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Abstract  
Ferroptosis is an iron-dependent novel cell death pathway. Deferoxamine, a ferroptosis inhibitor, has been reported to promote spinal 
cord injury repair. It has yet to be clarified whether ferroptosis inhibition represents the mechanism of action of Deferoxamine on spinal 
cord injury recovery. A rat model of Deferoxamine at thoracic 10 segment was established using a modified Allen’s method. Ninety 
8-week-old female Wistar rats were used. Rats in the Deferoxamine group were intraperitoneally injected with 100 mg/kg Deferoxamine 
30 minutes before injury. Simultaneously, the Sham and Deferoxamine groups served as controls. Drug administration was conducted for 
7 consecutive days. The results were as follows: (1) Electron microscopy revealed shrunken mitochondria in the spinal cord injury group. 
(2) The Basso, Beattie and Bresnahan locomotor rating score showed that recovery of the hindlimb was remarkably better in the Deferox-
amine group than in the spinal cord injury group. (3) The iron concentration was lower in the Deferoxamine group than in the spinal cord 
injury group after injury. (4) Western blot assay revealed that, compared with the spinal cord injury group, GPX4, xCT, and glutathione 
expression was markedly increased in the Deferoxamine group. (5) Real-time polymerase chain reaction revealed that, compared with 
the Deferoxamine group, mRNA levels of ferroptosis-related genes Acyl-CoA synthetase family member 2 (ACSF2) and iron-responsive 
element-binding protein 2 (IREB2) were up-regulated in the Deferoxamine group. (6) Deferoxamine increased survival of neurons and 
inhibited gliosis. These findings confirm that Deferoxamine can repair spinal cord injury by inhibiting ferroptosis. Targeting ferroptosis is 
therefore a promising therapeutic approach for spinal cord injury.
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peroxidation; neural regeneration 
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Mechanisms underlying the repair of spinal cord injury through inhibiting ferroptosis with deferoxamine 
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Introduction 
There is currently no effective cure for acute traumatic spinal 
cord injury (SCI), and our understanding of the molecular 
mechanisms of SCI is limited (Wu et al., 2012; Ropper and 
Ropper, 2017; Fan et al., 2018). Many studies have investi-
gated the mechanism of cell death and have developed novel 
therapies in SCI. Although many cell death pathways, such 
as apoptosis, necroptosis, and autophagy, have been identi-
fied (Wang et al., 2014b; Fan et al., 2016; He et al., 2016), the 
major cell death pathway contributing to the imbalanced mi-
croenvironment in SCI is still unknown. Cell death of motor 
neurons has been found to occur with loss at the epicenter by 
4 hours in rats (Grossman et al., 2001a, b). For oligodendro-
cytes, half of them died within the first 4 hours post injury, 
with little subsequent loss (Liu et al., 1997). Apoptosis is an 
inflammatory-limited cell death pathway and therefore may 
not contribute much to the inflammatory microenvironment, 
which hinders regeneration (Lu et al., 2000). Therefore, our 
current understanding of cell death in SCI cannot explain its 
pathophysiology. There may be other forms of cell death that 
contribute to SCI-induced secondary injury. Ferroptosis, a 
newly identified iron-dependent cell death pathway, shares 
several features with the pathogenic changes of SCI. First, 
iron overload triggers ferroptosis (Dixon et al., 2012). The 
acute phase of traumatic SCI involves immediate hemorrhage 
and reactive oxygen species accumulation (Choi et al., 2012; 
Xiao et al., 2015). Iron is overloaded at the injury site due 
to hemorrhage (Hao et al., 2017). Second, ferroptosis is also 
initiated by lipid reactive oxygen species (Imai et al., 2017). 
As the spinal cord contains a high content of polyunsaturated 
fatty acids, its lipid peroxidation contributes to pathologies 
of SCI (Bazinet and Laye, 2014). Third, glutamate-induced 
toxicity which can also induce ferroptotic cell death in vitro 
in brain slices plays a key role in the pathophysiology of SCI 
(Yu et al., 2009; Dixon et al., 2012). Given that iron-overload, 
lipid reactive oxygen species, and glutamate accumulation are 
all present in SCI, we hypothesized that the ferroptosis path-
way plays an important role in secondary injury of SCI.

Deferoxamine (DFO), a potent iron chelator, is approved 
by Food and Drug Administration and used for treating 
diseases with iron overload. While the neuroprotective effect 
of DFO has been confirmed, its underlying mechanism re-
mains elusive. The relationship between iron chelation and 
reduced cell death is not understood. Recently, DFO was 
identified as a ferroptosis inhibitor (Dixon et al., 2012; Xiao 
et al., 2015). Therefore, we explored whether DFO promotes 
SCI repair through ferroptosis inhibition and aimed to elu-
cidate the role of ferroptosis in the secondary pathophysiol-
ogy of SCI.
  
Materials and Methods
Animals
Ninety female Wistar rats aged 8 weeks and weighing 240 
± 10 g were obtained from Experimental Animal Center of 
the Academy of Military Medical Sciences, Beijing, China 
[license No. SCXK (Jin) 2014-0002]. Rats were kept under a 
humidity- and temperature-controlled environment with a 

12-hour light/dark cycle, and had free access to food and wa-
ter. All experimental procedures on animals were approved 
by the Ethics Committee of Institute of Radiation Medicine 
Chinese Academy of Medical Sciences (Tianjin, China) (ap-
proval number: DWLI-20171010) in accordance with the 
guidelines provided by the Committee for Purpose of Con-
trol and Supervision of Experiments on Animals (CPCSEA). 

Experimental design 
This study contained three study arms with different surviv-
al times following SCI. Rats were randomly assigned to three 
groups, as follows: the Sham group (n = 30), which received 
laminectomy only without SCI; the SCI group (n = 30), which 
received T10 contusion injury with saline treatment via intra-
peritoneal injection; and the DFO group (n = 30), which re-
ceived T10 contusion injury with DFO 100 mg/kg treatment 
via intraperitoneal injection, modified from previous report 
(Hao et al., 2017). The rats were sacrificed at 1, 4, 8, 24 hours, 2, 
3, 7 days, 2 or 8 weeks after SCI. After transcranial perfusion, 
spinal cord tissues of rats were collected and processed for 
molecular and biochemical analysis (Figure 1A). 

Contusion SCI models
A contusion SCI model was established using a modified 
Allen’s method (Koozekanani et al., 1976). The rats were 
deeply anesthetized with 3 mL/kg 4% chloral hydrate by 
intraperitoneal injection. An approximately 1-cm midline 
incision along dorsal skin was made and the muscle layers 
over the area of the vertebral T10 level were bluntly dissect-
ed to expose T10 vertebral laminae. Subsequently, the T10 
vertebra underwent dorsal laminectomy. The 10-g node was 
allowed to fall freely from the height of 2.5 cm, causing con-
tusion injury to the spinal cord. The muscles and skin were 
sutured. The hindlimbs of the rats exhibited involuntary 
spasms and the tails wriggled, indicating that the injury was 
consistent with the criteria of SCI in this model. Cefuroxime 
sodium was used for 3 days post-surgery to prevent incision 
infection. Bladder evacuation was applied twice a day for 7 
days post injury. In the sham group, rats received only lami-
nectomy and showed normal Basso, Beattie, and Bresnahan 
locomotor rating scores post-surgery. 

DFO treatment
DFO (100 mg/kg per day; Novartis, Basel, Switzerland; 500 
mg dissolved in 5 mL of 0.9% normal saline) was adminis-
trated by intraperitoneal injection 30 minutes before injury, 
and then was injected once a day for 7 days post injury. As a 
control, the rats in sham and SCI groups were injected with 
0.9% NaCl (1 mL/kg). The dosage of DFO administration 
was determined based on our previous methods (Hao et al., 
2017).

Basso, Beattie, and Bresnahan locomotor rating scale
The functional restoration was assessed according to the 
Basso, Beattie, and Bresnahan locomotor rating scale and 
assessed by two individual researchers (Basso et al., 1995). 
The Basso, Beattie, and Bresnahan locomotor rating scores 
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for evaluating hindlimb locomotor function ranged from 0 
(no observable movement) to 21 (normal movement). Be-
fore evaluation, the rats were allowed to move freely for 5 
minutes in the open filed. The Basso, Beattie, and Bresnahan 
locomotor rating scores were determined 0, 1, 2, 4, and 8 
weeks post-SCI to assess locomotor recovery.

Determination of iron concentration
Spinal cord samples were collected and homogenized under 
ice-cold conditions. Iron levels of spinal cords at 1, 4, and 
24 hours post-SCI were detected using the tissue iron assay 
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China). To measure iron concentration in the sample, the 
optical density (OD) value was measured at 520 nm using 
a spectrophotometer (752-P; Shanghai Xian Ke, Shanghai, 
China) and the iron concentration in the samples was then 
determined by comparing the OD of the samples to the 
standard curve. 

Transmission electron microscope
Samples in the sham and SCI groups at 1 and 24 hours of 
recovery were perfused in 2% paraformaldehyde, 2% glutar-
aldehyde in 0.1 M sodium cacodylate, fixed in 2% osmium 
tetroxide with 1.6% potassium ferrocyanide in 0.1 M sodium 
cacodylate. Samples were then cut into small clumps with a 
volume of 1 mm3 and stained with 2% uranyl acetate, dehy-
drated in ethanol, and embedded in Eponate. The sections 
were placed on copper slot grids and stained with 2% uranyl 
acetate and lead citrate. Images were captured with a trans-
mission electron microscope (7600; Hitachi, Tokyo, Japan).

Western blot assay 
Rats were sacrificed at 2 or 7 days post-SCI to detect the 
expression of glutathione peroxidase 4 (GPX4, a ferroptosis 
marker), system Xc-light chain (xCT) (ferroptosis marker), 
and 4-hydroxynonenal (HNE, a lipid perioxidation marker). 
Spinal cord epicenters 0.5 cm in size were collected and lysed 
by homogenization in 300 μL lysis buffer (20 mM Tris pH 
7.4, 50mM NaCl, 1% Triton X-100 and protease inhibitor). 
The homogenates were centrifuged, and the supernatants 
were collected, aliquoted, and stored at −80°C for later use. 
The samples were dissolved in loading buffer, boiled for 5 
minutes, and centrifuged at 6000 r/min at 4°C for 3 minutes 

to collect the protein supernatant. The proteins were loaded 
on gels for electrophoresis and were transferred to polyvi-
nylidene difluoride membranes by a transfer apparatus at 65 
V for 2 hours at 4°C. The membranes were blocked at room 
temperature for 2 hours on the shaker. Sequentially, the 
membranes were incubated with primary antibodies against 
GPX4, xCT and HNE at 4°C overnight. After three washes 
with Tris buffered saline with Tween, each for 10 minutes, 
goat-anti-rabbit IgG conjugated with horseradish peroxi-
dase (1:2000, SA00001-2; Proteintech Group, Chicago, IL, 
USA) was added for an additional 1.5 hours. After Tris buff-
ered saline-Tween washes, the blots were visualized using 
an enhanced chemiluminescence system (ChemiDox XRS; 
Bio-Rad, Hercules, CA, USA). The target protein bands’ 
grayscale values were quantified using ImageJ software (NIH, 
Bethesda, MD, USA). All grayscale values were normalized 
to that of β-actin or GAPDH for statistical evaluation. The 
details of primary antibodies are shown in Table 1. 

Glutathione detection
The spinal cord samples were collected as previously de-
scribed at 2 or 7 days post-SCI, and spinal cord homogenate 
was prepared under ice cold conditions. Glutathione (GSH) 
level was detected according to total GSH assay kit (Shanghai 
Ke Shun, Shanghai, China) instructions. To measure GSH 
concentration in the sample, the OD value was measured at 
450 nm using a multiscan spectrum (Infinite M200 Pro, TEC-
AN, Switzerland) and the GSH concentration in the samples 
was then determined by comparing the OD of the samples to 
the standard curve. All assays were performed in triplicate.

Total RNA preparation and real-time quantitative 
polymerase chain reaction 
Spinal cord samples were immediately removed after rats 
were sacrificed at 1 hour, 8 hours, and 3 days after SCI and 
frozen on dry ice powder. Spinal cord segments were ho-
mogenized in ice-cold Trizol. Chloroform was added, and 
the aqueous phase was collected after centrifugation. RNA 
extraction was done according to the manufacturer’s pro-
tocol (Qiagen RNeasy Mini, Qiagen, Valencia, CA, USA). 
RNA quality was detected using Agilent Bioanalyzer (Ag-
ilent, Palo Alto, CA, USA) in that all samples should show 
sharp ribosomal RNA bands. One mg of total RNA was 

Table 1 Primary antibody details

Antibody Supplier Catalog# Host Application Dilution

xCT Abcam, Cambridge, MA, USA ab37185 Rabbit Western blot assay 1:2000
GPX4 Abcam ab125066 Rabbit Western blot assay 1:5000
HNE Abcam ab45545 Rabbit Western blot assay 1:5000
NeuN Abcam ab104225 Rabbit Immunohistochemistry 1:500
GFAP Abcam ab53554 Goat Immunohistochemistry 1:500
β-Actin  Santa Cruz Biotechnology, Santa Cruz, CA, USA sc-47778 Mouse Western blot assay 1:5000
GAPDH Santa Cruz Biotechnology sc-59540 Mouse Western blot assay 1:2000

GPX4 and xCT are both ferroptosis markers. HNE is a marker of lipid perioxidation. GFAP represents astrogliosis and NeuN is a marker of 
neurons. GPX4: Glutathione peroxidase 4; GFAP: glial fibrillary acidic protein; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; HNE: 
4-hydroxynonenal; NeuN: neuronal nuclear antigen; xCT: system Xc-light chain.
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used for first-strand cDNA production with Super Script 
II reverse transcriptase (Invitrogen, Carlsbad, CA, USA) 
primed by Oligo dT. The real-time quantitative polymerase 
chain reaction (RT-qPCR) was performed on an Applied 
Biosystems 7900HT machine, and 10 ng of cDNA, 50 nM of 
primers, and SYBR Green master mix (Applied Biosystems, 
Foster City, CA, USA) was used. Expression levels of each 
target gene were normalized to the mean critical threshold 
(CT) values of the β-actin housekeeping gene using the 2-ΔΔCt 
method (Livak and Schmittgen, 2001) to calculate the rela-
tive amount of RNA. The primers used are shown in Table 2. 

Histology
Rats were anesthetized and perfused with 200 mL cold sa-
line, followed by 300 mL cold 4% paraformaldehyde at 2 and 
8 weeks post-SCI. Spinal cord epicenters 1 cm in size were 
excised and stored in 4% paraformaldehyde at 4°C for 24 
hours. Samples were embedded in paraffin and sliced into 
5-µm-thick sections. The sections were subjected to hema-
toxylin-eosin staining according to the procedure described 
above (Wang et al., 2014a).

Immunofluorescence staining
After being sacrificed at 2 and 8 weeks after SCI, the rat spi-
nal cords were collected, paraffin spinal cord sections (5 μm 
thick) from each specimen were deparaffinized with xylene 
(2 × 20 minutes), incubated in graded concentrations of 
ethanol (2 × anhydrous ethanol, 95%, 90%, 80%, and 70%), 
and then washed in phosphate buffered saline (PBS) for 3 × 
3 minutes. Sections were incubated in H2O2 for 15 minutes 
to block endogenous peroxidase. Subsequently, the sections 
were incubated with a blocking solution (0.1% Triton X-100, 
10% normal goat serum in PBS) at room temperature for 1 
hour. Next, the samples were incubated with the primary 
antibodies overnight at 4°C. Details of the primary antibod-
ies used are shown in Table 1. Sections were washed for 3 × 
3 minutes with PBS, and then incubated with the second an-
tibodies (donkey anti-goat IgG H&LAlexa Fluor® 488, 1:200, 
ab150129; Abcam, Cambridge, MA, USA; donkey anti-rab-
bit IgG H&LAlexa Fluor® 647, 1:200, ab150075; Abcam) for 
60 minutes at room temperature. After three rinses in PBS, 
the nuclei were counterstained with 1 g/mL DAPI (Biosharp, 

Hefei, Anhui Province, China) for 5 minutes. Finally, a drop 
of anti-fade mounting medium (Solarbio, Beijing, China) 
was placed on each slide, and a coverslip was placed on top 
of each sample. The immunofluorescence imaging was vi-
sualized using a fluorescence microscope (IX71; Olympus, 
Tokyo, Japan). Neuronal nuclear antigen (NeuN) expression 
at dorsal horn and glial fibrillary acidic protein (GFAP) ex-
pression at the dorsal column lesion were visualized. ImageJ 
software (NIH) was used to assess the percentages of NeuN 
and GFAP expression of representative fluorescence micro-
graphs at the injury epicenter. 

Statistical analysis
All data are presented as the mean ± SEM. Statistical analysis 
was performed using GraphPad Prism 5 software (GraphPad 
Software, Inc., San Diego, CA, USA). Comparisons between 
multiple groups were made using two-way repeated mea-
sures analysis of variance followed by Tukey’s post hoc test. 
A value of P < 0.05 was considered statistically significant.

Results
Effect of DFO on locomotive activity in rat models of SCI
As shown in Figure 1B, severe hindlimb paralysis was ob-
served in the SCI group. Hindlimb locomotive function was 
improved in DFO-treated SCI rats as early as 7 days post in-
jury (P < 0.05; n = 3; two-way analysis of variance followed by 
Tukey’s post hoc test). Throughout the assessments period of 
8 weeks, the DFO group outperformed the SCI group. These 
data indicated that DFO treatment could promote long-term 
functional recovery after SCI. Next, we explored the mecha-
nism of DFO as a ferroptosis inhibitor in SCI repair.

Hemolysis, mitochondrial change, and iron overload after 
SCI 
A transmission electron microscope was used to examine 
the ultrastructure of spinal cords after SCI (Figure 2A). 
Hemolysis was observed 1 hour post-injury and became 
more common at 24 hours. However, in the sham group, no 
hemolysis was observed. Hemolysis results from erythrocyte 
disruption, which is a source of iron overload after SCI. In 
both sham and SCI groups, there was no obvious apoptosis 
morphology at 1 and 24 hours, which is consistent with pre-
vious studies that apoptosis occurs at 1–2 days post injury 
(Nottingham and Springer, 2003). However, as early as 1 
hour post injury, we found shrunken mitochondria, occa-
sionally with broken outer membranes in SCI tissues. The 
sham group showed normal morphology of mitochondria. 
The ferroptotic-specific change in mitochondria morpholo-
gy indicates that ferroptosis may occur after SCI. 

Next, the iron levels of different study groups were de-
tected at 1, 4, and 24 hours (Figure 2B). Iron level showed 
an obvious increase in the SCI group compared with the 
sham group (P < 0.001; n = 3; two-way analysis of variance 
followed by Tukey’s post hoc test), whereas DFO treatment 
significantly decreased the iron concentration in the DFO 
group compared with the SCI group (P < 0.001). Therefore, 
DFO effectively decreased iron levels after SCI. Iron overload 

Table 2 Primers of real-time quantitative polymerase chain reaction

Gene Primer sequence (5′–3′)
Gene bank 
accession number

Product 
size (bp)

ACSF2  Forward: CCA GTT ACG 
ATT TCA CGA CCA

NM_001034951.1 195

 Reverse: TGC CTA CAC 
TTC CAG CCT TCT

IREB2  Forward: GAG ACT GGG 
CTG CGA AAG GA

NM_022863.2 124

Reverse: CCT GGG AGG 
AAC TCA AGT GGT G

β-Actin  Forward: TGC TAT GTT 
GCC CTA GAC TTC G

NM_031144 240

 Reverse: GTT GGC ATA 
GAG GTC TTT ACG G
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is a key factor that triggers ferroptosis. Therefore, DFO may 
inhibit ferroptosis in the secondary phase of SCI.

Ferroptosis pathway in SCI and its inhibition by DFO
At 2 and 7 days post SCI, the xCT expression, which rep-
resents Xc- level, was decreased at 7 days post SCI (P < 0.001). 
This indicated that DFO effectively upregulated xCT expres-
sion post-SCI (P < 0.001; Figure 3A and B).

GPX4 plays a central role in ferroptosis (Angeli et al., 
2017). Upon SCI, the GPX4 expression significantly de-
creased from 2 to 7 days post injury (P < 0.05), which indi-
cates that ferroptosis is involved in secondary injury of SCI. 
DFO effectively upregulated GPX4 expression compared 
with the SCI group (P < 0.001; Figure 3C and D).

HNE is the product of lipid peroxidation reaction (Girotti, 
1998). Western blot assay showed that HNE was increased 
after SCI (P < 0.01) and was markedly decreased in the DFO 
group (P < 0.001; Figure 3E and F). This result was con-
sistent with the altered expression of GPX4, which directly 
removes lipid reactive oxygen species.

Tripeptide GSH is a critical linker in the ferroptosis path-
way. Cysteine is provided by xCT as a precursor for the syn-
thesis of GSH. GSH maintains the normal function of GPX4 
by reducing GPX4 and releasing it from the membrane to 

the cytosol (Cozza et al., 2017). GSH levels reduced after 
SCI, and DFO treatment robustly upregulated GSH (P < 
0.001; Figure 3G).

Collectively, major factors in ferroptosis pathway, includ-
ing the system Xc–/GSH/GPX4/HNE axis, are associated 
with secondary injury of SCI. We found that DFO inhibits 
the ferroptosis pathway by upregulating the Xc-/GPX4 axis 
and inhibiting GSH depletion and lipid reactive oxygen spe-
cies (Figure 3H).

DFO effects on ferroptotic-specific mitochondria genes in 
SCI
The mRNA levels of two ferroptotic related genes, ACSF2 
and IREB2 genes, at 1 hour, 8 hours, and 3 days post-inju-
ry are shown in Figure 4. The mRNA levels of IREB2 and 
ACSF2 in the SCI group were increased compared with the 
sham group at 1 and 8 hours post injury (P < 0.05). DFO 
treatment significantly decreased IREB2 and ACSF2 mRNA 
expression compared with the SCI group (P < 0.05). 

DFO effects on spinal cord tissue sparing
Spinal cord sections revealed marked tissue sparing follow-
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Figure 3 Expression of 
ferroptosis-regulator xCT, 
GPX4, GSH, and HNE.
(A–F) Western blot assay showed 
that compared with the SCI 
group, GPX4 and xCT levels 
remarkably increased, but HNE 
level noticeably decreased in the 
DFO group, which was similar 
to that of the sham group at 2 
and 7 days. Band intensities were 
analyzed using ImageJ software 
and normalized to β-actin or 
GAPDH. (G) GSH contents was 
analyzed at 2 and 7 days after 
SCI. Compared with the SCI 
group, GSH contents obviously 
decreased in the DFO group, 
which was similar to that of the 
sham group at 2 and 7 days. (H) 
Ferroptosis pathway. *P < 0.05, 
**P < 0.01, ***P < 0.001. Data 
are expressed as the mean ± SEM 
(n = 3; two-way analysis of vari-
ance followed by Tukey’s post hoc 
test). DFO: Deferoxamine; GAP-
DH: glyceraldehyde-3-phosphate 
dehydrogenase; GPX4: glutathi-
one peroxidase 4; GSH: glutathi-
one; HNE: 4-hydroxynonenal; 
ROS: reactive oxygen species; 
SCI: spinal cord injury; xCT: 
system Xc-light chain; ns: not 
significant; d: days.
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ing DFO treatment compared with the SCI group, as shown 
in representative hematoxylin-eosin staining micrographs. 
The spinal cord tissue sample from the sham group was in-
tact. DFO treatment therefore remarkably reduced second-
ary injury post SCI, as shown by increasing spared tissue, 
which was associated with improved hindlimb functional 
recovery (Figure 5).

DFO treatment increases the number of NeuN+ cells after 
SCI
To identify which neuronal cell type reacts to DFO treat-
ment, we examined the effect of DFO on neurons. The num-
ber of NeuN+ cells in the SCI group was decreased at 2 and 8 
weeks after injury compared with the sham group (P < 0.001;  
Figure 6). However, DFO increased the number of NeuN+ 
(neuronal nuclear antigen) cells (P < 0.001), which suggests 
that DFO treatment can protect neurons. Therefore, DFO 
has obvious effects on neuronal preservation. 

DFO treatment decreases GFAP expression after SCI
To determine whether DFO treatment affects glial cells after 
SCI, we examined the effect of DFO on activated astrocytes. 
GFAP is a marker of activated astrocytes. The number of 
GFAP+ astrocytes in the SCI group was larger than that in 
the sham group, which is indicative of robust gliosis at 8 
weeks post injury (P < 0.001; Figure 7). However, there were 
slightly more GFAP+ astrocytes in the DFO group than in 
the Sham group. This effect was more obvious at 8 weeks 

post injury. DFO significantly reduced gliosis (P < 0.001), 
which indicates that DFO did not increase scar tissue but 
preserved normal tissue. The effect of anti-gliosis of DFO 
was consistent with its effect on up-regulating GPX4. GPX4 
ablation also induced severe gliosis.  

Discussion
Neuronal cell death is a major event of SCI secondary inju-
ry (Huang et al., 2015; Liu et al., 2016). Although apoptosis 
is widely investigated in the pathogenesis of acute SCI, the 
caspase inhibitor, which limits apoptosis, has shown no 
benefits in SCI repair (Ozawa et al., 2002). The therapeutic 
strategies targeting currently known cell death pathways are 
largely ineffective. Our data indicate that ferroptosis provides 
an alternative interpretation of SCI secondary cell death. Our 
results demonstrated that, after SCI, mitochondria in the 
damaged tissue showed ferroptotic morphology, and mole-
cules of the ferroptosis pathway (xCT, GPX4, GSH, 4HNE) 
were altered after injury and rescued by DFO treatment. We 
also detected the expression profile of ferroptosis-specific 
mitochondria genes. 

Ferroptosis is correlated with secondary injury of SCI
In recent years, accumulating studies have reported the 
role of ferroptosis in the pathogenesis of neurodegenerative 
diseases. So far, the role of ferroptosis in SCI is unknown. 
Because the metabolism of iron and lipid is associated with 
SCI pathophysiology, we speculated that ferroptosis plays a 
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Figure 4 Effects of DFO on ferroptosis 
specific genes expression at 1 hour, 8 
hours, and 3 days after SCI.
(A) Real-time quantitative polymerase 
chain reaction showing ACSF2 gene lev-
els, which were normalized to those of 
the sham group. (B) Schematic map of 
the lipid metabolism-involved ACSF2. 
(C) Real-time quantitative polymerase 
chain reaction showing IREB2 gene lev-
els, which were normalized to those of 
the sham group. (D) Schematic map of 
the iron metabolism-involved IREB2. *P 
< 0.05, **P < 0.01, ***P < 0.001. Data 
are expressed as the mean ± SEM (n = 3; 
two-way analysis of variance followed by 
Tukey’s post hoc test). AA: Arachidonic 
acid; ACSF2: Acyl-CoA synthetase fam-
ily member 2; DFO: deferoxamine; IRE: 
iron responsive element; IREB2: iron-re-
sponsive element-binding protein 2; PE: 
phosphatidylethanolamines; SCI: spinal 
cord injury; Tf: transferrin; TfR1: trans-
ferrin receptor 1; h: hour(s); d: days.
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Figure 5 Effect of DFO treatment on 
histology following SCI. 
Images  of  hematoxy l in-  and eo-
sin-stained transverse spinal cord 
sections at the center of the injury 
were captured using an Olympus flu-
orescence microscope. Representative 
images of hematoxylin-eosin stained 
sections of the spinal cord at 2 and 
8 weeks post-surgery and that of the 
sham group. Scale bar: 50 μm. DFO: 
Deferoxamine; SCI: spinal cord injury.

Figure 6 Effects of DFO on NeuN immunofluorescence at 2 and 8 
weeks after SCI. 
Immunofluorescent images of NeuN+ cells in transverse sections were 
captured using a fluorescence microscope at the center of the injured 
spinal cord. (A) Representative fluorescence micrographs of NeuN 
(in red) staining and cell nuclei (in blue) in the injury epicenter. Scale 
bar: 50 μm. (B) Quantification of NeuN in the injury epicenter. ***P < 
0.001. Data are expressed as the mean ± SEM (n = 3; two-way analysis 
of variance followed by Tukey’s post hoc test). DAPI: 4′,6-Diamidi-
no-2-phenylindole; DFO: deferoxamine; NeuN: neuronal nuclear anti-
gen; SCI: spinal cord injury.

Figure 7 Effects of DFO on GFAP immunofluorescence at 2 and 8 
weeks after injury. 
Immunofluorescent images of GFAP+ cells in transverse sections were 
captured using a fluorescence microscope at the center of injured 
spinal cord. Scale bar: 50 μm. (A) Representative fluorescence micro-
graphs of GFAP (in green) staining and cell nuclei (in blue) in the 
injury epicenter. (B) Quantification of GFAP in the injury epicenter. 
*P < 0.05, ***P < 0.001. Data are expressed as the mean ± SEM (n = 3; 
two-way analysis of variance followed by Tukey’s post hoc test). DAPI: 
4′,6-Diamidino-2-phenylindole; DFO: deferoxamine; GFAP: glial 
fibrillary acidic protein; SCI: spinal cord injury.
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key role in secondary injury of traumatic SCI. 
In this study, the key factors in the ferroptosis pathway 

were involved in SCI pathology. The expression of GPX4 
and xCT was down-regulated upon SCI. We found that 
DFO treatment upregulated the Xc–/GPX4 axis, reducing 
GSH depletion and lipid perioxidation. However, further 
research is required to determine the spatial and temporal 
patterns of key ferroptosis regulators such as GPX4 in the 
secondary phase of SCI.

We observed ferroptotic mitochondrial changes upon SCI 
as decreased ridges, ruptured outer membranes, and reduced 
size. These data strongly support the view that ferroptosis 
occurs in damaged spinal cord tissue. We further explored 
the expression pattern of mitochondrial genes RPL8, IREB2, 
CS, ATP5G3, TTC35, and ACSF2, which have been identified 
as ferroptosis-specific genes. Inhibition of these six genes by 
siRNA reduces ferroptosis (Dixon et al., 2012). We examined 
all six genes and identified two (ACSF2 and IREB2) that were 
SCI-relevant. No significant changes in CS, PRL8, TTC35, 
or ATP5G3 mRNA levels were found at 1 hour, 8 hours, or 3 
days post SCI, whereas IREB2 and ACSF2 showed remarkable 
upregulation at 1 hour and 8 hours post SCI. The pathological 
processes of different diseases may have different expression 
profiles. Involvement of IREB2 further implicates the role of 
iron regulation in the pathogenesis of SCI. ACSF2 is associ-
ated with lipid metabolism (Watkins et al., 2007). We found 
IREB2 and ACSF2 changes in the acute phase of SCI, and that 
DFO downregulated these two genes. Further study is needed 
to understand the role of these two genes in the pathophysio-
logical process of SCI.

Mechanism of DFO in SCI repair is through ferroptosis 
inhibition
The effectiveness of DFO in SCI has received increasing 
attention. DFO is a safe drug and has been reported to be 
effective in rat models of SCI. Its mechanism has been re-
ported as reducing iron overload, reactive oxygen species 
production, inflammation, and gliosis. However, it remains 
unclear why iron chelation induces obvious regeneration. 
Translating DFO into a therapeutic application will require 
an understanding of how DFO works to promote tissue 
regeneration. The efficacy and safety of the iron chelator, 
deferiprone, have also been investigated in a clinical trial 
for Parkinson’s disease treatment (Martin-Bastida et al., 
2017a, b). 

Iron chelation by DFO can rescue ferroptosis induced by 
erastin in cancer cells (Dixon et al., 2012). A previous study 
found that the spinal cord had obviously intensified stain-
ing for GFAP+ astrocytes in Gpx4NIKO mice, as well as less 
staining for NeuN+ cells (Chen et al., 2015). Here, we report-
ed an increase in GPX4 expression in DFO treatment. The 
role of DFO on neuronal protection and gliosis reduction 
could be interpreted as the effect of upregulation of GPX4, 
the key regulator of ferroptosis. 

In the DFO group, the expression levels of xCT, GSH, and 
GPX4 were much higher than in the sham group; however, 
DFO treatment did not increase the levels of these factors 

in uninjured tissues (unpublished data). The mechanism of 
such robust upregulation requires further study.

DFO administration was given 30 minutes before SCI, be-
cause we aimed to increase plasma levels of DFO to prohibit 
iron overload post SCI. This administration is consistent 
with a previous report (Paterniti et al., 2010). The effective-
ness of DFO treatment identified ferroptosis as a novel ther-
apeutic target for SCI treatment, although the time window 
needs further study. 

In summary, DFO improved recovery of SCI by inhibition 
of the ferroptosis pathway in a contusion model of SCI. Our 
study revealed the role of ferroptosis in secondary injury of 
SCI and should encourage the development of novel thera-
peutics that specifically target ferroptosis.
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