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Ferroptosis inhibition 
by deferiprone, attenuates 
myelin damage and promotes 
neuroprotection in demyelinated 
optic nerve
Atefeh Rayatpour1,2, Forough Foolad1,2, Motahareh Heibatollahi3, Khosro Khajeh4,5 & 
Mohammad Javan  1,2*

Multiple sclerosis (MS) is a chronic inflammatory disease, which leads to focal demyelination in the 
brain and spinal cord. Studies showed that iron released during the course of myelin breakdown 
exacerbates tissue damage, which is in agreement with the features of iron-dependent cell death, 
ferroptosis. Here, we aimed to investigate the possible contribution of ferroptosis in the demyelinated 
optic nerve, and to explore the effectiveness of ferroptosis inhibitor, deferiprone (DFP), on the extent 
of demyelination, inflammation and axonal damage. For this purpose, focal demyelination was 
induced by injection of lysolecithin (LPC), into the optic nerve of male C57BL/6J mice. Afterward, optic 
nerves were harvested at different time points from as early as 6 h up to 7 days post-LPC injection. 
Next, to evaluate the effectiveness of DFP two groups of animals received daily intraperitoneal 
injection of DFP for 3 or 7 continuous days. Vehicle groups received saline. Iron deposition was 
observed at different time points post-LPC injection from 6 h to 7 days post injection. Examining 
ferroptosis markers showed a significant reduction in glutathione content along with increased 
level of malondialdehyde and upregulated ferroptosis marker genes at early time points after 
injection. Besides, DFP treatment during the inflammatory phase of the model resulted in decreased 
microgliosis and inflammation. Reduced demyelination, microgliosis and astrogliosis was shown 
in mice that received DFP for 7 days. Moreover, DFP protected against axonal damage and retinal 
ganglion cells loss. Our results suggest the possible contribution of ferroptosis pathway in the process 
of demyelination. The therapeutic strategies targeting iron deposition, e.g. DFP treatment might thus 
represent a promising therapeutic target for patients with MS.

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS), which leads to 
focal lesions in the white and gray matters of the brain and spinal cord, characterized by primary demyelination 
with a variable extent of axonal loss1. There is currently no effective cure for MS, and our understanding of the 
pathological events that contribute to MS is limited.

Oxidative stress, mitochondrial dysfunction, disruption of energy homeostasis and dysregulation of iron 
metabolism are important factors involved in plaque formation and neurodegeneration in white and gray matter 
lesions2,3. In healthy brain, iron is mainly stored in oligodendrocytes and myelin sheets, which acts as a cofactor 
for enzymes involved in myelin maintenance and synthetize4–6. Upon demyelination, iron released from dying 
oligodendrocytes, generates reactive oxygen species (ROS)3. Studies have shown that oxidative damage and lipid 
peroxidation in acute demyelination are correlated with the amount of iron released during the course of myelin 
breakdown2,7. Liberated iron is then taken up by activated microglia and macrophages, leading to dystrophy of 
these cells and therefore releasing iron into the extracellular space, which initiates a secondary wave of oxidative 
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stress3,7. Furthermore, iron overload in microglia and macrophages promotes an M1 phenotype, which amplifies 
the inflammatory response8. All of this suggests the detrimental role of iron in the pathogenesis of MS.

A recently introduced type of iron-dependent oxidative cell death called ferroptosis9, shares several features 
with the pathological events of the MS. First, iron deposition that triggers ferroptosis9, is reported to be present 
in the rims and center of active demyelinating lesions in patients postmortem tissues3. Second, abnormal mito-
chondrial morphology and decreased expression of ferroptosis regulator, gluthation peroxide 4 (GPX4), which 
is known as the only enzyme capable of reducing lipid peroxides, are reported in experimental autoimmune 
encephalomyelitis (EAE) and MS lesions10. Third, lipid peroxidation generated from iron-catalyzed oxidation of 
poly-unsaturated fatty acids, is one of the important features of MS lesions and ferropotosis as well. Given that 
ferroptosis features including iron deposition, lipid peroxidation, mitochondrial morphological changes and 
dysfunction, are all present in demyelinating lesions10,11, we hypothesized that ferroptosis pathway may play a 
crucial role in demyelinating lesions.

Deferiprone (DFP), a potent iron chelator, is approved by Food and Drug Administration (FDA) and used 
for the treatment of diseases with iron overload12. DFP treatment in the active phase of the EAE model dramati-
cally reduced clinical symptoms and inhibited T lymphocyte infiltration and proliferation13. Another study also 
showed that dextrase 1 gene deletion (an important gene involved in iron export) combined with DFP treatment 
maintained rat vision and prevented retinal ganglion cells (RGCs) loss and axonal degradation in the EAE optic 
neuritis model14. While the neuroprotective effect of DFP has been well studied, its underlying mechanisms 
remain elusive. Deferiprone also has protective effects against neuronal death induced by hydrogen peroxide, 
amyloid beta, 1-methyl-4-phenylpyridinium (MPP+) and ferric nitrilotriacetate (FeNTA), in vitro15. In addition, 
low-dose of this iron chelator, had protective effects in the Parkinson’s animal model16. In the animal model of 
Alzheimer’s disease, treatment with DFP reduced memory impairment and prevented iron deposition and amy-
loid beta accumulation17. In another study, deferiprone was shown to reduce mitochondrial iron in the Hunting-
ton’s disease model and subsequently reduced lipid peroxidation and resulted in improved functional recovery18. 
Additionally, the protective effects of DFP has been well studied in different models of retinal degeneration19–23.

Although iron deposition has been reported to be involved in the pathogenesis of several neurodegenerative 
diseases, the contribution of ferroptosis in demyelination condition as well as the effect of DFP on iron deposi-
tion and the extent of myelin damage has not yet been clarified. Therefore, in the present study we set out to 
confirm the possible contribution of ferroptosis in LPC induced demyelination by investigating alterations of 
ferroptosis related markers. Furthermore, we showed that removing excess iron via DFP could preserve myelin.

Results
Iron deposition was observed in optic nerve following LPC injection.  Since iron deposition is the 
key factor that triggers ferroptosis9, we first evaluated whether iron overload and other ferroptosis markers are 
present in the LPC model of MS. To explore this question in more details, we injected LPC into the optic nerve 
of mice and assessed the time course of local iron deposition from as early as 6 h up to 7 days post injection (dpi) 
(Fig. 1A). Seven days post LPC was reported to be time point of max demyelination occurrence24. The fraction 
of iron‐positive area was increased 6 h after LPC injection and continued to increase over the time and reached 
the maximum level at 2 and 3 dpi (p < 0.001 for 12 h and day 1–3, p < 0.01 day 7, vs. control), then followed 
by a significant reduction at 7 dpi (p < 0.001 vs. 3 dpi, Fig. 1B,C). Due to the key role of iron overload in ROS 
production and subsequent lipid peroxidation, we next assessed the ferroptosis pathway at different time points 
following LPC injection.

Lipid peroxidation and alteration of ferroptosis‐related genes were detected in the injured 
optic nerve.  The iron accumulation may lead to iron catalyzed Fenton reaction, which generates free radi-
cals, thus further oxidizing lipids25. Malondialdehyde (MDA) is an end product of polyunsaturated fatty acids 
peroxidation26. High level of free radicals, therefore, leads to MDA overproduction, which is commonly known 
as an essential hallmark of ferroptosis. To explore whether iron deposition following LPC injection may lead 
to lipid peroxidation, we assessed the MDA concentration at 6 and 12 h, 1, 2 and 3 days after LPC injection 
(Fig. 2A). Our results showed that MDA was elevated at 6 and 12 h after LPC injection, 3.42- and 3.45-fold 
change, respectively. This increase remained elevated at 6.45 fold at 1 dpi (p < 0.01), followed by a greater increase 
at 2 dpi (13.5 fold, p < 0.001). Afterward, MDA concentration decreased significantly at 3 dpi (p < 0.001 vs. 2 dpi, 
Fig. 2B).

Another key feature of ferroptosis is insufficient level of glutathione that scavenge lipid radicals27. We there-
fore, assessed GSH concentration to evaluate the antioxidant capacity of the cells at different time points post 
LPC injection. At 6 h after LPC injection, there appeared to be a small reduction in GSH level although it was 
not statistically significant (p = 0.08). However, compared to Control, the GSH concentration was significantly 
reduced at 12 h and 1 dpi (p < 0.05) and increased slightly at 2 and 3 dpi (Fig. 2C). This result was consistent 
with the increased in MDA concentration, since GPX4 activity and GSH directly remove lipid reactive oxygen 
species (lipid ROS) and protect cells against ferroptosis27.

We also assessed the mRNA levels of the ferroptosis‐related genes. Our results showed that, mRNA expression 
of several markers of ferroptosis, including Iron response element B2 (IREB2), Nuclear receptor coactivator 4 
(ncoa4), transferrin receptor 1 (tfr1), acyl-CoA synthetase family member 2 (Acsf2) and heme oxygenase-1 (HO-
1) are increased at early time points after LPC injection (Fig. 2D–M). IREB2, the main transcription factor of 
iron metabolism, showed upregulation at 1 dpi (p = 0.055, Fig. 2D). However, the expression of its downstream 
target, tfr1, which is recently introduced as a specific marker for ferroptosis28, reached the peak level at 3 dpi 
(p < 0.05, Fig. 2E). ncoa4, which is a cargo receptor that mediates ferritin degradation (ferritinophagy), appeared 
to be increased at 1 dpi (p < 0.05, Fig. 2F). The expression of ferritin showed non-significant upregulation at 
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Figure 1.   Iron accumulation in optic nerve following LPC injection. (A) Schematic illustration shows the time line of LPC 
injection and Perl’s staining in the experimental setting used. (B) DAB-enhanced Perl’s staining shows iron deposition in optic 
nerve sections at different time points starting at 6 h after LPC injection. (C) Quantification of iron positive fraction of area. 
Data represent mean ± SEM, one-way ANOVA with Tukey’s multiple comparison post-test, n = 3–5 mice per group. **p < 0.01, 
***p < 0.001 versus control, ###p < 0.001 versus 3 dpi. Scale bar = 50 µm. hpi: hour post-injection.
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Figure 2.   Evaluation of ferroptosis markers following LPC injection. (A) Schematic illustration shows the time 
line of LPC injection and tissue sampling for biochemical and molecular assessments. (B) Spectrophotometric 
detection of malondialdehyde (MDA) and (C) glutathione (GSH) at different time points after LPC injection. 
Data represent mean ± SEM, one-way ANOVA with Tukey’s multiple comparison test, n = 4–5 mice per 
group. *p < 0.05, **p < 0.01, ***p < 0.001 versus control, ###p < 0.001 versus 2 dpi. (D–M) Ferroptosis related 
genes expression at different time points following LPC injection. One-way ANOVA with Dunnett’s multiple 
comparisons test, Data represent mean ± SEM, n = 4–5 mice per group (3 animals pooled for each sample; total 
12–15 animals used for each time point), *p < 0.05, **p < 0.01 versus control.
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all time-points (Fig. 2G). Furthermore, the expression of Acsf2, another hallmark of ferroptosis, that have role 
in lipid metabolism was increased (ANOVA, F (3, 15) = 3.973, p < 0.05, post-hoc: p = 0.08 for 1 dpi vs. control, 
Fig. 2H).

Upon demyelination, the GPX4 expression significantly increased at day 1 after induction of model (p < 0.05); 
however, this elevation did not continue in the following next days (Fig. 2I). The expression of SLC7A11, Cystine/
glutamate antiporter xCT, that plays an important role in the transport of essential amino acids for glutathione 
synthesis, did not change in measured time points (Fig. 2J). We also checked the level of ferroptosis inhibitor, 
HSPB1, which showed an upregulation at 1 dpi (p < 0.05), however, this elevation did not continue in the fol-
lowing next days (Fig. 2K). We also checked the level of (Nrf2), a negative ferroptosis regulator, which showed a 
significant increase at 1 dpi (p < 0.01), while did not continue in the next following days (Fig. 2L). One important 
downstream molecule in Nrf2-related pathway, heme oxygenase 1 (HO-1), showed a significant elevation at 3 
dpi (p < 0.05, Fig. 2M). Even though, Nrf2 is an important molecule in cellular defense pathway against oxida-
tive stress, expression of HO-1 mediates degradation of heme to Fe2+, carbon monoxide and biliverdin, which 
increases the level of labile iron pool and likely enhances the ferroptosis29. Collectively, key factors in ferroptosis 
pathway, including the GSH, MDA, IREB2, Tfr1, NCOA4 and HO-1 were detected in LPC induced demyelina-
tion. Thus, these data suggests that iron released following LPC injection as well as the insufficient antioxidant 
activity might induce lipid peroxidation.

DFP decreased iron deposition in demyelinated optic nerve.  Compelling evidence revealed that 
iron accumulation potentiates inflammatory response via activating innate immune system30. Given that lipid 
peroxidation and peak of iron deposition were detected within the early stage, which corresponds to the inflam-
matory phase of LPC model, we asked whether deferiprone, an iron chelator, could prevent inflammation via 
removing excess-deposited iron. Furthermore, in LPC model the myelin damage continues for several days after 
the initial insult, reach to maximum level on day 7 and leads to gliosis. We thus hypothesize that deferiprone 
may also reduce the severity of damages by reducing inflammation and gliosis. To address these questions in 
more details, we verified the impact of DFP on the iron deposition. The iron content was determined by DAB 
enhanced Perl’s staining after 3 or 7 days of DFP treatment (Fig. 3A). DAB enhanced Perl’s staining confirmed 
that the iron deposition was reduced significantly by DFP treatment (p < 0.01, p = 0.07, respectively). These all 
suggested that DFP was able to efficiently remove the excess iron in optic nerve following LPC-induced demy-
elination (Fig. 3B,C). In order to introduce specific marker to selectively detect ferroptotic cells in tissues, Feng 
et al. found the transferrin receptor as a specific marker following a high quantity screening28. Therefore, we 
checked the level of Tfr1 expression in optic nerve following LPC injection and asked whether DFP treatment 
might decrease Tfr1 (Fig. 3D,E). Immunostaining against Tfr1 was carried out at 3 dpi. As representative images 
showed, the intensity of Tfr1 immunoreactivity was reduced by DFP (Fig. 3D). The quantitative data proved that 
DFP ameliorated the Tfr1 immunoreactivity (p < 0.05, Fig. 3E).

DFP attenuated inflammation, microglial activation and astrogliosis.  We assessed the effect of 
DFP on the infiltration of peripheral immune cells such as neutrophil and lymphocytes using H&E staining of 
sections obtained from animals scarified at 3 dpi. H&E staining demonstrated no differences among groups 
regarding the infiltration of peripheral immune cells; however, the total inflammation score, determined by the 
pathologist, was reduced in DFP treated animals (Fig. 4A).

To evaluate the inhibitory effect of DFP on microgliosis, immunostaining against Iba1, as a microglia marker, 
was carried out on 3 and 7 dpi. As representative micrographs show, the number of activated microglia was 
increased on 3 and 7 dpi while it was reduced by DFP (Fig. 4B). Furthermore, data quantification showed 
that DFP treatment significantly ameliorated the number of Iba1 positive cells on both 3 (p < 0.001) and 7 dpi 
(p < 0.05, Fig. 4D).

To explore the effect of DFP on astrogliosis, immunofluorescence staining was used to show the extent of 
GFAP reactivity. Gliosis was obvious surrounding the damaged area on 3 and 7 dpi. As data quantification 
showed, 3 days of DFP treatment led to a non-significant reduction in astrogliosis; however, it significantly 
reduced the GFAP immunoreactivity following 7 days (p < 0.05, Fig. 4C,E).

Treatment with DFP decreased the myelin loss.  To address whether treatment with the ferroptosis 
inhibitor, DFP, decreases an extensive myelin loss caused by LPC injection, LFB staining was used to measure 
the extent of demyelination on 3 and 7 dpi (Fig. 5A). In DFP-treated groups, demyelinated area was significantly 
reduced compared to vehicle groups at 3 (p < 0.01) and 7 dpi (p < 0.001, Fig. 5D).

We also checked the severity of demyelination via FluoroMyelin (FM) staining (Fig. 5B). Quantitative data 
showed that FluoroMyelin intensity in DFP groups was significantly higher than vehicle-treated animals on both 
3 (p < 0.01) and 7 (p < 0.05) dpi (Fig. 5E).

As a more specific staining method, immunostaining against myelin antigen (MBP) confirmed the results 
of LFB and FM staining (Fig. 5C). The quantification of data indicated that immunoreactivity against MBP was 
significantly increased in DFP-treated mice on 3 and 7 dpi (both p < 0.01, Fig. 5F).

DFP decreased axonal damage and retinal ganglion cell loss.  Since the LPC injection in optic 
nerve is associated with some degree of axonal damage31, we examined the effect of DFP on axonal damage 
using immunostaining against NF-200. We also asked whether this axonal damage leads to retinal ganglion cells 
(RGCs) loss and, if so, whether DFP could preserve them. Our results showed significant increase on NF-200 
immunoreactivity in DFP-treated mice compared to vehicle at 7 dpi (p < 0.05, Fig. 6A,C), suggesting the neuro-
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Figure 3.   Deferiprone (DFP) decreased iron deposition in demyelinated optic nerve. (A) Experimental timeline 
of LPC injection and DFP treatment. DFP (10 mg/kg twice per day) or vehicle were injected intraperitoneally for 
3 continues days. (B) Increased iron deposition was observed on 3 and 7 dpi as revealed by DAB enhanced Perl’s 
staining, while continuous DFP administration reduced iron deposition. (C) Quantification of iron positive 
fraction of area (D) Immunostaining against Tfr1, counterstained with DAPI in vehicle and DFP treated mice 
3 days post LPC injection. (E) Quantification of Tfr1 immunoreactivity showed significant reduction in Tfr1 
intensity in the optic nerve of DFP treated mice at 3 dpi. Data represent mean ± SEM, Student’s t-test, n = 3–5 
mice per group. *p < 0.05, **p < 0.01 versus vehicle at the same group, ##p < 0.01 versus 3dpi-vehicle, ^p < 0.05, 
^^^p < 0.001 vs control. Scale bar = 50 µm.
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Figure 4.   Deferiprone (DFP) attenuated inflammation and gliosis in demyelinated optic nerve. (A) 
Representative images of transverse sections from the optic nerve at 3 dpi that stained with hematoxylin and 
eosin. (B) Immunostaining against Iba1, the microglia marker, counterstained with DAPI in vehicle and DFP 
treated mice on 3 and 7 dpi. (C) Immunostaining against GFAP, as the astrocyte marker, counterstained with 
DAPI in vehicle and DFP treated mice 3 or 7 days post LPC injection. (D) Quantification of the number of Iba1+ 
cells showed that DFP ameliorated microglia activation in the optic nerve following LPC insult at 3 or 7 dpi. (E) 
Quantification of GFAP immunoreactivity showed non-significant reduction in astrogliosis in the optic nerve 
following LPC insult at 3 dpi along with significant decrease at 7 dpi. Data represent mean ± SEM. Student’s 
t-test. *p < 0.05, ***p < 0.001 versus vehicle at the same group, ##p < 0.01 versus LPC 3dpi-vehicle, n = 5 mice per 
group, Scale bar = 50 µm.
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Figure 5.   Treatment with Deferiprone (DFP) decreased an extensive loss of myelin in the optic nerve. (A) Representative micrographs 
of optic nerve prepared from intact and LPC-injected mice treated with DFP or vehicle for 3 or 7 days, stained with LFB and crysel 
violet. (B) Representative images of FluoroMyelin stained sections of intact and LPC-injected mice treated with DFP or vehicle for 
3 or 7 continues days. (C) Immunostaining against MBP counterstained with DAPI in intact and LPC-injected mice treated with 
DFP or vehicle 3 or 7 days. (D) Quantitative analysis of the LFB-stained sections indicated reduced demyelination in mice treated 
with DFP. The bar graph shows the percentage of demyelination area versus the total area of the transverse section of optic nerve. (E) 
Quantitative analysis of FluoroMyelin intensity, calculated as the percent of the FM reactivity in intact group. (F) Quantitative analysis 
of MBP intensity showed significant differences between vehicle and DFP treated groups on 3 and 7 dpi. Data represent mean ± SEM. 
Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001 versus vehicle at the same group, n = 5 mice per group, Scale bar = 50 µm.
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protective effect of DFP in this experimental setting. We then checked the number of RGCs using H&E staining 
of the eye globe. Our results indicated that DFP significantly preserved RGC loss on 7 dpi (p < 0.001, Fig. 6B,D).

Discussion
Ferroptosis is a newly discovered iron dependent regulated cell death that has received much attention in recent 
years. Increasing evidence have demonstrated the role of ferroptosis in the pathogenesis of neurodegenerative 
disease32. A recent study has shown that the expression of ferroptosis inhibitor, GPX4, was reduced in MS and 
EAE lesions10. Furthermore, a very recent study has shown that using ferroptosis inhibitor, Liproxstatin-1, or 
reducing ACSL4 expression reduced neuroinflammation and neural death in EAE model33. However, its role in 
demyelinating conditions has not been reported. In the present study, we found that upon demyelination induc-
tion with LPC in mouse optic nerve, iron accumulated at early time points after the injury. Furthermore, the level 

Figure 6.   Deferiprone decreased retinal ganglion cell (RGC) loss in demyelinated optic nerve. (A) 
Immunostaining against NF-200, as the axonal marker, counterstained with DAPI in vehicle and deferiprone 
(DFP) treated mice on 7 dpi. (B) H&E staining demonstrated that DFP protects against the loss of RGCs. 
(C) Quantification of the NF-200 immunoreactivity showed that DFP protected against axonal damage at 
7dpi. *p<0.05 versus vehicle group, Student’s t-test. (D) Quantification of the number of RGCs. Data represent 
mean ± SEM. One-way ANOVA with Tukey’s multiple comparisions test, ***p< 0.001 versus Intact group, 
###p<0.001 versus LPC 7dpi-vehicle, n = 5 mice per group, Scale bar = 50 µm.
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of MDA demonstrating lipid peroxidation, was increased. Additionally, GSH level was diminished along with 
upregulation of ferroptosis related genes at 1–3 days after induction of demyelination. This time point covers 
the beginning of demyelination processes and is correspond to the severe inflammatory phase following LPC24.

Iron, the key factor that triggers ferroptosis9, is accumulated in several neurodegenerative diseases such as 
Alzheimer’s disease, Parkinson’s disease, Amyotrophic lateral sclerosis (ALS) and MS32. In the context of MS; 
however, one important source of iron released in the extracellular space is dying oligodendrocytes and myelin 
debris3. Iron is a required co-factor for a variety of enzymes involved in the maintenance and production of 
myelin5. In liberated form; however, excessive free iron (Fe2+) may produce hydroxyl radicals (.OH) via Fenton 
chemistry25. This process initiates lipid peroxidation, which is an essential hallmark of ferroptosis. Iron deposi-
tion might also promote oxidative stress, inflammation and glutamate toxicity, which exacerbates cytotoxicity 
and neurodegeneration7. Moreover, several studies reported that the level of iron deposition positively correlates 
with the disease progression in patients with MS34–37.

Our results showed a temporal profile of iron accumulation changes. Iron deposition was observed from 6 h 
post-LPC and continued to elevate over time within 3 days after LPC injection. Then, there was a significant 
reduction in iron deposition at 7dpi, which is considered as the peak of demyelination. In LPC model, the 
measured extent of demyelination is the cumulative result of all pathological events including inflammation, 
iron accumulation and subsequent oxidative stress happened in previous days. This may explain why the extent 
of demyelination reached the maximum amount at day 7, while iron accumulation and inflammation were at 
the maximum level on previous days.

In this study, in addition to the iron deposition during the early period of LPC demyelination, alterations 
were also seen in the expression of markers of ferroptosis including increased IREB2, TfR1, Acsf2, NCOA4 and 
HO-1. Iron homeostasis is regulated by the balance between iron uptakes, storage, utilization and efflux. We 
observed upregulation of IREB2 and its downstream target, Tfr1, at 1 and 3 dpi, respectively. IREB2 is reported to 
be tightly associated with the iron regulation in CNS38. Moreover, increased expression of Tfr1 was also detected 
by immunostaining at 3 dpi. Increasing evidences have reported that transferrin import via transferrin recep-
tor is essential for the occurrence of ferroptosis28,39. Recently, in order to find a reliable approach to selectively 
detect ferroptotic cells in tissues, Feng et al. screened 4750 monoclonal antibodies against the cells induced to 
undergo ferroptosis via erastin. Additional screening revealed several candidates including Tfr1 and MDA. 
They have validated these antibodies to detect ferroptotic cells in xenograft cancer models28. Furthermore, Gao 
et al. showed that both transferrin import and glutaminolysis are required for ferroptosis. Thus, it is suggested 
that Tfr1 and glutamine metabolic pathway play crucial role during ferroptotic cell death39. Here, the increased 
expression of Tfr1 at 3 dpi, as revealed by immunostaining suggests the possible contribution of ferroptosis 
during LPC-demyelination.

Ferritin stores excess iron, by holding up to 4500 atoms of iron, and prevents iron to be involved in chemi-
cal reactions40. Normally, if iron is needed, ferritin is degraded, which is termed ferritinophagy and the iron is 
released41. A recent study has shown that autophagy is associated with ferroptosis via degradation of ferritin in 
autophagosomes42. The expression of molecules involved in ferritinophagy is therefore, another characteristic 
of ferroptosis. In our study, an increase in NCOA4, a cargo receptor that binds to ferritin and shuttles it into 
autophagosomes41, was seen at the first day after induction of demyelination, suggesting the loss of ferritin and 
releasing further iron. In addition, our results showed a non-significant trend to increase ferritin at 1, 2 and 3 
dpi, which may be considered as a compensatory response to iron overload and ferritinophagy. Taken together, 
iron deposition revealed by Perl’s staining as well as dysregulation of iron homeostasis at early time points after 
LPC injection suggests their possible role in inflammation and demyelination phenomenon. Consistence with 
our results, a recent study confirmed ferroptosis contribution to the loss of oligodendrocytes in the cuprizone 
model11.

We next observed elevated MDA concentration after LPC injection, which reached the maximum level at 
2 dpi, which was coincided with the timing of iron deposition. This high MDA level was followed by a rapid 
restoration at 3 dpi, suggesting rapid oxidation of this highly toxic molecule to final products of H2O2 and 
CO226,43. The extent of lipid peroxidation and MDA accumulation is reported to be correlated with inflamma-
tion, demyelination and neurodegeneration in patients with MS44. In agreement with our results, a recent study 
reported elevation of lipid peroxidation markers including MDA and 4-HNE during the course of cuprizone 
induced demyelination11. Furthermore, the expression of ACSF2 that has role in lipid metabolism was increased. 
ACSF2 mediates synthesis of specific lipid precursors required for ferroptosis9.

Another key regulator of ferroptosis are related to molecules involved in the anti-oxidant capacity of the cells. 
The key molecules involved in this pathway are GPX4, the only enzyme that diminishes lipid peroxides to the 
alcohol via reducing GSH and SLC7A11 (xCT), an antiporter that exchanges glutamate and cystine to produce 
GSH27. We observed a mild reduction in GSH 6 h after LPC injection. However, the GSH concentration was 
significantly reduced at 12 h and day 1. This result is consistent with the increase in MDA concentration, since 
GPX4 activity via GSH directly removes lipid reactive oxygen species (lipid ROS). Indeed, GPX4 catalyzes the 
reaction between GSH and lipid ROS, therefore protecting cells against ferroptosis27. Depletion of GSH observed 
at early time points after LPC injection could be due to the direct effect of iron45,46, since SLC7A11 expression did 
not change at any time points. Furthermore, reducing GSH concentration may cause GPX4 inactivation, which 
results in increased lipid peroxidation and ferroptosis27. Although our results showed an increase in GPX4 expres-
sion on day 1, this elevation did not continue in the following days. The increase in GPX4 expression following 
the induction of demyelination in our study is in contrast to the findings of Hu et al. in the EAE model10 and 
Jhelum et al. in the cuprizone model11, which reflects that pathological processes involved in different models, 
may lead to different expression profiles. However, this increase in GPX4 expression could be the initial com-
pensatory response to injury, since GPX4 is the main key endogenous enzyme that inhibits lipid peroxidation.
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Another ferroptosis regulator was Nrf2, which showed an increase at 1 dpi. Nrf2 is a molecule in cellular 
defensive system, which increase the resistance of the cells to ferroptosis. Its increase might reflect a compensa-
tory response to oxidative stress. Moreover, the expression of Nrf2 could elevate the expression of HO-1 at 3 dpi. 
It is reported that expression of HO-1 mediates degradation of heme to Fe2+, carbon monoxide and biliverdin, 
which increase the level of free iron and might enhance ferroptosis29. In agreement with our results, a recent 
study reported the elevation of HO-1 mRNA expression during the course of cuprizone induced demyelination11.

HSPB1 is another regulator of ferroptosis. In the phosphorylated form that is mediated by protein kinase C, 
HSPB1 stabilizes actin of the cytoskeleton resulting in reduced iron uptake and subsequent lipid peroxidation 
and ferroptosis47. Our results showed a significant increase in HSPB1 expression within 1 dpi, which is probably 
an initial response to LPC insult; however, this elevation was not continued in the following days.

Collectively, our data suggest that iron deposited during the demyelination period as well as deficient GSH 
may promote lipid peroxidation during the course of myelin breakdown. Consistent with our results, dysregula-
tion of iron metabolism, MDA accumulation and limited ability to repair lipid damages due to GSH deficiency 
are previously reported in the EAE model and cuprizone induced demyelination as well as human MS lesions10,11. 
Furthermore, in the cuprizone model, loss of oligodendrocytes was reported to coincide with the timing of 
several ferroptosis markers expression11.

Since the capacity of adult CNS for repair is limited, developing new approaches that prevent demyelination 
or preserve myelin are highly necessary. Here, we used an animal model of demyelination induced by LPC, 
which leads to sequential events and the demyelination process could be studied, separately. To obtain a direct 
evidence that iron deposition plays role in the extension of demyelination in LPC model, we treated mice with 
DFP, an iron chelator, to remove the excess iron. Our results showed a significant decrease in iron deposition 
and demyelination in DFP treated mice at 3 and 7 dpi. However, it remains to be elucidated whether reduced 
iron deposition represents the only mechanism of action of DFP in this experimental setting. DFP is known as a 
cell-permeable iron chelator, with the efficacy to reduce the iron accumulation in the dentate nuclei of patients 
with Friedreich ataxia as well as dentate and caudate nuclei of patients with Parkinson’s disease48,49. Addition-
ally, DFP was reported to reduce iron overload in the retina of Ceruloplasmin/Hephaestin double-knockout 
mice23. Moreover, to induce iron deficiency in substantia nigra (SN) and explore its relationship with locomotion 
activity, DFP was directly injected to SN, and confirmed the iron chelating efficacy of DFP within brain50. At 
the mechanistic level, DFP is reported to relocate cellular accumulated iron within cell compartments or across 
the cell membrane. It also carried excess iron to the extracellular transferrin for redistribution51, preventing its 
participation in oxidative stress.

Since our results showed an increase in the Tfr1 expression by LPC, we asked whether DFP could decrease 
Tfr1 expression. Our results showed significant decrease in Tfr1 expression in DFP treated group, that suggests 
the possible contribution of ferroptosis in demyelination context.

Additionally, iron accumulation and ferroptosis were reported to promote inflammatory responses via activat-
ing innate immune system30. Inflammation is a key player in MS and demyelination pathogenesis that peaks at 
days 2–3 dpi, characterized by initial edema and glial scar formation52, the time period that showed the increased 
ferroptosis markers in our study. Our results showed no differences regarding infiltration of peripheral immune 
cells on 3 dpi. This result is in agreement with the previous report that showed the transient response of neutro-
phil and lymphocytes at 6 to 12 h after LPC injection into the spinal cord53. At later time points; however, the 
microglia, macrophages and astrocytes shape the immune response52,53. Our results showed that DFP reduced the 
severity of inflammation, microgliosis and astrogliosis. Microgliosis was reduced at 3 and 7dpi, suggesting that 
DFP affects the inflammation at the initial steps of demyelination induced by the LPC. We also found that DFP 
treatment reduced the severity of microgliosis and astrogliosis at 7 dpi, suggesting myelin protection. However, 
it remains to be clarified whether the excess iron removal and ferroptosis inhibition represent the mechanism 
of the anti-inflammatory effects of DFP in the demyelinated optic nerve.

Due to the potent anti-inflammatory effects of DFP in this experimental setting, we also evaluated the extent 
of demyelination. Our results revealed that DFP reduced the extent of demyelination as it was evaluated by LFB 
and FluoroMyelin staining as well as MBP immunostaining. Reduced demyelination in DFP-treated mice at 3 
and 7 dpi might be the result of myelin protection or enhanced myelin repair. Our findings were in agreement 
with a recent study, which showed that iron chelation with deferoxamine, another iron chelator, protects oligo-
dendrocytes in the spinal cord injury model54.

Both inflammation and continues demyelination may lead to axonal damage and subsequent neuronal loss55. 
We also found that DFP had neuroprotective effect and prevent axonal damage and RGCs loss. Our results are 
consistence with a very recent report, which showed that DFP preserves RGCs number and protects against 
axonal damages in the optic nerve of EAE mice14. Several studies have shown the neuroprotective effects of DFP 
on different retinal degeneration models induced by sodium iodate, tunicamycin and light as well as Ceruloplas-
min/Hephaestin double-knockout mice and hereditary retinal degeneration caused by the rd6 mutation19–23. This 
effect was also seen even when the main cause of retinal degeneration was not iron dysregulation22. Besides, the 
neuroprotective effects of DFP has been well studied in different neurodegenerative animal models including 
Alzheimer’s disease, Parkinson’s disease, Huntington’s disease as well as neuronal cultures exposed to different 
neurotoxic agents15–18. Furthermore, a preliminary clinical study reported that the combination of iron depletion 
and erythropoietin had promising effects in patients with secondary progressive MS56.

Conclusion
The insights gained from this study will advance our understanding of the role of iron deposition and its con-
sequence during the course of demyelination and introduce a new therapeutic approach for treating MS. In 
summary, iron chelation, using DFP, reduced iron deposition during the course of demyelination, attenuated 
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gliosis and inflammation and preserved myelin, axons and RGCs. The effectiveness of DFP treatment introduce 
the iron as a novel target for MS treatment, even though further studies are needed to determine the appropriate 
time window, since iron is required for remyelination and myelin maintenance as well.

Materials and methods
Animals.  Adult male C57BL/6J mice (8–10-weeks old, body weight 21–25 g) were purchased from Pasteur 
Institute (Karaj, Iran). Animals were housed under a 12 h light/dark cycle and temperature/humidity-controlled 
environment with free access to food and water. All experiments were conducted in accordance with the National 
Institutes of Health (NIH) guidelines for research involving laboratory animals and approved by the Commit-
tee of Ethics in Research at Tarbiat Modares University, Tehran, Iran. (Ethical approved ID: IR.MODARES.
REC.1398.005). All animal procedures were in accordance with ARRIVE guidelines. Efforts were made to mini-
mize the number of animals used and their suffering.

Induction of demyelination.  Focal demyelination was induced by injection of lysophosphatidylcholine 
(LPC (lysolecithin), Sigma-Aldrich, L1381), into the optic nerve. Briefly, animals were anesthetized by intra-
peritoneal (i.p.) injection of ketamine 70 mg/kg (Bremer Pharma GmbH, Germany) and xylazine hydrochlo-
ride 10 mg/kg (Hoogstraten, Belgium). Under the guidance of a binocular operating scope (Cambridge Instru-
ments), the conjunctiva was dissected along the glob with Vannas scissors. Fine forceps were used to expose the 
optic nerve, avoiding damages to retinal blood vessels and excessive stretching to the optic nerve. Demyelination 
was induced by direct injection of LPC (1 µl, 1%) into the optic nerve 2.5 mm behind the globe, using the Ham-
ilton syringe (Hamilton Company, USA). Tetracycline ointment was applied topically to prevent infections31,57.

Experimental design and treatments.  Following deep anesthesia using ketamine and xylazine, animals 
were scarified at different time points after LPC injection and optic nerve tissues were collected and processed 
for molecular, biochemical or histological assessments, followed by snap freezing in liquid nitrogen or process-
ing for tissue sectioning. The timelines for histological, biochemical or molecular assessments are shown in 
Figs. 1A and 2A, respectively. In two additional groups, daily i.p. injections of DFP (Avicenna Laboratories Inc., 
Saveh, Iran) was started 30 min before LPC injection and continued every 12 h in a 10 mg/kg dose dissolved in 
0.9% normal saline, for 3 or 7 continuous days, which are critical time points for investigating inflammation or 
demyelination, respectively24. Vehicle groups received the same volume of saline.

Tissue processing and sectioning.  Following deep anesthesia, animals were sacrificed by transcardial 
perfusion with phosphate buffer solution (PBS) and 4% paraformaldehyde (PFA). Optic nerve and eyeball were 
harvested; post-fixed in 4% PFA overnight and protected in 30% sucrose in PBS for 24 h at 4 °C before embed-
ding. The samples were then embedded in optimal cutting medium (OCT; Bio-Optica) followed by freezing at 
− 20 °C. The blocks were then stored at – 80 °C until sectioning. Using a cryostat (Histo-Line Laboratories, Italy), 
transverse sections were prepared with 10 μm thickness, starting from the place where the optic nerve merge to 
the eyeball to the end of optic nerve. Moreover, the posterior eyecup were cut into 10 μm sections. All sections 
were mounted on superfrost plus slides and stored at − 20 °C for further evaluations.

DAB enhanced Perl’s staining.  DAB enhanced Perl’s staining was used to assess iron deposition in LPC 
induced demyelination model. The rehydrated cryosections were incubated in 0.3% H2O2 for 10 min in order 
to quench endogenous peroxidase activity. Then the sections were immersed in fresh-prepared potassium ferro-
cyanide solution containing equal volume of 5% potassium ferrocyanide and 5% HCl for overnight. HCl releases 
the ferric iron from the proteins, which allows potassium ferrocyanide to bind to ferric iron. In the presence of 
H2O2, this compound catalyzes the oxidative polymerization of 3, 3-diaminobenzidine (DAB), which results in 
intense dark brown spots58,59.

Hematoxylin and eosin staining.  To assess the level of inflammation, Hematoxylin & Eosin (H&E) 
staining was applied. After rehydration the optic nerve and retina frozen sections were stained with Hematoxy-
lin for 15 min, followed by immersing in Eosin solution. Then, the sections were washed, dehydrated, cleared in 
xylene and mounted using Entellan (Merck Chemicals, Germany)24. A pathologist blinded to the experimental 
groups evaluated the level of inflammation in different slides (n = 5).

Myelin staining and immunofluorescence studies.  To assess the extent of demyelination, Luxol fast 
blue (LFB) staining was performed based on previous reports24. Briefly, the sections were washed with PBS, 
incubated in 0.1% LFB for 1 h at 60 °C. To obtained appropriate contrast, the sections were rapidly immersed 
in 0.05% lithium carbonate, followed by washing in distilled water. Then Cresyl Fast Violet counterstaining was 
used to visualize cell nuclei. After washing in distilled water, the sections were dehydrated in a graded series of 
alcohols, cleared in xylene and mounted using entellan (Merck Chemicals, Germany). For quantification, the 
demyelinated area was calculated as the percentage of total area using Image J software (NIH, USA).

Evaluation of demyelination was done either by FluoroMyelin staining of cryostat sections. After washing 
with PBS, the sections were incubated in FluoroMyelin (1:300, f34652, ThermoFisher, Oregon, USA) for 30 min 
at room temperature60. The fluorescent intensity was measured by Image J software.

For immunostaining, in brief, frozen sections were incubated in triton-X100, blocking solution, containing 
NGS 10% (normal goat serum, Sigma) in PBS for 1 h and then incubated with primary antibody at 4 °C over-
night. This step was followed by incubation with a corresponding secondary antibody coupled to a fluorescent 
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dye for 2 h at room temperature. After three times of washing with PBS, the sections were counterstained with 
DAPI (Sigma-Aldrich; D-9542) to visualize cell nuclei60. The list of antibodies is provided in Table 1. Myelin 
basic protein (MBP), Glial fibrillary acidic protein (GFAP), transferrin receptor 1 (Tfr1) and neurofilament 200 
(NF-200) intensity was quantified by Image J software. The number of total ionized calcium binding adaptor 
molecule 1 positive cells (ba1+) were presented as the number of cells per section.

All photos were captured under BX-51 fluorescent microscope (Olympus Optical Co, Ltd., Tokyo, Japan). 
Three to five sections were studied and averaged for each animal group (n = 5 mice per group).

Malondialdehyde assay.  The malondialdehyde (MDA) assay was performed based on a previous reported 
method with some modifications. In brief, the homogenate samples were mixed with BHT (0.5 mg/ml ethanol) 
and tricholoroacetic acid (TCA, 25% w/v) solution. The mixture was incubated at 100 °C for 10 min, centrifuged 
at 2000 rmp for 10 min. This step was followed by mixing the supernatant of each sample with TBA (0.33% 
w/v) at 95 °C for 1 h. Then the absorbance was measured at 532 nm. Each sample was prepared triplicated for 
measurements, averaged for each sample then entered into group averaging (n = 4–5 in each time point). Protein 
concentration of tissue lysate was considered for data normalization61,62.

Glutathione assay.  The glutathione (GSH) concentration was measured based on a previous reported 
method with some modifications63. Briefly, the optic nerve samples were homogenized in PBS. Afterward, pre-
pared samples were mixed with the equal volume of 2 mg/ml DTNB (5,5’-dithiobis nitro benzoic acid). The 
reaction between reduced glutathione and DTNB yield yellow colored product with max absorbance at 412 nm. 
Each sample was prepared triplicated for measurements and averaged for each sample (n = 4–5 for each time 
point). Protein concentration of tissue lysate was considered to normalize the readouts.

Total RNA extraction and real‑time polymerase chain reaction.  Animals were scarified under 
deep anesthesia with ketamine and xylazine 1, 2 and 3 days after LPC injection and optic nerve tissues were 
harvested and snap freezed in liquid nitrogen and stored at − 80 °C until processed. Sample of three animals 
were pooled for extraction and consequent analysis (totally, 12–15 animals were used for each time point). Total 
RNA was extracted based on the RNA isolation kit protocol (RiboEx solution, Gene All, Korea). cDNA was 
reverse-transcribed using cDNA reverse transcription Kit (Parstous Biotechnology, Iran). Afterward, RT-qPCR 
was performed using SYBR Green PCR Master Mix (Ampliqon, Denmark) on a Rotor-Gene device (Qiagen, 
Germany). All reactions were performed in duplicate. The relative amount of mRNA was calculated using the 

Table 1.   List of primary and secondary antibodies used in this study.

Primary antibody Label Species isotype Supplier Dilution

MBP – Chicken polyclonal Aves 1:1000

Iba1 – Rabbit polyclonal FUJIFILM Wako Pure Chemical 1:1000

GFAP – Rabbit polyclonal Dako 1:500

NF200 – Chicken polyclonal Aves 1:100

Tfr1 – Rabbit polyclonal Abcam, ab82411 1:500

Anti-chicken IgY Texas Red Rabbit Abcam, ab6751 1:500

Anti-rabbit IgG Alexa Fluor® 488 Goat ThermoFisher, A11008 1:1000

Anti-rabbit IgG Alexa Fluor® 568 Goat ThermoFisher, A11036 1:1000

Table 2.   Primer sequences used for qPCR.

Gene Forward sequence Reverse sequence

GAPDH CAT​CAC​TGC​CAC​CCA​GAA​GACTG​ ATG​CCA​GTG​AGC​TTC​CCG​TTCAG​

Fth TAA​AGA​ACT​GGG​TGA​CCA​CGT​GAC​ AAG​TCA​GCT​TAG​CTC​TCA​TCA​CCG​

tfr1 AAA​CTG​GCT​GAA​ACG​GAG​GAG​ACA​ GCT​GCT​TGA​TGG​TGT​CAG​CAA​ACT​

Ncoa4 TTA​ACA​CTG​CCG​ACT​GGG​TT AGC​TGC​ATA​CAG​GCA​AAG​AGA​

hspb1 GAT​CAC​TGG​CAA​GCA​CGA​AGA​ CTC​GAA​AGT​AAC​CGG​AAT​GGTGA​

IREB2 AGA​AAC​GGA​CCT​GCT​CTT​CCCA​ CCT​CTG​TCT​CAA​TGC​CAC​CAAC​

GPX4 CGC​AGC​CGT​TCT​TAT​CAA​TG CAC​TGT​GGA​AAT​GGA​TGA​AAGTC​

Acsf2 TGG​AGC​AGA​AGG​CTG​GTA​GTGT​ CAT​GAC​GCA​GTA​CCC​TCG​GATA​

SLC7A11 CTT​TGT​TGC​CCT​CTC​CTG​CTTC​ CAG​AGG​AGT​GTG​CTT​GTG​GACA​

HO-1 GGT​GAT​GGC​TTC​CTT​GTA​CC AGT​GAG​GCC​CAT​ACC​AGA​AG

Nrf2 TCC​TAT​GCG​TGA​ATC​CCA​AT GCG​GCT​TGA​ATG​TTT​GTC​TT
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2−∆∆CT method, following standardization relative to GAPDH as a housekeeping gene. The list of the genes and 
sequences of primers used in this experiment is provided in Table 2.

Statistical analysis.  Statistical analysis was performed using GraphPad Prism 8 software. Shapiro–Wilk test 
and the Kolmogorov–Smirnov Test were used to assess the normal distribution of data. Multiple comparisons 
between groups at different time points was analyzed by one-way ANOVA with Dunnett’s or Tukey’s multiple 
comparisons test. Two-tailed unpaired Student’s t-test was used in order to compare DFP-treated animals with 
the vehicle group. p values < 0.05 were considered statistically significant. All data are presented as means ± SEM.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on 
reasonable request.

Received: 12 July 2022; Accepted: 10 November 2022

References
	 1.	 Reich, D. S., Lucchinetti, C. F. & Calabresi, P. A. Multiple sclerosis. N. Engl. J. Med. 378, 169–180 (2018).
	 2.	 Lassmann, H., Van Horssen, J. & Mahad, D. Progressive multiple sclerosis: Pathology and pathogenesis. Nat. Rev. Neurol. 8, 647–656 

(2012).
	 3.	 Hametner, S. et al. Iron and neurodegeneration in the multiple sclerosis brain. Ann. Neurol. 74, 848–861 (2013).
	 4.	 Möller, H. E. et al. Iron, myelin, and the brain: Neuroimaging meets neurobiology. Trends Neurosci. 42, 384–401 (2019).
	 5.	 Todorich, B., Pasquini, J. M., Garcia, C. I., Paez, P. M. & Connor, J. R. Oligodendrocytes and myelination: The role of iron. Glia 

57, 467–478 (2009).
	 6.	 Beard, J. L., Wiesinger, J. A. & Connor, J. R. Pre-and postweaning iron deficiency alters myelination in Sprague-Dawley rats. Dev. 

Neurosci. 25, 308–315 (2003).
	 7.	 Haider, L. Inflammation, iron, energy failure, and oxidative stress in the pathogenesis of multiple sclerosis. Oxidat. Med. Cell. 

Longevity 2015 (2015).
	 8.	 Kroner, A. et al. TNF and increased intracellular iron alter macrophage polarization to a detrimental M1 phenotype in the injured 

spinal cord. Neuron 83, 1098–1116 (2014).
	 9.	 Dixon, S. J. et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 149, 1060–1072 (2012).
	10.	 Hu, C. L. et al. Reduced expression of the ferroptosis inhibitor glutathione peroxidase-4 in multiple sclerosis and experimental 

autoimmune encephalomyelitis. J. Neurochem. 148, 426–439 (2019).
	11.	 Jhelum, P. et al. Ferroptosis mediates cuprizone-induced loss of oligodendrocytes and demyelination. J. Neurosci. 40, 9327–9341 

(2020).
	12.	 Kwiatkowski, J. L. et al. Deferiprone vs deferoxamine for transfusional iron overload in SCD and other anemias: A randomized, 

open-label noninferiority study. Blood Adv. 6, 1243–1254 (2022).
	13.	 Mitchell, K. et al. Deferiprone, an orally deliverable iron chelator, ameliorates experimental autoimmune encephalomyelitis. Mult. 

Scler. J. 13, 1118–1126 (2007).
	14.	 Khan, R. S. et al. Dexras1 deletion and iron chelation promote neuroprotection in experimental optic neuritis. Sci. Rep. 9, 1–11 

(2019).
	15.	 Molina-Holgado, F., Gaeta, A., Francis, P. T., Williams, R. J. & Hider, R. C. Neuroprotective actions of deferiprone in cultured 

cortical neurones and SHSY-5Y cells. J. Neurochem. 105, 2466–2476 (2008).
	16.	 Dexter, D. T. et al. Clinically available iron chelators induce neuroprotection in the 6-OHDA model of Parkinson’s disease after 

peripheral administration. J. Neural Transm. 118, 223–231 (2011).
	17.	 Fawzi, S. F., Menze, E. T. & Tadros, M. G. Deferiprone ameliorates memory impairment in Scopolamine-treated rats: The impact 

of its iron-chelating effect on β-amyloid disposition. Behav. Brain Res. 378, 112314 (2020).
	18.	 Agrawal, S., Fox, J., Thyagarajan, B. & Fox, J. H. Brain mitochondrial iron accumulates in Huntington’s disease, mediates mito-

chondrial dysfunction, and can be removed pharmacologically. Free Radical Biol. Med. 120, 317–329 (2018).
	19.	 Shirai, Y., Mori, A., Nakahara, T., Sakamoto, K. & Ishii, K. Deferiprone protects against photoreceptor degeneration induced by 

tunicamycin in the rat retina. Biol. Pharm. Bull. 38, 1076–1080 (2015).
	20.	 Song, D. et al. The oral iron chelator deferiprone protects against systemic iron overload-induced retinal degeneration in hepcidin 

knockout mice. Invest. Ophthalmol. Vis. Sci. 55, 4525–4532 (2014).
	21.	 Song, D., Song, Y., Hadziahmetovic, M., Zhong, Y. & Dunaief, J. L. Systemic administration of the iron chelator deferiprone protects 

against light-induced photoreceptor degeneration in the mouse retina. Free Radical Biol. Med. 53, 64–71 (2012).
	22.	 Hadziahmetovic, M. et al. The oral iron chelator deferiprone protects against retinal degeneration induced through diverse mecha-

nisms. Transl. Vis. Sci. Technol. 1, 2–2 (2012).
	23.	 Hadziahmetovic, M. et al. The oral iron chelator deferiprone protects against iron overload-induced retinal degeneration. Invest. 

Ophthalmol. Vis. Sci. 52, 959–968 (2011).
	24.	 Niknam, P., Raoufy, M. R., Fathollahi, Y. & Javan, M. Modulating proteoglycan receptor PTPσ using intracellular sigma peptide 

improves remyelination and functional recovery in mice with demyelinated optic chiasm. Mol. Cell. Neurosci. 99, 103391 (2019).
	25.	 Stephenson, E., Nathoo, N., Mahjoub, Y., Dunn, J. F. & Yong, V. W. Iron in multiple sclerosis: Roles in neurodegeneration and 

repair. Nat. Rev. Neurol. 10, 459–468 (2014).
	26.	 Gaweł, S., Wardas, M., Niedworok, E. & Wardas, P. Malondialdehyde (MDA) as a lipid peroxidation marker. Wiadomosci Lekarskie 

(Warsaw Poland: 1960) 57, 453–455 (2004).
	27.	 Dixon, S. J. Ferroptosis: Bug or feature?. Immunol. Rev. 277, 150–157 (2017).
	28.	 Feng, H. et al. Transferrin receptor is a specific ferroptosis marker. Cell Rep. 30, 3411–3423 (2020).
	29.	 Chang, L. C. et al. Heme oxygenase-1 mediates BAY 11-7085 induced ferroptosis. Cancer Lett. 416, 124–137 (2018).
	30.	 Li, J. et al. Ferroptosis: Past, present and future. Cell Death Dis. 11, 1–13 (2020).
	31.	 Dehghan, S., Aref, E., Raoufy, M. R. & Javan, M. An optimized animal model of lysolecithin induced demyelination in optic nerve; 

more feasible, more reproducible, promising for studying the progressive forms of multiple sclerosis. J. Neurosci. Methods 352, 
109088 (2021).

	32.	 Viktorinova, A. & Durfinova, M. Mini-Review: Is iron-mediated cell death (ferroptosis) an identical factor contributing to the 
pathogenesis of some neurodegenerative diseases?. Neurosci. Lett. 745, 135627 (2021).

	33.	 Luoqian, J. et al. Ferroptosis promotes T-cell activation-induced neurodegeneration in multiple sclerosis. Cell. Mol. Immunol. 1–12 
(2022).



15

Vol.:(0123456789)

Scientific Reports |        (2022) 12:19630  | https://doi.org/10.1038/s41598-022-24152-2

www.nature.com/scientificreports/

	34.	 Neema, M. et al. Deep gray matter involvement on brain MRI scans is associated with clinical progression in multiple sclerosis. J. 
Neuroimaging 19, 3–8 (2009).

	35.	 Brass, S., Benedict, R. H., Weinstock-Guttman, B., Munschauer, F. & Bakshi, R. Cognitive impairment is associated with subcortical 
magnetic resonance imaging grey matter T2 hypointensity in multiple sclerosis. Mult. Scler. J. 12, 437–444 (2006).

	36.	 Bermel, R. A. et al. Prediction of longitudinal brain atrophy in multiple sclerosis by gray matter magnetic resonance imaging T2 
hypointensity. Arch. Neurol. 62, 1371–1376 (2005).

	37.	 Bakshi, R., Shaikh, Z. A. & Janardhan, V. MRI T2 shortening (‘black T2’) in multiple sclerosis: Frequency, location, and clinical 
correlation. NeuroReport 11, 15–21 (2000).

	38.	 Meyron-Holtz, E. G. et al. Genetic ablations of iron regulatory proteins 1 and 2 reveal why iron regulatory protein 2 dominates 
iron homeostasis. EMBO J. 23, 386–395 (2004).

	39.	 Gao, M., Monian, P., Quadri, N., Ramasamy, R. & Jiang, X. Glutaminolysis and transferrin regulate ferroptosis. Mol. Cell 59, 
298–308 (2015).

	40.	 Arosio, P. & Levi, S. Cytosolic and mitochondrial ferritins in the regulation of cellular iron homeostasis and oxidative damage. 
Biochim. Biophys. Acta 1800, 783–792 (2010).

	41.	 Mancias, J. D., Wang, X., Gygi, S. P., Harper, J. W. & Kimmelman, A. C. Quantitative proteomics identifies NCOA4 as the cargo 
receptor mediating ferritinophagy. Nature 509, 105–109 (2014).

	42.	 Hou, W. et al. Autophagy promotes ferroptosis by degradation of ferritin. Autophagy 12, 1425–1428 (2016).
	43.	 Ayala, A., Muñoz, M. F. & Argüelles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms of malondialdehyde 

and 4-hydroxy-2-nonenal. Oxidat. Med. Cell. Longevity 2014 (2014).
	44.	 Haider, L. et al. Oxidative damage in multiple sclerosis lesions. Brain 134, 1914–1924 (2011).
	45.	 Jenkins, N. L. et al. Changes in ferrous iron and glutathione promote ferroptosis and frailty in aging Caenorhabditis elegans. Elife 

9, e56580 (2020).
	46.	 Bertrand, R. L. Iron accumulation, glutathione depletion, and lipid peroxidation must occur simultaneously during ferroptosis 

and are mutually amplifying events. Med. Hypotheses 101, 69–74 (2017).
	47.	 Sun, X. et al. HSPB1 as a novel regulator of ferroptotic cancer cell death. Oncogene 34, 5617–5625 (2015).
	48.	 Boddaert, N. et al. Selective iron chelation in Friedreich ataxia: Biologic and clinical implications. Blood J. Am. Soc. Hematol. 110, 

401–408 (2007).
	49.	 Martin-Bastida, A. et al. Brain iron chelation by deferiprone in a phase 2 randomised double-blinded placebo controlled clinical 

trial in Parkinson’s disease. Sci. Rep. 7, 1–9 (2017).
	50.	 Wang, Z. et al. Local iron deficiency in the substantia nigra directly contributes to hyperlocomotion phenotypes. Neurobiol. Dis. 

168, 105693 (2022).
	51.	 Sohn, Y.-S., Breuer, W., Munnich, A. & Cabantchik, Z. I. Redistribution of accumulated cell iron: A modality of chelation with 

therapeutic implications. Blood J. Am. Soc. Hematol. 111, 1690–1699 (2008).
	52.	 Tourdias, T. et al. Differential aquaporin 4 expression during edema build-up and resolution phases of brain inflammation. J. 

Neuroinflammation 8, 1–16 (2011).
	53.	 Ousman, S. S. & David, S. Lysophosphatidylcholine induces rapid recruitment and activation of macrophages in the adult mouse 

spinal cord. Glia 30, 92–104 (2000).
	54.	 Hao, J. et al. Mechanisms underlying the promotion of functional recovery by deferoxamine after spinal cord injury in rats. Neural 

Regen. Res. 12, 959 (2017).
	55.	 Criste, G., Trapp, B. & Dutta, R. Axonal loss in multiple sclerosis: Causes and mechanisms. Handb. Clin. Neurol. 122, 101–113 

(2014).
	56.	 Créange, A., Lefaucheur, J.-P., Balleyguier, M.-O. & Galactéros, F. Iron depletion induced by bloodletting and followed by rhEPO 

administration as a therapeutic strategy in progressive multiple sclerosis: A pilot, open-label study with neurophysiological meas-
urements. Clin. Neurophysiol. 43, 303–312 (2013).

	57.	 Mesentier-Louro, L. A. et al. Direct targeting of the mouse optic nerve for therapeutic delivery. J. Neurosci. Methods 313, 1–5 
(2019).

	58.	 You, L. et al. Targeted brain delivery of rabies virus glycoprotein 29-modified deferoxamine-loaded nanoparticles reverses func-
tional deficits in parkinsonian mice. ACS Nano 12, 4123–4139 (2018).

	59.	 Xie, B. S. et al. Inhibition of ferroptosis attenuates tissue damage and improves long-term outcomes after traumatic brain injury 
in mice. CNS Neurosci. Ther. 25, 465–475 (2019).

	60.	 Satarian, L. et al. Engrafted human induced pluripotent stem cell-derived anterior specified neural progenitors protect the rat 
crushed optic nerve. PLoS ONE 8(8), e71855. https://​doi.​org/​10.​1371/​journ​al.​pone.​00718​55 (2013).

	61.	 Sefidbakht, Y. et al. Effects of 940 MHz EMF on bioluminescence and oxidative response of stable luciferase producing HEK cells. 
Photochem. Photobiol. Sci. 13, 1082–1092 (2014).

	62.	 Draper, H. H. & Hadley, M. in Methods in enzymology Vol. 186 421–431 (Elsevier, 1990).
	63.	 Ellman, G. L. Tissue sulfhydryl groups. Arch. Biochem. Biophys. 82, 70–77 (1959).

Acknowledgements
This study was supported by grants Med79865, and IG-39803 from Tarbiat Modares University and INSF4004518 
from Iran National Science Foundation, all provided to M.J.

Author contributions
M.J.: Conceptualization; A.R., F.F., M.J.: Data curation, A.R., F.F., M.J.: Methodology; A.R., F.F., M.H., K.K., 
M.J.: Formal analysis and investigation; A.R.: Writing—original draft preparation; M.J., K.K.: Writing—review 
and editing; M.J.: Funding acquisition; M.J.: Resources; M.J., K.K.: Supervision. All authors confirmed the final 
version of manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.J.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1371/journal.pone.0071855
www.nature.com/reprints


16

Vol:.(1234567890)

Scientific Reports |        (2022) 12:19630  | https://doi.org/10.1038/s41598-022-24152-2

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Ferroptosis inhibition by deferiprone, attenuates myelin damage and promotes neuroprotection in demyelinated optic nerve
	Results
	Iron deposition was observed in optic nerve following LPC injection. 
	Lipid peroxidation and alteration of ferroptosis‐related genes were detected in the injured optic nerve. 
	DFP decreased iron deposition in demyelinated optic nerve. 
	DFP attenuated inflammation, microglial activation and astrogliosis. 
	Treatment with DFP decreased the myelin loss. 
	DFP decreased axonal damage and retinal ganglion cell loss. 

	Discussion
	Conclusion
	Materials and methods
	Animals. 
	Induction of demyelination. 
	Experimental design and treatments. 
	Tissue processing and sectioning. 
	DAB enhanced Perl’s staining. 
	Hematoxylin and eosin staining. 
	Myelin staining and immunofluorescence studies. 
	Malondialdehyde assay. 
	Glutathione assay. 
	Total RNA extraction and real-time polymerase chain reaction. 
	Statistical analysis. 

	References
	Acknowledgements


