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Abstract

Maintaining the integrity of the blood-spinal cord barrier is critical for the recovery of spinal cord injury. Ferroptosis contributes to the pathogenesis of spinal
cord injury. We hypothesized that ferroptosis is involved in disruption of the blood-spinal cord barrier. In this study, we administered the ferroptosis inhibitor
liproxstatin-1 intraperitoneally after contusive spinal cord injury in rats. Liproxstatin-1 improved locomotor recovery and somatosensory evoked potential
electrophysiological performance after spinal cord injury. Liproxstatin-1 maintained blood-spinal cord barrier integrity by upregulation of the expression of
tight junction protein. Liproxstatin-1 inhibited ferroptosis of endothelial cell after spinal cord injury, as shown by the immunofluorescence of an endothelial cell
marker (rat endothelium cell antigen-1, RECA-1) and ferroptosis markers Acyl-CoA synthetase long-chain family member 4 and 15-lipoxygenase. Liproxstatin-1
reduced brain endothelial cell ferroptosis in vitro by upregulating glutathione peroxidase 4 and downregulating Acyl-CoA synthetase long-chain family member

4 and 15-lipoxygenase. Furthermore, inflammatory cell recruitment and astrogliosis were mitigated after liproxstatin-1 treatment. In summary, liproxstatin-1
improved spinal cord injury recovery by inhibiting ferroptosis in endothelial cells and maintaining blood-spinal cord barrier integrity.
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Introduction

A growing body of research reveals that ferroptosis is crucial to the
pathogenesis of spinal cord injury (SCI) (Chen et al., 2020; Li et al., 2022).
Ferroptosis, characterized by iron overload and the accumulation of lipid
reactive oxygen species (ROS), is a non-apoptotic form of regulated cell death
(Dixon et al., 2012). After SCI, iron overload, overproduction of reactive oxygen
species and an imbalance of glutathione peroxidase 4 (GPX4) antioxidant
regulation disrupt intracellular redox homeostasis and thus induce ferroptotic
cell death (Yao et al., 2019). Recently, studies have revealed that the inhibition
of ferroptosis represents novel therapeutic strategies for SCI (Ge et al., 2021).
The iron chelator deferoxamine (DFO), lipid peroxidation scavenger SRS-16-86
and free radical scavenger edaravone inhibit ferroptosis in SCl and promote
functional recovery (Yao et al., 2019; Zhang et al., 2019; Pang et al., 2022b).
However, for specific ferroptotic cell types, previous studies on spinal cord
injury have mainly focused on neurons and oligodendrocytes. Both spinal
nerve cells and blood vessels are essential for supporting proper spinal cord
function, we should also pay attention to whether vascular endothelial cells
(ECs) suffer from ferroptosis after SCI. Meanwhile, we should also explore
whether ferroptosis inhibitors also mitigate blood-spinal cord barrier (BSCB)
disruption in addition to their neuroprotective effects.

The BSCB is a functional structure between blood vessels and nerve tissue
of the spinal cord and is composed of vascular ECs, pericytes, astrocyte
foot ends, and basement membrane (Bartanusz et al., 2011). Together with
neurons, these cells are called the neurovascular unit (NVU). All elements of
the NVU contribute to the maintenance of the normal physiological function
of the BSCB and protect the neuronal microenvironment (Bartanusz et
al., 2011; Younis et al., 2022). Upon BSCB destruction, blood components
penetrate the spinal cord, initiating a process of excitatory cytotoxicity,
cellular edema, oxidative stress and neuroinflammation, which exacerbates
secondary injury in the NVU (Haque et al., 2017; Fan et al., 2022).

ECs are the major component of the BSCB and were shown to undergo
ferroptosis-mediated death in the brain (Fang et al., 2022). Brain
microvascular endothelial cells (BMVECs) undergo ferroptosis in the oxygen
and glucose deprivation hemin-treated model (Chen et al., 2021). In BMVECs
isolated from the diabetic mouse brain, the ferroptosis marker Acyl-CoA
synthetase long-chain family member 4 (ACSL4) was upregulated, and GPX4,
an essential enzyme to remove lipid peroxidation, was downregulated (Abdul
et al., 2021). Whether ferroptosis interferes with the NVU and disrupts the
BSCB after SCI remains unknown.
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The bEnd.3 cell, a mouse BMVEC line, has basic features of the central
nervous system (CNS) microvasculature (Watanabe et al., 2013). Both RSL3
and hemin induced bEnd.3 ferroptosis, with upregulation of 15-lipoxygenase
(15-LOX) (Gao et al., 2022). Therefore, here we used bEnd.3 cells to evaluate
the effect of liproxstatin-1 (Lip-1) on ECs in vitro.

The ferroptosis inhibitor Lip-1 inhibited ferroptosis in vitro more potently
than other ferroptosis inhibitors, such as DFO, edaravone and ferrostatin-1
(Friedmann Angeli et al., 2014; Jelinek et al., 2018; Fan et al., 2021). Lip-
1 promoted neurological recovery and reduced neuroinflammation in
subarachnoid hemorrhage (Cao et al., 2021).

In this study, we hypothesized that ferroptosis inhibition by Lip-1 may
maintain the integrity of the BSCB and lead to improved functional outcomes
after SCI. Our results demonstrated a mechanism of ferroptosis inhibition in
exhibiting protective effects as SCl and may provide a new treatment strategy
for patients with SCI.

Methods

Animals

Female Wistar rats (8 weeks old, 220-240 g) were acquired from Vital
River Laboratory Animal Technology Co., Ltd, China (license No. SYXK
(Lu) 20190005). The rats were kept in a controlled environment with a
12-hour/12-hour light-dark cycle. The temperature ranged from 20-25°C,
and the humidity ranged from 40-60%. Rats had free access to food and
water. All animal procedures were approved by the Animal Ethics Committee
of Shandong University Cheeloo College of Medicine on February 27, 2021
(approval No. 21174) and conformed to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (8‘h ed, National Research
Council, 2011). All experiments were designed and reported following the
Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines (Percie
du Sert et al., 2020).

SCI model and treatment groups

Anesthesia was administered to rats by 4% inhaled isoflurane (RWD, R510-
22, Guangdong, China) until the animals were unconscious, followed by 2%
isoflurane during surgery. The dorsal hair was shaved with the T10 vertebrae
as the center, and the skin was cut along the midline. The muscle was
separated to fully expose the T9-T11 spinous process. The spinal cord was
completely exposed by removing the T10 vertebral plate. Rats were fixed at
the T9 and T11 spinous processes. A moderate spinal cord contusion was
simulated using an NYU Impactor-Ill (WM Keck, New York, NY, USA) with a 10
g rod at a height of 25 mm by impacting T10. Muscles, fascia and skin were
then sutured layer by layer. Bladder were expressed twice daily. Cefuroxime
sodium (Servcorp, Nanjing, China) was administered intramuscularly after
surgery to prevent infection.

Rats were randomly divided into three groups (n = 36/group): Sham group:
rats received only T10 laminectomy without SCI; SCI group: rats received
T10 SCI and then an intraperitoneal injection of saline; and Lip-1 group: rats
received T10 SCI and then intraperitoneal injection of 10 mg/kg Lip-1. The
experimental timeline of the animal experiment is marked in detail in A of
each figure. The number of animals for each experiment is indicated in detail
in the Figure legend. The ferroptosis inhibitor Lip-1 (C19H21CIN4; Selleck,
Houston, TX, USA, Cat#t S7699) was dissolved in ethanol and then diluted with
saline to 2 mg/mL (10% ethanol as final concentration).

Evans blue test

Rats were anesthetized with 30 mg/kg pentobarbital sodium (6 mg/mL) at
3 days after SCI. BSCB permeability was examined in vivo using Evans blue
dye (E8010; Solarbio) as previously described (Ye et al., 2016). At 3 days
after SCI, the rats were injected with 5 mL/kg of Evans blue dye (10% in
saline) via the tail vein. After 3 hours of Evans blue circulation in the body,
the rats were anesthetized and transcardially perfused with PBS and 4%
paraformaldehyde, and the spinal cord was subsequently removed. The
tissues were photographed to visualize dye leakage. Spinal cord tissues were
fixed with 4% paraformaldehyde at 4°C for 24 hours and dehydrated through
a succession of sucrose concentrations. The tissues were embedded in Sakura
Freezing Embedding OCT compound (Sakura, Torrance, CA, USA, Cat# 4583)
and coronally sectioned (Leica CM3050S, Wetzlar, Germany) into 10 um
slices. Finally, the amount of Evans blue dye in the spinal cord was observed
and quantified at 540 nm under a fluorescence microscope (Olympus OX51,
Tokyo, Japan).

Immunofluorescence staining

Rats were anesthetized with 30 mg/kg pentobarbital sodium (6 mg/mL)
after SCI. Spinal cord tissues were harvested and embedded in OCT (Sakura,
Cat# 4583), followed by sectioning into 10 um slices (Leica, CM3050S).
After fixation in 4% paraformaldehyde for 15 minutes, the samples were
blocked and permeabilized (5% goat serum and 0.25% Triton X-100 in TBST)
for 1 hour at room temperature. The tissues were incubated with primary
antibody (Table 1) overnight at 4°C. For immunofluorescence staining of
bEnd.3 cells, the cells were washed three times with PBS and fixed with
4% paraformaldehyde for 15 minutes at room temperature. The cells were
then blocked and permeabilized (5% goat serum and 0.25% Triton X-100
in TBST) for 1 hour at room temperature. The cells were incubated with
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primary antibody (Table 1) overnight at 4°C. Samples were incubated with
the following secondary antibodies for 1 hour at room temperature: Alexa
Fluor 555-labeled goat anti-mouse 1gG (H+L) (1:500; Abcam, Cambridge, MA,
USA, Cat# ab150118, RRID: AB_2714033) and Alexa Fluor 488-labeled goat
anti-rabbit IgG (H+L) (1:500; Beyotime Biotechnology, Shanghai, China, Cat#
A0423; RRID: AB_2891323). Nuclei were labeled using 4',6-diamine-2-benzene
(DAPI) (Abcam, Cat# ab104139) or Hoechst 33342 (Abcam, Cat#f ab228551).
Samples were examined using laser confocal microscopy (LSM 980; Carl Zeiss,
Oberkochen, Germany). Quantification of CD68" intensity and MPO" intensity
was performed at the epicenter and rostral and caudal to the injury site (both
3 mm from the epicenter) of the spinal cord tissue. Quantitative analyses of
relative fluorescence intensities were performed using ZEN software (version
3.4, Carl Zeiss).

Table 1 | Primary antibody information

Host Catalog

Antibody species  Source number RRID Dilution
Anti-4 HNE Mouse  Abcam, ab48506 AB_867452 1: 25 (IF)

Cambridge,

MA, USA
Anti-MDA Mouse  Abcam ab243066 NA 1:200 (IF)
Anti-RECA1 Mouse  Abcam ab9774 AB_296613 1:200 (IF)
Anti-GPX4 Rabbit ~ Abcam ab125066 AB_10973901 1:200 (IF)/

1:5000 (WB)
Anti-ACSL4 Rabbit ~ Abcam ab155282 AB_2714020  1:200 (IF)/
1:10000 (WB)

Anti-15-LOX Rabbit Abcam ab244205 AB_2910599 1:50 (IF)
Anti-CD68 Rabbit Abcam ab125212 AB_10975465 1:500 (IF)
Anti-MPO Rabbit Abcam ab208670 AB_2864724 1:100 (IF)
Anti-NeuN Mouse  Abcam ab104224 AB_10711040 1:200 (IF)
Anti-GFAP Rabbit ~ Abcam ab7260 AB_305808 1:200 (IF)
Anti-ZO-1 Rabbit Proteintech, 21773-1-AP  AB_10733242 1:200 (IF)

Rosemont,

IL, USA
Anti-beta-actin Mouse  Proteintech 66009-1-ig ~ AB_2687938  1:1000 (IF)
Anti-GAPDH Mouse  Santa Cruz, SC32233 AB_627679 1:500(WB)

CA, USA

4-Hydroxynonenal (4-HNE) and malondialdehyde (MDA) are the lipid peroxidation
markers. Rat endothelial cell antigen-1 (RECA-1) is the marker of rat endothelial cells.
Glutathione peroxidase 4 (GPX4), acyl-CoA synthetase long-chain family member 4
(ACSL4) and 15-lipoxygenase (15-LOX) are both ferroptosis markers. CD68 is the marker
of activated macrophages and microglia. Myeloperoxidase (MPO) is the marker of
neutrophil granulocyte. Neuronal nuclear antigen (NeuN) is a marker of neurons and
glial fibrillary acidic protein (GFAP) represents astrogliosis. Zonula occludens-1 (ZO-1) is a
representative tight junction protein.

Western blotting

Rats were anesthetized with 30 mg/kg pentobarbital sodium (6 mg/mL) 3
days after SCI. Tissues 3 mm from the injury epicenter were obtained and
lysed in RIPA Lysis Buffer (Beyotime Biotechnology, Cat# PO0O13B) containing
protease inhibitor (Roche, Basel, Switzerland, Cat# 04693132001). A BCA kit
(BL52A, Biosharp, Hefei, Anhui province, China) was used to measure protein
concentrations. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(Epizyme Biotech, Shanghai, China, Cat# PG113) was used to separate protein
samples denatured in loading buffer (Beyotime Biotechnology, Cat# PO013L).
Protein samples were transferred to a polyvinylidene difluoride membrane
(Millipore, Billerica, MA, USA, Cat# ISEQ00010). After blocking the membrane
in 5% skimmed milk (Beyotime Biotechnology, Cat# P0216) diluted with Tris-
buffered saline containing 0.1% Tween-20 at room temperature for 1 hour,
the blots were incubated with primary antibodies at 4°C overnight. Antibodies
are listed in Table 1. Enhanced chemiluminescence (ECL, Millipore, Billerica,
MA, USA, Cat# WBKLS0500) was used to view blots. The relative optical
densities of proteins of interest were normalized to that of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Quantification and analysis of proteins
was performed using ImageJ (V1.8.0, National Institutes of Health, Bethesda,
MD, USA; Schneider et al., 2012).

Detection of glutathione and iron content

Rats were anesthetized with 30 mg/kg pentobarbital sodium (6 mg/mL)
at 3 days after SCI. Tissue from the SCI epicenter (50 mg) was collected
and homogenized using an automatic Tissuelyser (48T, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) for 60 seconds. The glutathione
(GSH) and iron contents were detected using the GSH determination kit
(Cat# BC1175; Solarbio, Beijing, China) and the iron content kit (Built,
Nanjing, Jiangsu Province, China, Cat# A039-2-1), respectively, following the
manufacturer’s instructions. For in vitro samples, bEnd.3 cells were treated
with RSL3 only or co-treated with RSL3 and Lip-1 for 24 hours. Approximately
5 x 10° cells were assayed for GSH content (Solarbio, Cat# BC1175) following
the manufacturer’s instructions.

Cell culture
The bEnd.3 cell line was obtained from the National Collection of
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Authenticated Cell Cultures (Shanghai, China, Cat# TCM40, RRID: CVCL_0170).
Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM; BasalMedia,
Shanghai, China, Cat# L110KJ) with 10% fetal bovine serum (FBS, Gibco,
Grand Island, NY, USA, Cat# F3230) and 1% penicillin-streptomycin (Gibco,
Cat# 15140-122) at 37°C and 5% CO,. In some experiments, bEnd.3 cells were
cultured with RSL3 (Selleck, Cat# S8155) and Lip-1 (Selleck, Cat# S7699 for 24
hours in 96-well (5 x 10°/well for cell viability detection), 24-well (3 x 10"/well
for immunofluorescence staining) or 6-well (3 x 10°/well for GSH detection)
plates.

Cell viability assay

bEnd.3 cells were treated with the ferroptosis inducer RSL3 (100, 50, 25,
12.5, 6.25, 3.125, 1.5625 and 0.78 uM) for 24 hours. The medium was then
changed to medium containing 10% Cell Counting Kit-8 reagent (CCK-8,
Biosharp, Hefei, Anhui, China, Cat# BS350A). After 1 hour, the optical density
(OD) values were measured using a microplate reader (Varioskan LUX, Thermo
Fisher Scientific, Waltham, MA, USA). The 50% cytotoxicity concentration
(CC50) of RSL3 was calculated by GraphPad Prism 9 (GraphPad Software, San
Diego, CA, USA). In other experiments, bEnd.3 cells were co-treated with 7.66
UM RSL3 (CC50) and different concentrations of Lip-1 (0, 0.0001, 0.001, 0.01,
0.1, 1, and 10 uM).

Lipid peroxidation assay

BODIPY 581/591 C11 (Cat# D3861; Invitrogen, Carlsbad, CA, USA) was used
to detect lipid peroxidation in bEnd.3 cells. After treatment with drugs, the
cells were incubated with 10 uM BODIPY 581/591 C11 at 37°C for 30 minutes.
Cells were washed with PBS and observed under a confocal microscope (LSM
980; Carl Zeiss, Oberkochen, Germany). After lipid peroxidation occurred, the
fluorescence peak shifts from 590 nm to 510 nm (Drummen et al., 2002).

Hematoxylin and eosin staining

Rats were anesthetized with 30 mg/kg pentobarbital sodium (6 mg/mL) at
8 weeks after SCI. Hematoxylin and eosin staining (Solarbio, Cat#f G1120)
was used to evaluate the damaged area in the different groups. Spinal cord
tissues (both 5 mm from the epicenter to rostral and caudal) were collected
from the injury epicenter 8 weeks after SCI. After 24 hours of fixation in 4%
paraformaldehyde at 4°C, the tissues were dehydrated through a succession
of sucrose concentrations, embedded in Sakura Freezing Embedding OCT
compound (Sakura, Torrance, CA, USA, Cat# 4583) and sectioned into 10
um slices (Leica, CM3050S). Photographs were taken using a microscope
(Olympus, VS120, Tokyo, Japan). The cavity area was assessed using Image)
software.

Basso, Beattie and Bresnahan scoring

Recovery of hindlimb movement was evaluated using Basso, Beattie and
Bresnahan (BBB) scoring (Basso et al., 1995). Scoring was conducted on day
1 after SCI and weekly up to 8 weeks. The rats were put on a circular open
field, and hindlimb locomotion was observed. Rats were graded by three
observers on a BBB grading scale ranging from 0-21, with O representing no
spontaneous hindlimb movement and 21 representing normal movement.
Several aspects of hindlimb movement, including coordination, joint
movement, trunk stability, gait pattern and tail control, determined the score.

CatWalk gait analysis

At 8 weeks post-SCl, rats were evaluated using the CatWalk XT system (version
10.6, Noldus, Wageningen, the Netherlands). The CatWalk XT technology
includes a platform made of a transparent glass plate that records animal
pawprints while walking. High-speed camera on the bottom of the platform
records footprints by the intensity of green fluorescence on the glass. A red
LED on the ceiling at the top of the glass platform allows for measurement
of body contours of the rat. Each rat was trained at least three times before
the test. The gait of each rat was recorded with a digital camera and analyzed
with CatWalk XT software.

Electrophysiological tests

Nerve conduction function was assessed with electrophysiological tests in
rats 8 weeks after SCI. Rats were anesthetized with 30 mg/kg pentobarbital
sodium (6 mg/mL). Somatosensory evoked potentials (SEP) and motor evoked
potentials (MEP) were determined using an electrophysiological device
(YRKJ-G2008; Zhuhai Yiriki Co., Ltd., Guangdong, China) (Yao et al., 2021).
For the detection of SEP, stimulating and reference electrodes were placed
percutaneously in the gastrocnemius muscle of the lower limb, a grounding
electrode was placed subcutaneously in the middle of the back and recording
electrodes were placed between the two ears to record peak amplitude and
latency. To activate the median nerve in the hind limb, a 0.1-ms-long, 5.1-Hz
square wave current was generated using continuous stimulation (2 mA, 50
times). A SEP waveform was received at the recording level. To stimulate the
motor areas of the cerebral cortex, a single 5 mA stimulation was applied. The
stimulating and reference electrodes were placed subcutaneously between
the ears, the grounding electrode was placed subcutaneously in the middle
of the back and the recording electrode was placed percutaneously in the
gastrocnemius muscle of the lower limb to record the peak amplitude and
latency of the MEP.

Statistical analysis

Sample sizes were not predetermined by statistical methods but were
consistent with those in a previous publication (Zhao et al., 2022). All
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behavioral analyses were conducted by investigators blinded to the conditions
of the experiments. Statistical analysis was conducted using GraphPad Prism
9 (GraphPad Software, San Diego, CA, USA). One-way analysis of variance
followed by Tukey’s post hoc test was used for comparisons among multiple
groups. For behavioral analysis at different times, two-way analysis of variance
followed by Tukey’s post hoc test was used. Data are presented as the mean +
SEM. A P-value < 0.05 was considered statistically significant.

Results

Lip-1 reduces BSCB disruption after SCI

Disruption of the BSCB is a major cause of secondary injury in the acute phase
of SCI. Thus, ameliorating BSCB injury is a feasible target for SCI repair (Lee
et al.,, 2012; Zhang et al., 2017). We first examined whether Lip-1 influenced
BSCB disruption in the acute phase of SCI (Figure 1A). We observed leakage
of Evans Blue in the SCI group compared with the Sham group, indicating that
the barrier function of BSCB was damaged. After Lip-1 treatment, the leakage
of Evans Blue had sharply decreased (Figure 1B). Evaluation of fluorescence
intensity of Evans Blue revealed that the SCI group exhibited significant Evans
blue leakage at the epicenter (P < 0.01), as well as rostral (P < 0.01) and
caudal (P < 0.01) spinal cord segments; Lip-1 reduced Evans blue leakage at all
locations (P < 0.05, P < 0.05, P < 0.01 for epicenter, rostral and caudal areas,
respectively; Figure 1C and D).

Paracellular tight-junction proteins (TJP) such as zonula occludens-1 (ZO-
1) are responsible for maintaining the integrity of the BSCB (Zhao et al.,
2022). We next examined the effect of Lip-1 on TJP ZO-1 expression in ECs
by immunofluorescence staining. ZO-1 expression in ECs was downregulated
after injury and this was reversed by Lip-1 administration (Sham vs. SCI, P
< 0.001; SCI vs. Lip-1, P < 0.001; Figure 1E and F). Taken together, these
results indicate that Lip-1 attenuates BSCB disruption by upregulating ZO-1
expression in ECs.
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Figure 1 | Liproxstatin-1 reduces blood-spinal cord barrier disruption after SCI.

(A) Experimental design of the analysis of liproxstatin-1 (Lip-1) in blood-spinal cord
barrier protection after SCI. Evans blue was injected through the tail vein 3 days after
SCI. Spinal cord tissues were removed after 3 hours. (B) The leakage of Evans blue

at the lesion site of rats in each group at 3 days post-SCI (n = 3). Scale bar:5 mm. (C)
Representative fluorescent images of Evans blue leak (red) at the epicenter and rostral
and caudal regions. Scale bar: 50 um. Dotted circles indicate the outline of the transverse
section of the spinal cord tissue. (D) Statistical analysis of Evans blue leakage (n = 3). (E)
Representative immunofluorescence images of zonula occludens-1 (ZO-1; green) and rat
endothelium cell antigen-1 (RECA-1; red) staining and cell nuclei (blue) at 3 days after
SCI. Scale bars: 200 pm and 20 pum (in magnified figures). Boxes represent the magnified
region. (F) Quantitative analysis of the relative fluorescence intensity of ZO-1 in RECA-1"
area (n=3). *P<0.05, **P < 0.01, ***P < 0.001. Data were analyzed with one-way
analysis of variance followed by Tukey’s post hoc test. SCI: Spinal cord injury.
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Lip-1 inhibits the ferroptosis pathway after SCI

Lip-1 is an inhibitor of ferroptosis that reduces lipid peroxidation (Friedmann
Angeli et al., 2014). We next examined the effect of Lip-1 on key proteins
related to lipid metabolism during the acute phase of SCI (Figure 2A). At
3 days post injury, western blot results showed that GPX4 expression was
decreased in the SCI group compared to the Sham group (P < 0.05), whereas
the Lip-1 group showed upregulated GPX4 level compared with the SCI group
(P < 0.05; Figure 2B and C). Compared with the sham group, the SCI group
showed increased ACSL4 expression (P < 0.0001), while compared with the
SClI group, the Lip-1 group showed significantly downregulated ACSL4 (P < 0.01;
Figure 2D and E). These results demonstrated that Lip-1 inhibited ferroptosis
pathway in the acute phase of SCI.

4-Hydroxynonenal (4-HNE) and malondialdehyde (MDA) are metabolic
products of lipid peroxidation that damage proteins and nucleic acids in cells
and accelerate ferroptosis. Consequently, the 4-HNE and MDA content can
reflect the severity of lipid peroxidation. We found that 4-HNE and MDA
contents in the spinal cord of rats were significantly lower in the Lip-1 group
than those in the SCI group at 3 days after SCI (4-HNE, P < 0.01; MDA, P <0.001;
Figure 2F and G, Additional Figure 1). We also examined the iron and GSH
content in each group 3 days after SCI. GSH concentration was significantly
higher in Lip-1-treated SCI rats compared with SCI rats (P < 0.05; Figure 2H).
Additionally, the iron concentration was significantly lower in Lip-1 treated SCI
rats compared with SCI rats (P < 0.01; Figure 2I). These findings showed that
Lip-1 reduced ferroptosis after SCl in rats.

Lip-1 inhibits ferroptosis of bEnd.3 cells in vitro and increases tight junction
protein expression

RSL3 is a GPX4 inhibitor, which leads to ferroptosis onset (Yang et al., 2014).
ECs are the major component of the BSCB, and the bEnd.3 cell line is a mouse
BMVEC line, which is commonly used to study the CNS microvascular function
in vitro. To more closely investigate the mechanism by which Lip-1 induces
ferroptosis, we induced ferroptosis in bEnd.3 cells using the classic ferroptosis
inducer RSL3. We first treated the cells with different concentrations of RSL3;
the 50% cytotoxicity concentration (CC50) of RSL3 on bEnd.3 cells was 7.66
uM after 24 hours (Additional Figure 2A). We next treated bEnd.3 cells with
7.66 uM RSL3 and different concentrations of Lip-1. The best rescue effect of
Lip-1 was 1 uM (Additional Figure 2B). Therefore, 7.66 uM of RSL3 and 1 uM
of Lip-1 were used for the following experiments.

Immunocytochemistry showed that GPX4 expression in bEnd.3 cells was
significantly decreased after RSL3 treatment (P < 0.01) and rescued by Lip-
1 treatment (P < 0.05; Figure 3A and D). Ferroptosis markers ACSL4 and
15-LOX were elevated in the RSL3-treated group (ACSL4, P < 0.0001; 15-
LOX, P < 0.001), indicating a high level of lipid peroxidation in ferroptotic
bEnd.3 cells. After Lip-1 treatment, the two markers were reduced (ACSL4,
P < 0.0001; 15-LOX, P < 0.001; Figure 3B, C, E, F). The GSH content was next
evaluated; compared with RSL3 treatment alone, Lip-1 significantly increased
GSH concentration (P < 0.0001; Figure 3G). The fluorescent ratio of oxidized
BODIPY C11/non-oxidized C11 in RSL3-treated bEnd.3 cells was significantly
increased compared with ratios in RSL3 and Lip-1 co-treated bEnd.3 cells (P <
0.01; Figure 3H and I). This indicates a decrease of lipid peroxidation in bEnd.3
cells after Lip-1 treatment. RSL3 significantly decreased expression of the tight
junction protein ZO-1, whereas Lip-1 significantly increased the expression of
Z0-1 (P < 0.01; Figure 3J and K). Taken together, these results indicate that
Lip-1 suppressed RSL3-induced bEnd.3 cell ferroptosis and upregulated the
expression of ZO-1.

°
@
-3
Ferroptosis inhibition in vascular ECs after SCI

We next examined whether ECs in rats underwent ferroptosis after SCI (Figure
4A). We used RECA1 as marker of vascular ECs (Betterton et al., 2022). ACSL4
and 15-LOX were not detected in ECs of the Sham group, whereas their
expression increased significantly after SCI (ACSL4, P < 0.01; 15-LOX, P < 0.01;
Figure 4B—E). Notably, ECs in the Lip-1 group showed significantly decreased
expression of ACSL4 and 15-LOX (ACSL4, P < 0.05; 15-LOX, P < 0.01; Figure
4B-E). These results indicate that in acute SCI, ECs undergo ferroptosis, and
Lip-1 inhibition of ferroptosis is associated with decreased expression of
ACSL4 and 15-LOX.

Lip-1 inhibits the infiltration of macrophages and neutrophils after SCI
Upon destruction of the BSCB after SCI, blood-derived cells such as
macrophages and neutrophils infiltrate into the spinal cord parenchyma
to aggravate the inflammatory cascade (Sharma, 2011; Jin et al., 2021).
Activated M1 macrophages release a large number of pro-inflammatory
factors, and neutrophils infiltrating the spinal cord release MPO, catalyzing
an inflammatory response (Beck et al., 2010; Lee et al., 2011; Neirinckx et al.,
2014). Therefore, we evaluated the effect of Lip-1 treatment on inflammatory
cells by immunofluorescence 3 days after SCI (Figure 5A). Many CD68"
macrophages (rostral, P < 0.001; epicenter, P < 0.0001; caudal, P < 0.05;
Figure 5B and D) and MPO+ neutrophils (rostral, P < 0.001; epicenter, P <
0.0001; caudal, P < 0.01; Figure 5C and E) significantly infiltrated into the
spinal cord in the SCI group compared with the Sham group. However, Lip-
1 significantly attenuated the increased infiltration of inflammatory cells at
the epicenter (CD68, P < 0.0001; MPO, P < 0.0001), rostral (CD68, P < 0.001;
P <0.01), and caudal (CD68, P < 0.05; MPO, P < 0.05). This suggests that Lip-
1 attenuates the disruption of the BSCB, thus reducing the infiltration of
peripheral-derived inflammatory cells into the spinal cord parenchyma.

Lip-1 alleviates astrogliosis and protects neurons after SCI

Astrocytes are excessively activated following SCI, forming glial scars that
hinder axon growth. To evaluate the effect of Lip-1 on astrocytes after SCI,
immunofluorescence staining of the astrocyte marker glial fibrillary acidic
protein (GFAP) was performed (Figure 6A). Eight weeks after SCI, there
was obvious astrogliosis around the epicenter; Lip-1 significantly reduced
the astrogliosis (P < 0.05; Figure 6B and C). Moveover, Lip-1 reduced the
infiltration of peripheral inflammatory cells into the spinal cord parenchyma
to improve the inflammatory microenvironment at the injury site, which is
a more favorable environment for neuronal survival. Therefore, we further
examined the protective effect of Lip-1 on neurons by immunofluorescence
staining at 8 weeks after SCI (Additional Figure 3A). We found that Lip-1
intervention effectively inhibited the loss of neurons around the lesion (P <
0.01; Additional Figure 3B and C). We conclude that Lip-1 increased neuronal
survival and reduced the glia scars after SCI.

Lip-1 spares more spinal cord tissue after SCI

Spinal cord tissue sections from the three groups of rats 8 weeks post-injury
were examined by H&E staining. The spinal cord tissue of rats in the Sham
group had normal morphology, and no cavity or fissure tissue hyperplasia
was seen (Additional Figure 4). The spinal cord tissue of rats in the SCI
group showed marked structural damage, irregular borders, significant cavity
formation and tissue fissure. Notably, the cavity area in the Lip-1 intervention
group was approximately 2 times smaller than that in the SCI group (P < 0.05).
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(A) Timeline of the ferroptosis pathway analysis in acute SCI in rats. (B, D) Representative western blot image of the expressions of glutathione peroxidase 4 (GPX4) (B) and Acyl-CoA
synthetase long-chain family member 4 (ACSL4; D) at 3 days after SCI. (C, E) Quantification of the expression of GPX4 (normalized to the Sham group) and ACSL4 (normalized to the
SCl group) in spinal cord tissues in each group (n = 3). (F) Quantitative analysis of the fluorescence intensity of 4-hydroxynonenal (4-HNE) in spinal cord tissue (n = 3). (G) Quantitative
analysis of the fluorescence intensity of malondialdehyde (MDA) in spinal cord tissue (n = 3). (H) The concentration of glutathione (GSH) in spinal cord tissue at 3 days after SCI (n = 6).
(1) The concentration of iron in spinal cord tissue at 3 days after SCI (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data were analyzed by one-way analysis of variance
followed by Tukey’s post hoc test. Lip-1: Liproxstatin-1; SCI: spinal cord injury.
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Figure 3 | Liproxstatin-1 inhibits bEnd.3 cell ferroptosis and increases tight junction protein expression.

(A—C) Representative immunofluorescence images of glutathione peroxidase 4 (GPX4) (green) (A), Acyl-CoA synthetase long-chain family member 4 (ACSL4; green) (B),
15-lipoxygenase (15-LOX; green) (C), actin (red) and Hoechst (blue) in bEnd.3 cells. Scale bars: 50 um. (D—F) Quantification of GPX4 (D), ACSL4 (E) and 15-LOX (F) fluorescence intensity
in each group (n = 3). (G) The concentration of GSH in each group (n = 3). (H) Representative fluorescence images of BODIPY 581/591 C11 staining. Scale bars: 10 um. (I) Quantitative
analysis of the fluorescence ratio of green (oxidized C11)/red (non-oxidized C11) (n = 3). (J) Representative immunofluorescence images of zonula occludens-1 (ZO-1; green) and
Hoechst (blue). Scale bars: 50 um. (K) Quantification of ZO-1 fluorescence intensity in each group (n = 3). *P <0.05, **P <0.01, ***P < 0.001, ****P < 0.0001. Data were analyzed by

one-way analysis of variance followed by Tukey’s post hoc test. Lip-1: Liproxstatin-1.

Lip-1 improves the functional recovery after SCI

To assess whether the ferroptosis inhibitor Lip-1 improves functional
recovery after SCI, we used a clinically relevant rat model of contusion SCI. A
schematic of the functional analysis is shown in Figure 7A. The dose of Lip-1
administrated in SCI (10 mg/kg) was determmed from previous applications of
Lip-1 in other disease models, such as the Gpx4™~ kidney injury model and the
chronic morphine tolerance model (Friedmann Angeli et al., 2014; Chen et al,,
2019). Hindlimb locomotion recovery was evaluated usmg BBB score Weekly
up to 8 weeks after SCI. While the BBB scores in both the SCI and Lip-1 groups
gradually increased over time, the score in the Lip-1 group was markedly
higher than that of the SCI group starting from 2 weeks post-injury (Figure
7B). Rats in the SCI group had an average BBB score of 8 at 8 weeks post-
injury; in rats with Lip-1 treatment, the average BBB score was 12 (P < 0.0001,
Figure 7C). Approximately 58% of rats in the SCI group had a BBB score less
than 9 at 8 weeks post-injury and 42% had a BBB score between 9-13. In the
Lip-1 treated group, 67% of rats had a BBB score between 9-13, and 25%
had a BBB score above 13 (Additional Figure 5). Gait analysis at 8 weeks
post-injury showed that rats in the SCI group had uncoordinated gait and
extensive hindlimb dragging, while Lip-1-treated rats showed more hindlimb
coordination at 8 weeks post-injury (Figure 7D). Electrophysiological tests
were performed to test the nerve conduction function 8 weeks post-injury
(Figure 7E and H). Compared with the SCI group, the Lip-1 group showed a
significantly shortened latency of MEP and SEP (MEP, P < 0.05; SEP, P < 0.0001;
Figure 7F and I). The amplitude of MEP and SEP increased significantly in the
Lip-1 group compared with that of the SCI group (MEP, P < 0.01; SEP, P < 0.05;
Figure 7G and J). Taken together, these results indicate that Lip-1 improved
hindlimb locomotion and nerve conduction function in rats after SCI.

Discussion

The role of ferroptosis in SCI pathophysiology gains increasing concerns.
However, the role of ferroptosis in the BSCB disruption after SCI has been
unknown. In this study, we showed that ferroptosis inhibition by Lip-
1 maintained BSCB integrity after SCI and reduced vascular endothelial
ferroptosis both in vitro and in vivo. Infiltrated immune cells, both
macrophages and neutrophils, were reduced after Lip-1 treatment.
Ferroptosis inhibition by Lip-1 led to the functional recovery after SCI.

2478

Our study reveals the novel mechanism of ferroptosis in the BSCB disruption
after SCI. The BSCB prevents harmful substances in the blood from entering
the spinal cord parenchyma, thereby maintaining a stable environment
within the spinal cord (Fan et al., 2018; Montague-Cardoso and Malcangio,
2021). After SCI, damage associated molecular patterns are released to
recruit exogenous macrophages, neutrophils and other cells to infiltrate the
lesion site to exert an immune response (Zhao et al., 2022). In the process of
exerting immune effects, macrophages and neutrophils inevitably produce
some inflammatory molecules that are detrimental to the repair of spinal cord
tissues. In this study, we found that Lip-1 effectively decreased the number
of macrophages and neutrophils in parenchyma to maintain homeostasis
of the spinal cord microenvironment, which favors neuronal survival. We
speculated that the Lip-1-mediated effect on SCI repair was achieved through
protecting the NVU. ACSL4 and 15-LOX are vital enzymes in lipid metabolism-
related ferroptosis (Hirschhorn and Stockwell, 2019). We found that Lip-1
treatment downregulated the expression of ACSL4 and 15-LOX in ECs both in
vitro and in vivo. In diabetic mice with disruption of the blood-brain barrier,
ACSL4 is upregulated in BMVECs isolated from diabetic mice. DFO treatment
lowered the ACSL4 level (Abdul et al., 2021). In the subarachnoid hemorrhage
mouse model, 15-LOX is highly expressed in endothelium and reduced by
cepharanthine (Gao et al., 2022). ACSL4 synthesizes arachidonic acid and
adrenoic acids into arachidonic CoA and adrenoyl CoA, respectively (Doll et al.,
2017), which are in turn oxidized by 15-LOX to AA- and AdA-PE-OOH (Kagan et
al., 2017). We also found that the expression of GPX4 in ECs was significantly
downregulated after RSL3 intervention, while Lip-1 rescued the expression
of GPX4, thereby protecting ECs from ferroptosis. GPX4 uniquely catalyzes
the reduction of these lipid hydroperoxide levels by converting reduced GSH
into GSSG, with the lipid hydroperoxides being converted to either nontoxic
alcohols or free hydrogen peroxide (Brigelius-Flohe and Maiorino, 2013). 15-
LOX catalyzes AA into two metabolites: 12(S)-hydroxyicosatetraenoic (12(S)-
HETE) acid and 15(S)-hydroxyicosatetraenoic acid (15(S)-HETE). A recent study
reported overall arachidonic acid metabolism in acute SCI (Pang et al., 2022a).
The regulation and function of these AA metabolites in EC ferroptosis need
further investigation.
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Figure 4 | Liproxstatin-1 regulates ferroptosis of vascular endothelial cells after SCI.
(A) Timeline of the experiments. (B, C) Representative confocal immunofluorescence
images of Acyl-CoA synthetase long-chain family member 4 (ACSL4; green) (B),
15-lipoxygenase (15-LOX; green) (C), rat endothelium cell antigen-1 (RECA-1; red) and
4' 6-diamidino-2-phenylindole (DAPI; blue) in the epicenter. Scale bars: 200 um and 20
um (in magnified figures). Boxes represent the magnified region. (D, E) Quantitative
analysis of the relative fluorescence intensity of ACSL4 (D) and 15-LOX (E) in RECA-1"
area (n =3). *P<0.05, **P < 0.01. Data were analyzed by one-way analysis of variance
followed by Tukey’s post hoc test. Lip-1: Liproxstatin-1; SCI: spinal cord injury.

Neuronal nuclear antigen (NeuN) staining revealed that more neurons
survived near the lesion site after treatment with Lip-1 at 8 weeks after SCI.
After CNS injury in adult mammals, naive astrocytes are transformed into
reactive astrocytes and eventually form scars (Hara et al., 2017). Scar tissue is
essential for sealing off injured tissue and restricting damage expansion, but it
also impairs axonal regeneration and functional recovery. Our results showed
that Lip-1 had a significant effect on reducing the glial scar and promoting the
survival of neurons in the tissue adjacent to the injury at 8 weeks post-injury.

This study has some limitations. First, this study focused on the mechanism of
Lip-1 regulating EC ferroptosis to rescue BSCB breakdown after SCI. However,
we cannot rule out the effect of ferroptosis on other cell types. Inhibition
of ferroptosis in neurons and oligodendrocytes promotes the repair of SCI
(Ge et al., 2021, 2022). Our previous results showed that Lip-1 inhibited
RSL3-induced ferroptosis in the OLN93 cell line (oligodendrocytes) (Fan et
al., 2021). Additionally, we previously revealed that DFO prevented erastin-
induced ferroptosis of primary neurons (Zhang et al., 2020). Therefore, Lip-
1 may be beneficial for multiple cell types besides ECs after SCI. Second, in
this study we focus on major ferroptosis regulators such as GPX4, ACSL4 and
15-LOX. We also observed iron overload in the lesioned spinal cord epicenter
and this was rescued by Lip-1, so the role of iron metabolism in BSCB and
in ECs after SCl is an interesting new direction to explore.NCOA4-mediated
ferritinophagy is involved in HUVEC ferroptosis (Qin et al., 2021). Whether
ferritinophagy in EC is involved in BSCB disruption is also worthy to study.
Third, the NVU involves multiple components and dynamic stages, therefore
whether the ferroptosis interferes with astrocyte end-feet, neurovascular
remodeling and angiogenesis is not yet clear.

In conclusion, our results expand the role of ferroptosis in SCI by showing
that ferroptosis inhibition by Lip-1 maintained the BSCB by inhibiting
vascular endothelial ferroptosis. Furthermore, Lip-1 reduced the infiltration
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Figure 5 | Liproxstatin-1 inhibits the infiltration of macrophages and neutrophils
after SCI.

(A) Timeline of the experiments. (B) Representative confocal immunofluorescence images
of CD68 (green) staining and DAPI (blue) in the sagittal view of the spinal cord. Scale bars:
500 um and 50 um (i, i, iii). i, ii, and iii are the magnified images of the region of interest
in the leftmost panorama. (C) Representative confocal immunofluorescence images of
MPO (green) staining and 4',6-diamidino-2-phenylindole (DAPI; blue) in the sagittal view
of the spinal cord. Scale bars: 500 um and 50 um (i, ii, iii). i, i, and iii are the enlarged
images of the region of interest in the leftmost panorama. (D—E) Quantification of CD68"
intensity (D) and MPO" intensity (E) at the epicenter and rostral and caudal regions (both
3 mm from the epicenter) of the spinal cord tissue (n = 3). *P <0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001. Data were analyzed by one-way analysis of variance followed by
Tukey’s post hoc test. Lip-1: Liproxstatin-1; MPO: myeloperoxidase; SCI: spinal cord injury.
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Figure 6 | Liproxstatin-1 alleviates astrogliosis after SCI.

(A) Timeline of the experiments. (B) Representative confocal immunofluorescence images
of glial fibrillary acidic protein (GFAP) and cell nuclei at 8 weeks after SCI. Scale bars: 500
um and 20 um (i, i, iii, iv). i, ii, iii and iv are the enlarged images of the region of interest
in the leftmost panorama, respectively. (C) Quantification of GFAP-positive intensity at 8
weeks after SCI (n = 3). *P < 0.05, ¥**P < 0.01. Data were analyzed by one-way analysis of
variance followed by Tukey’s post hoc test. Lip-1: Liproxstatin-1; SCI: spinal cord injury; w:
week.
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front paw (blue), right hind paw (purple), left front paw (yellow), left hind paw (green). (E) Representative waveform of motor evoked potentials (MEP) at 8 weeks after injury. (F, G)
Quantification of the latency and amplitude of the MEP (n = 12). (H) Representative waveform of somatosensory evoked potentials (SEP) at 8 weeks after injury. (I, J) Quantification of
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of inflammatory cells, protected neurons, reduced glial scar and promoted
functional recovery after SCI. These findings indicate the potential of Lip-1 as
a novel and effective treatment for SCI. The clinical translation of Lip-1 in SCI
is promising and is generalizable to other neurological diseases that involve
ferroptosis.
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Additional Figure 1 Liproxstatin-1 reduces the 4-HNE and MDA content of the rat spinal cord after SCI.

A Sham

(A) Representative immunofluorescence image of 4-HNE (red) in spinal cord tissue of each group at 3 days after
SCI. (B) Representative immunofluorescence image of MDA (red) in spinal cord tissue of each group at 3 days
after SCI. Scale bars: 500 um. 4-HNE: 4-Hydroxynonenal; DAPI: 4',6-diamidino-2-phenylindole; Lip-1:
liproxstatin-1; MDA: malondialdehyde; SCI: spinal cord injury.



NEURAL REGENERATION RESERACH

www.nrronline.org %Rﬁw‘*

A 150- RSL3

S

E 100_ ._.Aq-\

‘B \ Ay

i . CC50=7.66 pM
=

3 50 4 \

Q

1 | ||
05 0 05 1.0 15 2.0
Log (concentration) (uM)

Cell viability (%) m

100 Liproxstatin-1
75 I
50 - I I
25 4
ik &
1 I 1 1 1 1 I
4 -3 2 4 0 10 20

Log (concentration) (uM)

Additional Figure 2 Liproxstatin-1 inhibits RSL3 induced bEnd.3 cells ferroptosis.
(A) Cell viability of bEnd.3 cells treated with different concentrations of RSL3 (50% cytotoxicity concentration
[CC50] of RSL3 was 7.66 uM). (B) Cell viability of bEnd.3 cells co-treated with 7.66 uM RSL3 and 0, 0.0001,

0.001,0.01, 0.1, 1 and 10 uM Lip-1.
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Additional Figure 3 Liproxstatin-1 protects neurons in rats after SCI.

(A) Timeline of the experiments. (B) Representative confocal immunofluorescence images of NeuN and cell
nuclei 8 weeks after SCI. Scale bars: 500 pm and 20 um (i, ii, iii). 1, ii, and iii are the enlarged images of the region
of interest in the leftmost panorama, respectively. (C) Quantitative analysis of the amount of NeuN" cells after SCI
(n=13). ¥*P <0 .01, ¥***P < (0.0001 (one-way analysis of variance followed by Tukey’s post hoc test). Lip-1:

liproxstatin-1; NeuN: Neuronal nuclear antigen; SCI: spinal cord injury.
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Additional Figure 4 Liproxstatin-1 spares more spinal cord tissues in rats after SCI.

(A) Representative hematoxylin and eosin staining images of rats in each group after 8 weeks post injury. Scale
bar: 1 mm. Dotted lines indicate the boundary of the cavity. (B) Quantitative graph of cavity area in each group
after 8 weeks post injury (n = 3). *P < 0.05, ***P < 0.001 (one-way analysis of variance followed by Tukey’s post

hoc test.). Lip-1: Liproxstatin-1; SCI: spinal cord injury.
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Additional Figure 5 Liproxstatin-1 improves functional recovery in rats of after SCI.
(A) Percentage of animals at successive score segments at 8 weeks after SCI. Lip-1: Liproxstatin-1; SCI: spinal

cord injury. BBB: Basso, Beattie and Bresnahan scoring.
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