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Abstract

This study aims to explore the impacts of ApoB-100/SORT1-mediated immune microenvironment during acute spinal cord
injury (SCI), and to investigate the potential mechanism. CB57BL/6 mice underwent moderate thoracic contusion injury
to establish the SCI animal model, and received ApoB-100 lentivirus injection to interfere ApoB-100 level. Functional
recovery was assessed using the Basso, Beattie, and Bresnahan (BBB) score and footprint analysis. Transmission electron
microscopy was applied to observe the ultrastructure of the injured spinal cord tissue. Hematoxylin-eosin (HE) staining and
Perls staining were conducted to assess histological changes and iron deposition. Biochemical factor and cytokines were
detected using their commercial kits. M1/M2 macrophage markers were detected by immunofluorescence assay in vivo and
by flow cytometry in vitro. HT22 neurons were simulated by lipopolysaccharide (LPS), followed by incubation with polarized
macrophage medium to simulate the immune microenvironment of injured spinal cord in vitro. The local immune microen-
vironment is changed in SCI mice, accompanied with the occurrence of oxidative stress and the elevation of both M1 and
M2 macrophages. Knockdown of ApoB-100 ameliorates oxidative stress and lipid disorder, and inhibits inflammation and
ferroptosis in SCI mice. Importantly, knockdown of ApoB-100 can partly restrict M1 macrophages but does not change M2
macrophage proportion in SCI mice. Further, M1 macrophages are observed to attenuate the inflammatory response, oxidative
stress, and ferroptosis levels of LPS-induced HT22 cells, which is further strengthened by SORT1 knockdown. Blockage of
ApoB-100/SORT1-mediated immune microenvironment plays a protective role against SCI via inhibiting oxidative stress,
inflammation, lipid disorders, and ferroptosis, providing novel insights of the targeted therapy of SCI.
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Introduction

Traumatic central nervous system (CNS) injuries include
traumatic brain injury and spinal cord injury (SCI) [1]. SCI
can be divided into primary injuries caused by the direct
action of mechanical external forces on the injured area
leading to the damage of nerves, blood vessels, and other

Chunshuai Wu and Chunyan Ji contributed equally to this work.

P4 Guanhua Xu
guanhua_xu@163.com

< Zhiming Cui

Cuizhim831022@163.com

Department of Spinal Surgery, The Second Affiliated
Hospital of Nantong University, Nantong First People’s
Hospital, Nantong University, 666 Shengli Road,
Nantong 226000, Jiangsu Province, China

Research Institute for Spine and Spinal Cord Disease
of Nantong University, Nantong 226000, China

Key Laboratory for Restoration Mechanism and Clinical
Translation of Spinal Cord Injury, Nantong 226000, China

parenchymal tissues (also called acute SCI), and secondary
injuries caused by a series of cascade reactions caused by
changes in the local microenvironment leading to secondary
nerve damage [2]. SCI affects 2 to 3 million people world-
wide, increasing by 250,000 to 500,000 annually [3]. The
total lifetime costs for patients suffering from SCI exceed 3
million dollars, causing a major economic burden worldwide
[4]. Further, the high rate of disability and mortality of SCI
is devastating [5, 6].
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A previous study has shown that the number of immune
cells such as lymphocytes and macrophages in the acute
stage of SCI is relatively high, thus presenting distinct polar-
ization phenotypes and activity levels under the influence of
inducible factors in different environments. In addition, when
SCI occurs, macrophages in the injured area are the first to
be attacked, where M 1-type macrophages and M2-type mac-
rophages are increased, but M 1-type macrophages are more
significant [7]. Recent studies are more inclined to improve
SCI immune microenvironment and repair tissue damage by
inducing differentiation of M2-type macrophage cells with
anti-inflammatory activities [8]. However, in fact, M1-type
cells with proinflammatory activity also partly contribute
to tissue repair in SCI. M1-type macrophages themselves
express high level of Ly6C and secrete proinflammatory
cytokines IL-1p and TNF-a to exert strong phagocytosis
and proteolytic functions. Moreover, M 1-type macrophages
can activate adaptive immunity to produce antigen presen-
tation and activate antioxidant system, thus secreting more
antioxidant enzymes such as superoxide dismutase (SOD)
and glutathione (GSH). These effects are particularly impor-
tant in the early stage of SCI [9]. Therefore, adjusting M1/
M2 ratio according to the characteristics following SCI may
have a better prospect for alleviating SCI and promoting
functional recovery.

It has been reported that the level of oxidized low-den-
sity lipoprotein (ox-LDL) of SCI patients without exercise
is significantly higher than that of normal population or
SCI patients with regular rehabilitation exercise, and is also
negatively related to the functional recovery, suggesting that
a higher ox-LDL level is associated with poorer progno-
sis [10, 11]. Apolipoprotein B-100 (ApoB-100) is one of
the major components involved in the formation of LDL
complex, and LDL is particularly easy to oxidize to form
ox-LDL, especially under the inflammatory condition, indi-
cating that ApoB-100 may be an upstream factor regulat-
ing the rise of ox-LDL in non-exercise rehabilitation SCI
patients [12]. Sortilinl (SORT1), a type I transmembrane
multiligand receptor, is a member of the receptor family in
the Vacuolar protein sorting 10 protein (Vps10p) domain.
SORT1 is widely distributed in microglia and acts as the
membrane receptor of ApoB-100. The combined SORTI
and ApoB-100 can promote the transport, differentiation,
and degradation of LDL, and the overexpression of SORT1
can induce the activation of the inflammatory response path-
way of microglia [13, 14]. In addition, ox-LDL promotes
macrophage polarization towards M1 phenotype and is
closely related to inflammation and ferroptosis [15]. There-
fore, it is reasonable to speculate that ApoB-100/SORT1 is
critical for the formation of ox-LDL, and may be involved in
ox-LDL-related pathological mechanism of SCI.

Therefore, based on the above background, we have
the reason to believe that macrophages are activated after
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acute stage of SCI, and the seriously abnormal ratio of
M1/M2 courses may be an important factor leading to poor
prognosis of SCI patients. ApoB-100/SORT1-mediated
abnormal LDL metabolism, lipid peroxidation, ferropto-
sis, macrophage polarization, and subsequently amplified
inflammatory response may be the important mechanism
behind the poor prognosis of acute stage of SCI.

Materials and Methods
Animals and SCI Modeling

Eight-week-old female CB57BL/6 mice (weight 27-30 g)
were acquired from Cavens Biogle (Suzhou) Model Ani-
mal Research Co. Ltd. and housed under a 12-h light/dark
cycle at room temperature with free access to water and
food. All animal experiments in this study were approved
by Nantong First People’s Hospital.

Mice were randomly divided into SHAM, SCI,
SHAM + ApoB-100 knockdown (KD), and SCI+ ApoB-
100 KD groups (n=06). After the mice were anesthetized
via intraperitoneal injection with 70 mg/kg ketamine and
5 mg/kg xylazine, laminectomy was performed to expose
the spinal cord at T10. Thereafter, a model of SCI model
was established using the modified Allen method with an
impact force of 20 g X 30 mm. Lower limb convulsion and
localized hematoma of the injured spinal cord in mice
indicated successful modeling. After injury, the mus-
cle layers and skin were sutured. During SCI procedure,
mice were placed on a constant heating pad to maintain
temperature at 37 °C. Mice in the sham group received a
laminectomy, but no SCI. Mice in the SCI+ ApoB-100 KD
group were injected with 10 pL of lentivirus vectors car-
rying short hairpin RNA against ApoB-100 (5.0 x 108 TU/
mL) in spinal cord tissue via a microsyringe immediately
following SCI. On the 7th day after the operation, mice
were euthanized, and the spinal cord tissues and blood
samples were collected.

Basso, Beattie, and Bresnahan (BBB) Score

The BBB score was performed to test locomotor function
of mice after SCI, which comprises 21 different criteria for
the movement of lower limbs, from complete paralysis to
complete mobility. These criteria are based on the accurate
observation of the lower limbs, including movement, step,
and coordinated motor action. The scores were recorded
by two well-trained investigators who were blinded to the
experiments [16].
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Footprint Analysis

A narrow runway 50 cm long and 4-5 cm wide was formed
by covering on the white paper. The mice were stained
with red ink on the front feet and blue ink on the back
feet, and then placed on the runway and allowed to walk
freely. After the footprints were dried, the vertical distance
between the palms of the two back feet was measured. The
motor function was evaluated according to the distance.

Biochemical Analysis

Total cholesterol (TC), triglyceride (TG), high-density
lipoprotein cholesterol (HDL-c), low-density lipoprotein
cholesterin (LDL-c), and very-low-density lipoprotein
(VLDL-p) in the peripheral blood were measured accord-
ing to the instructions of the assay kits from Nanjing
Jiancheng Bioengineering Institute.

Measurement of Oxidative Stress—Related Factors

The levels of SOD, malonaldehyde (MDA), GSH, and cat-
alase (CAT) in the peripheral blood were quantified using
the corresponding assay kit (Nanjing Jiancheng Bioengi-
neering Institute, China) according to the manufacturer’s
instructions. In addition, to detect the level of reactive
oxygen species (ROS), part of the spinal cord tissue was
washed with ice-cold PBS, embedded in optimum cutting
temperature compound (OCT), and then cut into slices.
The frozen spinal cord slices were stained with dihydro-
ethidium (DHE; Sigma-Aldrich) for 30 min away from
the light. The images were observed under a confocal
microscope.

Transmission Electron Microscopy (TEM)

The spinal cord samples were fixed with 2.5% glutaral-
dehyde and 1% osmium tetroxide in 0.2 mol/L sodium
phosphate buffer for 12 h. After dewatering and embed-
ding slicing, the slices were cut into 1-mm-thick sections
and stained using uranyl acetate and lead citrate. The
images were obtained using TEM with a JEM-1400 elec-
tron microscope (JEOL Ltd., Akishima, Tokyo, Japan) to
observe subcellular structural changes of neuronal cells.

Hematoxylin-Eosin (HE) Staining and Perls Staining

The spinal cord samples were fixed with 4% paraformal-
dehyde at room temperature for 24 h, and then embedded
in paraffin and sliced into 4-pm-thickness sections. After-
wards, these sections were stained with HE staining and

Perls staining, respectively. Images were observed under
a light microscope.

Immunofluorescence Staining

After deparaffinization and rehydration, the sections were
subjected to heat-induced antigen retrieval in a citrate buffer
for 10 min, and incubated with 3% hydrogen peroxide for
10 min to inhibit endogenous peroxidase activity. After
blocking with 5% bovine serum albumin for 1 h, the sec-
tions were incubated with M1 marker antibodies CD86 and
iNOS and M2 marker antibodies Arg-1 and CD206 at 4 °C
overnight, followed by incubation with appropriate fluores-
cently labeled secondary antibody for 1 h at room tempera-
ture. Finally, the sections were stained with 4',6-diamidino-
2-phenylindole (DAPI) (Beyotime, China), and the images
were observed under a confocal microscope.

Western Blot

Total protein was extracted with RIPA buffer (Beyotime,
China), and subsequently, a BCA assay (Thermo Fisher Sci-
entific, USA) was used to detect the protein concentration.
A total of 30 pg of proteins was separated by SDS—poly-
acrylamide gel electrophoresis, which was then transferred
to nitrocellulose membranes. Membranes were incubated
with 5% skim milk to block reactions for 1 h. Membranes
were incubated with primary antibodies overnight at 4 °C,
followed by incubation with goat anti-rabbit HRP-conju-
gated secondary antibody at room temperature for 1 h. Bands
were visualized using an enhanced chemiluminescence
(ECL) reagent (Thermo Fisher Scientific), and the density
of protein bands was semi-quantified using ImageJ (National
Institutes of Health, Bethesda, MD, USA).

Real-Time Quantitative PCR (RT-qPCR)

Total RNA was exacted with TRIzol reagent (Invitrogen,
Carlsbad, CA), and subsequently reverse-transcribed into
cDNA following the manufacturer’s instructions of Prime
Script II 1st Strand cDNA Synthesis Kit (Takara, Dalian,
China). Thereafter, real-time PCR was carried out adopting
SYBR Premix Ex Taq (Takara) with a Step One Plus Real-
Time PCR Detection System (Applied Biosystems, USA).
Relative expression of target mRNAs was calculated with
272AC method and normalized to GAPDH.

Cell Culture
Mouse mononuclear macrophage RAW 264.7 cells (CL-0190;
Procell, Wuhan, China) and mouse neuron HT22 cells (CL-

0697; Procell) were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum
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(FBS, Gibco, Carlsbad, CA) and 1% penicillin/streptomycin
(Invitrogen, Carlsbad, CA) in a 5% CO, incubator at 37 °C.
To induce spinal cord neuron damage model in vitro, HT22
neurons were stimulated with 0.1 g/L of lipopolysaccharide
(LPS; Sigma-Aldrich) for 24 h.

Cell Transfection

Small interference RNAs targeting SORT1, including si-
SORT1-1 (5'- GCAGCCTTCATATCCATGCTT-3), si-
SORT1-2 (5'-CCGTCCTATCAATGTGATTAA-3'), and
si-SORT1-3 (5'-GCACCTGACAACAAATGGGTA-3"),
and the negative control (si-NC) were obtained from Heyuan
Biotechnology Co., Ltd. (Shanghai, China). HT22 cells were
transfected with above plasmids using Lipofectamine® 3000
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) following
the manufacturer’s protocol. After 48 h of transfection, RT-
gPCR was used to detect the transfection efficiency.

Macrophage Polarization

Mouse macrophage RAW?264.7 cells were treated with 20 ng/
mL of IFN-y (Sigma-Aldrich) and 100 ng/mL of LPS for 24 h to
differentiate into M1 macrophages. The polarization transition
was evaluated with flow cytometry analysis using PE-conju-
gated anti-CD206 and APC-conjugated anti-CD11c antibodies
by flow cytometry (BD Biosciences, San Diego, CA, USA).
Thereafter, the conditioned medium from M1 macrophages was
harvested and then added to HT22 cells for further analysis.

Measurement of Inflammatory Cytokines

The supernatant levels of tumor necrosis factor-a (TNF-a),
interleukin (IL-6), and IL-1p in cell culture medium were
measured using quantitative enzyme-linked immunosorbent
assay (ELISA) kits (Nanjing Jiancheng Bioengineering Insti-
tute, China) according to the manufacturer’s instructions.

Statistics

Data are expressed as mean +SD. Student’s #-test was used for
comparisons between two groups. For multiple comparisons,
the data were analyzed by one-way ANOVA followed by Tukey
post hoc tests. p <0.05 was considered statistically significant.

Results

The Local Immune Microenvironment Is Changed
in SCI Mice

The front feet of mice were painted red and the back feet
were painted blue. Footprint analysis showed that the
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movement of mice in the SHAM group had nothing abnor-
mal. The SCI group could only see red marks while no
blue marks (Fig. 1A). BBB scores of mice in the SHAM
group were 21 points, while those in the SCI group were
2.3 points averagely (Fig. 1B). The results indicated that
mice in the SCI group had hind limb paralysis. Biochemi-
cal methods were used to detect the levels of lipid factors
in peripheral blood samples of mice. The results showed
that the levels of TC and VLDL-p in the SCI group were
significantly increased compared with those in the SHAM
group. The expression of TG and LDL also increased,
but there was no significantly statistical difference, and
HDL-C level was significantly decreased (Fig. 1C). The
results indicated that lipid metabolism was disturbed after
SCI. Subsequently, we also measured the levels of oxida-
tive stress—related factors in peripheral blood. The results
showed that compared with the SHAM group, SOD,
CAT, and GSH activities were significantly decreased
while MDA content was significantly increased in the SCI
group (Fig. 1D), confirming the occurrence of oxidative
stress following SCI, which was further validated by the
increased ROS production after SCI (Fig. 1E).

In addition, immunofluorescence staining assay was
conducted to assess macrophage polarization in injured
spinal cord tissues following SCI. Compared with the
SHAM group, the CD206-positive and Arg-1-positive
cells were markedly elevated in the SCI group. Meanwhile,
the CD86-positive and iNOS-positive cells were slightly
elevated in the SCI group compared to those in the SHAM
group. Moreover, it was found that in the SCI group, the
proportion and distribution of M2 macrophages were supe-
rior to M1 macrophages (Fig. 2). These findings suggested
that both M1 and M2 macrophages were elevated follow-
ing SCI, and M2 macrophages were dominant.

Knockdown of ApoB-100 Improves Oxidative Stress
and Lipid Metabolism in SCI Mice

The mice were divided into SHAM, SCI, SHAM + ApoB-
100 KD, and SCI+ ApoB-100 KD groups. Combined
with the results of the BBB score and footprint analy-
sis, mice in each group exhibited normal motor function
before surgery. On day 7 after surgery, both the BBB
score and vertical distance between the two hind feet of
mice were decreased in the SCI group compared with
those of the SHAM group. It was worth noting that,
compared with the SCI group, ApoB-100 knockdown
effectively improved the BBB functional score and also
slightly prolonged vertical distance between the two
hind feet of mice (Fig. 3A, B), suggesting that ApoB-
100 knockdown could improve functional recovery of
locomotion of SCI mice.
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Fig. 1 The changes of functional recovery, lipid factors, and oxidative
stress following SCI in mice. A Footprints were used to detect the
movement of mice. B BBB score was used to test motor function of
mice. C Biochemical methods were used to detect the levels of lipid

The results of biochemical analysis showed that com-
pared with the SHAM group, the activities of SOD, GSH,
and CAT in the SCI group were significantly decreased,
while ApoB-100 knockdown partly inhibited improved
SOD and CAT activities (Fig. 4A). Meanwhile, the ele-
vated ROS level following SCI was significantly reduced
by ApoB-100 knockdown (Fig. 4B), confirming that
ApoB-100 knockdown could inhibit oxidative stress in
SCI mice. In addition, as exhibited in Fig. 4C, the levels

SHAM SCI

T
SHAM SC1

* % %

40 I

30

20+

ROS positive cells (%)

T
HAM SCI

factors in peripheral blood samples of mice. D The kits were used to
measure the levels of oxidative stress—related factors in peripheral
blood. E Representative images of ROS staining of spinal cord tis-
sues. *p <0.05, **p<0.01, and ***p <0.001

of lipid metabolism-related factors including TC, TG,
and LDL-c were increased while the level of HDL-c was
decreased in the SCI group compared with those in the
SHAM group. Compared with the SCI group, the levels
of TC, TG, and LDL-c in the SCI+ ApoB-100 KD group
were decreased, suggesting that ApoB-100 knockdown
could partly restore the dysregulation of lipid metabolism
following SCI.
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Fig.2 Representative images of immunofluorescence staining of M1/M2 macrophage markers in spinal cord tissues
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Fig. 3 Knockdown of ApoB-100 improves functional recovery of SCI mice. A BBB score was used to test motor function of mice. B Footprints
were used to detect the movement of mice. ***p <0.001
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Knockdown of ApoB-100 Inhibits the Polarization
of Macrophages Towards M1 Phenotype

Next, we assessed the impact of ApoB-100 on mac-
rophage polarization of injured spinal cord tissues. As
presented in Fig. 5A, compared with the SCI group, the
CD86 expression was significantly reduced and iNOS
expression was also slightly reduced in the SCI + ApoB-
100 KD group, indicating that ApoB-100 knockdown
restricted the generation of M1 macrophages of injured
spinal cord tissues. However, as shown in Fig. 5B,
ApoB-100 knockdown had no significant effect on the
expression of CD206 and Arg-1 of injured spinal cord
tissues, suggesting that knockdown of ApoB-100 could
effectively inhibit the polarization of macrophages to M1
phenotype, but did not affect the polarization of mac-
rophages to M2 phenotype.

SHAM+ApoB-100 KD

SCI+ApoB-100 KD

ROS positive cells (%)

LDL-C (mmol/L)
HDL-C (mmol/L)

images of ROS staining of spinal cord tissues. C Biochemical meth-
ods were used to detect the levels of lipid factors in peripheral blood
samples of mice. *p <0.05, **p <0.01, and ***p <0.001

Knockdown of ApoB-100 Inhibits Inflammation
and Ferroptosis in SCI Mice

TEM was used to observe the changes of the subcellular
structure of the injured spinal cord following SCI. The results
showed that compared with the SHAM group, cell edema in
the SCI group was serious, including cytoplasmic edema,
mitochondrial edema, mitochondrial vacuolation, and myelin
loss. Compared with the SCI group, mitochondria edema and
vacuolation were slightly alleviated in the SCI+ ApoB-100
KD group (Fig. 6A). HE staining results showed that com-
pared to the SHAM group, the SCI group had serious spinal
nerve tissue lesions with excessive infiltration of inflammatory
cells. However, the SCI+ ApoB-100 KD group showed mod-
erate nerve tissue lesions, accompanied with some glial cell
lesions and necrosis (Fig. 6B). Perls staining results showed
obvious iron deposition in the SCI group compared with the

@ Springer



Molecular Neurobiology (2024) 61:6675-6687

Merged

e ----
m——— ----

Merged

Fig.5 Knockdown of ApoB-100 inhibits the polarization of mac-
rophages towards M1-type cells. A Representative images of immu-
nofluorescence staining of M1 macrophage markers in spinal cord tis-

SHAM group. Compared with the SCI group, it was markedly
reduced in the SCI+ ApoB-100 KD group (Fig. 6C).

Then, the expression level of proteins related to inflamma-
tion/pyroptosis (gasdermin p-N-terminal domain (GSDMD-
D), cleaved caspasel (c-caspl), IL-18, and IL-1p), ferroptosis
(transferrin receptor 1 (TFR1), solute carrier family 7a mem-
ber 11 (SLC7A11), and glutathione peroxidase 4 (GPX4)),
lipid metabolism (carnitine O-palmitoyltransferase 1 (CPT1),
ApoB-100, and SORT1), and peripheral myelin protein 22
(PMP22) in spinal cord tissues was examined by western blot.
The results showed that compared with the SHAM group, the
protein expression levels of ApoB-100, IL-1f, IL-18, SORT1,
SLC7A11, GSDMD-N, and C-Caspasel in the SCI group
were significantly increased, while the expressions of TFR-
1, GPX4, CPT-1, and PMP22 were significantly decreased.
Compared with the SCI group, the SCI+ ApoB-100 KD group
partly reversed above changes (Fig. 6D).

M1 Macrophages Inhibits LPS-Induced ApoB-100/
SORT1 Expression, Inflammation, Oxidative Stress,
and Ferroptosis in HT22 Neuron Cells, Which Is
Further Strengthened by SORT1 Knockdown

Based on above findings, ApoB-100 knockdown could sig-
nificantly inhibit macrophage polarization towards M1 phe-
notype following SCI; therefore, RAW264.7 cells were dif-
ferentiated into M1 phenotype (Fig. 7A), and the conditional
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medium of M1 macrophages was used to culture HT22 cells
to simulate the local immune microenvironment around neu-
rons in vitro. In addition, as aforementioned, SORT1 served
as the membrane receptor of ApoB-100, and in vivo experi-
ments above have demonstrated that ApoB-100 knockdown
significantly inhibited elevated SORT1 expression follow-
ing SCI, and thus, whether SORT1 was related to ApoB-
100-mediated oxidative stress, inflammation, and ferropto-
sis deserved to be explored. Hence, as shown in Fig. 7B,
compared with the si-NC group, the expression level of
SORT1 was significantly reduced after transfection with si-
SORT1/2/3. Attributed to a superior transfection efficacy,
si-SORT1-2 plasmid was selected for subsequent experi-
ments. Subsequently, HT22 cells were divided into control,
LPS, LPS + M1 medium, LPS + M1 medium + si-NC, and
LPS + M1 medium +si-SORT1 groups. Compared with
the control group, the expression levels of IL-1p, IL-6, and
TNF-a were upregulated in the LPS group. Compared with
the LPS + M1 medium +si-NC group, interference with
SORT1 expression reduced the production of inflamma-
tory cytokines to a certain extent (Fig. 7C). We then meas-
ured the expression of adipose-related factors, oxidative
stress—related factors, and ApoB-100 at the cellular level,
and the results showed that compared with the LPS group,
the expression levels of 4-HNE, RBP4, MDA, and ApoB-
100 were downregulated in the LPS + M1 medium group,
while the expression levels of ADPN, ARG1, SOD, CAT,
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sis in SCI mice. A TEM was used to observe the changes of subcel-
lular structure of spinal cord tissues. B HE staining was used to detect
pathological injury. C Perls staining was used to detect iron deposi-

and GSH were upregulated. Compared with the LPS + M1
medium + si-NC group, interference with SORT1 expression
downregulated the expressions of 4-HNE, RBP4, ARG,
MDA, and ApoB-100 to some extent, and upregulated the
expression levels of ADPN, SOD, CAT, and GSH (Fig. 7D,
E).

Finally, the levels of ApoB-100, inflammation-related
proteins, and ferroptosis-related proteins in HT22 cells were
also detected by western blot. The results showed that, com-
pared with the control group, the protein expression levels
of ApoB-100, IL-1p, IL-18, SORT1, SLC7A11, GSDMD-
N, and C-Caspasel were significantly increased in the LPS
group, while the expressions of divalent metal transporter 1

G

SHAM+ApoB-100 KD SCI+ApoB-100 KD

GPX4/GAPDH

¢-Caspl/GAPDH

tion. D The levels of ApoB-100, inflammation-related proteins, and
ferroptosis-related proteins in spinal cord tissues were detected by
western blot. ¥*p <0.05, **p <0.01

(DMT1), TFR-1, GPX4, SLC7A11, and PMP22 were signifi-
cantly decreased. Compared with the LPS group, the above
changes of protein expression were partly inhibited in the
LPS+M1 medium group, and the inhibitory effects were fur-
ther strengthened following SORT1 knockdown to a certain
extent (Fig. 8).

Discussion
The spinal cord is mainly composed of mature neurons,

which lose the ability to differentiate after differentia-
tion. Once the injury occurs, the spinal cord function
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Fig.7 M1 macrophages inhibit LPS-induced inflammation and oxi-
dative stress in HT22 neuron cells, which is further strengthened by
SORT1 knockdown. A RAW264.7 cells were induced to differenti-
ate into M1 types, which was verified by flow cytometry. B Cell
transfection was conducted and transfection efficiency was detected

is difficult to rebuild, resulting in a series of disabili-
ties and dysfunction that will affect the lifetime of SCI
patients [17]. Therefore, it is the focus of current clinical
research to explore the mechanism of SCI and seek regu-
latory target of SCI. In our article, we constructed the
SCI animal model in mice, and the serum TG, TC, LDL,
and VLDL-p were detected to be significantly increased,
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GSH(pmol/mgprot)

by RT-qPCR. C ELISA was used to detect the levels of IL-1f, IL-6,
and TNF-a. D, E The expression of adipose-related factors and oxi-
dative stress-related factors was detected with the kits. *p <0.05,
*#p <0.01, and ***p <0.001

while HDL-c was significantly decreased, indicating the
disorder of lipid metabolism in SCI mice. In addition,
we also confirmed the occurrence of oxidative stress fol-
lowing SCI. Moreover, the immune microenvironment of
SCI mice also changed, accompanied with both elevated
M1 and M2 macrophages, and M2 macrophages were
dominant.
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Fig.8 M1 macrophages inhibit LPS-induced ApoB-100/SORT1
expression, inflammation, and ferroptosis in HT22 neuron cells,
which is further strengthened by SORT1 knockdown. The expression

As an essential apolipoprotein for the synthesis and secre-
tion of LDL, ApoB100 is a ligand for the endocytosis of
LDL particles mediated by low-density lipoprotein receptor
(LDLR), and also a major component protein of chylomicron
and LDL in plasma [18]. Ox-LDL is a major lipid peroxide,
which can induce programmed death of neuronal cells or
myelin cells, including ferroptosis, which has been popular
in recent years [15]. This programmed death further aggra-
vates the release of inflammatory factors, which seriously
affects the balance of M1/M2 macrophage, and significantly
damages the structure and function of neuronal cells and
their surrounding myelin sheath. Recent study has shown
that the expression of ApoB-100 in plasma exosomes in
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levels of ApoB-100/SORT1 expression inflammation-related proteins
and ferroptosis-related proteins in HT22 neuron cells were detected
by western blot. *p <0.05, *¥p <0.01, and ***p <0.001

SCI patients is significantly increased [19]. The expression
of ApoB-100 protein in SCI patients with severe pressure
ulcers was also significantly changed [20]. Consistently, in
our experiment, it was found that the expression of ApoB-
100 in SCI mice was significantly elevated. Knockout of
ApoB-100 could significantly improve functional recovery
and relieve oxidative stress, inflammation, lipid disorders,
and ferroptosis in injured spinal cord tissues in SCI mice.
So what role does ApoB-100 play in acute SCI? What is
the regulatory mechanism? No research has been reported so
far. As aforementioned, SORT1 acts as the membrane recep-
tor of ApoB-100, and ApoB-100/SORT1 is critical for the
formation of ox-LDL. It has been also reported that SORT1
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can restrict the secretion of ApoB-100 under stressed, and
SORT1 mutation in diabetes is associated with a decrease
of plasma ApoB, TG, and LDL [21]. This may be one of
the important ways that ApoB-100 is involved in ox-LDL-
related SCI. In the present study, in vivo experiments dem-
onstrated that ApoB-100 knockdown not only significantly
inhibited the elevated LDL level following SCI, but also
inhibited SORT1 expression, and thus, we speculated that
SORT1 might be related to ApoB-100-mediated macrophage
polarization, oxidative stress, inflammation, and ferroptosis
during the development of SCI. Therefore, in cell experi-
ments, as ApoB-100 knockdown might attenuate SCI partly
through inhibiting M1 macrophages, conditional medium
from M1 macrophages was used to culture HT22 cells to
mimic the local immune microenvironment around neu-
rons in vitro. The results showed that LPS caused increased
expression of ApoB-100 in neuron cells, and SORT1 knock-
down in HT22 cells inhibited ApoB-100 and also attenuated
LPS-induced inflammation, oxidative stress, lipid peroxida-
tion, and ferroptosis in neurons.

And last but not least, we found that the conditional
medium from M1-type macrophage in vitro significantly
inhibited the inflammatory response, oxidative stress,
and ferroptosis levels of injured neuronal cells, which
was inconsistent with the results in vivo. Some research-
ers believe that within 7 days after SCI, macrophages and
microglia are mixed with M1 type and M2 type, and M1
type still plays a positive role during this time, but with
the passage of time, the proportion of M2 type gradu-
ally decreases to disappear, while M1 type gradually
increases and dominates for a long time, which may be
the main reason for the unsatisfactory recovery in chronic
phase [22]. In addition, M2-type macrophages/microglia
mainly secrete TGF-p, Arg-1, and type I and type III
collagen, which are indeed beneficial to inflammation
inhibition and tissue repair, while they promote the for-
mation of glial scar in astrocytes, which is considered to
be an adverse factor to the electrical conduction function
of neurons [23]. M1-type macrophage plays an impor-
tant role in clearing bacterial infection and activating
adaptive immunity to produce antigen presentation, as
well as activating the antioxidant system, which is con-
ducive to the recovery of SCI in the acute phase [9]. The
above studies and our experimental results suggest that
the M 1-type macrophage microenvironment itself may be
beneficial at a certain stage during SCI, but our in vivo
results show that the M1-type macrophage microenviron-
ment promotes the occurrence of SCI diseases, which
is harmful. One possible reason is that M1-type mac-
rophages are over-induced in SCI mice, which triggers
the inflammatory cascade reaction and eventually leads
to the undesirable result of deteriorating SCI disease
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symptoms. Secondly, although ApoB-100 knockdown
in SCI mice inhibits the polarization to M1-type mac-
rophages but does not affect M2-type macrophages, the
ratio of M1/M2 macrophages is thus changed, which may
partly restore the immune microenvironment to attenuate
inflammation and oxidative stress following SCI.

Anyway, there were still several limitations in this study.
Firstly, we only investigated the regulatory role of ApoB-
100 at 7th day following SCI; however, in the acute period
of SCI, the changes of macrophages/microglia were com-
plicated, and more time points to record these changes may
enrich the data about immune microenvironment following
SCI. Secondly, more solid data, rather than the bar graph,
will be beneficial to further verify the conclusions. Finally,
further regulatory mechanism underlying ApoB-100/SORT]1
to affect SCI progression needs to be discovered in our
future work.

Conclusion

In conclusion, ApoB-100 is a critical pathogenic factor con-
tributing to the development of SCI. Blockage of ApoB-
100/SORT1-mediated immune microenvironment plays a
protective role against SCI via inhibiting oxidative stress,
inflammation, lipid disorders, and ferroptosis, providing
novel insights of the targeted therapy of SCI.
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