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REVIEW

Ferroptosis is involved in regulating 
perioperative neurocognitive disorders: 
emerging perspectives
Yanhong Song, Ziyi Wu, Hang Xue and Ping Zhao* 

Abstract 

Since the twenty-first century, the development of technological advances in anesthesia and surgery has brought 
benefits to human health. However, the adverse neurological effects of perioperative-related factors (e.g., surgical 
trauma, anesthesia, etc.) as stressors cannot be ignored as well. The nervous system appears to be more “fragile” and 
vulnerable to damage in developing and aging individuals. Ferroptosis is a novel form of programmed cell death 
proposed in 2012. In recent years, the regulation of ferroptosis to treat cancer, immune system disorders, and neuro-
degenerative diseases have seen an unprecedented surge of interest. The association of ferroptosis with perioperative 
neurocognitive disorders has also received much attention. Cognitive impairment can not only affect the individual’s 
quality of life, but also impose a burden on the family and society. Therefore, the search for effective preventive and 
therapeutic methods to alleviate cognitive impairment caused by perioperative-related factors is a challenge that 
needs to be urgently addressed. In our review, we first briefly describe the connection between iron accumulation in 
neurons and impairment of brain function during development and aging. It is followed by a review of the pathways 
of ferroptosis, mainly including iron metabolism, amino acid metabolism, and lipid metabolism pathway. Further-
more, we analyze the connection between ferroptosis and perioperative-related factors. The surgery itself, general 
anesthetic drugs, and many other relevant factors in the perioperative period may affect neuronal iron homeostasis. 
Finally, we summarize the experimental evidence for ameliorating developmental and degenerative neurotoxicity by 
modulating ferroptosis. The suppression of ferroptosis seems to provide the possibility to prevent and improve perio-
perative neurocognitive impairment.
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Introduction
With health issues intensifying around the world, world-
wide surgical procedures are increasing dramatically 
and surgery has become one of the predominant means 
of curing disease. Global surgical volume statistics pub-
lished by the World Health Organization (WHO) have 
shown that the global surgical volume is up to 320 mil-
lion each year and is gradually growing [1]. With the 

dual effect of improved surgical techniques and safety, 
surgical treatment has made contributions to human 
health. However, brain dysfunction caused by periop-
erative-related factors should not be neglected equally. 
Perioperative neurocognitive disorders (PND) are a com-
mon postoperative complication of the central nerv-
ous system, mainly including postoperative cognitive 
dysfunction (POCD) and postoperative delirium. It is 
usually characterized by confusion, anxiety, personal-
ity changes, and memory impairment [2]. Currently, the 
pathogenesis of PND is unclear and may be the result 
of a combination of factors. Oxidative stress, apoptosis, 
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neuroinflammation, changes in synaptic properties, 
and abnormal accumulation of amyloid β (Aβ) may all 
be involved in the pathological development of PND [3, 
4]. Compared to other age groups, elderly patients have 
a lower resistance to stress and a relatively lower toler-
ance to surgery, resulting in a higher incidence of PND 
[5]. It is important to note that PND is not a harmless 
disease. Not only does it lead to longer hospital length of 
stay, higher costs, and increased readmission rates, but it 
may also increase 5-year mortality after surgery [6, 7]. In 
addition, postoperative delirium may accelerate the dete-
rioration of cognitive function in elderly patients and is 
associated with a decline in neurocognitive function in 
the distant postoperative period [8, 9]. Cognitive impair-
ment not only leads to a reduced level of quality of life for 
the individual, but may also place a heavy burden on the 
family and society. Aging-induced neurological degen-
eration increases susceptibility to perioperative cogni-
tive impairment, and the developing brain is likewise 
more vulnerable to multiple factors such as anesthetics 
and surgical trauma. Experimental animal studies have 
found that some anesthetics (e.g., isoflurane, sevoflurane, 
ketamine, sodium thiopental, and others) are neurotoxic 
to the developing brain [10, 11], and general anesthesia 
in infancy may also be associated with impaired recall 
memory in childhood [12]. Therefore, effective preven-
tion and mitigation of anesthetic developmental neuro-
toxicity and perioperative neurocognitive impairment 
have become urgent issues to be addressed.

Ferroptosis is a novel iron-dependent form of pro-
grammed cell death proposed in 2012 [13], which is char-
acterized by the generation of lipid peroxides by highly 
expressed unsaturated fatty acids in the cell membrane 
and the accumulation of lipid peroxides to lethal levels 
catalyzed by divalent iron or ester oxygenases, thereby 
inducing cell death [14, 15]. Iron is an essential trace ele-
ment in the human body, involved in regulating energy 
metabolism, transporting oxygen, DNA synthesis, and 
improving immunity. In nerve cells, iron is not only 
engaged in mitochondrial respiration, but also plays a 
significant role in the synthesis of neurotransmitters and 
myelin sheaths, which is an indispensable part of main-
taining normal physiological functions of the brain [16]. 
Elevated iron levels in the brain can damage nerve cells 
by inducing lipid peroxidation, mitochondrial inactiva-
tion, and neuroinflammation. Current research has dem-
onstrated that iron overload can be linked to a variety of 
neurodegenerative diseases such as Alzheimer’s disease, 
Parkinson’s disease, and epilepsy [17, 18]. And the mech-
anisms of general anesthetic neurotoxicity have simi-
larities with neurodegenerative diseases. Ferroptosis, a 
form of cell death, may inevitably disrupt nerve cell func-
tion. However, this is not the only cause of the cognitive 

decline. Inhibition of neuronal activity can also affect 
cellular function. The intensity of perioperative stimuli 
and the susceptibility of neurons may lead to different 
outcomes for individual perioperative cognitive decline. 
Some individuals can return to normal quickly, while 
others take 6 months to 1 year, or even longer. Emerging 
insights suggest that ferroptosis is possibly involved in 
the pathogenesis of PND. Our review provides an update 
on the targeted modulation of ferroptosis to attenuate 
cognitive impairment attributed to perioperative-related 
factors.

Mechanisms of ferroptosis
Ferroptosis is a novel form of cell death that differs from 
apoptosis, autophagy, and necrosis, as proposed by Dixon 
et al. in 2012 [13]. It can be evoked by endogenous and 
exogenous pathways, with the endogenous pathway gen-
erally referring to the suppression of intracellular antioxi-
dant enzyme activation, while the exogenous pathway is 
through the regulation of membrane transport proteins, 
mainly including the inhibition of System  Xc− and acti-
vation of transferrin [19]. Increased iron accumulation 
and lipid peroxidation are critical signals for the induc-
tion of ferroptosis, and disruption of the balance between 
cellular regulation of oxidative damage and antioxidant 
defense will trigger cellular death. Currently, the precise 
mechanism of ferroptosis is still unclear and potentially 
closely interrelated with a variety of biological pathways, 
the main ones widely recognized being iron, lipid, and 
amino acid metabolic pathways [20] (Fig. 1).

Iron metabolism
Iron is an essential micro-element with two oxidation 
states,  Fe2+ and  Fe3+.  Fe3+ binds to transferrin (TF) and 
eventually flows into the cells via the transferrin cycle. 
The principal processes include the binding of Tf–Fe3+ 
to transferrin high-affinity receptor 1 (TfR1) on the cell 
membrane and its entry into the cell to form an endo-
some by endocytosis. The acidic nuclear endosomal 
environment separates  Fe3+ from TF, while the metal 
reductase STEAP3 reduces  Fe3+ to  Fe2+ [21].  Fe2+ can be 
subsequently assisted by the divalent metal transporter 
1(DMT1) or the zinc transporter protein ZIP14 (ZRT/
IRT-like protein14) to flow to the cytoplasmic labile 
iron pool(LIP) [22]. TF and TfR1, which have released 
 Fe3+, can be reintroduced to the cell surface by cytosolic 
action. In this process, Tf and TfR1 can be recycled and 
reused in the next cycle of cellular iron uptake. Ferropor-
tin 1(FPN1) is the unique protein in humans that trans-
ports intracellular iron efflux. Intracellular  Fe2+ can be 
oxidized to  Fe3+ by hephaestin and bound to ferropor-
tin 1, which in turn are transferred out of the cell. Hep-
cidin can regulate FPN1 levels by binding to FPN1 and 
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triggering its internalization, ubiquitination, and degra-
dation. Iron response element (IRE) is a highly conserved 
RNA stem–loop structure present at the 5′ end or 3′ end 
of the non-coding region of iron metabolism-related 
protein genes (e.g., TFR1, DMT1, ferritin, FPN1, etc.) 
[23]. Iron regulatory proteins 1 and 2 (IRP1 and IRP2) 
can act as sensors to control intracellular iron metabolic 
homeostasis, recognizing and binding IRE in a structure 
and sequence-specific manner, and thereby regulating 
iron uptake, storage, and export [24]. When intracellu-
lar iron is at relatively low levels, IRP/IRE can increase 
iron uptake and inhibit iron export by upregulating the 
expression of TFR1 and DMT1 and downregulating FPN 
and ferritin [25].

Ferritinophagy is a type of selective cellular autophagy. 
Nuclear receptor co-activator 4 (NCOA4) has been iden-
tified as a crucial regulator of ferritinophagy, which binds 
to ferritin through the C-terminal helix domain and is 
delivered to the lysosome for degradation and release of 
free iron [26]. The regulation of NCOA4 expression by 
iron content has a negative feedback inhibition mecha-
nism. In iron-sufficient cells, NCOA4 is degraded by 
the ubiquitin–proteasome system, increasing iron stor-
age in the form of ferritin [27]. In addition, NCOA4 is 
regulated by hypoxia-inducible factor (HIF), and cells 

with increased activity of HIF1α or HIF2α will increase 
the expression level of NCOA4 [28]. Moderate ferritin-
ophagy is essential in maintaining stable intracellular iron 
content. However, NCOA4 overexpression may exces-
sively activate ferritinophagy and increase intracellular 
free iron, which might trigger ferroptosis [29].

Amino acid metabolism
System  Xc− is a reverse transporter protein located in 
the cell membrane, consisting of a light chain subunit 
SLC7A11 and a heavy chain subunit SLC3A2 linked by 
a covalent disulfide bond, mediating the exchange of 
extracellular cystine and intracellular glutamate in a ratio 
of 1:1. The one that performs the amino acid transport 
function is SLC7A11, while SLC3A2 is responsible for 
enhancing protein stability [30]. Intracellular cystine can 
be converted into L-cysteine in a reducing environment, 
which can be utilized as a raw material for the synthe-
sis of glutathione (GSH) [31]. Glutathione peroxidase 
4 (GPX4), a member of the selenium-containing GPX 
family, is an essential peroxide-degrading enzyme in 
the body. The antioxidant process can catalyze the con-
version of toxic peroxides to non-toxic hydroxyl com-
pounds by using GSH as a reducing agent [15]. Therefore, 

Fig. 1 The main mechanisms regulating ferroptosis
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GPX4 is an important factor in the negative regulation of 
ferroptosis.

Lipid metabolism
Lipid peroxidation is usually the process by which free 
radicals seize electrons from lipids leading to the accu-
mulation of lipid peroxyl radicals and hydroperoxides, 
which is an essential point in initiating ferroptosis. 
The process usually affects polyunsaturated fatty acids 
(PUFAs), especially arachidonic acid (AA) and adrenoic 
acid (AdA) [32]. Free AA or AdA is successively gener-
ated by the action of Acyl-CoA synthetase long-chain 
family member4 (ACSL4) and lysophosphatidylcholine 
acyltransferase 3 (LPCAT3) to form AA/AdA-phos-
phatidyl ethanolamine (PE), and the whole process can 
be summarized as the production of CoA derivatives of 
PUFA and their binding to phospholipids [33]. Subse-
quently, under the regulation of lipoxygenases (LOXs), 
PUFA-PE is peroxidized to PUFA-PE-OOH. The accu-
mulation of lipid peroxides destroys cell membranes and 
other structures, which exacerbates the development of 
ferroptosis [34, 35].

Other signals involved in the regulation of ferroptosis
Hypoxia-inducible factors (HIFs) are essential factors 
that regulate oxygen homeostasis at the level of gene 
transcription and are involved in the regulation of many 
iron metabolism-related proteins. Hydroxylation by 
prolyl hydroxylases (PHDs) can lead to the degradation 
of HIF-α, and iron ions can play an auxiliary role in this 
process. HIFs-PHDs are involved in the regulation of 
several iron metabolism-related proteins, and HIF-1 can 
activate the transcription of TFR by binding to hypoxia 
response elements [36]. In astrocytes, upregulation of 
HIF-1α and HIF-2α expression significantly increases 
DMT1 and FPN1 expression [37]. Grx3 and Grx4 in the 
glutaredoxin system can bind Fe–S proteins together 
with GSH to form a complex that functions in antioxida-
tion and maintenance of iron homeostasis [38]. Depletion 
of GSH can increase free iron in the cytoplasm, which in 
turn is deployed to iron-dependent PHDs, promoting 
the expression of ATF4 in the cytoplasm and ultimately 
inducing the occurrence of ferroptosis. New insights pro-
pose that HIF-PHDs are oxygen sensors associated with 
neuronal survival and that iron chelators prevent heme-
induced neuronal ferroptosis in an in vitro model of cer-
ebral hemorrhage by targeting and regulating HIF-PHDs, 
an iron-dependent enzyme, rather than by inhibiting the 
Fenton response [39]. Coenzyme Q10 is a lipid-soluble 
antioxidant and its reduced form can resist free radicals 
that mediate the process of lipid peroxidation. Ferrop-
tosis suppressor protein 1 (FSP1), tetrahydrobiopterin 
(BH4), and dihydroorotate dehydrogenase (DHODH) 

are involved in regulating the production of panthenol 
and perform an effect in the process of cellular antioxi-
dation. The FSP1/CoQ10/NAD(P)H signaling pathway is 
an antioxidant pathway that parallels the GPX4 system 
and strongly synergizes with GPX4 to inhibit phospho-
lipid peroxidation. FSP1 can decrease the accumulation 
of lipid peroxides by converting ubiquinone (CoQ) to 
the antioxidant dihydroubiquinone (CoQH2) [40]. BH4 
is a critical enzyme in the synthesis of CoQ precursors. 
Normal expression of the BH4/dihydrofolate reductase 
(DHFR) pathway serves an essential function in promot-
ing the production of CoQ [41]. New research suggests 
that DHODH, a flavin-dependent enzyme in mitochon-
dria, can also promote CoQH2 production and thus miti-
gate lipid peroxidation damage in mitochondria [42].

GSH is a crucial antioxidant in the body, and the Sys-
tem  Xc−-mediated uptake of cysteine is an important 
source of GSH synthesis. Both tumor suppressor p53 
and nuclear factor erythroid 2-related factor (Nrf2) can 
be involved in regulating System  Xc− function, but their 
roles are distinct. p53 interferes with cystine uptake by 
inhibiting SLC7A11 expression, which in turn promotes 
cellular ferroptosis [43]. In contrast, Nrf2 can translocate 
to the nucleus after stimulation by oxidative stress to pro-
mote the expression of antioxidant molecules SLC7A11 
and HO-1, and consequently inhibit cellular ferroptosis 
[44].

Iron metabolism in different types of neuronal cells
The blood–brain barrier is a material exchange-limiting 
structure composed of capillary endothelial cells, base-
ment membrane, and astrocytes, which makes it impossi-
ble for iron ions from peripheral blood to enter the brain 
directly, but requires a special transport process [45]. 
Iron transport involves two transmembrane processes, 
located on both sides of the vascular endothelium: the 
parietal membrane on the blood side and the basement 
membrane on the brain side. Iron in cerebrospinal fluid 
exists mainly in the form of transferrin-bound iron (TBI) 
and non-transferrin-bound iron (NTBI) [46]. Most of 
the iron flows into the cells by binding to TF and TFR1, 
which is highly expressed on the luminal side of the vas-
cular endothelium. A small fraction enters via a NTBI 
pathway, probably involving the iron transporter in the 
parietal membrane [47]. Intracellular iron flows out of 
the basal plane via Fpn1 or other transporters. The iron 
being released outside the cell may bind to transferrin or 
complex with citric acid, ATP, etc., to form low molecular 
weight complexes, which are subsequently taken up by 
other cells [48]. Iron is capable of moving between differ-
ent neurons and glial cells, but the exact mechanism is 
not yet fully clarified [49].
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Different glial cells mainly express different iron regu-
latory proteins, such as astrocytes mainly express Fpn1, 
oligodendrocytes mainly express TFR1, and microglia 
mainly express ferritin [50]. Although all nerve cells 
can take up non-transferrin-bound iron, different nerve 
cells have different capacities to store iron. In an in vitro 
study comparing the ability of neurons, astrocytes, and 
microglia to accumulate iron, it was found that the abil-
ity of neuroglia (especially microglia) was stronger than 
that of neurons [51]. However, brain astrocytes in  vivo 
express less ferritin and have a poor capacity to store iron 
[52]. As a major component of the blood–brain barrier, 
astrocytes serve a critical role in regulating iron homeo-
stasis in the central nervous system. The presence of fer-
rous iron-converting enzymes on astrocytes can reduce 
 Fe3+ to  Fe2+, which is then transported into the cells via 
DMT1 [53]. Fpn1, hepcidin, and ceruloplasmin expressed 
in the terminal peduncle are all involved in regulating 
the transport of  Fe2+ to the extracellular compartment in 
astrocytes [54, 55]. In addition, astrocytes appear to be 
more resistant to iron overload-induced neurotoxicity 
than other neuronal cells, which may be associated with 
the presence of their antioxidant system [52].

Microglia are neuroimmune cells with both anti-
inflammatory and pro-inflammatory effects. The different 
effects depend mainly on the subpopulation into which 
they are activated: typically activated microglia (M1 type) 
and alternatively activated microglia (M2 type). M1 type 
is capable of producing pro-inflammatory cytokines such 
as IL-1, TNF-α, and IL-β, which in turn trigger cell dam-
age [56]. Conversely, M2 secretes anti-inflammatory 
cytokines such as IL-10 and neurotrophic factors, which 
can exert anti-inflammatory and pro-neural tissue repair 
effects [57]. There are also differences in the regulation of 
iron transport in different states of microglia. The expres-
sion of DMT1 is upregulated in the M1 state, where 
it takes up more NTBI at the cell surface as a result of 
increased extracellular acidification [58]. In addition, the 
increase in extracellular acidification and the decrease 
in intracellular hemoglobin levels are changes that exac-
erbate the increase in intracellular labile iron. In the M2 
state, the expression of TFR1 and ferritin increased, the 
cellular uptake of transferrin-bound iron increased, and 
the iron ions entering the cells could bind to ferritin to 
form stable complexes [59]. This avoids cell damage 
caused by elevated free iron outside the nerve cells. Iron 
metabolism in microglia is not deeply examined, and it is 
generally believed that iron uptake increases and output 
decrease after activation [60]. Iron in oligodendrocytes 
is mainly in the form of ferritin and transferrin [61]. Oli-
godendrocytes and choroid plexus are the main cells that 
synthesize transferrin, and iron in nerve cells is mainly 
delivered by transferrin. Therefore, the concentration of 

transferrin in cerebrospinal fluid can reflect the availabil-
ity of iron in the brain [48]. In addition, oligodendrocytes 
can provide large amounts of iron for axonal myelin for-
mation [62].

Interaction of ferroptosis, neuroinflammation, 
and PND
Although the etiology of perioperative neurocognitive 
disorders remained unclear, neuroinflammation has 
been characterized as one of the major causes, especially 
in elderly patients. In addition, there is a complex link 
between ferroptosis and enzymes involved in inflamma-
tion, and ferroptosis inhibitors have demonstrated ben-
efits in certain diseases due to their anti-inflammatory 
activity. Microglia perform an instrumental role in neu-
roinflammation as major mediators of the innate immune 
response, and their iron metabolism has been character-
ized as previously described. Iron overload is strongly 
associated with neuroinflammation. Elevated intracellu-
lar iron levels promote M1 polarization in microglia and 
facilitate a switch from M2 to M1 phenotype [63]. PUFAs 
and their metabolites are essential regulators of inflam-
mation production and regression [64]. Arachidonic acid 
(AA) can produce leukotrienes (LT) via the lipoxygenases 
(LOXs) pathway and prostaglandins(PG) via the cycloox-
ygenases (COXs) pathway [65]. Ferroptosis appears to be 
linked to inflammation through regulation of the activity 
of LOXs and COXs. Lipid peroxidation is an important 
driver of ferroptotic cell death, and it has been identi-
fied in early studies that endogenous peroxisomal tension 
can regulate cellular lipoxygenase activity [66]. COX, as 
the rate limiting enzyme that catalyzes the conversion 
of AA to PG, has two isozymes, COX-1 and COX-2. 
Among them, COX-2 is an inducible enzyme encoded by 
PTGS2, which can activate inflammatory cells and thus 
trigger subsequent inflammatory responses. The emerg-
ing research has revealed that iron death can directly 
upregulate the expression of PTGS2 and thus promote 
the secretion of inflammatory mediators [67]. Elevated 
pro-inflammatory cytokines function in both the innate 
immune system and the adaptive immune system. Pros-
taglandin E promotes the differentiation of helper T cells 
and the secretion of TNF in dendritic cells, which in turn 
activates T cells [68]. Neuroinflammation is also capable 
of further exacerbating iron accumulation. Nuclear fac-
tor-kappa B (NF-κB) is a transcription factor that medi-
ates the immune response and its activation contributes 
to iron accumulation in dopaminergic neurons [69]. Both 
neuroinflammation and ferroptosis exacerbate the dis-
ruption of neuronal cell function, which subsequently 
leads to cognitive dysfunction. Numerous studies have 
found that the application of iron chelators in mouse 
models of perioperative neurocognitive impairment 
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suppresses neuroinflammation and enhances behavioral 
and cognitive performance.

Association of ferroptosis with perioperative 
neurocognitive disorders
Surgical trauma‑induced changes in iron homeostasis 
of nerve cells
In research exploring the pathogenesis of POCD, there 
were significant differences in iron homeostasis in the 
hippocampus of splenectomized animals on the first and 
third postoperative days, but no significant changes were 
observed in the control and anesthesia-only groups. Iron 
accumulation was accompanied by increased oxidative 
stress, mainly in the form of increased malondialdehyde, 
a product of lipid peroxidation, and decreased levels of 
superoxide dismutase activity. The investigators proposed 
that postoperative cognitive decline might be principally 
attributed to surgical trauma rather than anesthesia and 
that changes in neuronal iron homeostasis and oxidative 
stress damage caused by surgical procedures were signifi-
cant factors in cognitive decline [70]. Similarly, in another 
study using an abdominal surgery model to assess the 
effects of surgical trauma on hippocampal iron homeo-
stasis, surgery resulted in altered levels of iron content 
and expression of proteins related to iron metabolism 
for up to 14  days, with increases in hippocampal iron 
content, ferritin, and DMT1, and a significant decrease 
in Fpn-1 levels, compared to controls and sham surgery 
[71]. In addition, surgical procedures inevitably lead to 
increased production of reactive oxygen species (ROS) 
in the body, and large amounts of ROS can result in a 
disruption of the intracellular oxidative and antioxidant 
balance [72]. The reaction between ROS and PUFA of 
the cell membrane promoted the production of lipid per-
oxides, which eventually caused ferroptosis in the cells. 
Reactive lipid species (RLS) can be regarded as a product 
of the non-enzymatic and enzymatic lipid peroxidation of 
PUFAs. Large intracellular accumulation of iron content 
and oxidative stress damage may promote ferroptosis and 
thus lead to decreased cellular function.

The mechanism by which general anesthetics affect 
ferroptosis
General anesthetics affect iron metabolism
The neurotoxicity of general anesthetics has been a 
topical issue in the field of anesthesia. Repeated and 
prolonged exposure not only affects the neurodevel-
opment of infants and children, but also may acceler-
ate the neurological degeneration of elderly patients 
[5, 73]. Elevated iron in the brain is associated with 
neuronal dysfunction. Current opinion suggests that 
general anesthetics may induce cognitive deficits by 
exacerbating iron overload in neuronal cells. This can 

be obtained by the detection of intracellular iron and 
iron metabolism-related protein levels. In a study using 
developing pups and aged rats, both ketamine and 
sevoflurane exposure was found to cause cytoplasmic 
and mitochondrial iron accumulation in hippocam-
pal neurons. Reduced IRP2 and TfR1 expressions and 
increased ferritin expression further indicated that 
general anesthetics interfered with the balance of iron 
metabolism in neuronal cells [74]. Wang et  al. discov-
ered that sevoflurane significantly upregulated the 
expression of H-ferritin and, l-ferritin and iron export 
protein in the hippocampus and cortex of aged mice, 
but the expression of the input-related protein TfR1 
was significantly decreased. In contrast to the previous 
findings, the expression level of IRP2 did not change 
significantly, and the investigators suggested that IRP2 
may not be involved in sevoflurane-induced disorders 
of iron metabolism [75]. Fe–S protein is a component 
of the mitochondrial respiratory chain and plays a key 
role in biological activities as an important electron 
carrier. Anesthetics may affect mitochondrial function 
by causing disturbances in iron metabolism. Interest-
ingly, maternal sevoflurane anesthetic exposure dur-
ing pregnancy reduced brain iron levels and inhibited 
myelin production in offspring mice leading to cogni-
tive impairment, while iron supplementation therapy 
improved impaired cognitive performance [76]. There-
fore, the impact of sevoflurane on iron metabolism in 
mice of different ages may not be identical.

It is widely accepted that anesthetics indeed induce an 
imbalance of iron homeostasis in neuronal cells by affect-
ing iron metabolism, but the exact molecular mecha-
nism is not clear. One of the main mechanisms by which 
general anesthetics act may be through inhibition of 
excitatory synapses and enhancement of inhibitory syn-
aptic transmission, specifically by affecting the function 
of ligand-gated ion channels, such as glutamate recep-
tors/GABA receptors and glycine receptor ion chan-
nels [77]. N-Methyl-d-aspartic acid receptor (NMDAR) 
is a subtype of the ionotropic glutamate receptor, and 
it has been proposed that NMDAR may be the crucial 
link between anesthetics and cellular iron overload [74, 
78]. Prolonged exposure of developing neurons to gen-
eral anesthetics such as sevoflurane and ketamine may 
be responsible for a compensatory increase in NMDAR 
expression [79, 80]. Dexras1, also known as RASD1, is a 
Ras family small G protein, and activation of NMDAR 
can regulate iron transport in neurons through Dexras1 
[81]. Dexras1 complexed with DMT1 not only promotes 
the transmembrane uptake of extracellular iron, but also 
increases the release of iron from lysosomes [82–84]. Wu 
et al. further confirm that NMDAR/RASD1/DMT1 sign-
aling may be one of the molecular mechanisms by which 
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general anesthetics disrupt the balance of iron metabo-
lism in hippocampal neurons [74].

General anesthetics affect amino acid metabolism and lipid 
metabolism
It was found that isoflurane exposure did not alter the 
expression levels of genes related to iron metabolism and 
transport, suggesting that other alternative iron meta-
bolic pathways were involved in inducing cellular ferrop-
tosis [85]. The System  Xc−/GSH/GPX4 regulatory axis is 
an important pathway that negatively regulates ferrop-
tosis, and a decrease in glutathione-dependent antioxi-
dant defense may be an essential trigger for ferroptosis 
[67, 86]. SLC7A11 is the predominant subunit in System 
 Xc− that functions as an amino acid transporter. Beclin1 
is a protein that can exert a vital regulatory role in cel-
lular autophagy, and new insights suggest that it is not 
only involved in autophagy regulation, but also interacts 
with different protein partners to regulate multiple cel-
lular processes in a non-autophagy-dependent manner 
[87, 88]. AMPK-mediated phosphorylation of BECN1 
promotes BECN1–SLC7A11 complex formation and thus 
blocks System  Xc− activity to induce cellular ferropto-
sis [89]. In an isoflurane-treated human neuroblastoma 
cell line, the expression level of phosphorylated Beclin1 
protein was found to be significantly upregulated and 
mediated the inhibition of System  Xc− function by bind-
ing to SLC7A11 in a complex. Isoflurane resulted in GSH 
depletion in neuronal cells in a concentration-dependent 
manner, ultimately inducing the development of ferrop-
tosis [85]. Similarly, in Liu et  al.’s study, SLC7A11 and 
GSH levels in the hippocampus decreased significantly 
after 6 h of 1.5% isoflurane exposure, but GPX4 levels did 
not change significantly, suggesting that isoflurane expo-
sure may induce ferroptosis by affecting System  Xc− and 
cystine uptake but not GPX4 [90]. However, it was con-
troversial whether isoflurane affects ferroptosis by modu-
lating GPX4 levels. Another study revealed a significant 
decrease in GPX 4 mRNA and protein expression levels 
in primary cortical neuronal cultures from mice treated 
with 2% isoflurane [91]. Lipid peroxidation is an influen-
tial part of ferroptosis, which usually refers to the process 
of oxidation of cell membrane by ROS and thus damage 
to cell structure and function. Malondialdehyde (MDA) 
and 4-hydroxynonenal (HNE) are common lipid per-
oxidation products. The brain is highly sensitive to lipid 
peroxidation due to its high oxygen consumption and the 
fact that nerve cell membranes are usually rich in poly-
unsaturated fatty acids [92]. A possible mechanism for 
omega-3 polyunsaturated fatty acids to improve postop-
erative cognitive dysfunction is that their components 
can replace arachidonic acid in cell membrane phospho-
lipids to compete for cyclooxygenase and lipoxygenase 

and reduce RLS-induced cellular damage [93]. It is found 
that exposure of in vitro cultured cortical neurons to iso-
flurane significantly increases cellular ROS levels, impairs 
mitochondrial membrane potential, and ultimately 
induces cell death [91]. When the intracellular balance 
between oxidation and antioxidation is disturbed, more 
ROS reacting with lipids is an important factor leading to 
a decrease in cell viability.

Impact of other relevant factors in the perioperative period
Ferroptosis is a cell death process that catalyzes lipid 
peroxidation of cell membranes in the presence of diva-
lent iron or lipoxygenase, thereby destroying structure 
and function. Surgical trauma and anesthetic drugs may 
be the main factors contributing to postoperative cogni-
tive decline. However, many other relevant factors in the 
perioperative period deserve equal attention. Decreased 
cerebral oxygen levels, inadequate cerebral perfusion due 
to prolonged hypotension, excessive blood loss, duration 
of surgery, clinical history of cerebrovascular disease, and 
postoperative pain are all risk factors for the develop-
ment of POCD [94, 95]. These factors may differentially 
stimulate the release of cellular inflammatory factors 
and exacerbate oxidative stress damage. It is worth not-
ing that cellular ferroptosis does not exist independently, 
but is interconnected with oxidative stress, energy stress, 
endoplasmic reticulum response, lysosomal and mito-
chondrial functions, etc. [15, 96–98]. Currently, studies 
exploring ferroptosis and POCD are still in their infancy, 
and more studies are expected to explore the effects of 
perioperative-related factors on iron metabolism in neu-
ronal cells.

Evidence for attenuation of developmental 
and degenerative neurotoxicity 
through modulation of ferroptosis
It is estimated that more than 300 million people world-
wide will undergo surgical treatment each year. How-
ever, the stimulation of multiple factors such as surgery 
and anesthesia may inevitably lead to neurocognitive 
impairment in the body. The developing and aging brain 
appears to be more susceptible to damage in the perio-
perative period. Developmental neurotoxicity usually 
refers to abnormal changes in the structure and func-
tion of the nervous system caused by exposure of the 
brain to certain toxic substances during development, 
and there is an age-related susceptibility to such toxic-
ity, ranging from 1 to 2 weeks after birth in rodents such 
as mice and from mid-conception to 3  years after birth 
in humans [99]. However, it has been proposed that the 
period of susceptibility to developmental neurotoxicity is 
determined by the cycle of division and differentiation in 
which neurons are present. Since neurons in the dentate 
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gyrus and olfactory bulb regions have the capacity for 
continuous regeneration, some brain regions in adult life 
forms remain vulnerable to anesthetic-induced neuro-
toxicity [100]. In addition, the degenerative neurological 
changes associated with aging make the elderly more sus-
ceptible to multifactorial stimulation of cognitive decline 
in the perioperative period, which can also be considered 
degenerative neurotoxicity. New insights suggest that 
ferroptosis is involved in the pathology of postopera-
tive cognitive dysfunction [101, 102]. The evidence from 
experimental studies to date is summarized in Table 1.

Iron accumulation can affect cognitive performance in 
mice by inducing multiple pathways including mitochon-
drial dysfunction, increased lethality of ROS, dendritic 
reduction, β-amyloid accumulation, and tau hyperphos-
phorylation [103]. In Wang et al.’s study, a low-iron diet 
appeared to improve sevoflurane-induced cognitive 
deficits [75]. In recent years, it has been widely investi-
gated whether the regulation of ferroptosis by several 
treatments can prevent or improve POCD. The three 
main approaches of inhibiting ferroptosis include the fol-
lowing: iron chelation, prevention of lipid peroxidation, 
and scavenging of lipid peroxides [104]. Currently, iron 
chelators and lipophilic antioxidants are widely accepted 
methods to inhibit ferroptosis. Deferoxamine (DFO) is a 
high-affinity iron chelator that is capable of binding  Fe3+ 
and exerts neuroprotective effects through suppression 
of LPS-induced increases in iron levels and neuroin-
flammation [105]. In Li et  al.’s study, DFO pretreatment 
not only improved surgically induced changes in iron 
homeostasis, but also effectively reduced reactive micro-
glia activation and inhibited oxidative stress and neuro-
inflammation. The mechanisms involved may include 
downregulation of gp91phox levels to inhibit oxidative 
stress signaling and suppression of p38 MAPK activa-
tion to reduce the release of inflammatory factors [71]. 
Pan et al. concluded similarly that preoperative adminis-
tration of 100  mg/kg DFO improved iron accumulation 
in the hippocampus, inhibited microglial activation, and 
thus improved postoperative spatial memory in aged rats 
[106]. However, it is worth noting that the presence of the 
blood–brain barrier may not allow much DFO to actu-
ally enter the neuronal cells [107]. Deferiprone (DFP) is 
another metal chelator used to address iron overload and 
has the potential to treat a variety of diseases associated 
with iron accumulation. Its shuttle properties allow it to 
cross the blood–brain barrier and bind iron at multiple 
intracellular sites [108]. It was found that deferiprone 
pretreatment improved cognitive impairment induced 
by sevoflurane or ketamine, and behavioral testing abil-
ity was significantly improved in both adolescent and 
aged rats [74]. Cognitive impairment is strongly associ-
ated with iron overload and neuroinflammation, and 

DMT1 has been implicated as a key link between iron 
signaling and immunity [109]. DMT1-specific inhibitor 
(DMT1i) may attenuate GA-induced neurotoxicity by 
inhibiting iron uptake and counteracting compensatory 
upregulation of NMDAR [74]. Unlike the iron chelators 
mentioned above, ferrostatin-1 (Fer-1) is an inhibitor for 
ferroptosis with a lipophilic antioxidant effect. It could 
attenuate RLS generation, cell death, and mitochondrial 
dysfunction induced by isoflurane exposure [91]. Isoflu-
rane can affect system  Xc− function and mitochondrial 
electron respiratory chain activity in a time-dependent 
and dose-dependent manner, and cysteine deprivation-
induced hippocampal ferroptosis is an essential contribu-
tor to isoflurane-induced developmental neurotoxicity. 
Both ferroptosis  inhibitor (ferrostatin-1) and mitochon-
dria activator (dimethyl fumarate) modulate ferropto-
sis induced by isoflurane exposure, except that dimethyl 
fumarate (DMF) pretreatment decreases the activity of 
the complex IV in mitochondrial ETCs, but ferrostatin-1 
does not have the effect [90]. Notably, the primary tar-
get of DMF is Nrf2, a key regulator of redox reactions. 
However, significant off-target effects of DMF have been 
found in studies of CNS diseases, which may limit the 
further application of DMF. The ability of iron chela-
tors and lipophilic antioxidants to exert neuroprotective 
effects by inhibiting ferroptosis has also been demon-
strated with human in vitro experiments. Furthermore, it 
was proposed that silencing of ACSL4 attenuated sevo-
flurane-induced ferroptosis by activating the AMPK/
mTOR signaling pathway. Transfection of si-ACSL4 
eliminated the inhibition of SH-SY5Y cell viability by 
sevoflurane [102]. In recent years, it was suggested that 
the E3 ubiquitin-protein ligase Mind bomb-2 (MIB2) 
could be involved in regulating neuronal function. In a 
sevoflurane-induced POCD model, knockdown of MIB2 
enhanced the stability of GPX4 and reduced its ubiqui-
tination, consequently reducing hippocampal ferroptosis 
[101]. The silencing of ACSL4 and MIB2 has enriched the 
approaches to inhibit ferroptosis in neuronal cells, and 
these findings provide new directions for the application 
of related drugs or strategies such as anti-ACSL4 and 
anti-MIB2 for the treatment of POCD.

Conclusion and perspectives
Ferroptosis is a novel form of programmed cell death 
that is dependent on the accumulation of intracellular 
iron, resulting in inadequate antioxidant protection of 
the cellular lipid membrane. Ferroptosis is fundamen-
tally different from apoptosis. The key to the apoptotic 
process is caspases, whose activation is achieved mainly 
through the death receptor pathway and the mitochon-
drial pathway. While a large body of literature in the past 
has emphasized apoptosis as a key cell death mechanism 
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in the perioperative period after surgical or anesthetic 
exposure, emerging evidence supports the possible 
involvement of ferroptosis in mediating the pathogenesis 
of perioperative neurocognitive impairment. This implies 
that therapeutic measures related to the inhibition of fer-
roptosis may be promising agents for improving cogni-
tive decline.

Iron is an essential trace element for the vital activity 
of human cells, however, the overload of iron ions can 
cause impairment in neuronal function. Experimental 
animal studies have found that ferroptosis is involved in 
the pathology of perioperative neurocognitive disorders. 
The current investigation showed that retreatment with 
the iron chelators deferiprone and deferoxamine together 
with the lipophilic antioxidant ferrostatin-1 all inhibited 
the ferroptosis process in neuronal cells and improved 
the cognitive behavior of experimental animals. Down-
regulation of ACSL4 and MIB2 can both independently 
inhibit sevoflurane-induced ferroptotic cell death. How-
ever, the presence of the blood–brain barrier may reduce 
the amount of iron chelator that actually enters the nerv-
ous system, and the binding of iron to iron chelator in 
cells at non-lesioned sites may also bring about many 
side effects. Discovering effective techniques for deliv-
ering biological agents to the central nervous system is 
a challenge in treating almost all neurological disorders. 
Studies to inhibit ferroptosis to improve perioperative 
neurocognitive impairment are still in their infancy, and 
the reproducibility and accuracy of experimental findings 
remain to be further validated. In addition, most of these 
current experiments have been conducted in mice. Pro-
vided that the ethics of animal experimentation are met, 
further experiments could be considered in primates that 
are more closely related to humans to obtain data more 
compatible with human clinical trials. Overall, there are 
relatively few studies in this area and more high-quality 
studies are warranted in the future to explore the pos-
sibility of inhibiting ferroptosis to improve cognitive 
impairment. Drugs that can treat cognitive dysfunction-
related disorders by regulating ferroptosis deserve fur-
ther development and exploration.
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