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(FDA), has a certain time window (TTW) in clinical appli-
cation [13]. Therefore, it is necessary to further explore the 
mechanism of IS and develop more drugs for treatment.

In recent years, studies have identified an iron-dependent 
form of regulated necrosis (RCD) [14] known as ferrop-
tosis. Ferroptosis occurs mainly because of the excessive 
accumulation of ROS in cells in an iron-dependent form, 
and it is obviously different from other forms of cell death 
such as apoptosis, necrosis, autophagy, and pyrodeath with 
respect to morphology and function [15]. Previous studies 
on ferroptosis have focused on cancer [16], but in recent 
years, it has been found that ferroptosis is closely associ-
ated with a variety of neurological diseases including Par-
kinson’s [17] and stroke [18]. At the same time, a growing 
body of research suggests that IS is strongly associated with 
ferroptosis. There is a large body of literature on the patho-
logic changes of IS and the involvement of ferroptosis in 
the mechanistic process of IS; the use of relevant ferropto-
sis inhibitors in IS has also been reported. Thus, inhibition 
of ferroptosis is likely to ameliorate the neurologic impair-
ment caused by IS. However, because of the complex and 
unclear mechanisms of IS pathology, few IS-related ferrop-
tosis inhibitors have been applied to the clinic. This review 
systematically introduces the current pathomechanism of IS 
and the basic process of ferroptosis, explores the pathway 
of ferroptosis-mediated IS from several aspects, summa-
rizes the relevant substances that improve IS by inhibiting 

Introduction

Strokes include ischemic stroke (IS) and hemorrhagic 
strokes. Ischemic strokes account for approximately 85% 
of all strokes worldwide [1], and its incidence is increasing 
yearly [2]. The etiology of IS varied [3], with depression [4], 
cognitive impairment [5], and many other complications. 
The pathogenesis of IS is complex and unclear [6], and the 
possible mechanisms include overproduction of reactive 
oxygen species(ROS), blood-brain barrier (BBB) disruption 
[7], oxidative Stress [8], secondary neuroinflammation [9], 
excitatory amino acid toxicity [10], and iron overloading. 
Studies have found that drugs to improve cerebral circula-
tion, thrombolytic drugs [11], and neuroprotective agents 
[12]are effective in alleviating neurological impairment 
after cerebral ischemia, but there are still many problems 
with clinical application. For example, the thrombolytic 
drug tissue-type plasminogen activator (tPA), which has 
been approved by the U.S. Food and Drug Administration 
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Abstract
Ischemic stroke is a common neurological disease. Currently, there are no Food and Drug Administration-approved drugs 
that can maximize the improvement in ischemic stroke-induced nerve damage. Hence, treating ischemic stroke remains 
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ferroptosis (Table 1), and discusses the future direction of 
ferroptosis in IS research, with the hope of providing new 
ideas for the treatment of IS.

Ischemic Stroke

Stroke is the second-leading cause of death and the sixth-
leading cause of disability worldwide, with a high pro-
portion of IS. Interruption of cerebral blood flow due to 
thrombosis or embolism is the underlying pathology for 
the development of IS [19,20], which causes irreversible 
neuronal damage. The pathogenesis of IS is complex and 
unknown. We list below several of its common pathologies:

Blood-Brain Barrier Disruption and Iron Overload

The BBB comprises brain microvascular endothelial cells 
(BMECs) and their tight junctions (TJ), intact basement 
membranes, extracellular matrix, pericytes, and plasma 
membranes surrounded by astrocyte footplates, with the 
brain microvascular endothelial cells being the main com-
ponent [21]. The BBB plays a crucial role in maintaining 
brain tissue homeostasis and limiting the entry of harmful 
extracellular substances from the bloodstream into the brain 
[22].

Hypoxia and glucose in the brain after IS causes microg-
lia to release large amounts of matrix metalloproteinase 
(MMP), which degrades the extracellular matrix of the cen-
tral nervous system (CNS) and alters the expression and dis-
tribution of tight junction (TJ) proteins [23], while MMP-9 
promotes BBB disassembly [24,25]. After the destruction 
of the BBB, increased permeability of brain cell mem-
branes and leakage of brain autoantigens induces secondary 
autoimmune responses to neuronal antigens and prolonged 
inflammation and a massive influx of extracellular iron into 
the brain tissue, resulting in iron accumulation [26], which 
further exacerbates metabolic disorders in brain tissue and 
triggers brain edema, iron metabolism disorders, immune 
infiltration, and other lesions [27]. It was found that serum 
ferritin levels were significantly higher in patients with 
cerebral ischemia. Accumulation of iron in the brain tissue 
and simultaneous generation of large amounts of lipid ROS 
further induce ferroptosis and promote cerebral infarction, 
resulting in severe neurological impairment. Therefore, 
inhibiting ferroptosis may be an effective therapeutic target 
for IS. Moreover, IS-induced disruption of the BBB has a 
limiting effect on the therapeutic window of thrombolytic 
drugs [28]. Therefore, repairing the BBB may also hold new 
promise for the treatment of IS.

Oxidative Stress

Oxidative stress is cellular damage caused by overproduc-
tion of ROS and reactive nitrogen species (RNS) and the 
imbalance between cellular oxidative and antioxidant sys-
tems. Oxidative stress damages organs, tissues, and their 
functions [29,30], which further leads to damage to DNA, 
lipids, and proteins and likely also causes severe neurologi-
cal dysfunction. In cerebral ischemia and hypoxia, a large 
number of ROS free radicals are generated, which induce 
the expression of pro-inflammatory mediators aggravating 
brain tissue injury [31]. Meanwhile, a large accumulation 
of ROS would further induce ferroptosis and aggravate 
neurological damage. Therefore, ROS plays a key role in 
the pathomechanism of IS, and reducing ROS will further 
alleviate the neurological impairment post-IS, providing an 
effective therapeutic idea for IS.

Secondary Neuroinflammation

Immune cells in the brain parenchyma include innate 
immune cells and peripheral immune cells. The former 
plays an important role in the regulation of neuroinflamma-
tion [32], while the latter is the key to inducing neuroinflam-
mation. Studies have shown that neuroinflammation plays a 
role in IS injury and can attenuate brain damage by remov-
ing senescent cells and debris.

After cerebral ischemia, microglia and astrocytes pro-
liferate [33] and secrete pro-inflammatory factors such as 
interleukin 1β (IL-1β), tumor necrosis factor-α (TNF-α), 
and interleukin-6 (IL-6) [9]. At the same time, the excess 
toxic ROS produced activate MMP, which further exacer-
bate inflammatory responses and infiltrate leukocytes [34], 
hence aggravating ischemic injury of the brain tissues. 
However, the exact mechanism of activation of microg-
lial cells and astrocytes is currently unknown. A growing 
body of research suggests that neuroinflammation is closely 
related to IS, which is promising for IS treatment.

Excitatory Amino Acid Toxicity

Excitatory amino acids are closely related to the impairment 
of neurological function after cerebral ischemia. Glutamate 
(Glu) is involved in maintaining neurological function and 
is the most abundant neurotransmitter in the brain [35,36]. 
The phenomenon of neuronal death caused by the sustained 
release of excitatory amino acids is also known as “excit-
atory amino acid toxicity”.

After cerebral ischemia, nerve cells supply insufficient 
blood and oxygen, causing membrane potential depolariza-
tion. On the one hand, presynaptic membrane Ca2+ chan-
nels open and inhibit Glu reuptake by neurons, and Glu 
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Categorization Materialistic Hypostasis Machine
Natural product Naotaifang (NTE) Antioxidant Downward revision of TFR1, DMT1, ROS, Iron [44];

Upward revision of SLC7A11, GPX4, GSH [44]
Astragaloside IV Inhibits lipid peroxidation Downward revision of ACSL4 [76]
Danhong injection (DHI) Inhibits lipid peroxidation Downward revision of TFR1, TF, SLC7A11, HO-1 [78];

Upward revision of GPX4, SOD, GSH [78]
Galanglin Radical scavenger, Antican-

cer, Antioxidant, Inhibits lipid 
peroxidation

Upward revision of GPX4, SLC7A11 [99]

procyanidins Antioxidant Upward revision of GPX4, SLC7A11, Nrf2, HO−1 [123]
Downward revision of TFR1 [123]

Withaferin A (WFA) Antioxidant Upward revision of Nrf2, HO−1 [130]
Ajuga nipponensis Antioxidant, anticancer, Radical 

scavenger
Upward revision of Nrf2 [131]

puerarin Inhibits lipid peroxidation Downward revision of p53 [112,138]
Carthamin yellow Antioxidant, anticancer Upward revision of TFR1, ROS, Fe2+ [56, 57]
Anggong Niuhuang 
Wan (AGNHW)

Antioxidant Downward revision of ROS, LPO, Fe2+ [100];
Upward revision of GPX4 [100]

Kaempferol Antioxidant Upward revision of GPX4, Nrf2, SLC7A11 
[101]; Monoterpene phenol carvacrol [101]

Epimedium Extract Antioxidant Upward revision of GPX4 [102,103];
Promotes GPX4 transcription [102,103]

β-Caryophyllene Antioxidant, anticancer Upward revision of Nrf2 [128]; Inhibition of endoplas-
mic reticulum stress [128]

15, 16-Dihydrotanshinone I Antioxidant, anticancer Downward revision of ROS [126];
Upward revision of GPX4, GSH, Nrf2 [126]

Forsythiae Fructus Antioxidant, anticancer Upward revision of Nrf2 [127]
Baicalein Antioxidant, anticancer Upward revision of GPX4, ACSL4 [140,141];

Downward revision of Fe2+;
Inhibition of endoplasmic reticulum stress [140,141]

Monoterpene phenol carvacrol Antioxidant,anticance, 
Neuroprotection

Downward revision of ROS, Iron;
Upward revision of GPX4 [95]
;Inhibition of endoplasmic reticulum stress [95]

The natural small molecule 
hinokitiol (Hinokitiol)

Antioxidant, Anticancer, 
Neuroprotection

Chelated iron [60]

Chrysanthemum extract 
(CME)

Antioxidant stress, Radical 
scavenging

Upward revision of MDA [168];
Downward revision of ROS [168]

Geranylgeranyl Antioxidant stress Upward revision of Nrf2, HO-1, SOD [122];
Downward revision of ROS [122]

Astragalin Antioxidant stress, Inhibits Lipid 
peroxidation, Anticancer

Downward revision of SOD [108];
Upward revision of MDA [108]

vitamin K (VK) Free radical trapping 
antioxidants

Downward revision of ROS [145]

α-tocopherol (α-TOH) Capture of lipid peroxyl radi-
cals, Antioxidant

Downward revision of ALOXs [80]

Trace element Se Antioxidant Upward revision of GPX4 [92,169];
Downward revision of MDA [92,169]

Zn2+ Antioxidant Upward revision of GSH、GPX4、Nrf2 [93];
Downward revision of ROS [93]

Synthetic drugs Ferrostatin-1 Inhibitors of ferroptosis Downward adjustment of iron, ROS [74]
Liproxstatin-1 Inhibitors of ferroptosis Upward revision of GPX4, FSP1 [79]
Olanzapine Antioxidant Upward revision of GPX4, GSH [82]
diphenylbutene Inhibits lipid peroxidation Upward revision of FSP1 [148]
3 H-1,2-Dithiole-3-thione Antioxidant, Anticancer Upward revision of Nrf2 [125]
BRD4770 Inhibits lipid peroxidation, 

Inhibits ferroptosis
Downregulates
GCH1-BH4 [156]

•
Marketed drug•

Edaravone Radical scavenger, Anticancer, 
Antioxidant

Upregulation of GPX4 [94];
Downward adjustment of ACSL4, LOX-5 [94]

Table 1  Drugs that treat IS by inhibiting ferroptosis
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consequent increase in the level of poisonous lipid ROS 
[42]. Three main metabolic pathways are involved: iron 
metabolism, lipid metabolism, and amino acid metabolism 
(Fig. 1). Furthermore, ferroptosis is subject to other avenues 
and mechanisms within the cell. An increasing number of 
studies have shown that serum iron levels are significantly 
higher in patients with IS, and brain tissue also exhibits sig-
nificant iron deposition in animal models of IS [43,44]. It is 
suggested that there is a potential link between ferroptosis 
and IS and that intervening with the metabolic pathway of 
ferroptosis may provide new options for IS treatment.

Relationship between iron Metabolism and Ischemic 
Stroke

Iron is necessary for lipid ROS accumulation and fer-
roptosis mechanisms; thus, any abnormal process of iron 
storage, release, or uptake may affect ferroptosis. Under 
normal conditions, free Fe3+ from the blood enters the cell 
via serum transferrin (TF) and the membrane protein trans-
ferrin receptor 1 (TFR1) and gets deposited in the nuclear 
endosomes, where it is reduced to Fe2+ by the enzyme Six-
Transmembrane Epithelial Antigen of Prostate 3 (STEAP3) 
and then transported to the cell under the action of Divalent 
Metal Transporter 1 (DMT1). This later participates in the 

accumulates in large amounts in the interstitial space of 
the cell, which is toxic to neurons [37]. On the other hand, 
activation of the glutamate receptor N-methyl-D-aspartate 
receptor (NMDA) triggers excitatory amino acid toxicity in 
the brain [10,38], causes postischemic neuronal damage and 
oxidative stress, resulting in neuronal injury and even death. 
Studies have reported that the transcription of the Glu trans-
porter protein Excitatory amino acid transporter 1 (EAAT1) 
gene is restrained during cerebral ischemia [39]. Mean-
while, the ability of astrocytes to take up Glu is diminished 
after brain tissue injury [40], but the exact mechanism is 
still unclear. Therefore, researchers believe that improving 
amino acid accumulation can alleviate neurological impair-
ment after cerebral ischemia.

Mechanisms of Ferroptosis and Their 
Relation to Ischemic Stroke

Studies have found multiple forms of cell death in IS, 
and ferroptosis is one of them [18,41]. Ferroptosis occurs 
mainly due to the inactivation of intracellular phospho-
lipid peroxidase glutathione peroxidase 4 (GPX4), resulting 
in the inability of toxic lipid hydroperoxides (L-OOH) to 
be converted to non-toxic lipid alcohols (L-OH), and the 

Categorization Materialistic Hypostasis Machine
Nanoparticle SOD-PLGA-NPs Capture of free radicals Downregulates ROS [109];

Reducing the inflammatory response [109]
Liposome-coated DFO 
nanoparticles

Inhibition of iron-mediated 
ferroptosis

Lower iron [59]

MiRNA miR-532–3p Antioxidant stress Inhibition of NOX2 [105]
Iron chelator Desferrioxamine (DFO) Inhibits iron-mediated lipid 

peroxidation
Upregulates GSH, GPX4 [58]

Thymosin β4 Inhibits iron-mediated lipid 
peroxidation, Anticancer

Upregulates Fe2+ [62]

1,10-fenpyrroline Inhibits iron-mediated lipid 
peroxidation, Anticancer

Upregulates Fe2+ [63, 64]

2,2’-bipyridine Inhibits iron-mediated lipid 
peroxidation, Anticancer

Upregulates Fe2+ [64]

purine derivatives Inhibits iron-mediated lipid 
peroxidation, Anticancer

Upregulates Fe2+ [55]

Enzyme inhibitor ACSL4 inhibitor Inhibits lipid peroxidation, 
anticancer

Downregulates ROS [75]

Thrombin Inhibits lipid peroxidation Downregulates ACSL4 [77]
LOX inhibitor Inhibits lipid peroxidation, 

anticancer
Downregulates ROS [72]

ALOX12/15 Inhibits lipid peroxidation, 
anticancer

Downregulates ROS [70,71]

Dihydroorotate 
dehydrogenase (DHODH)

Capture of lipid peroxides Downregulation of p53, ALOX [151];
Upregulation of GPX4 [151]

Neurotransmitt-er Dopamine Antilipid peroxidation Upregulation of GPX4 [88]
hormones exogenous melatonin Antioxidant,anticancer, radical 

scavenger
Upregulation of GPX4, Nrf2 [129]

Table 1  (continued) 

1 3

818



Neurochemical Research (2024) 49:815–833

ceruloplasmin (CP) converts Fe2+ to Fe3+ and translocates 
it to TF proteins [47] (Fig. 1). In some pathological states, 
when iron exceeds the iron-binding capacity of TF, non-
transferrin-bound iron (NTBI) is produced in the cells, caus-
ing iron deposition in the cells [48,49].

The BBB permeability significantly changes after cere-
bral ischemia, and iron metabolism in the brain tissue is 

synthesis of metalloproteins in the cytoplasm or is stored 
directly in the cell [45]. When Fe2+ is in excess, the Fenton 
reaction of excess Fe2+ with hydrogen peroxide generates 
toxic lipid ROS and activates lipoxygenases (especially 
15-LOX). The synthesized lipoxygenase (LOX) further 
participates in lipid peroxidation [46], inducing ferropto-
sis. Ferroportin 1 (FPN-1) is the only protein that transfers 
intracellular iron to the extracellular compartment [45], and 

Fig. 1  Major metabolic mechanisms of ferroptosis and their mediation 
of IS pathways
Serum Transferrin (TF); The membrane protein Transferrin Recep-
tor1 (TFR1); Six-Transmembrane Epithelial Antigen of Pros-
tate 3 (STEAP3); Ceruloplasmin (CP);  Divalent Metal Trans-
porter 1 (DMT1); Recombinant Solute Carrier Family 7, Member 
11 (SLC7A11); Recombinant Solute Carrier Family 3, Member 2 
(SLC3A2); Polyunsaturated fatty acids (PUFAs); Phosphatidyl Etha-
nolamine-Polyunsaturated Fatty Acids (PE-PUFA); Lyso-Phosphati-

dylcholine Acyltransferase-3 (LPCAT3); Glutathione (GSH); Gluta-
thione Peroxidase 4  (GPX4);  oxidized glutathione,  GSSG;  glutamic 
acid  (Glu); Cystine; Cys  (Cys);  Lipoxygenase  (LOX); Arachidonic 
Acid  (AA); Adrenaline  (AdA); Lipid hydroperoxide  (PL-PUFA-
OOH); Lipid alcohol  (PL-PUFA-OH); Acyl-CoA Synthetase Long-
Chain Family Member 4 (ACSL4); Membrane iron transport protein 
1 (Ferroportin1, FPN1); NMDA (NMDAR); Cytoplasmic phospholi-
pase A2α (cPLA2α)
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metabolism is an effective way to ameliorate ferroptosis-
mediated neurologic injury after IS.

Relationship between Lipid Metabolism and 
Ischemic Stroke

Lipid peroxidation is a central process in ferroptosis [65]. 
Acyl-Coenzyme A Synthetase Long-Chain Family Member 
4 (ACSL4) promotes the binding of long-chain polyunsatu-
rated fatty acids (PUFAs) to CoA, preferentially recognizes 
activated PUFA family arachidonic acid (AA)/adrenaline 
(AdA) [66], and acylates it to form AdA-CoA and AA-CoA 
derivatives in the oxidation center, which are then cata-
lytically acylated and converted to AdA-PE and AA-PE in 
conjunction with lysophosphatidylcholine acyltransferase-3 
(LPCAT3). Lipid peroxides are then produced by enzymatic 
and non-enzymatic reactions in the presence of lipoxygen-
ase-15 (15-LOX) and Fe2+, respectively [67], thereby pro-
moting lipid peroxidation and leading to ferroptosis (Fig. 1). 
The generation of lipid peroxides is accompanied by a chain 
reaction, which may result in more severe cellular damage 
[68]. Inhibition of lipid peroxidation has emerged as an 
important target for inhibiting ferroptosis at present.

Studies have shown that ROS generated by lipid peroxi-
dation is the primary cause of brain damage and a key trig-
ger of ferroptosis. Unlike other organs, the brain is rich in 
oxidation-reducing metal ions and unsaturated lipids and is 
prone to oxidative stress [69]. The pathways associated with 
lipid metabolism after cerebral ischemia are as follows:

(1)	 LOX is a key oxygenase that induces ferroptosis. It 
has been found that LOX inhibitors can ameliorate IS-
induced neurologic impairment. For example, injec-
tion of ALOX12/15 inhibitor in IS rats was effective in 
reducing the area of cerebral infarction and prolonging 
the time window in rats [70,71], and it reduced the risk 
of hemorrhage after thrombolysis in combination with 
tPA [51]. Hence, inhibition of LOX may be an effective 
target for treating IS [69,72]. (2) Cerebral ischemia and 
hypoxia lead to inadequate energy supply to the brain 
and massive ion leakage, resulting in membrane depo-
larization and release of neurotransmitters such as Glu. 
Glu accumulates in the middle cerebral artery occlusion 
(MCAO) rat model with high iron content. Excessive 
Glu release activates phospholipases and accelerates 
lipid peroxidation [73], while NMDA promotes iron 
accumulation, and DFO can protect against this dam-
age. Thus, Glu can induce iron metabolism disorder 
and increased neural function impairment in brain tis-
sue [74]. (3) After cerebral ischemia, Ca2+ inflow and 
activation of Ca2+ dependent cytoplasmic enzyme 
cPLA2α [18], promoting lipid peroxidation. Calcium 

abnormal. The imbalance of iron intake and excretion 
induces ferroptosis. Intracellular iron uptake increases, 
acidic conditions generate separation of iron from TF, and 
the expression of ferritin, TFR1, and DMT1 is up-regu-
lated in the brain. Moreover, iron removal from the cell is 
blocked, FPN-1 downward adjustment, and Tau expression 
is inhibited [18]. Large amounts of iron accumulate in the 
brain parenchyma, inducing the onset of the Fenton reaction 
and producing excessive lipid ROS in brain cells, exacer-
bating brain tissue damage. HIF-1α, BACH1, NCOA4, and 
ferredoxin are potent ferroptosis inhibitors [50] that modu-
late iron metabolism disorders after cerebral ischemia. For 
example, cerebral hypoxia promotes the binding of hypoxia-
inducible factor-1 (HIF-1) to hypoxia-responsive progenitor 
(HRE), which upregulates DMT1, TF, and TFR1 expression 
[51]. However, inactivation of the HIF-1α subunit increases 
brain damage after IS [52], and DFO was also found to pro-
mote HIF-1α expression and inhibit cerebral ischemia [6]. 
Therefore, inhibiting iron overload might provide a new 
therapeutic strategy to alleviate the neurological impairment 
caused by IS.

Environmental enrichment, an effective intervention for 
IS, was found to down-regulate TFR1, DMT1, and MDA 
and up-regulate FPN1 and GPX4 expression after ischemia/
reperfusion (I/R) injury, which significantly treated neuro-
nal ferroptosis and alleviated neurological damage after IS 
and promoted the recovery of motor function in rats [53]. 
A study showed that inflammatory stimuli increased hep-
cidin expression and degraded FPN-1 [54]. It was found 
that the natural complex herbal Naotaifang extract (NTE) 
significantly down-regulated the expression of TFR1 and 
DMT1, reducing ROS, MDA, and iron accumulation in 
MCAO rats [55]. Moreover, in recent years, the flavonoid 
compound Cathamin yellow was found to inhibit TFR1 
expression and down-regulate Fe2+ and ROS in a rat model 
of MCAO, effectively reducing the area of cerebral infarc-
tion as well as cerebral edema after IS [56,57]. At the same 
time, injection of desferrioxamine (DFO) [58] reduced the 
area of cerebral infarction after cerebral ischemia; whereas, 
liposome-coated DFO nanoparticles [59] delayed the recov-
ery of neurological function after stroke. Moreover, the 
natural small molecule hinokitiol also can chelate iron and 
inhibit ferroptosis by affecting Fe2+ and up-regulating anti-
oxidant factors, thereby ameliorating nerve damage after 
IS and showing stronger iron chelating ability than DFO 
[60,61]. In addition, iron chelators such as thymosin β4 
[62], 1,10-fenpyrroline [63,64], 2,2’-bipyridine [64], and 
purine derivatives [55] have been found to play a role in 
other diseases by affecting free Fe2+ and reducing ROS lev-
els. Therefore these iron chelators are also expected to offer 
hope for future IS treatments. Overall, modulation of iron 
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limiting lipid peroxidation and inhibiting ferroptosis by 
enhancing GPX4 stability.

Glu is the principal excitatory neurotransmitter in the 
CNS. It is an essential factor in maintaining neural func-
tion. Studies have shown that after cerebral ischemia, brain 
metabolism is disturbed, Glu accumulates, and excess Glu 
inhibits the Xc−system, which in turn triggers ferroptosis 
[89,90]. Elevated lipid peroxidation levels and decreased 
GSH levels were detected in the MCAO model, thereby 
interfering with the synthesis and expression of GSH. GPX4 
could effectively inhibit ferroptosis and alleviate neuro-
logical damage caused by IS. Meanwhile, exogenous GSH 
administration has a mitigating effect on post-IS neurologi-
cal damage and promotes the neuroprotective effect of intra-
striatal dopamine in post I/R rats [56,91].

Studies have shown that trace elements have a role in 
IS, such as: Se [92] which induces GPX4 transcriptional 
activation, plays an antioxidant role and alleviates neuro-
logical damage induced by cerebral ischemia. However, 
the specific mechanism is unknown. Zn2+ [93] is involved 
in postischemic BBB injury, and the over-accumulation of 
intracellular Zn2+ induces neuronal damage after ischemia. 
The free radical scavenger edaravone [94]is the only fer-
roptosis inhibitor currently used to treat cerebral ischemia 
by alleviating ferroptosis in cerebral ischemia caused by 
cystine deficiency. Furthermore, the monoterpene phenol 
carvacrol was found to up-regulate GPX4 levels and reduce 
peroxides in brain tissue, effectively improving memory and 
reducing hippocampal neuronal damage after IS in gerbils 
[95–97]. Meanwhile, in recent years, glycyrrhizin (GL), a 
natural glycosylated triterpenoid, has been found to inhibit 
ferroptosis and inflammatory factors by modulating the 
GPX4 pathway, which in turn ameliorates neuronal damage 
after neonatal hypoxic-ischemic brain damage (HIBD) [98]. 
In addition, natural products such as galangin [99], Angong 
Niuhuang Pills (AGNHW) [100], Kaempferol [101], and 
icaritin II [102,103] have also been found to inhibit ferrop-
tosis and exhibit neuroprotective effects in IS by modulating 
the GPX4 pathway and thereby inhibiting ferroptosis. Thus, 
it is hoped that intervening in the Xc−system could result in 
an improvement of neurological impairment due to cerebral 
ischemia.

Relationship between Oxidative Stress and Ischemic 
Stroke

As is well known, oxidative cell damage is associated with 
the pathogenesis of many diseases. Studies have found that 
oxidative stress, which is caused by intracellular pro-oxi-
dant accumulation and antioxidant deficiency, may be one of 
the important mechanisms that induce brain tissue damage 
after IS. Ferroptosis as a distinct oxidative stress-induced 

antagonists have been shown to significantly reduce 
the size of cerebral infarcts and exert neuroprotective 
effects in rats. (4) Studies have shown that ACSL4 
overexpression further aggravates brain tissue injury, 
and pro-inflammatory cytokine expression is reduced 
after down-regulation of ACLS4, suggesting that down-
regulation of ACSL4 expression attenuates ischemic 
brain injury [75]. (5) It was found that both thrombin 
inhibitors and the potent bioactive ingredient astraga-
loside IV (As-IV) had inhibitory effects on ACSL4 
[76,77]. (6) In addition, Danhong injection (DHI) was 
found to alleviate lipid peroxidation and inhibit fer-
roptosis by modulating the SATB1/SLC7A11/HO-1 
signaling pathway and was neuroprotective in both an 
in vivo pMCAO model and an in vitro oxygen glucose 
deprivation (OGD) model [78]. (7) It has been shown 
that the lipid antioxidants ferritin-1 (Fer-1) [74] and lip-
roxstatin-1 [79] are effective in alleviating neurological 
damage after cerebral ischemia. Free radical trapping 
antioxidants (RTAs) ameliorate post-ischemic neuro-
logical damage by trapping lipid peroxyl radicals such 
as α-tocopherol (α-TOH) [80] and diarylamine com-
pounds [81] (phenoxazine, phenothiazine). It remains 
to be determined whether there are other RTAs that 
likely play a role in IS. In addition, in recent years, a 
novel small molecule compound, olanzapine, has been 
discovered, which is similar to Fer-1 and also exerts fer-
roptosis inhibition through antioxidationand improves 
the easy metabolism of Fer-1, and also brings new hope 
for future IS treatment [82].

Relationship between Amino Acid Metabolism and 
Ischemic Stroke

It is known that System Xc- and GPX4 are important 
pathways for blocking ferroptosis [83,84]. The System 
Xc-GSH-GPX4 axis is a critical step in the death of iron. 
Its carrier is a dimer comprising light chain solute carrier 
family 7, Member 11 (SLC7A11) and heavy chain solute 
carrier family 3, and Member 2 (SLC3A2) linked by disul-
fide bonds, which has high transport activity and specific-
ity [85]. System Xc- transports intracellular Glu and takes 
up extracellular cystine in a 1:1 ratio. The rapid reduction 
of cystine to cysteine (Cys) is involved in the synthesis of 
GSH. This GSH is synthesized in the cytoplasm from cyste-
ine, glycine (Gly), and Glu. GPX4 converts cellular reduced 
GSH to oxidized glutathione (GSSG). Meanwhile, GPX4 
converts toxic lipid peroxides in cells to nontoxic lipid alco-
hol (PL-PUFA-OH) in the presence of GSH, maintaining 
redox homeostasis [86,87] (Fig. 1). It has been shown that 
the neurotransmitter dopamine [88] achieves the effect of 
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(GCS), the Glu-Cys ligase catalytic subunit (GCLC) [115], 
the subunit of the cystathionine/Glu transporter protein xCT, 
and the light-chain SLC7A11 [116]. (4) Enzymes related to 
NADPH regeneration: glucose-6-phosphate dehydrogenase 
(G6PD) and phosphogluconate dehydrogenase (PGD), and 
malic enzyme (ME) [117] are essential for GPX4 activity. 
Transcriptional regulators related to Nrf2 and many of its 
target genes have been shown to play important roles in 
the regulation of ferroptosis [115] and are the current new 
hotspots for ferroptosis therapy.

In summary, Nrf2 is a key transcription factor involved in 
ferroptosis and iron homeostasis in the brain. Several studies 
have shown that it is possible to affect Nrf2 to regulate fer-
roptosis and thereby treat neurodegenerative diseases, delay 
the progression of diabetic nephropathy (DN), and inhibit 
the death of vascular endothelial cells (VEC) in atherogen-
esis. Studies have shown that cerebral ischemia produces 
excess ROS that activate Nrf2. The Keap1/Nrf2 signaling 
pathway is the most important antioxidant defense pathway 
identified to date [118] (Fig.  2). Chrysanthemum extract 
(CME) modulates the Keap1/Nrf2 pathway to significantly 
inhibit oxidative stress and alleviate neurological damage 
after ischemia/reperfusion (CR/IR) in vivo and in vitro 
[119]. Elevated levels of Nrf2 were detected in the brains of 
experimental rats 2 h after MCAO-reperfusion (MCAO/R), 
which increased GSH synthesis and GPX4 transcription. In 
turn, Nrf2 binds with antioxidant response elements (AREs) 
in the promoter region to drive the expression of antioxidant 
genes for antioxidant effects. Under the influence of ROS, 
the Nrf2/ARE complex dissociates and Nrf2 translocates, 
triggering the voice of the ARE sequence genes in the pro-
moter (Fig.  2) to produce endogenous antioxidants [120]. 
Nrf2 can form an antioxidant pathway with heme oxygenase 
(HO-1) (Fig. 2) to regulate cellular inflammation and oxi-
dative stress [121]. Geraniin activates the HO-1-Nrf2 path-
way, inhibits ROS production and anti-inflammatory factor 
expression, and significantly reduces neurological damage 
after cerebral ischemia [122]. A large number of studies 
have also shown that procyanidins (PACs) can ameliorate 
cerebral ischemia-reperfusion injury (CIRI) by activating 
the Nrf2-HO-1 pathway and thereby bringing a new direc-
tion for CIRI treatment [123].

Silent information regulator factor 2-related enzyme 1 
(SIRT1) [31] was found to upregulate Nrf2 and GPX4 in a 
hypoxic-ischemic brain injury (HIBI) model, and signifi-
cantly improved cognitive deficits and exerted neuroprotec-
tive effects in rats [124]. Meanwhile, in 2017, Guo et al. 
found that the dithionite compound 3 H-1,2-Dithiole-3-thi-
one (D3T) activated Nrf2 in the MCAO model and reduced 
the area of cerebral infarcts and ameliorated neurological 
impairments in rats after IS [125]. In addition, many inhibi-
tors ameliorate ferroptosis after IS by acting on Nrf2, but the 

cell death pathway is mainly characterized by glutathione 
depletion and lipid peroxidation. (1) GPX4 converts GSH 
to GSSG, constituting a GSH/GSSG antioxidant system to 
eliminate oxides. (2) GPX4 converts L-OOH to L-OH in 
cells, which in turn reduces ROS [104] (Fig. 1).

NADPH oxidase 2 (NOX2) has been found to be a key 
enzyme for ROS production in cerebral ischemia-induced 
oxidative stress injury [105]. MiR-532-3p has been found 
to attenuate postischemic reperfusion injury by directly 
inhibiting NOX2 expression and activity [106]. Superox-
ide dismutase (SODs, a free radical scavenger in the body) 
can inhibit free radical damage and protect cells from oxi-
dative stress [107]. It has been reported that the flavonoid 
compound astragalin effectively improves the neurological 
impairment caused by cerebral ischemia by regulating the 
SODs and MDA contents in the brain of model rats, thereby 
reducing lipid peroxidation, significantly reducing the area 
of cerebral infarction, and alleviating cerebral edema [108]. 
Meanwhile, poly(lactic acid)-glycolic acid copolymeriza-
tion-nanoparticles (SOD-PLGA-NPs) showed enhanced 
free radical-scavenging ability and significant reduction of 
the cerebral infarct area in MCAO mice, which ultimately 
ameliorated neurological impairment after IS [109]. How-
ever, the mechanism of ROS and RNS accumulation during 
cerebral ischemia is still unclear. In addition, it has been 
found that electroshock (EA) [110] can alleviate cerebral 
ischemic injury and reduce the area of cerebral infarction 
in the MCAO model by up-regulating FSP1, GSH, and 
GPX4 in the brain tissues, and by down-regulating TFR1 
in the Baihui, bilateral Sanyinjiao, and bilateral Neiguan 
acupoints [111,112]. Several studies have found that oxida-
tive stress has been involved in the pathology of various 
diseases, including atherosclerosis, hypertension, and neu-
rodegenerative diseases [29].

Relationship between Nuclear Factor Erythroid 
2-Related Factor 2 and Ischemic Stroke

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a salient 
anti-oxidative stress transcription factor that improves cel-
lular oxidative tolerance and plays an important role in 
inhibiting ferroptosis [113]. Recombinant Kelch-like ECH-
Associated Protein 1 (Keap1) is a regulator of Nrf2. The 
downstream target proteins and enzymes associated with it 
are as follows:

Known regulators of ferroptosis: light and heavy chains 
of ferritin (FTL, FTH1) and FPN1, which is responsible for 
extracellular efflux from cells [114]. (2) Peroxisome prolif-
erator-activated receptor γ (PPARγ): It is a ligand-activated 
receptor that synergizes with the Nrf2 pathway to inhibit 
ferroptosis [113]. (3) Enzymes used for GSH regulation: 
the glutathione synthesis gene γ-glutamylCys synthetase 
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free radicals and activating the Nrf2-AREs signaling path-
way [131]. Thus these ferroptosis inhibitors also hold great 
promise for future use in the treatment of ferroptosis-medi-
ated IS. In general, Nrf2 is critical for neurological damage 
after cerebral ischemia, and Nrf2 has the potential to become 
a hotspot for the treatment of IS.

Relationship between p53 and Ischemic Stroke

p53 is an important tumor suppressor gene that regulates fer-
roptosis [132]. It is divided into canonical and non-canonical 
pathways [133]. (1) Canonical pathway (GPX4 is a central 
factor): p53 promotes Fe3+ production and ROS and lipid 
peroxidation, while inhibiting GSH production directly 

exact mechanism remains unclear. In addition, natural com-
pounds such as 15,16-dihydrotanshinone I (DHT) [126], 
forsythia fruit extract forsythia glycoside A (FA) [127], and 
β-caryophyllene (BCP) [128] have been found to ameliorate 
ferroptosis after IS by acting on Nrf2. Meanwhile, exoge-
nous melatonin administered to rats also showed significant 
ferroptosis inhibition and neuroprotective effects in rats 
[129]. In addition to this, there are several ferroptosis inhibi-
tors that can play a role in other diseases by modulating the 
Nrf2 signaling pathway. For example, Withaferin A (WFA) 
inhibits neurological impairment after cerebral hemorrhage 
by activating the Nrf2/HO−1 pathway [130], Ajuga nippo-
nensis (ADC) can also play a role in other classes of neu-
rological disorders mediated by ferroptosis by scavenging 

Fig. 2  Mechanisms of ferroptosis regulators Nrf2 and p53 involved in 
IS
Nuclear factor E2-related factor 2 (Nrf2); p53 (tumor suppres-

sor);  Recombinant Kelch-like ECH Associated Protein 1 (Keap1); 
Antioxidant response element (ARE); Heme oxygenase-1 (HO-1); 
Recombinant Solute Carrier Family 7, Member 11 (SLC7A11)
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brain I/R injury thus exhibiting neuroprotective effects [97]. 
It was seen that baicalein could exhibit a significant inhibi-
tory effect on ferroptosis in rat cerebral I/R injury by up-reg-
ulating GPX4 and ACSL4 in a transient MCAO (tMCAO) 
model [140]. Baicalein could also partially reduce ROS by 
suppressing endoplasmic reticulum stress [141]. In addition, 
there are natural agents such as BCP [142] and carvacrol 
[96,102] that are associated with endoplasmic reticulum 
stress. Thus, inhibition of endoplasmic reticulum stress may 
also be an effective way to inhibit ferroptosis and provide a 
new direction for neurologic recovery after IS.

The above metabolic pathways regulate ferroptosis, 
which plays a role in alleviating the neurological damage 
after IS and is also a key target for researchers to develop 
novel ferroptosis inhibitors and provide a new direction for 
the treatment of IS. It is hoped that the inhibition of ferropto-
sis can provide new therapeutic options and effective drugs 
to improve the neurological impairments caused by IS. In 
addition to the above mechanisms, many other pathways 
mediating ferroptosis have been reported (Fig.  3). There-
fore, interfering with these pathways may provide ideas for 
alleviation of neurological impairment after IS.

Other Ferroptosis Pathways

The Nicotinamide Adenine Dinucleotide Phosphate-
Ferroptosis Inhibitory Protein 1-Coenzyme Q10 Pathway

Ferroptosis Inhibitory Protein 1(FSP1) [143], a member of 
the type II NADH quinone oxidoreductase (NDH-2) family 
of enzymes, is a potent ferroptosis inhibitor [18,143,144]. 
At the same time, studies have shown that vitamin K (VK) 
is converted to the corresponding hydroquinone (VKH2) 
catalyzed by FSP1, which inhibits lipid peroxidation and 
thus ferroptosis [145,146]. Genetic screens revealed that 
FSP1 catalyzes H2O2 production and converts FAD to 
6-hydroxy-FAD in the presence of O2 and NADPH thereby 
directly inhibiting ferroptosis [143,147]. Moreover, inhibi-
tor diphenyl butene (DPT) has recently been found to inhibit 
ferroptosis through upregulation of FSP1, and its derivative 
3f can alleviate neurological impairments after IS to a cer-
tain extent in the MCAO model [148]. In addition, it was 
found that Nrf2 and p53 can all act as FSP1 transcription 
factors to regulate FSP1 levels [149].

Coenzyme Q10 (CoQ10) is a lipophilic free radical 
trapping antioxidant that mediates the inhibition of fer-
roptosis by FSP1 [74]. FSP1 inhibits lipid peroxidation 
by reducing CoQ10 to ubiquinol (CoQ10H2) in the pres-
ence of NADPH, which traps and reduces lipid peroxides 
[146,147,150] Dihydroorotate dehydrogenase (DHODH), 
a ferroptosis inhibitor present in the mitochondria, inde-
pendently reduces ubiquinone to ubiquinol to protect cells 

inhibits GPX4 activity, which in turn promotes ferroptosis. 
(2) Non-canonical pathway: The p53/SLC7A11/ALOX12 
and p53/SLC7A11/ALOXE3 axes cooperate and are inde-
pendently involved in the regulation of ferroptosis, while 
not being dependent on GPX4 [133]. Under specific condi-
tions, p53 is involved in the dual regulation of inhibition and 
promotion of ferroptosis [134]; furthermore, the regulation 
of ferroptosis is complex.

A growing body of research suggests that p53 plays an 
important role in central nervous system tumors, cardiovas-
cular disease, IS, and neurodegenerative diseases [132,135]. 
It was shown that activation of p53 by cerebral ischemia, 
down-regulation of ferritin levels, up-regulation of SLC7A11 
and GPX4, and inhibition of p53 activation reduced early 
brain damage associated with ferroptosis (Fig. 2). The small 
molecule protein-protein interaction (PPI) inhibitor K-181 
has been reported to inhibit p53 transcription and alleviate 
postischemic nerve injury [136], and novel long-stranded 
noncoding RNAs [137] may have the same effect. In addi-
tion, the herbal Pueraria Mirifica extract Pueraria Mirifica 
was also found to be effective in alleviating brain tissue 
damage after IS by down-regulating p53 and it can also be 
used in conjunction with conventional therapies in IS treat-
ment [112,138]. Therefore, the regulation of ferroptosis by 
inhibiting p53 activation is expected to be a new strategy for 
the treatment of IS.

Endoplasmic Reticulum Stress and Ischemic Stroke

The endoplasmic reticulum (ER) has since long played an 
important role in protein synthesis, folding, and structural 
maturation. A correlation was also found between ferrop-
tosis and oxidative stress in the ER, usually expressed in 
Nrf2-HO-1, Xc-, and GPX4 [102]. When ER proteins are 
overloaded because of altered genetic or external condi-
tions, including Ca2+ imbalance and altered ER lumen con-
ditions, the cell will activate the unfolded protein response 
(UPR), thereby initiating the endoplasmic reticulum stress 
response to balance its protein folding capacity. However, 
once its regulatory capacity is exceeded, the endoplasmic 
reticulum stress will lead to cell death [139]. UPR activa-
tion is regulated by three type I transmembrane proteins 
upstream of it, including inositol-essential protein 1 (IRE1), 
activating transcription factor-6 (ATF6), and protein kinase 
RNA-like ER kinase (PERK) [102].

Several inhibitors have been found to inhibit the endo-
plasmic reticulum stress response by acting on ferroptosis, 
which in turn exhibits neuroprotective effects in IS models. 
In 2023, Ileriturk et al. found that carvacrol down-regulated 
GRP78, ATF-6, PERK, IRE1α, and CHOP gene expression 
and corrected λ-cyfluthrin-induced misfolding rates [96], 
and up-regulated GPX4 and inhibited ferroptosis in gerbil 
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[156]. And BRD4770 plays an inhibitory role in aortic dislo-
cation (AD) caused by smooth muscle cell (SMC) loss [155]. 
GCH1 inhibitors have been reported to play an effective role 
in the treatment of colorectal cancer [157]. Researchers have 
explored the role of this pathway in neurodegenerative dis-
eases. It is hoped that the GCH1-BH4 pathway may provide 
new therapeutic strategies for neurodegenerative diseases.

Heat Shock Factor 1-heat Shock Protein beta-1(HSF1-
HSPB1) Pathway

HSF1 is an important transcription factor for cellular adap-
tation to stimuli that promote cancer development and plays 
an important role in HSPB1 transcription [158]. HSPB1 is 
a member of the small heat shock proteins family and is 
upregulated in breast cancer [159]. Meanwhile, HSPB1 was 
found to up-regulate G6PD, GPX4, SLC7A11, and TFR1 in 
an OGD-mediated neonatal hypoxic-ischemic brain dam-
age (HIBD) model, and significantly reduced the area of 
cerebral infarction in rats [160]. In addition, combining the 
induction of ferroptosis with anticancer agents is a potential 
therapeutic strategy to overcome drug resistance in breast 
cancer [159]. Knockdown of HSF1 and HSPB1 increases 
the concentration of iron and ROS in cells, which in turn 
enhances elastin-induced ferroptosis and ultimately inhibits 

from lipid peroxidation [151] (Fig.  3). Administration of 
CoQ10H2 to neonatal rats after IS increases motor function 
and decreases infarct size [152]. The NADPH-FSP1-CoQ10 
pathway cooperates with GSH and GPX4 to inhibit lipid 
peroxidation and ferroptosis. Therefore, interfering with 
FSP1 expression may become one of the hotspots for future 
ferroptosis research. Researchers hope that FSP1 has the 
potential to become an effective target for the treatment of 
IS in the future.

GTP Cyclohydrolase-1-tetrahydrobiopterin (GCH1-BH4) 
Pathway

GCH1 is another ferroptosis regulator that produces BH4. 
BH4 acts as a potent endogenous free radical-trapping anti-
oxidant, reduces lipid peroxidation protecting cells from fer-
roptosis, and is also involved in the formation of CoQ10H2 
[153] (Fig.  3). At the same time, GCH1 overexpression 
can eliminate lipid peroxidation [154] and can selectively 
enhance BH4 synthesis and reduce ROS production [155]. 
The GCH1-BH4 pathway is an endogenous antioxidant 
pathway. In recent years, the histone methylation trans-
ferase inhibitor BRD4770 was found to downregulate the 
GCH1-BH4 pathway and thus inhibit ferroptosis, which was 
comparable to Fer−1 inhibition at optimal concentrations 

Fig. 3  Other pathways mediate ferroptosis
Ferroptosis Inhibitory Protein 1 (FSP1); Coenzyme Q10 (CoQ10); Pan-
thenol (CoQ10H2);  Nicotinamide Adenine Dinucleotide Phosphate 
(NADPH); Dihydroorotate dehydrogenase (DHODH); GTP Cyclohy-

drolase-1 (GCH1); Tetrahydrobiopterin (BH4); GTP Cyclohydrolase-
1-Tetrahydrobiopterin  (GCH1-BH4); Mevalonate  (MVA); Cys-tRNA 
Synthetase (CARS); Heat Shock Protein Beta-1 (HSPB1); Heat shock 
factor (HSF1)
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Clinical Translational Applications of 
Ferroptosis Inhibitors

Inhibitors of Ferroptosis that have Entered the Clinic 
for the Treatment of Ischemic Stroke

Ferroptosis as a new mode of cell death plays an impor-
tant role in IS, and three ferroptosis inhibitors—edaravone 
dexborneol, thrombin inhibitor and Dl-3-n-butylphthalide 
(NBP), have already entered the clinical translational stage 
of IS treatment.

Edaravone dexborneol has synergistic effects in neuro-
protection. In animal experiments, it was found to amelio-
rate neuronal damage and improve memory in mice after 
CIRI mainly through activating the Nrf2-HO-1 pathway and 
inhibiting NOX2 [170]. Moreover, it is currently in phase III 
clinical trials as a ferroptosis inhibitor, and administration 
within 48 h after acute IS (AIS) has revealed an increase 
in the number of patients with better neurological recovery 
on day 90, while the trials have demonstrated an improve-
ment in both drug efficacy and drug safety profile [171]. 
Meanwhile the dual-target drug edaravone-dexamethasone 
has been approved for marketing in China in 2020. Edara-
vone, a neuroprotectant and free radical scavenger, has been 
approved for the treatment of AIS in Japan in 2021 [172]. 
It is also an inhibitor of ferroptosis that is currently mar-
keted and widely used in the clinical treatment of IS. Eda-
ravone significantly reduced the area of cerebral infarction 
after IS by upregulating Nrf2, FPN, and GPX4 and activat-
ing the Nrf2-FPN pathway [173]. Additionally, edaravone is 
approved by the FDA for the treatment of amyotrophic lat-
eral sclerosis (ALS) [174]. Dexborneol is a natural terpene 
bicyclic organic compound with a protective effect on the 
brain. Studies have shown that edaravone dexborneol is sig-
nificantly better than edaravone alone in alleviating neuro-
logical impairment after cerebral ischemia [171]. Therefore, 
the development of multi-targeted drugs provides a more 
effective clinical treatment for AIS patients, which is cur-
rently an important direction for optimizing neuroprotective 
agents and is expected to become a new trend in future drug 
development.

Thrombin has been reported to be one of the main tar-
gets of IS. It has also been shown that thrombin promotes 
ferroptosis and further promotes neuronal cell death by 
promoting ACSL4, thus inhibiting thrombin is expected 
to be one of the effective measures to inhibit ferroptosis. 
The thrombin inhibitor dabigatran is currently in a phase 
III (NCT03961334) clinical trial for IS [77]. The thrombin 
inhibitor argatroban has also been used in the acute phase 
of ischemic cerebral infarction, and studies have found that 
the combination of argatroban with aspirin has been shown 

tumor growth, while HSPB1 overexpression inhibits ferrop-
tosis [161]. HSF1 contributes to nuclear translocation and 
stabilization of p53 [162]. The HSF1-HSPB1 pathway can 
negatively regulate elastin-induced ferroptosis in human 
cervical cancer cells [163] and prostate cancer cells [164] 
(Fig.  3). However, this pathway has hardly been reported 
in neurological diseases. Hence, it is important to further 
explore the application of this pathway in neurological dis-
eases to add a new treatment direction.

Sulfur Transfer Pathway

Deletion of Cys-tRNA Synthetase (CARS) (Fig. 3) increased 
intracellular Cys, GSH, and GSSG, while inhibiting ROS 
production, which in turn inhibited Xc−system-mediated 
ferroptosis, but had no effect on GPX4-induced ferroptosis 
[165]. Overall, the sulfur transfer pathway regulates ferrop-
tosis to some extent. The sulfur transfer pathway plays a 
central role in the maintenance of redox homeostasis and 
oxidative stress response and has been implicated in a many 
diseases such as vascular dysfunction and Huntington’s dis-
ease (HD) and in aging. It is therefore speculated that the 
transsulfur pathway might also play a role in neurological 
disorders by regulating ferroptosis.

The Mevalonate Pathway

The mevalonate (MVA) pathway is an important route for 
regulating ferroptosis. The MVA pathway regulates sele-
noCys tRNA transporter activity involved in the synthesis 
of the selenoprotein GPX4, and isopentenyl pyrophosphate 
(IPP) promotes selenoCys tRNA maturation and GPX4 
synthesis. SelenoCys tRNA maturation and GPX4 synthe-
sis are impeded by MVA pathway inhibitors (e.g., statins) 
[166]. IPP is the precursor of CoQ10, and the MVA path-
way synthesizes coenzyme CoQ10 in the presence of acetyl-
coenzyme A (Acetyl-CoA) [167] (Fig. 3). Thus, the MVA 
pathway is involved in the Xc−GSH-GPX4 axis and the 
NADPH-FSP1-CoQ10 pathway. However, further studies on 
the relationship between MVA and ferroptosis are needed. 
MVA is expected to be a new target for the treatment of fer-
roptosis, and MVA has rarely been reported in IS. Hence, it 
also provides a new idea for the study of IS.
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whether they can be successfully translated into clinical 
drugs needs to be further investigated.

Problems that may be Encountered in the 
Translational Clinical use of Ferroptosis Inhibitors

The development of drugs for neurological disorders has 
been a major challenge in the drug development phase for 
decades. Currently IS drug therapy is mostly symptomatic 
and no specific drug has been found. Although ferroptosis 
inhibitors are now available for clinical translation, there are 
still problems associated with their use. For example, taste 
disturbances may occur after administration of edaravone 
dextran in patients with hypertension [194]. In phase II, 
multicenter, randomized, double-blind, multi-dose, active-
controlled clinical trials, patients were still found to experi-
ence adverse reactions such as itch, rash, acute liver injury, 
and renal injury [195]. In addition, there may be sex-related 
differences in thrombin production, so the use of thrombin 
inhibitors in male and female patients with AIS requires 
further attention [196]. In addition, several iron-death neu-
roprotective agents have still not translated successfully in 
clinical trials. Meanwhile, the brain is a very challenging 
organ, and the current very limited knowledge of the brain is 
also a major challenge for drug development [197]. In addi-
tion, the complexity of neurological injury response and the 
single mechanism of drug research are also important rea-
sons for the low number of effective drugs for IS in recent 
years. Furthermore, basic research mainly evaluates early 
outcomes, while clinical trials need to evaluate long-term 
efficacy. Therefore, the clinical translation of ferroptosis 
inhibitors still faces great challenges, and more research, 
including basic experiments in animal models and clinical 
trials, is needed to understand in greater detail the process 
of brain cell death in disease, further improve the specific-
ity of drugs targeting ferroptosis, and reduce adverse effects 
[185].

Discussion and Conclusion

Although improvements have been made over the decades 
for IS prevention and post-IS neurologic impairment, it is 
still very challenging to treat IS completely. Acute stress in 
the brain after cerebral ischemia is complex and unclear, 
with inflammatory responses and immune processes play-
ing a key role in the development of IS. Cerebral ischemic 
injury is an inflammatory stimulus-response. After cere-
bral ischemia, microglia and astrocytes are activated and 
secrete pro-inflammatory factors, but exactly how they are 
activated is unclear. Investigations have found that drugs 
such as anticoagulants, antiplatelet agents, thrombolytics, 

to increase neuroprotection and significantly reduce the 
adverse prognosis [175].

NBP is a neuroprotective agent isolated from Apium 
graveolens Linn, which was approved by the China Food 
and Drug Administration (CFDA) for the treatment of IS 
as early as 2002 [176] and has completed FDA-approved 
Phase II clinical trials [177]. It exerts neuroprotective 
effects in IS mainly by lowering ROS, inhibiting inflamma-
tory responses, reducing oxidative stress, and thus attenuat-
ing ferroptosis [177,178]. Meanwhile, NBP was found to 
significantly improve postoperative cognitive impairment 
in IS patients in a clinical study [179]. In addition, upregu-
lation of Keap1 levels in patient’s serum and decreases in 
Nrf2, ARE, and NQO1 levels were found after adminis-
tration of the drug in a study of 127 IS patients between 
January 2019 and January 2021 [180–182]. And zhang et 
al. obtained the same results in a rat MCAO model [179]. 
Meanwhile, Lu et al. found that NBP treatment upregulated 
SLC7A11 and GPX4 expression in rat neuronal cells in an 
MCAO model [178]. Meanwhile, NBP was found to syn-
ergistically improve IS neurological function and attenuate 
cognitive deficits with edaravone dextroamphetamine in the 
MCAO model [183].

Inhibitors of Ferroptosis that have Entered the Clinic 
for the Treatment of Other Diseases

In addition to the above inhibitors, other ferroptosis inhibi-
tors have also been introduced for clinical use in recent 
years, so it can be conjectured whether these ferroptosis 
inhibitors could play a neuroprotective role in IS patients 
by inhibiting ferroptosis. For example, in 1991, Crapper 
McLachlan et al. found that intramuscular injections of 
DFO significantly improved cognitive performance in AD 
patients in a phase II clinical trial of AD [184,185]. In 2013, 
Guo et al. showed therapeutic promise when they found 
that intranasal injection of DFO reversed memory deficits 
in the APP/PS1 bi-genic mouse model [186,187]. Mean-
while, deferiprone (DFP), another iron chelator with the 
same function as DFO, is in a phase II clinical trial for the 
treatment of Parkinson’s disease (PD), where it significantly 
reduces brain iron deposition and improves motor function 
in patients [188]. In addition, the copper compound CuII 
(atsm) showed significant neuroprotective effects in phase I 
clinical trials in ALS and PD [189]. CuII (atsm) is currently 
in phase II clinical trials for ALS, after successful comple-
tion of phase I trials [185,190]. In addition, several iron 
chelators including DXZ [191], CPX [192], and DFX [193] 
have entered clinical trials for other diseases. It is encourag-
ing to note that the above ferroptosis inhibitors have shown 
some neuroprotective effects in animal models of IS, but 
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GCH1-BH4 pathway, HSF1-HSPB1 pathway, sulfur trans-
fer pathway, MVA pathway) have been reported, their spe-
cific mechanisms are still unknown, and there is no research 
on whether the above mechanisms can play a role in IS, 
which also provides more targets for researchers to study 
ferroptosis-mediated IS. Fourth, small-molecule ferroptosis 
inhibitors suffer from low targeting, low solubility, and low 
clinical use. Targeted ferroptosis nanomedicines have been 
reported to ameliorate these problems [201] and have been 
reported in ferroptosis-mediated diseases such as cancer and 
tumors [202]. Meanwhile, some studies have shown that 
the combination of nanoliposomal Fasudil (Fasudil-Lip) 
and tPA effectively alleviated the neurological impairment 
caused by cerebral ischemia and prolonged the TTW of tPA 
[203], which further improved the drug targeting. Progress 
has also been made in recent years with penetration-tar-
geted nano-delivery systems via the BBB. Therefore, future 
research should focus on combining small-molecule ferrop-
tosis inhibitors with nanoparticles.

Although there are still many problems with ferroptosis-
based regulatory mechanisms for therapeutic application in 
IS, ferroptosis still has great research prospects and devel-
opment potential for alleviating neurological impairments 
after IS.
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