150 pg/mL pCel (Fig. 1e). To deeply
verify the anti-oxidative effect of pCel, a ROS scavenging experiment
was tested by classic 2,2"-azino-bis (3-ethylbenzothiazoline 6-sulfonate)
(ABTS) radical assay. As exhibited in Supplementary Figure 1, about 70
% of free radical were eliminated by pCel (100 pg/mL). Moreover, no
significant changes were observed in the zeta potential of pCel following
7 days of storage in different solution at 37 °C, indicating that these
particles were highly stable (Supplementary Figure 2). Furthermore, the
cumulative Cel release amount of pCel was tested to evaluate the release
behavior under different pH conditions (Fig. 1f). Compared with
releasing only ~40 % of Cel in PBS at 6 h and only ~60 % of Cel in PBS
solution (10%FBS) at 6 h, the release rate of pCel was increased to ~95
% and ~98 % in 0.5 mM H30, and PBS solution (pH = 2.0), respectively.
The property from oral delivery of pCel is mainly ascribed to the
accelerated dissociation of Cel in ROS-enriched microenvironment.
Thus, these results demonstrated that pCel has higher ROS-scavenging
effect.

2.2. pCel polarized M1 macrophages toward M2 in vitro

To confirm the macrophages reprogramming of the pCel polarization
of macrophages by marking interleukin-1p (IL-1p, red, M1 marker) and
Arg-1 was observed in Fig. 2a (left). LPS + IFN-y-treated macrophages
showed M1 phenotype, and Cel restricted M1 polarization (Fig. 2a
right). The macrophages expressed lower red signal in pCel group,
which showed that pCel significantly inhibited the M1 polarization. The
fluorescent result indicated that the level of IL-1p-positive macrophages
decreased treated with Cel for 6 h, while those of Arg-1-positive mac-
rophages increased (Fig. 2b and c). A significant improvement of Arg-1-
positive macrophages was found in pCel group. The M1 ratio in LPS +
IFN-y group approximately reached 45 %, further indicating that pCel
can prevent inflammatory response and promote M2 polarization.
Moreover, after re-treated with LPS + IFN-y (M2* cells), pCel group had
a much higher Arg-1 and lower IL-1p fluorescence (Fig. 2d). These data
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Fig. 2. Macrophage polarization of pCel. (a) Scheme for M1-M2 polarization by pCel (left) and typical images of IL-1p- and Arg-1-marked cells (right). (b, c)
Representative quantification of marker intensity in cells treated with pCel. ***P < 0.001, compare to MO group. #P < 0.05, ###P < 0.001, compare to LPS + IFN-y
group. (d) Scheme for inhibition of polarization by pCel (left) and typical images of the marked cells (right). (e) Seahorse mitochondrial stress tests of LPS + IFN-
y-caused macrophages treated with pCel, Cel or PBS. (f) Representative analysis of basal respiration in LPS + IFN-y-induced macrophages treated with pCel, Cel or

PBS. (g) Representative analysis of maximal respiration in LPS + IFN-y-induced macrophages treated with pCel, Cel or PBS. Scale bar = 10 pm **P < 0.01, ***P <
0.001, ****P < 0.0001, compare to LPS + IFN-y group.
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Fig. 3. pCel effected the proliferation. (a) Neuronal viabilities test of pCel. *P < 0.05, **P < 0.01, ***P < 0.001. (b) Representative images of neurite outgrowth in
LPS + IFN-y-induced PC12 cells treated with pCel, Cel or PBS. Scale bar = 10 pm. (c) Representative quantification of neurite outgrowth in LPS + IFN-y-induced
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Fig. 4. Invivo treatment effects of pCel in SCI mouse. (a) The corresponding bioefficacy assay. (b) Survival curves of research objective with various therapy. (c) BMS
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compare to SCI group.

showed that macrophages induced by LPS + IFN-y were in the inflam-
matory state, and this effect was significantly inhibited by pCel.

We next tested the ability of pCel to drive metabolic reprogramming.
As shown in Fig. 2e-g, we found that compared with the LPS + IFN-y
group, the OXPHOS level of pCel-treated cells was significantly
increased. According to the above experimental research, pCel exhibits a
significant inhibitory effect on inflammatory responses in M1 macro-
phages, while also having a certain regulatory effect on metabolism.

2.3. pCel effected the proliferation and neurite outgrowth

Neurons play an extremely important role in function recovery after
SCI. The cytocompatibility of pCel was assessed based on detectingim-
pact on the activity of PC12 cells (Fig. 3a). No obvious cytotoxicity was
observed for pCel within the concentration range (0.1—2.0 mg/mL) and
the tested time (12—48 h). Increased neuron activity appeared after
treating with pCel for 24,48 h. After 24 h administration, higher neuron
viability increase was detected under condition of pCel (2.0 mg/mL).
While the treatment time reached 48 h, the concentration as low as 0.5
mg/mL caught a significant neurons viability improvement. These data
showed the neuroprotective influence of pCel in vitro.

The LPS + IFN-y decreased neurite elongation in PC12 cells
(approximately 5 pm). The neurite elongation in the Cel (approximately
10 pm) and pCel (approximately 16 pm) groups was higher compared to
that in LPS + IFN-y group (Fig. 3b and c). Moreover, a similar effect was
found in primary neurons (Fig. 3d and e). Therefore, pCel can form
proper niche to induce the proliferation of neural cells.

2.4. pCel enhanced SCI mice motor ability

To assess the in vivo therapy of pCel, they were orally delivered into
spinal cord transection model mice (Fig. 4a). The animals in the SCI, Cel,
and pCel groups faced paralysis over 2 months, whereas significant
motor function restoration was observed in the pCel group. The results
showed that the survival rate of mice was significantly improved after
treatment with Cel and pCel (Fig. 4b). The improvement effect of pCel
on behavioral function was evaluated by the Basso Mouse Scale (BMS).
The results showed that the behavioral function of mice was signifi-
cantly improved after pCel treatment (Fig. 4c). An open field test (OFT)
was used to further investigate the activity of mice. The analysis shows
that compared to other groups, the pCel group had a significantly higher
total distance moved, distance to point area mean, distance to point
area, and mobility frequency than the other groups (Fig. 4d-g).
Furthermore, we detected the pCel concentration of 5287.7 + 1962.3
ng/g in the T9-T10 injured spine cord by Gas Chromatography-Mass
Spectrome (GC-MS). To deeply assess the treatment efficacy of pCel,
the number of neurons and the size of gilal scar was tested (Supple-
mentary Figure. 3, 4). pCel group significantly improved neurons sur-
viving in ventral anterior horn and decreased lesion in dorsal injured
spinal cord. These data demonstrated that pCel can obviously enhance
the function ability of mice.

2.5. pCel effected M1 macrophage to M2 phenotype at the injured lesion

The phenotype of macrophages exhibits various capability to exert
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functions in SCI. M1 macrophages, highly labeled inducible nitric oxide
synthase (iNOS), CD86 and interleukin-1f (IL-1f), have cytotoxic effect
on SCI. As highly expressed arginase-1 (Arg-1), CD206, interleukin-10
(IL-10), M2 macrophages can promote regeneration and inhibit
inflammation after SCI. The analysis of markers for M1 and M2 mac-
rophages in the injured spinal cord showed that the mRNA levels of
iNOS, CD86 and IL-1§ in pCel group were significantly lower than those
in other groups (Fig. 5a). As key markers of M1 phenotype, these genes
are related to inflammatory response and the release of proinflammatory
cytokines, and contribute to the hyperinflammation microenvironment
in the lesion. In contrast, the mRNA levels of Arg-1, CD206 and IL-10 in
pCel group were significantly increased as compare to SCI and Cel
groups (Fig. 5b). Subsequently, these data were tested to quantify the
total number of Arg-1+-cells (DAPI+/CD206+), macrophages (DAPI+/
F4/80+) and M2 macrophages (DAPI+/F4/80+/CD206+) on the 7th
day after SCI (Fig. 5c¢). Total number of infiltrated macrophages in these
group was indifference (Fig. 5d). Moreover, compared with SCI group,
the number of Arg-1+ cells in Cel and pCel significantly increased
(Fig. 5e). In addition, in the pCel group, the ratio of M2 phenotype to the
total number of macrophages was significantly increased 3-fold as
compare to SCI group (Fig. 5f). Therefore, these data demonstrated that
pCel polarized M1 macrophages toward M2 and inhibited inflammation
response in acute SCL

2.6. pCel effected the synaptic regeneration and scar generation via
inhibiting neuroinflammation

Spinal cord regeneration includes scar hyperplasia, and synaptic
reconstruction [18-20]. Next, we studied the regenerative effect of pCel
administration at the beginning of the chronic phase of SCI (on the 28th
day after SCI). The fluorescence intensity of CSPGs in the pCel group was
significantly lower than that of the other groups, indicating that there
were fewer scar tissues at the injury site (Fig. 6a and b). In addition,

abundant synapse (Syn) is critical for nerve regeneration and axon
extension. An increased syn signal in the peripheral region was observed
after treatment with pCel (Fig. 6¢ and d). Compared with SCI group,
pCel administration significantly increased the number of myelinated
axons (Supplementary Figure 5). The expression of proteins associated
with neuronal and glial scar was comparable in the SCI and Cel groups,
demonstrating that pCel were favorable for the effective treatment of
CNS-related diseases. Furthermore, after pCel feeding, the level of
TNF-a, IL-1p and IL-6 significantly decreased on day 7 post-SCI (Fig. 6e,
Supplementary Figure 6, 7). Thus, the inhibition of inflammation at the
early stage of SCI could be decreased, and an environment for the
induced regeneration of the spinal cord could be created at late stage of
SCL

Cel Administration leads to hematological and liver toxicity, which
limits the further application of Cel. The data exhibited no obvious
difference in both pCel and normal group (Supplementary Figure 8-12).
These finding showed that the pCel had no obvious long-term side ef-
fects in vivo.

In fact, Thefollowing mentioned nanomedicine prevented further
destruction of SCI, but there are still many shortcomings, as shown in
Table 1. All these findings suggested that anti-inflammatory targeted
therapies may play an important role in the treatment of SCI. Compared
with the various previously reported drugs, pCel has a better therapeutic
effect on SCI rats because the damage recovers faster (Table 1).

3. Conclusion

In summary, we developed pCel to investigate their therapeutic ef-
fects as novel nanoplatform for SCI. pCel polarized M1 macrophages to
M2 and promoted neurite outgrowth in vitro, demonstrating the syn-
ergistic treatment strategy for neuro-associated cells under pathological
conditions. The in vivo results revealed that pCel regulated the macro-
phages polarization, inhibited the release of proinflammation cytokines,
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Table 1

Comparison of the motor function recovery after SCI by using different medicines.
Nanomedicines ~ Motor function recovery Theraputic effects Advantages/Disadvantages Ref.
NT3-Chitosan improve significantly anti-infection, neuroprotection regeneration; difficult to be dissolved in human fluid [21]
CeO,-PCL improve in vitro biocompatibility delivered a bone regeneration drug increases biocompatibility of the drug; not available for ~ [22]

and auto-recovery abilities injection and the in vivo effects are unknown
Se-CQDs improve significantly after 8 weeks reduced the inflammation, astrogliosis, and remarkable protective effect for nerves; not cost- [23]
apoptosis induced by secondary injury effective, toxic concern
pCel improve significantly after 7 days immunomodulation reduces inflammation, injectable, low toxicity, current
metabolic regulation, simple preparation work

Note: NT3, neurotrophin3; CeO,-PCL (CeO,, particles assembled onto poly (e-caprolactone) (PCL)) Se-CODS (Selenium-Doped Carbon Quantum Dots).
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improved functional neuron regeneration, and decreased scar tissue
formation. This study unraveled a novel potential for biomimetic
nanoplatforms to treat CNS-related disorders, including SCI.
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