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Abstract

The iron chelator deferoxamine has been shown to inhibit ferroptosis in spinal cord injury. However, it is unclear whether deferoxamine
directly protects neurons from ferroptotic cell death. By comparing the survival rate and morphology of primary neurons and SH-SY5Y
cells exposed to erastin, it was found that these cell types respond differentially to the duration and concentration of erastin treatment.
Therefore, we studied the mechanisms of ferroptosis using primary cortical neurons from E16 mouse embryos. After treatment with 50 uM
erastin for 48 hours, reactive oxygen species levels increased, and the expression of the cystine/glutamate antiporter system light chain and
glutathione peroxidase 4 decreased. Pretreatment with deferoxamine for 12 hours inhibited these changes, reduced cell death, and amelio-
rated cellular morphology. Pretreatment with the apoptosis inhibitor Z-DEVD-FMK or the necroptosis inhibitor necrostain-1 for 12 hours
did not protect against erastin-induced ferroptosis. Only deferoxamine protected the primary cortical neurons from ferroptosis induced by
erastin, confirming the specificity of the in vitro ferroptosis model. This study was approved by the Animal Ethics Committee at the Insti-
tute of Radiation Medicine of the Chinese Academy of Medical Sciences, China (approval No. DWLL-20180913) on September 13, 2018.
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of regulated cell death that is distinct from other forms of
cell death, such as apoptosis and necroptosis (Dixon et al.,

Introduction
Neuronal cell death is a key pathological event in many cen-

tral nervous system diseases (Deshpande et al., 2019; Shanan
et al,, 2019). Accumulating evidence indicates that neurons
are vulnerable to ferroptotic cell death in models of Alzhei-
mer’s and Parkinson’s diseases (Chen et al., 2015; Do Van
et al,, 2016; Zille et al., 2017; Ingold et al., 2018). However,
an in vitro ferroptosis model using primary neurons and a
standard ferroptosis inducer is lacking. Ferroptosis is a form

2012; Cao and Dixon, 2016; Xie et al., 2016). Ferroptosis has
been shown to be involved in a plethora of neurodegener-
ative diseases as well as traumatic central nervous system
injuries (Belaidi and Bush, 2016; Do Van et al., 2016; Guiney
et al., 2017). Ferroptosis was reported in animal models of
traumatic brain injury, and treatment with the ferroptosis
inhibitor Ferrostatin-1 reduces neuronal cell death (Xie et
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al,, 2019). Because iron deposition is an essential pathologi-
cal event in ferroptosis (Dixon et al., 2012; Gao et al., 2015),
iron chelators such as deferoxamine (DFO) have been used
as ferroptosis inhibitors in a variety of disease models (Ma
et al,, 2016; Bruni et al., 2018). In our previous study, we de-
tected ferroptosis in experimental spinal cord injury (SCI),
and found that DFO inhibited ferroptosis in the damaged
spinal cord tissue and promoted locomotor recovery (Yao et
al., 2019). DFO inhibited the ferroptotic pathway by upreg-
ulating the cystine/glutamate antiporter system light chain
(xCT) and glutathione peroxidase 4 (GPX4), and prevented
the neuronal loss after SCI (Yao et al., 2019). However, it re-
mained unclear whether the neuroprotective effect of DFO
involved the inhibition of ferroptotic cell death in neurons.

Primary neurons exhibit various unique features that
cannot be adequately mimicked by cell lines. Neuronal and
cancer cell lines exhibit strikingly different ferroptotic fea-
tures (Zille et al., 2019). Although erastin has been used as
a ferroptosis inducer in a variety of neuron-like cell types,
such as PC12 cells, dopaminergic neuroblastoma cells (SH-
SY5Y) and glioma cells (Wang et al., 2016, 2018; Bai et al.,
2018; Wu et al., 2018), only a few studies have focused on the
effects of ferroptosis on primary cortical neurons. Ferropto-
sis can be triggered by numerous small molecules, including
erastin, RSL3 and glutamate, which inhibit either the xCT or
GPX4 pathways (Dixon et al., 2012; Déchert et al., 2016; Bai
et al., 2018; Sato et al., 2018). Numerous specific ferroptosis
inhibitors have been used to examine the mechanisms of
ferroptosis, including Ferrostatin-1 and Liproxstatin-1 (Wu
and Chen, 2015; Zilka et al., 2017). In the present study, we
investigate the mechanisms underlying the neuroprotection
conferred by DFO in an in vitro primary neuron model of
erastin-induced ferroptotic cell death.

Materials and Methods

Animals

Pregnant C57 mice at gestational day 16 were provided by
Beijing Vital River Laboratory Animal Technology Co., Ltd.,
Beijing, China (SCXK (Jing) 2016-0006). The protocols were
approved by the Animal Ethics Committee at the Institute of
Radiation Medicine of the Chinese Academy of Medical Sci-
ences (Tianjin, China) (approval No. DWLL-20180913) on
September 13, 2018.

Isolation of primary neurons

Primary cortical neurons were collected from fetuses of mice
at gestational day 16 as previously described (Regueiro et
al., 2015; Olguin et al., 2018). Pregnant mice were sacrificed
humanely and sterilized with 70% ethanol. Cortical parts of
the brain were dissected under the anatomical microscope
(Chongqing Optec Instrument Co., Ltd., Chongqing, China)
and cut into tiny pieces. Tissues were then dissociated with
0.2% (w/v) papain (LS003119; Worthington Biochem, Lake-
wood, NJ, USA) and 0.004% (w/v) DNase solution at 37°C
for 30 minutes. The collected cells were counted and then
seeded into wells precoated with poly-D-lysine (P4707; Sig-
ma-Aldrich, St. Louis, MO, USA). Half of the medium was
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replaced every 72 hours.

Drug treatments

The ferroptosis inducer erastin (57242; Selleck, Shanghai,
China), the apoptosis inhibitor Z-DEVD-FMK (T6005;
TargetMol, Wellesley Hills, MA, USA) and the necroptosis
inhibitor necrostatin-1 (T1847; TargetMol) were each dis-
solved in dimethyl sulfoxide (DMSO; Sigma-Aldrich). DFO
(D9533; Sigma-Aldrich) was dissolved in deionized water.
Cells were seeded in 96-well plates for viability assay, 24-
well plates for reactive oxygen species (ROS) detection and
immunofluorescence staining, and 6-well plates for western
blot assay. To assess the optimum concentration of erastin,
neurons were exposed to the drug at 1, 10, 20 or 50 uM 5
days after seeding, and maintained in the medium for 48
hours. The treatment groups were pretreated with Z-DE-
VD-FMK, necrostatin-1 or DFO for 12 hours. Then, cells
were treated with 50 uM erastin for an additional 48 hours.
Phosphate-buffered saline (PBS) and DMSO, 10 uL, were
used in the PBS and DMSO groups, respectively, as controls.

SH-SY5Y cell culture and drug treatment

The SH-SY5Y cell line was purchased from American Tis-
sue Culture Collection (Manassas, VA, USA). The cells were
maintained in Dulbecco’s Modified Eagle’s Medium supple-
mented with 10% heat-inactivated fetal bovine serum (Gibco
Life Technologies, Waltham, MA, USA), 4.5 mg/mL glucose
and 1% penicillin-streptomycin in a humidified 5% CO, in-
cubator at 37°C. Cells were grown on plates for 24 hours and
then treated with erastin, 10 uM, for an additional 24 hours.

Cell viability measurement

Cell viability was evaluated with the 3-(4,5-dimethyl-2-thi-
azolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay
(Mosmann, 1983). MTT (M8180) was purchased from So-
larbio Science & Technology (Beijing, China). Briefly, MTT
powder was dissolved in PBS to a final concentration of 5
mg/mL, and 20 pL of this solution was added to each well.
After 3 hours in the incubator, the MTT solution was re-
placed with 150 pL of DMSO and incubated for an addition-
al 15 minutes. The plates were agitated on a shaker protected
from light, and the absorbance at 490 nm was measured. Cell
viability was expressed as a percentage of that in the control
group (cells exposed to PBS).

Reactive oxygen species measurement

ROS levels were measured using a kit according to the man-
ufacturer’s instructions (CA1410, Solarbio Science & Tech-
nology). After treatment, 500 pL of 10 pM DCFH-DA (dis-
solved in serum-free medium) was loaded into each well and
incubated in the dark at 37°C for 20 minutes. The loading
buffer was replaced with serum-free medium and washed
three times to eliminate residual DCFH-DA. The cells were
then immediately observed on an inverted immunofluo-
rescence microscope (TH4-200; Olympus, Tokyo, Japan)
equipped with an argon laser (488 nm). Images were digi-
tally acquired and processed for fluorescence determination
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at the single-cell level on a Windows PC using the public
domain Image] 1.47 program (National Institutes of Health,
Bethesda, MD, USA).

Immunofluorescence staining

After the treatment, cells in the 24-well plate were fixed
with 4% paraformaldehyde for 10-15 minutes at room tem-
perature on a shaker (slow rotation). Triton X-100, 0.1%,
was loaded into each well to allow antibodies to enter into
cells. To reduce nonspecific binding, blocking solution was
added for 2 hours at room temperature. Then, primary an-
tibodies were added and incubated at 4°C overnight. Rabbit
anti-NeuN (ab104225, 1:500) and mouse anti-p-III-tubu-
lin (ab78078, 1:500) (both from Abcam, Shanghai, China)
were used to label neurons and axons. After washing with
PBS, secondary antibodies were added and incubated at
room temperature in a dark box for 1 hour. Cy3-labeled
goat anti-mouse IgG (H+L) (A0521, 1:500) and Alexa Fluor
488-labeled goat anti-rabbit IgG (H+L) (A0423, 1:500) were
purchased from Beyotime (Shanghai, China). Cells were in-
cubated with DAPI (nuclear dye) and then washed with PBS.
Images were captured on a fluorescence microscope (TH4-
200; Olympus). The axon length for each neuron was cal-
culated using Image-Pro Plus software. NeuN-positive cells
were counted in three random fields under the microscope.

w estern blot assay

The neurons were lysed with lysis buffer (Beyotime, Nan-
tong, China), and the proteins were separated by 12% sodi-
um dodecyl sulfate-polyacrylamide gel electrophoresis and
then transferred onto polyvinylidene difluoride membranes.
The membranes were blocked in 5% nonfat milk at room
temperature for 1 hour, and thereafter incubated with prima-
ry antibodies [anti-GPX4 (1:5000; ab125066, rabbit, Abcam),
anti-xCT (1:1000; ab175186, rabbit, Abcam), anti-B-actin
(1:5000; sc47778, mouse, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) and anti-GAPDH (1:2000; CST2118, rabbit,
Cell Signaling Technology, Boston, MA, USA)] overnight.
GPX4 and xCT are both key ferroptosis markers. The blots
were then incubated with secondary antibodies (horseradish
peroxidase-linked anti-mouse IgG (CST7076, 1:3000; Cell
Signaling Technology) and horseradish peroxidase-linked
anti-rabbit IgG (CST7074, 1:3000; Cell Signaling Technol-
ogy) at room temperature for 1 hour. Finally, the blots were
visualized using an enhanced chemiluminescence system
(ChemiDox XRS; Bio-Rad, Hercules, CA, USA). All gray-
scale values were normalized to that of B-actin or GAPDH
using Image] software (National Institutes of Health).

Statistical analysis

Data are expressed as the mean + SEM for independent
experiments, and were analyzed with GraphPad Prism 7
(GraphPad Software, San Diego, CA, USA) for Mac OS X.
One-way analysis of variance followed by post-hoc compari-
son Bonferronis test and Student’s ¢-test were used for com-
paring all groups studied.

Results
Erastin induces cell death in primary cortical neurons
A robust ferroptotic cell death model using primary neurons
and erastin as the ferroptosis inducer was established to
study the underlying mechanisms. Primary cortical neurons
were obtained from embryonic (E16) C57 mice and main-
tained for 5 days prior to experiments. The neurons were
treated with erastin at different concentrations (1, 10, 20 and
50 uM). As shown in Figure 1A and B, MTT assay showed
that exposure to erastin at 50 uM decreased neuronal viabil-
ity after 48 hours (P < 0.001), whereas lower concentrations
had no significant effect. Likewise, a shorter duration (24
hours) of erastin treatment had no effect on primary neu-
rons (data not shown). In contrast, SH-SY5Y cells died after
10 uM erastin treatment for 24 hours (P < 0.001; Figure 1C
and D). Thus, primary cortical neurons and the neuronal
cell line respond differentially to erastin treatment time and
concentration. Therefore, it is necessary to study the mecha-
nisms of neuronal ferroptosis using primary neurons.
Immunofluorescence staining for the neuronal markers
NeuN and B-III-tubulin was performed to evaluate neuronal
morphology after erastin treatment (Figure 2A and B). Eras-
tin at 20 and 50 pM reduced the number of NeuN-positive
cells (P < 0.05) and reduced neurite outgrowth in primary
cultures (P < 0.001; Figure 2C and D). This suggests that 50
UM erastin produces significant neuronal cell death. This
concentration was therefore used for induction of ferroptosis
in the following experiments.

Erastin increases ROS levels and downregulates xCT and
GPX4

Ferroptosis is a form of regulated cell death that is depen-
dent on iron and lipid ROS (Dixon et al., 2012). Therefore,
we measured ROS production in erastin-treated neurons
(Figure 3A). Consistent with previous studies, ROS levels
were significantly higher in the 50 uM erastin group com-
pared with the control group (P < 0.001; Figure 3A). Erastin
at low concentrations (1, 10 and 20 uM) had no significant
effect on ROS levels in cortical neurons. GPX4 and xCT
were significantly downregulated in erastin-treated cortical
neurons compared with the controls (P < 0.001; Figure 3B
and C). These results suggest that erastin triggers ferroptotic
cell death by increasing ROS and downregulating GPX4 and
xCT, which are both ferroptosis inhibitors.

DFO protects against erastin-induced death in primary
cortical neurons

In the cell viability assays, DFO pretreatment rescued neurons
from erastin-induced death, whereas the necroptosis inhibitor
necrostain-1 and the apoptosis inhibitor Z-DEVD-FMK had
no impact on cell viability (P < 0.001; Figure 4A). To examine
the effect of DFO on the morphology of neurons, immunos-
taining for the neuronal marker B-III-tubulin was performed
(Figure 4B). DFO, but not necrostain-1 or Z-DEVD-FMK,
significantly prevented neurite collapse (P < 0.01; Figure 4C).
This provides further evidence that DFO is a specific inhibitor
of ferroptosis in primary cortical neurons.
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Figure 2 Immunofluorescence staining of primary cortical neurons
treated with erastin.

(A) NeuN staining of neurons exposed to erastin (1, 10, 20, 50 uM) for
48 hours. The number of NeuN-positive cells was considerably reduced
after treatment with 50 uM erastin compared with the DMSO group.
Scale bar: 100 um. (B) Number of NeuN-positive cells (the average
number of NeuN-positive cells in four fields of view for each well). (C)
B-III-Tubulin staining of neurons treated with erastin (1, 10, 20, 50
uM) for 48 hours. The axons were collapsed after treatment with 50 pM
erastin compared with the DMSO group. Scale bar: 100 um. (D) Sta-
tistical analysis of the neurite length (the average length of the neurites
of 50 neurons). Data are shown as the mean + SEM (one-way analysis
of variance followed by post-hoc Bonferroni tests). The experiment was
performed in triplicate. *P < 0.05, ***P < 0.001. DAPI: 4',6-Diamidi-
no-2-phenylindole; DMSO: dimethyl sulfoxide; NeuN: neuronal nucle-
ar antigen; PBS: phosphate-buffered saline.
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Figure 1 Erastin induces cell death in primary cortical
neurons.

(A) Primary cortical neurons treated with different con-
centrations (1, 10, 20, 50 pM) of erastin for 48 hours and
examined by light microscopy. Neurons were severely
damaged after treatment with erastin at 50 uM. Scale bars:
200 pm, 50 pum in the enlarge figure. (B) MTT assay for the
viability of primary cortical neurons after treatment with
erastin (1, 10, 20, 50 pM) for 48 hours. (C) SH-SY5Y cells
after treatment with 10 uM erastin for 24 hours and ex-
amined by light microscopy. Cells appeared shrunken and
dead after treatment with 10 uM erastin compared with the
PBS and DMSO groups. Scale bars: 200 pm, 50 pm in the
enlarge figure. (D) MTT assay for cell viability after 10 uM
erastin treatment for 24 hours in SH-SY5Y cells. Data are
shown as the mean + SEM (n = 6; one-way analysis of vari-
ance followed by post-hoc Bonferroni tests). The samples
were detected in six replicates, and each experiment was
performed in triplicate. ***P < 0.001. DMSO: Dimethyl
sulfoxide; MTT: 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphe-
nyl-2H-tetrazolium bromide; PBS: phosphate-buffered
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Figure 3 ROS are upregulated and GPX4 and xCT are
downregulated after erastin treatment.

(A) ROS production detected by DCFH-DA after 48 hours of erastin
treatment. ROS levels were measured by immunofluorescence micros-
copy using the argon laser (488 nm). Scale bar: 100 um. ROS levels
were heavily increased after treatment with 50 uM erastin compared
with the DMSO group. The average number of DCFH-DA-positive
cells was obtained by calculating the average value of four visual fields.
(B) Western blot assay for GPX4 protein 48 hours after 50 uM erastin
treatment. (C) Western blot assay for xCT protein 48 hours after 50 uM
erastin treatment. Data are shown as the mean + SEM (n = 3; one-way
analysis of variance followed by post hoc Bonferroni test). Each experi-
ment was performed in triplicate. *¥*P < 0.001. DMSO: Dimethyl sulf-
oxide; GPX4: glutathione peroxidase 4; PBS: phosphate-buffered saline;
ROS: reactive oxygen species; xCT: system Xc-light chain.
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DFO reduces ROS levels and upregulates GPX4 and xCT
after erastin treatment

Because erastin-induced ferroptosis is ROS-dependent, total
cellular ROS production was measured after pretreatment
with DFO or the other inhibitors. DFO effectively reduced
the generation of ROS, while the apoptosis inhibitor Z-DE-
VD-FMK and the necroptosis inhibitor necrostatin-1 had

limited effects on ROS levels in neurons (P < 0.001; Figure
5A). The protein levels of GPX4 and xCT in neurons were
measured to clarify the mechanisms of DFO-mediated
neuroprotection. GPX4 and xCT were upregulated in the
DFO-pretreated group (P < 0.05; Figure 5B and C). Collec-
tively, these findings suggest that DFO upregulates GPX4
and xCT in erastin-treated primary cortical neurons.
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Discussion

In the present study, in vitro culture of primary cortical
neurons was used to study the mechanisms mediating the
anti-ferroptotic effect of DFO. We previously observed an
inhibitory effect of DFO on ferroptosis in vivo in a rat SCI
model; however, its effect on neuronal ferroptosis remained
unclear. Erastin is an inducer of ferroptosis, which is a dis-
tinct form of cell death (Shintoku et al., 2017). In this study,
we established an in vitro erastin-induced ferroptosis model
using primary cortical neurons. DFO prevented ferroptotic
cell death in primary neurons, whereas neither a caspase
inhibitor nor a necroptosis inhibitor protected the neurons
from erastin-induced cell death. DFO downregulated ROS
levels and upregulated the ferroptosis regulators xCT and
GPX4, thereby blocking the ferroptosis signaling pathway
in neurons. Erastin triggers ferroptosis mainly by inhibit-
ing the cystine/glutamate antiporter system, Xc~ (Dixon et
al., 2012, 2014), leading to cysteine starvation, glutathione
depletion, and ferroptotic cell death (Sato et al., 2018). Be-
cause the uptake of cysteine and the release of glutamate
are both important processes in the central nervous system,
perturbation of the Xc™ system can cause neurological dis-
eases (Massie et al., 2015; Zhang et al.,, 2019). Sorafenib and
sulfasalazine can also induce ferroptosis, and they have the
same target as erastin (Dixon et al., 2012, 2014). GPX4 and
GSH depletion are also common mechanisms of ferroptosis
induction by other small molecules, such as RSL3 (Yang and
Stockwell, 2008) and acetaminophen (Lorincz et al., 2015).

In previous studies, erastin induced ferroptosis at a low
concentration (10 uM) and a short exposure time in tumor
cells (Sato et al., 2018). Interestingly, the erastin concen-
tration needed to induce ferroptotic cell death in primary
neurons is much higher (50 uM), and the incubation time is
also longer (48 hours compared with 24 hours in SH-SY5Y
cells). The difference in ferroptosis induction time between
primary neurons and SH-SY5Y cells indicates the necessi-
ty of studying ferroptosis in primary neurons. Erastin was
reported to induce cell death in immature primary cortical
neurons at a much lower concentration (5 uM) (Alim et al.,
2019). Alim and colleagues suggested that mature cultures
are less sensitive to erastin-induced cell death than immature
cultures, which were obtained 24 hours after seeding from
embryonic (E15) CDI1 mice. In comparison, the neurons
in the current study were obtained from E16 C57 mice and
were used 5 days after seeding. Therefore, the differentiation
state of primary neurons may affect their sensitivity to ferro-
ptotic inducers. Furthermore, primary neurons and immor-
talized cell lines, such as SH-SY5Y cells, may also differ in
their sensitivity and response to ferroptotic inhibitors, and
future studies comparing various cell types may provide in-
sight into the differences between primary neurons and cell
lines.

ROS are mediators of cell death, and in particular, lipid
ROS are necessary for ferroptosis (Yuan et al., 2016). Erastin
increases ROS levels by inhibiting the transport of cysteine,
which can reduce glutathione synthesis. In this study, the pri-
mary cortical neurons expressed high levels of GPX4, which
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helped maintain lipid homeostasis by eliminating lipid ROS.
However, GPX4 levels were reduced by erastin treatment, re-
sulting in lipid ROS accumulation and ferroptotic cell death.
Here, DFO effectively decreased ROS levels and protected
against erastin-induced neuronal cell death by regulating the
GPX4/xCT signaling pathway. Therefore, the beneficial ef-
fects of DFO after SCI may involve neuroprotection against
ferroptosis. In our previous study, we demonstrated that
DFO protects against SCI by inhibiting ferroptosis (Yao et
al., 2019). Our current in vitro study provides insight into the
mechanisms underlying DFO-mediated neuroprotection,
which may expedite its clinical application for SCI. However,
only pretreatment with DFO provided protection in primary
neuron. In contrast, in SH-SY5Y cells, DFO added simulta-
neously with erastin provides enough protection. Therefore,
the neuroprotective effect of the drug differs according to
cell type, and should therefore be carefully evaluated for each
cell type studied. The poor membrane permeability of DFO
may also be the reason for its pretreatment in neurons.

There are some limitations to this study. First, although
the key proteins GPX4 and xCT in the ferroptosis pathway
were studied, other newly identified key proteins in the fer-
roptosis pathway remain unexplored. Second, the labile iron
pool participates in the Fenton reaction, which produces the
highly toxic hydroxyl free radical, causing lipid peroxidation.
The effect of DFO on the labile iron pool and lipid peroxida-
tion should therefore be investigated in future studies.

In summary, we present direct evidence that DFO inhibits
ferroptosis in primary neurons. Our findings provide insight
into the neuroprotective mechanisms of action of DFO in
central nervous system diseases and traumatic injuries such
as SCI.
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