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Ferroptosis suppressor protein 1 (FSP1), an NAD(P)H-ubiquinone oxidoreductase that reduces ubiquinone to

ubiquinol, has emerged as a critical player in the regulation of ferroptosis. FSP1 operates independently of the

canonical system xc /glutathione peroxidase 4 pathway, making it a promising target for inducing ferroptosis in

cancer cells and overcoming ferroptosis resistance.

ferroptosis  ferroptosis suppressor protein 1  FSP1 inhibitor

1. Introduction

Ferroptosis is a distinctive form of cell death characterized by the iron-dependent accumulation of lipid peroxides

. An oncogenic RAS-selective lethal chemical erastin was found to induce ferroptosis and was instrumental in the

initial discovery of this form of cell death in 2012 . While the exact mechanisms of ferroptosis induction are still

being studied, it has been suggested that ferroptosis may originate from oxytosis, which is a type of neural cell

death triggered by glutamate toxicity that inhibits cystine uptake through the cystine/glutamate antiporter system

xc  (xCT), ultimately leading to glutathione (GSH) depletion and oxidative stress . Furthermore, oxytosis has

been identified as a novel form of cell death that involves lipoxygenase (LOX) activation . Oxytosis was further

characterized as cell death resulting from the loss of glutathione peroxidase 4 (GPX4), which induces lipid

peroxidation and requires 12/15-LOX activity and apoptosis-inducing factor mediation . Recently, the apoptosis-

inducing factor mitochondria-associated 2 (AIFM2), initially described as a proapoptotic gene, was later renamed

ferroptosis suppressor protein 1 (FSP1) and identified as a potent GSH-independent protection system that

prevents ferroptotic cell death . Ferroptosis has gained significant attention in the scientific community due to its

unique morphological and biochemical features, distinguishing it from other cell death forms. In 2018, ferroptosis

was formally recognized as a distinct form of cell death, triggered by intracellular oxidative and iron imbalances .

This iron-dependent vulnerability leads to lipid peroxidation, distinguishing ferroptosis from other programmed cell

death pathways, such as apoptosis. However, the classification of ferroptosis as a regulated cell death pathway

has been a topic of discussion and remains an area of ongoing research.

Ferroptosis is characterized by the accumulation of lipid peroxides and redox-active iron, leading to oxidative

damage of cellular membranes and ultimately causing cell death (Figure 1) . The intracellular labile iron pool

plays a crucial role in ferroptosis. It retains the most chelatable redox-active ferrous iron (Fe ), which generates

highly reactive radicals through the Fenton reaction . Iron-dependent enzymes such as 12/15-LOX, P450

oxidoreductase, and prostaglandin-endoperoxide synthase 2 catalyze the reaction between ferrous iron and

polyunsaturated fatty acid (PUFA)-PLs, which leads to excessive lipid peroxidation and, ultimately, causes damage
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to cellular membranes . The esterification and incorporation of arachidonate to PLs in the cellular membrane by

acyl-CoA synthetase long-chain family member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3

(LPCAT3) are required for ferroptosis . Peroxisomes, cytoplasmic organelles with membrane-bound oxidative

properties, are critically involved in ferroptosis through the biosynthesis of plasmalogens, also known as ether lipids

. The study emphasizes the importance of peroxisome-dependent plasmalogen generation as a vulnerable pool

of ether lipids that can undergo oxidative damage and contribute to ferroptosis in various cell types, such as cancer

cells, neurons, and cardiomyocytes. However, radical-trapping antioxidant (RTA) systems can inhibit the

propagation of lipid peroxidation and protect cells from excessive lipid peroxidation. . GPX4 and system xc  are

two key regulators of ferroptosis, which have primary antioxidant functions in detoxifying cellular lipid peroxidation

.

Figure 1. The process and regulators of ferroptosis induction. Intracellular labile iron pool retains chelatable redox-

active ferrous iron (Fe ) that can generate soluble radicals via the Fenton reaction. Radical-trapping antioxidant

(RTA) systems can inhibit the propagation of lipid peroxidation and protect cells from excessive lipid peroxidation.

System xc  and GPX4 are involved in the GSH-dependent canonical pathway, negatively regulating ferroptosis

against membrane lipid peroxidation. FSP1, DHODH, and GCH1 are GSH-independent RTAs using lipophilic
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radical scavengers of ubiquinol or BH . FSP1 and DHODH reduced ubiquinone (CoQ ) to ubiquinol (CoQ H )

with the consumption of NAD(P)H. The regulators inhibit (blue) or promote (red) ferroptosis induction in cancer

cells. ACSL4, acyl-CoA synthetase long chain family member 4; ALOX, arachidonate lipoxygenase; BH4,

tetrahydrobiopterin; CoA, coenzyme A; DHODH, dihydroorotate dehydrogenase; FPP, farnesyl pyrophosphate;

FSP1, ferroptosis suppressor protein 1; GCH1, guanosine triphosphate cyclohydrolase 1; γ-GCS, γ-

glutamylcysteine synthetase; Glu, glutamate; GPX4, glutathione peroxidase 4; GSH, glutathione; GSS, glutathione

synthatase; GSSG, glutathione disulfide; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; HO•, hydroxyl

radical; IPP, isopentenyl pyrophosphate; ISC, iron-sulfur cluster; LIP, labile iron pool; LPCAT3,

lysophosphatidylcholine acyltransferase 3; NADP, nicotinamide adenine dinucleotide phosphate; NCOA4, nuclear

receptor coactivator 4; PL-OO•, lipid peroxyl radical; PUFA-PL, polyunsaturated fatty acid-containing phospholipid;

PL-PUFA-OH, polyunsaturated fatty acid-containing phospholipid alcohol; PUFAs, polyunsaturated fatty acids;

ROS, reactive oxygen species; Sec-tRNA, selenocysteine-tRNA; TCA, tricarboxylic acid cycle; TfR, transferrin

receptor; xCT, system xc  cystine/glutamate antiporter.

The involvement of redox-active iron is essential for oxidative damage to membrane lipids in the ferroptosis

process . The labile iron pool, a chelatable and redox-active fraction of cellular iron, plays a critical role in cellular

iron metabolism . Although a small fraction of the total cellular redox-active iron, cytosolic labile iron plays a

crucial role in cellular iron metabolism . Iron homeostasis is regulated through iron uptake via transferrin

receptor 1 (TFR1) and its sequestration into ferritins. CD44, a cell surface marker, also facilitates the endocytosis

of iron-bound hyaluronates through its interaction with hyaluronates, contributing to iron homeostasis . CD44

contributes to the internalization of both iron and copper. Salinomycin, an antimicrobial agent with demonstrated

effects on iron-addicted cancer stem cells, sequesters iron within lysosomes . This sequestration leads to a

decrease in intracellular iron levels, activating autophagy and resulting in the release of iron through ferritin

degradation . The degradation of ferritin during the autophagy process, known as ferritinophagy, is facilitated by

nuclear receptor coactivator 4 (NCOA4), selectively enriched in autophagosomes . NCOA4-mediated

ferritinophagy plays a critical role in initiating ferroptosis . Furthermore, ferroptosis has been identified as an

autophagic cell death process induced by NCOA4-mediated ferritinophagy .

Preventing ferroptosis by inhibiting lipid peroxyl radicals is not limited to the canonical GPX4 and system xc

antioxidant system. Coenzyme Q  (CoQ ) can act as a lipid peroxide scavenger and electron transporter .

FSP1 and dihydroorotate dehydrogenase (DHODH) are enzymes that reduce CoQ  (ubiquinone) to CoQ H

(ubiquinol) (Figure 1). FSP1 localizes to the plasma membrane through N-terminal myristoylation and can inhibit

ferroptosis by functioning as a radical scavenger of lipid peroxides and recycling vitamin E . Similarly, DHODH

in the inner mitochondrial membrane also contributes to the reduction of CoQ  . FSP1 and DHODH play a role

in preventing ferroptosis, implicating them as promising targets for cancer therapy, particularly in cancers with

relatively less functioning of the core ferroptosis regulatory system, xCT/GSH/GPX4 . As a promising target for

ferroptosis-based cancer therapy, the depletion of reduced CoQ  has recently gained attention . Thus,

understanding the role of FSP1 in ferroptosis and its modulation, as well as exploring the potential of targeting

FSP1 for ferroptosis induction in cancer therapy, is crucial.
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2. Understanding the Structure and Function of FSP1

Apoptosis-inducing factors (AIFs) are a group of flavoproteins that can trigger caspase-independent apoptotic cell

death . In humans, there are three AIF isozymes: AIFM1, AIFM2, and AIFM3. AIFM1 is the most abundant

isozyme and is initially translated into the cytosol before being transported to the mitochondrial membrane .

There, it undergoes folding and acquires its functional structure with the help of flavin adenine dinucleotide (FAD).

In contrast, AIFM2 (FSP1) lacks a mitochondrial targeting sequence, causing no entrance into the mitochondria

and adherence to the outer mitochondrial membrane (OMM), and features an N-terminal myristoylation motif .

FSP1 consists of a short hydrophobic region at the N-terminus and a FAD-dependent oxidoreductase domain .

Studies have shown that the myristoylation motif is critical for targeting FSP1 to lipid droplets and the plasma

membrane, where it interacts with 6-hydroxy-FAD to exert its function (Figure 2) . FSP1 is also associated with

mitochondria to induce apoptosis. Deletion mutations at the N-terminal region (aas 1–185 and 1–300) result in

nuclear localization and failure to affect cell death . Additionally, domain mapping experiments have revealed

that only the C-terminal 187 aa of FSP1 is required for apoptotic induction, whereas mutations in the N-terminal

domains responsible for its oxidoreductase function do not affect its apoptotic function . Interestingly, the AIFM2

gene contains a putative p53-binding element in intron 5, suggesting that p53 can activate its gene expression 

. Overall, FSP1 plays an essential role in apoptosis and ferroptosis suppression. Further studies are needed to

fully understand its complex regulatory mechanisms and potential as a therapeutic target for cancer treatment.
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Figure 2. The structure, function, and regulation of FSP1 in human cancers. FSP1 is a NAD(P)H-ubiquinone

oxidoreductase, composing FAD- and NADH-dependent domains with an N-terminal myristoylation motif. FSP1

adheres to the outer mitochondrial membrane (OMM) and, after N-myristoylation, is translocated to the plasma

membrane or lipid droplets, where it interacts with 6-hydroxyl-FAD. FSP1 exerts ferroptosis resistance via three

distinct mechanisms: the FSP1-CoQ -NAD(P)H pathway, the FSP1-ESCRT-III-dependent membrane repair

pathway, and the FSP1-VKH -NAD(P)H pathway. The activity of FSP1 is regulated by multiple factors, e.g., p53,

NRF2, NAT10, LncFAL, miR-4443, mi-1228, and circGFRA1. AIFM2, apoptosis-inducing factor mitochondria-

associated 2; AMID, AIF-homologous mitochondrion-associated inducer of death; CHAMP, charged multivesicular

body protein; ESCRT, an endosomal sorting complex required for transport; FAD, flavin adenine dinucleotide; Gla,

γ-carboxyglutamate; KEAP1, Kelch-like ECH-associated protein 1; NAT10, N-acetyltransferase 10; lncFAL,

ferroptosis-associated long non-coding RNA; NRF2, nuclear factor erythroid 2-related factor 2; PRG3, p53-

responsive gene 3; SIRT1, sirtuin 1; VK, vitamin K; VKH , hydroquinone.

FSP1 is a flavoprotein and NAD(P)H-dependent oxidoreductase critical in suppressing ferroptosis. By reducing

ubiquinone-10 to ubiquinol-10 at the plasma membrane, using N-myristoylation and NAD(P)H as a substrate, FSP1

inhibits ferroptosis in a GPX4- and GSH-independent manner . This reduction of oxidized CoQ10 decreases

the pool of oxidized CoQ10, acting as a lipophilic RTA that stops the propagation of lipid peroxides, thus preventing
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ferroptosis (Figure 2). To confirm the anti-ferroptotic effect of FSP1, co-autoxidation experiments were conducted

with egg phosphatidylcholine and STY-BODIPY, which uses a lipophilic alkoxyl radical generator. Additionally,

FSP1 can indirectly generate α-tocopherol via CoQ H  or directly produce it in vitro, providing a reactive RTA

effect . Interestingly, the acute reduction in cellular CoQ levels caused by 4-chlorobenzoic acid (4-CBA) or CoQ

knockout does not significantly affect the sensitivity to RSL3 as much as FSP1 knockout does, indicating that other

FSP1-mediated pathways may contribute to ferroptosis resistance . These findings suggest that FSP1 is a

promising therapeutic target for tumors responsive to FSP1 inhibitors.

Researchers conducted a counter-screen experiment on FSP1-overexpressing cells in both wild-type and GPX4

knockout settings, which led to the discovery of a potent FSP1 inhibitor called iFSP1. The strong protective effect

of FSP1 on GPX4 knockout cells was the basis for identifying iFSP1 . Previous studies have shown that the first

generation of potent FSP1 inhibitors can induce ferroptosis in various tumor cells, and iFSP1 treatment effectively

sensitized cancer cells to ferroptosis. In addition, the expression of AIFM2 positively correlates with resistance to

GPX4 inhibitors in cancer cell lines, suggesting that FSP1 inhibitors have potential utility as an alternative

therapeutic strategy . It is worth noting that the withdrawal of the ferroptosis inhibitor ferrostatin-1 reduced tumor

growth in the FSP1/GPX4 double knockout but not the GPX4 single knockout in the H460 lung cancer mouse

xenograft model, indicating that targeting FSP1 may be a promising therapeutic strategy to overcome resistance to

ferroptotic cell death in these clinical contexts .

FSP1 has recently been identified as a crucial suppressor of ferroptotic cell death by reducing the concentration of

CoQ  after treatment with erastin, sorafenib, and RSL3 . Interestingly, the exogenous administration of CoQ

failed to reverse ferroptotic cell death in FSP1-silenced cells, indicating that other mechanisms are involved in

ferroptosis resistance. A recent study has shown that FSP1 regulates the expression of the charged multivesicular

body protein 5 (CHMP5) and CHMP6, essential subunits of the endosomal sorting complex required for transport

(ESCRT)-III-dependent membrane repair machinery . Knocking down FSP1 suppressed the expression of the

CHMP5 and CHMP6 induced by the RSL3 treatment, whereas the overexpression of the CHMP5 restored cell

viability and rescued cells from RSL3-, erastin-, and sorafenib-induced cell death in both wild-type and FSP1-

silenced cells. These findings suggested that ESCRT-III-dependent membrane repair is another mechanism that

underlies FSP1-mediated ferroptosis resistance.

FSP1 functions as a vitamin K reductase, preventing lipid peroxidation by reducing vitamin K to its corresponding

hydroquinone (VKH ) . Vitamin K is a redox-active naphthoquinone that resembles ubiquinone, the oxidized

form of CoQ . The canonical vitamin K cycle involves the conversion of vitamin K to VKH , which acts as a

potent reactive thiol antioxidant . FSP1 efficiently reduces vitamin K to VKH , a potent reactive thiol antioxidant

that prevents lipid peroxidation . Three types of naturally occurring vitamin K compounds (phylloquinone,

menaquinone-4 (MK4), and menadione) protected cells from the ferroptosis induced by GPX4 deletion . All three

types of vitamin K also rescued ferroptosis caused by ferroptosis inducers and glutamate-induced neuronal

ferroptosis but did not protect against apoptosis, necroptosis, or pyroptosis. FSP1-mediated vitamin K reduction

was also responsible for the vitamin K antidotal effect against warfarin poisoning . FSP1 serves as the vitamin K

reductase accountable for the warfarin-resistant alternative vitamin K reduction pathway. MK4-treated FSP1
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mice exhibited a much lower conversion rate of MK4 to MK4 epoxide and significantly prolonged prothrombin time

than FSP1  mice upon exposure to high doses of warfarin. This result highlighted the critical role of FSP1 in the

antidotal effect of high-dose vitamin K against warfarin poisoning . Therefore, FSP1 acts as a vitamin K

reductase, producing VKH  via NAD(P)H consumption to prevent lipid peroxidation, maintain a warfarin-resistant

non-canonical vitamin K cycle, and inhibit ferroptosis. However, it is essential to note that FSP1 activity varies

among individuals, and individuals with high FSP1 activity may have reduced effectiveness of warfarin. In contrast,

those with low FSP1 activity require a higher dose of vitamin K to mitigate the risk of warfarin poisoning.

Previous studies suggest that FSP1, also known as AIFM2 or AMID, may have a significant role in signaling

mitochondrial stress. When oxidative stress occurs, FSP1 binds with 4-hydroxy-2-nonenal (HNE), a lipid

peroxidation end product, forming a lipid adduct that lacks oxidoreductase activity . The HNE-FSP1 adduct is

then transported from the mitochondria to the nucleus, leading to DNA damage and cell death. Notably, doxorubicin

treatment can increase cardiac levels of HNE and AIFM2. The HNE adduction of AIFM2 inhibits the NADH

oxidoreductase activity of AIFM2, promoting its translocation from mitochondria. This discovery reveals an

unexpected role of these proteins in mitochondrial stress signaling and the adverse effects of cancer therapy. Apart

from its role in mitochondrial stress signaling, FSP1 can bind to nuclear DNA non-specifically . FSP1 can directly

bind to nuclear DNA and alter chromatin condensation. Additionally, FSP1 can induce caspase- and p53-

independent apoptosis by disrupting mitochondrial morphology and releasing proapoptotic factors . Under stress

conditions, such as hypoxia, which activates p53-mediated apoptosis, FSP1 may stabilize p53 by inhibiting its

degradation, accelerating the apoptotic process . Under normal cellular conditions, FSP1 may promote cell

survival by generating reactive oxygen species (ROS) to maintain survival signaling . FSP1 is crucial in various

cellular processes, including mitochondrial stress signaling, nuclear DNA binding, apoptosis induction, and cell

survival. However, its exact mechanisms and functions require further investigation to provide a comprehensive

understanding of this protein’s complex actions in various cellular processes.

The discovery of FSP1 as a crucial suppressor of ferroptosis has shed light on the intricate molecular mechanisms

underlying this form of cell death. FSP1 exerts its protective effects against ferroptosis. These pathways involve the

reduction of CoQ10 and vitamin K, as well as the regulation of ESCRT-III-dependent membrane repair, which

collectively contribute to inhibiting lipid peroxidation and preventing ferroptosis. However, several unanswered

questions remain regarding the regulation of FSP1 expression and activity. Investigating the molecular structure of

FSP1 and elucidating the signaling pathways that control its expression and function would provide valuable

insights into the precise mechanisms by which FSP1 suppresses ferroptosis.

Additionally, identifying potential therapeutic targets for developing FSP1 activators or inhibitors holds great

promise for developing novel treatment strategies for cancer and other diseases associated with ferroptosis.

Further research in these areas has the potential to uncover novel therapeutic approaches that specifically target

FSP1 and its related pathways, thus enhancing the understanding of ferroptosis and its implications in various

diseases. By exploring the intricate mechanisms of FSP1, researchers can pave the way for developing innovative

interventions to modulate ferroptosis and improve patient outcomes.
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