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Liproxstatin-1 is an effective inhibitor of oligodendrocyte 
ferroptosis induced by inhibition of glutathione 
peroxidase 4
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Guang-Zhi Ning1, Xiao-Hong Kong2, Chang Liu2, Xue Yao1, *, Shi-Qing Feng1, *

Abstract  
Our previous studies showed that ferroptosis plays an important role in the acute and subacute stages of spinal cord injury. High intracellular 
iron levels and low glutathione levels make oligodendrocytes vulnerable to cell death after central nervous system trauma. In this study, we 
established an oligodendrocyte (OLN-93 cell line) model of ferroptosis induced by RSL-3, an inhibitor of glutathione peroxidase 4 (GPX4). 
RSL-3 significantly increased intracellular concentrations of reactive oxygen species and malondialdehyde. RSL-3 also inhibited the main anti-
ferroptosis pathway, i.e., SLC7A11/glutathione/glutathione peroxidase 4 (xCT/GSH/GPX4), and downregulated acyl-coenzyme A synthetase 
long chain family member 4. Furthermore, we evaluated the ability of several compounds to rescue oligodendrocytes from ferroptosis. 
Liproxstatin-1 was more potent than edaravone or deferoxamine. Liproxstatin-1 not only inhibited mitochondrial lipid peroxidation, but also 
restored the expression of GSH, GPX4 and ferroptosis suppressor protein 1. These findings suggest that GPX4 inhibition induces ferroptosis 
in oligodendrocytes, and that liproxstatin-1 is a potent inhibitor of ferroptosis. Therefore, liproxstatin-1 may be a promising drug for the 
treatment of central nervous system diseases.
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Introduction 
After traumatic central nervous system (CNS) injury, significant 
oligodendrocyte loss occurs as a result of secondary injury 
(Lytle and Wrathall, 2007; Oyinbo, 2011; Scheller et al., 2017). 
Death of oligodendrocytes leads to demyelination, which 
accounts for poor functional recovery. Because of low levels 
of glutathione (GSH) and high levels of iron, oligodendrocytes 
are highly susceptible to oxidative damage (Thorburne and 
Juurlink, 1996; Juurlink et al., 1998). Low glutathione and high 
iron are also key inducers of ferroptosis, a recently-discovered 
form of regulated cell death (Dixon et al., 2012). However, 
ferroptosis in oligodendrocytes has not been well-studied.

Glutathione peroxidase 4 (GPX4) is a central regulator of 
ferroptosis (Yang et al., 2014). In the spinal cord, GPX4 is 
mainly expressed in neurons and oligodendrocytes, but 
not in astrocytes (Hu et al., 2019). Numerous studies have 
investigated the mechanisms of ferroptosis in neurons (Chen 
et al., 2015; Zhang et al., 2018, 2020; Kenny et al., 2019; Chu 
et al., 2020). GPX4 plays a pivotal role in neuronal ferroptosis. 
Knockout of GPX4 in neurons results in ferroptosis (Chen et 
al., 2015). After spinal cord injury, GPX4 is downregulated, and 
the ferroptosis inhibitor SRS 16-86 and deferoxamine (DFO) 
can prevent this reduction in GPX4 and improve the survival of 
neurons in the injured spinal cord (Yao et al., 2019; Zhang et 
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al., 2019). GPX4 is localized to the nucleus in oligodendrocytes 
in vivo, in contrast to the neuronal cytoplasmic localization (Hu 
et al., 2019). However, whether GPX4 also plays a key role in 
oligodendrocyte survival has not been investigated.

RSL-3 was discovered before ferroptosis, and it increases 
lethality in the presence of oncogenic Ras. RSL-3 was 
demonstrated to induce ferroptosis (Yang and Stockwell, 
2008). Further research demonstrated that RSL-3 binds to 
and inhibits GPX4 (Yang et al., 2014). GPX4 is decreased 
during ferroptosis in intracerebral hemorrhage and spinal 
cord injury animal models (Zhang et al., 2018, 2019; Yao 
et al., 2019). Therefore, in this study, we used RSL-3 to 
investigate ferroptotic cell death induced by GPX4 inhibition in 
oligodendrocytes.

OLN93 is a permanent oligodendroglial cell line derived 
from neonatal rat brain. OLN93 cells express typical markers 
of oligodendrocytes, such as myelin basic protein, myelin-
associated glycoprotein and proteolipid protein (Richter-
Landsberg and Heinrich, 1996). It is a valid cell model 
for investigating the proliferation and differentiation 
of oligodendrocytes (Richter-Landsberg and Heinrich, 
1996; Robitzki et al., 2000; Vargas-Medrano et al., 2019). 
Liproxstatin-1 (Lipro-1) is an inhibitor of ferroptosis, and our 
previous study demonstrated that DFO can inhibit ferroptosis. 
Edaravone (EDA) was recently reported to inhibit ferroptosis 
of hepatoma cells in vitro (Friedmann Angeli et al., 2014; 
Homma et al., 2019; Yao et al., 2019). In this study, we further 
examined the ability of these compounds to inhibit ferroptosis 
in oligodendrocytes. We established a model of ferroptosis 
induced by inhibition of GPX4 in OLN93 oligodendrocytic cells, 
and we compared the effects of different ferroptosis inhibitors, 
with the aim of helping to advance the development of 
strategies for inhibiting oligodendrocyte ferroptosis.
 
Materials and Methods  
Cell culture
ONL-93 oligodendrocytes (Cat# LSMCE1331; Wuhan Vector 
Science Co., Ltd., Wuhan, China) were cultured and expanded 
in Dulbecco’s modified Eagle medium/nutrient mixture F-12 
(Cat# 11330057; Gibco, Carlsbad, CA, USA), supplemented 
with 10% fetal bovine serum (Cat# 16000044; Gibco) and 
1% penicillin-streptomycin (Cat# 15140122; Gibco) at 37°C 
and 5% CO2. The culture medium was changed every 2 
days. For the experiments, the plates were coated with 
poly-L-lysine (Cat# A3890401; Gibco) overnight, and the 
cells were cultured in medium (Dulbecco’s modified Eagle 
medium/nutrient mixture F-12 + 2% fetal bovine serum + 1% 
penicillin-streptomycin) in 96-well (4 × 103/well), 24-well (4 × 
104/well) or 6-well (3 × 105/well) plates.

Immunofluorescence staining
Cells were washed with phosphate-buffered saline (PBS) 
and fixed with 4% formaldehyde for 10 minutes at room 
temperature. After washing with PBS, the cells were covered 
with blocking medium (0.25% Triton X-100 and 5% goat serum 
in PBS) for 1 hour at room temperature. Then, the cells were 
incubated with the primary antibodies overnight at 4°C. After 
washing, the cells were incubated with secondary antibodies 
for 1 hour at room temperature. 4′,6-diamidino-2-phenylindole 
(Cat# C0065; Beijing Solarbio Science & Technology, Beijing, 
China) was used for nuclear staining. Images were captured 
on a fluorescence microscope (Cat# TH4-200; Olympus, 
Tokyo, Japan) and analyzed with Image Pro-Plus 6.0 (https://
www.mediacy.com/). Primary antibodies included GPX4 
(rabbit; 1:100; Cat# ab125006; Abcam, Cambridge, MA, 
USA), oligodendrocyte transcription factor 2 (Oligo2; goat; 
1:200; Cat# F2418; R&D Systems, Minneapolis, MN, USA) 
and ferroptosis suppressor protein 1 (FSP1, also known as 
AIFM2; rabbit; 1:200; Cat# BS7655; Bioss, Woburn, MA, USA). 
Secondary antibodies were Alexa Fluor 488-conjugated goat 

anti-rabbit IgG (H+L) (1:500; Cat# ab150077; Abcam) and 
Cy3-labeled goat anti-mouse IgG (H+L) (1:500; Cat# A0521; 
Beyotime Biotechnology, Shanghai, China).

Cell viability assay
Cells seeded in 96-well plates were used for cell viability assay. 
To determine the RSL-3 concentration for 50% cytotoxicity, 
the cells were treated with PBS (0.1%), dimethyl sulfoxide 
(DMSO; 0.1%; Sigma-Aldrich, St. Louis, MO, USA), or RSL-
3 (Cat# S8155; Selleck, Shanghai, China) at 100, 50, 25, 
12.5, 6.25, 3.125, 1.5625 or 0.78 μM. Every group had five 
replicates. After 24 hours of RSL-3 treatment, the medium 
was replaced with fresh medium (Dulbecco’s modified Eagle 
medium/nutrient mixture F-12 + 2% fetal bovine serum + 
1% penicillin-streptomycin). 3-(4,5-Dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide (MTT; 10 μL, 5 mg/mL; Cat# 
M2128; Sigma-Aldrich) was added to each well. After 4 hours, 
the medium was removed, 150 μL DMSO was added, and the 
optical density was read at 490 nm with a spectrophotometer 
(Multiskan; Thermo Fisher Scientific, Waltham, MA, USA). For 
the determination of mean effective concentration (EC50) 
of Lipro-1 (Cat# S7699; Selleck), EDA (Cat# IE0020; Beijing 
Solarbio Science & Technology) and DFO (Cat# D9533; Sigma-
Aldrich), the cell viability assay was also used.

Western blot assay
Western blot assay was used to assess the expression of 
ferroptosis-associated proteins (GPX4, SLC7A11 (xCT) and acyl-
coenzyme A synthetase long chain family member 4 (ACSL4)) 
in OLN93 cells treated with RSL-3 to induce ferroptosis. We 
also examined the effects of Lipro-1. The cells were lysed 
with radioimmunoprecipitation assay buffer supplemented 
with phenylmethylsulfonyl fluoride (a protease inhibitor; 
Cat# ST505; Beyotime Biotechnology) for 30 minutes at 
4°C. After centrifugation at 12,000 × g for 15 minutes, the 
supernatant was collected, and a bicinchoninic acid protein 
assay kit (Cat# P0012S; Beyotime Biotechnology) was used to 
measure protein concentration. Then, 20 μg of total protein 
was resolved by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and transferred onto a polyvinylidene 
difluoride membrane (Cat# BSP0161; Beijing Solarbio Science 
& Technology). The membrane was blocked with 5% milk in 
Tris-buffered saline containing 0.1% Tween-20 for 1 hour, and 
then incubated with primary antibodies at 4°C overnight. After 
washing with Tris-buffered saline containing 0.1% Tween-20, 
the membrane was incubated for 1 hour at room temperature 
with the secondary antibodies. BeyoECL Star (Cat# P0018AM; 
Beyotime Biotechnology) was used for the detection of the 
bands. The primary antibodies were GPX4 (1:5000; rabbit; 
Cat# ab125006; Abcam), xCT (1:5000; rabbit; Cat# ab175186; 
Abcam), ACSL4 (1:10,000; rabbit; Cat# ab155282; Abcam) and 
glyceraldehyde 3-phosphate dehydrogenase (1:1000; rabbit; 
Cat# 2118; Cell Signaling Technology, Danvers, MA, USA). 
Secondary antibodies were horseradish peroxidase-linked 
anti-rabbit IgG (1:2000; Cat# 7074; Cell Signaling Technology) 
and horseradish peroxidase-linked anti-mouse IgG (1:2000; 
Cat# 7076; Cell Signaling Technology).

Reactive oxygen species detection
A reactive oxygen species (ROS) assay kit (Cat# S0033; 
Beyotime Biotechnology) was used on cells seeded in 24-
well plates. After washing with culture medium (3×), the cells 
were incubated with 10 mM dichloro-dihydro-fluorescein 
diacetate and 10 mM Hoechst 33342 (Cat# 14533; Sigma-
Aldrich) for 20 minutes at 37°C. The cells were washed three 
times with warm culture medium. Images were obtained on a 
fluorescence microscope (Cat# TH4-200; Olympus). ROS levels 
were calculated based on fluorescence intensity.

GSH detection
For GSH detection, cells were treated with PBS (0.1%), DMSO 
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(0.1%), RSL-3 (7.89 μM) or RSL-3 (7.89 μM) + Lipro-1 (1 μM) 
for 24 hours. For the RSL-3 + Lipro-1 group, RSL-3 and Lipro-1 
were added at the same time. A micro reduced GSH assay 
kit (Cat# BC1175; Beijing Solarbio Science & Technology) was 
used to measure the levels of GSH. The cells were collected 
after digestion and centrifugation, washed with PBS twice, and 
then lysed with three rounds of freezing and thawing. After 
centrifugation at 8000 × g for 10 minutes, the supernatant 
was collected. The GSH detection was conducted according to 
the product manual. The content of GSH in the samples was 
calculated according to the standard curve.

Malondialdehyde detection
Cells in the PBS (0.1%), dimethyl sulfoxide (DMSO; 0.1%), RSL-
3 (7.89 μM) and RSL-3 (7.89 μM) + Lipro-1 (1 μM) groups were 
used for malondialdehyde (MDA) detection by an MDA assay 
kit (Cat# BC0025; Beijing Solarbio Science & Technology). 
Cell pellets were collected by centrifugation, 1 mL extract 
solution was added, and cells were lysed by ultrasonication. 
After centrifugation at 8000 × g at 4°C for 10 minutes, the 
supernatants were collected and used to detect MDA levels. 
The optical densities were read at 450, 532 and 600 nm. The 
amount of MDA was obtained using the formula provided in 
the product manual.

Propidium iodide staining
Propidium iodide (PI) solution (20 μM in PBS; Cat# P8080; 
Beijing Solarbio Science & Technology) was used to detect 
dead cells. Cells in the wells were incubated with 500 μL 
culture medium supplemented with 50 μL PI solution and 5 
μL Hoechst 33342 solution. Then, the cells were incubated at 
37°C for 20 minutes. After washing with PBS, the cells were 
observed with a fluorescence microscope.

Mitochondrial lipid peroxidation detection
For mitochondrial l ipid peroxidation detection, cells 
were  d iv ided  into  PBS  (0 .1%) ,  DMSO (0 .1%) ,  RSL-
3 (7.89 μM) and RSL-3 (7.89 μM) + L ipro-1 (1 μM) 
groups .  3- [4- (Pery leny lpheny lphosphino)phenoxy]
propyltriphenylphosphonium iodide (MitoPeDPP; Cat# 466; 
Dojindo Molecular Technologies, Rockville, MD, USA) was 
used to detect mitochondrial lipid peroxidation. Culture 
medium was removed, and the cells were washed with PBS. 
MitoPeDPP working solution (100 μL) was added to each 
well and incubated at 37°C for 15 minutes in the dark. The 
supernatant was discarded, and the wells were washed with 
PBS. PBS with reagent was added, and the cells were observed 
under a fluorescence microscope.

Statistical analysis
The data are shown as the mean ± standard deviation 
(SD), and were analyzed using one-way analysis of variance 
followed by Tukey’s post hoc test. Statistical significance was 
set at P < 0.05. The data were analyzed with GraphPad Prism 7 
(GraphPad Software, San Diego, CA, USA).

Results
RSL-3 induces the ferroptosis of OLN93 oligodendrocytes
In the spinal cord, whereas GPX4 localization is mostly 
cytoplasmic in neurons, it is mainly nuclear in oligodendrocytes 
(Hu et al . ,  2019).  Our in v itro  experiment revealed 
similar nuclear localization of Oligo2 and GPX4 in OLN93 
oligodendrocytes by immunostaining (Figure 1A & B), 
consistent with in vivo observations in the mouse spinal cord 
(Hu et al., 2019).

After spinal cord injury, GPX4 is downregulated (Yao et al., 
2019; Zhang et al., 2019). To examine the effect of GPX4 
inhibition on oligodendrocytes, OLN93 oligodendrocytes were 
incubated with the GPX4 inhibitor RSL-3 at a concentration 
range of 0–100 μM. The cell viability decreased in a dose-

dependent manner, and the concentration for 50% cytotoxicity 
was 7.89 μM for RSL-3 (Figure 1C). PI staining confirmed the 
RSL-3-induced cell death (Figure 1D). ROS were significantly 
increased in the RSL-3 group compared with DMSO group (P < 
0.01; Figure 1E and F).

The ferroptosis pathway is involved in the death of 
oligodendrocytes
GPX4 is a central regulator of ferroptosis, and its inhibition leads 
to ferroptosis. After treatment with RSL-3, GPX4 expression was 
significantly decreased (P < 0.01; Figure 2A and B). xCT, another 
key ferroptosis inhibitor, was also decreased in the RSL-3 group 
compared with the DMSO group (P < 0.05; Figure 2C and D). 
The ferroptosis marker ACSL4 was reduced in the RSL-3 group 
compared with the DMSO group (P < 0.01; Figure 2E and F). 
Collectively, these results suggest that key ferroptotic proteins 
are involved in the cell death of oligodendrocytes.

The EC50 of Lipro-1 is lower than that of EDA or DFO in the 
ferroptosis model
The cytoprotective effects of Lipro-1, EDA and DFO were 
compared with the MTT cell viability assay. As shown in Figure 
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Figure 1 ｜ RSL-3 induces the death of OLN93 oligodendrocytes.
(A) OLN93 oligodendrocytes express Oligo2, which is mainly nuclear. The 
fluorescent indicator is Alexa Fluor 488 for Oligo2 (green). (B) GPX4 is mainly 
expressed in the nucleus of OLN93 oligodendrocytes. The fluorescent indicator 
is Cy3 for GPX4 (red). (C) After incubation with RSL-3 for 24 hours, the viability 
of OLN93 oligodendrocytes was decreased in a dose-dependent manner (CC50 
of RSL-3 was 7.89 μM). The cell viability was assessed by MTT (n = 5). (D) Cell 
death was confirmed by PI and Hoechst 33342 staining for 24 hours (n = 3). 
The concentration of RSL-3 was 7.89 μM. (E, F) ROS accumulated following 
treatment with RSL-3 (7.89 μM) in OLN93 oligodendrocytes at 24 hours (n = 
3). Scale bars: 100 μm. Data are expressed as the mean ± SD. **P < 0.01 (one-
way analysis of variance followed by post hoc Tukey’s test). CC50: Cytotoxicity 
concentration 50%; DAPI: 4′,6-diamidino-2-phenylindole; DMSO: dimethyl 
sulfoxide; GPX4: glutathione peroxidase 4; MTT: 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; Oligo2: oligodendrocyte transcription factor 
2; PBS: phosphate-buffered saline; PI: propidium iodide; ROS: reactive oxygen 
species.
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3A, Lipro-1 suppressed ferroptosis, with an EC50 of 115.3 
nM. EDA also suppressed ferroptosis, with an EC50 of 19.37 
μM (Figure 3B). For DFO, the EC50 was 12.04 μM (Figure 3C). 
These results show that the EC50 of Lipro-1 was the lowest 
among these compounds (Figure 3D). Furthermore, the 
percentage of PI-positive cells was lower in the Lipro-1 group 
than in the RSL-3 group, providing further evidence of an anti-
ferroptotic effect of Lipro-1 (P < 0.0001; Figure 3E and F).

Lipro-1 inhibits lipid peroxidation and restores the 
expression of GSH, GPX4 and FSP1
To further clarify the mechanisms by which Lipro-1 protects 
against ferroptosis in oligodendrocytes, lipid peroxidation 
was assessed. Compared with the PBS and DMSO groups, 
MDA levels were increased in the RSL-3 group (P < 0.0001), 
but decreased in the RSL-3 + Lipro-1 group (P < 0.001; Figure 
4A). Furthermore, Lipro-1 suppressed mitochondrial lipid 
peroxidation (Figure 4B). We also measured components of 
the anti-ferroptotic GSH/GPX4 pathway. As shown in Figure 4C, 
Lipro-1 treatment increased the levels of GSH compared with 
the RSL-3 group (P < 0.0001). GPX4 was restored to normal 
levels by Lipro-1 treatment (Figure 4D and E). FSP1, a lipophilic 
radical-trapping antioxidant (Doll et al., 2019), was decreased 
by RSL-3. However, in the Lipro-1 group, the expression of FSP1 
returned to normal (Figure 4F).

Discussion
We found here that GPX4 inhibition induces ferroptosis in 
oligodendrocytes, revealing the important role of the protein 
in oligodendrocyte survival. The key ferroptosis regulators 
xCT, GSH, GPX4 and ACSL4 were decreased during RSL-3-
induced ferroptosis. Lipro-1 was more potent than EDA or 
DFO in rescuing oligodendrocytes from ferroptosis. Lipro-1 
suppressed mitochondrial lipid peroxidation and reduced 
MDA levels, and it upregulated GSH, GPX4 and FSP1. Lipro-1 
may therefore inhibit ferroptosis through these mechanisms.

We used OLN93 to investigate ferroptosis in oligodendrocytes. 
OLN93 is a cell line that expresses oligodendrocyte markers, 

such as myelin basic protein, myelin-associated glycoprotein, 
proteolipid protein and Oligo2, but not glial fibrillary acidic 
protein (Richter-Landsberg and Heinrich, 1996). Numerous 
studies have used this cell line to investigate various biological 
processes in oligodendrocytes, such as oxidative stress (Lim et 
al., 2016; Vargas-Medrano et al., 2019) and the inflammatory 
response (Askari and Shafiee-Nick, 2019).

We successfully induced ferroptosis in OLN93 cells with RSL-3. 
RSL-3 is a ferroptosis inducer that covalently binds and inhibits 
GPX4. After treatment with RSL-3, ROS and mitochondrial lipid 
peroxidation increased, which indicated that the function of 
GPX4 was suppressed. Our finding is consistent with other 
studies showing that GPX4 is downregulated by RSL-3 (Shin 
et al., 2018; Sui et al., 2018). xCT was also downregulated 
by RSL-3. xCT is a key regulator of ferroptosis (Jiang et al., 
2015; Conrad et al., 2016). It is a light-chain subunit of system 
Xc–, which exchanges cystine in the extracellular space for 
glutamate. The cystine is then used to synthesis GSH. Thus, 
a downregulation of xCT would aggravate ferroptosis in 
oligodendrocytes. Erastin-induced ferroptotic cell death in 
primary cortical neurons is associated with decreased xCT and 
GPX4 (Zhang et al., 2020). Thus, the whole ferroptosis system 
(xCT and GPX4 mainly) is affected during ferroptosis. ACSL4 is 
a sensitive marker of ferroptosis (Doll et al., 2017). However, 
ACSL4 was downregulated in the present oligodendrocyte 
ferroptosis model. Because the dose of RSL-3 used here 
was based on the half-maximal inhibitory concentration 
(IC50), the cells were not completely dead. Thus, cells might 
downregulate ACSL4 to modulate the lipid composition to 
suppress ferroptosis.

Oligodendrocytes are sensitive to oxidative stress, and are 
therefore more susceptible to ferroptosis. GSH is consumed 
by GPX4 to inhibit lipid peroxidation, especially of lipid 
hydroperoxides within biological membranes (Brigelius-Flohé 
and Maiorino, 2013). GPX4 protects against lipid peroxidation 
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by converting the reduced GSH into glutathione disulfide 
and the lipid hydroperoxides or hydrogen peroxide to the 
corresponding alcohol and/or water (Ursini et al., 1982; 
Brigelius-Flohé and Maiorino, 2013; Gaschler et al., 2018). 
However, the levels of GSH in oligodendrocytes are lower 
than those in astrocytes (Thorburne and Juurlink, 1996), and 
therefore the GSH/GPX4 system is insufficient to prevent 
lipid peroxidation. Additionally, the total iron content in 
oligodendrocyte precursor cells is much higher than that in 
astrocytes (Thorburne and Juurlink, 1996). Iron is essential 
for ferroptosis because of its ability to generate ROS via 
redox reactions (Ray et al., 2012). The increased levels of iron 
and the inability to inhibit lipid peroxidation are both key 
factors that render oligodendrocytes sensitive to ferroptosis. 
Interestingly, the expression of GPX4 is downregulated in 
spinal cord and brain injuries. Thus, oligodendrocytes are 
likely to undergo ferroptosis in these diseases, which would in 
turn aggravate demyelination.

The inhibition of ferroptosis in oligodendrocytes is a promising 
therapeutic strategy for diseases of the CNS. Several drugs 
have been used to inhibit ferroptosis in different animal 
models. Our previous study demonstrated the effectiveness 
of DFO, an iron chelating agent, in repairing spinal cord injury 
(Yao et al., 2019). However, that study only examined the 
protective effect of DFO in neurons. Additionally, an in vitro 
study showed that the free radical scavenger EDA can inhibit 
ferroptosis (Homma et al., 2019). Lipro-1 was reported to 
inhibit ferroptosis caused by GPX4 deficiency in the kidney 

(Friedmann Angeli et al., 2014). Thus, to find the most potent 
drugs to treat CNS diseases, the effectiveness of Lipro-1, EDA 
and DFO in suppressing ferroptosis was evaluated. Lipro-1 
inhibited ferroptosis at nanomolar concentrations, and was 
more effective than EDA or DFO. However, in vivo experiments 
are needed to rigorously assess the potential of Lipro-1 for the 
treatment of CNS diseases.

Lipro-1 not only suppressed mitochondrial lipid peroxidation, 
but also enhanced the anti-ferroptosis pathway. A previous 
study demonstrated that Lipro-1 could decrease mitochondrial 
ROS (Feng et al., 2019), consistent with our current results. 
In particular, Lipro-1 increased GSH to enhance the anti-
ferroptosis system. Furthermore, Lipro-1 restored GPX4 to 
normal levels in ferroptotic oligodendrocytes. Feng et al. 
(2019) reported that Lipro-1 could restore the expression of 
GPX4 in vivo. The GPX4 in nuclei can inhibit oxidative damage 
to the nucleus to rescue cells. Lipro-1 restores GPX4 levels 
in ONL93 cells to inhibit the ferroptosis signal in the nucleus 
(Imai et al., 2017). Currently, there is no evidence that GPX4 in 
the nucleus protects against mitochondrial lipid peroxidation. 
Recently, Bersuker et al. (2019) and Doll et al. (2019) found 
that another component of the cellular anti-ferroptosis system, 
FSP1, can reduce coenzyme Q10 using NAD(P)H, and that the 
reduced coenzyme Q could trap lipid peroxyl radicals, in turn 
suppressing lipid peroxidation. RSL-3 downregulated FSP1 in 
oligodendrocytes here, although the mechanism is still unclear.

There are limitations to this study of oligodendrocyte 
ferroptosis. First, we used the OLN93 cell line in this 
preliminary study. Further study may require primary 
oligodendrocytes or oligodendrocyte progenitor cells. 
Whether mature oligodendrocytes and oligodendrocyte 
progenitor cells have different susceptibilities to ferroptosis 
is an interesting question. The proliferation, differentiation 
and migration of oligodendrocyte progenitor cells should also 
be investigated in the pathology of ferroptosis. Moreover, 
whether ferroptosis occurs in vivo in mature oligodendrocytes 
or oligodendrocyte progenitor cells should be investigated 
in SCI mouse models. Iron metabolic changes should be also 
studied in oligodendrocyte ferroptosis because the metal plays 
a key role in oligodendrocyte maturation and function. After 
spinal cord injury, oligodendrocytes are severely decreased, 
and demyelination accounts for poor functional recovery 
(Grossman et al., 2001). Our previous study showed that the 
xCT/GSH/GPX4 signaling pathway is significantly impaired 
(Yao et al., 2019; Zhang et al., 2019). However, whether our in 
vitro findings can be extended to in vivo systems remains an 
open question. Deferoxamine, an iron chelator, can protect 
cells from ferroptosis, while liproxstatin-1 maybe works as a 
ferroptosis saver by inhibiting lipid peroxidation. However, the 
specific mechanisms behind these two drugs are not still well-
known, so liproxstatin-1 combined with deferoxamine may 
provide a new insight into mechanism and it may also result in 
a therapeutically superior effect. And our following research 
will explore this interesting topic in the near future.

This study is the first investigation on oligodendrocyte 
ferroptosis induced by the GPX4-specific inhibitor RSL-3. RSL-3 
reduced the expression of GPX4, xCT and ACSL4, and lowered 
GSH levels. We also discovered Lipro-1 was more potent than 
EDA or DFO in protecting against ferroptosis. Lipro-1 inhibited 
lipid peroxidation and increased the levels of GSH, GPX4 and 
FSP1. Our findings offer a novel strategy for treating CNS 
diseases associated with oligodendrocyte loss.
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Figure 4 ｜ Mechanism of Lipro-1-mediated inhibition of ferroptosis in 
OLN93 oligodendrocytes.
To observe the maximal effect of Lipro-1, the dose of Lipro-1 was 1 μM, 
and the dose of RSL-3 was 7.89 μM. (A) MDA levels. (B) Mitochondrial lipid 
peroxidation. Lipro-1 suppressed mitochondrial lipid peroxidation. (C) GSH 
levels. (D, E) Relative expression of GPX4. (F) Number of FSP1-positive cells. 
Lipro-1 restored FSP1-positive cells. The fluorescent indicator is Alexa Fluor 
488 for FSP1 (green). Scale bars: 100 μm. Data are expressed as the mean 
± SD (n = 3). **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way analysis 
of variance followed by Tukey’s post hoc test). DAPI: 4′,6-Diamidino-2-
phenylindole; DMSO: dimethyl sulfoxide; FSP1: ferroptosis suppressor 
protein 1; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; GPX4: 
glutathione peroxidase 4; GSH: glutathione; Lipro-1: liproxstatin-1; MDA: 
malondialdehyde; MitoPeDPP: 3-[4-(perylenylphenylphosphino)phenoxy]
propyltriphenylphosphonium iodide; PBS: phosphate-buffered saline.
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