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Regulation of cell mortality for disease treatment has been the focus of research.

Ferroptosis is an iron-dependent regulated cell death whose mechanism has

been extensively studied since its discovery. A large number of studies have

shown that regulation of ferroptosis brings new strategies for the treatment of

various benign and malignant diseases. Iron excess and lipid peroxidation are its

primary metabolic features. Therefore, genes involved in iron metabolism and

lipid metabolism can regulate iron overload and lipid peroxidation through direct

or indirect pathways, thereby regulating ferroptosis. In addition, glutathione

(GSH) is the body’s primary non-enzymatic antioxidants and plays a pivotal role

in the struggle against lipid peroxidation. GSH functions as an auxiliary substance

for glutathione peroxidase 4 (GPX4) to convert toxic lipid peroxides to their

corresponding alcohols. Here, we reviewed the researches on the mechanism of

ferroptosis in recent years, and comprehensively analyzed the mechanism and

regulatory process of ferroptosis from ironmetabolism and lipid metabolism, and

then described in detail the metabolism of GPX4 and the main non-enzymatic

antioxidant GSH in vivo.
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Introduction

Currently there are two types of cell death, according to the most recent

recommendations of the 2018 Committee on Nomenclature of Cell Death: accidental

cell death (ACD) and regulatory cell death (RCD) (1). ACD is a biologically uncontrolled

process triggered by unexpected noxious stimuli that are beyond the regulatory capacity of

the cell (2). RCD, also known as programmed cell death (PCD), is a type of cell death

process regulated by specific signaling pathways in cells and has biological functions (3).

RCD are further subdivided into apoptotic and non-apoptotic types, among which non-

apoptotic types are further segmented into ferroptosis, necroptosis, pyroptosis, autophagy,

cuproptosis and alkaliptosis, etc. (1, 4), each of which has distinct signal induction,

molecular regulation, and disease-causing effects. The discovery of RCD has facilitated

progress in the treatment of benign and malignant disorders.
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1269451/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1269451/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1269451&domain=pdf&date_stamp=2023-10-06
mailto:lirenfengdog@126.com
https://doi.org/10.3389/fimmu.2023.1269451
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1269451
https://www.frontiersin.org/journals/immunology


Zhang et al. 10.3389/fimmu.2023.1269451
Ferroptosis is caused by the redox imbalance between oxidation

and antioxidant, which is driven by the abnormal expression of a

variety of redox active enzymes. It is characterized by increased lipid

peroxides levels and iron overload (5, 6). Lipid peroxides are highly

reactive molecules that can damage cellular components, including

lipins, proteins, and DNA, leading to cell death (7). Different from

the morphological changes of classic apoptotic cells, such as cell

shrinkage, nuclear volume reduction, and highly condensed

chromatin to form apoptotic bodies, ferroptosis has its unique

morphological characteristics, the density of the mitochondrial

membrane increases, the size shrinks, and the structure of the

mitochondrial inner cristae disappears (8). Ferroptosis involves

complex signaling pathways, since its identification in 2012 (8), it

has been a subject of intense study. Numerous studies reveal that

ferroptosis is a key regulator in a wide variety of diseases, including

cancers, ischemia-reperfusion injury, renal failure, neurological

disorders, and hematological conditions (9, 10).

In 2014, Yang et al. (11) used proteomics to find that GPX4 has

a regulatory effect on ferroptosis induced by 12 ferroptosis inducers,

thus confirming that GPX4 plays a central role in the regulation of

ferroptosis. GPX4 is a selenium-dependent enzyme, and it contains

a selenium-bound amino acid residue that is essential for its

reductive activity (12). GPX4 can reduce lipid peroxides and plays

a crucial function in prohibiting lipid peroxidation (13). Actually,

GSH is not directly involved in the reduction of lipid peroxides, but

it does maintain the reducibility of selenocysteine residues within

the active site of GPX4 (13). Cysteine is the rate-limiting precursor

of GSH synthesis, and intracellular cysteine content is limited,

necessitating the transport of extracellular cystine for intracellular

cysteine synthesis (14). Solute carrier family 7 member 11

(SLC7A11) functions as a cystine transporter and thus acting a

significant purpose in ferroptosis. Current research has shown that

a variety of genes and pharmaceuticals can modulate ferroptosis by

targeting the GPX4, GSH or SLC7A11 (15–17).

Due to the fact that ferroptosis entails dysregulation of lipid

metabolism, iron metabolism, the oxidation system and the

antioxidant system, we reviewed the current research on

ferroptosis from these three perspectives. In this publication, the

mechanism of ferroptosis was summarized in detail, providing a

foundation for future research. However, our understanding of the

molecular mechanism of ferroptosis and the usage of ferroptosis in

physiological and pathological processes is still limited, constraining

the clinical transformation of ferroptosis and highlighting the need

for future research in this area.
Iron metabolism

Iron occurs primarily as two different forms in the human body:

trivalent iron ion (Fe3+) and ferrous ion (Fe2+). Iron is absorbed and

used in the human body as Fe2+ (18), and it is transported as Fe3+

(19). Iron comes in two main forms in food: heme and nonheme

iron. The hemoglobin and myoglobin of meat are the main sources

of heme iron, which is Fe2+. Nonheme iron mainly comes from

botany, which is Fe3+. Vitamin C and hydrochloric acid can convert

nonheme to Fe2+, making it easier to absorb (20). The upper
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jejunum and duodenum are the primary sites of iron absorption

from food. Duodenal cytochrome b (DcytB) is highly expressed in

the brush membrane of duodenal epithelial cells, which can convert

Fe3+ into Fe2+ (21). As a ferric iron reductase, DcytB plays an

irreplaceable role in iron absorption. However, no research has

revealed whether DcytB has a regulatory effect on ferroptosis.

Patients with hereditary hemochromatosis show progressive iron

overload, and most patients have missense mutations in the Hfe

gene (C282Y). Herrmann et al. (22) used the Hfe knockout mouse

model to prove that increased expression of Dcytb plays a role in the

pathogenesis of iron overload in Hfe deficiency. Therefore, we

conjecture that DcytB can also regulate ferroptosis, but there

hasn’t been any direct study to prove the link between the two.

Then, Fe2+ is taken into the cell via the divalent metal

transporter 1 (DMT1, the major transmembrane transporter of

divalent metal cations into cells) at the lumen side of tiny intestinal

epithelial cells (23). In addition to transporting Fe2+, DMT1 can also

transport Zn2+, Mn2+, Co2+, Cd2+, Cu2+, Ni2+, and Pb2+. DMT1 is

one of the the principal iron transporters responsible for Fe2+

uptake in the majority of cell types. Therefore, by regulating the

expression of DMT1, ferroptosis can be regulated. Iron is essential

for normal neurological function, but current studies have found

that excess iron in nerve cells is strongly associated with several

neurodegenerative diseases. Multiple or prolonged exposure to

general anesthesia leads to cognitive deficits in patients, which

have been found to be associated with iron overload due to

abnormal activation of DMT1 in the brain (24). In addition,

isoliquiritigenin, as a classic hepatoprotective drug, induces

ferroptosis in hepatic stellate cells by promoting the expression of

DMT1, and ultimately alleviates liver fibrosis (25). The above

findings demonstrate the essential role of DMT1 in regulating

iron metabolism and ferroptosis.

After the absorption of Fe2+ in the small intestine, some Fe2+

can synthesize ferritin in intestinal mucosal epithelial cells, and the

other part enters the blood circulation. Ferritin is considered a

major iron-storage protein because it can accumulate in large

amounts iron ion (26). The ferritin family consists of 4

subfamilies, including the canonical ferritin (FTN), the heme-

containing bacterioferritin (BFR), DNA-binding proteins from

starved cell (DPS), and, more recently, the discovery of the

encapsulated ferritin (27, 28). It exists mainly in the cytoplasm

and a small amount in the nucleus, mitochondria and circulating

plasma. In humans, ferritin is the canonical ferritin, FTN. BFR and

DPS are limited to prokaryotes. FTN is composed of two subunits of

19 kDA ferritin light chain (L) and 21 kDA ferritin heavy chain (H).

Poly (RC)-binding proteins (PCBPs) and nuclear receptor

coactivator 4 (NCOA4) have been identified as essential regulators

of ferritin, which in turn play a role in ferroptosis (29, 30)..

Then, Fe2+ travels via ferroportin (FPN, the only known cellular

iron exporting protein) on the basolateral membrane side to the

blood circulation (31). FPN is highly express in duodenal

enterocytes, liver kupffer cells and splenic red pulp macrophages

and plays an extremely important role in the exportation of iron. In

Alzheimer’s disease, loss of FPN leads to excess iron in neurons,

which eventually promotes disease progression through ferroptosis

(32). Hepcidin-FPN rigorously regulates serum iron levels. When
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iron is deficient in vivo, hepcidin expression decreases, allowing

iron to be delivered to plasma via FPN (33). The role of hepcidin in

ferroptosis will be described in detail later.

Under the effect of hephaestin (HP) or ceruloplasmin, Fe2+

entering the bloodstream is converted into Fe3+, which combines

with transferrin and is transported to the tissues. Each transferrin can

carry two Fe3+, making it the primary iron transporter (34). Gao et al.

discovered that consumption of transferrin in fetal bovine serum

(FBS) can weaken ferroptosis, and that this effect was only seen in

iron-carrying transferrin (35). Afterwards, transferrin attaches to

transferrin receptor 1 (TFR1) and transferrin receptor 2 (TFR2) on

the cell surface of iron-deficient cells and enters the cell in a

controlled manner (36, 37). TFR1 is widely expressed on the

surface of a variety of cells, and binds to transferrin carrying iron,

which then enters the cell through endocytosis, and Fe3+ that enters

the cell is reduced to Fe2+ by six-transmembrane epithelial antigen of

prostate 3(STEAP3 metal reductase) (38). Unlike TFR1, the

expression of TFR2 is more specific. TFR2 is mainly expressed in

hepatocytes and interacts with Hfe protein to regulate iron

metabolism in the liver (38). TFR1 and TFR2 can also serve as

targets for ferroptosis regulation (39, 40). Figure 1 shows roughly how

iron is absorbed, transported, stored and transformed in the body.

As a crucial trace element in the human body, iron plays a

crucial part in multiple biological processes. However, iron also has

redox-active, it can generate many reactive oxygen species (ROS)

through the fenton reaction and other ways (41, 42), further leads to

cell damage and death, including ferroptosis. Therefore, iron

homeostasis is strictly regulated. In theory, factors that can

regulate the absorption, distribution, transport and utilization of

iron in the body can regulate ferroptosis.
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Lipid peroxidation

Lipid peroxidation refers to oxidative deterioration of

polyunsaturated fatty acids (PUFAs) and lipids (43). It can

disrupt cell membranes, lipoproteins, and other structures

containing lipids, hence impairing the proper function of cells.

PUFAs refer to straight-chain fatty acids with two or more double

bonds and 18 to 22 carbon atoms in the carbon chain, which usually

separated into omega-3 and omega-6. Members of the omega-3

fatty acid family, mainly alpha-linolenic acid, eicosapentaenoic acid

(EPA) and docosahexaenoic acid (DHA). The omega-6 series fatty

acids mainly include linoleic acid (LA, octadecadienoic acid) and

arachidonic acid (AA, eicosadonic acid). The hydrogen on the

methylene group (-CH2-) connected with two double bonds in

the PUFAs molecule is more active, so it is more prone to

peroxidation (44). Among them, AA and adrenic acid (AdA) are

the main substrates of lipid peroxidation in ferroptosis (45).

Hydrogen atoms in lipid substances are extracted by active

substances to generate lipid free radicals. Then lipid free radicals

react with active oxygen to generate lipid peroxy free radicals, which

can continue to extract hydrogen atoms from other substances to

form lipid peroxides (13). In a study on inflammatory bowel

disease, researchers found that dietary supplementation with

PUFAs promoted the progression of ferroptosis-associated

inflammatory bowel disease in a mouse model (46) .

Monounsaturated fatty acids (MUFAs) such as oleic acid and

palmitoleic acid can effectively inhibit erastin-induced ferroptosis

by competing with PUFAs for incorporation into phospholipids

(44, 47). This is because MUFAs do not have double Allyl group

position, therefore are not simple to peroxidized. Mitochondrial
FIGURE 1

Schematic diagram of the metabolic pathway of iron in the human body and regulatory targets of genes that modulate iron metabolism. DcytB,
duodenal cytochrome b; DMT1, divalent metal transporter 1; FPN, ferroportin; HP, hephaestin; TF, transferrin; TFR1, transferrin receptor 1; TFR2,
transferrin receptor 2; STEAP3, six-transmembrane epithelial antigen of prostate 3; ROS, reactive oxygen species; ATG, autophagy associated gene;
NCOA4, nuclear receptor coactivator 4; IRPs, iron response element binding proteins; PCBP, poly(rC)-binding proteins; HSP, heat shock protein;
NRF2, nuclear factor erythroid 2-related factor 2.
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2,4-dienoyl-CoA reductase (DECR1) is one of the key enzymes for

PUFAs b-oxidation. Studies have found that in prostate cancer,

inhibiting the expression of DECR1 can inhibit PUFAs b-oxidation
and increase the content of PUFAs in cells, thereby enhancing

mitochondrial stress and lipid peroxidation (48, 49).

This indicates that fatty acid b-oxidation plays a crucial

function in balancing PUFAs and MUFAs. Lipid peroxidation to

form lipid peroxidation products such as malondialdehyde (MDA)

and 4-hydroxynonenoic (4-HNE). Therefore, people often judge the

level of ferroptosis in cells by detecting the levels of MDA and 4-

HNE in cells (50).

Enzymatic and non-enzymatic lipid peroxidation are the two

forms of lipid peroxidation (51). Non-enzymatic lipid peroxidation

is driven mainly by hydroxyl radicals generated by the interaction of

Fe2+, Cu2+, Co2+, and other transition metal ions with ROS (52).

Despite being a potent oxidizing agent, molecular oxygen does not

directly participate in nonenzymatic lipid peroxidation reactions.

Lipoxygenases (LOXs) is the key enzymes involved in enzymatic

lipid peroxidation. There are mainly 6 kinds of LOXs in the human

body, namely LOX5, LOX12, LOX12B, LOX15, LOX15B and

LOXE3. In addition, oxidases such as cytochrome p-450

oxidoreductase (POR) can also promote lipid peroxidation (53).

POR is a NADPH-dependent, FMN-containing oxidoreductase.

Zou et al. (53) found that POR has a pro-ferroptosis role in

different cancer lineages and used systematic lipidomic analysis to

demonstrate that POR promotes ferroptosis by upregulating

peroxidation of membrane polyunsaturated phospholipids. A

recent study found that COX-2 can regulate ferroptosis through

prostaglandins (54). However, Wan Seok et al. (11) used

indomethacin (a COX-1/COX-2 inhibitor) to handle BJeLR cells

treated with erastin or RSL3 and found that ferroptosis caused by

erastin or RSL3 was not affected by indomethacin treatment. This

result indicates that COXs play no function in ferroptosis.

Therefore, whether COXs have a regulatory effect on ferroptosis

needs further study.
The regulation of iron metabolism

Autophagy

Degradation and synthesis are tightly regulated in eukaryotic

cells due to the continual turnover of substances. There are two

main degradation systems in mammalian cells, lysosome (also

called autophagy) and the proteasome (55). Autophagy is further

divided into three categories, namely macroautophagy,

microautophagy and chaperone-mediated autophagy. Since

macroautophagy is the most prevalent kind of autophagy, it has

been the subject of the most research. Studies have revealed that the

regulation of ferroptosis involves autophagy in a complicated way.

On the one hand, autophagy can protect cells from ferroptosis by

eliminating damaged cellular components and decreasing iron

content in cells (56). Additionally, excessive autophagy can

promote ferroptosis (57, 58). Here, we introduce the relevant

autophagy regulatory molecules and their function in ferroptosis.
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Autophagy associated genes

Our understanding of the process and function of autophagy

has considerably improved as a result of the discovery of ATGs (59).

So far, more than 40 kinds of ATGs have been found in yeast cells.

ATGs participate in multiple autophagy-activating stages, including

initiation, nucleation, elongation, maturation, and fusion (60).

Numerous investigations have discovered that autophagy is

crucial to ferroptosis (61). In 2016, Daolin Tang et al. (62) found

that knockout of ATG5 or ATG7 could inhibit erastin-induced

ferroptosis, and further studies demonstrated that activation of the

autophagy pathway promoted ferroptosis by degrading ferritin.

Artesunate can induce ferroptosis in activated hepatic stellate

cells, and up-regulation of ATG3, ATG5, ATG6/beclin1, ATG12

was observed (63). By triggering ferroptosis in clear cell ovarian

cancer tissues, superparamagnetic iron oxide nanoparticles

(SPIONs) suppress the activity of human ovarian cancer stem

cells. Mechanism studies have found that ferroptosis is activated

by reducing the autophagy activity of ovarian cancer stem cells.

PCR analysis showed that SPIONs treated human ovarian cancer

stem cells autophagy-related factors (ATG3, ATG5, MAP1ALC3a,

MAP1ALC3b, and MAP1ALC3c) expression decreased (64).

Unfortunately, the authors did not further explore the mechanism

by which SPIONs promote ferroptosis, and whether they interact

directly with ATG3 or ATG5. The above findings suggest that

ferroptosis is the result of the joint action of multiple regulatory

factors, rather than being regulated by a single factor.
Nuclear receptor coactivator 4

NCOA4 is a protein that plays significant roles in cellular

processes related to iron homeostasis and autophagy. Alec C

Kimmelman et al. (65) discovered that NCOA4 was substantially

enriched in autophagosomes using quantitative proteomics in 2014.

Further research found that NCOA4 is essential for the transfer of

ferritin to lysosomes, and cells missing NCOA4 are incapable of

degrading ferritin. Thus identifying NCOA4 is a selective cargo

receptor for ferritinophagy, which is vital for iron homeostasis (65,

66). Murphy et al. demonstrated that the interaction between

NCOA4 and ferritin was exclusive to ferritin heavy chain (FTH1)

specifically (66). By disrupting the NCOA4-FTH1 protein-protein

interaction, it does reduce the amount of iron available to organisms

in the cell, thus inhibiting ferroptosis (67). Blocking intestinal

NCOA4 protects against iron overloading in a mouse model of

hemochromatosis. And NCOA4-mediated intestinal ferritin

phagosomes are regulated by HIF2a (68). Because NCOA4 plays a

crucial part in ferroptosis, treating illnesses by targeting NCOA4 has

become an area of intense research (69, 70).
Iron response element binding proteins

IRPs regulate iron metabolism at the post-transcriptional level

by binding to iron response elements (IREs) of target transcripts,
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such as TFR1and ferritin H and L subunits (71). Back in the 1990s,

researchers discovered that IRPs regulate the amount of iron in cells

(72). Initially IRP1 can increase the expression of TFR1and increase

cells’ ability to absorb iron (73). Additionally, Galy et al. (74) used

Cre/Lox technology to simultaneously ablate IRP1 and IRP2 in a

tissue-specific manner, and found that IRP deficiency significantly

reduced DMT1 mRNA expression. IRPs can also regulate ferritin

expression. Under iron-deficient conditions, the expression of IRPs

is increased and the translation of ferritin mRNA is inhibited; while

in iron-rich cells, the binding of IRPs to the IRE of ferritin is reduced

(75). Due to its important function in cellular iron homeostasis, its

relationship with ferroptosis has attracted much attention in recent

years. a-Enolase 1 (ENO1) is an essential glycolytic enzyme. Zhang

et al. (76) discovered that ENO1 inhibits mitochondrial ferroptosis

by inhibiting IRP1, and demonstrated through in vitro and in vivo

experiments and clinical sample analysis that IRP1 exerts an anti-

tumor effect in liver cancer cells by inducing ferroptosis. miRNAs

are an essential post-transcriptional regulator involved in numerous

physiological and pathological processes. By inhibiting IRP2

expression, MiR-19a inhibits ferroptosis in colorectal cancer cells,

thereby promoting the progression of colorectal cancer (77). Studies

have shown that elevated iron content in the liver is one of the main

causes of liver steatosis. It was found that the levels of IRP2 mRNA

and protein were increased in steatosis liver. Further research has

found that mir-29a-3p can reduce the expression of IRP2, thereby

lowering Fe2+ levels, thus inhibiting ferroptosis and improving cell

damage, according to additional research (78). These studies

indicate that modulating ferroptosis at the post-transcriptional

level by regulating IRPs is conducive to the treatment of diseases.
Heat shock proteins

HSPs are a class of important molecular chaperone proteins,

including HSP110 (HSPH), HSP90 (HSPC), HSP70 (HSPA), HSP60

(HSPD/E), HSP40 (DNAJ), and small heat shock proteins (HSPB),

which are involved in a variety of physiological and pathological

processes (79, 80).

HSP27, a key component of HSPB, protects cells from oxidative

stress by inhibiting TFR1-mediated iron uptake and decreasing

intracellular active iron (81). After ferroptosis was discovered,

researchers quickly focused on the function of HSP27 in

ferroptosis due to its critical role in controlling oxidative stress.

Inhibiting HSP27 expression in vitro and in vivo can increase the

anticancer activity of erastin mediated ferroptosis (82).

Dihydroartemisinin (DHA) has cytotoxicity to various malignant

tumors, but DHA attenuates ferroptosis in glioma cells through the

PERK/ATF4/HSPA5 pathway (83). In pancreatic cancer, HSPA5

negatively regulated ferroptosis in human pancreatic ductal

adenocarcinoma cells. In mechanism, HSPA5 reduces GPX4

protein degradation and subsequent lipid peroxidation, thus

limiting the anticancer activity of gemcitabine (84). In addition,

Zhou et al. (85) demonstrated that overexpression of DNAJB6 in

esophageal cancer can promote the degradation of GSH,

downregulate GPX4, enhance lipid peroxidation, and promote

ferroptosis. Additionally, researchers have discovered that HSP90
Frontiers in Immunology 05
and HSPA8 can promote GPX4 degradation via autophagy, thus

promoting ferroptosis (86, 87). This indicates that the HSP family

regulates ferroptosis through multiple pathways. More avenues may

be discovered in the future.

The activation of heat shock factor 1 (HSF1) is triggered when

cells are driven by external causes such as nutritional shortage,

hypoxia, oxidative stress, and other similar conditions (88). Upon

activation, HSF1 will translocate to the nucleus, thereby facilitating

the transcriptional upregulation of HSPs (89). Since HSPs are

directly regulated by HSF1, HSF1 plays a regulatory role in

ferroptosis by regulating HSPs (90). Sun et al. (82) were the first

to describe the regulatory role of the HSF1-HSPs signaling axis in

ferroptosis in 2015. The researchers discovered that the suppression

of the HSF1-HSPB1 pathway resulted in an augmentation of

erastin-induced ferroptosis (82). A recent study discovered that

HSF1 enhances prostate cancer cell resistance to ferroptosis by

modulating HSPE1, and that HSF1 knockdown can promote

prostate cancer cell sensitivity to RSL3 therapy (91). Furthermore,

inhibiting HSF1 specifically can reverse the ferroptosis resistance

generated by GPX4 suppression and greatly improve the in vitro

sensitivity of resistant cancer cells and tumors to ferroptosis (92).

Thus, it may be concluded that HSF1 is a promising target

for ferroptosis.

Current researches have only revealed the function of some

HSPs in iron metabolism and ferroptosis, and further researches on

the effects of other HSPs are required in the future.
Poly (RC)-binding proteins

The PCBPs family includes five protein members, but current

research mainly focuses on PCBP1 and PCBP2. As cytoplasmic iron

chaperone protein, PCBP1 and PCBP2 bind to ferritin in the body,

promoting iron loading into ferritin, thereby increasing the amount

of iron loaded into ferritin (29, 93). The study discovered that mice

lacking PCBP1 in hepatocytes exhibited defects in hepatic iron

homeostasis, and ferroptosis occurred even in the absence of iron

overload (94). In addition, the latest research found that PCBP1 can

also inhibit the activation of ferritin autophagy by binding to

BECN1 mRNA and inhibit the PUFAs peroxidation by

restraining the expression of ALOX15 mRNA (95). As an RNA-

binding protein, PCBP2 is able to bind and stabilize the expression

of SLC7A11 mRNA, inhibiting malignancy ferroptosis and

promoting tumor progression (96). In the future, enhancing the

expression of PCBP1 and PCBP2 in malignant diseases may become

a novel strategy for treating cancers.
Hepcidin

Hepcidin is an iron-regulating hormone secreted by the liver.

FPN, which is the only known cellular iron exporter, is found in

duodenal epithelial cells, macrophages, and liver cells and can

transport intracellular iron into plasma. The discovery of the

hepcidin-FPN axis is a significant development in the field of

systemic iron homeostasis. Hepcidin regulates FPN expression in
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two ways: inducing ubiquitination and endocytosis of FPN (97) and

blocking FPN from opening the central cavity (98). A recent study

revealed that hepcidin binding to FPN is coupled to iron binding,

and the affinity of hepcidin increases 80 times in the presence of

iron (99). Binding of hepcidin to FPN restricts iron export even if

the transporter is in an outwardly open state (99). Subsequently,

people began to pay attention to the role of hepcidin in diseases. It

has been discovered that cigarette tar can accelerate the progression

of atherosclerosis (AS) by inducing macrophage ferroptosis. Further

research has confirmed that tar can upregulate the expression of

macrophage hepcidin in AS plaques and downregulate the

expression of FPN and SLC7A11. And this change can be

reversed by ferroptosis inhibitors Fer-1 and DFO (100).

Chlorogenic acid (CGA) is an intestinal protective agent. Studies

have found that CGA reduces hepcidin production and increases

the expression of FPN in the duodenum by inhibiting the liver IL-6/

JAK2/STAT3 pathway, thereby restoring iron homeostasis and

inhibiting ferroptosis (101). Current research on hepcidin and

ferroptosis focuses primarily on benign diseases; in the future, it

wil l be necessary to strengthen hepcidin research in

malignant diseases.
Nuclear factor erythroid 2-related factor 2

NRF2 is a transcription factor that is crucial for cellular defense

against oxidative stress and iron homeostasis. NRF2 regulates iron

metabolism primarily via three pathways: Inhibiting the release of

free iron from ferritin (102) and the expression of hepcidin (103);

Promoting the expression of iron-related enzymes such as heme

oxygenase-1 (HO-1) (104); Downregulating the expression of

DMT1 to reduce iron uptake (105). Because it plays an important

regulatory role in iron metabolism, NRF2 can also regulate

ferroptosis. The expression of NRF2 is regulated by the p62-

Keap1-NRF2 pathway. In 2016, Sun et al. (106) confirmed that

activating the p62-Keap1-NRF2 pathway can inhibit ferroptosis in

liver cancer cells. P62 is an autophagic protein, also known as

SQSTM1 protein. The latest study found that autophagy inhibition

can protect HepG2 cells from alcohol induced ferroptosis by

activating the p62-Keap1-Nrf2 pathway (107). Theoretically,

because NRF2 plays multiple functions in iron metabolism, it can

theoretically regulate ferroptosis via various mechanisms. Finally,

we summarize the mechanisms by which different genes modulate

iron metabolism and their influence on ferroptosis (Table 1).
Regulation of lipid metabolism

Arachidonate lipoxygenases

LOXs are widely distributed in eukaryotes and prokaryotes, and it

has received a lot of attention in eukaryotes. LOXs are enzymes that

non-heme iron (or in some cases manganese) dependent, which can

trigger the peroxidation of PUFAs to fatty acid hydroperoxides (108).

Although most mammalian LOXs catalyze arachidonic acid

and linoleic acid, some can also convert a-linolenic acid,
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eicosapentaenoic acid, and docosahexaenoic acid. There are six

functional LOX genes in the human genome, designated LOX5,

LOX12, LOX12B, LOX15, LOX15B and LOXE3. Multiple subtypes

and subunits comprise LOXs, which are generalised lipoxygenases.

Current research demonstrates that ALOXs is crucial for regulating

ferroptosis. Microsomal glutathione S-transferase 1 (MGST1) is a

membrane-bound transferase that not only inhibits apoptosis (109),

but further studies have found that MGST1 reduces lipid

peroxidation by combining with ALOX5, thereby inhibiting

ferroptosis (110). ALOX15 can catalyze arachidonic acid to

generate 15-Hydroperoxyeicosatetraenoic acid (15-HpETE), and

15-HpETE can promote the triggering of cardiomyocyte ferroptosis

(111). In addition, the researchers discovered that the downregulation

of ALOX15 expression in gastric cancer resulted in a decrease in ROS

production, which ultimately led to a significant inhibition of

ferroptosis, fostering tumor growth, and decreasing sensitivity to

cisplatin and paclitaxel (112). In summary, ALOXs can play a

significant role in the occurrence and regulation of ferroptosis by
TABLE 1 Genes regulating iron metabolism and their regulation of
ferroptosis.

Gene
Impact on iron
metabolism

Impact on Ferroptosis

ATGs Promoting ferritin degradation
(62)

Promoting ferroptosis (63, 64)

NCOA4 Promoting the transfer of ferritin
to lysosomes (65)

Promoting ferroptosis (66, 67)

IRPs Increasing the expression of
TFR1 (73)
Increasing the expression of
DMT1 (74)
Inhibiting the translation of
ferritin mRNA (75)

Promoting ferroptosis (76, 77)

HSPs Inhibiting TFR1-mediated iron
uptake (81)
Reducing GPX4 protein
degradation (84)
Promoting the degradation of
GSH and GPX4 (85, 87)

Ferroptosis can be both
promoted and inhibited (83,

87, 93)

PCBPs Promoting iron loading into
ferritin (29, 93)
Inhibiting the activation of
ferritin autophagy (95)
Binding and stabilizing the
expression of SLC7A11 mRNA
(96)

Inhibiting ferroptosis (94–96)

Hepcidin Inducing ubiquitination and
endocytosis of FPN (97)
Blocking FPNfrom opening the
central cavity (98)

Promoting ferroptosis
(100, 101)

NRF2 Inhibiting the release of free iron
from ferritin (102)
Inhibiting the expression of
hepcidin (103)
Promoting the expression of
iron-related enzymes (104)
Downregulating the expression
of DMT1 (105)

Inhibiting ferroptosis
(106, 107)
ATGs, autophagy associated genes; NCOA4, nuclear receptor coactivator 4; IRPs, iron
response element binding proteins; HSPs, heat shock proteins; PCBPs, poly(rC)-binding
proteins; NRF2, Nuclear factor erythroid 2-related factor 2.
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promoting the generation of phospholipid peroxidation products,

boosting the production of ROS, and partaking in lipid peroxidation.

Furthermore,ALOXs system-mediated ferroptosis is also regulated by

P53 (113, 114).
Long-chain acyl-CoA synthetase

ACSL can catalyze the combination of long-chain fatty acids

and coenzyme A (CoA) to form long-chain acyl-CoA (acyl-CoA).

Acyl-CoA participates in fatty acid metabolism, membrane

modification, and numerous other physiological processes. There

are five members of the animal ACSL family: ACSL1, ACSL3,

ACSL4, ACSL5, and ACSL6. According to the current research,

ACSL3 and ACSL4 are capable of regulating ferroptosis (115). Oleic

acid protects melanoma cells from ferroptosis in an ACSL3-

dependent manner, thereby facilitating melanoma metastasis

(116). Similarly, in triple-negative breast cancer cells, the

secretion of oleic acid from adipocytes increased in the presence

of ACSL3, which can inhibit lipid peroxidation and ferroptosis in

breast cancer cells (117). Furthermore, in a mouse model of

myocardial infarction, the release of miR-223-3p, a platelet-

enriched miRNA, was increased. Whereas miR-223-3p leads to

decreased secretion of stearic acid-phosphatidylcholine in

cardiomyocytes by targeting ACSL3 , and stearic acid-

phosphatidylcholine can protect cardiomyocytes from ferroptosis

(118). Consequently, ACSL3 can induce cells to develop ferroptosis

resistance. In contrast, ACSL4 is a positive regulator of ferroptosis.

In a study, Sebastian et al. found that in ACSL4 KO cells, lipid

peroxidation was not detected even when cells were treated with

RSL3, indicating that ACSL4 can promote ferroptosis (119).

Phosphatidylethanolamine (PE), containing arachidonic acid

(AA) and adrenic acid (AdA), was found to be the preferred

substrate for oxidation by lipidomics approach, catalyzting the

formation of Acyl-CoA, and then activates the corresponding

fatty acids for lipid peroxidation (119, 120). Furthermore, ACSL4

levels are elevated in the livers of NAFLD patients, thereby

promoting the fatty acid b-oxidation capacity of hepatocytes with

a goal to reduce fat buildup (121). And studies have found that

inhibition of fatty acid b-oxidation can induce ferroptosis (122).

These findings suggest that ACSL4 can regulate ferroptosis through

fatty acid b-oxidation. Due to the different catalysis of ACSL3 and

ACSL4 within cells, they play opposite roles in ferroptosis.
The membrane-bound O-acyltransferase

MBOAT family is a group of genes that encode proteins playing

crucial roles in lipid metabolism (123). These enzymes are involved

in various aspects of lipid processing and modification within

cellular membranes. According to the latest studies, MBOAT1

and MBOAT2 can inhibit ferroptosis (124). Jiang et al. (124) used

genome-wide CRISPR activation screening technology to

demonstrate that MBOAT1 and MBOAT2 can selectively convert

MUFAs into lyso-phosphatidylethanolamine (lyso-PE), thereby

reducing the content of intracellular PUFAs. Moreover, MOBAT1
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and MOBAT2 are directly regulated by sex hormones. This

discovery not only provides a new target for regulating

ferroptosis, but also suggests that sex hormones play an essential

role in ferroptosis.
Lysophosphatidylcholine acyltransferase

LPCAT is one of the most important enzymes for maintaining

phosphatidylcholine (PC) homeostasis. In fact, LPCAT is a subtype

of enzyme in the MBOAT family (123). It controls phospholipid

fatty acyl composition by catalyzing lysophospholipid sn-2

reacylation (125). Currently, four varieties of LPCAT have been

described in the literature: LPCAT1, LPCAT2, LPCAT3, LPCAT4.

Lpcat3’s role in lipid metabolism is by far the most evident. LPCAT3

is widely distributed in the human liver, intestines, and adipocytes

(126, 127). LPCAT3 can regulate intestinal lipid absorption,

lipoprotein secretion, and liver fat synthesis to maintain systemic

lipid homeostasis. In a 2018 study, researchers found that

knockdown of LPCAT3 in 3T3-L1 preadipocytes can reduce levels

of polyunsaturated phospholipids and reduce the expression of

genes related to fat production (128). In subsequent years, people

began to pay attention to whether LPCAT3 has a regulatory effect

on ferroptosis due to the antioxidant properties of polyunsaturated

phospholipids. In 2022, Benjamin F Cravatt et al. (129) found that

inhibiting the expression of LPCAT3 can inhibit the occurrence of

ferroptosis. Researchers discovered in a recent study that LPCAT3

can promote the esterification of PUFAsinto phospholipids, provide

raw materials for lipid peroxidation, and then promote ferroptosis

(130). Furthermore, it has been established that ZEB promotes

LPCAT3 transcription in a YAP-dependent manner (130). And

YAP can also modulate the expression of the ACSL4 (131). The

above research results suggest that regulating the expression of

LPCAT3 and ACSL4 by targeting YAP expression, thus regulating

ferroptosis, may be of great value in disease treatment.
P53

Since its discovery in 1979, P53, a tumor suppressor gene, has

been extensively studied for its role in tumors. P53 is essential for

maintaining genome integrity, modulating cell cycle, and inhibiting

angiogenesis (132, 133). In the past period, academics have

discovered that P53 can regulate not only cell necrosis (134),

apoptosis (135), and autophagy (136), but also ferroptosis (137).

Complex signaling pathways are involved in the regulation of P53

on ferroptosis, and the results of distinct signaling pathways

are inconsistent.

Already in 2015, researchers found that P533KR, a P53

acetylation deficient mutant, lost the function of regulating cell

cycle, aging and apoptosis, but retained its tumor inhibitory

function and the ability to regulate the expression of metabolic

targets. It can inhibit cystine uptake and make cells sensitive to

ferroptosis by inhibiting the transcription of SLC7A11 (a

component of cystine/glutamate reverse transporter) (15). In

recent years, it has also been discovered that P53 can block the
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expression of SLC7A11 in conditions such ovarian cancer (138) and

acute lung injury (139). In the metabolism of polyamines, SAT1

(spermidine/spermine N1-acetyltransferase 1) plays a key role.

According to Ou et al. (113), SAT1 deletion can prevent P53-

mediated ferroptosis. Mechanistic analysis reveals that SAT1

induces ALOX15 expression to enhance ferroptosis (113).

Additionally, P53 can control ferroptosis via ALOX12 (114).

However, the specific regulatory mechanism has not been further

explored. In a recent study, researchers found that vitamin K

epoxide reductase complex subunit 1 like 1 (VKORC1L1) is a

direct transcriptional target for P53 (140). The VKORC1L1

enzyme facilitates the synthesis of vitamin K hydroquinone,

which is a completely reduced variant of vitamin K that

effectively removes lipid peroxides (140, 141). And P53 promotes

ferroptosis by inhibiting the expression of VKORC1L1 (140).

Glutaminase 2 (GLS2) is a key enzyme in the catabolism of

glutamine. Under the action of GLS2, glutamine is hydrolyzed

into glutamic acid. In 2010, researchers discovered that GLS2, as

the target gene of P53, can increase the content of GSH in cells and

reduce the level of ROS, thereby protecting cells from oxidative

stress damage (142, 143). The role of GLS2 in ferroptosis was not

considered at the time because the phenomenon of ferroptosis had

not yet been discovered. Interestingly, however, in 2015, researchers

found that downregulation of GLS2 could inhibit ferroptosis

induced by total amino acid or cystine deprivation (35).

Moreover, Suzuki et al. (144) found that both GLS2-knockout

mouse models and GLS2-deficient hepatocellular carcinoma cells

confer significant resistance to ferroptosis. Further study of the

mechanism found that GLS2 increases the generation of lipid

ROSby promoting the conversion of glutamate to a-ketoglutarate,
thereby promoting ferroptosis (144). Obviously, the conclusions of

previous studies on the role of GLS2 in ferroptosis are contrary to

the conclusions of recent studies. This phenomenon is worth

pondering, and further research is needed to explain this paradox

in the future.

The above described P53 positive regulation of ferroptosis related

pathways, and then P53 expression can also inhibit the sensitivity of

ferroptosis. In a 2019 study, Laura D et al. (145) used CRISPR/Cas9

genome editing, small molecule probes, and high-resolution time-

lapse imaging techniques to find that P53 delays the response of

cystine deprivation to ferroptosis through transcriptional regulation

of P21. Therefore, the role of P53-P21 signal axis in ferroptosis was

clarified. Subsequently, Venkatesh et al. (146) demonstrated again in

tumor cells that unstable p53 inhibits the activity and expression of

GPX4 by inhibiting p21 protein. In addition, P21 can also regulate

ferroptosis independently of P53 (147). In colorectal cancer, P53

regulates ferroptosis by regulating the subcellular localization of

dipeptidyl-peptidase-4 (DPP4) protein. P53 is able to prevent the

nuclear accumulation of DPP4. In the absence of P53, DPP4 localizes

to the plasma membrane and forms a complex with NADPH oxidase

1 on the plasmamembrane, thereby increasing lipid peroxidation and

iron deposition (148).

Regulation of ferroptosis by p53 is highly context-specific.

Although current studies have shown that P53 plays an important

role in regulating ferroptosis, the specific molecular mechanisms

and interrelationships still need further exploration.
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Antioxidant

GPX4, which utilizes reduced GSH as a cofactor to detoxify

lipid peroxides as lipid alcohols, thereby inhibiting ferroptosis, is

one of the most notable defence mechanisms that cells have evolved

to metabolise hazardous lipid peroxides (13). In addition, system x-

c, which plays a core role in providing raw materials for the

biosynthesis of GSH in cells, is also of concern (149). Therefore,

GPX4 and SLC7A11 play a central role in resistance to ferroptosis.
GSH/GPX4

GSH is a tripeptide found in all mammalian tissues, notably the

liver, and is composed of glutamic acid, cysteine, and glycine held

together by peptide bonds. Glutamate, cysteine and glycine are

synthesized in the cytoplasm of liver cells under the catalysis of

glutamate cysteine ligase (GCL) and glutathione synthase (GS)

(150). GSH is the most abundant antioxidant in organisms, most

of which are distributed in the cytoplasm, and a small part is

distributed in the mitochondria and endoplasmic reticulum (151).

There are two forms of glutathione in the human body: thiol-

reduced (GSH) and disulfide-oxidized (GSSG) (152). Under normal

circumstances, the content of GSSH in the human body is very low,

and GSH mainly plays an antioxidant role.

GSH is essential for GPX4-catalyzed reactions. There are 8

kinds of GPX4 proteins in mammals, but only GPX4 has the effect

of resisting lipid peroxidation (153). GPX4 is a selenocysteine-

containing and glutathione-dependent enzyme. By means of GSH,

it can catalyze the conversion of particular lipid hydroperoxides

into lipid alcohols.

Selenocysteine is the active site of GPX4, and selenocysteine

shuttles back and forth between the reduced state (Se-H) and the

oxidized state (Se-OH) to complete the biological function. This

process is mainly divided into three steps: First, the reduced GPX4

(GPX4-Se-H) is oxidized to the oxidized GPX4(GPX4-Se-OH) by

lipid peroxides, which are reduced to the corresponding alcohols;

Then, GPX4-Se-OH is reduced by the reducing substrate GSH to

generate selenium- glutathione adduct (GPX4-Se-SG); Finally,

GPX4-Se-SG reacts with GSH again, transforms into GPX4-Se-H,

and produces GSSH (13, 153). After the cycle described above, GSH

as an electronics body, toxic lipid peroxides are converted into

benign alcohols, so GPX4 is known as the gatekeeper of ferroptosis

and plays an imperative part in suppressing lipid peroxidation.

Finally, electrons are provided by NADPH, and GSSH is reduced to

GSH under the catalysis of glutathione reductase (GR). The process

of ubiquitination and dephosphorylation of GPX4 has also been

found to facilitate the initiation of ferroptosis (154, 155).
SLC7A11

The synthesis of GSH requires cysteine, and cysteine itself also

has reducibility (156). However, extracellular cysteine is highly

unstable and rapidly oxidised to cystine (the oxidised dimer form

of cysteine) owing to the high level of oxidation in the extracellular
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environment. Therefore, most cells need cystine transporter system

x- c to transport extracellular cystine to the intracellular synthesis

of GSH.

The system x- c consists of two subunits connected by a

disulfide bond, the light chain subunit SLC7A11 (also commonly

known as xCT) and the heavy chain subunit solute carrier family 3

member 2 (SLC3A2) respectively. SLC7A11 is a 12-transmembrane

protein with both N- and C-termini inside the cell (157). SLC7A11

is highly specific for cystine and glutamate, and is responsible for

the main transport work, importing cystine into the cell at a ratio of

1:1 and exporting glutamate outside the cell (149). SLC3A2 is a

single transmembrane protein (157), as a chaperone, it is critical to

maintain the stability and membrane localization of SLC7A11

protein (158, 159). The cystine transported into the cell is

reduced to cysteine by NADPH providing electrons, and then

participates in the synthesis of GSH (160). Therefore, the

overexpression of SLC7A11 in tumour cells can stimulate GSH

synthesis and result in ferroptosis resistance (15). Figure 2 shows

the role of SLC7A11 in GSH synthesis, and the metabolic process of

GSH and GPX4 in cells.
Ferroptosis-suppressor-protein 1

The prevailing perspective in the early stages of research was that

GPX4/GSH played a significant role as the primary mechanism for

monitoring and regulating ferroptosis. Nevertheless, as research

progresses, it has become evident that the responsiveness of various

cancer cell lines to GPX4 inhibitors exhibits significant variability

(161). This observation implies the existence of other variables that

govern the susceptibility of cells to ferroptosis. To verify this result,
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Sebastian Doll et al. (162) extracted a cDNA expression library from

the ferroptosis-resistant cell line MCF7 and screened complementary

genes for GPX4 deletion, thereby identifying FSP1 as an unidentified

anti-ferroptosis gene. Subsequent investigation has revealed that

myristoylation of FSP1 is seemingly required for its anti-ferroptotic

function (162). Myristoylation facilitates the recruitment of FSP1 to

the plasma membrane (163). Once localized, FSP1 employs NAD(P)

H to facilitate the catalytic regeneration of non-mitochondrial

coenzyme Q10 (CoQ10). Ultimately, FSP1 mediates the prevention

of ferroptosis by means of CoQ10 (162). In 2019, a groundbreaking

discovery was made by researchers, revealing the coordination

between the NAD(P)H-FSP1-CoQ10 axis and NAD(P)H-GPX4-

GSH in the regulation of ferroptosis (162, 163). Furthermore, in

recent years, scholars have made significant progress in the

development of diverse small molecule inhibitors targeting FSP1

(162, 164). This achievement has laid a solid foundation for the

potential utilization of FSP1 as a promising therapeutic approach for

various diseases.
Oxidant—ROS

ROS are residual products of aerobic metabolism in the

organism, including superoxide anion(O2
–), hydroxyl radicals

(•OH), peroxyl free radical (ROO•), hydrogen peroxide (H2O2)

and singlet oxygen (1O2). ROS are produced primarily by

mitochondrial metabolism (165) and NADPH oxidase on the cell

membrane (166). Appropriate levels of ROS are crucial signaling

molecules that play essential roles in signal transduction (167),

cellular immune function (168), cell proliferation and cell repair

(169). Nonetheless, excessive levels of ROS are toxic, triggering
FIGURE 2

The synthesis process of GSH, and the conversion between oxidized and reduced GPX4. SLC7A11, solute carrier family 7 member 11; SLC3A2, solute
carrier family 3 member 2; GCL, glutamate cysteine ligase; GS, glutathione synthase; L–OOH, lipid peroxides; L-OH, alcohol; SeOH, selenenic acid;
Se–H, selenol; Se-SG, selenium- glutathione adduct; GR, glutathione reductase.
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DNA damage (170), inflammatory responses (171), and cell death

(172). Lipids dominated by PUFAs are oxidized many times by ROS

to produce lipid peroxide, which leads to ferroptosis (13).

Therefore, reducing intracellular ROS sources has become a

strategy for disease treatment. Finally, as shown in Figure 3, we

summarized the mechanism and process of ferroptosis.
Conclusions and perspectives

In the past decade, ferroptosis research has exploded, substantially

enhancing scientists’ understanding of the phenomenon. Ferroptosis is

the result of the joint action of many biological pathways in the body.

The present investigations have unveiled the existence of three primary

biological axes that play a crucial role in the regulation of ferroptosis.

The first is the biological axis of iron metabolism. The biological axis of

iron metabolism encompasses three key components: the regulation of

iron absorption, involving proteins such as IRPs andHSPs (73, 81); the

regulation of iron transport, involving the protein hepcidin (97); and

the regulation of iron storage, involving genes associated with

autophagy (ATGs and NCOA4) (62, 65), as well as PCBPs and NRF2

(93, 102). The second biological axis involved in lipid metabolism

encompasses significant genes such as ACSL4, LPCAT3, ALOXs, P53,

and the recently identifiedMBOAT1 andMBOAT2 (111, 113, 122, 124,

128). Lastly, the antioxidant biological axis encompasses components

NAD(P)H-FSP1-CoQ10 axis and NAD(P)H-GPX4-GSH (153, 162,

163). Therefore, we summarized the mechanisms and regulations of

ferroptosis from these three aspects. It should be pointed out that even

a specific gene can affect multiple links in ferroptosis metabolism. IRPs,

for instance, can not only promote the expression of DMT1 and TFR1

(73, 74), but also inhibit the synthesis of ferritin (75), and finally
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increase the amount of iron in the labile iron pool in cells by acting on

three aspects of iron metabolism simultaneously. Among them, the

most complex one is P53, which can both promote ferroptosis and

inhibit ferroptosis through various ways. But the conclusions of the

study on GLS2 are puzzling. In early studies, researchers found that

GLS2 can play an antioxidant role (142). In recent years, studies have

found that GLS2 can promote lipid peroxidation in a variety of cells

(144). Different signaling pathways, intracellular microenvironment,

and post-transcriptional modification may account for this difference.

All of the aforementioned phenomena demonstrate that ferroptosis is

regulated by a complex network in cells, and it is insufficient to explain

this phenomenon from a single perspective. Furthermore, many studies

are limited to the cellular level, but not the in vivo level, ignoring the

influence of the complex physiological environment and the natural

disease development process.

The correlation between ferroptosis and diseases has also been

extensively studied. As a potential therapeutic strategy, promoting

ferroptosis in malignant diseases and inhibiting ferroptosis in

benign diseases has been investigated. Sorafenib is a first-line

drug for targeted therapy of hepatocellular carcinoma. Later

studies have found that sorafenib can promote ferroptosis in

hepatocellular carcinoma (173). The anticancer actions of

sorafenib are manifested through the inhibition of the x- c system

(174). Additionally, the research investigation revealed a correlation

between resistance to sorafenib and cellular resistance to ferroptosis

(175). Therefore, in recent studies, researchers have studied the

synergistic effect of various chemicals and sorafenib on Ferroptosis,

hoping to achieve therapeutic effect by promoting ferroptosis of

hepatocellular carcinoma (176, 177). Similarly, in osteoarthritis,

researchers found that the occurrence of ferroptosis in chondrocytes

promoted the progress of osteoarthritis, so inhibiting ferroptosis in
FIGURE 3

The mechanism and process of ferroptosis. TF, transferrin; TFR1, transferrin receptor 1; STEAP3, six transmembrane epithelial antigen of prostate 3;
ROS, reactive oxygen species; PUFAs, polyunsaturated fatty acids; PUFAs-CoA, polyunsaturated fatty acids- coenzyme A; PUFAs-PL, polyunsaturated
fatty acids- phospholipid; PLOOH, phospholipid peroxides; PLOH, phospholipid alcohol; ASCL4, long-chain acyl-CoA synthetase 4; LPCAT3,
phosphatidylcholine acyltransferase 3; ALOXs, arachidonate lipoxygenases.
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animal models significantly reduced the sensitivity of chondrocytes

to oxidative stress, and improved the progress of the disease (178).

D-mannose is a monosaccharide naturally occurring in plants.

Zhou et al. (179) found that D-mannose reduced the sensitivity of

chondrocytes to ferroptosis by inhibiting HIF-2a, thereby

alleviating osteoarthritis progression and cartilage degeneration.

Therefore, the future development of D-mannose-based drugs to

treat osteoarthritis will be beneficial for patients. Furthermore,

current studies have established that GPX4 and SLC7A11 play an

important role in limiting lipid peroxidation; therefore, inhibiting

the expression of GPX4 and SLC7A11 in tumor patients can

promote tumor ferroptosis in theory. Unfortunately, however,

early embryonic lethality was found in GPX4 knockout mice

(180, 181), suggesting that in addition to playing a central role in

limiting ferroptosis, GPX4 also plays other irreplaceable functions

in vivo. Although some experiments have achieved ideal results in

cell and animal experiments, the translation of theoretical results to

clinical practice is still far away.

So far, no specific and rapid monitoring indicators of ferroptosis

in living cells or tissues have been found, so one of the urgent

problems is to find a gold standard for detecting ferroptosis.

BODIPY-C11 and LiperFluo are currently relatively high-accuracy

detection methods for detecting intracellular lipid peroxidation (182,

183). Other methods include detection of ferroptosis-related

metabolic indicators, such as intracellular Fe2+, GPX4, GSH, ROS,

MDA, and 4-HNE levels. However, changes in the above indicators

may also occur in other types of cell death, such as apoptosis and

autophagy (43). Therefore, in actual scientific research work,

researchers use a variety of small molecule regulators of cell death

to exclude the influence of other forms of cell death. Moreover,

different types of cell death may have similar initiators and regulators,

for example, GPX4 can also regulate apoptosis and necrosis (184,

185). Moreover, inhibition of ferroptosis may activate other cell death

signaling pathways, which ultimately lead to cell death as well (186).

Current research on ferroptosis still faces many challenges and

knowledge gaps, but scientists are continually working to improve

our understanding of this mode of cell death. With further research

and exploration, we can expect a deeper understanding of

ferroptosis and the development of relevant therapeutic strategies

and applications.
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153. Brigelius-Flohé R, Maiorino M. Glutathione peroxidases. Biochim Biophys Acta
(2013) 1830:3289–303. doi: 10.1016/j.bbagen.2012.11.020

154. Ding Y, Chen X, Liu C, Ge W, Wang Q, Hao X, et al. Identification of a small
molecule as inducer of ferroptosis and apoptosis through ubiquitination of GPX4 in
triple negative breast cancer cells. J Hematol Oncol (2021) 14:19. doi: 10.1186/s13045-
020-01016-8

155. Qian B, Che L, Du ZB, Guo NJ, Wu XM, Yang L, et al. Protein phosphatase 2A-
B55b mediated mitochondrial p-GPX4 dephosphorylation promoted sorafenib-
induced ferroptosis in hepatocellular carcinoma via regulating p53 retrograde
signaling. Theranostics (2023) 13:4288–302. doi: 10.7150/thno.82132

156. Combs JA, DeNicola GM. The non-essential amino acid cysteine becomes
essential for tumor proliferation and survival. Cancers (Basel) (2019) 11:678. doi:
10.3390/cancers11050678

157. Sato H, Tamba M, Ishii T, Bannai S. Cloning and expression of a plasma
membrane cystine/glutamate exchange transporter composed of two distinct proteins. J
Biol Chem (1999) 274:11455–8. doi: 10.1074/jbc.274.17.11455

158. Nakamura E, Sato M, Yang H, Miyagawa F, Harasaki M, Tomita K, et al. 4F2
(CD98) heavy chain is associated covalently with an amino acid transporter and
controls intracellular trafficking and membrane topology of 4F2 heterodimer. J Biol
Chem (1999) 274:3009–16. doi: 10.1074/jbc.274.5.3009

159. Shin CS, Mishra P, Watrous JD, Carelli V, D’Aurelio M, Jain M, et al. The
glutamate/cystine xCT antiporter antagonizes glutamine metabolism and reduces
nutrient flexibility. Nat Commun (2017) 8:15074. doi: 10.1038/ncomms15074

160. Stipanuk MH, Dominy JE Jr., Lee JI, Coloso RM. Mammalian cysteine
metabolism: new insights into regulation of cysteine metabolism. J Nutr (2006)
136:1652s–9s. doi: 10.1093/jn/136.6.1652S

161. Zou Y, Palte MJ, Deik AA, Li H, Eaton JK, Wang W, et al. A GPX4-dependent
cancer cell state underlies the clear-cell morphology and confers sensitivity to
ferroptosis. Nat Commun (2019) 10:1617. doi: 10.1038/s41467-019-09277-9
frontiersin.org

https://doi.org/10.1186/s12943-020-01168-8
https://doi.org/10.1073/pnas.1607152113
https://doi.org/10.1038/s41556-019-0305-6
https://doi.org/10.3390/cancers14235896
https://doi.org/10.3390/cancers14235896
https://doi.org/10.1038/s41586-020-2623-z
https://doi.org/10.1186/s13045-022-01297-1
https://doi.org/10.1161/ATVBAHA.122.318161
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.1038/s41556-021-00818-3
https://doi.org/10.1002/hep.32148
https://doi.org/10.3803/EnM.2022.1604
https://doi.org/10.3803/EnM.2022.1604
https://doi.org/10.3389/fphys.2023.1167873
https://doi.org/10.1016/j.cell.2023.05.003
https://doi.org/10.1073/pnas.0709737104
https://doi.org/10.1073/pnas.0712245105
https://doi.org/10.1073/pnas.0712245105
https://doi.org/10.1074/jbc.M710422200
https://doi.org/10.1016/j.bbalip.2018.04.008
https://doi.org/10.1021/acschembio.2c00317
https://doi.org/10.1021/acschembio.2c00317
https://doi.org/10.1089/ars.2023.0237
https://doi.org/10.1002/jcsm.12953
https://doi.org/10.1016/j.cell.2009.04.037
https://doi.org/10.1016/S0092-8674(00)81871-1
https://doi.org/10.1016/j.cell.2012.05.014
https://doi.org/10.1006/scbi.1998.0098
https://doi.org/10.1016/j.tcb.2010.02.007
https://doi.org/10.1016/j.freeradbiomed.2018.05.074
https://doi.org/10.1016/j.freeradbiomed.2018.05.074
https://doi.org/10.1016/j.redox.2021.101928
https://doi.org/10.1038/s41419-022-04971-x
https://doi.org/10.1016/j.cmet.2023.06.014
https://doi.org/10.1038/s41586-022-05022-3
https://doi.org/10.1073/pnas.1001006107
https://doi.org/10.1073/pnas.1002459107
https://doi.org/10.1158/0008-5472.CAN-21-3914
https://doi.org/10.1016/j.celrep.2017.12.077
https://doi.org/10.1038/s41420-022-01140-z
https://doi.org/10.18632/aging.103961
https://doi.org/10.1016/j.celrep.2017.07.055
https://doi.org/10.1016/j.celrep.2017.07.055
https://doi.org/10.1186/s40880-018-0288-x
https://doi.org/10.1016/j.mam.2008.05.005
https://doi.org/10.1126/science.1523409
https://doi.org/10.1016/S0021-9258(18)34713-6
https://doi.org/10.1016/j.bbagen.2012.11.020
https://doi.org/10.1186/s13045-020-01016-8
https://doi.org/10.1186/s13045-020-01016-8
https://doi.org/10.7150/thno.82132
https://doi.org/10.3390/cancers11050678
https://doi.org/10.1074/jbc.274.17.11455
https://doi.org/10.1074/jbc.274.5.3009
https://doi.org/10.1038/ncomms15074
https://doi.org/10.1093/jn/136.6.1652S
https://doi.org/10.1038/s41467-019-09277-9
https://doi.org/10.3389/fimmu.2023.1269451
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2023.1269451
162. Doll S, Freitas FP, Shah R, Aldrovandi M, da Silva MC, Ingold I, et al. FSP1 is a
glutathione-independent ferroptosis suppressor. Nature (2019) 575:693–8. doi:
10.1038/s41586-019-1707-0

163. Bersuker K, Hendricks JM, Li Z, Magtanong L, Ford B, Tang PH, et al. The CoQ
oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature (2019)
575:688–92. doi: 10.1038/s41586-019-1705-2

164. Nakamura T, Hipp C, Santos Dias Mourão A, Borggräfe J, Aldrovandi M,
Henkelmann B, et al. Phase separation of FSP1 promotes ferroptosis. Nature (2023)
619:371–7. doi: 10.1038/s41586-023-06255-6

165. Perry JJ, Shin DS, Getzoff ED, Tainer JA. The structural biochemistry of the
superoxide dismutases. Biochim Biophys Acta (2010) 1804:245–62. doi: 10.1016/
j.bbapap.2009.11.004

166. Meitzler JL, Antony S, Wu Y, Juhasz A, Liu H, Jiang G, et al. NADPH oxidases:
a perspective on reactive oxygen species production in tumor biology. Antioxid Redox
Signal (2014) 20:2873–89. doi: 10.1089/ars.2013.5603

167. Zhang J, Wang X, Vikash V, Ye Q, Wu D, Liu Y, et al. ROS and ROS-mediated
cellular signaling. Oxid Med Cell Longev (2016) 2016:4350965. doi: 10.1155/2016/
4350965

168. Koch RE, Josefson CC, Hill GE. Mitochondrial function, ornamentation, and
immunocompetence. Biol Rev Camb Philos Soc (2017) 92:1459–74. doi: 10.1111/
brv.12291

169. Medda N, De SK, Maiti S. Different mechanisms of arsenic related signaling in
cellular proliferation, apoptosis and neo-plastic transformation. Ecotoxicol Environ Saf
(2021) 208:111752. doi: 10.1016/j.ecoenv.2020.111752

170. Srinivas US, Tan BWQ, Vellayappan BA, Jeyasekharan AD. ROS and the DNA
damage response in cancer. Redox Biol (2019) 25:101084. doi: 10.1016/
j.redox.2018.101084

171. Li F, Li J, Wang PH, Yang N, Huang J, Ou J, et al. SARS-CoV-2 spike promotes
inflammation and apoptosis through autophagy by ROS-suppressed PI3K/AKT/mTOR
signaling. Biochim Biophys Acta Mol Basis Dis (2021) 1867:166260. doi: 10.1016/
j.bbadis.2021.166260

172. Zheng D, Liu J, Piao H, Zhu Z, Wei R, Liu K. ROS-triggered endothelial cell
death mechanisms: Focus on pyroptosis, parthanatos, and ferroptosis. Front Immunol
(2022) 13:1039241. doi: 10.3389/fimmu.2022.1039241

173. Huang CY, Chen LJ, Chen G, Chao TI, Wang CY. SHP-1/STAT3-signaling-
axis-regulated coupling between BECN1 and SLC7A11 contributes to sorafenib-
induced ferroptosis in hepatocellular carcinoma. Int J Mol Sci (2022) 23:11092. doi:
10.3390/ijms231911092
Frontiers in Immunology 15
174. Dixon SJ, Patel DN, Welsch M, Skouta R, Lee ED, Hayano M, et al.
Pharmacological inhibition of cystine-glutamate exchange induces endoplasmic
reticulum stress and ferroptosis. Elife (2014) 3:e02523. doi: 10.7554/eLife.02523

175. Garten A, Grohmann T, Kluckova K, Lavery GG, Kiess W, Penke M. Sorafenib-
induced apoptosis in hepatocellular carcinoma is reversed by SIRT1. Int J Mol Sci
(2019) 20:4048. doi: 10.3390/ijms20164048

176. Li ZJ, Dai HQ, Huang XW, Feng J, Deng JH, Wang ZX, et al. Artesunate
synergizes with sorafenib to induce ferroptosis in hepatocellular carcinoma. Acta
Pharmacol Sin (2021) 42:301–10. doi: 10.1038/s41401-020-0478-3

177. Cui Z, Wang H, Li S, Qin T, Shi H, Ma J, et al. Dihydroartemisinin enhances the
inhibitory effect of sorafenib on HepG2 cells by inducing ferroptosis and inhibiting
energy metabolism. J Pharmacol Sci (2022) 148:73–85. doi: 10.1016/j.jphs.2021.09.008

178. Miao Y, Chen Y, Xue F, Liu K, Zhu B, Gao J, et al. Contribution of ferroptosis
and GPX4’s dual functions to osteoarthritis progression. EBioMedicine (2022)
76:103847. doi: 10.1016/j.ebiom.2022.103847

179. Zhou X, Zheng Y, Sun W, Zhang Z, Liu J, Yang W, et al. D-mannose alleviates
osteoarthritis progression by inhibiting chondrocyte ferroptosis in a HIF-2a-
dependent manner. Cell Prolif (2021) 54:e13134. doi: 10.1111/cpr.13134

180. Imai H, Hirao F, Sakamoto T, Sekine K, Mizukura Y, Saito M, et al. Early
embryonic lethality caused by targeted disruption of the mouse PHGPx gene. Biochem
Biophys Res Commun (2003) 305:278–86. doi: 10.1016/S0006-291X(03)00734-4

181. Sato H, Shiiya A, Kimata M, Maebara K, Tamba M, Sakakura Y, et al. Redox
imbalance in cystine/glutamate transporter-deficient mice. J Biol Chem (2005)
280:37423–9. doi: 10.1074/jbc.M506439200

182. Drummen GP, van Liebergen LC, Op den Kamp JA, Post JA. C11-BODIPY
(581/591), an oxidation-sensitive fluorescent lipid peroxidation probe: (micro)
spectroscopic characterization and validation of methodology. Free Radic Biol Med
(2002) 33:473–90. doi: 10.1016/S0891-5849(02)00848-1

183. Westberg M, Bregnhøj M, Banerjee C, Blázquez-Castro A, Breitenbach T,
Ogilby PR. Exerting better control and specificity with singlet oxygen experiments in
live mammalian cells. Methods (2016) 109:81–91. doi: 10.1016/j.ymeth.2016.07.001

184. Ran Q, Liang H, GuM, QiW,Walter CA, Roberts LJ2nd, et al. Transgenic mice
overexpressing glutathione peroxidase 4 are protected against oxidative stress-induced
apoptosis. J Biol Chem (2004) 279:55137–46. doi: 10.1074/jbc.M410387200

185. Canli Ö, Alankus ̧ YB, Grootjans S, Vegi N, Hültner L, Hoppe PS, et al.
Glutathione peroxidase 4 prevents necroptosis in mouse erythroid precursors. Blood
(2016) 127:139–48. doi: 10.1182/blood-2015-06-654194

186. Tang D, Chen X, Kang R, Kroemer G. Ferroptosis: molecular mechanisms and
health implications. Cell Res (2021) 31:107–25. doi: 10.1038/s41422-020-00441-1
frontiersin.org

https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1038/s41586-023-06255-6
https://doi.org/10.1016/j.bbapap.2009.11.004
https://doi.org/10.1016/j.bbapap.2009.11.004
https://doi.org/10.1089/ars.2013.5603
https://doi.org/10.1155/2016/4350965
https://doi.org/10.1155/2016/4350965
https://doi.org/10.1111/brv.12291
https://doi.org/10.1111/brv.12291
https://doi.org/10.1016/j.ecoenv.2020.111752
https://doi.org/10.1016/j.redox.2018.101084
https://doi.org/10.1016/j.redox.2018.101084
https://doi.org/10.1016/j.bbadis.2021.166260
https://doi.org/10.1016/j.bbadis.2021.166260
https://doi.org/10.3389/fimmu.2022.1039241
https://doi.org/10.3390/ijms231911092
https://doi.org/10.7554/eLife.02523
https://doi.org/10.3390/ijms20164048
https://doi.org/10.1038/s41401-020-0478-3
https://doi.org/10.1016/j.jphs.2021.09.008
https://doi.org/10.1016/j.ebiom.2022.103847
https://doi.org/10.1111/cpr.13134
https://doi.org/10.1016/S0006-291X(03)00734-4
https://doi.org/10.1074/jbc.M506439200
https://doi.org/10.1016/S0891-5849(02)00848-1
https://doi.org/10.1016/j.ymeth.2016.07.001
https://doi.org/10.1074/jbc.M410387200
https://doi.org/10.1182/blood-2015-06-654194
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.3389/fimmu.2023.1269451
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Mechanisms and regulations of ferroptosis
	Introduction
	Iron metabolism
	Lipid peroxidation
	The regulation of iron metabolism
	Autophagy
	Autophagy associated genes
	Nuclear receptor coactivator 4
	Iron response element binding proteins
	Heat shock proteins
	Poly (RC)-binding proteins
	Hepcidin
	Nuclear factor erythroid 2-related factor 2

	Regulation of lipid metabolism
	Arachidonate lipoxygenases
	Long-chain acyl-CoA synthetase
	The membrane-bound O-acyltransferase
	Lysophosphatidylcholine acyltransferase
	P53
	Antioxidant
	GSH/GPX4
	SLC7A11
	Ferroptosis-suppressor-protein 1
	Oxidant—ROS

	Conclusions and perspectives
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


