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NEMO-Binding Domain/IKKy Inhibitory Peptide Alleviates
Neuronal Pyroptosis in Spinal Cord Injury by Inhibiting
ASMase-Induced Lysosome Membrane Permeabilization

Yibo Geng, Junsheng Lou, Junnan Wu, Zhichao Tao, Ningning Yang, Jiaxuan Kuang,
Yuzhe Wu, Jiacheng Zhang, Linyi Xiang, Jingwei Shi, Yuepiao Cai, Xiangyang Wang,*

Jiaoxiang Chen,* Jian Xiao,* and Kailiang Zhou*

A short peptide termed NEMO-binding domain (NBD) peptide has an
inhibitory effect on nuclear factor kappa-B (NF-xB). Despite its efficacy in
inhibiting inflammatory responses, the precise neuroprotective mechanisms
of NBD peptide in spinal cord injury (SCI) remain unclear. This study aims to
determine whether the pyroptosis-related aspects involved in the
neuroprotective effects of NBD peptide post-SCl.Using RNA sequencing, the
molecular mechanisms of NBD peptide in SCI are explored. The evaluation of
functional recovery is performed using the Basso mouse scale, Nissl staining,
footprint analysis, Masson’s trichrome staining, and HE staining. Western
blotting, enzyme-linked immunosorbent assays, and immunofluorescence
assays are used to examine pyroptosis, autophagy, lysosomal membrane
permeabilization (LMP), acid sphingomyelinase (ASMase), and the
NF-xB/p38-MAPK related signaling pathway.NBD peptide mitigated glial scar
formation, reduced motor neuron death, and enhanced functional recovery in
SCI mice. Additionally, NBD peptide inhibits pyroptosis, ameliorate
LMP-induced autophagy flux disorder in neuron post-SCI. Mechanistically,
NBD peptide alleviates LMP and subsequently enhances autophagy by
inhibiting ASMase through the NF-xB/p38-MAPK/Elk-1/Egr-1 signaling
cascade, thereby mitigating neuronal death. NBD peptide contributes to
functional restoration by suppressing ASMase-mediated LMP and autophagy
depression, and inhibiting pyroptosis in neuron following SCI, which may
have potential clinical application value.

1. Introduction

Spinal cord injury (SCI), a potentially fatal
disease with great severity, causes neuro-
logical dysfunction, leading to blockade or
interruption of nerve signal transmission
and resulting in motor, sensory, and auto-
nomic dysfunction. Severe cases may lead
to paralysis.['?] However, there is currently
no highly effective treatment for SCI. SCI
develops in distinct stages with characteris-
tic features: primary injury and secondary
injury. Secondary injury includes a cas-
cade of responses such as oxidative stress,
neuroinflammation, neuronal demise, and
ischemia.[**] Given the unpredictability and
irreversibility of primary injury, prevailing
therapeutic endeavors are directed toward
mitigating subsequent pathological alter-
ations in secondary SCI to enhance clinical
outcomes and prognosis for SCI patients.!]
While the intricacies of secondary SCI
remain incompletely understood, existing
evidence suggests the prospect of inter-
ventions targeting neuroinflammation and
cell death during this phase as promis-
ing strategies for SCI management.[®
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The intricate interaction between cell death and inflammation
indicates a pivotal relationship.””] Pyroptosis, a newly identified
mode of programmed cell death, occurs within diverse tissues,
including the spinal cord and brain.®°! Pyroptosis involves the
canonical and noncanonical pathways, and Caspase-1 is involved
in the former. Toll- and Nod-like receptors recognize danger-
or pathogen-associated molecular patterns during the initiation
phase of canonical pyroptosis, activating inflammasome-related
genes.[1% This prompts the cleavage of pro-Caspase-1 to produce
the active form. Active Caspase-1 further processes pro-IL-18
and pro-IL-18 into their active forms, increasing the inflamma-
tory response.'!l Activated Caspase-1 cleaves the Gasdermin-D
(GSDMD) protein to yield biologically active GSDMD-N, which,
in turn, mediates cell membrane dissolution, pyroptosis, and
NLRP3 inflammasome activation.'?) This culminates in the
release of intracellular inflammatory factors, initiating a se-
quence of inflammatory events.['*] Essentially, pyroptosis is a
crucial pathological mechanism following SCI that represents
an uncontrolled and dysregulated process in the subacute
phase of injury.™ Moreover, neuronal pyroptosis is one of
the main causes of neurological dysfunction and paralysis.['>]
Following SCI, the upregulation of NLRP3 inflammasome ex-
pression due to extensive signaling cascades results in neuronal
pyroptosis, thereby exacerbating secondary injury.'®l There-
fore, the priority is to control the initiation and progression
of pyroptosis in neurons to enhance the effectiveness of SCI
treatment.

Autophagy is a lysosome-dependent degradation process that
uses lysosomes to break down damaged organelles, protein ag-
gregates, and cytoplasmic proteins.['’] This process is pivotal
for preserving cellular homeostasis and ameliorating neurode-
generative diseases.['®] Autophagy exerts neuroprotective effects
against SCI by modulating microtubule dynamics and mediating
axonal regeneration, thereby mitigating nerve damage."! No-
tably, various investigations indicated the critical involvement of
autophagy in neuronal processes.!?2!] Furthermore, the induc-
tion of autophagy has been shown to inhibit neuronal pyrop-
tosis development.[??] During autophagy, autophagosomes fuse
with lysosomes to form autolysosomes.[?*] The material inside
the autophagosomes is degraded by enzymes inside the lyso-
some, releasing useful molecules and energy for the cell to
use. Consequently, lysosomes are integral participants in the
autophagic process, and their functionality profoundly influ-
ences autophagy progression. Research indicated that an in-
crease in lysosomal membrane permeability is associated with
aging and various neurodegenerative disorders.**2% When lyso-
somal membrane permeabilization (LMP) has occurred, en-
zymes and other molecules inside lysosomes leak into the cyto-
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plasm and extracellular space, leading to cell death or impaired
function and affecting the normal progression of autophagy.[?-%"]
Therefore, maintaining the integrity and stability of lysosomal
membranes is crucial for the normal progression of autophagy.
Preventing LMP may restore autophagy flux in neurons and ulti-
mately improve SCI. Acid sphingomyelinase (ASMase) is a cru-
cial enzyme in sphingolipid metabolism and belongs to the sph-
ingomyelinase family of enzymes.?% Interestingly, ASMase is
mainly distributed on the inner side of lysosomal membranes,
where it catalyzes the generation of ceramide (Cer) from sphin-
gomyelin (SM).! Cer is further degraded to sphingosine (Sph)
by ASMase, which induces LMP.[*?] In addition, ASMase plays
an important role in both the physiological and pathological pro-
cesses of neurons, such as reducing neuronal death after trau-
matic brain injury by inhibiting ASMase.[>*3*] Consequently, in-
hibiting ASMase to suppress LMP and restore autophagy flux is
a viable strategy for enhancing neuronal survival and promoting
functional recovery after SCI.

NEMO-binding domain (NBD)/ IKKy inhibitory peptide is a
highly specific nuclear factor kappa-B (NF-xB) inhibitor.®] It
inhibits TNF-a-induced NF-xB activation by disrupting the in-
teraction between the IKKy/ NBD and IKKa and IKKA.36371
Research has shown that NBD peptide exerts a therapeutic
and neuroprotective effect by inhibiting inflammation in cere-
bral ischemia—reperfusion injury.®¥! Moreover, our previous re-
search demonstrated that peptide-based medications exhibit no-
table therapeutic benefits in the treatment of SCI by prevent-
ing pyroptosis.['>*] However, the role of NBD peptide in SCI
treatment is still unclear. In addition, ischemia is a key patho-
logical and physiological mechanism associated with SCI.I*
Research findings indicated that the administration of the
NBD peptide ameliorates neurological impairment caused by is-
chemia-reperfusion injury, suggesting its potential use in the
management of SCLP®¥ A recent study demonstrated that the
NBD peptide inhibits the activity of ASMase.[*!l Moreover, re-
search has shown that NF-xB activates p38.1*?] Interestingly, it
has been demonstrated that p38 activates ASMase through the
Elk-1/Egr-1 pathway.[}] However, whether the activity of AS-
Mase in SCI is inhibited by NBD peptide via the NF-xB/p38-
MAPK/Elk-1/Egr-1 pathway is still unknown. In this study, we
used a mouse SCI model to examine the therapeutic efficacy of
NBD peptides. Our primary objectives were to determine 1) the
neuroprotective and motor recovery effects of NBD peptide in the
context of SCI; 2) the involvement of autophagy, LMP, and pyrop-
tosis in the underlying mechanism of NBD peptide treatment for
SCI; 3) the potential role of ASMase in the NBD peptide-mediated
response to SCI; and (4) whether this response is mediated via the
NF-kB/p38-MAPK pathway.

2. Results

2.1. NBD Peptide Promotes Post-SCI Functional Recovery

The effects of different doses of NBD peptide on motor function
recovery in SCI mice were monitored to determine the optimal
dose, and it was found that the optimal dose of NBD peptide was
500 pg kg=! (Figure S1, Supporting Information). Furthermore,
using a pharmacokinetic analysis, we measured the plasma
concentration of NBD peptide at various times (0, 1, 2, 4, 8, 12,
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and 24 h) after the administration of a dose of 500 ug kg~! and
determined that the half-life of the NBD peptide was 20.25 h
(Figure S2, Supporting Information). Then, we systematically
assessed the neuroprotective effects of NBD peptide on mice
subjected to SCI by using comprehensive tissue staining and
motor function evaluations. SYN, which is an indicator of motor
cortical/spinal plasticity post-injury, shows alterations in synaptic
connectivity.**] The expression of MAP2 is associated with ax-
onal regeneration and repair. When distal motoneurons exhibit
abnormalities in the cytoskeleton, MAP2 levels decrease.*’] At
28 days postinjury (dpi), immunofluorescence analysis showed a
decrease in the number of anterior horn motor neurons, sparse
distribution of MAP2, and a decrease in the number of SYN-
positive synapses on ventral motor neurons in the SCI group
compared to the Sham group. Compared with untreated SCI
mice, mice treated with NBD peptide showed an increase in the
number of anterior horn motor neurons, a significant increase
in the density of MAP2 distribution, and a significant increase in
the number of SYN-positive synapses on ventral motor neurons
(Figure 1A-D).

We performed HE and Masson staining at 3, 7, and 14 days
after SCI to observe scar formation at different time points, as
shown in Figure S3 (Supporting Information). We found that
the glial scar was essentially stabilized 14 days after SCI, and a
large area of the glial scar was observed at the injury site after
SCI. Moreover, the area of the glial scar started to significantly
shrink after day 7 following SCI with NBD peptide treatment.
(Figure S3A-F, Supporting Information; Figure 1E-F). Notably,
NBD peptide treatment mitigated the glial scar area, showing a
significant therapeutic effect (Figure S3A-F, Supporting Infor-
mation; Figure 1E-F). We performed a footprint analysis and as-
sessed BMS scores to further explore the role of the NBD pep-
tide in the restoration of locomotor function. The footprint anal-
ysis was performed at 28 dpi, and the results indicated a notable
improvement in hind limb function in the SCI+NBD peptide
group, while mice in the SCI group continued to exhibit an in-
ability to lift their hind limbs (Figure 1G). Stride length data ob-
tained from the footprint analysis revealed comparable patterns
(Figure 1H). At 14, 21, and 28 dpi, SCI mice treated with NBD
peptide exhibited significantly higher BMS scores than the SCI
group (Figure 1I).

Transcriptome sequencing was performed on the SCI group
and the SCI+NBD peptide group to determine the mechanism
responsible for the observed effects of NBD peptide on SCI.
Among 1026 differentially expressed genes (DEGs) (258 up-
regulated, 768 downregulated) between the SCI+NBD peptide
and SCI groups (p < 0.05, Figure 1]), GO analysis indicated
enrichment in processes related to autophagy, lysosomal ac-
tivity, pyroptosis, and the NF-«kB and p38-MAPK signaling
pathway (Figure 1K,L). The transcriptome data indicated that
pyroptosis, autophagy, and the NF-xB and p38-MAPK signaling
pathways were involved in the therapeutic effect of the NBD
peptide.

2.2. NBD Peptide Decreases Post-SCI Pyroptosis in Neurons
Inflammation is an inevitable consequence of tissue injury

caused by trauma. The prompt resolution of inflammation is
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a critical requirement to ensure efficacious host defense and
proper cellular repair in the aftermath of trauma-induced tissue
injury. Excessive inflammation can lead to further cell death and
worsen damage.[*! Pyroptosis is triggered by inflammatory pro-
teases that are dependent on cysteine and specific to aspartate.[*¢]
Pyroptosis has garnered significant interest due to its distinct role
in the context of inflammation. To assess the potential inhibitory
effects of NBD peptide on pyroptosis, we investigated key com-
ponents of the pyroptotic pathway, including NLRP3, Caspase-1,
IL-18,NLRP1, ASC, IL-18, and GSDMD-N. IF staining in the SCI
group demonstrated robust fluorescence signals for Caspase-1
and GSDMD-N in neurons. In contrast, the SCI+NBD peptide
group exhibited only slight fluorescence signals (Figure 2A-D).
WB analysis was performed to assess the expression levels of
Caspase-1, IL-18, GSDMD-N, NLRP1, ASC, IL-18, and NLRP3.
Pyroptosis-related biomarkers showed notably higher expres-
sion in the SCI group than in the Sham group. Despite this,
treatment with NBD peptide led to a discernible reduction in the
expression of all seven pyroptosis-related proteins compared to
those in the SCI group (Figure 2E,F). The results indicated that
NBD peptide effectively reduced neuronal pyroptosis following
SCI.

The transcriptome sequencing analysis revealed that the oxida-
tive stress response was inhibited following NBD peptide treat-
ment in SCI (Figure 1J). Therefore, we investigated whether
oxidative stress was inhibited in spinal cord tissue after NBD
peptide treatment. Studies indicate that TAFA4 and its receptor
FPR1 play crucial roles in the release of ROS.*# Therefore,
we detected FPR1 and TAFA4 levels and used the ROS probe
DHE to measure oxidative stress levels after SCI. As shown in
Figure S4A,B (Supporting Information), enzymatic activity as-
says revealed increases in FPR1 and TAFA4 activities after SCI,
which was subsequently decreased following the administration
of NBD peptide. Furthermore, DHE staining also exhibited the
same trend (Figure S4C,D, Supporting Information). These re-
sults indicated that NBD peptide effectively reduced oxidative
stress levels following SCI.

2.3. NBD Peptide Potentiates Neuronal Autophagy Post-SClI

Elevated autophagic activity has been observed after SCI, and
increasing evidence indicated that autophagy is a pro-survival
mechanism that intricately modulates neural cell death to con-
fer neuroprotection.>® To explore the effect of NBD peptide on
autophagic processes in neural cells following SCI, we exam-
ined autophagosomal protein expression (VPS34, Beclin-1, LC3),
the lysosomal enzyme CTSD, and SQSTM1/p62 at 3 days post-
SCI. As shown in Figure 3A,B, the abundance of LC3 II puncta
per neuron was increased post-SCI and further increased fol-
lowing the administration of NBD peptide at 3 days post-injury.
Moreover, NBD peptide administration decreased SQSTM1/p62
in neurons in spinal cord lesions, in contrast to that in the SCI
group (Figure 3C,D). Additionally, Western blot analysis revealed
an increase in LC3 II, CTSD, VPS34, total LC3, and Beclinl
expression and a reduction in the expression of SQSTM1/p62
after NBD peptide treatment (Figure 3E,F). These observations
showed that NBD peptide induces autophagic-lysosomal activity,
thereby enhancing autophagy in neurons following SCI.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

A Sham

SYN

vs]

Sham

MAP2

SCI+NBD peptide

Cl SCI+NBD peptide

Sham SCI

SCI
+NBD peptide

www.advancedscience.com

D

220— *
g —
2 &
g1 gyt 2
E ~5§
£ 104 -
o [

o O
%) ° 3
© e
£ 5 232
S [
5} o —
Z 3
= =
o 0-

Sham SCI SCI
+NBD peptide

E HE(4x) Masson(4x) F G
: s : 2 1.5
o Boky )
£ o * E B o W %
5 © S 3 :
£ 1 @ |, 3 b4 k-4
n = 2
O 1.0
a0
- 5o ; TS
3 £3 g [ e
c o D | e i e ey AT ]
‘s o 0.5
[0} o
z 5 A
= [0}
o c B — —
o =) a % » B
_n 2 _ g . o B L
22 4 Sham SCI SCI _al. g o 9 AR
+ i - e —— =TI~
+NBD peptide 3 2 =
+
H | J SCI+NBD peptide-vs-SCI: p-value<0.05 && [log: FC[>0.58
ns ®Sham = SCI 4 SCI+NBD peptide
- *
= oy B
= SCI+NBD i
s [ scie pevice
s L oA @ o A fa @ @
£ 6 N *
e * B 3
< [ A
© S ns *
c 8 6
o 4+ @ M o([m
- A A
(] 2 ns
ke E 4 = u
=4
& 24 ns &
24 ,n_s| A " m
u A
- 0 T %‘L ‘;é—_ﬁ T T T
Sham SCI SCI 5 > > - > N
+NBD peptide c}’ﬁ}o N AR P
@'b
Select_down GO Term Select_up GO Term
response to oxidative stress an positive regulation of autophagy
@ = S
programmed cell death “% g positive ofeuren
g 5
@ 2 [negative of I-kappaB kappaB
:
regulation of synapse structure or activity
positive of p38MAPK ]
spinal cord motor neuron cell fate specification
of y
regulation of plasma lipoprotein particle levels
g of NLRP3 i
inflammatory response neuronal cell body
positive ion of i in-1 beta neuron projection
caspase binding :l \ogmp va\ue

0 T T3
-log+o p-value

Figure 1. NBD peptide promotes post-SCl functional recovery. A) Images of spinal cord cross-sections from the corresponding groups were subjected to
staining with SYN (green) and NeuN (red). (scale bar = 20 um). B) Images of spinal cord cross-sections from the corresponding groups were subjected

to staining with MAP2 (green). (scale bar = 20 um).

C) Relevant quantitative results for motor neuron-contacting synapse amounts on day 28 after

SCI. D) MAP2 optical density within a spinal cord subjected to injury on day 28. E) Longitudinal spinal cord sections from the groups at 28 dpi were
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2.4. Inhibiting Autophagy Abrogates NBD Peptide-Mediated
Neuronal Pyroptosis Inhibition and Functional Recovery
Following SCI

To confirm that the beneficial effect of NBD peptide on SCI re-
covery is attributed to the increased neuronal autophagy activity
resulting in reduced pyroptosis, we used CQ, a classic inhibitor
of autophagy flux that impairs lysosomal acidification.l!! Im-
munostaining analysis revealed that the SCI+NBD peptide+CQ
group exhibited a higher level of LC3II expression than the
SCI+NBD peptide group. Furthermore, IF analysis revealed that
SQSTM1/p62 was increased in SCI+NBD peptide+CQ mice
compared to SCI+NBD peptide mice (Figure 4A-C). The re-
sults demonstrated that NBD peptide increased autophagy flux
in SCI mice, and this effect was inhibited by CQ. In addition,
WB was used to investigate the impact of CQ on the effects of
NBD peptides on autophagy-related proteins. The results indi-
cated no notable difference between Beclin-1 and VPS34 pro-
tein levels in the SCI+NBD peptide and SCI+NBD peptide+CQ
groups (Figure 4G,H). This finding indicated that CQ did not al-
ter autophagosome recruitment in SCI, regardless of the pres-
ence of NBD peptide. Pharmacological investigations were per-
formed to assess the effect of CQ on inhibiting autophagy flux.
Western blot analysis showed a slight increase in LC3-II levels
in the SCI+NBD peptide+CQ group compared to the SCI+NBD
peptide group. In addition, the SCI+NBD peptide+CQ group
exhibited a significantly higher level of SQSTM1/p62 than the
SCI+NBD peptide group (Figure 4A,C). As mentioned previ-
ously, the WB and IF results for LC3 and SQSTM1/p62 were
consistent. These results suggest that the increase in autophagy
induced by the NBD peptide was prevented by CQ due to its abil-
ity to block autophagy flux. Autophagy regulates neuronal cell
death and exerts neuroprotective effects against SCI, while py-
roptosis is a distinct process used by cells to determine their
fate.[>?] Consequently, we analyzed pyroptosis factor expression
levels in the three groups and showed that the inhibitory ef-
fect of NBD peptide on pyroptosis was mitigated by CQ. The
IF results indicated that the SCI+NBD peptide+CQ group had
a higher number of Caspase-1- and GSDMD-N-expressing neu-
rons than the SCI+NBD peptide group (Figure 4D-F). Western
blotting corroborated these findings, revealing increased levels of
pyroptosis-related proteins in the SCI+NBD peptide+CQ group
(Figure 41,]). The results suggested that CQ partially reverses the
inhibitory effects of NBD peptide on pyroptosis in neurons fol-
lowing SCI.

Subsequently, we evaluated whether the functional recovery
mediated by NBD peptide could be attenuated by CQ. At 28 days
post-SCI, we performed HE/Masson staining, immunofluores-
cence analysis, and motor function testing in the SCI, SCI+NBD

www.advancedscience.com

peptide, and SCI+NBD peptide+CQ groups. IF staining showed
that compared to the SCI+NBD peptide group, the SCI+NBD
peptide+CQ group had a reduced number of anterior horn mo-
tor neurons, a decreased surface density of MAP2, and a de-
creased number of SYN-positive synapses on ventral motor neu-
rons (Figure SSA-C). In addition, the SCI+NBD peptide+CQ
group exhibited an increased area of glial scarring in the injured
spinal cord region compared to the SCI+NBD peptide group
(Figure S5D,E). Subsequently, we performed footprint analy-
sis and assessed the BMS score. On Day 28 after injury, the
SCI+NBD peptide group exhibited notable recovery of hind leg
movement, demonstrating coordinated crawling. However, the
SCI+NBD peptide+CQ group continued to exhibit hind leg drag-
ging (Figure S5F,G, Supporting Information). The SCI+NBD
peptide+CQ group exhibited significantly lower BMS values at
14, 21, and 28 dpi than the SCI+NBD peptide group (Figure S5H,
Supporting Information). These findings suggested that the in-
crease in autophagy induced by NBD peptide may be the underly-
ing mechanism responsible for the superior outcomes observed
in response to NBD peptide treatment following SCI.

2.5. NBD Peptide Attenuates LMP and Inhibits the Activity of
ASMase in Neurons After SCI

An earlier investigation demonstrated that the LMP pathways
and consequent translocation of CTSB from lysosomes to the
cytosol are signaling mechanisms that trigger pyroptosis.l3]
Moreover, there is growing evidence indicating that lysosomal
impairment can hinder the proper flux of autophagy in neurolog-
ical disorders, resulting in the accumulation of autophagosomes
in neurons.’**’] Given the profound effect of NBD peptide
on pyroptosis suppression and autophagy flux in neurons in
this study, we postulated that NBD peptide could affect lyso-
somal functionality in neurons after SCI. Lysosome-enriched
fractions were generated through spinal cord tissue subcellular
fractionation, and the presence of lysosomal enzymes was
validated by WB and IF analysis. WB analysis revealed increased
lysosomal enzyme (including CTSL, CTSD, and CTSB) levels
in cytosolic fractions in the SCI group compared to the Sham
group, concomitant with decreased enzyme levels in lysosomal
fractions (Figure 5A-F). This was consistent with a decrease in
enzyme concentrations in the lysosomal fractions. IF staining
of CTSL and NeuN showed more diffuse CTSL distribution
with fewer puncta in neurons in mice with SCI than in sham
mice (Figure 5G,H). The findings indicated that the cytosol was
infiltrated by lysosomal enzymes, providing evidence of LMP in
neurons following SCI. Administration of supplementary NBD
peptide to mice with SCI modified the distribution of lysosomal

examined via HE and Masson staining (scale bar = 1000 um). F) Quantitative investigations of Masson-positive lesions within the spinal cords of the
respective groups. G) On day 28 after SCI, images of mouse footprints were captured. Blue: fore paw print; Red: hind paw print. H) Stride length (cm)
analyses of mice at 28 dpi. I) The groups’ BMS scores were recorded on days 1, 3, 7, 14, 21, and 28 following SCI. J) Heatmap analysis of upregulated
and downregulated genes induced by NBD peptide injection for 3 days into the mouse spinal cord (n = 4 mice per group). K) Perform GO enrichment
analysis on the downregulated target genes to determine the biological processes affected by NBD peptide therapy. L) Perform GO enrichment analysis
on the upregulated target genes to determine the biological processes affected by NBD peptide therapy. The data are presented as the means + SEMs (n
= 6 mice per group); *p < 0.05, indicates significant differences; ns, not significant. For the data in Figure 1C,D, F, H, |, statistical analysis was performed
using two-way ANOVA followed by Tukey’s multiple comparison test. For the data in Figure 1)-L, statistical analysis was performed using an unpaired
t-test.
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Figure 2. NBD peptide decreases post-SCI pyroptosis in neurons. A) Caspase-1 and NeuN were subjected to double-IF staining in the spinal cords
of the Sham, SCI, and SCI+NBD peptide groups (scale bar = 20 pm). B) The chart displays the relative strength of Caspase-1 immunofluorescence
staining in neurons within the specified groups. C) GSDMD-N and NeuN were subjected to double-IF staining in the spinal cords of the Sham, SCI, and
SCI+NBD peptide groups (scale bar = 20 um). D) The chart displays the relative strength of GSDMD-N immunofluorescence staining in neurons within
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enzymes in neurons, indicating that NBD peptide mitigated
neuronal LMP following SCI (Figure 5A-H).

There is a compromise in the functional integrity of lysoso-
mal membranes. This compromise is a breach of the protective
barrier, culminating in lysosomal content leakage into the cy-
toplasm. Phosphatides are widely recognized as essential con-
stituents of neuronal bilayer membranes.’®] ASMase can cat-
alyze the conversion of sphingomyelin (SM) to ceramide (Cer).}]
Cer is degraded by ASMase to sphingosine (Sph), thereby induc-
ing LMP.[*2] We hypothesized that the protective effect of NBD
peptide on the lysosomal membrane in SCI may be attributed
to its ability to inhibit the ASMase enzyme. However, the role of
ASMase in SCI has not been studied. To address this, we exam-
ined ASMase activity by Western blot analysis at 1, 3, 7, and 14
days post-SCI (Figure S6A,B, Supporting Information). The re-
sults showed that the activity of ASMase peaked 3 days after SCI
and gradually decreased thereafter. Moreover, we performed im-
munofluorescence experiments to examine the selective expres-
sion of ASMase in diverse cell types, including endothelial cells,
microglia, neurons, and astrocytes (Figure S6C-]J, Supporting In-
formation). Notably, there is a significant increase in ASMase-
positive neurons, microglia, and astrocytes in the SCI group,
with the highest increase observed in ASMase-positive neurons
(80.48%). Intriguingly, no significant difference was observed in
the abundance of ASMase-positive endothelial cells between the
Sham and SCI groups. This result suggested that ASMase may
play an important role in neurons. These findings shed light on
the intricate dynamics of ASMase in SCI, opening avenues for a
deeper understanding of its implications in neural pathophysiol-
ogy.

We measured the activity levels of ASMase in neurons in the
Sham, SCI, and SCI+NBD peptide groups. The results showed
that ASMase levels were significantly upregulated after SCI,
while NBD peptide inhibited ASMase activity (Figure 51-K). The
immunofluorescence results were similar: in the SCI group,
the protein level of ASMase was higher than that in the Sham
group, while the NBD peptide downregulated the protein level
of ASMase after SCI (Figure 5L,M). These findings suggest that
NBD peptide could suppress the activation of ASMase in neu-
rons following SCI. Additionally, the enzymatic activity assay
showed an increase in ASMase activity after SCI, which was
subsequently reduced following the administration of NBD pep-
tide (Figure S7A, Supporting Information). Subsequently, we per-
formed spinal cord tissue subcellular fractionation and obtained
cytosolic lysosome-enriched fractions. Lysosomal fractions were
assessed for CTSD and NAGLU by ELISA. Figure S7B,C (Sup-
porting Information) shows that the lysosomal fractions in the
SCI group exhibited decreased CTSD and NAGLU activity com-
pared to the Sham group. Notably, the cytosolic fractions in the
SCI group exhibited significantly higher levels of enzyme activ-
ity than those in the Sham group (Figure S7D,E, Supporting In-
formation). The changes induced by SCI were notably mitigated
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by the administration of NBD peptide, indicating the potential
restoration of lysosomal activity. The findings demonstrated that
NBD peptide effectively suppressed the phosphorylation of AS-
Mase and reduced the extent of lysosomal membrane impair-
ment in neurons following SCI.

2.6. NBD Peptide Mitigates LMP, Increases Autophagy, and
Suppresses Pyroptosis in Neurons by Inhibiting ASMase
Post-SCI

To examine the impact of NBD peptide on ASMase activation
and its subsequent role in LMP, autophagy, and pyroptosis,
we used AAV-ASMase to instigate ASMase activity. In the res-
cue experiment, four distinct groups were examined: SCI+AAV-
Blank, SCI+AAV-ASMase, SCI+NBD peptide+AAV-Blank, and
SCI4+NBD peptide+AAV-ASMase. WB, qPCR, and IF staining
revealed a marked increase in ASMase levels in neurons in the
SCI+AAV-ASMase group compared with the SCI+AAV-Blank
group. Notably, the SCI+NBD peptide+AAV-ASMase group con-
sistently exhibited significantly increased ASMase expression lev-
els in neurons compared to the SCI+NBD peptide+AAV-Blank
group (Figure 6C-G). These results collectively showed substan-
tial activation of ASMase following AAV-ASMase transfection.
The Western blot results shown in Figure 6H,I revealed
a significant increase in lysosomal enzyme leakage into the
cytoplasm in the SCI+NBD peptide+AAV-ASMase group
compared to the SCI+NBD peptide+AAV-Blank group. The
immunofluorescence data showed an increase in the level
of diffuse CTSL staining in the cytoplasm of neurons in the
SCI+NBD peptide+AAV-ASMase group compared to the
SCI+NBD peptide+AAV-Blank group (Figure 6],K). Addition-
ally, the enzyme activity assay substantiated the increased
ASMase levels in the SCI+AAV-ASMase group relative to
the SCI+AAV-Blank group, a trend consistently observed in
the SCI+NBD peptide+AAV-ASMase group compared to the
SCI+NBD peptide+AAV-Blank group (Figure S8A, Supporting
Information). ELISA analysis of lysosomal fractions revealed
significantly decreased CTSD and NAGLU enzyme activities in
the SCI+AAV-ASMase group compared to the SCI+AAV-Blank
group. Similarly, the SCI+NBD peptide+AAV-ASMase group
exhibited lower CTSD and NAGLU enzyme activity in lysosomes
than the SCI+NBD peptide+AAV-Blank group (Figure S8B,C,
Supporting Information). Conversely, the SCI+AAV-ASMase
group showed increased levels of CTSD and NAGLU enzyme
activities in the cytoplasm compared to the SCI+AAV-Blank
group. In parallel, the SCI+NBD peptide+AAV-ASMase group
exhibited increased CTSD and NAGLU enzyme activities in the
cytoplasm relative to the SCI+NBD peptide+AAV-Blank group
(Figure S8D,E, Supporting Information). Collectively, these find-
ings indicated that the suppression of ASMase reduces lysosomal
damage, resulting in the suppression of LMP in neurons. Due

the specified groups. E) This figure depicts WB analysis of Caspase-1, GSDMD-N, NLRP3, NLRP1, ASC, IL-14, and IL-18 expression levels in the Sham,
SCl, and SCI+NBD peptide groups. GAPDH was utilized as a loading control. F) The optical density values for Caspase-1, GSDMD-N, NLRP3, NLRP1,
ASC, IL-14, and IL-18 were measured and evaluated in all groups. The data are presented as the means + SEMs (n = 6 mice per group); “p < 0.05,
indicates significant differences; ns, not significant. Statistical analysis was performed using two-way ANOVA followed by Tukey’s multiple comparison

test.
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to the potent inhibitory effect of NBD peptide on ASMase, we
posited its role in modulating pyroptosis and autophagy. The im-
munofluorescence results demonstrated a substantial decrease
in the integrated density of GSDMD-N and Caspase-1 in neurons
in the SCI+NBD peptide+AAV-Blank group compared to the
SCI+AAV-Blank group. Intriguingly, this decrease was reversed
in the SCI+NBD peptide+AAV-ASMase group (Figure 7A-C).
Western blot analysis verified this effect, showing reduced levels
of pyroptosis-related proteins in the SCI+NBD peptide+AAV-
Blank group compared to the SCI+AAV-Blank group, while the
SCI+NBD peptide+AAV-ASMase group exhibited increased
protein levels (Figure 7G,H). As shown in Figure 7D,H, IF,
and WB showed an increase in LC3II puncta in neurons and
LC3II expression in the SCI+NBD peptide+AAV-Blank group
relative to the SCI4+AAV-Blank group. Strikingly, this upregu-
lation was attenuated in the SCI+NBD peptide+AAV-ASMase
group. On the other hand, the SCI+NBD peptide+AAV-ASMase
group demonstrated an increase in SQSTM1/p62 protein lev-
els in neurons. Compared to the SCI+ AAV-Blank group, the
SCI+NBD peptide+AAV-Blank group exhibited a decrease in
neuronal SQSTM1/p62 protein levels, as observed by IF and
WB analyses. The SCI+NBD peptide+AAV-ASMase group
demonstrated an increase in SQSTM1/p62 protein levels in
neurons (Figure 7D-H). In summary, our results indicated that
NBD peptide effectively inhibits ASMase, leading to a reduction
in LMP and the promotion of autophagy in mice with SCI. Next,
the restoration of autophagy flux promotes functional recovery
in mice with SCI by inhibiting pyroptosis.

Finally, we explored the therapeutic effects of NBD peptide
on mice transfected with AAV-ASMase to determine whether
the amelioration in motor function post-SCI was attributed to
ASMase inhibition. As predicted, the SCI+NBD peptide+AAV-
Blank group showed a decrease in the area of glial scars, more
ventral motor neurons, the upregulation of MAP2, and an in-
crease in the number of SYN-positive synapses onto ventral mo-
tor neurons compared with the SCI+NBD peptide+AAV-ASMase
group (Figure S9A-E, Supporting Information). Footprint anal-
ysis revealed reduced movement in the rear legs during crawl-
ing in the SCI+NBD peptide+AAV-ASMase group compared to
the SCI+NBD peptide+AAV-Blank group (Figure S9F,G, Sup-
porting Information). In addition, the SCI+NBD peptide+AAV-
ASMase group exhibited significantly lower BMS scores at 21
and 28 dpi than the SCI+NBD peptide+AAV-Blank group (Figure
S9H, Supporting Information). Furthermore, the enzyme activ-
ity assay confirmed increased FPR1 and TAFA4 activity levels in
the SCI+AAV-ASMase group compared to the SCI+AAV-Blank
group. This same pattern was noted in the comparison between
the SCI+NBD peptide+AAV-ASMase group and the SCI+NBD
peptide+AAV-Blank group (Figure S10A,B, Supporting Informa-
tion). Furthermore, DHE staining also exhibited the same trend
(Figure S10C,D, Supporting Information). These results indicate
that NBD peptide inhibits oxidative stress after SCI by suppress-
ing ASMase. In summary, our findings suggest that the thera-
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peutic effect of NBD peptide is achieved by inhibiting ASMase,
which in turn promotes the restoration of autophagy flux by in-
hibiting LMP to prevent pyroptosis.

2.7. NBD Peptide Inhibits ASMase Through the
NF-xB/p38-MAPK/EIk-1/Egr-1 Signalling Pathway

Transcriptome sequencing analysis revealed that NF-xB and p38-
MAPK cascade was inhibited following NBD peptide treatment
in SCI (Figure 1J]). Therefore, our team investigated whether the
NF-xB/p38-MAPK/ Elk-1/Egr-1 pathway was suppressed in spinal
cord tissue after NBD peptide treatment. As shown in Figure
8A,B, phosphorylation of p65, p38, and Elk-1 was significantly
increased following SCI. Furthermore, the protein levels of Egr-1
and ASMase were significantly increased. After the administra-
tion of the NBD peptide, a discernible decrease was noted in
the ratio of p-p65/p65, p-p38/p38 and p-Elk-1/Elk-1, and there
was a reduction in the protein expression levels of Egr-1 and
ASMase. These outcomes strongly suggested that NBD peptide
exerts inhibitory effects on the NF-xB/p38-MAPK/Elk-1/Egr-1
pathway.

This study sought to assess the impact of the NF-xB/p38-
MAPK signaling pathway on ASMase in response to NBD
peptide treatment in SCI. Thus, we examined the effect of PMA,
a well-established NF-xB agonist,l’’) on the NF-xB/p38-MAPK-
related signaling pathway. The results showed that the SCI+NBD
peptide+PMA group exhibited increases in the ratio of p-p65/p65
and the expression levels of ASMase compared to those in the
SCI+NBD peptide group, thus substantiating the potency of
PMA (Figure 8C-E). The data shown in Figure 8C,D reveal that
the SCI+NBD peptide+PMA group exhibited increases in LC3
II, GSDMD-N, Caspase-1, and SQSTM1/p62, compared to the
SCI+NBD peptide group. This underscores the efficacy of PMA
in counteracting autophagic flux restoration and pyroptosis
suppression induced by NBD peptide in the SCI+NBD peptide
group. To further investigate the effects of PMA and NBD peptide
treatment on ASMase and LMP, ELISA assays were performed.
ELISA revealed a significant increase in the activity of ASMase in
the SCI+NBD peptide+PMA group compared to the SCI+NBD
peptide group (Figure S11A, Supporting Information). Addi-
tionally, ELISA demonstrated a noteworthy reduction in CTSD
and NAGLU enzyme activity in lysosomes in the SCI+NBD
peptide+PMA group compared to the SCI+NBD peptide group
(Figure S11B,C, Supporting Information). Moreover, cytosolic
fractions obtained from the SCI+NBD peptide+PMA group
exhibited significantly increased levels of CTSD and NAGLU en-
zyme activity compared to the SCI+NBD peptide group (Figure
S11D,E, Supporting Information). The results of ELISA demon-
strated that PMA inhibited the inhibitory effect of NBD peptide
on ASMase and LMP. Furthermore, we further investigated
the relationship between the NF-xB/p38-MAPK/Elk-1/Egr-1
signaling pathway and oxidative stress by applying PMA. ELISA

depicts WB analysis of VPS34, Beclin-1, SQSTM1/p62, CTSD, and LC3II expression levels in the Sham, SCI, and SCI+NBD peptide groups. GAPDH
was utilized as a loading control. F) The optical density values for VPS34, Beclin-1, SQSTM1/p62, CTSD, and LC31l were measured and evaluated in all
groups. The data are presented as the means + SEMs (n = 6 mice per group); “p < 0.05, indicates significant differences; ns, not significant. Statistical
analysis was performed using two-way ANOVA followed by Tukey’s multiple comparison test.
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Figure 4. Inhibiting autophagy by CQ abrogates NBD peptide-mediated neuronal pyroptosis inhibition following SCI. A-C) The figure displays repre-
sentative double immunostaining images of LC3/NeuN and p62/NeuN in the injured spinal cord lesions from each group (the SCI, SCI+NBD peptide,
SCI+NBD peptide+CQ groups) at 3 dpi (scale bar = 20 um). The graph displays the LC3 Il puncta count and the integrated density of SQSTM1/p62
for each individual neuron. D—F) The figure displays representative double immunostaining images of Caspase-1/NeuN and GSDMD-N/NeuN in the
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results showed that compared to the SCI+NBD peptide group,
the activities of FPR1 and TAFA4 in the SCI+NBD peptide+PMA
group were significantly increased (Figure S12A,B, Supporting
Information). Furthermore, DHE staining also exhibited the
same trend (Figure S12C,D, Supporting Information). These
results indicated that NBD peptide inhibited oxidative stress
after SCI through the NF-«B/p38-MAPK/Elk-1/Egr-1 signaling
pathway. In summary, our findings suggest that NBD peptide
effectively inhibits the activation of ASMase in SCI by inhibiting
the NF-xB/p38-MAPK/Elk-1/Egr-1 signaling pathway.

3. Discussion

The effects of traumatic SCI include irreversible nerve damage,
presenting a profound challenge for therapeutic interventions.!!!
This condition develops through distinct phases, notably primary
injury, and subsequent secondary injury. The secondary injury
phase is a focal point of extensive investigation and manifests as
a cascade of neuroinflammation and programmed cell death as
pivotal mechanistic drivers. Therapeutic interventions targeting
the attenuation of proinflammatory cell death, specifically pyrop-
tosis, can foster nerve regeneration and have emerged as promis-
ing strategies with notable therapeutic efficacy.’®>% Our team’s
GO analysis showed that the significantly differentially expressed
genes were enriched in biological processes related to pyropto-
sis, NF-xB, and p38-MAPK pathways. Our investigation also re-
vealed that NBD peptide alleviates LMP-induced autophagy im-
pairment, and subsequently inhibits pyroptosis in neurons fol-
lowing SCI. This multifaceted treatment culminated in func-
tional recovery in a murine SCI model. Furthermore, our results
suggested that the neuroprotective effects of NBD peptide stem
from its inhibitory effects on ASMase-mediated LMP in neurons,
which was mediated by the NF-xB/p38-MAPK/Elk-1/Egr-1 sig-
naling pathway.

NBD peptide has been shown to have significant therapeu-
tic effects on pneumonia, cerebral ischemia-reperfusion injury,
diabetes, and other conditions.341%] However, the neuropro-
tective effect of NBD peptide on traumatic neural injury mod-
els is not yet clear. Therefore, we administered NBD peptide via
intraperitoneal injection to mice to treat SCI. The findings re-
vealed a substantial reduction in glial scar size in injured spinal
cord tissue following treatment with NBD peptide. Moreover, a
notable increase was observed in synaptic numbers of ventral
motor and SYN-positive neurons. Footprint analysis and BMS
scores also demonstrated remarkable functional enhancement.
These results suggested the neuroprotective effects of NBD pep-
tide, in which ameliorates motor function in mice experiencing
traumatic SCI. Given concerns regarding bladder complications
in male mice post-SCI, we used a female SCI mouse model. This
decision was prompted by the challenges associated with manual
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bladder emptying in male mice following SCI, which is a pro-
cedural approach that was substantiated in prior research.[®"¢2]
However, it is essential to acknowledge sex-based differences in
acute neuroinflammation and neural recovery in SCI models.[®]
Existing studies highlight the potential of estrogen to mitigate
SCI severity by inhibiting proinflammatory pathways, decreasing
oxidative stress, and preventing cell death.[*] Conversely, testos-
terone exerts protective effects on motoneuron and muscle mor-
phology post-SCL.[®] However, the distinct therapeutic effects of
NBD peptide on SCI in the presence of various sex hormones
remain unclear. Consequently, future investigations focusing on
the therapeutic effects of NBD peptide on SCI in male mice are
imperative for comprehensive insights.

Pyroptosis, an emerging paradigm of regulated cell death,
manifests as a highly orchestrated process that is intricately as-
sociated with inflammatory cascades.I>*! The execution of py-
roptosis involves inflammasome activation, which induces the
creation of membrane pores, membrane distension, eventual
membrane rupture, and the subsequent release of intracellu-
lar contents.[>®] This distinctive form of programmed cell death,
which is a proinflammatory process, modulates the dynamics
of the NLRP3 inflammasome, inducing signaling pathways or-
chestrated by Caspase-1, Caspase-4/5/11, and GSDMD, thereby
amplifying the inflammatory responses.>3] Accumulating evi-
dence indicated the pivotal role of TXNIP in inducing inter-
actions with the NLRP3 inflammasome during inflammatory
episodes, thus activating the TXNIP/NLRP3 pyroptosis axis.[66:67]
Moreover, preventing excessive neuronal death can be achieved
by inhibiting the aforementioned pathway. Our results indicated
that NBD peptide significantly downregulated pyroptosis levels
in neurons post-SCI. Autophagy has been shown to selectively
breakdown the NLRP3 inflammasome, resulting in the inhibi-
tion of pyroptosis.[®®! Studies demonstrated that autophagy flux
is upregulated or downregulated in response to CNS damage,
depending on the severity and location of the injury.’"! Studies
have shown that enhancing neuronal autophagy following CNS
injury suppresses pyroptotic death in neurons.[®*7! Our results
also confirmed that when autophagy flux was blocked, pyropto-
sis was significantly increased in neurons after SCI. Moreover,
our results showed that after treatment with NBD peptide, neu-
ronal autophagy flux was activated and pyroptosis in neurons
was greatly inhibited after SCI. In addition, the inhibition of au-
tophagy by CQ partially counteracted the effect on neuronal py-
roptosis and the subsequent functional recovery induced by NBD
peptide treatment. According to our findings, NBD peptide may
prevent pyroptosis through a separate and distinct mechanism.
However, further investigation is needed to fully determine this
potential mechanism. In summary, our findings indicated that
NBD peptide mitigated neuronal pyroptosis by enhancing au-
tophagy flux, which has a positive impact on ameliorating SCI.

injured spinal cord lesions from each group (the SCI, SCI+NBD peptide, SCI+NBD peptide+CQ groups) at 3 dpi (scale bar = 20 um). The graph dis-
plays the relative strength of Caspase-1and GSDMD-N for each individual neuron. G) Typical images of WB analyses of VPS34, Beclin-1, SQSTM1/p62,
CTSD, and LC3Il in the injured spinal cord lesions. GAPDH was utilized as a loading control. H) The quantified data of WB results for proteins related
to autophagy. 1) This figure depicts WB analysis of Caspase-1, GSDMD-N, NLRP3, NLRP1, ASC, IL-18, and IL-18 expression levels in the SCI, SCI+CQ,
SCI+NBD peptide, SCI+NBD peptide+CQ groups. GAPDH was utilized as a loading control. J) The quantified data of Western blot results for proteins
related to pyroptosis. The data are presented as the means + SEMs (n = 6 mice per group); “p < 0.05, indicates significant differences; ns, not significant.
Statistical analysis was performed using two-way ANOVA followed by Tukey’s multiple comparison test.
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Figure 5. NBD peptide attenuates LMP and inhibits the activity of ASMase in neurons after SCI. A-C) The cytoplasmic and lysosomal protein levels
of (A) CTSB, (B) CTSD, and (C) CTSL were measured in the spinal cords of the Sham, SCI, and SCI+NBD peptide groups. LAMP1 was utilized as a
means of identifying the lysosomal fraction and as a loading control. GAPDH was used to identify the cytosolic fraction and as a loading control. D—F)
Protein levels of (D) CTSB, (E) CTSD, and (F) CTSL were quantified in both cytoplasmic and lysosomal fractions extracted from the spinal cord. G) On
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Autophagy plays a crucial role in the formation of glial scars
following SCI.I”? Investigating the biological mechanisms by
which autophagy regulates glial scar formation has become a
focal point of current research. Previous studies have shown
that neuroinflammation and oxidative stress are closely associ-
ated with the glial scar.”>73! When inflammation persists, astro-
cytes undergo changes in the neuroinflammatory environment,
including proliferation and hypertrophy, resulting in the forma-
tion of the main components of the glial scar.”! Moreover, in-
flammatory mediators stimulate astrocytes to express more cell
adhesion molecules and extracellular matrix (ECM) components,
which further promote the formation of the glial scar.’®”’] Ox-
idative stress also stimulates astrocytes to express more cell ad-
hesion molecules and ECM components, further promoting the
formation of the glial scar.l’>78] In addition, the induction of au-
tophagy in the injured spinal cord can effectively inhibit neuroin-
flammation and oxidative stress.[”% Our research indicates that
the NBD peptide reduces LMP by inhibiting ASMase, thereby
increasing autophagy activity. NBD peptide-induced autophagy
may suppress the promotion of glial scar formation by neuroin-
flammation and oxidative stress following SCI, which warrants
further investigation.

LMP, which is a consequential manifestation of substan-
tial lysosomal dysfunction, occurs in response to diverse cel-
lular stresses, including ROS, intralysosomal Fenton reactions,
and other perturbations.®!) In recent years, the involvement
of LMP in CNS injury has been the focal point of extensive
research.[?72882] The accumulation of neuronal autophagosomes
and the inhibition of autophagy flux in neural disorders are direct
outcomes of lysosomal impairment.l>*>>] Notably, pharmaceuti-
cal interventions targeting SCI by inhibiting LMP remains lim-
ited. Based on our findings, we posited that NBD peptide may re-
lieve autophagy impairment by modulating LMP. Furthermore,
our results substantiate our hypothesis that NBD peptide may
inhibit the transfer of lysosomal enzymes from lysosomes to the
cytoplasm and reestablishes the enzymatic functionality of lyso-
somes. According to our results, it is demonstrated that NBD pep-
tide is a mitigating force in SCI, exerting its effect by mitigating
LMP, and subsequently enhancing autophagy flux in neurons.

To elucidate the mechanism underlying the therapeutic effects
of NBD peptide on SCI, we examined potential upstream path-
ways related to LMP, autophagy, and pyroptosis. Lysosomal mem-
branes contain a large number of phospholipids, including sph-
ingomyelin, phosphatidylcholine, phosphatidylethanolamine,
phosphatidylinositol, and phosphatidylserine, which play a
crucial role in maintaining membrane barrier function and
lysosomal integrity.®¥] In the body, phospholipase exists in three
forms depending on the pH: ASMase, neutral phospholipase,
and alkaline phospholipase. Among them, ASMase accounts
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for 90% of the total activity of phospholipase.®*] ASMase is
mainly distributed on the inner membrane of lysosomes and
is a crucial enzyme in sphingolipid metabolism. It has the
ability to facilitate the transformation of SM to Cer through
catalysis.*! Cer is further degraded into Sph by ASMase, which
induces LMP.[*2) When ASMase disrupts lysosomes, it will lead
to lysosomal dysfunction, which in turn hinders the autophagic
process and ultimately results in cell death. However, there have
been no reports on the role of ASMase in SCI so far. Therefore,
this study is the first to investigate the function of ASMase
in SCI. Our study revealed that after SCI, ASMase activation
in neurons was inhibited by NBD peptide. In addition, NBD
peptide inhibits LMP by suppressing the activation of ASMase in
neurons following SCI, followed by an increase in the expression
of autophagy-related biomarkers. Ultimately, the restoration of
autophagy flux alleviated pyroptosis in neurons. Thus, our in-
vestigation provides evidence that NBD peptide mitigates LMP,
subsequently promoting autophagic processes, and ultimately
inhibits pyroptosis in neurons by inhibiting ASMase activation
in SCI.

Subsequently, we performed further research to explore the
mechanism by which NBD peptide modulates the activity of AS-
Mase. In this study, KEGG enrichment analysis showed that the
NF-xB and p38-MAPK signaling pathway was significantly cor-
related with NBD peptide. The NBD peptide was originally de-
signed as a highly specific inhibitor of NF-xB. Currently, re-
search has demonstrated a notable upregulation of NF-xB ex-
pression following SCLI%! In response to NF-xB stimulation,
TAK1 or ASK activate p38 MAPK via MKK4.[*? Activated p38
MAPK translocates to the nucleus, leading to the phosphoryla-
tion and activation of the transcriptional activator Elk-1. Subse-
quently, Elk-1 forms a ternary complex with CBP and SRF, and
they transactivate the Egr-1 gene promoter together. As an im-
portant nuclear transcription factor, Egr-1 regulates the transcrip-
tion and translation of ASMase by binding to the EGR site on the
Smpd1 promoter.3%7] In this study, it was found that NBD pep-
tide treatment inhibited the NF-xB/p38-MAPK/Elk-1/Egr-1 sig-
naling pathway in SCI. Moreover, we also reported for the first
time that NBD peptide inhibited ASMase activity in an SCI model
via the NF-«xB/p38-MAPK/Elk-1/Egr-1 pathway.

The NBD peptide has shown promising therapeutic effects on
the animal model of SCI, indicating great potential for clinical
applications. However, the clinical use of NBD peptides is still
limited to some extent. 1) Prior to clinical implementation, a com-
prehensive assessment of the toxicological impact and associated
side effects of NBD peptide is needed. 2) Individuals with SCI re-
quire prolonged care and intervention. However, the bioavailabil-
ity of NBD peptide is low, and it needs to be administered by injec-
tion or intravenous infusion, which is inconvenient for long-term

postoperative day 3, IF staining was performed to detect the expression of NeuN and CTSL in the anterior horns of the spinal cords from the Sham, SCI,
and SCI+NBD peptide groups (scale bar = 20 um). H) A comparison was made between the three groups regarding the ratios of diffuse CTSL cells in
the anterior horn of the spinal cord. I) ASMase protein levels in the spinal cords from the three groups on postoperative day 3. ) The optical density
values for ASMase were measured and evaluated in all groups. K) The mRNA levels of ASMase gene in the injured spinal cord of the groups on day 3
after SCI. The data were normalized to f-actin. L) On postoperative day 3, IF staining was performed to detect the expression of NeuN and ASMase in
the anterior horns of the spinal cords from the Sham, SCI, and SCI+NBD peptide groups (scale bar = 20 pm). M) The quantitative integrated density
of ASMase in each neuron is shown on the graph. The data are presented as the means + SEMs (n = 6 mice per group); “p < 0.05, indicates significant
differences; ns, not significant. Statistical analysis was performed using two-way ANOVA followed by Tukey’s multiple comparison test.
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NBD peptide mitigates LMP and increases autophagy in neurons by inhibiting ASMase post-SCI. A) This figure depicts WB analysis of ASMase
expression levels in the Sham, Sham+AAV-Blank, Sham+AAV-ASMase, SCI, SCI+AAV-Blank and SCI+AAV-ASMase groups. GAPDH was utilized as a

B) The expression levels of ASMase protein were measured in the damaged spinal cord. C) WB analysis of ASMase in the impaired

spinal cords of the SCI+AAV-Blank, SCI+AAV-ASMase, SCI+NBD peptide+AAV-Blank, and SCI+NBD peptide+AAV-ASMase groups at 3 dpi. GAPDH
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use by patients. Moreover, the distinctive architecture and phys-
iological attributes of the gastrointestinal tract contribute to the
decreased bioavailability and shortened half-lives of peptide phar-
maceuticals after oral administration. Therefore, in the future,
NBD peptide must be mixed with materials such as hydrogels
to create more a effective delivery system that can be adminis-
tered directly to the SCI site. Alternatively, specific targeting pep-
tides, such as targeted axonal import peptides, can be added to the
NBD peptide molecule to create synthetic peptides for the treat-
ment of SCI. This synthetic peptide can be administered orally
or through other non-invasive routes, thereby improving patient
convenience and treatment outcomes. Both of these approaches
enhance the sustained release of the NBD peptide and improve
its bioavailability, thereby extending its therapeutic efficacy. 3) To
maximize the therapeutic effect of NBD peptide on autophagy,
combination therapy should be considered to achieve synergistic
effects. For example, NBD peptide can be combined with other
drugs targeting autophagy pathways to further enhance thera-
peutic efficacy.

There are still some limitations in this study that require fur-
ther investigation. 1) Our primary emphasis was on the imme-
diate repercussions of NBD peptide administration. Autophagy
activity is inhibited during the acute phase of SCI, and the effect
peaks on the third day.[®® Consequently, we chose to initiate daily
administration of NBD peptide before SCI induction and contin-
ued until 3 dpi. However, future investigations should prolong
the treatment time to further understand the dynamic alterations
in NBD peptide-induced autophagy activation following SCI, as
well as its long-term impact on functional recovery post-SCI. 2)
Neurons are the most affected cells in SCI, and their death and
damage are among the main outcomes of SCL.®! Studying neu-
rons aids in enhancing our understanding of the function and
regulatory mechanisms of the nervous system, thereby provid-
ing a better foundation for treating neurological diseases. After
SCI, axonal growth and circuit reorganization are determined by
the autonomous mechanisms of neurons and the interactions
between neurons, glial cells, immune cells, and other cells.’”
Prior research has demonstrated that the inhibition of ASMase
leads to a significant increase in the number of oligodendrocytes,
thereby promoting myelin repair in cases of acute and chronic
demyelination.°!! Therefore, the role of NBD peptide in treating
SCI in other cells is also worth exploring.

4, Conclusion

Our study suggested that NBD peptide suppresses neuronal
ASMase expression in SCI by suppressing the NF-xB/p38-

www.advancedscience.com

MAPK/Elk-1/Egr-1 signaling pathway. The reduction of ASMase
restored neuronal autophagy flux by alleviating LMP. Subse-
quently, the restoration of autophagy flux alleviated pyroptosis in
neurons. These effects of NBD peptide led to improved outcomes
in cases of SCI. Figure 8F shows a flowchart of this research.
Overall, these results offer novel preclinical insights into the ther-
apeutic potential of NBD peptide in the context of SCI. Future
studies will further advance the clinical application of NBD pep-
tide as a treatment for patients with SCI.

5. Experimental Section

Animals:  Due to the comparatively shorter length of the urethra in fe-
male animals, the facilitation of artificial urination is more feasible to pre-
vent urinary retention subsequent to SCI. Consequently, female animals
have been frequently used in SCI experimental research.[®2] In this study,
healthy adult female C57BL/6) mice aged 6-8 weeks with an average body
weight of 20-25 g was obtained. The mice were provided by the Exper-
imental Animal Center (registration number SCXK [Z]] 2015-0001) affili-
ated with the institute in Zhejiang, People’s Republic of China. The mice
were maintained under standard conditions, including a 21-25 °C tem-
perature range, a light/dark cycle (12 h), and humidity levels of 50-60%.
Additionally, the mice were granted unrestricted access to food and water
throughout the experimental period.

Reagents and Antibodies: NBD peptide acetate (HPLC > 99.15%, Cat.
no. TP1615L) was purchased from TargetMol Chemicals Inc. (Boston,
USA). Pentobarbital sodium, Masson staining reagents, and HE stain-
ing reagents were provided by Solarbio Science & Technology in Bei-
jing, China. Dihydroethidium (DHE, Cat. no. GC30025) and Phorbol 12-
myristate 13-acetate (PMA, Cat. no. GN10444) were provided by GlpBio in
Montclair, California, USA. Additionally, chloroquine (CQ, Cat. no. C6628)
was provided by Sigma—Aldrich in St. Louis, Missouri, USA. Genecast
Biotechnology in Shanghai, China, engineered the ASMase AAV virus and
AAV blank control virus (CMV) (serotype# 9, without the fluorescent re-
porter gene). The titers of AAV-ASMase and AAV-Blank were determined
by quantitative PCR, resulting in concentrations of 2.93E + 13 vg and 3E
+ 13 vg mL™", respectively. Thermo Fisher Scientific in Waltham, USA,
provided the Lysosome Enrichment Kit for Tissue & Cultured Cells (Cat.
no. 89839). Primary antibodies against Beclin-1 (Cat. no. 3738), LC3B
(Cat. no. 3868), NLRP3 (Cat. no. 15101), p38 (Cat. no. 8690t), and p-p38
(Cat. no. 4511t) were obtained from Cell Signaling Technology in Beverly,
Massachusetts, USA. The Proteintech Group in Chicago, Illinois, USA,
provided antibodies against VPS34 (Cat. no. 12452-1), CTSD (Cat. no.
21327-1), Caspase-1 (Cat. no. 22915-1), and GAPDH (Cat. no. 104941).
Abcam in Cambridge, UK, supplied goat anti-mouse IgG H&L Alexa Fluor
594 (Cat. no. ab150116), Alexa Fluor 488 (Cat. no. ab150113), goat anti-
rabbit IgG H&L Alexa Fluor 488 (Cat. no. ab150077), Alexa Fluor 594 (Cat.
no. ab150080), and ASC (Cat. no. ab180799), Egr-1 (Cat. no. ab300449),
p65 (Cat. no. ab32536), p-p65 (Cat. no. ab76302), SYN (Cat. no. 32127),
MAP2 (Cat. no. ab5392), mouse monoclonal antibodies against NeuN
(Cat. no. ab104224), rabbit monoclonal antibodies against NeuN (Cat. no.

was utilized as a loading control. D) The expression levels of ASMase protein were measured in the damaged spinal cord. E) The expression of ASMase
gene in the injured spinal cord on day 3 after SCI was detected using qPCR. The data were normalized to f-actin. F-G) Representative IF images
of ASMase and NeuN in the impaired spinal cord areas from the SCI+AAV-Blank, SCI+-AAV-ASMase, SCI+NBD peptide+AAV-Blank, and SCI+NBD
peptide+AAV-ASMase groups at 3 dpi (scale bar = 20 um). The data for quantification is presented on the right-hand side. H) Protein concentrations
of CTSB, CTSD, and CTSL were measured in the cytoplasm and lysosomes of the spinal cords from the four indicated groups for quantification. 1) The
protein levels of CTSB, CTSD, and CTSL were quantified in both cytoplasmic and lysosomal fractions obtained from the spinal cord. |) On postoperative
day 3, immunofluorescence staining was performed to detect the expression of NeuN and CTSL in the anterior horns of spinal cords from four groups:
SCI+AAV-Blank, SCI+AAV-ASMase, SCI+NBD peptide+AAV-Blank, and SCI+NBD peptide+AAV-ASMase (scale bar = 20 um). (K) Comparison of the
proportion of CTSL cells with diffuse staining in the anterior horn of the spinal cord across the four groups. The data are presented as the means +
SEMs (n = 6 mice per group); “p < 0.05, indicates significant differences; ns, not significant. Statistical analysis was performed using two-way ANOVA
followed by Tukey’s multiple comparison test.
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Figure 7. NBD peptide inhibits pyroptosis and enhances autophagy in neurons by downregulating ASMase. A-C) Double-IF images were obtained to rep-
resent Caspase-1/NeuN and GSDMD-D/NeuN in spinal cord lesions from all four groups (SCI+AAV-Blank, SCI+AAV-ASMase, SCI+NBD peptide+AAV-
Blank, and SCI+NBD peptide+AAV-ASMase) at 3 dpi (scale bar = 20 um). The graph displays the integrated density of Caspase-1 and GSDMD-D in
each neuron, measured quantitatively. D-F) Double-IF images were obtained to represent LC3/NeuN and p62/NeuN in spinal cord lesions from all four
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ab177487), p62/SQSTM1 (Cat. no. ab240635), CTSB (Cat. no. ab214428),
and LAMP1 (Cat. no. ab24170) antibodies. The CTSL antibody (Cat. no.
AF1515) was provided by R&D Systems in Minnesota, USA. Elk-1 (Cat.
no. A0789), IL-14 (Cat. no. A1112), and IL-18 (Cat. no. AT115) anti-
bodies were provided by ABclonal Technology in Cambridge, MA, USA.
NLRP1 (Cat. no. DF13187), p-Elk-1 (Cat. no. AF3212), ASMase (Cat. no.
DF13384), GSDMD-N (Cat. no. DF12275) antibodies were obtained from
Affinity Biosciences in Ohio, USA. Servicebio in Wuhan, China, supplied
CD31 antibodies (Cat. no. GB12063). Santa Cruz Biotechnology in Dallas,
Texas, USA, provided GFAP (Cat. no. sc-166458) and Iba-1 (Cat. no. sc-
32725) antibodies. DAPI solution was obtained from Beyotime Biotech-
nology in Jiangsu, China. The BCA kit (Cat. no. 23227) and NE-PER nu-
clear and cytoplasm extraction reagents (Cat. no. 78835) were acquired
from Thermo Fisher Scientific (Rockford, IL, USA). Bioswamp in Wuhan,
China, provided the ASMase ELISA kit (Cat. no. MU32986), the alpha-N-
acetylglucosaminidase (NAGLU) ELISA kit (Cat. no. MU30875), and the
CTSD ELISA kit (Cat. no. MU30978).

Animal Model of SCI:  Prior to the surgical procedure, each subject was
intraperitoneally anesthetized with a 1% (w/v) solution of pentobarbital
sodium (50 mg kg™'). Meticulous normal laminectomy was performed
at the T9-T10 level, ensuring spinal cord dorsal surface exposure without
compromising the integrity of the dura mater. Subsequently, a 5 g rod was
released from a height of 3 cm onto the spinal cord using a spinal cord
impactor (W.M. Keck+, USA) to induce the desired injury. Following injury
induction, a layer-by-layer closure of the muscles and skin was performed
using 4-0 silk sutures. Mice in the Sham group underwent an equiva-
lent laminectomy procedure at the same spinal level but without injury.
Throughout the post-anesthesia recovery phase, the mice were housed in
a temperature-regulated environment until their body temperature was re-
stored to physiological levels. After SCI, manual abdominal pressure was
applied three times per day to empty the bladder until urinary function was
restored. Antibiotics (30 mg kg™' gentamicin sulfate) were administered
once per day for three consecutive days after surgery.

AAV Vector Injection: Consistent with prior investigations, the initial
fortnight post-SCI was the determined timeframe for AAV injection.[6%93]
Consequently, within the first 2 weeks prior to surgical intervention,
the Sham+AAV-ASMase group, the SCI+AAV-ASMase group, and the
SCI+AAV-ASMase+NBD peptide group underwent intraspinal injections
of 2 uL of viral vectors in PBS at a distance of 1.5 mm from the spinal cord
dorsal surface at the T9-T10 level using a microinjector. In parallel, the
Sham+AAV-Blank group, the SCI+AAV-Blank, and SCI+AAV-Blank+NBD
peptide groups received an equivalent volume of inert viral vectors. Fol-
lowing the injection, the needle was retained in situ for 1 min to prevent
potential virus/vehicle leakage. After the injection, the exposed muscles
and spinal cord skin were meticulously sutured. After the surgical proce-
dure, the mice were placed in a heated environment to facilitate postop-
erative convalescence. No instances of hind limb paralysis or other motor
impairments were observed in any mice postinjection.

Groupings: With the exception of RNA sequencing (n = 4, where “n”
indicates biological replicates) and NBD peptide half-life assay (n = 3),
all analyses had consistent group sizes (n = 6). C57BL/6) mice (n = 320)
were randomly allocated into 11 groups: Sham (n = 30), SCI (n = 52), SCI
+ NBD peptide (n=52), SCI + CQ (n =6), SCl + NBD peptide + CQ (n =
24), SCl+ PMA(n = 12), SCI + NBD peptide + PMA (n = 12), Sham + AAV-
Blank (n = 6), Sham + AAV-ASMase (n = 6), SCI + AAV-Blank (n = 30),
SCI + AAV-ASMase (n = 30), SCI + AAV-Blank + NBD peptide (n = 30),
and SCI 4+ AAV-ASMase + NBD peptide (n = 30). The SCI + NBD peptide
group, SCl + NBD peptide+PMA group, SCI+NBD peptide+CQ group,
SCI+AAV-Blank+NBD peptide group, and SCI + AAV-ASMase + NBD pep-
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tide group were intraperitoneally injected with NBD peptide (500 pg kg™")
30 min before surgery and further injected for 3 days after surgery.[% In
the SCI, SCI + AAV-Blank, Sham, and SCI + AAV-ASMase groups, vol-
umetric injections were conducted. Prior to NBD peptide treatment, in-
traperitoneal administration of chloroquine (CQ, 60 mg kg™') or Phor-
bol 12-myristate 13-acetate (PMA, 20 ng kg~') was performed 30 min in
advance, and this process was repeated for three consecutive days. The
doses of CQ and PMA and treatment time were determined by prior in-
vestigations of central nervous system (CNS) injury.[®*37] Excessive pen-
tobarbital sodium was used to euthanize the mice, and tissue samples
were collected at 3 and 28 days after surgery for histological examination.

Evaluation of Functional Behavior:  The Basso Mouse Scale (BMS) eval-
uations were performed at intervals of 0, 1, 3, 7, 14, 21, and 28 days post-
SCI. The BMS scale, which ranges from 0 to 9, identifies complete paralysis
at a score of 0 and full motor function at a score of 9.1%] The experimen-
tal assessments were performed in an open-field environment. At 28 days
post-surgery, footprint analysis was performed. Blue and red dyes were
used to stain the forelimbs and hindlimbs of the mice, respectively.?®! The
resulting footprints were used to gauge the extent of toe dragging and the
length of each stride. Toe dragging quantification involved computing the
total length of back leg drag divided by the overall walking distance. Hind
limb distances that were next to each other were measured to determine
stride length. Two researchers evaluated each mouse without knowledge
of the treatment method.

Tissue Pretreatment for HE & Masson Staining:  On the 28th postoper-
ative day, the mice were euthanized under excessive anesthesia by perfu-
sion with ice-cold 100 mm PBS (pH 7.4) and 4% (w/v) PFA administered
through the heart. The entire spinal cord segment (10 mm, epicenter sit-
uated in middle) was fixed in 4% (w/v) PFA for 24 h. Each specimen was
embedded in paraffin blocks and longitudinally sectioned. To perform HE
staining, 5-um sections were sliced using a microtome and then affixed to
poly-L-lysine-coated slides as previously described.[®’] For Masson stain-
ing, deparaffinized longitudinal sections were stained with a mordant solu-
tion containing 10% potassium dichromate and 10% trichloroacetic acid,
followed by hematoxylin staining of nuclei. The slices were differentiated in
ethanol and hydrochloric acid, transitioned to a blue hue with a mild am-
monia solution, and stained using Masson’s solution in accordance with
previously described protocols.[*’] Then, images were captured using an
Olympus light microscope (Tokyo, Japan).

Western Blotting (WB): On the third day post-SCl, the mice were
subjected to humane euthanasia. Subsequently, a 1 cm segment of the
spinal cord was meticulously dissected and homogenized within RIPA ly-
sis buffer (ice-cold) supplemented with a protease inhibitor cocktail and
phosphatase inhibitor cocktail Ill. Protein extraction from the spinal cord
samples was achieved using specialized reagents for protein isolation.
Protein levels were quantified by using BCA assays. Equal amounts of pro-
tein (60 ug) were separated and transferred onto PVDF membranes (Mil-
lipore) by 12% (w/v) gel electrophoresis. Subsequently, the membranes
were blocked for 2 h in 5% (w/v) skim milk, followed by overnight in-
cubation at 4 °C with primary antibodies (1:1000 dilution) targeting spe-
cific proteins including IL-18, GSDMD-N, IL-18, Beclin-1, Caspase-1, ASC,
CTSL, CTSB, CTSD, NLRP1, NLRP3, SQSTM1/p62, LC3, VPS34, LAMP1,
GAPDH, ASMase, Elk-1, p-Elk-1, p38, p-p38, and Egr-1. Then, the mem-
branes were treated with HRP-conjugated 1gG secondary antibodies at
ambient temperature for 2 h. Band signals were visualized and analyzed
using a Bio-Rad ChemiDoc XRS+ Imaging System in conjunction with an
ECL immunodetection instrument.

Immunofluorescence (IF) Analysis: Transverse sections of the spinal
cord were meticulously processed for IF staining according to established

groups (SCI+AAV-Blank, SCI+AAV-ASMase, SCI+NBD peptide+AAV-Blank, and SCI+NBD peptide+AAV-ASMase) at 3 dpi (scale bar = 20 um). The
graph displays the number of LC3 Il puncta and the quantitative integrated density of SQSTM1/p62 in each neuron, measured quantitatively. G) The
impaired spinal cord was subjected to WB analysis to obtain typical images of Caspase-1, GSDMD-N, NLRP3, NLRP1, ASC, IL-1, IL-18, SQSTM1/p62,
and LC3 II. GAPDH was utilized as a loading control. H) Quantification results of the related protein levels in the indicated groups. The data are pre-
sented as the means + SEMs (n = 6 mice per group); “p < 0.05, indicates significant differences; ns, not significant. Statistical analysis was performed

using two-way ANOVA followed by Tukey’s multiple comparison test.
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Figure 8. NBD peptide inhibits ASMase through the NF-xB/p38-MAPK/Elk-1/Egr-1 signaling pathway. A) The WB results of p65, p-p65, p38, p-p38,
Elk-1, p-Elk-1, Egr-1, and ASMase expression in the injured spinal cord lesions in Sham, SCI, and SCI + SS-31 groups are presented as typical images.
GAPDH was utilized as a loading control. B) Quantification of the protein levels of p65, p-p65, p38, p-p38, Elk-1, p-Elk-1, Egr-1, and ASMase. C) The
expression of ASMase gene in the injured spinal cord on day 3 after SCI was detected using qPCR. The data were normalized to f-actin. D) The WB
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protocols 8] After dewaxing and rehydration, the samples were subjected
to rigorous fixation and high-pressure antigen retrieval. Subsequently, the
sections were blocked for 30 min at 37 °C with a 5% bovine serum al-
bumin solution in PBS. After being blocked, the sections were incubated
overnight at 4 °C with primary antibodies (1:200 dilution) targeting specific
proteins. The proteins included Caspase-1, GSDMD-N, SQSTM1/p62,
MAP2, SYN, NeuN, LC3, ASMase, CTSL, CD31, GFAP, and Iba-1. On the
next day, the sections were incubated with secondary antibodies at 37 °C
for 1 h, followed by DAPI staining. Fluorescence microscopy imaging was
performed using state-of-the-art equipment from Olympus, Japan, to cap-
ture high-resolution images of transverse sections positioned 3 mm ros-
tral to the lesion site. Five random areas in the anterior horn of each spec-
imen were selected for image analysis. Quantitative assessments were
performed using Image) software to calculate the integrated density of
MAP2, Caspase-1, GSDMD-N, SQSTM1/p62, and ASMase in each neu-
ron. The evaluation process included the random selection of five areas
in the anterior horn of each specimen. To quantify LC3 Il puncta within
the size range of 0.2-10 um, which is indicative of autophagosomes, the
IF images of each neuron were analyzed by using Image] software.[*°]
SYN-positive synapses on motor neurons were examined in a double-blind
manner through rigorous manual analysis. Additionally, ASMase-positive
cells, including microglia, astrocytes, and endothelial cells, were identified
in a double-blind manner, and the number of positive cells was normalized
to the total number of imaged cells.

Dihydroethidium Staining: ~ The spinal cord tissue was subjected to gra-
dient dehydration in 15%, 20%, and 30% sucrose solutions. The dehy-
drated tissue was placed on clean filter paper to remove excess moisture,
covered with OCT, and cooled until the OCT was completely solidified.
Subsequently, the tissue was cut into 5-micron-thick frozen sections of
spinal cord tissue. Frozen spinal cord sections were stained with DHE (Be-
yotime, S0063) according to the manufacturer’s protocol. Fluorescence
microscopy imaging was performed using state-of-the-art equipment from
Olympus, Japan, to capture high-resolution images of transverse sections
positioned 3 mm rostral to the lesion site. Five random areas in the ante-
rior horn of each specimen were selected for image analysis. Quantitative
assessments were performed using Image| software to calculate the inte-
grated optical density of DHE.

Subcellular Partitioning and Isolation of the lysosome-Rich Fraction: Tis-
sue fragments from the spinal cord (5 mm in length) were subjected to ice-
cold homogenization by a Dounce tissue grinder. The Lysosome Enrich-
ment Kit for Tissue and Cultured Cells (Thermo Fisher Scientific, 89839)
was used to extract lysosomal fractions from the tissue homogenates by
differential centrifugation according to the instructions. The resultant su-
pernatant fractions were carefully preserved as the cytosolic fractions.

Enzyme-Linked Immunosorbent Assay (ELISA): The enzymatic activ-
ities of FPR1 (MSKBIO, KT23004), TAFA4 (MSKBIO, KT23003), AS-
Mase (Bioswamp, MU32986), CTSD (Bioswamp, MU30978), and NAGLU
(Bioswamp, MU30875) were assessed using ELISA kits in accordance with
the manufacturer’s protocol. FPR1, TAFA4, ASMase, CTSD, and NAGLU
were quantified by measuring the OD of the samples at 550 nm using a
microplate reader. To ensure accuracy, a correction wavelength of 450 nm
was used during the quantification process.

Quantitative PCR (gPCR): Total RNA was extracted from the spinal
cord using TRIzol reagent according to the manufacturer’s instructions.
Quantitative analyses were completed via a two-step reaction procedure:
reverse transcription (RT) and PCR. Every RT reaction comprised 0.5 pg
of RNA, 2 pL of 5xTransScript All-in-one SuperMix for qPCR, and 0.5 pL
of gDNA remover in an overall volume of 10 uL. The reaction was con-
ducted using a GeneAmp PCR System 9700 (Applied Biological Systems,

www.advancedscience.com

USA) at 42 °C for 15 min, followed by 85 °C for 5 s. The 10 uL RT re-
action mixture was then diluted 10-fold in nuclease-free water and incu-
bated at —20 °C. Real-time PCR was conducted using a LightCycler 480
11 Real-time PCR System (Roche, Switzerland) with a 10 uL PCR mix that
included 1 pL of cDNAs, 5 uL of 2 X PerfectStart Green qPCR SuperMix,
0.2 L of forward primer, 0.2 uL of reverse primer and 3.6 uL of nuclease-
free water. The reaction process was incubated in a 384-well optic plate
(Roche) at 94 °C for 0.5 min, followed by 45 cycles at 94 °C for 5 s and
60 °C for 30 s. All specimens were analyzed three times. After the PCR
cycles, melting curve analyses were performed to verify the specific gen-
eration of the anticipated PCR products. The following primer sequences
were developed in the laboratory and synthesized by Shanghai Generay
Biotechnology based on the mRNA sequences acquired from the NCBI
database: Smpd1, 5~ AGGGGAGGAGCTGTTTTGTG-3’ (forward), and 5~
CATTGCCAGGCTCGTAGACA-3’ (reverse). Finally, the mRNA expression
levels were normalized to those of f-actin and computed via the 274ACt
approach.

RNA Sequencing and Functional Enrichment Analysis:  Three days post-
SCI, tissue samples were obtained, and tRNA was isolated using TRI-
zol reagent according to the manufacturer’s instructions. The RNA and
concentration were determined by a NanoDrop 2000 spectrophotome-
ter (Thermo Scientific, USA). RNA integrity was assessed using an Agi-
lent 2100 bioanalyzer (Agilent Technology, USA). Library preparation was
performed according to the manufacturer’s guidelines using a TruSeq
Stranded mRNA LT Sample Prep Kit (lllumina, San Diego, CA, USA). OE
Biotech Co., Ltd. (Shanghai, China) performed the transcriptome sequenc-
ing and subsequent analyses. The Illumina HiSeq X Ten system was used
to generate 125 bp/150 bp paired-end reads, and library construction was
performed prior to sequencing. Raw reads were processed with Trimmo-
matic to eliminate poly-N and low-quality reads. Clean reads were retained
for subsequent analysis. The results were mapped to the murine genome
(GRCm38.p6) by using HISAT2. Cufflinks generated FPKM values for each
gene, while HTSeqcount provided read counts. Differential expression
analysis was performed by the DESeq (2012) package for R, and signifi-
cance was set at P < 0.05 and a fold change > 2 or < 0.5. Layer clustering
analyses were used to identify the expression features of differentially ex-
pressed genes (DEGs) among the groups and samples. GO analysis of
DEGs was performed by an R-based hypergeometric distribution.

Pharmacokinetic Analysis: NBD peptide was administered to each
mouse via a tail vein injection at a dose of 500 pg kg~'. The animals
were divided into seven groups (the 0, 1, 2, 4, 8, 12, and 24 h groups)
based on the retention time of NBD peptide in the mice, with each group
consisting of three mice. Blood samples were collected from the mice
in anticoagulant-containing tubes. Plasma samples were collected after
centrifuging the blood samples at 3000 x g for 10 min.['%] The plasma
concentration of NBD peptide was subsequently determined via high-
performance liquid chromatography-mass spectrometry (LC-MS). Finally,
the concentrations were quantified using an internal standard method
by comparing the peak area ratio of the drug to the internal standard
and calculating the drug concentration in the plasma from a standard
curve. Based on the one-compartment model theory, the blood drug
concentration-time curve for NBD peptide was plotted, and a curve equa-
tion was obtained. The half-life of NBD peptide was subsequently calcu-
lated using this equation.

Statistical Analysis: ~ Statistical analyses were carried out using Graph-
Pad Prism Software, version 8.0.1. The data are expressed as the means +
SEMs, and rigorous statistical analysis of the measured parameters was
performed. A two-tailed, unpaired t-test was used to compare data be-
tween two independent groups in this study. When the data exhibited a

results of p65, p-p65, p38, p-p38, Elk-1, p-Elk-1, Egr-1, Caspase-1, GSDMD-N, SQSTM1/p62, LC3 and ASMase expression in the injured spinal cord
lesions in SCI, SCI+PMA, SCI+NBD peptide and SCI+NBD peptide+PMA groups are presented as typical images. GAPDH was utilized as a loading
control. E) Quantification of the protein levels of p65, p-p65, p38, p-p38, Elk-1, p-Elk-1, Egr-1, Caspase-1, GSDMD-N, SQSTM1/p62, LC3 and ASMase.
F) Schematic diagram showing the potential protective effect of NBD peptide against SCI. The data are presented as the means + SEMs (n = 6 mice
per group); “p < 0.05, indicates significant differences; ns, not significant. Statistical analysis was performed using two-way ANOVA followed by Tukey’s

multiple comparison test.
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normal distribution, differences among three or more groups were ex-
amined by two-way analysis of variance (ANOVA) and Tukey’s multiple
comparisons test. Nonparametric Mann—Whitney U tests were used for
groups in which the data did not conform to a normal distribution. One-
way ANOVA with least significant difference (LSD) post hoc analysis for
groups with equal variances or Dunnett’s T3 for groups with unequal
variances was used for evaluation of significant differences between the
groups. Significance levels were as follows: “P < 0.05.

Ethical Statement:  All experiments involving animals were conducted
according to ethical policies, and the procedures were approved by the
Ethics Committee of Wenzhou Medical University, China (Approval no.
wydw 2017-0096).
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