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Abstract
Spinal cord injury (SCI) usually introduces permanent or long-lasting neurological impairments. Maintaining the integrity 
of the limited number of white matter bundles (5–10%) preserves wholly or partially locomotor following SCI. Considering 
that the basic structure of white matter bundles is axon wrapped by oligodendrocytes, promoting oligodendrocytes survival 
might be a feasible strategy for reducing white matter injury (WMI) after SCI. Oligodendrocytes are rich in unsaturated 
fatty acid and susceptible to ferroptosis-induced damage. Hence, exploring method to reduce ferroptosis is supposed to 
expedite oligodendrocytes survival, thereafter mitigating WMI to facilitate functional recovery post-SCI. Here, the results 
indicated the administration of hepcidin reduced iron accumulation to promote oligodendrocytes survival and to decrease 
spinal cord atrophy, therefore facilitating functional recovery. Then, the WMI was evidently decreased owing to attenuating 
ferroptosis. Subsequently, the results revealed that the expression of divalent metal transporter 1 (DMT1) and transferrin 
receptor (TfR) was expressed in CC1+ cells. The expression level of DMT1 and TfR was significantly increased, while this 
phenomenon was obviously neutralized with the administration of hepcidin in the epicenter of spinal cord after SCI. After-
ward, the application of hepcidin downregulated reactive oxygen species (ROS) overload, which was evidently increased 
with the treatment of 20 μM FeCl3, therefore increasing cell viability and reducing lactate dehydrogenase (LDH) activity 
through downregulating the expression of DMT1 and TfR to inhibit ferroptosis in oligodendrocyte progenitor cells (OPCs). 
The present study provides evidence that the application of hepcidin facilitates oligodendrocytes survival to alleviate WMI 
via reducing the expression of DMT1 and TfR.
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DMEM	� Dulbecco’s modified Eagle’s medium
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CCK8	� Cell counting kit-8
dMBP	� Degraded myelin basic protein
APP	� Amyloid precursor protein
AD	� Alzheimer’s disease
HRP	� Horseradish peroxidase
RT-qPCR	� Reverse transcription-quantitative polymerase 

chain reaction
FSP1	� Ferroptosis suppressor protein 1 (FSP1)

Introduction

Spinal cord injury (SCI), a devastating disorder with serious 
neurological deficits and a small chance of recovery, usually 
introduces permanent or long-lasting neurological impair-
ments [1, 2]. The pathology of neurological deficits ascribes 
to primary and secondary injury. The effective therapy for 
primary injury is surgery, while the mechanism of second-
ary injury is complicated. Therefore, targeting secondary 
injury is a feasible regimen for improving neurological 
deficits after SCI. Our previous studies have found out a 
series of therapeutic candidates targeting secondary damage, 
including reducing glial scar formation and enhancing axon 
rehabilitation through the administration of curcumin, anti-
sense vimentin cDNA combined with chondroitinase ABC 
[3–5], decreasing neuronal loss by blocking acid-sensing 
ion channel 1a (ASIC 1a) [6] or activating G-protein cou-
pled estrogen receptor 1 (GPER1) [7, 8], and suppressing 
complement C5a [9]. Cell replacement therapy including 
promoting endogenous neural stem cell (NSC) differentia-
tion into neurons [10, 11] and the transplantation of human 
umbilical cord mesenchymal stem cell (MSC) [12] shows 
some beneficial performance in SCI model. However, the 
therapeutic effect is still far from ideal, suggesting that 
more mechanisms related to secondary injury need to be 
elucidated.

Our previous studies have mainly focused on the research 
of neuronal damage, survival and regeneration of neurons. 
However, recent studies have indicated that maintaining 
the integrity of limited number of white matter bundles 
(5–10%) could preserve wholly or partially locomotor dur-
ing the acute and/or chronic stage of SCI [13–15]. Given that 
the basic structure of white matter bundles is axon wrapped 
by oligodendrocytes, promoting oligodendrocytes survival 
is a feasible strategy for preserving the integrity of white 
matter bundles to reduce white matter injury (WMI) after 
SCI. Oligodendrocytes, the main neural subtype respon-
sible for surrounding axons in the central nervous system 
(CNS), are rich in unsaturated fatty acid [4] and susceptible 
to ferroptosis-induced damage [16]. Ferroptosis, a form of 
nonapoptotic form of cell death, is characterized by iron-
dependent lipid peroxidation, and ferroptotic cells exhibit 
shrunken mitochondria, smaller mitochondrial area, and 

increased membrane density [17, 18]. Previous studies have 
demonstrated ferroptosis is a common pathology resulting 
from iron and reactive oxygen species (ROS) overload in the 
epicenter of spinal cord following SCI [17, 19, 20]. Herein, 
exploring method to reduce ferroptosis is supposed to expe-
dite oligodendrocytes survival, thereafter mitigating WMI 
to facilitate functional recovery post-SCI.

Hepcidin is a secreted peptide hormone encoded by the 
hepcidin antimicrobial peptide (HAMP) gene and gener-
ated mainly by the liver [21]. Increased hepcidin expression 
decreases iron content by binding with ferroportin 1 (Fpn1), 
and then blocks iron export from hepatocytes, enterocytes, 
cardiomyocytes, and macrophages [21–23]. The admin-
istration of hepcidin peptide evidently downregulates the 
expression of cell-iron-uptake proteins including transferrin 
receptor (TfR) and divalent metal transporter 1 (DMT1), 
thereafter reducing iron release in cultured microvascular 
endothelial cells [24]. Furthermore, hepcidin holds the 
capacity of reducing iron uptake and release in cultured 
astrocytes and neurons through decreasing the expression 
of Fpn1, TfR and DMT1 [24, 25], suggesting that the appli-
cation of hepcidin might downregulate TfR and DMT1 to 
alleviate oligodendrocytes injury after SCI. However, the 
effect of hepcidin on reducing WMI and the underlying 
mechanism remain elusive.

In the present study, we posited that oligodendrocytes fer-
roptosis induced by iron and ROS overload played an impor-
tant role in WMI after SCI, and the application of hepcidin 
mitigated oligodendrocytes ferroptosis via reducing iron and 
ROS accumulation through downregulating the expression 
of TfR and DMT1, thereafter reducing WMI to promote 
functional recovery post-SCI. The aim of the present study 
is to certify the therapeutic effect of hepcidin on SCI in rats, 
and to offer a possible therapeutic strategy for SCI, even 
for other CNS diseases existing ferroptosis, from bench to 
bedside.

Materials and Methods

Animals

The animal experiment procedures were implemented 
according to the China’s animal welfare legislation for the 
protection of animals used for scientific purposes. And, 
this work was supervised by the Ethics Committee of the 
Southwest Hospital, Third Military Medical University 
(Army Medical University) for the use of laboratory animals 
(approval no. AMUWEC20210017). A total of 20 P0–P1 
Wistar rats and 77 adult female (200–250 g, 10–12 weeks, 
69 rats used for experiments and 8 rats died during experi-
ments) Wistar rats were used for establishing SCI model 
in the present study. All rats were housed in a constant 
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condition (12-h light/dark cycle, 22–25 °C, 55–60% mois-
ture) and given free access to food and water before and 
after surgery.

The Establishment of Rat SCI Model

The rat SCI model was established as previously described 
[1, 26]. Briefly, a stereotaxic frame was applied to fixed 
the rats after they were anaesthetized with 2% isoflurane/
air mixture (2–3 l/min). Then, a 4-cm-long skin incision 
was made in the midline of the back over the spinal cord, 
and the thoracic 9–11 (T9-11) spinal segments was exposed 
by performing a laminectomy, leaving the dura intact. 
Afterward, spinal contusion was implemented using a 20-g 
weight rod (diameter 4 mm) dropping from a height of 30 
mm onto the exposed T10 segment. Subsequently, the mus-
cles, subcutaneous tissue, and skin were separately sutured. 
During surgery, rat body temperature was maintained at 37 
± 0.3 °C using a feedback-controlled heating pad system 
(Zhongshi, Inc., Beijing, China). After surgery, rats were 
received manual bladder empty twice a day until they could 
do themselves, even appropriate veterinary care if needed. 
The dehydration, weight loss, autophagia, and discomfort 
were recorded per day.

Experimental Groups

After surgery, rats were randomly divided into the following 
groups using the random number table method:

	 (i)	 Sham group. Rats, received laminectomy without 
contusion, were intra-spinally microinjected the same 
volume of 0.01 M phosphate-buffered saline (PBS, 
pH 7.4), equivalent to the volume of hepcidin solu-
tion in SCI+hepcidin group, using the same method.

	 (ii)	 SCI group. Rats, received laminectomy with contu-
sion, were intra-spinally microinjected the same vol-
ume 0.01 M PBS (pH 7.4), equivalent to the volume 
of hepcidin solution in SCI+hepcidin group, using 
the same method.

	 (iii)	 SCI+hepcidin group. Rats, received laminectomy 
with contusion, were intra-spinally microinjected 
recombinant mouse hepcidin (cat no. RPB979Mu01, 
0.7 mg/kg, Cloud-Clone Corp., Katy, TX, USA) 4 h 
after surgery. Hepcidin was diluted in 0.01 M PBS 
(pH 7.4) and microinjected into the dorsal spinal cord 
2 mm rostrally and 2 mm caudally to the injury site 
at a depth of 1.2 mm and 0.75 mm laterally from 
midline at a rate of 1 μl/min. Afterward, the needle 
was left in position for a 2 min before being slowly 
withdrawn. A total volume of 10 μl hepcidin was 
injected. The second dosage was performed on the 
second day after SCI.

The BBB Locomotor Rating Score

The Basso, Beattie, and Bresnahan (BBB) locomotor rat-
ing score is a 21-point scale that is universally applied to 
determine the behavioral outcomes after SCI in rats [27]. 
The rating score ranges from 0 to 21: 0 exhibits no locomo-
tor function and 21 shows normal performance. In short, 
rats were placed in a 90-cm2 field and allowed them to walk 
around freely for 5 min, and the movements of hind limb 
were closely observed and recorded using a camera. Sub-
sequently, the BBB locomotor rating score was assessed 
by two independent examiners blinded to the experimental 
groups on days 7, 35, and 56.

Primary OPC Culture

Primary oligodendrocyte progenitor cells (OPCs) were 
isolated from P0–P1 Wistar rats as previously described 
[1]. In brief, the spinal cord tissues were dissected under a 
stereomicroscope (SZ61, Olympus, Tokyo, Japan) after the 
dura mater and blood vessels were removed. Thereafter, the 
samples were triturated using a fire-polished Pasteur pipette 
and the cell suspensions were passed through a 40-μm Nylon 
cell strainer (Nest, Wuxi, China). Afterward, the cell suspen-
sions were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM; Hyclone, Logan, UT, USA) supplemented with 
20% fetal calf serum after being centrifugated at 1000 rpm. 
The culture medium was replaced every 2–3 days.

After 10–12 days, immature oligodendrocytes were col-
lected by shaking overnight at 230 rpm. Then, the cell sus-
pensions were pre-seeded for 30 min at 37 °C under 5% CO2 
condition to remove contaminating astrocytes and microglia. 
Afterward, floating cells were plated on poly-L-ornithine-
coated (Sigma-Aldrich, Munich, Germany) cover slips or 
culture plates (1 × 105 cells/ml) and cultured in DMEM sup-
plemented with 2% B27 (Gibco, Grand Island, NY, USA), 
10 ng/ml basic fibroblast growth factor (bFGF, Peprotech, 
Rocky Hill, NJ, USA), and 10 ng/ml platelet-derived growth 
factor (PDGF, Peprotech, Rocky Hill, NJ, USA). Thereafter, 
the purity of cells was determined by co-labelling of NG2 
and PDGFαR using immunostaining.

Hepcidin was firstly dissolved in 0.01 M PBS (pH 7.4) 
and then diluted with culture medium with the final concen-
tration of 0.5 μM for in vitro experiments. The control or 
vehicle group was added the same volume of 0.01 M PBS 
(pH 7.4) as the hepcidin group.

HE Staining

Hematoxylin and eosin (HE) staining was performed to 
assess the injury and necrosis status of spinal cord after SCI 
[28]. Briefly, spinal cord sections were sliced using a freez-
ing microtome, washed with distilled water, incubated in 
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hematoxylin staining solution for 10 min, then rinsed with 
distilled water 3 times, differentiated in 0.1% hydrochloric 
acid-ethanol for 25 s, blued in 0.01 M PBS for 45 min fol-
lowed by 95% alcohol washing for 5 s, thereafter immersed 
in eosin staining solution for 1 min, dehydrated with 95% 
alcohol, cleared with xylene, and finally mounted on glass 
slides. Images were captured using a light microscope (Carl 
Zeiss, Weimar, Germany), and analyzed by individual inves-
tigators blinded to group assignment using an Image J soft-
ware (ImageJ 1.8, NIH, USA).

Perl’s Blue Staining

Perl’s blue staining was applied to exhibit iron deposition 
as previously described [1]. The T10 spinal cord segments 
containing the injured epicenter and surrounding uninjured 
tissues (6 mm = 3 mm either side from the injury epicenter) 
were collected for preparing paraffin sections according 
to the standard procedures. Paraffin sections (5 μm) were 
deal with a graded ethanol series, immersed in xylene, and 
rehydrated in PBS. Afterward, specimens were incubated 
in Perls’ staining solution (comprising equal parts of potas-
sium ferrocyanide and HCL) for 20 min. Subsequently, the 
samples were rinsed with Milli-Q water and stained cell 
nuclei with Fast Red solution for 5–10 min, dehydrated, 
cleared in xylem, and mounted on glass slides. Images were 
photographed by a light microscope (Carl Zeiss, Weimar, 
Germany) and analyzed by individual investigators blinded 
to group assignment using an ImageJ software (ImageJ 1.8, 
NIH, USA).

ROS Measurement

Reactive oxygen species (ROS) levels were measured by a 
ROS assay kit in accordance with the manufacturer’s instruc-
tion (cat. no. S0033S, Beyotime, Shanghai, China). Primary 
OPCs were collected and homogenized on ice. Then, each 
sample was loaded with 500 μl 10 μM DCFH-DA and incu-
bated in the dark at 37 °C for 20 min. Afterward, the loading 
buffer was replaced and washed to eliminate residual DCFH-
DA. Subsequently, the samples were immediately measured 
using a flow cytometer (ACEA Biosciences Inc., San Diego, 
CA, USA) with an argon laser (488 nm).

IHC

For immunostaining, sections were incubated in 4% para-
formaldehyde for 30 min at room temperature and permea-
bilized with 0.3% Triton-X 100 (Sigma-Aldrich, St. Louis, 
MO) in PBS. Then, samples were incubated in the following 
primary antibodies overnight at 4°C after being blocked with 
5% bovine serum album (BSA, Sigma-Aldrich, St. Louis, 
MO), anti-CC1 (cat. no. OP44, Sigma-Aldrich, Munich, 

Germany), anti-DMT1 (cat. no. PA5-35136, Thermo Fisher 
Scientific, Waltham, MA, USA), anti-TfR (cat. no. PA5-
116065, Thermo Fisher Scientific, Waltham, MA, USA), 
anti-NG2 (cat. no. MAB5384-I, Sigma-Aldrich, Munich, 
Germany), and anti-PDGFαR (cat. no. ab32570, Abcam, 
Cambridge, UK). On the second day, the samples were 
immersed in Alexa Fluor® 555 or 488-conjugated second-
ary antibody (1:100; cat. nos. A0453 and A0423; Beyotime 
Institute of Biotechnology, Beijing, China) for 2 hours at 
room temperature. The cell nuclei were counterstained with 
4′-6-diamidino-2-phenylindole (DAPI; Beyotime, Shang-
hai, China) for 10 min at room temperature. Thereafter, the 
specimens were mounted onto glass slides, and images were 
captured using a confocal microscope (Carl Zeiss, LSM780, 
Weimar, Germany) and examined by individual investiga-
tors blinded to group assignment using a Zen 2011 software 
(Carl Zeiss, Weimar, Germany).

For immunohistochemistry, slices were dewaxed and 
antigen-repaired according to the standard procedures [29]. 
Then, samples were immersed in endogenous peroxidase 
for 10 min. Afterward, the specimens were immersed in 
anti-CC-1 (cat. no. SAB4501438, Sigma-Aldrich, Munich, 
Germany) primary antibody overnight at 4 °C after being 
blocked with 5% BSA dissolved in 0.3% Triton-X 100 
(Sigma-Aldrich, St. Louis, MO). After being washed, they 
were incubated in horseradish peroxidase (HRP)-conju-
gated goat anti-rabbit immunoglobulin G (ZSGB-BIO, 
Beijing, China). Then, the 3-diaminobenzidine (DAB) kit 
was employed to show the positive cells in brown color. 
Afterward, the sections were stained with hematoxylin and 
dehydrated with ethanol and xylene to mount onto glass 
slides. Images were photographed by a light microscope 
(Carl Zeiss, Weimar, Germany), and analyzed by individual 
investigators blinded to group assignment using an Image 
J software (ImageJ 1.8, NIH, USA). For each sample, six 
sections were stained, analyzed, calculated and reported as 
the average of four independent measurements.

TEM

Transmission electron microscopy (TEM) was performed to 
visualize the ultrastructure of myelin sheath and mitochon-
dria status in each group, as previously described [1]. In 
brief, the samples containing the injured epicenter and sur-
rounding uninjured tissues (2 mm = 1 mm either side from 
the epicenter) were firstly fixed in 1.25% glutaraldehyde 
overnight after perfusion. Then, the samples were post-fixed 
in 1.25% glutaraldehyde 3 days at 4 °C. Thereafter, the spec-
imens were washed and incubated in 1% citric acid (OsO4) 
for 2 h. Afterward, uranyl acetate was used for redyeing, 
and gradient acetone was used for dehydration. Then, an 
ultramicrotome (EM UC7, Leica, IL, USA) was used for 
slicing before the samples were infiltrated with propylene 
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oxide and embedded by epoxy. Images were photographed 
using a transmission electron microscope (Hitachi HT7700, 
Tokyo, Japan). At least three independent samples per group 
were analyzed by individual investigators blinded to group 
assignment using an Image J software (ImageJ 1.8, NIH, 
USA) to exhibit the myelin sheath thickness.

Western Blot

The T10 spinal cord segments containing the injured epi-
center and surrounding uninjured tissues (0.5 cm = 0.25 cm 
either side from the epicenter) were immediately collected 
after decapitation on day 7 post-SCI. The tissues were col-
lected after being homogenized and the protein concentra-
tions of each sample were measured by a bicinchoninic acid 
(BCA) method (Beyotime, Shanghai, China). A total of 50 
μg proteins were separated by 8 or 10% SDS-PAGE under 
reducing conditions and electro-blotted to polyvinylidene 
difluoride (PVDF, Roche, Indianapolis, IN, USA) mem-
branes. Then, the membranes were blocked with 5% non-fat 
dry milk (Beyotime, Shanghai, China) in tris-buffered saline 
(TBS) with Tween-20 (TBST) for 2 h at room temperature. 
Afterward, the samples were submerged in primary antibod-
ies, anti-dMBP (cat. no. MBS618031, MybioSource, San 
Diego, CA, USA), anti-DMT1 (cat. no. PA5-35136, Thermo 
Fisher Scientific, Waltham, MA, USA), anti-APP antibody 
(cat. no. MAB348, Sigma-Aldrich, Munich, Germany), 
anti-TfR (cat. no. MA5-32500, Thermo Fisher Scientific, 
Waltham, MA, USA), or anti-GAPDH (cat. no. AF0006; 
Beyotime, Shanghai, China) overnight at 4 °C. On the next 
day, the membrane was submerged in corresponding horse-
radish peroxidase (HRP)-conjugated secondary antibod-
ies after being washed with TBST. All membranes were 
visualized by a ChemiDoc™ XRS+ imaging system (Bio-
Rad, California, USA) using the WesternBright ECL Kits 
(Beyotime, Shanghai, China). Densitometric density of each 
membrane was determined using an Image Lab™ software 
(Bio-Rad, California, USA), and analyzed by individual 
investigators blinded to group assignment.

RT‑qPCR

Total RNA was extracted using a TaKaR​a MiniB​EST Unive​
rsal RNA Extra​ction​ Kit (cat no. 9767, TaKaRa, Tokyo, 
Japan) in accordance with the manufacturer’s instructions 
after primary OPCs were gathered from each group. Then, 

a total of 1 μg RNA was reversely transcribed into cDNA 
using a Prime​Scrip​t RT reage​nt Kit with gDNA Eraser 
(cat. no. RR0047A, TaKaRa, Tokyo, Japan). Subsequently, 
qPCR was performed using the CFX96 System (Bio-Rad, 
CA, USA) with SYBR Premi​x Ex TaqII​ (Tli RNase​H Plus; 
cat. no. RR820A, TaKaRa, Tokyo, Japan) under the follow-
ing condition: 95 °C for 30 s, 40 cycles at 95 °C for 5 s 
and 60 °C for 30 s. Relative mRNA levels were normalized 
to GAPDH and analyzed using the 2−ΔΔCq method. Primer 
sequences used in the present study are listed in Table 1.

LDH Detection

Lactate dehydrogenase (LDH) releasing levels were evalu-
ated using a LDH assay kit (Nanjing Jiancheng Bioengineer-
ing Inc., Nanjing, China) according to the manufacturer’s 
instructions to assess cytotoxicity. Briefly, the supernatants 
were firstly collected, then neurospheres were lysed with 2% 
Triton X-100 for 15 min on ice to release all LDH from the 
cytoplasm. LDH released from cell lysates was measured to 
be the maximal LDH release and was used as positive con-
trols. LDH releasing levels were determined by a microplate 
reader (Thermo Fisher Scientific, Waltham, MA, USA) at 
the wavelength of 450 nm, and data were presented as the 
content of LDH (U/L) released in the medium.

Cell Viability Assay

The cell viability was determined by a cell counting kit-8 
(CCK8; Dojindo, Tokyo, Japan), which uses a water-solu-
ble tetrazolium salt to quantify the number of live cells by 
producing an orange formazan dye upon bio-reduction in 
the presence of an electron carrier. Briefly, 100 μl of cell 
suspension (1×105 cells/well) was dispensed in a 96-well 
cell culture cluster, then incubated in 10% (v/v) CCK8 
solution for at 37 °C for 2.5 h. Then, the absorbance of the 
culture medium at a test wavelength of 450 nm was deter-
mined using a microplate reader (Thermo Fisher Scientific, 
Waltham, MA, USA) and a reference wavelength of 630 
nm as well.

Statistical Analysis

All data were expressed as mean ± SEM. The statistical 
analyses were implemented using SPSS 18.0 software 
(SPSS, Inc., Chicago, IL, USA). For statistical data collected 

Table 1   Primer sequences for 
RT-qPCR

Target genes Forward primer sequence (5′-3′) Reverse primer sequence (5′-3′)

DMT1 TGA​TCC​TGA​CCC​GGT​CTA​TC CAA​TCC​TCC​AGC​CTA​TTC​CA-
TfR CTA​GTA​TCT​TGA​GGT​GGG​AGG​AAG​AG GAG​AAT​CCC​AGT​GAG​GGT​CAGA​
GAPDH GAC​AAC​TTT​GGC​ATT​GTG​G ATG​CAG​GGA​TGA​TGT​TCT​G
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from each independent group at different time points were 
analyzed using two-way analysis of variance (ANOVA), 
followed by Turkey’s post hoc test. For data with a single 
time point, multiple comparisons were performed by one-
way ANOVA, followed by Turkey's post hoc test in case of 
the data with a normal distribution using a Shapiro–Wilk 
normality test. A p < 0.05 was considered to be statistical 
difference.

Results

Hepcidin Improved Functional Recovery Through 
Decreasing Iron Accumulation and Promoting 
Oligodendrocyte Survival After SCI in Rats

To assess the role of hepcidin in functional recovery after 
SCI, the BBB score was firstly performed. The results dem-
onstrated that the BBB score of rats in SCI+hepcidin group 
was significantly higher than that in SCI group from day 
7 to 56 (Fig. 1A). Then, the HE staining images showed 
that the administration of hepcidin obviously decreased the 
spinal cord atrophy that was apparently observed in the epi-
center of injured spinal cords on day 7 post-SCI (Fig. 1B). 
And, the application of hepcidin evidently decreased the iron 
content using Perl’s blue staining, whose level was clearly 
increased in the epicenter of injured spinal cord following 
SCI (Fig. 1C). Furthermore, the immunohistochemistry 
images depicted the number of CC1+ cells were greatly 
decreased after SCI, while the administration of hepcidin 
obviously abrogated this effect (Fig. 5D, E). Collectively, 
these results illustrated that hepcidin facilitated functional 
recovery by reducing iron deposition and facilitating oligo-
dendrocytes survival after SCI.

Hepcidin Decreased WMI Through Mitigating 
Ferroptosis on Day 7 After SCI in Rats

Previous results had indicated that hepcidin promoted oli-
godendrocytes following SCI, the myelin sheath thickness 
was determined using TEM. The images demonstrated that 

the myelin sheath thickness was significantly decreased 
after SCI, while the application of hepcidin obviously 
increased the myelin sheath thickness (Fig.  2A, B). 
Meanwhile, the immunoblot blot bands presented that 
the expression of degraded myelin basic protein (dMBP) 
and amyloid precursor protein (APP) was predominantly 

Fig. 1   Hepcidin facilitated functional recovery through reducing 
iron deposition and facilitating the survival of oligodendrocytes after 
SCI. A Histogram demonstrating the Basso, Beattie, and Bresnahan 
(BBB) score in each group on days 7, 35, and 56 following SCI. N = 
7, two-way ANOVA followed by Tukey’s post hoc test. B HE staining 
showing the status of spinal cord on day 7 following SCI. Scale bars: 
200 μm. N = 4 per group. C Perl’s blue staining images depicting 
the iron accumulation in the epicenter of injured spinal cord on day 
7 in different groups. Scale bar: 50 μm. N = 4 per group. D Immuno-
histochemistry images indicating the CC1+ cells in the epicenter of 
injured spinal cord in each group on day 7. Scale bar: 50 μm. E Bar 
chart illustrating the number of CC1+ cells from D. N = 4, one-way 
ANOVA followed by Tukey’s post hoc test

▸
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increased after SCI, whereas this effect was substantially 
abolished with the treatment of hepcidin (Fig. 2C–E). 
Considering that iron accumulation always results in ROS 
production to induce ferroptosis [21], the status of fer-
roptosis was evaluated by TEM assays in each group. The 
TEM images illustrated that the proportion of shrunken 

mitochondria was surely elevated after SCI, while the 
application of hepcidin profoundly declined the percent-
age of depauperated mitochondria (Fig. 2F, G). Taken 
together, these results demonstrated that SCI triggered 
WMI via ferroptosis, and this phenomenon was partially 
compromised with the treatment of hepcidin.

Fig. 2   Hepcidin reduced white matter injury (WMI) by alleviating 
ferroptosis post-SCI. A TEM images showcasing the myelin sheath 
thickness in each group on day 7 post-SCI. Scale bars: 5 μm; 1 μm 
for enlarged inserts. B Bar graph showing the myelin sheath thickness 
from A. N = 4, one-way ANOVA followed by Tukey’s post hoc test. 
C Immunoblot bands representing the expression levels of dMBP and 
APP in various groups. GAPDH was loaded as an internal control. D, 

E Semi-quantification of the expression of dMBP (D) and APP (E) 
from C. N = 3, one-way ANOVA followed by Tukey's post hoc test. 
F TEM images showing the morphological changes of mitochondria 
in each group on day 7 post-SCI. Scale bars: 5 μm; 1 μm for enlarged 
inserts. G Histogram summarizing the percentage of shrunken mito-
chondria from F. N=4, one-way ANOVA followed by Tukey's post 
hoc test.
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Hepcidin Compromised Ferroptosis 
by Downregulating the Expression of DMT1 and TfR 
Post‑SCI

Previous studies have demonstrated that cultured astrocytes 
and neurons expressed TfR and DMT1 [24, 25], while the 
expression of TfR and DMT1 was not elucidated. Here, 
the expression of TfR and DMT1 was determined using 

immunostaining. The representative images illustrated that 
DMT1 and TfR expressed in CC1+ cells (Fig. 3A, B). There-
after, the immunoblot bands demonstrated that the expres-
sion of DMT1 and TfR was gradually increased, and reached 
the peak on day 7 post-SCI (Fig. 3C–E). And, the expres-
sion of DMT1 and TfR was still stayed at high level at least 
on day 56 (Fig. 3C–E). In addition, the administration of 
hepcidin significantly reduced the expression of DMT1 and 

Fig. 3   Hepcidin mitigated 
ferroptosis via decreasing the 
expression of DMT1 and TfR 
after SCI. A Immunostaining 
images depicting the co-label-
ling of DMT1 (red) and CC1 
(green) in each group on day 7 
post-SCI. Scale bar: 50 μm. B 
Immunostaining images depict-
ing the co-localization of TfR 
(green) and CC1 (red) in each 
group on day 7 after SCI. Scale 
bar: 50 μm. C Immunoblot 
bands depicting the expression 
levels of DMT1 and TfR on 
days 3, 7, 21, and 56 post-SCI. 
GAPDH was loaded as an 
internal control. D, E Semi-
quantification of the expression 
of DMT1 (D) and TfR (E) from 
C. N = 3, one-way ANOVA 
followed by Tukey’s post hoc 
test. F Immunoblot bands 
showing the expression levels 
of DMT1 and TfR in different 
groups post-SCI. GAPDH was 
loaded as an internal control. 
G, H Semi-quantification of the 
expression of DMT1 (D) and 
TfR (E) from F. N = 3, one-way 
ANOVA followed by Tukey’s 
post hoc test
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Fig. 4   Hepcidin reduced ROS accumulation to increase cell viability 
and reduce LDH releasing in vitro. A Immunostaining images demon-
strating the expression of NG2 (green) and PDGFαR (red) in primary 
OPCs. Scale bars: 20 μm. B Representational images demonstrating the 
ROS accumulation using flow cytometry. C Histogram summarizing 

the percentage of ROS fluorescence from A. N = 3, two-way ANOVA 
followed by Tukey’s post hoc test. D Bar graph illustrating the absorb-
ance value at 450 nm in each group. N = 6, one-way ANOVA followed 
by Tukey’s post hoc test. E LDH releasing assays in each group. N = 6, 
one-way ANOVA followed by Tukey’s post hoc test
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TfR, which was remarkably increased after SCI, on day 7 
(Fig. 3F–H). Taken together, these results showcased that 
TfR and DMT1 expressed in oligodendrocytes and hepci-
din reduced ferroptosis through decreasing the expression 
of DMT1 and TfR after SCI on day 7.

Hepcidin Decreased ROS Deposition to Increase Cell 
Viability and Reduce LDH Releasing in OPCs In Vitro

The above findings illustrated that the application of hep-
cidin reduced ferroptosis. Whether ferroptosis occurred in 
the oligodendrocytes, the primary OPCs was firstly cultured. 
The immunostaining images illustrated that the cultured 
cells expressed NG2 and PDGFαR (Fig. 4A), indicating 
that the cultured cells were oligodendrocytes. Our previous 
study has represented that the iron concentration was about 
30 μM/g in the epicenter of injured spinal cords [1], then 
20 μM FeCl3 was used to simulate the iron content in vitro 
experiments. The results revealed that the ROS level was 
prominently increased from 0.5 to 48 h (Fig. 4B, C), while 
the application of hepcidin markedly decreased the content 
of ROS (Fig. 4B, C). At the same time, the cell viability 
was clearly decreased in group with the addition of 20 μM 
FeCl3, while it was greatly reversed with the treatment of 
hepcidin in OPCs reflecting by absorbance value at 450 nm 
(Fig. 4D). Subsequently, the LDH releasing assays illustrated 
that the content of LDH was profoundly increased with the 

addition of 20 μM FeCl3, whereas the administration of hep-
cidin partially overturned this effect (Fig. 4E). Collectively, 
these results demonstrated that iron evoked ferroptosis to 
decreased cell viability and increasing LDH activity, while 
the application of hepcidin markedly abolished this effect to 
minimize OPCs ferroptosis.

Hepcidin Alleviated Ferroptosis Through Reducing 
the Expression of DMT1 and TfR in OPCs In Vitro

The in vitro results supported that hepcidin reduced OPCs 
ferroptosis, and the mechanism was investigated based 
on the in vivo results that hepcidin mitigated ferropto-
sis through downregulating the expression of DMT1 and 
TfR. Firstly, the results indicated that the gene expression 
of DMT1 and TfR was significantly upregulated with the 
addition of 20 μM FeCl3 from 24 to 72 h (Fig. 5A, B). 
Meanwhile, the administration of hepcidin clearly reduced 
the gene expression of DMT1 and TfR (Fig. 5C, D). Next, 
the immunoblot bands presented that the protein expres-
sion of DMT1 and TfR was obviously elevated with the 
treatment of 20 μM FeCl3 from 24 to 72 h (Fig. 6A–C). 
And, the application of hepcidin evidently downregulated 
the protein expression of DMT1 and TfR (Fig. 6D–F). 
Taken together, these results demonstrated that hepcidin 
inhibited OPCs ferroptosis by downregulating the expres-
sion of DMT1 and TfR.

Fig. 5   Hepcidin decreased the 
gene expression of DMT1 and 
TfR to mitigate OPCs fer-
roptosis resulting from iron 
overload. A, B Quantification of 
the gene expression of DMT1 
(A) and TfR (B) determined 
by RT-qPCR in each group 
at different time points. N = 
4. C, D Quantification of the 
gene expression of DMT1 (C) 
and TfR (D) assessed using 
RT-qPCR in each group. N = 4, 
one-way ANOVA followed by 
Tukey’s post hoc test
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Discussion

SCI usually results in permanent or long-lasting neurologi-
cal impairments, at least in part, ascribing to WMI [1, 2]. 
Oligodendrocytes are rich in unsaturated fatty acid [4] and 
susceptible to ferroptosis-induced damage [16]. Hepcidin 
holds the capacity of reducing iron content, thereafter 
mitigating ROS production and ferroptosis. However, the 
effect of hepcidin on ferroptosis in the epicenter of spinal 
cord remains elusive. Here, the results offer evidence that 
the administration of hepcidin reduces iron accumulation 
to promote oligodendrocytes survival and to decrease spi-
nal cord atrophy, therefore facilitating functional recovery. 

With the increased number of oligodendrocytes in the 
epicenter of spinal cord, the WMI is evidently decreased 
due to attenuating ferroptosis. Subsequently, the results 
uncover that the expression of DMT1 and TfR is expressed 
in CC1+ cells. The expression of DMT1 and TfR is sig-
nificantly increased, while the phenomenon is obviously 
neutralized with the administration of hepcidin in the 
epicenter of spinal cord after SCI. Afterward, the appli-
cation of hepcidin downregulates increased ROS level, 
which is evidently increased with the treatment of 20 μM 
FeCl3, thereafter increasing cell viability and reducing 
LDH activity through downregulating the expression of 
DMT1 and TfR to inhibit ferroptosis in OPCs (Fig. 7). 

Fig. 6   Hepcidin reduced the 
expression of DMT1 and TfR to 
mitigate OPC ferroptosis deriv-
ing from iron accumulation. A 
Immunoblot bands representing 
the expression levels of DMT1 
and TfR in each group at differ-
ent time points. GAPDH was 
loaded as an internal control. 
B, C Semi-quantification of 
the expression of DMT1 (B) 
and TfR (C) from A. N = 4, 
one-way ANOVA followed by 
Tukey’s post hoc test. D Immu-
noblot bands representing the 
expression levels of DMT1 and 
TfR in each group. GAPDH was 
loaded as an internal control. 
E, F Semi-quantification of 
the expression of DMT1 (E) 
and TfR (F) from D. N = 4, 
one-way ANOVA followed by 
Tukey’s post hoc test
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The present study provides evidence that the application of 
hepcidin facilitates oligodendrocytes survival to alleviate 
WMI via minimizing the expression of DMT1 and TfR.

Iron is an essential cofactor for the generation of cholesterol 
and phospholipids that are essential ingredients for efficient 
maturation of OPCs [30]. With the process of myelination, the 
expression of DMT1 and TfR, two of iron uptake proteins, is 
elevated to promote iron deposition resulting in OPC maturation 
[21, 31], which might be the reason why the expression of DMT1 
and TfR remains higher level on day 56 post-SCI. Meanwhile, 
our previous study has indicated that SCI usually evokes iron 
accumulation in the epicenter of injured spinal cord [1], which 
positively induces the iron deposition in cytoplasm through the 
upregulation of DMT1 and TfR [32, 33]. Thereafter, the ROS 
level is significantly increased due to iron accumulation to trigger 
ferroptosis [1, 33], which is in consistence with the results that the 
ROS level is evidently elevated to evoke ferroptosis in oligoden-
drocytes with the administration of 20 μM FeCl3 in present study. 
Thence, exploring approach to downregulate the expression of 
DMT1 and TfR is a feasible method to reduce oligodendrocytes 
ferroptosis, therefore alleviating WMI after SCI.

Here, our results demonstrates that hepcidin is a suit-
able candidate to reduce ferroptosis through decreasing the 
expression of DMT1 and TfR. Hepcidin is a secreted pep-
tide hormone, and firstly isolated from blood and urine in 
human [34, 35]. Previous studies have reported hepcidin is 
dramatically downregulated in hippocampal lysates from 
mouse Alzheimer’s disease (AD) brains along with the pres-
ence of iron overload [36, 37], suggesting that the admin-
istration of hepcidin is a suitable regimen for the reduction 
of iron concentration in CNS. And, SCI usually triggers 
iron accumulation not only in the epicenter of spinal cord 
[1, 17, 26, 38] but also in the motor cortex [20] both in 
animal SCI model and human. However, the application 
of hepcidin obviously decreases the iron content to down-
regulate ferroptosis in the epicenter of spinal cord follow-
ing SCI. Meanwhile, another reason for the administration 
of hepcidin promoting functional recovery is that hepcidin 
holds the ability of inhibiting inflammatory process due to 
reducing IL-6 expression and secretion in astrocytes and 
microglia [39], indicating that hepcidin could serve as a 
neuroinflammatory suppressor. Together, the application of 

Fig. 7   Schematic illustration for 
the potential therapeutic effect 
of hepcidin on ferroptosis fol-
lowing SCI and the underlying 
mechanism

3376 Molecular Neurobiology (2023) 60:3365–3378



1 3

hepcidin exerts neuroprotective effect, at least in part, due 
to repressing ferroptosis and neuroinflammation.

Some limitations exist in the present study. Firstly, the most 
recent study has indicated that mRNA-miRNA-lncRNA net-
work is involved in ferroptosis after SCI [40]. And, some miR-
NAs or related LncRNA promote functional recovery, such as 
miR-672-3p and the cascade of LoncGm36569/miR-5627-5P, 
through suppressing ferroptosis suppressor protein 1 (FSP1) 
after SCI in rats [41, 42]. Furthermore, this study is a routine 
study without unique and innovative methods. Hence, some 
future research needs to be performed to elucidate role of the 
mRNA-miRNA-lncRNA network in regulating ferroptosis 
using more innovative approaches following SCI.

Conclusions

In conclusion, the present study provides direct evidence that 
the administration of hepcidin significantly downregulates 
iron overload and ferroptosis in the epicenter of spinal cord, 
therefore facilitating oligodendrocytes survival to alleviating 
WMI following SCI in rats. With the reduction of WMI, the 
functional recovery is obviously improved post-SCI. This 
study enlarges the therapeutic scope of hepcidin on SCI, and 
even for other CNS diseases with the presence of ferroptosis.
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