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A B S T R A C T   

Motor neuron death is supposed to result in primary motor cortex atrophy after spinal cord injury (SCI), which is 
relevant to poorer motor recovery for patients with SCI. However, the exact mechanisms of motor neuron death 
remain elusive. Here, we demonstrated that iron deposition in the motor cortex was significantly increased in 
both SCI patients and rats, which triggered the accumulation of lipid reactive oxygen species (ROS) and resulted 
in motor neuronal ferroptosis ultimately. While iron chelator, ROS inhibitor and ferroptosis inhibitor reduced 
iron overload-induced motor neuron death and promoted motor functional recovery. Further, we found that 
activated microglia in the motor cortex following SCI secreted abundant nitric oxide (NO), which regulated 
cellular iron homeostasis-related proteins to induce iron overload in motor neurons. Thus, we conclude that 
microglial activation induced iron overload in the motor cortex after SCI triggered motor neuronal ferroptosis 
and impeded motor functional recovery. These findings might provide novel therapeutic strategies for SCI.   

1. Introduction 

Spinal cord injury (SCI) is a highly disabling neurological disorder 
that often leads to permanent motor and sensory function deficits. It not 
only has a devastating impact on the life of patients, but impose a great 
burden on families and society [1]. Despite progress in both basic and 
clinical research of SCI in recent years, there is still a lack of effective 
treatments for the recovery of motor function after SCI. 

Most previous studies have focused on the lesion site of SCI, but all 
strategies are far from satisfactory when translating to clinic [2]. 
Interestingly, our recent studies demonstrated that SCI causes significant 
structural atrophy and functional changes of the motor cortex in the 
early stage of disease [3,4]. Additionally, we further found that the 
degree of motor cortex atrophy after SCI was negatively correlated with 
the recovery level of motor function [5]. Hence, therapeutic strategies 
targeting structural and functional reorganization of the brain might be 
promising for SCI [6]. 

It was demonstrated that SCI can cause neuronal death in the motor 
cortex, which may be associated with atrophic changes of motor cortex 

following SCI [7,8]. The death of neurons in the motor cortex would 
presumably involve related axons (corticospinal tract), which may be an 
obstacle to achieve effective recovery from local treatment following SCI 
[9]. Although preventing the death of motor cortex neurons after SCI 
may be a potential strategy to promote the motor function recovery, the 
exact mechanism of neuronal death remains largely elusive. 

In 2012, Dixon et al. firstly reported a new form of regulated cell 
death in cancer cells, which is distinct from apoptosis, necrosis and 
autophagy, and termed it ferroptosis [10]. This nonapoptotic cell death 
is characterized by iron-mediated, which triggers the accumulation of 
lipid reactive oxygen species that resulting in cell death ultimately [10]. 
Subsequent studies showed that ferroptosis has significant implications 
in various neurologic disorders [11–15]. Interestingly, our previous 
research has demonstrated that microglia activation and iron accumu-
lation was induced by SCI in the brain [16,17]. Accordingly, these 
findings suggest that ferroptosis may be involved in the brain damage 
following SCI. 

Here, we investigated whether SCI-induced intracranial iron over-
load triggers neuronal ferroptosis in the motor cortex, thus impairing the 
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motor functional recovery, in an in vivo rat model of SCI and in vitro rat 
primary neurons. Moreover, we further explored the possible mecha-
nism of iron overload caused by SCI. 

2. Materials and methods 

2.1. Patient magnetic resonance imaging (MRI) 

The clinical study was approved by the medical ethics committee of 
Army Medical University (Chongqing, China), and all participants have 
given written informed consent. Susceptibility weighted imaging (SWI) 
was obtained from seventeen patients with SCI from the Department of 
Rehabilitation at the Southwest Hospital and sixteen healthy controls. 
The two groups were well-matched for age, gender, and years of edu-
cation. Clinical and demographic data from all participants are shown in 
Supplementary Table 1. And detailed clinical characteristics of all SCI 
cases are listed in Supplementary Table 2. MRI was performed on a 3.0 T 
MR scanner (TIM Trio, Siemens Healthcare, Erlangen, Germany) with a 
twelve-channel phase-array head coil. SWI were obtained using a high- 
resolution three-dimensional spoiled gradient-echo sequence with the 
following parameters: TR/TE = 56/42; flip angle = 20◦; section thick-
ness = 2 mm; field of view = 23 × 17 cm; and matrix size = 348 × 320. 
The method for the analysis of iron deposition is detailed in previously 
published article [18]. Specifically, all images were analyzed by two 
independent radiologists using SPIN software. The selection of region of 
interest (ROI) was performed manually on the slice that showed the 
largest area of motor cortex. The average Siemens Phase Unit (SPU) of 
ROI were obtained and converted into radians by the following equa-
tion: (SPU-2048) x π/2048. 

2.2. Animal preparation and groups 

One hundred and ninety-five female Sprague–Dawley (SD) rats 
(Army Medical University) weighing 250–300 g were used in the present 
experimentation. All rats were maintained under a 12 h light/dark cycle 
pathogen-free condition with free access to food and water. Animal use 
protocols were approved by the Animal Care and Use Committee of the 
Army Medical University. The experiments in vivo were performed in 3 
parts. In the first part, rats received SCI induction and were euthanized 
at days 1, 3, 7, 14 and 28 (n = 6 per time point) for iron content 
detection. In the second part, rats were randomly divided into Sham 
group, Vehicle group, deferoxamine (DFO) group, N-acetylcysteine 
(NAC) group and ferrostatin-1(Fer-1) group. DFO (5 mg/kg, diluted in 
saline, Sigma), NAC (40 μg/kg, diluted in saline, Sigma) and Fer-1 (40 
μg/kg, diluted with 0.01% DMSO in saline, Sigma) were administered 
through intraventricular injection weekly and vehicle group received 
corresponding dose of 0.01% DMSO in saline. In the third part, rats were 
randomly divided into Sham group, SCI group, Vehicle group, minocy-
cline (Mino) group and N(G)-nitro-L-arginine methyl ester (L-NAME) 
group. Minocycline (45 mg/kg, diluted in saline, Sigma) and L-NAME 
(50 mg/kg, diluted in saline, Sigma) were administered intraperitone-
ally weekly and vehicle group received corresponding dose of saline. 

2.3. SCI model 

The SCI model was induced via a clip-compression injury method as 
described previously [19]. Briefly, animals were anesthetized by intra-
peritoneal injection of pentobarbital (40 mg/kg). Using aseptic tech-
niques, the vertebral column of the rats was exposed through a dorsal 
midline incision. After a T9 laminectomy, the spinal cord was com-
pressed by a clip (50-g closing force) for 60 s to induce SCI. The sham 
control rats underwent the same procedure but no compression. Treat-
ment rats received intraventricular injections sequentially, others were 
allowed to recover after surgical incision closure. All rats underwent 
manual bladder expression twice daily until the recovery of bladder 
control. 

2.4. Intraventricular injection 

Intraventricular injections were performed according to our previous 
method [20]. After anesthetized as previously mentioned, rats were 
transferred to a stereotactic frame. A 29-gauge needle was inserted into 
the right lateral ventricle (coordinates: 0.6 mm posterior, 4.5 mm 
ventral, and 1.6 mm lateral to the bregma) through a cranial hole drilled 
previously. The burr hole was plugged with bone wax followed by 
closing of skin incision. 

2.5. Primary cultures of cortical neurons and drug treatments 

Primary cortical neurons were generated from embryos of SD rats at 
embryonic day 20–21. Cerebral cortices were rapidly dissected and 
minced into small pieces. Then tissues were incubated in 0.25% trypsin 
((Invitrogen) with 0.5 mg/ml DNase I (Roche) at 37 ◦C for 15 min. Next, 
the tissues were triturated with pipettes in Dulbecco’s modified Eagle’s 
medium (DMEM, Invitrogen) containing 10% fetal bovine serum. After 
trituration, tissue suspension was filtered through a strainer and 
centrifuged at 500 rpm for 5 min. Finally, the precipitated cortical 
neurons were cultured in neurobasal medium (Invitrogen) with 2% B27 
Supplement, L-glutamine (1 μM), penicillin (100 U/ml) and strepto-
mycin (0.1 mg/ml). The primary cortical neurons were cultured to day 9 
for treatment. In the first part, cultured cortical neurons were treated 
with different concentrations (10, 50, 100 and 150 μM) of ferric 
ammonium citrate (FAC, Sigma) for 24 h to choose appropriate dose to 
establish an in vitro iron overload model. Then cortical neurons were 
treated with selected concentration of FAC with or without gradient 
concentrations of DFO (50, 100, 150 and 200 μM), NAC (10, 100, 200 
and 500 μM) and Fer-1 (5, 10, 15 and 20 μM). Or cortical neurons were 
treated with RSL3 (5 μM) [21], with or without FAC and Fer-1. In the 
second part, cultured cortical neurons were incubated in the absence or 
presence of 250 μM (Z)-1-[N-(2-aminoethyl)-N-(2-ammonioethyl) 
amino]diazen-1-ium-1,2-diolate (DETA NONOate, Cayman), a NO 
donor, for 24 h. The concentration of DETA NONOate was chosen based 
on the previous study [22]. 

2.6. Cell viability assay 

Cell viability was measured using Cell Counting Kit-8 (CCK8, Beyo-
time) according to the manufacturer’s instructions. The optical density 
(OD) was assessed at a wavelength of 450 nm. 

2.7. Motor cortex iron content assay 

The iron content of the primary motor cortex (M1) was determined 
by colorimetric ferrozine-based assay with some modifications [23]. 
Briefly, after perfused transcardially with ice-cold PBS, the motor cortex 
was cut and weighed. Then the tissue was homogenized and 1 ml HCL 
(8.5 M) was added. The mixed sample was hydrolyzed at 95 ◦C for 1 h. 
After cooling to room temperature, 2 mL trichloroacetic acid (20%) was 
added to precipitate protein. Then sample was centrifuged and super-
natant (220 μl) was mixed with 60 μl iron detection reagent (6.5 mM 
ferrozine, 6.5 mM neocuproine, 2.5 mM ammonium acetate, and 1 M 
ascorbic acid in H20). The absorbance was measured at 562 nm 30 min 
latter and iron concentration was calculated by comparing to a standard 
curve. Iron concentrations were expressed as μg/g brain tissue. 

2.8. Immunofluorescence 

After deeply anesthetized, rats were perfused transcardially with ice- 
cold PBS and brains were collected. After fixed, dehydrated and 
embedded, brains were cut into 20-μm-thick coronal slices using a 
cryostat. Similarly, cultured neurons were harvested and fixed. Then 
slices or cultured neurons were blocked in 10% goat serum for 1 h at 
room temperature and then incubated with primary antibody against 
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Iba-1 (Wako, Japan) or microtubule-associated protein 2 (Map2; 
Abcam) at 4 ◦C overnight. After washed with phosphate-buffered solu-
tion (PBS), samples were incubated with appropriate secondary anti-
body at 37 ◦C for 3 h and cell nuclei were stained with DAPI. Stained 
sections were examined and images were captured using a confocal 
microscope (LSM-780; Zeiss). 

2.9. Nissl staining 

The prepared coronal brain sections were washed with distilled 
water and incubated in Nissl staining solution (Beyotime) for 10 min at 
37 ◦C. Then sections were washed twice with distilled water for a few 
seconds, and dehydrated in turn with 95% and 100% ethanol for 3 min. 
After cleared with xylene for 5 min and sealed, stained sections were 
examined under a light microscope. 

2.10. Stereological analysis 

The number of Nissl-positive neurons in the motor cortex was ste-
reologically estimated. 

20-μm-thick coronal sections were serially cut throughout a certain 
region of the M1 (from -1.00 to 1.00 relative to bregma). Every tenth 
section was processed for Nissl staining. The estimated number of Nissl- 
positive neurons in each selected section was divided by the area of the 
region of interest to calculate cellular density expressed in cells/mm2. 

2.11. Western blot analysis 

Western blot (WB)analysis was performed as previously described 
[20]. Briefly, brains were removed immediately after anesthetization 
and decapitation were performed. Samples were collected from the 
object region of brains and lysed in RIPA buffer containing protease and 
phosphatase inhibitors (Sigma). Then protein extract was obtained after 
centrifugation. Equal amounts of protein (40 mg) were loaded onto each 
lane of SDS-PAGE gels. After gel electrophoresis, proteins were trans-
ferred onto nitrocellulose membranes (Millipore) and blocked in nonfat 
milk at room temperature for 2 h. Then membranes were incubated in 
primary antibodies at 4 ◦C for 24 h and incubated in appropriate sec-
ondary antibodies at room temperature for 1 h subsequently. The 
following antibodies were used: Iba-1(Wako), iron regulatory protein 1 
(IRP1, ZenBioScience), divalent metal transporter 1 (DMT1, MyBio-
Source), transferrin receptor1 (TfR1, ZenBioScience), ferritin (MyBio-
Source), ferroportin1 (Fpn1, MyBioSource), β-actin (ZenBioScience) and 
β-tubulin (ZenBioScience). Protein bands were visualized using 
nickel-intensified DAB solution, and band densitometry analysises were 
performed using Image J software (National Institutes of Health). The 
housekeeping proteins β-actin or β-tubulin were used as a loading 
control. 

2.12. ROS production assay 

ROS production was determined by flow cytometry using the fluo-
rescent probe 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA, 
MedChemExpress). After deeply anesthetized, rats were perfused 
transcardially with ice-cold PBS and M1 was harvested to obtain single- 
cell suspensions. Cultured primary cortical neurons were harvested by 
trypsinization after corresponding treatments. Cells were incubated 
with H2DCFDA (25 μM) at 37 ◦C for 30 min. After washed with PBS, cells 
were resuspended and analyzed by a flow cytometer (FACSuite, BD 
Biosciences). 

2.13. Lipid peroxidation assay 

Lipid peroxidation in brain homogenates was quantified using the 
malondialdehyde (MDA) assay kit (Beyotime) according to the manu-
facturer’s instructions. Lipid peroxidation in cultured primary cortical 

neurons was analyzed using Liperfluo (Dojindo) or C11-BODIPY (581/ 
591) (Invitrogen). After corresponding treatments and harvested by 
trypsinization, cells were incubated with Liperfluo (5 μM) or C11- 
BODIPY (581/591) (1 μM) at 37 ◦C for 30 min. Then cells were 
washed, resuspended and analyzed by a flow cytometer (FACSuite, BD 
Biosciences). 

2.14. Nitric oxide (NO) assay 

NO levels in M1 after SCI was tested using a NO assay kit (Beyotime) 
according to the manufacturer’s instructions. The results were normal-
ized to the protein concentration of each sample and expressed as nmol/ 
mg protein. 

2.15. Locomotion tests 

Locomotor function was assessed using the Basso, Beattie and Bres-
nahan (BBB) locomotor test on day 1, 7, 14, 21,28 days after the oper-
ation [24]. Rats were placed in an open field area to move freely for 5 
min and were observed by two blinded evaluators to evaluate motor 
function. The average score was calculated and finally taken. 

2.16. Electrophysiological assessment 

Motor evoked potentials (MEPs) was performed to evaluate the 
functional integrity of spinal pathways as previous described [25]. Rats 
were anesthetized with 1% pentobarbital sodium (20 mg/kg) intraper-
itoneally. One monopolar needle electrode was inserted subcutaneously 
at the base of the nose to act as the anode. Another electrode was 
inserted subcutaneously at the midpoint of the line between two ears, 
with its tip touching the bone, to act as the cathode. The recording 
electrode was inserted into the gastrocnemius muscle and the ground 
electrode was inserted subcutaneously at the base of the tail. A single 
electrical pulse (10 mA, 0.1 ms, 1 Hz) was delivered to excite the brain 
and the amplitude of MEPs was recorded. 

2.17. Transmission electron microscope 

Rats were perfused with 2% paraformaldehyde and 2% glutaralde-
hyde in 0.1 M sodium cacodylate. Brain samples were collected from 
removed brains and cut into sections (70–90 nm). Cultured primary 
neurons were fixed 2% glutaraldehyde in 0.1 M sodium cacodylate and 
cell samples were collected. After post-fixed in 2% osmium tetroxide, 
both brain and cell samples were stained with 2% uranyl acetate, 
dehydrated in ethanol, and then embedded in eponate. Finally, samples 
were placed on copper slot grids followed by stained with 2% uranyl 
acetate and lead citrate. Images were captured using transmission 
electron microscope (7600; Hitachi, Japan). 

2.18. Real-time quantitative polymerase chain reaction 

Total RNA was extracted from either brain tissue or cell cultures 
using the PureLink RNA kit (Thermo Fisher Scientific). Then quantita-
tive PCR was performed using SYBR Green master mix (Life Technolo-
gies) according to the manufacturer’s instructions. The following 
sequences of the primers were used: Ptgs2, forward, 5′-GGCCTCCATT-
GACCAGA-3′, reverse, 5′-CAGGGAGAAGCGTTTGC-3’; Gpx4, forward, 
5′-GGACCTGCCGTGCTATCT-3′, reverse, 5′-GGCCTCTGGACCTTCCTC- 
3’; Fsp1 (Aifm2), forward, 5′-CATAGCATGAGACCAAGGG-3′, reverse, 5′- 
GAGGGAAGGAAAGAAGACG-3’; β-Actin, forward, 5′- CCCATCTAT-
GAGGGTTACGC-3′, reverse, 5′-TTTAATGTCACGCACGATTTC-3’. Rela-
tive expression was normalized to β-Actin and calculated using 2− ΔΔCT. 

2.19. Statistical analysis 

All statistical analysis was performed by GraphPad Prism 6.0. Two 
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group comparisons were made by Student’s t-test. Multigroup compar-
isons were analyzed using one-way analysis of variance (ANOVA) fol-
lowed by Bonferroni post hoc test. Data are expressed as mean ±
standard deviation (SD) and P＜0.05 was defined as statistical 
significance. 

3. Results 

3.1. SCI induces iron overload in the motor cortex 

Brain iron concentration of humans was evaluated by SWI, a sensi-
tive sequence for iron detecting, as previous described [18]. Iron 
deposition in the motor cortex, the region of interest shown in Fig. 1A, of 
patients with SCI was increased significantly compared to healthy con-
trols (Fig. 1B). Consistent with the clinical results, we further demon-
strated iron content in the motor cortex of rats increased gradually 
following SCI (Fig. 1C). These findings suggest that SCI induces iron 
overload in the motor cortex. 

3.2. Iron overload causes ROS accumulation, lipid peroxidation, 
shrunken mitochondria and dysregulation of ferroptosis-related genes 

We further determined if SCI induced iron overload causes ferrop-
tosis. As the hallmarks of ferroptosis, ROS accumulation and lipid per-
oxidation were assayed by fluorescent probe H2DCFDA and MDA assay 
kit, respectively. It was demonstrated that both ROS and lipid peroxi-
dation increased significantly in the motor cortex 4w after SCI, which 
was suppressed by iron chelator DFO, ROS inhibitor NAC and ferroptosis 
inhibitor Fer-1 (Fig. 2A, B and C). We next detected mitochondria 
morphological characteristics using transmission electron microscope. 
Large number of shrunken mitochondria were observed in M1 of SCI 
group, which was ameliorated by DFO, NAC and Fer-1 (Fig. 2D). Fer-
roptosis-related genes were evaluated by qRT-PCR. The expression of 
Ptgs2 was upregulated but partially reversed by DFO, NAC and Fer-1 
after SCI (Fig. 2E). While the expression of Gpx4 was downregulated 
and partially reversed by Fer-1 (Fig. 2E). The expression of Fsp1 was not 
changed significantly following SCI (Fig. 2E). 

To further validate whether iron overload contributes to neuronal 
ferroptosis, primary cortical neurons were treated with FAC after purity 
identification (Supplementary Fig. 1). We first treated neurons with 

gradient concentrations of FAC (10, 50, 100 and 150 μM) and selected 
appropriate concentration (100 μM) to use in the subsequent experi-
ments according to cell viabilities (Supplementary Fig. 2A). Then we 
chose the appropriate concentrations of DFO (100 μM), NAC (200 μM) 
and Fer-1 (10 μM) using concentration gradient experiments (Supple-
mentary Fig. 2B, C and D). Consistent with the results of in vivo 
experiment, ROS and lipid peroxidation were observed to increase 
significantly, which were evaluated by fluorescent probes H2DCFDA 
and Liperfluo, respectively (Fig. 3A and B). And both accumulation of 
ROS and lipid peroxidation were alleviated when treated neurons with 
DFO, NAC or Fer-1 simultaneously (Fig. 3A and B). Similarly, FAC 
treatment resulted in obvious shrunken mitochondria, upregulation of 
Ptgs2 expression and downregulation of Gpx4 expression, which were 
ameliorated by DFO, NAC or Fer-1 treatment (Fig. 3C and D). While Fsp1 
expression was not changed significantly (Fig. 3D). Considering the well- 
established pivotal role of GPX4 in ferroptosis, we treated cortical 
neurons with GPX4 inhibitor (RSL3) to establish a link between SCI and 
ferroptosis more sufficiently. Like FAC treatment, RSL3 induced signif-
icant cell death (Supplementary Fig. 3A) and lipid peroxidation (Sup-
plementary Fig. 3B) in neurons, which were evaluated by CCK8 and 
fluorescent probe C11-BODIPY (581/591) respectively. What’s more, 
the expression of Ptgs2 was also upregulated after RSL3 treatment, 
which was alleviated significantly by Fer-1 (Supplementary Fig. 3C). 
While Fer-1 alone did not influence the cell viability and expression 
levels of Ptgs2 and Gpx4 (Supplementary Fig. 3A, C and D). Hence, both 
in vivo and in vitro experimental results suggest that SCI induced iron 
overload causes neuronal ferroptosis. 

3.3. Inhibition of iron overload induced ferroptosis ameliorates neuronal 
death, improves integrity of motor pathway and locomotor recovery after 
SCI 

We investigated the number of neurons in the motor cortex using 
Nissl staining. Stereological analysis results indicated that the number of 
Nissl-positive neurons decreased following SCI. As expected, DFO, NAC 
and Fer-1treatment significantly increased the number of neurons 
(Fig. 4A and B). The functional integrity of motor pathway was evalu-
ated by MEPs. The amplitude of MEPs markedly reduced after SCI, 
which rebounded following DFO, NAC and Fer-1treatment (Fig. 5A and 
B). Then BBB test was performed to evaluate locomotor function. 

Fig. 1. SCI induces iron overload in the motor cortex. 
(A) Axial SWI phase image showing the regions of 
interest used in the quantitative analysis of iron 
content. (B) Phase shift values in the motor cortex of 
healthy controls (n = 16) and SCI patients (n = 17). 
Data are presented as means ± SD (*P < 0.05 versus 
control). (C) The iron content in the primary motor 
cortex (M1) of rats over time (1 day, 1, 2, 3 and 4 
week) after SCI. Data are presented as means ± SD of 
n = 4 (*P < 0.05 and **P < 0.01versus sham).   
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Consistent with MEPs results, locomotor function severely impaired in 
SCI group, while DFO, NAC and Fer-1treatment significantly promoted 
functional recovery (Fig. 5C). Taken together, our results suggest that 
inhibiting ferroptosis by DFO, NAC and Fer-1 ameliorates neuronal 
death in the motor cortex, thus improves integrity of motor pathway and 
locomotor recovery after SCI. 

3.4. SCI leads to iron metabolism dysfunction by elevating NO, which was 
released from activated microglia 

Finally, we explored possible mechanism of how SCI induces iron 
overload in the motor cortex. Consistent with our previous study [17], 
we observed obvious microglia activation in the motor cortex after SCI, 
which was prevented by minocycline treatment (Fig. 6A, B and C). 
Unsurprisingly, activated microglia secreted abundant NO, and both 

Fig. 2. Iron overload causes reactive oxygen species (ROS) accumulation, lipid peroxidation, shrunken mitochondria and dysregulation of ferroptosis-related genes 
after SCI. (A) and (B) ROS production in M1 4w after SCI was assessed by flow cytometry using H2DCFDA. Data are presented as means ± SD of n = 3 (****P <
0.0001 versus vehicle). (C) Lipid peroxidation in M1 after SCI was assessed by malondialdehyde (MDA) assay kit. Data are presented as means ± SD of n = 6 (*P <
0.05 and **P < 0.01 versus vehicle). (D) Transmission electron microscopy (TEM) and (E) mRNA expression of ferroptosis-related genes (Ptgs2, Gpx4 and Fsp1) of M1 
after SCI. Data are presented as means ± SD of n = 6 (NS = no significance; *P < 0.05 and **P < 0.01 versus vehicle). White arrowheads, shrunken mitochondria. 
Scale bars = 2 μm (above) or 500 nm (below). 
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minocycline and L-NAME treatment reduced NO level in the motor 
cortex (Fig. 6D). We next investigated iron metabolism-related proteins 
in the motor cortex by WB. We found increased expression of iron reg-
ulatory protein 1 (IRP1), divalent metal transporter 1 (DMT1) and 
transferrin receptor1 (TfR1) after SCI, that were all prevented by min-
ocycline and L-NAME treatment (Fig. 7A, B, C and D). On the contrary, 
the expression of ferritin was decreased in SCI, but upregulated by 
minocycline and L-NAME (Fig. 7A and E). The expression of ferroportin1 
(Fpn1) was increased after SCI, but was not significantly changed by 
neither minocycline nor L-NAME (Fig. 7A and F). And both minocycline 
and L-NAME significantly ameliorated SCI finally (Supplementary Fig. 4 
A). 

To further confirm whether NO contributes to iron dyshomeostasis 
via regulating iron metabolism-related proteins in vitro, we treated 

primary cortical neurons with NO donor. Consistent with results in vivo, 
superfluous NO up-regulated the expression of IRP1, DMT1 and TfR1, 
but down-regulated the expression of ferritin (Fig. 8A, B, C, D and E). 
The expression of Fpn1 was not significantly affected (Fig. 8A and F). 
What’s more, superfluous NO finally triggered neuronal ferroptosis, that 
was alleviated by Fer-1(Supplementary Fig. 4 B, C and D). Therefore, our 
findings indicate that activated microglia secrete superfluous NO, which 
disturbs the expression of iron metabolism-related proteins and finally 
results in iron overload in the motor cortex after SCI. 

4. Discussion 

We have shown that intracranial iron overload induced by SCI 
caused neuronal ferroptosis in the motor cortex in in vivo and in vitro. 

Fig. 3. Iron overload causes reactive oxygen species 
(ROS) accumulation, lipid peroxidation, shrunken 
mitochondria and dysregulation of ferroptosis-related 
genes in primary cortical neurons. (A) ROS produc-
tion and (B) lipid peroxidation in cultured primary 
cortical neurons treated with or without ferric 
ammonium citrate (FAC, 100 μM), deferoxamine 
(DFO, 100 μM), N-acetylcysteine (NAC, 200 μM) and 
ferrostatin-1(Fer-1, 10 μM) was assessed by flow 
cytometry using H2DCFDA and Liperfluo, respec-
tively. (C) TEM and (D) mRNA expression of ferrop-
tosis-related genes (Ptgs2, Gpx4 and Fsp1) of primary 
cortical neurons treated with or without FAC (100 
μM), DFO (100 μM), NAC (200 μM) and Fer-1 (10 
μM). Data are presented as means ± SD of n = 3 (NS 
= no significance; *P < 0.05, **P < 0.01, ***P <
0.001 and ****P < 0.0001 versus FAC). White ar-
rowheads, shrunken mitochondria. Scale bars = 2 μm 
(above) or 500 nm (below).   
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Moreover, inhibition of ferroptosis diminished neuronal death and 
promoted motor functional recovery after SCI. Furthermore, we have 
demonstrated that iron metabolism dysfunction in the motor cortex 
following SCI was associated with increased IRP1, DMT1 and TfR1ex-
pression and decreased Ferritin expression, which was regulated by 
elevated levels of NO released from activated microglia. These findings 
indicate that inhibition of neuronal ferroptosis in the motor cortex might 
be a promising strategy to promote the motor function recovery after 
SCI. 

Iron overload in the brain involves in the pathogenesis of various 
neurological disorders, including stroke, traumatic brain injury and 
neurodegenerative diseases [26–28]. Abnormal intracellular iron accu-
mulation damages carbohydrates, lipids, proteins and DNA through 
generating free radicals and oxidative stress, which can induce cellular 
death subsequently [29]. Present study corroborates our previous 
finding, demonstrating that SCI causes iron overload in the motor cortex 
in both humans and animals. It highlights the unshrinkable re-
sponsibility of iron overload in the pathogenesis of SCI. 

Excessive intracellular iron can cause mitochondrial damage and 
generation of reactive oxygen species (ROS) via Fenton reaction [30,31]. 
Accumulation of ROS will react with the polyunsaturated fatty acids 
(PUFAs) of lipid membranes to induce lethal lipid peroxidation, that 
triggers the non-apoptotic form of cell death named ferroptosis [10,31, 
32]. Moreover, iron was reported to promote production of lipid ROS via 
iron-catalyzed enzymatic manner and iron-containing lipoxygenases 
(LOXs) [33]. Consistent with previous findings, we detected 
iron-induced accumulation of lipid ROS both in the motor cortex of SCI 
rats and in primary neurons treated with FAC in our present study. 

Ferroptosis is a newly discovered type of cell death that has attracted 
tremendous attention since discovered [34]. It is obviously distinct from 
other types of cell death biochemically, morphologically and genetically 
[10,35]. Correlating with its biological process described above, fer-
roptosis is characterized by iron-dependent accumulation of lethal lipid 
ROS biochemically [10]. Morphologically, we observed shrunken 
mitochondria with increased membrane density under TEM in both in 
vivo and in vitro, which was consistent with previous reports [10,36]. 
Ferroptosis was demonstrated to be regulated by a distinct set of genes, 
including Ptgs2, Gpx4, Fsp1 and so on [10,37–39]. Ptgs2, a gene that 
encodes cyclooxygenase-2 (COX-2), was significantly upregulated dur-
ing ferroptosis [37]. Moreover, expression of Ptgs2 was reported to be 
upregulated in brain after stroke and traumatic brain injury (TBI) [11, 
40]. This is in agreement with our present study demonstrating that 
Ptgs2 was upregulated in the motor cortex after SCI. These findings 
indicate that Ptgs2 is closely related to ferroptosis [37,41]. Glutathione 
peroxidase 4 (GPX4) is a selenoprotein that considered to be a central 
regulator of ferroptosis [35,37,42]. By converting toxic lipid hydroper-
oxides to non-toxic lipid alcohols, GPX4 effectively prevents ferroptosis 
[43]. And Ishraq et al. showed that driving the expression of Gpx4 via 
selenium supplementation protects neurons from ferroptosis and im-
proves behavior in stroke [13]. Likewise, we found that Gpx4 expression 
was decreased after SCI, and regulating Gpx4 might be a promising 
therapeutic option for neurological disorders associated with ferropto-
sis, including SCI. Ferroptosis suppressor protein 1 (Fsp1), known as 
apoptosis-inducing factor mitochondrial 2 (Aifm2) previously, was 
identified as a ferroptosis suppressor that acts in parallel to Gpx4 in two 
back-to-back studies by Bersuker et al. [39] and Doll et al. [38] in 2019. 
Functioning as an NADH-dependent oxidoreductase, Fsp1 reduces co-
enzyme Q10 to suppress lipid peroxidation, thus preventing ferroptosis 
[38,39]. Although the Fsp1 expression was not significantly changed 

Fig. 4. Inhibition of ferroptosis ameliorates neuronal death after SCI. (A) Nissl 
staining in M1 following SCI. (B) Stereological analyses of Nissl-positive neu-
rons in M1. Data are presented as means ± SD of n = 3 (*P < 0.05 
versus vehicle). 

Fig. 5. Inhibition of ferroptosis improves integrity of 
motor pathway and locomotor recovery after SCI. (A) 
Representative recording of Motor evoked potentials 
(MEPs) from each group. Scale: 5 mV/10 ms. (B) The 
amplitudes of MEPs of each group. Data are presented 
as means ± SD of n = 6 (*P < 0.05 and **P < 0.01 
versus vehicle). (C) The BBB scores of each group at 
different time points. Data are presented as means ±
SD of n = 6 (**P < 0.01 sham versus vehicle, &P <
0.05 and &&P < 0.01 DFO versus vehicle, #P < 0.05 
and ##P < 0.01 NAC versus vehicle, $P < 0.05 and $ 
$P < 0.01 Fer-1 versus vehicle).   
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after SCI, its up-regulation might be beneficial. And considering the 
extensive involvement of iron-dependent ferroptosis in neurological 
disorders, identification of FSP1 might offer novel neuroprotective 
treatments [44]. 

It was reported that spinal cord injury causes apoptosis of neurons in 
the motor cortex [7]. In the present study, we found that iron overload 
induced neuronal ferroptosis in the in the motor cortex also leads to 
significant decrease in the number of surviving neurons. More inter-
estingly, it is extremely likely to be the reason of motor cortex atrophy 

after SCI [3,5]. When neuronal ferroptosis was prevented, motor re-
covery was significantly promoted. This is in agreement with our pre-
vious study, demonstrating that motor recovery after SCI is related to 
brain cortical thickness [5]. 

Intracellular iron homeostasis in the brain is elaborately regulated by 
a full complement of iron proteins, including iron regulatory proteins 
(IRPs), divalent metal transporter 1 (DMT1), transferrin receptors 
(TfRs), ferritin and ferroportin1 (Fpn1) [45]. Neurons uptake iron 
through TfRs and DMT1, and then store it in ferritin or export it through 

Fig. 6. SCI activates microglia to secrete NO in M1. 
(A) Representative images of Iba1(+) microglia (red) 
in M1 of each group. Nuclear was marked with DAPI 
(blue). (B) Representative Western blot bands and (C) 
quantitative analyses of Iba1 in M1 of each group. 
Data are presented as means ± SD of n = 6 (**P <
0.01 sham versus SCI, #P < 0.05 Mino versus 
vehicle). (D) NO levels in M1 of each group. Data are 
presented as means ± SD of n = 6 (**P < 0.01 sham 
versus SCI, #P < 0.05 Mino and L-NAME versus 
vehicle). . (For interpretation of the references to 
color in this figure legend, the reader is referred to the 
Web version of this article.)   

Fig. 7. SCI induced NO elevation disturbs the expression of iron metabolism-related proteins in M1. (A) Representative Western blot bands and quantitative analyses 
of (B) IRP1, (C) DMT1, (D) TfR1, (E) ferritin and (F) Fpn1 of each group. Data are presented as means ± SD of n = 6 (NS = no significance; **P < 0.01 sham versus 
SCI, #P < 0.05 and ##P < 0.01 Mino and L-NAME versus vehicle). 
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Fpn1 [29,45]. The IRPs-iron responsive elements (IREs) system modu-
lates intracellular iron metabolism via regulating translation of iron 
proteins above [46]. NO is a recognized free radical that can disturb 
cellular iron homeostasis by modulating IRP1-IRE signaling pathway 
[47]. Elevated NO, that was released from activated microglia, was 
supposed to be a causative factor of iron overload in various neurolog-
ical disorders [47–49]. Moreover, iron accumulation in turn promotes 
microglia activation to aggravate damage [17]. In the current study, 
microglia reactivation and proliferation in the motor cortex was evoked 
after SCI, which was accompanied by elevated levels of NO. As expected, 
the expression of IRP1, TfR1 and DMT1 was increased while ferritin was 
decreased. We further tested the regulatory activity of NO on iron pro-
teins in primary neurons treated with NO donor and obtained consistent 
results. And both treatment with minocycline (a microglia activation 
inhibitor) and L-NAME (a NO synthase inhibitor) reversed dysregulation 
of iron metabolism-related proteins and prevented iron overload in 
brain following SCI. Finally, NO induced iron overload triggers neuronal 
ferroptosis, which was alleviated by Fer-1. In addition to induce fer-
roptosis demonstrated in present study, NO was reported to contributed 
to various forms of neuronal death, including necrosis, apoptosis and so 
on [50]. This may be why Fer-1 could not prevent NO induced neuronal 
death adequately. 

Continuing to our previous studies which indicated SCI induced 
motor cortex atrophy limits the functional recovery, the present work 
explored the potential mechanism of motor cortex atrophy caused by 
SCI. Iron overload induced neuronal ferroptosis reduces the number of 
neurons in the motor cortex, which is finally manifested as structural 
atrophy. Notably, as the ferroptosis of neurons, the corresponding axons 
will die as well [51]. This might be the reason why current therapeutic 
approaches that target for the injured spinal cord are far from satisfac-
tory. Thus, therapeutic strategies focus on both injured spinal cord and 
brain is speculated to be the future of spinal cord injury treatment. 

In summary, the present study revealed iron overload in the motor 
cortex, which was induced by NO released from activated microglia via 
regulating iron metabolism-related proteins, triggers neuronal ferrop-
tosis to inhibit motor functional recovery after SCI. Therefore, our 
findings demonstrate that preventing iron-dependent neuronal ferrop-
tosis in the motor cortex may be a potential therapeutic treatment for 
promoting motor functional recovery after SCI. Further studies are 
needed to investigate whether it is also effective in other SCI models and 
humans, and to understand the exact molecular mechanism involved in 
iron-induced neuronal ferroptosis in SCI. 
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