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Abstract

Chronic compressive spinal cord injury in compressive cervical myelopathy conditions can lead to rapid neurological deterioration in the early phase, followed
by partial self-recovery, and ultimately an equilibrium state of neurological dysfunction. Ferroptosis is a crucial pathological process in many neurodegenerative
diseases; however, its role in chronic compressive spinal cord injury remains unclear. In this study, we established a chronic compressive spinal cord injury rat
model, which displayed its most severe behavioral and electrophysiological dysfunction at 4 weeks and partial recovery at 8 weeks after compression. Bulk
RNA sequencing data identified enriched functional pathways, including ferroptosis, presynapse, and postsynaptic membrane activity at both 4 and 8 weeks
following chronic compressive spinal cord injury. Transmission electron microscopy and malondialdehyde quantification assay confirmed that ferroptosis
activity peaked at 4 weeks and was attenuated at 8 weeks after chronic compression. Ferroptosis activity was negatively correlated with behavioral score.
Immunofluorescence, quantitative polymerase chain reaction, and western blotting showed that expression of the anti-ferroptosis molecules, glutathione
peroxidase 4 (GPX4) and MAF BZIP transcription factor G (MafG), in neurons was suppressed at 4 weeks and upregulated at 8 weeks following spinal cord
compression. There was a positive correlation between the expression of these two molecules, suggesting that they may work together to contribute to
functional recovery following chronic compressive spinal cord injury. In conclusion, our study determined the genome-wide expression profile and ferroptosis
activity of a consistently compressed spinal cord at different time points. The results showed that anti-ferroptosis genes, specifically GPX4 and MafG, may be
involved in spontaneous neurological recovery at 8 weeks of chronic compressive spinal cord injury. These findings contribute to a better understanding of the
mechanisms underlying chronic compressive spinal cord injury and may help identify new therapeutic targets for compressive cervical myelopathy.
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Introduction

Chronic cervical compressive spinal cord injury (CSCI) is a prevalent
pathological condition that can lead to compressive cervical myelopathy
(CCM). Many different conditions, such as cervical disc herniation, ossification
of the posterior longitudinal ligament, and intraspinal tumors, can lead to
chronic CSCI, which causes neurological dysfunction and can seriously affect a
patient’s quality of life (Badhiwala et al., 2020). In recent years, a lot of effort
has been made to establish consistent spinal cord compression in different
animal models, including by inducing intraspinal tumors (Izumida, 1995) or
implanting materials such as penetrating hydrogels and urethane polymers
in rats (Kurokawa et al., 2011; Yang et al., 2015), twisting plastic screws into
the spinal canal of rabbits (Kanchiku et al., 2001), or constructing twy/twy
transgenic mice with spontaneous atlantoaxial membrane ossification and
cervical canal stenosis (Hirai et al., 2013). We have previously reported a
stable, convenient and applicable method of establishing a chronic CSCI model
that mimics clinical CCM by implanting a water-absorbable polyurethane

polymer sheet into rat cervical canal (Yu et al., 2021). The neurologic behavior
of CSCl rats reached its lowest at the 4" week and recovered to a stable status
at the 8" week after persistent compression (Cheng et al., 2015). Thus, we
selected the 4™ and 8" weeks after compression as landmark time points of
the deterioration phase and recovery phase respectively. We identified various
pathological changes, including decreased microvascular density, blood-
spinal cord barrier disruption and ischemia-hypoxia changes, at different time
points following chronic CSCI (Long et al., 2012, 2015; Xu et al., 2017; Cheng
et al., 2019; Yu et al,, 2021). These pathologies can lead to oxidative stress-
mediated neuronal and glial cell death inside the spinal parenchyma (Cheng
et al., 2019). Nevertheless, the exact molecular mechanisms underlying the
different stages of chronic CSCI remain unclear.

Ferroptosis is a new form of regulated cell death first reported by Dixon in
2012. It is an iron-dependent and caspase-independent form of cell death
caused by toxic lipid peroxidation that leads to plasma membrane disruption
and necrotic-like cell death (Chen et al., 2021b; Tang et al., 2021). This non-
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apoptotic cell death is characterized by the iron-mediated triggering of lipid
reactive oxygen species accumulation, which ultimately leads to cell death
(Dixon et al., 2012). Ratan reviewed the chemical biology of ferroptosis and
emphasized its pervasiveness in central nervous system damage (Ratan,
2020). Glutamate-induced ferroptosis may play crucial roles in oxidative-
dominant central nervous system disorders, such as Alzheimer’s disease,
stroke, Parkinson’s disease, and traumatic acute spinal cord injury (Do Van et
al., 2016; Alim et al., 2019; Ashraf et al., 2020; Feng et al., 2021). Although
ischemia- and peroxidation-induced neuronal cell death has also been
frequently reported as a central pathophysiological feature of chronic CSCl,
the role of ferroptosis in chronic CSCI has not been elucidated.

To understand the molecular mechanisms and role of ferroptosis in CCM
progression, we analyzed the transcriptomic alterations and ferroptosis
activity at different stages during chronic CSCI and identified key molecules
that are differentially regulated at various stages of spinal cord compression.

Methods

Rat model of chronic spinal cord compression injury

Twenty-four adult (10 weeks old) female Sprague Dawley rats (250-280 g)
were randomly allocated to sham (n = 8) and chronic CSCI (n = 16) groups
(Figure 1A). Male rats have higher mortality rates than female rats after CSCI
surgery owing to urinary tract infection and aggressiveness (Swartz et al.,
2007), thus male rats were not included in this study. The rats in both groups
were anesthetized with 1% pentobarbital (40 mg/kg) (Servicebio, Wuhan,
China) and underwent C5 laminectomies. A polymer (1 x 3 x 1 mm®) was
implanted into the C6 epidural space on the posterolateral side of each rat
in the chronic CSCI group (Yu et al., 2021). In the sham group, the polymer
was inserted into the C6 epidural space in the same way but was removed
1 minute later. Following surgery, the incisions were closed in layers with
complete hemostasis, and all rats were administered penicillin G (80 U/g) and
carprofen (4-5 mg/kg, Pfizer, New York, NY, USA) to prevent infection and
pain. After the surgery, the rats were provided free access to food and water
and kept under the following conditions: temperature of 20-24°C, humidity
of 40-50%, and a 12-hour light-dark cycle. This study was approved by the
Institutional Review Board for Animal Experiments of Southern Medical
University, Guangzhou, China (Ethic number: LAEC-2020-203) on December
25, 2020. All experiments were designed and reported according to the
Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines (Percie
du Sert et al., 2020).

Behavior analysis and electrophysiological evaluations

The Basso, Beattie, and Bresnahan (BBB) locomotor scale (Basso et al., 1995)
and inclined plane test (IPT) (Rivlin and Tator, 1977) were conducted before
surgery and weekly postoperatively to evaluate motor functional changes.
A BBB score of 0 indicates complete paralysis of the hind limbs and a full
score of 21 indicates normal hind limb movement. Scores lower than 7
indicate isolated joint movements without hind limb movement, intermediate
scores (8—13) indicate uncoordinated pace intervals, and scores higher than
14 indicate coordinated movements of the fore and hind limbs. The rats
were placed on a wire-netting board for IPT. The plate was initially placed
horizontally (0°), and the angle was increased by 5°-~10° at each attempt.
The maximum angle at which the rat remained on the plate for 10 seconds
was recorded. Motor-evoked potentials (MEPs) and somatosensory-evoked
potentials (SSEPs) (Nicolet Endeavor CR, San Diego, CA, USA) were measured
twice per week to determine motor and somatosensory transduction deficits
in the spinal cord, as described in our previous study (Yu et al., 2021).
Reduced amplitudes and prolonged latencies of MEP and SSEP waves are
hallmarks of conduction blockage. For severe conduction deficits, the target
waves of MEP and SSEP can even be unrecognizable. The behavioral and
neurophysiological assessments were conducted by two researchers who
were blinded to the grouping.

RNA extraction and transcriptome sequencing

We performed RNA sequencing and analyzed the gene expression of spinal
cord tissue samples from each group (sham, CSCI_4w, and CSCI_8w). Total
RNA was extracted from the spinal cords (n = 3 or 4) of each group using a
TransZol Up Plus RNA Kit (Servicebio). Polyadenylated mRNA isolation, second
strand cDNA synthesis, and sequencing library preparation and purification
were performed using the TruSeq® RNA Sample Preparation Kit v2 (lllumina,
San Diego, CA, USA) and AMPure XP system (Beckman Coulter, Beverly, CA,
USA). After library creation, transcriptome sequencing was carried out using
the Illumina HiSeq 2500 platform (lllumina).

Data analysis for gene expression and enrichment analyses

At 4 and 8 weeks after CSCI, raw sequencing reads were filtered using Seqtk
(https://github.com/Ih3/seqtk) (Shen et al., 2016) and mapped using Hisat2
(http://daehwankimlab.github.io/hisat2/) (Kim et al., 2015) with the human
GRCh38 genome reference. The R packages Stringtie (http://ccb.jhu.edu/
software/stringtie/) (Pertea et al., 2016) and EdgeR were used to generate
fragments per kilobase million values and to identify differentially expressed
genes (DEGs), respectively. P-values in the multiple tests were set by the
false discovery rate, and the fold changes were estimated according to the
false discovery rate in each sample. Genes with expression value greater
than 1.5-fold change and false discovery rate P-value < 0.05 were considered
differentially expressed.

The Gene Ontology (GO) database (http://geneontology.org/) (Harris et al.,
2004) was used for cell components, biological processes, and molecular
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function enrichment analyses. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (https://www.kegg.jp/) (Kanehisa and Goto, 2000) was used
for pathway enrichment analysis. The ferroptosis-related genes were acquired
via searching the GeneCards database (https://www.genecards.org/) (Stelzer
et al., 2016) and FerrDb database (http://www.zhounan.org/ferrdb/) (Zhou
and Bao, 2020) with “ferroptosis” as the keyword. The acquired genes of the
two databases were merged, and the duplicates were removed. Finally, 470
ferroptosis genes were obtained. All the enrichment analyses were performed
using the cluster Profiler (https://guangchuangyu.github.io/software/
clusterProfiler/) (Yu et al., 2012).

Quantitative reverse transcription-polymerase chain reaction

At 4 and 8 weeks after CSCI, total RNA was isolated from the spinal cord
samples using TRIZOL reagent (Thermo Fisher Scientific, Waltham, MA,
USA). cDNA was synthesized using the PrimerScript RT Master Mix (RR0O36,
Takara, Dalian, China) according to the manufacturer’s instructions. Relative
gene expression was detected using TB Green® Premix Ex Tag™ Il (RR820A,
Takara). The primer sequences used are listed in Table 1. Quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) was performed using the
Applied Biosystems StepOnePlus system (Thermo Fisher Scientific). Relative
MRNA expression was normalized to B-actin gene expression using the ACt
method (27°*“) (Livak and Schmittgen, 2001).

Table 1 | Primer sequences for quantitative reverse transcription-polymerase chain
reaction

Gene Primer sequence (5'-3')
ARNTL (BMAL1) F: CAT GCA ACG CAATGT CCA G
R: GTG TAT GGA TTG GTG GCA CCT
GPX4 F: GCC GAG TGT GGT TTA CGA ATC
R: ACG CAG CCG TTC TTA TCA ATG
MafG F: GTG TGA GTG CCT GCT CACT
R: AGG TGC TGG TTC AAC TCT CG
FAR1 F: GGC TGC GCT GAG ATT TGG
R: GAA ACC AGT GGC TCC TGT GA
PTEN F: ACC AGG ACC AGA GGA AAC CT
R: CCT TGT CAT TAT CCG CAC GC
B-Actin F: GAG ATT ACT GCT CTG GCT CCT A
R: GGA CTC ATC GTACTCCTG CTT G

GPX4: Glutathione peroxidase 4; MafG: MAF BZIP transcription factor G.

Malondialdehyde quantification assay

At 4 and 8 weeks after CSCI, malondialdehyde (MDA) levels in fresh spinal
cord tissue from each group were evaluated with an MDA assay kit (S0131S,
Beyotime, Shanghai, China) according to the manufacturer’s instructions.
Briefly, rat spinal cord tissue from each group was homogenized in 500 pL
RIPA lysis buffer (Servicebio). The homogenates were centrifuged at 1073 x g
for 10 minutes at 4°C, after which the supernatants were collected. Lipid
peroxidation was assessed by quantifying the optical density of the colored
complex formed by MDA and thiobarbituric acid reaction. The MDA level was
presented as a relative ratio to the sham group.

Transmission electron microscopy

At 4 and 8 weeks after CSCI, rat spinal cord tissue (2 x 2 mm?) from the C6
level of the lesioned side was harvested and fixed in 2.5% phosphate-buffered
glutaraldehyde and 1% osmium tetroxide (Servicebio) for 48 hours. Tissue
was sliced into 0.05-pum-thick sections using a pathology slicer (Shanghai Leica
Instrument Co., Ltd., Shanghai, China), and carefully stained with uranium
acetate and then lead citrate (Servicebio). Finally, sections from each group
were imaged using a transmission electron microscope (Hitachi HT7700,
Hitachi, Tokyo, Japan).

Tissue processing for histological and immunofluorescence analysis at 4
and 8 weeks after CSCI

At 4 and 8 weeks after CSCI, the rats in each group were anesthetized and
perfused with 4% paraformaldehyde through the heart. C6 level spinal cord
was harvested, fixed with 10% neutral buffered formaldehyde at 4°C for 1
week, and subsequently embedded in paraffin. These blocks were sliced into
5-um-thick sections using a pathology slicer (Shanghai Leica Instrument Co.,
Ltd.) and stained with hematoxylin and eosin (H&E) (Servicebio). To evaluate
the severity of histopathological injury, the images were scored based on the
gray and white matter structure under a light microscope (Olympus, Tokyo,
Japan) at 4x and 40x magnifications, according to a previously published
method (Liu et al., 2014; Sun et al., 2022). Scoring was performed by two
pathologists who were blinded to the experiment. Microscopic injuries
include hemorrhage, cellular edema, necrosis, and neutrophil infiltration.
The severity of the injuries was scored based on the area of the injuries, as
follows: 0, no injury; 1, injury to 25% of the field; 2, injury to 55% of the field; 3,
injury to 75% of the field; and 4, diffuse injury (Sun et al., 2022).

For immunofluorescence staining, the slides were placed in a microwave for
epitope retrieval. The sections were permeabilized in 0.03% Triton X-100
for 30 minutes and then blocked with 5% bovine serum albumin (Solarbio,
Beijing, China) for 30 minutes. Subsequently, they were incubated with
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primary antibodies overnight at 4°C. The primary antibodies used were anti-
GPX4 (a marker for anti-ferroptosis activity; mouse, 1:400, Proteintech,
Rosemont, IL, USA, Cat# 67763-1-Ig, RRID: AB_2909469), anti-MafG (a marker
for anti-ferroptosis activity; mouse, 1:150, Santa Cruz Biotechnology, Cat#
sc-166548, RRID: AB_2137685), and anti-NeuN (a neuronal marker; rabbit,
1:150, Abcam, Cambridge, MA, USA, Cat# ab104225, RRID: AB_10711153).
The next day, the sections were washed three times with phosphate-buffered
saline (PBS) and subsequently incubated with secondary antibodies (Alexa
Fluor® 488-conjugated goat anti-mouse 1gG, 1:400, Servicebio, Cat# GB25301,
RRID: AB_2904018 or Cy3-conjugated goat anti-rabbit 1gG, 1:300, Servicebio,
Cat# GB21303, RRID: AB_2861435) at room temperature for 60 minutes.
Finally, the sections were incubated with 4',6-diamidino-2-phenylindole (DAPI;
Beyotime, Cat# C1005) for 20 minutes at 22—25°C. A fluorescence microscope
(Leica DM 4P, Wetzlar, Germany) was used to observe the tissue sections.
ImagelJ software (version 1.0, National Institutes of Health, Bethesda,
Maryland, USA; Schneider et al., 2012) was used to examine the fluorescence
intensity.

Immunoprecipitation

At 4 and 8 weeks after CSCI, spinal cord tissue was homogenized in IGEPAL
CA-630 buffer (Sigma-Aldrich, St. Louis, MO, USA, Cat# 9002-93-1). After
centrifugation, the supernatant was subjected to immunoprecipitation with
anti-Nrf2 (rabbit, 1:1000, Proteintech, Cat# 16396-1-AP, RRID: AB_2782956)
at 4°C overnight. The samples were then incubated with immobilized antibody
beads at 4°C for 2 hours. They were also subjected to immunoprecipitation
with the 1gG isotype control. Following immunoprecipitation and washing
with PBS three times, the samples were eluted with glycine-HCI (0.1 M, pH
3.5), and the proteins were subsequently analyzed for Nrf2 and MafG using
western blotting.

Western blot analysis

At 4 and 8 weeks after CSCI, the C6 spinal samples were extracted using
RIPA lysis buffer (Servicebio). The protein levels were determined using
the Bicinchoninic Acid Kit (Servicebio), according to the manufacturer’s
instructions. Following denaturation, the proteins were separated and
transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA,
USA). The membranes were blocked with 5% skim milk in PBS for 1 hour at
room temperature and incubated with primary antibodies overnight at 4°C.
The primary antibodies used in this study were anti-GPX4 (mouse, 1:2000,
Proteintech, Cat# 67763-1-Ig, RRID: AB_2909469), anti-MafG (mouse, 1:500,
Santa Cruz Biotechnology, Cat# sc-166548, RRID: AB_2137685), anti-a-tubulin
(mouse, 1:5000, Proteintech, Cat# 66031-1-Ig, RRID: AB_11042766), and anti-
Nrf2 (rabbit, 1:1000, Proteintech, Cat# 16396-1-AP, RRID: AB_2782956). The
membranes were then washed and incubated with secondary antibodies
(goat anti-mouse, 1:5000, Servicebio, Cat# GB23301, RRID: AB_2904020; and
goat anti-rabbit, 1:5000, Servicebio, Cat# GB23303, RRID: AB_2811189) for 1
hour at room temperature. The proteins were imaged using electrogenerated
chemiluminescence reagents (Servicebio), and the optical densities of the
target bands were quantified with the AlphaEaseFC 4.0 imaging system (Alpha
Innotech, San Leandro, CA, USA). For the quantitative analysis, the relative
expressions were normalized to the optical density of the a-tubulin bands.

Statistical analysis

No statistical methods were used to predetermine sample sizes; however,
our sample sizes were similar to those reported in a previous publication
(Sun et al., 2022). Statistical analysis was performed using SPSS 25.0 (SPSS
Inc., Chicago, IL, USA). Data are presented as the mean + standard deviation.
Student’s t-test was performed to determine inter-group differences. The
correlation analysis was performed using Spearman’s or Pearson’s correlation
coefficients. P-values < 0.05 were considered statistically significant.

Results

Neurological functional changes following chronic CSCI

The BBB scores in the sham group were 21 points throughout the study.
However, the BBB scores in the chronic CSCI group declined significantly after
compression surgery compared with those in the sham group (Figure 1C;
P < 0.001). The BBB scores in the chronic CSCI group reached their lowest
values at 4 weeks. There was no significant difference in the BBB scores of
the chronic CSCI group between 3 and 5 weeks; however, the scores were
significantly improved after 6 weeks compared with those at 4 weeks (Figure
1C; P < 0.05). The IPT results demonstrated similar changes (Figure 1D). The
neurophysiological examinations, including MEPs and SSEPs, also showed a
similar trend in nerve conduction function. In the chronic CSCI group, the
amplitudes of MEP (P < 0.001) and SSEP (P < 0.001) were significantly reduced
compared with those in the sham group. The amplitudes were significantly
improved (increased amplitude and shortened latency) at 8 weeks compared
with those at 4 weeks in the chronic CSCI group (P < 0.05; Figure 1E and
F). The study design and schematic of the chronic CSClI model are shown
in Figure 1A and B, and demonstrate that our chronic CSCI rat model is
compatible with the clinical CCM situation.

Tissue damage following chronic CSCI

The microstructure of the spinal cords stained with H&E was observed in each
group at different magnifications. The spinal cords in the sham group were
intact at different magnifications (Figure 2A and B). At low magnification,
the extracellular matrix was degraded in the chronic CSCI group, leaving a
large cavity in the spinal cord at 4 weeks after chronic compression. At high
magnification, abnormal structure of the posterior funiculus and dorsal horn,
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prevalent edema, and neuronal nuclei fragmentation were observed. Some
neurons changed to an elongated spindle shape owing to cytoplasmic loss;
most of these were observed in the posterior horn (Figure 2C and D). At 8
weeks following chronic compression, although the spinal cord dorsal horn
remained disordered, the spinal cord edema and inflammatory infiltration
were significantly improved compared with those at week 4. The extracellular
matrix was remodeled, and there appeared to be an increase of neurons and
vessels (Figure 2E and F). As shown in Figure 2G, the histopathological scores
of the chronic CSCI rats were at their highest at week 4 (P < 0.001) and had
significantly decreased at week 8 (P < 0.01), indicating that the pathological
damage was most severe in the middle of our observation period, and started
resolving by the end of observation. Moreover, the histopathological scores of
the rats were significantly negatively correlated with BBB scores (R = —0.95, P
< 0.001; Figure 2H), demonstrating the histopathological and neurobehavioral
consistency of this chronic CSCI model.

RNA sequencing and qRT-PCR validation following chronic CSCI

We performed comparisons between the sham, CSCI_4w, and CSCI_8w groups
to identify DEGs (Figure 3A). The fragments per kilobase million distribution
boxplot and mMRNA expression heatmap obtained through hierarchical
clustering analysis are shown in Figure 3B and C. The heatmap and principal
component analysis map of mRNA expression indicated a high concordance
between the sham, CSCI_4w, and CSCI_8w samples (Figure 3C and D).
According to the criteria described in the Methods section, the 4- and 8-week
compression results identified 510 and 864 DEGs, respectively, compared with
the sham group. Of those, we sorted out 407 overlapping DEGs, including
205 upregulated and 202 downregulated genes (Figure 3E-G). All DEGs are
listed in Additional Tables 1 and 2. We analyzed the 407 overlapping DEGs
using GO and KEGG analyses. As shown in Figure 3H-J, the top functional
enrichment included dopaminergic synapses, circadian entrainment, and
ferroptosis activity. The KEGG pathway enrichment analysis of the integrated
DEGs identified ferroptosis, presynapse, and postsynaptic membrane activities
as the top three significantly enriched functional pathways at 4 weeks of
compression. Dopaminergic synapse, ferroptosis, and adrenergic signaling
activities were the top enriched pathways at 8 weeks of compression.

The dynamic changes in the ferroptosis-related DEGs between the sham,
CSCI_4w, and CSCI_8w groups are shown in the heatmap and cluster
dendrogram in Figure 4. Some of these genes were further validated using
gRT-PCR. Compared with those in the sham group, ARNTL, GPX4, and MafG
expression were significantly downregulated at 4 weeks and upregulated at
8 weeks in the CSCI groups. FAR1 and PTEN were only downregulated at 8
weeks after compression.

Ferroptosis is increased at 4 weeks after compression and reduced at 8
weeks

Given that the DEGs were related to ferroptosis, we used TEM to observe
any ultrastructural changes in the neurons and to confirm the occurrence
of ferroptosis. Compared with those in the sham group, the endoplasmic
reticulum membranes and intracellular structures in the CSCI_4w and
CSCl_8w groups were severely disrupted (Figure 5A, D and G). Compared
with the normal mitochondria in the sham group, the mitochondria in the
CSCI_4w group had noticeable morphological abnormalities, including
smaller size, lack of cristae, swelling, and vacuoles (Figure 5B, E and H). These
morphological changes are associated with ferroptosis (Chen et al., 2021a).
In the CSCI_8w group, the mitochondrial abnormalities appeared to be
improved, and mitochondrial swelling and vacuoles were ameliorated (Figure
5C, F and ). The MDA content in the spinal cord was significantly increased in
the CSCI_4w group compared with the sham (P < 0.001) or CSCI_8w group (P
< 0.001; Figure 5J). MDA level was significantly negatively correlated with BBB
scores (rs =—0.88, P < 0.001; Figure 5K).These results indicated that oxidative
damage in mitochondria and the ferroptosis activity peaked at 4 weeks and
was attenuated at 8 weeks after chronic CSCI.

MafG and GPX4 expression suggests anti-ferroptosis activity in neurons
during the later stages of chronic CSCI

GPX4 and MafG are master negative regulator genes of ferroptosis
(Friedmann Angeli et al., 2014; Yang et al., 2014; Sun et al., 2016). We used
immunofluorescence analysis to investigate the localization and expression
of GPX4 and MafG in spinal cord cells. NeuN is a classical neuronal marker
(Gusel’nikova and Korzhevskiy, 2015). Some GPX4" and MafG" neuronal cells
were observed in the spinal cord sections of the sham group (Figure 6A). The
number of MafG’/NeuN" cells decreased sharply at 4 weeks (P = 0.021) and
increased at 8 weeks (P = 0.034) after chronic CSCI, compared with that of the
sham group. The number of GPX4+/NeuN+ cells showed a similar trend (Sham
vs. CSCI_4w: P =0.042; CSCI_4w vs. CSCI_8w: P < 0.001; Figure 6B—E).

Western blotting of GPX4 and MafG indicated similar changes; their
expression was significantly decreased at week 4 and increased at week 8
following chronic CSCI, compared with that of the sham group (Figure 7A
and B). GPX4 expression was positively correlated with MafG expression
(Pearson correlation r = 0.938, P < 0.001; Figure 7C), suggesting that these
two molecules may work together. Given that MafG mainly exerts its anti-
ferroptosis activity by binding to transcription factors, such as Nrf2 (Motohashi
et al., 2004), we used an immunoprecipitation assay and determined that
the interaction between MafG and Nrf2 was attenuated at 4 weeks (sham
vs. CSCI_4w, P = 0.025) and was significantly increased at 8 weeks (CSCI_4w
vs. CSCI_8w, P < 0.001) of spinal cord compression (Figure 7D and E). The
findings indicated that anti-ferroptosis activity was suppressed at 4 weeks and
enhanced at 8 weeks after chronic CSCI.
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Figure 1 | Neurological functional changes following chronic CSCI.

(A) Study design: 24 adult, female Sprague-Dawley rats (250-280 g) were randomly
allocated to sham (n = 8) and chronic CSCI (n = 16) groups. (B) Schematic images of the
chronic CSCI model: a polymer was implanted inside the spinal canal to compress the
spinal cord. (C, D) BBB scores (C) and IPT angles (D) in the sham and CSCI groups from
weeks 1 to 8. (E, F) Representative images (E) and amplitude changes (F) of the MEPs and
SSEPs from the sham and chronic CSCI group at different time points (weeks 2, 4, 6, and 8).
*P<0.05, **P<0.01, ***P < 0.001, vs. week 4; ###P < 0.001, vs. sham group (Student’s
t-test). Data are presented as mean + SD. BBB: Basso, Beattie, and Bresnahan locomotor
scale; IPT: inclined plane test; CSCI: chronic compressive spinal cord injury; MEP: motor
evoked potentials; SSEP: somatosensory evoked potentials.
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Figure 2 | Histology of spinal cord from the sham and chronic CSCI groups.

(A—F) Representative images of HE staining in the spinal cord of the sham (A, B) and
chronic CSCI groups at 4 (C, D) and 8 weeks (E, F). (G) Histopathological scores. (H)
Histopathological scores were significantly negatively correlated with BBB scores
(Spearman correlation, R = -0.95, P < 0.001). Sample sizes: sham, n = 4; CSCI_4w, n = 4;
and CSCI_8w, n = 4. Magnification: A-C, 4x; D—F, 40x. ***P < 0.001, vs. sham group; ##P
<0.01, vs. CSCI_4w group (Student’s t-test). Data are presented as the mean + standard
deviation in G. BBB: Basso, Beattie, and Bresnahan locomotor scale; CSCI: chronic
compressive spinal cord injury; HE staining: hematoxylin and eosin staining.

Discussion

In the present study, we established a clinically relevant CCM model in
rats and demonstrated that ferroptosis activity peaked at 4 weeks and was
attenuated at 8 weeks during chronic compression. The ferroptosis activity
was negatively correlated with the trend of functional neurophysiological
changes, suggesting it has detrimental effects on neurological functional
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Figure 3 | Differential gene expression analysis of sham vs. CSCI_4w and CSCI_8w
identified many genes induced upon chronic CSCI.

(A) Study design. (B) Boxplots of the FPKM values of all the samples (sham, n = 4;
CSCI_4w, n = 4; CSCI_8w, n = 3). (C) Heatmap of the genes in the sham vs. CSCI_4w vs.
CSCI_8w groups. (D) Principal component analysis to demonstrate the source of variance
in our data. (E) Venn diagrams show the significantly differentially expressed genes
between the sham and CSCI_4w or CSCI_8w groups. (F, G) Volcano plot and heatmap of
the comparisons between the sham and CSCI_4w groups. (H) Gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses of the compression time-
dependent genes suggested a vital role of synaptic activity and localization in classifying
chronic CSCl rats. (I, J) KEGG pathway analysis of the differentially expressed genes in the
CSCI_4w group (1) and CSCI_8w group (J). The bubble color shading indicates the P values
(stronger shading indicates a lower P value), and the bubble size indicates the frequency
of the KEGG pathways. CSCI: Chronic compressive spinal cord injury.
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Figure 4 | Detection and qPCR validation of the differentially expressed ferroptosis-

related genes.

(A, B) Heatmaps of the top differentially expressed genes related to ferroptosis from

RNA sequencing in the CSCI_4w (A) and CSCI_8w groups (B). The color scale indicates

the relative gene expression level. (C) Quantitative reverse transcription-polymerase

chain reaction validations of the differentially expressed genes characterized by RNA

sequencing. *P < 0.05, ***P < 0.001, vs. sham group; ###P < 0.001, vs. CSCI_4w group

(Student’s t-test). Sample size: sham, n = 4; CSCI_4w, n = 4; CSCI_8w, n = 3. ARNTL,

GPX4, MafG, FAR1, PTEN were the top differentially expressed ferroptosis-related genes.

ARNTL: Aryl hydrocarbon receptor nuclear translocator-like protein 1; FAR1: fatty acyl-

CoA reductase 1; GPX4: glutathione peroxidase 4; MafG: MAF BZIP transcription factor G;

PTEN: phosphatase and tensin homolog; gPCR: quantitative polymerase chain reaction.
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Figure 5 | Ferroptosis-specific mitochondrial changes and MDA accumulation levels
after chronic CSCI.
(A—1) Representative transmission electron microscopy images of neurons and neuronal
mitochondria in the sham (A—C), CSCI_4w (D—F), and CSCI_8w (G—I) groups. Red arrows
indicate mitochondria. Ferroptosis-specific changes, including shrunken mitochondria,
increased membrane density, and occasionally disrupted outer membranes, were evident
in the CSCI_4w group (F). (J) MDA content in the spinal cord was significantly increased
at 4 weeks after chronic CSCI, and attenuated at 8 weeks. *P < 0.05, ***P < 0.001, vs.
sham group; ###P < 0.001, vs. CSCI_8w group (Student’s t-test). Data are presented as
the mean * standard deviation. (K) MDA level was significantly negatively correlated
with BBB scores (Spearman correlation, R = -0.88, P < 0.001). Sample sizes: Sham, n =
4; CSCI_4w, n = 4; and CSCI_8w, n = 4. MDA: Malondialdehyde; CSCI: compressive spinal
cord injury.
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Figure 6 | IF of MafG and GPX4 in neurons after chronic CSCI.

(AO—CO) Overview images indicating the location of the magnified IF images. (A1-3 to
C1-3) Magnified IF images stained with NeuN (A1-C1, red), MafG (A2—-C2, green), GPX4
(A3-C3, blue) and merged channels (A4—C4). The white arrows indicate NeuN'/MafG"/
GPX4" triple-labeled cells. NeuN and GPX4 are located in the cytoplasm of neuronal
cells, whereas MafG primarily resides in the nuclei. (D, E) Numbers of MafG" and GPX4"
neurons in each group. ¥*P < 0.05, ***P < 0.001 (Student’s t-test). Sample sizes: sham,

n =4; CSCI_4w, n = 4; and CSCI_8w, n = 4. Data are presented as the mean + standard
deviation. CSCI: Compressive spinal cord injury; IF: immunofluorescence; MafG: MAF
BZIP transcription factor G; GPX4: glutathione peroxidase 4.

recovery. We also observed that expression of the anti-ferroptosis molecules
GPX4 and MafG were decreased at 4 weeks and increased at 8 weeks. The
MafG-Nrf2 interaction showed the same trend. To the best of our knowledge,
this is the first study to analyze the transcriptomic changes and ferroptosis
activity of chronic CSCI rats at different time points in an 8-week period. Our
study suggests a relationship between ferroptosis and neurological damage
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Figure 7 | Correlation between GPX4 and MafG expression, and the MafG-Nrf2
interaction after chronic CSCI.

(A, B) Western blotting of GPX4 and MafG was significantly decreased at week 4 but
increased at week 8 following chronic CSCI, compared with that of the sham group. (C)
Pearson correlation analysis indicated a significant positive correlation between MafG
and GPX4 expression (R* = 0.879; P < 0.001). (D, E) Immunoprecipitation (IP) assay
demonstrating the interaction between MafG and Nrf2, which was attenuated at 4
weeks and significantly increased at 8 weeks following spinal cord compression. *P <
0.05, **P < 0.01, vs. sham group; ###P < 0.001, vs. CSCI_4w group (Student’s t-test).
Data are presented as the mean + standard deviation in B and E. Sample sizes: sham,
n=4; CSCI_4w, n = 4; and CSCI_8w, n = 3. CSCI: Compressive spinal cord injury; GPX4:
Glutathione peroxidase 4; MafG: MAF BZIP transcription factor G; Nrf2: nuclear factor
erythroid 2-related factor 2.

during CSCI, and provides new insights into the potential of anti-ferroptosis
therapy in the treatment of CCM.

Similar to previous studies (Cheng et al., 2019, 2021; Yu et al., 2021), the
BBB scores and neurophysiological measures reached their lowest values at
4 weeks after chronic spinal cord compression, and gradually recovered in
the later stage, from weeks 4-8. The histopathological scores also showed
the greatest damage at 4 weeks and were significantly correlated with BBB
scores in rats with chronic CSCI. The results from this study confirmed that
the implantation of a water-absorbable compressor made from polyurethane
polymer in rats establishes a successful CCM model with consistent
neurobehavioral and histopathological changes (Cheng et al., 2015, 2021;
Yu et al., 2021). Moreover, the finding of the intrinsic self-repair capacity
motivated us to explore the potential underlying mechanisms.

To date, the molecular mechanisms of the functional changes in a spinal cord
following consistent compression have not been established. Only one study
(zhang et al., 2018a) used a Clariom D Rat GeneChip array to identify the
differentially expressed IncRNAs, mRNAs, and pre-miRNAs in chronic CSCI rat
models at 4 weeks after compression. However, the genechip array can only
detect genes by known probe sequences. High-throughput sequencing, in
contrast, does not need the construction of a probe library and data analysis
is conducted on a mature bioinformatics platform that is more comprehensive
and avoids subcloning errors, which produces more accurate results (Hurd and
Nelson, 2009). Moreover, the authors (Zhang et al., 2018a) did not identify
any significant biological pathway changes after the spinal cord compression,
nor did they include data longer than 4 weeks after compression. In the
present study, we firstly identified DEGs in the spinal cord after 4 and 8 weeks
of compression compared with the sham group using high-throughput RNA
sequencing. By comparing the 510 and 863 DEGs at the 4- and 8-week time
points and using functional enrichment analyses, we found that ferroptosis,
synaptic transmission activity, and neuronal signaling pathways are the most
crucial biological pathways regulating the process of chronic CSCI.

Previous studies have reported that ferroptosis plays a vital role in secondary
injury following acute traumatic SCI, and inhibitors, such as deferoxamine
and SRS 16-86, promote motor functional recovery in SCI rats by inhibiting
ferroptosis (Yao et al., 2019; Zhang et al., 2019). Ferroptosis also mediates
selective motor neuron death in amyotrophic lateral sclerosis (Wang et
al., 2022) and neurodegenerative disorders such as Parkinson’s disease
(Bellinger et al., 2011). However, the effects and role of ferroptosis in
chronic CSCI remain unclear. In this study, TEM results confirmed that the
severity of ferroptosis-specific mitochondrial changes, including shrunken
mitochondria, increased membrane density, and occasionally disrupted outer
membranes, reached its peak at 4 weeks and was partially alleviated at 8
weeks following CSCI. Furthermore, MDA levels were increased at 4 weeks
and were attenuated at 8 weeks following chronic CSCI, and were negatively
correlated with motor behavioral scores. Because MDA is a sensitive marker
for lipid peroxidase and ferroptosis (Ohkawa et al., 1979; Chen et al., 2022),
our results suggest that ferroptosis may exert negative effects on neurological
recovery after chronic CSCI.
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We also evaluated the expression of the ferroptosis markers GPX4 and
MafG using semi-quantitative immunofluorescence and quantitative
western blotting. Both proteins were significantly reduced at 4 weeks and
greatly increased at 8 weeks following CSCI. We also observed a significant
increase in the interaction between MafG and Nrf2 during the later stages
of chronic CSCI via an immunoprecipitation assay. GPX4 is a selenocysteine-
containing enzyme that counters lipid peroxide formation and is considered
the master negative regulator of ferroptosis in cells (Friedmann Angeli et
al., 2014; Yang et al., 2014). Depletion of GPX4 is associated with vulnerable
neurons in Parkinson’s disease (Bellinger et al., 2011), stroke (Zhang et al.,
2018b), and acute spinal cord injury (Chen et al., 2020). In contrast, GPX4
overexpression effectively restored the ferroptosis defense, inhibited lipid
peroxidation and motor neuron death, and improved motor function and
outcomes in an amyotrophic lateral sclerosis model (Wang et al., 2022).
Small musculoaponeurotic fibrosarcoma oncogene homolog (Maf) proteins,
including MafF, MafG, and MafK, possess a basic leucine zipper (bZip) domain
that interacts with other bZip transcription factors such as Nrf2 (Motohashi
et al., 2004). Under oxidative stress or ischemic conditions, MafG binds
to the Nrf2 protein and initiates a cascade reaction that includes nuclear
translocation, transcriptional coactivators binding to antioxidant response
elements, and target gene expression. These reactions activate anti-apoptosis
and anti-ferroptosis pathways (Suzuki et al., 2013; Sun et al., 2016). Together,
these results indicated that the anti-ferroptosis pathway in our model was
suppressed at 4 weeks and activated at 8 weeks after chronic CSCI.

We further investigated the correlation between GPX4 and MafG expression
following chronic CSCI. GPX4 and MafG expressions were decreased at 4
weeks and increased at 8 weeks following chronic CSCI, and were positively
correlated with one another. The upregulation of protective GPX4 and
MafG was consistent with our TEM findings of ferroptosis alleviation and
neurological functional recovery. GPX4 and MafG (Sun et al., 2016) have been
reported to exert their anti-ferroptosis effects in different pathways, and
cross-talk between the two molecules has not been reported (Chen et al.,
2020). Our findings suggest that the activation of anti-ferroptosis pathways
likely plays a vital role in functional nerve recovery during the late stages of
chronic CSCI.

Our study has certain limitations. First, this was an observational study.
Although we did perform neurophysiological tests, transcriptional analysis
of DEGs, TEM, and molecular validation assays, we did not perform gain-
of-function or loss-of-function experiments. Further research is required to
investigate the mechanisms by which these proteins influence each other as
well as neurological functions. Second, the exact molecular mechanism by
which these DEGs influence ferroptosis at different time points in chronic CSCI
has not been clarified and further studies are required. Third, male rats were
excluded from this study because of their high mortality rate owing to urinary
tract infections and aggressiveness after chronic CSCI (Palacios et al., 2022).
Further studies involving rats of both sexes are required to avoid sex bias.

In summary, our study determined the genome-wide expression profile of a
consistently compressed rat spinal cord at different time points. Our findings
suggest that the suppression of ferroptosis and the activation of several anti-
ferroptosis-related genes, including GPX4 and MafG, may be involved in
the process of spontaneous neurological recovery during the later stages of
chronic CSCI. Our results provide a better understanding of the molecular
mechanism underlying chronic CSCI and may help identify new therapeutic
targets for CCM.
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