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The disruption of neuronal iron homeostasis and oxidative stress are related to the
pathogenesis of Parkinson’s disease (PD). Alpha-lipoic acid (ALA) is a naturally occurring
enzyme cofactor with antioxidant and iron chelator properties and has many known
effects. ALA has neuroprotective effects on PD. However, its underlying mechanism
remains unclear. In the present study, we established PD models induced by 6-
hydroxydopamine (6-OHDA) to explore the neuroprotective ability of ALA and its
underlying mechanism in vivo and in vitro. Our results showed that ALA could provide
significant protection from 6-OHDA-induced cell damage in vitro by decreasing the levels
of intracellular reactive oxygen species and iron. ALA significantly promoted the survival
of the dopaminergic neuron in the 6-OHDA-induced PD rat model and remarkably
ameliorated motor deficits by dramatically inhibiting the decrease in tyrosine hydroxylase
expression and superoxide dismutase activity in the substantia nigra. Interestingly, ALA
attenuated 6-OHDA-induced iron accumulation both in vivo and in vitro by antagonizing
the 6-OHDA-induced upregulation of iron regulatory protein 2 and divalent metal
transporter 1. These results indicated that the neuroprotective mechanism of ALA
against neurological injury induced by 6-OHDA may be related to the regulation of
iron homeostasis and reduced oxidative stress levels. Therefore, ALA may provide
neuroprotective therapy for PD and other diseases related to iron metabolism disorder.

Keywords: alpha-lipoic acid, oxidative stress, chelation iron, Parkinson’s disease, iron homeostasis

INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disorder with a significant
prevalence in elderly people. It is associated with the loss of striatal dopamine (DA) and
degeneration of dopaminergic neurons in the substantia nigra (SN) (Angelini, 2017). Although
several pathogenic mechanisms have been proposed to elucidate the nosogenesis of PD, such as
genetics, environmental factors, oxidative stress, apoptosis, metal ion aggregation, and abnormal
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protein aggregation, the precise pathogenic mechanisms remain
unclear (Dauer and Przedborski, 2003; Phani et al., 2012;
Zhong et al., 2017).

Iron is required as a cofactor in metabolic processes in
the body and specifically in high oxygen-consuming tissues,
such as the central nervous system. However, in excess, iron
is potentially cytotoxic because it can generate reactive oxygen
species (ROS) by participating in redox reaction and then cell
death. Abnormally high levels of iron in the brain have been
demonstrated in a number of neurodegenerative disorders, such
as PD and Alzheimer’s disease (AD) (Ong and Farooqui, 2005;
Berg et al., 2006). Oxidative stress, resulting from increased brain
iron levels, and possibly also from defects in antioxidant defense
mechanisms, is widely believed to be associated with neuronal
death in these disorders (Berg et al., 2006). Iron metabolism
dysfunction plays a key role in PD (Ward et al., 2014; Jiang
et al., 2017). Enhanced iron level has been observed in the SN
of PD patients and animal models, and iron accumulation has
also been shown in an in vitro model (Sofic et al., 1991; Wang
Y. Q. et al., 2015). The altered expression of iron-related proteins
in the SN may be responsible for the nigral iron accumulation
in PD. Brain iron metabolism involves several proteins, such as
divalent metal transporter 1 (DMT1) and iron regulatory proteins
(IRPs). Two cytosolic iron sensors, namely, IRP1 and 2, regulate
iron metabolism posttranscriptionally. Gene knockout studies
on mice have shown that IRP2 is particularly important in the
iron homeostasis of central nervous cells (Ghosh et al., 2015).
IRP2 is an RNA-binding protein that can regulate intracellular
iron homeostasis by binding iron responsive elements (IREs)
of DMT1. Iron accumulation in PD is caused by IRP2, which
increases iron uptake by regulating DMT1 (Jiang et al., 2017).

Alpha-lipoic acid (ALA) is a naturally occurring enzyme
cofactor with antioxidant and iron chelator properties and has
been used as a therapeutic agent for many diseases, such as
cardiovascular diseases, hypertension, and diabetes (Rochette
et al., 2013; Park et al., 2014). ALA also provides neuroprotection
against PD because it can penetrate the blood–brain barrier.
However, the associated mechanism remains unclear (Jalali-
Nadoushan and Roghani, 2013; Zhao et al., 2017; Zhou et al.,
2018a). ALA can reduce iron in cells and tissues (Goralska et al.,
2003; Lal et al., 2008; Wang Y. et al., 2015; Chen et al., 2017). So
far, few studies have reported about the effects of ALA on iron
accumulation and its underlying mechanism in PD.

In the current study, we found that ALA attenuated 6-
hydroxydopamine (6-OHDA)-induced iron accumulation both
in vivo and in vitro by antagonizing the 6-OHDA-induced
upregulation of IRP2 and DMT1. Therefore, we present a
possible neuroprotective mechanism of ALA against neurological
injury in a PD model induced by 6-OHDA by regulating iron
metabolism to scavenger iron accumulation.

MATERIALS AND METHODS

Chemicals
Alpha-lipoic acid, 6-OHDA, desipramine hydrochloride, and
apomorphine were purchased from Sigma (United States).

Prussian Blue Iron Stain Kit and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were purchased from
Solarbio (Beijing, China). Tissue iron, total superoxide dismutase
(SOD), and reduced glutathione (GSH) assay kits were purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). ROS assay kit was purchased from Beyotime (Shanghai,
China). All other chemicals and reagents were of the highest
grade available from local commercial sources.

Antibodies
The following antibodies were used for immunoblotting: DMTI
rabbit monoclonal antibody (Boster Biological Technology Ltd.),
IRP2 rabbit polyclonal antibody (Santa Cruz Biotechnology),
and β-actin rabbit monoclonal antibody (Sigma). The TH
mouse monoclonal antibody (Boster Biological Technology
Ltd.) was used for immunohistochemistry. All the secondary
antibodies were purchased from Life Technologies. All primary
antibodies were used at 1:1000 dilution for western blot
analyses. All primary antibodies were diluted 1:100 for
immunohistochemistry staining. The secondary antibodies
for western blot analysis were diluted at 1:10,000. The
secondary antibodies for immunohistochemistry staining
were diluted at 1:200.

Animals and Drug Treatments
Adult male Sprague–Dawley (SD) rats, weighing 250–300 g,
were supplied by the Experimental Animal Centre of Guizhou
Medical University. All animal experiments were performed in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and approved by the Ethical
Committee of the Guizhou Medical University.

Sprague–Dawley rats (n = 55; 7–8 weeks old; body weight 250–
300 g) were maintained under standard laboratory conditions.
Rats were randomly divided into the sham group (n = 15) and
6-OHDA lesion group (n = 40). 6-OHDA lesions were performed
as previously described. In brief, 30 min before operations,
the rats were pretreated with desipramine (25 mg/kg, i.p.),
anesthetized with chloral hydrate (400 mg/kg, i.p.), and fixated
in a stereotaxic frame. Ten micrograms of 6-OHDA (2 µL of
5 µg/µL solubilized in saline containing 0.2 mg/mL ascorbic acid
to prevent oxidation) was injected into the right striatum of the
6-OHDA lesion group by using a 10-µL gauge Hamilton syringe
at the two following coordinates: (a) A/P 1.5 mm, L/M 2.7 mm
right, D/V 4.5 mm from Bregma and (b) A/P 0 mm, L/M 3.5 mm
right, D/V 5 mm from Bregma. A total of 20 µg of 6-OHDA was
injected at the two coordinates (10 µg for each site). 6-OHDA
was delivered at 0.5 µL/min. The injection cannula (syringe)
was retained in place for 10 min before being retracted slowly
(1 mm/min). The sham group received an identical volume of
vehicle (sterile water with 0.2 mg/mL L-ascorbic acid) similarly.
Four weeks after the lesion was induced with 6-OHDA, the
successfully established animal models (screening by behavior
test) were randomly divided into the PD and treated groups. We
selected 100 mg/kg of ALA as treatment concentration of our
experiments based on some studies (de Araújo et al., 2013; Jalali-
Nadoushan and Roghani, 2013; Zhou et al., 2018a). The treated
group was administered with ALA (100 mg/kg) by i.p. injection
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consecutively for 14 days. The other group was concurrently
administered an equivalent dose of sterile water.

Apomorphine Rotation Test
The apomorphine-induced rotation test was performed at 4 and
6 weeks after surgery. The rats were placed in a cylindrical cage
(240 mm in diameter, 300 mm height) and allowed to habituate
for 15 min (Dabbeni-Sala et al., 2001). Apomorphine (2 mg/kg,
s.c.) was subcutaneously administered to the 6-OHDA-treated
rats. Approximately 10 min after administration, the rats were
video recorded for 30 min. The number of apomorphine-induced
rotations was counted.

Cylinder Test
The cylinder test evaluated the motor deficits in the left forelimb
by using vertical exploratory activity (Meredith and Kang, 2006).
Rats with a unilateral 6-OHDA lesion would preferentially use
the limb ipsilateral to the lesion. After 4 and 6 weeks of lesion
induction, the rats were placed in an upright transparent cylinder
(20 cm diameter, 30 cm height). The number of forelimb contacts
on the cylinder wall with the left paw (contralateral lesion,
CP), right paw (ipsilateral lesion, IP), and both paws (2P) was
counted simultaneously during the final 5 min. The percentage
of (CP + 2P) touches relative to the total number of touches
(IP+ CP+ 2P = total) was calculated (Zhou et al., 2018a).

Cell Culture and Drug Treatments
PC12 cells were obtained from the Conservation Genetics CAS
Kunming Cell Bank. The cells were cultured in Dulbecco’s
modified Eagle’s medium (HyClone) supplemented with 10%
fetal bovine serum (HyClone) and 50 U/mL each of penicillin
and streptomycin (Invitrogen) in a humidified incubator with 5%
CO2 at 37◦C. For the experiments, cells were seeded in plates and
grown to 70–80% confluency before treatment with ALA for 1 h.
6-OHDA was then added and treated for another 24 h, and the
cells were harvested for experiments.

Cell Viability Assay
Cell viability assay was performed using MTT that can be
reduced to purple-colored formazan by intact cells. After
various treatments, cell viability was assessed using the Cell
Titer 96 Aqueous One Solution Cell Proliferation Assay in
accordance with the manufacturer’s instructions. The absorbance
was measured with a UV spectrophotometer at a wavelength of
490 nm. Results are presented as a percentage of the control.

Immunohistochemistry
The brain tissue of rats was anesthetized and perfused with 0.9%
saline, followed by 4% paraformaldehyde (PFA). Brain samples
were immersed in 4% PFA overnight. The samples were rinsed in
double-distilled water for 30 min and then placed in 70% alcohol
overnight. The samples were dehydrated by graded ethanol and
embedded with wax block. The brain tissues were sectioned on
a slicer at a 30-µm section. The sections were immersed with
3% H2O2 for 10 min and blocked with 5% BSA for 20 min
and then incubated with a primary antibody (anti-TH, 1:100)

for 2 h and an appropriate anti-mouse secondary antibody
for 1 h. Immunostaining was performed by a commercial kit
(DAB stain kit) for 10 min. The samples were visualized under
a fluorescence microscope. TH-positive dopaminergic neurons
were counted manually at 3400 magnification, and the cell counts
were averaged from three non-overlapped fields per slide of the
SNpc region. All counts were performed blindly by a person
unaware of the groupings of animals.

Detection of SOD and GSH in SN
The rats were beheaded, and SN was removed on ice. The
tissues were separated and weighed on an accurate electronic
scale. The cold homogenate was then added into the tissues.
After the homogenate reached 10%, the tissues were centrifuged
at 4◦C for 10 min. The supernatant was obtained. The SOD
and GSH activities were determined by hydroxylamine and
spectrophotometric methods, respectively. The analyses strictly
complied with the instructions of the reagent kit.

Measurement of Intracellular ROS
Intracellular ROS levels were estimated following treatment with
various compounds by using 2′,7′-dichlorofluorescein diacetate
(H2DCFDA) as a fluorescent probe. PC12 cells were exposed
to ALA and 6-OHDA for 24 h, and the culture medium was
replaced with fresh serum-free medium containing 20 µmol/L
H2DCFDA. The DCF fluorescence intensity was determined
using inversion fluorescence microscope and ImageJ software.

Determination of Total Iron Content
The total iron content of PC12 cells and the SN of rats were
determined using a tissue iron assay kit according to the
manufacturer’s directions. The tissue iron assay kits provide a
simple convenient means of measuring ferrous (Fe2+) and/or
ferric (Fe3+) iron in biological samples. In the iron assay
protocol, ferrous iron (Fe2+) reacts with Ferene S to produce
a stable colored complex with absorbance at 593 nm. Ferric
iron (Fe3+) can be reduced to form Fe2+, enabling the
measurement of total iron (Fe2+ and Fe3+). The level of
ferric iron (Fe3+) is calculated by subtracting ferrous iron from
total iron. The absorbance was read at 520 nm by using an
UV spectrophotometer.

Perls’ Iron Histochemistry
Iron staining was performed by using Perls’ Stain Kit in
accordance with the manufacturer’s directions. Sections were
fixed in 4% formaldehyde for 5 min, washed in Milli-Q water
for 30 s before staining, and incubated for 30 min in a freshly
prepared solution of equal parts 2% HCl and 2% potassium
ferrocyanide. After washing with PBS, sections were dehydrated,
cleared to transparency, and sealed in graded ethanol. Cell count
was analyzed for TH staining.

Western Blot
PC12 cells and SN tissues were lysed with RIPA lysis buffer
(50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, and PMSF), and the sample was

Frontiers in Neuroscience | www.frontiersin.org 3 June 2020 | Volume 14 | Article 6127

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00612 June 23, 2020 Time: 18:4 # 4

Tai et al. ALA Clearances Iron Accumulation

placed on ice for 40 min. The lysates were then centrifuged
at 12,000 r/min for 30 min, and the supernatants were used
for analysis. Protein concentrations were determined by using
a BCA Protein Assay Kit (Beyotime). The supernatants were
diluted to 40 µg/lane with a sample buffer and heated at 95◦C for
5 min. The protein mixtures were loaded on a 12% SDS-PAGE
gel and transferred to polyvinylidene difluoride membranes.
The membranes were blocked with 5% non-fat milk in TBST
for 1.5 h and then incubated overnight at 4◦C with primary
antibodies: anti-β-actin, anti-IRP2, and anti-DMT1. The blots
were washed and incubated with anti-rabbit IgG for 1 h at room
temperature. Cross-reactivity was visualized using ECL Western
Blotting Detection Reagents, and all bands were visualized and
analyzed by ImageJ.

Statistical Analysis
Statistical analyses were performed using SPSS 19.0 software.
The data were expressed as mean ± SD of three independent
experiments. One-way ANOVA followed by Turkey’s test was
used to compare the differences between means. A probability
value of P < 0.05 was considered to be statistically significant.

RESULTS

ALA Ameliorates Motor Behavior and
Prevents DA Neuron Loss in SN of PD
Rat Models
Apomorphine-Induced Rotation Behavior
To screen for PD model rats, we analyzed the rats by
apomorphine-induced rotation test at 4 weeks after 6-OHDA

injections. The successfully established animal models, with a
rotation speed over 7 r/min, were randomly divided into PD
model group (n = 15) and ALA treatment group (n = 15). Rats
in the sham group had no rotation after apomorphine injections.

To evaluate the effect of ALA on motor coordination and
balance, we analyzed each group of rats by apomorphine-induced
rotation test at 6 weeks after 6-OHDA injections. The results
showed that the number of body rotations (the direction opposite
to the side of the lesion) in the PD group was increased
drastically compared with the sham group (sham group, 0 ± 0;
PD group, 9.98± 2.45; P = 0.0003). The number of rotations was
significantly decreased after treatment with ALA (treat group,
5.09± 1.30, P = 0.001) (Figure 1A).

Cylinder Test
The cylinder test is sensitive to the degree of DA level
in the SN and has been used as a tool for assessing fine
motor activity in PD. It was performed 4 weeks and 6 weeks
after 6-OHDA injections. The current results showed that the
percentage of CP + 2P was significantly decreased in the
PD group compared with the sham group at 4 weeks (sham
group, 0.79 ± 0.09; PD group, 0.30 ± 0.06; P = 0.0001), and
6 weeks after 6-OHDA injections (sham group, 0.76 ± 0.08;
PD group, 0.27 ± 0.06; P = 0.001). ALA treatment could
evidently increase the percentage of CP + 2P compared with
the PD group at 6 weeks after 6-OHDA injections (treat
group, 0.51 ± 0.14, P = 0.0012). However, there was no
significant difference in the treat group compared with the
PD group at 4 weeks after 6-OHDA injections, because it is
the second day of ALA treatment (treat group, 0.28 ± 0.10,
P = 0.5210) (Figure 1B).

FIGURE 1 | ALA ameliorates motor behavior and prevents DA neuron loss in the SN of PD rat models. ALA ameliorates apomorphine-induced rotation behavior (A)
and fine motor activity in the 6-OHDA-induced rat model of PD (B). Data were expressed as the means ± SD (n = 15/group) and analyzed by one-way ANOVA. The
immunohistochemical staining of TH-positive neurons in the SN. Scale bar, 500 µm (C). The number of TH-positive cells was averaged from three non-overlapped
fields per slide of the SNpc region. (D) Quantification of TH-positive neurons in the SN. Data were presented as the mean ± SD (n = 3). Statistical significance:
*P < 0.01 compared with the sham group; #P < 0.01 compared with the PD group by ANOVA.
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FIGURE 2 | ALA protected against 6-OHDA-induced damage of PC12 cells. (A) PC12 cells were incubated with different concentrations of 6-OHDA for 24 h.
(B) PC12 cells were pretreated with ALA for 1 h and then exposed to 6-OHDA for 24 h. Data were expressed as the means ± SD analyzed by one-way ANOVA.
Statistical significance: *P < 0.05, **P < 0.01 vs. the control group; #P < 0.05, ##P < 0.01 vs. the PD group.

FIGURE 3 | ALA inhibits the decrease in the activity of SOD and GSH in the SN of the rat model of PD induced by 6-OHDA. (A). The activity of SOD in the SN was
dramatically suppressed by 6-OHDA and was rescued by ALA. (B) The level of GSH in the SN was significantly suppressed by 6-OHDA and was rescued by ALA.
Data were expressed as the means ± SD analyzed by one-way ANOVA (n = 3). Statistical significance: *P < 0.01 vs. sham group; #P < 0.05, ##P < 0.01 vs. PD
group.

ALA Inhibited the Decrease in TH Expression in the
SN of Rats
To observe the neuroprotective effect of ALA on DA neurons,
we examined the number of TH-positive neurons in the SN.
The results showed that the PD group exhibited a significant
decrease in the number of TH-positive neurons (sham group,
916.67 ± 84.36; PD group, 321.00 ± 54.81; P = 0.0001),
which could be inhibited by ALA treatment (treat group,
625.67± 63.45, P = 0.002) (Figures 1C,D).

ALA Protects Against 6-OHDA-Induced
Damage in PC12 Cells
PC12 cells were incubated with different concentrations (50–
800 µM) of 6-OHDA, and cell viability was expressed as

an MTT conversion rate. 6-OHDA induced cell death in a
dose-dependent manner, as shown by survival rates of PC12
cells at 87 and 39% when treated with 50 and 800 µM 6-
OHDA for 24 h, respectively. The PD cell model induced
by 6-OHDA requires appropriate cell viability. The excessive
cell damage will cause irreversible damage; however, insufficient
cell damage will interfere the observation of drug treatment. The
cell viability is about 60% when the concentration of 6-OHDA
is 200 µmol/L (0.62 ± 0.07, P = 0.0001). Hence, 200 µmol/L of
6-OHDA was selected for the PD cell model concentration of
subsequent experiments (Figure 2A). The cells were pretreated
with different concentrations of ALA for 1 h and exposed to
200 µM 6-OHDA for an additional 24 h. The results showed
that ALA clearly mitigated the 6-OHDA-induced decrease in
cell viability, and 10 µM of ALA was the peak of its protective
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effect (10 µM, 0.88 ± 0.04; P = 0.0010) (Figure 2B). Therefore,
10 µM of ALA was selected for the treatment concentration of
subsequent experiments.

ALA Inhibits the Decrease in the Activity
of SOD and GSH in the SN of a Rat
Model of PD Induced by 6-OHDA
Superoxide dismutase and reduced glutathione play important
roles in clearing free radicals in the body, which are associated
with many pathological processes, including PD. As shown in
Figure 3, when rats were treated with 6-OHDA, the activity of
SOD and contents of GSH in the SN was 18 U/mg protein and
25 mg/g protein, respectively (SOD: sham group, 51.77 ± 6.08;
PD group, 18.41 ± 0.94; P = 0.0001. GSH: sham group,
47.74 ± 5.29; PD group, 25.03 ± 3.15; P = 0.0010). This
finding indicated that 6-OHDA dramatically suppressed the
activity of SOD and contents of GSH. However, the activity
of SOD and GSH content was 36 U/mg protein and 36 mg/g
protein, respectively, in rats after ALA treatment, which were
higher than those of the PD model group (SOD: treat group,
35.90 ± 2.67, P = 0.0010, GSH: treat group, 35.63 ± 5.10,
P = 0.0310) (Figures 3A,B). These results indicated that ALA
significantly rescued the decrease in SOD activity and GSH
contents induced by 6-OHDA.

ALA Attenuates 6-OHDA-Induced
Increase in ROS Levels of PC12 Cells
To explore the effect of ALA on ROS levels, we exposed
PC12 cells to 200 µM of 6-OHDA for 24 h. Results showed
significantly increased fluorescence intensity compared with
control (control, 0.028 ± 0.0020; 6-OHDA, 0.067 ± 0.044;
P = 0.0001), which was eliminated dramatically by pretreating
the cells with 10 µM of ALA (ALA + 6-OHDA, 0.039 ± 0.031;
P = 0.0003) (Figures 4A,B).

ALA Suppresses the 6-OHDA-Induced
Excessive Iron Accumulation in PC12
Cells and SN of Rats
Increased iron levels in the SN play an important role in
the etiology of PD. To determine the effect of ALA on 6-
OHDA-induced iron deposit in the SN of rats, we first detected
the number of iron-staining cells in the SN with Perls’ iron
histochemistry. As shown in Figures 5A,B, the number of iron-
staining cells in the SN of the PD model group was significantly
increased compared with that of the sham group (sham group,
1.33 ± 0.58; PD group, 9.67 ± 2.52; P = 0.0010). However,
after ALA treatment, the number of iron-staining cells was
significantly reduced (treat group, 4.67 ± 0.58; P = 0.0070).
Furthermore, we also tested the total iron content in SN with
tissue iron assay kit, showing that the total iron content of
the PD model group was significantly increased compared with
that of the sham group (sham group, 0.31 ± 0.07, PD group,
1.401 ± 0.23; P = 0.0001), which could be inhibited by ALA
treatment (treat group, 0.59± 0.07; P = 0.0001) (Figure 5C).

To further verify the effect of ALA on 6-OHDA-induced iron
deposit in cells, we exposed PC12 cells to 200 µM of 6-OHDA

for 24 h. We found that the PD group showed significantly
increased iron contents compared with control groups (control,
0.09 ± 0.03; 6-OHDA, 0.40 ± 0.05; P = 0.0001). However, such
an increase in iron contents was eliminated dramatically by
pretreating the cells with 10 µM of ALA (ALA + 6-OHDA,
0.24± 0.04; P = 0.0030) (Figure 5D).

ALA Suppresses 6-OHDA-Induced
Upregulation of DMT1 via IRP2 in PC12
Cells and SN of Rats
To verify whether the protective mechanism of ALA correlates
with iron imbalance induced by 6-OHDA, we investigated the
expression of DMT1 and IRP2. As shown in Figures 6A–D,
IRP2 and DMT1 were upregulated after 6-OHDA treatment
compared with those in the PC12 cells and SN of rats in the
control group (Rats IRP2: sham group, 0.49 ± 0.03; PD group,
0.71 ± 0.06; P = 0.0010. Cells IRP2: control, 0.42 ± 0.01; 6-
OHDA, 0.63 ± 0.06; P = 0.0010. Rats DMT1: sham group,
0.27 ± 0.02, PD group, 0.68 ± 0.09; P = 0.0010. Cells DMT1:
control, 0.33 ± 0.05; 6-OHDA, 0.6356 ± 0.10; P = 0.0090).
Interestingly, ALA inhibited the upregulation of IRP2 and
DMT1 induced by 6-OHDA, indicating that ALA maintained
iron homeostasis in vitro and in vivo (Rats IRP2: treat group,
0.52± 0.05; P = 0.0020. Cells IRP2: ALA+ 6-OHDA; 0.53± 0.05;
P = 0.0290. Rats DMT1: treat group, 0.43± 0.10; P = 0.0080. Cells
DMT1: ALA+ 6-OHDA; 0.38± 0.07; P = 0.0300).

DISCUSSION

Brain iron accumulation has been implicated in several chronic
neurological diseases, such as AD and PD. Iron concentrations
are significantly elevated in human parkinsonian SN within DA
neurons (Youdim and Riederer, 1993; Shoham and Youdim,
2002; Götz et al., 2004; Gerlach et al., 2006). Iron, an essential
nutrient for life, participates in ROS activation to provoke
oxidative cell damage (Zhou et al., 2018b). In addition, some
studies showed that iron triggered cell death via the ROS
pathway, suggesting that iron likely plays a role in ROS signaling
(Bogdan et al., 2016). Excess iron participates in the Fenton
chemistry, reacting with H2O2 to produce the most toxic ROS,
the hydroxyl radical. In PD, the toxic ROS combined with the
depletion of endogenous antioxidants, particularly the levels of
SOD and GSH, subsequently increased the levels of induced
lipid peroxidation. Increased basal lipid peroxidation induced by
oxidative stress is positively correlated with elevated iron levels in
the SN of PD (Mash et al., 1991).

6-hydroxydopamine, a neurotoxin that can cause
degeneration of DA neurons in animal models and cell apoptosis
in PC12 cells, has been widely used in PD models (Glajch et al.,
2012; Xu et al., 2001). Recently, increasing evidence suggested
that 6-OHDA may selectively cause the death of nigral neurons
or dopaminergic neurons by inducing high levels of iron and
oxidative stress (Lee et al., 2018; Xu et al., 2018). Thus, inhibiting
the elevated iron and oxidative stress induced by 6-OHDA is a
potential strategy for protecting neurons.
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FIGURE 4 | ALA attenuates 6-OHDA-induced increase in ROS levels of PC12 cells. (A) Corresponding DCF-fluorescent picture induced by 200 µM 6-OHDA and/or
10 µM ALA in PC12 cells. The brightened dot represents the fluorescence of ROS. (B) DCF fluorescence intensity induced by 200 µM 6-OHDA and/or 10 µM ALA
in PC12 cells. Data were expressed as the means ± SD analyzed by one-way ANOVA (n = 3). Statistical significance: *P < 0.01 vs. control; #P < 0.01 vs. 6-OHDA
group.

FIGURE 5 | ALA suppresses the 6-OHDA-induced excessive iron accumulation in the SN of rats and PC12 cells. (A) Iron-staining cells in the SN of rats.
(B) Corresponding numbers of iron-staining cells in the SN of rats. (C) The total iron content in the SN of rats was detected by using a tissue iron assay kit. (D) The
total iron content of PC12 cells was detected by using a tissue iron assay kit. Data were expressed as the means ± SD analyzed by one-way ANOVA (n = 3).
Statistical significance: *P < 0.01 vs. sham group or control; #P < 0.01 vs. PD group or 6-OHDA.

As a therapeutic agent in the treatment of diabetes mellitus,
ALA exerts neuroprotective functions against neurodegenerative
diseases in clinical trials and in vitro/vivo studies, and the
protective mechanisms are related to its antioxidant effect (Zhao
et al., 2017; Zhou et al., 2018a). In addition to its antioxidant
properties, ALA has iron-chelating properties. However, in
addition to its antioxidant effect, other potential mechanisms of

neuroprotective effects of ALA on PD remain unclear, such as
its iron chelation.

Previous studies showed that the neuroprotective effects of
ALA are related to its antioxidant properties and iron chelation
(Suh et al., 2005; Abdin and Sarhan, 2011; Zaitone et al., 2012;
Jalali-Nadoushan and Roghani, 2013). However, the specific
mechanism of ALA on PD is still unclear. Based on the iron
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FIGURE 6 | ALA suppresses the 6-OHDA-induced upregulation of DMT1 via IRP2 in the SN of rats and PC12 cells. Rats and cells were treated with 6-OHDA and
ALA, as described in section “Materials and methods.” The iron metabolism-related protein levels of IRP2 (A,B) and DMT1 (C,D) in rat SN and PC12 cells were
detected by western blot. Data were expressed as the means ± SD analyzed by one-way ANOVA (n = 3). Statistical significance: *P < 0.01 vs. sham group or
control; ##P < 0.01, #P < 0.05 vs. PD group or 6-OHDA.

chelation and antioxidant effects of ALA, the present study
investigated the possible role of ALA in a PD model in vivo
and in vitro induced by 6-OHDA. The results suggested that
ALA could significantly attenuate the damage of PC12 cells
induced by 6-OHDA, promote the survival of DA neurons by
inhibiting the decrease in TH expression in the SN of 6-OHDA-
induced PD rats, and remarkably ameliorate motor deficits. The
results also showed that ALA could significantly suppress the
levels of oxidative stress and iron. The results further showed
that ALA could attenuate iron accumulation via antagonized 6-
OHDA-induced upregulation of IRP2 and DMT1 both in vivo
and in vitro.

Cell injury during the progress of PD is associated with the
overproduction of ROS (Gaspar et al., 2015). Numerous studies
on postmortem brain tissues of PD patients have suggested
that ROS are involved in the degeneration of dopaminergic
neurons (Danielson and Andersen, 2008). The endogenous
protective antioxidant system of GSH and SOD provides an
important defense against oxidative stress (Fridovich, 1995). To

further investigate the antioxidant property and neuroprotective
mechanism of ALA, we tested the antioxidant SOD and
GSH in the SN of rats, and the level of ROS also was
tested in PC12 cells. The current results showed that ALA
treatment could increase the contents of SOD and GSH in
6-OHDA-treated rats. In addition, ALA pretreatment could
inhibit ROS production in 6-OHDA-treated PC12 cells. These
results demonstrated that antioxidant activity was essential for
ALA to exert its neuroprotective effect on 6-OHDA-induced
oxidative damage.

Enhanced iron level was observed in dopaminergic neurons
in humans, and iron accumulation has also been shown in the
SN of both 6-OHDA- and MPTP-induced animal models (Wang
et al., 2007; Hare et al., 2013). Increased iron may induce a vicious
cycle of oxidative stress by increasing the levels of free iron (Reif,
1992). In fact, in 6-OHDA-treated rats, increased iron levels and
neuronal loss are apparent in as short a time as the SN 1 day
following 6-OHDA injection (Wang et al., 2004). Our results were
consistent with these studies. 6-OHDA could increase the levels
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of iron of rat SN. Moreover, 6-OHDA-induced PC12 cells also
showed iron accumulation. Interestingly, ALA could significantly
inhibit the iron increase in rat SN and PC12 cells.

To explore the mechanism of ALA in inhibiting iron
accumulation, we observed some proteins involved in iron
homeostasis regulation. In vitro and in vivo studies showed
that the change in DMT1 involved increases iron accumulation
(Fridovich, 1995). DMT1 is responsible for iron uptake. IRP1 and
IRP2, two subunits of IRPs, can regulate intracellular iron levels
and maintain iron homeostasis. IRP1 plays a critical role in the
pulmonary and cardiovascular systems, whereas IRP2 functions
in the nervous system and erythropoietic homeostasis (Foot et al.,
2008). By binding to IREs, IRPs can posttranscriptionally regulate
mRNAs that have IREs in the 3′- or 5′-UTRs. IREs are present in
the UTRs of DMT1 (IRE), and the expression of DMT1 (IRE)
is regulated by the IRP/IRE mechanism, leading to intracellular
iron aggregation in PD (Jalali-Nadoushan and Roghani, 2013).
A mutation in DMT1 that impairs iron transport protects rodents
against parkinsonism-induced neurotoxins MPTP and 6-OHDA
(Salazar et al., 2008). Furthermore, DMT1 is highly expressed in
the neurons of the SN in PD (Jia et al., 2015). Consistent with
previous reports, we found that 6-OHDA upregulated DMTI by
upregulating IRP2, which increased iron in rat SN and PC12 cells.
However, our results showed that ALA could antagonize the 6-
OHDA-induced upregulation of IRP2 and DMT1 in rat SN and
PC12 cells. The present study might be a new mechanism of ALA
in protecting neurons in PD induced by 6-OHDA.

The maladjustment of iron metabolism, which was mainly
caused by the increase in oxidative stress level, leads to the
deposition of iron in PD patients. Our analysis of the effects of
ALA on iron levels in vivo and in vitro showed that it indeed
inhibited iron accumulation. In addition, ALA treatment could
increase the contents of SOD and GSH and could inhibit ROS
production in PD models. These results demonstrated that ALA
reduces iron deposition, which may be achieved by reducing
the levels of oxidative stress and then regulating the disorder of
iron metabolism.

Our study showed that ALA attenuated 6-OHDA-induced
iron accumulation both in vivo and in vitro by antagonizing the 6-
OHDA-induced upregulation of IRP2 and DMT1. However, the
specific mechanisms are unclear. The nuclear factor (erythroid-
derived 2)-like 2 (NRF2) transcription factor which can respond
to oxidative and electrophilic stress regulates several genes
involved in iron metabolism (Kawai et al., 2011). IRP2 and DMT1
may be important to cell iron homeostasis, but the NRF2 factor
may be linked to IRP2/DMT1-related iron accumulation. The
effects of 6-OHDA-induced neurotoxicity is linked to modulation
of the antiaging gene Sirtuin 1 (Sirt 1), which is important to
neurodegenerative diseases such as PD (Zou et al., 2016). In

addition, ALA is a Sirt 1 activator and actives Sirt 1 (Chen et al.,
2012). Hence, ALA may active Sirt 1 by reducing the level of
oxidative stress and regulate iron metabolism by the Sirt 1-NRF2-
IRP2 pathway and then reduce the iron accumulation of PD
models. This may be a new mechanism of ALA in protecting
neurons in PD induced by 6-OHDA.

CONCLUSION

In summary, ALA displays protective effects against the damage
induced by 6-OHDA in PD models, and its neuroprotective
mechanism might be associated with improvement of oxidative
stress and iron metabolism levels. Increased stress resulting from
ROS production is one of the proposed mechanisms for the death
of dopaminergic neurons in PD. In addition, iron metabolism
dysfunction plays a key role in PD. Hence, ALA has a therapeutic
potential for the treatment of PD.
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Subarachnoid hemorrhage (SAH) is a complicated clinical syndrome, which is caused by
several kinds of cerebrovascular disorders, with high morbidity, disability and mortality
rate. In recent years, several studies have shown that early brain injury (EBI) is an
important factor leading to the poor prognosis of SAH. A major cause of EBI has been
attributed that hematoma components invade into the brain parenchyma, resulting in
neuronal cell death. Therefore, the clearance of hematoma components is essential in
the clinical outcome of patients after SAH. Here, in the review, we provide a summary of
the current known hematoma components clearance mechanisms and simultaneously
propose a new hypothesis for hematoma components clearance.

Keywords: subarachnoid hemorrhage, early brain injury, hematoma components clearance, Virchow-Robin
space, hemoglobin

INTRODUCTION

Subarachnoid hemorrhage (SAH) is a serious cerebrovascular condition caused by bleed in
the subarachnoid space. SAH may be caused by head injuries or ruptured cerebral aneurysms.
Intracranial aneurysm rupture is the most important cause of SAH. SAH accounts for about 5%
of all stroke types (Shah et al., 2019). Generally, the incidence rate of SAH is about 6–7/100,000
person/year (Linn et al., 1996; Anderson et al., 2000). However, Finland and Japan have higher
incidence rates, about 20/100,000 person/year (Linn et al., 1996). The incidence rate of SAH in
China has been reported to be 2/100,000 person/year (Anderson et al., 2000). The mortality rate of
SAH ranges between 32 and 67% (Ingall et al., 2000; Nadeau et al., 2019).

Recent researches show that early brain injury (EBI) is a major factor for high mortality and
disability after SAH. EBI refers to the period from initial bleeding to the onset of delayed cerebral
vasospasm (within 72 h after SAH) (Broderick et al., 1994). The pathophysiological mechanisms for
EBI include increased intracranial pressure (ICP), insufficient cerebral blood flow, oxidative stress,
inflammation, neuronal apoptosis, necrosis, and autophagy (Chen et al., 2014; Rass and Helbok,
2019). When SAH occurs, ICP sharply elevates, and the increase rate is indicative of the severity of
the initial bleed. Increased ICP will cause decreased cerebral blood flow and cerebral ischemia. After
SAH, hematoma components invade brain parenchyma with cerebrospinal fluid (CSF), causing
series of destructive reactions that lead to neuronal cell death. Hematoma components are mainly
composed of red blood cells (RBCs), hemoglobin (Hb) and its lysate, etc. Hb and its lysis have
strong cytotoxic effects that have been demonstrated to cause neuronal cell death (Zille et al., 2017).
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Hence, the removal of hematoma components plays a crucial
role in the outcome of SAH patients. In clinics, the removal of
hematoma is a treatment option including external ventricular
drainage and lumbar cistern drainage. And these treatments have
been proved to reduce mortality, improve survival, and enhance
the life quality of patients after SAH.

NEUROTOXICITY OF HEMATOMA
COMPONENTS

Degradation of RBCs after SAH results in the release of Hb.
Hb consists of four globin chains (α1, α2, β1, β2), with each
containing a heme group (Figure 1). The heme group consists
of a porphyrin ring that coordinates with an iron (Fe) atom in
the Fe2+ or Fe3+ oxidative state. Released Hb can be oxidized
to oxyHb. Released Hb cleavage produces free heme, which is
considered to be more toxic than released Hb because of its
lipophilic properties that enable its insertion into membranes
(Balla et al., 1991). Moreover, free heme accelerates tissue damage
through peroxidative reactions and activation of inflammatory
cascades (Ma et al., 2016). Therefore, after SAH onset, the
hematoma components are mainly composed of RBCs, oxyHb
and free heme (Figure 2).

The toxicity of released Hb is manifested in four aspects:
oxidation, inflammation, nitric oxide (NO) clearance, and
edema (Bulters et al., 2018). Heme-mediated oxidation is in
its ferrous (Fe2+) and iron (Fe3+) states, and heme can react
with hydrogen peroxide or endogenous lipid hydroperoxide to
form a highly reactive ferryl iron (Fe4+) (Bulters et al., 2018).
The generation of these free radicals results in the dramatic
modification of membranes, lipids, proteins, nucleic acids, and
so on, which severely alters cell morphology and function
(Marnett et al., 2003). Molecular markers of the oxidation
process have been detected in the CSF after SAH, including
covalently modified proteins and oxidized lipids (Suzuki et al.,
1983; Reeder et al., 2002). Hb and heme are ligands of the Toll-
like receptor 4 (TLR4), expressed by microglia and macrophages.
Activation of TLR4 causes microglia and macrophages to secrete

FIGURE 1 | A hemoglobin molecule comprises two alpha (α1,α2) and two
beta (β1,β2) subunits. Between each subunit fold is a hydrophobic pocket
containing a heme group. Due to its four subunits, Hb molecules can
reversibly bond with four O2 molecules.

tumor necrosis factor (TNF), which triggers nuclear factor-κB
activation, inflammation, and necrosis (Figueiredo et al., 2007;
Kwon et al., 2015). Free heme can also activate the nucleotide-
binding domain, leucine rich family and pyrin, leading to the
synthesis of interleukin-1β (IL-1β) and interleukin-1α (IL-1α)
by glial cells, leading to inflammation and neuronal cell death
(Greenhalgh et al., 2012; Liu et al., 2019).

After SAH, ferrous Hb reacts with NO to produce
methemoglobin and nitrate, thus losing its ability to bind
and transport oxygen. On the other hand, NO is also consumed
by oxygen free radicals (Joshi et al., 2002; Kajita et al., 1994). NO
is a vasodilator produced by endothelial cells, neuronal cells, and
glial cells in the brain. In cerebral blood vessels, NO regulates
vascular tone and inhibits platelets adhesion (Faraci et al., 1994;
Voetsch et al., 2004). In studies involving both human and
animal models, it has been reported that NO depletion after
SAH causes the dysfunction of coagulation system, which leads
to thrombosis and is closely related to poor clinical outcomes
(Suzuki et al., 1990; Stein et al., 2006; Friedrich et al., 2012).
Hb and its lysate have been reported to induce brain edema as
well. A study reported that intracerebral injection of Hb and its
lysate resulted in increased sodium levels in the brains of rats
(Huang et al., 2002). In another study, Hb injection into the rat
brains resulted in the upregulation of matrix metalloproteinase-9
(MMP-9) and subsequent destruction of the blood-brain barrier
(Katsu et al., 2010). Therefore, the occurrence of perivascular
edema after SAH can be associated with Hb and its lysate.

As discussed above, the neurotoxicity of the hematoma after
SAH gradually increases with the lysing of Hb. Therefore, the
early clearance of hematoma has great significance. Hence,
achieving hemoglobin clearance as early as possible and within
a small range can greatly reduce neuronal cell death and have a
positive impact on clinical outcomes.

PROGRESS OF THE HEMATOMA
COMPONENTS REMOVAL MECHANISM

Currently, some research progress had been made regarding
the mechanism of hematoma components clearance. Three
approaches for the elimination of hematoma components have
been reported and confirmed (Figures 3, 4):

Erythrophagocytosis
Erythrophagocytosis is the clearance of abnormal RBCs.
CD36 is an integral macrophage/microglia cell membrane
protein and also a type II scavenger receptor expressed on
macrophages and monocytes. Abnormal RBCs can exteriorize
phosphatidylserine, and macrophages/microglia recognize
exposed phosphatidylserine via cluster of differentiation CD36,
leading to erythrophagocytosis (Fadok et al., 1998; Zhao
et al., 2015). This shows CD36 play an key role in mediating
recognition and phagocytosis. Erythrophagocytosis seems to be
an effective clearance mechanism; however, once macrophages
engulf more than two RBCs, they will undergo cell death,
and lead to the release of deleterious heme and iron into the
extracellular matrix. The role of CD47 in erythrocyte clearance
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FIGURE 2 | Rupture of intracranial blood vessels causes blood flow into the subarachnoid space to form subarachnoid hemorrhage (SAH). Then hematomas are
formed after SAH. Hematoma components include intact red blood cells (RBCs), free hemoglobin (Hb), oxygenated Hb, free heme, and etc. RBC lysis produces free
Hb. On the one hand, Hb can bind with oxygen molecules (up to four oxygen molecules) to form oxyhemoglobin; on the other hand, it could be lysed to produce free
hemes.

FIGURE 3 | Activated macrophages and microglia play a crucial role in the clearing of hematoma components after subarachnoid hemorrhage (SAH). Three
pathways have been reported on removal of hematoma components in patients with SAH. (1) Red blood cells (RBCs) are directly phagocytosed by
macrophages/microglia after being recognized by CD36 receptors on macrophages/microglia membrane, and CD47 has an inhibitory effect on erythrophagocytosis;
(2) The RBC cleavage product hemoglobin (Hb), firmly binds to haptoglobin (Hp) to form a haptoglobin-hemoglobin (Hp-Hb) complex by covalent binding.
Subsequent recognition of the (Hp-Hb) complex by CD163 on the macrophage/microglia membrane mediates endocytosis of the complex; (3) Further lysing of Hb
leads to the production of a large amount of heme or haem, which then binds to Hpx. This complex is transported into macrophages/microglia via CD91.
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FIGURE 4 | In the phagolysosome period, hemoglobin (Hb) is broken down to release heme or haem. Free heme is degraded to biliverdin, carbon monoxide (CO)
and ferrous iron by the endoplasmic reticulum enzymes, haem oxygenase-1 or haem oxygenase-2. Biliverdin is reduced to bilirubin by biliverdin reductase. Similarly,
free extracellular heme transported into macrophages/microglias is also broken down to produce free iron, biliverdin (bilirubin), and CO.

is still under investigation. CD47 is an integrin-associated
transmembrane protein that is expressed on lots of cell types
including microglia, oligodendrocytes, and erythrocytes. It was
reported that CD47 positively impacts on erythrocyte lifespan
by inhibiting phagocytosis via signal regulatory protein alpha,
which expressed on the surface of normal erythrocytes (Kondo
et al., 1988; Ni et al., 2016; Tao et al., 2020). Further research
is necessary to decipher the exact role of CD47 in erythrocyte
clearance after SAH.

The fates of macrophages after phagocytosis of RBCs following
SAH have not been thoroughly studied. Also, the possibility
of hyperphagocytosis (involving more than two RBCs) by
macrophages has not been studied in patients with SAH.
Hence, erythrophagocytosis is not considered to be an ideal
clearance mechanism.

Haptoglobin and CD163
Erythrocyte cleavage produces Hb dimers that are immediately
and irreversibly bound by haptoglobin (Hp), one of the strongest
naturally occurring non-covalent interactions (Nagel and Gibson,
1971). A crystal structure analysis of the haptoglobin-hemoglobin
(Hp-Hb) complex revealed active iron and pro-oxidative tyrosine
residues on the Hp-Hb surface. Structural features of the Hp-Hb
explain the ability of Hp to prevent Hb auto-oxidation and delay
heme release (Andersen et al., 2012). Exposure of the epitope

on the β-chain of Hp by the binding of Hb to Hp, allows the
Hp-Hb complex to be recognized by CD163 on macrophages
and initiates endocytosis. After internalization, heme is degraded
by heme oxygenase 1 or 2 (HO-1 or HO-2) to biliverdin, iron,
and carbon monoxide (Nielsen et al., 2007; Etzerodt et al., 2013;
Schallner et al., 2015).

Haptoglobin is mainly synthesized by the liver and the
reticuloendothelial system. Hp has been shown to diffuse from
the blood into the CSF (Chamoun et al., 2001). It is worth noting
that the amount of cell-free Hb is about 250 times greater than the
amount of Hp in each milliliter of intracranial blood (Meng et al.,
2020). Hp is the primary Hb-binding protein which can attenuate
the adverse biochemical and physiological effects of extracellular
Hb. Recent evidence indicated two major functions of the Hp-
Hb complex: inhibition of Hb auto-oxidation (Buehler et al.,
2009; Cooper et al., 2013; Arba et al., 2019) and Hb clearance
(Kristiansen et al., 2001). There are two alleles and several known
rare variants of Hp in humans (Kazmi et al., 2019). The two
alleles are responsible for three kinds of possible genotypes
with structural polymorphism: homozygous (1-1 or 2-2) and
heterozygous (2-1) (Blackburn et al., 2018). Hp is cleaved into
two subunits α and β, which are joined by a disulfide bond. Both
alleles of Hp share the same β chain (Goldenstein et al., 2012). The
β chain is responsible for the binding of Hb; thus, both genotypes
have similar Hb binding affinity (Asleh et al., 2005). Clinical
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FIGURE 5 | The pia mater becomes tapered and forms a capillary. The Virchow-Robin space (VRS) is the extravascular space around the small arteries and is full of
cerebrospinal fluid (CSF). Astrocytes form gap junctions at the outer layer of the VRS, while the endothelial cells from the inner layer of the VRS. Astrocytes are
sufficient to express aquaporin-4. The gap junctions facilitate the exchange of CSF and ISF. Substances in the CSF can enter the brain parenchyma through the VRS.

studies in patients with SAH indicated that Hp 2-2 patients may
have high risk for hemorrhage-related complications and poor
outcome (Blackburn et al., 2018).

Some studies had provided evidence that astrocytes (Lee et al.,
2002) and oligodendrocytes (Zhao et al., 2009) express Hp under
pathological conditions. CD163 is a phagocytic marker and Hb
scavenger receptor, whose expression is thought to be exclusive
to the perivascular and monocyte-macrophage system (Fabriek
et al., 2005). Excessive levels of Hb upregulated the expression
of Hp and the Hb-Hp receptor CD163 in neurons both in vivo
and in vitro (Garton et al., 2016). CD163 mediates the delivery of
Hb to macrophages/microglia after SAH. Macrophage/microglia
endocytosis the Hp-Hb complex through CD163 when free

Hb binds to Hp. Once the Hp-Hb complex is endocytosed
by macrophages/microglia, the anti-inflammatory response may
be fueled because of heme metabolites having potent anti-
inflammatory effects (Moestrup and Moller, 2004).

CD163 is a single membrane-pass protein with nine
extracellular domains, and also a member of the scavenger
receptor cysteine-rich superfamily (Onofre et al., 2009). CD163
is involved in anti-inflammatory signaling following the binding
of certain forms of Hp. This anti-inflammatory signaling
includes the triggering of interleukin-10 (IL-10) responses via
phosphatidylinositol-3 kinase-dependent Akt signaling (Galea
et al., 2012; Landis et al., 2013; Wang et al., 2018). However, pro-
inflammatory signals such as TNF-α, interferon-γ, transforming
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growth factor-β, and lipopolysaccharide could lead to decreased
levels of CD163 expression.

Some researchers believed that CD163-mediated
internalization of the Hp-Hb complexes into macrophages
is vital in Hb clearance. However, some studies have shown
that most of the Hb in the CSF after SAH does not bind to Hp
(Galea et al., 2012). In addition, the Hp-CD163 pathway is not
very effective in clearing Hb due to the scarcity of Hp. More
importantly, it has been reported that neuronal cells also express
CD163 under pathological conditions and mediate Hp-Hb
endocytosis, leading to neuronal cell death (Chen-Roetling and
Regan, 2016). In the absence of sufficient Hp reserve, the Hb
structure is often modified by oxidation, thus reducing the ability
of CD163 to bind to the Hp-Hb complex (Vallelian et al., 2008). It
was reported that the level of Hp in the CSF of patients with SAH
increased rapidly after blood was injected into the subarachnoid
space. However, the Hp levels then decreased, possibly due to the
clearance of the Hp-Hb complex. Subsequently, an increase in
Hp levels accompanied by a parallel increase in Hb was observed,
thus indicating a CD163-mediated clearance pathway saturation
(Durnford et al., 2015; Przybycien-Szymanska et al., 2016). In
summary, this pathway does clear Hb; however, reports from
some studies have indicated that this pathway maybe is not the
best one. Further research is needed to verify its role.

Hemopexin and CD91
Hemopexin (Hpx) is a plasma glycoprotein, capable of binding
heme with a high affinity and is expressed by neurons and glia
(Morris et al., 1993; Paoli et al., 1999). A study reported that
about 90% of Hpx in the brain is produced intrathecally under
healthy conditions (Paoli et al., 1999). However, the level of Hpx
in the CSF is ten times lower than that in the general circulation,
indicating that its ability to bind to Hb in the brain is relatively
low (Garland et al., 2016). The hemopexin-heme complex is
endocytosed by cells expressing the low-density lipoprotein
receptor-related protein-1 (LRP1)/CD91 receptor (Garland et al.,
2016). LRP1 is a transmembrane receptor, which is expressed
on macrophages, hepatocytes, neurons, vascular endothelial cells,
pericytes, smooth muscle cells, and astrocytes (Paoli et al., 1999;
Garland et al., 2016). The hemopexin-heme complex becomes
internalized via endocytosis into cells upon binding to LRP1.
The hemopexin-heme complex is then dissociated by lysosomal
activity inside the cell. Heme is catabolized by heme oxygenase
into biliverdin, carbon monoxide, and iron (Hvidberg et al.,
2005). Study reported free Hb was still detected in the CSF after
SAH (Garland et al., 2016), indicating that the hemopexin-CD91
system is not sufficient for SAH. In another study, one-third of
the SAH patients had elevated levels of heme-binding proteins
in the CSF, at an average of 133.8 µg/mL (Hvidberg et al., 2005).
Patients with elevated levels of Hpx often have a higher incidence
of delayed cerebral ischemia and worse functional outcomes
compared with patients of normal heme-binding protein levels
(Hvidberg et al., 2005). Thus, further investigation of this system
is needed to despite its neuroprotective effects.

In addition to the above discovery, new research has shown
that LRP1 can regulate the polarization of microglia through
the Shc1/PI3K/Akt pathway during inflammation and oxidative

damage (Peng et al., 2019). This causes microglia to become more
responsive or pro-inflammatory, which is referred to as microglia
priming. This means that LRP1 can promote the removal of
hematoma components (including RBC and tissue debris), and
inhibit the inflammatory response, thereby reducing damage to
brain tissue after SAH.

OUR HYPOTHESIS

We have proposed a possible Hb clearance pathway, which
is effective and work in a small range. The details are
introduced below.

Virchow-Robin Space
Fluid-filled canals surrounding perforating arteries, capillaries,
and veins in the brain parenchyma are referred to the Virchow-
Robin space (VRS) (Nakada et al., 2017; Plog and Nedergaard,
2018; Rasmussen et al., 2018). VRS was named after the first
two scientists who described the structures in detail, Rudolph
Virchow and Charles Philippe Robin. Then numerous studies
were devoted to the deep understanding of the VRS. Research
had shown that CSF (from the subarachnoid space) flows into
the brain tissue through the perivascular spaces of the large
leptomeningeal arteries (Iliff et al., 2013; Aspelund et al., 2015).
Pial arteries in the subarachnoid space become smaller arteries
that penetrate into the brain parenchyma (Ma et al., 2017;
Pizzo et al., 2018). The space around the penetrating arteries
which is filled with CSF is termed as the VRS (Zeppenfeld
et al., 2017; Hannocks et al., 2018; Figure 5). In the VRS, CSF
flows between blood vessels and glial cells, thus ensheathing
the cerebral vasculature (Iliff et al., 2013). Some studies have
suggested that astrocytes densely express aquaporin-4, which
helps the CSF to flow into the brain parenchyma and mix with the
interstitial fluid (ISF) for material exchange (Carare et al., 2008).
A recent study reported that small volumes of soluble tracer
injected into the ISF of the gray matter of the mouse striatum or
hippocampus, led to the initial diffusion of the tracer through the
extracellular spaces of the brain. However, within 5 min the tracer
entered the basement membranes in the walls of the capillaries
and cerebral arteries and drained out of the brain. The tracer was
not retained within the brain parenchyma after injecting larger
volumes of the tracer, suggesting that the tracer may have passed
into the CSF in the ventricles (Morris et al., 2016). It is clear
that substances within the CSF may potentially access and spread
along the VRS to various extents throughout the cerebrovascular
tree (Benveniste et al., 2017; Goulay et al., 2019). For example,
large, full-length antibodies immunoglobulin G (IgG) have been
shown to access the VRS of arterioles, capillaries, and venules
following intrathecal infusion in rats (Kumar et al., 2018). It has
been reported that solutes with molecular weights smaller than
100 kDa can leave the perivascular spaces by passing through
the 50 nm clefts that separate the vascular endfeet of astrocytes
(Jessen et al., 2015). Some studies have shown that perivascular
macrophages and endothelial cells exist in the VRS (Iliff et al.,
2012). In addition, the latest research found that CSF flows into
the brain after stroke, causing acute tissue swelling (Mestre et al.,
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FIGURE 6 | After subarachnoid hemorrhage (SAH), free Hb enters the VRS, and monocytes also enter VRS through recruitment. ADAM17 responds rapidly to
thrombin stimulation, and CD163 is cleaved to produce a free form of CD163 (sCD163). After binding to hemoglobin (Hb), sCD163 inhibits the autoxidation of Hb on
the one hand, and furtherly forms a complex with IgG on the other hand. The complex is recognized by macrophages, endothelial cells, and monocytes via the FcγR
to achieve Hb clearance.

2020). Intracranial microvessel contraction and diffuse ischemia
lead to an expansion of the VRS, and increases the flow rate of
cerebrospinal fluid (Mestre et al., 2020).

In summary, since its discovery, an increasing amount of
evidence have suggested that the VRS may play an important role
in material transportation, waste removal (Iliff et al., 2012) and
acute brain pathologies. However, the specific mechanism has not
been elaborated yet.

sCD163 and ADAM17
As discussed above, CD163 is an endocytic receptor for
Hp-Hb complexes and is expressed on macrophages and
monocytes. The extracellular portion of CD163 circulates in
the blood as a soluble protein (sCD163) in healthy people.
During inflammation and macrophage activation, sCD163
levels increase due to metalloproteinase-mediated cleavage
(Etzerodt et al., 2010). However, the molecular mechanisms
responsible for CD163 shedding are not fully understood. TNF
α-converting enzyme (ADAM17/TACE) has been identified to
cleave CD163 using metalloproteinase inhibitors and siRNA-
mediated knockdown (Boretti et al., 2009). ADAM17, originally
named TACE, is a membrane-anchored metalloproteinase, and
expressed on macrophages and responds to thrombin and
lysophosphatidic acid (Roy-O’Reilly et al., 2017). A study
reported that sCD163 is elevated in the serum of patients

with intracerebral hemorrhage (ICH) compared with healthy
controls (Etzerodt et al., 2017). sCD163 synthesized intrathecally
in patients with ICH, and accumulated in the subacute phase.
The early serum levels of sCD163 in these patients were
associated with hematoma and edema expansion following
ICH (Etzerodt et al., 2017). Other studies have shown that
sCD163 retains the ability to bind to the Hp-Hb complex
and exert anti-inflammatory effects (Subramanian et al., 2013;
Mohme et al., 2019).

A Potential Pathway for Hemoglobin
Clearance
In the early stages of SAH, hematoma components enter the
CSF and flow into the VRS. In the VRS, the hematoma
component thrombin promotes ADAM17 activation, which
further cleaves CD163 to produce sCD163 (Boretti et al.,
2009), which forms a complex with Hb that inhibits the
oxidation of Hb to oxyhemoglobin (Subramanian et al., 2013).
Subsequently, the Hb-sCD163 complex binds to IgG to form
the Hb-sCD163-IgG complex (Subramanian et al., 2013). On
the one hand, the sCD163-Hb-IgG complex induces paracrine
transactivation of neighboring endothelial cells, and causes them
to upregulate HO-1 and secrete cytokines for systemic defense
against Hb (Chen et al., 2010; Jovic et al., 2010). On the other
hand, the sCD163-Hb-IgG complex elicits an autocrine loop
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of endocytosis via FcγR on perivascular macrophages (Chen
et al., 2010; Jovic et al., 2010), whereas the internalized Hb
is catabolized by HO-1. Also, due to the molecular weight of
the Hb-sCD163-IgG complex being much larger than 100 KDa,
it enters the brain parenchyma slowly through the VRS. This
slow pace of the Hb-sCD163-IgG complex provides sufficient
time for the recruitment of monocytes. Monocytes express FcγR
(Subramanian et al., 2013), which enables them participate in the
clearance of Hb as well (Figure 6).

However, our hypothesis has certain limitations. For example,
the stability of the VRS is unknown after SAH. Moreover,
brain edema, inflammatory reaction, and the blood-brain barrier
are destroyed in the latter stages (Bosche et al., 2020). More
importantly, astrocytes that form in the space around the VRS
express aquaporin-4. Although its function is still controversial,
it is likely to have a certain impact on the outcome of SAH.
However, our hypothesis has great potential to remove Hb in the
early stages following SAH. Moreover, it is likely to play a role in
the clinical treatment of EBI following SAH.

CONCLUSION

Removal of hematoma after SAH is important for the reduction
of mortality and disability. The existing hematoma components
clearance pathways have some limitations that cannot be

overlooked. Therefore, it is essential to elaborate an effective
hematoma components clearance pathway, which may provide
new clinical treatment options for SAH. Thus, further research
is required to provide more insights into the mechanism of
hematoma clearance after SAH. Our perspective is that early,
rapid, efficient, and low-toxic hematoma components clearance
pathways should be clarified to benefit clinical treatment for SAH
and improve the outcomes of patients.
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Ferroptosis in Neurological Diseases
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1 Department of Neurology, The First Hospital of Jilin University, Changchun, China, 2 School of Clinical Medicine, Jilin
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Ferroptosis is mechanism for non-apoptotic, iron-dependent, oxidative cell death that is
characterized by glutathione consumption and lipid peroxides accumulation. Ferroptosis
is crucially involved in neurological diseases, including neurodegeneration, stroke and
neurotrauma. This review provides detailed discussions of the ferroptosis mechanisms
in these neurological diseases. Moreover, it summarizes recent drugs that target
ferroptosis for neurological disease treatment. Furthermore, it compares the differences
and relationships among the various cell death mechanisms involved in neurological
diseases. Elucidating the ferroptosis role in the brain can improve the understanding
of neurological disease mechanism and provide potential prevention and treatment
interventions for acute and chronic neurological diseases.

Keywords: ferroptosis, neurodegeneration, stroke, inhibitors, iron

FERROPTOSIS

Ferroptosis is a recently identified type of regulated cell death (Dixon, 2017). Specifically, it is
a non-apoptotic, iron-dependent, oxidative cell death mechanism that was proposed by Dixon
et al. (2012). Ferroptosis, which is classified as “cell sabotage” (Green and Victor, 2012), differs
from apoptosis, necrosis, and autophagy in terms of morphology, biochemistry, and heredity
(Cao and Dixon, 2016). Ferroptosis is mainly characterized glutathione (GSH) consumption and
lipid peroxidation, which involves specific oxidation of phosphatidylethanolamine containing
arachidonic and adrenal acids (D’Herde and Krysko, 2017). The following unique gene set is
required for erastin-induced ferroptosis: ribosomal protein L8, iron response element-binding
protein 2, F0-F1-ATPase subunit C3, citrate synthase, tetratricopeptide repeat domain 35, and
acetyl-CoA synthetase family member (Speer et al., 2013).

Ferroptosis is studied through step-wise in vivo and in vitro experiments using various activators
and inhibitors (Xie et al., 2016). Previous cell experiments (Dixon et al., 2012; Yang et al., 2014;

Abbreviations: AD, Alzheimer’s disease; CNS, Central nervous system; DFO, Deferoxamine; DFP, Deferiprone; Fer-
1, ferrostatin-1; Gln, glutamine; GPX4, Glutathione peroxidase-4; GSH, glutathione; HD, Huntington’s disease; HIF,
hypoxia-inducible factor; ICH, intracerebral hemorrhage; Lip-1, liproxstatin-1; 12/15-LOX, 12/15-lipoxygenases; NCOA4,
Nuclear receptor coactivator 4; PD, Parkinson’s disease; PE, phosphatidylethanolamines; PHDs, prolyl-hydroxylases; PUFA,
polyunsaturated fatty acid; ROS, reactive oxygen species; TBI, traumatic brain injury; TF, transferrin; TFR1, transferrin
receptor 1.
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Do Van et al., 2016) have shown that ferroptosis is triggered
by the oncogenic RAS-selective lethal small molecule erastin,
RAS-selective lethal 3, buthionine sulfoximine and sulfasalazine.
Ferroptosis induced by the aforementioned compounds
and drugs has been detected in cancer cells (Yagoda et al.,
2007), kidney tubule cells (Friedmann Angeli et al., 2014),
neurons (Guiney et al., 2017), and T cells (Matsushita et al.,
2015). Consequently, there are various types of ferroptosis
inhibitors with different targets including iron chelators (Ward
et al., 2014), antioxidants (Dixon et al., 2012), ferrostatins-
1 (Fer-1) (Skouta et al., 2014), glutathione peroxidase 4
(GPX4) (Yang et al., 2014), hypoxia-inducible factor prolyl
hydroxylase inhibitors (Speer et al., 2013) and other Chinese
medicine (Andersen et al., 2019). Trials on these drugs
have shown that the ferroptosis mechanism involve lipid
reactive oxygen species (ROS) production, plasma membrane
polyunsaturated fatty acid (PUFA) oxidation, iron metabolism,
and antioxidant GSH metabolism (Ward et al., 2014; Kagan
et al., 2017; Wu et al., 2018). Notably, ferroptosis is not cell
suicide; rather it involves cell sabotage that occurs normal
life activities to adapt to stimuli and body changes (Green
and Victor, 2012; Dixon, 2017). Therefore, ferroptosis is only
observed in multiple physiological and pathological processes,
including cancer cell death, neurotoxicity, neurodegenerative
diseases, acute renal failure, drug-induced hepatotoxicity,
hepatic and heart ischemia/reperfusion injury, and T-cell
immunity (Xie et al., 2016), when it is misregulated or
unbalanced where it induces other cell death mechanisms and
immunoreactions (Wenzel et al., 2017; Martin-Sanchez et al.,
2018; Proneth and Conrad, 2019).

Ferroptosis plays an important role in the brain and
neurological diseases (Kenny et al., 2019). The brain has the
highest levels of PUFAs, which are recognized as lipid peroxide
precursors, in the human body (Bazinet and Layé, 2014).
Moreover, there is a close to correlation of GSH depletion
and lipid peroxidation with neurological diseases, including
neurotrauma, stroke, and neurodegeneration (Bayir et al., 2006;
Weiland et al., 2019). Studies have reported an increase in
the ferroptosis phosphatidylethanolamine (PE) marker after
traumatic brain injury (TBI) (Wu et al., 2019). Moreover, cellular
ferroptosis has been observed in dopaminergic neurons in
Parkinson’s disease (PD) and other neurodegenerative diseases
(Do Van et al., 2016). Similarly, ferroptosis inhibitors, including
Fer-1 and liproxstatin-1 (Lip-1), have been shown to significantly
reduce functional deficits in ischemic stroke mouse models. This
indicates that ferroptosis is involved in stroke and ischemia-
reperfusion injury (Tuo et al., 2017). Further, GPX4 genetic
defects have been observed in in vivo and in vitro neuronal
death (Yoo et al., 2012; Chen et al., 2015). Taken together,
ferroptosis is a potential therapeutic target for neurological
diseases given the complexity and fine regulation of the central
nervous system (CNS), as well as the unclear changes in
neurological diseases.

The targeted ferroptotic mechanism depends on the
pathogenesis of the neurological disease; however, lipid
peroxidation is generally regarded as the driving force of
ferroptosis (Yang and Stockwell, 2016). Hence, we first

introduce lipid peroxidation followed by a summary of the
main ferroptotic mechanisms and drugs targeting ferroptosis to
treat neurodegenerative diseases, stroke, and brain trauma.

LIPID PEROXIDATION IS THE DRIVING
FORCE OF FERROPTOSIS

Lipid peroxidation products are recognized as the most
potent inducers of ferroptosis (Kagan et al., 2017). Lipid
peroxide biosynthesis can be performed by enzymes, including
12/15-lipoxygenase (12/15-LOX) and 5-lipoxygenase (5-LOX),
or through non-enzymatic processes known as Fenton-type
chemistry (Gaschler and Stockwell, 2017). Lipid peroxidation is
preferential for PUFAs, which are long-chain fatty acids with
more than one double bond, including linoleic, arachidonic, and
docosahexaenoic acids. They are highly enriched in the brain
where they increase membrane fluidity and plasticity to promote
neurotransmitter release and neural network development and
migration (Gaschler and Stockwell, 2017; Ingold et al., 2018).

Lipid peroxidation is inhibited by GPX enzymes, especially
GPX4, which reduces phospholipid hydroperoxide to lipid
alcohols (Brigelius-Flohé and Maiorino, 2013) and restricts the
formation of reactive lipid alkoxy groups (Seiler et al., 2008).
Lipid peroxide-induced ferroptosis involves the following three
steps shown in Figure 1. First, as a key regulator, acyl-CoA
synthetase long-chain family member 4 (ACSL4) catalyzes the
esterification of arachidonoyl (AA) or adrenoyl (AdA) into
PE. Second, lysophosphatidylcholine acyltransferase 3 (LPCAT3)
is specific for PE-based substrates and generates PUFA-PE.
Finally, 15-LOX oxidizes AA-PE and AdA-PE into ferroptotic
signals, including PE-AdA-OOH and PE-AA-OH (D’Herde and
Krysko, 2017). For high lipid peroxide levels, lipid peroxide
aggregates have been reported in the endoplasmic reticulum
(Doll et al., 2017). Moreover, other studies have shown that lipid
peroxidation accumulation on the mitochondrial membrane is
a key factor for ferroptosis (Friedmann Angeli et al., 2014;
Krainz et al., 2016). Here, CRISPR-based genome-wide genetic
screening and microarray analysis have demonstrated ACSL4
and LPCAT3 as key ferroptosis regulators (Dixon et al., 2015;
Doll et al., 2017). Notably, GPX4 depletion induces ferroptosis
only when ACSL4 and LPCAT3 are expressed and involved in
arachidonic acid modification with subsequent insertion into
membrane phospholipids (Cheng and Li, 2007; Shindou and
Shimizu, 2009). Downstream events of lipid peroxides include
PUFA fragmentation and membrane lipid damage, as well as
toxic reactive lipid intermediate 4-hydroxynonenal production.
This leads to cellular ferroptosis promotion through covalent
modification and inactivation of essential intracellular proteins
(Schneider et al., 2008).

Studies using erastin have shown that system Xc−, which
is a transmembrane cystine/glutamate reverse transporter, plays
an important role in ferroptosis (Dixon et al., 2012). System
Xc− is comprised of the 12-pass transmembrane transporter
SLC7A11 (Sato et al., 1999), which promotes cysteine-dependent
GSH synthesis (Dixon et al., 2012). The following steps lead to
ferroptosis. First, erastin inhibits system Xc− and competitively
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FIGURE 1 | The related ferroptosis mechanisms in neurological diseases. The drugs with red box are ferroptosis inducer and the drugs with green box are
ferroptosis inhibitor. AA, arachidonic acid; AdA, adrenic acid; ACSL4, acyl-CoA synthetase long-chain family member 4; AOA, amino acetate; α-KG, α ketoglutarate;
BSO, buthionine sulfoximine; 2,2-BP, 2,2-bipyridyl; β-ME, β-mercaptoethanol; CO, carbon monoxide; CoQ 10, Coenzyme Q10; CP, ceruloplasmin; DMT1, divalent
metal transporter 1; FAC, ferric citrate; FINO2, 1, 2-dioxolane; FSP-1, Ferroptosis-suppressor-protein 1; GCL, glutamate cysteine ligase; GLS2, glutaminase 2; Glu,
glutamate; GSS, glutathione synthetase; GSSG, oxidized GSH; Hb, hemoglobin; HIF, hypoxia-inducible factor; 4-HNE, 4-hydroxynonenal; HO-1, heme oxygenase 1;
Lip-1, liproxstatin-1; LPCAT3, lysophosphatidylcholine acyltransferase 3; NAA, neutral amino acids; NAC, N-acetylcysteine; NOX, nitrogen oxide; 2-OG,
2-oxoglutarate; PPP, pentose phosphate pathway; RSL3, RAS-selective lethal 3; SAS, sulfasalazine; STEAP3, 6-transmembrane epithelial antigen of the prostate 3.

inhibits cystine uptake, which leads to cysteine depletion (the
rate-limiting precursor for GSH synthesis). Subsequently, this
causes GSH depletion, which leads to imbalanced cellular
oxidants and antioxidants, and oxidative, which induces
cell death (Siddiq et al., 2005; Figure 1). Furthermore, A
Gln- and citrate synthase-dependent lipid synthesis pathway
can supply specific lipid precursors required for ferroptosis
(Dixon et al., 2012).

FERROPTOSIS IN
NEURODEGENERATION

The Ferroptosis Mechanism in
Neurodegeneration: Free Iron
Accumulation
Neurodegenerative diseases include complex and elaborate
cell death mechanisms and multiple pathways, which involve
excessive accumulation of iron and lipid peroxidation in different
brain regions (Guiney et al., 2017). An important feature of
nervous system dysfunction is the metabolic and nutritional
coupling between glial cells (astroglial cells, oligodendrocytes,
and microglia) and neurons, which can lead to neuronal death,
especially in ferroptosis (Ratan, 2020). Ferroptosis is dependent

on excessive iron accumulation, which is a crucial component
of lipid oxidation and is derived from iron metabolism disorder
(Cao and Dixon, 2016). Under normal CNS conditions, iron is
mainly combined with ferritin and neuromelanin. Iron, which
is an important cofactor in the CNS (Moreau et al., 2018),
participates in several important processes, including oxygen
transportation, oxidative phosphorylation, myelin production,
and neurotransmitter synthesis and metabolism (Ward et al.,
2014). Through the transferrin-transferrin receptor 1 (TF-TFR1)
system, iron is released into the cytoplasmic after crossing
the blood-brain barrier. Subsequently, it continuously moves
among neurons, oligodendrocytes, and astrocytes. The inactive
iron (Fe3+) form is recognized by TF and moved into the
cell by TFR1. Subsequently, Fe3+ is converted into free iron
(Fe2+) by 6-transmembrane epithelial antigen of the prostate
3 (STEAP3) (Ke and Qian, 2007; Wu et al., 2019). Free iron
is transported by divalent metal transporter 1 (DMT1) from
the endosome and exported by ferroportin. Free iron can
be stored in ferritin or the labile iron pool with the latter
being involved in lipid ROS generation. Fe2+ is a cofactor for
metalloenzymes in many oxidation reactions, including those
modulated by lipoxygenase and hypoxia-inducible factor prolyl
hydroxylase (HIF-PHD) (Karuppagounder and Ratan, 2012;
Kagan et al., 2017; Yan and Zhang, 2019). Further, free iron
can be released to the labile iron pool by lysosomes, which
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degrade ferritin via nuclear receptor coactivator 4 (NCOA4)-
mediated ferritinophagy (Torii et al., 2016). Therefore, brain
iron homeostasis is maintained through the regulation of iron
movement between blood and brain tissue; intracellular and
extracellular; and among different iron pools (Ke and Qian, 2007;
Garton et al., 2016). Protein-bound iron is safe; contrastingly,
abnormal iron homeostasis involving excessive free iron
generates molecules that can destroy proteins and nucleotides
through Fenton chemical reactions, which leads to lipid
peroxidation (Ke and Qian, 2007; Wu et al., 2019). Therefore,
iron is intricately involved in the onset and progression of
neurodegenerative diseases (Siddiq et al., 2005; Ward et al.,
2014). The involvement of excessive iron accumulation in
neurodegenerative diseases includes oxidative stress induction,
mitochondrial function interference, excessive ROS production,
and destruction of nuclear DNA and mitochondria (Ke and
Qian, 2007). Daniel I Orellana et al. (2016) have shown that
in neurodegenerative diseases, pantothenate kinase-associated
neurodegeneration may disrupt lipid homeostasis, change
the mitochondrial iron-dependent biosynthetic pathway and
cytoplasmic iron homeostasis and produce harmful ROS.
Moreover, iron accumulation in neurodegenerative diseases
could involve gene mutations related to iron transport and
binding, changes in the TF transport system, increased divalent
metal transporter 1 expression (Cheah et al., 2006), and blood-
brain barrier dysfunction (Ward et al., 2014; Figure 1).

Ferroptosis Inhibitors in PD
Ferroptosis Induction by Excess Iron in PD
PD is characterized by neuronal loss in multiple brain
regions, especially dopaminergic neurons in the substantia nigra.
Moreover, the causative factor of PD is α-synuclein protein
(Guiney et al., 2017). Based on these PD traits, the key treatment
target is restoring brain dopamine levels and preventing neuron
degeneration. Iron-dependent ferroptosis is a crucial cell death
pathway for dopaminergic neurons (Do Van et al., 2016). In
PD, dopaminergic neurons have abundant iron, which is an
integral part of enzymatic and non-enzymatic reactions involved
in dopamine metabolism (Moreau et al., 2018). In addition, free
iron induces dopamine oxidation and α-synuclein aggregation
(Duce et al., 2017) which leads to increased dopaminergic neuron
loss in PD; moreover, it mutates TF and causes excessive iron
uptake (Ward et al., 2014). The possible underlying mechanism
could involve excess free iron being able to reduce GPX4 activity,
which, in turn, leads to GSH depletion. Subsequently, there
is a reduced ROS clearance ability of cells, which leads to
excessive ROS, membrane oxidation, and eventual ferroptosis
(Imai et al., 2017; Stockwell et al., 2017; Wang et al., 2017).
Moreover, α-synuclein oligomers significantly increase the rate
of active oxygen production, and induce lipid peroxidation
and the increase of iron-dependent free radicals in neurons
and astrocytes, such aggregates will be incorporated into the
cell membrane through mutual action leading to ferroptosis,
which may play an important role in the cellular mechanism of
neuronal cell loss in Parkinson’s disease (Angelova et al., 2015,
2020). Experiments show that PUFA is more resistant to lipid

peroxidation through site-specific deuteration, which can prevent
α-Syn-induced lipid peroxidation and α-Syn-induced cell death
(Angelova et al., 2015).

Iron Chelators in PD
Iron chelators are ferroptosis inhibitors, that target free iron in
labile iron pools and prevent iron from supplying electrons to
oxygen to form ROS (Dixon and Stockwell, 2014). There are
two categories of iron chelators, membrane-permeable (lipophilic
iron chelators), and membrane-impermeable (Cao and Dixon,
2016). Lipophilic iron chelators, which include ciclopirox and
2,2-bipyridyl, penetrate the cell membrane and blood-brain
barrier, target iron accumulation areas, and remove chelatable
iron from labile iron pools or transport it to other proteins
(Boddaert et al., 2007). For ferroptosis inhibition, lipophilic
iron chelators prevent PUFA fragment oxidation and lipid
ROS formation (Gao et al., 2015). Moreover, lipophilic iron
chelators can directly inactivate ferrous enzymes that promote
membrane lipid oxidation (Cao and Dixon, 2016), as well
as hypoxia-inducible factor-prolyl hydroxylases (Siddiq et al.,
2005). This exerts neuroprotective effects by simulating hypoxia,
stabilizing HIF-1α, and activating hypoxia-adaptive genetic
programs (Karuppagounder and Ratan, 2012). In contrast,
membrane-impermeable iron chelators include deferoxamine
(DFO) and deferiprone (DFP), which accumulates in lysosomes
through endocytosis from where they capture excess free iron
(Barradas et al., 1989).

Numerous in vivo and in vitro experiments have shown that
iron chelators play an essential role in PD (Do Van et al.,
2016). DFP reduces oxidative stress, increases cellular dopamine
utilization, improves existing motor symptom, and prevents
worsening in MPTP mouse models (Devos et al., 2014). A phase
III clinical trial on iron chelators treatment in patients with
PD reported reduced dyskinesia and increased GSH peroxide
activity in the cerebrospinal fluid within 6 months (Guiney
et al., 2017; Martin-Bastida et al., 2017). Notably, most patients
with neurodegenerative disease present normal systemic iron
homeostasis during iron chelators application (Ward et al.,
2014). Excessive systemic iron chelation therapy is unsuitable
for patients with PD and may cause iatrogenic iron depletion
and anemia. Therefore, low-dose iron chelation therapy should
be used to allow neuroprotective effects with minimal side
effects (Moreau et al., 2018). A novel strategy based on iron
clearance and redeployment targets has been proposed to allow
targeted and differential specificity (Cabantchik et al., 2013).
A study conducted by Devos et al. (2014) administered 30
mg/10 g/day DFP to patients with PD. Clinical benefits were
observed at 6 months, dyskinesia was significantly reduced at
12 months, and a normal iron index was restored at 18–24
months. This indicated that a lower DFP dose was safe with
a risk for reversible neutropenia of 1–3% (Devos et al., 2014).
Moreover, a study by Zhang et al. (2020) reported that ferroptosis
occurred at a relatively low ferric citrate concentration, while
apoptosis occurred with an increase in the iron dose. This is
indicative of the role of early death in PD and shows that
ferroptosis can result in apoptosis caused by iron overload.
Furthermore, the specific ferroptosis inhibitor Fer-1 and the
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iron chelator DFO inhibit iron-induced cell death and apoptosis
in the early PD stages (Zhang et al., 2020). In addition, a
recent study shows that in the rodent Parkinson’s disease model,
Clioquinol has the effect of an iron chelator. By reducing the
iron content in substantia nigra, it inhibits the production of
lipid peroxides and ferroptosis, and produce a therapeutic effect
(Shi et al., 2020).

Ferroptosis Inhibitors in Alzheimer’s
Disease (AD)
The Relationship Between Ferroptosis and AD
AD is characterized by progressive cortical and hippocampal
neuronal dysfunction and death. Its main pathological changes
include hyperphosphorylation, abnormal Tau aggregation, and
synapses and neurons degeneration (Dugger and Dickson, 2017;
Roubroeks et al., 2017); synapses are lost and neuronal death is
the underlying AD cause (Hambright et al., 2017). Ferroptosis
characteristics (iron dysregulation, lipid peroxidation, and
inflammation) are considered as important preclinical signs of
AD and cognitive impairment (Chen et al., 2015; Hambright
et al., 2017). Lipid peroxidation is considered an early event
in AD pathogenesis (He et al., 2003). Specifically, excess iron
aggravates toxic amyloid β peptide and hyperphosphorylated
tau aggregation; moreover, it directly induces oxidative neuronal
damage (Thirupathi and Chang, 2019). Iron interacts with
amyloid β and tau through peptide-heme complex formation,
and thus contributes to ROS generation, which might be involved
in the ferroptosis pathway (Derry et al., 2020). Moreover, brain
tissues from patients with AD have increased levels of 4-
hydroxynonenal, a lipid oxidation by-product, which contributes
to β-amyloid accumulation (Yoo et al., 2010).

Lipid Peroxidation Inhibitors in AD
A study by Zhang Y. H. et al. (2018) reported that an AD mouse
model with Tau overexpression and hyperphosphorylation
presented with excess iron. Studies have proposed treatment
with α-lipoic acid (LA), which has natural enzyme cofactors
with antioxidants and iron chelator properties; moreover, it
easily penetrates the blood-brain barrier. LA administration
has been shown to down-regulate TFR expression and up-
regulate ferroportin 1expression, which reduces the iron
overload. LA regulates iron redistribution through iron chelation;
moreover, it acts as a direct free radical scavenger and
an indirect antioxidant. Therefore, it reduces ROS levels
and increases antioxidant enzymes expressions (GPX4 and
Xc−) to play the neuroprotective role in AD (Persson
et al., 2003). Furthermore, GPX4-knockout mice present
cognitive impairment and neurodegenerative changes, which are
associated with lipid peroxidation, extracellular signal-regulated
kinase activation, and markedly increased neuroinflammation
(Hambright et al., 2017). Therefore, GPX4 protects cortical
neurons from oxidative damage and amyloid toxicity (Ran et al.,
2006; Yoo et al., 2010). Notably, hydroxylated chalcone inhibits
Aβ aggregation and ferroptosis by exerting a pharmacological
effect on factors for iron-induced death (including GPX4 or Xc−
inhibition); therefore, it could be a candidate treatment for AD
(Cong et al., 2019).

Others
Bersuker et al. (2019) used synthetic lethal CRISPR/Cas9
screening technology, and the results showed that myristoylation
recruited ferroptosis-suppressor-protein 1(FSP1) to the plasma
membrane, which acts as an oxidoreductase, reducing coenzyme
Q10, producing a lipophilic free radical trapping antioxidant
to prevent the spread of lipid peroxides. The FSP1-CoQ 10 -
NAD(P)H pathway exists as an independent parallel system and
can be used in conjunction with GPX4 and glutathione to inhibit
phospholipid peroxidation and ferroptosis (Bersuker et al., 2019;
Doll et al., 2019). Virus-inactivated and heat-treated human
platelet lysate has a strong neuroprotective effect against erastin-
induced ferroptosis (Nebie et al., 2019) and has been developed as
a novel and effective neurodegenerative therapy. Human platelet
lysates can inhibit ferroptosis and reduce neuronal loss in cellular
models of PD and amyotrophic lateral sclerosis (ALS) (Gouel
et al., 2017). Third, as another type of inhibitor, Mithramycin,
DNA-binding drugs, can reduce c-Myc expression by binding to
the Sp1 site in its promoter, thereby playing a role in inhibiting
iron death and treating animal models of HD and AD (Sleiman
et al., 2011; Ratan, 2020). Fourth, in mouse hippocampal neuron
cells, gastrodin inhibits glutamate-induced ferroptosis through
the Nrf2/HO-1 signaling pathway (Jiang et al., 2020). Besides,
Nrf-2 activators (such as Tecfidera) are now used in clinical
applications to reduce the exacerbation of multiple sclerosis
involving ferroptosis and see hope in other neurodegenerative
diseases (Sejbaek et al., 2019). Fifth, it is worth noting that
diacetyl-bis (4-methyl-3-thiosemicarbazonato) copper II [Cu II
(atsm)], by inhibiting ferroptosis, delays the progression of ALS
and PD. Compared with lipoxstatin-1 (which has similar potency
in vitro), Cu II has better properties including oral bioavailability
and entry into the brain (Southon et al., 2020). Moreover,
Vitamin E/α-tocopherol could act as a 12/15-LOX inhibitor in
neurodegenerative diseases (Matsushita et al., 2015). Finally, it
was also found that the transglutaminase inhibitor Cystamine
can eliminate glutamate-induced ferroptosis (Farrelly et al., 2019)
and the histone deacetylase inhibitor PCI-34051 is an effective
neuroprotection and has a role in preventing neuronal ferroptosis
(Sleiman et al., 2014).

FERROPTOSIS IN STROKE

Ferroptosis in Ischemic Stroke
The Mechanism of Ferroptosis in Ischemic Stroke
Hypoxia-inducible factor prolyl hydroxylases (HIF-PHD) is
considered as a neuroprotective target for "antioxidant" metal
chelators. PHD, which is the main oxygen sensor, promotes
HIF decomposition and inhibition during the normoxic
state. However, PHD inhibition during the hypoxia condition
maintains HIF stability (Karuppagounder and Ratan, 2012).
On the one hand, HIF-PHD is involved in iron-chelator-
related mechanism. Specifically, iron chelator inhibits HIF-
PHD activity, which inhibits hydroxyl group production.
Consequently, unhydroxylated HIF-1α does not bind ubiquitin-
protein ligase and is not degraded. As a result, the [HIF-
1α]-[HIF-1β] heterodimer activates protective gene expression,
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including vascular endothelial growth factor and erythropoietin.
This exerts further neuroprotective effects and improves acute
stroke recovery (Semenza et al., 2000; Bruick, 2003; Siddiq et al.,
2005). On the other hand, the possible process of HIF-PHD
causing ferroptosis is as follows: when glutathione is depleted,
iron released from the disruption of the glutathione-Grx3/Grx4
Fe/S cluster complex could then be taken up into iron chaperones
(PCB1) for enzymes such as the HIF PHDs, and then drive
the expression of iron-promoting ATF4 gene, thereby causing
ferroptosis (Ratan, 2020).

Ferroptosis Inhibitors in Ischemic Stroke
Ischemic stroke is characterized by rapid neuronal death and
dysfunction. Moreover, post-ischemic stroke complications cause
further neuronal damage. Therefore, there is a need for further
research to further improve stroke prevention and treatment
(Tuo et al., 2017). HIF-PHD inhibitors have been shown to
reduce neuronal damage caused by permanent focal ischemia and
can be clinically used as neuroprotective agents in cases with an
imminent risk of ischemic or oxidative neuron damage (Siddiq
et al., 2005). In addition, dimethyloxalylglycine significantly
reduced the infarct volumes and improved behavior at 24 h and
8 days. Moreover, it improved regional cerebral blood flow after
24 h in a rat model with permanent and transient middle cerebral
artery occlusion (Nagel et al., 2011).

A feasible strategy for first-line stroke treatment 12/15-LOX
is inhibition using LOXBlock-1, which protects neuronal HT22
cells from oxidative stress. In a mouse model of transient focal
ischemia, LOXBlock-1 reduced the infarct size and improved
behavioral parameters at both 24 h and 14 days after stroke.
This protective effect was observed even with delayed treatment
until at least 4 h after the ischemic attack. Additionally, since
LOXBlock-1 showed no adverse effects in the collagenase-
induced bleeding model, it could be used as an adjuvant for
tissue plasminogen activator thrombolysis (Yigitkanli et al.,
2013). Notably, intraperitoneal Tat Selpep injection to induce
GPX4 expression can reduce the post-focal ischemia infarct
size. Moreover, in the mouse ischemic model, it drives the
transcription reaction to offset reactive lipid formation and cell
death, as well as improves important nerve function within
clinically relevant time windows (Alim et al., 2019). Intranasal
Lip-1/Fer-1 administration to middle cerebral artery occlusion
mice significantly alleviated MCAO-induced functional defects
and reduced the infarct size after 14 days (Tuo et al., 2017).
Analysis of the drug structure indicated that "amines" are
essential for inhibition of cellular ferroptosis; further, Fer-1
analog synthesis can develop more efficient ferroptosis inhibitors,
including SRS11-92, SRS12-45, etc. (Skouta et al., 2014).

Ferroptosis in Hemorrhagic Stroke
The Mechanism of Ferroptosis in Hemorrhagic Stroke
Post-hemorrhagic stroke damage is triggered by red blood cells
lysis; hemoglobin, heme, and iron release; and coagulation
cascade activation. This leads to irreversible destruction of
neurovascular unit components with subsequent blood-brain
barrier destruction, extensive neuronal death, and fatal brain
edema (Qureshi et al., 2009; Keep et al., 2012; Zhao et al., 2018).

After intracranial hemorrhage (Garton et al., 2016), heme is
degraded by heme-oxygenase into carbon monoxide, biliverdin,
and free iron, which induces ferroptosis (Wu et al., 2019;
Figure 1).

Ferroptosis Inhibitors in Hemorrhagic Stroke
In the hemorrhagic stroke model, Tat Selpep effectively drives
GPX4 expression in the brain, protects and protect neurons,
and improves behavior (Alim et al., 2019). Adaptaquin reduces
cell death and enhances functional recovery in intracerebral
hemorrhage (ICH) rodent models (Karuppagounder et al.,
2016). Through toxic lipids neutralizations, the synergistic
effect of clinically approved thiol-containing redox-regulating
N-acetylcysteine and prostaglandins E inhibits heme-induced
ferroptosis and improve the prognosis of hemorrhagic stroke in
mice (Karuppagounder et al., 2018).

Others
Naotaifang reduces TFR1 expression, ROS and iron
accumulation, and neurobehavioral scores in a rat model of
acute cerebral artery occlusion (Lan et al., 2020). Moreover,
Carvacrol reduces the tissue lipid peroxide levels to protect
gerbils from ischemia-reperfusion injury (Guan et al., 2019).

FERROPTOSIS IN NEUROTRAUMA

The Mechanism of Ferroptosis in
Neurotrauma
Post-TBI cell death is a cause of neurological deficits and death
(Stoica and Faden, 2010; Anthonymuthu et al., 2018). After brain
trauma, there is overexpression of lipid peroxidase, including
cyclooxygenase and LOX. One of the earliest mechanical injury
events is excessive free fatty acid release. There was a significant
increase in free fatty acids in the brain within 5 min after TBI,
which remained high at 24 h after the injury (Dhillon et al., 1994).
There is a post-TBI increase in the biomarkers of iron-induced
death. Further, LOX inhibition in ferroptosis can protect HT22
neurons from in vitro TBI and promote tissue neuroprotection
and PE oxidation after control cortex injury (Kenny et al., 2019).
Therefore, ferroptosis prevention in brain trauma strengthens
the defense system, removes oxidized membrane lipids, prevents
15LOX/PEBP1 complex formation, and reduces the membrane
lipid dioxide oxidation rate (Anthonymuthu et al., 2018).

Ferroptosis Inhibitors in Neurotrauma
First, the PEBP1/15LOX complex in cortical and hippocampal
neurons is a potential treatment target for brain trauma.
This is based on the balance between 15-LOX-produced PE-
PUFA-OOH metabolites and GPX4 reduction to hydroxyl
metabolites in ferroptosis (Wenzel et al., 2017). Therefore,
specific inhibitors targeting the PEBP1/15-LOX complex could
serve as a novel treatment strategy for ferroptosis (Jameson et al.,
2014). Similarly, Baicalein inhibits ferroptosis and improves post-
TBI behavioral outcomes (Andersen et al., 2019; Kenny et al.,
2019). Additionally, N-acetylcysteine has a protective effect on
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GSH in adult, but not pediatric, patients with TBI (Amen et al.,
2011; Hoffer et al., 2013).

DIFFERENCES AND RELATIONSHIPS
AMONG VARIOUS CELL DEATH
MECHANISMS IN NEUROLOGICAL
DISEASES (TABLE 1)

Different cell death mechanisms, apoptosis, necrosis, autophagy
and ferroptosis occur in neurological diseases (Guiney et al.,
2017). Each mechanism has typical morphology, regulators,
and inhibitors (Table 1). Assessment of intracellular proteases
in neurological diseases by Yagami et al. (2019) indicated
that neuronal cell death is induced by the generation
of ROS, including H2O2; increased intracellular calcium
levels; activation proteases (caspase, calpain, cathepsin), and
inactivation/activation of kinases.

First, the morphological characteristics of apoptotic neuron
cells include cell shrinkage, plasma membrane blebbing,
karyorrhexis, chromatin condensation, and DNA fragmentation.
Apoptosis, which is a common programmed cell death
mechanism, has been demonstrated in the penumbra of
patients with stroke (Yagami et al., 2019) and neurodegenerative
diseases, including PD, AD (Sobottka et al., 2008), ALS
(Friedlander et al., 1997), and Huntington disease (HD) (Gil
and Rego, 2008). Further, patients with PD present with
elevated levels of proapoptotic protein Bax and activated
caspase in dopaminergic neurons (Guiney et al., 2017).
In vitro cell experiments have shown that caspase-activated
upstream apoptotic mechanisms are not involved in cellular
ferroptosis; moreover, GSH-depleted cells cannot properly
activate caspase (Dixon et al., 2012). Accordingly, Dixon
(2017) suggested that ferroptosis-related biochemical substances
inhibit apoptosis.

Second, necrosis is characterized by the swelling of cytoplasm
and organelles, karyolysis and plasma membrane disruption
in collagenase-induced mouse ICH models observable using
transmission electron microscope (Li et al., 2018). Necrosis,
which refers to accidental cell death (Yagami et al., 2019),
is observed in early stage stroke injury (Christofferson and
Yuan, 2010). In addition, necroststin-1, the necrosis inhibitor,
reduces the toxicity of 6-hydroxydopamine (6-OHDA) in
the PD model (Guiney et al., 2017). Ferroptosis may be
a regulator of necrotic cell death (Proneth and Conrad,
2019); specifically, it may induce secondary upregulation of
necrotic mechanical components and exacerbate tissue damage
(Martin-Sanchez et al., 2018).

Third, autophagy has been observed in neurological diseases.
Three days after ICH, autophagosome and double-membrane
vesicle formation have been observed in the mouse ICH model
(Li et al., 2018). Moreover, the morphological characteristics
of autophagy have been observed in patients with PD
(Guiney et al., 2017). In adult mice with carotid artery
occlusion and hypoxia, stroke causes reperfusion deficits
and autophagic/lysosomal cell death in the brain (Adhami

et al., 2006). In addition, autophagosomes appear in the
neurons of patients with ALS (Bruijn et al., 1997) and
HD (Gil and Rego, 2008). Notably, it induces ferroptosis,
which leads to ferritinophagy (Vanden Berghe et al., 2014).
NCOA4-mediated ferritinophagy is an autophagic phenomenon
that induces ferroptosis via ferritin degradation (Hou et al.,
2016). Under ferroptotic conditions, ferritin is degraded by
autophagy, which preserves the labile iron pool and makes
the cell more sensitive to ferroptosis (Gao et al., 2016).
Further, autophagy may share key regulators with ferroptosis
(Santana-Codina and Mancias, 2018).

Taken together, the relationship among apoptosis, necrosis,
autophagy and ferroptosis is delicate and complex in neuronal
and surrounding glial cells, with each mechanism having its
corresponding time windows. In addition, cell death forms
vary across different brain regions with different neuronal
sensitivity. For example, the ventral region is more sensitive
to PD neurodegeneration in the substantia nigra area (Guiney
et al., 2017). In addition, given that pathology caused by
tissue damage and degeneration is related to inflammation,
the immune response and involved cells could be used to
distinguish among the different cell death mechanisms (Green
et al., 2009). Apoptotic cells are cleared by macrophages
or other phagocytic cells based on the plasma membrane
integrity (Proneth and Conrad, 2019). Contrastingly, in
necroptosis and ferroptosis, the release of damage-associated
molecular patterns through the ruptured plasma membrane
triggers the innate immune system in brain tissues with high
immunogenicity (Dixon, 2017; Proneth and Conrad, 2019).
Regarding therapy, Fer-1 combined with different cell death
inhibitors allows better prevention of hemoglobin-induced
cell death in organotypic hippocampal slice cultures and
human pluripotent stem cell-derived neurons than any of the
inhibitors alone. In a collagenase-induced mouse ICH model,
a combination of Fer-1, caspase3 inhibitor, and necrostatin-1
can reduce cell death more than any of the inhibitors alone
(Li et al., 2017).

SUMMARY

The related ferroptosis mechanisms in neurological diseases
are summarized in Figure 1 and the recent drugs that target
ferroptosis for neurological disease treatment are summarized
in Table 2. There are several prospects regarding ferroptosis in
the nervous system. First, there is a need for chemical probes
or biomarkers capable of elucidating the ferroptosis mechanism
to determine its role in the nervous system given the quick
cell death occurrence and difficulty in obtaining appropriate
neurons (Guiney et al., 2017). In contrast with other cell death
mechanisms, mitochondrial atrophy (Zille et al., 2017), as well
as immunity-related cells and factors (Proneth and Conrad,
2019), may be potential markers. Moreover, cyclooxygenase (Li
et al., 2017) and lipid peroxides can be assessed as potential
chemical probes or biomarkers (Dixon, 2017; Stockwell et al.,
2017). It is showed in the latest report that nanoparticles with
adjustable size, charge, and targeting ligands show high specificity
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TABLE 1 | Differences and relationships among various cell death mechanisms in neurological diseases.

Cell death Differences Relationships

Morphology Regulators Inhibitors Related neurological
disease

Immunity

Programmed cell
death

Apoptosis cell shrinkage, plasma
membrane blebbing,
karyorrhexis, chromatin
condensation, and
DNA fragmentation

Caspase Bax, Bak AIF
1 P53

Bcl-2 PD (Guiney et al., 2017)
Stroke (apoptosis in the
penumbra) (Yagami
et al., 2019) AD
(Sobottka et al., 2008)
ASL (Friedlander et al.,
1997) HD (Gil and
Rego, 2008)

Cleared by
macrophages or other
phagocytic cells
(Proneth and Conrad,
2019)

Biochemical
substances related to
ferroptosis metabolism
inhibit the execution of
apoptosis (Dixon,
2017).

Ferroptosis Atrophy of
mitochondria
rounded-up cell body
and changed
mitochondrial
morphology and cristae
structure

Fe Lipid ROS Iron chelators, GPX4,
Fer-1, Lip-1, FSP-1

PD (Guiney et al., 2017)
AD (Cong et al., 2019)
HD (Skouta et al., 2014)
Stroke (Zille et al.,
2017) Neurotrauma
(Hoffer et al., 2013)

Immunogenicity Ferroptosis in
neurological diseases
induced by different
targets.

Autophagy Autophagosome,
double membrane
vesicle formation

Calpain Atg LAMP2 3-MA PD (Guiney et al., 2017)
ICH (Zille et al., 2017)
Stroke (Adhami et al.,
2006) ALS (Bruijn et al.,
1997) HD (Gil and
Rego, 2008)

N/A NCOA4-mediated
ferritinophagy is an
autophagic
phenomenon which
induce ferroptosis by
degradation of ferritin.

Accidental cell
death

Necrosis Swelling of cytoplasm
and organelles,
karyolysis and
disruption of plasma
membrane

Cathepsin RIP1 RIP3 Nec-1 PD (Guiney et al., 2017)
Stroke (necrosis in the
core of the injury)
(Christofferson and
Yuan, 2010) ICH (Li
et al., 2018)

Immunogenicity Ferroptosis may be a
regulator of necrotic cell
death (Martin-Sanchez
et al., 2018).

AIF1, apoptosis-inducing factor 1; Atg, autophagy-related genes; 3-MA, 3-methyladenine; Nec-1, necrostatin-1; RIP, receptor interacting protein.
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TABLE 2 | Potential drugs that target ferroptosis for neurological disease treatment.

Ferroptosis inhibitors Neurotrauma Stroke Neurodegeneration

ischemic hemorrhagic PD AD HD ALS

Iron chelators N/A DFO (Weiland et al., 2019) DFP (Chen and Xie,
2020)
Clioquinol (Shi et al.,
2020)

PBT2 (Ward et al., 2014) N/A

Lipid ROS Inhibitors XJB-5-131 (Ji et al.,
2012) Luteolin (Xu
et al., 2014) NAC
(Hoffer et al., 2013)

Lip-1 (Tuo et al., 2017)
Fer-1 (Li et al., 2017)
NAC (Khan et al., 2004)
Baicalein (van Leyen
et al., 2006) ML351
(Inhibitor of 12/15-LOX)
(Rai et al., 2014) Trolox
(Zille et al., 2017)
LOXBlock-1 (Yigitkanli
et al., 2013) Tat Selpep
(Alim et al., 2019)

GPX4 (Zhang Z. et al.,
2018) Tat Selpep (Alim
et al., 2019)
N-acetylcysteine (NAC)
(Karuppagounder et al.,
2018) Fer-1 (Li et al.,
2017) Ebselen (Azad
and Tomar, 2014)

GPX4 (Chen et al.,
2015) FSP1 (Chen and
Xie, 2020) Cu II
(Southon et al., 2020)

Hydroxylated
Chalcones (Cong et al.,
2019) GPX4 (Yoo et al.,
2010) PD146176
(Inhibitor of 12/15-LOX)
(Di Meco et al., 2017)
α-Lipoic Acid (Zhang
Y. H. et al., 2018)

NAC (Wright et al.,
2015) Fer-1 (Skouta
et al., 2014)

Cu II (Southon
et al., 2020)

Lip-1 (Hambright et al., 2017) Fer-1 (Skouta et al., 2014) Mithramycin (Ratan, 2020)

XJB-5-131 (Krainz et al., 2016) CoQ10 (Weiland et al., 2019) Tecfidera (Sejbaek et al., 2019)

Radical trapping antioxidant (Li et al., 2019) Gastrodin (Jiang et al., 2020)

HIF-PHD inhibitors N/A peptide HIF prolyl
4-hydroxylase inhibitors
(Siddiq et al., 2005)
Dimethyloxalylglycine
(DMOG) (Nagel et al.,
2011) DHB
(Karuppagounder and
Ratan, 2012)

Adaptaquin
(Karuppagounder et al.,
2016)
Hypoxia-inducible
factor prolyl
hydroxylase inhibition
(Karuppagounder and
Ratan, 2012)

N/A Adaptaquin
(Karuppagounder et al.,
2016)

N/A N/A

Others Baicalein (Andersen
et al., 2019)

Naotaifang (Lan et al.,
2020) Carvarol (Guan
et al., 2019)

N/A HPL (Gouel et al., 2017)
PKC inhibitors-Bis III
(Do Van et al., 2016)

N/A N/A HPL (Gouel et al.,
2017)

1-HPPL (Nebie et al., 2019)

Vit E/α-tocopherol (αToc) (Matsushita et al., 2015)
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for the brain, which may provide a reference for the design of
new anti- ferroptotic nanomedicines in the future (Xu et al.,
2020). Second, since ferroptosis is a cell sabotage mechanism, it
should be assessed as a potential adaptive change in the body’s
response to stimuli (Dixon, 2017). Third, redox phosphatidyl
liposomes in the ferroptosis process involve, PE- and PUFA-
PEox as substrates and redox reactions products and catalytic
or regulatory proteins, such as 15-LOX, PEBP1, and GPX4. The
interactions among these liposome components could elucidate
relevant pathogeneses and they could be assessed as potential
targets for drug therapy (Wenzel et al., 2017). Fourth, the use
of LOXBlock-1 with tissue plasminogen activator significantly
reduces bleeding, which suggests that this combination could be
a useful treatment strategy for ischemic stroke. Further research
is required to determine whether simultaneous administration is
required, as well as the appropriate time window (Yigitkanli et al.,
2013). Fifth, while assessing the role of the various ferroptosis
inhibitors, attention should be paid to the combined use of other
cell deaths inhibitors and different drug delivery methods.
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Background: Neuronal apoptosis involved in secondary injury following traumatic brain
injury (TBI) significantly contributes to the poor outcomes of patients with TBI. The
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) can selectively induce
apoptosis of tumor cells. Hypoxia factor (HIF) 1α is a controversial factor that mediates
the neuronal apoptotic pathway. Herein, we hypothesize that HIF-1α may mediate the
TRAIL-induced neuronal apoptosis after TBI.

Methods: We used Western blots and immunofluorescence to study the expression and
cell localization of TRAIL and death receptor 5 (DR5) after TBI in rats. Soluble DR5 (sDR5)
administration was used to block the TRAIL-induced neuronal death and neural deficits.
HIF-1α inhibitor 2ME and agonist DMOG were used to study the role of HIF-1α in TRAIL-
induced neuronal death. Meanwhile, HIF-1α siRNA was used to investigate the role of
HIF-1α in TRAIL-induced neuronal death in vitro.

Results: The expressions of microglia-located TRAIL and neuron-located DR5 were
significantly upregulated after TBI. sDR5 significantly attenuated TRAIL-induced neuronal
apoptosis and neurological deficits. 2ME decreased neuronal apoptosis, lesion area,
and brain edema and improved neurological function via increased expression of TRAIL
decoy receptor 1 (DcR1), which inhibited TRAIL-induced apoptosis after TBI. The
administration of DMOG produced the opposite effect than did 2ME. Similarly, HIF-1α

siRNA attenuated TRAIL-induced neuronal death via increased DcR1 expression in vitro.

Conclusion: Our findings suggested that the TRAIL/DR5 signaling pathway plays an
important role after neuronal apoptosis after TBI. HIF-1α mediates TRAIL-induced
neuronal apoptosis by regulating DcR1 expression following TBI.

Keywords: traumatic brain injury, tumor necrosis factor-related apoptosis-inducing ligand, death receptor 5,
decoy receptor, hypoxia-induced factor-1α
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INTRODUCTION

Traumatic brain injury (TBI) is one of the leading causes of
death and disability in patients with trauma. Approximately
10 million people, especially those under 45 years old, have
been reported to suffer TBI annually worldwide (Wu et al.,
2016; Zhou et al., 2020). Currently, the detailed pathological
mechanism of TBI remains unclear, and effective treatments
are severely lacking. Therefore, in-depth studies regarding
the pathological mechanisms, particularly emphasizing the
cellular and molecular changes following TBI, are urgently
needed. Secondary brain injury after TBI is the key factor
in affecting the prognosis of patients. Neuronal damage
caused by secondary brain injury is similar to cerebral
ischemia-reperfusion injury. It is mutually promoted by various
pathogenic mechanisms, including excitotoxicity, inflammatory
response, oxidative stress, calcium overload, etc. The endpoint of
various pathophysiological changes is the apoptosis of neuronal
cells, which is the main cause of long-term dysfunction in
patients after TBI (Stoica and Faden, 2010; Guo et al., 2016).

The tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL), a member of the TNF family, can selectively
induce apoptosis of tumor cells. It was found that the
TRAIL-related signaling pathway may also be related to the
pathophysiological change in non-neoplastic diseases, such as
diabetes (Bossi et al., 2015), atherosclerosis (Michowitz et al.,
2005), rheumatoid arthritis (Dessein et al., 2015), pulmonary
hypertension (Lawrie, 2014), and viral hepatitis (Mundt et al.,
2005). Furthermore, numerous studies have confirmed that
TRAIL-related signaling pathways are involved in the pathology
of a variety of central nervous system disorders, including
Alzheimer’s disease (Wu et al., 2015), multiple sclerosis (Lopez-
Gomez et al., 2016), and ischemic stroke (Cui et al., 2010).
Elevated TRAIL expression in the brain after ischemic stroke
could aggravate neuronal apoptosis and cause brain damage,
leading to poor prognosis (Cui et al., 2010; Cantarella et al.,
2014). In humans, four membrane-bound receptors for TRAIL
have been identified. Of these, only two death receptors DR4
(TRAIL-R1) and DR5 (TRAIL-R2) are transmembrane proteins
equipped with an intracellular death domain (DD), which
activates caspase-dependent apoptotic cell death. There are two
other decoy receptors, DcR1 (TRAIL-R3) andDcR2 (TRAIL-R4),
but they are incapable of death signaling. DcR1 owns a truncated,
non-functional DD, and DcR2 lacks an intracellular domain
(Schneider et al., 2003; Hoffmann et al., 2009). In contrast,
only one TRAIL receptor with death signaling capacity (DR5)
and two decoy receptors was found in the murine system (Wu
et al., 1999). Death receptors and decoy receptors competitively
combined with TRAIL to mediate the apoptosis in mammal.

Meanwhile, previous studies have confirmed that ischemia
and hypoxia can cause upregulation of hypoxia factor (HIF)-
1α after TBI (Li et al., 2013). Interestingly, the effect of HIF-
1α on the apoptotic pathway remains controversial, and it may
show distinct pro- and anti-apoptotic effects under different
pathological conditions. HIF-1α-knockout Chinese hamster
ovary cells can tolerate apoptosis induced by hypoxia (Carmeliet
et al., 1998). Additionally, Li et al. found that the expression

of p53 was increased and neuronal apoptosis was attenuated by
using HIF-1α siRNA in neuron (Li et al., 2013). HIF-1α inhibitor
2ME attenuated brain injury after TBI via the inhibition of a
maladaptive HIF-1α-dependent response (Schaible et al., 2014).
Conversely, there have also beenmany studies showing that HIF-
1α has an anti-apoptotic effect (Erler et al., 2004; Greijer and
van der Wall, 2004; Piret et al., 2005). It was found long-term
hypoxic tumors are not sensitive to TRAIL treatment and that
inhibition of HIF-1α expression increases tumor sensitivity to
TRAIL and promotes apoptosis, suggesting that HIF-1α may
regulate apoptosis through the TRAIL pathway (Jeong et al.,
2010). A separate study further confirmed that this anti-apoptotic
effect of HIF-1α was mediated by the inhibition of TRAIL
receptor DcR2 (Pei et al., 2010). These results suggest that the
effect of HIF-1α on the apoptotic pathway may not be unique,
and it may exhibit two distinct pro- and anti-apoptotic effects
under different pathological conditions.

Considering that TBI shares many similar pathophysiological
processes with cerebral ischemia, we speculate that the TRAIL-
induced apoptosis pathway may be involved in cell apoptosis
after TBI and also be regulated by HIF-1α. Therefore, the aim of
the current study was to investigate the expression pattern of the
TRAIL apoptosis pathway following TBI and to evaluate whether
HIF-1α is involved in neuronal apoptosis through regulation of
the TRAIL pathway.

MATERIALS AND METHODS

Study Design
The study was divided into three parts (Figure 1). The objective
of the first part was to investigate the role of the TRAIL signaling
pathway in neuronal apoptosis after TBI. The expression of
TRAIL and receptors DR5, DcR1, and DcR2 in the injured cortex
were studied. The cell locations of TRAIL and DR5 in the injured
cortex protein after TBI were also investigated. Soluble DR5
(sDR5) was used to block the TRAIL-induced apoptosis, which
was detected by expression of cleaved caspase-3, by Fluoro-Jade
C (FJC) staining, and by lesion area [Cresyl Violet (CV) staining].

The objective of the second part was to investigate the role
of HIF-1α on the TRAIL-induced neuronal apoptosis pathway.
Rats were divided into four groups: sham, TBI + vehicle,
TBI + 2ME, and TBI + DMOG. DMOG and 2ME were
injected intraperitoneally as HIF-1α inhibitor and activator,
respectively. The expression of TRAIL and TRAIL receptors,
including DR5, DcR1, and DcR2, were detected after treatment.
HIF-1α-induced neuronal apoptosis was detected by expression
of cleaved caspase-3, FJC staining, and lesion area.

The third part aimed to verify the role of HIF-1α in the
TRAIL-induced neuronal apoptosis pathway in an in vitromodel
using the HT-22 cell line. Inhibition of HIF-1α was conducted
using HIF-1α siRNA. Additionally, a DcR1 blocking peptide
was given to inhibit the function of DcR1. Cells were divided
into six groups: control, injury + vehicle, injury + TRAIL,
injury + TRAIL + HIF-1α siRNA, injury + HIF-1α
siRNA + DcR1 peptide, and TBI + HIF-1α scramble RNA.
The effect of HIF-1α on DcR1 and DcR1-mediated apoptosis
was investigated.
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FIGURE 1 | Experimental design and groups.

Animals and Cell Line
Adult male Sprague Dawley rats weighing 280–320 g were
purchased from SLAC Laboratory Animal Company Limited
(Shanghai, China). All animal experiments were performed after
receiving approval from the Institutional Ethics Committee
of the Second Affiliated Hospital, Zhejiang University School
of Medicine. The procedures were performed in compliance
with the National Institutes of Health’s Guide for the Care
and the Use of Laboratory Animals and the ARRIVE (Animal
Research: Reporting in vivo Experiments) guidelines. The rats
were housed in air-filtered temperature-controlled units with a
12-hour light/dark cycle. Rats were provided ad libitum access to
food and water.

The murine hippocampal neuron cell line, HT-22, was
cultured (37◦C, 5%CO2) in Dulbecco’s modified Eagle’s medium
(Thermo Fisher, Waltham, MA, USA) with 10% fetal bovine
serum (Sigma-Aldrich, USA), 100 U/ml penicillin, and 100
µg/ml streptomycin.

TBI Model
The TBI model was induced by controlled cortical impact (CCI)
as previously described (Wu et al., 2016; Figure 2A). The rats
were anesthetized with 50 mg/kg 1% pentobarbital sodium via
intraperitoneal injection. The head of the rat was mounted on

a stereotaxic frame by ear bars and an incisor bar. Pneumatic
brain trauma was induced with a PinPointTM Precision Cortical
Impactor (Cary, NC, USA) perpendicular to the intact dura
(impactor diameter: 4 mm, impact velocity: 3 m/s, impact
duration: 120 ms, brain displacement: 2.5 mm). After trauma,
the skull injury site was immediately replaced and sealed with
bone wax (ETHICON, Bridgewater, NJ, USA), and the scalp
wound was then sutured. Sham-operated animals received the
same surgical procedures without CCI.

We also used a standard mechanical injury with hypoxia
model to simulate in vitro TBI within cells. Briefly, a sterile
21-gauge needle was used to draw parallel scratches across the
circular wells of culture plates, 12 scratches in six-well plates and
eight scratches in 24-well plates, respectively. Scratch injury may
activate neuron death first at the wound edge, later expanding
to the entire neuron monolayer (Mori et al., 2002). After the
mechanical injury, cell cultures were then cultured in oxygen-
deprivation (OGD) conditions (O2 was replaced with N2) for 6 h
to mimic hypoxia (Zhong et al., 2017).

Drug Administration
sDR5 protein (Sino Biological, China, 10465-H08H) was used
in vivo to block TRAIL-induced apoptosis (Cui et al., 2010). We
injected 10 µg and 25 µg sDR5 protein (10 and 25 µg/rat diluted
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FIGURE 2 | Protein expression level and cellular localization of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and death receptor 5 (DR5). (A)
Representative picture of the traumatic brain injury (TBI) model. (B) Representative Western blot bands of each protein. (C) Densitometric quantification of TRAIL. (D)
Densitometric quantification of DR5. (E) Densitometric quantification of decoy receptor 1 (DcR1). (F) Densitometric quantification of DcR2. (G) Representative
microphotographs of immunofluorescence staining showing localization of TRAIL and DR5 (red), Iba-1 and NeuN (green) in injured cerebral cortex after TBI. Scale
bar = 50 µm. (H) Quantification of TRAIL-positive cells in sham group and TBI group. (I) Quantification of DR5-positive cells in sham group and TBI group. Scale
bar = 50 µm; N = 6 per group. Data are represented as mean ± SD. *p < 0.05 vs. sham; ns, no significance vs. sham. One-way ANOVA, Tukey’s post hoc test.

with 10 µl PBS) intracerebroventricularly using a microinfusion
pump at a rate of 3 µl/min, at 30 min and 36 h after TBI.
HIF-1α inhibitor, 2ME (Selleck, USA), and activator, DMOG
(Selleck, USA), were dissolved in dimethylsulfoxide (DMSO).
DMOG (20 mg/kg; Sen and Sen, 2016) and 2ME (20 mg/kg;
Schaible et al., 2014) were injected intraperitoneally 30 min
after trauma.

For the in vitro portion of the experiment, HIF-1α siRNA or
scramble siRNA (Genomeditech, Shanghai, China) were mixed
with transfection reagent LIPO2000 (Thermo Fisher, Waltham,
MA, USA) and delivered 48 h before cell injury. DcR1 peptide
(Abcam, Cambridge, MA, USA, ab7880) was delivered as a
blocking antibody at different concentrations (0.1 µg/ml, 1
µg/ml, 5 µg/ml, and 10 µg/ml) to inhibit the function of DcR1
0.5 h after mechanical injury and before hypoxia treatment.
Additionally, 1 µg/ml recombinant mouse TRAIL protein (Sino

Biological, China, aa 118–291) was delivered 16 h after cell injury
(Kichev et al., 2014).

Neurobehavioral Function Assessment
The modified Garcia test and Beam Balance test (Garcia
et al., 1995; Rui et al., 2019) were used to evaluate the
neurological deficits of animals after TBI and drug treatment.
The neurological functions of each group were double-blindly
evaluated at 72 h after TBI. The modified Garcia test score
was used to test the response capacity, alertness, coordination,
and motor skills, which included seven parameters (spontaneous
activity, body proprioception, vibrissae touch, spontaneous
movement of limbs, lateral turning, forelimb walking, and
climbing wall of cage). Each part was assigned three points, for
a total of 21 points (Garcia et al., 1995). Beam balance was used
to test complex movements and coordination. Rats were placed
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on a beam to detect their ability to walk and balance. The score
ranged from 0 to 4 and was decided according to the distance
walked (Rui et al., 2019).

Brain Water Content
We used the wet–dry method (Lu et al., 2019) to evaluate
the brain water content (degree of brain edema) at 72 h after
TBI. After anesthesia, the brains of the sacrificed rats were
immediately collected and weighed (wet weight). Next, the brains
were dried at 100◦C for 48 h and weighed again (dry weight). The
brain water content was calculated with the following formula:
[(wet weight − dry weight)/(wet weight)] × 100% (Lu et al.,
2019).

Western Blot Analysis
Western blot was performed with the same procedure as in
the previous study (Li et al., 2013). Cells from the injury area
of the rat brain samples were collected and lysed in RIPA
lysis buffer (Beyotime, Shanghai, China). After determining
the protein concentration with BCA protein assay (Thermo
Fisher, Waltham, MA, USA), the protein samples (60 µg/µl)
were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a polyvinylidene
difluoride filter (PVDF) membrane (Millipore, Burlington, MA,
USA). The membrane was then blocked with 5% non-fat milk
at room temperature for 1 h and then incubated with the
primary antibody at 4◦C overnight. The primary antibodies
included are as follows: anti-TRAIL antibody (1:1,000, Thermo
Fisher, Waltham, MA, USA, PA5-80165), anti-DR5 antibody (1:
500, Thermo Fisher, Waltham, MA, USA, PA1-957), anti-DcR1
antibody (1:1,000, Abcam, Waltham, MA, USA, ab133658),
anti-DcR2 antibody (1:1,000, Novus, St Charles, MO, USA,
NBP1-76985), anti-HIF-1α antibody (1:500, Abcam, Cambridge,
MA, USA, ab2185), anti-caspase-3 antibody (1:1,000, Abcam,
Cambridge, MA, USA, ab13847), anti-GAPDH (1:2,000, Abcam,
Cambridge, MA, USA, ab181602), β-actin (1:2,000; Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Immunoblots were
visualized with an imaging system (Bio-Rad Versa Doc, model
4,000) and were analyzed using ImageJ software (ImageJ, Version
1.4 RRID:SCR_003070).

Immunofluorescence
Rats were sacrificed under deep pentobarbital anesthesia at
72 h after TBI and transcardially perfused with 0.1 mol/L PBS
followed by 4% paraformaldehyde (pH 7.4). The brain was
immersed in 4% paraformaldehyde for 24 h then successively
immersed in serial 15 and 30% sucrose solutions for 2 days. The
brain was cut into 9-µm coronal frozen slices and fixed on a
slide for fluorescence staining. The brain slices were incubated
with 10% normal donkey serum and 0.1% Triton X-100 for
1 h at room temperature, followed with primary antibody at
4◦C overnight. The primary antibodies that were utilized are
listed as follows: anti-TRAIL antibody (1:200, Thermo Fisher,
Waltham, MA, USA, PA5-80165), anti-DR5 antibody (1:200,
Thermo Fisher, Waltham, MA, USA, PA1-957), anti-DcR1
antibody (1:500, Abcam, Cambridge, MA, USA, ab133658),
anti-HIF-1α antibody (1:200, Abcam, Cambridge, MA, USA,
ab2185), anti-Iba-1 (1:500, Abcam ab5076), anti-NeuN (1:500,

Abcam, ab177487). On the second day, the cryosections were
incubated with secondary antibody and covered with DAPI
(Vector Laboratories Inc.). The slides were visualized with a Leica
DMi8 fluorescence microscope (Leica Microsystems, Germany)
and analyzed using Leica Application Suite software.

Fluoro-Jade C Staining
FJC staining was used to identify degenerating neurons after
acute neuronal distress, as previously described (Li et al., 2017).
Coronal sections were cut and stained with FJC (Biosensis, USA)
according to the manufacturers’ protocol. First, the sections were
immersed in a solution containing 1% sodium hydroxide in 80%
alcohol for 5 min and then in 70% alcohol and distilled water,
each for 2 min. Second, the sections were transferred into 0.06%
potassium permanganate for 10 min and then rinsed in distilled
water for 2 min. Third, the sections were stained with a 0.0001%
solution of FJC dye dissolved in 0.1% acetic acid vehicle (pH 3.5)
for 10 min. Finally, the sections were washed three times, for
1 min each, in distilled water and then stained with DAPI (Sigma,
USA). The images were captured by fluorescence microscope.
Last, FJC-positive neurons were manually counted in the injured
region of six sections per brain at ×100 magnification using
ImageJ software.

Cresyl Violet Staining
CV staining was used to identify the lesion area on ipsilateral
cortex after TBI. Coronal sections (12 µm) from 72 h after TBI
were collected every 400 µm. A total of 12 consecutive sections
were collected from each rat. The region lacking any CV staining
was considered contused brain tissue and was analyzed with
ImageJ software. The contusion volume was calculated using
the following formula (Schaible et al., 2014), which had been
used in the previous study: Contusion volume = 0.4 mm ∗

(Area1+ Area2+ ...+ Area11+ Area12).

Cell Viability Assay and Cytotoxicity Assay
Cell viability and cytotoxicity assays were utilized to reflect
cell death after drug administration. Each individual treatment
reflects six replicates for all assays performed on cell cultures
in 96-well plates. Cell viability was measured using the CCK-8
cell counting kit (Beyotime, Shanghai, China). According to the
manufacturer’s instruction, 20 µl CCK-8 solution was added to
200 µl of cell culture medium and then cultured at 37◦C for
2 h. Next, the absorbance was measured at 450 nm. A lactate
dehydrogenase (LDH) cytotoxicity test kit (Beyotime, Shanghai,
China) was used to measure the cell cytotoxicity. The protocol
followed was that after treatment, cells were cultured with 150
µl 10% LDH reagent (diluted by PBS) at 37◦C for 1 h and then
centrifuged at 400 µg for 5 min. Last, 120 µl supernatant of each
well was transferred to a new 96-well plate, and the absorbance
was measured at 490 nm.

Annexin V and PI Staining
Cells were cultured in 12-well plates and were given different
treatments. Cells were trypsinized with 0.25% trypsin (without
EDTA) for 3 min and centrifuged at 1,000 µg for 5 min and then
resuspended with 300 µl binding buffer. Next, 1 µl Annexin V
and 1 µl of PI (Becton Dickinson, Franklin Lanes, NJ, USA) were
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added to the cell suspension and incubated for 30 min at 37◦C in
the dark. Subsequently, the cells were analyzed by flow cytometry
(FACSCalibur; BD Biosciences, San Diego, CA, USA). The cells
were first gated based on forward and side scatter. Surviving cells
were determined as FITC-/PI-.

Statistical Analysis
All data are presented as mean ± standard deviation (SD).
Data from different groups were compared using one-way
ANOVA followed by Tukey’s post hoc test. The Kruskal–Wallis
test was used to compare data with abnormal distributions.
Statistical Package for the Social Sciences (SPSS; version 22.0) and
GraphPad Prism (version 6.0) software were used for statistical
analysis. Statistical significance was defined as P < 0.05.

RESULTS

TRAIL and Receptors DR5, DcR1, and
DcR2 Expression After TBI
The rat TBI model is presented in Figure 2A. The expression
levels of TRAIL and receptors DR5, DcR1, and DcR2 in the
ipsilateral cortex around the lesion were analyzed at different
time points (12 h, 24 h, 72 h, 120 h, and 168 h) after TBI
(Figure 2B). TRAIL protein levels were significantly increased
at 24 h and continued to 168 h (P < 0.05 vs. the sham group;
Figure 2C). DR5 protein expression was also significantly higher
at 72 h and 120 h compared to the sham group (P < 0.05 vs.
the sham group; Figure 2D). DcR1 protein expression was
slightly increased and DcR2 showed no change after TBI, and
no statistical significance was found at the different time points
(Figures 2E,F).

Both TRAIL and DR5 protein levels peaked at 72 h after
TBI. Therefore, the rats were sacrificed at 72 h for slice freezing.
Double immunofluorescence staining was performed to assess
locations of TRAIL and DR5 expression. We found that TRAIL
protein was expressed in the microglia and DR5 was expressed
in the neuron (Figure 2G). Moreover, the number of TRAIL
and DR5 positive cells in the ipsilateral cortical lesion were
significantly increased 72 h after TBI when compared with the
sham group (P < 0.05; Figures 2H,I).

Soluble DR5 Blocks The TRAIL-Induced
Apoptosis and Improves The
Neurobehavioral Function
To further study the role of the TRAIL signaling pathway
in neuronal apoptosis, we used sDR5 intracerebroventricularly
to block the effective binding of TRAIL on the neuronal
DR5 receptor. The expression of cleaved caspase-3 was
detected to explore the effects of different concentrations of
sDR5 treatment on TBI-induced neuronal apoptosis. The total
of four groups were designed: sham, TBI + vehicle, TBI + 10
µg sDR5, and TBI + 25 µg sDR5. As shown, the expression
of cleaved caspase-3 was significantly decreased in the group
treated with 25 µg sDR5 compared with the TBI+ vehicle group
(P < 0.05; Figure 3A), but no significant differences were noted
between the TBI + 10 µg sDR5 and TBI + vehicle groups.

Therefore, we used 25 µg of sDR5 for neurobehavioral function
assessment, FJC staining, and quantification of brain water.

The neurological score, lesion area, and brain edema in
the ipsilateral cortex were significantly decreased by 25-µg
sDR5 treatment compared to the sham group (P < 0.05;
Figures 3B–F), which indicated that sDR5 treatment improved
neurobehavioral function and attenuated secondary injury after
TBI. Similarly, when stained by FJC regent, the sDR5 group
had fewer FJC-positive cells compared to the sham group in the
cortex of the impaired hemisphere (P < 0.05; Figures 3G,H),
indicating decreased cell death in the ipsilateral cortex after TBI.

Cellular Location of HIF-1α After Traumatic
Brain Injury
We used double immunofluorescence staining of HIF-1α with
NeuN or Iba-1 in the impaired hemisphere of the cerebral cortex.
The results showed that HIF-1α was mainly expressed in neuron.
Besides, a small amount of HIF-1α was expressed in microglia
(Figure 4A). Thus, we continued to study the effects of HIF-1α
on TRAIL and related receptors.

HIF-1α Mediated TRAIL-Induced Apoptosis
in vivo
The expression of HIF-1α increased after TBI. To further regulate
the expression of HIF-1α, TBI rats were treated with the HIF-
1α inhibitor, 2ME, and the HIF-1α activator, DMOG. A total of
four groups were designed: sham, TBI + vehicle, TBI + 2ME,
and TBI + DMOG. The HIF-1α expression was significantly
inhibited by 2ME and activated by DMOG compared with the
other groups (both P< 0.05; Figures 5A,B). The neurobehavioral
function, quantified by the modified Garcia score and Beam
Balance score, was significantly increased by 2ME treatment
and decreased by DMOG treatment compared to the vehicle
group (P < 0.05; Figures 4B,C). The brain water content
was significantly lower in the 2ME group and higher in the
DMOG group compared to the vehicle group (P < 0.05;
Figure 4D). The region of contused brain tissue was defined
as the region lacking CV staining. As shown in Figure 4G,
the DMOG group has the largest contusion areas and the 2ME
group has the smallest contusion areas among the TBI groups
(P < 0.05; Figure 4H).

Meanwhile, to confirm the role of HIF-1α in neuronal
apoptosis, the protein levels of cleaved caspase-3 and the FJC
staining results were quantified. The protein levels of cleaved
caspase-3 were upregulated in the TBI group when compared
with the sham group (P < 0.05), while 2ME treatment markedly
diminished cleaved caspase-3 expression after TBI (P < 0.05).
And the DMOG treatment increased the cleaved caspase-3
expression after TBI (P < 0.05; Figures 5A–G). The FJC staining
showed that there are more FJC-positive cells after TBI compared
to the sham group (P < 0.05). In the groups that suffered
from TBI, 2ME treatment significantly decreased abundance
of FJC-positive cells compared to the TBI + vehicle group
(P < 0.05), and DMOG treatment significantly increased the
abundance of FJC-positive cells compared to the TBI + vehicle
group (P < 0.05; Figures 4E,F).
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FIGURE 3 | Effects of soluble DR5 (sDR5) administration on neuronal death at 72 h after TBI. (A) Representative Western blot images and densitometric
quantification of cleaved caspase-3 in different groups treated with vehicle, 10 µg sDR5 and 25 µg sDR5, and sham. (B) Modified Garcia score. (C) Beam Balance
score. (D) Representative images of Cresyl Violet (CV) staining. (E) Quantification of brain contusion volumes (mm3). (F) Brain water content. (G) Representative
images of Fluoro-Jade C (FJC) staining of the peri-contusive cortex. Scale bar = 100 µm. (H) Quantification of FJC-positive neurons. Arrow indicates the FJC
positive cells. N = 6 per group. Data are represented as mean ± SD. *p < 0.05 vs. sham; #p < 0.05 vs. TBI + Vehicle. One-way ANOVA, Tukey’s post hoc test.

HIF-1α Regulated The DcR1 Expression
in vivo
In investigating the role of HIF-1α in TRAIL-induced neuronal
apoptosis, we found that the expression of DcR1 was significantly
increased by 2ME administration and decreased by DMOG
compared to the vehicle-treated group (both P < 0.05;
Figures 5A–C). However, no significant difference was found
in the expressions of TRAIL and of receptors DR5 and
DcR2 after HIF-1α intervention (P > 0.05; Figures 5D–F).
By using double immunofluorescence staining of DcR1 with
NeuN in the impaired hemisphere of the cerebral cortex, we
found that neuronal DcR1 was slightly increased after TBI
(no significance) and decreased (increased) by 2ME (DMOG)
treatment (Figures 5H,I). As DcR1 was a decoy receptor of

TRAIL and indirectly inhibited the TRAIL-induced apoptosis by
competitively combining with TRAIL, we supposed that HIF-1α
mediated TRAIL-induced apoptosis by regulating the expression
of DcR1.

HIF-1α Mediated TRAIL-Induced Apoptosis
by Regulating Expression of DcR1 in vitro
We first validated the blocking effect of DcR1 peptide at
different concentrations. Six groups were categorized as follows:
control, injury + vehicle, injury + 0.1 µg DcR1 peptide,
TBI + 1 µg DcR1 peptide, 5 µg DcR1 peptide, and 10 µg
DcR1 peptide. Both dosages showed a significant decrease in
the protein levels of DcR1 compared to the injury group
(P < 0.05; Figures 6A,B). Due to the 5-µg DcR1 peptide
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FIGURE 4 | Effects of 2ME and DMOG administration on neuronal death at 72 h after TBI. (A) Representative microphotographs of immunofluorescence staining
showing localization of Hypoxia factor-1α (HIF-1α; red), Iba-1, and NeuN (green) in injured cerebral cortex after TBI. Scale bar = 50 µm. (B) Modified Garcia score.
(C) Beam Balance score. (D) Brain water content. (E) Representative images of FJC staining of the peri-contusive cortex. Scale bar = 100 µm. Arrow indicates the
FJC positive cells. (F) Quantification of FJC-positive neurons. (G) Representative images of CV staining. (H) Brain contusion volumes (mm3). N = 6 per group. Data
are represented as mean ± SD. *p < 0.05 vs. sham; #p < 0.05 vs. TBI + Vehicle; &p < 0.05 vs. TBI + 2ME. One-way ANOVA, Tukey’s post hoc test.

treatment group having the lowest statistical significance
(P = 0.0006), 5 µg of DcR1 peptide was applied in the
subsequent experiment.

To confirm that HIF-1α mediated TRAIL-induced apoptosis
by regulating the expression of DcR1, the cells were divided
into the following six groups: control, injury + vehicle,
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FIGURE 5 | Effects of 2ME and DMOG administration on TRAIL pathway and neuronal apoptosis 72 h after TBI. (A) Representative Western blot images. (B)
Densitometric quantification of HIF-1α. (C) Densitometric quantification of DcR1. (D) Densitometric quantification of DR5. (E) Densitometric quantification of TRAIL.
(F) Densitometric quantification of DcR2. (G) Densitometric quantification of cleaved caspase-3. (H) Quantification of DcR1-positive cells. (I) Representative
microphotographs of immunofluorescence staining showing localization of DcR1 (red) and NeuN (green) in injured cerebral cortex after TBI. Scale bar = 100 µm.
Arrow indicates the DcR1 positive cell. *p < 0.05 vs. sham; #p < 0.05 vs. TBI + Vehicle; &p < 0.05 vs. TBI + 2ME; ns, no significance vs. sham. N = 6 per group.
Data are represented as mean ± SD. ∗p < 0.05 vs. TBI + Vehicle. One-way ANOVA, Tukey’s post hoc test.

injury + TRAIL, injury + TRAIL + HIF-1α siRNA,
injury + TRAIL + HIF-1α siRNA + DcR1 peptide, and
injury + TRAIL + scramble siRNA. First, the expression
of HIF-1α increased in both the injury + vehicle and

injury + TRAIL groups. HIF-1α siRNA significantly decreased
the expression of HIF-1α compared to the injury + TRAIL
group (P < 0.05; Figures 6E,F). Meanwhile, inhibition of
HIF-1α expression significantly increased DcR1 expression
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FIGURE 6 | Effect of HIF-1α siRNA TRAIL-induced neuronal apoptosis in vitro. (A) Representative Western blot images of different DcR1 peptide dosage groups.
(B) Densitometric quantification of DcR1 of different DcR1 peptide dosage groups. (C) Cell viability after siRNA or peptide treatment. (D) Cell total lactate
dehydrogenase (LDH) level after siRNA or peptide treatment. (E) Representative Western blot images of HIF-1α, DcR1, and cleaved caspase-3 after different
treatments. (F) Densitometric quantification of HIF-1α. (G) Densitometric quantification of DcR1. (H) Densitometric quantification of cleaved caspase-3. (I)
Flow-cytometric analysis of HT22 neuronal cells exposed to siRNA or peptide treatment. A surviving cell was defined as PI-/FITC-. (J) Statistical analysis of cell
survival in different groups. N = 3–6 per group. Data are represented as mean ± SD. ∗p < 0.05 vs. Control; #p < 0.05 vs. Injury + Vehicle; &p < 0.05 vs.
Injury + TRAIL; $p < 0.05 vs. Injury + TRAIL + HIF-1α siRNA. One-way ANOVA, Tukey’s post hoc test.

(Figures 6E–G). Inhibition of HIF-1α increased the cell
viability as quantified by CCK-8 and decreased the LDH level
(Figures 6C,D) and the production of cleaved caspase-3
(Figure 6H; all P < 0.05). The neurons stained with
Annexin V and PI (analyzed by flow cytometry) showed
that the surviving population (defined as Annexin V-/PI-)
decreased after injury and that this was attenuated by HIF-1α
siRNA (Figures 6I,J).

The neuroprotective effect of HIF-1α siRNA was significantly
abolished by DcR1 peptide according to the results for cleaved
caspase-3 expression, cell viability, cytotoxicity, and Annexin
V/PI staining, which indicated that the inhibition of HIF-1α
expression protected the neurons via upregulation of DcR1
(Figures 6C–J; P < 0.05).

DISCUSSION

Apoptosis, also known as programmed cell death, is a major
contributor in the pathophysiology of the nervous system
and is initiated by extrinsic death ligands or intrinsic stimuli
(Green et al., 2014). TRAIL is a death ligand belonging to
the TNF superfamily that has been studied and evaluated for
its anti-cancer activity (Tisato et al., 2016). In this study, we
established that the TRAIL/DR5 signaling pathway played an
important role in neuronal death after TBI in rats. Meanwhile,
we also found that HIF-1α induced TRAIL-induced apoptosis via
increasing TRAIL decoy receptor DcR1 expression (Figure 7).
In detail, the main findings were as follows: (1) the expression
of TRAIL and DR5 in the cortex around the injury was
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FIGURE 7 | Proposed signaling pathway underlying the effect of
HIF-1α-mediated TRAIL-induced neuronal apoptosis after TBI. Microglia
increased TRAIL expression after TBI, which activated neuronal DR5 receptor
and initiated caspase cascade to apoptosis. Meanwhile, TBI also upregulated
HIF-1α expression and further inhibited DcR1 expression. This indirectly
increased DR5 function by dismissing the competitive effect of DcR1 to
DR5 and then promoted TRAIL-induced neuronal apoptosis.

upregulated 12 h and peaked at 72 h after TBI in rats. The
increasing trend lasted until 7 days after TBI. Microglia-located
TRAIL may be secreted to activate the DR5 receptor found on
neurons; (2) functional blockade of TRAIL by the administration
of sDR5 successfully attenuated neuronal cell death, brain
edema, and injury area while improving neurological behavior
in rats; (3) the HIF-1α inhibitor 2ME could also attenuate
neuronal cell death, brain edema, and injury area and improve
neurological behavior in rats after TBI. Conversely, the HIF-
1α agonist, DMOG, presented the opposite result; (4) 2ME
(DOMG) treatment increased (decreased) DcR1 expression, with
no change in DR5 and DcR2 expression; and (5) HIF-1α siRNA
prevented cell death via increased expression of DcR1 in the
HT-22 neuronal cell line.

Recently, the TRAIL/DR5 pathway has been widely reported
to be involved in neuronal apoptosis after ischemia stroke in vivo
(Martin-Villalba et al., 1999; Cui et al., 2010; Huang et al.,
2011; Cantarella et al., 2014). In the hypoxia-ischemia-treated
mouse model, it was found that the expressions of TRAIL and
DR5 were significantly upregulated after insult (Cui et al., 2010;
Huang et al., 2011; Cantarella et al., 2014). The neuronal death
may be triggered by the binding of microglia-secreted TRAIL
and the neuronal DR5 receptor (Cui et al., 2010). Secondary
injury after TBI is the main factor affecting the prognosis of
patients. The secondary injury is primarily a pathological process
including cellular hyperexcitability, vasogenic and cytotoxic
edema, hypoxic-ischemia, oxidative stress, and inflammation, all
of which share similarities with the pathological changes after
cerebral ischemia (Karve et al., 2016). Therefore, we hypothesize
that the TRAIL/DR5 pathway is involved in the pathological
change after TBI. Similarly, the expression and upregulation of
both TRAIL and DR5 have been identified after TBI in our study,

and the cellular localization of TRAIL and DR5 is consistent with
previous studies (Cui et al., 2010). Neuroprotection through the
blockage of TRAIL by sDR5 further confirmed the involvement
of TRAIL/DR5 in neuron apoptosis after TBI.

HIF is a nuclear transcription factor characterized as the
master regulator of cellular oxygen homeostasis. It widely
participates the tissue survival process by regulating expresion
of several key enzymes in cell metabolism glucose transporter
(GLUT), angiogenesis (VEGF, VEGFR1, angiopoietin), and free
radical scavenging (heme hydroxylase-1; HO-1); Schumacker,
2005; Di Cesare Mannelli et al., 2018). As one of the subunits of
HIF, the expression of HIF-1α is largely dependent on oxygen
levels. HIF-1α expression is rapidly upregulated in response
to the acute phase in secondary injury after TBI (Ding et al.,
2009; Li et al., 2013) and is rapidly degraded upon reperfusion
and the chronic phase of TBI (Khan et al., 2017). Remarkably,
as the HIF-1α pathway is involved in both pathological and
neurorepair mechanisms and functions following TBI, the role
of HIF-1α in TBI remains relatively controversial (Khan et al.,
2017). Under hypoxic conditions after TBI, HIF-1α could have
detrimental effects on the blood-brain barrier, brain edema,
and apoptosis (Althaus et al., 2006; Ding et al., 2009). The
HIF-1α inhibitor, 2ME, was also proven to be neuroprotective
24 h following TBI in mice; however, the detailed mechanism
has not been studied (Shenaq et al., 2012; Schaible et al.,
2014). In agreement with former research, our study showed
the 2ME successfully inhibited HIF-1α expression and provided
neuroprotection via decreasing neuronal death after TBI in vivo
and in vitro. Additionally, HIF-1α stabilizers/inducers appear to
have a different effect than did 2ME. Conversely, HIF-1α induces
transcription of EPO and VEGF, which promotes cell survival
via erythropoiesis, angiogenesis, and anti-apoptosis under mild
hypoxia or normoxia (Fan et al., 2009; Wittko-Schneider et al.,
2013; Di Cesare Mannelli et al., 2018). Furthermore, VEGF
receptors 1 and 2 seem to have diverse effects on central nervous
system development and homeostasis (Wittko-Schneider et al.,
2013). Interestingly, another study found that treatment with
DMOG could reduce both neuronal and cell death after 2 weeks
following TBI in mice (Sen and Sen, 2016). This indicates that
2 weeks may be a relatively mild hypoxia or normoxia time point
for mice after TBI.

As mentioned before, HIF-1α participates in the regulation
mechanism of apoptosis; however, the effect was also dual after
TBI (Greijer and van der Wall, 2004). As the promoter of
apoptosis, HIF-1α induces transcriptional activation of tumor
suppressor proteins BNIP3 and p53, which induce cell apoptosis
in the acute phase (Chen et al., 2003; Aminova et al., 2008; Fan
et al., 2009). Moreover, it was found that cells with consecutive
expression of HIF-1α may be more resistant to apoptosis than
normal cells and that the potential anti-apoptotic mechanism
may include increased anti-apoptotic factors, EPO, and anerobic
metabolism (Akakura et al., 2001; Bianciardi et al., 2006). In this
study, we found that HIF-1α may mediate DcR1 expression both
in vivo and in vitro after TBI. Downregulating (upregulating)
HIF-1α with 2ME (DMOG) increased the DcR1 level in rats
after TBI, and inhibition of HIF-1α by HIF-1α siRNA also
increased DcR1 levels in the HT-22 neuron cell line. As reported,
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overexpression of DcR1 or DcR2 blocks apoptotic signaling of
TRAIL (Muzio, 1998). DcR1 inhibits apoptosis by competitive
binding to TRAIL (Merino et al., 2006), while DcR2 inhibits
apoptosis via the formation of heterocomplexes with DR5 to
block the subsequent caspase cascade (Clancy et al., 2005; Merino
et al., 2006). Furthermore, the expressions of these two decoy
receptors of TRAIL have been suggested to confer neuronal
protection after ischemic preconditioning in rats (Panneerselvam
et al., 2011; Cantarella et al., 2014). In our in vivo model,
cleaved caspase-3 and cell death were significantly increased
after blocking DcR1 activity via DcR1 peptide administration.
Taken together, we determined that HIF-1α may prompt neuron
apoptosis in the injured cortex in the first 3 days after TBI via
inhibition of DcR1 expression.

Interestingly, a previous study found that HIF-1α regulates
the transcription of DcR2 in human colon cancer cell lines (Pei
et al., 2010). HIF-1α inactivation increased TRAIL sensitivity
in hypoxia-induced TRAIL-resistant tumor cells (Jeong et al.,
2010). Additionally, some reports suggested that severe hypoxia
leads to p53 activation; however, it was found that neither
p53 nor NF-κB contributed to the regulation in this mechanism
(Pei et al., 2010). Thus, we hypothesize that the TRAIL
decoy receptors DcR1 and DcR2 act in different capacities
in different pathological processes. The ratio between decoy
receptor (DcR1/2) and death receptor (DR4/5) mediates cell
death in different diseases.

It should be mentioned that this study has some limitations.
First, though we have identified altered expression of DcR1
in vivo under HIF-1α agents, we did not further investigate the
function of DcR1 in TRAIL-induced apoptosis in the in vivo
model. Second, we only used cell lines for investigating the effect
of HIF-1α in vitro, and there would be some subtle differences
between cell lines and primary cells. Third, the pathophysiology
after TBI is a complicated process, and the standard in vivo
mechanical injury with hypoxia model cannot fully represent the
changes after TBI. There would also be other mechanisms that
contribute to the changes in HIF-1α-mediated apoptosis. And as
wementioned previously, different oxygenmetabolism levels and
brain regions at different time points might be the reason for the
controversial effects of HIF-1α after TBI. It is necessary to study
the natural oxygen changes and artificial oxygen intervention
after TBI in the future. Fourth, p53 and NF-κB also participated
in HIF-1α-mediated apoptosis, and it is still unclear how HIF-1α
inhibited DcR1 expression; this part also needs further study.

In conclusion, this study demonstrated that the
TRAIL/DR5 signaling pathway induced apoptosis in neurons
after TBI. Inhibition of HIF-1α attenuated neuronal death,
the insult area, and brain edema but improved neurological
function via upregulation of expression of TRAIL decoy
receptor DcR1, which indirectly reduced apoptosis after
TBI. Our results imply that HIF-1α may be an important
regulator acting on the TRAIL/DR5 apoptosis signaling pathway
following TBI.
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Parkinson’s disease (PD) is the second most common neurodegenerative disease,
and there is still no effective way to stop its progress. Therefore, early detection
is crucial for the prevention and the treatment of Parkinson’s disease. The current
diagnosis of Parkinson’s disease, however, mainly depends on the symptoms, so it is
necessary to establish a reliable imaging modality for PD diagnosis and its progression
monitoring. Other studies and our previous ones demonstrated that substantia nigra
hyperechogenicity (SNH) was detected by transcranial sonography (TCS) in the ventral
midbrain of PD patients, and SNH is regarded as a characteristic marker of PD. The
present study aimed to explore whether SNH could serve as a reliable imaging modality
to monitor the progression of dopaminergic neurodegeneration of PD. The results
revealed that the size of SNH was positively related with the degree of dopaminergic
neuron death in PD animal models. Furthermore, we revealed that microglia activation
contributed to the SNH formation in substantia nigra (SN) in PD models. Taken together,
this study suggests that SNH through TCS is a promising imaging modality to monitor
the progression of dopaminergic neurodegeneration of PD.

Keywords: Parkinson’s disease, transcranial sonography, substantia nigra hyperechogenicity, dopaminergic
neuron, microglia activation

INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disease that is age-related
and characterized by the loss of dopaminergic neurons and neuroinflammation in the substantia
nigra (SN) (Olson et al., 2016). While the causes of PD remain unclear, multiple therapies have
been developed, including levodopa supplementation therapy, stem cell and deep brain stimulation,
etc. In addition, a large amount of neuroprotective drugs are under investigation, such as nitidine,
a pentacyclic alkaloid isolated from traditional herbal medicine Zanthoxylum nitidum (Roxb.)
DC (Yuan et al., 2015), which could promote dopaminergic neuron survival by suppressing
neuroinflammation (Wang et al., 2012, 2016; Yuan et al., 2015). However, all the abovementioned
methods fail to stop the progression of dopaminergic neurodegeneration. Thus, early detection
is crucial for the prevention and the treatment of Parkinson’s disease. The current diagnosis of
Parkinson’s disease mainly depends on the symptoms, so it is necessary to establish a reliable
imaging modality for PD diagnosis and its progression monitoring.
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Other studies and our previous ones have found that
substantia nigra hyperechogenicity (SNH) by transcranial
sonography (TCS) was detected in the SN of PD patients, and
this could differentiate PD patients from those with atypical
parkinsonian syndromes (Becker et al., 1995; Behnke et al., 2005;
Walter et al., 2005; Uwe et al., 2006; Okawa et al., 2007). More
importantly, SNH could be detected in the SN (SNH) at the
very early stages in PD patients (Berg et al., 2005; Berg, 2007;
Gaenslen et al., 2008). A recent study showed that SNH was also
correlated with the risk scores, motor signs, and prediagnostic
features of PD (Noyce et al., 2018). Thus, the abovementioned
findings suggest that SNH is a promising way for PD early
detection and diagnosis.

The SN was identified within the butterfly-shaped structure
of the mesencephalic brainstem, scanning from both temporal
bone windows (Berg et al., 2005). Another interesting question
worth exploring is the mechanism underlying SNH formation.
The current researches on SNH are still limited. The previous
studies have shown that the formation of SNH is highly related
to iron accumulation in the SN region (Berg et al., 1999; Zhu
et al., 2017). Although iron accumulation in SN is relevant to
the neurodegeneration process in PD, it remains inconvincible
to draw a direct conclusion that iron accumulation contributes to
SNH and rule out other possibilities.

In this study, by establishing a 6-hydroxydopamine
(6-OHDA)-induced unilateral PD rat model, we aimed to
explore the relationship between SNH and dopaminergic
neurodegeneration degree and primarily investigated the
mechanism underlying SNH formation, with the hypothesis that
SNH could serve as a reliable imaging modality to monitor the
degree of dopaminergic neurodegeneration of PD.

MATERIALS AND METHODS

Reagents
The following reagents were used in this study: tyrosine
hydroxylase (TH) antibody and ionized calcium binding
adaptor molecule-1 (Iba-1) antibody from Abcam (Cambridge,
United Kingdom), β-actin antibody, HRP-conjugated goat
polyclonal anti-rabbit IgG antibody, and biotinylated secondary
antibody from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, United States), LPS and 6-OHDA from Sigma-Aldrich
(St. Louis, MO, United States), and nitidine (purity >98%,
by high-performance liquid chromatography) from Selleck
Biotechnology Co., Ltd. Nitidine was dissolved in dimethyl
sulfoxide at a final concentration of 1 mg/ml.

Animals
Adult male Sprague–Dawley rats (n = 30) were purchased
from the Animal Center of the Fourth Military Medical
University (Xi’an, China) and housed at five rats per cage
at a constant room temperature under a 12:12-h light/dark
cycle. The rats were allowed free access to food and water.
Surgery was performed when the rats reached 250–300 g of
body weight. The rats were randomly divided into three groups:
two groups were stereotactically injected with 6-OHDA and

the third group was sham operated. All animal studies were
approved by the Institutional Animal Care and Use Committee
(IACUC-20190603).

Establishment of 6-OHDA PD Rat Model
The rats were anesthetized with sodium pentobarbital (saline
formulated as 0.3% solution) (35–45 mg/kg, i.p. injection) and
placed in a stereotactic device (Stoelting, United States). An
incision was made along the midline to expose the skull, and
a 2-mm hole was drilled to allow the injection of 6.8 µl of 6-
OHDA (dissolved in 0.02% ascorbic acid) or sham injection.
A 10-µl Hamilton syringe attached to a glass capillary (outer
diameter of 60–80 µm) was used to deliver injections at the
following coordinates (mm): −1.80 AP and −4.92 ML from
the anterior iliac crest and −8.00 DV from the anterior iliac
crest [according to Paxinos and Watson (1998)]. The duration
of each injection was at least 1 min. After the injection,
the cannula was left in place for 5 min and then slowly
withdrawn. The incision was sutured and disinfected with iodine.
After completely recovering from anesthesia, the animals were
returned to their cages.

The 6-OHDA solution was kept on ice for a maximum of 2 h
and was protected from light throughout the process. Ascorbic
acid in 0.02% sterile saline was used for the sham injections.

Transcranial Sonography Examination
At 15 days after 6-OHDA administration, the rats were
anesthetized and the skulls were surgically exposed. In order
to remove the bone piece, the dura mater was preserved, and
the rats were scanned when they were alive. After the surgery,
we used Vevo 2100 high-frequency ultrasound (FUJIFILM
VisualSonics Inc., Canada) with 25-MHz transducer to scan the
midbrain planes of rats. Vevo anesthesia system was used for the
maintenance of anesthesia. After the examination, Vevo Lab 3.1.1
was used to take the measurements.

According to Berg, the area of hyperechogenic signals in the
SN region was encircled and measured. Results are given as
mean and standard deviation and range (Berg et al., 2005). In
our research, the images were frozen and enlarged four times,
and the outline of the SNH was drawn carefully. The size of the
delineated hyperechogenicity was automatically calculated. Each
rat was repeatedly measured from multiple sections to get the
maximum area of SNH. The images without SNH were recorded
as 0 cm2.

For the mean gray values of SN, considering that SN is a three-
dimensional structure, we randomly took three circular areas
which were not larger than the size of SN, measured their mean
gray values, and then took the average.

Western Blot Analysis
The tissue was homogenized using radioimmunoprecipitation
assay buffer (Sigma-Aldrich) mixed with a protease inhibitor
cocktail and a phosphatase inhibitor (Complete Mini, Roche,
Germany). A PierceTM BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA, United States) was used to
determine the protein concentration. Protein samples (10 µg
per lane) were separated by 10 and 15% (v/v) discontinuous
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sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride membranes (Roche
Diagnostics, Mannheim, Germany). Five percent skim milk was
diluted in 0.1% Tween 20/Tris-buffered saline (TBS-T), and the
membranes were blocked for 1 h at room temperature. The
membranes were incubated with the primary antibody overnight
at 4◦C and washed three times for 5 min each in TBS-T on the
next day. Then, the membrane was incubated with a suitable
horseradish peroxidase-conjugated secondary antibody for 2 h
at room temperature. Visualization was performed using an
enhanced chemiluminescence method under standard protocols
(ECL Plus; Thermo Fisher Scientific, United States). The anti-
β-actin signal was used as a loading control. ImageJ (National
Institutes of Health, Bethesda, MD, United States) was used
for optical density assessment. Data are presented as the ratio
between the TH (or Iba-1) and β-actin signals; the control
value was set to 1.

Immunohistochemistry
After the sections were rehydrated, they were heated in
Tris/EDTA buffer (pH 9.0) for 10 min and then incubated with
phosphate-buffered saline (PBS) blocking solution containing
5% normal goat serum at 4◦C overnight. The sections were
then incubated with biotinylated secondary antibody for 1 h,
followed by incubation with peroxidase-conjugated avidin–
biotin complex (ABC kit, Vector Laboratories, United Kingdom).
3,3-Diaminobenzidine (DAKO, Germany) was used as a
peroxidase substrate. Incubation with secondary antibodies alone
showed the specificity of the results. Standard hematoxylin-
stained sections were used to visualize the nuclei. The treated
sections were visualized and digitized using a Leica DMI 6000B
(Leica, Wetzlar, Germany) fluorescence microscope workstation.

Double-Immunofluorescence
The sections were incubated overnight at 4◦C with
immunofluorescent antibodies against TH (1:200) and Iba-
1 (1:200) to identify dopaminergic neurons and activated
microglia, respectively. After washing with PBS three times for
5 min each, the sections were incubated with the respective
secondary antibody [goat anti-rabbit (1:200; Sigma) as TRITC
for TH and goat anti-mouse as Cy3 for Iba-1 (1:200; Sigma)]
for 2 h at room temperature. Colocalization of the markers
was confirmed by confocal laser microscopy (TCS-SP2; Leica,
Heidelberg, Germany) and sequential scanning methods.

Data Analysis
Statistical analyses, including one-way ANOVA, t-tests, linear
regression, and correlation analysis, were performed using
GraphPad Prism 5 software (GraphPad Software Inc., San
Diego, CA, United States). A P value ≤ 0.05 was regarded as
statistically significant.

Data Availability Statement
The data used to support the findings of this study are
included within the manuscript and also available from the
corresponding author.

RESULTS

SNH Is Stably Observed in 6-OHDA PD
Rat Models
We established unilateral PD rat models by a stereotactic
injection of 6-OHDA into the SN areas. At 15 days after the
6-OHDA injection, typical hyperechogenicity in the SN was
observed through TCS (Figure 1A). The ultrasonic detection
parameters were also presented (Figure 1B). We digitized
echogenicity imaging by measuring the SNH area and the mean
gray values of SN, and the histograms showed a significant
decrease in the mean gray value of the SN areas (Figures 1C,D).
Immunofluorescence showed the loss of dopaminergic neurons
in the ipsilateral SN. The dopaminergic neuron terminal loss
was also observed in the striatum. There was no obvious
discordance observed between the two sides of SN in the
vehicle group (Supplementary Figure S1A). The western blot
showed similar results. The TH protein level of the nigrostriatal
pathway also decreased in the ipsilateral SN in 6-OHDA-
lesion rats (Supplementary Figures S1B,C). Collectively, these
results proved that a PD unilateral model with stable SNH
was successfully established, which is highly consistent with the
SNH in PD patients, thus validating the use of this model in
subsequent experiments.

SNH Size Was Positively Related With
the Degree of Dopaminergic Neuron
Death in PD Rat Model
To further explore whether the size of SNH was positively related
with the degree of dopaminergic neuron death in PD models, we
applied nitidine, a pentacyclic alkaloid isolated from traditional
herbal medicine Z. nitidium (Roxb.) DC (Yuan et al., 2015),
which shows a considerable neuroprotective effect in PD models,
to improve the dopaminergic survival in this PD model (Wang
et al., 2016). We found that the SNH areas of nitidine-treated
rats were much smaller compared with those of saline-treated
ones under TCS (Figures 2A,B). Furthermore, the mean gray
value of the ipsilateral SN areas of nitidine-treated rats was
reduced compared with the counterparts of saline-treated rats
(Figure 2C). A correlation analysis showed that, as per the
qualification standards applied to process the TCS images, the
SNH areas and the mean gray values of SN were positively
correlated (Figure 2D).

Dopaminergic neuron survival was shown by
immunofluorescence. It was significantly increased in
nitidine-treated rats compared with that in saline-treated
ones (Figure 3A). The TH-ir neuron numbers and optical
density (OD) values were applied as digitization standards
to analyze immunofluorescence results. The histograms
showed that the number and the OD values of TH-ir neurons
were markedly decreased in the ipsilateral SN compared
with those of the contralateral side after 6-OHDA lesion,
but the level of reduction in the saline-treated group was
significantly higher than that of the nitidine-treated group
(Figures 3B,C). Immunohistochemical staining showed similar
results (Supplementary Figure S2A). Western blot revealed a
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FIGURE 1 | Transcranial sonography (TCS) images and qualification of substantia nigra hyperechogenicity (SNH) after unilateral stereotactic surgery. Male rats were
injected with either 6-hydroxydopamine (6-OHDA) (n = 10) or vehicle (n = 10). At 15 days after surgery, TCS detection was performed. (A) Image of the midbrain
plane showing a significant hyperechogenicity of 6-OHDA-lesioned rats (2), while only a scatter echo corresponding to the shape of the needle was observed in the
vehicle group (1). Area 2 = 3.057 cm2. (B) General condition of TCS detection. (C) Statistical result of the mean gray values of substantia nigra (t-test). Vehicle group:
P = 0.0015, t = 3.35, df = 50, F = 1.002. 6-OHDA group: P < 0.0001, t = 6.935, df = 52, F = 2.713. (D) Statistical result of the maximum SNH area (t-test).
P < 0.0001, t = 11.44, df = 12. *Comparison between contralateral and ipsilateral from a single group. ns P > 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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FIGURE 2 | Transcranial sonography (TCS) images and qualification of substantia nigra hyperechogenicity (SNH) after unilateral stereotactic surgery following
treatment with nitidine. The rats were pretreated with nitidine (2.5 mg/kg, once daily) or sterile saline for 2 days before surgery and 15 days after surgery. (A) The TCS
images showed that the SNH area in the midbrain plane of the nitidine-treated group (4, 5) was significantly smaller than that in the saline-treated group (2, 3), while
only a scatter echo matching the shape of the needle emerged in the vehicle group (1). Area 2 = 4.211 cm2, area 3 = 3.336 cm2. (B) Statistical result of the
maximum SNH areas in different groups (t-test). P = 0.0069, t = 3.776, df = 7, F = 1.821. (C) Statistical results of the mean gray values of substantia nigra (SN) area.
Vehicle group: t-test. P = 0.0052, t = 2.915, df = 52, F = 1.086. 6-Hydroxydopamine (6-OHDA)/saline group: t-test. P < 0.0001, t = 10.25, df = 52, F = 5.769.
6-OHDA/nitidine: t-test. P < 0.0001, t = 11.25, df = 130, F = 7.791. Comparison between contralateral sides: one-way ANOVA. P = 0.2051, F = 1.606. Comparison
between ipsilateral sides: one-way ANOVA. P < 0.0001, F = 11.43. (D) Correlation analysis of mean gray values of SN areas and the maximum SNH area.
P = 0.0010, r = 0.7612, R2 = 0.5794, F = 17.9. *Comparison between contralateral and ipsilateral from a single group. #Comparison between different groups. ns
P > 0.05, #P < 0.05, ####P < 0.0001, **P < 0.01, ***P < 0.001, ****P < 0.0001.

remarkable decrease of TH protein level of ipsilateral SN after
6-OHDA lesion, and a moderate increase was observed in the
nitidine-treated group but not in the saline-treated ones.

Correlation statistics was used to analyze the correlation
between SNH and dopaminergic neuron survival. It was shown
that the TH-ir dopaminergic neuron numbers and the OD values
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FIGURE 3 | Dopaminergic neuron survival in Parkinson’s disease (PD) models following treatments. (A) Tyrosine hydroxylase (TH)-immunoreactive neurons (red) in
the PD rats. Scale bar depicts 500 µm. (B) Statistical result of optical density values of TH-ir cells in SN (t-test). Vehicle group: P = 0.8816, t = 0.1587, df = 4,
F = 1.144. 6-Hydroxydopamine (6-OHDA)/saline: P = 0.0003, t = 11.86, df = 4, F = 18.13. 6-OHDA/nitidine: P = 0.0043, t = 5.853, df = 4, F = 1.571. (C) Statistical
result of TH-ir cell numbers in SN (t-test). Vehicle group: P = 0.6134, t = 0.5472, df = 4, F = 6.356. 6-OHDA/saline: P = 0.0002, t = 12.47 df = 4, F = 14.23.
6-OHDA/nitidine: P < 0.0001, t = 17.85, df = 4, F = 1.652. Comparison between ipsilateral sides: one-way ANOVA. P < 0.0001, F = 113.8. *Comparison between
contralateral and ipsilateral from a single group. #Comparison between different groups. ns P > 0.05, #P < 0.05, ####P < 0.0001, **P < 0.01, ***P < 0.001,
****P < 0.0001.

were both negatively correlated with SNH area (Figures 4A,B).
The OD values were also negatively correlated with the mean
gray values of SN, while the neuron numbers did not show any
correlation with it (Figures 4C,D). These results revealed that
SNH size was positively related with the degree of dopaminergic
neuron death in PD rat model.

Microglia Activation Might Contribute to
SNH Formation
Since the formation mechanism of SNH is still unclear, we
aimed to explore the underlying mechanism of hyperechogenicity
in the SN area. As microglia are the main cells that
take up liberated iron and accumulate iron partly in SN
(Mahad et al., 2015), it has been reported to play a critical

role in dopaminergic neuron degeneration both in PD patients
and 6-OHDA-induced PD models (Swanson et al., 2019).
Therefore, we explored whether microglia could be involved in
typical SNH in PD models. Immunofluorescence was utilized
to observe microglial activation in SN of PD model rats with
saline or nitidine treatment. It was shown that a significant
increase in microglial activation is marked by ionized calcium
binding adaptor molecule-1 (Iba-1) (Rodriguez-Pallares et al.,
2007), accompanied by a reduction in TH-ir neurons in PD
model rats with saline treatment, while the vehicle group did
not present any visible difference between the ipsilateral and
the contralateral sides. The microglia activation significantly
decreased after nitidine treatment (Figures 5A,B). Western blot
displayed similar results. The protein level of Iba-1 in the SN
areas of PD model rats was significantly higher than that in the
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FIGURE 4 | Correlation analysis between different qualification standards of dopaminergic neuron survival and substantia nigra hyperechogenicity (SNH) in
Parkinson’s disease (PD). (A) Correlation analysis between optical density (OD) values of TH-ir cells and maximum SNH area under transcranial sonography (TCS).
P = 0.0007, r = –0.7762, R2 = 0.6025, F = 19.7. (B) Correlation analysis between TH-ir cell numbers and maximum SNH area under TCS. P = 0.0296, r = –0.5611,
R2 = 0.3148, F = 5.972. (C) Correlation analysis between OD values of TH-ir cells and mean gray values of substantia nigra (SN) under TCS. P = 0.0045,
r = –0.6893, R2 = 0.4752, F = 11.77. (D) Correlation analysis between TH-ir cell numbers and mean gray values of SN under TCS. P = 0.8089, r = 0.06829,
R2 = 0.004664, F = 0.06092.

vehicle group rats, while the nitidine-treated group presented
a remarkable reduction (Figures 5C,D). In addition, the SNH
area under TCS also significantly decreased compared with
that in the saline-treated group (Figure 5E). A correlation
analysis showed that the Iba-1 protein level was positively
correlated with the maximum area of SNH (Figure 5F).
Morphological changes of microglia in the ipsilateral SN
were observed after nitidine treatment at higher magnification,
suggesting that microglia activation was restrained (Figure 5G).
Our result showed that microglial activation appeared in the
ipsilateral SN area of PD model rats and could be restrained
by the neuroprotective drug nitidine. Taken together, our
results demonstrated that microglia activation might contribute
to SNH formation.

DISCUSSION

In the present study with 6-OHDA-induced PD rat models, SNH
was stably observed through TCS. Importantly, we demonstrated

that the size of SNH was positively related with the degree of
dopaminergic neuron death in PD models. Finally, we showed
that microglia activation might contribute to SNH formation.

Substantia nigra appears as a patchy echogenic structure
in the anterior midbrain. According to consensus guidelines
(Walter et al., 2007), the hyperechogenicity of SN is defined in
terms of an increased size of planimetrically measured SN
echogenic area exceeding a pre-defined cutoff value obtained in a
normal population. Previous findings proposed an optimal cutoff
of 0.24 cm2 for differentiating normal controls from patients
with enlarged SN (van de Loo et al., 2010) as Berg et al. (2001)
reported that SN echogenicity sizes between 0.20 and 0.25 cm2

were classified as moderately enlarged, and 0.25 cm2 represented
the limit for a markedly enlarged SN.

Our results confirmed that the 6-OHDA-induced PD rat
model can be used for SNH-related studies. We also found that
the appearance of a typical SNH could only be observed 1 week
after surgery, noting the crucial value of detecting SNH by TCS
for diagnosing PD in the early stage. In addition, recent studies
revealed that SNH areas are also correlated with the risk scores
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FIGURE 5 | Reactive microgliosis in the substantia nigra (SN) of 6-hydroxydopamine (6-OHDA)-induced Parkinson’s disease rats with or without nitidine treatment.
(A) Double immunofluorescence of the activated microglia marker Iba-1 (green) and tyrosine hydroxylase-immunoreactive dopaminergic neurons (red). Scale bar
depicts 500 µm. (B) Statistical result of the optical density values of Iba-1-ir cells. Vehicle group: t-test. P = 0.0589, t = 2.618 df = 4, F = 4.355. 6-OHDA/saline
group: t-test. P < 0.0001, t = 20.99, df = 4, F = 52.36. 6-OHDA/nitidine: t-test. P = 0.0554, t = 2.678, df = 4, F = 86.41. (C) Iba-1 protein expression revealed by
Western blot. (D) Histogram showing that the level of Iba-1 protein was significantly decreased in the SN of the nitidine-treated group. One-way ANOVA. Cortex:
P = 0.4348, F = 0.96. Substantia nigra: P < 0.0001, F = 141.8. (E) Transcranial sonography (TCS) images and substantia nigra hyperechogenicity (SNH)
qualification after nitidine or saline treatment. Only a scatter echo matching the shape of the needle emerged in the vehicle group (1); the nitidine-treated group did
not show visible SNH (3), while the saline-treated group showed a significant SNH (2). Area 2 = 1.111 cm2. (F) Correlation analysis between Iba-1 protein expression
and maximum SNH area under TCS. P < 0.0001, r = 0.9208, R2 = 0.848, F = 66.93. (G) Morphological changes of Iba-1-ir microglia under × 80 lens. Scale bar
depicts 3 cm. *Comparison between contralateral and ipsilateral from a single group. #Comparison between different groups. ns P > 0.05, #P < 0.05,
####P < 0.0001, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Frontiers in Cellular Neuroscience | www.frontiersin.org 8 August 2020 | Volume 14 | Article 21660

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-14-00216 August 4, 2020 Time: 12:44 # 9

Zhang et al. Substantia Nigra Hyperechogenicity Reflects Neurodegeneration

and the motor signs, the prediagnostic features of PD (Noyce
et al., 2018), indicating its value in preclinical diagnosis.

The result showed that the size of SNH had an inner
relationship with the pathological process of PD. However,
Berg and colleagues reported that the SNH size was unrelated
with disease progression and the gradual neuron loss in SN.
They observed PD patients who were assessed by UPDRS
I-III. Despite assessments indicating a significant worsening
in terms of motor performance, SNH showed little changes.
This conclusion should be taken into consideration because
60–70% dopaminergic neurons in SN were lost before clinical
symptoms appeared (Postuma et al., 2010), so the measurement
which simply chose patients in advanced stages could not
offer a time-based detail of how SNH evolved following
dopaminergic neuron loss; more extended studies are required.
Compared with previous studies, we built PD models with
order-of-magnitude dopaminergic neuron loss and explored
the relationship between SNH and dopaminergic neuron loss
more thoroughly.

Researchers have been interested in looking for suitable
markers to assess the process of disease and therapeutic
efficacy as the lack of such limited the therapeutic intervention
of PD, which had little success. Manganese (Mn)-enhanced
magnetic resonance imaging was applied as an imaging
biomarker to follow the neurodegeneration of PD (Olson
et al., 2016). However, the toxicity of Mn prevented it
from being applied to human (Olanow, 2004; Kwakye et al.,
2015). Our result offered a new non-invasive and non-toxic
method TCS to evaluate the dopaminergic neuron survival
or the neuron degeneration in SN of PD. SNH could be
utilized as a reliable imaging modality for PD diagnosis
and progression monitoring. Moreover, because 60–70% of
dopaminergic neurons in SN were lost before symptoms
occurred (Postuma et al., 2010; Radhakrishnan and Goyal,
2018), using TCS to directly assess dopaminergic neuron
degeneration in SN could evaluate the progression of PD
before traditional clinical diagnosis, making it possible for early
intervention to be effected during the PD development. Also,
SNH is a promising tool to assess the therapeutic effectiveness
of PD treatments.

In 6-OHDA-induced PD rat model, we observed SNH
with significant microglial activation in the ipsilateral SN.
According to several previous studies, (1) SNH reflects
pathological alterations related to an increased SN iron content
(Berg et al., 1999, 2002; Zecca et al., 2006); (2) liberated iron
is then taken up mainly by microglia and macrophages and
accumulates partly in these cells (Mahad et al., 2015), and
(3) activated microglia are involved in the deficiency and
degeneration of dopaminergic neurons in the SN (Langston
et al., 1999; Marinova-Mutafchieva et al., 2009; Xu et al.,
2016) and can be observed in postmortem studies (Mcgeer
et al., 1988; Yuan et al., 2015). We drew a conclusion that
SNH microglia activation might contribute to the formation of
SNH. Our results also hinted that inhibiting the activation of
microglia may be the future direction for the prevention and the
treatment of PD.

Our research also had some limitations. First, animal PD
models like 6-OHDA rat model and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine mouse model cannot fully simulate the
whole pathological process of human PD. A previous study
especially showed that neuromelanin played an important
role in PD pathogenesis, and its accumulation might tend
to reduce SNH (Zecca et al., 2008; Berg et al., 2010),
while neuromelanin was absent in rodents and many other
species (Marsden, 1961). Notably, increasing studies confirmed
that extracellular neuromelanin leads to microglial activation
(Langston et al., 1999; Zecca et al., 2008; Ferrari et al.,
2016). Moreover, after correcting the neuromelanin contents in
the SN of PD patients, microglia activation was still related
with SNH (Berg et al., 2010). Our current study showed
that microglia activation contributed to SNH formation in
the 6-OHDA rat midbrain. Taken together, we speculate that
microglia activation is the shared and the convergent key
point for SNH formation in either PD animal models or
human PD. However, further studies are warranted to prove
this speculation.
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FIGURE S1 | Evaluation of stereotactic 6-hydroxydopamine (6-OHDA) injection in
the Parkinson’s disease rat model. (A) Dopaminergic neurons were stained for
immunofluorescence by tyrosine hydroxylase (TH) immunoreactivity. Scale bar
depicts 300 µm. (B) TH protein levels in the SN and the striatum of
6-OHDA-lesioned and vehicle rats. (C) The ratios of TH to total protein loading
(β-actin) are shown in the histogram (t-test). Striatum of the vehicle group:

P = 0.1911, t = 1.572, df = 4, F = 1.384. Striatum of the 6-OHDA group:
P < 0.0001, t = 46.68, df = 4, F = 1.385. Substantia nigra of the vehicle group:
P = 0.4934, t = 0.7529, df = 4, F = 1.439. Substantia nigra of the 6-OHDA group:
P < 0.0001, t = 22.86, df = 4, F = 32.66. ∗∗∗∗P < 0.0001. #Comparison between
different groups. ns P > 0.05, #P < 0.05, ####P < 0.0001, **P < 0.01, **P < 0.01,
***P < 0.001, ****P < 0.0001.

FIGURE S2 | (A) Immunochemistry staining with tyrosine hydroxylase (TH)
antibody showing TH-immunoreactive cells. (B) Western blot showing the TH
protein level. (C) Statistical result of the TH protein expression levels. One-way
ANOVA. Cortex: P = 0.3580, F = 1.225. Striatum: P < 0.0001, F = 593.3.
Substantia nigra: P < 0.0001, F = 6452. #Comparison between different groups.
ns P > 0.05, #P < 0.05, ####P < 0.0001, **P < 0.01, ***P < 0.001,
****P < 0.0001.
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Xu She, Bin Lan, Haomei Tian* and Biao Tang*

Department of Physiology, Hunan University of Chinese Medicine, Changsha, China

Recently, ferroptosis has been revealed as a new form of regulated cell death.
Distinct from apoptosis and necrosis, ferroptosis is evoked by iron-dependent lipid
peroxidation. Furthermore, the metabolism of iron, lipids, and amino acids plays a
significant regulatory role in ferroptosis, which can be reversed by glutathione peroxidase
4 and ferroptosis suppressor protein 1. Ferroptosis is implicated in the onset and
development of numerous neurological diseases. Emerging studies have reported that
ferroptosis induces and aggravates brain tissue damage following cerebral ischemia,
whereas inhibition of ferroptosis dramatically attenuates induced damage. In this review,
we have summarized the mechanistic relationship between ferroptosis and cerebral
ischemia, including through iron overload, downregulation of glutathione peroxidase 4,
and upregulation of lipid peroxidation. Although considerable attention has been paid
to the effect of ferroptosis on cerebral ischemic injury, specific mechanisms need to be
experimentally confirmed, including how cerebral ischemia induces ferroptosis and how
ferroptosis deteriorates cerebral ischemia.

Keywords: ferroptosis, cerebral ischemia, iron metabolism, amino acid metabolism, lipid metabolism

INTRODUCTION

Ferroptosis is a type of regulated cell death dependent on iron. In 2012, ferroptosis was first used
to describe cell death induced by erastin, a small molecule that inhibits cystine uptake and leads
to reduced glutathione (GSH) production, as well as the inactivation of glutathione peroxidase
4 (GPX4) (Dixon et al., 2012). Ferroptosis relies on intracellular iron rather than other metallic
elements and could be inhibited by iron chelators and antioxidants, such as vitamin E. Moreover,
it is distinct from other forms of cell death, including apoptosis, necroptosis, and autophagy-
dependent cell death, in terms of morphology, biochemistry, and genetics (Dixon et al., 2012).
Furthermore, inhibitors of apoptosis, necroptosis, or autophagy are incapable of suppressing
ferroptosis (Dolma et al., 2003).

Abbreviations: 12/15-LOX, 12/15-lipoxygenase; AA, arachidonic acid; ACSL4, acyl-CoA synthetase long-chain family
member 4; AdA, adrenic acid; CEF, ceftriaxone-; CoQ10, coenzyme Q10; CoQ10H2, reduced coenzyme Q10; DAMP,
damage-associated molecular pattern; DMT1, divalent metal transporter 1; FPN, ferroportin1; FSP1, ferroptosis suppressor
protein 1; FT, ferritin; GPX4, glutathione peroxidase 4; GSH, reduced glutathione; GSSG, oxidized glutathione; HIF-1α,
hypoxia-inducible factor-1α; HTF, holotransferrin; IS, ischemic stroke; LIP, labile iron pool; L-O, alkyl oxygen free radicals;
L-OH, phospholipids-H; L-OOH, phospholipids-OH; LOX, lipoxygenase; LPCAT3, lysophosphatidylcholine acyltransferase
3; miR, miRNA; MVA, mevalonate; NAC, N-acetylcysteine; NADPH, nicotinamide adenine dinucleotide phosphate;
NMDAR, N-methyl-D-aspartate receptor; Nrf2, nuclear factor erythroid-2-related factor 2; PE, phosphatidylethanolamine;
PUFAs, polyunsaturated fatty acids; ROS, reactive oxygen species; system xc-, cystine/glutamate reverse transporters; SIH,
salicylaldehyde isonicotinoyl hydrazine; STEAP3, six-transmembrane epithelial antigen of the prostate 3; TF, transferrin;
TFR1, transferrin receptor 1.
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The main characteristic of ferroptosis is death due to the
accumulation of lethal levels of iron-dependent lipid peroxides
(for review, see Michael and Brent, 2017). Previous studies have
shown that ferroptosis has pathological roles in a wide variety of
diseases, including neurodegenerative diseases, cancer, ischemia–
reperfusion injury, stroke, and traumatic brain injury (for review,
see Conrad et al., 2016; Newton et al., 2016; Li et al., 2017;
Toyokuni et al., 2017; Zille et al., 2017).

DISTINCT MORPHOLOGICAL FEATURES
OF FERROPTOSIS AS COMPARED TO
APOPTOSIS, NECROSIS, AND
AUTOPHAGY

Morphologically, ferroptotic cells exhibit typical features of
necrosis, with no apoptosis features. Importantly, ferroptosis
is accompanied by a series of morphological changes in
the mitochondria, including cristae reduction, membrane
coagulation, and rupture of the outer membrane, whereas in
other forms of cell death, the mitochondria are usually swollen
(Dixon et al., 2012). Moreover, in cancer cells treated with
ferroptosis inducers, like erastin, the structural integrity of
the nucleus is maintained, with no nucleation or chromatin
edge observed. These differences in morphological features are
important to distinguish ferroptosis from apoptosis, necrosis, and
autophagy (Xie et al., 2016).

Biochemical processes related to ferroptosis include
metabolisms involving iron, amino acids, or polyunsaturated
fatty acids (PUFAs), as well as the biosynthesis
of GSH, phospholipids, and nicotinamide adenine
dinucleotide phosphate, and coenzyme Q10 (for review, see
Stockwell et al., 2017).

IRON, AMINO ACID, AND LIPID
METABOLISMS ARE DEEPLY INVOLVED
IN THE MOLECULAR MECHANISMS OF
FERROPTOSIS

Notably, mechanisms associated with ferroptosis are complex
and mainly include three factors: iron, amino acid, and lipid
metabolisms. Iron is an essential element in ferroptosis. A robust
increase in iron levels can trigger the accumulation of lipid
peroxides and reactive oxygen species (ROS), resulting in
ferroptosis (Yan and Zhang, 2019).

Amino acid metabolism is closely associated with ferroptosis.
In most cases, the intake of cysteine occurs via cystine/glutamate
reverse transporters (system xc-), which function in the
intracellular environment to synthesize GSH and maintain the
antioxidant activity of GPX4.

Lipoxygenase transforms esterified PUFAs located in
the cell membrane into lipid peroxides (Yang et al., 2016).
Reportedly, lipoxygenase is a crucial agent playing a direct
role in ferroptosis (Yang et al., 2016). Coenzyme Q10, a
downstream effector of β-hydroxy β-methylglutaryl-CoA

(HMG-CoA) reductase, which synthesizes mevalonic acid
(MVA), is an endogenous ferroptosis inhibitor possessing
profound antioxidant effects in the intracellular environment
(Shimada et al., 2016). Suppression of this coenzyme can
potentiate the accumulation of lipid peroxides, resulting in
cell death (Shimada et al., 2016). According to the latest
research, FSP1 represses lipid peroxidation by reducing
coenzyme Q10 through NAD(P)H, thus eliciting an inverse
role in the occurrence of ferroptosis (Bersuker et al.,
2019; Doll et al., 2019). These results indicate that in
ferroptosis, cell death is characterized by lipid peroxidation.
Conceivably, the interventions of ferroptosis by targeting lipid
peroxidation are reasonable.

Iron Metabolism
Iron overload is a key event in ferroptosis, with Fe2+ generating
lipid ROS through the Fenton reaction (for review, see
Toyokuni et al., 2017). Furthermore, Fe2+ constitutes the
lipoxygenase (LOX) catalytic subunit that initiates lipid
peroxidation. Both these functions of Fe2+ are crucial for the
onset of ferroptosis. There are two transport mechanisms
for the entry of non-heme iron into cells: transferrin
(TF)-dependent and TF-independent mechanisms. Several
mechanisms occur independently of TF; for example,
extracellular Fe2+ enters cells through membrane divalent
metal transporter 1 (DMT1). However, most plasma Fe3+

exists in the complete form with TF and is transformed into
holotransferrin (for review, see Hentze et al., 2010). After
endocytosis, holotransferrin binds to TF receptor 1 (TFR1)
on the cell membrane surface and subsequently moves to
endosomes. In the acidic environment of the endosome,
Fe3+ is released from TF and converted into Fe2+ through
oxidation–reduction. Consequently, Fe2+ is transported to
the labile iron pool in the cytoplasm through DMT1 on
the endosome membrane, where it forms a complex that
functions as a physiological or pathological element (for review,
see Richardson and Ponka, 1997; Hentze et al., 2010). The
secretion or storage of excessive Fe2+ in the ferritin complex
blocks the formation of hydroxyl radicals from H2O2, thus
preventing ROS production (for review, see Richardson and
Ponka, 1997). Some Fe2+ ions are transported outside the
cell membrane through ferroportin1 (FPN1) residing in the
cell membrane; therefore, the intracellular iron concentration
is considered appropriate under physiological conditions
(Donovan et al., 2000).

Amino Acid Metabolism
A study has shown that the entrance of cystine into the
cytoplasm could be the mainstay of ferroptotic suppression,
through the maintenance of intracellular GSH levels (Le et al.,
2015). In contrast, the decrease in GSH synthesis contributes
to ferroptosis (Philpott and Ryu, 2014). The translocation
of extracellular cystine and intracellular glutamate by system
xc- is driven by the high glutamate concentration in the
intracellular environment, rather than ATP, at a ratio of
1:1, and the repression of system xc- directly results in
ferroptosis (Dixon et al., 2012). Following the injury of brain
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tissue, system xc- is impacted by the high concentration of
extracellular glutamate (Jose et al., 2014; for review, see Bridges
et al., 2012). After crossing the cytomembrane, cystine is
degraded into cysteine and, subsequently, cysteine is converted
into γ-glutamyl-cysteine by glutamyl-cysteine ligase. Then, γ-
glutamyl-cysteine combines with glycine to form GSH, which
in turn is activated by glutathione synthase (for review,
see Aoyama and Nakaki, 2015).

In recent years, the suppression of GPX4, a key anti-lipid
peroxidation enzyme, has been considered a committed
step of ferroptosis, either through a direct (such as via
covalent inhibition of RSL3 and its related molecules;
Yang et al., 2014) or indirect (such as via GSH depletion)
manner, provoking the unacceptable upregulation of
phospholipid–OH and alkyl oxygen free radicals, causing
severe membrane damage and ferroptosis (Dixon et al.,
2012; Yan and Zhang, 2019). GPX4 activates phospholipid–
OH to phospholipid-H via a reduction reaction, with the
consumption of two molecules of GSH (Yan and Zhang,
2019). Additionally, GSH is transformed into oxidized
glutathione (Yan and Zhang, 2019). Oxidized glutathione
is then reduced to GSH by the nicotinamide adenine
dinucleotide phosphate-dependent glutathione reductase,
entering the next cycle of reduction reaction (Leslie and
Scott, 2018). The oxidized phospholipid–OH is converted
into massive alkyl oxygen free radicals with highly reactivity
initiated by intracellular free Fe2+ (for review, see Gaschler
and Stockwell, 2016). The latter induces adverse effects
on adjacent PUFAs through a cascade of chain reactions.
Eventually, an extensive spectrum of membrane damage occurs,
decreasing cell viability and even causing death (for view see
Philpott and Ryu, 2014).

Furthermore, as a binding ligand for free Fe2+ in the labile
iron pool, GSH can prevent Fe2+ from reacting with H2O2.
Conversely, highly cytotoxic hydroxyl radicals are generated by
the lack of GSH (for review see Philpott and Ryu, 2014).

Lipid Metabolism
Lipid metabolism is closely related to ferroptosis (for review,
see Stockwell et al., 2017). Considering that PUFAs are sensitive
to oxidants, they function as primary substrates of lipid
peroxidation related to ferroptosis, especially arachidonic
acid (AA) and adrenic acid (AdA) (Yan and Zhang, 2019).
First, PUFAs are esterified with membrane phospholipids,
mainly phosphatidylethanolamine (PE). The esterification
reaction is catalyzed by acyl-CoA synthetase long-chain
family member 4 (ACSL4) and lysophosphatidylcholine
acyltransferase 3 (LPCAT3), resulting in the formation
of AA/AdA-PE. Next, LOX converts PE-AA/AdA into
PE-AA/AdA-OH through oxidation, thereby inducing
ferroptosis (Dixon et al., 2015; Yang et al., 2016; Doll
et al., 2017; Kagan et al., 2017; Shintoku et al., 2017).
Furthermore, the degree of ferroptosis can be determined
by measuring the amount of peroxidized PUFAs and
examining their subcellular localization (Stockwell et al.,
2017). However, the specific mechanism through which

lipid peroxidation mediates ferroptosis remains unknown
(Eran et al., 2018).

FERROPTOSIS EXERTS PROFOUND
REGULATORY EFFECTS IN CEREBRAL
ISCHEMIC BRAIN INJURY

The relationship between ferroptosis, as a fundamental form
of cell death in the nervous system, and neurological diseases
has been reported in several diseases, including Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease, amyotrophic
lateral sclerosis, Friedreich’s ataxia, traumatic brain injury, and
periventricular leukomalacia (Chen et al., 2015; Do Van et al.,
2016; Gascón et al., 2016; for review, see Skouta et al., 2014;
Guiney et al., 2017; Hambright et al., 2017; Li et al., 2017;
Zille et al., 2017).

Ischemic stroke (IS) is a major cause of death and disability
worldwide. It is characterized by the sudden obstruction of
local blood flow to the brain and results in irreversible damage
and deficiency of nerve function (for review, see Lee et al.,
1999). There are multiple mechanisms involved in ischemic
neuronal injury, among which oxidative stress is important in
the progression of ischemic injury. In ischemic brain tissue, the
defense ability of the antioxidant system is weakened owing
to ROS elevation, followed by the excessive production of
oxygen free radicals, deactivation of antioxidant enzymes, and
antioxidant depletion. This results in multiple deleterious events,
including peroxidation of lipids and proteins, damage to nuclear
DNA, and cell death (for review, see Chan, 2001). Moreover, it has
been shown that oxidative damage in the ischemic brain tissue
is continuous and even spreads to surrounding healthy tissues;
however, treatment with antioxidants can noticeably attenuate
cerebral ischemic damage (Imai et al., 2003). A recent study
has reported that oxidative stress injury can induce ferroptosis
and leads to neuronal death in neurodegenerative diseases
(Chuanhong et al., 2018) and that BID plays an important role in
the ferroptosis mechanism-induced oxidative stress (Neitemeier
et al., 2017) and is hence possibly linked with cerebral ischemic
damage. However, the role of ferroptosis remains unclear in
cerebral ischemia and further research is needed. Multiple studies
have revealed that ferroptosis plays a regulatory role in ischemic
brain damage, mainly in neurons. However, the suppressive
intervention of ferroptosis can exert neuroprotective effects
(DeGregorio-Rocasolano et al., 2019). These findings imply that
ferroptosis possesses the potential to serve as a therapeutic target
for cerebral ischemia (Cheah et al., 2006; Gubern et al., 2013; Tuo
et al., 2017; Yigitkanli et al., 2017).

Reportedly, ferroptosis exerts profound regulatory effects
during ischemia–reperfusion brain injury. Additionally,
ferroptosis has been detected in mouse models of cerebral
ischemia. Administration of the ferroptosis inhibitors,
liproxstatin-1 or ferrostatin-1 (Fer-1), after reperfusion,
generated a markedly smaller infarct, thus alleviating cerebral
injury (Tuo et al., 2017). Furthermore, studies have revealed
that inhibition of ferroptosis can reduce ischemic brain damage
in rats, suggesting that ferroptosis mediates the onset and
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development of IS and exacerbates cerebral injury (Alim et al.,
2019; Guan et al., 2019; Lan et al., 2020).

Moreover, the inflammatory mechanism is probably
responsible for the aggravation of cerebral ischemic injury
mediated by ferroptosis. Typically, ferroptosis exerts a strong
pro-inflammatory effect through the release of pro-inflammatory
mediators, and this inflammatory response is the key mechanism
of cerebral ischemic injury (for review, see Linkermann et al.,
2014b). Although research in this field is limited, a recent
review indicated that ferroptosis plays an important role in
inflammation (Sun et al., 2020) and, reportedly, inflammation is
activated in ferroptotic tissues in mouse kidney injury models
(Linkermann et al., 2014a). Additionally, the relationship
between inflammation and dead neurons was demonstrated
in the GPX4-depleted model (Hambright et al., 2017). Both
the abovementioned findings provided an experimental basis
for the hypothesis.

POTENTIAL REGULATORY
MECHANISMS OF FERROPTOSIS IN
CEREBRAL ISCHEMIA

The association between ferroptosis and cerebral ischemia is
complex. Several previous studies elucidated that the activation
of ferroptosis following an ischemic episode involves iron
overload (Tuo et al., 2017) and excitatory toxicity induced by the
upregulation of xCT (one heterodimer composed of system xc-)
(Cheah et al., 2006), as well as lipid peroxidation mediated by the
overexpression of ACSL4 (Gubern et al., 2013) and 12/15-LOX
(Yigitkanli et al., 2017; Figure 1).

Mechanisms of Iron Overload During
Cerebral Ischemia
Iron overload following IS is profoundly significant upon the
activation of ferroptosis. Reportedly, iron overload after cerebral
ischemia aggravated cell death in brain tissues, whereas blockade
of iron overload elicited the opposite effect, protecting cerebral
tissues from ischemic injury (Tuo et al., 2017).

Additionally, a study reported that serum levels of hepcidin
and iron increased in IS patients. This indicates that hepcidin
plays an important role in iron overload during cerebral ischemia
(Petrova et al., 2016). The internalization and degradation of
hepcidin are induced through its binding with FPN1 on the
cell membrane, rendering it a negative regulator of iron release
(Petrova et al., 2016). Currently, there are two potential pathways
responsible for iron overload in ischemic brain tissue. The
primary pathway involves increased expression of interleukin-
6 (IL-6) owing to ischemia. IL-6 potentiates the expression
of hepcidin through the JAK/STAT3 pathway, leading to a
decrease in FPN1 and, consequently, reduced iron release.
This results in intracellular iron overload (Ding et al., 2011).
However, the mechanism of IL-6 upregulation in cerebral
ischemia remains unclear. Similarly, the upregulation of hypoxia-
inducible factor 1-alpha (HIF-1α) after cerebral ischemia results
in iron overload, increasing transferrin receptor 1 (TFR1)

expression. Considering that the TF-TFR1 pathway is potentially
necessary for neurons to absorb iron, the increased iron uptake
is possibly a decisive step for iron overload (Ke and Qian, 2007;
Tang et al., 2008).

Moreover, inhibition of iron overload can reduce the damage
caused by IS. In transient IS models, an intramuscular injection
of the iron-chelating agent deferoxamine markedly reduces
the volume of cerebral infarction (Xing et al., 2009). Another
iron-chelating agent, 2,2-bipyridine, exerted a protective effect
in a rat model of permanent cerebral ischemia (Demougeot
et al., 2004). A specific iron-chelating agent, salicylaldehyde
isonicotinoyl hydrazine (SIH), effectively alleviated ischemia–
reperfusion injury (Tuo et al., 2017). Therefore, iron overload
occurs in IS and is closely related to ferroptosis, implying
that iron overload is an important regulatory mechanism of
ferroptosis in IS.

Iron-Related Proteins and IS
Recent studies revealed that TFR1 expression is upregulated in
the brain during cerebral ischemia in rats, and Naotaifang
extract reduces TFR1 expression to inhibit ferroptosis
and improve brain injury (Lan et al., 2020). Paradoxically,
some studies demonstrated that TFR has the opposite effect.
Pretreatment with low-dose thrombin can increase the HIF-1α

level through the p44/42 MAPK pathway, upregulating TF
and TFR expression in the brain parenchyma and reducing
iron-overload-mediated cerebral ischemic injury (Hua et al.,
2003). This is because the brain TF can absorb iron from
the circulation, and, additionally, iron can also quickly flow
from the brain into the bloodstream (Zhang and Pardridge,
2001). This may suggest that the upregulation of TFR1
leads to iron overload, and accumulation of TFR1 beyond a
certain threshold will allow iron clearance and reduce iron
overload (Hua et al., 2003). Nevertheless, further investigations
are imperative to elucidate the comprehensive effects of
TFR1. Moreover, DMT1 expression was upregulated in rats
with cerebral ischemia, and DMT1 inhibitors protected
against ferroptosis, reducing cerebral ischemia injury
(Lan et al., 2020).

AMINO ACID METABOLISM AND
CEREBRAL ISCHEMIA

Expression of System xc- Is Upregulated
in Cerebral Ischemia, Aggravating Injury
Notably, glutamate excitotoxicity after cerebral ischemia
has been described as ferroptosis and can be effectively
inhibited by the ferroptotic inhibitor ferrostatin-1 (Dixon
et al., 2012). Moreover, glutamate excitotoxicity has been
proposed as a mechanism of ferroptosis (Krzyżanowska et al.,
2014). Signaling through glutamate receptors located on the
neuronal cytomembrane, especially the N-methyl-D-aspartate
receptor (NMDAR), promotes intracellular signaling and
directly induces cell death (Cheah et al., 2006). NMDAR
promotes calcium influx, extracellular iron uptake (including
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FIGURE 1 | Schematic representation of ferroptotic mechanisms following cerebral ischemia. This figure summarizes the potential mechanism of cerebral ischemia
in regulating ferroptosis and the molecular mechanisms of ferroptosis: (i) the red arrows indicate that HIF-1α, DMT1, ACSL4, 12/15-LOX, system xc-, and IL-6 are
upregulated by cerebral ischemia, which promotes ferroptosis and worsens cerebral ischemia injury; (ii) the blue arrows indicate that system xc- and GPX4 are
repressed during cerebral ischemia, promoting ferroptosis and potentiating damage; (iii) the additional FSP1 pathway inhibits the formation of ROS through CoQ10H2,
and the Nrf2 pathway represses ferroptosis by attenuating iron overload and oxidative damage; (iv) black arrows represent the molecular mechanisms of ferroptosis;
and (v) green font indicates drugs that inhibit ferroptosis and interfere with ischemic brain injury. Blue arrows indicate inhibition, and red arrows indicate stimulation.
HIF-1α, hypoxia-inducible factor 1-alpha; DMT1, divalent metal transporter 1; ASL4, acyl-CoA synthetase long-chain family member 4; IL-6, interleukin 6; glutathione
peroxidase 4; LOX, lipoxygenase; ROS, reactive oxygen species; FSP1, ferroptosis suppressor protein 1; Nrf2, nuclear factor erythroid 2-related factor 2 (Nrf2).

free iron and holotransferrin), and neuronal excitotoxicity
through the NMDA-NO-Dexras1-PAP7-DMT1 pathway
(Cheah et al., 2006).

System xc- is a heterodimer composed of SLC3A2 (regulatory
subunit) and SLC7A11 (also known as xCT), playing a key role
in the amino acid transport system (Dixon et al., 2012). In
most animal models of neurological diseases, xCT is upregulated
and leads to the release of non-synaptic glutamate, which in
turn activates glutamate receptors. Excitotoxicity induced by
xCT through glutamate receptors circumvents the antioxidant
protection afforded by system xc- itself (Lewerenz et al., 2013).
After the in vitro oxygen-glucose deprivation of neurons, HIF-
1α binds to the promoter of xCT, upregulating its expression
and then inducing injury (Hsieh et al., 2017). Conversely,
the downregulation of xCT expression by N-acetylcysteine and
ceftriaxone significantly reduced IS injury (Krzyżanowska et al.,
2017). Neuronal excitotoxicity, also called ferroptosis, damages
ischemic tissue through NMDAR activation, mediated by an
increased extracellular glutamate content, mainly caused xCT
after cerebral ischemia; repression of system xc- can inhibit
ferroptosis to prevent damage. However, deletion of the transport
subunit of system xc- does not impair the development of
a young mouse brain and exerts only a marginal impact on
an adult mouse brain (Sato et al., 2005), possibly induced
by the presence of a substance compensating for system xc-

in vivo. This rationalizes that an increased expression of system
xc- in cerebral ischemia cannot inhibit but can promote the
occurrence of ferroptosis. Intriguingly, a study has demonstrated
that increased expression of the p53 gene in rats repressed xCT
and resulted in ferroptosis during cerebral ischemia (Lan et al.,
2020). These seemingly contradictory results suggest that there
exists an intricate relationship between xCT, cerebral ischemia,
and ferroptosis. Therefore, additional research in this direction is
needed in the future.

Upregulation of GPX4 and GSH Can
Improve Cerebral Ischemic Injury
GPX4 and GSH are endogenous inhibitors of ferroptosis, and
their content is closely related to cerebral ischemia. Presently, it
is believed that the loss of GPX4 function is crucial for ferroptosis
owing to its pivotal role in the inhibition of lipid peroxidation
(Stockwell et al., 2017). Furthermore, the inhibition of ferroptosis
by GPX4 suppression reduced brain damage in rats subjected to
ischemic damage. In ischemic rat models, significantly low levels
of GPX4 resulted in ferroptosis, whereas high levels of GPX4
could improve brain injury (Lan et al., 2020). Selenium promotes
the expression of GPX4 by activating the transcription factors
TFAP2c and Sp1, effectively inhibiting ferroptosis, and alleviating
IS injury (Alim et al., 2019). Carvacrol, a drug indicated for
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the treatment of cerebral ischemia, is beneficial in inhibiting
ferroptosis in gerbils by potentiating the expression of GPX4
and attenuating hippocampal neuronal damage during cerebral
ischemia–reperfusion injury (Guan et al., 2019).

GSH is essential for GPX4 activity; furthermore, it is the
only intracellular ligand of Fe2+ that prevents the generation
of highly toxic hydroxyl radicals, thereby inhibiting ferroptosis
(Philpott and Ryu, 2014). Moreover, promoting GSH generation
is beneficial for ameliorating IS. As a clinically approved
drug for acute IS, edaravone has been proposed to combat
ferroptosis, especially in cystine deficiency (Homma et al., 2019).
In summary, enhanced GPX4 expression and GSH synthesis
can suppress ferroptosis and mitigate ischemic brain damage.
However, currently, researchers are focusing on the effect of
GPX4 and GSH rather than on the upstream mechanism of
cerebral ischemia.

LIPID METABOLISM AND CEREBRAL
ISCHEMIA

Inhibition of ACSL4 Inhibits Ferroptosis
and Improves Cerebral Ischemic Injury
ACSL4 and LPCAT3 are involved in the remodeling of
phosphatidylethanolamine, which affects the synthesis of
lipid peroxides. However, only ACSL4 is upregulated and
participates in ischemic injury. Reportedly, the inhibition of
ACSL4 can prevent ferroptosis; thus, cell death and intestinal
injury are alleviated (Li et al., 2019). Additionally, ACSL4
is widely expressed in brain tissues and is increased during
cerebral ischemia, with an increased expression of miRNA-347
upregulating ACSL4 at the post-transcriptional level, and
mediating neuronal death (Gubern et al., 2013). Rosiglitazone
can selectively repress the activity of ACSL4, thereby preventing
ferroptosis in the neurons of cerebral ischemic models and
protecting brain function (Sayan-Ozacmak et al., 2012). In
summary, the upregulation of ACSL4 after cerebral ischemia
induces ferroptosis in neurons, leading to IS injury.

Inhibition of Lox Can Inhibit Ferroptosis
and Improve Cerebral Ischemic Injury
LOX is the key enzyme catalyzing PUFAs to initiate lipid
peroxidation and ferroptosis (Lei et al., 2019), highly expressed
after cerebral ischemia, and LOX inhibitors can suppress
ferroptosis (Lei et al., 2019) to attenuate injury (Karatas et al.,
2018). One LOX inhibitor, called ML351, exerted a protective
effect in cerebral ischemia–reperfusion injury (Tuo et al., 2017).
Furthermore, there are several subtypes of LOX, including 12/15-
LOX. In animal models of brain ischemia, 12/15-LOX expression
increases, and the inhibition of 12/15-LOX can reduce the
rate of the neuronal death, improving recovery (Karatas et al.,
2018). Previous studies have shown that suppressing 12/15-LOX
can result in the inhibition of ferroptosis (Li et al., 2018). To
date, it remains unclear whether multiple subtypes work in
conjunction or whether only one subtype is sufficient to initiate
lipid peroxidation and ferroptosis, necessitating further study.

In conclusion, the mechanism of ferroptosis during cerebral
ischemia is related to the accumulation of intracellular Fe2+, lipid
peroxides, and oxidative damage induced by the downregulation
of GPX4. The specific factors are as follows: the increased
expression of HIF-1α enhances the expression of TFR1 and
xCT, both of which potentiate iron uptake and iron overload;
increased IL-6 induces an increase in hepcidin content, which
suppresses iron excretion and leads to iron overload; an unknown
mechanism triggers the downregulation of GPX4; and increased
expression of ACSL4 and 12/15-LOX leads to lipid peroxidation
in the cell membrane.

OTHER MECHANISMS: INHIBITION OF
FERROPTOSIS BY Nrf2 IS EXPECTED TO
IMPROVE IS INJURY

Nuclear factor erythroid-2-related factor 2 (Nrf2) is an important
regulator of the cellular antioxidant defense system. A study
demonstrated that the appropriate activation of Nrf2 promotes
the alleviation of cerebral ischemic injury (Ma, 2013). Several
genes targeted by Nrf2 are strongly associated with the
progression of ferroptosis, including ferritin heavy chain 1,
FPN1, GSH, and GPX4 (Ma, 2013; Kerins and Ooi, 2018).
Furthermore, it has been clarified that the expression level
of Nrf2 is dependent on ferroptosis sensitivity. The enhanced
expression of Nrf2 can inhibit ferroptosis. Conversely, the
inhibition of Nrf2 expression induces ferroptosis (Sun et al.,
2016). Nrf2 inhibits ferroptosis by promoting the expression
of GSH and GPX4, thus enhancing antioxidant function.
Moreover, Nrf2 promotes the expression of ferritin and FPN1
to store and secrete free iron concurrently, thus reducing
the accumulation of iron in cells and preventing ferroptosis
(Yang et al., 2017). Therefore, Nrf2 is a promising anti-
ferroptosis target.

Currently, evidence clarifying the mechanism by which Nrf2
directly affects ferroptosis during stroke is scarce. However, there
are several indications regarding the role of the Nrf2 pathway in
IS. Reportedly, epicatechin can cross the blood–brain barrier to
exert a protective effect in transient IS through the Nrf2 pathway
(Shah et al., 2010). However, related laboratory and clinical data
elucidating this mechanism remain lacking.

CONCLUDING REMARKS AND
PERSPECTIVES

Cerebral ischemia can induce ferroptosis and, in turn, ferroptosis
aggravates cerebral ischemic injury; inhibiting ferroptosis can
alleviate this injury. However, the regulatory mechanisms
involved with ferroptosis in cerebral ischemia, including iron
overload and regulatory mechanisms upstream of GPX4, 12/15-
LOX, and Nrf2, remain unclear; in particular, whether ferroptosis
causes cell death directly or by other means requires further
investigation. Additionally, the relationship between ferroptosis
and other cell death mechanisms, such as apoptosis and
pyroptosis, in cerebral ischemia, is an important direction
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for future research. The resolution of these obstacles will
provide crucial support for the development of ferroptosis as
a target in cerebral ischemia interventions and an important
direction for the study of pathological mechanisms involved in
cerebral ischemia.
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Ferroptosis is an iron-dependent form of cell death characterized by the accumulation
of intracellular lipid reactive oxygen species (ROS). Ferroptosis is significantly different
from other types of cell death including apoptosis, autophagy, and necrosis, both
in morphology and biochemical characteristics. The mechanisms that are associated
with ferroptosis include iron metabolism, lipid oxidation, and other pathophysiological
changes. Ferroptosis inducers or inhibitors can influence its occurrence through different
pathways. Ferroptosis was initially discovered in tumors, though recent studies have
confirmed that it is also closely related to a variety of neurological diseases including
neurodegenerative disease [Alzheimer’s disease (AD), Parkinson’s disease (PD), etc.]
and stroke. This article reviews the definition and characteristics of ferroptosis, the
potential mechanisms associated with its development, inducers/inhibitors, and its role
in non-neoplastic neurological diseases. We hope to provide a theoretical basis and
novel treatment strategies for the treatment of central nervous system diseases by
targeting ferroptosis.

Keywords: ferroptosis, stroke, neurodegenerative disease, Alzheimer’s disease, Parkinson’s disease, iron

INTRODUCTION

Ferroptosis, an iron-dependent type of programmed cell death, is different from apoptosis,
autophagy, and necrosis with regards to both morphology and biochemistry (Stockwell et al.,
2017). Previous studies have shown that ferroptosis is not only related to tumorigenesis (Liang
et al., 2019) but also involved in the processes of various neurological diseases (Alim et al., 2019;
Derry et al., 2020). However, its specific role and mechanism in tumorigenesis and neurological
diseases are still unclear. This article reviews the mechanism of ferroptosis and its role in
non-neoplastic neurological diseases to provide novel ideas for the development of therapeutic
drugs that target ferroptosis.

DEFINITION AND CHARACTERISTICS OF FERROPTOSIS

Dolma et al. (2003) found that the compound erastin can selectively kill RAS-mutated tumor
cells, without any subsequent changes in nuclear morphology, DNA fragmentation, and other
processes. Interestingly, erastin cannot be repressed by caspase inhibitors. Later, other scholars
found that this ferroptosis can be inhibited by iron-chelating agents, and is accompanied by
an increase in lipid reactive oxygen species (ROS) in the cell cytoplasm (Yang and Stockwell,
2008). Therefore, Dixon et al. (2012) named this form of cell death ferroptosis and defined it as an
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iron-dependent, non-apoptotic form of cell death characterized
by intracellular lipid ROS accumulation, after which the concept
was widely accepted by other researchers (Cao and Dixon, 2016;
Xie et al., 2016).

Apoptosis, which refers to a process of programmed
cell death dependent on caspase-3, mainly manifests as cell
shrinkage, the disappearance of the mitochondrial membrane
potential, chromatin concentration, and plasma membrane
invagination to form apoptotic bodies (Williams and Smith,
1993). Autophagy is a process in which cells use lysosomes to
degrade damaged organelles or macromolecules, The autophagy
process is accompanied by the expansion of the Golgi
apparatus and endoplasmic reticulum, nuclear condensation,
and formation of the autophagosome (Mizushima and Komatsu,
2011). Necrosis refers to cell death that is caused by physical,
chemical, or biological factors. It is characterized by swelling
of the organelles, rupturing of the plasma membrane, and
the release of cellular contents, all of which lead to the
development of inflammation (Wallach et al., 2016). On
the other hand, ferroptosis is characterized by a complete
plasma membrane, increased mitochondrial membrane density,
a reduced or disappeared crest, increased release of oxidized
polyunsaturated fatty acids (PUFAs), and lipid ROS in the
cytoplasm, all of which can be inhibited by iron-chelating agents
(Stockwell et al., 2017).

MECHANISM OF FERROPTOSIS

Iron metabolism dysfunction, intracellular lipid ROS production,
and degradation imbalance contribute to the occurrence
of ferroptosis.

Iron Metabolism and Ferroptosis
Free Fe3+ in the blood forms a complex with extracellular
transferrin (Tf), which binds to transferrin receptor 1 (TfR1) on
the cell membrane, and forms endosomes that are transported
into the cell under endocytosis. In the cell, Fe3+ is catalyzed into
Fe2+ by the enzyme’s six-transmembrane epithelial antigen of
the prostate (STEAP3), which is transported from the endosome
to the cytosol through the divalent metal ion transporter 1
(DMT1; Koskenkorva-Frank et al., 2013). Fe2+ can be pumped
out through ferroportin, which is located on the cellular
membrane or stored in ferritin in the cytoplasm to achieve
intracellular iron homeostasis. When excess Fe2+ is produced
in the cells, lipid ROS are generated by the Fenton chemical
reaction, leading to the continuous accumulation of lipid ROS
within the cell and the eventual development of ferroptosis (Cao
and Dixon, 2016; Xie et al., 2016).

Lipid ROS Metabolism and Ferroptosis
The accumulation of lipid ROS is an important cause of
ferroptosis, though the exact way it is produced remains to be
elucidated (Muhoberac and Vidal, 2019; Stockwell and Jiang,
2020). ROS can interact with PUFAs on the lipid membrane to
form lipid ROS. When a large amount of lipid ROS accumulates
in the cell, it causes ferroptosis. Lipoxygenase is likely involved
in the formation of iron-dependent lipid ROS, as it catalyzes the

oxidation of PUFAs to lipid hydroperoxides. When numerous
iron ions are present in the cytoplasm, lipid hydroperoxides form
toxic lipid free radicals, causing cellular damage. In parallel, these
free radicals can transfer protons near PUFAs, which starts a
new round of lipid oxidation reaction and causes more serious
oxidative damage (Nakamura et al., 2019; Su et al., 2019; Wang
et al., 2020).

GPX4 Regulation and Ferroptosis
GPX4 is a class of antioxidant enzymes. GSH can degrade H2O2
and lipid ROS into H2O, and their corresponding alcohols,
respectively, thus reducing intracellular lipid hydroperoxide, and
organic hydroperoxide. These reactions cause cells to avoid
oxidative damage, which is essential for cell survival (Imai et al.,
2017; Ingold et al., 2018; Li et al., 2020).

GSH Synthesis Regulation Pathway and Ferroptosis
As GSH is a necessary co-factor for the function of GPX4, its
synthesis directly affects GPX4 activity. The cystine/glutamate
reverse transporter on the cell membrane, system x−c , transports
glutamate to the outside of the cell and cystine into the cell.
Once in the cytoplasm, cystine is transformed into cysteine
(Cys), which is involved in the synthesis of reduced GSH
(Massie et al., 2015). When system x−c transport cystine is
blocked, the intracellular Cys levels are reduced, resulting
in a decrease in GSH synthesis, a loss of GPX4 activity,
intracellular lipid ROS accumulation, and ferroptosis. Inducers
such as erastin can reduce intracellular Cys levels, inhibit
GSH synthesis, and attenuate the accumulation of intracellular
lipid ROS, leading to the development of ferroptosis by
inhibiting the activity of system x−c (Dai et al., 2020;
Wang et al., 2020).

Mevalonate Regulation Pathway
GPX4 is a selenium-containing protease, the activity of which is
affected by the catalytic center selenocysteine (Sec). The genetic
code of Sec is UGA, which is the same as the stop codon.
Therefore, special transport RNA (tRNA[Ser]Sec) is required
for this process (Wirth et al., 2014; Schweizer and Fradejas-
Villar, 2016). The maturation process of tRNA[Ser]Sec, a single
tRNA that transports Sec, requires prenylation modification at
a specific adenine site. This is required for Sec to participate
in the synthesis of selenoproteins. The prenyltransferase uses
isopentenyl pyrophosphate (IPP) as the donor, which is
an important product of the mevalonate (MVA) pathway.
Therefore, the activity of GPX4 is regulated by MVA (Seibt
et al., 2019). Interestingly, statins can hinder the maturation of
tRNA[Ser]Sec, which affects the synthesis of GPX4, and causes
ferroptosis (Yu et al., 2017).

Other Pathways
Other proteins regulate ferroptosis, such as the apoptosis
molecule p53, which inhibits the activity of the transporter,
reduces the intake of cystine and synthesis of GSH, and
hinders the activity of GPX4 by inhibiting the expression
of the system x−c subunit SLC7A11. p53 also reduces the
capacity of the antioxidant effect and increases lipid ROS levels,
leading to ferroptosis (Kang et al., 2019; Leu et al., 2019;
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Ye et al., 2019; Li et al., 2020a). Also, activation of
the mitogen-activated protein kinase (MAPK) pathway
can induce ferroptosis in cancer cells (Gao et al.,
2018; Li et al., 2018; Su et al., 2019). Thus, in cancer
cells with RAS mutations, blocking RAS/RAF/MEK
signal can inhibit ferroptosis caused by erastin (Imai
et al., 2017). However, the specific mechanism is still
not clear.

FERROPTOSIS INDUCER

Systeme x−
c

Systeme x−c is a heterodimer composed of the transmembrane
transporter SLC7A11 and regulatory protein SLC3A2L
connected by disulfide bonds. This complex mediates cystine
entry into cells and glutamate exit from the cells (Bridges et al.,
2012; Massie et al., 2015). When the extracellular glutamate
is present in excess, it inhibits the transfer of extra cysteine
by systeme x−c , reduces intracellular Cys levels, and blocks the
synthesis of GSH, resulting in the accumulation of intracellular
lipid ROS and development of cell death (Tobaben et al.,
2011; Kang et al., 2014; Yang and Stockwell, 2016). Previous
studies have shown that after adding the ferroptosis inducer
erastin, the level of intracellular radiolabeled Cys becomes
significantly reduced, and the synthesis of GSH is blocked,
subsequently causing ferroptosis (Dixon et al., 2012; Du et al.,
2020). Sorafenib, a targeted therapeutic drug approved by the
United States Food and Drug Administration (US FDA) for
metastatic kidney cancer, can inhibit the activity of CRAF,
BRAF, VEGFR, and PDGFR-β kinase in tumor cells (Hiles
and Kolesar, 2008; Rini et al., 2020). Studies have shown that
sorafenib can induce the occurrence of ferroptosis in tumor cells,
opening up a novel method for tumor treatment (Sun et al., 2016;
Xu et al., 2020). Sulfasalazine (SAS) is a sulfonamide antifungal
drug that is widely used in the treatment of colitis. It can inhibit
the expression of systeme x−c subunit SLC7A11 and reduce the
levels of intracellular Cys, leading to the induction of ferroptosis
in the pancreas, breast, head, or neck cancer (Kim et al., 2018;
Yamaguchi et al., 2018; Yu et al., 2019; Shin et al., 2020).
Glutamate can reduce intracellular Cys expression by inhibiting
the transfer of systeme x−c , which leads to the inhibition
of GSH synthesis and causes ferroptosis (Song et al., 2018;
Wang et al., 2019).

GPX4 Inhibitor
While erastin acts on systeme x−c , it indirectly affects the synthesis
of intracellular GSH, which, in turn, affects the activity of
GPX4, causing the accumulation of intracellular lipid ROS and
triggering ferroptosis (Yang et al., 2014; Hao et al., 2017).
RAS selective lethal small molecule 3 (RSL3) cannot affect the
synthesis of GSH in the cell, but can directly inhibit the target
protein GPX4, resulting in loss of GPX4 activity and triggering
ferroptosis (Sui et al., 2018; Ye et al., 2019; Vu čkovi ć et al.,
2020). The small molecule FIN56 promotes the degradation of
the GPX4 protein and reduces the synthesis of the lipophilic
antioxidant coenzyme Q 10 (CoQ 10) through the MVA
pathway. This weakens the inhibitory effect of CoQ 10 on the

production of lipid ROS, leading to the occurrence of ferroptosis.
When GPX4 was overexpressed in cells, FIN56-induced cell
death was inhibited (Shimada et al., 2016; Gaschler et al., 2018).

GSH Depleting Agent
As a reducing agent of GPX4, GSH directly affects the
activity of GPX4 and induces ferroptosis when its synthesis is
blocked. Previous studies have found that, in RAS mutant cells,
buthionine sulfoximine (BSO) can inhibit the GPX4 synthesis,
which reduces the synthesis of GSH, inhibits GPX4 activity,
leads to the accumulation of intracellular lipid ROS, and causes
ferroptosis (Nishizawa et al., 2018; Zhang et al., 2018).

FERROPTOSIS INHIBITOR

Iron Chelating Agent
Iron chelating agents can turn free iron ions into stable
compounds, thereby reducing its toxic effects and inhibiting
the process of ferroptosis. Deferoxamine (DFO), a bacterial
metabolite, is one type of iron-chelating agent that can bind to
the six coordinated bonds in the center of the iron atom, reduce
the Fe2+ level in the cytoplasm, and inhibit lipid ROS formation
caused by Fe2+ accumulation. Ultimately, DFO inhibits the
occurrence of ferroptosis (Louandre et al., 2013; Ma et al., 2016;
Chen et al., 2017). Another chelating agent, ciclopirox (CPX), is a
classical antifungal drug. The addition of CPX to neurons in vitro
can inhibit glutamate-induced cell death (Ma et al., 2013).

Lipid ROS Inhibitor
Ferrostatin-1 is an aralkylamine-containing antioxidant that
can lower levels of lipid ROS in the cytoplasm and inhibit
ferroptosis induced by either erastin or RSL3 (Wenzel et al., 2017;
Li et al., 2019). Similarly, lipoxstatin-1, which contains amide
and sulfonamide subunits, can inhibit the lipid peroxidation
pathway and the occurrence of ferroptosis by lowering lipid
ROS levels in the cytoplasm (Skouta et al., 2014). Zileuton
is a novel and selective 5-lipoxygenase inhibitor that can
prevent the production of ROS in the cytoplasm and effectively
prevent glutamate-induced ferroptosis in mouse hippocampal
neuronal cells (Liu et al., 2015; Yuan et al., 2016). As a
well-known lipid ROS inhibitor, vitamin E can reduce cell death
by inhibiting the lipid oxidation pathway, thereby attenuating
neurological dysfunction (Carlson et al., 2016; Imai et al., 2017;
Hinman et al., 2018).

FERROPTOSIS AND NERVOUS SYSTEM
DISEASES

Statistics show that the number of patients with neurological
diseases such as stroke and neurodegenerative disease increases
year by year, thus placing a great burden on families and society.
However, due to the unclear pathogenesis of these diseases
and a lack of reliable diagnostic and treatment methods, a
greater in-depth research is urgently needed. Previous studies
on ferroptosis have focused on the field of cancer. In recent
years, researchers have found that ferroptosis can also exert a
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significant effect on neurological diseases (Yan and Zhang, 2019;
Yan et al., 2020).

Traumatic Brain Injury and Ferroptosis
Traumatic brain injury (TBI) is a leading cause of disability and
mortality, with 1.5 million hospital admissions and 57,000 deaths
in Europe each year. Acute brain injuries resulting from
TBI can lead to lasting neurologic and cognitive problems.
Mechanisms accounting for brain damage after TBI include
biophysical forces, neuropathological changes (e.g., multifocal
axonal injury, microglial activation, and microhemorrhages)
and pathological responses (e.g., inflammation, mitochondrial
dysfunction, and oxidative stress). Therapeutic strategies for
TBI include pharmacological agents (e.g., anti-inflammatory
agents and cell cycle inhibitors), noninvasive approaches (e.g.,
exercise therapy and transcranial magnetic stimulation), and
biologics. Recent studies have shown that ferroptosis may
play a role in TBI. After establishing a controlled cortical
impact injury (CCI) mouse model, Xie et al. (2016) observed
iron accumulation, reduced GPx activity, and increased lipid
ROS after TBI. They also found that the administration
of Ferrostatin-1 by cerebral ventricular injection reduced
ferroptosis and attenuated injury lesions. The role of ferroptosis
in TBI and the neuroprotective function of baicalein were
supported by Li et al. (2020a) who conducted in vivo
and in vitro studies and also showed that baicalein had
neuroprotective effects against posttraumatic epileptic seizures.
Xie et al. (2016) detected the expression of ferroptosis-related
molecules at 6 h, 12 h, 24 h, 48 h, and 72 h following
CCI in mice. They reported that overexpression of miR-
212-5p reduced ferroptosis while downregulation of miR-212-
5p induced ferroptosis partially by targeting prostaglandin-
endoperoxide synthase-2. Moreover, the administration of miR-
212-5p significantly improved learning and spatial memory in
CCI mice. Therefore, ferroptosis participates in the pathological
process of TBI, and inhibiting ferroptotic death via different
pathways may have neuroprotective effects. Additionally, due
to a damaged blood-brain barrier and impaired homeostasis,
TBI can contribute to secondary injury that occurs from hours
to months. The delayed period suggests a potential therapeutic
window intervention. However, because of limited data, the time
window is under exploration and more studies on ferroptosis
associated treatment for TBI are needed.

Stroke and Ferroptosis
Stroke has high morbidity, high lethality, and a high disability
rate. Stroke can be classified into either hemorrhagic or ischemic
stroke. Ischemic stroke develops due to carotid and vertebral
artery stenosis or occlusion, causing the insufficient blood
supply to the brain. This results in a depletion of oxygen
and nutrients within the brain, leading to oxidative stress,
mitochondrial damage, and ultimately, cell death (Andrabi et al.,
2020; Datta et al., 2020). Previous studies have found that
ferroptosis is closely related to ischemic stroke (Ahmad et al.,
2014) found that in a mouse ischemic stroke model, GSH was
significantly reduced, and the levels of lipid ROS were increased.
Other scholars report that ferroptosis can cause neuronal death

after ischemic stroke and that an inhibitor of ferrostatin-1 or
liproxatin-1 plays a protective role in the mouse ischemic stroke
model (Guan et al., 2019; Lan et al., 2020). Li et al. (2020a)
analyzed the ultrastructure of tissue samples from patients with
cerebral hemorrhage using transmission electron microscopy
and observed that ferroptosis coexists with apoptosis, necrosis,
and autophagy (Nikoletopoulou et al., 2013; Li et al., 2018).
The combined use of inhibitors that target multiple avenues
of cell death is better than the use of a certain form of death
inhibitor in reducing neuronal damage (Weiland et al., 2019).
Previous studies have found that selenium ions can enhance
the expression of GPX4 and inhibit ferroptosis by activating
the transcription factors TFAP2c and Sp1 (Ingold et al., 2018;
Alim et al., 2019; Conrad and Proneth, 2020). Treatment of
selenium ions can enhance the expression of the antioxidant
GPX4, protect from neuronal injury, and improve behavioral
defects in mouse models of stroke (Alim et al., 2019). Li et al.
(2020b) found that inhibition of ferroptosis alleviates early brain
injury after subarachnoid hemorrhage in vitro and in vivo, which
is associated with a reduction of lipid peroxidation. Therefore,
suppressing ferroptosis can be used as an effective treatment
for stroke.

Neurodegenerative Disease and
Ferroptosis
Alzheimer’s Disease and Ferroptosis
Alzheimer’s disease (AD) is a familial neurodegenerative disease.
The clinical manifestations include cognitive impairment,
memory decline, executive ability decline, and personality
changes, among others. The pathological features of AD include
the presence of senile plaques that are formed by extracellular
β-amyloid deposition, nerve fiber tangles formed by abnormal
phosphorylation of Tau protein, neuronal damage, and abnormal
synaptic function (Ballard et al., 2011; Palop and Mucke, 2016).
Characteristics associated with ferroptosis can be detected in
the brains of AD patients and mice, such as iron metabolism
disorder, glutamate excitotoxicity, and lipid ROS accumulation.
Numerous studies show that ferritin in the brain of AD
patients is related to the content of apolipoprotein in the
cerebrospinal fluid. Increased ferritin is accompanied by an
up-regulation in the expression of the AD risk gene APOE-
ε4, indicating that the iron levels in the brain affect the AD
process and that high levels of iron in the brain can be
used as a risk factor of AD (Ayton et al., 2015; Xu et al.,
2016). Additionally, glutamate excitotoxicity is involved in
the pathogenesis of AD. Dysfunction of systeme x−c during
ferroptosis can lead to an increase in the concentration of
extracellular glutamate, causing excitotoxicity (Kang et al., 2018;
Zille et al., 2019; Zhang et al., 2020). Furthermore, oxidative
stress is critically related to AD. Recent studies have shown that
oxidative stress can promote oligomeric Aβ disorder and tau
protein tangles-induced neurotoxicity (Jiang et al., 2016; Luengo
et al., 2019). Accumulation of lipid ROS during ferroptosis
can cause oxidative damage to cells, resulting in neuronal
damage and the development of AD (Xie et al., 2016; Wu
et al., 2018). Hambright et al. (2017) found that a knockout of
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GPX4 in the mouse brain neurons caused neuronal degeneration,
accompanied by cognitive dysfunction. However, administration
of the ferroptosis inhibitor, Liproxstatin-1, can reverse the
neuronal degeneration and improve the cognitive function of
mice (Hambright et al., 2017).

Parkinson’s Disease and Ferroptosis
Parkinson’s disease (PD) is a degenerative neurological disease
that is mainly observed in the elderly population. The clinical
manifestations include resting tremor, bradykinesia, muscle
stiffness, and posture and gait disorders, accompanied by
memory loss, mental decline, and emotional disorders. The
pathological features of the disease mainly include degeneration
and death of midbrain substantia nigra dopaminergic (DA)
neurons, reduced striatum DA concentration, and formation
of Lewy bodies (Goedert and Compston, 2018; Homayoun,
2018). Recently, researchers found that in PD patients, iron and
hydroxyl radical levels in the substantia nigra are increased,
leading to damage of DA neurons. Besides, other ferroptosis
characteristics such as GSH depletion have also been observed
in the substantia nigra of PD patients (Zhao, 2019; Devos
et al., 2020; Zhang et al., 2020). Another study reported
that loss of plasma ceruloplasmin iron oxidase activity in the
substantia nigra of PD patients, which led to the accumulation
of iron peroxide. Interestingly, iron chelating agents were
able to reverse the accumulation of iron ions caused by the
absence of ceruloplasmin, improve the exercise ability of PD
mice, and effectively reduce any neurological damage caused
by MPTP (Ayton et al., 2013), consistent with prior results
performed in PD patients (Grolez et al., 2015). Do Van et al.
(2016) and Dächert et al. (2020) confirmed using in vitro
brain slice examination and in vivo MPTP mouse model that
PKCα activation caused MEK activation, which, in turn, caused

ferroptosis. Therefore, iron chelators, ferrostatin-1, and PKC
inhibitors, which regulate ferroptosis, may represent novel drugs
for PD patients.

Huntington’s Disease and Ferroptosis
Huntington’s disease (HD) is a type of inherited neurological
disease caused by repeated amplification of CAG in the
HTT gene. The clinical manifestations of HD are involuntary
dance-like movements, dementia, and mood disorders (Roos,
2010; Wyant et al., 2017). Ferroptosis is related to the
excitotoxicity of glutamate and GSH-mediated redox reactions
in HD. Abnormal levels of glutamate, GSH, iron ions, and
accumulation of intracellular lipid ROS have also been detected
in HD patients (Dubinsky, 2017; Kumar et al., 2020). In animal
HD models, characteristics of ferroptosis, including blocked GSH
synthesis and decreased activity of GPXs, have been detected
(Ribeiro et al., 2012; Mason et al., 2013). Treatment of HD
rats using the ferroptosis inhibitor ferrostatin-1 was found to
inhibit lipid peroxidation and reduce neuronal death. However,
the use of iron chelating agents can reverse the changes of
lipid peroxidation inhibition and neuronal death reduction, and
significantly improve cognitive dysfunction of HD rats (Chen
et al., 2013; Skouta et al., 2014; Agrawal et al., 2018).

Periventricular Leukomalacia and
Ferroptosis
Periventricular leukomalacia (PVL), a secondary brain white
matter injury, is commonly seen in premature infants and
surviving children with postpartum asphyxia. Hypoxia before
and after the perinatal period causes ischemia of the peripheral
ventricle region of the child, resulting in damage to neurons
and oligodendrocytes (OLs) and abnormal formation of the
myelin sheath. Hypoxia also causes softening of the white matter

FIGURE 1 | Mechanisms of ferroptosis and non-neoplastic neurological diseases.
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around the ventricles, resulting in bilateral spastic hemiplegia,
quadriplegia, and mental retardation (Deng et al., 2008; Back,
2017). Indirect evidence has indicated that ferroptosis may
play a key role in the development of PVL. Inder et al.
(2002) found a large number of lipid oxidation products in
the cerebrospinal fluid of infants with PVL. Furthermore, OLs
death in PVL is related to lipid peroxidation, which is one of
the key characteristics of ferroptosis. These results suggest that
ferroptosis may be involved in the pathogenesis of PVL (Inder
et al., 2002). Similarly, other studies that used cultivated OLs
in cysteine-free medium found that exhaustion of GSH caused
ferroptosis in cells, and the administration of ferrostatin-1 can
effectively prevent ferroptosis in OLs (Novgorodov et al., 2018;
Nobuta et al., 2019).

CONCLUSIONS AND PROSPECTS

In this review article, we mainly describe the role of ferroptosis
in non-neoplastic neurological diseases, including TBI, stroke,
neurodegenerative disease, and PVL (Figure 1). And summarize
the inducer and inhibitor of ferroptosis used in previous research.
Ferroptosis is an iron-dependent form of cell death characterized
by the accumulation of intracellular lipid ROS. Ferroptosis is

closely related to the progress of various neurological diseases
including AD, PD, HD, and stroke. However, there are still many
issues in this field that need to be resolved. First, researchers need
to examine the relationship between ferroptosis and other cell
death types such as apoptosis, autophagy, and necrosis. Second,
the similarities and differences in the molecular mechanism
of ferroptosis across different disease states need to be better
defined. Third, there needs to be further research on drugs
that target ferroptosis to determine whether they can play an
important role in the clinical treatment of neurological diseases.
In-depth research on ferroptosis will help us further clarify the
pathogenesis of neurological diseases and provide a theoretical
basis for clinical treatment targeting ferroptosis to prevent and
treat neurological diseases.
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Introduction: Ischemic stroke-induced inflammation and inflammasome-dependent
pyroptotic neural death cause serious neurological injury. Nano-sized plasma exosomes
have exhibited therapeutic potential against ischemia and reperfusion injury by
ameliorating inflammation. To enhance its therapeutic potential in patients with ischemic
injury, we isolated exosomes from melatonin-treated rat plasma and assessed the
neurological protective effect in a rat model of focal cerebral ischemia.

Methods: Basal plasma exosomes and melatonin-treated plasma exosomes were
isolated and intravenously injected into a rat model of focal cerebral ischemia.
Neurological recovery was evaluated by determining the modified neurological
severity score (mNSS), infarct volume, and brain water content. Pyroptosis in the
ischemic cortex was detected through dUTP nick-end labeling (TUNEL) assay,
lactate dehydrogenase (LDH) release, and gasdermin D (GSDMD) cleavage. NLRP3
inflammasome assembly and global inflammatory cytokine secretion were detected by
enzyme-linked immunosorbent assay (ELISA) and Western blot assay. In immunized
Sprague–Dawley rats, microglia pyroptosis was determined through a positive
percentage of IBA1+ and caspase-1 (p20)+ cells. Finally, the microRNA (miRNA)
profiles in melatonin-treated plasma exosomes were analyzed by exosome miRNA
microarray analysis.

Results: Melatonin treatment enhanced plasma exosome therapeutic effects against
ischemia-induced inflammatory responses and inflammasome-mediated pyroptosis. In
addition, we confirmed that ischemic stroke-induced pyroptotic cell death occurred
in the microglia and neuron, while the administration of melatonin-treated exosomes
further effectively decreased the infarct volume and improved recovery of function via
regulation of the TLR4/NF-κB signaling pathway. Finally, the altered miRNA profiles in the
melatonin-treated plasma exosomes demonstrated the regulatory mechanisms involved
in neurological recovery after ischemic injury.
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Conclusion: This study suggests that nano-sized plasma exosomes with melatonin
pretreatment might be a more effective strategy for patients with ischemic brain injury.
Further exploration of key molecules in the plasma exosome may provide increased
therapeutic value for cerebral ischemic injury.

Keywords: ischemic stroke, melatonin, plasma exosome, pyroptosis, inflammatory response, TLR4/NF-κB
signaling pathway

INTRODUCTION

According to the Global Burden of Disease Study, stroke has
become the second leading cause of death and the third leading
cause of global disability-adjusted life years, putting tremendous
pressure on medical care worldwide (Feigin et al., 2014). As a
sudden neurological dysfunction caused by interruption of the
blood supply, various pharmacological and cytological therapies
have been applied to mitigate post-stroke injury and improve
recovery of neurological function. Growing evidence suggests
that the inflammatory response and inflammatory cell death
play crucial roles in the secondary injury in ischemic stroke
(Jin et al., 2010). Although a vast number of systemic studies
have been devoted to elucidating the internal mechanisms,
there is still missing information and the mechanism content is
constantly updated.

Pyroptosis was identified as a programmed form of necrosis,
which features a lytic process featuring cell swelling and large
bubbles emanating from the plasma membrane (Sarhan et al.,
2018). As a high level of inflammatory response, pyroptosis
is triggered by nucleotide-binding oligomerization domain-like
receptors (NLRs), which recognize various pathological stimuli,
including pathogen-associated molecular patterns (PAMPs) and
endogenous damage-associated molecular patterns (DAMPs).
Important compounds of the inflammasome are the NLRPs
(NOD-like receptors containing pyrin domains), which consist
mainly of NLRP3 and NLRP1. NLRP3 interacts with pro-
caspase-1 upon connection with the apoptosis-associated speck-
like protein containing the CARD (ASC) adapter, leading to
the cleavage of precursors of inflammatory cytokines into
mature forms, including interleukin-18 (IL-18) and interleukin-
1β (IL-1β) (He et al., 2016). Activated caspase-1 subsequently
cleaves and releases the N-domain of gasdermin D (GSDMD),
which eventually forms membrane pores and releases mature
inflammatory mediators into the extracellular space, causing a
severe inflammatory cascade reaction (Liang and Liu, 2016).
Studies have shown that inflammation-related pyroptosis is an
important factor affecting stroke prognosis (Jin et al., 2010).
In a rat stroke model, the protein GSDMD promptly increased
and then climbed to a peak 24–48 h post-ischemia, indicating
that pyroptosis occurs efficiently during cerebral ischemia injury
(Zhang D. et al., 2019).

Exosomes are nano-sized extracellular vesicles (EVs) secreted
by living cells into the extracellular fluids, and biofluids such
as blood, urine, and cerebrospinal fluid have all been proven to
secrete exosomes (Zhang et al., 2015). Recently, exosomes have
received widespread attention for their inclusive composition
(Zhang X. et al., 2019). These nanocarriers contain proteins,

lipids, and nucleic acids, which are the major mediators of
cell–cell communication and play regulatory roles in several
cellular processes such as immune regulation (Vanni et al.,
2017; Zhang X. et al., 2019). In addition, plasma exosomes
from young individuals have been reported to have anti-
inflammatory effects on ischemia (Lee B.R. et al., 2018);
nevertheless, the mechanism by which exosomes protect nerve
cells from ischemia injury remains unclear. Numerous studies
have confirmed that the microRNAs (miRNAs) in exosomes
function as key factors in the regulatory process of inflammation,
angiogenesis, cellular transport, apoptosis, and proteolysis (Eirin
et al., 2014; Liu et al., 2016). A class of exosomal miRNAs such
as microRNA-29a, microRNA-9, microRNA-30c-5p, microRNA-
30d, and microRNA-155 have been proven to modulate the cell
pyroptotic process after brain injury (Li et al., 2014; Jeyabal
et al., 2016; Wu et al., 2016; Minghua et al., 2018; Ding et al.,
2020). Previous studies have shown altered miRNA profiles in
the plasma or exosomes in various physiological environments
or after pharmacological treatments (Minghua et al., 2018; Yoon
et al., 2020; Zhang and Jin, 2020). Therefore, it is of significant
interest to determine the composition and function of exosomal
miRNAs in inflammasome-dependent pyroptosis during cerebral
ischemic injury.

Melatonin is a potent free radical scavenger and broad-
spectrum antioxidant that is synthesized by the pineal gland
or other organs and has been shown to inhibit inflammation
and apoptosis in cerebral ischemic injury (Rancan et al.,
2018). However, the specific mechanism has not yet been
clearly explained. Interestingly, some studies have found that
melatonin can affect the composition of exosomes, such as
microRNA (Cheng et al., 2017; Alzahrani, 2019; Hunsaker
et al., 2019; Yoon et al., 2020), suggesting that it has versatile
therapeutic means to improve stroke prognosis. In this study,
we investigated the therapeutic effect of plasma exosomes against
ischemia-induced inflammation and inflammasome-dependent
pyroptosis. Based on these findings, we suggest that melatonin
alters the microRNA profiles in plasma exosomes and ultimately
improves stroke recovery. However, the correlation between the
anti-pyroptotic mechanisms and the specific miRNA functions
requires further research.

MATERIALS AND METHODS

Animals and Ethics Statement
Sprague–Dawley rats weighing 200–250 g were purchased
from the Shanghai Charles River Experimental Animal Limited
Liability Company (Shanghai, China). The animals were
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housed in a standardized animal care center with appropriate
temperature and humidity with a 12 h light/dark cycle. Rats
were given free access to food and water. All experimental
procedures were approved by the Ethics Committee of Wenzhou
Medical University and were carried out in strict accordance
with the animal care and use guidelines of the National
Institutes of Health.

Stroke Model and Exosome Injection
The permanent distal middle cerebral artery occlusion (pMCAO)
model was used to create permanent focal ischemia, as previously
described (Ren et al., 2018). Briefly, Sprague–Dawley rats were
anesthetized and incised between their left eye socket and tragus.
With the temporal muscles separated, a 3 mm diameter bone
window was drilled for left middle cerebral artery exposure.
After separation and blocking of the common carotid arteries
on both sides, the distal middle cerebral artery was cauterized
for permanent blocking. The carotid arteries were then released,
and wounds were sutured with continual vital signs monitoring.
The sham group underwent the same surgical procedure without
cerebral artery blocking. To explore the influence of exosomes
(Exo) and melatonin-Exo on pMCAO-induced cerebral injury,
exosomes derived from rat plasma suspended in phosphate-
buffered saline (PBS) were injected intravenously through the tail
vein at a concentration of 100 µg per rat at 1, 12, and 36 h after
cerebral artery blocking. The pMCAO group received an equal
volume of PBS. All experiments followed the schedule shown
in Figure 1A.

Isolation and Characterization of Serum
Exosomes
Melatonin dissolved in 0.9% saline (with 5% DMSO) was
injected intraperitoneally once a day for seven consecutive
days (10 mg/kg). At day 8, the rats were sacrificed and blood
was collected for plasma acquisition. Plasma exosomes were
then extracted with a Total Exosome Isolation Kit (Invitrogen).
The isolated exosomes were suspended in PBS for further
characterization. Exosome size distribution and concentration
were analyzed using a ZETASIZER Nano series-Nano-ZS system.
Vesicles were visualized by light scattering using a Hitachi
H-7650 transmission electron microscope. Specific exosome
markers including TSG101, CD63, and cytochrome C were
determined through Western blot analysis.

TTC Staining
Three days after stroke, the brain was excised and cut into
five pieces. The sections were then immersed in preheated
2% 2,3,5-triphenyltetrazolium chloride (TTC; Sigma Aldrich)
solution for 20 min. After washing with PBS, the sections were
placed with the frontal pole toward the front and captured
with a camera. Finally, the infarct volume was calculated by
ImageJ software.

Neurobehavioral Training and Evaluation
The modified neurological severity score (mNSS) test was used
to assess neurological deficits, as described previously (Longa
et al., 1989). The mNSS includes multiple tasks to assess motor,

FIGURE 1 | Time axis and characterization of exosomes. (A) Experimental design time axis of this study. (B) Western blot analysis of the specific exosome, including
TSG101, CD63, and cytochrome C. (C) Particle size distribution measured by nanoparticle tracking analysis system. (D) Morphology observed by transmission
electron microscope.
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sensory, reflex, and balance abilities and is conducted at 1, 7, 14,
21, and 28 days after surgery, with a maximum deficit score of 18.
A higher score indicates more severe neurological dysfunction.
All mice were pre-trained for 14 days before the operation until
their performance reached a steady state.

Assessment of Cerebral Edema
Brain water content (BWC) was evaluated as previously described
(Ishrat et al., 2015). Rat brain tissues were taken 3 days after
surgery, and the ipsilateral and contralateral sides were then
separated and weighed for wet weight (WW). The tissues
were dried in an oven at 100◦C for 24 h to obtain a dry
weight (DW). BWC was calculated using the following formula:
100%× (WW− DW)/WW.

Western Blot Analysis
Total proteins were extracted from brain tissues using RIPA
lysis buffer (Thermo Fisher Scientific, United States) and
quantified with a bicinchoninic acid (BCA) Protein Assay
Kit (Thermo Fisher Scientific, United States) according to
the manufacturer’s instructions. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) was then
conducted. After being transferred onto polyvinylidene
fluoride (PVDF) membranes, the membranes were blocked
with 5% milk for 2 h, followed by incubation at 4◦C for
24 h with primary antibodies against the following proteins:
α-tubulin (1:1,000, CST, Shanghai, China); NLRP3 (1:1,000, CST,
Shanghai, China); ASC (1:1,000, Santa Cruz, Shanghai, China);
caspase-1 (1:1,000, CST, Shanghai, China); GSDMD (1:1,000,
Abcam, Cambridge, United Kingdom); TLR4 (1:1,000, Abcam,
Cambridge, United Kingdom); and NF-κB (1:1,000, Abcam,
Cambridge, United Kingdom). The membrane was further
incubated with a secondary antibody and then detected using
the Bio-Rad ChemiDoc XRS imaging system. ImageJ software
was used to analyze immunoreactive bands. The target protein
signal intensities were compared to either the α-tubulin or
β-actin intensity.

Enzyme-Linked Immunosorbent Assay
and Serum LDH Detection
The secretion levels of TGF-β, TNF-α, IL-6, IL-1β, IL-10, IL-18,
TLR4, HMGB1, and NF-κB were measured using an enzyme-
linked immunosorbent assay (ELISA) kit (Beyotime, Shanghai,
China) according to the manufacturer’s instructions. Plasma
lactate dehydrogenase (LDH) detection was measured using an
LDH activity detection kit (Solarbio, Beijing, China).

Immunofluorescence
Brain sections were fixed with 4% paraformaldehyde at room
temperature for 20 min and then incubated in PBST (0.4%
triton in PBS) containing 5% bovine serum albumin (BSA)
solution (Santa Cruz, Shanghai, China) for 30 min to block non-
specific staining. Next, the sections were incubated with primary
antibodies at 4◦C overnight, followed by incubation with the
corresponding secondary antibody at 37◦C for 1 h. The nuclei
were counterstained with DAPI (Abcam). Then, the sections

were examined with a scanning fluorescence microscope (Leica
Microsystems) and analyzed using ImageJ software.

TdT-Mediated dUTP Nick-End Labeling
Assays
A One Step dUTP nick-end labeling (TUNEL) Apoptosis
Assay Kit (Beyotime, Shanghai, China) was used to detect cell
apoptosis according to the manufacturer’s instructions. Briefly,
the cells were incubated with 50 µl TUNEL detection mixture
at 37◦C for 1 h in the dark and rinsed in PBS. Subsequently,
50 µl streptavidin–horseradish peroxidase (HRP) solution
was added and incubated for 30 min at room temperature.
DAB staining was then performed, followed by hematoxylin
staining of the nuclei.

miRNA Microarray Analysis
The NEB Next Multiplex Small RNA Library Prep Set for
Illumina (NEB, United States) was used for RNA library
preparation according to the manufacturer’s protocol. Briefly,
total RNA extracted from each plasma exosome sample was
ligated with 3′ and 5′ adapters for Illumina. After sample
quality control and quantification with a NanoDrop ND-1000,
reverse transcription was conducted using ProtoScript II Reverse
Transcriptase (NEB, United States). An Agilent 2100 Bioanalyzer
was used for library quality control and quantification. The
cDNA library for 135–155 bp (corresponding to single-end small
RNA at 15–35 nt) was selected for miRNA sequencing with an
Illumina NextSeq 500 instrument (Illumina Inc., United States).
Solexa CHASTITY was used for quality screening of clean
reads, and the 3′ ends of the sequenced reads were removed
to obtain trimmed reads that were at least 15 nucleotides in
length. Filtered reads were annotated using miRDeep2. Altered
levels of the miRNA expressions (normalized) in exosomes
were calculated with fold change > 1.5 and P-values < 0.05
(Student’s t-test).

Target Prediction and Bioinformatics
Analysis
The sequencing data have been deposited in the NCBI
Gene Expression Omnibus (GEO1) with the accession
number GSE147578.

To detect the top expressed miRNAs in plasma exosomes
and alternative expressions after melatonin treatment, edgeR
was used to identify differentially expressed genes. All predicted
genes with a target prediction score ≥ 80 were subjected
to Gene Ontology (GO) for gene enrichment and functional
annotation analyses.

Statistical Analysis
GraphPad Prism software was used for the statistical analyses.
The measured data are expressed as the mean ± SD. Differences
between the two groups were evaluated by Student’s t-test.
Analysis of variance (ANOVA) was used to compare three or
more groups. P < 0.05 was considered statistically significant.

1http://www.ncbi.nlm.nih.gov/geo/
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RESULTS

Isolation and Identification of Exosomes
Adult male rats (200–250 g) received intraperitoneal injections
for seven consecutive days with a control solvent (5%
DMSO + PBS) or melatonin (10 mg/kg, dissolved in 5%
DMSO + PBS). On day 8, plasma exosomes (EXO1 represented
basic plasma exosomes and EXO2 represented melatonin-treated
plasma exosomes) were isolated and identified. Concurrently,
cell extraction from the microglial BV2 cell line was selected
as a control for exosome identification. We detected the
characteristic biomarkers of exosomes, TSG101 and CD63, which
were expressed at higher levels in the exosomes than in the
control cells, while cytochrome C (negative marker for exosomes)
was absent or underrepresented in the exosomes (Figure 1B).
The spherical morphology characteristics and a diameter of 30–
150 nm with an average particle size of 115.1 nm were confirmed
through nanoparticle tracking analysis (NTA) (Figure 1C) and
transmission electron microscope (TEM) (Figure 1D) and were
in agreement with other studies (Lotvall et al., 2014). Taken

together, these data demonstrate that the isolates had all the
characteristics of purified exosomes.

Melatonin Enhances the Therapeutic
Effect of Exosomes by Reducing Brain
Damage and Promoting Functional
Recovery After Stroke
Studies have confirmed the therapeutic effect of young rat
plasma exosomes on cardiac ischemia–reperfusion injury and
angiogenesis (Vicencio et al., 2015; Chen et al., 2020). To
investigate the effect of melatonin on exosomes in the treatment
of ischemic stroke, plasma exosomes from melatonin- or PBS-
treated adult rats were prepared for treatment. As shown in
Figure 2, the EXO1 group (pMCAO with EXO1 treatment,
100 µg) and the EXO2 group (pMCAO with EXO2 treatment,
100 µg) had lower mNSS than the pMCAO group (equal
volume of PBS treatment). At 28 days after stroke, the EXO1
group score was 5.25 ± 0.4523, which was significantly lower
than that of the pMCAO group, approximately 6.583 ± 0.5149

FIGURE 2 | Exosome treatment reduced brain damage and promoted functional recovery after stroke. (A) Neurological recovery was evaluated by the modified
neurological severity score (mNSS) at 1, 7, 14, 21, and 28 days post-permanent distal middle cerebral artery occlusion (pMCAO, n = 12). (B,C) Representative
images of 2,3,5-triphenyltetrazolium chloride (TTC) staining in five sequential brain slices from the various groups of rats (n = 3). (D) Brain water content was
evaluated at 72 h post-injury (n = 4). Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the pMCAO group. ##P < 0.01, ###P < 0.001
vs. the EXO1 (basic plasma exosomes) group.
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(P < 0.001). Whereas the score of the EXO2 group was
even lower at 3.667 ± 0.4924, which was more significant
than that of the EXO1 group (P < 0.001), indicating that
the EXO2 group received better therapeutic action. Similarly,
the TTC staining assay showed that the cerebral infarction
of the EXO1 group exhibited a smaller infarct size of
9.915 ± 1.504% compared to 15.64 ± 2.354% in the pMCAO
group (P < 0.05). The infarct size decreased even further to
2.98 ± 0.7406% in the EXO2 group (P < 0.01, compared
with EXO1), suggesting that melatonin enhanced the effect

of exosomes on reducing the infarct volume. Moreover, the
BWC assay showed that the brain water content of the EXO1
and EXO2 groups decreased to 79.525 ± 0.358% (P < 0.01,
compared with the pMCAO group) and 77.505 ± 0.527%
(P < 0.001, compared with the EXO1 group), respectively,
compared with the pMCAO group (81.178 ± 0.584) and sham
group (76.840± 0.515), suggesting that EXO2 is more significant
for the prognosis of stroke in rats. Therefore, we believe that
melatonin enhanced the plasma exosomes’ ability to improve
neural functional recovery.

FIGURE 3 | Administration of basic plasma exosomes (EXO1) and melatonin-treated plasma exosomes (EXO2) inhibited NLRP3-dependent pyroptosis in the
ischemic cortex. (A) dUTP nick-end labeling (TUNEL) assay was used to detect the apoptosis of cortical nerve cells post-ischemic injury. Representative images of
the TUNEL-positive apoptotic cells (red) in sagittal brain sections at day 3 post-injury. The nuclei of all cells were stained with DAPI (blue, n = 5. (B) Comparison of
the number of TUNEL-positive cells with EXO1 or EXO2 treatment. (C) Lactate dehydrogenase (LDH) release for the detection of cell membrane pore formation
(n = 5). (D–H) Western blot analysis of NLRP3, ASC, active caspase-1, and active GSDMD (N-terminal, n = 5). Data are presented as the mean ± SD. ***P < 0.001
vs. the permanent distal middle cerebral artery occlusion (pMCAO) group. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. the EXO1 group.
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Melatonin-Exosomes Protected Against
Ischemia-Induced Pyroptosis Through
an NLRP3-Mediated Pathway
Inflammation-related pyroptosis is reported to play an important
role in the secondary injury of stroke (Zhang D. et al., 2019).
Studies have confirmed that pyroptosis reached its peak at
24–48 h post-stroke, then gradually decreased (Shi et al.,
2017; Evavold et al., 2018). To investigate the regulatory roles
of melatonin (MT)-exosomes in the pyroptotic process, we
analyzed the anti-apoptosis effect after ischemic stroke. The
TUNEL assay showed a noticeable decrease in apoptotic death
in the EXO1 group, from approximately 69.11 ± 5.508%
to 51.5 ± 5.679%. Meanwhile, the EXO2 group exhibited
a more significant suppression of cell death (P < 0.01,
compared with the EXO1 group) (Figures 3A,B), indicating that
melatonin enhanced the inhibitory effect of adult rat plasma
exosomes against ischemia-induced cell death. In addition,
cleavage of GSDMD (p30) (Figures 3D,H) and increased
LDH secretion (Figure 3C) after cerebral ischemia indicated
GSDMD membrane pore formation (Bortolotti et al., 2018) and
cellular content release. With regard to GSDMD and LDH, the
EXO2 group showed a more significant reduction compared
with the EXO1 group, indicating that MT-exosomes are more
conducive to the prevention of pyroptotic cell death in the
pMCAO model. Moreover, by detecting the NLRP3–caspase-1

axis (Figures 3D–G), the results revealed that the NLRP3
inflammasome assembled proteins, including NLRP3, ASC, and
caspase-1 (p20), were all decreased after exosome administration,
and the EXO2 group showed a larger inhibitory action on
NLRP3 inflammasome assembly (P < 0.01, compared with
the EXO1 group). These results demonstrated that adult
plasma exosomes can inhibit NLRP3-mediated pyroptosis after
stroke, and the inhibitory effect could be strengthened with
melatonin treatment.

Melatonin-Treated Exosomes Reduced
Microglia and Neuron Pyroptosis in an
Ischemic Stroke Model
It has been proven that inflammatory pyroptosis in the brain
after stroke is mainly mediated by the microglia (Mamik and
Power, 2017; Fricker et al., 2018). Therefore, we performed
immunofluorescence staining of the brain tissue to explore
microglial pyroptosis. The results revealed that the number of
pyroptotic microglia in the pMCAO group was approximately
54.56 ± 3.39, which was significantly higher than that in the
sham group and was in accordance with a previous study.
After treatment with EXO1 and EXO2, the pyroptotic numbers
decreased to 39.22 ± 1.698 and 25.89 ± 2.137, respectively
(P < 0.001, IBA1 stains the microglia and caspase-1 stains
pyroptotic cells) (Figure 4), which were in accordance with

FIGURE 4 | Melatonin-treated exosomes ameliorated microglia pyroptosis in permanent distal middle cerebral artery occlusion (pMCAO) rats. (A) Representative
photographs of double immunofluorescence staining for Iba-1 (green) and cleaved caspase-1 (red) in the cortex at 72 h post-injury. (B) Statistical analysis of the
immunofluorescence-positive cells. Scale bars, 100 µm (n = 5). Three sections were taken from each rat, and three fields were randomly selected within the
penumbra area of each section. After cell counting, the average value was calculated and used for statistical analysis. Data are presented as the mean ± SD.
***P < 0.001 vs. the pMCAO group. ###P < 0.001 vs. the EXO1 (basic plasma exosomes) group.
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the former results. These results indicate that plasma exosomes
pretreated with melatonin can better inhibit the occurrence
of microglial pyroptosis, thereby blocking the initiation of the
inflammatory response after stroke.

The anti-pyroptotic role in neurons was also detected.
A former result (Figure 3) has declared the protective role of
exosomes in preventing neuronal death in ischemic penumbra.
Here, we detected the pyroptosis occurrence in neurons around
the infarction area. The result showed that the number of
pyroptotic neurons in the pMCAO group was 42.24 ± 3.65,
while with treatments of EXO1 and EXO2, the pyroptotic
numbers decreased to 30.64± 3.00 and 21.49± 2.36, respectively
(Figure 5), indicating a more powerful protective effect of
the melatonin-treated exosomes in preventing neurons from
pyroptotic death.

Melatonin-Treated Exosomes Alleviated
the Post-stroke Inflammatory Response
Through the TLR4/NF-κB Pathway
Persistent neuroinflammation is commonly observed after
ischemic stroke. To investigate the regulation of exosomes on
the global inflammatory response after ischemic stroke, we
examined the inflammatory and anti-inflammatory cytokine
secretion profiles. Our data showed that basal plasma exosome

administration effectively reduced the ischemia-induced
inflammatory cytokine levels, including IL-1β, IL-18, IL-6, TNF-
α, and HMGB1, and increased the anti-inflammatory cytokines
TGF-β and IL-10 secretion, indicating its anti-inflammatory
role in ischemic stroke (Figures 6A–G). MT-exosome treatment
exhibited a more significant suppression of IL-1β, IL-18, IL-6,
TNF-α, and HMGB1 secretions and increases in IL-10 and TGF-
β, suggesting that melatonin enhances the anti-inflammatory
potential of plasma exosomes.

The alternative expressions of the downstream inflammatory
factors (IL-6, TNF-α, and HMGB1) indicated the possibility
of regulating upstream regulatory elements. To investigate
the regulatory mechanism of exosomes on the inflammatory
response, the Toll-like receptors/nuclear factor kappa-B
(TLR/NF-κB) pathway-associated proteins were detected. As
shown in Figures 6H–L, the protein expressions of TLR4
and NF-κB p65 in the cerebral cortex increased significantly
in the pMCAO group compared with those in the sham
group (P < 0.01), while the administration of EXO1 greatly
reduced the expression of NF-κB p65. In comparison
with the EXO1 group, EXO2 treatment resulted in a more
pronounced reduction in both TLR4 and NF-κB expressions
(P < 0.05), suggesting that melatonin enhances the anti-
inflammatory potential of plasma exosomes through the
TLR4/NF-κB pathway.

FIGURE 5 | Melatonin-treated exosomes ameliorated neuron pyroptosis in permanent distal middle cerebral artery occlusion (pMCAO) rats. (A) Representative
photographs of double immunofluorescence staining for NeuN (green) and cleaved caspase-1 (red) in the cortex at 72 h post-injury. (B) Statistical analysis of the
immunofluorescence-positive cells. Scale bars, 100 µm (n = 5). Three sections were taken from each rat, and three fields were randomly selected around the
infarction area of each section. After cell counting, the average value was calculated and used for statistical analysis. Data are presented as the mean ± SD.
***P < 0.001 vs. the pMCAO group. ###P < 0.001 vs. the EXO1 (basic plasma exosomes) group.
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FIGURE 6 | Basic plasma exosomes (EXO1) and melatonin-treated plasma exosomes (EXO2) reduced the expression of inflammatory cytokines in the cortex after
permanent distal middle cerebral artery occlusion (pMCAO) through the TLR4/NF-kB pathway. (A–G) The concentrations of the inflammatory-associated cytokines in
the cortex were detected through enzyme-linked immunosorbent assay (ELISA) at 72 h (n = 5). (H–L) The levels of TLR4 and NF-κB in the cortex were measured by
ELISA and Western blotting at 72 h (n = 5). Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the pMCAO group. #P < 0.05,
##P < 0.01, ###P < 0.001 vs. the EXO1 group.

miRNA Expression Profiles in Adult Rat
Plasma Exosomes
The top expressed miRNAs from the plasma exosomes
were evaluated and the GO functions of the target
genes were analyzed. Figures 7A,B show the enrichment
score values of the top significant enrichment terms
(fold_enrichment) in the EXO1 and EXO2 groups.
GO function analysis revealed that the miRNA target

genes were involved in biological processes, cellular
components, and molecular functions, indicating a
comprehensive regulatory effect of miRNAs. Compared
with the basic plasma exosome, the melatonin-treated
exosomes exhibited more functions involved in neurological
processes, including neurogenesis, neuron differentiation,
apoptosis, and angiogenesis, which was in line with the
neuroprotective effect of EXO2.
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FIGURE 7 | Gene Ontology (GO) classification and GO term enrichment of the top expressed microRNAs (miRNAs) in basal plasma exosomes and
melatonin-treated exosomes. (A,B) Gene Ontology classification of the potential target genes cleaved by miRNA enrichment in basal plasma exosomes (A) and
melatonin-treated exosomes (B) based on their involvement in various biological processes. (C,D) Pathway enrichment of the predicted targets of the differentially
expressed miRNAs in basal plasma exosomes (C) and melatonin-treated exosomes (D).

The most enriched miRNAs in EXO1 (Figure 7C) mainly
participated in the MAPK signaling pathway, glutamatergic
synapse, Wnt signaling pathway, dopaminergic synapse, and
phosphatidylinositol signaling pathway. After melatonin
treatment, the miRNA expression profiles were largely altered.
Compared with the miRNAs in EXO1 (Figure 7D), the miRNA
enrichment in EXO2 was more involved in the PI3K-Akt
signaling pathway, MTOR signaling pathway, Hippo signaling
pathway, and neurotrophin signaling pathway. These data
suggest that melatonin treatment alters the miRNA composition
and cellular functions, indicating its neural regulatory effects.

Melatonin Alters MicroRNA Expression
in Rat Plasma Exosomes
By detecting the miRNA variation profiles in the melatonin-
treated plasma exosome, a total of 60 significantly differentially
expressed miRNAs (PFC ≤ 0.05) were identified (after removal

of repetitive miRNAs). Detailed information regarding the 12
upregulated and 47 downregulated miRNAs is summarized in
Tables 1, 2. Among these differentially expressed miRNAs, a
certain number of miRNAs have been reported to be involved
in neurological processes, including neural apoptosis, autophagy,
inflammation, and angiogenesis.

To determine the involvement of these differentially expressed
miRNAs in the neural recovery process, we performed a Gene
Ontology classification based on their involvement in predicted
cellular pathways. A volcano plot of the altered miRNAs is
presented in Figure 8. GO classification of potential target
genes and their involved biological processes are analyzed
in Figures 8B–E. The GO classification revealed that altered
miRNAs were involved in important processes such as nerve
growth factor production, Wnt signaling pathway, and trans-
synaptic signaling pathway (Figures 8B–E). A subsequent
analysis of the modulation of these genes revealed the regulatory
effect of melatonin through exosome secretion.
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TABLE 1 | The upregulated miRNAs in the plasma exosome via
melatonin treatment.

Mature_ID log2FC P-value Involved
neurological
process

Resources

miR-129-2-3p 267.58 0.038 Autophagy Sun et al., 2019

miR-496-3p 128.13 0.044

miR-212-5p 23.27 0.029 Ferroptosis;
neuroprotection

Xiao et al., 2019

miR-138-5p 15.97 0.041 Neuroprotection Deng et al., 2019

miR-501-3p 8.17 0.023 AD serum biomarker Hara et al., 2017

miR-363-3p 3.82 0.013 Cognitive function Jiang et al., 2018

miR-451-5p 3.60 0.017

miR-184 3.35 0.022 Neuroprotection;
inflammation;
anti-apoptosis

Chen and Stallings,
2007; McKiernan
et al., 2012; Qin
et al., 2015

miR-9a-5p 3.28 0.025 Anti-Inflammation;
Neuroprotection

Yuze et al., 2020

miR-205 3.06 0.042 PD biomarker Marques et al.,
2017

miR-144-3p 2.87 0.046 Neuroprotection Li et al., 2018

miR-92a-3p 2.85 0.040 Post-stroke
depression

He et al., 2017

DISCUSSION

Inflammation plays an important role in secondary injury after
permanent ischemic stroke. However, the detailed underlying
mechanism of the inflammation process remains unclear.
Recently, emerging studies have reported that pyroptosis,
a caspase-1-dependent inflammasome-mediated programmed
necrosis, greatly contributes to neuronal cell death and the
inflammation response. Distinct from apoptosis and other
types of programmed cell death, pyroptosis is a lytic process
featuring cell swelling and large bubbles emanating from the
plasma membrane. In cerebral ischemia, the NLR inflammasome
assembles through the recognition of PAMPs and recruitment of
pro-caspase-1 with the adapter protein ASC. Upon activation,
active caspase-1 cleaves the precursor of IL-1β and IL-18
into their mature forms. In the meantime, cleavage of the
N-terminal domain of GSDMD forms cellular membrane
GSDMD pores, which subsequently release mature IL-1β and IL-
18 into intercellular spaces and cause pyroptosis. In this study,
we confirmed that intravenous injection of plasma exosomes
effectively improved functional deficit recovery through the
inhibition of neuronal cell pyroptosis and pyroptosis-induced
inflammation. The results revealed that the administration
of exosomes clearly inhibited caspase-1 activation, which
subsequently prevented GSDMD cleavage and membrane
GSMDM pore formation that leads to the secretion of
inflammatory cytokines, including IL18, IL-1β, TNF-α, IL-
6, and HMGB1.

Previous studies have shown that coalescing young and old
vessels inhibited inflammation reactions in older mice (Wang
et al., 2018; Zhang and Jin, 2020), indicating that there is

TABLE 2 | The downregulated miRNAs in the plasma exosome via
melatonin treatment.

Mature_ID log2FC P-value Involved
neurological
process

Resources

miR-381-3p −10.46 0.001

miR-295-3p −9.88 0.005

miR-216b-5p −9.76 0.005

miR-217-5p −9.62 0.0001

miR-409a-5p −9.37 0.007

miR-216a-5p −9.35 0.010 Microglia
polarization

Liu et al., 2020

miR-770-3p −8.82 0.015 Aging Lee E.K. et al., 2018

miR-466b-3p −8.80 0.021

miR-466c-3p −8.76 0.022

miR-493-5p −8.68 0.0002

miR-193b-3p −8.38 0.002 Ischemia marker Chang and Lai, 2012

miR-483-5p −8.38 0.007 Angiogenesis
inhibitor

Qiao et al., 2011

miR-431 −8.37 0.031 Hypertension and
vascular injury;
neuroprotection

Han et al., 2018; Huo
et al., 2019

miR-325-5p −8.36 0.024

miR-17-2-3p −8.32 0.037 Oxidation;
inflammation

Xu et al., 2018

miR-125a-3p −8.19 0.027

miR-342-5p −8.11 0.028 Cell proliferation
and differentiation;
inflammation

Wei et al., 2013; Gao
et al., 2017

miR-122-3p −8.04 0.030

miR-881-3p −7.87 0.035

miR-3065-5p −7.79 0.042

miR-204-3p −7.67 0.038 AD plasma
exosomal marker

Lugli et al., 2015

miR-136-5p −7.60 0.001 Anti-inflammation Zhong et al., 2019

miR-130b-5p −7.57 0.012

miR-485-5p −7.39 0.049 Apoptosis;
inflammation

Chen et al., 2016

miR-466b-2-3p −7.12 0.019

miR-466b-4-3p −7.12 0.019

miR-30b-3p −7.12 0.026

miR-1b −6.99 0.0002

miR-877 −6.49 0.020

miR-299a-3p −6.35 0.020

miR-494-3p −6.29 0.011 Neurotoxicity Deng et al., 2020

miR-152-5p −5.81 0.037

miR-34b-5p −5.45 0.041

miR-206-3p −5.42 0.011 Neuropathic pain Wen et al., 2019

miR-497-5p −3.69 0.043 BBB permeability Zhu et al., 2019

miR-143-5p −3.50 0.022

miR-195-5p −3.17 0.014 Anti-angiogenesis Sandrim et al., 2016

miR-122-5p −3.14 0.0003

miR-134-5p −2.88 0.048 Neuropathic pain Zhu et al., 2019

miR-145-3p −2.59 0.049 Macrophage
polarization

Huang et al., 2019

miR-146b-5p −2.50 0.003 Anti-inflammation Chang and Lai, 2012

miR-199a-3p −2.45 0.005

(Continued)
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TABLE 2 | Continued

Mature_ID log2FC P-value Involved
neurological
process

Resources

miR-199a-5p −2.42 0.008 Anti-inflammation;
anti-apoptosis

Li M. et al., 2019; Yu
et al., 2020

miR-143-3p −2.33 0.006 Ischemia–
reperfusion
injury

Chang et al., 2019

miR-152-3p −2.09 0.010 Anti-apoptosis;
anti-oxidation

Zhang A. et al., 2019

miR-100-5p −1.95 0.010

miR-99a-5p −1.64 0.028 Ischemic stroke
biomarker

Zhao et al., 2017

BBB, blood–brain barrier.

an anti-inflammatory effect of plasma exosomes. In contrast
to cell type-specific exosomes in a highly controlled process,
the diversity of plasma cells determines its functional diversity.
Growing evidence has shown that plasma exosomes deliver
various proteins, lipids, nucleic acids, and small regulatory RNAs
for cell communication and physiological regulation (Lee B.R.
et al., 2018; Zhang and Jin, 2020). Zhou et al. reported that serum
exosomes attenuate H2O2-induced apoptosis in rat H9C2 cells
via ERK1/2 (Li P. et al., 2019). Riquelme et al. identified that
endogenous plasma exosomes can communicate TLR4 relative
signals and provide protection against ischemia and reperfusion
injury in the myocardium (Minghua et al., 2018). However,

to date, no studies have explored the biological function of
plasma on cerebral ischemia. Here, we verified that plasma
exosomes inhibited ischemia-induced inflammation through NF-
κB induction. Meanwhile, melatonin treatment was found to
enhance its therapeutic effect on ischemic stroke through the
TLR4/NF-κB pathway. The internal molecular mechanism may
lie in the specific composition of the exosomes.

To date, melatonin has demonstrated its diverse
pharmacological functions against ischemic brain injury,
including circadian rhythm regulation, anti-oxidation, anti-
inflammation, and anti-apoptosis (Sinha et al., 2001; Feng
et al., 2017). Nevertheless, whether melatonin stimulus acts
in a paracrine fashion to exert its neuroprotective effect
requires further investigation. It has been reported that
melatonin reconditioning increases the expression of matrix
metalloproteinase-9 (MMP-9) and MMP-13 and decreased the
expression of TGF-β to restrain fibrosis (Saberi et al., 2019). In
addition, melatonin-stimulated mesenchymal stem cell (MSC)-
derived exosomes enhance functional recovery in acute liver
ischemia–reperfusion injury, indicating that melatonin alters
the exosome content for modulation of the microenvironment
by paracrine mechanisms (Yoon et al., 2020). The present
study revealed that melatonin enhanced the therapeutic effect
of plasma exosomes on ischemia-induced inflammation and
inflammation-dependent pyroptosis through the TLR4/NF-κB
pathway, suggesting that component alteration and nerve
beneficial substances are induced after melatonin administration.
The downregulation of exosomal miR-100-5p and miR-199a-5p
under melatonin treatment has been identified to directly

FIGURE 8 | Volcano plot and Gene Ontology (GO) term enrichment of the differentially expressed microRNAs (miRNAs). (A) Volcano plot showing the
melatonin-induced differential expression of the potential target miRNAs. (B,C) GO term enrichment for the predicted targets of the differentially expressed miRNAs.
(D,E) Pathway enrichment of the predicted targets of the differentially expressed miRNAs.
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regulate TLR4, suggesting the regulatory effects of melatonin-
treated exosomal miRNAs. All of these results confirmed that
melatonin might exert its neurological protection through the
stimulation and alteration of the exosome content; nevertheless,
due to the complicated composition of exosomes, we cannot
exclude other mechanisms underlying its bioactivity in addition
to miRNA differential expression.

As the main immune response cells in brain tissue, the
status of the microglia determines the cerebral inflammation
reaction. Studies have confirmed that ischemia stimulates
microglial activation and promotes M1 polarization, in which the
microglia secrete inflammatory mediators. With the occurrence
of pyroptosis in the microglia, intracellular inflammatory
mediators are largely released into the extracellular matrix,
causing inflammatory injury and neuronal cell death in
adjacent cells. Through an immunofluorescence assay, we
confirmed the existence of pyroptosis in the microglia. The
inflammatory cytokine secretion profiles demonstrated the anti-
inflammatory and anti-pyroptosis activity of plasma exosomes,
which eventually prevented adjacent neuronal cells from
undergoing pyroptosis and improved nerve function recovery.

Exosomes manipulate intercellular communication through
their embedded content, including proteins and regulatory
non-coding RNAs. miRNAs have been considered as key and
are the most studied regulatory molecules. The exosomal
miRNAs that are involved in neuronal injury and inflammation
signaling may provide key insights into the mechanisms
involved in ischemic injury. With systematic investigation of
the top-expressed miRNA profiles, we found that exosomal
miRNAs are involved in various biological processes and
molecular functions, including apoptosis, dopaminergic synapse,
neurotrophin signaling pathway, Wnt signaling pathway, mTOR
signaling pathway, and PI3K-Akt signaling pathway, suggesting
regulatory roles in the neuroprotective effect against cerebral
ischemia injury.

Based on studies indicating an altered miRNA profile upon
external environmental stimulus, we extended plasma exosome
therapy to tailor exosomal miRNA content. Identification of
the differentially expressed miRNAs in the melatonin-treated
plasma exosomes provided us with new directions for the
exploration of therapeutic mechanisms. On analyzing the miRNA
profiles, 12 upregulated and 47 downregulated miRNAs were
discovered upon melatonin treatment. Among the upregulated
miRNAs (Table 1), miR-212-5p was reported to attenuate
ferroptotic cell death partially by targeting Ptgs2 in Neuro-2a
cell lines (Xiao et al., 2019). The overexpression of miR-138-5p
reduces neurological impairment and confers neuroprotection to
astrocytes following ischemic stroke (Deng et al., 2019). miR-184
(Qin et al., 2015), miR-9a-5p (Yuze et al., 2020), and miR-
144-3p (Li et al., 2018) have been reported to be involved in
the inflammatory response and neuronal death against ischemic
stroke. Some miRNAs, not present in EXO1, were upregulated in
EXO2, suggesting that melatonin stimulates their transcription.
Moreover, several miRNAs were downregulated in EXO2.
Among the downregulated miRNAs, miR-17-3p was found to
activate the Notch1/NF-κB pathways and downregulate the
mitochondrial antioxidant enzymes Mn-SOD, Gpx2, and TrxR2

(Xu et al., 2018); miR-195-5p and miR-145-3p were reported
to regulate macrophage polarization (Huang et al., 2019; Lin
et al., 2019). Suppressing miR-152-3p protects against ischemia–
reperfusion injuries via the activation of the AMPK/Foxo1
pathway (Zhang A. et al., 2019). These findings support and
provide insights into the molecular mechanisms underlying
enhancement in neurological recovery with melatonin treatment.
However, further discussion of non-conformable cases is needed.
miR-152-3p and miR-199a-5p, identified as neuronal protective
molecules against cerebral ischemic injury or oxygen/glucose
deprivation (OGD)-induced injury, were downregulated upon
melatonin treatment (Li M. et al., 2019; Zhang A. et al., 2019),
whereas miR-144-3p, upregulated with melatonin treatment, was
shown to increase OGD/R-induced neuronal injury via Nrf-
2/ARE signaling (Li et al., 2018). Similarly, the downregulation
of miR-146b-5p after melatonin treatment was confirmed to
protect oligodendrocyte precursor cells from oxygen/glucose
deprivation-induced injury by regulating Keap1/Nrf2 signaling
(Li X. et al., 2019). Despite their comprehensive biological
functions, further mechanisms involved in the melatonin-
enhanced neuroprotective effects by miRNA modulators and/or
genetic regulators will be explored in our future work.

CONCLUSION

In summary, our study confirmed that basal rat plasma exosomes
attenuated the ischemic-induced inflammatory response,
neuronal apoptosis, and inflammasome-dependent pyroptosis
after stroke in rats and that melatonin significantly enhanced
the therapeutic effect by regulating the TLR4/NF-κB pathway.
Pretreatment with melatonin altered the microRNA profiles of
the exosomes from rat plasma. The sequencing results identified
effective miRNA components and their regulatory pathways
involved in neurological recovery. However, the relationship
between microRNAs and pyroptosis needs further research.

DATA AVAILABILITY STATEMENT

The sequencing data have been deposited in NCBI Gene
Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/)
with the accession number GSE147578.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics
Committee of Wenzhou Medical University.

AUTHOR CONTRIBUTIONS

SY designed the experiment and wrote the manuscript. QZ
guided and provided the funding. KW, JR, HZ, JC, HN, and XL
performed the experiment and collected the data. LH, MW, and

Frontiers in Neuroscience | www.frontiersin.org 13 August 2020 | Volume 14 | Article 84894

http://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00848 August 14, 2020 Time: 17:58 # 14

Wang et al. Melatonin Enhances Effect Against Pyroptosis

ZL analyzed the data and revised the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This study was financially supported by the Wenzhou Municipal
Science Technology Bureau Project (Y20180153 and Y20190566),
the National Natural Science Foundation of China (81820108011

and 81771262) and the Natural Science Foundation of Zhejiang
Province (2017C03027).

ACKNOWLEDGMENTS

We would like to thank Editage2 for English language editing.

2 www.editage.com.

REFERENCES
Alzahrani, F. A. (2019). Melatonin improves therapeutic potential of mesenchymal

stem cells-derived exosomes against renal ischemia-reperfusion injury in rats.
Am. J. Transl. Res. 11, 2887–2907.

Bortolotti, P., Faure, E., and Kipnis, E. (2018). Inflammasomes in tissue damages
and immune disorders after trauma. Front. Immunol. 9:1900. doi: 10.3389/
fimmu.2018.01900

Chang, K. P., and Lai, C. S. (2012). Micro-RNA profiling as biomarkers in
flap ischemia-reperfusion injury. Microsurgery 32, 642–648. doi: 10.1002/micr.
22046

Chang, L., Shi, R., Wang, X., and Bao, Y. (2019). Gypenoside A protects
ischemia/reperfusion injuries by suppressing miR-143-3p level via the
activation of AMPK/Foxo1 pathway. Biofactors 46, 432–440. doi: 10.1002/biof.
1601

Chen, Q., Huang, M., Wu, J., Jiang, Q., and Zheng, X. (2020). Exosomes isolated
from the plasma of remote ischemic conditioning rats improved cardiac
function and angiogenesis after myocardial infarction through targeting Hsp70.
Aging 12, 3682–3693. doi: 10.18632/aging.102837

Chen, Y., and Stallings, R. L. (2007). Differential patterns of microRNA expression
in neuroblastoma are correlated with prognosis, differentiation, and apoptosis.
Cancer Res. 67, 976–983. doi: 10.1158/0008-5472.CAN-06-3667

Chen, Z., Zhang, Z., Zhang, D., Li, H., and Sun, Z. (2016). Hydrogen sulfide
protects against TNF-alpha induced neuronal cell apoptosis through miR-485-
5p/TRADD signaling. Biochem. Biophys. Res. Commun. 478, 1304–1309. doi:
10.1016/j.bbrc.2016.08.116

Cheng, L., Liu, J., Liu, Q., Liu, Y., Fan, L., and Wang, F. (2017). Exosomes from
melatonin treated hepatocellularcarcinoma cells alter the immunosupression
status through STAT3 Pathway in Macrophages. Int. J. Biol. Sci. 13, 723–734.
doi: 10.7150/ijbs.19642

Deng, C., Zhu, J., Yuan, J., Xiang, Y., and Dai, L. (2020). Pramipexole Inhibits
MPP(+)-Induced Neurotoxicity by miR-494-3p/BDNF. Neurochem. Res. 45,
268–277. doi: 10.1007/s11064-019-02910-5

Deng, Y., Chen, D., Gao, F., Lv, H., Zhang, G., and Sun, X. (2019).
Exosomes derived from microRNA-138-5p-overexpressing bone marrow-
derived mesenchymal stem cells confer neuroprotection to astrocytes following
ischemic stroke via inhibition of LCN2. J. Biol. Eng. 13:71. doi: 10.1186/s13036-
019-0193-0

Ding, S., Liu, D., Wang, L., Wang, G., and Zhu, Y. (2020). Inhibiting MicroRNA-
29a protects myocardial ischemia-reperfusion injury by targeting SIRT1
and suppressing oxidative stress and NLRP3-Mediated pyroptosis pathway.
J. Pharmacol. Exp. Ther. 372, 128–135. doi: 10.1124/jpet.119.256982

Eirin, A., Riester, S. M., Zhu, X. Y., Tang, H., Evans, J. M., and O’Brien, D. (2014).
MicroRNA and mRNA cargo of extracellular vesicles from porcine adipose
tissue-derived mesenchymal stem cells. Gene 551, 55–64. doi: 10.1016/j.gene.
2014.08.041

Evavold, C. L., Ruan, J., Tan, Y., Xia, S., Wu, H., and Kagan, J. C. (2018). The pore-
forming protein Gasdermin D regulates Interleukin-1 secretion from living
macrophages. Immunity 48, 35.e6–44.e6. doi: 10.1016/j.immuni.2017.11.013

Feigin, V. L., Forouzanfar, M. H., Krishnamurthi, R., Mensah, G. A., Connor,
M., and Bennett, D. A. (2014). Global and regional burden of stroke during
1990-2010: findings from the global burden of disease study 2010. Lancet 383,
245–254. doi: 10.1016/s0140-6736(13)61953-4

Feng, D., Wang, B., Wang, L., Abraham, N., and Tao, K. (2017). Preischemia
melatonin treatment alleviated acute neuronal injury after ischemic stroke by

inhibiting endoplasmic reticulum stress-dependent autophagy via PERK and
IRE1 signalings. J. Pineal Res. 62:e12395. doi: 10.1111/jpi.12395

Fricker, M., Tolkovsky, A. M., Borutaite, V., Coleman, M., and Brown, G. C. (2018).
Neuronal cell death. Physiol. Rev. 98, 813–880. doi: 10.1152/physrev.00011.
2017

Gao, F., Zhang, Y. F., Zhang, Z. P., Fu, L. A., Cao, X. L., and Zhang, Y. Z.
(2017). miR-342-5p regulates neural stem cell proliferation and differentiation
downstream to notch signaling in mice. Stem Cell Rep. 8, 1032–1045. doi:
10.1016/j.stemcr.2017.02.017

Han, X. R., Wen, X., Wang, Y. J., Wang, S., Shen, M., and Zhang, Z. F. (2018).
Protective effects of microRNA-431 against cerebral ischemia-reperfusion
injury in rats by targeting the Rho/Rho-kinase signaling pathway. J. Cell Physiol.
233, 5895–5907. doi: 10.1002/jcp.26394

Hara, N., Kikuchi, M., Miyashita, A., Hatsuta, H., Saito, Y., and Kasuga, K.
(2017). Serum microRNA miR-501-3p as a potential biomarker related to the
progression of Alzheimer’s disease. Acta Neuropathol. Commun. 5:10. doi: 10.
1186/s40478-017-0414-z

He, J. R., Zhang, Y., Lu, W. J., Liang, H. B., Tu, X. Q., and Ma, F. Y. (2017). Age-
related frontal periventricular white matter hyperintensities and miR-92a-3p
Are associated with early-onset post-stroke depression. Front. Aging Neurosci.
9:328. doi: 10.3389/fnagi.2017.00328

He, Y., Hara, H., and Nunez, G. (2016). Mechanism and regulation of NLRP3
inflammasome activation. Trends Biochem. Sci. 41, 1012–1021. doi: 10.1016/j.
tibs.2016.09.002

Huang, Y., Du, K. L., Guo, P. Y., Zhao, R. M., Wang, B., and Zhao, X. L. (2019).
IL-16 regulates macrophage polarization as a target gene of mir-145-3p. Mol.
Immunol. 107, 1–9. doi: 10.1016/j.molimm.2018.12.027

Hunsaker, M., Barba, G., Kingsley, K., and Howard, K. M. (2019). Differential
MicroRNA expression of miR-21 and miR-155 within oral cancer extracellular
vesicles in response to melatonin. Dent. J. 7:48. doi: 10.3390/dj7020048

Huo, K. G., Richer, C., Berillo, O., Mahjoub, N., Fraulob-Aquino, J. C., and
Barhoumi, T. (2019). miR-431-5p knockdown protects against angiotensin II-
induced hypertension and vascular injury. Hypertension 73, 1007–1017. doi:
10.1161/HYPERTENSIONAHA.119.12619

Ishrat, T., Mohamed, I. N., Pillai, B., Soliman, S., Fouda, A. Y., and Ergul, A.
(2015). Thioredoxin-interacting protein: a novel target for neuroprotection in
experimental thromboembolic stroke in mice. Mol. Neurobiol. 51, 766–778.
doi: 10.1007/s12035-014-8766-x

Jeyabal, P., Thandavarayan, R. A., Joladarashi, D., Suresh Babu, S., Krishnamurthy,
S., and Bhimaraj, A. (2016). MicroRNA-9 inhibits hyperglycemia-induced
pyroptosis in human ventricular cardiomyocytes by targeting ELAVL1.
Biochem. Biophys. Res. Commun. 471, 423–429. doi: 10.1016/j.bbrc.2016.02.065

Jiang, C., Logan, S., Yan, Y., Inagaki, Y., Arzua, T., and Ma, P. (2018). Signaling
network between the dysregulated expression of microRNAs and mRNAs in
propofol-induced developmental neurotoxicity in mice. Sci .Rep. 8:14172. doi:
10.1038/s41598-018-32474-3

Jin, R., Yang, G., and Li, G. (2010). Inflammatory mechanisms in ischemic stroke:
role of inflammatory cells. J. Leukoc Biol. 87, 779–789. doi: 10.1189/jlb.1109766

Lee, B. R., Kim, J. H., Choi, E. S., Cho, J. H., and Kim, E. (2018). Effect of
young exosomes injected in aged mice. Int. J. Nanomedicine 13, 5335–5345.
doi: 10.2147/IJN.S170680

Lee, E. K., Jeong, H. O., Bang, E. J., Kim, C. H., Mun, J. Y., and Noh, S. (2018).
The involvement of serum exosomal miR-500-3p and miR-770-3p in aging:
modulation by calorie restriction. Oncotarget 9, 5578–5587. doi: 10.18632/
oncotarget.23651

Frontiers in Neuroscience | www.frontiersin.org 14 August 2020 | Volume 14 | Article 84895

http://www.editage.com
https://doi.org/10.3389/fimmu.2018.01900
https://doi.org/10.3389/fimmu.2018.01900
https://doi.org/10.1002/micr.22046
https://doi.org/10.1002/micr.22046
https://doi.org/10.1002/biof.1601
https://doi.org/10.1002/biof.1601
https://doi.org/10.18632/aging.102837
https://doi.org/10.1158/0008-5472.CAN-06-3667
https://doi.org/10.1016/j.bbrc.2016.08.116
https://doi.org/10.1016/j.bbrc.2016.08.116
https://doi.org/10.7150/ijbs.19642
https://doi.org/10.1007/s11064-019-02910-5
https://doi.org/10.1186/s13036-019-0193-0
https://doi.org/10.1186/s13036-019-0193-0
https://doi.org/10.1124/jpet.119.256982
https://doi.org/10.1016/j.gene.2014.08.041
https://doi.org/10.1016/j.gene.2014.08.041
https://doi.org/10.1016/j.immuni.2017.11.013
https://doi.org/10.1016/s0140-6736(13)61953-4
https://doi.org/10.1111/jpi.12395
https://doi.org/10.1152/physrev.00011.2017
https://doi.org/10.1152/physrev.00011.2017
https://doi.org/10.1016/j.stemcr.2017.02.017
https://doi.org/10.1016/j.stemcr.2017.02.017
https://doi.org/10.1002/jcp.26394
https://doi.org/10.1186/s40478-017-0414-z
https://doi.org/10.1186/s40478-017-0414-z
https://doi.org/10.3389/fnagi.2017.00328
https://doi.org/10.1016/j.tibs.2016.09.002
https://doi.org/10.1016/j.tibs.2016.09.002
https://doi.org/10.1016/j.molimm.2018.12.027
https://doi.org/10.3390/dj7020048
https://doi.org/10.1161/HYPERTENSIONAHA.119.12619
https://doi.org/10.1161/HYPERTENSIONAHA.119.12619
https://doi.org/10.1007/s12035-014-8766-x
https://doi.org/10.1016/j.bbrc.2016.02.065
https://doi.org/10.1038/s41598-018-32474-3
https://doi.org/10.1038/s41598-018-32474-3
https://doi.org/10.1189/jlb.1109766
https://doi.org/10.2147/IJN.S170680
https://doi.org/10.18632/oncotarget.23651
https://doi.org/10.18632/oncotarget.23651
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00848 August 14, 2020 Time: 17:58 # 15

Wang et al. Melatonin Enhances Effect Against Pyroptosis

Li, M., Luan, L., Liu, Q., Liu, Y., Lan, X., and Li, Z. (2019). MiRNA-199a-5p
protects against cerebral ischemic injury by down-regulating DDR1 in Rats.
World Neurosurg. 131, e486–e494. doi: 10.1016/j.wneu.2019.07.203

Li, P., Liu, Z., Xie, Y., Gu, H., Dai, Q., and Yao, J. (2019). serum exosomes
attenuate H2O2-induced apoptosis in rat H9C2 cardiomyocytes via ERK1/2.
J. Cardiovasc. Transl. Res. 12, 37–44. doi: 10.1007/s12265-018-9791-3

Li, X., Zhang, W., Xiao, M., Wang, F., Zhou, P., and Yang, J. (2019). MicroRNA-
146b-5p protects oligodendrocyte precursor cells from oxygen/glucose
deprivation-induced injury through regulating Keap1/Nrf2 signaling via
targeting bromodomain-containing protein 4. Biochem. Biophys. Res. Commun.
513, 875–882. doi: 10.1016/j.bbrc.2019.04.045

Li, X., Du, N., Zhang, Q., Li, J., Chen, X., and Liu, X. (2014). MicroRNA-30d
regulates cardiomyocyte pyroptosis by directly targeting foxo3a in diabetic
cardiomyopathy. Cell Death Dis. 5:e1479. doi: 10.1038/cddis.2014.430

Li, Y., Zhao, Y., Cheng, M., Qiao, Y., Wang, Y., and Xiong, W. (2018). Suppression
of microRNA-144-3p attenuates oxygen-glucose deprivation/reoxygenation-
induced neuronal injury by promoting Brg1/Nrf2/ARE signaling. J. Biochem.
Mol. Toxicol. 32:e22044. doi: 10.1002/jbt.22044

Liang, H., and Liu, Y. (2016). Gasdermins pore cell membrane to pyroptosis. Sci.
China Life Sci. 59, 1090–1092. doi: 10.1007/s11427-016-0243-4

Lin, X., Wang, S., Sun, M., Zhang, C., Wei, C., and Yang, C. (2019). miR-195-
5p/NOTCH2-mediated EMT modulates IL-4 secretion in colorectal cancer to
affect M2-like TAM polarization. J. Hematol. Oncol. 12:20. doi: 10.1186/s13045-
019-0708-7

Liu, W., Rong, Y., Wang, J., Zhou, Z., Ge, X., and Ji, C. (2020). Exosome-
shuttled miR-216a-5p from hypoxic preconditioned mesenchymal stem cells
repair traumatic spinal cord injury by shifting microglial M1/M2 polarization.
J. Neuroinflammation 17:47. doi: 10.1186/s12974-020-1726-7

Liu, X., Zhang, Z., Ruan, J., Pan, Y., Magupalli, V. G., and Wu, H. (2016).
Inflammasome-activated gasdermin D causes pyroptosis by forming membrane
pores. Nature 535, 153–158. doi: 10.1038/nature18629

Longa, E. Z., Weinstein, P. R., Carlson, S., and Cummins, R. (1989). Reversible
middle cerebral artery occlusion without craniectomy in rats. Stroke 20, 84–91.
doi: 10.1161/01.str.20.1.84

Lotvall, J., Hill, A. F., Hochberg, F., Buzas, E. I., Di Vizio, D., and Gardiner,
C. (2014). Minimal experimental requirements for definition of extracellular
vesicles and their functions: a position statement from the International Society
for extracellular vesicles. J. Extracell Vesicles 3:26913. doi: 10.3402/jev.v3.26913

Lugli, G., Cohen, A. M., Bennett, D. A., Shah, R. C., Fields, C. J., and
Hernandez, A. G. (2015). Plasma exosomal miRNAs in persons with and
without Alzheimer disease: altered expression and prospects for biomarkers.
PLoS One 10:e0139233. doi: 10.1371/journal.pone.0139233

Mamik, M. K., and Power, C. (2017). Inflammasomes in neurological diseases:
emerging pathogenic and therapeutic concepts. Brain 140, 2273–2285. doi:
10.1093/brain/awx133

Marques, T. M., Kuiperij, H. B., Bruinsma, I. B., van Rumund, A., Aerts,
M. B., and Esselink, R. A. J. (2017). MicroRNAs in cerebrospinal fluid as
potential biomarkers for Parkinson’s Disease and multiple system atrophy. Mol.
Neurobiol. 54, 7736–7745. doi: 10.1007/s12035-016-0253-0

McKiernan, R. C., Jimenez-Mateos, E. M., Sano, T., Bray, I., Stallings, R. L., and
Simon, R. P. (2012). Expression profiling the microRNA response to epileptic
preconditioning identifies miR-184 as a modulator of seizure-induced neuronal
death. Exp. Neurol. 237, 346–354. doi: 10.1016/j.expneurol.2012.06.029

Minghua, W., Zhijian, G., Chahua, H., Qiang, L., Minxuan, X., and Luqiao,
W. (2018). Plasma exosomes induced by remote ischaemic preconditioning
attenuate myocardial ischaemia/reperfusion injury by transferring miR-24. Cell
Death Dis. 9:320. doi: 10.1038/s41419-018-0274-x

Qiao, Y., Ma, N., Wang, X., Hui, Y., Li, F., and Xiang, Y. (2011). MiR-483-5p
controls angiogenesis in vitro and targets serum response factor. FEBS Lett. 585,
3095–3100. doi: 10.1016/j.febslet.2011.08.039

Qin, C. Z., Lou, X. Y., Lv, Q. L., Cheng, L., Wu, N. Y., and Hu, L. (2015). MicroRNA-
184 acts as a potential diagnostic and prognostic marker in epithelial ovarian
cancer and regulates cell proliferation, apoptosis and inflammation. Pharmazie
70, 668–673.

Rancan, L., Paredes, S. D., Garcia, C., Gonzalez, P., Rodriguez-Bobada, C., and
Calvo-Soto, M. (2018). Comparison of the effect of melatonin treatment before
and after brain ischemic injury in the inflammatory and apoptotic response in
aged rats. Int. J. Mol. Sci. 19:2097. doi: 10.3390/ijms19072097

Ren, C., Yao, Y., Han, R., Huang, Q., Li, H., and Wang, B. (2018). Cerebral ischemia
induces angiogenesis in the peri-infarct regions via Notch1 signaling activation.
Exp. Neurol. 304, 30–40. doi: 10.1016/j.expneurol.2018.02.013

Saberi, K., Pasbakhsh, P., Omidi, A., Borhani-Haghighi, M., Nekoonam, S.,
and Omidi, N. (2019). Melatonin preconditioning of bone marrow-derived
mesenchymal stem cells promotes their engraftment and improves renal
regeneration in a rat model of chronic kidney disease. J. Mol. Histol. 50,
129–140. doi: 10.1007/s10735-019-09812-4

Sandrim, V. C., Dias, M. C., Bovolato, A. L., Tanus-Santos, J. E., Deffune, E., and
Cavalli, R. C. (2016). Plasma from pre-eclamptic patients induces the expression
of the anti-angiogenic miR-195-5p in endothelial cells. J. Cell Mol. Med. 20,
1198–1200. doi: 10.1111/jcmm.12767

Sarhan, M., Land, W. G., Tonnus, W., Hugo, C. P., and Linkermann, A. (2018).
Origin and consequences of necroinflammation. Physiol. Rev. 98, 727–780.
doi: 10.1152/physrev.00041.2016

Shi, J., Gao, W., and Shao, F. (2017). Pyroptosis: gasdermin-mediated programmed
necrotic cell death. Trends Biochem. Sci. 42, 245–254. doi: 10.1016/j.tibs.2016.
10.004

Sinha, K., Degaonkar, M. N., Jagannathan, N. R., and Gupta, Y. K. (2001). Effect
of melatonin on ischemia reperfusion injury induced by middle cerebral artery
occlusion in rats. Eur. J. Pharmacol. 428, 185–192. doi: 10.1016/s0014-2999(01)
01253-5

Sun, W., Yi, Y., Xia, G., Zhao, Y., Yu, Y., and Li, L. (2019). Nrf2-miR-129-
3p-mTOR axis controls an miRNA regulatory network involved in HDACi-
induced autophagy. Mol. Ther. 27, 1039–1050. doi: 10.1016/j.ymthe.2019.
02.010

Vanni, I., Alama, A., Grossi, F., Dal Bello, M. G., and Coco, S. (2017). Exosomes:
a new horizon in lung cancer. Drug. Discov. Today 22, 927–936. doi: 10.1016/j.
drudis.2017.03.004

Vicencio, J. M., Yellon, D. M., Sivaraman, V., Das, D., Boi-Doku, C., and
Arjun, S. (2015). Plasma exosomes protect the myocardium from ischemia-
reperfusion injury. J. Am. Coll Cardiol. 65, 1525–1536. doi: 10.1016/j.jacc.2015.
02.026

Wang, W., Wang, L., Ruan, L., Oh, J., Dong, X., and Zhuge, Q. (2018). Extracellular
vesicles extracted from young donor serum attenuate inflammaging via partially
rejuvenating aged T-cell immunotolerance. FASEB J. 32:fj201800059R. doi: 10.
1096/fj.201800059R

Wei, Y., Nazari-Jahantigh, M., Chan, L., Zhu, M., Heyll, K., and Corbalan-
Campos, J. (2013). The microRNA-342-5p fosters inflammatory
macrophage activation through an Akt1- and microRNA-155-
dependent pathway during atherosclerosis. Circulation 127, 1609–1619.
doi: 10.1161/CIRCULATIONAHA.112.000736

Wen, J., He, T., Qi, F., and Chen, H. (2019). MiR-206-3p alleviates chronic
constriction injury-induced neuropathic pain through targeting HDAC4. Exp.
Anim. 68, 213–220. doi: 10.1538/expanim.18-0091

Wu, H., Huang, T., Ying, L., Han, C., Li, D., and Xu, Y. (2016). MiR-155 is
involved in renal ischemia-reperfusion injury via direct targeting of foxo3a and
regulating renal tubular cell pyroptosis. Cell Physiol. Biochem. 40, 1692–1705.
doi: 10.1159/000453218

Xiao, X., Jiang, Y., Liang, W., Wang, Y., Cao, S., and Yan, H. (2019). miR-212-5p
attenuates ferroptotic neuronal death after traumatic brain injury by targeting
Ptgs2. Mol. Brain 12: 78. doi: 10.1186/s13041-019-0501-0

Xu, Z., Zhang, Y., Ding, J., Hu, W., Tan, C., and Wang, M. (2018). miR-
17-3p downregulates mitochondrial antioxidant enzymes and enhances the
radiosensitivity of prostate cancer cells. Mol. Ther. Nucleic Acids 13, 64–77.
doi: 10.1016/j.omtn.2018.08.009

Yoon, Y. M., Lee, J. H., Song, K. H., Noh, H., and Lee, S. H. (2020). Melatonin-
stimulated exosomes enhance the regenerative potential of chronic kidney
disease-derived mesenchymal stem/stromal cells via cellular prion proteins.
J. Pineal Res. 68:e12632. doi: 10.1111/jpi.12632

Yu, Y., Zhou, H., Xiong, Y., and Liu, J. (2020). Exosomal miR-199a-5p derived
from endothelial cells attenuates apoptosis and inflammation in neural cells by
inhibiting endoplasmic reticulum stress. Brain Res. 1726:146515. doi: 10.1016/j.
brainres.2019.146515

Yuze, C., Huixue, Z., Xiaoyu, L., Jianjian, W., Xiaoming, Z., and Shengnan,
S. (2020). Overexpression of MicroRNA-9a-5p Ameliorates NLRP1
Inflammasome-mediated Ischemic Injury in Rats Following Ischemic Stroke.
Neuroscience (in press). doi: 10.1016/j.neuroscience.2020.01.008

Frontiers in Neuroscience | www.frontiersin.org 15 August 2020 | Volume 14 | Article 84896

https://doi.org/10.1016/j.wneu.2019.07.203
https://doi.org/10.1007/s12265-018-9791-3
https://doi.org/10.1016/j.bbrc.2019.04.045
https://doi.org/10.1038/cddis.2014.430
https://doi.org/10.1002/jbt.22044
https://doi.org/10.1007/s11427-016-0243-4
https://doi.org/10.1186/s13045-019-0708-7
https://doi.org/10.1186/s13045-019-0708-7
https://doi.org/10.1186/s12974-020-1726-7
https://doi.org/10.1038/nature18629
https://doi.org/10.1161/01.str.20.1.84
https://doi.org/10.3402/jev.v3.26913
https://doi.org/10.1371/journal.pone.0139233
https://doi.org/10.1093/brain/awx133
https://doi.org/10.1093/brain/awx133
https://doi.org/10.1007/s12035-016-0253-0
https://doi.org/10.1016/j.expneurol.2012.06.029
https://doi.org/10.1038/s41419-018-0274-x
https://doi.org/10.1016/j.febslet.2011.08.039
https://doi.org/10.3390/ijms19072097
https://doi.org/10.1016/j.expneurol.2018.02.013
https://doi.org/10.1007/s10735-019-09812-4
https://doi.org/10.1111/jcmm.12767
https://doi.org/10.1152/physrev.00041.2016
https://doi.org/10.1016/j.tibs.2016.10.004
https://doi.org/10.1016/j.tibs.2016.10.004
https://doi.org/10.1016/s0014-2999(01)01253-5
https://doi.org/10.1016/s0014-2999(01)01253-5
https://doi.org/10.1016/j.ymthe.2019.02.010
https://doi.org/10.1016/j.ymthe.2019.02.010
https://doi.org/10.1016/j.drudis.2017.03.004
https://doi.org/10.1016/j.drudis.2017.03.004
https://doi.org/10.1016/j.jacc.2015.02.026
https://doi.org/10.1016/j.jacc.2015.02.026
https://doi.org/10.1096/fj.201800059R
https://doi.org/10.1096/fj.201800059R
https://doi.org/10.1161/CIRCULATIONAHA.112.000736
https://doi.org/10.1538/expanim.18-0091
https://doi.org/10.1159/000453218
https://doi.org/10.1186/s13041-019-0501-0
https://doi.org/10.1016/j.omtn.2018.08.009
https://doi.org/10.1111/jpi.12632
https://doi.org/10.1016/j.brainres.2019.146515
https://doi.org/10.1016/j.brainres.2019.146515
https://doi.org/10.1016/j.neuroscience.2020.01.008
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00848 August 14, 2020 Time: 17:58 # 16

Wang et al. Melatonin Enhances Effect Against Pyroptosis

Zhang, A., Qian, Y., and Qian, J. (2019). MicroRNA-152-3p protects neurons
from oxygen-glucose-deprivation/reoxygenation-induced injury through
upregulation of Nrf2/ARE antioxidant signaling by targeting PSD-93. Biochem.
Biophys. Res. Commun. 517, 69–76. doi: 10.1016/j.bbrc.2019.07.012

Zhang, D., Qian, J., Zhang, P., Li, H., Shen, H., and Li, X. (2019). Gasdermin D
serves as a key executioner of pyroptosis in experimental cerebral ischemia
and reperfusion model both in vivo and in vitro. J. Neurosci. Res. 97, 645–660.
doi: 10.1002/jnr.24385

Zhang, X., Sai, B., Wang, F., Wang, L., Wang, Y., and Zheng, L. (2019). Hypoxic
BMSC-derived exosomal miRNAs promote metastasis of lung cancer cells via
STAT3-induced EMT. Mol. Cancer 18:40. doi: 10.1186/s12943-019-0959-5

Zhang, H., and Jin, K. (2020). Peripheral circulating exosomal miRNAs potentially
contribute to the regulation of molecular signaling networks in aging. Int. J.
Mol. Sci. 21:1908. doi: 10.3390/ijms21061908

Zhang, J., Li, S., Li, L., Li, M., Guo, C., and Yao, J. (2015). Exosome and
exosomal microRNA: trafficking, sorting, and function. Genomics Proteomics
Bioinformatics 13, 17–24. doi: 10.1016/j.gpb.2015.02.001

Zhao, H., Li, G., Ma, Q., Tao, Z., Wang, R., and Fan, Z. (2017). MicroRNA-99a-5p
in circulating immune cells as a potential biomarker for the early diagnosis of
ischemic stroke. Brain Circ. 3, 21–28. doi: 10.4103/bc.bc_1_17

Zhong, Y., Yu, C., and Qin, W. (2019). LncRNA SNHG14 promotes inflammatory
response induced by cerebral ischemia/reperfusion injury through regulating
miR-136-5p /ROCK1. Cancer Gene Ther. 26, 234–247. doi: 10.1038/s41417-
018-0067-5

Zhu, L., Lin, M., Ma, J., Liu, W., Gao, L., and Wei, S. (2019). The role
of LINC00094/miR-224-5p (miR-497-5p)/Endophilin-1 axis in Memantine
mediated protective effects on blood-brain barrier in AD microenvironment.
J. Cell Mol. Med. 23, 3280–3292. doi: 10.1111/jcmm.14214

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Wang, Ru, Zhang, Chen, Lin, Lin, Wen, Huang, Ni, Zhuge and
Yang. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 16 August 2020 | Volume 14 | Article 84897

https://doi.org/10.1016/j.bbrc.2019.07.012
https://doi.org/10.1002/jnr.24385
https://doi.org/10.1186/s12943-019-0959-5
https://doi.org/10.3390/ijms21061908
https://doi.org/10.1016/j.gpb.2015.02.001
https://doi.org/10.4103/bc.bc_1_17
https://doi.org/10.1038/s41417-018-0067-5
https://doi.org/10.1038/s41417-018-0067-5
https://doi.org/10.1111/jcmm.14214
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fncel-14-590789 September 22, 2020 Time: 19:57 # 1

REVIEW
published: 25 September 2020

doi: 10.3389/fncel.2020.590789

Edited by:
Zhen-Ni Guo,

The First Affiliated Hospital of Jilin
University, China

Reviewed by:
Hailiang Tang,

Huashan Hospital Affiliated to Fudan
University, China

Anatol Manaenko,
University Hospital Erlangen, Germany

*Correspondence:
Yue He

drhywind@163.com

Specialty section:
This article was submitted to

Cellular Neuropathology,
a section of the journal

Frontiers in Cellular Neuroscience

Received: 03 August 2020
Accepted: 04 September 2020
Published: 25 September 2020

Citation:
Tang S, Gao P, Chen H, Zhou X,
Ou Y and He Y (2020) The Role

of Iron, Its Metabolism
and Ferroptosis in Traumatic Brain

Injury.
Front. Cell. Neurosci. 14:590789.
doi: 10.3389/fncel.2020.590789

The Role of Iron, Its Metabolism and
Ferroptosis in Traumatic Brain Injury
Sicheng Tang1, Pan Gao2, Hanmin Chen3, Xiangyue Zhou3, Yibo Ou3 and Yue He3*

1 Medical Clinic and Polyclinic IV, Ludwig-Maximilians-University Munich (LMU), Munich, Germany, 2 Department
of Translational Neurodegeneration, German Center for Neurodegenerative Diseases (DZNE), Munich, Germany,
3 Department of Neurosurgery, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology,
Wuhan, China

Traumatic brain injury (TBI) is a structural and physiological disruption of brain function
caused by external forces. It is a major cause of death and disability for patients
worldwide. TBI includes both primary and secondary impairments. Iron overload
and ferroptosis highly involved in the pathophysiological process of secondary brain
injury. Ferroptosis is a form of regulatory cell death, as increased iron accumulation
in the brain leads to lipid peroxidation, reactive oxygen species (ROS) production,
mitochondrial dysfunction and neuroinflammatory responses, resulting in cellular and
neuronal damage. For this reason, eliminating factors like iron deposition and inhibiting
lipid peroxidation may be a promising therapy. Iron chelators can be used to eliminate
excess iron and to alleviate some of the clinical manifestations of TBI. In this review we
will focus on the mechanisms of iron and ferroptosis involving the manifestations of TBI,
broaden our understanding of the use of iron chelators for TBI. Through this review, we
were able to better find novel clinical therapeutic directions for further TBI study.

Keywords: iron, ferroptosis, traumatic brain injury, iron metabolic disorder, iron chelator, reactive oxygen species

INTRODUCTION

Traumatic brain injury (TBI) is a serious contributor to the mortality and disability of adults
worldwide. Just in China, population-based mortality of TBI is estimated to reach approximately 13
cases per 100,000 people (Jiang et al., 2019). Apart from direct injury due to trauma, patients usually
have severe and extensive neuronal necrosis, brain tissue edema, breakdown of the blood-brain
barrier (BBB), escalating oxidative stress, and overactive inflammation following TBI. A vicious
cycle of these adverse factors culminates in death, disability, and vegetative state (Toklu and
Tümer, 2015). Aging individuals in the context of TBI suffer a greater probability of cognitive
impairment, dementia, and neurodegenerative disorders, which should also be responsible for the
poor outcome of TBI patients. As such, this emphasizes the growing need for TBI therapeutic
agents that are expected to mitigate all aspects of primary brain injury and eliminate the secondary
pathological defects of TBI.

Iron homeostasis is gaining acceptance as an essential process in TBI pathology. Iron is a
vital trace element for the maintenance of normal cellular physiology, plays a role in producing
deoxyribonucleic acid (DNA) and adenosine triphosphate(ATP), joins in the tricarboxylic acid
(TCA) cycle, functions as cofactor for various proteins in the electron transport chain, and is
implicated in the synthesis of myelin phospholipids and multiple neurotransmitters in the central
nervous system (CNS) (Ke and Qian, 2007; Ward et al., 2014).
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Iron deficiency in the brain during lactation could also
cause impaired neurotransmitter synthesis, resulting in delayed
development of behavioral functions. Excess intracellular iron
wreaks havoc on neurological functions, especially in the
compromised brain under TBI. The destruction of the brain
tissue, the collapse of the BBB and increased cerebral vascular
permeability, and regional severe inflammatory reaction together
lead to a large amount of iron rush from the blood into the
brain parenchyma.

Excess iron, divalent ferrous ion Fe2+ precisely, can
react with hydrogen peroxide (H2O2)or organic peroxide
(ROOH) to yield soluble hydroxyl (HO) or lipid alkoxy
(RO•) radicals, respectively. This is the primary source of
reactive oxygen species(ROS) produced by Fe2+ in the cell,
known as the Fenton reaction (Dixon and Stockwell, 2014),
which can eventually result in a new type of regulated cell
death called ferroptosis characterized by iron-dependent lipid
peroxidation. The neuronal membrane is rich in cholesterol and
polyunsaturated fatty acids (PUFAs), which are highly susceptible
to oxidation by ROS (Shichiri, 2014). In addition, the ability
of neurons to scavenge ROS in an autonomous manner is
limited, as reflected in decreased enzyme activities of superoxide
dismutase(SOD) and glutathione peroxidase(GPX) in the brain
compared to other types of tissue (Cand and Verdetti, 1989),and
the unparalleled activities of SOD and GPX with the development
of aerobic metabolism during postnatal maturation (Khan and
Black, 2003). The evidence above deepens our impression that
neurons are exceptionally vulnerable to iron overload.

Recent studies have reported that iron overload is strongly
associated with the development of Alzheimer’s disease (AD)
and Parkinson’s disease (PD). Iron overload is highly involved
in the pathophysiological process of secondary brain injury
reported in recent years (Imai et al., 2019). More importantly,
iron deposition in the brain as an inevitable consequence
of aging (Del et al., 2015) manifests a secure connection
between impaired iron homeostasis and poor outcome of aging
TBI patients. Here, we will discuss how the iron, as well as
ferroptosis, which are involved in brain trauma, broaden our
understanding of the role of iron metabolism played in TBI and
explore a new means of effective treatment targeting iron and
ferroptosis after TBI.

IRON AND ITS METABOLISM

Because of iron’s hydrophilic feature, the entry of iron from the
circulating blood into the brain parenchyma requires effective
conveyance through the BBB. Iron uptake across the BBB in
adult animals is mediated by the transferrin receptor(TfR) on
the proluminal surface of cerebral microvascular endothelial
cells that line the BBB, and the transferrin(Tf)/TfR endocytosis
approach is likely to be the primary route (Burdo et al., 2003;
Ke and Qian, 2007). Lactoferrin (McKie et al., 2000) / lactoferrin
receptor (LfR) and glycosylphosphatidylinositol (GPI) anchored
melanotransferrin (MTf)/ secretory melanotransferrin may also
serve in the iron passage through the BBB (Fillebeen et al., 1999;
Moroo et al., 2003).

Ferric iron (Fe3+) is released in the endosome due to the
acidic pH environment, and then is reduced into ferrous iron
(Fe2+) in the endosome. Divalent metal transporter 1 (DMT1,
also known as SLC11A2) mediates the release of Fe2+ from
endosomes into labile iron pools of the cytoplasm (Ke and Qian,
2007). Ceruloplasmin, as a GPI-linked membrane protein, is
expressed in the mammalian CNS, mainly in astrocytes that
surround brain microvessels (Klomp et al., 1996). After the
discovery of its ferroxidase activity, studies suggested that the role
of ceruloplasmin in iron metabolism was to help export iron at
the cellular level by binding with ferroportin (Attieh et al., 1999;
Richardson, 1999).

The change of transferrin will affect the iron metabolism.
Abnormalities in iron metabolism, including both iron deficiency
and iron overload, will negatively affect the function of the
whole body and lead to some diseases (Table 1). Iron deficiency
decreases cytochrome oxidase activity in the brain, especially
in the hippocampus and prefrontal regions (Carlson et al.,
2007). It could lead to the disorders of brain development
(Stugiewicz et al., 2016) such as motor development and
cognitive memory (Wang et al., 2019). High levels of iron
in the body can be deposited in the brain which is involved
in some neurodegenerative diseases such as PD and AD
(Harris et al., 1995; Andrews, 1999). The neurodegenerative
disorder characterized by the accumulation of iron is also
defined as neuroferritinopathy which is involved in TBI
(Daglas and Adlard, 2018).

FERROPTOSIS AND ITS MOLECULAR
MECHANISM

Ferroptosis
Back in 2012, the Stockwell BR team defined novel regulatory cell
death (RCD) as ferroptosis in a way that is completely different
from other types of RCD (Table 2). The structural integrity of
the nuclei in deceased cells is retained. Nuclear condensation or
chromatin margination that usually arise in apoptosis, necrosis,
and autophagy are not present in ferroptosis (Dolma et al., 2003).
Under electron microscopy, ferroptosis contribute to cells death
with exhibits shrunken mitochondria, increased mitochondrial
membrane density, and loss of mitochondrial cristae (Yagoda
et al., 2007; Dixon et al., 2012). Suppressing critical molecules
in apoptosis, necrosis, and autophagy pathways failed to prevent
this process, whereas selected antioxidants and iron chelators
markedly alleviate this novel RCD (Dolma et al., 2003).

Mechanism of Ferroptosis
As attention continues to be devoted to ferroptosis, the molecular
mechanisms are being studied in depth. We list some molecular
pathways that are now concretely proven to be engaged in
ferroptosis (Figure 1).

System Xc
−-GSH Synthesis-GPX4

System Xc
− is a Na+-dependent cysteine-glutamate antiporter

located in the membrane. It exports intracellular glutamate to
the extracellular space while importing cystine to the cytoplasm,
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TABLE 1 | Diseases related to the involvement of abnormal iron metabolism.

Iron metabolism Causes Diseases

Iron overload 1. Transfusion of the red blood cells
2. Intestinal absorption of iron
3. Genetic abnormalities of iron metabolism
4. Others

Transfusional siderosis
Myelodysplastic syndromes
Hereditary hemochromatosis
Aceruloplasminemia
Alzheimer’s disease
Parkinson’s disease

Iron deficiency 1. Poor absorption (bowel resection,
inflammatory)

2. Increase need for iron (pregnancy, blood
donations, cancer of the stomach)

3. Decreased dietary iron intake
4. Genetic abnormalities of iron metabolism
5. Hemolysis

Iron deficiency anemia
Iron-refractory iron deficiency anemia
Anemia of chronic inflammation

Transferrin 1. Increase: deficiency of iron hypoxia
2. Decrease: dietary

Immunologic stimulation
Genetic abnormalities

Iron deficiency anemia
Acute viral hepatitis
Malignant tumor
Rheumatoid arthritis
Congential hypotransferrinemia
Congenital atransferrinemia

TABLE 2 | Differences among ferroptosis, apoptosis and necroptosis.

Regulary cell death types Morphology Features Marks

Ferroptosis • Normal nuclear size
• Small mitochondria

1. High mitochondria membrane density
2. Reduction of mitochondria crista
3. Breakdown of outer mitochondria membrane
• Cell round up and float; Retained cell integrity

• Iron dependent
• Membrane lipid peroxidation

System Xc
−

GPX4
GSH
VDAC2/3
TfR1
. . .

Apoptosis • Nucleus
1. Reduction of nuclear volume
2. Nuclear fragmentation
3. Chromatin condensation
• Small cells; Cell membrane blebbing;

Retraction of pseudopods

• Activation of caspases
• Oligonucleosomal DNA fragmentation

Bax
Bak
Bcl-2
Bcl-XL
. . .

Necroptosis • Nucleus: moderate chromatin condensation
• Swelling cell; Cell membrane rupture

• Slump in ATP levels
• Release of DAMPs

RIP1
RIP3
MLKL
. . .

GPX4: glutathione peroxidase 4; GSH: glutathione; VDAC2/3: Voltage-dependent anion channels 2/3; TfR1: transferrin receptor 1; Bcl-2: B-cell lymphoma 2; Bcl-XL:
B-cell lymphoma-extra large; RIP: Receptor-interacting kinase; MLKL: mixed-lineage kinase domain-like protein.

whereupon cystine is subsequently converted to cysteine for
glutathione (GSH) synthesis. Glutathione peroxidase 4 (GPX4)
catalyzes GSH reaction with lipid–hydroperoxide to prevent
ROS production, supporting cells against oxidative stress. System
Xc
−, independent of ATP, is driven by high concentrations of

intracellular glutamate; therefore, it is particularly sensitive to
extracellular glutamate concentration. Millimolar extracellular
glutamate can block system Xc

− activity and initiate pathways
of oxidative cell death previously known as oxytosis (Tan et al.,
1999, 2001, Tobaben et al., 2011; Neitemeier et al., 2017). Elevated
levels of extracellular glutamate in diverse brain trauma contexts
inhibited system Xc

− transportation, which in consequence
triggered ferroptosis (Bridges et al., 2012). Recent studies suggest
that directly inhibiting system Xc

− can induce cell death by
lowering uptake of cysteine, which leads to GSH depletion
and ultimately impairs the cell’s ability to resist oxidative stress
(Gout et al., 2001; Dixon et al., 2012).

GSH depletion following TBI is seen in several experiment
cases and usually contributes to secondary injury (Bayir et al.,
2002; Ansari et al., 2008). A number of other studies have
also supported that GSH depletion is related to ferroptosis.
N-acetyl-p-benzoquinone imine (NAPQI), an active metabolite
of acetaminophen, First-class ferroptosis-inducing compounds
(FINs) such as diverse pharmacological inhibitor-2 (DPI2), and
Buthionine sulfoximine (BSO) all these compounds can deplete
90% of cellular GSH and can induce ferroptotic cell death (Yang
et al., 2014; Lőrincz et al., 2015).

GPX4, one member of the GPX family, is found to be
more involved in ferroptosis than the other counterparts. GPX4,
together with GSH, reduces free hydrogen peroxide (H2O2) or
organic peroxide (ROOH) into water or corresponding alcohols.
GSH, at the same time, is turned into the oxidized counterpart
glutathione disulfide (GSSG). GSH depletion induced by BSO
deactivates GPX4, thereby elevating the ROS level in lipids,
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FIGURE 1 | Inhibition of ferroptosis by inhibition of Xc-System or GPX4 activity. Scheme of several pathways implicated in ferroptosis in neurons. 1. The System Xc
−

pathway keeps the GSH maintenance, block of which can promote ferroptosis. GSH turning into GS-SG accompanied with PUFAs-OOH reduction and glutathione
peroxidase 4 consumption. This process goes in a dynamic equilibrium, any perturbation on the component in this route such as GSH decrease, GPX4 depletion or
increased external Glutamate will accelerate ferroptosis. 2. VDAC opening also contributes the ROS accumulation. 3. Iron overload brings into ROS through Fenton
reaction. 4. Lipid peroxidation finally causes neuron death. Inducers and inhibitors of ferroptosis are marked in red and green, respectively. PUFAs: Polyunsaturated
fatty acids; VDACs: Voltage-dependent anion channels/mitochondrial porins; GSH: Glutathione; GS-SG: Glutathione disulfide; GPX4: Glutathione peroxidase 4;
FINs: Ferroptosis-inducing compounds; BSO: Buthionine sulfoximine; NADQI: N-acetyl-p-benzoquinone imine; RSL: RAS-selective lethal compounds; CPX:
ciclopirox; 2,2-BP: 2,2-bipyridyl; DFO: deferoxamine.

which is reflected by increased oxidation of NADPH and
lysophosphatidylcholines (an indicator of lipid-producing ROS).
Inhibition of GPX4 activity without any GSH deficiency also leads
to ferroptotic cell death.

VDAC2/3
Voltage-dependent anion channels (VDACs), also referred to as
membrane porins, are transmembrane channels that transport
ions and metabolites in eukaryotes and are widely distributed on
the external mitochondrial membrane. Knockdown of VDAC2/3,
instead of VDAC1, suppressed erastin-induced death in RAS
mutant cells. The affinity purification assay identified VDAC2/3
as a direct target of erastin, and the erastin-induced sensitivity
strongly correlated with the amount of mitochondrial VDAC
(Yagoda et al., 2007). Erastin acts by binding to VDAC2/3 on
the external mitochondrial membrane, altering ion selectivity
of the VDAC, so that the channel only permits cations to
enter the mitochondria, retarding the oxidation of NADH,
provoking mitochondrial dysfunction and oxidant release, and
culminating in oxidation-dependent non-apoptotic cell death,
now known as ferroptosis (Yagoda et al., 2007). Erastin
additionally enhances the permeability of VDAC2 liposomes to
NADH in a manner that requires the amino-terminal region of
VDAC2 (Bauer et al., 2011).

Iron-Dependent Lipid Peroxidation
Overload of iron induces ferroptosis by the production of ROS
via the Fenton reaction. This suggests that both increased iron
uptake and decreased iron storage may account for the iron
overload during ferroptosis. It is true that membrane-permeable
iron chelators such as ciclopirox (CPX), 2,2-bipyridyl(2,2-BP)
and impermeable iron chelators such as deferoxamine (DFO)
provide adequate protection against ferroptotic cell death, while
supplementation with exogenous iron sources or transferrin
in combination with iron without treating with other divalent
metals accelerates ferroptosis (Yagoda et al., 2007; Dixon et al.,
2012). Iron-responsive element-binding protein 2(IREB2) is
a major transcription factor in iron metabolism: applying
RNAi repression of IREB2 considerably suppresses ferroptosis,
providing direct evidence of iron-dependent cell death (Yagoda
et al., 2007; Dixon et al., 2012). Suffice it to say that abnormalities
in the metabolic system involved in iron acquisition and
utilization are essential for the induction of ferroptosis.

The classic profile of ferroptosis is regulated cell death due
to iron-dependent lipid peroxidation, which can be ameliorated
by iron chelators and lipid antioxidants, and the culprit of lipid
peroxidation is generally believed to be ROS. ROS can react
with polyunsaturated fatty acids (PUFAs) of the membrane and
induce lipid peroxidation. Several ROS-producing routes are
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described above (Figure 1); however, the detailed mechanism of
ROS-induced iron death remains unclear. Some compounds that
promote intracellular and mitochondrial ROS production fail to
promote iron-dependent cell death, and hyperproduction of ROS
is also known to be associated with other types of regulatory
cell death (necrosis, apoptosis, etc.) (Dixon et al., 2012; Skouta
et al., 2014, Su et al., 2019). An open question arises as to
whether any type of lethal lipid peroxidation would be classified
as ferroptosis, or whether only particular types of lethal lipid
peroxidation would be referred to as ferroptosis. It is, therefore,
of great demand to obtain an understanding of the specific lipids
and their precursors participating in ferroptosis.

THE ROLE OF IRON AND FERROPTOSIS
IN TBI

TBI includes both primary and secondary impairments. Primary
injury refers to fractures of the head caused by external forces.
It produces cortical or subcortical contusions and lacerations,
intracranial hemorrhage (subarachnoid hemorrhage or subdural
hematoma) and disruption of the BBB. Diffuse axonal injury
(DAI), the hallmark injury of TBI, is the main reason of some
long-term complications of TBI which may be the reciprocal
result of neuroinflammation and neurodegeneration (Ray et al.,
2002). After trauma, axons in the white matter of the brain are
more susceptible to damage. The main effects of DAI include
primary mechanical rupture of the axonal cytoskeleton, which
leads to disruption of axonal transport, resulting in axonal
swelling and proteolysis (Johnson et al., 2013). Secondary injury
refers to further molecular and chemical inflammatory reactions
such as blood hemoglobin and iron release, dysfunction of
brain metabolism and cerebral blood flow, further triggering
neuroinflammatory processes, oxidative stress, glutamatergic
excitotoxicity and mitochondrial dysfunction, etc., which cause
further brain damage (Stocchetti et al., 2017).

Studies have reported that TBI patients who suffered
from intracranial hemorrhage leading to the release of iron
exhibited iron deposition in the brain. In TBI patients,
microglia are activated to release toxic substances such as
proinflammatory cytokines interleukin(IL-6) and tumor necrosis
factor alpha (TNF-α), complement proteins and proteases
causing brain damage (Dheen et al., 2007). At the same time,
the BBB is disrupted, allowing further infiltration of neutrophils,
macrophages, etc., into brain tissue (Chodobski et al., 2011). They
are involved in cellular autophagy, secreting anti-inflammatory
factors, enhancing the clearance of damaged cells and reducing
the toxic effects caused by cellular degradation. Meanwhile,
this could promote cellular repair and restore neuroplasticity
(Krishnamurthy and Laskowitz, 2016). It will produce more
toxic free radicals and ROS such as superoxide radicals and
nitric oxide resulting in patients with cognitive dysfunction,
brain edema and other hazards. With the generation of ROS,
this results in reduced mitochondrial respiration, peroxidation
of lipids, dysfunction of protein and enzyme oxidation,
which could lead to neuronal damage (Fischer et al., 2016).
Increased extracellular glutamate toxicity and overstimulation

of glutamate N-methyl-D-aspartate (NMDA) and α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (Wilde et al.,
2010) receptors can affect the intake of calcium and cause
neuronal damage and cell death. TBI patients have increased
extracellular glutamate at the cortex and hippocampus and
decreased glutamate transporters. These changes lead to
decreased GABAergic control and increased epileptic activity
leading to cell death and affecting cognition (Palmer et al., 1993;
Osteen et al., 2004) in the mouse model of TBI. Meanwhile
it could lead to mitochondrial dysfunction and overproduction
of free radicals, activate caspase signaling for apoptosis. We
could find mitochondrial disruption, iron deposition and lipid
ROS accumulation, all of them are characteristic of ferroptosis
(Abdalkader et al., 2018). Figure 2 shows the iron metabolism in
normal brain and cellular changes in the brain after TBI and the
mechanism of iron chelators.

Brain Edema After Trauma
Brain edema in TBI refers to a series of reactions caused by
trauma, resulting in excess intracellular or extracellular water. It
is a major complication of TBI patients. Meanwhile, the dense
nature of the skull also leads to an increase in intracranial
pressure (ICP), further contributing to the adverse consequences
of TBI. Approximately 50% of TBI patients died from cerebral
edema and its associated lesions (Marmarou, 2003; Simard et al.,
2007). Timely alleviation of brain edema after TBI is helpful
for patients’ recovery. Usually, the brain edema will peak within
2–3 days after TBI (Marmarou, 2003).

Brain edema in TBI is mainly divided into cytotoxic edema
and vasogenic edema. In some TBI patients, the failure of
the ATP-dependent Na+/K+ pump leads to an increase in
intracellular ion content, osmotic pressure and the influx of
water into the cells (Liang et al., 2007). Elevated extracellular
K+ activates the Na+-K+-2Cl− co-transporter (NKCC1), which
facilitates Na+ entry into the cell and exacerbates brain edema
(Zhang et al., 2017). Therefore, cytotoxic edema refers to an
increase in intracellular water and no change in brain water
content, which does not lead to an increase in ICP. Cytotoxic
edema occurs in all cell types, especially in astrocytes, which
predominantly causes swelling of the cells in the acute phase of
TBI (Unterberg et al., 2004). The occurrence of cytotoxic edema
may be related to aquaporin 4(AQP4), a bidirectional water
channel protein that is widespread in astrocytes in the brain.
Astrocytes play an important role in maintaining water and ion
balance in the brain (Shields et al., 2011). Thus, AQP4 may be
involved in the regulation of brain osmotic pressure gradients.
Decreased AQP4 expression has been shown to reduce the
formation of edema in TBI (Guo et al., 2006). IL-1β and TNF-α, as
well as nuclear factor-kappa B (NF-κB), are all pro-inflammatory
cytokines. TBI induces their upregulation, which is involved in
the increased expression of AQP4 (Ito et al., 2006; Alexander
et al., 2008, Rao et al., 2011). They are also involved in ferroptosis.
Ferrostatin-1, the inhibitor of ferroptosis, further reduces the
levels of IL-1β and TNF-α and BBB disruption, thereby reducing
brain edema (Zhang et al., 2018). Meanwhile, TBI will cause
the disruption of the balance between oxidative and antioxidant
systems, which could also lead to brain edema (Hall et al.,
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FIGURE 2 | Iron metabolism in normal brain and cellular changes in the brain after TBI and the mechanism of iron chelators. Iron is taken up from the blood via
endothelial cells in brain capillaries, Fe3+ binds to transferrin and transferrin receptors on endothelial cells entering the endosome through endocytosis. DMT1 can
bind with Fe2+ to enter the LIP in the cytoplasm. Ferroportin is a transmembrane protein that can move Fe2+ out of the cell. In astrocytes, iron uptake occurs in the
same way as in endothelial cells. Cp could efflux Fe2+ partnered with ferroportin. Oligodendrocytes also take up iron via the ferritin receptor Tim-2. Neuronal axons
are surrounded by myelin sheaths, which are composed of oligodendrocytes in an iron-dependent manner. Microglia may take up iron via the transferrin receptor
and release iron via ferritin. When TBI occurs, RBC in the capillaries rupture and hemoglobin is broken down by heme oxygenase, which can increase the NTBI. It is
able to carry out Fenton reaction, making ROS increase. Meanwhile, the activation of astrocytes and microglia release pro-inflammatory cytokines and Fe2+

increased in the LIP. All of them cause oxidative damage or death to neurons and glia. The feature of ferroptosis is iron overload and ROS accumulation which lead
to TBI physiopathology. Ferrostatin-1 is a specific ferroptosis inhibitor which alleviates ROS accumulation. The iron chelator DFO could bind to Fe3+. HBED crosses
the BBB and promotes the oxidation of Fe2+ to Fe3+. Minocycline could also crosses the BBB and binds to Fe2+. All of them could reduce the extent of brain
damage and limits the deterioration of brain function. The single arrow (pink) represents whether iron is transported into or out of the cell. DMT1: Divalent metal
transporter 1; LIP: labile iron pools; Cp: ceruloplasmin; RBC: red blood cell; NTBI:Non-Transferrin Bound Iron fraction; ROS: reactive oxygen species; BBB:
blood-brain barrier; DFO:deferoxamine; HBED: N,N′-di(2-hydroxybenzyl) ethylenediamine-N,N′-diacetic acid monohydrochloride.

2010). GPX4 is a major upstream regulator of ferroptosis, and
its reduction increases ROS generation. The overexpression of
GPX4 attenuates brain edema and BBB disruption in an animal
model of TBI (Zhang et al., 2018). Arachidonic acid and other
PUFAs will increase the amount of ROS, leading to ferroptosis.
Increases in AA and PUFAs in the brain lead to increases in water
and sodium and decreases in potassium and the ATP-dependent
Na+/K+ pump, leading to cerebral edema (Chan et al., 1983).

Vasogenic edema is a disruption of the BBB that results
in extravasation of fluid and intravascular proteins (such as
albumin) into the brain parenchyma. The movement of water
to the brain parenchyma creates a permeability gradient. The
greatest feature of vasogenic edema is the traumatic opening
of the BBB, where increased water content in the brain leads
to swelling of brain tissue and increasing ICP (Barzó et al.,
1997). Due to the peculiarities of the brain, the endothelial cells
of the cerebral vessels are tightly interlinked by extracellular
adhesion proteins. This forms the BBB, along with astrocytes

and peripheral cells. After TBI, ischemia-reperfusion in the
brain leads to mitochondrial dysfunction, glial cell activation,
and excessive release of vascular permeability factors and
cytokines (such as TNF-α and IL-6 and IL-1β) accompanied
by oxidative stress, etc., leading to hyperpermeability and
damage of the BBB (Jha et al., 2019). Vasogenic edema
begins to appear a few hours after the onset of TBI (Barzó
et al., 1997). Ferroptosis may be involved in vasogenic edema.
Ferrostatin-1 and overexpression of GPX4 both reduce BBB
destruction and alleviate vasogenic edema (Zhang et al., 2018).
There are also some factors that cause vasogenic edema.
Matrix metalloproteinases (MMPs) could degrade a variety
of extracellular matrix proteins, including the tight junction
proteins that make up the BBB. Substance P increases vascular
permeability and activates astrocytes and microglia to produce
pro-inflammatory factors, thereby increasing BBB destruction.
Vascular endothelial growth factor A (VEGF-A) contributes to
angiogenesis and increases microvascular permeability, and also
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has the ability to increase the permeability of brain endothelial
cells. It has been found that MMPs, especially MMP-2, MMP-3,
MMP-9, and VEGF-A, and substance P, are elevated after TBI,
causing acute damage to the BBB, which leads to vasogenic edema
(Hayashi et al., 2009; Jha et al., 2019).

With the help of magnetic resonance imaging (MRI), the
increase in water diffusion distance indicated that vasogenic
edema occurred in the first few hours after TBI, followed
by cytotoxic edema persisting for 2 weeks that progressively
worsened with increasing cellular dysfunction and death (Barzó
et al., 1997). The destruction of BBB reaches its peak at 4–6 h
after TBI, and differential permeability to molecules of different
sizes is exhibited within 7 days. The destruction of the BBB
further contributes to increased cytotoxic edema (Beaumont
et al., 2000). Brain edema and ICP values peak within 2–
3 days after TBI (Marmarou, 2003). Therefore, early intervention
against angioedema and continued treatment of cytotoxic edema
both contribute to patient prognosis. The treatment of brain
edema mainly involves a combination of drugs and surgery,
such as hyperosmolar treatment, hypothermia, sedation and
decompressive craniectomy (Carney et al., 2017).

Posttraumatic Cognitive Dysfunction
Cognitive dysfunction is mainly manifested as disturbed
consciousness,memory disorders, attention deficit and impaired
learning processing (Millis et al., 2001). Posttraumatic cognitive
impairment can seriously affect quality of life. Patients with
mild TBI may have transient consciousness impairment, mild
confusion, inattention, and forgetfulness immediately after
injury, with approximately 80%–85% of patients substantially
recovering 3–6 months after injury (Dougan et al., 2014), and
exhibiting better long-term prognosis. Only a small percentage
of patients with mild TBI have cognitive impairment for a longer
period of time, for several reasons (Vincent et al., 2014). Patients
with moderate or severe TBI experience a loss of consciousness
greater than 30 min or posttranmatic amnesia (PTA) (Gupta
et al.) lasting more than 24 h. PTA refers to the time of
confusion after TBI when a patient has a brief period of impaired
consciousness and memory impairment. The duration of the
PTA is very important to the patient’s prognosis. Patients with
PTA often have more severe and persistent cognitive deficits
after injury and may have more severe cognitive domain deficits
involving language, reasoning, and visuospatial processing than
patients with mild TBI. These patients are more likely to
experience more prolonged impaired consciousness, such as
coma or vegetative state, and are therefore at greater risk of
developing chronic cognitive impairment after TBI (Nakase-
Richardson et al., 2007). It has been reported that almost half
of patients with moderate to severe TBI still have cognitive
impairment even after 1 year, or even longer (Dougan et al.,
2014). The age, gender and the presence of other chronic
conditions such as diabetes, hypertension, etc., of TBI patients
can affect the probability of cognitive dysfunction.

There are no definitive theories to indicate the cause of
cognitive dysfunction, but some studies speculate that it is
related to ferroptosis, DAI, neuronal deficits, and BBB disruption.
A decrease in GSH was found in patients with TBI (Ansari

et al., 2008), as well as iron deposition, which may be related
to cognitive impairment (Maher, 2018). Administration of
ferrostatin-1 to the ventricles of an animal model of TBI
significantly reduces iron deposition and neuronal degeneration
and improves cognition function, and thus ferroptosis may be
involved in the process of cognitive impairment (Xie et al., 2019).
Many studies have shown that head injury is a risk factor for AD
(Fleminger et al., 2003). The greatest characteristic of AD patients
is cognitive impairment, and neuronal deficits in AD, especially
hippocampal neuronal damage with increased ferroptosis, which
imply activation of the Nrf2/GPX4 signaling pathway, may also
be the cause of cognitive impairment in TBI patients (Gómez-
Isla et al., 1997; Yao et al., 2019). Meanwhile, animal models of
AD have shown that BBB damage occurs early in AD patients
(Zlokovic, 2011). Thus, damage to the BBB in TBI patients
may also be a cause of cognitive dysfunction. DAI often occurs
after TBI and is characterized by a loss of consciousness and
extensive axonal damage to the cerebral hemispheres, cerebellum
and brainstem. After TBI, the white matter axons of the brain
are more susceptible to injury, and the shear force generated
by head trauma on the white matter axons may cause them to
break, which interrupts transport and causes swelling and other
secondary physiological changes. Almost all patients with severe
TBI showed DAI (Povlishock and Katz, 2005). It has been shown
that in patients with TBI, intracerebral axonal deformities persist
several years after injury and that DAI may induce long-term
progressive neurodegenerative processes (Chen et al., 2009).

Posttraumatic Epilepsy (PTE)
Posttraumatic Epilepsy is a common symptom after TBI and
occurs in approximately 30% of patients with severe TBI (Bao
et al., 2011). Approximately 80% of PTE patients have seizures
within 2 years of TBI (Verellen and Cavazos, 2010). Severity of
head injury, acute cerebral hematoma or subdural hematoma,
diffuse hydrocephalus and penetrating brain injury are all risk
factors for PTE (Curia et al., 2016). Posttraumatic seizure (PTS)
is a seizure that occurs once after TBI due to head trauma, while
PTE is a seizure that occurs multiple times at least one week after
TBI. The features of PTE are recurrent epileptic symptoms with
diverse clinical manifestations and a duration time ranging from
weeks to months (Jennett, 1974; Raymont et al., 2010).

PTE is generally localization-related epilepsy caused by the
temporal or frontal lobes (Gupta et al., 2014). It can further
aggravate the symptoms of memory and cognitive impairment,
sleep disorders, depression, etc., caused by TBI. It is thus
necessary to diagnose and treat PTE in a timely manner,
which can help patients to improve their quality of life
(Castriotta et al., 2007; Muccigrosso et al., 2016). Computerized
tomography (CT), MRI and electroencephalography (EEG) all
contribute to the diagnosis of PTE. Antiepileptic drugs such
as phenytoin, phenobarbital, levetiracetam and carbamazepine
are all commonly used in clinical practice to prevent acute
seizures after TBI. They are effective against early PTS, but the
treatment for PTE is limited (Hung and Chen, 2012). If the
intracranial seizure lesion causing the epilepsy can be identified, it
can be treated with surgery. Different intracranial lesions require
different surgical resection (Zimmermann et al., 2017).
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The occurrence of PTE may be associated with damage to the
BBB and intracranial hemorrhage caused by TBI. The infiltration
of red blood cells and blood components causes hemolysis
and hemoglobin breakdown, leading to the accumulation of
free iron and iron-rich compounds such as heme. It has
been shown that metals can stimulate the onset of epilepsy
(Kendirli et al., 2014). Iron and ferrous ions initiate the
inflammatory responses and enhance free radical production
and mitochondrial fragmentation. The oxidative stress leads
to lipid peroxidation, causing lipid damage which promotes
epilepsy. This theory can be justified by the fact that injection
of Fecl3 into mice could construct epilepsy models (Jyoti et al.,
2009). In the TBI epilepsy model, the transcription factor
Nrf2 involved in ferroptosis was significantly reduced, which
promotes various expressions of antioxidant, anti-inflammation
and neuroprotective proteins (Ghadiri et al., 2020). NMDA
receptor-mediated glutamate excitotoxicity, ROS formation and
subsequent membrane lipid peroxidation, and neuronal cell
death all may exacerbate brain ischemia in TBI patients. Further
depolarization leads to a lower seizure threshold, which induces
epilepsy (Willmore and Ueda, 2009).

Posttraumatic Hydrocephalus (PTH)
Posttraumatic Epilepsy is a special type of hydrocephalus that
occurs after TBI and was first detected in children by Dandy in
1914 (Dandy and Blackfan, 1964). It is more common in the
pediatric population (Fattahian et al., 2018). PTH occurs mainly
within 3 months after TBI, and not all patients with TBI will have
PTH, which is related to the patient’s age, degree of disability
due to TBI, impairment of consciousness (Kammersgaard et al.,
2013)and repeated operations (Choi et al., 2008). The cause of
PTH may be related to intracranial hemorrhage and adhesion of
inflammatory mediators that affect the outflow and resorption of
cerebrospinal fluid (CSF) after TBI (Miki et al., 2006; Shah and
Komotar, 2013). The occurrence of PTH may also be related to
an excess of iron in the brain. One study found that injection
of red blood cells into the cisterna magna of dogs led to an
increase in iron and the formation of hydrocephalus (Iwanowski
and Olszewski, 1960). A study showed that SAH patients had
significantly elevated levels of iron and ferritin in their CSF.

Patients with SAH after TBI are more likely to develop PTH
and are at three times greater risk than patients with other
types of TBI (Chen et al., 2019). The increase in ferritin may
be associated with the stronger inflammatory response in the
subarachnoid space, leading to an increase in inflammatory
cells and the promotion of ferritin synthesis by inflammatory
cytokines. Meanwhile, it has been shown in animal models that
injection of hemoglobin leads to increased activity of heme
oxygenases (HOs) accelerating heme metabolism (Turner et al.,
1998), increasing erythrocyte lysis and leading to an excess of
iron in the brain. Iron can cause ventricular expansion. The iron
chelator deferoxamine (DFO), which could upregulate HO-1,
can thus alleviate ventricular expansion caused by TBI leading
to acute hydrocephalus (Zhao et al., 2014). DFO could bind
and remove iron from ferritin in a concentration-dependent
manner, and remove approximately 10–15% iron from saturated
transferrin, but none from hemoglobin (Zhao et al., 2014).

Increased lipid peroxidation leads to vascular changes that can
also cause hydrocephalus (Caner et al., 1993).

Posttraumatic Epilepsy can be manifested as normal pressure
hydrocephalus (NPH). Its typical symptoms are cognitive
impairment, urinary impairment and gait changes. It can also be
manifested as hypertrophic hydrocephalus with increased ICP,
manifested as headache, nausea, vomiting, optic papilledema,
focal neurological dysfunction, etc. (Williams and Malm, 2016).
A large proportion of patients are difficult to detect because
the symptoms of TBI are more consistent with those of PTH,
with a wide variation in diagnosis, with incidence rates ranging
from 0.7% to 51.4% (De Bonis et al., 2010). The imaging of
PTH can sometimes present as acute obstructive hydrocephalus
with enlargement of the ventricular system, especially in the
anterior horn of the lateral ventricles; a clear band of interstitial
edema around the lateral ventricles, especially in the frontal horn;
enlargement of the ventricles more than the cistern; no atrophy in
the gyri and no widening of the sulcus (Kishore et al., 1978). The
frontal horn index is the ratio between the maximum width of
the frontal horn and the maximum width of the brain in the same
axial CT section. It has been reported that a ratio greater than 0.3
indicates enlarged ventricles (Kosteljanetz and Ingstrup, 1985).

IRON QUANTIFICATION MEASUREMENT
IN TBI

Thanks to the development of MRI techniques, more new
methods are being introduced every year. Some of these
have existed for decades, but because their function has
not been fully discovered, they generally require special
manipulation and evaluation. Therefore, they are still considered
advanced techniques.

With iron accumulation playing a role in TBI pathology,
magnetic field-related MR imaging is sensitive to the presence of
non-heme iron (Wu et al., 2010; Raz et al., 2011), and some MR
imaging techniques can better detect and assess the correlation
between iron deposition and patients with TBI.

Iron accumulation in specific areas of the brain in TBI patients
can be recorded by MRI approaches such as magnetic field
correlation (MFC) and susceptibility weighted imaging (Dougan
et al., Raz et al., 2011). MFC is the imaging metric of MRI with
the quantitative value of magnetic field in homogeneities (MFIs).
The values of MFIs are varied according to the different magnetic
sensitivities of different tissues in MRI and different structures
of macro and micro tissues (Jensen et al., 2006). MFC values
are increased in iron-rich cells. Therefore, MFC can be used
as a biomarker of iron in MRI. It has been shown that MFC
values are significantly elevated in the thalamus and globular
pallidum and deep gray matter of TBI patients, suggesting that
iron is involved in both white matter and subcortical gray
matter damage in TBI formation (Raz et al., 2011). Susceptibility
Weighted Imaging (SWI) is particularly sensitive to changes of
iron and blood oxygen saturation in the brain, thus showing the
magnetic susceptibility changes of different tissues (Liu et al.,
2016). It has been shown that SWI can detect iron levels in the
brain and determine the severity of the diseases in PD patients
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(Wu et al., 2014). SWI performed on TBI patients reveals elevated
angle radian values in intracerebral gray matter and subcortical
gray matter (Lu et al., 2015). Diffusion tensor imaging (DTI)
metrics can reflect subtle changes in the white matter of the
brain due to demyelination or disruption of tissue microstructure
in the TBI patients, resulting in decreased fractional anisotropy
and increased mean diffusivity (Wilde et al., 2010; Wallace et al.,
2018). DTI is more sensitive than MRI to minor changes in mild
TBI (Shenton et al., 2012).

DRUG TREATMENT TARGETING IRON
AND FERROPTOSIS AFTER TBI

Currently, TBI treatment is mainly divided into medical
interventions and surgical treatments. Medical interventions
include monitoring intracranial pressure and elevating the
patient’s head during hyperventilation, which can lower the
patient’s ICP (Greenberg and Arredondo, 2001), maintain
hypothermia and reduce oxidative damage (Bayir et al., 2009).
Intravenous mannitol is administered to alter blood rheology
by hypertonic therapy (Golden et al., 2002). Hyperbaric oxygen
therapy can improve cerebral blood flow in patients with both
mild or severe TBI, and it could lead to a better quality of
life (Lv et al., 2011). Performing the operations of removing
hematoma and decompressive craniectomy in a timely manner
can effectively improve the patient’s survival rate if the patient
has epidural, subdural or intracranial hematoma. Iron overload
leads to an increase in ROS, oxidative damage, and destruction
of neural tissue-associated enzymes and cells, thus affecting the
recovery of TBI patients. Iron chelators may thus represent a new
direction for the treatment of TBI.

The therapeutic principle of iron chelators is to combine free
iron and remove excess iron from the blood, while acting as an
oxidant and promoting the generation of free radicals (Khalaf
et al., 2018). Although there are many types of iron chelators,
all of them contain oxygen, nitrogen or sulfur donor atoms that
bind to iron to form dative covalent bonds. Ligand iron chelators
containing “soft” donor atoms such as sulfur or nitrogen bind
more readily to Fe2+ (Liu and Hider, 2002). Ligand chelators
containing “hard” ligand atoms, such as oxygen, are more likely
to bind to Fe3+ (Kalinowski and Richardson, 2005). Different
iron chelators have different affinities with iron; the highest
affinity iron chelator is hexadentate, such as DFO, which binds
iron in a 1:1 ratio (Hider and Zhou, 2005). Iron chelators were
initially used as adjuncts to the treatment of β-thalassemia, sickle
cell disease and myelodysplastic disorders (Hatcher et al., 2009;
Bayhan et al., 2018). There is also a small amount of clinical
research on the treatment of AD (Crapper McLachlan et al., 1991)
and PD (Devos et al., 2014). At present, there is no research on the
treatment of TBI patients with iron chelators, but in many animal
TBI models, there are already related applications.

There are currently three main types of medical iron
chelators: siderophores, synthetic chelators, and natural-derived
chelators (Hatcher et al., 2009). Siderophores are low molecular
weight compounds extracted from microorganisms, and the
most commonly used medicinal siderophore is DFO (Hatcher
et al., 2009). DFO acts as a non-transferrin chelator to reduce

hemoglobin by ferryl reduction and to produce superoxide
radicals by binding to Fe3+. It also acts as a reducing agent
to prevent lipid peroxidation. DFO also reduces hydrocephalus
formation and HO-1 expression in a fluid percussion injury
model (Zhao et al., 2014). In the weight loss animal models,
DFO reduces iron and ferritin levels, improves spatial memory
and reduces the possibility of brain atrophy (Zhang et al.,
2013). In an animal model of intracranial hemorrhage, DFO
has beneficial effects on iron-induced cerebral edema (Xie et al.,
2014). N, N’-di(2-hydroxybenzyl) ethylenediamine-N,N’-diacetic
acid monohydrochloride (HBED) is also an iron chelator which
binds to ferrous iron through the BBB, converting it to ferric iron
and mitigating iron’s harm. Compared with desferrioxamine,
HBED is a synthetic product which has a higher affinity toward
iron and fewer side effects (Bergeron et al., 1998). In animal
models, HBED reduces the extent of brain damage and limits
the deterioration of brain function after a TBI. It could improve
motor function and neurological dysfunction, reducing the
amount of cortical damage and oxidative stress markers (Khalaf
et al., 2018). This was accompanied by a significant reduction in
brain injury volume and hippocampal swelling. HBED could also
decrease the expression of the AQP channel, which is involved
in cell edema, and could reduce brain edema after TBI (Hatcher
et al., 2009). Minocycline is a highly lipophilic compound and an
iron chelator that crosses the BBB easily. It has a higher activity
in reducing iron-induced injury compared to DFO (Garton et al.,
2016). In TBI animal models, minocycline was shown to reduce
iron overload, neuronal death and lower serum iron levels. It
provides neuroprotection by inhibiting both the activation of
microglia and inflammatory response (Murata et al., 2008) and
attenuates iron-induced cerebral edema and BBB damage after
intracerebral hemorrhage (Zhao et al., 2011). It has also been
shown in clinical trials that minocycline has an effect on outcome
in patients with hemorrhage and TBI.

Ferrostatin−1 (Fer-1) is a specific ferroptosis inhibitor that
reduces cell death in some models such as Huntington’s Disease,
acute brain injury, and so on (Jin et al., 2015). It has been
shown that Fer-1 not only reduces iron aggregation and reduces
neuronal death in TBI animal models but also improves TBI-
induced cognitive and motor function deficits (Abdalkader et al.,
2018). In addition, there are some traditional Chinese medicines
that may play a role in the treatment of TBI. Baicalein, a
flavonoid compound, can have a neuroprotective effect in many
neurological diseases (Gu et al., 2016). In an animal model of
FeCl3-induced PTE, it ameliorates behavioral seizures and exerts
neuroprotective effects by inhibiting 12/15-LOX and preventing
lipid peroxidation, thereby inhibiting ferroptosis to some extent
(Li et al., 2019).

CONCLUSION AND PERSPECTIVES

It is becoming increasingly clear that iron and ferroptosis play
a detrimental role in the pathogenesis of TBI. As a novel form of
cell death, ferroptosis occurs in cells when iron accumulation and
lipid peroxidation are activated. However, our understanding of
these processes in TBI remains at an early stage. It is necessary to
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explore the relationship of iron with the primary and secondary
consequences of TBI. More studies on the specific regulatory
mechanisms of ferroptosis on clinical manifestations in TBI and
the role of iron in ROS generation and neurotoxicity need to
be conducted. Currently, due to the toxicity to both kidney and
heart, iron chelators are only used experimentally. The clinical
application of iron chelation therapies on TBI patients, and the
long-term prognosis, are also worthy of further study.
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Autophagy is a conserved process to maintains homeostasis via the degradation of
toxic cell contents, which can either promote cell survival or accelerate cellular demise.
Ferroptosis is a recently discovered iron-dependent cell death pathway associated with
the accumulation of lethal reactive lipid species. In the past few years, an increasing
number of studies have suggested the crosstalk between autophagy and ferroptosis.
Ischemic stroke is a complex brain disease regulated by several cell death pathways,
including autophagy and ferroptosis. However, the potential links between autophagy
and ferroptosis in ischemic stroke have not yet been explored. In this review, we
briefly overview the mechanisms of ferroptosis and autophagy, as well as their possible
connections in ischemic stroke. The elucidation of crosstalk between different cell death
pathways may provide insight into new future ischemic stroke therapies.

Keywords: autophagy, ferroptosis, cell death, ischemic stroke, iron overload, lipid peroxidation, reactive oxygen
species

INTRODUCTION

Stroke is one of the major causes of death and disability worldwide (Haley et al., 2019), and includes
two main subtypes: ischemic stroke and hemorrhagic stroke. Ischemic stroke results from a lack of
blood supply to the brain, and accounts for approximately 85% of all cases of stroke. Nowadays,
several cell death pathways have been identified to be involved in ischemic stroke pathophysiology,
including apoptosis, necrosis, and autophagy. Among these, necrosis has been generally regarded
as a passive and uncontrolled form of cell death, while more recently, certain types of regulated
necrosis have also been found, such as necroptosis, pyroptosis, ferroptosis, parthanatos, and CypD-
mediated necrosis. Interventions targeting these specific types of regulatory necrosis have provided
new ideas for the treatment of ischemic stroke (Lu et al., 2020).

Autophagy is an evolutionarily conserved process to degrade toxic proteins, damaged organelles,
and invading pathogens via the lysosomal pathway. At the molecular level, autophagy is mainly
executed by multiple autophagy-related genes (Atg), and is also regulated by a complex signaling
network. Autophagy plays an important role in maintaining cellular homeostasis, regulating
organism growth, and modulating the development of diseases (Doria et al., 2013). In ischemic
stroke, it can either postpone or accelerate cell death, depending on the degree of activation.

Ferroptosis is iron-dependent regulated necrosis associated with excess reactive lipid species,
due to accumulated lipid peroxidation. Recently, studies found that ferroptosis also plays an
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important role in the development of ischemic stroke through
influencing iron metabolism or lipid peroxidation, whereas
inhibiting ferroptosis successfully reverses ischemic damages
(Tuo et al., 2017; Alim et al., 2019; Guan et al., 2019).
Furthermore, ferroptosis is significantly distinct from other
forms of cell death, including autophagy, in terms of cell
morphological characteristics, biological features and so on
(Dixon et al., 2012; Klionsky et al., 2016; Xie et al., 2016;
Zille et al., 2017). Conventionally, autophagy-dependent cell
death is characterized by the formation of autophagosomes,
which fuse with lysosomes to form autolysosomes. Differently,
ferroptosis is featured by an intact cell membrane and normal
nucleus, but shrinking mitochondria with increased membrane
densities, reduced even disappeared mitochondria crista and
ruptured outer membrane. For detailed information regarding
the difference between autophagy and ferroptosis (see Table 1).

While autophagy and ferroptosis are mechanistically and
morphologically distinct cell death pathways, an increasing
number of studies have recently reported significant crosstalk
between them (Kang and Tang, 2017; Zhou et al., 2019; Liu et al.,

TABLE 1 | Characteristics of autophagy and ferroptosis.

Autophagy Ferroptosis

Morphological
characteristics

Formation of
autophagosomes, a double
membrane vesicle
containing multiple
cytoplasmic contents. The
formed autophagosomes
fuse with lysosomes to
form autolysosomes

Atrophy of mitochondria
with increased membrane
densities, reduced even
disappeared mitochondria
crista and ruptured outer
membrane, normal nucleus

Development
steps

Iron overload, GSH
depletion and Gpx4
inactivation, lipid
peroxidation, and impaired
system Xc-

Initiation and nucleation of
autophagosomes,
maturation of
autophagosomes and
fusion of autophagosomes
with the lysosome and
degradation

Key regulators Atgs, mTOR, AMPK,
BECN1, PI3K, p62, p53,
ULK1, TFEB

Positive regulator: SAT1,
GLS2, p53, ACSL4, TfR1
Negative regulator: GSH,
NRF2, HSPA5, NCOA4,
HSPB1, Gpx4, SLC7A11

Common
inducers and
inhibitors

Inducer: Rapamycin,
Brefeldin A, Tunicamycin,
starvation media
Inhibitor: 3-MA, Bafilomycin
A1

Inducer: Erastin, RSL3,
Sorafenib, SAS, FIN56,
FAC
Inhibitor: DFO, Fer-1,
Vitamin E, Liproxststatin-1,
2,2-BP, DFA, ciclopirox
olamine

Atgs, autophagy-related genes; AMPK, Adenosine 5’-monophosphate (AMP)-
activated protein kinase; BECN1, beclin 1; PI3K, Phosphatidylinositol 3-kinase;
TFEB, Transcription factor EB; 3-MA, 3-Methyladenine; GLS2, Glutaminase 2;
ACSL4, Acyl-CoA synthetase long chain family member 4; TfR1, Transferrin
receptor 1; GSH, glutathione; NRF2, nuclear factor E2 related factor 2; HSPA5,
Heat shock 70kDa protein 5; NCOA4, Nuclear receptor coactivator 4; HSPB1,
heat shock protein family B (small) member 1; Gpx4, glutathione peroxidase 4;
SLC7A11, solute carrier family 7 member 11; RSL3, Ras-selective lethal small
molecule 3; SAS, sulfasalazine; FAC, ferric ammonium citrate; DFO, deferoxamine;
Fer-1, Ferrostatin-1.

2020). This identification not only favors a deeper understanding
of cell death, but also provides new ideas for the regulation
of disease and development of therapeutic strategies. In this
review, we briefly introduce the mechanisms of autophagy and
ferroptosis, as well as pathways that mediate their interactions.
On this basis, we further discuss their possible interrelationships
in ischemic stroke.

AUTOPHAGY AND ISCHEMIC STROKE

Mechanisms of Autophagy
Autophagy can be divided into three general subtypes:
macroautophagy, microautophagy, and chaperone-mediated
autophagy (Klionsky et al., 2016). Macroautophagy is a
continuous and dynamic process initiated by the formation
of autophagosomes, which are double membrane vesicles
that contain multiple cytoplasmic components, including
damaged organelles and dysfunctional proteins. The
formed autophagosomes then fuse with lysosomes to form
autolysosomes, and induce the degradation and recycling of
cellular components. This process allows cells to maintain
homeostasis under stressful conditions.

So far, more than 30 Atg proteins have been found to
participate in the execution of autophagy. The formation
of autophagosomes is considered to be regulated by two
macromolecular complexes, the ULK1 complex (ULK1/Atg1-
mTOR-Atg13-RB1CC1/FIP200), which is responsible for
the initiation of autophagy, and the PtdIns3K complex
(PIK3C3/VPS34- Beclin 1-Atg14), which is responsible for
the nucleation of autophagy (Xie et al., 2015). ULK1 kinase
can also recruit PtdIns3K complex by phosphorylating
some of the components, which results in the production
of phosphatidylinositol 3-phosphate [PI(3)P] and favors
autophagosomal membrane nucleation (Russell et al., 2013).
In addition, Atg5 and Atg12 have been showed to cooperate
with Atg7, forming the Atg5-Atg12-Atg16-like 1 (Atg16L1)
complex, which facilitates the elongation and expansion of
autophagosome membranes to form a completely closed
autophagosome (Nakatogawa, 2013), while the formation
of microtubule-associated protein 1 light chain 3 (LC3)-
phosphatidyl ethanolamine (PE) conjugate is also required in
this process. Fujita et al. proposed that the Atg16L1 complex
may function as a scaffold for LC3 lipidation and affect the
sites of autophagosome synthesis (Fujita et al., 2008). Finally,
the fusion of autophagosomes with lysosomes is also well-
regulated, wherein hairpin-type tail-anchored SNARE syntaxin
17, pleckstrin homology domain containing protein family
member 1 (PLEKHM1), and Atg14 have been identified as
important regulators.

In addition, several complicated signaling pathways could
also play important roles in autophagy regulation (Behrends
et al., 2010; Mizushima and Komatsu, 2011). For example, the
mTOR complex 1 (mTORC1) and AMP-activated protein kinase
(AMPK), are well-known upstream regulators of autophagy. In
nutrient-rich conditions, mTORC1 is overactivated, which then
suppresses autophagy by directly binding and phosphorylating
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ULK1 (Hosokawa et al., 2009). While in nutrient-depleted
conditions, AMPK is upregulated, which promotes the
activation of ULK1 kinase complex by inactivating mTORC1 or
dephosphorylating ULK1 (Egan et al., 2011), the activated ULK1
then induces Atg13 phosphorylation and autophagy.

BECN1 (beclin 1) is well-known as a key autophagy
modulator; its effects depend on its binding proteins. For
example, BECN1, which binds to core components of the Class
III PI3K complex, promotes the formation of autophagosomes
(Liang et al., 1999; Kihara et al., 2001). The BH3 structure of
the BECN1, which binds to the antiapoptotic protein Bcl-2/Bcl-
xl, inhibits the occurrence of autophagy, while downregulating
Bcl-2 activates the autophagic pathway (Lian et al., 2011;
Yang and Yao, 2015).

Phosphatidylinositol 3-kinase (PI3K) is another important
regulator involved in phagosome maturation and autophagy (Thi
and Reiner, 2012), which can be divided into three classes. Class
I PI3K has been shown to inhibit autophagy through the PI3K-
Akt-TSCl/TSC2-mTOR pathway (Hawkins et al., 2006; Pilli et al.,
2012), and S14161, a Class I PI3K inhibitor, induces autophagy
by regulating the Beclin-1/Vps34 complex (Wang et al., 2017).
Besides, apelin-13, an adipokine, inhibit foam cell formation by
activating autophagy via the Class III PI3K/Beclin-1 pathway
(Yao et al., 2015).

The ubiquitin-binding protein, p62, also known as
sequestosome1 (SQSTM1), is also involved in autophagy.
Conventionally, p62 is considered as a cargo receptor
recruiting/sequestering the ubiquitinated cargo to target
autophagosomes and then degrade within lysosomes. This
process can be suppressed by the Class III PI3K inhibitors, or
consumption of the Atg12 protein homolog (Kim et al., 2008).
Recently, it has also been found to play a more complicated
role via regulating various signaling pathways including the
mTORC1 pathway (Moscat et al., 2016); p62 deficiency impairs
the translocation of mTORC1 to the lysosomes and its activation
in response to amino acids and Tsc1 ablation (Duran et al., 2011;
Umemura et al., 2016).

The Dual Effects of Autophagy in
Ischemic Stroke
The induction of autophagy has been identified in neurons,
glia cells, brain microvascular cells, and other cell types after
ischemic stroke (Wang P. et al., 2018). It is generally believed
that autophagy can play a dual role in ischemic stroke (Table 2);
moderate activation of autophagy could enable neuronal
cell survival, while excessive autophagy triggers neuronal
death. For example, mitophagy can induce mitochondrial
clearance and the inhibition of apoptosis, which represents
the neuroprotective effect of autophagy (Zhang et al., 2014;
Shen et al., 2017). Sirtuin3 (Sirt3), upregulated by oxygen and
glucose deprivation, increases autophagy through regulating
the AMPK-mTOR pathway, and then plays a protective role
in neuronal ischemia (Dai et al., 2017). Metastasis-associated
lung adenocarcinoma transcript 1 (MALAT1) long non-coding
RNA (lncRNA) also activates autophagy and protects against
cerebral ischemia by binding to miR-200c-3p and upregulating

Sirt1 expression (Wang et al., 2019). On the other hand,
excess autophagy also contributes to endothelial damage and
destruction of the blood–brain barrier (BBB) under ischemic
conditions. Activation of the autophagy-lysosomal pathway
after ischemia promotes degradation of the BBB component
claudin-5, while the inhibition of autophagy prevents damage
to brain microvascular endothelial cells during reperfusion
(Yang G. et al., 2018). Similarly, the absence of the circadian
clock protein period1 (PER1) suppresses hippocampal autophagy
and leads to vulnerability during ischemic stroke (Rami
et al., 2017). So far, modulations of autophagy intensity
have been reported as feasible strategies in the treatment
of ischemic stroke. Drugs such as dexmedetomidine have
been found to protect neurons from ischemic damage by
promoting autophagy (Luo et al., 2017), and some non-coding
RNAs targeting autophagy have also been shown to play
important roles in ischemic stroke (Wang N. et al., 2018;
Yu et al., 2019).

FERROPTOSIS AND ISCHEMIC STROKE

Ferroptosis is a recently discovered regulated form of cell
death based on iron-dependent lipid peroxidation. In general,
the induction of ferroptosis can be divided into four critical
events: (1) iron overload, (2) glutathione (GSH) depletion
and glutathione peroxidase 4 (Gpx4) inactivation, (3) lipid
peroxidation, and (4) impaired system Xc-. These events form
positive feedback loops and generally push cells toward death.
Stopping any critical events would stop the co-dependent events
and then suppress the occurrence of ferroptosis. We now
briefly introduce the relationship between these events and their
potential roles in ischemic stroke (Figure 1 and Table 2).

Iron Overload
It is well-known that iron metabolism plays an important role
in the brain. In general, iron-loaded transferrin (holotransferrin)
transports iron to the brain through the endothelial cells of
the BBB and the choroid plexus epithelium. Physiologically,
the brain can be sheltered from fluctuations in systemic
iron due to the protection provided by the BBB. However,
under acute ischemic conditions, the BBB is disrupted, which
allows the entry of free iron and ferritin into the brain
parenchyma, converting hydrogen peroxide to hydroxyl radicals
via the Fenton reaction (Kell, 2009; Chen et al., 2011).
This process significantly increases the generation of reactive
oxygen species (ROS), which promotes nucleic, proteomic, and
membrane damage, and finally mediates ferroptotic cell death
(DeGregorio-Rocasolano et al., 2019). Nowadays, iron overload
has been identified as a major source of oxidative stress in
ischemic brains (Carbonell and Rama, 2007). Furthermore, in
the early stage of reperfusion, it also increases the risk of
hemorrhagic transformation, and thereby exaggerates the poor
outcomes associated with cerebral ischemia (García-Yébenes
et al., 2018). In clinical studies, high levels of serum ferritin
also offset the beneficial effect of thrombolytic therapies in
ischemic stroke patients (Millan et al., 2007). These studies
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TABLE 2 | Autophagy and ferroptosis in ischemic stroke.

References Interventions Subjects Targets Effects

Harmful autophagy

Feng et al. (2017) Melatonin MCAO mice ER stress ↓ Melatonin protects against cerebral ischemia through inhibiting ER
stress-dependent autophagy.

Bu et al. (2014) W007B MCAO rats Beclin-1, LC3B-II ↓
p62 ↑

W007B protects against cerebral ischemia through inhibiting autophagy.

Baek et al. (2014) Carnosine MCAO rats LC3-II formation ↓
P-p70S6K, p-mTOR ↑

Carnosine protects against cerebral ischemia at least partially by
attenuating deleterious autophagy.

Jiang et al. (2017) NaHS MCAO rats LC3 II/I ↓
P62 ↑
Autophagolysosomes ↓

NaHS protects against cerebral ischemia by inhibiting overactivated
autophagy.

Li et al. (2012) TMEM166 siRNA MCAO rats Beclin-1, LC3 ↓ TMEM166 siRNA protects against cerebral ischemia by inhibiting
TMEM166-induced autophagy.

Luo et al. (2017) DEX MCAO mice, OGD primary
cultured neurons

Bcl-1, p62, HIF-1α ↑

LC3, Beclin-1 ↓
DEX protects against cerebral ischemia via inhibition of neuronal
autophagy by upregulation of HIF-1α.

Yang G. et al. (2018) HSYA OGD primary BMECs Autophagosomes ↓
LC3, Beclin-1 ↓
P-Akt, p-mTOR ↑

HSYA protects against OGD by inhibiting autophagy via the Class I
PI3K/Akt/mTOR signaling pathway.

Protective autophagy

Qi et al. (2015) RIC MCAO rats P-Bcl-2 ↑
Bcl-2/Beclin1 complex ↓

RIC triggers autophagy and reduces mitochondrial damage after
cerebral ischemia

Li et al. (2014) Rapamycin MCAO rats LC3-II and Beclin-1 in the
mitochondria ↑
P62 translocation to the
mitochondria ↑

Rapamycin attenuates mitochondrial dysfunction following cerebral
ischemia, which is linked to enhanced mitophagy.

Zhang et al. (2014) TM and TG MCAO mice ER stress ↑ TM and TG protects against cerebral ischemia via inducing ER stress,
which are based on the PARK2-mediated mitophagy.

Wang et al. (2014b) ARRB1 OGD neurons Autophagosome ↑ ARRB1 protects against OGD through coordination of
BECN1-dependent autophagy.

Dai et al. (2017) / OGD neurons Beclin-1, LC3-II ↑
P-AMPK ↑
P-mTOR ↓

Sirt3 protects against OGD by inducing autophagy through regulation of
the AMPK-mTOR pathway.

Gao et al. (2015) IPC OGD neurons P-Akt, LC3-II/LC3-I↑ IPC may attenuate ischemic injury in neurons through induction of
Akt-independent autophagy.

Shen et al. (2017) APC MCAO mice
OGD neurons

TOMM20, COX4I1 ↓
PARK2 translocation to the
mitochondria ↑

PARK2-induced mitophagy is required for the APC-mediated
neuroprotection to ischemic injury, which also extends the reperfusion
window of cerebral ischemia.

Wang et al. (2019) MALAT1 lncRNAs OGD BMECs MALAT1, Sirt1 ↑
MiR-200c-3p ↓

MALAT1 lncRNAs activates autophagy and protects against OGD by
binding to miR-200c-3p and upregulating Sirt1 expression.

(Continued)
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TABLE 2 | Continued

References Interventions Subjects Targets Effects

Ferroptosis

Ahmad et al. (2014) SES MCAO mice GSH ↑
MAPK/ERK, P38 ↓
Superoxide radical ↓
Lipid peroxidation ↓

SES induces neuroprotection by ameliorating lipid peroxidation and increased
GSH activity following cerebral ischemia.

Guan et al. (2019) Carvacrol OGD neurons
Gerbils with bilateral carotid
artery ligation

Lipid peroxide ↓
Gpx4 ↑

Carvacrol protects against ischemic stroke by inhibiting ferroptosis through
increasing the expression of Gpx4.

Alim et al. (2019) Selenium MCAO mice TFAP2c, Sp1 ↑
Gpx4 ↑

Pharmacological Se supplementation protects cells from ferroptosis in ischemic
stroke via increasing GPX4 expression.

Liu et al. (2017) DMED OGD PC12 and primary
neuronal cells

SOD, GSH-Px ↓ DMED protects against OGD depending on its anti-oxidative activity.

García-Yébenes et al. (2012) Iron-fed diet MCAO mice Iron accumulation ↑ Iron-fed diet increases ischemic damage and HT by increasing brain iron
accumulation.

Hanson et al. (2009) DFO MCAO rats Iron accumulation ↓ Intranasal DFO treatment decreases infarct volume by inhibiting iron overload.

Tuo et al. (2017) / Tau−/− young and aged
MCAO mice and rats

Intensity of iron accumulation Tau suppression induced by cerebral ischemic prevent ferroptosis in young
tau-/- mice, while the protective benefit of tau-/- was negated in older mice due
to the accelerated age-dependent brain iron accumulation.

García-Yébenes et al. (2018) Iron-fed diet Mice subjected to
thromboembolic stroke
treated with tPA

Lipid peroxidation ↑
Iron accumulation ↑

Iron-fed mice show less neuroprotection after tPA administration. Iron overload
also exacerbates the risk of HT after early tPA administration enhanced basal
serum lipid peroxidation.

Lan et al. (2020) NTE MCAO rats TFR1, DMT1 ↓
Iron accumulation ↓
SLC7A11, Gpx4, GSH ↑

NTE treats ischemic injury by inhibiting ferroptosis through the TFR1/DMT1 and
SCL7A11/Gpx4 pathways.

DeGregorio-Rocasolano et al. (2018) ATf MCAO rats
OGD primary neuronal cells

TSAT, HTf uptake ↓
4-HNE ↓

ATf reduces neuronal damage by preventing NMDA-induced HTf uptake and
ROS production.

Papazisis et al. (2008) DFO Neonatal rats with
hypoxia-ischemia

Iron accumulation ↓
Glutamate, aspartate ↓

DFO decreases the excitatory amino acid levels and improves the histological
outcome after hypoxia-ischemia.

Millan et al. (2007) / Patients with acute
ischemic stroke treated
with tPA

Intensity of iron accumulation Increased body iron stores are associated with poor outcome and symptomatic
HT. Iron overload may offset the beneficial effect of thrombolytic therapies.

Pekcec et al. (2013) / MCAO mice Sema3A, 12/15-LOX ↑ Sema3A increases cortical damage, which is reversed by 12/15-LOX inhibition.

van Leyen et al. (2006) Baicalein MCAO mice 12/15-LOX ↓ Baicalein protects against cerebral ischemia by inhibiting the 12/15-LOX
pathway.

Yigitkanli et al. (2013) LOXBlock-1 MCAO mice 12/15-LOX ↓ LOXBlock-1 protects against ischemic stroke by inhibiting lipid peroxidation.

MCAO, middle cerebral artery occlusion; ER, Endoplasmic reticulum stress; NaHS, sodium hydrosulfide; TMEM166, transmembrane protein 166; RIC, remote ischemic conditioning; TM, tunicamycin; TG, thapsigargin;
ARRB1, arrestin, β1; OGD, oxygen-glucose deprivation; Sirt1, sirtuin1; IPC, ischemic preconditioning; LC3, light chain 3; APC, acidic post-conditioning; MALAT1, metastasis-associated lung adenocarcinoma transcript
1; LncRNAs, long non-coding RNAs; BMEC, brain microvascular endothelial cell; PER1, PERIOD1; DEX, dexmedetomidine; HIF-1α, hypoxia-inducible factor-1α; HSYA, hydroxysafflor yellow A; SES, sesamin;
GSH, glutathione; GSH-Px, glutathione peroxidase; Gpx4, glutathione peroxidase 4; DFO, deferoxamine; DMED, dexmedetomidine; SOD, superoxide dismutase; ROS, reactive oxygen species; HT, haemorrhagic
transformation; NTE, naotaifang extract; TFR1, transferrin receptor 1; DMT1, divalent metal transporter 1; SLC7A11, solute carrier family 7 member 11; ATf, apotransferrin; TSAT, transferrin saturation; HTf, holotransferrin;
tPA, tissue plasminogen activator; 12/15-LOX, 12/15-lipoxygenase.
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FIGURE 1 | Schematic overview of ferroptosis in ischemic stroke. Following ischemic stroke, the BBB is disrupted, which allows a large amount of ferritin-containing
Fe3+ in the blood to be released into the brain parenchyma. This converts hydrogen peroxide to hydroxyl radicals via the Fenton reaction. Meanwhile, system Xc- is
simultaneously impaired, which inhibits cystine-glutamate exchange and decreases the generation of the antioxidant GSH, and reduces its oxidation to GSSG
catalyzed by Gpx4. Furthermore, excessive glutamate accumulation within the cell can also activate glutamate-NMDA receptors, which in turn promote neuronal iron
uptake. These two processes consume antioxidants and result in oxidative stress. The excessive free radicals then target sensitive fatty acids to promote lipid
peroxidation, leading to the impaired integrity of lipid membranes and mitochondrial dysfunction, which can release ROS into the cytoplasm. BBB, blood-brain
barrier; Gpx4, glutathione peroxidase 4; GSH, glutathione; GSSG, glutathione disulfide; NMDA, N-methyl-D-aspartate; ROS, reactive oxygen species.

confirm the important role of iron overload in ischemic
stroke.

Depletion of GSH and Gpx4 Inactivation
Glutathione is a tripeptide (Glu-Cyc-Gly) that can combine with
free radicals to protect cells from oxidative damage (Aoyama
and Nakaki, 2015). Gpx4 is an important antioxidant enzyme
that converts GSH into oxidized glutathione (GSSG), and then
transforms the cytotoxic lipid peroxides to the corresponding
alcohols. During ferroptosis, accumulation of redox-active iron
consumes GSH reserves through the Fenton reaction, which then
suppresses the activity of Gpx4 and leads to an overwhelming
antioxidant response (Nunez et al., 2012). The absence of
antioxidant enzymes in turn result in the accumulation of iron.
In a mouse model of ischemic stroke, decreased GSH and
Gpx4 activity in neurons have been identified, accompanied with
enhanced lipid peroxidation (Ahmad et al., 2014). A study using
brain cells also indicated that a reduction of GSH can sensitize
cells to oxidative stress and trigger lipid peroxidation (Andersen
et al., 1996). In a gerbil cerebral ischemia model, carvacrol also
successfully protects hippocampal neurons against ferroptotic
cell death by increasing the expression of Gpx4, which provides a
promising target for ischemic stroke therapies (Guan et al., 2019).

Lipid Peroxidation
The depletion of GSH, as well as Gpx4 inactivation, has
been confirmed as a requisite factor for the promotion of
lipid peroxidation during ferroptosis. Specifically, when the
antioxidant system is overwhelmed due to the iron overload,

excessive free radicals target sensitive fatty acids and promote
their peroxidation, which then impairs the integrity of lipid
membranes and induces suicide signaling cascades (Reed,
2011; Yin et al., 2011). Besides, it also causes lysosomal
membrane permeabilization and the release of redox-active iron
into the cytoplasm, which in turn promotes the generation
of Fenton radicals, cell membrane denaturation, and GSH
depletion (Galluzzi et al., 2014). During this step, peroxidation
of polyunsaturated fatty acids (PUFAs) has been considered
as a key player (Kagan et al., 2017). Two enzymes, acyl-
CoA synthetase long chain family member 4 (ACSL4) and
lysophosphatidylcholine Acyltransferase 3 (LPCAT3), have been
identified to be responsible for the biosynthesis and remodeling
of PUFA-containing phospholipid, while inhibiting ACSL4 or
LPCAT3 prevents ferroptotic cell death (Yuan et al., 2016; Li
et al., 2019; Cheng et al., 2020). Then, oxidation of PUFA-
phosphatidylethanolamines by cyclooxygenases, lipoxygenases
(LOX) and cytochromes P450 lead to the accumulation of
peroxides, finally contributing to the generation of lipid
peroxides (Yang et al., 2016; Çolakoğlu et al., 2018; Tyurina
et al., 2018). So far, inhibiting lipid peroxidation through
lipoxygenase inhibitors or lipophilic antioxidants has been
shown successfully reduce ferroptotic cell death (Matsushita
et al., 2015). Since membrane phospholipids in the brain are
highly enriched in PUFAs, they are easily disrupted by a
high quantity of ROS, and thereby induce lipid peroxidation
(Chen et al., 2008). In animal and human ischemic stroke
models, it has been found that lipoxygenase inhibitors can
play protective roles by eliminating the overexpression of
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lipoxygenases (Cui et al., 2010; Karatas et al., 2018). Besides,
the increased 12/15-LOX was also observed following ischemic
stroke, contributing to neurological damage, while 12/15-LOX
inhibition reversed the detrimental effects (Pekcec et al., 2013;
Yigitkanli et al., 2013).

Impaired System Xc-
Glutamate-induced neurotoxicity is a well-known important
mechanism underlying ischemic stroke. In recent years, it was
also identified to participate in the process of ferroptosis (Dixon
et al., 2012). Non-synaptic extracellular glutamate in the brain
is mainly derived from the system Xc-, which is responsible
for glutamate extracellular export and cystine import (Domercq
et al., 2007). In physiological conditions, system Xc- could
maintain a reducing extracellular environment, but in ischemic
stroke, excessive glutamate inhibits cystine uptake via inhibiting
system Xc- (Banjac et al., 2008), which impairs cystine absorption
and decreases the generation of antioxidant GSH (Conrad and
Sato, 2012). In addition, the accumulated glutamate within the
cell also results in the activation of glutamate-NMDA receptors,
which promote neuronal iron uptake and eventually cause
ferroptotic damage (Cheah et al., 2006). In neuronal cell lines, it
has been shown that both the 5 -LOX inhibitor zileuton and the
iron chelator ferrostatin-1 can protect neurons from glutamate-
induced oxidative stress, through the inhibition of ferroptosis
(Liu et al., 2015).

CROSSTALK BETWEEN AUTOPHAGY
AND FERROPTOSIS

In recent years, emerging studies have identified that some
selective autophagy can also degrade damaged mitochondria,

aggregated proteins, excess peroxisomes and invading
pathogens through recognizing specific cargos, thus allowing
the maintenance of intracellular homeostasis (Kraft et al.,
2009; Rogov et al., 2014; Khaminets et al., 2016). These
autophagic degradation may contribute to iron overload or lipid
peroxidation, eventually causing ferroptosis (Kang and Tang,
2017; Zhou et al., 2019; Liu et al., 2020). Since the selective
autophagy and ferroptosis have been found to play important
roles in ischemic stroke, it is possible that autophagy may
participate in the modulation of brain iron accumulation and
lipid peroxidation following ischemic process, subsequently
promoting ferroptotic cell death. A specific introduction to this
hypothesis is identified in Figure 2.

Nuclear Receptor Coactivator 4
(NCOA4)-Mediated Ferritinophagy and
Regulation of TfR1
Iron is necessary for the high metabolic demands of brain
cells, however, excessive free iron can promote oxidative stress
and cause brain damage; thus, iron availability must be strictly
controlled within brain cells. In general, cellular iron is stored
in the non-toxic and bioavailable form of ferritin, which is
composed of ferritin heavy chains (FTH) and ferritin light
chains (FTL) (Arosio et al., 2009), which can prevent harmful
oxidative stress when free iron is overloaded, and release iron
when cells require it. The primary pathway to release iron from
ferritin is via ferritinophagy, which is NCOA4-mediated ferritin
degradation. Specifically, NCOA4 links ferritin to growing
autophagosomal membranes, where ferritin is degraded and
releases chelated iron, which is then used by the cell to induce
oxidative stress (Mancias et al., 2014). Several studies have
demonstrated that ferritin degradation and cellular free iron

FIGURE 2 | The possible pathways mediating the crosstalk between autophagy and ferroptosis in ischemic stroke. We have illustrated the possible pathways
involved in the crosstalk between autophagy and ferroptosis and their downstream effects in ischemic stroke, including NCOA4-mediated ferritinophagy and
upregulation of TfR1, RAB7A-mediated lipophagy, BECN1-mediated system Xc- inhibition, STAT3-mediated lysosomal cell death, SQSTM1-mediated clockophagy,
HSP90-mediated CMA, mitochondrial dysfunction and ER stress.
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overload, induced by the overexpression of NCOA4, can promote
ferroptosis, whereas the depletion or inhibition of NCOA4
increases serum ferritin levels and reduces free iron levels, which
thereby inhibits oxidative stress during ferroptosis (Mancias
et al., 2015; Gao et al., 2016; Hou et al., 2016). Moreover, the
level of GSH is also increased with NCOA4 knockdown and
is decreased with NCOA4 overactivation. These results strongly
support the presence of a connection between NCOA4-induced
ferritinophagy and ferroptosis through the regulation of iron
homeostasis and GSH levels.

To date, little is known about the expression of NCOA4 in the
human brain, however, it’s expression in murine and rat brains
has been identified (Siriett et al., 2006; Kollara and Brown, 2010).
Acute systemic consumption of NCOA4 shows accumulation of
FTH1 within a week, which suggest a potential role of NCOA4
for FTH1 turnover in the brain (Santana-Codina et al., 2019).
Interestingly, excessive iron measured as serum ferritin was
also associated with poor prognosis following ischemic stroke
(García-Yébenes et al., 2012), indicating the important role of
ferritin as an iron carrier to mediate iron storage and release
under ischemic conditions. Nowadays, a possible link between
neurodegeneration and NCOA4-mediated ferritinophagy have
been exhaustively reviewed (Quiles Del Rey and Mancias, 2019),
however, their effects in ischemic stroke are still unclear. Since
the disruption of iron homeostasis is concurrently observed with
autophagy defects in ischemic stroke, and autophagy maintains
cell homeostasis mainly by promoting the clearance of toxic
proteins, we propose that it is highly possible for aberrant
autophagy to mediate ferritin degradation, which then promote
iron overload and ferroptosis in ischemic stroke.

Transferrin receptor 1 (TfR1) is a major receptor involved
in iron transport to the brain, which plays an important role
in maintaining the homeostasis of brain iron and regulating
ferroptosis (Lo et al., 2007; Raje et al., 2007; Kawabata, 2019).
The regulation of TfR1 expression as well as its related TfR/
Tf endocytic pathway has been identified as a critical event
that influences the outcome of ischemic stroke (Lo et al.,
2007; Park et al., 2011; Lan et al., 2020). Interestingly, recent
studies have shown that activation of autophagy increases the
expression of TfR1 and subsequent intracellular iron (Qian et al.,
2002). In wild-type cells, autophagy leads to ferroptosis via the
degradation of ferritin and enhanced expression of TfR1, while in
autophagy-deficient cells and autophagy inhibitor-treated wild-
type cells, this effect is abolished (Park and Chung, 2019).
These results raise the possibility that autophagy may regulate
ischemic stroke by influencing the expression of TfR1 and iron-
dependent ferroptosis.

RAB7A-Mediated Lipophagy
Neutral lipids can deposit in the bilayer membranes of the
endoplasmic reticulum (ER), which causes the outer layer to
expand and form a unique dynamic organelle called lipid
droplets (LDs) (Liu and Czaja, 2013). LDs have been found
in most eukaryotic cells and in some prokaryotes, and can
regulate cellular lipid storage and release in response to metabolic
changes (Welte and Gould, 2017). Recently, the autophagic
degradation of LDs, also known as lipophagy, has been identified

to promote RSL3-induced lipid peroxidation and ferroptosis,
while genetically increasing lipid storage by upregulating the level
of tumor protein D52 (TPD52) suppressed lipid peroxidation
and subsequent ferroptosis (Bai et al., 2019). In rat ischemic-
reperfusion (I/R) models, studies have found a reshaping of
neutral lipids and generation of LDs alongside the induction of
lipophagy, which leads to lipid degradation (Lonati et al., 2019).
Thus, it is possible that in ischemic stroke, the activated lipophagy
might promote lipid peroxidation, which then contributes to
ferroptosis.

BECN1-Mediated System Xc- Inhibition
System Xc- is an amino acid anti-transporter composed of two
core components: solute carrier family 7 member 11 (SLC7A11)
and solute carrier family 3 member 2 (SLC3A2). It can exchange
cystine and glutamate in and out of the cell; the imported cystine
then reduces to cysteine and participates in the synthesis of
the antioxidant GSH. So far, system Xc- has been shown to
be involved in ischemic stroke through modulating glutamate
transport and GSH synthesis (Krzyzanowska et al., 2016). In
middle cerebral artery occlusion rat models, naotaifang extract
treatment significantly inhibits ferroptosis by increasing the
SLC7A11/GPX4 pathway (Lan et al., 2020). BECN1 is widely
identified as an important autophagy modulator in ischemic
stroke (Wang et al., 2014a,b; Liu et al., 2016). Recently, a
study reported that BECN1 can also block the activity of
system Xc- by directly binding to its core component, SLC7A11,
and thereby promoting ferroptosis. In contrast, knockdown of
BECN1, or inhibiting the phosphorylation of BECN1 limits
the formation of a BECN1-system Xc- complex, which then
suppresses ferroptosis induced by system Xc- inhibitors (Song
et al., 2018). In primary oligodendrocytes, it has been shown
that treatment with glutamate blocks system Xc- function,
induces mitochondrial dysfunction, and promotes ferroptosis
(Novgorodov et al., 2018). Besides, pretreatment with selenium in
neurons attenuates glutamate toxicity, reduces ROS production,
and preserves mitochondrial function after glutamate exposure
and/or hypoxia, accompanied by reduced levels of BECN1 and
LC3-II (Mehta et al., 2012). Since the dysfunction of system
Xc- and BECN1 were concurrently observed with glutamate
exposure, we propose whether BECN1 can interact with system
Xc- to regulate ferroptosis in the brain. However, the upstream
mechanisms to regulate BECN1 to determine its preferred
interaction with system Xc- or Class III PI3K to mediate
ferroptosis or autophagy remain undefined, which may be a key
topic for future research.

STAT3-Mediated Lysosomal Cell Death
Autophagy has been confirmed to result in the delivery
of cytoplasmic contents and organelles to lysosomes for
degradation. Recently, studies have found that lysosomal
activity can also be impaired by ferroptosis, which provides
a new hypothesis for the relationship between autophagy and
ferroptosis. Since lysosomes are vulnerable to oxidative stress,
they could be damaged by the intralysosomal Fenton reaction and
the subsequent peroxidative instability of lysosomal membranes
(Brunk et al., 1995; Ollinger and Brunk, 1995). In contrast,
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intralysosomal ferritin increases lysosomal stability via iron
chelation, and then reduces oxidative stress (Garner et al.,
1997, 1998). Besides, treatment with lysosome inhibitors has
also shown to decrease erastin- and RSL3-induced ferroptotic
cell death by inhibiting ROS production and intracellular iron
overload (Torii et al., 2016). Signal transducer and activator
of transcription 3 (STAT3) is a signaling molecule response to
many cytokines and growth factors. It was recently identified
that STAT3-mediated overexpression of cathepsin B significantly
promotes ferroptosis via the activation of lysosomal cell death,
whereas pharmacologically or genetically inhibiting STAT3
blocked ferroptotic cell death (Gao et al., 2018). These findings
suggest a potential role of autophagy in ferroptosis via regulation
of the lysosomal pathway. Nowadays, increased active cathepsin
B levels and lysosomal membrane permeability have been proved
to play important roles in ischemic stroke, while treatments
reversing these impairments attenuated ischemic damage (Ni
et al., 2018). However, the relationship between impaired
lysosomal activity and ferroptotic damages in ischemic stroke
requires further exploration.

SQSTM1-Mediated Clockophagy
The circadian rhythm is an endogenous oscillation with a
periodicity of about 24 h that is mainly regulated by circadian
clock proteins, including aryl hydrocarbon receptor nuclear
translocator-like protein 1/brain and muscle ARNT-like 1
(ARNTL/BMAL1) (Partch et al., 2014). It has been shown that the
circadian rhythm plays an important role in maintaining normal
internal cycles of behavior and brain physiology in human
bodies, while its disruption can cause negative effects and even
lead to vascular diseases, including ischemic stroke (Karatsoreos
et al., 2011). In mouse I/R models, nighttime I/R injury has
been found to cause less severe neuronal damage, which is
related to the increased expression of circadian proteins such as
BMAL1, PERI, and clock proteins (Beker et al., 2018). In human
subjects, the outcome of ischemic stroke also shows a diurnal
variation through the regulation of circadian clock proteins
(Pardiwalla et al., 1993; Elliott, 1998). Besides, the autophagic
machinery is inhibited in PER1−/− hippocampal neurons, which
may lead to vulnerability during cerebral ischemia, suggesting a
functional relationship between autophagy and circadian rhythm
(Rami et al., 2017).

In recent years, emerging studies have suggested that the
circadian rhythm could control various cellular processes,
including iron metabolism, oxidative stress, and cell death, which
indicates its potential role in regulating ferroptosis (Magnone
et al., 2014). Besides, the expression of circadian proteins
also seems to be modulated by autophagy. A novel type of
selective autophagy called clockophagy has been discovered,
which is responsible for the degradation of the circadian clock
protein ARNTL/BMAL1 via the cargo receptor SQSTM1/p62
(Yang et al., 2019). Early studies have reported that suppressing
ARNTL expression by clockophagy effectively contributed to
lipid peroxidation and ferroptotic cell death via upregulating
the transcription of egl-9 family hypoxia-inducible factor 2
(EGLN2) and then decreasing hypoxia inducible factor 1 alpha
(HIF1A)-dependent lipid storage. Genetically or chemically

inhibiting ARNTL degradation or EGLN2 activation reduced
ferroptosis, whereas destabilizing HIF1A promoted ferroptosis
(Yang et al., 2019). These results provide a novel thought
for the crosstalk between autophagy and ferroptosis through
modulating circadian clock proteins, and prompts the possibility
that the decreased expression of circadian clock proteins may
lead to a poor prognosis in ischemic stroke due to clockophagy-
induced ferroptosis.

HSP90-Mediated CMA
Chaperone-mediated autophagy (CMA) is responsible for
delivering certain cytosolic proteins with a pentapeptide CMA-
targeting motif to lysosomes for degradation using molecular
chaperones such as HSC70 (heat shock cognate protein 70) and
LAMP2a (lysosome-associated membrane protein type 2a). In
recent studies, scientists have found that CMA is highly activated
during oxidative stress (Kiffin et al., 2004), which enhances the
degradation of antioxidant proteins such as Gpx4 and then
promote ferroptosis, while inhibition of CMA stabilized Gpx4
and protected against ferroptosis (Shimada et al., 2016; Muller
et al., 2017; Zhu et al., 2017). Furthermore, a widely expressed
heat shock protein, heat shock protein 90 (HSP90), which can
be activated under oxidative stress (Carper et al., 1987; Sidera
and Patsavoudi, 2014), has also been identified as an important
molecular chaperone that can increase the levels of LAMP2a
in the CMA pathway and mediate the degradation of Gpx4
during ferroptosis, while inhibition or knockdown of HSP90
blocks CMA and suppresses ferroptosis in HT-22 cells (a mouse
neuronal cell line) (Wu et al., 2019). Since oxidative stress is a
critical event during ischemic stroke, we assume that CMA might
be activated under ischemic stroke, which then participates in
ferroptosis by inducing Gpx4 degradation.

Mitochondrial Dysfunction
Mitochondrial dysfunction is a major pathological process
and also a critical therapeutic target in ischemic stroke. It
is regulated by a complex machinery network, which forms
a vicious cycle to disrupt mitochondrial homeostasis (Yang
J. L. et al., 2018). Mitophagy is a special type of autophagy
that can dictate mitochondrial turnover by degrading damaged
mitochondria (Pickles et al., 2018). Recently, the activation of
mitophagy has been shown to protect against mitochondrial
damage in ischemic stroke, which indicates the important role
of autophagy in regulating mitochondrial dysfunction (Shen
et al., 2017; Yuan et al., 2017). In addition, ferroptosis has also
been found to participate in the execution of mitochondrial
dysfunction. Morphologically, ferroptosis is characterized by the
atrophy of mitochondria with increased membrane densities,
as well as reduced or even absent mitochondria crista and a
ruptured outer membrane. Mechanically, as a core organelle
to regulate iron metabolism, as well as substance and energy
metabolism, the impairment of mitochondria can also affect
cellular iron utilization and disrupt redox homeostasis, and then
contribute to ferroptosis (Li et al., 2020; Wang et al., 2020).
In neuronal cells, recent studies have reported that erastin- or
RSL3-induced ferroptosis are associated with BID transactivation
to mitochondria, increased mitochondrial fragmentation, and
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decreased ATP levels, while the inhibition of BID preserves
integrity and function of the mitochondria and prevents
ferroptosis (Neitemeier et al., 2017; Jelinek et al., 2018).
Since the severity of ferroptosis is tightly associated with the
disruption and recovery of mitochondria, while mitophagy
is responsible for removing the damaged mitochondria and
dictating mitochondrial turnover, we assume that the induction
of mitophagy might be able to manipulate ferroptosis via
regulating mitochondrial function. Notably, these findings also
provide novel concepts regarding therapeutic interventions for
ischemic stroke.

ER Stress
The accumulation of misfolded proteins in ER, known as the
unfolded protein response (UPR), disrupts ER homeostasis and
leads to ER stress. Nowadays, ER stress has been confirmed as an
essential factor mediating cell death in ischemic stroke (Nakka
et al., 2010). Autophagy is a critical process activated by ER
stress, which is responsible for removing misfolded proteins. In
ischemic stroke, the induction of autophagy by ER stress can lead
to two-sided effects. On the one hand, inhibition of ER stress-
dependent autophagy could alleviate acute neuronal ischemic
injury (Feng et al., 2017). On the other hand, salubrinal, an ER
stress inhibitor, inhibits both the activation of autophagy and
neuroprotection mediated by brain ischemic preconditioning
(Gao et al., 2013). In contrast, activation of autophagy can
also regulate ER stress. It has been shown that inhibition of
autophagy by 3-Methyladenine (3-MA) significantly aggravates
ER stress in ischemic stroke, while treatment with the autophagy
inducer rapamycin reverses these effects (Sheng et al., 2012;
Fan et al., 2016).

Recently, emerging studies have also identified the
relationship between ER stress and ferroptosis (Dixon et al.,
2014). For example, redox imbalance and lipid peroxidation
can trigger ER stress (Vladykovskaya et al., 2012). RNA
sequencing demonstrated that inhibition of system Xc-
can lead to the activation of ER stress and upregulation
of CHAC1 (ChaC, cation transport regulator homolog 1)
(Dixon et al., 2014). Interestingly, ferroptosis could also
share cell death pathways with autophagy via the ER stress
response. Both ferroptosis inducers [artesunate (ART)
and erastin (ERA)] and autophagy inducers [bortezomib
(BOR) and XIE62-1004] promote the formation of
autophagosome by regulating ER stress (Lee et al., 2020).
These results not only provide a better understanding for the
manipulation of ER stress, but also provide a new thought
for the relationship between autophagy and ferroptosis in
ischemic stroke.

Other Potential Pathways Linking
Autophagy and Ferroptosis
In addition to the above, there are some other signals that
also indicate potential links between ferroptosis and autophagy.
For example, autophagy can significantly decrease the levels
of GSH (Mancilla et al., 2015; Stockwell et al., 2017), while
both autophagy inhibitors and selective ferroptosis inhibitors

improve GSH levels and suppress cell death, and vice versa
(Desideri et al., 2012; Sun et al., 2018). These results suggest
an important role of GSH in regulating both ferroptosis and
autophagy, and that activation of one process might promote
another through regulating GSH levels. ACSL4 is a critical
enzyme involved in arachidonic acid (AA) metabolism and
has been discovered to influence the sensitivity to ferroptosis
(Yuan et al., 2016; Doll et al., 2017). Interestingly, it has also
been identified as a novel activator of the mTOR pathway
(Orlando et al., 2015). Since mTOR can protect cells from
excess iron and ferroptosis (Baba et al., 2018), it might be a
potential target for ACSL4 to modulate ferroptosis sensitivity.
On the other hand, the induction of ferroptosis can also
influence autophagy. For example, erastin-induced excessive
ROS generation can activate autophagy, while overexpression of
Gpx4 suppressed ROS-induced autophagy (Garg et al., 2013).
Treatment with curcumin caused significant iron deprivation and
then induced protective autophagy, while iron supplementation
suppressed the occurrence of autophagy (Yang et al., 2017).
Furthermore, the products of lipid peroxidation can also inhibit
autophagy by activating mTORC1 signaling under ischemic
conditions (Ma et al., 2011), or causing lysosomal dysfunction
and lipofuscin generation to reduce autophagy activity (Krohne
et al., 2010). Heat shock 70 kDa protein 5 (HSPA5) is an
important molecular chaperone expressed primarily in the ER.
It has been shown to effectively protect against cell death in
response to ER stress-induced autophagy (Chang et al., 2019).
Besides, a recent study also demonstrated that overexpression
of HSPA5 can negatively regulate ferroptosis by limiting Gpx4
degradation and lipid peroxidation (Zhu et al., 2017). In the
future, additional studies are needed to clarify whether the
two processes mediated by HSPA5 function separately, or in
cooperation with each other.

CONCLUSION AND PERSPECTIVES

Nowadays, a number of cell death pathways have been discovered
(Galluzzi et al., 2014), which can cooperate with each other
to help maintain organismal homeostasis. Clarification of their
molecular mechanisms and crosstalk between each pathway
would not only favor a comprehensive understanding of cell
death pathways, but also open up new therapeutic approaches
for related diseases. In recent years, the interrelationship between
autophagy and ferroptosis has attracted more and more attention,
which provides a novel concept regarding the regulation of cell
death. However, their potential effects underlying ischemic stroke
have not yet been discussed. In this review, we briefly summarize
current knowledge on the mechanisms of autophagy and
ferroptosis, while focusing on the possible pathways that mediate
their crosstalk during ischemic stroke. Nevertheless, a lot of
questions still existed before its clinical application. For example,
the precise mechanisms underlying ferroptosis to govern iron
and lipid metabolism in ischemic stroke remain to be explored,
and the functional role of the different types of autophagy or
the associated autophagy receptors in ferroptosis are still unclear.
Besides, what are the effector molecules downstream of the two
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pathways to induce cell death? And can they influence each other
and form a feedback loop in ischemic stroke? Moreover, since
autophagy plays a dual role in ischemic stroke, it is critical for
future interventions to manipulate the intensity of autophagy to
find a balance between ferroptosis and autophagy and minimize
neurological damages. Lastly, recent research has revealed that
inhibition of two and more cell death pathways simultaneously
can decrease ischemic stroke damage more significantly than
inhibiting a single one (Tian et al., 2018). Therefore, interventions
targeting both autophagy and ferroptosis at the same time could
actually provide us with new ideas for the future treatment of
ischemic stroke. All in all, there is still a long way to go before
we fully understand the crosstalk between these two processes in
ischemic stroke.
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Çolakoğlu, M., Tunçer, S., and Banerjee, S. (2018). Emerging cellular functions
of the lipid metabolizing enzyme 15-Lipoxygenase-1. Cell Prolif. 51:e12472.
doi: 10.1111/cpr.12472

Conrad, M., and Sato, H. (2012). The oxidative stress-inducible cystine/glutamate
antiporter, system x (c) (-) : cystine supplier and beyond. Amino Acids 42,
231–246. doi: 10.1007/s00726-011-0867-5

Cui, L., Zhang, X., Yang, R., Liu, L., Wang, L., Li, M., et al. (2010). Baicalein
is neuroprotective in rat MCAO model: role of 12/15-lipoxygenase, mitogen-
activated protein kinase and cytosolic phospholipase A2. Pharmacol. Biochem.
Behav. 96, 469–475. doi: 10.1016/j.pbb.2010.07.007

Dai, S. H., Chen, T., Li, X., Yue, K. Y., Luo, P., Yang, L. K., et al. (2017). Sirt3 confers
protection against neuronal ischemia by inducing autophagy: involvement of
the AMPK-mTOR pathway. Free Radic. Biol. Med. 108, 345–353. doi: 10.1016/
j.freeradbiomed.2017.04.005

DeGregorio-Rocasolano, N., Martí-Sistac, O., Ponce, J., Castelló-Ruiz, M., Millán,
M., Guirao, V., et al. (2018). Iron-loaded transferrin (Tf) is detrimental whereas
iron-free Tf confers protection against brain ischemia by modifying blood Tf
saturation and subsequent neuronal damage. Redox Biol. 15, 143–158. doi:
10.1016/j.redox.2017.11.026

DeGregorio-Rocasolano, N., Martí-Sistac, O., and Gasull, T. (2019). Deciphering
the iron side of stroke: neurodegeneration at the crossroads between iron
dyshomeostasis, excitotoxicity, and ferroptosis. Front. Neurosci. 13:85. doi: 10.
3389/fnins.2019.00085

Desideri, E., Filomeni, G., and Ciriolo, M. R. (2012). Glutathione participates in the
modulation of starvation-induced autophagy in carcinoma cells. Autophagy 8,
1769–1781. doi: 10.4161/auto.22037

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason,
C. E., et al. (2012). Ferroptosis: an iron-dependent form of nonapoptotic cell
death. Cell 149, 1060–1072. doi: 10.1016/j.cell.2012.03.042

Frontiers in Cellular Neuroscience | www.frontiersin.org 11 October 2020 | Volume 14 | Article 577403121

https://doi.org/10.1016/j.neuro.2014.10.002
https://doi.org/10.1016/j.cell.2019.03.032
https://doi.org/10.1046/j.1471-4159.1996.67052164.x
https://doi.org/10.3390/molecules20058742
https://doi.org/10.1016/j.bbagen.2008.09.004
https://doi.org/10.1152/ajpheart.00452.2017
https://doi.org/10.1161/strokeaha.114.005183
https://doi.org/10.1161/strokeaha.114.005183
https://doi.org/10.1016/j.bbrc.2018.12.039
https://doi.org/10.1038/sj.onc.1210796
https://doi.org/10.1038/nature09204
https://doi.org/10.1038/nature09204
https://doi.org/10.1007/s12035-017-0524-4
https://doi.org/10.1080/13510002.1995.11746997
https://doi.org/10.1016/j.brainres.2014.02.034
https://doi.org/10.2174/092986707780363014
https://doi.org/10.2174/092986707780363014
https://doi.org/10.3892/ijmm.2018.3988
https://doi.org/10.1016/j.neuron.2006.07.011
https://doi.org/10.1016/j.plefa.2008.09.003
https://doi.org/10.1089/ars.2010.3576
https://doi.org/10.3892/or.2019.7419
https://doi.org/10.1111/cpr.12472
https://doi.org/10.1007/s00726-011-0867-5
https://doi.org/10.1016/j.pbb.2010.07.007
https://doi.org/10.1016/j.freeradbiomed.2017.04.005
https://doi.org/10.1016/j.freeradbiomed.2017.04.005
https://doi.org/10.1016/j.redox.2017.11.026
https://doi.org/10.1016/j.redox.2017.11.026
https://doi.org/10.3389/fnins.2019.00085
https://doi.org/10.3389/fnins.2019.00085
https://doi.org/10.4161/auto.22037
https://doi.org/10.1016/j.cell.2012.03.042
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-14-577403 September 30, 2020 Time: 16:11 # 12

Liu et al. Autophagy and Ferroptosis in Stroke

Dixon, S. J., Patel, D. N., Welsch, M., Skouta, R., Lee, E. D., Hayano, M.,
et al. (2014). Pharmacological inhibition of cystine-glutamate exchange induces
endoplasmic reticulum stress and ferroptosis. eLife 3:e02523. doi: 10.7554/eLife.
02523

Doll, S., Proneth, B., Tyurina, Y. Y., Panzilius, E., Kobayashi, S., Ingold,
I., et al. (2017). ACSL4 dictates ferroptosis sensitivity by shaping cellular
lipid composition. Nat. Chem. Biol. 13, 91–98. doi: 10.1038/nchembio.
2239

Domercq, M., Sánchez-Gómez, M. V., Sherwin, C., Etxebarria, E., Fern, R., and
Matute, C. (2007). System xc- and glutamate transporter inhibition mediates
microglial toxicity to oligodendrocytes. J. Immunol. 178, 6549–6556. doi: 10.
4049/jimmunol.178.10.6549

Doria, A., Gatto, M., and Punzi, L. (2013). Autophagy in human health and disease.
N. Engl. J. Med. 368, 651–662. doi: 10.1056/NEJMc1303158

Duran, A., Amanchy, R., Linares, J. F., Joshi, J., Abu-Baker, S., Porollo, A., et al.
(2011). p62 is a key regulator of nutrient sensing in the mTORC1 pathway. Mol.
Cell 44, 134–146. doi: 10.1016/j.molcel.2011.06.038

Egan, D. F., Shackelford, D. B., Mihaylova, M. M., Gelino, S., Kohnz, R. A.,
Mair, W., et al. (2011). Phosphorylation of ULK1 (hATG1) by AMP-activated
protein kinase connects energy sensing to mitophagy. Science 331, 456–461.
doi: 10.1126/science.1196371

Elliott, W. J. (1998). Circadian variation in the timing of stroke onset: a meta-
analysis. Stroke 29, 992–996. doi: 10.1161/01.str.29.5.992

Fan, T., Huang, Z., Chen, L., Wang, W., Zhang, B., Xu, Y., et al. (2016). Associations
between autophagy, the ubiquitin-proteasome system and endoplasmic
reticulum stress in hypoxia-deoxygenation or ischemia-reperfusion. Eur. J.
Pharmacol. 791, 157–167. doi: 10.1016/j.ejphar.2016.08.026

Feng, D., Wang, B., Wang, L., Abraham, N., Tao, K., Huang, L., et al. (2017). Pre-
ischemia melatonin treatment alleviated acute neuronal injury after ischemic
stroke by inhibiting endoplasmic reticulum stress-dependent autophagy
via PERK and IRE1 signalings. J. Pineal Res. 62:e12395. doi: 10.1111/jpi.
12395

Fujita, N., Itoh, T., Omori, H., Fukuda, M., Noda, T., and Yoshimori, T. (2008). The
Atg16L complex specifies the site of LC3 lipidation for membrane biogenesis in
autophagy. Mol. Biol. Cell 19, 2092–2100.

Galluzzi, L., Bravo-San Pedro, J. M., and Kroemer, G. (2014). Organelle-specific
initiation of cell death. Nat. Cell Biol. 16, 728–736. doi: 10.1038/ncb3005

Gao, B., Zhang, X. Y., Han, R., Zhang, T. T., Chen, C., Qin, Z. H., et al. (2013).
The endoplasmic reticulum stress inhibitor salubrinal inhibits the activation
of autophagy and neuroprotection induced by brain ischemic preconditioning.
Acta Pharmacol. Sin. 34, 657–666. doi: 10.1038/aps.2013.34

Gao, C., Cai, Y., Zhang, X., Huang, H., Wang, J., Wang, Y., et al. (2015).
Ischemic preconditioning mediates neuroprotection against ischemia in mouse
Hippocampal CA1 neurons by inducing autophagy. PLoS One 10:e0137146.
doi: 10.1371/journal.pone.0137146

Gao, H., Bai, Y., Jia, Y., Zhao, Y., Kang, R., Tang, D., et al. (2018). Ferroptosis is a
lysosomal cell death process. Biochem. Biophys. Res. Commun. 503, 1550–1556.
doi: 10.1016/j.bbrc.2018.07.078

Gao, M., Monian, P., Pan, Q., Zhang, W., Xiang, J., and Jiang, X. (2016). Ferroptosis
is an autophagic cell death process. Cell Res. 26, 1021–1032. doi: 10.1038/cr.
2016.95

García-Yébenes, I., García-Culebras, A., Peña-Martínez, C., Fernández-López, D.,
Díaz-Guzmán, J., Negredo, P., et al. (2018). Iron overload exacerbates the risk
of hemorrhagic transformation after tPA (Tissue-Type plasminogen activator)
administration in thromboembolic stroke mice. Stroke 49, 2163–2172. doi: 10.
1161/strokeaha.118.021540

García-Yébenes, I., Sobrado, M., Moraga, A., Zarruk, J. G., Romera, V. G., Pradillo,
J. M., et al. (2012). Iron overload, measured as serum ferritin, increases brain
damage induced by focal ischemia and early reperfusion. Neurochem. Int. 61,
1364–1369. doi: 10.1016/j.neuint.2012.09.014

Garg, A. D., Dudek, A. M., Ferreira, G. B., Verfaillie, T., Vandenabeele, P., Krysko,
D. V., et al. (2013). ROS-induced autophagy in cancer cells assists in evasion
from determinants of immunogenic cell death. Autophagy 9, 1292–1307. doi:
10.4161/auto.25399

Garner, B., Li, W., Roberg, K., and Brunk, U. T. (1997). On the cytoprotective role
of ferritin in macrophages and its ability to enhance lysosomal stability. Free
Radic. Res. 27, 487–500. doi: 10.3109/10715769709065788

Garner, B., Roberg, K., and Brunk, U. T. (1998). Endogenous ferritin protects cells
with iron-laden lysosomes against oxidative stress. Free Radic. Res. 29, 103–114.
doi: 10.1080/10715769800300121

Guan, X., Li, X., Yang, X., Yan, J., Shi, P., Ba, L., et al. (2019). The neuroprotective
effects of carvacrol on ischemia/reperfusion-induced hippocampal neuronal
impairment by ferroptosis mitigation. Life Sci 235:116795. doi: 10.1016/j.lfs.
2019.116795

Haley, M. J., Krishnan, S., Burrows, D., de Hoog, L., Thakrar, J., Schiessl, I., et al.
(2019). Acute high-fat feeding leads to disruptions in glucose homeostasis and
worsens stroke outcome. J. Cereb. Blood Flow Metab. 39, 1026–1037. doi: 10.
1177/0271678x17744718

Hanson, L. R., Roeytenberg, A., Martinez, P. M., Coppes, V. G., Sweet, D. C., Rao,
R. J., et al. (2009). Intranasal deferoxamine provides increased brain exposure
and significant protection in rat ischemic stroke. J. Pharmacol. Exp. Ther. 330,
679–686. doi: 10.1124/jpet.108.149807

Hawkins, P. T., Anderson, K. E., Davidson, K., and Stephens, L. R. (2006).
Signalling through Class I PI3Ks in mammalian cells. Biochem. Soc. Trans. 34(Pt
5), 647–662. doi: 10.1042/bst0340647

Hosokawa, N., Hara, T., Kaizuka, T., Kishi, C., Takamura, A., Miura, Y.,
et al. (2009). Nutrient-dependent mTORC1 association with the ULK1-
Atg13-FIP200 complex required for autophagy. Mol. Biol. Cell 20,
1981–1991.

Hou, W., Xie, Y., Song, X., Sun, X., Lotze, M. T., Zeh, H. J., et al. (2016). Autophagy
promotes ferroptosis by degradation of ferritin. Autophagy 12, 1425–1428. doi:
10.1080/15548627.2016.1187366

Jelinek, A., Heyder, L., Daude, M., Plessner, M., Krippner, S., Grosse, R.,
et al. (2018). Mitochondrial rescue prevents glutathione peroxidase-dependent
ferroptosis. Free Radic. Biol. Med. 117, 45–57. doi: 10.1016/j.freeradbiomed.
2018.01.019

Jiang, W.-W., Huang, B.-S., Han, Y., Deng, L.-H., and Wu, L.-X. (2017). Sodium
hydrosulfide attenuates cerebral ischemia/reperfusion injury by suppressing
overactivated autophagy in rats. FEBS Open Bio 7, 1686–1695. doi: 10.1002/
2211-5463.12301

Kagan, V. E., Mao, G., Qu, F., Angeli, J. P., Doll, S., Croix, C. S., et al. (2017).
Oxidized arachidonic and adrenic PEs navigate cells to ferroptosis. Nat. Chem.
Biol. 13, 81–90. doi: 10.1038/nchembio.2238

Kang, R., and Tang, D. (2017). Autophagy and Ferroptosis - What’s the
Connection? Curr. Pathobiol. Rep. 5, 153–159. doi: 10.1007/s40139-017-0139-5

Karatas, H., Eun Jung, J., Lo, E. H., and van Leyen, K. (2018). Inhibiting 12/15-
lipoxygenase to treat acute stroke in permanent and tPA induced thrombolysis
models. Brain Res. 1678, 123–128. doi: 10.1016/j.brainres.2017.10.024

Karatsoreos, I. N., Bhagat, S., Bloss, E. B., Morrison, J. H., and McEwen, B. S.
(2011). Disruption of circadian clocks has ramifications for metabolism, brain,
and behavior. Proc. Natl. Acad. Sci. U.S.A. 108, 1657–1662. doi: 10.1073/pnas.
1018375108

Kawabata, H. (2019). Transferrin and transferrin receptors update. Free Radic. Biol.
Med. 133, 46–54. doi: 10.1016/j.freeradbiomed.2018.06.037

Kell, D. B. (2009). Iron behaving badly: inappropriate iron chelation as a major
contributor to the aetiology of vascular and other progressive inflammatory and
degenerative diseases. BMC Med. Genomics 2:2. doi: 10.1186/1755-8794-2-2

Khaminets, A., Behl, C., and Dikic, I. (2016). Ubiquitin-dependent and
independent signals in selective autophagy. Trends Cell Biol. 26, 6–16. doi:
10.1016/j.tcb.2015.08.010

Kiffin, R., Christian, C., Knecht, E., and Cuervo, A. M. (2004). Activation of
chaperone-mediated autophagy during oxidative stress. Mol. Biol. Cell 15,
4829–4840. doi: 10.1091/mbc.e04-06-0477

Kihara, A., Kabeya, Y., Ohsumi, Y., and Yoshimori, T. (2001). Beclin-
phosphatidylinositol 3-kinase complex functions at the trans-Golgi network.
EMBO Rep. 2, 330–335. doi: 10.1093/embo-reports/kve061

Kim, P. K., Hailey, D. W., Mullen, R. T., and Lippincott-Schwartz, J.
(2008). Ubiquitin signals autophagic degradation of cytosolic proteins and
peroxisomes. Proc. Natl. Acad. Sci. U.S.A. 105, 20567–20574. doi: 10.1073/pnas.
0810611105

Klionsky, D. J., Abdelmohsen, K., Abe, A., Abedin, M. J., Abeliovich, H., Acevedo
Arozena, A., et al. (2016). Guidelines for the use and interpretation of assays
for monitoring autophagy (3rd edition). Autophagy 12, 1–222. doi: 10.1080/
15548627.2015.1100356

Frontiers in Cellular Neuroscience | www.frontiersin.org 12 October 2020 | Volume 14 | Article 577403122

https://doi.org/10.7554/eLife.02523
https://doi.org/10.7554/eLife.02523
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.4049/jimmunol.178.10.6549
https://doi.org/10.4049/jimmunol.178.10.6549
https://doi.org/10.1056/NEJMc1303158
https://doi.org/10.1016/j.molcel.2011.06.038
https://doi.org/10.1126/science.1196371
https://doi.org/10.1161/01.str.29.5.992
https://doi.org/10.1016/j.ejphar.2016.08.026
https://doi.org/10.1111/jpi.12395
https://doi.org/10.1111/jpi.12395
https://doi.org/10.1038/ncb3005
https://doi.org/10.1038/aps.2013.34
https://doi.org/10.1371/journal.pone.0137146
https://doi.org/10.1016/j.bbrc.2018.07.078
https://doi.org/10.1038/cr.2016.95
https://doi.org/10.1038/cr.2016.95
https://doi.org/10.1161/strokeaha.118.021540
https://doi.org/10.1161/strokeaha.118.021540
https://doi.org/10.1016/j.neuint.2012.09.014
https://doi.org/10.4161/auto.25399
https://doi.org/10.4161/auto.25399
https://doi.org/10.3109/10715769709065788
https://doi.org/10.1080/10715769800300121
https://doi.org/10.1016/j.lfs.2019.116795
https://doi.org/10.1016/j.lfs.2019.116795
https://doi.org/10.1177/0271678x17744718
https://doi.org/10.1177/0271678x17744718
https://doi.org/10.1124/jpet.108.149807
https://doi.org/10.1042/bst0340647
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.1016/j.freeradbiomed.2018.01.019
https://doi.org/10.1016/j.freeradbiomed.2018.01.019
https://doi.org/10.1002/2211-5463.12301
https://doi.org/10.1002/2211-5463.12301
https://doi.org/10.1038/nchembio.2238
https://doi.org/10.1007/s40139-017-0139-5
https://doi.org/10.1016/j.brainres.2017.10.024
https://doi.org/10.1073/pnas.1018375108
https://doi.org/10.1073/pnas.1018375108
https://doi.org/10.1016/j.freeradbiomed.2018.06.037
https://doi.org/10.1186/1755-8794-2-2
https://doi.org/10.1016/j.tcb.2015.08.010
https://doi.org/10.1016/j.tcb.2015.08.010
https://doi.org/10.1091/mbc.e04-06-0477
https://doi.org/10.1093/embo-reports/kve061
https://doi.org/10.1073/pnas.0810611105
https://doi.org/10.1073/pnas.0810611105
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1080/15548627.2015.1100356
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-14-577403 September 30, 2020 Time: 16:11 # 13

Liu et al. Autophagy and Ferroptosis in Stroke

Kollara, A., and Brown, T. J. (2010). Variable expression of nuclear receptor
coactivator 4 (NcoA4) during mouse embryonic development. J. Histochem.
Cytochem. 58, 595–609. doi: 10.1369/jhc.2010.955294

Kraft, C., Reggiori, F., and Peter, M. (2009). Selective types of autophagy in yeast.
Biochim. Biophys. Acta 1793, 1404–1412. doi: 10.1016/j.bbamcr.2009.02.006

Krohne, T. U., Kaemmerer, E., Holz, F. G., and Kopitz, J. (2010). Lipid peroxidation
products reduce lysosomal protease activities in human retinal pigment
epithelial cells via two different mechanisms of action. Exp. Eye Res. 90,
261–266. doi: 10.1016/j.exer.2009.10.014

Krzyzanowska, W., Pomierny, B., Budziszewska, B., Filip, M., and Pera, J. (2016).
N-Acetylcysteine and ceftriaxone as preconditioning strategies in focal brain
ischemia: influence on glutamate transporters expression. Neurotox. Res. 29,
539–550. doi: 10.1007/s12640-016-9602-z

Lan, B., Ge, J. W., Cheng, S. W., Zheng, X. L., Liao, J., He, C., et al. (2020). Extract of
Naotaifang, a compound Chinese herbal medicine, protects neuron ferroptosis
induced by acute cerebral ischemia in rats. J. Integr. Med. doi: 10.1016/j.joim.
2020.01.008 [Epub ahead of print].

Lee, Y. S., Kalimuthu, K., Seok Park, Y., Makala, H., Watkins, S. C., Choudry,
M. H. A., et al. (2020). Ferroptotic agent-induced endoplasmic reticulum stress
response plays a pivotal role in the autophagic process outcome. J. Cell. Physiol.
235, 6767–6778. doi: 10.1002/jcp.29571

Li, J., Cao, F., Yin, H. L., Huang, Z. J., Lin, Z. T., Mao, N., et al. (2020). Ferroptosis:
past, present and future. Cell Death Dis. 11:88. doi: 10.1038/s41419-020-2298-2

Li, L., Khatibi, N. H., Hu, Q., Yan, J., Chen, C., Han, J., et al. (2012). Transmembrane
protein 166 regulates autophagic and apoptotic activities following focal
cerebral ischemic injury in rats. Exp. Neurol. 234, 181–190. doi: 10.1016/j.
expneurol.2011.12.038

Li, Q., Zhang, T., Wang, J., Zhang, Z., Zhai, Y., Yang, G. Y., et al. (2014).
Rapamycin attenuates mitochondrial dysfunction via activation of mitophagy
in experimental ischemic stroke. Biochem. Biophys. Res. Commun. 444, 182–
188. doi: 10.1016/j.bbrc.2014.01.032

Li, Y., Feng, D., Wang, Z., Zhao, Y., Sun, R., Tian, D., et al. (2019). Ischemia-
induced ACSL4 activation contributes to ferroptosis-mediated tissue injury in
intestinal ischemia/reperfusion. Cell Death Differ. 26, 2284–2299. doi: 10.1038/
s41418-019-0299-4

Lian, J., Wu, X., He, F., Karnak, D., Tang, W., Meng, Y., et al. (2011). A natural
BH3 mimetic induces autophagy in apoptosis-resistant prostate cancer via
modulating Bcl-2-Beclin1 interaction at endoplasmic reticulum. Cell Death
Differ. 18, 60–71. doi: 10.1038/cdd.2010.74

Liang, X. H., Jackson, S., Seaman, M., Brown, K., Kempkes, B., Hibshoosh, H., et al.
(1999). Induction of autophagy and inhibition of tumorigenesis by beclin 1.
Nature 402, 672–676. doi: 10.1038/45257

Liu, J., Kuang, F., Kroemer, G., Klionsky, D. J., Kang, R., and Tang, D. (2020).
Autophagy-dependent ferroptosis: machinery and regulation. Cell Chem. Biol.
27, 420–435. doi: 10.1016/j.chembiol.2020.02.005

Liu, K., and Czaja, M. J. (2013). Regulation of lipid stores and metabolism by
lipophagy. Cell Death Differ. 20, 3–11. doi: 10.1038/cdd.2012.63

Liu, W., Shang, G., Yang, S., Huang, J., Xue, X., Lin, Y., et al. (2016).
Electroacupuncture protects against ischemic stroke by reducing
autophagosome formation and inhibiting autophagy through the
mTORC1-ULK1 complex-Beclin1 pathway. Int. J. Mol. Med. 37, 309–318.
doi: 10.3892/ijmm.2015.2425

Liu, Y., Wang, W., Li, Y., Xiao, Y., Cheng, J., and Jia, J. (2015). The 5-lipoxygenase
inhibitor zileuton confers neuroprotection against glutamate oxidative damage
by inhibiting ferroptosis. Biol. Pharm. Bull. 38, 1234–1239. doi: 10.1248/bpb.
b15-00048

Liu, Y.-J., Wang, D.-Y., Yang, Y.-J., and Lei, W.-F. (2017). Effects and mechanism of
dexmedetomidine on neuronal cell injury induced by hypoxia-ischemia. BMC
Anesthesiol. 17:117. doi: 10.1186/s12871-017-0413-4

Lo, A. C., Cheung, A. K., Hung, V. K., Yeung, C. M., He, Q. Y., Chiu, J. F.,
et al. (2007). Deletion of aldose reductase leads to protection against cerebral
ischemic injury. J. Cereb. Blood Flow Metab. 27, 1496–1509. doi: 10.1038/sj.
jcbfm.9600452

Lonati, E., Corsetto, P. A., Montorfano, G., Zava, S., Carrozzini, T., Brambilla,
A., et al. (2019). Lipid reshaping and lipophagy are induced in a modeled
ischemia-reperfusion injury of blood brain barrier. Int. J. Mol. Sci. 20:3752.
doi: 10.3390/ijms20153752

Lu, L. Q., Tian, J., Luo, X. J., and Peng, J. (2020). Targeting the pathways of regulated
necrosis: a potential strategy for alleviation of cardio-cerebrovascular injury.
Cell. Mol. Life Sci. doi: 10.1007/s00018-020-03587-8 [Epub ahead of print].

Luo, C., Ouyang, M. W., Fang, Y. Y., Li, S. J., Zhou, Q., Fan, J., et al. (2017).
Dexmedetomidine protects mouse brain from ischemia-reperfusion injury via
inhibiting neuronal autophagy through up-regulating HIF-1alpha. Front. Cell.
Neurosci. 11:197. doi: 10.3389/fncel.2017.00197

Ma, H., Guo, R., Yu, L., Zhang, Y., and Ren, J. (2011). Aldehyde dehydrogenase 2
(ALDH2) rescues myocardial ischaemia/reperfusion injury: role of autophagy
paradox and toxic aldehyde. Eur. Heart J. 32, 1025–1038. doi: 10.1093/
eurheartj/ehq253

Magnone, M. C., Langmesser, S., Bezdek, A. C., Tallone, T., Rusconi, S., and
Albrecht, U. (2014). The Mammalian circadian clock gene per2 modulates cell
death in response to oxidative stress. Front. Neurol. 5:289. doi: 10.3389/fneur.
2014.00289

Mancias, J. D., Pontano Vaites, L., Nissim, S., Biancur, D. E., Kim, A. J., Wang,
X., et al. (2015). Ferritinophagy via NCOA4 is required for erythropoiesis and
is regulated by iron dependent HERC2-mediated proteolysis. eLife 4:e10308.
doi: 10.7554/eLife.10308

Mancias, J. D., Wang, X., Gygi, S. P., Harper, J. W., and Kimmelman, A. C. (2014).
Quantitative proteomics identifies NCOA4 as the cargo receptor mediating
ferritinophagy. Nature 509, 105–109. doi: 10.1038/nature13148

Mancilla, H., Maldonado, R., Cereceda, K., Villarroel-Espindola, F., Montes de Oca,
M., Angulo, C., et al. (2015). Glutathione Depletion Induces Spermatogonial
Cell Autophagy. J. Cell. Biochem. 116, 2283–2292. doi: 10.1002/jcb.25178

Matsushita, M., Freigang, S., Schneider, C., Conrad, M., Bornkamm, G. W., and
Kopf, M. (2015). T cell lipid peroxidation induces ferroptosis and prevents
immunity to infection. J. Exp. Med. 212, 555–568. doi: 10.1084/jem.20140857

Mehta, S. L., Kumari, S., Mendelev, N., and Li, P. A. (2012). Selenium preserves
mitochondrial function, stimulates mitochondrial biogenesis, and reduces
infarct volume after focal cerebral ischemia. BMC Neurosci. 13:79. doi: 10.1186/
1471-2202-13-79

Millan, M., Sobrino, T., Castellanos, M., Nombela, F., Arenillas, J. F., Riva, E.,
et al. (2007). Increased body iron stores are associated with poor outcome after
thrombolytic treatment in acute stroke. Stroke 38, 90–95. doi: 10.1161/01.STR.
0000251798.25803.e0

Mizushima, N., and Komatsu, M. (2011). Autophagy: renovation of cells and
tissues. Cell 147, 728–741. doi: 10.1016/j.cell.2011.10.026

Moscat, J., Karin, M., and Diaz-Meco, M. T. (2016). p62 in cancer: signaling
adaptor beyond autophagy. Cell 167, 606–609. doi: 10.1016/j.cell.2016.09.030

Muller, T., Dewitz, C., Schmitz, J., Schroder, A. S., Brasen, J. H., Stockwell, B. R.,
et al. (2017). Necroptosis and ferroptosis are alternative cell death pathways
that operate in acute kidney failure. Cell. Mol. Life Sci. 74, 3631–3645. doi:
10.1007/s00018-017-2547-4

Nakatogawa, H. (2013). Two ubiquitin-like conjugation systems that mediate
membrane formation during autophagy. Essays Biochem. 55, 39–50. doi: 10.
1042/bse0550039

Nakka, V. P., Gusain, A., and Raghubir, R. (2010). Endoplasmic reticulum stress
plays critical role in brain damage after cerebral ischemia/reperfusion in rats.
Neurotox. Res. 17, 189–202. doi: 10.1007/s12640-009-9110-5

Neitemeier, S., Jelinek, A., Laino, V., Hoffmann, L., Eisenbach, I., Eying, R., et al.
(2017). BID links ferroptosis to mitochondrial cell death pathways. Redox Biol.
12, 558–570. doi: 10.1016/j.redox.2017.03.007

Ni, Y., Gu, W. W., Liu, Z. H., Zhu, Y. M., Rong, J. G., Kent, T. A., et al. (2018).
RIP1K contributes to neuronal and astrocytic cell death in ischemic stroke
via activating autophagic-lysosomal pathway. Neuroscience 371, 60–74. doi:
10.1016/j.neuroscience.2017.10.038

Novgorodov, S. A., Voltin, J. R., Gooz, M. A., Li, L., Lemasters, J. J., and Gudz,
T. I. (2018). Acid sphingomyelinase promotes mitochondrial dysfunction due
to glutamate-induced regulated necrosis. J. Lipid Res. 59, 312–329. doi: 10.1194/
jlr.M080374

Nunez, M. T., Urrutia, P., Mena, N., Aguirre, P., Tapia, V., and Salazar, J.
(2012). Iron toxicity in neurodegeneration. Biometals 25, 761–776. doi: 10.1007/
s10534-012-9523-0

Ollinger, K., and Brunk, U. T. (1995). Cellular injury induced by oxidative stress
is mediated through lysosomal damage. Free Radic. Biol. Med. 19, 565–574.
doi: 10.1016/0891-5849(95)00062-3

Frontiers in Cellular Neuroscience | www.frontiersin.org 13 October 2020 | Volume 14 | Article 577403123

https://doi.org/10.1369/jhc.2010.955294
https://doi.org/10.1016/j.bbamcr.2009.02.006
https://doi.org/10.1016/j.exer.2009.10.014
https://doi.org/10.1007/s12640-016-9602-z
https://doi.org/10.1016/j.joim.2020.01.008
https://doi.org/10.1016/j.joim.2020.01.008
https://doi.org/10.1002/jcp.29571
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.1016/j.expneurol.2011.12.038
https://doi.org/10.1016/j.expneurol.2011.12.038
https://doi.org/10.1016/j.bbrc.2014.01.032
https://doi.org/10.1038/s41418-019-0299-4
https://doi.org/10.1038/s41418-019-0299-4
https://doi.org/10.1038/cdd.2010.74
https://doi.org/10.1038/45257
https://doi.org/10.1016/j.chembiol.2020.02.005
https://doi.org/10.1038/cdd.2012.63
https://doi.org/10.3892/ijmm.2015.2425
https://doi.org/10.1248/bpb.b15-00048
https://doi.org/10.1248/bpb.b15-00048
https://doi.org/10.1186/s12871-017-0413-4
https://doi.org/10.1038/sj.jcbfm.9600452
https://doi.org/10.1038/sj.jcbfm.9600452
https://doi.org/10.3390/ijms20153752
https://doi.org/10.1007/s00018-020-03587-8
https://doi.org/10.3389/fncel.2017.00197
https://doi.org/10.1093/eurheartj/ehq253
https://doi.org/10.1093/eurheartj/ehq253
https://doi.org/10.3389/fneur.2014.00289
https://doi.org/10.3389/fneur.2014.00289
https://doi.org/10.7554/eLife.10308
https://doi.org/10.1038/nature13148
https://doi.org/10.1002/jcb.25178
https://doi.org/10.1084/jem.20140857
https://doi.org/10.1186/1471-2202-13-79
https://doi.org/10.1186/1471-2202-13-79
https://doi.org/10.1161/01.STR.0000251798.25803.e0
https://doi.org/10.1161/01.STR.0000251798.25803.e0
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1016/j.cell.2016.09.030
https://doi.org/10.1007/s00018-017-2547-4
https://doi.org/10.1007/s00018-017-2547-4
https://doi.org/10.1042/bse0550039
https://doi.org/10.1042/bse0550039
https://doi.org/10.1007/s12640-009-9110-5
https://doi.org/10.1016/j.redox.2017.03.007
https://doi.org/10.1016/j.neuroscience.2017.10.038
https://doi.org/10.1016/j.neuroscience.2017.10.038
https://doi.org/10.1194/jlr.M080374
https://doi.org/10.1194/jlr.M080374
https://doi.org/10.1007/s10534-012-9523-0
https://doi.org/10.1007/s10534-012-9523-0
https://doi.org/10.1016/0891-5849(95)00062-3
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-14-577403 September 30, 2020 Time: 16:11 # 14

Liu et al. Autophagy and Ferroptosis in Stroke

Orlando, U. D., Castillo, A. F., Dattilo, M. A., Solano, A. R., Maloberti, P. M.,
and Podesta, E. J. (2015). Acyl-CoA synthetase-4, a new regulator of mTOR
and a potential therapeutic target for enhanced estrogen receptor function
in receptor-positive and -negative breast cancer. Oncotarget 6, 42632–42650.
doi: 10.18632/oncotarget.5822

Papazisis, G., Pourzitaki, C., Sardeli, C., Lallas, A., Amaniti, E., and Kouvelas, D.
(2008). Deferoxamine decreases the excitatory amino acid levels and improves
the histological outcome in the hippocampus of neonatal rats after hypoxia-
ischemia. Pharmacol. Res. 57, 73–77678. doi: 10.1016/j.phrs.2007.12.003

Pardiwalla, F. K., Yeolekar, M. E., and Bakshi, S. K. (1993). Circadian rhythm in
acute stroke. J. Assoc. Physicians India 41, 203–204.

Park, E., and Chung, S. W. (2019). ROS-mediated autophagy increases intracellular
iron levels and ferroptosis by ferritin and transferrin receptor regulation. Cell
Death Dis. 10:822. doi: 10.1038/s41419-019-2064-5

Park, U. J., Lee, Y. A., Won, S. M., Lee, J. H., Kang, S. H., Springer, J. E., et al.
(2011). Blood-derived iron mediates free radical production and neuronal death
in the hippocampal CA1 area following transient forebrain ischemia in rat. Acta
Neuropathol. 121, 459–473. doi: 10.1007/s00401-010-0785-8

Partch, C. L., Green, C. B., and Takahashi, J. S. (2014). Molecular architecture of
the mammalian circadian clock. Trends Cell Biol. 24, 90–99. doi: 10.1016/j.tcb.
2013.07.002

Pekcec, A., Yigitkanli, K., Jung, J. E., Pallast, S., Xing, C., Antipenko, A., et al.
(2013). Following experimental stroke, the recovering brain is vulnerable to
lipoxygenase-dependent semaphorin signaling. FASEB J. 27, 437–445. doi: 10.
1096/fj.12-206896

Pickles, S., Vigié, P., and Youle, R. J. (2018). Mitophagy and quality control
mechanisms in mitochondrial maintenance. Curr. Biol. 28, R170–R185. doi:
10.1016/j.cub.2018.01.004

Pilli, M., Arko-Mensah, J., Ponpuak, M., Roberts, E., Master, S., Mandell, M. A.,
et al. (2012). TBK-1 promotes autophagy-mediated antimicrobial defense by
controlling autophagosome maturation. Immunity 37, 223–234. doi: 10.1016/j.
immuni.2012.04.015

Qi, Z., Dong, W., Shi, W., Wang, R., Zhang, C., Zhao, Y., et al. (2015). Bcl-2
phosphorylation triggers autophagy switch and reduces mitochondrial damage
in limb remote ischemic conditioned rats after ischemic stroke. Transl. Stroke
Res. 6, 198–206. doi: 10.1007/s12975-015-0393-y

Qian, Z. M., Li, H., Sun, H., and Ho, K. (2002). Targeted drug delivery via
the transferrin receptor-mediated endocytosis pathway. Pharmacol. Rev. 54,
561–587. doi: 10.1124/pr.54.4.561

Quiles Del Rey, M., and Mancias, J. D. (2019). NCOA4-mediated ferritinophagy: a
potential link to neurodegeneration. Front. Neurosci. 13:238. doi: 10.3389/fnins.
2019.00238

Raje, C. I., Kumar, S., Harle, A., Nanda, J. S., and Raje, M. (2007). The
macrophage cell surface glyceraldehyde-3-phosphate dehydrogenase is a novel
transferrin receptor. J. Biol. Chem. 282, 3252–3261. doi: 10.1074/jbc.M60832
8200

Rami, A., Fekadu, J., and Rawashdeh, O. (2017). The Hippocampal autophagic
machinery is depressed in the absence of the circadian clock protein PER1 that
may lead to vulnerability during cerebral ischemia. Curr. Neurovasc. Res. 14,
207–214. doi: 10.2174/1567202614666170619083239

Reed, T. T. (2011). Lipid peroxidation and neurodegenerative disease. Free Radic.
Biol. Med. 51, 1302–1319. doi: 10.1016/j.freeradbiomed.2011.06.027

Rogov, V., Dötsch, V., Johansen, T., and Kirkin, V. (2014). Interactions between
autophagy receptors and ubiquitin-like proteins form the molecular basis
for selective autophagy. Mol. Cell 53, 167–178. doi: 10.1016/j.molcel.2013.
12.014

Russell, R. C., Tian, Y., Yuan, H., Park, H. W., Chang, Y. Y., Kim, J., et al. (2013).
ULK1 induces autophagy by phosphorylating Beclin-1 and activating VPS34
lipid kinase. Nat. Cell Biol. 15, 741–750. doi: 10.1038/ncb2757

Santana-Codina, N., Gableske, S., Quiles del Rey, M., Małachowska, B.,
Jedrychowski, M. P., Biancur, D. E., et al. (2019). NCOA4 maintains
murine erythropoiesis via cell autonomous and non-autonomous mechanisms.
Haematologica 104, 1342–1354. doi: 10.3324/haematol.2018.204123

Shen, Z., Zheng, Y., Wu, J., Chen, Y., Wu, X., Zhou, Y., et al. (2017). PARK2-
dependent mitophagy induced by acidic postconditioning protects against focal
cerebral ischemia and extends the reperfusion window. Autophagy 13, 473–485.
doi: 10.1080/15548627.2016.1274596

Sheng, R., Liu, X. Q., Zhang, L. S., Gao, B., Han, R., Wu, Y. Q., et al. (2012).
Autophagy regulates endoplasmic reticulum stress in ischemic preconditioning.
Autophagy 8, 310–325. doi: 10.4161/auto.18673

Shimada, K., Skouta, R., Kaplan, A., Yang, W. S., Hayano, M., Dixon, S. J., et al.
(2016). Global survey of cell death mechanisms reveals metabolic regulation of
ferroptosis. Nat. Chem. Biol. 12, 497–503. doi: 10.1038/nchembio.2079

Sidera, K., and Patsavoudi, E. (2014). HSP90 inhibitors: current development and
potential in cancer therapy. Recent Pat. Anticancer Drug Discov. 9, 1–20.

Siriett, V., Nicholas, G., Berry, C., Watson, T., Hennebry, A., Thomas, M., et al.
(2006). Myostatin negatively regulates the expression of the steroid receptor
co-factor ARA70. J. Cell. Physiol. 206, 255–263. doi: 10.1002/jcp.20456

Song, X., Zhu, S., Chen, P., Hou, W., Wen, Q., Liu, J., et al. (2018). AMPK-Mediated
BECN1 phosphorylation promotes ferroptosis by directly blocking system Xc(-)
activity. Curr. Biol. 28, 2388–2399.e5. doi: 10.1016/j.cub.2018.05.094

Stockwell, B. R., Friedmann Angeli, J. P., Bayir, H., Bush, A. I., Conrad, M., Dixon,
S. J., et al. (2017). Ferroptosis: a regulated cell death nexus linking metabolism,
redox biology, and disease. Cell 171, 273–285. doi: 10.1016/j.cell.2017.09.021

Sun, Y., Zheng, Y., Wang, C., and Liu, Y. (2018). Glutathione depletion induces
ferroptosis, autophagy, and premature cell senescence in retinal pigment
epithelial cells. Cell Death Dis. 9:753. doi: 10.1038/s41419-018-0794-4

Thi, E. P., and Reiner, N. E. (2012). Phosphatidylinositol 3-kinases and their roles in
phagosome maturation. J. Leukoc. Biol. 92, 553–566. doi: 10.1189/jlb.0212053

Tian, J., Guo, S., Chen, H., Peng, J. J., Jia, M. M., Li, N. S., et al. (2018). Combination
of emricasan with ponatinib synergistically reduces ischemia/reperfusion injury
in rat brain through simultaneous prevention of apoptosis and necroptosis.
Transl. Stroke Res. 9, 382–392. doi: 10.1007/s12975-017-0581-z

Torii, S., Shintoku, R., Kubota, C., Yaegashi, M., Torii, R., Sasaki, M., et al. (2016).
An essential role for functional lysosomes in ferroptosis of cancer cells. Biochem
J 473, 769–777. doi: 10.1042/bj20150658

Tuo, Q. Z., Lei, P., Jackman, K. A., Li, X. L., Xiong, H., Li, X. L., et al. (2017). Tau-
mediated iron export prevents ferroptotic damage after ischemic stroke. Mol.
Psychiatry 22, 1520–1530. doi: 10.1038/mp.2017.171

Tyurina, Y. Y., Shrivastava, I., Tyurin, V. A., Mao, G., Dar, H. H., Watkins, S.,
et al. (2018). "Only a life lived for others is worth living": redox signaling by
oxygenated phospholipids in cell fate decisions. Antioxid. Redox Signal. 29,
1333–1358. doi: 10.1089/ars.2017.7124

Umemura, A., He, F., Taniguchi, K., Nakagawa, H., Yamachika, S., Font-Burgada,
J., et al. (2016). p62, upregulated during preneoplasia, induces hepatocellular
carcinogenesis by maintaining survival of stressed HCC-initiating cells. Cancer
Cell 29, 935–948. doi: 10.1016/j.ccell.2016.04.006

van Leyen, K., Kim, H. Y., Lee, S.-R., Jin, G., Arai, K., and Lo, E. H. (2006).
Baicalein and 12/15-lipoxygenase in the ischemic brain. Stroke 37, 3014–3018.
doi: 10.1161/01.STR.0000249004.25444.a5

Vladykovskaya, E., Sithu, S. D., Haberzettl, P., Wickramasinghe, N. S., Merchant,
M. L., Hill, B. G., et al. (2012). Lipid peroxidation product 4-hydroxy-trans-
2-nonenal causes endothelial activation by inducing endoplasmic reticulum
stress. J. Biol. Chem. 287, 11398–11409. doi: 10.1074/jbc.M111.320416

Wang, H., Liu, C., Zhao, Y., and Gao, G. (2020). Mitochondria regulation in
ferroptosis. Eur. J. Cell Biol. 99:151058. doi: 10.1016/j.ejcb.2019.151058

Wang, N., Yang, L., Zhang, H., Lu, X., Wang, J., Cao, Y., et al. (2018). MicroRNA-
9a-5p alleviates ischemia injury after focal cerebral ischemia of the rat by
targeting ATG5-mediated autophagy. Cell. Physiol. Biochem. 45, 78–87. doi:
10.1159/000486224

Wang, P., Liang, J., Li, Y., Li, J., Yang, X., Zhang, X., et al. (2014a). Down-regulation
of miRNA-30a alleviates cerebral ischemic injury through enhancing beclin 1-
mediated autophagy. Neurochem. Res. 39, 1279–1291. doi: 10.1007/s11064-014-
1310-6

Wang, P., Shao, B. Z., Deng, Z., Chen, S., Yue, Z., and Miao, C. Y. (2018).
Autophagy in ischemic stroke. Prog. Neurobiol. 163-164, 98–117. doi: 10.1016/
j.pneurobio.2018.01.001

Wang, P., Xu, T. Y., Wei, K., Guan, Y. F., Wang, X., Xu, H., et al.
(2014b). ARRB1/β-arrestin-1 mediates neuroprotection through coordination
of BECN1-dependent autophagy in cerebral ischemia. Autophagy 10, 1535–
1548. doi: 10.4161/auto.29203

Wang, S., Han, X., Mao, Z., Xin, Y., Maharjan, S., and Zhang, B. (2019). MALAT1
lncRNA induces autophagy and protects brain microvascular endothelial
cells against oxygen-glucose deprivation by binding to miR-200c-3p and

Frontiers in Cellular Neuroscience | www.frontiersin.org 14 October 2020 | Volume 14 | Article 577403124

https://doi.org/10.18632/oncotarget.5822
https://doi.org/10.1016/j.phrs.2007.12.003
https://doi.org/10.1038/s41419-019-2064-5
https://doi.org/10.1007/s00401-010-0785-8
https://doi.org/10.1016/j.tcb.2013.07.002
https://doi.org/10.1016/j.tcb.2013.07.002
https://doi.org/10.1096/fj.12-206896
https://doi.org/10.1096/fj.12-206896
https://doi.org/10.1016/j.cub.2018.01.004
https://doi.org/10.1016/j.cub.2018.01.004
https://doi.org/10.1016/j.immuni.2012.04.015
https://doi.org/10.1016/j.immuni.2012.04.015
https://doi.org/10.1007/s12975-015-0393-y
https://doi.org/10.1124/pr.54.4.561
https://doi.org/10.3389/fnins.2019.00238
https://doi.org/10.3389/fnins.2019.00238
https://doi.org/10.1074/jbc.M608328200
https://doi.org/10.1074/jbc.M608328200
https://doi.org/10.2174/1567202614666170619083239
https://doi.org/10.1016/j.freeradbiomed.2011.06.027
https://doi.org/10.1016/j.molcel.2013.12.014
https://doi.org/10.1016/j.molcel.2013.12.014
https://doi.org/10.1038/ncb2757
https://doi.org/10.3324/haematol.2018.204123
https://doi.org/10.1080/15548627.2016.1274596
https://doi.org/10.4161/auto.18673
https://doi.org/10.1038/nchembio.2079
https://doi.org/10.1002/jcp.20456
https://doi.org/10.1016/j.cub.2018.05.094
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1038/s41419-018-0794-4
https://doi.org/10.1189/jlb.0212053
https://doi.org/10.1007/s12975-017-0581-z
https://doi.org/10.1042/bj20150658
https://doi.org/10.1038/mp.2017.171
https://doi.org/10.1089/ars.2017.7124
https://doi.org/10.1016/j.ccell.2016.04.006
https://doi.org/10.1161/01.STR.0000249004.25444.a5
https://doi.org/10.1074/jbc.M111.320416
https://doi.org/10.1016/j.ejcb.2019.151058
https://doi.org/10.1159/000486224
https://doi.org/10.1159/000486224
https://doi.org/10.1007/s11064-014-1310-6
https://doi.org/10.1007/s11064-014-1310-6
https://doi.org/10.1016/j.pneurobio.2018.01.001
https://doi.org/10.1016/j.pneurobio.2018.01.001
https://doi.org/10.4161/auto.29203
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-14-577403 September 30, 2020 Time: 16:11 # 15

Liu et al. Autophagy and Ferroptosis in Stroke

upregulating SIRT1 expression. Neuroscience 397, 116–126. doi: 10.1016/j.
neuroscience.2018.11.024

Wang, S., Li, J., Du, Y., Xu, Y., Wang, Y., Zhang, Z., et al. (2017). The Class I PI3K
inhibitor S14161 induces autophagy in malignant blood cells by modulating the
Beclin 1/Vps34 complex. J. Pharmacol. Sci. 134, 197–202. doi: 10.1016/j.jphs.
2017.07.001

Welte, M. A., and Gould, A. P. (2017). Lipid droplet functions beyond energy
storage. Biochim. Biophys. Acta 1862(10 Pt B), 1260–1272. doi: 10.1016/j.bbalip.
2017.07.006

Wu, Z., Geng, Y., Lu, X., Shi, Y., Wu, G., Zhang, M., et al. (2019). Chaperone-
mediated autophagy is involved in the execution of ferroptosis. Proc. Natl. Acad.
Sci. U.S.A. 116, 2996–3005. doi: 10.1073/pnas.1819728116

Xie, Y., Hou, W., Song, X., Yu, Y., Huang, J., Sun, X., et al. (2016). Ferroptosis:
process and function. Cell Death Differ. 23, 369–379. doi: 10.1038/cdd.2015.158

Xie, Y., Kang, R., Sun, X., Zhong, M., Huang, J., Klionsky, D. J., et al.
(2015). Posttranslational modification of autophagy-related proteins in
macroautophagy. Autophagy 11, 28–45. doi: 10.4161/15548627.2014.984267

Yang, C., Ma, X., Wang, Z., Zeng, X., Hu, Z., Ye, Z., et al. (2017). Curcumin induces
apoptosis and protective autophagy in castration-resistant prostate cancer cells
through iron chelation. Drug Des. Dev. Ther. 11, 431–439. doi: 10.2147/dddt.
s126964

Yang, G., Wang, N., Seto, S. W., Chang, D., and Liang, H. (2018). Hydroxysafflor
yellow a protects brain microvascular endothelial cells against oxygen glucose
deprivation/reoxygenation injury: involvement of inhibiting autophagy via
class I PI3K/Akt/mTOR signaling pathway. Brain Res. Bull. 140, 243–257. doi:
10.1016/j.brainresbull.2018.05.011

Yang, J., and Yao, S. (2015). JNK-Bcl-2/Bcl-xL-Bax/Bak Pathway Mediates the
Crosstalk between Matrine-Induced Autophagy and Apoptosis via Interplay
with Beclin 1. Int. J. Mol. Sci. 16, 25744–25758. doi: 10.3390/ijms161025744

Yang, J. L., Mukda, S., and Chen, S. D. (2018). Diverse roles of mitochondria in
ischemic stroke. Redox Biol. 16, 263–275. doi: 10.1016/j.redox.2018.03.002

Yang, M., Chen, P., Liu, J., Zhu, S., Kroemer, G., Klionsky, D. J., et al. (2019).
Clockophagy is a novel selective autophagy process favoring ferroptosis. Sci.
Adv. 5:eaaw2238. doi: 10.1126/sciadv.aaw2238

Yang, W. S., Kim, K. J., Gaschler, M. M., Patel, M., Shchepinov, M. S., and Stockwell,
B. R. (2016). Peroxidation of polyunsaturated fatty acids by lipoxygenases drives
ferroptosis. Proc. Natl. Acad. Sci. U.S.A. 113, E4966–E4975. doi: 10.1073/pnas.
1603244113

Yao, F., Lv, Y. C., Zhang, M., Xie, W., Tan, Y. L., Gong, D., et al. (2015). Apelin-
13 impedes foam cell formation by activating Class III PI3K/Beclin-1-mediated
autophagic pathway. Biochem. Biophys. Res. Commun. 466, 637–643. doi: 10.
1016/j.bbrc.2015.09.045

Yigitkanli, K., Pekcec, A., Karatas, H., Pallast, S., Mandeville, E., Joshi, N., et al.
(2013). Inhibition of 12/15-lipoxygenase as therapeutic strategy to treat stroke.
Ann. Neurol. 73, 129–135. doi: 10.1002/ana.23734

Yin, H., Xu, L., and Porter, N. A. (2011). Free radical lipid peroxidation:
mechanisms and analysis. Chem. Rev. 111, 5944–5972. doi: 10.1021/cr200
084z

Yu, S., Yu, M., He, X., Wen, L., Bu, Z., and Feng, J. (2019). KCNQ1OT1 promotes
autophagy by regulating miR-200a/FOXO3/ATG7 pathway in cerebral ischemic
stroke. Aging Cell 18:e12940. doi: 10.1111/acel.12940

Yuan, H., Li, X., Zhang, X., Kang, R., and Tang, D. (2016). Identification of ACSL4
as a biomarker and contributor of ferroptosis. Biochem. Biophys. Res. Commun.
478, 1338–1343. doi: 10.1016/j.bbrc.2016.08.124

Yuan, Y., Zheng, Y., Zhang, X., Chen, Y., Wu, X., Wu, J., et al. (2017). BNIP3L/NIX-
mediated mitophagy protects against ischemic brain injury independent
of PARK2. Autophagy 13, 1754–1766. doi: 10.1080/15548627.2017.135
7792

Zhang, X., Yuan, Y., Jiang, L., Zhang, J., Gao, J., Shen, Z., et al. (2014). Endoplasmic
reticulum stress induced by tunicamycin and thapsigargin protects against
transient ischemic brain injury: involvement of PARK2-dependent mitophagy.
Autophagy 10, 1801–1813. doi: 10.4161/auto.32136

Zhou, B., Liu, J., Kang, R., Klionsky, D. J., Kroemer, G., and Tang, D. (2019).
Ferroptosis is a type of autophagy-dependent cell death. Semin. Cancer Biol.
doi: 10.1016/j.semcancer.2019.03.002 [Epub ahead of print].

Zhu, S., Zhang, Q., Sun, X., Zeh, H. J. III, Lotze, M. T., Kang, R., et al. (2017). HSPA5
regulates ferroptotic cell death in cancer cells. Cancer Res. 77, 2064–2077. doi:
10.1158/0008-5472.can-16-1979

Zille, M., Karuppagounder, S. S., Chen, Y., Gough, P. J., Bertin, J., Finger, J., et al.
(2017). Neuronal death after hemorrhagic stroke in vitro and in vivo shares
features of ferroptosis and necroptosis. Stroke 48, 1033–1043. doi: 10.1161/
strokeaha.116.015609

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Liu, Guo, Yan, Huang, Ren, Luo and Yang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 15 October 2020 | Volume 14 | Article 577403125

https://doi.org/10.1016/j.neuroscience.2018.11.024
https://doi.org/10.1016/j.neuroscience.2018.11.024
https://doi.org/10.1016/j.jphs.2017.07.001
https://doi.org/10.1016/j.jphs.2017.07.001
https://doi.org/10.1016/j.bbalip.2017.07.006
https://doi.org/10.1016/j.bbalip.2017.07.006
https://doi.org/10.1073/pnas.1819728116
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.4161/15548627.2014.984267
https://doi.org/10.2147/dddt.s126964
https://doi.org/10.2147/dddt.s126964
https://doi.org/10.1016/j.brainresbull.2018.05.011
https://doi.org/10.1016/j.brainresbull.2018.05.011
https://doi.org/10.3390/ijms161025744
https://doi.org/10.1016/j.redox.2018.03.002
https://doi.org/10.1126/sciadv.aaw2238
https://doi.org/10.1073/pnas.1603244113
https://doi.org/10.1073/pnas.1603244113
https://doi.org/10.1016/j.bbrc.2015.09.045
https://doi.org/10.1016/j.bbrc.2015.09.045
https://doi.org/10.1002/ana.23734
https://doi.org/10.1021/cr200084z
https://doi.org/10.1021/cr200084z
https://doi.org/10.1111/acel.12940
https://doi.org/10.1016/j.bbrc.2016.08.124
https://doi.org/10.1080/15548627.2017.1357792
https://doi.org/10.1080/15548627.2017.1357792
https://doi.org/10.4161/auto.32136
https://doi.org/10.1016/j.semcancer.2019.03.002
https://doi.org/10.1158/0008-5472.can-16-1979
https://doi.org/10.1158/0008-5472.can-16-1979
https://doi.org/10.1161/strokeaha.116.015609
https://doi.org/10.1161/strokeaha.116.015609
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fnins-14-589042 November 9, 2020 Time: 14:46 # 1

REVIEW
published: 13 November 2020

doi: 10.3389/fnins.2020.589042

Edited by:
Gang Chen,

First Affiliated Hospital of Soochow
University, China

Reviewed by:
Shilei Hao,

Chongqing University, China
Che-Feng Chang,

National Taiwan University, Taiwan

*Correspondence:
Hang Jin

doctorjinhang@hotmail.com
Zhen-Ni Guo

zhen1ni2@163.com

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Neurodegeneration,
a section of the journal

Frontiers in Neuroscience

Received: 30 July 2020
Accepted: 05 October 2020

Published: 13 November 2020

Citation:
Zhou S-Y, Cui G-Z, Yan X-L,

Wang X, Qu Y, Guo Z-N and Jin H
(2020) Mechanism of Ferroptosis
and Its Relationships With Other

Types of Programmed Cell Death:
Insights for Potential Interventions

After Intracerebral Hemorrhage.
Front. Neurosci. 14:589042.

doi: 10.3389/fnins.2020.589042

Mechanism of Ferroptosis and Its
Relationships With Other Types of
Programmed Cell Death: Insights for
Potential Interventions After
Intracerebral Hemorrhage
Sheng-Yu Zhou1†, Guo-Zhen Cui2†, Xiu-Li Yan1, Xu Wang1, Yang Qu1, Zhen-Ni Guo3* and
Hang Jin1*

1 Department of Neurology, Stroke Center, The First Hospital of Jilin University, Changchun, China, 2 Department
of Hepatology, Cancer Center, The First Hospital of Jilin University, Changchun, China, 3 Clinical Trial and Research Center
for Stroke, Department of Neurology, The First Hospital of Jilin University, Changchun, China

Intracerebral hemorrhage (ICH) is a fatal cerebrovascular disease with high morbidity and
mortality, for which no effective therapies are currently available. Brain tissue damage
caused by ICH is mediated by a newly identified form of non-apoptotic programmed cell
death, called ferroptosis. Ferroptosis is characterized by the iron-induced accumulation
of lipid reactive oxygen species (ROS), leading to intracellular oxidative stress. Lipid
ROS cause damage to nucleic acids, proteins, and cell membranes, eventually resulting
in ferroptosis. Numerous biological processes are involved in ferroptosis, including iron
metabolism, lipid peroxidation, and glutathione biosynthesis; therefore, iron chelators,
lipophilic antioxidants, and other specific inhibitors can suppress ferroptosis, suggesting
that these modulators are beneficial for treating brain injury due to ICH. Accumulating
evidence indicates that ferroptosis differs from other types of programmed cell death,
such as necroptosis, apoptosis, oxytosis, and pyroptosis, in terms of ultrastructural
characteristics, signaling pathways, and outcomes. Although several studies have
emphasized the importance of ferroptosis due to ICH, the detailed mechanism
underlying ferroptosis remains unclear. This review summarizes the available evidence
on the mechanism underlying ferroptosis and its relationship with other types of cell
death, with the aim to identify therapeutic targets and potential interventions for ICH.

Keywords: ferroptosis, intracerebral hemorrhage, iron, lipid peroxides, glutathione, programmed cell death

INTRODUCTION

Intracerebral hemorrhage (ICH) accounts for 10–15% of all stroke types, which is a catastrophic
event associated with high mortality and morbidity rates (Van Asch et al., 2010). Edema in a
bleeding brain after ICH contributes to secondary brain injury (SBI). Current ICH treatments
include dehydration treatment, antihypertensive therapy, platelet transfusion, and surgery.
However, these therapies have some limitations; for example, there is not sufficient evidence to
support the safety of platelet transfusion, and dehydration treatment causes a rapid decrease

Frontiers in Neuroscience | www.frontiersin.org 1 November 2020 | Volume 14 | Article 589042126

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2020.589042
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnins.2020.589042
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2020.589042&domain=pdf&date_stamp=2020-11-13
https://www.frontiersin.org/articles/10.3389/fnins.2020.589042/full
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-589042 November 9, 2020 Time: 14:46 # 2

Zhou et al. Ferroptosis After ICH

in blood pressure in a specific area (Morotti and Goldstein,
2016). Moreover, the mechanism underlying SBI after ICH
remains unclear. However, it is known that hemoglobin in a
hematoma after ICH can cause lipid peroxidation and form
hydroxyl radicals, which are highly neurotoxic, leading to damage
to the membranes, DNA, and proteins (Xi et al., 2006; Cao and
Dixon, 2016). As the key element of hemoglobin, iron also plays
an important role in SBI. Iron toxicity is mainly based on the
Fenton reaction. Through the Fenton reaction, iron forms a large
number of hydroxyl radicals, which trigger and aggravate the
oxidation of tissues, causing neuronal cell damage (Zhao et al.,
2011b; Auriat et al., 2012; He et al., 2020). Some preclinical
and clinical studies about ferroptosis in neurodegeneration and
stroke indicate that iron released from the hematoma can lead to
a newly identified form of programmed cell death, ferroptosis,
which may greatly contribute to SBI after ICH (Zhang Z.
et al., 2018; Djulbegovic and Uversky, 2019; Zhang et al., 2020).
Ferroptosis was first defined in 2012 (Dixon et al., 2012); it refers
to an oxidative and iron-dependent form of programmed cell
death that differs from other known types of programmed cell
death in terms of its morphological and biochemical features,
including the ultrastructural characteristics, signaling pathways,
and outcomes (Zille et al., 2017; Bobinger et al., 2018; Hirschhorn
and Stockwell, 2019). Ferroptosis is associated with iron and
amino acid metabolism together with lipid peroxidation, with
the iron-dependent accumulation of lipid peroxidation being the
key trigger (Dixon et al., 2014; Conrad et al., 2018; Fujii et al.,
2019; Hirschhorn and Stockwell, 2019). In this process, inhibition
of glutathione peroxidase 4 (GPX4) prevents the appropriate
reduction of lipid peroxides, resulting in increased generation of
reactive oxygen species (ROS), which in turn leads to oxidative
lipid damage, protein aggregation, and ultimately, neuronal cell
death (Gao et al., 2015; Bai et al., 2019).

Although the mechanism of ferroptosis is not entirely
understood, the use of iron chelators, ferroxidase, and other
mediators of ferroptosis may be effective as a potential
therapeutic approach for ICH. Strategies to inhibit or delay the
rate of iron accumulation, glutathione (GSH) depletion, and
lipid peroxidation are currently being tested in trials (Gao et al.,
2015; Wang et al., 2016; Conrad et al., 2018). Therefore, in this
review, we present the available evidence on the mechanisms
underlying ferroptosis to highlight candidate therapeutic targets
and potential interventions for ICH. We further discuss the
relationships between ferroptosis and other types of cell death.
This overview will not only provide a better understanding of the
clinical significance of ferroptosis but also promote the progress
of research regarding novel aspects, such as the development of
potential anti-ferroptotic strategies to prevent SBI after ICH.

MECHANISMS UNDERLYING
FERROPTOSIS FOLLOWING ICH

Iron Metabolism
Iron is essential for excessive lipid peroxidation, which leads to
ferroptosis, particularly in ICH (Dixon et al., 2012). Therefore,
iron uptake, utilization, export, and storage can affect nearly all

ferroptosis processes. ICH occurs upon vessel rupture; thereafter,
blood enters the surrounding parts of the brain, causing an
intracerebral hematoma, which releases hemoglobin, heme, and
iron into the surrounding tissue (Li et al., 2019). Hemoglobin,
the most abundant protein in the blood, can act as a neurotoxin
released from lysed red blood cells after hematoma formation
(Xi et al., 2006). Two forms of iron are involved in this process:
ferric (Fe2+) and ferrous (Fe3+) iron. Fe2+ can transfer electrons
and has high solubility; thus, Fe2+-containing proteins serve as
cofactors and catalysts in several types of oxidation–reduction
reactions. In contrast, Fe3+ stores and transports iron and
is, therefore, much more stable than the active Fe2+ (Dixon
et al., 2012). Under physiological conditions, transferrin (Tf)
recognizes Fe3+ and binds two Fe3+ molecules to form diferric
Tf, which subsequently binds to the Tf receptor 1 (TfR1) with
high-affinity to form the Tf-Fe3+-TfR1 complex on the surface of
neurons. The Tf-Fe3+-TfR1 complex is then transported into cells
via endocytosis and then into endosomes, where iron is released
from the complex because of the acidic environment. Free Fe2+

is then reduced to Fe3+ and stored in the labile iron pool (LIP;
Hentze et al., 2010). The Fe2+ in the LIP reacts with hydrogen
peroxide, thereby forming hydroxyl radicals via the Fenton
reaction (Gao et al., 2015; Feng et al., 2020; He et al., 2020).
These highly toxic hydroxyl radicals attack the lipid membrane,
DNA, and proteins to cause lipid ROS production, disrupting
cellular function and leading to ferroptosis. Moreover, iron can
be exported from the cells by ferroportin, which contributes to
the reduction of the intracellular Fe2+ concentration. Therefore,
ferroportin may serve as a potential therapeutic target for ICH.
However, Li et al. (2019) showed that the hemoglobin content
and hematoma volume gradually decrease after ICH, and they
illustrated that the endogenous clearance system can be activated
and eliminates the hematoma after ICH. Several studies have
indicated that the decrease in hematoma volume might be related
with erythrophagocytosis (Cao et al., 2016; Ni et al., 2016;
Chang et al., 2020). Since intraparenchymal hematomas and
red blood cells are the major source of free iron in the ICH
brain, hematoma resolution and the clearance and phagocytosis
of red blood cells might reduce iron-induced ferroptosis. Further
studies are warranted to investigate these approaches to tackle
iron-induced ferroptosis.

Depletion of GSH
Glutathione biosynthesis is intricately linked to the regulation of
ferroptosis. As a physiological defense under normal conditions,
ROS can be maintained at a stable level via mitochondrial
oxidative phosphorylation and antioxidant mechanisms.
However, upon ICH, substantial amounts of ROS are produced,
which cause cell damage, ultimately leading to ferroptosis. This
event activates GSH in the brain as an antioxidant enzyme. Thus,
the inhibition of GSH synthesis is predicted to induce ferroptosis.
Intracellular glutamate is exchanged for cysteine, and system
Xc- transports cysteine into neurons at a 1:1 ratio. Cysteine,
glutamate, and glycine are used in GSH synthesis (Dixon
et al., 2014; Gao et al., 2015), whereas erastin can inhibit the
expression of system Xc-, causing GSH depletion and ultimately
leading to ROS accumulation (Dixon et al., 2012). Therefore,
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the concentration and balance of these amino acids can impact
ferroptosis. For example, high extracellular concentrations of
glutamate and low intracellular concentrations of cysteine inhibit
the function of system Xc- and induce ferroptosis. This may
explain the toxic effects of glutamate following its accumulation
at high levels in the nervous system.

Lipid Peroxidation
Lipid peroxidation is the key process that directly activates
ferroptosis. It involves three pathways: (i) the non-enzymatic
pathway generates lipid ROS through the Fenton reaction using
iron (Bai et al., 2019; He et al., 2020); (ii) the oxygenation
and esterification of polyunsaturated fatty acids generate lipid
peroxides (Yang et al., 2016; Doll and Conrad, 2017; Stockwell,
2018; Das, 2019); and (iii) iron catalyzes lipid auto-oxidation.
Some studies have reported that exogenous arachidonic acid
(AA) and AA-OOH-phosphatidylethanolamine (PE) enhance
ferroptosis. The conversion of AA-OOH-PE to AA in cells
requires lipoxygenase enzymes. AA-OOH-PE is then reduced to
AA-OH-PE by GPX4. Ferroptosis occurs when the AA-OH-PE
levels are sufficiently high to surpass the cellular threshold (Kagan
et al., 2017). Under physiological conditions, toxic lipid peroxides
are reduced to non-toxic lipid alcohols by GPX4 to protect cells
against oxidative stress (Kagan et al., 2017; Zhang Z. et al., 2018;
Vuckovic et al., 2020). However, substantial accumulation of lipid
peroxides cannot be effectively eliminated by GPX4, and the
excess lipid peroxide damages membrane integrity, leading to cell
rupture and ferroptosis, which has been proven in proteomics
studies (Forcina and Dixon, 2019; Fujii et al., 2019). Therefore,
the processes that inhibit the reduction in lipid peroxide levels
and promote their formation result in the accumulation of lipid
peroxides and, ultimately, ferroptosis (Stoyanovsky et al., 2019).
However, the lipid autoxidation in ICH is not completely clear
and should be further examined (Qiu et al., 2020).

RELATIONSHIPS BETWEEN
FERROPTOSIS AND OTHER CELL
DEATH PATHWAYS

Table 1 shows an overview and comparison of different neuronal
cell death types: necroptosis, apoptosis, oxytosis, and pyroptosis.
Each type, along with its characteristics and mechanisms,
and their potential roles in brain damage after ICH, are
discussed below, and are compared with the corresponding
features of ferroptosis.

Ferroptosis and Necroptosis
Numerous reports have suggested that ferroptosis is always
accompanied by necroptosis. Necroptosis is activated during
inflammation (Oberst, 2016). The activation of necroptosis relies
on receptor-interacting kinase 1 (RIPK1), receptor-interacting
protein kinase 3 (RIPK3), and mixed lineage kinase domain-like
(MLKL; Dondelinger et al., 2014; Conrad et al., 2016). RIPK1
activates RIPK3 and thereby recruits MLKL at the cell membrane,
which causes membrane rupture and eventually triggers
necroptosis (Cook et al., 2014; Hildebrand et al., 2014). Some

studies have demonstrated that the ultrastructure of neurons
after ICH manifests as a morphotype, involving ferroptosis and
necroptosis. Ferroptosis is characterized by the loss of plasma
membrane integrity, disruption and swelling of organelles,
and shrunken mitochondria, whereas necroptosis does not
involve mitochondrial shrinkage, suggesting that shrunken
mitochondria are a characteristic change in ferroptosis after
ICH (Li et al., 2018). The major ultrastructural characteristics
of hemin-induced neuron death are related to ferroptosis and
not necroptosis. In contrast, molecular marker levels of both
ferroptosis (Fe3+ iron, GSH, and GPX4) and necroptosis (MLKL
and RIPK3) may increase after ICH; however, such studies
regarding ICH are lacking (Roderick et al., 2014; Lin et al.,
2016; Newton et al., 2016; Minagawa et al., 2020). NADPH
might be a link between ferroptosis and necroptosis (Hou et al.,
2019). When cells undergo necroptosis or ferroptosis, adjacent
cells are more prone to another form of cell death. Moreover,
necrostatin-1 was shown to exert its neuroprotective effects by
inhibiting the RIPK1 and RIPK3 signal pathways of necroptosis
and suppressing apoptosis and autophagy after ICH (Chang et al.,
2014; Cook et al., 2014; Su et al., 2015), highlighting its relevance
to necroptosis, apoptosis, and autophagy; however, this does
not clarify the specific link between ferroptosis and necroptosis,
which require further studies.

Ferroptosis and Apoptosis
Apoptosis is one of the most well-studied forms of programmed
cell death. It includes two major pathways: extrinsic and
intrinsic pathways. The extrinsic pathway is triggered by cell
surface receptors, such as tumor necrosis factor (TNF) receptors
(Hasegawa et al., 2011; Fricker et al., 2018; Zhao et al., 2018).
The TNF receptors can be activated by caspase-1, which is
stimulated by the P2X7 receptor (Lee et al., 2016). Upon
binding to the TNF receptor, the Fas-associated death domain
protein will be recruited and will bind pro-caspase-8 molecules,
activating caspase-8 and allowing apoptosis to occur (Micheau
and Tschopp, 2003). The intrinsic pathway is activated by the
mitochondrial outer membrane permeabilization (MOMP) and
the B-cell lymphoma 2 (Bcl-2) family proteins. As a member
of Bcl-2 family, Bax can promote apoptosis by its expression
and activation (Haase et al., 2008). Furthermore, Zhang et al.
showed that the increased Bax/Bcl-2 ratio can promote apoptosis
(Zhang W. et al., 2018). Therefore, Bcl-2 can be considered as an
inhibitor of apoptosis. The ultrastructural features of an apoptotic
neural cell include chromatin condensation, nuclear shrinkage,
and DNA fragmentation (Castagna et al., 2016; Li et al., 2018).
Compared with other types of cell death, DNA fragmentation can
be considered as the distinguishing characteristic of apoptosis.
Therefore, the presence of DNA fragments indicates apoptosis,
which can occur at a later ICH phase (Kanter et al., 2016).
Ferroptosis is an iron-dependent form of programmed cell death,
but it is non-apoptotic, non-necroptotic, and non-autophagic.
Ferroptosis can also be inhibited by iron chelators and several
novel small molecules, such as ferrostatin-1 and liproxstatin-1,
but cannot be inhibited by specific inhibitors of apoptosis (e.g.,
zVAD; Thermozier et al., 2020) or necroptosis (e.g., necrostatin-1;
Chang et al., 2014; Chen X. et al., 2019).
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TABLE 1 | Comparison of different neuronal cell death types.

Types of cell death Activators Mediators Inhibitors Outcome

Ferroptosis Iron, extracellular glutamine Fe(II), ROS Iron chelators, ferroxidase, antioxidants Necrosis via lipid ROS

Necroptosis Inflammatory factors NLRP1/3, MKLK Necrostatin-1, caspase-8 Necrosis via MKLK

Apoptosis Inflammatory factors Caspase 3,6,7,8,9 Bcl-2,zVAD Phagocytosis

Oxytosis Glutamate System Xc- BID inhibitors Necrosis via glutamate

Pyroptosis Inflammatory factors Caspase-1, gasdermin D NLRP1 inflammasome inhibitors Inflammatory necrosis

Ferroptosis and Oxytosis
Oxytosis is induced by the glutamate-mediated inhibition of
system Xc-, which leads to the depletion of GSH; it represents
a distinct type of oxidative neuronal cell death after ICH
(Landshamer et al., 2008; Grohm et al., 2010). Depletion
of GSH causes excessive ROS production, which cannot be
eliminated, leading to ROS accumulation in neurons and,
ultimately, oxytosis (Tobaben et al., 2010; Reuther et al., 2014;
Jelinek et al., 2016). Oxytosis is highly similar to ferroptosis;
it has even been regarded as a component of ferroptosis
(Lewerenz et al., 2018; Gupta et al., 2020). A previous study
suggested that BID protein inhibitors can prevent erastin-
induced ferroptosis (Neitemeier et al., 2017), and that inhibitors
of ferroptosis, such as ferrostatin-1 and liproxstatin-1, can
block glutamate-induced oxytosis. The study further showed
that erastin-induced ferroptosis in neuronal cells is accompanied
by mitochondrial transactivation of BID, loss of mitochondrial
membrane potential, enhanced mitochondrial fragmentation,
and reduced ATP levels. These signs of mitochondrial death
are distinctive features of oxytosis (Lewerenz et al., 2018;
Takashima et al., 2019; Nagase et al., 2020). However, because
ferroptosis cannot be readily distinguished from oxytosis, the
relationship between ferroptosis and oxytosis remains unclear
and controversial. Therefore, further research is needed to clarify
the differences between these two types of cell death.

Ferroptosis and Pyroptosis
Pyroptosis is another type of neuronal cell death and is activated
by gasdermin D (GSDMD) and caspase-1 or caspase-11 in
mice (corresponding to caspase-1, caspase-4, and caspase-5,
respectively, in humans), consequently upregulating cytokines
[interleukin (IL)-1β, IL-18] and immune system activators (Ruehl
and Broz, 2015; Chen K.W. et al., 2019). Upon activation,
caspase-1, or caspase-11 (in mice) acts on GSDMD and
generates the N-terminal domain and C-terminal domain,
and the lipid-selective N-terminal domain acts on the cell
membrane by combining with phosphatidylinositol of the
lipid plasma membrane, which leads to cell lysis. Cytokines
such as IL-1β and IL-18 are secreted through the damaged
cell membrane, recruiting immune cells, and activating the
immune system, and ultimately resulting in pyroptosis (Shi
et al., 2015; Ding et al., 2016; Feng et al., 2018). Pyroptosis
is characterized by nuclear condensation coupled with cell
swelling and lipid membrane vacuole formation at the plasma
membrane, which eventually ruptures without exhibiting DNA
fragmentation (Li et al., 2018), making the process distinct
from ferroptosis. The activation of caspase-1 relies on the

accumulation of a type of protein complex known as the
inflammasome. Nucleotide-binding oligomerization domain-like
receptor 3 (NLRP3) protein binds to apoptosis-related speck-like
protein through its pyridine domain and recruits pro-caspase-1
via CARD–CARD interaction, forming NLRP3 inflammasomes
(Li et al., 2020). NLRP3 can also be activated by K+ efflux, which
is indirectly induced by caspase-11. In addition to recruiting
and activating caspase-1 via apoptosis-related speck-like protein,
inflammasomes can also bind with caspase-8 to induce cell
death. Some studies also found that other members of the
gasdermin family (e.g., GSDMA, GSDMB, and GSDMC) are
recruited to the plasma membrane to trigger membrane repair
upon gasdermin D activation and act on membrane-disrupting
cytotoxicity (Denes et al., 2015; Man and Kanneganti, 2015;
Shi et al., 2015; Chen et al., 2016). Therefore, pyroptosis has
attracted substantial attention as an ICH therapeutic target, and
inhibitors of NLRP3 were shown to have therapeutic efficiency.
The biochemical processes of ferroptosis are much simpler than
those of pyroptosis.

POTENTIAL INTERVENTIONS
TARGETING FERROPTOSIS AFTER ICH

The most promising anti-ICH drugs targeting ferroptosis are
summarized in Table 2. Ferroptosis is mainly activated by Fe2+

and ROS; thus, iron chelators and inhibitors of lipid ROS
generation can be regarded as candidate therapeutic targets for
ICH. Here, we focus on the potential targets, including iron
metabolism, GSH biosynthesis, and lipid ROS.

Inhibitors of Iron Metabolism
Iron Chelators
Because ferroptosis is characterized by the iron-induced
accumulation of lipid ROS, iron is essential for the accumulation
of lipid peroxides and the consequent execution of ferroptosis.
As inhibitors of iron metabolism, iron chelators deplete iron
by reducing the Fe2+ in LIP to prevent iron-dependent lipid
peroxidation (Doll and Conrad, 2017), reduce the lipid ROS,
and eventually inhibit ferroptosis. As a result, the potential
therapeutic use of iron chelators has attracted substantial
attention in recent years (De Domenico et al., 2009). Hu et al.
showed that deferoxamine (DFO) treatment decreased hemin
release from a hematoma, and demonstrated the potential role
of DFO in reducing iron deposition and brain injury in a piglet
model (Hu et al., 2019). However, a phase I clinical trial found
that DFO led to hypotension, pancytopenia, retinal toxicity,
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TABLE 2 | Promising anti-ICH drugs that target ferroptosis.

Drugs Target Impact on ferroptosis References

Deferoxamine (DFO) Iron Function as iron chelator, depletes iron and prevent
iron-dependent lipid peroxidation

Hu et al., 2019

Deferiprone (DFP) Iron Function as iron chelator, depletes ferric iron and prevent
iron-dependent lipid peroxidation

Garringer et al., 2016

Minocycline Iron Function as iron chelator, depletes iron and prevent
iron-dependent lipid peroxidation

Zhao et al., 2011a; Chang et al., 2017; Fouda
et al., 2017; Yang et al., 2019, 2020

Nitrilotriacetic Acid (NTA) Iron Function as iron chelator, depletes iron and prevent
iron-dependent lipid peroxidation

Kose et al., 2019

Ethylenediaminetetraacetic
Acid (EDTA)

Iron Function as iron chelator, depletes iron and prevent
iron-dependent lipid peroxidation

Kose et al., 2019

Clioquinol (CQ) Iron Function as iron chelator, depletes ferrous iron and prevent
iron-dependent lipid peroxidation

Wang et al., 2016

Cycliprox Iron Function as iron chelator, depletes iron and prevent
iron-dependent lipid peroxidation

Stockwell et al., 2017

VK-28 Iron Function as iron chelator, depletes iron and prevent
iron-dependent lipid peroxidation

Li et al., 2017

Ceruloplasmin Iron Function as ferroxidase, oxidizes toxic ferrous iron to less
toxic ferric iron

Liu et al., 2019

Ferrostatins-1 ROS Aggravates ROS generation and blocks lipid peroxidation Zilka et al., 2017

Liproxstatin-1 ROS Function as lipophilic antioxidants and blocks lipid
peroxidation

Zilka et al., 2017

GPX4 ROS Blocks lipid peroxidation Zhang Z. et al., 2018

Vitamin E ROS May inhibit lipoxygenases and blocks lipid peroxidation Hinman et al., 2018

Vitamin C ROS Inhibits lipid peroxidation Tang and Tang, 2019

Beta-carrotene ROS Blocks lipid peroxidation Kose et al., 2019

N-Acetylcysteine System Xc- Promotes cysteine import and cause GSH synthesis Karuppagounder et al., 2018

Dopamine GPX4 Function as neurotransmitter, blocks GPX4 degradation
and blocks lipid peroxidation

Tang and Tang, 2019

Selenium GPX4,
selenoproteins

Drives antioxidant GPX4 expression and blocks lipid
peroxidation, increase abundance of selenoproteins.

Alim et al., 2019

Zileuton 5-LOX Inhibits cytosolic ROS production as 5-LOX inhibitor and
blocks lipid peroxidation.

Liu et al., 2015

Ferroptosis Suppressor
Protein 1 (FSP1)

CoQ10 reduce CoQ10 to generate a lipophilic RTA that halts the
propagation of lipid peroxides

Bersuker et al., 2019

and neurotoxicity (Selim et al., 2011). Li et al. (2017) further
identified VK-28 as an iron chelator with similar effects to
those of DFO in a rat model. However, compared with DFO,
VK-28 improves neurobehavioral performance by polarizing the
microglia to an M2-like phenotype, which reduces brain water
content, decreases white matter injury, and eventually reduces
the overall mortality due to ICH. Selim et al. (2019) showed
that DFO was ineffective in improving the clinical outcome
on day 90 in ICH patients of the phase II clinical trials. In this
context, VK-28 appears to be more effective and safer than DFO.
Another iron chelator, deferiprone (DFP), showed efficacy to
some extent in humans and experimental neurodegenerative and
neurodevelopmental conditions (Garringer et al., 2016; Carboni
et al., 2017; Tian et al., 2017; Shao et al., 2020), but a phase II
clinical study shows that it caused injury to the surrounding
tissue (Klopstock et al., 2019). Therefore, the clinical application
of DFO is limited. Wang et al. (2016) found that in rat models,
DFP could reduce iron contents after ICH, but it was found
to be ineffective against brain edema and lipid ROS and failed
to improve the outcome. Furthermore, some studies found
that minocycline functions as an iron chelator and can reduce

iron-induced neuronal cell death (Zhao et al., 2011a; Chang et al.,
2017; Fouda et al., 2017; Yang et al., 2019, 2020). Minocycline
is being investigated in the phase II clinical trials of Zhao et al.
(2011a), which shows that minocycline inhibited iron overload,
reduced iron neurotoxicity and iron-induced brain injury after
ICH, which can be regarded as a new treatment option of ICH.
Yang et al. (2020) shows that minocycline reduced the brain
edema and hematoma volume, prevented iron accumulation,
and protected brain from iron-induced injury in ICH minipig
models. Several other iron chelators, including nitrilotriacetic
acid, ethylenediaminetetraacetic acid, and clioquinol, are
effective for treating ICH, as demonstrated in animal models
(Wang et al., 2016; Kose et al., 2019). Since iron chelators are
mainstream drugs of ferroptosis after ICH, the outcomes of using
iron chelators in clinical and preclinical studies are summarized
in Table 3.

Ferroxidase
Ferroxidase is another type of iron metabolism inhibitor.
Ferroxidase can oxidize toxic Fe2+ iron to the less toxic Fe3+

iron and reduce the Fe2+ in LIP, reduce lipid ROS, and inhibit
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TABLE 3 | Outcomes of some major iron chelators used in ICH in the clinical and preclinical studies.

Iron chelator Type of trial Development Phase Outcomes References

Deferoxamine Preclinical trials Preclinical Decreased hemin release from the hematoma and reduced iron deposition
and the severity of brain injury in animal models.

Hu et al., 2019

Clinical trials Phase I and II, under
investigation

Effective to a certain extent, but lead to hypotension, pancytopenia, retinal
toxicity, and neurotoxicity, and would be ineffective to significantly improve
the good clinical outcome at day 90 in ICH patients.

Hu et al., 2019; Selim
et al., 2019

Deferiprone Preclinical trials Preclinical Reduced iron deposition, but invalid to brain edema and lipid ROS, and
failed to improve the outcome in rat models.

Wang et al., 2016

Clinical trials Phase II Effective to some extent in humans and experimental neurodegenerative
and neurodevelopmental conditions, but can cause injury to the
surrounding tissue.

Klopstock et al., 2019

Minocycline Preclinical trials Preclinical Reduced the hematoma volume and brain edema, prevented iron
accumulation, and protected brain from injury after ICH in rat models.

Zhao et al., 2011a;
Yang et al., 2019

Clinical trials Phase II, under
investigation

Reduced iron overload and iron-induced brain injury after ICH. Chang et al., 2017;
Fouda et al., 2017;
Yang et al., 2020

VK-28 Preclinical trials Preclinical Improved neurobehavioral performance, reduced brain water content,
decreased white matter injury.

Li et al., 2017

Clioquinol Preclinical trials Preclinical Improved the neurological outcome, attenuated brain edema, and ROS
production in rat models.

Wang et al., 2016

Ceruloplasmin Preclinical trials Preclinical Reduced the severity of brain injury in rat models. Liu et al., 2019

FIGURE 1 | Mechanisms and modulators of ferroptosis after ICH. Arrows indicate promotion, blunt- ended lines indicate inhibition, and the drugs in a green box are
ferroptosis inhibitors. ICH, intracerebral hemorrhage; RBC, red blood cell; Tf, transferrin; TfR, transferrin receptor; AA, arachidonic acid; PE,
phosphatidylethanolamine; PUFAs, plasma membrane polyunsaturated fatty acids; CoQ 10, coenzyme Q10; DFO, deferoxamine; DFP, deferiprone; NTA,
nitrilotriacetic acid; EDTA, ethylenediaminetetraacetic acid; CQ, clioquinol; CP, ceruloplasmin; H2O2, hydrogen peroxide; OH, hydroxyl radical; Fer-1, ferrostatin-1;
GPX4, glutathione peroxidase 4; Vit E, vitamin E; Vit C, vitamin C; FSP-1, ferroptosis suppressor protein 1; GSH, glutathione; GSSG, oxidized glutathione; Hb,
hemoglobin; Lip-1, liproxstatin-1; NAC, N-acetylcysteine; LOX, lipoxygenase; and ROS, reactive oxygen species.
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FIGURE 2 | Mechanisms of other types of cell death after ICH. ICH, intracerebral hemorrhage; GSH, glutathione; ROS, reactive oxygen species; TNF, tumor necrosis
factor; MOMP, mitochondrial outer membrane permeabilization; P2X7R, P2X7 receptor; NLRP3, nucleotide-binding oligomerization domain-like receptor 3; GSDMD,
gasdermin D; RIPK, receptor-interacting protein kinase; MLKL, mixed lineage kinase domain-like; and IS, immune system.

ferroptosis. In a series of studies, Liu et al. (2019) showed that
ceruloplasmin is an essential ferroxidase, with the potential to
reduce the severity of brain injury due to ferroptosis after ICH
in a rat model. Although numerous previous studies showed that
ceruloplasmin deficiency is associated with Alzheimer’s disease,
Parkinson’s disease, and other neurodegenerative diseases in
patients and rat models (Jiang et al., 2015; Stelten et al., 2019;
Diouf et al., 2020; Liu et al., 2020; Shang et al., 2020), little
is known about the therapeutic function of ceruloplasmin in
ferroptosis after ICH. Moreover, clinical studies on ferroxidase
in ICH patients are limited. Thus, additional studies are required
to identify the specific types and roles of ferroxidase.

Promoters of GSH Biosynthesis
Glutamate and cysteine are important regulators of ferroptosis.
As intracellular glutamate is pumped out of the cell and
exchanged for extracellular cysteine by system Xc- to synthesize
GSH and inhibit ferroptosis (Dixon et al., 2012, 2014); increasing
cysteine concentration is a potential therapeutic strategy for ICH.
N-acetylcysteine (NAC) is a cysteine prodrug that increases the
accumulation of cysteine in neurons. Karuppagounder et al.
(2018) showed that NAC has therapeutic effects as a precursor

for GSH, which acts on system Xc- to promote cysteine
transfer into neuronal cells and targets lipid-derived reactive
electrophilic species resulting from increased arachidonate
5-lipoxygenase, along with GSH-dependent enzymes (e.g.,
GSH S-transferases). Simultaneously, exogenous infusion of
a clinically approved protective lipid species, prostaglandin
E2, reduces the NAC concentration required to stimulate
protection and functional recovery in vitro and in vivo
in mice (Zhao et al., 2015; Karuppagounder et al., 2018).
Although nearly all of these studies used safe doses of NAC,
the dose required to induce a therapeutic effect is unclear.
Thus, further studies are required to determine the precise
dose of NAC required for the efficient control of brain
injury after ICH.

Inhibitors of Lipid ROS Generation
Reactive oxygen species production is the immediate cause
of ferroptosis after ICH; thus, inhibiting ROS production is
important to prevent ferroptosis in neurons after ICH (Ursini
and Maiorino, 2020). During lipid oxidation, GPX4 is the
primary enzyme that prevents ferroptosis (Stockwell et al.,
2017; Seibt et al., 2019). Many studies have shown that ROS
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inhibitors (e.g., ferrostatins-1, liproxstatin-1, vitamin E, vitamin
C, and beta-carotene), along with GPX4 and its promoters
(e.g., dopamine and selenium), are effective in preventing
ferroptosis in animal models (Imai et al., 2017; Stockwell, 2018;
Bai et al., 2019; Chen X. et al., 2019; Tang and Tang, 2019;
Stockwell and Jiang, 2020).

For example, the ROS inhibitors ferrostatin-1 and vitamin
C aggravate ROS generation and block lipid peroxidation, and
vitamin E may inhibit lipoxygenases (Zilka et al., 2017; Hinman
et al., 2018; Chen B. et al., 2019). Dopamine and selenium are
GPX4 inducers. Dopamine functions as a neurotransmitter to
block GPX4 degradation, whereas selenium drives the expression
of GPX4 to increase the abundance of selenoproteins (Alim et al.,
2019; Tang and Tang, 2019), and both GPX4 inducers eventually
block lipid peroxidation. Moreover, inhibitors targeting 5-
lipoxygenase (e.g., zileuton) inhibit AA from oxidizing to AA-
OOH-PE, suppress cytosolic ROS production, and block lipid
peroxidation (Liu et al., 2015). Several recent reports have
also indicated that ferroptosis suppressor protein 1, a GSH-
independent ferroptosis suppressor, is recruited to the plasma
membrane, where it reduces coenzyme Q10 to produce lipophilic
free radicals and capture antioxidants via oxidoreductase, thereby
preventing the production of lipid peroxides (Bersuker et al.,
2019; Doll et al., 2019; Chen and Xie, 2020; Hadian, 2020).
Another regulator of potential therapeutic significance is nuclear
factor erythroid 2-related factor 2 (Dodson et al., 2019; Anandhan
et al., 2020; Song and Long, 2020), which regulates hundreds
of genes, including several genes directly or indirectly involved
in modulating ferroptosis. Therefore, nuclear factor erythroid 2-
related factor 2 regulates not only lipid metabolism, but also GSH
and iron metabolism, and continues its mitochondrial function
(Abdalkader et al., 2018).

CONCLUSION

The mechanisms underlying ferroptosis and its potential
modulators after ICH are reviewed and are schematically
summarized in Table 2 and Figure 1. The mechanisms of other
types of programmed cell death are summarized in Figure 2. As
a newly recognized form of programmed cell death, ferroptosis
has attracted substantial attention for the development of new
strategies to treat ICH and prevent SBI. Since 2012, rapid
improvements have been made in elucidating the mechanism
underlying ferroptosis and its regulation. Ferroptosis involves
intracellular iron accumulation, GSH depletion, and lipid
peroxidation. Thus, in theory, ferroptosis can be suppressed by
iron chelators (e.g., DFO and DPF), lipophilic antioxidants (e.g.,
ferrostatin, liproxstatin, and vitamin E), and GSH biosynthesis

promoters (e.g., NAC). Because iron plays a critical role in
activating ferroptosis after ICH, iron chelators are regarded as
mainstream drugs. However, several studies have indicated that
DFO and DFP failed to improve the outcome of ICH, and the
roles of iron and lipid autoxidation in ICH are not completely
clear and should be further examined. Moreover, hematoma
resolution and the clearance and phagocytosis of red blood
cells might also reduce iron-induced ferroptosis, and they might
therefore be considered potential therapeutic targets, warranting
further clinical studies.

Currently, several molecules are known to regulate ferroptosis
by directly or indirectly targeting iron metabolism, GSH
biosynthesis, and lipid peroxidation. Some of these regulators
(e.g., BID and NADPH) have also been implicated in other
types of programmed cell death. For example, BID is involved
in ferroptosis and oxytosis, and NADPH links ferroptosis and
necroptosis. Moreover, these various forms of cell death are
not independent but are rather intricately connected, forming a
network to mediate cell damage after ICH. Therefore, ferroptosis
is always accompanied by other types of programmed cell death.
Accordingly, an important objective for further research on
ferroptosis is to identify the signaling pathways, executors of
iron-dependent ROS metabolism, and ultrastructural features of
each type of programmed cell death. Thus, ferroptosis can be
distinguished from the other types of cell death and improved
therapeutic effects against each type of cell death can be achieved.

However, several issues remain to be addressed. First, it
is essential to determine whether the regulation of ferroptosis
is influenced by different types of brain cells, physiological
conditions, individual lifestyles, and other factors. Second, more
clinical trials should be conducted to test the effects of ferroptosis
inhibitors, which represent the most promising strategy to
prevent SBI after ICH. Thus, further studies and clinical trials are
expected to improve the understanding of ferroptosis and aid the
development of new strategies for effective treatment of ICH.
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Ferroptosis is a term that describes one form of regulated non-apoptotic cell death.
It is triggered by the iron-dependent accumulation of lipid peroxides. Emerging
evidence suggests a link between ferroptosis and the pathophysiological processes
of neurological disorders, including stroke, degenerative diseases, neurotrauma, and
cancer. Hemorrhagic stroke, also known as intracerebral hemorrhage (ICH), belongs
to a devastating illness for its high level in morbidity and mortality. Currently, there are
few established treatments and limited knowledge about the mechanisms of post-ICH
neuronal death. The secondary brain damage after ICH is mainly attributed to oxidative
stress and hemoglobin lysate, including iron, which leads to irreversible damage to
neurons. Therefore, ferroptosis is becoming a common trend in research of neuronal
death after ICH. Accumulative data suggest that the inhibition of ferroptosis may
effectively prevent neuronal ferroptosis, thereby reducing secondary brain damage after
ICH in animal models. Ferroptosis has a close relationship with oxidative damage
and iron metabolism. This review reveals the pathological pathways and regulation
mechanism of ferroptosis following ICH and then offers potential intervention strategies
to mitigate neuron death and dysfunction after ICH.

Keywords: ferroptosis, intracerebral hemorrhage, lipid peroxidation, antioxidation, iron metabolism

INTRODUCTION

Ferroptosis, a regulated non-apoptotic cell death, is characterized by overwhelming lipid
peroxidation in an iron-dependent manner (Dixon et al., 2012; Stockwell et al., 2017). It was
identified firstly in 2012 by handling tumor cells with the chemical probe erastin (Dixon et al.,
2012). As described below, the regulation of ferroptotic death is dramatically modulated by lipid
peroxidation, antioxidant system, and iron metabolism. Emerging evidence suggests that a link
between ferroptosis and the pathophysiological processes of neurological disorders, including
stroke, degenerative diseases, neurotrauma, and cancer (Li et al., 2020). Here, we will elaborate
on neuronal ferroptosis after intracerebral hemorrhage (ICH).
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ICH is an acute subtype of cerebral stroke and accounts for
80% of hemorrhagic stroke and 10–15% of all types of strokes
(Donkor, 2018). Only six of 10 patients can survive 1 month
after the onset of ICH (Li et al., 2018), and the poor outcomes
after ICH result from complicated pathological processes that
facilitate neuronal death. After ICH, Hb/heme/iron is recognized
as one of the main contributors to delayed cerebral edema and
irreversible damage to neurons and plays an essential role in
lipid reactive oxygen species (ROS) production (Xiong et al.,
2014). It was discovered that ferroptosis, iron-dependent cell
death, exactly occurs after ICH and makes a contribution to
the death of neurons, so the manipulation of ferroptosis may
preserve neuronal cells exposed to specific oxidative conditions
(Dixon et al., 2012; Li et al., 2017a; Wan et al., 2019). It has
previously been observed that the inhibitor of ferroptosis reduced
iron deposition and prevented neuronal death induced by
hemoglobin (Hb; Li et al., 2017a). However, the specific agencies
of neuronal ferroptosis after ICH are unclear. This review seeks
to investigate the regulatory mechanisms of ferroptosis and how
ferroptosis works in neuronal death after ICH. Based on this,
potential intervention strategies to mitigate neuronal cell death
and dysfunction after ICH are also summarized.

THE MECHANISMS AND REGULATION OF
FERROPTOSIS

Essentially, ferroptosis is a form of programmed cell death
induced by iron-dependent lipid peroxidation. Dysregulation
of iron handling, increased of the labile redox-active iron, and
increase of lipid peroxidation are viewed as possible pathogenic
mechanisms of ferroptosis, so ferroptosis is related to lipid
peroxidation, antioxidant system, and iron metabolism. Here we
will elaborate on the mechanisms underlying ferroptosis and its
regulatory systems.

The Lipid Peroxidation Pathway in
Ferroptosis
Lipid peroxidation refers to the process that oxygen combines
with lipids to generate lipid hydroperoxides through the
formation of peroxyl radicals, which is necessary for the
execution of ferroptosis. It is confirmed that ferroptosis
selective preferentially oxidizes specific polyunsaturated fatty
acids (PUFAs) which contains phosphatidylethanolamine such
as arachidonic acid (AA), leading to lipid peroxidation and
ferroptosis (Song and Long, 2020). A recent study indicated
that AA-OOH-PE induced ferroptosis (Kagan et al., 2017).
In this process, the formation of AA-CoA is catalyzed by
the acyl-CoA synthetase long-chain family 4 (ACSL4; Doll
et al., 2017). Then, lysophosphatidylcholine acyltransferase 3
(LPCAT3) would esterify it to AA-PE (Dixon et al., 2015), which
is oxidized into AA-OOH-PE by lipoxygenases (LOXs; Yang
et al., 2016). When the content of AA-OOH-PE overwhelms
the ability of the reduction system, ferroptosis will occur. Fatty
acid desaturases can promote the formation of lipids containing
PUFA, so it is a regulatory target for lipid peroxidation associated
with ferroptosis.

The Antioxidant System of Ferroptosis
Lipid peroxidation is the outcome of ferroptosis, so the
antioxidant system plays an essential role in preventing
ferroptosis. We will describe the antioxidant system that
induces ferroptosis in two aspects, GSH and FSP1- CoQ10-
NAD(P)H pathway.

GPX4 and GSH in Ferroptosis
Glutathione peroxidase 4 (GPX4), a selenium-dependent
endogenous antioxidant enzyme, can complete the conversion
of lipid peroxides to non-toxic lipids which will resist lipid
peroxidation (Ursini et al., 1985) and then prevent ferroptotic
death. Glutathione (GSH) is the synthetic substrate for GPX4 and
is a cofactor for GPX4 to exert its antioxidant function (Feng
and Stockwell, 2018), so it is currently regarded as the critical
regulator of ferroptosis. This study suggests that GSH and
selenium are necessary to maintain the operation of GPX4 and
resist ferroptosis (Yan et al., 2020). GSH is synthesized by
glycine, glutamate, and cysteine. Cysteine is transformed by
intracellular cystine with a quick reduction reaction, and
the transfer of cystine into the cell is promoted by System
xc−, accompanied by glutamate out of the cell. System xc−,
a heterodimeric cystine/glutamate antiporter, is made up of
catalytic subunit solute carrier family 7 member 11 (SLC7A11)
and solute carrier family 3 member 2 (SLC3A2). In cells where
cysteine is obtained with the supply of cystine from system
xc−, glutathione depletion is caused by the inhibition of the
system xc− (Dixon et al., 2014), so it is the most critical event of
ferroptosis (Figure 1).

The inhibition of system xc− can result in cysteine reduction,
and the lack of GSH synthesis then reduced the antioxidant
function of GPX4, which finally caused lipid peroxidation,
leading to ferroptosis. The inhibitors of system xc leading to
ferroptosis should rely entirely on the inhibition of cystine
uptake. Erastin, piperazine erastin (PE), and imidazole ketone
erastin (IKE) induce ferroptosis by the inhibition of system xc−,
but PE and IKE have substantially improved potency (Dixon
et al., 2012; Stockwell and Jiang, 2020). DPI2 and RSL5 may
also be system xc− inhibitors because of the similar effects to
erastin, although the potential mechanism has not yet been
reported (Stockwell and Jiang, 2020). Besides that, the multi-
targeted kinase inhibitor sorafenib inhibits system xc− function
and can trigger ferroptosis, while a necrotic death can be induced
when it comes to slightly higher concentrations (Dixon et al.,
2014). Sulfasalazine is another kind of system xc− inhibitor (Gout
et al., 2001), but there is currently no reliable evidence that
sulfasalazine can lead to ferroptosis. Furthermore, it is proven
that glutamate and amino acid can inhibit system xc− and
promote ferroptosis in specific cellular contexts (Murphy et al.,
1989). Lipid peroxidation occurs when the activity of GPX4 is
inhibited. It suggested that GPX4 can be covalently inhibited by
another inhibitor, named RSL3, which blocks the antioxidant
system of GPX4 (Yang et al., 2014) and leads to ferroptosis.
The transcription factor nuclear factor erythroid 2-related factor
2 (Nrf2) increases the resistance to ferroptosis by upregulating
xCT, glutathione, and GPX4 (Chen et al., 2020). Selenium is
proven to be an indispensable micronutrient for the function of
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FIGURE 1 | The lipid peroxidation pathway and the antioxidant system of ferroptosis. System xc− exports glutamate out of the cell and imports cystine into the cell.
Cystine in the cell is reduced to cysteine, which combined with glycine and glutamate for the synthesis of GSH. GSH is a synthetic substrate for glutathione
peroxidase 4 (GPX4), which can resist lipid peroxidation and ferroptosis. FSP1 is transferred to the plasma membrane through myristoylation, where it mediates the
reduction of CoQ10 to ubiquinol using NAD(P)H, which inhibits lipid peroxides. Vitamin E can inhibit lipid peroxidation with its radical-trapping activities. GSH,
glutathione; FSP1, ferroptosis suppressor protein 1; CoQ10, coenzyme Q10; NAD(P)H, nicotinamide adenine dinucleotide phosphate.

GPX4, so when it was replaced by sulfur in GPX4, GPX4 fails in
the activity of resisting overoxidation and inhibiting ferroptosis
(Ingold et al., 2018; Song and Long, 2020).

FSP1-CoQ10-NAD(P)H Pathway in Ferroptosis
A recent study indicated that the ferroptosis suppressor
protein 1 (FSP1)-coenzyme Q10 (CoQ10)-nicotinamide adenine
dinucleotide phosphate [NAD(P)H] pathway existed as a stand-
alone parallel system independent of GPX4 and GSH, which
could also play an antioxidant role and inhibit ferroptosis (Doll
et al., 2019). FSP1 is transferred to the plasmamembrane through
myristoylation, where it mediates the reduction of CoQ10 to
ubiquinol using the reducing equivalents of NAD(P)H (Bersuker
et al., 2019; Doll et al., 2019; Li and Li, 2020), and ubiquinol
is a lipophilic radical-trapping antioxidant (RTA) that exerts
an antioxidant effect to inhibit lipid peroxides (Li and Li,
2020). Vitamin E, a lipid-soluble antioxidant localized in the cell
membrane, is also a RTA that can restrain lipid peroxidation
through its radical-trapping activities (Matsushita et al., 2015;
Bersuker et al., 2019; Figure 1).

The Iron Metabolism-Related Pathway in
Ferroptosis
Ferroptosis is iron-dependent cell death. Iron is a metal
with redox activity and participates in the formation of

free radicals and lipid peroxidation. Therefore, an increase
of iron may promote ferroptotic death. Hydroperoxy lipids
(L-OOH), the main enzymatic products of lipid peroxidation,
are catalyzed by the iron centers of LOXs, and its decomposition
products, oxidatively truncated electrophilic products, are
yielded by Fe(II) from the labile iron pool, which triggers
lipid peroxidation (Stoyanovsky et al., 2019; Bayir et al., 2020),
eventually leading to ferroptosis. Therefore, iron metabolism can
regulate ferroptosis.

Under physiological conditions, Fe(II) can catalyze the
transformation of hydrogen peroxide into a highly reactive
intermediate substance, which attacks and oxidatively damages
multiple cellular components, especially lipids containing PUFAs
(Bayir et al., 2020). Almost all iron in the plasma is Fe(III) and
combine with circulating transferrin (TF) to form transferrin-
bound iron (TBI). Then, TBI is transported into the cell through
endocytosis after combining with transferrin receptor 1 (TfR1)
on the cell surface. Also, Fe(III) can be transported directly into
cells without binding to Tf. Iron is liberated from TF and reduced
to Fe(II) by the ferric reductases in the Steap family when the
endosomal environment is acidified, and Fe(II) is transported
into the cytosol across the membrane through ZRT/IRT-like
protein (ZIP) 14 or 8 or divalent metal transporter 1 (DMT1;
Ohgami et al., 2006; Stoyanovsky et al., 2019), and the poly
rC binding-protein (PCBP) family, PCBP2, can combine iron
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FIGURE 2 | The iron metabolism-related pathway in ferroptosis. In the plasma, Fe(III) combined with TF to form TBI, which bound to TfR1 internalized by
endocytosis. Iron is liberated from TF and reduced to Fe(II) in the endosome, which was transported into the cytosol by ZIP14/8 and divalent metal transporter 1
(DMT1) interacted by PCBP2. NCOA4 can directly deliver ferritin to the autophagosome, and it is degraded to Fe(III) for heme synthesis. Heme is degraded to Fe(II)
by HO-1, which is transported out of the cell by Fpn. The expression of HO-1 can be upregulated by oxidative stress through the p62-Keap1-NRF2 pathway, thereby
inducing ferroptosis. TF, transferrin; TBI, transferrin-bound iron; TfR, transferrin receptor; ZIP, ZRT/IRT-like protein; DM, divalent metal transporter; PCBP, poly rC
binding protein; NCOA4, nuclear co-activator 4; Poly rC, binding protein; HO-1, heme oxygenase.

and promote its transport into the cytosol by interacting with
DMT1 (Yanatori et al., 2014). Ferritin transporter (Fpn), the
only iron transmembrane export, can export Fe(II) out of the
cells (Drakesmith et al., 2015). PCBP2 modulates the export of
iron in the cells by delivering cytosolic iron to Fpn (Yanatori
et al., 2016). Moreover, PCBP1 can bind iron and promote its
loading onto client proteins like ferritin, which can be affected
by PCBP2 (Stoyanovsky et al., 2019). Once Fe(II) is transported
out of the cell, it is quickly oxidized to Fe(III) to be loaded onto
TF. Under conditions of iron deficiency, nuclear co-activator 4
(NCOA4) can directly deliver ferritin to autophagosomes and
facilitate its autophagic degradation (Mancias et al., 2014), which
transferred back to the cytosol or the mitochondria for heme
synthesis (Figure 2).

Heme oxygenase (HO)-1 has the dual effect of promoting and
inhibiting ferroptosis by regulating iron. HO-1 mainly catalyzes
the decomposition of heme into Fe (II), and the accumulation
of Fe (II) has pro-oxidant activity and helps induce ferroptosis
(Chiang et al., 2018). However, the free Fe (II) produced by
HO-1 alone does not facilitate ferroptosis (Adedoyin et al.,
2018). An earlier study has shown that the expression of HO-1
can be upregulated by oxidative stress through the p62-Keap1-
NRF2 pathway, thereby inducing ferroptosis (Sun et al., 2016).
Moreover, the increase of HO-1 will also affect intracellular iron
distribution through enhanced heme degradation and ferritin
synthesis (Lanceta et al., 2013). A study suggests that the
activation of the medium level of HO-1 plays a role in cell
protection, while the excessive activation of HO-1 plays a role
in cytotoxicity because of the over-regulation of unstable Fe(II)
(Chiang et al., 2018).

THE UNDERLYING MECHANISMS OF
NEURONAL FERROPTOSIS AFTER ICH

ICH is a fatal subtype of stroke with high mortality and
morbidity because there are few established treatments and
limited understanding of the type and related mechanisms of
neuronal death after ICH. Various types of neuronal death after
ICH, including apoptosis, pyroptosis, necrosis, ferroptosis, and
autophagy, have been observed (Li et al., 2018; Zhao et al., 2018).
Ferroptotic cells show shrunken mitochondria and increased
membrane density in transmission electron microscopy, which
is the difference between ferroptosis and other types of cell death
(Dixon et al., 2012; Xie et al., 2016). In the ICH cell model and
ICH-affected human brain tissue, the expression of iron death-
related genes is upregulated (Chen et al., 2019). It has been shown
that ferroptosis is present in the acute phase of ICH, and it
also happens in neurons far from the center of the hematoma
(Chen et al., 2019). After ICH, the iron released from Hb in
the blood can produce a large number of ROS, which leads to
oxidative stress in neuronal cells and secondary brain injury. The
pharmacologic inhibition of ferroptosis is beneficial in animal
models of ICH, revealing that ferroptotic inhibitors can be used
as new agents for the treatment of ICH (Bartnikas et al., 2020).
After ICH, mice treated with ferrostatin-1, a specific inhibitor
of ferroptosis, could prevent the death of neurons by inhibiting
lipid ROS production and reduce iron deposition induced by
Hb, thereby exerting a long-term neuroprotective effect and
improved neurological function (Li et al., 2017a; Zille et al., 2017;
Chen et al., 2019). Here, we explore the underlying regulatory
mechanism of ferroptosis following ICH (Figure 3).
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FIGURE 3 | The regulatory mechanism of ferroptosis following intracerebral
hemorrhage (ICH). After ICH, the heme incorporates into the plasma
membrane and enhances lipid peroxidation by increasing the sensitivity to
exogenous H2O2. N-acetylcysteinean can decrease toxic lipids produced by
ALOX5 and increase the level of cysteine to prevent lipid peroxidation.
Selenium, delivered into the brain, could increase the level of GPX4. Fe(II)
through both Fpn1 input and DMT1 output increases after ICH. ALOX5,
arachidonate-dependent arachidonate 5-lipoxygenase.

Lipid Peroxidation in Ferroptosis After ICH
A large amount of ROS can promote cell damage in the way
of lipid peroxidation due to the disruption of the dynamic
balance between the antioxidant system and ROS. Hb is
the main component in blood, and Hb/heme/iron plays an
indispensable role in the production of ROS and lipid ROS
after ICH, which leads to secondary brain damage. After
ICH, heme can incorporate into the plasma membrane and
facilitate lipid peroxidation by increasing the sensitivity to the
exogenous H2O2 (Robinson et al., 2009; Chen-Roetling et al.,
2014). ICH-induced ROS can lead to cell damage through lipid
peroxidation, including apoptosis and another parallel pathway,
maybe ferroptosis (Qu et al., 2016). Oxygen-free radicals can
enhance lipid peroxidation, which can cause the foundation
of ferroptosis (Duan et al., 2016). Edaravone, a scavenger for
oxygen free radicals, decreased cerebral edema and inhibited
lipid peroxidation after intraventricular hemorrhage in rats
(Chen et al., 2014). 12/15 LOX inhibitor, a lipid peroxidation
inhibitor, reduces hemorrhagic transformation in warfarin-
treatedmice after experimental stroke, and there is a contribution
of this inhibitor to intracerebral bleeding (Liu et al., 2017;
Zheng et al., 2019). Ferroptosis is selective and preferentially
oxidizes PUFAs. The content of PUFA glycerophospholipids
is high in the brain, especially in neuronal membranes, so
neurons are easily oxidized (Yan et al., 2020). However, there
is no research on the connection between neuronal PUFA
and ferroptosis after ICH, which requires further investigation.
N-acetylcysteinean can neutralize toxic lipids produced by

arachidonate-dependent arachidonate 5-lipoxygenase (ALOX5)
to prevent lipid peroxidation and heme-induced neuronal
ferroptosis after ICH (Zille et al., 2017). Therefore, inhibition of
lipid peroxidation can prevent neurons from ferroptosis, which
provides a therapeutic target for ICH.

Antioxidant System for Ferroptosis After
ICH
Redox balance is vital for the maintenance of brain health so that
excessive oxidative reactions can result in neuronal death in the
central nervous system. Oxidative stress and lipid peroxidation
in neurons are critical for the occurrence of secondary brain
injury after ICH, and ferroptosis is essentially lipid peroxidation
damage in cells, so the ferroptosis-related antioxidant system can
inhibit neuronal ferroptosis after ICH.

After ICH, ferroptosis is caused by a defect in the synthesis
of GSH and the reduction of GPX4. It was reported that
the systemic administration of N-acetylcysteinean, an approved
cysteine prodrug, increased the levels of cellular cysteine and
synthesis of GSH to inhibit neuronal ferroptosis after ICH
(Zille et al., 2017). After ICH, GSH was significantly decreased
(Wang et al., 2018), and GSH treatment in ICH mice could
decrease brain edema and attenuate neural injury (Diao et al.,
2020). It was shown that GPX4 protein levels were markedly
reduced in neurons after ICH, the inhibition of GPX4 could
exacerbate brain injury after ICH, and the upregulation of
GPX4 could protect neurons from ferroptosis and ameliorate
ICH-induced neuronal dysfunction in rats (Zhang et al., 2018).
In addition, selenium delivered into the brain could promote
the expression of antioxidant GPX4, inhibit neuronal ferroptotic
death, and improve function in a hemorrhagic stroke model
(Alim et al., 2019). The cystine/glutamate antiporter, system
xc−, is the foundation of GSH production. The study indicated
that glutaminolysis could contribute to the death of neurons
after ICH in vivo, but it does not affect the toxicity induced
by Hb in vitro (Li et al., 2017a). Moreover, it has been
shown that inhibiting the activation of the oxide-metabolic
driver activating transcription factor 4 can eliminate ferroptosis
induced by glutamate analog and promote the recovery of brain
function after ICH (Zille et al., 2019). Therefore, upregulation
of GSH and GPX4 or increasing the functionality of the system
xc− may be a potential proposal to reduce brain damage
caused by ICH.

Iron Metabolism in Ferroptosis After ICH
Iron, one of the essential elements, is vital for the function
of many enzymes and the average survival of cells. However,
iron can also result in cell damage due to its ability to
catalyze the production of ROS (Wang et al., 2007). Ferroptosis,
which is iron-dependent cell death, may occur through this
process. The absence of iron response element binding protein
2 (IREB2) in neurons can lead to resistance in the toxicity of
Hb, and it was shown that the expression of IREB2 mRNA was
upregulated after ICH (Li et al., 2017a). Our previous study
showed that DMT1 and Fpn1 increase in ICH rats, and there
is a positive correlation between them and Fe(II) (Wang et al.,
2015). Fpn1 upregulation is neuroprotective by facilitating Fe(II)
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FIGURE 4 | Changes of ferroptosis regulators after ICH. After ICH, Hb/heme/iron plays an indispensable role in the production of reactive oxygen species (ROS).
The expression of GSH and GPX4 was reduced. DMT1, Fpn, ferritin, TF, TfR, and HO-1 levels were increased.

export, but DMT1 has an adverse effect through enhancing
iron import (Wang et al., 2016). The study indicated that the
iron-handling proteins, including ferritin, TF, and TfR levels and
HO-1, were significantly increased in the brain after ICH (Wu
et al., 2003; Figure 4). Excessive iron is generated, causing brain
damage after ICH. After ICH, themicroglia and themacrophages
were activated in the damaged area, which engulf Hb released
from lysed red blood cells, degrade it, and release Fe(II) (Wan
et al., 2019). Heme, the degradation product of Hb, can also act
as a Fenton reagent, producing Fe(II) (Robinson et al., 2009).
Then, Fe(II) is transported out of them and accumulates in
neurons via the Tf–TfR system, which produces highly toxic
hydroxyl radical, resulting in oxidative stress and the occurrence
of lipid peroxidation (Wan et al., 2019). Ferroptosis, which
is iron-dependent cell death, may occur through this process.
After ICH, HO catalyzes the oxidation of heme to Fe(II).
Two types of HO were found in the brain: HO-1 and HO-2.
HO-1 is mainly expressed in astrocytes and microglia, while
HO-2 is highly expressed by neurons (Robinson et al., 2009).
A study suggests that ICH induces mostly the expression of
HO-1, and HO-1 knockout mice exhibit smaller infarct volumes
after ICH than wild-type mice (Wang and Doré, 2007), which
shows that HO-1 is harmful to ICH. However, another study
states that (-)-epicatechin, a brain-permeable flavanol, could
reduce lesion volume and ameliorate neurologic deficits and
neuronal degeneration via Nrf2 signaling, HO-1 induction, and

brain iron deposition after ICH (Chang et al., 2014). After
subarachnoid hemorrhage, microglial HO-1 is essential for
virtually eliminating heme and attenuating neuronal cell death
(Schallner et al., 2015), soHO-1 plays a dual role after ICH, which
is similar to the effect of HO-1 on ferroptosis.

The efficacy of iron chelation therapy has been shown in the
preclinical studies of ICH. Research showed the decrease of iron
accumulation with iron chelators, including minocycline and
VK-28, reduced ICH-related perihematomal iron accumulation,
and improved neurological outcomes after experimental ICH (Li
et al., 2017b; Dai et al., 2019). It is still not clear whether or not it
inhibits ferroptosis.

SUMMARY

Ferroptosis is regulated nonapoptotic cell death caused by
lipid peroxidation depending on the excessive production
of ROS and the accumulation of intracellular iron, but its
physiological mechanism has not been determined. When
ferroptosis occurs, the morphological changes of mitochondria
are most apparent, such as the contraction of mitochondria, the
evolution of membrane potential, the reduction of mitochondrial
cristae, electron-dense mass formation under ultrastructure,
and rupture of mitochondria outer membrane (Song and
Long, 2020). We find that it is mediated and regulated by
lipid peroxidation, antioxidant system [including GPX4, GSH,
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system xc−, and FSP1-CoQ10- NAD(P)H pathway], and iron
metabolism. Ferroptosis essentially results from an imbalance
between oxidation and antioxidant systems.

ICH, a stroke subtype, is a disease that seriously affects
the quality of life. It is characterized by a sudden rupture
of cerebral blood vessels into surrounding brain tissue, which
causes primary and secondary brain injury and irreversible
damage to neurons. The physical compression of the hematoma
causes primary damage, while the secondary damage is mainly
caused by the lysis of red blood cells and the degradation
of Hb, which then results in the accumulation of iron and
the formation of ROS (Wagner et al., 2003; Aronowski and
Zhao, 2011). More than one-third of patients with ICH will
not survive, and most of the surviving patients have permanent
disabilities (Bamford et al., 1990). The therapy for ICH remains
elusive. Some patients undergo surgical hematoma evacuation,
but there is no noticeable effect compared with conservative
treatment (Bamford et al., 1990; Kuramatsu et al., 2019),
so the therapeutic strategies for ICH remain elusive, and
the study of secondary damage is of intense interest. After
ICH, neuronal lipid peroxidation increases and the antioxidant
GPX4 expression decreases, while DMT1, Fpn1, iron-treated
protein, and HO-1 increase. Neuronal lipid peroxidation, the
disorder of the antioxidant system, and iron metabolism
are essential for secondary brain injury. Preclinical research
suggests that the inhibition of ferroptosis can prevent neuronal
ferroptosis after ICH. However, the detailed mechanism still
needs further exploration to provide better treatment for patients
with ICH.

In this review, we explained the underlying mechanism
of neuronal ferroptosis. The generalizability of these results
is subject to certain limitations, including the ferroptosis of
astrocytes, oligodendrocytes, and microglia and their crosstalk.
A study shows that ERK1/2, the vital marker of ferroptosis, is
increased in astrocytes treated by heme (Regan et al., 2001).
The reduced GSH in astrocytes was depleted through an
inflammatory reaction induced by heme (Laird et al., 2008).
Therefore, the ferroptosis of astrocytes may occur after ICH,
which affects the function of neurons. GPX4 is localized to

the nucleus of oligodendrocytes in vivo, and the inhibition
of GPX4 induces ferroptosis in oligodendrocytes (Fan et al.,
2021). Moreover, the upregulation of OH-1 in astrocytes and
microglia affects the death of neurons. Therefore, there is a close
connection between glia cell and neurons after ICH. The study
indicated that the combined use of the inhibitors of different cell
death has a better effect than only using one (Li et al., 2017a).
In addition to ferroptosis, lipid peroxidation and increased ROS
by oxidative stress after ICH can induce apoptosis via protein
kinase C/protein kinase (CK2) pathway, NF-κB pathway, and
cytochrome c (Hu et al., 2016). Superoxide is generated by
excessive oxidative stress, resulting in the switch from apoptosis
to necrosis (Duan et al., 2016). The inhibitors of necroptosis
and ferroptosis each decrease neuronal death by greater than
80% and have similar windows for treatment in vitro (Zille
et al., 2017). However, it remains to be studied how to induce
differentmodes of cell death in a cell after ICH andwhat crosstalk
occurs between them. Moreover, the temporal and the spatial
characteristics of various cell deaths caused by ICH still require to
be further explored. Solving the above problems may clarify the
time window for therapy targeting different ways of cell death,
which provides us with research directions and new targets for
exploring the treatment of ICH.

In conclusion, neuronal ferroptosis may occur after ICH, and
the inhibition of ferroptosis may prevent the ferroptotic death of
neurons. Our review may bring insight on a possible option for
ferroptosis-based ICH treatment in the future.
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Intracerebral hemorrhage (ICH) is a particularly devastating event both because of the
direct injury from space-occupying blood to the sequelae of the brain exposed to
free blood components from which it is normally protected. Not surprisingly, the usual
metabolic and energy pathways are overwhelmed in this situation. In this review article,
we detail the complexity of red blood cell degradation, the contribution of eryptosis
leading to hemoglobin breakdown into its constituents, the participants in that process,
and the points at which injury can be propagated such as elaboration of toxic radicals
through the metabolism of the breakdown products. Two prominent products of this
breakdown sequence, hemin, and iron, induce a variety of pathologies including free
radical damage and DNA breakage, which appear to include events independent from
typical oxidative DNA injury. As a result of this confluence of damaging elements, multiple
pathways of injury, cell death, and survival are likely engaged including ferroptosis (which
may be the same as oxytosis but viewed from a different perspective) and senescence,
suggesting that targeting any single cause will likely not be a sufficient strategy to
maximally improve outcome. Combination therapies in addition to safe methods to
reduce blood burden should be pursued.

Keywords: intracerebral hemorrhage, ferroptosis, senescence, oxytosis, reactive oxygen species,
iron, hemoglobin
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INTRODUCTION

Intracerebral hemorrhage (ICH), contributing to 50% of
all stroke morbidity and mortality, is an often devastating
neurovascular disease without an effective therapy, affects
more than 15 million people worldwide annually. Larger
ICH and cerebral microbleeds are linked to ∼1.8–2.4-fold
higher risk of both acute and chronic neurological dysfunction,
long-term disability, cardiovascular dysfunction, and increased
predisposition to neurodegenerative disorders (Yates et al.,
2014; Ghosh et al., 2015; Akoudad et al., 2016; Vijayan
and Reddy, 2016; Kitago and Ratan, 2017; Vijayan et al.,
2018a). A major challenge in the clinical management of
ICH is the lack of mechanistic insight causing neuronal
and vasculature toxicity. While inflammation, oxidative injury
(reactive oxygen species, ROS) and excess redox-active iron
appear to play critical roles in ICH-induced neurotoxicity,
efforts at exploring individually antioxidant-or chelation-based
therapeutic strategies have not proven effective in late-stage
clinical trials (Perry et al., 2002; Margaill et al., 2005;
Firuzi et al., 2011; Yeatts et al., 2013; Shirley et al., 2014;
Duan et al., 2016; Fouda et al., 2017; Selim et al., 2019),
thus warranting a deeper understanding of the mechanisms
and pathways.

Definitive therapy for ICH remains elusive, with prognosis
tied to the severity of the initial hemorrhage, the extent of
rebleeding, and longer-term deleterious effects of blood and
its breakdown products (Xi et al., 2014; Vijayan and Reddy,
2016; Sidyakin et al., 2018). In addition to the initial injury,
processes associated with brain injury during ICH include
red blood cell (RBC) lysis, which results in the release of
free hemoglobin (Hb; Augustynek et al., 2014; Dang et al.,
2017). Excess free Hb is toxic to neurons, the endothelium,
and vasculature (Balla et al., 1991; Jeney et al., 2002; Zille
et al., 2017). Though the precise time course of RBC lysis
after clinical or experimental ICH is variable, as much as
10 mM hemin is liberated from Hb in the peri-ICH region
(Qureshi et al., 2005; Chen-Roetling and Regan, 2017).

Currently, no therapy has definitively improved outcomes
from ICH. Recently, 1-year outcomes following treatment with
the chelator, deferoxamine, appeared to favor this therapy,
but primary outcomes measures did not show improvement
(Yeatts et al., 2013; Selim et al., 2019), and so the ultimate
benefit remains ambiguous. Analysis of outcomes following
removal of blood using catheter-based therapy plus fibrinolytics
(MISTIE-III) showed some promise if blood removal reached a
certain threshold (Hanley et al., 2019). In our view, this later
therapy, with the goal of early removal of blood non-surgically
following ICH, has considerable promise given how toxic
the hemorrhage is, although multiple questions remain as to
the optimum approach and the extent of benefit remains
to be seen.

In this review article, we will discuss potential mechanisms of
injury following the release of Hb and its breakdown products,
mechanisms that suggest no single mode of therapy will be
sufficient to minimize the deleterious effects that shape poor
outcomes from this condition.

Intracerebral Hemorrhage
Intracerebral hemorrhage (ICH) is caused by the rupture of
blood vessels within the brain. Typical sites of bleeding include
subcortical territory in the anterior and posterior regions, often a
consequence of vascular changes following chronic hypertension,
or cortical regions more typically due to vascular lesions
associated with a variety of conditions. ICH causes mechanical
damage through mass effect as a primary effect (Lai et al.,
2014), excitotoxicity, and oxidative stress amongmany secondary
effects (Xi et al., 2006). ICH has two classifications: primary, and
secondary. Primary, or spontaneous ICH, makes up the majority
of intracerebral hemorrhage cases (Fewel et al., 2003). The second
classification, secondary ICH, is caused by an instigating event
such as the hemorrhagic transformation of an ischemic stroke or
traumatic brain injury involving a hemorrhagic contusion (Lok
et al., 2011). Of the spontaneous cases, approximately 70% can
be attributed to vessel fissure caused by hypertension (Wilkinson
et al., 2018). Hypertension is associated with atherosclerosis in
larger vessels and arteriosclerosis in smaller arterioles (Wityk
and Caplan, 1992), with pathologically hyaline, thicker and
more brittle, walls that are weaker than healthy arterioles
(Fewel et al., 2003).

Water is a largely incompressible liquid and makes up most
of the blood volume. Following a breach of the vessel wall, blood
begins to pool and apply pressure to the tissue (mass effect of
extravasated blood; Wilkinson et al., 2018). Expansion of the
bleed can cause a characteristic deflection of the interhemispheric
fissure (midline) and potentially bleed into the ventricles. These
gross effects lead to microscopic damage in the form of neuronal
and astrocytic network disruption caused by the stretching and
tearing of axons as the tissue is compressed. Distortion of
the tissue can compress vessels and cause localized ischemia,
however there is still debate about this phenomenon since not
all patients with ICH have a perihematomal penumbra (Aguilar
and Brott, 2011). The perihematomal region is associated with a
vasogenic form of edema, the buildup of fluid within the tissue
(Urday et al., 2015; Grunwald et al., 2017; Lim-Hing and Rincon,
2017). Edema is a complex process but is mediated primarily by
injury and molecular events within components of the blood-
brain barrier (Xi et al., 2002; Simard et al., 2007; Lim-Hing and
Rincon, 2017; Vaibhav et al., 2018).

The pooled blood is not only a source of pressure on the
brain but is also a source of constituents usually confined to
vessels, including the whole range of blood cells and plasma.
One of the unique consequences of hemorrhage is the release
of excess iron, a prooxidant (Wu et al., 2003). Red blood cells
(RBCs) carry Hb, an oxygen trafficking protein that carries four
heme prosthetic groups amounting to four atoms of iron. In
a normal individual there is 30–44 mM iron in blood found
as Hb, and other sources (Chernecky and Berger, 2012). The
large amount of iron present in blood poses an oxidative threat
to the surrounding tissue (Dixon and Stockwell, 2014; Mitra
et al., 2014). RBCs pool in the hematoma and over time degrade,
releasing Hb into the wound. No single mechanism is involved
in this process. Macrophage and microglia-mediated cell death
may also occur in the early stage of the hematoma. RBCs express
CD47 on their surface as a ‘‘do not eat me’’ (Takimoto et al.,
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2019) signal where the absence or alteration of CD47 recruits
their consumption (erythrophagocytosis) by macrophages (Hua
et al., 2000; Lim-Hing and Rincon, 2017). Blocking CD47 has
been shown to reduce hematoma size and increase the rate of
its removal by promoting erythrophagocytosis by macrophages
(Jing et al., 2019). There is also evidence of complement cascade
activation and formation of Membrane Attack Complex (MAC)
pores on RBCs, which cause the release of their intracellular
components into the milieu (Hua et al., 2000; Cao et al., 2016).

In addition to CD47, another scavenger protein CD36, a
differentially regulated microglial surface marker, is involved in
the activation of microglia-mediated innate immune responses
in several inflammatory neuropathological conditions like
Alzheimer’s disease as well as in ICH (Febbraio et al., 2001; El
Khoury et al., 2003; Silverstein and Febbraio, 2009). Elevated
CD36 expression in the perihematomal region is well-correlated
to experimental ICH outcomes in rodent models. Conversely,
CD36 deficits in ICH patients have been associated with
a slower hematoma clearance rate along with aggravated
neuropathological conditions, compared to patients with normal
CD36 expression. Reduced expression of CD36 is associated
with increased production of pro-inflammatory M1-microglia
mediators like TNF-α and IL-1β, thereby, inhibiting microglia
phagocytosis as well as hematoma clearance (Fang et al.,
2014). Another critical regulator of the inflammatory cascade
is the Toll-like receptor 4 (TLR4) protein. TLR4 acts as the
negative modulator of CD36 expression in microglia, and
increased TLR4 expression results in poor recovery of ICH
patients as well as slower absorption of hematoma in autologous
blood-induced ICH rodent model (Fang et al., 2014; Lan
et al., 2017a), TLR4 inhibitor TAK-242 has been shown to
upregulate CD36 expression accelerating erythrophagocytosis of
hematoma cells and suppressing H2O2 content in and around
the ICH lesions (Fang et al., 2014) Furthermore, ICH-derived
heme activates TLR4/MyD88 signaling-mediated upregulation
of proinflammatory markers including IL-6 (Lin et al., 2012),
which in turn leads to STAT3 phosphorylation, ultimately
inducing the expression of hepcidin, a master regulator of
iron metabolism, which is associated with chronic cognitive
impairment in ICH survivors (Wrighting and Andrews, 2006;
Xiong et al., 2016).

Increased hepcidin levels have been observed in both
serum and brain after ICH induction. Serum hepcidin inhibits
brain iron efflux from microvascular endothelial cells and
macrophages by binding to the iron exporting channel protein
ferroportin. Moreover, an increase in hepcidin expression is
found in various brain cells like astrocytes, microglia, and
neurons following ICH, and considered a contributor to
brain oxidative injury (Xiong et al., 2016). On the other
hand, IL-6 stimulation acts as the potent inducer for NF-κB-
mediated inflammatory signaling and its nuclear translocation
(Wang et al., 2003). To prevent the extensive oxidative DNA
damage by the resulting massive cytokine storms, nuclear factor
erythroid 2-related factor (NRF2) binds to the antioxidant
response element (ARE) DNA sequences thereby inhibiting
inflammatory responses and increasing heme oxygenase-1
(HO-1) expression through activation of the antioxidant defense

mechanism following ICH induction (Ma and He, 2012;
Sivandzade et al., 2019).

The induction of NRF2 expression has been found
well-correlated with improved blood-brain barrier integrity
as well as motor and cognitive functions in several
neurodegenerative disorders (Sivandzade et al., 2019). The
feedback loop of the NRF2-p62 axis has is involved in RBC
degradation through erythrophagocytosis in bone-marrow-
derived macrophages, which could also act in a similar way
to clean up hematoma cells after ICH (Santarino et al.,
2017). Apart from the antioxidant machinery, complement
activation contributes to another dimension of the host defense
mechanism. The terminal effector of this mechanism, MAC, has
been found to activate proinflammatory responses via induction
of noncanonical NF-κB signaling in endothelial cells (Jane-Wit
et al., 2015).

Heme and Hemoglobin
The vast majority of the iron in blood comes from Hb with
the remainder, 7.2–29 µM, from iron bound to serum proteins.
Consequently, the primary source of damaging iron in ICH
comes from the release of iron from RBCs. Iron is stored in the
form of Hb, a covalently linked tetrameric peptide containing
four heme moieties (Perutz, 1989). Hb is the primary carrier of
oxygen in the body next to myoglobin, found in the muscles
(Cotton et al., 1999; Alayash et al., 2001).

Heme is found in the oxygen carrier hemoglobin as a
prosthetic moiety. Hb carries four heme molecules, one in
each of the four globin molecules that make up Hb. Each
Hb molecule is composed of two αβ dimers (Perutz, 1989;
Buehler et al., 2020). Heme B, the metalloporphyrin found
in Hb, is made from protoporphyrin IX coordinated to a
Fe(2+) cation (Figure 1). In Hb, heme is bound to each
globin polypeptide through imidazolyl nitrogen on histidine
F8. The Fe(2+) cation sits slightly below the plane due to
its size (Perutz, 1989; Cotton et al., 1999). The heme is
pulled from the center towards the histidine F8 at the center
with an approximately 0.4 Å deflection (Perutz, 1989; Cotton
et al., 1999; Figure 1). When bound to the proximal histidine,
heme has one unoccupied axial position perpendicular to the
plane of the protoporphyrin IX (Perutz, 1989; Cotton et al.,
1999). In Hb, heme exists in the +2, +3, and +4, +5 (in
the presence of hydrogen peroxide; Gumiero et al., 2011)
oxidation states leading to different charge isomers of Hb.
The precise charge of oxyhemoglobin has been a point of
debate for many years with three competing theories. In this
review, we will use the findings made by Weiss et al. and
supported by later Mössbauer studies by Lang and Marshall
and Sharrock et al. (Lang and Marshall, 1966; Sharrock
et al., 1976; Shikama, 1998; Huang and Groves, 2018). In
order of charge, hemoglobin can exist in the following states
with the corresponding heme group: oxyhemoglobin [Hb(3+)-
O•−2 , oxyferroheme], deoxyhemoglobin [Hb(2+), ferroheme],
methemoglobin [metHb(3+), ferriheme], and ferrylhemoglobin
[Hb(4+)=O, ferrylheme; Kasai et al., 2018; Figure 1]. Notably,
the MRI T1 and T2 signal from pooled blood in the hematoma
correlate to the different oxidation states of heme and its location

Frontiers in Cellular Neuroscience | www.frontiersin.org 3 December 2020 | Volume 14 | Article 603043149

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Derry et al. A Chemical Look of ICH

FIGURE 1 | Structures and interconversion of oxygen in the prosthetic heme found in hemoglobin. Heme contains four subunits, each with an individual heme
moiety. In oxyhemoglobin, Hb(3+)-O-

2 is predominant and is found in equilibrium with deoxyhemoglobin [Hb(2+)]. Loss of an electron gives Hb(3+) as found in
methemoglobin. Oxidation of the Hb(3+) by hydrogen peroxide produces ferryl hemoglobin [Hb(4+) = O] which degrades to Fe(3+) and porphyrin degradation
products. The oxidation state of hemoglobin and it’s extra/intracellular compartmentalization are effective biomarkers by MRI for ICH age.

inside and outside erythrocytes (Kidwell and Wintermark, 2008;
Dang et al., 2017; Liu et al., 2019).

Canonically, Hb transports oxygen in red blood cells via
ferroheme. Dioxygen binds reversibly to the Fe(2+) center of
ferroheme to form oxyferroheme (oxyhemoglobin) at an angle
60◦ from normal through its sp2-hybridized molecular orbital
(Figure 1). Due to the electronegativity of the oxygen, electron
density from the Fe(2+) is pulled to the dioxygen, the reduction
in electron density planarizes the oxyferroheme from its original
puckered conformation according toWeiss (1964); Perutz (1989)
and Shikama (1998). Histidine E7 above the opposite face, distal
to the oxyferroheme binds to the dioxygen through its imidazolyl
ε–nitrogen, at a complementary 120◦ angle making a chain to
the oxyferroheme below (Figure 1; Perutz, 1989; Shikama, 1998;
Cotton et al., 1999).

In addition to reversibly binding dioxygen, oxyhemoglobin
can autoxidize to form methemoglobin and superoxide (Weiss,
1964). Methemoglobin can undergo a second transformation
whereupon histidine E7 binds to the unoccupied axial site of the
ferriheme to form a molecule called hemichrome (Rifkind et al.,
1994; Riccio et al., 2002). This state may be a normal transition
state In this conformation dioxygen is unable to bind to the
iron since the axial positions are occupied by histidine (Riccio
et al., 2002). However, the bis-histidine isomer is reversible
unlike some isomers containing cysteine coordinated to the
iron which eventually precipitates as Heinz bodies, or insoluble
aggregates of hemichrome found in erythrocytes towards the
end of their lives (Blumberg and Peisach, 1971; Winterbourn
and Carrell, 1974; Rifkind et al., 1994). The formation of
hemichromes may also occur by the attack of the Fe(2+) by
the distal imidazolyl nitrogen in oxyferroheme, which displaces
dioxygen as superoxide and oxidizes ferroheme to ferriheme
(Rifkind et al., 1994).

Hemoglobin Redox Cycling
Oxyhemoglobin and methemoglobin are part of a
reduction-oxidation cycle driven by autooxidation of
oxyhemoglobin (Figure 2) followed by catalytic reduction
from NADH:cytochrome b5 oxidoreductase (Misra and
Fridovich, 1972; Wallace et al., 1982; Balagopalakrishna et al.,
1996; Nagababu and Rifkind, 2000). The autooxidation of
oxyhemoglobin produces superoxide, a process studied by EPR
by Balagopalakrishna et al. (1996), and methemoglobin (Misra
and Fridovich, 1972; Wallace et al., 1982; Nagababu and Rifkind,
2000; Kasai et al., 2018). Superoxide may also be produced
by monotopic ligand (CN−, Cl−, or others) displacement of
dioxygen from oxyhemoglobin or reduction in pH (Wallace
et al., 1982). Superoxide production has the knock-on effect
of producing H2O2 either through self-dismutation or
catalytic dismutation by superoxide dismutase (Rifkind and
Nagababu, 2013). Hemoglobin salvage by NADH:cytochrome
b5 oxidoreductase (CYB5R) was discovered by Passon and
Hultquist (1972); methemoglobin can be reduced back to
hemoglobin completing the cycle (Hultquist and Passon, 1971;
Figure 2). Congenital methemoglobinemia is associated with
a deficit in NADH:cytochrome b5 reductase and presents as
impairment of the hemoglobin salvage pathway and inefficient
oxygen transport by erythrocytes (Ashurst and Wasson, 2011).

The H2O2 produced by the dismutation of superoxide drives
two additional pathways centered upon oxyhemoglobin. In red
blood cells, there is a steady-state concentration of approximately
2 × 10−10 M H2O2 at any given time (Nagababu and Rifkind,
2000). If Oxyhemoglobin reacts with H2O2, a ferrylhemoglobin
[Hb(4+)=O] species is generated and upon the introduction
of a second H2O2 produces methemoglobin and superoxide
(Figure 2). Excess superoxide may destroy the porphyrin and
release the iron (Misra and Fridovich, 1972; Giulivi et al., 1994).
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FIGURE 2 | Redox network of hemoglobin oxidation states. The center of the hemoglobin redox network is methemoglobin which can be reduced or oxidized to
two intermediate products: deoxyhemoglobin via cytochrome b5 reductase (CYB5R), or ferrylhemoglobin radical cation with H2O2, respectively. Oxygenation of
deoxyhemoglobin forms oxyhemoglobin, and the introduction of a reducing agent such as an unsaturated fatty acid to ferrylhemoglobin radical cation (Compound I)
produces ferrylhemoglobin (Compound II). Oxyhemoglobin can also become ferrylhemoglobin if H2O2 is present; a second H2O2 destroys the porphyrin.
Ferrylhemoglobin may also oxidize a second reduced species to return to methemoglobin. Oxyhemoglobin also plays a role in generating the reactive oxygen
species needed for these oxidation state changes: oxyhemoglobin may spontaneously disproportionate to liberate superoxide which is converted to H2O2 by
superoxide dismutase (SOD).

On the other hand, approximately 3% of the Hb in a
healthy erythrocyte autoxidizes in 24 h and likely generates the
majority of the hydrogen peroxide at baseline (Giulivi et al.,
1994). The resulting methemoglobin can react with the H2O2
produced from superoxide to form a ferrylhemoglobin radical
cation [Fe(4+)=OPP•+; Compound I; Nagababu and Rifkind,
2000]. The radical is delocalized across the porphyrin as in
most heme-containing oxygen-activating enzymes (Nagababu
and Rifkind, 2000). In the ferryl state (Compound II), the iron
oxidation state is +4 and a single oxo ligand is bound to the
open axial position [Fe(4+)=O]. The ferrylhemoglobin radical
is a single electron oxidizer and has at least two substrates of
interest: hydrogen peroxide and unsaturated lipids (Nagababu
and Rifkind, 2000). Hydrogen peroxide can donate 2e− to
the ferrylheme radical cation to produce ferriheme and water
in a peroxidase-like reaction (Alayash et al., 2001). Second,
ferrylheme radical cation can abstract a hydrogen atom from
unsaturated lipids to produce lipid peroxides (Chutvanichkul
et al., 2018) and Fe(4+)=O. In a second reaction, Fe(4+)=O
abstracts an electron from a second lipid or other reducing
substance to generate methemoglobin and a second radical
(Nagababu and Rifkind, 2000; Potor et al., 2013). Because
superoxide and H2O2 are produced in red blood cells (Giulivi
et al., 1994; Alayash et al., 2001), it is quite likely that Fenton and

Haber–Weiss reactions are predominately driving the formation
of lipid peroxides and cellular damage as opposed to direct
oxidation by hemoglobin (Ohgami et al., 2005).

Release and Capture of Iron in
Intracerebral Hemorrhage
Eryptosis, a programmed suicidal death pathway of red blood
cells (Foller et al., 2008), is a component of intracerebral
hemorrhage (Dang et al., 2017; Liu et al., 2019). Eryptosis occurs
for reasons such as oxidative stress, inhospitable osmolarity,
and changes in membrane composition (Foller et al., 2008)
including the appearance of phosphatidylserine phagocytosis
markers on the outer leaflet of the membrane (Foller and Lang,
2020). The death of a red blood cell triggers the release of
its contents into the milieu. The potential concentration of
iron-containing detritus can be substantial with approximately
10 mM in iron or hemin (Robinson et al., 2009). The
clearance of the iron takes place via several mechanisms. First,
blood products (methemoglobin, hemin, and iron cations)
can be released by eryptosis and the uncontrolled cell death
pathway, hemolysis (Foller et al., 2008; Dang et al., 2017;
Buehler et al., 2020). Second, damaged red blood cells can
be consumed by macrophages through erythrophagocytosis
(Bulters et al., 2018).
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Methemoglobin decays in the blood into two αβ subunit
dimers. Haptoglobin, a dimeric (trimeric, or tetrameric;
depending on which exons are transcribed) polypeptide is
expressed by hepatocytes to bind hemoglobin αβ subunit dimers
in circulation. Adult humans have a wide range of circulating
haptoglobin levels (0.3–1.9 mg/ml) which binds the hemoglobin
subunit with effective irreversibility at a rate constant of
5.5× 105M−1s−1 (Kristiansen et al., 2001; Buehler et al., 2009,
2020). Haptoglobin has the additional function of reducing the
reactivity of hemin to oxygen while in circulation (Mollan et al.,
2014). Mollan et al. (2014) found that the Hp1–1, Hp2–1, and
Hp2–2 phenotypes all interact with hemoglobin to prevent the
loss of heme from hemoglobin dimers into the milieu. This effect
reduces the rate of heme autoxidation but does not have a clear
effect on ferryl heme formation (Mollan et al., 2014) meaning
that the protective capacity of haptoglobin may lay mostly in its
ability to remove hemoglobin from the blood and not necessarily
to arrest ROS generation.

After haptoglobin binds to two αβ dimers it binds to the
macrophage-expressed multidomain transmembrane receptor
CD163 (Kristiansen et al., 2001). In addition to macrophages, the
expression of CD163 has been reported in hippocampal neurons
following experimental hemorrhagic stroke (Garton et al., 2017b;
Liu et al., 2017). This finding suggests that neurons may be
inappropriately responding to the locally higher concentration of
hemoglobin as they do not express heme oxygenase 1 (HO-1), the
faster, and inducible of the HO-1/2 pair (Dore et al., 1999; Garton
et al., 2017a).

The lack of expression of haptoglobin in the brain
parenchyma and cerebrospinal fluid as opposed to serum is
dramatic: the reference range for haptoglobin in serum is
0.3–1.9 mg/ml, however, Chang et al. (2013) reported that the
concentration of cerebrospinal fluid haptoglobin in 22 healthy
adults was 0.060 mg/dL (0.006 mg/ml; Chang et al., 2013).
Likewise, Loeffler et al. (1999) reported the concentration of
haptoglobin in the brain tissue of rats was on average (of all
brain regions) 0.06 ng/mg (wet weight; Loeffler et al., 1999, p.
1710). Both astrocytes and oligodendrocytes have been shown
by Lee et al. (2002) and Zhao et al. (2009), respectively, to be
an inducible source of the majority of haptoglobin found in
the brain. In rats, Zhao et al. (2009) showed that sulforaphane
enhanced haptoglobin expression. Compared to control rats,
oligodendrocyte expression of haptoglobin was upregulated by
10 times over the ICH-naïve control at day 1, and as much as
40 times at day 3 following intrastriatal injection of hemolyzed
blood. Rats treated intraperitoneally with sulforaphane and lysed
RBCs had a 30-fold more robust expression on day 1 than
those treated with PBS. Serum expression rose and fell over the
time window for both sulforaphane and PBS-treated rats with a
maximum at day 1 (Zhao et al., 2009). The robust haptoglobin
response to hemoglobin began shortly after the time of the
modeled ICH and the response decreased over time.

The lack of haptoglobin in the CSF and brain parenchyma
likely limit the acute buffering capacity of the central nervous
system to hemoglobin which the circulatory system is otherwise
able to handle. While upregulation within the brain may at some
level keep up with the diffusion of the hemorrhage products,

lack of resident cells to generate haptoglobin in the CSF may
relate to the poorer prognosis that often accompanies ventricular
extension, particularly when associated with other clinical
factors including involvement of the 3rd and 4th ventricles
(Daou et al., 2017).

Some implications of blood in the CSF can come from
work with subarachnoid hemorrhage (Galea et al., 2012). The
fate of blood and its breakdown products in the CSF is still
unclear. In subarachnoid hemorrhage-naïve patients, CSF levels
of CD163 are approximately 50-fold lower than in serum (Galea
et al., 2012). Following SAH, CSF CD163 levels increase 8-fold.
The cells responsible for producing CD163, macrophages, and
microglia, are likely entering the subarachnoid space, and as
Galea et al. (2012) reported, not all of the hemoglobin in CSF
following SAH is captured by haptoglobin, most hemoglobin
is found free in the CSF despite the presence of haptoglobin.
Passive or other mechanisms may be involved in the clearance
of hemoglobin from the CSF (Rennels et al., 1985; Galea et al.,
2012; Iliff et al., 2012). Another trap for blood products is
hemopexin which binds heme and is both expressed intrathecally
and imported into the CSF from the circulation (Garland et al.,
2016), discussed further below.

The combined findings suggest several key points. Lee
et al. demonstrated that CD163 levels increased in the CSF
after ICH likely due to the infiltration of macrophages and
microglia (Lee et al., 2002). Chang et al. (2013) note that
CSF hemoglobin levels fall even in the absence of a robust
haptoglobin response which suggests that hemoglobin can be
passively removed from the CSF as long as the removal system
is functional. Haptoglobin administration may be a potential
therapy to reduce the detrimental effects of excessive hemoglobin
in the nervous system following ICH (Garland et al., 2020).
Ultimately it seems that the absorption capacity of hemoglobin
in the brain is inducible to an extent, and that haptoglobin
on its own is not necessarily the sole participant. There may
be translational avenues that point to using haptoglobin as a
treatment for hemorrhagic stroke; work by Zhao et al. (2009)
showed that sulforaphane upregulates haptoglobin expression
and Hugelshofer et al. (2019) showed that direct injection of
haptoglobin into the CSF reduced vasospasm and the diffusion of
hemoglobin into the brain parenchyma from the CSF in sheep.

Hemin is poorly soluble in water and is often carried
by a protein in the solution including but not limited to
albumin or the heme-trapping protein hemopexin (Robinson
et al., 2009; Figure 3). Hemopexin has a very high affinity
for hemin (kd = 10−13 M) and can remove hemin from the
blood (Robinson et al., 2009; Chen-Roetling et al., 2012), or
due to its high affinity for heme, remove it directly from
(met)hemoglobin, and may act as an antioxidant (Miller et al.,
1996). Hemopexin has a singular receptor, LRP1 (low-density
lipoprotein receptor-related protein; CD91) expressed on a
multitude of cell types and found throughout the body (Moestrup
et al., 1992; Figure 3). Upon binding to LRP1, the hemopexin-
hemin complex is endocytosed, the hemin undocks, and the
hemopexin is transported back across the membrane into
circulation. Other than protein-mediated transport, hemin is
also known to be taken up through the proton-coupled folate
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FIGURE 3 | Hemin breakdown. Hemin (brown squares) is imported into most cells via either low-density lipoprotein receptor-related protein (LRP1) or
proton-coupled folate transporter (HCP1). In the former state, hemin is transported into the cytosol bound to hemopexin (HPX). In the latter case, hemin is directly
transported into the cytosol. Once inside the cytosol, hemin is reduced to biliverdin (green squares) by NADPH:cytochrome P450 reductase (POR) and then bilirubin
(yellow triangles) by biliverdin reductase (BVR). The product, bilirubin, has two fates, aggregation within the cell, or aggregation into the membrane with the possibility
of entering the circulatory system.

transporter (PCFT/HCP1) receptor expressed in astrocytes and
neurons directly into the cytosol (Robinson et al., 2009; Dang
et al., 2010, 2011; Figure 3). Haptoglobin and hemopexin
have different fates in vivo, haptoglobin, with its Hb-αβ

dimer is degraded by macrophages whereas hemopexin with
its lone heme molecule is recycled back into circulation
(Smith and Mcculloh, 2015).

Heme Breakdown Products
Hemin retains its oxidizing characteristics when abstracted from
hemoglobin and if consumed by a cell needs to be degraded
to prevent a runaway oxidation cascade. To render hemin a
lesser threat, cells express heme oxygenase 1 or 2 (HO) to
degrade hemin or other intracellularly produced hemes, to
biliverdin, ferrous iron, and carbon monoxide. Heme oxygenase
2 (HO-2) is expressed continuously in neurons and is not
inducible (Chang et al., 2003). The regulation mechanism of
HO-2 is not clear, however recent work by Liu et al. (2020)
demonstrated that HO-2 is stabilized by hemin. HO-2 carries
three docking sites for heme but only one is catalytic, the
remaining two are heme regulatory motifs that bind heme; unlike
other heme-regulated proteins, HO-2 is only destabilized by a
loss of heme binding to the catalytic site, not the regulatory sites
(Liu et al., 2020). Heme oxygenase 1 (HO-1) is not expressed
in the brain under normal circumstances but is expressed
in macrophages (Naito et al., 2014; Vijayan et al., 2018b),
microglia (Schallner et al., 2015), and astrocytes localized to
the peripheral tissue surrounding the hematoma from ICH
(Chang et al., 2003; Yu et al., 2016). Some evidence by Yu

et al. (2016) suggests that HO-1 is expressed in neurons under
oxidizing conditions elicited by 1-methyl-4-phenylpyridinium
(MPP+) or in spinal cord neurons following injury (Lin et al.,
2016). However, HO-1 induction was shown by Nitti et al.
(2018) to not occur in neurons in cortical tissue exposed
to traumatic injury out to 30 days. Conversely, Yu et al.
(2016) reported that HO-1 expression in neurons does not
change until after 24 h and lags the immediate expression by
astrocytes. HO-1 and HO-2 are membrane-bound through a
C-terminal hydrophobic tail and are found most commonly
on microsomal membranes (Unno et al., 2007). HO-1 and
HO-2 are isozymes with only 43% amino acid sequence
homology (Unno et al., 2007). Heme oxygenases work in tandem
with NADPH:cytochrome P450 reductase (POR) and biliverdin
reductase (BVR) to degrade hemin to bilirubin, ferrous iron,
and carbon monoxide (Unno et al., 2007; Munoz-Sanchez and
Chanez-Cardenas, 2014; Figure 3). Work by Wang and De
Montellano (2003) showed that cytochrome P450 reductase
binds to HO-1 with a binding affinity (kd = 0.4 ± 0.1 µM). On
the contrary, Spencer et al. found a kd of 16.4 µM for HO-2
with POR. However, Spencer et al. also found that using their
surface plasmon resonance method, that the kd for HO-1 with
POR was 20.4 µM, that may reflect differences in technique
(Spencer et al., 2014).

In the catalytic site of heme oxygenase, several steps must
take place to break open the protoporphyrin ring, release CO,
ferrous iron, and bilirubin. First, hemin enters the binding pocket
and coordinates to His25 an arrangement not dissimilar to the
coordination pocket in hemoglobin. In the first reaction step,

Frontiers in Cellular Neuroscience | www.frontiersin.org 7 December 2020 | Volume 14 | Article 603043153

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Derry et al. A Chemical Look of ICH

hemin [Fe(3+)] is reduced to heme [Fe(2+)] by the transfer of a
single electron from P450 reductase. Next, dioxygen enters the
binding pocket and coordinates to the heme. The addition of
a second electron reduces the oxo-heme to hydroperoxo-heme.
The next product, α-meso-hydroxyheme, is a hydroxylated
product with an -OH on the alpha carbon and is formed
through a single step. The nature of this single step is unclear
as it may involve a concerted proton-driven reaction or the
formation of Compound I [Fe(4+)=OPP•+] or Compound II
[Fe(4+)=OPP] as part of the hydroxylation step (Unno et al.,
2007). The conversion from α-meso-hydroxyheme to verdoheme
is a multistep process initiated by dioxygen followed by the
release of CO, reduction of the ferric iron to ferrous iron by
P450 reductase, and placement of cationic bridging oxygen at
the alpha position (Matsui et al., 2010). Verdoheme is oxidized
to biliverdin by dioxygen, and four electrons provided by
P450 reductase. The product is a porphyrin ring cleaved at
the alpha position where the carbons adjacent to the bridging
oxygen are now ketones. The ferrous iron leaves the cleaved ring
and enters the Labile Iron Pool (LIP). In total, the conversion
of hemin to biliverdin requires seven electrons donated from
the NADPH-dependent cytochrome P450 reductase and three
dioxygen molecules, the HO-P450 reductase complex catalyzes
the production of one equivalent of CO, Fe(2+), and biliverdin.

The conversion of biliverdin to bilirubin also occurs in
the binding pocket of HO by biliverdin reductase. Biliverdin
reductase is NADPH-dependent and binds to HO-1 in humans
and may compete for the heme-binding pocket that cytochrome
P450 reductase also binds (Wang and De Montellano, 2003).
Competition for the active site is ultimately a consequence
of both reductases participating in the degradation of hemin
while still requiring the oxidase activity that heme oxygenase
can provide. The main function of biliverdin reductase in
the conversion of hemin to bilirubin, and is the reduction of
the methine carbon to methylene. This action produces the
flexible bilirubin product and is released upon the undocking
of biliverdin reductase. In rats, bilirubin does not undergo
mono- or diglucuronidation in the brain by uridine diphosphate-
glucuronosyl transferases and therefore is not made more water-
soluble (Suleman et al., 1993). It is worth noting that defective
glucuronidation in the liver by UGT1A1 is associated with
neurotoxicity and hyperbilirubinemia (Ouzzine et al., 2014).

Evidence for neuroprotection and neurotoxicity by
bilirubin is mixed. Work by Dore et al. (1999) showed that
rat hippocampal and cortical neuron cultures treated with
PKC-inducer phorbol-12-myristyl-13-acetate (PMA) were
protected against H2O2-mediated toxicity. In this model, PMA
induced protein kinase C (PKC) to phosphorylate HO-2. In
doing so HO-2 was stimulated producing more bilirubin.
Bilirubin was detectable by a substrate-selective antibody, and to
show that the effect was due to HO-2, tin protoporphyrin IX was
used to inhibit HO-2. Rat cultures expressing HO-2 showed no
toxicity against 60 or 80 µM H2O2 when treated with 0.1 µM
PMA; note that a reduction in viable cells was reported with 1
µM PMA, an effect suggested to be due to downregulation of
PKC (Dore et al., 1999). The authors reported that bilirubin is
more protective when bound to human serum albumin than on

its own and only at concentrations higher than 100 nM does it
show toxicity on its own (Dore et al., 1999).

These findings were conducted with low concentrations of
bilirubin (< 250 nM), the standard total circulating blood
bilirubin concentration in humans is between 1.71 and 20.5 µM
and therefore may not necessarily reflect the reported findings
in vivo. Bilirubin diffuses into, and out of the brain across
the blood-brain barrier if it is not glucuronidated (Bratlid,
1990; Figure 3). Bilirubin can also reside within the lipid
bilayers either through its carboxylic acid moieties that can bind
with quaternary ammonium groups on phosphatidylcholines or
through hydrophobic binding in the core of the lipid bilayer
(Bratlid, 1990; Figure 3).

Despite the potential neuroprotective aspects of bilirubin,
bilirubin may also contribute to the edema associated with
ICH. Loftspring et al. (2010) hypothesized that unconjugated
bilirubin (UBR, indirect bilirubin) such as that produced by
injured cortical tissue, stimulates the release of cytokines to
recruit microglia, macrophages, and neutrophils to the injury. It
was later shown that bilirubin increased neutrophil infiltration
of mice injected with autologous whole blood (Loftspring et al.,
2011). Fluorescence microscopy of frozen sections showed a
marked increase in the neutrophil count after treatment with
bilirubin compared to untreated control ∼90 vs. ∼40 (n = 4–5;
p ≤ 0.05) as measured by a count of Ly-6G positive cells
and a ∼30% reduction (n = 4–5, p ≤ 0.05) in macrophage
or microglial cells as measured by a count of F4/80 positive
cells. The introduction of neutrophils earlier to the injury may
be associated with a heightened inflammatory response and
comorbid edema (Clark et al., 2008; Loftspring et al., 2011). Other
potential toxic effectors are the oxidation products of bilirubin
(Pyne-Geithman et al., 2005). Bilirubin, while insoluble in water,
is avidly bound by plasma proteins and can be transported to the
liver (Clark et al., 2008; Ritter et al., 2016).

The Fate of Ferrous Iron
Ferric iron has a reduction potential of +0.770 V (1e− +
Fe3+/Fe2+) and can reduce dioxygen (−0.330 V; 1e− + O2/O•−2 )
to superoxide or H2O2 to hydroxyl radical (+0.380 V; H+ + 1e− +
H2O2/HO• + H2O). Dioxygen reduced by Fe(2+) to superoxide
can be dismutated by SOD to H2O2, O2 and H2O. The resulting
H2O2 can be reduced by Fe(2+) through the Fenton reaction to
hydroxyl radical and hydroxide (Fe2+ + H2O2 -> Fe3+ + HO•
+ HO−). In a third reaction, O•−2 can reduce Fe(3+) to Fe(2+)
whereupon H2O2 can be reduced to HO•, O2, and HO− through
the Haber-Weiss reaction. Hydroxyl radical rapidly peroxidizes
proteins (albumin: 8 × 1010 M−1 s−1), nucleic acids (RNA:
1× 109, DNA: 8× 108 M−1 s−1), and lipids (linoleic acid: 9× 109

M−1 s−1) as well as the antioxidants ascorbate and glutathione,
1× 1010 and 1.4× 1010 M−1 s−1, respectively (Davies, 2016).

Ultimately, all roads lead to hydroxyl radicals if iron is
involved. The intracellular check mechanism of free iron is its
capture and storage by ferritin (FTH; Harrison and Arosio,
1996). Ferritin stores iron in the form of a superparamagnetic
ferrihydrite core that stores approximately 4,500 iron atoms
(Harrison et al., 1976; Chasteen and Harrison, 1999). Ferritin is
a spontaneously self-assembled spherical protein cage consisting
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of 24 subunits with two functional elements, a cage for the
de-mineralization of the biomineralized iron, and the transport
into and out of the cage via a 3-fold channel (Badu-Boateng
and Naftalin, 2019). The regulation of iron transport through the
channel depends on the availability of ascorbate and hydrogen
peroxide to reduce and oxidize iron as it leaves and enters
the ferritin, respectively. H2O2 and ascorbate compete for the
reduction site of ferric iron leading to a regulatory effect: under a
reducing environment, iron is released into the cytosol, however,
under an oxidizing environment, iron is sequestered in the
ferritin (Badu-Boateng and Naftalin, 2019).

Another check on ferrous iron is lactoferrin (LTF), a serum
iron transport protein produced by neutrophils analogous to
transferrin (Ohgami et al., 2005; Zhao et al., 2018). Lactoferrin
tightly binds ferric iron (kd = 10−20 M) and prevents its
participation in the Fenton cycle with ferrous iron (Zhao et al.,
2018). The key difference between transferrin and lactoferrin is
that lactoferrin is less sensitive to pH than is transferrin and can
maintain the chelation of its iron payload (Baker and Baker, 2004;
Zhao et al., 2018). While transferrin loses its iron at pH = 6,
lactoferrin can maintain its iron chelation until pH = 5 (Baker
and Baker, 2004). In an experimental mouse model of ICH using
autologous blood injections, Zhao et al. (2018) found that LTF
levels in the brain increased despite no change in its mRNA
levels. Neutralization of circulating neutrophils using the Ly-6G
antibody caused significant degradation of neurological deficit
scores (NDS; ∼5.9 to ∼6.8, n = 10, p < 0.05) 3 days after the
injection. In vitro cell models indicated that adding lactoferrin to
media containing lysed RBCs was efficacious in a concentration
range of 10–1000 µg/ml at reducing cytotoxicity in cocultured
neuronal and glial cells (n = 3, p< 0.05; Zhao et al., 2018). Further
support to the potential beneficial effects of lactoferrin is a study
by Zhao et al. (2020) in which injection of a modified lactoferrin
derivative with a longer half-life reduced NDS after injection in
several different ICH models even with a 24 h window.

Mechanism of Ferroptosis
Ferroptosis appears to be a form of cell death that can be triggered
by glutathione (GSH) depletion and iron excess which leads
to the accumulation of lipid reactive oxygen species (L-ROS;
Cao and Dixon, 2016; Figure 4). Cystine (Cys2) is imported
via the cystine/glutamate antiporter System x−c (SLC7A11)
and is used to synthesize the stoichiometric antioxidant GSH
(Lewerenz et al., 2013). GSH is synthesized through a multistep
process. Cystine from the extracellular space is exchanged
for glutamate and then reduced by intracellular glutathione,
or thioredoxin reductase 1 (TRR1) to cysteine (Cys) and
CyS-SG (-SG; glutathiyl; Conrad and Sato, 2012). Once reduced,
cysteine is conjugated to glutamate via its side chain carboxylate
by glutamylcysteine ligase (GCL) to form γ-glutamylcysteine.
Glutathione synthetase (GSS) conjugates glycine to the cysteinyl
carboxylate to form glutathione as the product (Doll and Conrad,
2017). As discussed, glutathione can act on its own to reduce
oxidized species, or it can act as a substrate for enzymes such as
glutathione peroxidase 4 (GPX4; Cao and Dixon, 2016; Ingold
et al., 2018). GPX4 is the principal regulator of polyunsaturated
fatty acid (PUFA) oxidation (Feng and Stockwell, 2018). GSH

depletion or inactivation of GPX4 results in the uncontrolled
oxidation of PUFAs to form PUFA peroxyl radicals (PUFA-
OO*) and PUFA peroxides (PUFA-OOH; Doll and Conrad,
2017), which then are anchored to the plasma membrane by
ACSL4 and LPCAT3 (Doll et al., 2017; Agmon et al., 2018),
leading to membrane damage and ferroptosis sensitization
(Cao and Dixon, 2016).

Lipid peroxides are the critical intermediate that activates
ferroptosis by oxidizing PUFAs in lipid membranes and
forming additional PUFA peroxyl radicals. This chain
reaction is normally inhibited by GPX4 by a two electron
reduction of PUFA-OOHs to non-toxic lipid alcohols (PUFA-
OH; Girotti, 1998; Cao and Dixon, 2016). Arachidonic
phosphatidylethanolamines, a specific class of PUFA, appear to
mediate ferroptosis (Doll et al., 2017; Kagan et al., 2017; Agmon
et al., 2018), suggesting that targeting the PE pathway provides a
therapeutic approach to prevent cell death.

Ferroptosis can be triggered not only by GSH depletion but
also by iron overload, e.g. hemoglobin degradation. At any given
time there is an amount of iron available in the cytosol to be
used elsewhere; this ill-defined feature is the Labile Iron Pool
(LIP) and acts as a steady-state repository for iron as it is
shuffled between demands (Chutvanichkul et al., 2018; Philpott
et al., 2020). The composition of the LIP is not clearly defined,
no specific set of molecules have been found associated with
intracellular iron. However, there are known iron chaperones
which transport iron specifically to different recipients (Hider
and Kong, 2011; Philpott et al., 2020). Multiple mechanisms
actively control iron homeostasis via FTH, transferrin (Tf),
transferrin receptor (TfR), LRP1, HCP1, and ferroportin (FPN;
Yan and Zhang, 2019). Tf and TfR import non-heme Fe3+

into the cell, where Fe3+ is reduced to Fe2+ by ferrireductases.
Once absorbed, iron can be used for heme synthesis, exported
via FPN, or incorporated into storage molecules FTH, thus,
prevent iron retention and toxicity (Richardson and Ponka, 1997;
Lei et al., 2019). Excess uptake and deficient storage result in
an abundant Fe3+ ion in the cytoplasm. As Fe3+ accumulates
and reaches the threshold Fe3+: Fe2+ ratio, from 1:1–7:1, iron
produces massive ROS and initiates rapid lipid peroxidation
via Fenton reaction (Braughler et al., 1986; Lesnefsky, 1992;
Harrison and Arosio, 1996).

In a related pathway, cell death may be caused by excess
iron being captured by chaperone PCBP1 which activates
heat-inducible factor 1α prolyl hydroxylases (HIF-PHDs) that
then translocate to the nucleus and promote the expression
of death genes associated with leucine zipper transcription
factor ATF4 (Chac1, chop, Trib3; Ratan, 2019). Indeed, multiple
transcription factors are associated with ferroptosis (Dai et al.,
2020), one of the most important is NFE2L2 or NRF2, a basic
leucine zipper transcription factor that binds to antioxidant
response elements (AREs) and thus plays a major role in
regulating antioxidant genes as well as regulation of multiple
anti-ferroptosis genes involved in iron metabolism (Ma, 2013;
Shimada et al., 2016).

GPX4 is considered a central regulator of ferroptosis and
a common therapeutic strategy is to address GPX4 and its
downstream targets. Bersuker et al. (2019), Doll et al. (2019)
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FIGURE 4 | Ferroptosis in the Context of Iron-Overload in ICH. Glutathione is synthesized using cystine as a substrate for cysteine which is coupled to glutamate
and glycine in two steps. Glutathione can be used as a reducing substrate for glutathione peroxidase (GPX4) to reduce polyunsaturated fatty acid (PUFA) lipid
peroxides to PUFA-OHs and is oxidized to glutathione disulfide (GSSG). GSH can be recycled from GSSG by glutathione reductase at the expense of NADPH. In a
high iron-overload situation such as ICH, iron is imported into the cell in a heme group (brown boxes) or otherwise via divalent metal transporter 1 (DMT1), transferrin
receptor (TfR1), low-density lipoprotein receptor-related protein (LRP1), and proton-coupled folate transporter (HCP1). Heme degradation takes place via HO-1 or
HO-2 (HO-1/2) which releases Fe(2+) into the cell that can participate in the Fenton reaction. Unregulated ferrous iron in the cell can react with hydrogen peroxide to
form hydroxyl radicals which can generate PUFA radicals and eventually PUFA peroxides in the presence of oxygen which are quenched by GPx4. Iron overload may
also activate HIF-PHDs and the expression of ATF4 death-associated genes.

and Kraft et al. (2020) demonstrate two GPX4-independent
systems that modulate ferroptosis resistance. Bersuker et al.
(2019) and Doll et al. (2019) showed that an endogenous
ferroptosis suppressor protein (FSP1) acting parallel to the
canonical GPX4. FSP1 is an NADH-dependent oxidoreductase.
FSP1 then localizes to lipid droplets and the plasma membrane,
reduces CoQ10, and suppresses lipid peroxidation. Disrupting the
FSP1 pathway via pharmacological treatment with iFSP1 in vitro,
and FSP1 knockouts in vivo sensitize the organism to ferroptosis
(Bersuker et al., 2019; Doll et al., 2019). Recently, another
pathway that regulates ferroptosis via CoQ10 was reported (Kraft
et al., 2020). This pathway involved GTP cyclohydrolase 1
(GCH1), an enzyme required for the synthesis of CoQ10, and is
upregulated in response to multiple ferroptosis inducers without
altering GXP4-dependent factors. GCH1 selectively inhibits
oxidation of di-polyunsaturated fatty acid phospholipids (Kraft

et al., 2020) promoting resistance to ferroptosis and cell survival.
GCH1 downstream molecules, especially dihydrobiopterin
(BH2) and tetrahydrobiopterin (BH4) disrupt CoQ10 synthesis
(Kraft et al., 2020) and suggest additional treatment targets
(e.g., FSP1-CoQ10 and GCH1-BH4).

Iron and the Development of Diseases
Because iron plays a vital role in biological processes, including
oxygen transport, protein synthesis, and electron transport, it
requires intensive regulation to maintain homeostasis. Relatively
small changes can exhibit larger effects on the body, and has
been implicated in disorders ranging from anemia (Abbaspour
et al., 2014) to neurodegenerative diseases (Perry et al., 2018),
reproductive disorders (Ng et al., 2019), cardiovascular disease
(Kobayashi et al., 2018) and tumors (Basuli et al., 2017;
Yamaguchi et al., 2018).
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Iron and Ferroptosis in ICH
ICH is an example of the pathological release of Hb and
its derivatives. RBC lysis begins one day after the damage
(Aronowski and Zhao, 2011), results in a sustainable iron buildup
starting at day 3 to at least 4 weeks (Wu et al., 2003). Most
of the iron distributes centrally in the basal ganglia, thalami,
and white matter (Dietrich and Bradley, 1988). Nonheme iron
not only generates excessive ROS and induces oxidative brain
damage but appears to also activate ferroptosis and contributes
to pathogenesis after ICH. As early as the 6 h time-point there is
a 5.5-fold increase in Tf protein expression; seven days later Tf
levels return to the basal level (Xie et al., 2019).

The use of ferroptosis inhibitors prevents neuronal death and
can rescue neuron loss in a variety of models (Li et al., 2017a;
Kenny et al., 2019; Xie et al., 2019). Significantly, ferrostatin-
1, lipid radical-trapping antioxidant, at the most effective dose
10 µM in vitro, reduces Hb-induced cell death from 83 to 2%
and decreases up to 50% lipid ROS formation (Li et al., 2017a).
Other drugs targeting lipid ROS, such as the flavone triacsin
C and the polyunsaturated hydrazone baicalein, also provide
similar protections (Kenny et al., 2019) as inhibitors of the
ferroptosis promoters 15-lipoxygenase 2 (15-LOX) and acyl-CoA
synthetase long-chain family member 4 (ACSL4). Additionally,
emerging studies have shown promising therapeutic benefits
of ferroptosis inhibitors in the prevention of secondary brain
injury caused by iron-mediated toxicity in rodent and piglet
models (Hua et al., 2006; Gu et al., 2009; Okauchi et al., 2009;
Jaremko et al., 2010; Li et al., 2017b). For example, post-ICH,
iron accumulates, and is associated with caudate atrophy after
3 months (Hua et al., 2006). The administration of an iron
chelator deferoxamine (DFO) reduced 50% of ICH-induced
ferritin upregulation in the perihematomal zone (Hua et al.,
2006). DFO also prevented neuronal degeneration and white
matter injury in piglet models (Gu et al., 2009). A more brain
permeable iron chelator, VK28, showed greater restoration of
neurological function, white matter damage, and mortality rate
than DFO (Li et al., 2017b).

Ferroptosis can also be inhibited with selenium. Alim et al.
(2019) found that glutathione peroxidase 4 (GPX4) among
other selenoproteins was upregulated following collagenase-
induced ICH in rats. Also, hemin on its own can cause
GPX4 expression to increase despite not rescuing the cell.
Intracerebroventricular injection of the Se-containing Tat SelPep
peptide reduced infarct volume after ICH (Alim et al., 2019).
This finding is similar to that reported by Dharmalingam et al.
(2020) with the nano-antioxidant PEG-HCCs, which sensitized
to ferroptosis in murine endothelial cells while a deferoxamine-
functionalized counterpart, DEF-PEG-HCCs reversed this effect
(Dharmalingam et al., 2020).

Roles of Macrophages and Microglia in
ICH
The relationship between erythrophagocytosis and neuronal
ferroptosis after ICH could be a promising clue to the
pathogenic mechanism(s) driving the chronic neuropathological
and neurodegenerative conditions in ICH. However, there is

very limited information available so far on this mechanistic
link. A recent study by Li et al. (2018) demonstrated brain
ultrastructural alterations due to neuronal death and white
matter injury following ICH in the collagenase rodent model.
Notably, the study illustrated the co-existence of ferroptosis,
autophagy, and necrosis in and around the ICH lesions.
Axonal degeneration was observed in the acute phase of
ICH, axonal demyelination was noticed in the striatum and
corpus callosum in the subacute phase. Furthermore, rapid
accumulation of activated resident microglia and infiltrating
monocyte-macrophages was observed around the RBCs in the
microvascular structures and degenerating neurons leading to
erythrophagocytosis as well as clearance of neuronal debris
from the lesions or hematoma regions. While protection against
neuronal ferroptosis may be a key step to prevent overall brain
injury in collagenase-induced ICH mice model (Li et al., 2017a),
for erythrophagocytosis to occur in this setting, sequential
activation and polarization of themicroglial M1–2 phases require
extensive cross-talks between various cytokines induction and
neurons, astrocytes, oligodendrocytes and T lymphocytes (Lan
et al., 2017b), providing multiple opportunities for intervention.

Efficient clearance of damaged RBCs and ferroptotic neurons
are features of initiation of regeneration processes (Neumann
et al., 2009; Youssef et al., 2018) Notably, excessive engulfment
of damaged RBCs (erythrophagocytosis) surrounding the
ICH lesions could, in turn, induce ferroptosis in monocyte-
macrophages (Youssef et al., 2018), resulting in further neuronal
damage, oxidative injury, and activation of proinflammatory
responses. Studies have shown that inducible nitric oxide
synthase (iNOS) expression and nitroxyl free radical enrichment
of activated M1 microglia/macrophages essentially regulate their
susceptibility toward ferroptotic death via reprogramming of
lipid redox mechanism (Kapralov et al., 2020). Emerging studies
have highlighted the pathogenic roles of ferroptosis in several
most common neurodegenerative diseases as well as in ICH
(Weiland et al., 2019).

Iron and Brain Hypoxia in Hemorrhage
In ICH, insufficient oxygen delivery to the brain a hypoxic
environment is induced, activating adaptation responses
mediated by hypoxia-inducible factor (HIF). HIF 1-alpha
(HIF-1α) has a key role in neuroprotection during hypoxia.
Under normal conditions, HIF-1α is degraded by enzymes prolyl
hydroxylase domain (PHD) or factor inhibiting HIF (FIH; Tian
et al., 2011). The lack of oxygen causes PHD and FIH to be
inactivated leading to HIF-1α upregulation and dimerization
with HIF-1β to initiate transcription of hypoxia-responsive
genes (Aragones et al., 2009).

Besides oxygen, iron is another necessary co-factor for
PHD and FIH activities. Hence, iron chelators can be used to
mimic hypoxia, activate HIF-1α, and inhibit neural injury in
experimental models. For example, deferoxamine (DFO) can
stabilize HIF-1α, and restore viability against oxidative stress
(Siddiq et al., 2005). A similar compound, deferasirox (DFR)
has advantages over DFO because it can be administered orally
at half the dose than DFO with comparable neuroprotection
within a 24 h onset (Zhao and Rempe, 2011). However, in
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clinical trials, any benefit has been modest, perhaps because of an
overwhelming cascade of not just iron but other toxic breakdown
products and/or that other cellular pathways are engaged, such as
senescence, discussed below.

Ferroptosis and Oxytosis May be the Same
Pathway
Decades before the description of ferroptosis with its dependence
on iron, a cell death pathway that resulted in similar endpoints
including lipoxygenase activation and glutathione depletion was
described, and because it occurred in the context of the release
of reactive oxygen species was termed oxytosis (Murphy et al.,
1989). The experimental conditions that led to the identification
of oxytosis were exposure to the excitatory transmitter glutamate
and depletion of glutathione, with a massive influx of calcium
considered amajor contributor (Murphy et al., 1989;Maher et al.,
2018). Indeed, lipophilic antioxidants such as Vitamin E were
able to mitigate toxicity (Miyamoto et al., 1989), the toxicity that
was enhanced in low cystine (precursor to glutathione) media.
The link to glutamate-stimulated inhibition of cystine transport
was quickly made identifying glutathione depletion as a key
event. As can be gathered from both the inciting events and
consequences, oxytosis shares many similarities with ferroptosis.
The key differentiator of these two cell death pathways was the
more recent finding that intracellular iron was also increased,
associated with alterations in transferrin receptor and ferritin
chains, and the reduction in cell death that occurred with
iron-chelating agents (Yang and Stockwell, 2008). Reviewing
the overlap between these two pathways, some have concluded
that indeed these represent a similar cell death process,
with the later inclusion of iron as the primary differentiator
(Lewerenz et al., 2018).

Iron and Senescence in ICH
A variety of stress stimuli can, instead of causing cell death,
induce a state of senescence (Childs et al., 2014, 2015).
While usually associated with aging, cells can also undergo
stress-induced premature senescence (SIPS; Sun et al., 2018)
through events such as oxidative injury and acute DNA damage
response signaling (Chen et al., 1995; Dharmalingam et al.,
2020). Senescent cells are typically larger with altered organellar
structure, characteristic expression of a variety of cell cycle
arrest, inflammation, and other molecules (Yoon et al., 2006;
Childs et al., 2015), including the accumulation in lysosomes of
senescent associated beta-galactosidase (Lee et al., 2006). While
not specific, a pattern of expression and cellular morphology
can identify the transitional states, resulting ultimately in what
is termed the senescence-associated secretory phenotype where
cells secrete high levels of inflammatory mediators and other
factors (Coppe et al., 2010). This phenotype can influence and
indeed recruit neighboring cells.

Senescent cells also accumulate iron. However, iron overload
in senescence does not sensitize the cells to ferroptosis. Instead,
they inactivate ferritinophagy, the process of ferritin (FTH)
degradation, and inhibit ferroptosis (Masaldan et al., 2018).
Senescent cells enter the growth arrest phase and are resistant
to a variety of cell death pathways, including ferroptosis. The

hypothesis is supported if we carefully examine data from the
downstream effect of GSH depletion. Besides lipid peroxidation
and ferroptosis, it has been shown to simultaneously trigger
autophagy and stress-induced premature senescence (SIPS; Sun
et al., 2018), with SIPS potentially having a more dominant
effect on cell phenotype. Under a variety of stressors that
induce SIPS, cells survive and enter senescence instead of cell
death, but the senescent phenotype can result in a nidus of
inflammation, and resulting nidus for inflammation may induce
further, non-ferroptotic mechanisms of injury contributing to
cellular dysfunction (Dharmalingam et al., 2020).

Our group has recently linked senescence and ferroptosis in
ICH models. Hemin (5 µM), likely through rapid induction of
persistent DNA double strand breaks induced senescence in 40%
of cultured neurons or endothelial cells after 24 h and prevented
cell death after the addition of a normally toxic level (90 µM)
of iron to the media (Dharmalingam et al., 2020). If the same
occurred in-vivo, it would suggest that a subset of cells exposed
to hemin become both pathological inflammatory and resistant
to the high iron and oxidative stress environment generated
in the ICH. While a highly active nano-antioxidant, PEGylated
hydrophilic carbon clusters (PEG-HCCs) could reduce the
presence of senescent cells, it increased sensitivity to ferroptosis
and other cell death pathways after the addition of iron,
thus in some ways negating the benefit of reducing senescent
cells especially in the high iron-overload conditions and ROS
milieu of ICH. Importantly, both senescence and ferroptosis
could be prevented by treatment with deferoxamine-conjugated
PEG-HCCs (Dharmalingam et al., 2020). This result underscores
that addressing any single disease pathway may not be sufficient
to ameliorate the major deleterious effects of ICH.

Because the accumulation of senescent cells is a feature of
aging, their presence may influence outcome following ICH. It is
generally thought that outcome is related to the survival of tissue,
and in the context of ICH, cells are likely exposed to pathological
processes for a prolonged period, and indeed, most recovery
occurs within 6 months after the injury (Kitago and Ratan,
2017). Thus, cells must adapt to a persistent pathological and
highly oxidating environment. In aging cells, iron accumulates
and favors cells with iron-induced ROS resistance to survive
(Toyokuni et al., 2020). Increased iron content is a feature of
senescent cells and so senescent cells may be in a favorable
condition to endure chronic ROS. However, given that senescent
cells contribute to pathological inflammation, their ability to
survive this chronic oxidative environment may inhibit good
functional outcomes andmay be a factor in poorer response from
ICH related to age (Mandava et al., 2019).

CONCLUSION

This review article has described the complex biology of
Hb oxygen binding, the role of iron in regulating Hb
function, and the multiple neurotoxic events associated with
the release of Hb and its degradation products in ICH, all of
which provide multiple opportunities to generate pathological
processes. Cell death pathways have been described, including
their vulnerabilities to intervention. Prominent among these
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targets include reactive radicals that are generated both as part
of the redox reactions these constituents participate in but also
potentiated through the release of free iron and its catalytic
generation of additional radicals. While targeting some of these
pathologies has been effective in pre-clinical models, the benefit
has been underwhelming clinically. Removal of blood itself is a
rational target but is invasive and the optimum methods and
blood removal goals are still under investigation. Lactoferrin
is emerging as a pleiotropic therapy with both excellent brain
penetration, the capture of free iron, and multiple other
potentially beneficial effects that await clinical confirmation
(Zhao et al., 2018).

For the most part, however, non-iron mediated effects
of blood breakdown products have been less of a focus,
and prominent among these include hemin’s stimulation of
both ferroptosis and the senescent phenotype. The resistance
to ferroptosis by senescent cells had been well known and
more recently confirmed after exposure to hemin, suggesting
anti-ferroptosis therapy will be partially effective only in those
cells not senescent. While the contribution of senescent cells to
clinical outcomes in ICH is not established, in other conditions,
it is considered a major factor in inflammation and downstream
damaging effects. The upshot of these multiple events is

that no single therapy is likely to be optimally effective, and
therefore combination therapies, removal of blood plus therapies
directed at specific cell death and phenotypic pathways may be
required to yield therapies that can improve outcome from this
devastating condition.
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Epilepsy is a disease characterized by recurrent, episodic, and transient central
nervous system (CNS) dysfunction resulting from an excessive synchronous discharge
of brain neurons. It is characterized by diverse etiology, complex pathogenesis,
and difficult treatment. In addition, most epileptic patients exhibit social cognitive
impairment and psychological impairment. Iron is an essential trace element for human
growth and development and is also involved in a variety of redox reactions in
organisms. However, abnormal iron metabolism is associated with several neurological
disorders, including hemorrhagic post-stroke epilepsy and post-traumatic epilepsy
(PTE). Moreover, ferroptosis is also considered a new form of regulation of cell death,
which is attributed to severe lipid peroxidation caused by the production of reactive
oxygen species (ROS) and iron overload found in various neurological diseases,
including epilepsy. Therefore, this review summarizes the study on iron metabolism and
ferroptosis in epilepsy, in order to elucidate the correlation between iron and epilepsy. It
also provides a novel method for the treatment, prevention, and research of epilepsy, to
control epileptic seizures and reduce nerve injury after the epileptic seizure.

Keywords: epilepsy, iron metabolism, ferroptosis, GPX4, cell death, post-traumatic epilepsy, autophagy

INTRODUCTION

Epilepsy is a disease characterized by recurrent, episodic, and transient CNS dysfunction resulting
from an excessive synchronous discharge of brain neurons and both the morbidity and mortality
are high. Epileptic seizures lead to cognitive impairment in patients with respect to execution
ability, language ability, attention, judgment, and mental disorders, thereby severely affecting the
employment ability and social communication level of epilepsy patients and reducing the quality

Abbreviations: AD, Alzheimer’s disease; AEDs, antiepileptic drugs; ARE, antioxidant response elements; CNS, central
nervous system; Cys, cysteine; SLC7A11, cystine/glutamate antiporter solute carrier family 7 member 11; CoQ10, coenzyme
Q10; DFO, deferoxamine; DCYTB, duodenal cytochrome B reductase; FSP1, ferroptosis suppressor protein 1; FeCl3, ferric
chloride; DMT1, divalent metal transporter 1; GSH, glutathione; GSR, glutathione reductase; GPX4, glutathione peroxidase
4; Glu, glutamate; Gly, glycine; HCP-1, heme carrier protein-1; HO-1, heme oxygenase 1; OH•, hydroxyl radical; H2O2,
hydrogen peroxide; HS, hippocampus sclerosis; IREB2, iron-responsive element-binding protein 2; KA, kainic acid; Keap1,
Kelch-like ECH-associated protein 1; MTLE, mesial temporal lobe epilepsy; Nrf2, nuclear factor erythroid 2 related factor 2;
NCOA4, nuclear receptor co-activator 4; PD, Parkinson’s disease; PTE, post-traumatic epilepsy; ROS, reactive oxygen species;
RNS, reactive nitrogen species; TBI, traumatic brain injury; O2−, superoxide anion; STEAP3, six-transmembrane epithelial
antigen of prostate 3; SIRT3, Sirtuin3; SAH, subarachnoid hemorrhage; TLE, temporal lobe epilepsy; TF, transferrin; TFR1,
transferrin receptor-1.
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of life (Fazel et al., 2013; Witt and Helmstaedter, 2015; Leeman-
Markowski and Schachter, 2016). Currently, AEDs are the
primary methods of treatment for epilepsy. Moreover, the drug-
refractory epilepsy patients accounted for about 1/3rd of the
total epilepsy patients who showed no apparent response to the
commonly used AEDs (Moshé et al., 2015). The occurrence
of epilepsy is usually a self-facilitated pathological process
triggered by the initial brain damage, ultimately leading to
neurological damage, ionic pathway dysfunction, mossin fibrosis,
and glial proliferation synaptic plasticity, and inflammatory
response and affecting the nerve function of the brain (Gan
et al., 2015). Although the abnormal discharge of neurons is a
leading pathophysiological manifestation of epilepsy, owing to
its complex and changeable property, the mechanism of epilepsy
is yet unclear, which renders difficulty in the prevention and
treatment of epilepsy.

Iron is an essential trace element for the growth and
development of humans. Iron compounds are also involved
in many redox reactions: oxygen transport, cellular oxidative
respiratory chain, tricarboxylic acid cycle, and DNA biosynthesis
(Thirupathi and Chang, 2019; Abbina et al., 2020). However,
in the nervous system, iron is closely related to the formation
of myelin, the metabolism of catecholamine neurotransmitters,
and is also involved in intellectual development and
neurodegenerative diseases (Thirupathi and Chang, 2019).
Therefore, in the human body, iron metabolism should be
strictly regulated. Abnormal iron metabolism is associated with
a variety of neurological diseases, including hemorrhagic post-
stroke and PTE (Yokoi et al., 1995; Mori et al., 2004). Ferroptosis
is a new form of regulated cell death, attributed to severe
lipid peroxidation caused by the production of ROS and iron
overload and detected in several neurological diseases, including
epilepsy (Kahn-Kirby et al., 2019). Ferroptosis is different from
apoptosis, necrosis, and autophagy in terms of morphology
and biochemistry. Some studies have shown that ferroptosis
regulates nerve cell death in a variety of neurological diseases,
including epilepsy (Kahn-Kirby et al., 2019; Chen J. et al., 2020).
Therefore, understanding the regulatory mechanisms of brain
iron metabolism and ferroptosis in epilepsy is essential. Thus,
discovering new therapeutic targets related to iron metabolism
and ferroptosis and exploring the correlation between brain iron
and the occurrence of epilepsy are crucial for the prevention and
treatment of epilepsy. This review summarizes and discusses
the treatment of epilepsy by iron metabolism and ferroptosis
and provides a new direction for the study of pathogenesis,
treatment, and prevention of epilepsy.

IRON-INDUCED EPILEPSY

Currently, iron overload is one of the common causes of
refractory epilepsy in patients with hemorrhagic stroke. When
a brain injury or hemorrhagic cortical infarct occurs, it leads
to blood extravasation and the damage of erythrocytes and
hemoglobin. Hemoglobin and iron released by hemoglobin are
associated with ROS and RNS (Mori et al., 2004). However, ROS
and RNS have been shown to be associated with iron-induced

epileptic seizures in rats. In epilepsy, PTE is one of the most
common and devastating complications of TBI (Glushakov et al.,
2016). Briefly, TBI results in the occurrence and development
of epilepsy, which might be related to the breakdown of red
blood cells and hemoglobin in the CNS. Current studies have
shown that injections of hemoglobin or iron salts (ferric chloride,
FeCl3) into the cortex of rats can cause chronic epileptic
seizures. The O2− are formed, and OH. are produced after the
injection of FeCl3 into the cerebral cortex of rats. These free
radicals might cause lipid peroxidation in neuronal membranes
and the accelerated production of guanidine compounds in
the brain that leads to epilepsy (Mori et al., 1990). Also,
hemolysis and hemoglobin deposition occur in the neocortex
after hemorrhage in the villus blood vessels. Next, iron from
the breakdown and transfer of hemoglobin is deposited in the
brains of individuals with PTE, which can form reactive free
radical oxidants (Willmore and Ueda, 2009). Microinjections
of trivalent iron ions in rodent brain cause chronic recurrent
seizures and release glutamate into nerve fibers, as observed in
epileptic patients (Willmore and Ueda, 2009).

In the current study of epilepsy, a chronic recurrent seizure
was induced by injecting FeCl3 into the cerebral cortex of rats,
thereby simulating hemorrhagic post-stroke epilepsy and PTE
(Yokoi et al., 1995). Furthermore, the injection of nanoscale iron
into the cortex induces chronic epilepsy in mice and simulates
brain injury due to micro-hemorrhage, which in turn, gives rise to
different degrees of spontaneous epileptiform events (Mori et al.,
1990). In addition, the severity of epileptiform events is associated
with the reduction of γ-aminobutyric acid (GABA) neurons in
the iron-injected hemisphere and the degree of cerebral blood
flow autoregulation dysfunction (Jyoti et al., 2009). In conclusion,
the epileptic seizures can be induced by injecting FeCl3 into
the cerebral cortex, thereby simulating hemorrhagic post-stroke
epilepsy and PTE. This induction of epilepsy suggests that iron
plays a major role in the occurrence of epilepsy and contributes
to the mechanism and treatment of hemorrhagic post-stroke
epilepsy and PTE.

IRON METABOLISM IN EPILEPSY

In the brain, the degradation of hemoglobin leads to the
deposition of hemosiderin, which is one of the main forms
of stored iron in the human body and closely related to
neurological disorders, such as epilepsy (Zhang L. et al.,
2018). The iron in the human body is absorbed as divalent
iron and oxidized into trivalent iron by ceruloplasmin in the
blood (Mukhopadhyay, 2018; Naito et al., 2020). The cytokines
(IL-6 and TNF-α) are associated with iron regulation and
metabolism (Tombini et al., 2013), while epilepsy is closely
associated with inflammation (Sanz and Garcia-Gimeno, 2020).
This phenomenon suggested that iron influences the occurrence
and development of epilepsy by regulating inflammation in
the epileptic brain. To test the hypothesis that iron overload
leads to epilepsy, transferrin saturation was measured in 130
epileptic patients. The results showed that the average transferrin
saturation of epileptic patients was significantly higher than that
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of the control group (Ikeda, 2001). The changes in the whole-
brain iron in MTLE were studied by sensitivity-weighted imaging
(SWI). The findings revealed that iron in MTLE Is redistributed
between subcortical and cortical structures, and the degree of
redistribution is influenced by the progression of epilepsy and
precipitation factors (Zhang et al., 2014). The study of cerebral
iron redistribution provides new insights into the pathogenesis
of MTLE, deeming it as a potential biomarker for monitoring
the clinical progression of epilepsy. However, some studies
have shown inadequate levels of copper and manganese in the
hippocampus in patients with MTLE and hippocampus sclerosis
(MTLS-HS), while iron levels remain unaltered (Aleksandar
et al., 2014). It was found that during the absorption process,
citrate enhances the uptake of iron, which in turn, promotes
the absorption of citrate. The iron-citrate uptake was coupled to
sodium (Na) in the neuronal cell. The Na-coupled iron-citrate
transport system can deliver citrate into the affected neurons
independent of the Na-coupled transporter and may provide
a novel treatment strategy for epilepsy. This phenomenon also
suggested that iron overload can stimulate cells to absorb citrate,
thereby affecting metabolism (Ogura et al., 2018).

In summary, abnormal iron metabolism and distribution in
the brain of epileptic patients might be one of the reasons for the
occurrence and development of epilepsy. Although the injection
of iron into the brain induce epilepsy, the correlation between
epilepsy and iron metabolism is not yet clarified and needs further
exploration. We can also use imaging methods to diagnose and
explore epilepsy through the abnormal distribution of iron in the
epileptic brain.

FERROPTOSIS AND EPILEPSY

Mechanisms of Ferroptosis
Ferroptosis is the result of the simultaneous action of multiple
biological pathways. It is also considered a new form of cell
death regulation, attributed to severe lipid peroxidation caused
by ROS and iron overload and found in a variety of neurological
diseases, including epilepsy. Importantly, ferroptosis is related to
ROS, redox glutathione (GSH), GPX4, iron ions (Fe3+, Fe2+)
in cells, and lipid peroxidation, which involves some pathways
(Figure 1 and Table 1). In addition, we also summarized the
inhibitors of ROS, GSH, GPX4, iron ions, and lipid peroxidation
(Table 2). The present review assessed the correlation between
the occurrence and development of epilepsy and ferroptosis.

Reactive Oxygen Species (ROS)
Reactive oxygen species plays a major role in ferroptosis and
epilepsy. In the cells, oxygen provides energy through oxidative
phosphorylation in mitochondria (Wang H. et al., 2020). Oxygen
(O2) is not only necessary for life but is involved in cell
death. ROS is generated in many cellular processes, such as
protein synthesis, mitochondrial metabolism, cellular respiration,
metabolism of organic matter through a redox reaction, and
tissue homeostasis (Mailloux et al., 2013; Qian et al., 2020). Also,
ROS production is closely related to free radicals (Harris and
DeNicola, 2020). In chemistry, free radicals exist in cells as atoms,

molecules, or ions, such as OH• and O2−, which have unpaired
highly reactive valence electrons (Abramov et al., 2020). Excessive
ROS causes cytotoxicity, while low concentrations can be released
in the extracellular environment, protecting cells from bacterial
damage via intracellular signaling molecules (Zhou Z. et al.,
2020). Therefore, ROS concentration needs stringent control.

The imbalance of intracellular oxidative stress appears to
be a key factor in inducing ferroptosis. We also showed the
correlation between iron ions and free radicals (Figure 2).
During ferroptosis, ROS are produced from the Fenton reaction,
which is a process of producing hydroxide (OH−) and hydroxyl
(OH•) by the reaction between Fe2+ and H2O2 (Mittler, 2017).
Moreover, The Haber–Weiss cycle showed that Fe3+ is reduced
to Fe2+ through the reaction with superoxide (O2−), and Fe2+

reacts with H2O2 to form OH•, OH−, and Fe3+ (Capelletti
et al., 2020). Thus, Fe2+ is conducive to the production of
ROS and promotes lipid peroxidation, thus inducing ferroptosis.
However, in hemorrhagic post-stroke epilepsy and PTE, large
amounts of Fe2+ from red blood cells and hemoglobin are
released into the brain, and these Fe2+ ions may be involved
in inducing ferroptosis (Mori et al., 2004). In epileptic seizures,
long-term seizures promote excessive ROS production and lead
to the occurrence of oxidative stress, which is closely related
to the generation of epileptic activities and the death of nerve
cells (Freitas, 2009; Eastman et al., 2020). However, the rise
of ROS leads to lipid peroxidation, leading to the occurrence
of ferroptosis. Therefore, reasonable control of the ROS level
reduces the occurrence of ferroptosis and may be conducive to
delaying the occurrence and development of epilepsy.

Regulation of Ferroptosis by Cysteine-Glutathione
(Cys-GSH) Redox Axis
Previous studies have shown that oxidative stress causes
ferroptosis (Angelova et al., 2020). Moreover, oxidative stress
is also considered as one of the pathogenesis of epilepsy
(Shekh-Ahmad et al., 2019). Nuclear factor erythroid 2-
related factor 2 (NRF2) regulates oxidative stress. However,
related studies show that the activation of NRF2 alleviates
the occurrence and development of AD by enhancing the
antioxidant defense, improving mitochondrial function,
inhibiting neuroinflammation, and inhibiting ferroptosis (Qu
et al., 2020). The clearance of ROS in the human body mainly
depends on GSH, which is mainly composed of small molecular
peptides composed of glutamate (Glu), cysteine (Cys), and
glycine (Gly) (Xiao and Meierhofer, 2019). GSH is also a
substrate for GPX4 and can reduce the incidence of ferroptosis
(Ursini and Maiorino, 2020). The deficiency of glutamate,
cysteine, and glycine affects the expression level of GSH in cells.
However, intracellular Cystine concentration is regulated by
cystine-glutamate transporter system (Xc

−), which consists of
two subunits (light chain xCT and heavy chain 4F2hc), on the cell
membrane (Liu L. et al., 2020; Yamaguchi et al., 2020). xCT is the
cystine/glutamate antiporter solute carrier family 7 member 11
(SLC7A11) that enhances cystine uptake and GSH biosynthesis,
thereby inhibiting oxidative stress and iron death (Liu L. et al.,
2020). Also, xCT is mainly responsible for cystine/glutamate
exchange and highly specific to Cys and glutamate (Bridges et al.,
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FIGURE 1 | Regulatory mechanisms of ferroptosis. Lipid peroxidation leads to ferroptosis. The regulation of lipid peroxidation is related to the following regulation
pathways. (1) System Xc--CSH-GPX4 pathway, P53-SLC7A11-GPX4 pathway, (2) Akt-Nrf2-GPX4 pathway, GSK3β-NRF2-GPX4 pathway, Se/Zn/Co-GPX4
pathway, (3) Autophagy-dependent ferroptosis: NCOA4-induced ferritinophagy (ferritin is degraded by autophagy), (4) Iron metabolism: p62-Keap1-NRF2-Fe2+

regulatory pathway, IREB2-ferritin-Fe2+ regulatory pathway. In addition, Fe3+ binds to plasma TF to transport iron to all organs, TF delivers iron into cells by binding
to TFR1, and Fe3+ is released from TF. Fe3+ is reduced to Fe2+ by STEAP3, (5) FSP1-CoQ10 pathway: the FSP1-CoQ10 pathway directly regulates lipid
peroxidation independent of GPX4.

2012). When the system Xc
− is inhibited, the production of

GSH is decreased and the level of ROS and lipid peroxidation
is increased, thereby leading to the occurrence of ferroptosis
(Capelletti et al., 2020).

Glutathione exists in two forms—reduced (GSH) and oxidized
(GSSG)—and the ratio of the two forms (GSSG/GSH) indicates
the degree of oxidative stress in cells (Bjørklund et al., 2020).
In biological reactions, GSH and GSSG can be converted into
each other in the presence of enzymes (Figure 3). GSSG can be
converted into GSH using NADPH/H+ as a cofactor under the
catalysis of GSR. GSH is also a substrate for GPX4, which converts
GSH to GSSG. Adjusting the GSSG/GSH ratio affects ROS levels

(Bjørklund et al., 2020; Capelletti et al., 2020). However, in
epilepsy, the GSH level was decreased, and the ROS level was
increased. Therefore, the occurrence of ferroptosis might be
inhibited by regulating the level of GSH to reduce the damage
of nerve cells in the epileptic brain, which is beneficial to the
treatment of epilepsy.

GPX4 and Ferroptosis
GPX4 is a protein that protects cell membranes against lipid
peroxidation and converts GSH to GSSG. On the other hand,
lipid hydroperoxides (R-OOH) are converted to lipid alcohols
(R-OH) by GPX4 using reduced GSH as a cofactor (Figure 3)
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TABLE 1 | The regulation of signaling pathways in ferroptosis.

Signaling pathway References

P53/SLC7A11/GPX4 pathway Wang et al., 2016

NRF2/SLC7A11/GPX4 pathway Dong et al., 2020

P62/Keap1/NRF2 pathway Sun et al., 2016; Fan et al., 2017

Akt/NRF2/GPX4 pathway Gou et al., 2020

GSK3β/NRF2/GPX4 pathway Wu et al., 2020

NRF2/ARE pathway Dixon et al., 2012; Chandra et al., 2019

System Xc−/GSH/GPX4 pathway Bridges et al., 2012

Iron metabolism pathway Liu J. et al., 2020

Autophagy pathway Park and Chung, 2019

FSP1-CoQ pathway Chen J. et al., 2020; Conrad and
Proneth, 2020

TABLE 2 | The inhibitors of signaling pathways in ferroptosis.

Influence factors Inhibitors

Xc
− Glutamate, erastin

GPX4 RSL3

Lipid peroxidation Liproxstatin-1

Fe2+ Deferoxamine, bilirubin, ferrostatin-1

ROS Antioxidant, lipid ROS scavengers

Autophagy 3-MA, chloroquine (CQ)

FIGURE 2 | Iron ions are involved in the formation of free radicals. ROS
originates from Fenton reaction, which is a process of producing OH- and OH
by the reaction of Fe2+ and H2O2. The Haber–Weiss cycle also shows that
Fe3+ is reduced to Fe2+ through the reaction with O2-. and Fe2+ reacts with
H2O2 to form OH, OH-, and Fe3+. The electron reaction with O2 at the
mitochondrial electron transport chain produces O2-. Meanwhile, O2- can
bind hydrogen ions to produce H2O2.

(Capelletti et al., 2020). This process prevents the formation
and accumulation of iron-dependent lipid ROS. However, in
ferroptosis, lipid ROS are more toxic than intracellular ROS.
Also, lipids play a crucial role in the regulation of inflammation
(Forcina and Dixon, 2019). Excessive cGPX4 detected in the
cytoplasm and nucleus inhibits the production of leukotriene
and prostaglandin. This phenomenon suggested that cGPX4
reduces fatty acid hydroperoxide that stimulates the activation
of cyclooxygenase and lipoxygenase (Imai et al., 2017). Thus,
GPX4 has a dual function in maintaining homeostasis in
cells: as a guardian of antioxidant damage and a physiological
regulator. However, the inhibition of GPX4 leads to ferroptosis
via accumulation of lipid peroxides. Recent studies have shown
the regulatory effects of RSL3 and erastin on GPX4 inactivation
by directly binding GPX4 and indirectly reducing glutathione
(Yang et al., 2014), respectively. Moreover, iron-dependent
lipid peroxidation results in ferroptosis, which is inhibited
by FSP1 and GPX4 (Bebber et al., 2020). In KA-induced

epileptic models, the reduction in GPX4 expression, glutathione
consumption, and the accumulation of lipid peroxides and iron
were detected. Therefore, GPX4 may be a key molecule to
prevent the death of hippocampal neurons caused by recurrent
epileptic seizures and ultimately restore the cognitive function
in TLE patients. In this review, we have the regulation of GPX4 in
ferroptosis (Table 3).

The transcription factor NRF2 plays a critical role in the
regulation of GPX4. Current studies have shown that NRF2
deficiency enhances the susceptibility of PC12 cells to ferroptosis.
However, the activation of NRF2 promotes GPX4 activity
and iron storage capacity by increasing the level of GSH
and the expression of ferritin heavy chain 1 (FTH1) (Liu
Z. et al., 2020). Ferroptosis was also found to be closely
related to the AKT/NRF2/GPX4 signaling pathway. However,
melatonin inhibits the ferroptosis of neurons through the
AKT/NRF2/GPX4 signaling pathway, thereby promoting the
survival of hippocampus neurons and improving the hypoxic-
ischemic brain injury (Gou et al., 2020). Meanwhile, GPX4
regulates erastin-induced ferroptosis via the GSK3/NRF2/GPX4
signaling pathway in breast cancer (Wu et al., 2020). Bilirubin
chelates iron, while significantly increasing the expression of
GPX4, upregulating NRF2/HO-1, and reducing ferroptosis in
islet cells (Yao et al., 2020). In diabetics, cryptoxaneic acid (CCA)
activates the Xc-/GPX4/NRF2 pathway and inhibits nuclear
receptor coactivator 4 (NCOA4), thereby inhibiting ferroptosis
(Zhou, 2020). Under physiological conditions, Keap1 stimulate
NRF2 ubiquitination and proteasome degradation, thus reducing
the level of NRF2 level. Conversely, NRF2 is activated in the
process of oxidative stress, which activates the cell signaling
pathway. This process can also be regulated by P62, which
directly inhibits Keap1 and promotes the activation of NRF2.
Relevant research has confirmed that ferroptosis is inhibited
by the p62-Keap1-NRF2 pathway in hepatocellular carcinoma
(HCC) (Sun et al., 2016). NRF2-Keap1 protein complex inhibits
ferroptosis that regulates the antioxidant reaction, iron/heme
metabolism, and carbohydrate and lipid metabolism (Dodson
et al., 2019). The activation of NRF2-Keap1 signaling increases
xCT (SLC7A11) and promotes glutamate secretion, while the
inhibition of Keap1 enhances resistance to ferroptosis (Fan
et al., 2017). NRF2 target genes are involved in preventing lipid
peroxidation and ferroptosis. Furthermore, it was demonstrated
that the activity of ferroptosis and lipid peroxide-related proteins
are regulated by NRF2, a major regulator of antioxidant reactions.
After oxidative stress, Keap1 degrades NRF2 and translocates
it into the nucleus to initiate transcription of genes containing
ARE, thereby regulating the transcription of ferroptosis-related
proteins (Sun et al., 2016; Dodson et al., 2019). These targets are
divided into three broad classes: iron metabolism, intermediate
metabolism, and GSH metabolism (Figure 4). However, NRF2
regulates a plethora of target genes involved in iron metabolism
[FTH1, FTL, SLC40A1(FPN), HMOX1, ABCB6, FECH, SLC48A1,
BLVRA/B, and HO-1], intermediate metabolism [NROB2(SHP),
PPARG, AKR1C1-3, G6PD, AKR1B1, and ALDH1A1], and
GSH metabolism (GPX4, SLC7A11, GCLC/GCLM, GSS, GSTA1,
GSTP1, PRDX1/6, and TXNRD1) (Dodson et al., 2019). In
addition, the NRF2/HO-1 signaling pathway is also associated
with ferroptosis-mediated ulcerative colitis (Chen Y. et al., 2020).
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FIGURE 3 | Glutathione (GSH) and GSSG can be converted to each other in the presence of enzymes. The ratio of GSSG/GSH indicates the degree of oxidative
stress in cells. In biological reactions, GSH and GSSG can be converted into each other in the presence of enzymes. GSSG can be converted into GSH using
NADPH/H+ as a cofactor under the catalysis of GSR, and NADP+ can also be converted to NADPH/H+. However, under the catalysis of FSP1, NADPH/H+ can be
converted to NADP+, and CoQ10 is converted to CoQ10H2, which inhibits ferroptosis. GPX4 also converts GSH to GSSG. Moreover, lipid hydroperoxides (R-OOH)
are converted to lipid alcohols (R-OH) by GPX4 using reduced GSH.

Another pathway that regulates GPX4 is the system Xc
−

-Gys-GSH redox axis. The constituent subunit of system
Xc
− includes light chain xCT (SLC7A11) and is regulated

by many factors. Some studies demonstrated that histone
demethylase KDM3B inhibits ferroptosis by upregulating
SLC7A11 (Wang Y. et al., 2020). Moreover, acetylation of
the lysine 98 residue is essential for p53-mediated ferroptosis
(Wang et al., 2016). A relevant study has shown that the
levels of H2Bub1 are reduced in erastin-induced ferroptosis,
and the absence of H2Bub1 enhances the sensitivity of cells
to ferroptosis. H2Bub1 also activates the expression of
SLC7A11 via epigenetics. P53 negatively regulates H2Bub1
by promoting the nuclear translocation of the deubiquitinase
enzyme USP7 (Wang et al., 2019). One target of p533KR

[three lysines (K117R, K161R, and K162R) at p53 DNA
binding sites mutate simultaneously] is SLC7A11, a gene
encoding for the xCT (SCL7A11) of system Xc−. The binding
downregulates the expression of SLC7A11, thereby affecting
the activity of GPX4 (Jiang et al., 2015). In summary, the
transcriptional inhibition of SCL7A11 leads to reduced
antioxidant capacity, the accumulation of ROS, the lack of
GPX4, and ferroptosis activation.

Current studies have found that some compounds, non-
metallic elements, and metallic elements are involved in the
regulation of GPX4, thereby regulating ferroptosis. GPX4

also plays an essential role in inhibiting autophagy-dependent
ferroptosis induced by rapamycin and RSL3 (Liu Y. et al.,
2020). It has been confirmed that GPX4 is a pivotal target for
dihydroartemisinin (DHA)-activated ferroptosis in glioblastoma
(Yi et al., 2020). Additionally, some metal ions are involved in
the regulation of ferroptosis. Nano-Se inhibited Hcy-induced
mitochondrial oxidative damage and apoptosis by inhibiting
GPX1 and GPX4 in the vascular endothelial cells, thus effectively
preventing vascular damage (Zheng et al., 2020). Furthermore,
selenium (Se) is found in selenoprotein (GPX1, GPX3, GPX4,
SELENOW, SELENOP, TXNRD2, and TXNRD3) in the form of
selenocysteine (Sec) and is vital for the growth and development
of vertebrates (Xu et al., 2020). GPX4 is essential to effectuate
the transformation of Se. Zinc oxide nanoparticles (ZnO
NPs)-induced cell death is involved in ferroptosis. Firstly,
ferroptosis triggered by ZnO NPs is related to the increase in
ROS, lipid peroxidation, deficiency of GSH, and the down-
regulation of GPX4. Secondly, ZnO NPs can destroy intracellular
iron homeostasis, also, p53 participates in ZnO NPs-induced
ferroptosis. Finally, dissolved zinc ion contributes to ferroptosis
(Zhang C. et al., 2020). In addition, Cobalt nanoparticles (Co
NPs) and Cobalt (Co) salts elevate intracellular calcium, lipid
peroxidation, GSH depletion, and inhibition of GPX4 expression.
The Co-exposed cells were rescued by N-acetylcysteine (NAC), a
part of liproxstatin-1 and an inhibitor of lipid peroxidation. The
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Co NPs-caused neuronal cell death might be related to ferroptosis
mechanism (Gupta et al., 2020).

In addition to being regulated by the above pathways,
ferroptosis is closely related to FSP1-CoQ10-NADPH pathway.
It can also affect the sensitivity of ferroptosis. Moreover,
NADPH is a critical reducing agent in cells and essential for
balancing the lipid H2O2 levels. Some studies also suggested
that the NADPH level is a biomarker of iron susceptibility

in many cancer cell lines (Shimada et al., 2016). FSP1 is
a protein that inhibits ferroptosis, compensates for GPX4
deficiency, and exerts a protective effect on ferroptosis. In
addition, the inhibition of FSP1 on ferroptosis is mediated
by coenzyme Q (CoQ10). FSP1 catalyzes the regeneration of
CoQ10 through NADPH (Doll et al., 2019). CoQ10, as a part
of the mitochondrial electron chain, not only participates in
electron transport in the respiratory chain but also inhibits

TABLE 3 | The regulation of GPX4 in ferroptosis.

Factors Example Mechanism References

Proteins Nuclear factor NRF2 NRF2 regulates ferroptosis by NRF2/SLC7A11/GPX4
pathway, Akt/NRF2/GPX4 pathway, GSK3β/NRF2/GPX4
pathway, P62/Keap1/NRF2 pathway, NRF2/ARE pathway.

Sun et al., 2016; Fan et al., 2017;
Dodson et al., 2019; Chen Y. et al.,
2020; Dong et al., 2020; Gou et al.,
2020; Wu et al., 2020; Yao et al.,
2020; Zhou, 2020

Iron chaperone PCBP1 Iron chaperone PCBP1 can limit the toxicity of intracellular
iron and prevent Ferroptosis caused by lipid peroxidation

Protchenko et al., 2020

Deacetylase SIRT3 SIRT3 deficiency is resistant to autophagy-dependent
ferroptosis by inhibiting the AMPK/mTOR pathway and
promoting GPX4 levels

Han et al., 2020

Histone demethylase KDM3B Histone demethylase KDM3B protects against ferroptosis
by upregulating SLC7A11.

Wang Y. et al., 2020

Metabolite Bilirubin Bilirubin have the effect of chelating iron and can reduce
ferroptosis of pancreatic islets, reduce oxidative stress,
increase GPX4 expression, and up-regulate Nrf2/HO-1
expression.

Yao et al., 2020

Hormone Melatonin Melatonin inhibits ferroptosis of neurons by Akt/Nrf2/GPX4
signaling pathway.

Gou et al., 2020

Mitochondrial electron
transport chain

FSP1, CoQ CoQ, FSP1, and NAD(P)H act on the level of peroxyl
radicals in membranes, thereby restraining lipid
peroxidation. Iron-dependent lipid peroxidation leads to
Ferroptosis, which is antagonized by GPX4 and FSP1

Bebber et al., 2020; Conrad and
Proneth, 2020

CISDs CISDs exert an anti-ferroptotic function by suppressing free
iron toxicity and lipid peroxidation.

Homma et al., 2020

Vitamin GCH1, BH GCH1and BH counteract ferroptosis through lipid
remodeling and controlling endogenous production of the
antioxidant BH, abundance of CoQ

Kraft et al., 2020

Drug/chemical compound PdPT PdPT, a broad-spectrum deubiquitinase inhibitor, can inhibit
GPX4 proteasomal degradation, thereby inhibiting
ferroptosis.

Yang J. et al., 2020

Irisin Irisin attenuated ischemia reperfusion (I/R)-induced AKI via
upregulating GPX4.

Zhang J. et al., 2020

Gastrodin Gastrodin inhibits HO-induced ferroptosis through its
antioxidative effect.

Jiang et al., 2020

Ginsenoside Ginsenoside mitigates 6-Hydroxydopamine-induced
oxidative stress through upregulating GPX4

Lee et al., 2020

PACs PACs reduced the iron level in SCI, while the levels of GSH,
GPX4, Nrf2, and HO-1 increased.

Zhou H. et al., 2020

CCA CCA inhibited ferroptosis by activation of system
Xc
−/GPX4/Nrf2 and inhibition of NCOA4.

Zhou, 2020

Internal environment Hypertension Ferroptosis is closely related to hypertensive brain damage.
Elevated blood pressure leads to iron overload which
increases oxidative stress and lipid peroxidation in the brain

Yang L. et al., 2020

External factors Smoking Heavy smokers had significantly lower GSH levels and
significantly higher lipid ROS and iron levels and GPX4
protein level decreased.

Ou et al., 2020

Metal elements/non-metallic elements ZnO, Co, Se ZnO, Co and Se triggered ferroptosis by elevation of ROS
and lipid peroxidation, along with depletion of GSH and
downregulation of GPX4.

Zheng et al., 2020
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FIGURE 4 | NRF2 regulates the targets related to ferroptosis at the transcriptional level. NRF2 mainly regulates the targets related to ferroptosis at the transcriptional
level. These targets regulated by NRF2 can be divided into three broad classes: iron metabolism, intermediate metabolism, and GSH metabolism. However, NRF2
regulates a plethora of target genes involved in iron metabolism [FTH1, FTL, SLC40A1(FPN), HMOX1, ABCB6, FECH, SLC48A1, BLVRA/B, and HO-1], intermediate
metabolism [NROB2(SHP), PPARG, AKR1C1-3, G6PD, AKR1B1, ALDH1A1], and GSH metabolism (GPX4, SLC7A11, GCLC/GCLM, GSS, GSTA1, GSTP1,
PRDX1/6, and TXNRD1).

lipid peroxidation outside mitochondria by capturing free radical
intermediates. Thus, the absence of CoQ10 might sensitize the
cells to ferroptosis (Stockwell et al., 2020). Catalyzed by FSP1,
NADPH/H+ is converted to NADP+ and CoQ10 is converted
to CoQ10H2which inhibits ferroptosis (Figure 3). Recent studies
have revealed a second major ferroptosis pathway, including
FSP1, NADPH, and mitochondrial ubiquinone CoQ. Unlike
the GPX4 pathway, this pathway affects the levels of peroxyl
radicals on the membrane, thereby inhibiting lipid peroxidation
(Conrad and Proneth, 2020). FSP1 catalyzes the production
of CoQ10 through NADPH, and NADPH also inhibits
ferroptosis through CoQ10 (Chen J. et al., 2020). Typically,
FSP1 can compensate for the GPX4 deficiency in ferroptosis.
GTP cyclohydrolase1 (GCH1) controls the production of
the antioxidant tetrahydrobiopterin/dihydrobiopterin (BH/BH),
the abundance of CoQ, and the peroxidation of unusual
phospholipids via the GCH1-BH-phospholipid axis (Kraft
et al., 2020). This study exhibits a unique mechanism of

ferroptosis protection independent of the GPX4/GSH system.
In addition, mitochondrial DNA stress triggers autophagy-
dependent ferroptosis death (Li et al., 2020), and radiation-
induced lipid peroxidation also triggers ferroptosis (Ye et al.,
2020). These phenomena might be closely related to DNA
damage, one of the causes of ferroptosis induced due to lipid
peroxidation. Mitochondrial GPX4 also can inhibit the release
of mitochondrial cytochrome C (cytC) by reducing H2O2
cardiolipin, thereby inhibiting apoptosis (Imai et al., 2017).

Gpx4 is an essential gene for mouse embryonic development.
The inactivation or silencing of Gpx4 gene expression can result
in the death of the embryo, possibly due to developmental
defects in the brain (Forcina and Dixon, 2019). Gpx4 destruction
also leads to the destruction of muscles, neurons, and other
cells, suggesting that the survival of many cells requires GPX4
(Forcina and Dixon, 2019). Related studies have also shown
that the genetic mutations in human GPX4 are associated with
sedaghatnia-type spondylometaphyseal chondrodysplasia, which
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causes bone, heart, and brain abnormalities and increased cell
death (Smith et al., 2014). The majority of the studies on
GPX4 involve ferroptosis. Strikingly, the synthesis and functional
pathways of GPX4 are essential in regulating ferroptosis. GPX4
regulation is mainly related to system Xc

− -Gys-GSH redox axis
and NRF2 signaling pathways. The critical features of ferroptosis
have been observed in the models of AD, epilepsy, stroke,
and Parkinson’s disease (PD), including loss of glutathione,
increased ROS, decreased GPX4, and lipid peroxidation. This
suggests a possible link between these diseases and ferroptosis
(Chen J. et al., 2020). It was also found that adult mouse
hippocampal neuron loss and astrocyte proliferation occurred
in the AD brain by inducing GPX4 deficiency (Yoo et al.,
2012). In a hemorrhagic stroke model, injecting selenium
into the brain boosted the expression of the antioxidant
GPX4, thereby protecting the neurons and improving behavior
(Alim et al., 2019). In addition, ferroptosis plays a crucial
role in the acute and subacute phases of spinal cord injury.
GPX4 inhibition induces iron prolapse in oligodendrocytes,
while liproxstatin-1 effectively inhibits ferroptosis and may be
a promising drug for the treatment of CNS diseases (Fan
et al., 2021). In the subarachnoid hemorrhage (SAH) model,
decreased GPX4 may play a major role in early brain injury
after SAH. However, GPX4 overexpression significantly reduces
lipid peroxidation and cell death and exerts a neuroprotective
effect on SAH in vitro and in vivo (Gao et al., 2020). In
the epileptic models, loss of hippocampal neurons may be
due to reduced GPX4 expression, glutathione consumption,
lipid peroxides, and iron accumulation (Qing et al., 2019).
Genetic engineering of mice, where Sec was replaced with
Cys at the Gpx4 active site, could lead to fatal postnatal
epileptic seizures owing to the loss of parvalbumin-positive
interneuron (Friedmann Angeli and Conrad, 2018). Some studies
have also found that animals with Trsp and Gpx4 knockout
exhibit significant neurophenotypes, including hyperexcitability,
spontaneous epilepsy, and ataxia (Fan et al., 2021). Therefore,
GPX4 may be a key molecule to prevent the death of
hippocampal neurons caused by recurrent epileptic seizures
and ultimately restore the cognitive function of TLE patients.
Taken together, the pharmacological inhibition of GPX4 leads
to the accumulation of lipid peroxides, subsequently leading to
ferroptosis. Ferroptosis may contribute to the elimination of
cancer cells resistant to treatment in order to enhance the effect
of chemotherapy or radiotherapy. On the other hand, GPX4
may have neuroprotective functions, and the regulation of GPX4
might be a new strategy for the treatment of neurodegenerative
diseases including epilepsy. However, whether GPX4 can be a
putative target for reducing neuronal injury in epileptic brain,
especially in PTE, is yet to be verified in animal models and cell
epilepsy models.

Iron Metabolism and Ferroptosis
Iron homeostasis is controlled in cells and systems, such as to
provide the iron needed for cells and tissues, thereby avoiding
iron overload and iron-related toxicity (Piperno et al., 2020). In
the human body, iron is found in both Fe2+ and Fe3+ forms,
which is used to synthesize metalloproteins to participate in the

human body (Daher et al., 2017). Heme iron and non-heme iron
from food is absorbed in the gut in different ways.

Heme and non-heme iron from dietary sources exhibit
different absorption abilities in the gut. HCP-1 internalizes iron
in the heme form but not the non-heme form. However, heme
is rapidly catabolized by HO-1 to release the iron (Daher et al.,
2017). Fe3+ can be reduced into the Fe2+ form by DCYTB,
and Fe2+ is imported by the apical DMT1 (Schlottmann et al.,
2017). In the basolateral membrane of intestinal epithelial cells,
ferritin (FPN) is the main iron exporter, transporting Fe2+. At the
basolateral side, Fe2+ is oxidized to Fe3+ by ceruloplasmin. Fe3+

binds to plasma transferrin (TF) to transport iron to all organs,
including the brain (Daher et al., 2017). Transferrin delivers iron
into the cells by binding to transferrin receptor-1 (TFR1). After
Fe3+ enters the cell via membrane protein TFR1, Fe3+ is released
from TF. Fe3+ is then reduced to Fe2+ by the metalloreductase
(STEAP3) in endosomes (DeGregorio-Rocasolano et al., 2018).
Iron can be stored in ferritin or transported by FPN and is
released from endosomes into the LIP of the cytoplasm by DMT1,
thereby keeping unstable iron pools at low levels and avoiding
cytotoxicity (Ohgami et al., 2005; Martin-Sanchez et al., 2020).
As shown in Figure 2, when an intracellular iron overload occurs,
excess iron promotes lipid peroxidation through ROS production
and Fenton reaction, thus causing ferroptosis (Bogdan et al.,
2016). Thus, a close correlation has been established between
iron metabolism genes and iron toxicity sensitivity. For example,
the silencing of TFRC gene encoding TRF1 inhibits erastin-
induced ferroptosis and prevents LIP accumulation, while HO-1
promotes ferroptosis by supplementing iron (Kwon et al., 2015).
Moreover, the silencing of IREB2, as the iron metabolism master
regulator, also decreases the sensitivity of cells to ferroptosis
(Dixon et al., 2012). IREB2 silencing alters many genes in
iron metabolism: TRFC, FTH1, and FTL (Capelletti et al.,
2020). Some studies have confirmed that HSBP1 reduces iron
levels by inhibiting TFR1 expression. Phosphorylated HSPB1,
is a negative regulator of ferroptosis that reduces iron uptake
and lipid peroxidation, thereby decreasing eracetin-mediated
ferroptosis (Sun et al., 2015). Thus, iron metabolism in cells,
including iron absorption, output, utilization, and storage, is
closely related to ferroptosis (Liu J. et al., 2020). Concurrently,
monitoring the unstable iron ions in mitochondria, lysosomes,
and endoplasmic reticulum during ferroptosis may be a good
strategy to study the diseases, such as epilepsy, AD, and stroke,
of the CNS. In conclusion, iron metabolism is closely related to
the occurrence of ferroptosis.

Autophagy-Dependent Ferroptosis
According to current studies, excessive autophagy promotes
ferroptosis through iron accumulation or lipid peroxidation.
The activation of ferroptosis requires transferrin receptors
and transferrin to transport iron outside the cells. However,
autophagy can also regulate the sensitivity of cells to ferroptosis
by affecting iron metabolism (Gao et al., 2015; Hou et al., 2016).
In addition, autophagy results in iron-dependent ferroptosis by
regulating the induction of TFR1 and degradation of ferritin
(Park and Chung, 2019). Some studies demonstrated that
nuclear receptor coactivator 4 (NCOA4)-induced ferritinophagy
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is closely related to neurodegeneration (Quiles Del Rey and
Mancias, 2019). Ferritinophagy, a ferritin degradation pathway,
depends on NCOA4 (Lin et al., 2020), a selective cargo
receptor for the autophagic turnover of ferritin by lysosomes
(Mancias et al., 2014). It has been found that ferritinophagy is
involved in FC-induced ferroptosis in the cells with elevated
NCOA4 (Lin et al., 2020). The downregulation of NCOA4
or ATGs (ATG5, ATG7, and ATG13) decreases ferroptosis
by inhibiting of ferritin degradation, iron accumulation, and
lipid peroxidation (Hou et al., 2016; Xie et al., 2016). Ferritin
degradation occurs mainly in lysosomes and leads to iron
release and oxidative damage. Previous studies have shown that
ferritinophagy is a process of ferritin degradation by autophagy
that promotes ferroptosis (Hou et al., 2016; Xie et al., 2016). In
addition, ferritinophagy is crucial for the inhibition of hepatic
fibrosis mediated by ferroptosis (Zhang Z. et al., 2018; Kong
et al., 2019). Dihydroartemisinin (DHA) induces ferritinophagy
by AMPK/mTOR/p70S6k signaling pathway. However, the
activation of ferritinophagy promoted the degradation of ferritin,
increased the labile iron pool, and eventually induced ferroptosis
(Du et al., 2019).

In addition to ferritinophagy, lipophagy also regulates
ferroptosis. Lipophagy is also a form of selective autophagy
that leads to the autophagic degradation of intracellular lipid
droplets (LDs) (Liu and Czaja, 2013). Some studies have
shown that lipophagy promotes ferroptosis induced by RSL3
in hepatocyte cells. Importantly, in vitro and in vivo, both the
blocking of ATG5- and RAB7A-dependent lipid degradation and
the enhancement of TPD52-dependent lipid storage prevents
RSL3-induced lipid peroxidation and subsequent ferroptosis
(Bai et al., 2019).

In addition, ferroptosis is also associated with a number of
autophagy-related pathways. In myocardial cells after myocardial
infarction (MI), miR-30d inhibited autophagy by binding to
ATG5 and subsequently enhanced ferroptosis (Tang et al., 2020).
ROS-autophagy-lysosome pathway promotes the ATPR-induced
differentiation of acute myeloid leukemia (AML) through
targeting ferroptosis (Du et al., 2020). Furthermore, arsenic can
also result in pancreatic dysfunction and ferroptosis via the
mitochondrial ROS-autophagy-lysosomal pathway (Wei et al.,
2020). Accumulating evidence has shown that the interaction
between mTOR and GPX4-related signaling pathways regulate
the role of autophagy-dependent ferroptosis in human pancreatic
cancer cells (Liu Y. et al., 2020). Additional studies have
shown that the upregulation of sirtuin3 (SIRT3) promotes the
AMPK-mTOR pathway and reduces GPX4 level to enhance
autophagy activation, leading to ferroptosis in trophoblast cells
(Han et al., 2020). Mitochondrial DNA stress triggers autophagy-
dependent ferroptosis via STING1/TMEM173-mediated DNA
sensing pathway (Li et al., 2020). Through the release and uptake
of oncogenic KRAS protein, tumor-associated polarization
of macrophage can also be driven by autophagy-dependent
ferroptosis (Dai et al., 2020). The inhibition of RNA binding
protein ZFP36/TTP for ferroptosis is closely related to regulating
autophagy signaling pathway in hepatic stellate cells (Zhang
Z. et al., 2020). The selective degradation of ARNTL, a core
circadian clock protein, by autophagy is the key to ferroptosis.

ARNTL also inhibits the transcription of EGLN2 to repress
ferroptosis, leading to the activation of HIF1A, a prosurvival
transcription factor (Yang et al., 2019). Other studies have shown
that chaperone (HSP90)-mediated autophagy (CMA) is involved
in the execution of ferroptosis (Wu et al., 2019). In addition, it is
demonstrated that the inhibition of autophagy-mediated HDAC
enhances HMGB1 acetylation, consequently releasing HMGB1
in ferroptosis. Thus, HMGB1 is a key regulator of autophagy
(Wen et al., 2019).

In conclusion, autophagy induces ferroptosis and is also
related to the occurrence and development of epilepsy. Therefore,
the study of autophagy-dependent ferroptosis is beneficial to
control nerve damage in the epileptic brain, thereby reducing
epileptic seizures.

Ferroptosis in Epilepsy
Previous studies have shown that early persistent dysregulation
of iron metabolism and activation of antioxidant signals are
pathological features of focal cortical dysplasia type IIb (FCD
IIb) and tuberous sclerosis complex (TSC) (Zimmer et al.,
2020). High levels of ROS and oxidative stress are detected in
nerve cells after an epileptic seizure. Simultaneously, oxidative
stress further aggravates nerve damage (Freitas, 2009; Eastman
et al., 2020), i.e., in acute brain damage, such as stroke and
epilepsy, the brain tissue is particularly vulnerable to oxidative
stress due to consumption of a large amount of oxygen and
produces a large number of free radicals as compared to other
tissues. However, in hemorrhagic post-stroke epilepsy and PTE,
bleeding in the villi blood vessels in the brain causes hemolysis
and hemoglobin deposition in the neocortex. Hemoglobin and
iron produced by the transfer are deposited in the brains of
individuals with PTE. Iron compounds form reactive free radical
oxidants (Willmore and Ueda, 2009). As observed in epileptic
patients, microinjections of trivalent iron ions into rodent brains
lead to chronic recurrent episodes and release of glutamate
into nerve fibers (Willmore and Ueda, 2009). However, in
hemorrhagic post-stroke epilepsy and PTE, large amounts of
Fe2+ are released from red blood cells and hemoglobin into
the brain, and these Fe2+ ions might ferroptosis. These studies
suggested that ferroptosis occurs in hemorrhagic post-stroke
epilepsy and PTE, and Fe2+ plays a major role in regulating
ferroptosis in epilepsy.

Some studies have shown that high level of extracellular
glutamate is an inhibitor of system Xc

− (Fricker et al., 2018).
However, a high level of extracellular glutamate occurs in the
brain during epileptic seizures and is one of the causes of
recurrent seizures. In addition, the high level of extracellular
glutamate promotes epileptic seizures and status epilepticus (SE)
in TLE (Albrecht and Zielińska, 2017). The inhibition of system
Xc
− determines the decline in glutathione levels and the onset of

ferroptosis (Liu L. et al., 2020). The concentration of extracellular
glutamate might be an effective inhibition strategy to prevent Cys
uptake and induce ferroptosis. Furthermore, GPX4 expression
was decreased in epilepsy but was increased in nerve injury after
the use of iron death inhibitors (Mao et al., 2019). Targeting
ferroptosis is also regarded as a novel therapeutic strategy for
epilepsy associated with mitochondrial dysfunction (Kahn-Kirby

Frontiers in Neuroscience | www.frontiersin.org 10 December 2020 | Volume 14 | Article 601193174

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-601193 December 2, 2020 Time: 19:44 # 11

Chen et al. Iron Metabolism and Ferroptosis in Epilepsy

et al., 2019). Reportedly, the combination of iron supplements
reduces serum carbamazepine concentration (Perucca, 2018).
These studies suggested that ferroptosis occurs in epilepsy,
and glutamate may play a role in regulating this ferroptosis
in epilepsy.

Importantly, ferroptosis has been confirmed in epilepsy.
Iron chelators, including Deferoxamine (DFO) and antioxidant
molecules, such as errostatins, liproxstatin-1, and vitamin E, are
also inhibited pharmacologically. In conclusion, ferroptosis plays
a major role in the occurrence and development of epilepsy.

TREATMENT OF EPILEPSY BY THE
REGULATION OF IRON METABOLISM
AND FERROPTOSIS

Current studies have shown that reducing nerve damage in
epilepsy by targeting ferroptosis and iron metabolism delays the
onset and progression of epilepsy. However, the role of iron
death and the regulation of iron metabolic pathways in the
treatment of epilepsy is yet to be elucidated. According to the
above mechanisms of ferroptosis and iron metabolism regulation,
some proteins, drugs, and external and internal factors affect
ferroptosis and iron metabolism in epilepsy.

CDGSH iron-sulfur domain protein (CISDs) resist ferroptosis
by inhibiting free iron toxicity and lipid peroxidation in the
presence of cysteine (Homma et al., 2020). NRF2 prevents
acute lung injury (ALI) by regulating SLC7A11 and HO-1 that
inhibits the effect of pulmonary ferritin (Dong et al., 2020).
Deubiquitinase inhibitors, such as palladium pyridine thione
complex (PdPT), have been found to inhibit GPX4 proteasomal
degradation, thereby inhibiting ferroptosis. This phenomenon
revealed a new mechanism of GPX4 posttranslational
modification in the ferroptosis and a possible strategy of
the inhibition of ferroptosis by protein deubiquitination
inhibition (Yang J. et al., 2020). The upregulation of GPX4
leads to an irisin-mediated decrease in acute kidney injury
(AKI) induced by ischemia-reperfusion (I/R). However, the
protective effect of irisin was disrupted by GPX4 inhibitor
RSL3 (Zhang J. et al., 2020). Ferroptosis is closely related to
hypertensive brain injury. In the brain, elevated blood pressure
results in iron overload, which increases oxidative stress and lipid
peroxidation, eventually leading to brain injury (Yang L. et al.,
2020). Proanthocyanidin (PAC) significantly reduces the iron
content in patients with spinal cord injury (SCI), while the levels
of GPX4, GSH, NRF2, and HO-1 are increased. This suggested
that PAC may be a novel drug that inhibits ferroptosis (Zhou
H. et al., 2020). In heavy smokers, GSH levels were significantly
lower and lipid ROS and iron levels were significantly higher
than the non-smoking group. In addition, lipid ROS and iron
level increased, GSH level decreased, and GPX4 protein level
decreased after cigarette smoke condensate (CSC) treatment
(Ou et al., 2020). Iron companion Poly rC binding protein
1 (PCBP1) prevents iron sag caused by lipid peroxidation,
thus reducing intracellular iron toxicity (Protchenko et al.,
2020). Dexmedetomidine inhibits sepsis-induced myocardial
ferroptosis by reducing iron concentration and upregulating

GPX4, thereby decreasing septic heart injury (Wang C. et al.,
2020). Gastrodin inhibits HO-induced ferroptosis through
the antioxidative effect in rat glioma cell line C6 (Jiang et al.,
2020). Ginsenoside upregulates GPX4 to mitigate oxidative
stress induced by 6-hydroxydopamine (Lee et al., 2020). These
proteins, drugs, and external and internal factors may affect
ferroptosis and iron metabolism in epilepsy but have not
yet been explored.

Some studies have shown that valproic acid (VPA) treatment
contributes to iron metabolism in epilepsy, leading to the
formation of non-transferrin-bound iron (NTBI) and an increase
in oxidative stress. However, other iron status parameters (serum
iron, ferritin, and transferrin saturation) were normal in epileptic
patients (Ounjaijean et al., 2011). Dehydroepiandrosterone
(DHEA) treatment exerts antiepileptic effects on iron-induced
local epileptiform brain activity in rats. It alleviates cognitive
deficits associated with epileptic activity while inhibits lipid
peroxidation, protein oxidation, and Na(+)/K(+)-ATPase
(sodium pump) activity in epilepsy (Monika et al., 2010).
Recent studies have also reported that DHEA reduces oxidative
stress and apoptosis of iron-induced epilepsy via activation
of the NRF2/ARE signaling pathway (Chandra et al., 2019).
Similarly, PTE appears to be caused by a series of events, such
as bleeding, hemolysis, the release of iron or heme compounds,
free radical formation, lipid peroxidation, and cell death, the free
radical scavenging agents and antioxidants include diphosphate
of vitamin E and C, melatonin, vanillin (Pagni and Zenga,
2005). The results showed that the oxidative damage of nerve
cells in iron-induced epilepsy was attenuated by α-phenyl
tert-N-butyl nitroketone (PBN) treatment, a nitroketone free
radical scavenger (Carolina et al., 2003). Previous studies have
shown that α-tocopherol-L-ascorbic acid-2-O-phosphodiester
potassium salt (EPC-K1), a OH. scavenger, protects the oxidation
of nerve cell membranes and prevents epileptic discharges caused
by iron ions (Nihei et al., 2002). Intriguingly, 30 min before
FeCl3 injection, intraperitoneal injection of adenosine dichloride
(Cl-Ado) or adenosine (Ado) inhibited or delayed the occurrence
of FeCl3-induced epileptic discharge. Cl-ado and Ado inhibit
the occurrence of epileptic discharge by scavenging hydroxyl
radicals and their anticonvulsant effects (Yokoi et al., 1995).
Fisetin reduces lipid peroxides and retains Na (+), K (+)-ATPase
activities in PTE, and executes an antiepileptic role in iron-
induced epileptic rat models by inhibiting oxidative stress and
reduces the cognitive dysfunction related to epileptic seizures
(Jharana et al., 2017). Epileptic brain fluorescent imaging
revealed that apigenin relieves myeloperoxidase-mediated
oxidative stress and inhibits ferroptosis (Shao et al., 2020).

An increasing number of neurological diseases, including
epilepsy, are involved in the activation of ferroptosis. Therefore,
targeted ferroptosis is a novel strategy for the treatment of
epilepsy. Studies have shown that inhibition of ferroptosis
improves cognitive dysfunction in rats with temporal lobe
epilepsy induced by KA. Ferrostatin-1, a specific iron death
inhibitor, was treated to prevent the development of hypertrophy
in the hippocampus of KA-treated rats. This phenomenon
could be attributed to the decreasing of GPX4 expression,
GSH depletion and lipid peroxides, and iron accumulation.
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TABLE 4 | Study on epilepsy treatment about iron metabolism and ferroptosis.

Drug Mechanism References

Valproic acid (VPA) VPA contributes to iron metabolism in epilepsy, leading to the formation of
non-transferrin-bound iron (NTBI) and an increase in oxidative stress

Ounjaijean et al., 2011

Carbamazepine The combination of iron supplements can reduce serum carbamazepine
concentration

Du et al., 2020

Dehydroepiandrosterone (DHEA) DHEA had antiepileptic effects and alleviated cognitive deficits associated with
epileptic activity. DHEA can inhibit lipid peroxidation, protein oxidation, and Na+,
K+-ATpase activity in epilepsy. DHEA can reduce oxidative stress and apoptosis
of epilepsy iron-induced by activating the NRF2/ARE signaling pathway.

Chandra et al., 2019

Vitamin E and C, melatonin, vanillin It has antioxidant function, scavenging free radicals and reducing ROS
production.

Pagni and Zenga, 2005

α-phenyltert-N-butyl nitroketone
(PBN)

The oxidative damage of nerve cells in iron-induced epilepsy was attenuated by
PBN

Carolina et al., 2003

EPC-K1 EPC-K1, as hydroxyl radical scavenger, protects the oxidation of nerve cell
membranes and prevents epileptic discharges caused by iron ions

Nihei et al., 2002

Adenosine dichloride (Cl-Ado) or
adenosine (Ado)

Cl-Ado or Ado inhibited or delayed the occurrence of FeCl3-induced epileptic
discharge by scavenging hydroxyl radicals and their anticonvulsant effects

Yokoi et al., 1995

Fisetin Fisetin can reduce lipid peroxides and retain Na+, K+-ATpase activities in
post-traumatic epilepsy. Meanwhile, fisetin can play an anti-epileptic role in
iron-induced epileptic rat models by inhibiting oxidative stress.

Jharana et al., 2017

Ferrostatin-1 Ferrostatin-1 can prevent the development and development of hypertrophy in
the hippocampus of KA-treated rats by decreasing GPX4 expression, GSH
depletion and lipid peroxides and iron accumulation. Ferrostatin-1 was also
found to prevent the loss of KA-induced hippocampal neuron and restore
cognitive function in TLE rats

Qing et al., 2019

Deferoxamine (DFO) Transferrin decreased after iron chelating agent deferoxamine (DFO) treatment.
DFO can effectively remove iron and control epilepsy after hemorrhagic stroke

Xiang et al., 2017

Zileuton The inhibition of 5-lipoxygenase inhibitor Zileuton on glutamate-and
Erastin-induced iron poisoning in HT22 hippocampus cells is similar to statin-1,
and the lipoxygenase inhibitor has been shown to have neuroprotective activity
in vivo and in vitro.

Liu et al., 2015; Conrad
et al., 2016

Ferrostatin-1 was also shown to prevent the loss of KA-induced
hippocampal neurons and restore cognitive function in TLE rats
(Qing et al., 2019). Simultaneously, the level of local transferrin
decreased after treatment with iron-chelating agent deferoxamine
(DFO). DFO removes iron and controls epilepsy, indicating its
potential therapeutic value in patients with refractory epilepsy
after hemorrhagic stroke (Xiang et al., 2017). In addition, the
inhibition of 5-lipoxygenase inhibitor (Zileuton) for glutamate-
and erastin-induced ferroptosis in HT22 hippocampus cells
is similar to ferrostatin-1. According to the in vivo and
in vitro studies, the lipoxygenase inhibitor has exhibited a
neuroprotective activity (Liu et al., 2015; Conrad et al., 2016).

Taken together, studies have shown that targeting iron death
and iron metabolism is beneficial to reduce nerve death and
seizures in epilepsy (Table 4). Currently, there is no systematic
and in-depth study on the role of iron death and iron metabolism
pathways in epilepsy. Thus, the role of these iron death and iron
metabolism pathways in epilepsy need further investigation.

CONCLUSION

In this review, we elucidated the regulatory mechanism of
ferroptosis, iron metabolism, and ferroptosis in epilepsy, and the
effect of targeted ferroptosis and iron metabolism on epilepsy
treatment. Increasing evidence demonstrates that epilepsy is

closely related to ferroptosis and iron metabolism. In PTE or
post-hemorrhagic stroke epilepsy, hemoglobin iron ions are
released in abundance. Subcortical injections of iron can also
induce seizures. Currently, there are many ways to regulate
ferroptosis, but the regulatory mechanism of ferroptosis in
epilepsy has not yet been understood. Anti-ferroptosis for
epilepsy treatment is still at the animal level and has not been
tested in clinical trials. Thus, targeting iron metabolism and
ferroptosis may be a novel method to slow the progression
of epilepsy. This type of treatment is yet to be discovered
and explored. Nonetheless, ferroptosis is a newly identified and
critical mechanism of cell death, especially in CNS disease.
Anti-ferroptosis mechanisms and ferroptosis inhibitors play an
essential role in preventing epilepsy, especially PTE or post-
hemorrhagic stroke epilepsy.
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Ferroptosis is a newly discovered form of necrotic cell death characterized by its
dependency on iron and lipid peroxidation. Ferroptosis has attracted much attention
recently in the area of neurodegeneration since the involvement of ferroptosis in
Parkinson’s disease (PD), a major neurodegenerative disease, has been indicated using
animal models. Although PD is associated with both genetic and environmental factors,
sporadic forms of PD account for more than 90% of total PD. Following the importance
of environmental factors, various neurotoxins are used as chemical inducers of PD both
in vivo and in vitro. In contrast to other neurodegenerative diseases such as Alzheimer’s
and Huntington’s diseases (AD and HD), many of the characteristics of PD can be
reproduced in vivo by the use of specific neurotoxins. Given the indication of ferroptosis
in PD pathology, several studies have been conducted to examine whether ferroptosis
plays role in the loss of dopaminergic neurons in PD. However, there are still few
reports showing an authentic form of ferroptosis in neuronal cells during exposure to
the neurotoxins used as PD inducers. In this review article, we summarize the history of
the uses of chemicals to create PD models in vivo and in vitro. Besides, we also survey
recent reports examining the possible involvement of ferroptosis in chemical models
of PD.

Keywords: Parkinson’s disease, ferroptos, paraquat, rotenone, 6-OHDA, MPTP

INTRODUCTION

Parkinson’s disease (PD) is a chronic, progressive, and irreversible neurodegenerative disorder, first
medically described by James Parkinson in 1817 (Parkinson, 2002). As the second most common
neurological disease, approximately 6,200,000 people around the world were suffering from PD in
2015, and the prospective number of PD patients keeps growing (Vos et al., 2016; Marras et al.,
2018). However, the entire and precise etiology of PD still needs to be illuminated. Epidemiological
evidence indicates both gene susceptibility and environmental factors could increase the risk of PD,
with aging as the most vital risk factor (Collier et al., 2017). Sex difference also has been concerned
as an important risk factor for PD, which is due to the predominant role of estrogens. Briefly,
males have a risk of developing PD twice more often than females (Baldereschi et al., 2000), while
females have a higher mortality rate (Larsson et al., 2018). Many genetic loci and mutations have
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been determined that can facilitate PD (Spatola and Wider,
2014). Sex-dependent mutations in genes like (Bakshi et al.,
2019), GBA1 (Bakshi et al., 2019), and GADPH (Ping et al., 2018)
are correlated with the sex difference of PD. Certain genes are
confirmed to be associated with the familial occurrence of PD by
neuropathological examination and family-based genome-wide
association studies (GWAS). For example, α-synuclein (SNCA),
which might be involved in neuronal functions through
facilitating SNARE-dependent vesicle fusion process, has been
shown mutated in familial PD cases; point mutations in the
SNCA gene such as A53T (Polymeropoulos et al., 1997), A30P
(Krüger et al., 1998), and G51D (Lesage et al., 2013) could
result in early-onset PD among family members. A GWAS
study in the Japanese PD cohort revealed that SNCA is a
major PD risk gene across the population (Simon-Sanchez
et al., 2009). The microtubule-associated protein Tau (MAPT)
gene, which is involved in stabilization of cytoskeleton and
subsequent facilitation of the transport of neurotransmitters, has
also been found as a locus associated with genetic risk for PD
(Satake et al., 2009). Parkin (Kitada et al., 1998), and PINK1
(Valente et al., 2004), both of which are involved in familial PD,
are genes involved in mitophagy; upon mitochondrial damage,
PINK1 accumulates on the mitochondrial outer membrane to
attract E3 ubiquitin ligase parkin for clearance of damaged
mitochondrial through autophagy (Pickrell and Youle, 2015).

Although PD can be inherited, it is more likely a sporadic
disease because fewer than 10% of PD cases have an
indisputable family history (Thomas and Beal, 2007). This means
environmental factors appear to have more influence on the
pathogenesis of PD. Adequate evidence has shown that chronic
exposure to pesticides such as paraquat (PQ) and rotenone, as
well as environmental pollutants such as preservatives and heavy
metals, may raise the risk of PD (Semchuk et al., 1992; Seidler
et al., 1996; Gorell et al., 1998; Tanner et al., 2011). Studies
have also identified the ingestion of dairy products (Nicoletti
et al., 2010), alcohol addiction (Nicoletti et al., 2010; Eriksson
et al., 2013), and dependence on recreational drugs such as
methamphetamine (Callaghan et al., 2010; Curtin et al., 2015) as
possibly leading to a higher risk of PD.

The clinical diagnosis of PD is based mainly on the presence
of associated and exclusive symptoms, medical history, as well as
the efficacy of levodopa. PD symptoms are categorized as motor
and non-motor symptoms in clinical practice. The classic motor
symptoms applied to diagnose PD patients include rest tremor,
muscular rigidity, bradykinesia, and postural impairment (Gibb
and Lees, 1988). On the other hand, non-motor symptoms
such as sleep disruption, depression, and constipation could
start to bother PD patients in the early stages of PD even
before diagnosis. These along with other disorders such as
anxiety, dysphagia, early cognitive dysfunction, dementia, and
hallucination represent the common non-motor symptoms of
PD (Martinez-Martin et al., 2007; Barone et al., 2009; Schapira
et al., 2017). Of note, males and females show distinctive
clinical features in PD in addition to susceptibility and mortality
(Georgiev et al., 2017). Most motor symptoms emerge later in
females (Baba et al., 2005), while most non-motor symptoms
tend to be more severe and common in them (Martinez-Martin

et al., 2012). The hallmark of the pathophysiological changes in
the PD brain is the severely impaired dopaminergic neurons in
the substantia nigra, which is the cause of most of the main
symptoms of PD. Lewy bodies in the remaining neurons of
substantia nigra and other affected brain regions provide the
most discriminating pathological observation in PD (Hassler
et al., 1960; Hughes et al., 1992; Baba et al., 1998; Goedert, 2001).

BRAIN PATHOPHYSIOLOGY OF PD

Clinical researchers consider the pathological progress of PD
in the brain initiates in the lower structures of the brainstem,
followed by a caudal-to-rostral pattern as well as the involvement
of the cortico-basal ganglia-cerebellar pathways. It applies an
ascending course that gradually affects the midbrain, especially
the substantia nigra, and spreads from there to impair the
mesocortex and neocortex. As the pathologic progress continues,
the neurodegeneration of formerly impaired regions is also
aggravated (Braak et al., 2003). The lesions in the brainstem
will trigger the reorganization within the cortico-basal ganglia-
cerebellar pathways, and recruiting alternative pathways to
compensate for the initial impairment at the early stage
(Quartarone et al., 2020). The response of the cerebellum finally
becomes maladaptive and induces the clinical motor symptoms
of PD patients (Wu and Hallett, 2013; Caligiore et al., 2017).
Postmortem and in vivo studies also linked the damage to the
noradrenergic neurons in the locus coeruleus in the early stage
of PD and the dopaminergic neurons in the substantia nigra
pars compacta with the contribution of the motor deficits seen
in PD patients (Fearnley and Lees, 1991; Patt and Gerhard,
1993; Shin et al., 2014). Nevertheless, due to the compensative
mechanisms of the basal ganglia, thalamic nucleus, and the
cerebellum, the clinical symptoms of motor deficits do not appear
until 50%–70% of the dopaminergic neurons in substantial
nigra are impaired and the dopamine levels in the striatum are
depleted by approximately 80% (George et al., 2009; Obeso et al.,
2010; Alberio et al., 2012). By contrast, understanding of the
pathophysiological mechanism responsible for the non-motor
symptoms remains limited, although degenerations of the
dopaminergic and nondopaminergic systems are suggested to
be involved (Ahlskog, 2005). Neuroinflammatory responses
are also implicated in the non-motor symptoms of PD since
increased levels of inflammatory markers in the cerebrospinal
fluid are significantly associated with more severe symptoms
of depression, anxiety, fatigue, and cognition in PD patients
(Lindqvist et al., 2013).

Not only do the etiology and pathophysiology of the
non-motor symptoms of PD remain unclear, but the precise
mechanism for the death of neurons in PD is also uncertain.
Various interpretations have been made to determine whether
neuronal death in PD is simply physiological apoptosis, a
pathologic process, or even more complicated. In vitro and
in vivo studies as well as postmortem observations have
shown that intrinsic caspase-dependent apoptosis participates in
dopaminergic cell death in PD (Hartmann et al., 2000; Viswanath
et al., 2001). Intrinsic caspase-independent apoptosis is also
suspected of being involved in neuronal death in PD; cytochrome
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c-independent apoptosis through endonuclease G is implicated
in α-synuclein cytotoxicity (Li et al., 2001; Büttner et al., 2013).
On the other hand, robust evidence of activated microglia
in the substantia nigra found on postmortem examination
of PD brain supports the view that neuroinflammation is
involved in dopaminergic neuronal death in PD (McGeer et al.,
1988; Banati et al., 1998), which is characterized by activated
resident microglia and an absence of reactive astrocytosis
(Mirza et al., 2000).

Lewy bodies have also gained a lot of attention as to their
specific distribution in neurons, and increases in their amount
are consistent with both PD progression and neurodegeneration
(Bethlem and Den Hartog Jager, 1960; Qualman et al., 1984; Gibb
and Lees, 1988; Braak et al., 2003, 2004). Lewy bodies are weakly
acidophilic round inclusion bodies formed mainly by aggregation
of a presynaptic protein, α-synuclein (Spillantini et al., 1997).
α-Synuclein is believed to play a pivotal role in the initiation
and progression of inflammation in PD. Studies indicate that
the aggregation of α-synuclein might be responsible for neuronal
death in PD. In vitro and in vivo studies have determined the
toxicity of α-synuclein oligomers to membranes (Conway et al.,
2000; Danzer et al., 2007; Karpinar et al., 2009; Winner et al.,
2011). Postmortem studies have revealed the aggregation of α-
synuclein in neurons around pigment-associated lipids under
oxidative conditions, and this aggregation may participate in
neuronal death in PD (Halliday et al., 2005). Inspection of
the brain and cerebrospinal fluid of PD patients by sensitive
sandwich enzyme immunoassay found an apparently higher
level of tumor necrosis factor α (TNFα), which links extrinsic
apoptosis with dopaminergic neuronal death in PD (Mogi et al.,
1994). It is worth noticing that α-synuclein and its mutations
are also linked to these cell death mechanisms as essential
inducers or mediators (Martin et al., 2006; Su et al., 2009;
Büttner et al., 2013).

CELLULAR PATHOPHYSIOLOGY OF PD

As the comprehension of cellular physiology has deepened,
several mechanisms have also been assumed to take part in the
neuronal death in PD. The morphological assessment has linked
autophagy to the substantia nigra dopaminergic neuronal death
of PD patients (Anglade et al., 1997). Increased reactive oxygen
species derived from mitochondria have been indicated to cause
lysosomal dysfunction, which induces the later accumulation of
autophagosomes in the PD brain (Dehay et al., 2010). Studies
implied that familial PD-associated genetic mutations, such as
in DJ-1 and ATP13A2, might impair autophagy and contribute
to the neuronal death in PD (Krebiehl et al., 2010; Dehay
et al., 2012; Gusdon et al., 2012). An in vitro study suggested
that necroptosis is involved in the pathogenesis of PD through
excitotoxicity, the accumulation of intracellular Ca2+ or TNFα,
although its contribution to PD pathology is uncertain (Beal,
1998; Li et al., 2008; Edwards et al., 2011). Iron has also
been suspected as a culprit in the increased oxidative stress
and lesions of dopaminergic neurons because of its potent
reductive property (Jenner et al., 1992). When it comes to
the sex differences in PD, female dopaminergic neuronal cells

are less vulnerable to degenerative factors than male neurons,
mainly due to the impact of estrogens. That is because estrogens
not only have anti-inflammatory properties but also preserve
lipid balance in neuronal membrane microdomains (Marin and
Diaz, 2018). Estrogens and their selective receptor modulators
have been shown to reduce the apoptosis, oxidative stress,
mitochondrial membrane depolarization, and Ca2+ influx of
neurons (Yazğan and Naziroğlu, 2017; Chen et al., 2019). Also,
female neurons have higher electron transport chain activity
and greater functional capacities compared with male neurons,
which result in lower oxidative stress (Escames et al., 2013;
Harish et al., 2013; Gaignard et al., 2015). Iron accumulation in
DA neurons (summarized graphically in Figure 1) has reported
repeatedly in PD patients as well as model animals, suggesting
dysfunction of iron metabolism in PD (Jiang et al., 2017;
Santiago and Potashkin, 2017; Moreau et al., 2018). As a newly
discovered mechanism of iron-induced cell death, ferroptosis is
considered a significant candidate for the major death process
of dopaminergic neuronal cells due to its close relationship with
iron and lipid peroxidation (Dixon et al., 2012; Skouta et al., 2014;
Do Van et al., 2016). Considering the properties of estrogens to
maintain the lipid balance in neuronal membrane microdomains
and to regulate the iron metabolism of neurons (Wang et al.,
2015; Mariani et al., 2016), it is very likely that sex differences
also affect the process of ferroptosis.

FERROPTOSIS

Ferroptosis is a recently identified form of cell death that
takes place in a caspase-independent but regulated manner. By
its independence from caspase, ferroptosis is morphologically
categorized as necrosis rather than apoptosis (Dixon et al.,
2012). The most striking feature of ferroptosis is its association
with lipid peroxidation (Figure 2; Yang et al., 2014). In
contrast to the relatively lower contribution of lipids to
other forms of cell death such as apoptosis, pyroptosis, and
necroptosis, ferroptosis relies exclusively on lipid peroxidation.
Therefore, the loss of glutathione peroxidase 4 (GPX4), which
is the only enzyme in the GPX family with the ability
to reduce peroxidized lipids (Figure 2; Brigelius-Flohé and
Maiorino, 2013), results in ferroptosis (Yang et al., 2014).
Since GPX4 utilizes reduced glutathione (GSH) to reduce lipids,
decreased levels of intracellular GSH also lead to ferroptosis
through the inability of GPX4 to reduce peroxidized lipids.
Intracellular GSH levels are maintained via the incorporation
of extracellular cystine, an oxidized form of cysteine. The
incorporation of cystine through system Xc− on the plasma
membrane results in a subsequent increase in intracellular
cysteine, a precursor of GSH (Figure 2). This GSH/GPX4 system
works as the main ferroptosis surveillance system in healthy cells,
and, therefore, the inhibitions of system Xc− by erastin and
GPX4 by RSL3 result in ferroptosis (Dixon et al., 2012).

In addition to the GSH/GPX4 system, another system to avoid
the accumulation of peroxidized lipids has been discovered.
Mitochondrial CoQ oxidoreductase has been identified as a
protein that can protect cells from ferroptosis when GPX4 is
absent (Bersuker et al., 2019; Doll et al., 2019). This enzyme
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FIGURE 1 | Cellular iron metabolism. Ferric iron (Fe3+) is transported into cells via binding to transferrin receptor (TfR) and subsequent endocytosis, while ferrous
iron (Fe2+) enters cells through divalent metal transporter1 (DMT1). Within the endosomes, Fe3+ is reduced to Fe2+ through the action of the six-transmembrane
epithelial antigen of the prostate (STEAP, metalloreductase) and released into the cytosol via DMT1. Ferritin is served as the intracellular reservoir of iron. In DA
neurons, neuromelanin (NM) works as the iron storage protein instead of ferritin. Fe2+ stored in ferritin/NM is released into the cytosol as the cytosolic labile iron pool
via ferritinophagy. Excess in the cytosolic labile iron pool leads to the export of excess iron via ferroportin. In Parkinson’s disease (PD) patients as well as PD models,
cellular iron uptake and release were increased and decreased, respectively, in DA neurons. Also, ferritinophagy is upregulated in the PD model. All of these
contribute to the increase of cytoplasmic labile iron pool, which leads to an increase of ferroptosis susceptibility of DA neurons in PD.

was therefore renamed ferroptosis suppressor protein-1 (FSP-
1; Figure 2). It is known that CoQ can reduce peroxidized
lipids (Frei et al., 1990). Thus, these reports not only reveal
a novel ferroptosis surveillance system, the CoQ/FSP-1 system
but also solve the long-existing mystery as to why CoQ
(CoenzymeQ, ubiquinone), an essential component of the
mitochondrial electron transfer chain (ETC), is also located in
extramitochondrial spaces where CoQ function was not known
(Morré and Morré, 2011).

Lipid peroxidation during ferroptosis proceeds as follows:
(1) the initial reaction occurs between ROS (e.g., hydroxyl
radicals), that seem to be derived from NADPH oxidase rather
than mitochondrial ETC, at least under some circumstances
(Dixon et al., 2012), and hydrogen atoms in unsaturated
lipids, typically polyunsaturated fatty acids (PUFAs). During
ferroptosis, PUFAs should be incorporated into the membrane
in a phospholipid (PL)-conjugated form (PUFA-PLs) through
the action of acyl-CoA synthetase long chain-4 (ACSL4)

and lysophosphatidylcholine acyltransferase-3 (LPCAT3; Dixon
et al., 2015; Doll et al., 2017; Kagan et al., 2017). Lipid peroxides
are generated via enzymatic oxygenation by 15-lipoxygenase
(LOX15; Dixon et al., 2015) and/or the iron-dependent
non-enzymatic Fenton reaction (Winterbourn, 1995). The
discovery of small chemical inducers and inhibitors of ferroptosis
has supported progress in this new research area. In addition to
the availability of authentic ferroptosis inducers such as erastin
(system Xc− inhibitor) and RSL3 (GPX4 inhibitor), there are
several reliable ferroptosis inhibitors. For example, ferrostatin-1
(Fer-1) and liproxstatin-1 (lip-1) are lipophilic radical scavenging
molecules that are thought to eliminate lipid ROS (Dixon
et al., 2012; Zilka et al., 2017), while deferoxamine (DFO) is
a well-known iron chelator. Although the mechanisms for the
initiation and progression of ferroptosis have been revealed, the
way in which lipid peroxides cause plasma membrane rupture
remains unknown. A report showed that peroxidized lipids alter
membrane fluidity in liposomes (Borst et al., 2000), although
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FIGURE 2 | Two ferroptosis surveillance systems. Glutathione peroxidase-4 (GPX4) belongs to the glutathione (GSH)-dependent peroxidase family of proteins and
is the only protein in this family that can reduce lipid peroxides. System Xc− is the cystine-glutamate exchange system through which intracellular GSH levels are
maintained. In addition to this GPX4/GSH system, ferroptosis suppressor protein-1 (FSP-1), a CoQ oxidoreductase that reduces coenzyme Q10 (CoQ) to regenerate
as a radical scavenger, has been found. This FSP-1/CoQ system is another system to eliminate lipid peroxides from healthy cells.

whether or not peroxidized lipids or their derivatives can cause
membrane rupture has not been elucidated.

CHEMICALS USED TO CREATE PD
MODEL

To clarify the pathophysiological process of PD and to evaluate
the efficiency of PD-targeted medicines, sophisticated models
have been developed that use a panel of chemicals to reproduce
and imitate the neurodegeneration process of PD. We introduce
four chemicals (PQ, rotenone, 6-OHDA, and MPTP/MPP+) that
were applied to create the PD model for their capability to
cause PD-like neuron impairments and symptoms (Figure 3).
The ability of these chemicals to induce ferroptosis will also be
discussed with special attention paid to their effects in SH-SY5Y
human neuroblastoma cells since these cells possess properties
of dopaminergic neurons, and, therefore, have a long history
of use as an in vitro model in studies on PD (Cheung et al.,
2009). Early studies using SH-SY5Y cells as an in vitro model
of chemically-induced PD showed that apoptosis is the main
mode of cell death induced by PQ (Klintworth et al., 2007; Yang
et al., 2009), rotenone (Kitamura et al., 2002; Klintworth et al.,
2007), 6-OHDA (von Coelln et al., 2001), and MPP+ (Itano and
Nomura, 1995; Sheehan et al., 1997). This might be, at least in
part, to the fact that apoptosis was the only mode of cell death
that could be examined using marker proteins (caspases and
their substrates) as well as electron and fluorescence microscopy
when the studies were performed. However, recent research
progress has shown that SH-SY5Y cell death due to PD-inducing
chemicals involves forms of cell death other than apoptosis.

Unfortunately, a perfect model that captures every
characteristic and detail of PD does not exist at present.
Due to various limitations, such as the stability of models,
properties of chemicals, and differences between experimental
animal species and humans, models currently in use can only
represent one or several views of the pathophysiological progress
of PD (Miller, 2007; Berry et al., 2010). Although it is still difficult
to fully understand the disease progress, it is possible to choose
the most suitable model for a particular study aim and still
achieve satisfying and indicative results.

Paraquat
Paraquat (1,1′-dimethyl-4,4′-bipyridnium, PQ), an important
member of the bipyridyl family of broad-spectrum compounds,
was developed in the early 1960s by the Syngenta company as a
nonselective quaternary ammonium herbicide. PQ is one of the
world’s most commonly used weed killers. Although the use of
PQ is banned by many countries due to its fatal toxicity towards
humans, its manufacture and exportation are controversially
permitted (Bastias-Candia et al., 2019). In America and Japan,
and many developing countries that allow its use, PQ is still
widely sprayed on fields with worrying consequences. The
worldwide annual incidence of PQ poisoning is approximately
38/1,000,000, with extremely high mortality rates that vary from
54 to 74% (Weng et al., 2012; Ko et al., 2017; Elenga et al., 2018).
Most PQ poisoning cases are related to suicide (Gawarammana
and Dawson, 2010).

Toxicity of Paraquat
Soon after PQ was put into practical use, it’s poisoning in
humans was reported (Bullivant, 1966). Acute exposure of
humans to PQ causes severe and irreversible damage to the
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FIGURE 3 | Chemicals used to create PD models. Chemical structures of
rotenone, paraquat (PQ), MPTP/MPP+, and 6-hydroxydopamine (6-OHDA),
are shown along with that of dopamine for comparison to 6-OHDA. MTPT
can penetrate the blood-brain barrier (BBB) and enter into astrocytes where
MPTP is converted to MPP+ via the action of monoamine oxygenase (MAO).
MPP+ enters into dopaminergic neurons through the dopamine transporter
(DAT). Due to its structural similarity to dopamine, 6-OHDA can also enter
dopaminergic neurons via DAT. Rotenone, PQ, MPP+, and 6-OHDA all inhibit
complex I of the mitochondrial respiratory chain.

lungs, kidneys, and liver, which eventually leads to death even
if the dose is not massive. This is mainly because PQ rapidly
accumulates and persists in these organs during its distribution
in the human body (Sharp et al., 1972; Rose et al., 1976; Houzé
et al., 1990). With poor clearance and metabolism, PQ can
persist in the plasma and urine for weeks and months after
poisoning, thereby inducing continuous damage (Houzé et al.,
1990). The cause of death in PQ poisoning cases is mostly
pulmonary fibrosis. PQ is taken up into the lungs with a higher
concentration and longer persistence than other organs soon
after acute exposure (Rose et al., 1974; Houzé et al., 1990). In
the lungs, PQ causes widespread edema, acute alveolitis, alveolar
collapse, inflammatory reactions in the vascular endothelium,
pulmonary congestion, hemorrhage, and fibrosis in the long term
(Dearden et al., 1978, 1982; Gawarammana and Buckley, 2011).
PQ also impairs the renal parenchyma, and causes ischemic
or toxic acute tubular necrosis in the kidneys, which leads to
acute kidney injuries (Bullivant, 1966; Oreopoulos et al., 1968;
Fowler and Brooks, 1971; Kim et al., 2009). Congestion and
hepatocellular injury can be observed after PQ accumulation in
the liver (Matsumori et al., 1984). The clearance and detoxication
of PQ depend on the kidneys and liver, so the reduction in their

FIGURE 4 | Supposed mechanism of lipid peroxidation by PQ. PQ becomes
the PQ radical after taking an electron from the mitochondrial electron transfer
chain (ETC). The PQ radical reacts with molecular oxygen and generates the
superoxide anion (O−

2 ), which is finally converted to hydroxy peroxide (H2O2)
via the action of superoxide dismutase (SOD). The Fenton chemistry between
Fe2+ and H2O2 leads to the peroxidation of lipids.

functions further contributes to the persistence of PQ in the body
and increases its toxicity and mortality (Houzé et al., 1990).

The inherent toxicity of PQ is mainly due to its redox
cycling in cells and to mitochondrial toxicity (Figures 3, 4).
PQ is metabolized by cellular enzyme systems including the
NADPH-cytochrome P450 reductase (Clejan and Cederbaum,
1989; Kelner and Bagnell, 1989) and NADPH oxidase (Bus and
Gibson, 1984; Peng et al., 2009). During metabolism, redox
cycling of PQ generates reactive oxygen species and initiates lipid
peroxidation (Figure 4; Bus et al., 1976a,b; Adam et al., 1990;
Castello et al., 2007). The increasing oxidative stress and lipid
peroxidation induce apoptosis and contribute to PQ toxicity (Bus
et al., 1976a; Kurisaki, 1985; Rio and Velez-Pardo, 2008; Yang and
Tiffany-Castiglioni, 2008). PQ is principally reduced by Complex
I in mitochondria, where PQ induces an increase in the Ca2+-
dependent permeability of the mitochondrial membrane and
forms superoxide. Both contribute to the mitochondrial toxicity
of PQ by damaging the mitochondrial inner membrane and
mitochondrial function (Costantini et al., 1995; Cocheme and
Murphy, 2008; Gawarammana and Buckley, 2011).

Neurotoxicity of Paraquat
The overlap and similarities between the pathophysiology of
PD and the neurotoxicity of PQ, such as increased oxidative
stress and the aggregation of α-synuclein, make it natural for
researchers to associate their relationship. Abundant and detailed
evidence has demonstrated that chronic exposure to PQ increases
the PD risk (Hertzman et al., 1990; Liou et al., 1997; Ossowska
et al., 2005; Kamel et al., 2007; Tanner et al., 2011).
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Because the concentration of PQ in the brain following
acute exposure is low, the possibility of neurotoxicity by PQ
was overlooked in earlier studies as it was thought that the
blood-brain barrier (BBB) would impede PQ entry into the
brain; rather, the presence of PQ in the brain was attributed
to the cerebral circulatory system (Houzé et al., 1990; Naylor
et al., 1995; Widdowson et al., 1996). However, cases of brain
damage caused by PQ began to be reported (Grant et al., 1980;
Hughes, 1988), and research then verified the ability of PQ to
penetrate the BBB. The findings indicated that PQ penetrates the
brain not through destruction of BBB function, but rather by a
process mediated by the neutral amino acid transport system.
PQ then penetrates striatal neurons in a Na+-dependent manner
(Shimizu et al., 2001; McCormack and Di Monte, 2003). Chronic
low-dose exposure to PQ demonstrates a more persistent and
apparent PQ concentration with neurodegeneration in the
brain as compared to one-time acute exposure (Prasad et al.,
2007). Case reports showed that PQ induces brain edema,
subarachnoid hemorrhage, neuroinflammation, and moderate
neuronal damage (Grant et al., 1980; Hughes, 1988). Subsequent
studies revealed that PQ produces selective lesions in the
dopaminergic neurons of the substantia nigra (McCormack et al.,
2002; Kang et al., 2009), and impairs noradrenergic neurons in
the locus coeruleus (Fernagut et al., 2007; Sandstrom et al., 2017),
solitary nucleus, and catecholaminergic neurons in the pituitary-
adrenal system (Edmonds and Edwards, 1996), all of which
subsequently decrease the dopamine concentration in the brain
(Barbeau et al., 1985).

Studies have indicated that PQ dopaminergic neurotoxicity
is associated with increased cellular oxidative stress and
neuroinflammation, which induces α-synuclein aggregation and
impairs neurons (Manning-Bog et al., 2002; Fernagut et al.,
2007; Mak et al., 2010). Under the generation of ROS and
increased oxidative stress with or without inhibition of the
antioxidative glutathione system of the substantia nigra, PQ
elicits mitochondrial dysfunction and injury, and eventually
causes neurons to embark on cell death mechanisms (Yang
and Tiffany-Castiglioni, 2005; Doostzadeh et al., 2007; Cocheme
and Murphy, 2008; Cristovao et al., 2009; Kang et al.,
2009; Niso-Santano et al., 2010). Several signaling pathways
are reported to be involved in this final act. The JNK
signaling pathway is considered to be a direct mediator
in PQ-induced neuronal apoptosis (Peng et al., 2004). The
inhibition of the Wnt signaling pathway is related to the
severe neurodegenerative progress induced by PQ, including
demyelination (Inestrosa and Arenas, 2010). An in vitro study
showed that apoptosis is involved in the oxidative stress-related
dopaminergic neurotoxicity of PQ (Peng et al., 2004). The
axonal guidance and Wnt/β-catenin signaling contribute to the
loss of dopaminergic neurons and the increased α-synuclein,
identified by transcriptome sequencing in the ventral midbrain
and striatum of PQ treated mice (Gollamudi et al., 2012).
Ferroptosis has also been reported to be associated with damage
to the locus coeruleus noradrenergic neuronal degeneration, and
the occurrence of non-motor symptoms such as learning and
memory dysfunction, which take place in the early stage of PD
(Hou et al., 2019b).

We have shown that is difficult to explain PQ toxicity
towards SH-SY5Y cells by apoptosis, necroptosis, or ferroptosis
(Hirayama et al., 2018). However, Hou et al. (2019b)
demonstrated that PQ combined with maneb seems better
at inducing PD-like progress, especially the pathological changes
seen in the early stages of PD. Indeed, they also demonstrated
that PQ plus maneb induces ferroptosis in SH-SY5Y cells (Hou
et al., 2019a) and that this can be suppressed by ferrostatin-1,
liproxstatin-1, or deferoxamine (Hou et al., 2019a). Furthermore,
cell death could be accelerated by the addition of iron. GPX4 and
GSH levels were also reduced, suggesting that SH-SY5Y cell
death by PQ plus maneb is associated with many of the features
of ferroptosis. The combined administration of PQ with maneb
or its closely related chemical, mancozeb, has also been applied
to study the effects of PQ on the nigrostriatal dopamine system
and was found to reproduce PD symptoms better than PQ alone
(Thiruchelvam et al., 2000a,b). Maneb is a carbamate fungicide
that has been shown to cause mitochondrial damage (Zhang
et al., 2003). Complex III is considered to be the main target of
maneb (Zhang et al., 2003), in contrast to PQ toxicity towards
complex I. Also, a recent study demonstrated that maneb has
broad cellular effects including causing alterations in glycolysis
(Anderson et al., 2018). Although the differences between the
neurotoxic mechanisms of PQ and PQ plus maneb have not been
elucidated in detail, these reports put PQ plus maneb as a strong
candidate as a future model for not only PQ pathophysiology but
also for the mechanisms of ferroptosis.

Rotenone
Rotenone is a naturally occurring compound commonly used
worldwide as an herbicide and insecticide. It is extracted
from plants including Lonchocarpus, Millettia pachycarpa, and
Mundulea suberosa (Clark, 1929). Rotenone was first used as a
fish poison until its potential for insect control was noticed. The
popularized application of rotenone in agriculture is due to its
easy decomposition under sunlight, short half-life, and specific
remarkable toxicity against insects. Though hardly any cases
of rotenone toxicity to humans have been reported, rotenone
ingestion can cause metabolic acidosis, respiratory dysfunction,
neurological symptoms, and injuries to the cardiovascular
system, liver, and brain (Wood et al., 2005; Chesneau et al.,
2009; Patel, 2011). The neurotoxicity of rotenone to nigrostriatal
dopaminergic neurons was first discovered in an in vivo study
in 1985 (Heikkila et al., 1985). Unlike PQ, the high lipophilicity
of rotenone allows it to penetrate the BBB and all types of cells
without the involvement of a transport system and then impairs
the brain. Evidence indicates that rotenone selectively impairs
the striatum, globus pallidus, and nigrostriatal dopaminergic
neurons (Ferrante et al., 1997; Betarbet et al., 2000).

The neurotoxicity of rotenone is mainly the result of its
mitochondrial toxicity and mitotic inhibition. In neuronal
cells, rotenone impairs mitochondrial energy metabolism by
inhibiting complex I (Ferrante et al., 1997; Talpade et al.,
2000; Schuler and Casida, 2001). Studies indicate that PD is
positively associated with rotenone exposure (Spivey, 2011). The
RNA sequencing analyses of rat enteric nervous cell PD model
induced by rotenone showed that Mitogen-Activated Protein
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Kinase regulates the PD pathogenesis. The Toll-like receptor,
Wnt, and Ras signaling pathways intensively participate in the
neurotoxicity of rotenone, particularly in neurodegeneration
and aggregation of α-synuclein (Guan et al., 2017). Rotenone
induces PD-like motor symptoms such as muscular rigidity,
bradykinesia, and the aggregation of α-synuclein (Betarbet et al.,
2000; Greenamyre et al., 2010). However, early attempts to apply
rotenone as a PD model found that high doses of rotenone induce
widespread brain damage rather than specifically targeting the
nigrostriatal system, which might interfere with the value of
relevant studies (Heikkila et al., 1985; Ferrante et al., 1997; Rojas
et al., 2009). Modified rotenone PD models using a low dose
and chronic administration have shown promising outcomes
with selective nigrostriatal neurodegeneration and positive
aggregation of α-synuclein cytoplasmic inclusions (Betarbet
et al., 2000; Sherer et al., 2003; Zhu et al., 2004; Inden et al., 2011).
Although it seems to be a perfect model for PD studies, there
are criticisms that the rotenone-induced PD model is difficult
to reproduce and likely to cause mortality (Höglinger et al.,
2003; Fleming et al., 2004; Lapointe et al., 2004; Zhu et al.,
2004; Johnson and Bobrovskaya, 2015). These limitations might
be explained by the heterogeneous distribution of rotenone in
the brain (Talpade et al., 2000). It is worth mentioning that
although rotenone-induced PD models have been widely used
in PD studies, there almost no cases of rotenone-induced PD
in humans. There might be two reasons for this scarcity. First,
the short half-life and easy decomposition of rotenone decrease
the risk of its exposure to humans. Second, after ingestion, the
absorption of rotenone in the gastrointestinal tract is slow and
incomplete, while it is effectively metabolized in the liver. These
properties make it unlikely to enter the general circulation to
cause bad outcomes unless the intake is excessive.

Many studies have demonstrated that rotenone induces
apoptosis in SH-SY5Y cells. However, Kabiraj et al. (2015) have
demonstrated that apoptotic SH-SY5Y cell death induced by
rotenone can be suppressed by Fer-1. They also demonstrated
that Fer-1 mitigates not only rotenone-induced apoptosis
but also synuclein aggregation and ER stress. Although the
mechanism of cell death seems to be apoptosis as demonstrated
by the appearance of positive apoptosis markers such as PARP
cleavage, the effectiveness of Fer-1 in reducing cellular damage
may indicate that the rotenone-induced apoptosis of SH-SY5Y
cells has some of the characteristics of ferroptosis.

6-OHDA
6-Hydroxydopamine (6-OHDA), a highly oxidizable dopamine
analog, was first identified in 1959 (Tieu, 2011). Unlike more
commonly used herbicides such as PQ, 6-OHDA is away
from public attention and mainly applied in scientific research
to build PD models. In the beginning, 6-OHDA was found
to lessen noradrenaline concentrations in the brains of mice
(Porter et al., 1965). Further studies recognized the potential
of 6-OHDA in PD research because it can decrease the
concentrations of dopamine and noradrenaline in the brains of
neonatal rats (Breese and Traylor, 1972). Electron microscopic
studies revealed that 6-OHDA selectively impairs sympathetic
adrenergic nerve terminals (Tranzer and Thoenen, 1968, 1973).

Besides impairing neurons, 6-OHDA also induces PD-like motor
and non-motor symptoms in rats (Ungerstedt, 1968; Luthman
et al., 1989; Branchi et al., 2008; Tadaiesky et al., 2008).
These properties of inducing PD-like neurodegeneration and
symptoms make 6-OHDA a popular choice for building PD
models. The neurotoxicity of 6-OHDA is mainly related to
oxidative stress. After administration, 6-OHDA is absorbed into
neurons by dopaminergic and noradrenergic transporters due
to its structural similarities to dopamine and noradrenaline
(Luthman et al., 1989). In neuron cells, 6-OHDA generates
ROS by oxidation and the Fenton reaction (Blum et al.,
2001), and this increased intracellular oxidative stress leads to
lipid peroxidation (Saner and Thoenen, 1971; Graham, 1978;
Kumar et al., 1995). 6-OHDA has also been shown to impair
the mitochondrial respiratory chain by inhibiting complex I
(Glinka and Youdim, 1995). Furthermore, studies suggest that
neuroinflammation is involved in the neurotoxicity of 6-OHDA
(Stromberg et al., 1986). Consistently, the RNA sequencing
analyses of the 6-OHDA-induced PD rat model identified
differentially expressed genes like IRF7, ISG15, et al. that
contribute critical roles in early neuroinflammatory response
and neurodegeneration (Li et al., 2019). To obtain neurotoxic
concentrations in the brain, 6-OHDA must be administrated
by intracerebral injection because it hardly crosses the BBB
(Sauer and Oertel, 1994). Meanwhile, the strategy of injection
has a significant effect on the subsequent neurodegeneration
(Agid et al., 1973).

6-OHDA has been reported inducing ferroptosis in an in vitro
model using SH-SY5Y cells (Sun et al., 2020). In contrast,
there is a report demonstrating that the non-oxidative form
of dopamine can inhibit erastin-induced ferroptosis (Wang
et al., 2016). Dopamine suppresses erastin-induced ferroptosis
by inhibiting the degradation of GPX4 as well as dopamine
receptors (Wang et al., 2016). Also, dopamine itself is a
powerful anti-oxidant; the anti-oxidative effect of dopamine
is stronger than that of α-tocopherol (Yen and Hsieh, 1997).
Therefore, dopamine itself should be involved in the avoidance
of ferroptosis through multiple means including anti-oxidative
properties and suppression of GPX4 degradation, the latter of
which also leads to an anti-oxidative effect in DA neurons.

MPTP
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a
meperidine congener, was accidentally produced in the early
1980s during an impure synthesis of MPPP, which is an opioid
analgesic drug (Davis et al., 1979; Langston et al., 1983). Instead
of any psychostimulant effect, its neurodegenerative potential
was recognized very soon. PD-like degeneration of nigrostriatal
neurons and motor symptoms was found in humans who
misused MPTP (Davis et al., 1979; Langston et al., 1983, 1999s).
Since then, MPTP has been widely used to create a PD model for
research. MPTP was found to be a prodrug for the neurotoxin
MPP+ (1-methyl-4-phenylpyridinium). Because MPTP is a
lipophilic compound, it can cross the BBB, and be taken up by
astrocytes where it is converted to MPP+. The MPP+ is then
released into the extracellular space and subsequently absorbed
into dopaminergic neurons and terminals by dopaminergic
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transporters for which it shows high affinity (Cui et al., 2009;
Martí et al., 2017). In dopaminergic neurons, MPP+ inhibits
complex I of the mitochondrial electron transport chain, causing
mitochondrial dysfunction as well as increased oxidative stress.
This damage eventually leads to apoptosis and necrosis of the
neurons (Nicklas et al., 1985; Mizuno et al., 1987). These findings
are underpinned by the results of RNA sequencing analyses.
The genes involved in oxidative phosphorylation (Atp6ap1l,
Atp6v1e1, and Ndufa7), the apoptosis (Lrrc 74b, Lrrc 18, and
et al.), and the necroptosis (Hist2h2aa2, Zbp1, and Fam47e) were
differentially expressed in the MPTP-induced PD mouse model
(Yang et al., 2020). The severe impairment of dopaminergic
neurons subsequently results in PD-like motor symptoms
(Sayre et al., 1989).

Many studies have been conducted using MPTP-induced PD
models in different species of experimental animals. Among
them, the monkey PD model is currently the gold standard
for preclinical testing of therapies (Bezard and Przedborski,
2011). Meanwhile, numerous studies have used this model in
mice (Przedborski et al., 2001). In general, PD-like symptoms
and a significant decrease in striatal dopamine are more
satisfactorily achieved in the monkey model than in mice. The
satisfying reproducibility of the MPTP-induced PD symptoms,
pathological changes, and mitochondrial dysfunction in primates
makes it the most valuable and practical model for PD studies
at present.

One of the earliest studies demonstrating ferroptosis in
PD model animals came from experiments using the MPTP
model (Do Van et al., 2016). In mice administered MPTP,
a loss of TH-positive neurons was observed in both the
substantia nigra and striatum and these losses were prevented
by the pre-administration of Fer-1 (Do Van et al., 2016).
The same authors also demonstrated that MPP+ induced
ferroptosis in Lund human mesencephalic (LUHMES) cells,
which are immortalized dopaminergic neuronal precursor cells
that can differentiate into dopaminergic neurons (Zhang et al.,
2014). Moreover, they observed Fer-1 and/or deferiprone (DFP)
suppressible cell death in LUHMES cells by PQ, rotenone, 6-
OHDA, or MPP+ (Do Van et al., 2016). They also reported
that SH-SY5Y cells are resistant to a ferroptosis inducer (erastin)
while highly sensitive to an apoptosis inducer (staurosporine;
Do Van et al., 2016). Despite the tendency towards apoptosis,
Ito et al. demonstrated that MPP+-induced death of SH-SY5Y
neuronal cells can be partially inhibited by both ferrostatin-1 and
necrostatin-1 (Ito et al., 2017).

CONCLUDING REMARKS

Although several mechanisms and cell death pathways are
assumed to contribute to the neuronal death in PD, researchers
have not conclusively established which might be the primary
and most significant mechanism, or if there is a multifactorial
cascade for PD pathogenesis. Recently, it was reported that
synuclein aggregation can induce ferroptosis by interacting
with membranes and accelerating lipid peroxidation (Angelova
et al., 2020). Since synuclein is one of the causative genes of
familial PD and a major component of Lewy bodies, this report

strongly suggests the role of ferroptosis in PD pathogenesis. PD
is also characterized by a decrease in dopamine levels in the
substantia nigra and subsequent loss of dopaminergic neurons.
Since dopamine itself seems to have anti-ferroptotic properties
(Wang et al., 2016), the decreased dopamine levels in PD
might render the cells highly susceptible to ferroptosis. Given
the importance of synuclein as well as dopamine, LUHMES
cells might be a better choice than SH-SY5Y cells for the
study of ferroptosis in PD models. The reason is as follows:
(1) SH-SY5Y cells express none or trace levels of synuclein.
Many PD studies using SH-SY5Y cells were performed after
establishing stable cell lines expressing exogenous synuclein.
In contrast, LUHMES cells express a substantial amount of
synuclein during differentiation into post-mitotic DA neurons
by use of tetracycline (to switch-off the tetracycline-responsible
myc gene), cyclic AMP, and GDNF (Lotharius et al., 2002,
2005); (2) although SH-SY5Y cells show features of DA neurons,
they also show features of NAergic (noradrenergic) neurons
(Filograna et al., 2015). Indeed, as mentioned above, Do Van
et al. (2016) observed ferroptosis in LUHMES cells treated
with a panel of chemical PD inducers. These difficulties
regarding the choice of appropriate cells to examine ferroptosis
in chemical PD models may be reduced by a recent report
showing a method to evaluate the susceptibility of cells to
ferroptosis; cellular NADPH level is proposed as a predictor
for ferroptosis susceptibility (Shimada et al., 2016). However,
whether ferroptosis truly contributes to the pathogenesis of
PD or not remains a problem currently being studied. One
of the difficulties of the ferroptosis study is the examination
criteria of ferroptosis; lipid peroxidation, reliability of iron, and
effectiveness of ROS scavengers as well as iron chelators are the
criteria by which we can discriminate ferroptosis from other cell
deaths. These parameters were especially difficult to examine in
tissue contexts. To overcome this obstacle, Feng et al. (2020)
screened a pool of antibodies and found several antibodies
that stain cells undergoing ferroptosis in tissue sections. These
antibodies include anti-TfR1, anti-malondialdehyde adduct, and
anti-4-hydroxynonenal (4HNE) antibodies (Feng et al., 2020).
Thus, the true contribution of ferroptosis in PD pathology should
be unveiled in the near feature.
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Traumatic brain injury (TBI) is one of the most harmful forms of acute brain injury and
predicted to be one of the three major neurological diseases that cause neurological
disabilities by 2030. A series of secondary injury cascades often cause cognitive
dysfunction of TBI patients leading to poor prognosis. However, there are still no
effective intervention measures, which drive us to explore new therapeutic targets. In
this process, the most part of mild traumatic brain injury (mTBI) is ignored because its
initial symptoms seemed not serious. Unfortunately, the ignored mTBI accounts for 80%
of the total TBI, and a large part of the patients have long-term cognitive dysfunction.
Iron deposition has been observed in mTBI patients and accompanies the whole
pathological process. Iron accumulation may affect long-term cognitive dysfunction
from three pathways: local injury, iron deposition induces tau phosphorylation, the
formation of neurofibrillary tangles; neural cells death; and neural network damage, iron
deposition leads to axonal injury by utilizing the iron sensibility of oligodendrocytes.
Thus, iron overload and metabolism dysfunction was thought to play a pivotal role
in mTBI pathophysiology. Cerebrospinal fluid-contacting neurons (CSF-cNs) located
in the ependyma have bidirectional communication function between cerebral–spinal
fluid and brain parenchyma, and may participate in the pathway of iron-induced
cognitive dysfunction through projected nerve fibers and transmitted factor, such as
5-hydroxytryptamine, etc. The present review provides an overview of the metabolism
and function of iron in mTBI, and to seek a potential new treatment target for mTBI with
a novel perspective through combined iron and CSF-cNs.

Keywords: traumatic brain injury, cognitive dysfunction, cerebrospinal-fluid contacting neuron, autophagy, iron
metabolism

INTRODUCTION

Traumatic brain injury (TBI) is a general term for pathological or structural changes in the brain
caused by impact, bumps, penetrating injuries, or blasting under external forces (Menon et al.,
2010; Cook and Hawley, 2014; Pavlovic et al., 2019), which involves at least one of the following
symptoms: loss or a decreased level of consciousness, loss of memory for events before or after
the injury, neurological deficits (weakness, loss of balance, changes in vision, etc.), or alterations
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in mental state (confusion, disorientation, slowed thinking, etc.).
Based on the clinical awareness level of the Glasgow Coma Scale
(GCS), the severity of TBI is usually classified as mild (mTBI) (13–
15 points), moderate (9–12 points), or severe (3–8 points). The
primary and secondary injuries of trauma may cause severe and
long-lasting damage to TBI patients.

In the acute phase, moderate and severe TBI often cause
intracranial hemorrhage, and half of the TBI patients may
suffer from traumatic cerebral hemorrhage in addition to the
primitive hematoma that causes compressive damage to brain
tissue (Kurland et al., 2012). Some acute clinical symptoms, like
sharply increased intracranial pressure and cerebral hernia, lead
to the mortality of sever TBI as much as 30–40% (Rosenfeld
et al., 2012). Due to the severe clinical symptoms of this part of
TBI patients, neurosurgeons always administrate posttraumatic
intracranial hematoma (TICH) removal to prevent increased
intracranial pressure and cerebral hernia (Tao et al., 2017). Basing
on the secondary injury mechanism, a proportion of severe TBI
survivors have long-term physical and cognitive disorder, but
after high quality care in the emergency or ICU, the consequence
may be attenuated.

Reversely, mTBI, accounting for more than 80% of all TBI
patients, is often ignored, as it is generally non-fatal (0.1%
lethality) (Af Geijerstam and Britton, 2003). MTBI mainly
consists of sport-related TBI and military-related TBI. Sport-
related mTBI has the highest incidence (approximately 20%)
among all types of TBI (Theadom et al., 2014). Except the
professional athletes, due to the benefits for physical and mental
health, more and more people participating in sports, and the
incidence of global sports-related TBI is continuously rising
(Daneshvar et al., 2011). From 2007 to 2011, approximately 84%
of military-related TBIs were classified as mTBIs (Mondello et al.,
2014); military personnel exposed to explosive device blasts on
the battlefield are especially prone to TBI, and this incidence is
closely related to international military situations. Many single-
event mTBI patients experience symptoms or disability even
for more than 1 year (Nelson et al., 2019), including chronic
dizziness, fatigue, and headache (Silver et al., 2009), which are
collectively referred to as postconcussive syndrome (Sterr et al.,
2006; Dikmen et al., 2010).

Many professional athletes or veterans have a history of
repetitive head impacts and are likely to develop chronic
traumatic encephalopathy (CTE) due to multiple episodes of
mTBI (McKee et al., 2015; Stein et al., 2015). Compared
with single-event mTBI, repeat mTBI will induce more serious
neurological dysfunction (Ayubcha et al., 2021). With passage of
time, CTE patients gradually present with cognitive impairment
and memory loss, and at last, dementia is virtually inevitable
(McKee et al., 2013). Cognitive dysfunction is often observed after
TBI and is the major complication of TBI during the subacute
or chronic phase. Cognitive dysfunction in patients with mTBI
can usually last for 3–6 months or longer (Whiteneck et al., 2004;
Boake et al., 2005; Roe et al., 2009). Due to the inconsistency of
research methods and the different subtypes of patients included,
conflicting results on cognitive dysfunction may be reported.
However, it was consistently reported in all studies that the
impact of post-TBI cognitive dysfunction on patients’ work, daily

life, and social functions as well as the burden on families and
society cannot be ignored (Gustavsson et al., 2011). To date, the
mechanism of early cognitive dysfunction after TBI is still unclear
(Wolf and Koch, 2016; Zhao et al., 2017).

Chronic traumatic encephalopathy is a condition that
significantly shortens the life span (Wortzel et al., 2013).
Autopsy revealed that the most typical pathological feature
of CTE is excessive deposition of tau protein and formation
of neurofibrillary tangles (McKee et al., 2015; Kanaan et al.,
2016). Excessive iron deposits were observed in these nerve
fiber tangles, where free iron can induce tau phosphorylation
through oxidative stress (Bouras et al., 1997; Hui et al., 2011).
Coincidently, earlier reports revealed the deposition of non-heme
iron in the deep cortex and hippocampus in the postmortem
brain tissues of mTBI patients (Bouras et al., 1997). Thus, iron
gradually becomes the intervention target in TBI.

CURRENT UNDERSTANDING OF
SECONDARY BRAIN INJURY AFTER
TRAUMATIC BRAIN INJURY

After TBI, the primary injury leads to neuronal death around
the injury site. A series of secondary injury cascades, such
as the release of blood metabolites, microglial activation,
thrombin activity, the release of excitatory amino acids, and
proinflammatory factors, are initiated (Figure 1). Patients with
various degrees of TBI may suffer from a long period of secondary
injury, which plays a key role in determining the final severity and
recovery of nerve injury after TBI (Lee et al., 2015).

Inflammation
Neuroinflammation is a key pathophysiological mechanism
of secondary injury, as it can produce neurotoxic effects on
neurons through oxidative stress, apoptosis, and excitotoxicity
(Faden et al., 2016). After TBI, there is an activation of
neuroinflammation response pathway mediated by microglia
cells that were not initially damaged, and the activated microglial
cells may promote the release of proinflammatory factors
such as interleukin 1, tumor necrosis factor, nitric oxide, etc.,
(Kumar and Loane, 2012), inducing a progressive cycle of
chronic inflammation (Borlongan et al., 2015). Except microglia
activation, the ROS generated after TBI and peripheral immune
cells like macrophages, neutrophils, and lymphocytes recruit
to the injured site through the disrupted blood–brain barrier
(BBB), which are key components to exacerbate the inflammation
(Sulhan et al., 2020).

Blood–Brain Barrier Destroyed
The BBB is crucial in maintaining homeostasis within the brain’s
biochemical environment. After TBI, activation of microglia
and the cytokines released by damaged cells destroy tight
junctions through impairment of BBB endothelial cells, pericytes,
astrocytes, and through the synthesis of tight junction proteins;
this leads to an increase in BBB permeability, subsequent edema,
and the accumulation of plasma-derived factors and immune
cells in brain tissue (Shetty et al., 2014; Sulhan et al., 2020),
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FIGURE 1 | Primary and secondary pathophysiology in traumatic brain injury. Immediately at the time of impact, the brain suffers a direct mechanical trauma, which
induced TBI primary injury including hemorrhage/microhemorrhage, cell death, diffuse axonal injury, etc. Hours to days after impact, the secondary injury initiated by
the primary injury, such as the microglia activated by cytokines and excitatory amino acids from damaged cell, cooperates with the dysfunctional blood–brain barrier
(BBB)-induced immune cell accumulation and neuroinflammation. Excessive iron and calcium-mediated mitochondrial dysfunction increase the generation of free
radical and oxidative species, which induce lipid peroxidation, DNA damage, and cell death.

leading to a sharp increase in intracranial pressure and eventually
cerebral hernia (Winkler et al., 2016).

Excitatory Amino
Similarly, increased release of excitatory amino acids is also
involved in nerve function damage after TBI. Increased release
of glutamate from presynaptic terminals activates N-methyl-D-
aspartate (NMDA) receptors on postsynaptic terminals to lead to
a widespread neuronal depolarization or spreading depression,
further disrupting the sodium ion, potassium ion, and calcium
ion equilibria (Bouley et al., 2019). Then, the function of the
mitochondria, which is the calium regulator, is hampered by
abnormally elevated intracellular calium (Langlois et al., 2006).
As a result of such abnormalities, the membrane pump is
continuously activated to correct the example level of imbalance,
consuming a large amount of glucose and generating a large
amount of lactic acid, leading to acidosis and edema (Zetterberg
et al., 2013; Barkhoudarian et al., 2016).

Basing on the secondary injury mechanism, anti-oxidation
and anti-excitatory amino have been used in releasing the
neurological dysfunction, not showing effect, and currently, there

are no effective treatments approved by clinical trials for TBI
patients (Pearn et al., 2017).

Iron
Imaging examination found a subgroup of mTBI patients with
microbleeding (Nisenbaum et al., 2014). Long time, continuous,
or discontinuous microbleeding can induce red blood cells,
and thrombin enters the brain continuously. Iron is released
into the brain tissue 24 h after the onset of bleeding (Xiong
et al., 2013); on the seventh day, the non-heme iron content
is tripled and can remain at high levels for 28 days in the
brain (Xiong et al., 2013). The evidence suggested that increased
iron accumulation was negatively associated with cognitive
outcomes in chronic TBI patients (Lu et al., 2015). With the
formation of a membrane attack complex, the complementary
cascade reaction may be a mechanism of thrombin-induced brain
damage, resulting in the lysis of red blood cells (Gong et al.,
2005). Catalyzed by HO-1, heme-bound iron is released as free
iron and contributes to the nerve injury process (Beschorner
et al., 2000). Therefore, due to iron deposition accompany with
the whole pathological process, iron is considered an important
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pathophysiological factor involved in these secondary injuries
after mTBI (Nisenbaum et al., 2014).

IRON METABOLISM

Normal Brain Iron Metabolism
Iron is necessary for brain metabolism and is the most
abundant metal in the brain. Iron plays an essential role in
myelination, oxygen transport, neurotransmitter transmission,
and mitochondrial energy production (Salvador, 2010; Ward
et al., 2014).

The BBB plays a vital role in brain iron uptake and protects
the brain from fluctuations in iron levels throughout the body.
Iron in the circulatory system enters the brain through the
BBB mainly in two forms: a transferrin-bound iron-transferrin
receptor complex and a non-transferrin-bound iron (Singh et al.,
2014). Studies have reported that choroid plexus endothelial cells
also regulate the entry of iron into the central nervous system
(Rouault and Cooperman, 2006).

Astrocytes redistribute iron, which have gotten through the
BBB to other cells in the central nervous system with the
assistance of ceruloplasmin (Dringen et al., 2007). Ceruloplasmin
can oxidize ferrous iron to Fe3+, which binds to transferrin in
the cerebral spinal fluid (CSF) (Singh et al., 2014). In addition,
there is a large amount of non-transferrin-bound iron circulating
in the CSF together with ATP, citrate, and ascorbic acid in cells
that do not express transferrin receptors (Malecki et al., 1999; Ke
and Qian, 2007). Oligodendrocytes have the highest iron content
in the brain (Connor and Menzies, 1996), which may explain
their high sensitivity to oxidative stress (Smith et al., 1999).
Although oligodendrocytes are mainly responsible for transferrin
expression and secretion, they take non-transferrin-bound iron
in the form of ferritin via the Tim-2 receptor; astrocytes take
non-transferrin-bound iron via DMT1 (Rouault and Cooperman,
2006; Todorich et al., 2008; Lane et al., 2010). Neurons take iron
from the CSF and interstitial fluid by transferrin-bound iron.

Part of the cytoplasmic iron is involved in the normal
metabolic activities of the cell, such as the activity of
mitoferrin expressed in the mitochondrial inner membrane,
which transports iron from the cytoplasm to the mitochondria
to participate in the synthesis of heme and iron–sulfur clusters
(Benarroch, 2009). Some iron in the form of a complex is directly
transferred to ferritin through the PCBP1 protein–protein effect
(Philpott et al., 2017). A large portion of cytoplasmic iron is
contained in the lysosome (Yu et al., 2003). Apart from the iron
serving as co-factors and the iron stored in ferritin, the remaining
divalent iron in the cytoplasm (a concentration of approximately
0.5–5 µm) is called the free iron pool (Espósito et al., 2002; Ma
et al., 2006; Bayır et al., 2020). Under normal circumstances,
>95% of the ferrous iron in the cytoplasm is bound with GSH
at a ratio of 1:1 and forms a stable iron complex to prevent free
Fe2+ from generating ROS by the Fenton reaction to damage cells
(Patel et al., 2019).

The uptake and storage of cellular iron mainly depend on
the regulatory effects of the cytoplasmic protein iron regulatory
protein (IRP)1 and IRP2 (Ponka, 1999; Styś et al., 2011). When

cells experience iron deficiency, IRPs bind to the iron-responsive
element (IRE) of ferritin mRNA and inhibit the translation of
ferritin to reduce iron storage. Under the mediation of nuclear
receptor coactivator 4 (NCOA4), ferritin is transported to the
lysosome and degraded through selective autophagy to release
free iron for cell utilization (Quiles del Rey and Mancias, 2019).
On the other hand, IRPs combine with the IRE on the transferrin
receptor mRNA to stabilize its mRNA, promote the expression
of transferrin receptor, and increase iron uptake (Recalcati
et al., 2010; Wagner et al., 2016). Meanwhile, excessive cellular
iron may trigger the opposite regulation mechanism. Similar to
peripheral tissues, brain tissues also transport iron out of cells
under the synergistic effect of Fpn/hephaestin and/or Fpn/CP
(Li and Qian, 2002; Rouault and Cooperman, 2006). Brain iron
is reabsorbed from the subarachnoid space back into the blood
through the CSF.

Iron Metabolism Disorder Under
Traumatic Brain Injury Condition
Studies have confirmed that iron homeostasis in the brain is
disrupted after TBI (Figure 2). The possible causes of brain iron
metabolism disorder may include iron accumulation caused by
red blood cell lysis, iron metabolism-related protein changes,
mitochondria, and lysosome dysfunction.

Iron accumulation is observed after TBI (Raz et al., 2011; Liu
et al., 2013), which is consistent with the fact that moderate to
severe TBI and many cases of mTBI have cerebral hemorrhage.
Under the effect of HO-1, iron is released from heme as free
iron. Microglia, as brain-specific phagocytic cells, will engulf red
blood cells, and then release degraded iron into the interstitium
of the brain (Andersen et al., 2013); these cells are all a source of
excessive iron in the brain after TBI. The increased iron in the
interstitium and CSF will be transported to various types of nerve
cells in various forms, eventually leading to iron accumulation
in nerve cells, which can produce large amounts of ROS to
intensify oxidative stress and aggravate secondary damage after
TBI (Nunez et al., 2012).

The possible causes of brain iron accumulation may also
include the expression of iron metabolism-related proteins
changes. Studies have shown that the expression of ferritin,
transferrin, and transferrin receptors in the brain is increased
after intracranial hemorrhage (Wu et al., 2003), which may
increase iron absorption in neurons and oligodendrocytes, which
is consistent with previous reports that iron accumulates in
brain cells after TBI. In the case of inflammation, McCarthy
et al. (2018) found that an acidic environment increased the
expression of DMT1 in microglia and increased the uptake of
non-transferrin-conjugated iron. Additionally, excessive iron can
inhibit IRPs in cells, then regulating the increased expression
of ferritin and Fpn1 to enhance the storage capacity and iron
output capacity for the increased iron pool (Thirupathi and
Chang, 2019; Wang et al., 2019). However, when inflammation
and iron overload in cells occur, the expression of hepcidin is
also increased (Lieblein-Boff et al., 2013; Rochette et al., 2015).
Studies have shown that hepcidin can enter the central nervous
system through the BBB (Raha-Chowdhury et al., 2015), which,
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FIGURE 2 | Iron metabolism disorder in traumatic brain injury. (A) In normal brain, iron transport across the luminal membrane of the BBB mainly relies on the
transferrin/transferrin receptor (Tf/TfR) pathway, Tf-TfR-bounding iron complex under the help of divalent metal transporter 1 (DMT1) released from the endosome
then transported across the abluminal membrane by ferroportin 1/hephaestin (Fpn1/Heph) and/or Fpn1/ceruloplasmin (CP). Non-transferrin-bound iron can be
transported across the BBB by DMT1, etc. After release from the microvascular endothelial cells through Fpn1, iron mainly in the forms of Tf-fe3+, ferritin-Fe3+, and
ATP-Fe2+, circulates in the cerebral spinal fluid (CSF), which is very convenient to be utilized by nerve cells. Astrocytes take iron via DMT1, and oligodendrocytes
take iron in the form of ferritin via the Tim-2 receptor. Neurons and microglias expressing TfR can take iron from the CSF through TfR and DMT1. Cytoplasm iron: (1)
Participates in cell metabolic activities, such as the synthesis of heme in mitochondria. (2) Contained in poly(rC)-binding protein (PCBP), ferritin, lysosome to prevent
free iron from generating ROS. (B) In traumatic brain injury, iron accumulation occurs in the situation of hemorrhage/microhemorrhage. Excessive iron suppresses
iron regulatory proteins (IRPS) combined with TfR and Fpn1, ferritin iron regulatory elements (IRES) induce TfR decrease and Fpn1, and ferritin increased to prevent
neuron iron overload, but brain hepcidin expression is increased including local and peripheral hepcidin, which is transported into the brain through the dysfunctional
BBB. Hepcidin internalizes Fpn1 to suppress the output of iron. At the same time, increased DMT1 enhances iron uptake in all nerve cells except oligodenrocytes,
but increased ferritin promotes oligodenrocytes and takes iron through the Tim2 receptor. A large amount of increased cytoplasm iron is transported into the
mitochondria generating ROS-induced organelle damage including lysosome and cell death.

with increased permeability after TBI, may allow a large amount
of hepcidin to the brain tissue; thus, hepcidin internalizes Fpn1,
which affects the iron output. As a result, iron uptake capacity
is enhanced, while iron output capacity is weakened, aggravating
the accumulation of iron in cells.

In addition, the possible causes of brain iron metabolism
disorder may include cell mitochondrial and lysosomal
dysfunction. Under pathological conditions of TBI, the MCU
protein on the inner mitochondrial membrane can transport a
large amount of calcium ions into the mitochondria, disrupting
the normal function of the mitochondria (Peng and Jou, 2010;
Zhang et al., 2019). When MCUs rapidly mediate calcium ions

into the mitochondria, they also simultaneously mediate a large
amount of iron into the mitochondrial matrix (Zhang et al.,
2019), which can cause iron homeostasis disorder. Excessive
iron generates ROS through the Fenton reaction, which further
aggravates mitochondrial dysfunction and forms a progressive
vicious cycle. Using MCU inhibitors can promote mitochondrial
dysfunction recovery caused by iron overload by reducing ROS
production and mitochondrial depolarization (Sripetchwandee
et al., 2013). In normal cells, a large portion of iron is contained in
lysosomes in the form of divalent iron (Yu et al., 2003). After TBI,
oxidative stress in cells can cause damage to certain lysosomes.
The sensitivity to oxidative stress is related to the amount of
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iron contained in lysosomes (Terman and Kurz, 2013). The
damaged lysosome ruptures and releases large amounts of iron
into the cytoplasm.

IRON-RELATED BRAIN INJURY AFTER
TRAUMATIC BRAIN INJURY

Local Injury
Iron deposition in the brain could induce local pathological
appearance. Previous studies have observed iron deposition in
CTE patients. The main pathological feature of CTE is the
abnormal aggregation of tau protein in neurons, astrocytes,
and cell synapses in the deep cortical sulci. In this process,
accumulated iron promotes the phosphorylation of tau protein
in the brains of CTE patients through oxidative stress and
aggregates to form nerve fiber tangles (Shen, 2015). Studies have
shown that the sustained occurrence of mild TBI can increase
the risk of Parkinson’s disease in patients over 55 years old in
5–7 years (Gardner et al., 2015), which may also be related to
excessive iron deposition after TBI.

Neural Network Injury
There is a hypothesis that damage to the brain network, mainly
axons, may be the basis of cognitive dysfunction after TBI (Wolf
and Koch, 2016), and iron may play an important role in the
process. Despite the primary injury due to mechanical force,
diffuse and multifocal damage often appears, leading to diffuse
axonal injury by blunt force of shearing, tearing, and stretching
of the axon and further damage of the long-distance white
matter connection, with large-scale network disconnection as the
core mechanism of cognitive impairment. Diffuse axonal injury
induced by initial mechanical force could lead to cognitive decline
immediately when the TBI occurs and is always irreversible.
Besides the initial mechanical force, the complex secondary
cascade always induces long-term diffuse axonal injury. This
characteristic is consistent with TBI especially that mTBI patients
have long-term cognitive dysfunction (Mu et al., 2019).

The mixed and intertwined axon and myelin is one pathology
nature in diffuse axonal injury. Oligodendrocytes provide an
important biological basis for neural network integration and
high-level functions. Oligodendrocyte loss following TBI takes
place. Demyelinated axons are prone to damage, so the loss
of oligodendrocytes may lead to secondary axonal injury
(Armstrong et al., 2016). Oligodendrocytes have the highest iron
content in the brain and are highly sensitive to oxidative stress
and iron accumulation. A recent study demonstrated that iron
homeostasis disorder and ferroptosis can induce oligodendrocyte
loss and demyelination, and iron chelation can rescue iron-
mediated oligodendrocyte death (Nobuta et al., 2019). Thus,
iron accumulation and metabolism disorder after TBI may lead
to secondary axonal injury and cognitive dysfunction through
inducing oligodendrocyte apoptosis.

Cells Death
Excessive iron can lead to cell death. After cell death, the capsule
ruptures, and the contents are released into the tissue, activating

the surrounding immune cells that then promote inflammation
(Tonnus et al., 2018).

Autophagic Cell Death
Autophagy is an evolutionarily and conservatively important
process for the turnover of intracellular materials in eukaryotes.
Autophagy is divided into macroautophagy (usually called
autophagy), microautophagy, and molecular chaperone-
mediated autophagy (Jiang and Mizushima, 2013), which
generally refers to macroautophagy. The autophagy mentioned
in this article refers to macroautophagy. Under normal
circumstances, nerve cells continuously maintain a very low
level of autophagy (Rubinsztein et al., 2005), but in situations
such as starvation, ischemia, hypoxia, protein misfolding,
or damage to organelles, autophagy will be activated to
maintain cell homeostasis (Yorimitsu and Klionsky, 2005;
Yang and Klionsky, 2010).

After TBI, the expression of several autophagy flux indicators
increased, such as Beclin1, LC3-II/LC3-I ratio, and Atg12–
Atg5 conjugates, suggesting an upregulation of autophagy
formation (Diskin et al., 2005; Clark et al., 2008; Liu et al.,
2008; Sadasivan et al., 2008). Au et al. (2016) performed LC3
immunohistochemistry on damaged brain tissue from patients,
showing that the neurons, oligodendrocytes, and microglia in
the damaged area of patients undergoing decompression of the
cranial flap after TBI had autophagosome formation, and the
increase in P62 was correlated with adverse results 6 months
after TBI. This result is consistent with the results of autopsy on
TBI patients by Sakai. The findings by Sakai demonstrated that
the expression of P62 in neurons and glial cells increased within
1 h after TBI, P62 and LC3 immunohistochemical staining was
higher in the contused site than in the non-contused site, and the
expression of autophagy markers increased for a long time—or
even months after injury (Sakai et al., 2014).

The mechanism of autophagy flux change after TBI is not very
clear. One mechanism is brain iron accumulation. Autophagy
occurs after cerebral hemorrhage and that using an iron chelator
significantly reduces cerebral hemorrhage-induced autophagy.
It is suggested that iron plays an important role in inducing
autophagic cell death after cerebral hemorrhage, and this effect
may be one of the secondary injury mechanisms of the brain
(He et al., 2007). Iron overload changes the size and number of
lysosomes and affects autophagic flux (Fernández et al., 2016).
The increased free iron pool generates ROS through the Fenton
reaction (Dowdle et al., 2014). H2O2 produced by oxidative stress
can bind to the cysteine 81 site of ATG4 to regulate the activity
of ATG4 (Scherz-Shouval et al., 2007), then enhance autophagy
and cause autophagic cell death (Asnaghi et al., 2004; Koike et al.,
2008). At the same time, increased autophagy can degrade ferritin
by lysosome and increase intracellular iron levels (Dong et al.,
2008), forming a negative feedback.

Ferroptosis
Ferroptosis is a form of regulated cell death that occurs as a
consequence of lethal lipid peroxidation (Stockwell et al., 2017).
It is due to the inactivation of the glutathione (GSH)-dependent
antioxidant defense mechanism in cells, and the ability of GPX4
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to suppress lipid ROS accumulation is inhibited, which eventually
leads to lipid peroxidation and cell death (Dixon et al., 2012).

Three factors are closely related to ferroptosis: iron,
polyunsaturated fatty acids, and amino acids. Several studies
have shown that iron is necessary for ferroptosis, and excessive
iron deposition has been reported after TBI (Raz et al., 2011). The
free iron pool in the cytoplasm is the most powerful producer of
ROS. The brain is the most abundant source of polyunsaturated
fatty acids and susceptible to lipoxygenase catalysis and ROS
oxidation (Cheng and Li, 2007; Skouta et al., 2014). After TBI,
the release of glutamate at the terminals of presynaptic neurons
increases. High concentrations of extracellular glutamate can
inhibit cystine, which is necessary for the synthesis of glutathione
entering the cytoplasm by Sxc−; pertinently, insufficient GSH
inhibits GPX4 activity and causes ferroptosis. At last, iron-
induced oxidative stress exceeds the ability of anti-oxidative
stress, and ferroptosis occurs.

To date, almost all genes related to iron-induced cell death
are regulated by Nrf2 transcription (Abdalkader et al., 2018).
Nrf2 is a central regulator that maintains redox homeostasis and
regulates the redox state of cells in a harmful state (Villeneuve
et al., 2010); it can be transferred to the nucleus under oxidative
stress to activate a variety of antioxidant enzymes, such as
GPX (de Vries et al., 2008). In the acute stage of cerebral
hemorrhage, the expression of GPX4 is significantly reduced,
and the increase in GPX4 can improve iron-dependent neuron
death in rats and improve the recovery of cerebral hemorrhage
(Zhang et al., 2018).

Cerebrospinal Fluid-Contacting Neurons
Cerebral spinal fluid comprises the inherent contents of the skull
mainly produced by the choroid plexus in the ventricle and
subarachnoid space. It surrounds and supports brain tissue and
the spinal cord in their entirety and plays a role in supporting
and removing metabolites. CSF contains a variety of signals that
participate in the regulation of central nervous system activities
and exchange substances with blood through a variety of ion
channels. Brain metabolites are secreted and infiltrated into CSF
to regulate the entire central nervous system and even organs
throughout the entire body (Illes, 2017).

Recent research suggests that there is a class of neurons
in contact with CSF on the ependyma called CSF-contacting
neurons (CSF-cNs), and the location of CSF-cNs and ciliary
morphology suggests that they sense physical and chemical
signals in the CSF (Orts-Del’Immagine and Wyart, 2017).
The hippocampus is closely related to learning, memory, and
cognitive function. Studies have found that 5-HT can help
hippocampal learning and memory (Oliveira-Silva et al., 2007).
Through the horseradish peroxidase tracing method, it has been
confirmed that CSF-cNs project nerve fibers to the dCA1 area and
transmit 5-HT to the hippocampus; they can also transport 5-
HT from adjacent cells or CSF to hippocampal neurons. When a
CSF-cN is impaired, 5-HT transmission decreases, and cognitive
function declines (Li et al., 2020).

After TBI, CSF-cN iron-induced damage may be part of the
reason why cognitive dysfunction develops. In addition to contact
with CSF, CSF-cNs also connect with other neurons, glial cells,

and blood vessels in the brain parenchyma. As mentioned above,
oxidative stress is the main secondary injury in TBI caused
by iron overload. Savman et al. (2001) compared CSF non-
protein-bound iron in 20 premature infants with ventricular
hemorrhage and 10 normal premature infants and found that
75% of intraventricular hemorrhage (IVH) infants had CSF non-
protein-bound iron, but none of the infants in the control
group had CSF non-protein-bound iron, and all children with
CSF non-protein-bound iron suffered white matter damage
and subsequent disability. CSF-cNs are highly likely to take
a large amount of iron from CSF to generate ROS. Under
oxidative stress, CSF-cNs upregulated the activity of ATG4 by
combining H2O2 with the cysteine 81 sites of ATG4 and activated
ATG4-promoted LC3 lipidation, which is essential for autophagy
initiation, and promoted the formation of autophagosomes
(Scherz-Shouval et al., 2007; Lin and Kuang, 2014). TRPML1
(also known as MCOLN1) belongs to the mucoprotein subfamily
of transient receptor potential channels and co-express with the
CSF-cNs special marker TRPP2 channel in vestibular (Takumida
and Anniko, 2010). Recently, the Xu Haoxing team in the
United States confirmed that TRPML1 is a Fe2+ transport
channel in late endosomes and lysosomes. MCOLN1−/− cells
show obvious Fe2+ deposition in lysosomes and cause cellular
iron metabolism disorder and neuronal degeneration (Dong
et al., 2008). In TRPML1-deficient mice, an increase in p62 and
a clearance defect in LC3-II were found, which shows that the
complete autophagy flux was destroyed (Curcio-Morelli et al.,
2010). Thus, the abnormal autophagy of CSF-cNs may be part of
the pathophysiological mechanism for neurological dysfunction
after TBI (Figure 3).

CLINICAL SIGNIFICANCES FOR IRON
METABOLISM DISORDERS AFTER
TRAUMATIC BRAIN INJURY

Serum Iron and Prognostic Ability
Some studies have shown that serum ferritin is independently
associated with severe cerebral edema and poor prognosis after
cerebral hemorrhage. Serum iron and transferrin levels were
negatively correlated with hematoma volume; serum ferritin
levels in the experimental group were significantly higher than
those in the control group, and the worse prognosis is when
the serum ferritin level is higher. There was no significant
difference in serum CP and serum transferrin (Yang et al., 2016).
In a 3-year randomized double-blind experiment including 818
elderly individuals, an increase in serum ferritin was significantly
correlated with a decline in cognitive function (Schiepers et al.,
2010). The research by Gao et al. (2017) also indicated that severe
cognitive impairment is associated with elevated serum ferritin.
Ferritin is an acute phase protein of the inflammatory response
(Marshall, 2001), and the increase in ferritin in inflammation
causes a decrease in serum iron (Drakesmith and Prentice, 2012).
At the same time, hepcidin is also regulated by inflammation,
and the expression of serum hepcidin in patients with cerebral
hemorrhage is increased (Ganz and Nemeth, 2012). Mecklenburg
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FIGURE 3 | A hypothesis of cerebrospinal fluid-contacting neuron (CSF-cN) autophagy abnormality in traumatic brain injury (TBI). After traumatic brain injury, both
iron and calcium are increased in cerebral spinal fluid, which are largely taken by CSF-cNs. Excessive Ca2+ activates calcium/calmodulin-dependent protein kinase
IIβ (CAMK2B) and increases the permeability of mitochondria resulting in respiratory chain destruction and AMP/ATP ratio increase. Both activated CAMK2B and
increased AMP/ATP ratio could activate AMPK to promote the formation of immature autophagosomes by directly activating ULK1 or inhibiting mTOR. Excessive
iron in the mitochondria increases the generation of ROS including H2O2. H2O2 could combine with cysteine 81 sites of ATG4 to promote lipidation of LC3 to LC3-II,
which participates in mature autophagosome formation. In addition, excessive ROS may inhibit lysosomal ion channel TRPML1, which may be one of the
mechanisms that mediate the abnormality of CSF-cN autophagy after TBI and transcription factor EB (TFEB) to affect lysosome biogenesis and suppress the
hydrolysis ability of the lysosome. At last, autophagosome formation increases and autolysosome hydrolysis is abnormal, both together leading to autophagy flux
abnormality and cytoplasmic content accumulation including damaged mitochondria, misfolded protein, etc.

confirmed the correlation between serum ferritin and serum
hepcidin in the case of inflammation (Mecklenburg et al., 2014).
In general, the combined application of serum ferritin, hepcidin,
and iron indexes may be more clinically meaningful for patients
with hematoma after TBI.

Intervention Strategies and Clinical Trials
For patients who meet the surgical standards, posttraumatic
intracranial hematoma (TICH) removal can reduce the
neurotoxic effect of iron released by lysis from red blood
cells (Tao et al., 2017) and prevent the occurrence of cerebral
hernia caused by the increase in intracranial pressure (Arboix
et al., 2002). The hematoma removal technique used for TICH
varies around the world. Although there are clinical trials for
spontaneous cerebral hemorrhage removal, there are still no
clinical trials specifically for TICH hematoma removal (Table 1).
As early as the 1990s, Zumkeller et al. (1992) found that the
incidence of undesirable prognosis in the hematoma removal
group of TICH patients was better than that in the non-surgical
group of TICH patients. Similarly, in a single-center retrospective
study, Choksey et al. (2009) found that in patients with a low

GCS score whose TICH hematoma volume was greater than
16 ml, the proportion of patients with undesirable prognosis
in the hematoma removal group was 38% less than that in the
non-surgical group (56%). Open surgery may cause damage
to offset the benefits of clearing the hematoma; thus, research
to determine minimally invasive hematoma removal strategies
are currently underway (Wilkinson et al., 2018), such as that
evaluated in the MISTIE III experiment, endoscopic hematoma
removal, and the stereotactic underwater blood aspiration
(sCUBa) (Turner et al., 2015; Kellner et al., 2018).

Twenty-four hours after bleeding, iron begins to be released
into the brain; on the seventh day, the non-heme iron content
of the brain triples and remains at a high level for at least
28 days. This is an important time window for the treatment of
secondary damage caused by blood catabolites. The first step is to
promote the absorption of the endogenous hematoma and reduce
the continuous decomposition of red blood cells to prevent the
release of toxic substances such as iron. In a clinical trial, the use
of the FDA-approved peroxisome proliferator-activated receptor
(PPAR)-g agonist pioglitazone can promote the endogenous
absorption of hematoma (Gonzales et al., 2013). In addition,
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TABLE 1 | Intervention strategies and clinical trials for iron overload in traumatic brain injury (TBI).

Strategy Name Current use Preclinical studies Clinical studies Deficiency References

Surgical clot removal Open
surgery/Craniotomy

Hematoma removal Reduce the neurotoxic
effect of iron released
by lysis from red blood
cells. Prevent the
occurrence of cerebral
hernia

No preclinical trial
specifically for TICH
hematoma removal

Undesirable prognosis in
the hematoma removal
group is better than that of
the non-surgical group (low
GCS patients with TICH
hematoma volume >16 ml)

Open surgery may
bring damage to offset
the benefits of clearing
hematoma

Zumkeller et al., 1992;
Choksey, 2009

Minimally invasive
methods

Minimally Invasive
Surgery Plus
Alteplase for
Intracerebral
Hemorrhage
Evacuation III
(MISTIE III)

Primary end point was
good functional
outcome at 365 days
(defined as a modified
Rankin Scale score of
0–3). The trial-defined
surgical aim was to
reduce the hematoma
to (=15 ml)

(1) A study Including <15
adults with supratentorial
spontaneous ICH had no
positive result; (2) MISTIE III
demonstrated a benefit in
mortality (19% in surgical
group vs. 26% in the
medical group); (3) 53.1%
of the 145 surgical patients
with end of treatment (EOT)
goal ≤ 15 ml achieved
good functional outcome
(mRS 0–3) at 1 year, which
is more than 32.7% of the
101 patients with >15 ml at
EOT

Failed to show
superiority to standard
medical care. Do not
permit clear
visualization of residual
clot burden, nor do
they permit reliable
visualization and
cauterization of active
arterial bleeding. Need
further evaluation and
comparison to
determine its relative
safety and efficacy

Awad et al., 2019;
Hanley et al., 2019

Endoscopic
hematoma removal

Prevent the damage
brought by open
surgery. Reduce the
neurotoxic effect of iron
released by lysis from
red blood cells

(1) 43% patients in surgical
group with a good
neurological outcome at
6 months versus 24% in
the medical group (n = 20).
(2) Multivariate analysis
revealed the operative time
was significantly decreased
in the endoscopy group
compared with that of the
craniotomy group
(p < 0.001)

No more trials Vespa et al., 2016;
Katsuki et al., 2020

Stereotactic
underwater blood
aspiration (sCUBa)

Clear identification and
cauterization of bleeding
vessels and visualization of
residual clot burden in 47
patients

Kellner et al., 2018
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TABLE 1 | Continued

Strategy Name Current use Preclinical studies Clinical studies Deficiency References

Endogenous
clearance of
hematoma

Pioglitazone(PIO) Hematoma resolution A phase 2 randomized,
blinded, placebo-controlled
study, to assess the safety
of PIO (in increasing doses
from 0.1 to 2 mg/kg/day for
3 days followed by a lower
maintenance dose)

Gonzales et al., 2013

Iron chelators Desferrioxamine
(DFO)

Acute iron posioning,
iron chelation for
chronic iron overload

(1) Delayed erythrocyte
lysis, reduced iron
deposition, oxygen species
generation, heme
oxygenase-1 expression,
and alleviated neuron
degeneration and myelin
sheath injury in ICH
(100 mg/kg). (2)
Deferoxamine given 2 h
after ICH reduced free iron
in CSF at all time points
(100 mg/kg, i.p.,
administered 2 h after ICH
and then at 12-h intervals
for up to 7 days)

Deferoxamine mesylate
may accelerate hematoma
absorption and inhibit
edema in TICH patients
(n = 94);

Need more advantage
evidence to move DFO
forward to Phase III
clinical trial

Wan et al., 2006; Yu
et al., 2017; Guo et al.,
2019

Deferiprone (L1) Iron chelation for
chronic iron overload

Deferiprone reduced iron
contents but not brain
water content and ROS
generation in ICH rats

NO Failed to improve the
outcome in preclinical
trials and no clinical
trials related with TBI

Wang et al., 2016

Deferasirox
(ICL670)

In vitro studies of
cyclodextrin–desferasirox
conjugate have shown
improvement in anti-oxidant
activity and inhibition of
metal (iron)-induced protein
aggregation with less
cytotoxicity

Gascon et al., 2019
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in animal model studies, the enhancement of the activity of
low-density lipoprotein receptor-related protein-1 (LRP1) and
the inhibition of the expression of erythrocyte integrin-related
protein CD-47 can enhance endogenous hematoma clearance
(Cao et al., 2016). These elements may all become potential
therapeutic targets for clinical endogenous hematoma removal.
Although a previous study has confirmed that hematoma
removal is beneficial for improving cognitive function of cerebral
hemorrhage patients (Tyler et al., 1999), not all hematoma
removal show outcome benefit. In the clear III trial administrated
by the Daniel F. Hanley team, the outcome shows a reduced
mortality of IVH patients after alteplase treatment, but does
not improve the secondary neurological dysfunction significantly
(Hanley et al., 2017). In view of the uncertain benefit of
hematoma removal, researchers and neurosurgeons then put the
treatment targets on overload iron and the secondary injury
induced by iron. So, the second step is the use of an iron
chelator. For this step, deferoxamine has been used for more
than 40 years. It mainly forms stable compounds with ferric iron
and hemosiderin to reduce the oxidative stress caused by iron
to play a neuroprotective role (Zaman et al., 1999). It has the
characteristics of fewer side effects and can quickly concentrate
in the brain tissue through the BBB (Palmer et al., 1994). An
injection dose of 62 mg/kg/day for three consecutive days to treat
patients with cerebral hemorrhage proved to be safe and tolerated
(Selim et al., 2011). Magdy found that the use of deferoxamine can
reduce serum oxidative stress markers and increase antioxidant
capacity (Selim, 2008). In a controlled experiment by Yu et al.
(2017) on 94 posttraumatic cerebral hemorrhage patients, the size
of edema on days 3, 7, and 14 in the deferoxamine group was
significantly smaller than that in the unused group, confirming
that deferoxamine can promote the absorption of hematoma
in the short term. Currently, deferoxamine is undergoing a
second phase clinical trial (Yeatts et al., 2013). There are three
iron chelators, desferrioxamine, deferiprone, and desferasirox,
for the treatment of β-thalassemia (Ward et al., 2015). At
present, there are also a large number of experiments to study
its application in neurodegenerative diseases. Due to oxidative
stress caused by iron and ferroptosis caused by excitatory amino
acid synergy, a large number of clinical trials on anti-amino acid
toxicity and antioxidative stress treatment have been conducted.
Importantly, selfotel is a glutamate antagonist. In the second
phase of human experiments, we found that the mortality caused
by its protective treatment was higher than that of the control
group (Davis et al., 2000). Additionally, cerestat is a non-
competitive glutamate antagonist with good drug tolerance in
human experiments because the number of patients in most
experimental centers is too small, greatly reducing the validity of
the experimental data (Narayan et al., 2002). Some endogenous
and synthetic antioxidants, such as polyethylene glycol absorbed
(PEGSOD), tirilizad (Upjohn), and vitamin E, have been studied
for antioxidant effects, but none have shown therapeutic effects
(Hawryluk and Bullock, 2015).

In consideration of the relevance between CSF-cNs and
cognitive function (mentioned above), although there is no
clinical trial, some rodent animal model and cellular-level
studies give us a preliminary understanding. The Li Qing

team used the cholera toxin subunit (CB)-saporin (SAP) into
the lateral ventricle of rats to exclusively damage the CSF-
cNs. As a result, learning and memory abilities in animals
decreased significantly after the destruction of CSF-cNs (Li
et al., 2020). We have demonstrated that the brain is with
acidosis after TBI in the Current Understanding of Secondary
Brain Injury After Traumatic Brain Injury section. Actually,
the unpublished data of our team indicates that acidosis can
induce neural stem cell damage through excessive activated
acid-sensing ion channels (ASICS), which are abundantly
located on the dendritic spine of CSF-cNs. As a specific
ASIC1a blocker, Psalmotoxin 1 (PcTX1) injected in the
ventricular could reduce the focal infarct size up to 60%
forever or temporarily in the cerebral ischemia model (Xiong
et al., 2004). In general, CSF-cNs could be a new treatment
target after TBI.

PERSPECTIVE

It is very clear that iron overload and iron metabolism-
related protein disorder is closely related to mTBI. Iron
overload can produce autophagic death and ferroptosis, and
promote the phosphorylation of tau protein to form nerve
fiber tangles, increasing the risk of TBI patients suffering
from neurodegenerative diseases such as Alzheimer’s disease
and Parkinson’s disease; In addition, it also can induce
neural network damage.

However, there is little research about iron accumulation
in the TBI injury mechanism. A single research strategy
resulted in few effective treatments for nerve damage caused
by iron toxicity. A large number of studies found that cell
damage caused by iron overload cannot be alleviated by
antioxidant or anti-excitatory amino acid treatment, and it was
not very helpful for the improvement of cognitive function
and the long-term recovery of the patient. Many related
agents have played a role in preclinical animal experiments
but rarely can be converted into clinical applications. In
the early stage, some effects of iron chelators, such as
deferoxamine, have been found in anti-iron therapy, but
they have not yet been formally investigated for the clinical
treatment of TBI patients. In mechanistic research, various
research centers around the world have adopted a variety of
experimental animal models to simulate the pathophysiological
characteristics of human TBI. A large number of neuroprotective
agents have been found in animal and cell brain injury
models, and none of them have shown positive long-term
results in clinical trials (Menon, 2009; Agoston et al., 2012).
Most preclinical studies focus on the acute and short-term
pathological effects of TBI (Agoston et al., 2012), but ignoring
mTBI, which is the large proportion of TBI, and mTBI’s
clinical characteristics are always with long-term emotional
and cognitive dysfunction. The clinical characteristics of TBI
are extremely heterogeneous, and all animal models possessed
only a few pathological features (DeWitt et al., 2018). For
example, the chronic traumatic encephalopathy experimental
animal model cannot replicate the typical pathological features
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of human chronic traumatic encephalopathy: phosphorylation of
tau protein and the formation of nerve fiber tangles. Most of the
current multicenter preclinical trials on TBI are not effective. In
future research, we should seek better methods for making animal
models that are characterized by pathophysiological mechanisms
closer to human TBI patients and should be replicated in large
experimental animals.

CONCLUSION

Iron overload has an extremely important role in the secondary
injury of mTBI. Autophagy exists in various nerve cells, and the
effect of autophagy inhibition or activation on the nervous system
after brain trauma is not yet clear, but it has been confirmed that
the expression of autophagy formation-related proteins increases.
We assume that CSF-cNs suffer from iron accumulation, and the
autophagy flux changed, and maybe an important mechanism
of cognitive dysfunction after mTBI. In future research, we
should further explore the development of autophagy and the
interaction mechanism with iron after mTBI and seek new targets
for intervention. The CSF-cN neurotransmitter transmission can

affect the learning and memory ability of the hippocampus.
Our research team has confirmed that iron deposition around
the ventricle and ependymal cilia damage occur after IVH,
potentially representing a new TBI treatment target, and may be
related to the long-term recovery of cognitive function.
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Ferroptosis is a unique regulated cell death defined by the intracellular iron overload
and distinct biological features compared with other well-known programmed cell
death. Ferroptosis can be triggered by many causes including decreased expression
of glutathione (GSH), inhibition of the function of glutathione-dependent peroxidase
4 (GPX4), and system xc

−, all of which finally lead to the over-accumulation of lipid
peroxides in the cell. Ferroptosis has been reported to play an important role in the
pathophysiological process of various cancers. In recent years, much evidence also
proved that ferroptosis is involved in the progress of cerebral stroke. In this review, we
summarized the characteristics of ferroptosis and the potential relationship between
ferroptosis and ischemic and hemorrhagic stroke, to provide new targets and ideas for
the therapy of stroke.

Keywords: ferroptosis, programmed cell death, iron overload, lipid peroxidation, ischemic stroke, hemorrhagic
stroke, glutathione inhibition

INTRODUCTION

Ferroptosis is a newly discovered iron-dependent regulated cell death, which has unique
morphological and biochemical distinctions from other programmed cell death such as apoptosis,
and necroptosis (Dixon et al., 2012). The characteristic morphological changes of ferroptosis are
the shrunken mitochondria with a ruptured external membrane, reduced crista, a compressed
internal membrane, and the intact cell nucleus (Dixon et al., 2012; Friedmann Angeli et al., 2014),
while the apoptosis and necroptosis generally have swollen mitochondria and the broken nucleus
(Dixon et al., 2012). Being different from the cell death caused by apoptosis due to activation of
caspases and that caused by necroptosis due to activation of RIP1, RIP3, and MLKL (Kroemer
et al., 2009; Galluzzi et al., 2012; Xie et al., 2016), the most essential biochemical attributes of
ferroptosis are iron overload and the lethal accumulation of lipid peroxides and reactive oxygen
species (ROS) within the cell (Stockwell et al., 2017), which can produce a large number of alkyl
oxygen radicals, leading to fatal cell membrane damage and disorganization (Agmon et al., 2018).
Ferroptosis has been proved to be closely related to a variety of diseases throughout the human
body. For the central nervous system, it has been shown that ferroptosis plays an important role
in many neurodegenerative diseases such as Alzheimer’s Disease (Cong et al., 2019; Masaldan
et al., 2019), Parkinson’s Disease (Ayton et al., 2013, 2015), and Huntington’s Disease (Lee et al.,
2011). Furthermore, in recent years, the potential roles of ferroptosis in the pathologic process of
cerebral stroke are given with increasing focus (Zille et al., 2017; Karuppagounder et al., 2018).
Thus, in this review, we intend to summarize the current knowledge and recent findings in the field

Frontiers in Cellular Neuroscience | www.frontiersin.org 1 June 2021 | Volume 15 | Article 615372213

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://doi.org/10.3389/fncel.2021.615372
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fncel.2021.615372
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2021.615372&domain=pdf&date_stamp=2021-06-03
https://www.frontiersin.org/articles/10.3389/fncel.2021.615372/full
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-615372 May 28, 2021 Time: 17:15 # 2

Zhang et al. Roles of Ferroptosis in Stroke

of metabolic mechanisms of ferroptosis, its inducers and
inhibitors, and the critical roles of ferroptosis in cerebral stroke
pathophysiology.

THE CELLULAR METABOLIC
MECHANISMS OF FERROPTOSIS

The occurrence of ferroptosis is associated with the metabolic
processes of iron, amino acids, and lipid peroxide (Stockwell
et al., 2017; Figure 1), which will be elaborated one
by one as follows.

Metabolism of Iron
Intracellular iron overload is a critical factor to trigger ferroptosis.
Normally, the source of iron comes from two ways: (1) Food-
derived iron including ferric iron (Fe3+) and ferrous iron (Fe2+);
(2) Iron generated by the hemoglobin of senescent erythrocytes
(Śliwińska et al., 2018). The absorbed Fe2+ is oxidized to Fe3+

in the small intestinal mucosa epithelial cells (Dong et al., 2008).
Then the plasma Fe3+ is tightly bound to transferrin (TF) to
form the complete TF, which can combine with the membrane
protein transferrin receptor 1 (TFR1) to transport the Fe3+ into
the endosome. After that, the Fe3+ is reduced to Fe2+ again
by iron reductase (Hamaï and Mehrpour, 2017). Finally, the
Fe2+ is transported into the labile iron pool in the cytoplasm
through the divalent metal transporter 1 (DMT1), which is a
commonly expressed protein with the ability to transfer a series
of metal ions such as iron, crop, zinc, and cadmium (Garton
et al., 2016) to perform their physio-pathology functions (Ji
and Kosman, 2015; Knutson, 2019). Fe2+ can generate the ROS
via the Fenton reaction, which is a type of reaction between
ferrous iron and hydrogen peroxide (H2O2) referring to the
creation of responsive varieties with the ability to oxidize a wide
range of organic substrate (Winterbourn, 1995). In addition,
Fe2+ is also an important component of the catalytic subunit
of lipoxygenase (LOX), which can catalyze lipid peroxidation
(Gaschler and Stockwell, 2017). Both mechanisms can trigger
ferroptosis. Excessive Fe2+ is transported out of the cell through
the ferroportin-1 (FPN1) on the cell membrane, to keep the
intracellular Fe2+ concentration in a normal range. Then the
Fe2+ outside the cell is stored in the ferritin (FT), to prevent
the formation of hydroxyl radicals and ROS produced by H2O2
catalyzing (MacKenzie et al., 2008).

Metabolism of Lipid Peroxide
Excess lipid peroxidation is another key factor to induce
ferroptosis. Polyunsaturated fatty acids (PUFAs) are fatty acids
with more than one double bond in their structure (Liu et al.,
2015). PUFAs, especially arachidonic acid (AA) and adrenic
acid (ADA) are very vulnerable to be oxidized, subsequently
leading to the accumulation of lipid hydroperoxide (LOOH)
and ROS (Das, 2019); the enrichment and location of PUFAs
intracellularly will determine the degree of ferroptosis. Before
the oxidation happens, PUFAs are esterified into membrane
phospholipids, mainly of which is phosphatidylethanolamines
(PEs) (Latunde-Dada, 2017). Then the PEs are further oxidized

to phospholipid hydroperoxides (PEs-AA/ADA-OOH) by LOX,
inducing ferroptosis. During the formation of AA/ADA-PEs,
acyl-CoA synthetase long-chain family member 4 (ACSL4)
and lysophosphatidylcholine acyltransferase 3 (LPCAT3), which
serve as the promotors for the esterification of AA and ADA
into PEs, are thought to play an important role (Yuan et al.,
2016; Kagan et al., 2017). Doll et al. reported that targeted
inhibition of ACSL4 can relieve cell and tissue damage introduced
by ferroptosis (Doll et al., 2017). Similarly, inhibition of
LPCAT3 can decrease the insertion of AA/ADA into membrane
phospholipids. This evidence suggests that the restriction of
ACSL4 and LPCAT3 may be a feasible healing strategy to stop
ferroptosis-related illness.

Metabolism of Glutathione and Amino
Acid
Glutathione (GSH) is the major intercellular antioxidant against
oxidative stress (Lu, 2013), which exerts an important duty on
protecting cells from the ROS attack (Stockwell et al., 2017; Sun
et al., 2018). It is suggested that cystine is the key to maintain the
normal level of GSH (Imai et al., 2017). The system xc

− on the cell
membrane consisting of a single-pass transmembrane regulatory
protein solute carrier family 3 member 2 (SLC3A2) and a 12-
pass transmembrane protein transporter solute carrier family 7
member 11 (SLC7A11) can exchange the extracellular cystine
and the intracellular glutamate by a ratio of 1:1 simultaneously
(Yang and Stockwell, 2016; Imai et al., 2017). When the
cystine enters the cell, it is decomposed into cysteine, which
combines with glutamate to form γ-glutamylcysteine under
the catalysis of γ-glutamylcysteine synthetase (γ-GCS) (Fujii
et al., 2019). Finally, the γ-glutamylcysteine combines with
glycine to form GSH. The natural synthesis of GSH is the
critical factor for glutathione peroxidase 4 (GPX4) to conduct
its biological activity. GPX4 converts two molecules of GSH
to oxidized glutathione (GSSG) (Maiorino et al., 2018) and
reduces L-OOH to Phospholipids-H (L-OH) simultaneously, to
prevent the accumulation of toxic lipid oxidation (Maiorino
et al., 2018; Ursini and Maiorino, 2020). Selective ablation of
GPX4 in neurons of mice can provoke lethal ferroptosis and
neurological dysfunction (Chen et al., 2015). GSH also acts as
the binding legend of Fe2+ in the labile iron pool to decrease
the concentration of Fe2+, which can abate the production of
Fe2+-related lipid peroxides and ROS.

INDUCERS OF FERROPTOSIS

As multiple mechanisms are involved in ferroptosis, according to
different activated targets, ferroptosis inducers can be classified
into three categories: (1) Inhibitors of GPX4, (2) Inhibitors of
system xc

−, (3) Small molecular inducers of iron loading.

Inhibitors of GPX4
Ras-selective lethal small molecules 3 (RSL3) is found using
phenotypic small molecule screens based on its ability to
selectively facilitate oncogenic RAS mutant cell death (Dolma
et al., 2003). RSL3 can bind to GPX4 by targeting an enzyme
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FIGURE 1 | Metabolic processes of iron, amino acids, and lipid peroxide related to the happen of ferroptosis. A number of medicinal inducer have been shown to
induce ferroptosis (e.g., erastin and RSL3). A variety of ferroptosis inhibitors also have been shown in the figure (e.g., Fer-1, lip-1, TZNs, and DFO). TF, transferrin; FT,
ferritin; IKE, imidazole ketone erastin; TFR1, transferrin receptor 1; FPN1, ferroportin-1; SLC7A11, solute carrier family 7 member 11; SLC3A2, solute carrier family 3
member 2; DMT1, divalent metal transporter 1; ROS, reactive oxygen species; NADPH, nicotinamide adenine dinucleotide phosphate; GSH, glutathione; GSSG,
oxidized glutathione; GPX4, glutathione peroxidase 4; DFO, deferoxamine; DFOM, deferoxamine mesylate; 2, 2-BP, 2, 2′-bipyridyl; PUFAs, polyunsaturated fatty
acids; AA, arachidonic acid; ADA, adrenic acid; TZNs, thiazolidinediones; ACSL4, acyl-CoA synthetase long-chain family member 4; LPCAT3,
lysophosphatidylcholine acyltransferase 3; LOX, lipoxygenase; Fer-1, ferrostatin-1; Lip-1, liproxstatin-1; RSL3, ras-selective lethal small molecules 3.

having a nucleophilic active site such as serine and cysteine, and
inhibit the biological activity of GPX4 (Yang et al., 2014). ML162
is another small molecule compound that also can inhibit the
activity of GPX4 (Dixon et al., 2015). In addition, both RSL3 and
ML162 can enhance the expression of ACSL4 and LPCAT3 at the
genetic level, which increases the accumulation of lipid peroxides
(Dixon et al., 2015). FIN56 is a ferroptosis inhibitor acquired
from CIL56, which can accelerate the degradation of GPX4
enzymatic function based on the chemical activity of acetyl-
CoA carboxylase (Liang et al., 2019). FINO2, a course of organic
peroxides that has many similar functions with artemisinins
(Liang et al., 2019), is capable of indirectly inhibiting GPX4 and
directly oxidate the Fe2+, resulting in an excessive build-up of
lipid peroxides (Gaschler et al., 2018).

Inhibitors of System xc
−

Erastin is the classical ferroptosis inducers recognized by high-
throughput screening of small-molecule libraries. Erastin could
inactivate the function of SLC7A11 (xCT) in system xc

− to
prevent cystine intake from GSH synthesizing and interfere with

protein folding. Because of this, incompletely folded proteins
gather in cells and cause cellular stress, thus giving rise to
ferroptosis (Liang et al., 2019). The exact principle through which
erastin hinders xCT remains unidentified. One possibility is
that it inhibits xCT directly (Hirschhorn and Stockwell, 2019).
Furthermore, erastin can combine with the voltage-dependent
anion channel (VADC), a channel on the external membrane
of mitochondria for controlling calcium ion exchange, bringing
about mitochondrial impairment and further production of
ROS by nicotinamide adenine dinucleotide phosphate (NADPH)
dependent pathway (Yagoda et al., 2007). Imidazole ketone
erastin (IKE) has a more powerful inhibiting effect and metabolic
stability than erastin, which makes IKE an excellent choice
for research of ferroptosis triggering in vivo and in vitro
(Hirschhorn and Stockwell, 2019). L-α-aminoadipate, an amino
acid intermediate in chain length between glutamate and cystine,
is also an effective substrate inhibitor of system xc

− (Patel et al.,
2004). The last common system xc

− inhibitor is sorafenib, which
has been reported to trigger the ferroptosis of cancer cells by
depleting the GSH (Lachaier et al., 2014). The RAF/MEK/ERK
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signaling pathway may exert an essential role in sorafenib
inducing ferroptosis in vitro (Liu et al., 2006).

Small Molecules Inducing Iron Loading
It has been shown that many small molecules such as ferrous
chloride, ferrous ammonium sulfate, hemoglobin, and hemin
trigger ferroptosis through iron overload, aggravating the Fenton
reaction to generate more ROS, then promoting oxidation-
related cell membrane damage.

INHIBITORS OF FERROPTOSIS

With more and more studies focusing on ferroptosis, the possible
duty of ferroptosis in diseases has been gradually revealed.
To better study how to treat ferroptosis, lots of specific and
effective ferroptosis inhibitors have been developed. According
to the different inhibitory targets, inhibitors can be divided
into (1) iron chelators, (2) lipid peroxidation inhibitors, and (3)
ACSL4 inhibitors.

Iron Chelators
The common iron chelators include deferoxamine (DFO),
deferoxamine mesylate (DFOM), and 2, 2′-bipyridyl (2, 2-BP),
among which DFO is the most widely used iron chelators
approved by the Food and Drug Administration (FDA). It
inhibits the acclamation of lipid peroxides by suppressing the
Fenton reaction. DFO can effectively reduce stroke volume by
increasing the expression of hypoxia-inducible factor 1 (HIF-1)
(Baranova et al., 2007). It also has been reported that the DFO
treatment can increase the resistance of neurons to impairment
through regulating the microglial/macrophage heme oxygenase-
1 (HO-1) expression in the SAH mouse model (LeBlanc et al.,
2016). However, a randomized controlled trial regarding using
DFO to treat intracerebral hemorrhage showed that there was no
statistical difference in the clinical outcome after 90 days between
the treatment group and the placebo group (Selim et al., 2019).
Therefore, more studies are needed in the future to ascertain the
role of DFO in the treatment of ferroptosis after stroke.

Lipid Peroxidation Inhibitors
Lipid peroxidation inhibitors can be categorized into lipophilic
radical-trapping antioxidants (RTAs) and LOX inhibitors
according to their mechanism of action. RTAs are a class of
molecules that is able to break the autoxidation of chain-
propagating peroxyl radicals. The widely used RTAs are
ferrostatin-1 (Fer-1) and liproxstatin-1 (Lip-1), which can inhibit
lipid peroxidation linked to ferroptosis. Fer-1 can prevent
erastin triggered-ferroptosis in HT1080 cells and is presently
thought of as a probe for researching ferroptosis in various
situations (Han et al., 2020). The activity of ferrostain-1 relies
on the primary aromatic amine, which particularly hinders
the accumulation of ROS from lipid oxidation (Xie et al.,
2016). Lip-1 is a spiroquinoxalinamine by-product (Feng et al.,
2019) and has a similar effect with Fer-1, but it only requires
a lower dose to function due to the excellent absorption and
distribution (Han et al., 2020). A-tocopherol, an analog of
vitamin E (Ranard and Erdman, 2018), is also a potent type

of RTAs to suppress ferroptosis in vitro (Angeli et al., 2017)
and in vivo (Dalleau et al., 2013). It has been reported that
A-tocopherol can inhibit breast cancer cell death induced by
autophagy (Ma et al., 2017), which implies that ferroptosis
may have a similar mechanism on cell death compared with
autophagy. In addition, A-tocopherol can inhibit the function of
15-LOX, a subtype of LOX in the human body, by converting
the non-heme iron of 15-LOX from the active Fe3+ state
to the non-active Fe2+ state (Hinman et al., 2018). Another
powerful kind of RTAs is tetrahydronaphthyridinols (TINs), of
which the structure can significantly maintain the electron-rich
phenols against autoxidation (Angeli et al., 2017). LOX inhibitors
prevent ferroptosis through inhibiting the lipid peroxidation.
LOXBlock-1 (LB1) is an inhibitor of 12/15-LOX, which is the
dominant isoform of LOX in the brain (Singh and Rao, 2019).
Karatas et al. (2018) reported that LB1 treatment decreased
the infarct volume and the hemorrhage area in MCAO mice
model. Similarly, Yigitkanli et al. (2013) found that LB1 could
reduced infarct sizes and tissue plasminogen activator-associated
hemorrhage in ischemia rat model. These studies imply that
ferroptosis is closely related to the brain damage after stroke.

ACSL4 Inhibitors
Acyl-CoA synthetase long-chain family member 4 is a critical
enzyme to esterify AA and ADA, making it highly possible to be
an inhibitory target for ferroptosis. Thiazolidinediones (TZNs),
a class of drugs suggested for treating type 2 diabetes mellitus,
have been shown to specifically suppress the ACSL4 activity and
prevent ferroptosis (Kim et al., 2001; Doll et al., 2017). This
effect may be a result of the chromanol ring, which endows
tocopherols with antioxidant activity. Thus, TZNs provide a new
perspective for pharmacological inhibition of lipid peroxidation
and ferroptosis by suppressing the activity of ACSL4. Apart from
that, rosiglitazone, one of the synthetic agonists for proliferator-
activated receptor γ (PPARγ), is found to have the ability to
selectively inhibit the activity of ACSL4 in cerebral ischemia
rat models, thereby reducing neuronal lipid peroxidation and
oxidative stress damage, and protecting neurological function
(Sayan-Ozacmak et al., 2012).

THE ROLE OF FERROPTOSIS IN
CEREBRAL STROKE

Cerebral stroke, including ischemic stroke and hemorrhagic
stroke, is one of the most common causes of mortality and
disability in modern society, which often results in devastating
and irreversible brain impairment (Cordonnier et al., 2017;
Steliga et al., 2020). Lots of research has proved that ferroptosis
is closely allied to the pathophysiology of ischemic and
hemorrhagic stroke and inhibition of ferroptosis can alleviate the
secondary brain injury after stroke (Weiland et al., 2019; Chen
et al., 2020), indicating that ferroptosis is a potential and critical
therapeutic target for stroke.

Ferroptosis in Ischemic Stroke
Ischemic stroke is the dominant subtype of stroke, defined by
the unexpected cessation of cerebral blood flow (CBF) to an
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area of the brain, consequently producing a homologous loss
of neurologic function. Ischemic stroke contains two important
events: ischemia and reperfusion injury (IRI), the outcomes of
which are able to prompt serious cellular impairment responsible
for the poor prognosis of ischemic stroke (Yan et al., 2020). The
specific signaling pathways and molecular mechanisms related
to IRI are still not well recognized and are greatly disputed.
A series of studies have reported that ferroptosis is involved
in IRI in recent years (Xie et al., 2016; Doll and Conrad,
2017). First, iron accumulation has emerged after ischemia
through inhibiting the expression of tau, which is a protein
being able to form neuronal tangles in Parkinson’s disease
and promote neuronal iron outflow (Tuo et al., 2017). Then
the excess iron flows into the brain parenchyma through the
interrupted BBB, boosting the generation of ROS via Fenton
reaction, which promotes nucleic, proteomic, and membrane
damage, ultimately triggering ferroptosis-related cell death (Liu
et al., 2020). Moreover, ferroptotic cell death is found to be
alleviated with the treatment of ferroptosis inhibitors Lip-1 and
Fer-1 (Tuo et al., 2017). Apart from that, Guan et al. (2019)
reported that carvacrol, a plentiful monoterpenic phenol in the
essential oil of oregano and thyme, can rescue the IRI-induced
hippocampal neuronal damage via suppressing ferroptosis by
enhancing the expression of GPX4. Similarly, Lanet et al., found
that the compound Chinese herbal medicine: Naotaifang, can
also mitigate neuron ferroptosis after ischemic stroke via the
TFR1/DMT1 and SCL7A11/GPX4 pathways (Lan et al., 2020).
This research has highly proven that ferroptosis is closely linked
to the pathology of ischemic stroke and may regulate the
impairment after IRI.

Ferroptosis in Hemorrhagic Stroke
Hemorrhagic stroke refers to an unexpected rupture of cerebral
vessels that causes blood to flow into subarachnoid space,
brain parenchyma, or ventricular system (Zhao et al., 2018).
Therefore, a hemorrhagic stroke can be categorized into
subarachnoid hemorrhage (SAH), intracerebral hemorrhage
(ICH), and intraventricular hemorrhage (IVH). Compared with
ischemic stroke, hemorrhagic stroke has a higher rate of
mortality and morbidity due to severe neuronal death (Weiland
et al., 2019). It has been shown that ferroptosis is involved in
neuronal death after ICH in vitro and in vivo (Li et al., 2017;
Karuppagounder et al., 2018; Zhang et al., 2018; Chen et al.,
2019). Inhibition of the ferroptosis after ICH via ferrostatin-1
can alleviate neuronal death and enhance neurologic function
(Li et al., 2017). Ferroptosis also plays an important role in
early brain injury after SAH (Li et al., 2021). Cao et al. (2021)
recently reported that the treatment with lip-1 protected HT22
cells against hemin-induced injury and reduced neurological
deficits and neuroinflammation after SAH in mice. Additionally,
earlier research has verified that the NF-E2-related factor 2 (Nrf2)
pathway, a multifunctional signaling pathway that can control
more than 250 genetics (Chang et al., 2014), is activated and
provides neuroprotection after SAH (Chen et al., 2020). The
expression level of Nrf2 is directly related to the occurrence of
ferroptosis: an increase in Nrf2 expression inhibits ferroptosis;
on the contrary, a decrease of it promotes ferroptosis (Fan

et al., 2017). The mechanism by which Nrf2 inhibits ferroptosis
involves two accepts: (1) Nrf2 upregulates the expression of
xCT, thereby promoting the synthesis of GSH and GPX4 and
enhancing the function of the antioxidant system (Fan et al.,
2017); (2) Nrf2 promotes the expression of FT and FPN1 to
store and export free iron, thereby reducing the accumulation of
intracellular iron to prevent ferroptosis (Yang et al., 2017). Apart
from that, Selenium is reported to be able to inhibit ferroptosis
and protect neurons by promoting the expression of antioxidant
GPX4 (Alim et al., 2019). These findings strongly suggest that
ferroptosis aggravates the progress of hemorrhagic stroke and the
inhibition of ferroptosis can reduce cell death and complications
after a hemorrhagic stroke.

THE POSSIBLE REGULATORY
MECHANISM OF FERROPTOSIS IN
STROKE

Since the metabolisms of lipid peroxide, amino acids, and iron are
closely related to ferroptosis, the regulatory mechanism of stroke
ferroptosis may also be involved in these three aspects.

Metabolism of Lipid Oxidation in Stroke
Inhibition of LOX Can Alleviate the Impairment
Induced by Stroke
As we discussed above, LOX is the critical enzyme to catalyze
PEs to form lipid peroxides. There are at least six subtypes
of LOX in the human, among which the 12/15-LOX is a
specific one due to its ability to directly oxidize lipid membranes
containing PUFAs without the prior action of phospholipase
and directly attack the mitochondria (van Leyen et al., 2014). It
was reported that using the 12/15-LOX inhibitor can improve
the neurological outcome and reduce the edema after ischemic
stroke (Jin et al., 2008). This study provides evidence that
12/15-LOX is overexpressed and leads to both neuronal cell
death and blood-brain barrier disruption after a stroke hit (Jin
et al., 2008). Similarly, Gaberel et al. (2019) found that the
expression of 12/15-LOX is upregulated in macrophages after
SAH in mice, and inhibition of the 12/15-LOX pathway reduces
EBI and protects the neurological function. In addition, 5-
LOX, another subtype of LOX, is also found to have the ability
to produce toxic lipids inducing ferroptosis. Treatment with
N-acetylcysteine (NAC), a clinically approved thiol-containing
redox modulatory compound that can inhibit the function of 5-
LOX, is able to reverse brain injury and alleviate neuronal death
(Karuppagounder et al., 2018). All the research indicates that
LOX, especially 12/15-LOX is an innovative healing target to
restrict brain injury after stroke.

ACSL4 Can Regulate Ferroptosis After Stroke
Acyl-CoA synthetase long-chain family member 4 has been
found to be upregulated after ischemia and involved in ischemia-
reperfusion injury (Gubern et al., 2013). This overexpression of
ACSL4 is possibly controlled by miR-347, which is increased after
ischemic stroke and upregulates ACSL4 at the transcriptional or
post-transcriptional level (Gubern et al., 2013). Latunde-Dada
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et al., reported that inhibition of ACSL4 can alleviate ferroptosis
and cell death in an ischemic rat model, and the special protein 1
(Sp1) is considered to be an essential transcription element for
promoting the expression of ACSL4 via binding to the ACSL4
promoter region (Latunde-Dada, 2017; Li et al., 2019). However,
studies related to this field remain limited. Thus in the future,
more studies should be done to reveal the specific mechanism
concerning the role of ACSL4 in stroke.

Metabolism of Iron in Stroke
Iron Overload Leads to Ferroptosis After Stroke
Before the concept of ferroptosis is defined, people have already
recognized that the accumulation of iron in the brain will
contribute to secondary brain injury (Wu et al., 2003; Lou et al.,
2009; Liu et al., 2019). Currently, iron overload is thought to
be a critical cause to trigger ferroptosis after ischemic stroke
owning to its role of increasing mitochondrial oxidative damage
and infarct volume (Lipscomb et al., 1998; Chi et al., 2000;
Castellanos et al., 2002). Additionally, a similar phenomenon is
also observed in hemorrhagic stroke. For example, iron overload
can induce mitochondrial damage in hippocampal neurons (Park
et al., 2015) and increase significant perihematomal edema after
ICH (Xi et al., 2006; Garton et al., 2016). The occurrence of
iron overload after stroke is involved in two aspects: iron influx
and iron efflux. The iron influx and efflux greatly depend on the
iron metabolism-related proteins including TF, TFR1, DMT1, FT,
and FPN1, as we mentioned above. These proteins are mostly
controlled by the concentration of iron (Gill et al., 2018). Iron
regulatory proteins (IRPs) are a class of proteins that can bind
to iron-responsive elements (IREs) in specific mRNAs of iron
metabolism-related proteins and control their usage. When the
iron supply is decreased in the cell, IRPs will effectively bind to
the IRE in mRNA of FT and FPN1, inhibiting the translation
of FT and FPN1 (Eisenstein and Blemings, 1998). Conversely,
when iron overload happens, the RNA binding function of IRPs
is inactive in FT and FPN1 mRNA but active in TF mRNA,
so the translation of FT and FPN1 is increased whereas the
translation of TF is decreased, thereby preventing the iron
import and prompting iron export (Eisenstein and Blemings,
1998; Silva and Faustino, 2015). However, studies found that
the expression of TF is upregulated after stroke (Wu et al.,
2003; DeGregorio-Rocasolano et al., 2018). This contradictory
phenomenon indicates that there must be another undiscovered
mechanism regulating TF. Apart from that, Hepcidin, a cysteine-
rich polypeptide encoded by the human HAMP gene and secreted
by the liver (Reichert et al., 2017), also has been identified as an
important regulator of iron homeostasis recently (Almutairi et al.,
2019). Hepcidin can bind to the iron efflux protein FPN1, thereby
inhibiting its activity and promoting its degradation, finally
suppressing the iron excretion (Gulec et al., 2014) and causing
iron overload and oxidative stress damage in both ischemic
and hemorrhagic stroke (Słomka et al., 2015; Tan et al., 2016;
Xiong et al., 2016). It has been illustrated that iron overload
in hepatocytes can activate the BMP6 signaling pathway and
increase Hepcidin expression by regulating samd transcription
factors (Ramos et al., 2011); inflammatory factors such as IL-
6 can increase Hepcidin expression by activating the STAT3

signaling pathway (Wrighting and Andrews, 2006; Ding et al.,
2011); hypoxia can inhibit Hepcidin expression by inducing
erythropoiesis or secretion of PDGF-BB (Sonnweber et al., 2014).
Furthermore, histone deacetylase (HDAC), a critical factor in
regulating gene transcription closely related to cell proliferation
and cell death (Gallinari et al., 2007), may play an important
role in controlling the transcription of the HAMP gene. Drug
screening experiments confirmed that HDAC inhibitors Pan have
the potential to increase Hepcidin expression (Gaun et al., 2014),
and in vitro studies also proved that hepatocytes could increase
the expression of HAMP and Hepcidin (Mleczko-Sanecka et al.,
2017). Therefore, it is highly possible that HDAC regulates iron
overload and ferroptosis at the gene level of Hepcidin after stroke.

Metabolism of Amino Acids in Stroke
GPX4 Inhibits Ferroptosis After Stroke
The expression of GPX4 is closely related to ferroptosis after
stroke as it is able to inhibit lipid peroxidation. It has been
shown that the upregulation of GPX4 can alleviate ferroptosis
in both ischemic and hemorrhagic stroke. Alim et al. (2019)
found that Selenium could promote the expression of antioxidant
GPX4 to inhibit ferroptosis and protect neurons by activating
the transcription factors TFAP2c and Sp1 in a hemorrhagic
stroke rat model. Zhang et al. (2018) found that the genetic-
upregulation of GPX4 efficiently relieved the secondary brain
injury after ICH in the rat model including brain edema,
blood-brain barrier leakage, and neuronal dysfunction. On the
contrary, knocking out of GPX4 gene will aggravate brain
injury (Zhang et al., 2018). Belayev et al. (2011) reported that
Docosahexaenoic acid (DHA), an essential omega-3 fatty acid
particularly abundant in nerve cell membrane phospholipids,
may modulate the expression of the GPX4 gene via upregulating
the Gpx4 Cytoplasmic Intron-sequence Retaining Transcripts
(CIRT), which is an innovative Gpx4 splicing variant (Casañas-
Sánchez et al., 2015). Overexpression of CIRT can harbor part
of the initial intronic region, thereby increasing the capability of
GPX4 to offer neuronal protection against oxidation based on the
“sentinel RNA theory” (Casañas-Sánchez et al., 2015).

Overexpression of System xc
− Will Aggravate the

Ferroptosis After Stroke
As is aforementioned, system xc

− serves as a glutamate/cysteine
antiporter to produce GSH and GPX4, therefore it has a
positive effect on inhibiting ferroptosis. The glutamate/cysteine
exchange relies on the gradient of glutamate toward the cell
rather than consuming adenosine triphosphate (ATP). When
a stroke occurs, the concentration of extracellular glutamate
will be escalated due to the lower glutamate uptake, increased
exocytotic vesicular liberation, and non-vesicular glutamate
release (Seki et al., 1999; Jabaudon et al., 2000), thereby leading
to glutamate toxicity (Mou et al., 2019). As a result, the exchange
will be blocked (Ignowski et al., 2018) and the production of
GPX4 will be inhibited, finally initiating ferroptosis (Massie
et al., 2015). The dysfunction of system xc

− may be triggered
by the inactivation of its specific subunit xCT. However, the
upregulation of system xc

− degree will result in greater glutamate
release and excitotoxic impairment to oligodendrocytes
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(Pampliega et al., 2011). Similarly, astrocytic system xc
− can

aggravate cerebral ischemic injury via regulating the deleterious
and excitotoxic effects of IL-1β. Also, the upregulation of xCT can
induce long-lasting glutamate excitotoxicity in an ischemic rat
model (Hsieh et al., 2017). Taken together, these studies indicate
that when the concentration of system xc

− reaches a certain
threshold, it may aggravate the glutamate toxicity and ferroptosis
rather than inhibit it. However, more studies are needed to
confirm the specific role of system xc

− in stroke ferroptosis.

CONCLUSION AND PROSPECTS

There is no doubt that ferroptosis plays a critical role in the
progression and toxicity of ischemic stroke and hemorrhagic
stroke, however, some confusing questions still need to be
elucidated. First, although iron overload is thought to be the
key factor to trigger ferroptosis, whether other metal ions are
involved in ferroptosis remains unclear, as the latest research
has revealed that copper and calcium may be also associated
with the initiation of ferroptosis (Lewerenz et al., 2018; Maher
et al., 2018; Weiland et al., 2019). Second, although people have
known the important role of GPX and system xc

− in ferroptosis,
the specific mechanism of regulating the change of GPX4 and
system xc

− at the gene level is still not clear. Furthermore, while
a series of studies have proved that ferroptosis can aggravate
secondary brain injury after stroke, the underlying mechanisms
and signaling pathways involved are still not understood. Finally,

the relationship between ferroptosis, apoptosis, and autophagy
remains unclear. It has been shown that ferroptosis, autophagy,
and apoptosis will occur together in neuronal death after ICH
via ultrastructural analysis (Li et al., 2018), however, whether
ferroptosis can promote apoptosis or autophagy, or they can
suppress each other after stroke requires to be studied in
the years to come.

To recap, ferroptosis stands for a distinct type of programmed
cell death, with a lot of its physiological functions yet to
be specified. We believe that with the development of new
biological technologies, more and more pathophysiological and
physiological roles of ferroptosis will be gradually revealed.
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