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Introduction

Stroke refers to the interruption of blood supply to the brain 
due to cerebral vascular hemorrhage or ischemia, ischemic stroke 
accounts for about 85% of stroke. Restoration of blood circulation 
and reconstruction of blood reperfusion are commonly used 
treatments for ischemic stroke [1]. On the one hand, reperfusion 
can save brain cells and promote the recovery of brain function; 
on the other hand, it will produce a rapid injury cascade, further 
aggravating brain injury [2]. During the process of stroke, brain 
cells are affected by inflammation, apoptosis, excitotoxicity, 
oxidative and nitrifying stress [3-6], etc. Recent studies have 
found that the ferroptosis pathway is closely related to the death 
of brain cells in ischemic stroke. The concept of Ferroptosis was 
first proposed by Dixon in 2012 to describe the mode of cell death 
induced by earstin [7]., the ferroptosis process is controlled by 
strict and complicated regulatory mechanisms, including cystine/
glutamate antiporter (System Xc-) inhibition, glutathione (GSH) 
depletion and glutathione peroxidase 4(GPX4) inactivation, 
mainly manifested as the accumulation of intracellular iron ions 
and lipid peroxides. Different from cell apoptosis, autophagy, and 
necrosis, ferroptosis is a form of programmed cell death mediated 
by iron ions.

In 1988, although there was no concept of ferroptosis, 
researchers had discovered the phenomenon of iron deposition in  

 
the basal ganglia, thalamus, periventricular and subcortical white 
matter regions during the recovery period of ischemic stroke 
[8,9]. Subsequently, Kondo et al. found the up-regulation of lipid 
peroxides in the rat cerebral ischemia reperfusion model and 
speculated that it is related to the intracellular iron level, indicated 
the correlation between iron and cerebral ischemia injury [10]. 
In recent years, Tuo et al. found that ferroptosis occurred in 
neuron in cerebral ischemia reperfusion mice, and ferroptosis 
inhibitors Ferrostatin-1 or Liproxstatin-1 could alleviate cerebral 
ischemic damage [11]. The ferroptosis provides a new research 
direction for the mechanism of cerebral ischemia damage, that 
is helpful to broaden the treatment methods. Therefore, this 
article summarizes the relationship between ischemic stroke and 
ferroptosis on iron, lipid and amino acid metabolism pathway.

Ischemic stroke and Iron metabolism

As the most abundant metal in the brain [12], iron is strictly 
regulated by the blood-brain barrier (BBB) [13]. The normal 
structure and function of the BBB is essential for brain iron 
homeostasis, the endothelial cells of the BBB are a regulatory 
site for brain iron uptake. Transferrin/transferrin receptor (Tf/
TfR) is the major pathway for iron uptake in endothelial cells, 
secreted from ferroportin (Fpn) to the brain parenchyma in the 
form of Fe2+[14] (Figure 1). Next, iron enters various types of 
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brain cells through multiple pathways, but still mainly through the 
Tf/TfR1 pathway [15]. Iron accumulation is an important factor 
for ferroptosis. Cerebral ischemia increases the permeability of 
BBB, large amounts of iron enter the brain parenchyma, which 
become a prerequisite for ferroptosis in brain cells [16]. Before 

the concept of ferroptosis appeared, researchers already found 
that iron accumulation in brain of patients with different grades of 
ischemic stroke [8,9]. Later, it was found that the Tf and TfR were 
both up regulated in brain of patients got stroke [16,17].

Figure 1: Iron transport in endothelial cells of BBB.

In addition, Tou et al. found that cerebral ischemia-reperfusion 
injury inhibits tau protein expression severely [11], which is 
closely related to iron efflux in nerve cells, subsequently inhibit 
the normal iron excretion function of FPN [18]. These lead to an 
increase in iron intake of brain cells, but cannot be effectively 
eliminated, clinically manifested as iron accumulation in the brain 
ischemic injury area. Excessive intracellular free Fe2+ activates 
the ferroptosis pathway, promotes the fenton reaction to produce 
hydroxyl radicals; on the other hand, it participates in the synthesis 
of lipid peroxides by lipoxygenase (LOX) [19] (Figure 2). Iron 
chelating agents such as 2,2-bipyridine [20] and deferoxamine 
[21] could inhibit damage in cerebral ischemia rats. These studies 
imply that iron and ferroptosis play an important role in nerve 
cell damage, and iron chelators could inhibit ferroptosis signaling 
pathways. such studies point out new research directions for the 
treatment of cerebral ischemia-reperfusion, but clinical evidence 
is still insufficient.

Ischemic stroke and lipid metabolism

Polyunsaturated fatty acids (PUFAs) such as arachidonic 
acid (AA) and adrenic acid (ADA) could form PE-AA/ADA 
with phosphatidyl ethanolamine (PE) under the catalysis of 
Acyl-CoA synthetase long-chain family member 4(ACSL4) 
and lysophosphatidylcholine acyltransferase 3(LPCAT3). 

lipoxygenase(LOX) oxidizes PE-AA/ADA to lipid peroxides 
mediated by iron, leading to ferroptosis [22] (Figure 2). Gubern 
et al. first reported the association between ACSL4 and cerebral 
ischemia, but not confirm this is related to the ferroptosis [23]. In 
recent years, it has been reported that ACSL4 is up-regulated and 
participates in ferroptosis signaling pathway during ischemia-
reperfusion of the intestine [24], heart [25] and other organs. 
However, the relationship between ACSL4 and ferroptosis pathway 
of cerebral ischemia is not clear, further research is needed. For 
the LOX study, it is clear that the expression of 12/15-LOX in the 
brain of cerebral ischemia is up-regulated [26,27], related to the 
increase of lipid peroxide levels and the damage of neuronal cells. 
Furthermore, Stockwell et al. clarified that 12/15-LOX is involved 
in the ferroptosis pathway [28]. this phenomenon might be due to 
the 12/15-LOX is regulated by GSH, the decrease of GSH helps to 
activate 12/15-LOX [29]. Therefore, ferroptosis can be inhibited 
by regulating LOX and ACSL4. Li et al. used rosiglitazone to 
inhibit ACSL4 expression and reduce ferroptosis during intestinal 
ischemia-reperfusion [24], which provides a new strategy for 
treatment of ischemic stroke. Yigitkanli et al. [30] and Rai et 
al. [31] reported LOX inhibitors LOXBlock-1 and ML351 could 
protect brain cells from 12/15-LOX-induced oxidative damage 
after cerebral ischemia stroke, respectively. The pharmacokinetic 
study of these inhibitors may become a hotspot in the future.
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Figure 2: Ferroptosis of nerve cells in ischemic stroke.

Ischemic stroke and amino acid metabolism

To avoid ferroptosis, cells were protected by System Xc- 
and GPX4. System Xc- regulated by intracellular glutamate, 
transfer into cystine and out glutamate without consuming ATP. 
Intracellular cystine is broken down into cysteine, then GSH is 
formed with glutamate. Then, GPX4 consumes GSH to reduce 
lipid peroxides to lipid alcohols and inhibit ferroptosis [32]. 
This is the most critical pathway for cells to resist ferroptosis 
(Figure 2). There is a certain controversy in the current research 
on System Xc- after cerebral ischemia. Dixon et al. mentioned in 
the study that the inhibition of System Xc- caused the decrease 
of intracellular cystine, then GSH depleted and GPX4 inactivated 
[7]. P53 is a pro-apoptotic gene up-regulated after ischemic 
stroke, which inhibit System Xc-, eventually leads to ferroptosis 
-mediated brain damage [32]. But there are also studies reported 
that cerebral ischemic damage could be alleviated through down-
regulating the System Xc- [33]. The study of Hsieh et al. further 
reported that hypoxia inducible factor-1α(HIF-1α) promoted 
System Xc- upregulation during cerebral ischemia and the increase 
in extracellular glutamate activates N-methyl-D-aspartic Acid 
Receptor (NMDAR), which promote the uptake of iron by nerve 
cells, implies the beginning of ferroptosis [34,35]. The different 
reports of System Xc- may be related to the different stages of 
ferroptosis. It is currently speculated that System Xc- up-regulated 
in the early stage of ferroptosis, followed by inhibiting by excess 
extracellular glutamate [36]. By contrast, the research on GPX4 is 
not contradictory. The experimental study of Guan et al. clarified 
the relationship between GPX4, ferroptosis and ischemic stroke 

[36]. The expression of GPX4 was down-regulated in cerebral 
ischemia-reperfusion gerbils, when the GPX4 was up-regulated 
by drug, the lipid peroxide was inhibited, and brain damage was 
alleviated.

System Xc- and GPX4 play a key role in the process of 
ferroptosis. Therefore, regulating System Xc- and GPX4 may 
have a positive effect on ischemic stroke. N-acetylcysteine and 
ceftriaxone sodium down-regulate the expression of System Xc- 
in cerebral ischemia rats to enhance the tolerance of nerve cells 
to ferroptosis [33]. Meanwhile, selenium is significance to the 
biological activity of GPX4, which could promote the expression of 
GPX4, to inhibit ferroptosis [37].

Discussion

Compared with other human tissues and organs, brain tissue 
and nerve cells are rich in polyunsaturated fatty acids and iron 
ions, which are more sensitive to ferroptosis [38]. generally, the 
BBB stabilize the iron content of the brain within an appropriate 
range. But cerebral ischemia increases the permeability of the BBB, 
promotes iron into the brain parenchyma, which become a trigger 
for ferroptosis in brain cells [16]. At present, the mechanism of 
ferroptosis of ischemic stroke is gradually being clarified, iron 
chelators and some related drugs have also achieved certain 
effects in the treatment of cerebral ischemia. The in-depth study 
of the different stages of cerebral ischemia involved in ferroptosis 
will help us to understand the mechanism of occurrence and 
progression of cerebral ischemic injury, provides a new strategy 
for the treatment of cerebral ischemia.
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