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Abstract

Mitochondria are well known to be “energy factories” of the cell as they provide intracellular ATP via oxidative phosphorylation. Interestingly,
they also function as a “cellular suicidal weapon store” by acting as a key mediator of various forms of regulated cell death, including
apoptosis, pyroptosis, necroptosis, and ferroptosis. Ferroptosis, distinct from the other types of regulated cell death, is characterized by
iron-dependent lipid peroxidation and subsequent plasma membrane rupture. Growing evidence suggests that an impaired ferroptotic
response is implicated in various diseases and pathological conditions, and this impaired response is associated with dramatic changes in
mitochondrial morphology and function. Mitochondria are the center of iron metabolism and energy production, leading to altered lipid
peroxidation sensitivity. Although a growing number of studies have explored the inextricable link between mitochondria and ferroptosis,
the role of this organelle in regulating ferroptosis remains unclear. Here, we review recent advances in our understanding of the role of
mitochondria in ferroptosis and summarize the characteristics of this novel iron-based cellular suicide weapon and its arsenal. We also
discuss the importance of ferroptosis in pathophysiology, including the need for further understanding of the relationship between mito-
chondria and ferroptosis to identify combinatorial targets that are essential for the development of successful drug discovery.
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Introduction

Mitochondria are semiautonomous double membrane-bound
organelles that have a circular genome, referred to as mito-
chondrial DNA (mtDNA), and two separate outer membranes
(OMMs) and inner membranes (IMMs) [1]. Human mtDNA con-
tains genetic coding information for 13 proteins, which are core
constituents of the electron transport chain (ETC) complexes -1V,
which are localized in IMMs. Together with the Krebs’ cycle in
the matrix, the ETC creates an electrochemical gradient across
the IMMs which powers the complex V, ATP synthase, to cata-
lyze the synthesis of the largest pool of cellular ATP. This process
involves the metabolism of carbon sources and is referred to as
oxidative phosphorylation (OXPHOS) [2]. Mitochondria are crucial
for cellular metabolism in eukaryotic organisms, and are involved
in most forms of this cellular behavior, including cellular respi-
ration, energy production, fatty acid oxidation, and iron metab-
olism. Mitochondria are critical for iron metabolism, as they are
the major organelle involved in iron utilization and its catabolic
and anabolic pathways. Mitochondria are highly dynamic as they
take on a variety of morphologies controlled by the processes of
fusion, fission, and mitophagy under a variety of physiological
or pathological conditions. This plasticity is important for mito-
chondrial inheritance and function as it allows the cell to respond
to ever-changing physiological conditions [3]. Mitochondria are
also an important source of reactive oxygen species (ROS), which
can lead to oxidative stress and even damage to the cell. In addi-
tion to their core metabolic functions, mitochondria have been
implicated in a series of cellular processes, ranging from somatic
cell reprogramming to cell death [4-7]. Although there are various
forms of regulated cell death with different upstream signals and
mechanisms [8], a role for the mitochondria is a common feature
to all the forms (Fig. 1).

Mitochondria participate in the intrinsic pathway of apopto-
sis. Mitochondrial outer membrane permeabilization (MOMP)
causes cytochrome c release, and subsequently causes caspase
9 and caspase 3/7 activation [9] (Fig. 1a). A widely used drug in
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epilepsy treatment, valproic acid, can induce mitochondria-de-
pendent apoptosis, which causes liver failure in a large number of
patients with Alpers-Huttenlocher syndrome [10], a disease due
to mutations in POLG, which encodes for the alpha subunit of pol-
ymerase gamma. Pyroptosis is a proinflammatory-induced form
of programmed cell death that is initiated by different inflamma-
tion-associated caspases, especially caspase-1, and it is marked
by the rupture of the cell membrane due to perforations by
Gasdermin D (GSDMD) and the release of proinflammatory medi-
ators [11] (Fig. 1b). In this form of cell death, GSDMD is also local-
ized to the mitochondria to induce MOMP, promoting the release
of cytochrome c¢ from mitochondria to the cytoplasm and further
the activation of caspase-3 [12] (Fig. 1b). Necroptosis is a regulated
caspase-independent form of cell death that is stimulated by
viral infection and tumor necrosis factor (TNF) signaling [13]. In
brief, under caspase inhibition, TNF signaling activates receptor
interacting protein kinase 1 (RIPK1) and RIPK3, which form necro-
somes. The necrosome then activates pseudokinase mixed-line-
age kinase domain-like pseudokinase (MLKL), which translocates
to the plasma membrane to form pores, causing the release of
damage-associated molecular patterns (DAMPs) and cell death
[14] (Fig. 1c). RIPK3 also activates the pyruvate dehydrogenase
complex, leading to tricarboxylic acid (TCA) cycle enhancement
and ROS generation. Mitochondrial ROS can promote RIPK1 auto-
phosphorylation and necrosome formation to initiate necroptosis
in a feedforward manner [9, 15] (Fig. 1c). Ferroptosis is an iron-de-
pendent form of cell death that is triggered by lipid peroxidation
accumulation, which occurs in the plasma membrane or in mem-
branes of mitochondria, ER, lysosomes, and lipid droplets [16-18]
(Fig. 1d). Mitochondria are major sites of ROS production and iron
storage, and are thus susceptible to lipid peroxidation.

Recently, insights into the mechanisms of ferroptosis have
rapidly progressed [19-21] (Fig. 2). Glutamate and cystine are
exchanged through an amino acid anti-transporter, system Xc-
[4]. Glutathione peroxidases (GPXs), especially GPX4, convert
glutathione (GSH) into oxidized glutathione (GSSG) [22]. P53 can
inhibit the activity of system Xc- and thus reduces the absorption
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Figure 1 Mitochondria participate in cell death. Mitochondria participate in multiple forms of programmed cell death. (a) Mitochondria participate in the
mitochondrial pathway of apoptosis. MOMP causes cytochrome c release, and subsequently causes caspase 9 and caspase 3/7 activation. (b) Pyroptosis
is initiated by different inflammation-associated caspases, especially caspase-1. GSDMD is also localized to the mitochondria to induce MOMP, pro-
moting the release of cytochrome c from mitochondria to the cytoplasm and further the activation of caspase-3. (c) Viral infection and TNF signaling
activate RIPK1 and RIPK3, which form necrosomes. The necrosome then activates MLKL, which translocates to the plasma membrane to form pores,
causing the release of DAMPs and cell death. RIPK3 also activates the PDHC, leading to TCA cycle enhancement and ROS generation. Mitochondrial ROS
can promote RIPK1 autophosphorylation and necrosome formation to initiate necroptosis in a feedforward manner. (d) Ferroptosis is iron-dependent
cell death triggered by lipid peroxidation accumulation that occurs in the plasma membrane. Abbreviations: PDHC, pyruvate dehydrogenase complex.
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of cystine, leading to a decrease in GPX4 activity. As antioxidant
capacity decreases, oxidative damage continues to increase and
ultimately leads to ferroptosis [23-25] (Fig. 2). Ferroptosis sup-
pressor protein 1 (FSP1) is characterized as a potent ferropto-
sis-resistance factor that reduces coenzyme Q,, (CoQ), a lipophilic
radical-trapping antioxidant that eliminates lipid peroxides on
plasma membrane. The FSP1-CoQ-NAD(P)H pathway is a parallel
system to the canonical GSH-GPX4 pathway (26, 27] (Fig. 2).

The mevalonate (MVA) pathway can affect the synthesis
of GPX4 by regulating the maturation of selenocysteine tRNA,
thereby regulating the occurrence of ferroptosis [28, 29] (Fig. 2).
Under conditions of GPX4 inactivation, dihydroorotate dehydro-
genase (DHODH), which reduces CoQ to CoQH, in mitochondria,
detoxifies lipid peroxides and inhibits ferroptosis. This pathway
acts parallel to mitochondrial GPX4 to inhibit ferroptosis, and is
independent of GPX4 or FSP1 in the cytosol [30]. The OMM protein
FUN14 domain containing 2 (FUNDC2) regulates ferroptosis by

regulate mitochondrial GSH (mitoGSH) levels [31]. The FUNDC2-
SLC25A11 axis serves as a newfound pathway in mitochondria
to regulate ferroptosis (Fig. 2). Additionally, GTP cyclohydrolase-1
(GCH1), the rate-limiting enzyme that determines the levels of
tetrahydrobiopterin/dihydrobiopterin (BH,/BH,), remodels lipids
to suppress ferroptosis. BH, can eventually be converted to
4-OH-benzoate, a precursor of CoQ, to elevate CoQ levels [32] (Fig.
2).

Two enzymes, acyl-CoA synthetase long-chain family mem-
ber 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3
(LPCAT?3), are important drivers of ferroptosis. ACSL4 ligates long-
chain polyunsaturated fatty acids (PUFAs), including arachidonic
acid (AA) and adrenic acid (AdA), with coenzyme A (CoA). Then,
the products are re-esterified into phospholipids (PLs) by LPCAT3
[33-35]. Peroxidation of PLs can be nonenzymatically catalyzed
by labile free iron via the Fenton reaction or enzymatically cata-
lyzed by lipoxygenases (LOXs) and cytochrome P450 oxidoreduc-

interacting with solute carrier family 25 member 11 (SLC25A11) to tase (POR) [36, 37] (Fig. 2). Fe** binds to transferrin (TF) on the cell
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Figure 2 Main mechanisms of ferroptosis. Ferroptosis is triggered by peroxidation of PUFA-PE, induced by the Fenton reaction of iron, LOXs, and POR.
ACSL4 and LPCAT3 are necessary for producing PUFA-PE. GPX4 requires GSH as a cofactor to inhibit lipid peroxidation, and GSR reduces GSSG to GSH.
System Xc- exchanges cystine and Glu, and cystine converts to Cys for GSH synthesis. Gln is converted to Glu through GLS and enters the mitochon-
dria, which is required for ferroptosis triggered by Cys deprivation. FSP1 reduces CoQ to CoQH,, which inhibits lipid peroxidation. The MVA pathway
participates in CoQ production and incorporation of Se into GPX4. DHODH, which reduces CoQ to CoQH, in mitochondria, detoxifies lipid peroxides and
inhibits ferroptosis. FUNDC2 regulates ferroptosis by interacting with SLC25A11 to regulate mitoGSH levels. GCH1, the rate-limiting enzyme for BH,/
BH,, remodels lipids to suppress ferroptosis. BH, can be eventually converted into 4-OH-benzoate, a precursor of CoQ, to elevate CoQ levels. Iron binds
to TF to enter cells via TFR1 and localizes in endosomes, then iron is released into the LIP in the cytoplasm. [ron can also enter cells through DMT1 and
can be exported from cells through FPN. Iron is utilized in the mitochondria for heme and Fe-S clusters synthesis. Excess iron is stored in ferritin. Iron is
released from ferritin in lysosomes by NCOA4, which is known as ferritinophagy. De-O-GlcNAcylation of ferritin promotes ferritinophagy by increasing
the interaction between ferritin and NCOA4, thereby accumulating labile iron. Cellular iron content can be regulated by the IRP/IRE system. NRF2 upreg-
ulates the expression of genes involved in GSH metabolism and iron metabolism. Abbreviations: Cys, cysteine; Glu, glutamate; Gln; glutamine; GSH, glu-
tathione; GSSH, glutathione disulfide; GSR, glutathione disulfide reductase; HMG-CoA, 3-Hydroxy-3-Methyl-Glutaryl-CoA; IPP, isopentenyl diphosphate;
Se, selenium; NRF2, nuclear factor E2-related factor 2.



membrane, which forms a complex with the membrane protein
TF receptor 1 (TFR1) to allow for the endocytosis of the complex
into endosomes [38] (Fig. 2). Unused or excreted iron in the cyto-
plasm is stored in ferritin, thus maintaining intracellular iron
homeostasis. When iron is overloaded, the nuclear receptor coac-
tivator 4 (NCOA4)-mediated autophagy process can selectively
degrade ferritin via lysosomes, causing the level of intracellular
free iron to be elevated [39] (Fig. 2). Protein O-GlcNAcylation, an
important post-translational modification, has been shown to
coordinate ferritinophagy with mitophagy to activate ferroptosis
[40]. De-O-GlcNAcylation of ferritin promotes ferritinophagy by
increasing the interaction between ferritin and NCOA4, thereby
accumulating labile iron. Inhibition of O-GlcNAcylation enhances
mitophagy, providing more labile iron, which make cells sensitive
to ferroptosis [40] (Fig. 2). In addition, erastin induce the ferropto-
sis of liver cancer cells by inhibiting O-GlcNAcylated c-Jun, which
has a positive correlation with GSH synthesis [41]. Overloaded
labile iron then promotes Fenton chemistry reactions, which
leads to the generation of toxic lipid alkoxy radicals and other
reactive lipid breakdown products that drive ferroptosis [42].

Cellular iron content is regulated by the iron regulatory pro-
tein/iron-responsive element (IRP/IRE) system [43]. IRPs bind to
IREs in the 5 UTR of mRNAs to inhibit their translation, includ-
ing that encode for ferritin and ferroportin (FPN), which are iron
storage and iron export proteins, respectively. Alternatively, IRPs
bind to IREs in the 3" UTR of mRNAs, leading to stabilization of
the mRNAs that encode for the iron uptake proteins TFR1 and
divalent metal transporter 1 (DMT1) [44] (Fig. 2).

Induction of ferroptosis is associated with disruption of the bal-
ance of ROS production and antioxidant defense [45], as well as
disorders of multiple signals about iron homeostasis, lipid synthe-
sis, lipid peroxidation, or others from subcellular organelles [46].
Ferroptotic cells display morphological changes in their mitochon-
dria, which is associated with increased mitochondrial membrane
permeability [16, 47, 48]. Abnormal mitochondrial dynamics and
dysfunctional mitochondria determine ferroptosis susceptibility
[49]. Mitochondria also have unique mechanisms to defend against
oxidative damage during ferroptosis. This review summarizes the
recent advances in ferroptosis and emphasizes the role of mito-
chondria function and regulation in ferroptosis. Developing a better
understanding of the relationship between ferroptosis and mito-
chondria will be conducive for disease therapies.

Mitochondria and ferroptosis

Morphological changes of the mitochondria, including mitochon-
drial shrinkage, crista enlargement, and outer membrane rupture,
have been observed in ferroptotic cells [16, 48]. The role of mito-
chondria in regulating cell ferroptosis is contentious according to a
series of studies. Early studies reported that ferroptosis sensitivity
was not affected by the loss of mtDNA or mitochondrial elimina-
tion [16, 50]. Recent studies, however, indicate that mitochondria
play an important role in executing ferroptosis [51] (Fig. 3).

Mitochondrial membrane and ferroptosis

The integrity of the mitochondrial membrane is critical for mito-
chondrial function. Ferroptosis is characterized by greater con-
densed densities of the mitochondrial membrane and a smaller
volume compared to normal mitochondria, as well as dimin-
ished or even vanished cristae and ruptured OMMs. In RAS-
selective lethal 3 (RSL3, a well-known inhibitor of GPX4)-induced
ferroptosis, morphological alterations include elongation and
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fragmentation, with fragmented mitochondria mainly accu-
mulating around the nucleus [51]. During ferroptosis, lipid oxi-
dation occurs on the plasma membrane and the membranes of
some organelles, including mitochondria [17, 18, 46]. It is unclear
whether there is a prioritization of subcellular organelle mem-
brane damage during ferroptosis.

Mitochondrial membrane lipids and ferroptosis

The main components of membrane lipids are PLs, sphingolip-
ids, and sterols. PLs are amphiphilic molecules with a hydro-
phobic long hydrocarbon-based chain containing a saturated or
unsaturated fatty acyl group at one end and a hydrophilic head
composed of phosphatidylcholine (PC) and phosphatidylethanol-
amine (PE) [52]. During ferroptosis, lipid peroxidation preferen-
tially occurs on PUFAs, which are straight-chain fatty acids with
two or more double bonds and a carbon chain length of 18-22
carbon atoms. Peroxidation on PUFA-PLs results in alterations
in lipid membrane structure and fluidity, and potentially forms
hydrophilic pores that disrupt the plasma membrane barrier [53].

Oxidized PUFA-PCs and PUFA-PEs accumulate during ferropto-
sis in Gpx4”~ mouse kidneys [48]. There are four species of oxidized
arachidonic and adrenic PEs during RSL3-induced ferroptosis in
mouse embryonic fibroblasts [17]. Mitochondria contain high levels
of PE, and it is possible that lipid peroxidation may first occur on
the OMMs and IMMs (Fig. 3). Oxidative modifications of cardiolipins
(CLs), a mitochondria-specific phospholipids, were also observed in
Gpx4~-mouse kidneys, and oxidized PLs and CLs were mainly local-
ized to the IMM in ferroptotic cells [17, 18, 48]. Knockdown of Smpd1
and Taz, which are responsible for CL synthesis, aggravated aceta-
minophen (APAP)-induced mitochondrial dysfunction and ferropto-
sis in hepatocytes [54]. However, oxidized CLs are considered to be
pro-apoptotic signals that facilitate the release of cytochrome c from
the mitochondria into the cytosol, executing intrinsic apoptosis [55].
The accumulation of oxidized CLs could not be inhibited by the lipo-
philic antioxidant ferrostatin-1, suggesting that oxidation of CLs is
not sufficient to drive ferroptosis [17, 18]. Alternatively, cytochrome
¢ can form distinct protein complexes to regulate apoptosis and fer-
roptosis, although both modes of cell death exhibit increased mito-
chondrial membrane permeability.

Mitochondrial membrane proteins and ferroptosis

Voltage-dependent anion channels (VDACs), also called mitochon-
drial porins, are located in the OMM and regulate mitochondrial
metabolite transport. VDACs are considered as a convergence
point of cell survival and death signals mediated by various lig-
ands or proteins [56] (Fig. 3). VDAC opening leads to an increase in
mitochondrial ROS, mitochondrial dysfunction, and subsequent
oxidative stress-induced cell death [57]. Cells harboring oncogenic
RAS with an abundance of VDACs are more sensitive to erastin,
a small molecule capable of initiating ferroptosis, while knocking
down VDAC2 or VDAC3 by RNAI can resist erastin-induced ferrop-
tosis. Additionally, erastin directly binds to VDAC?2 [58]. Notably, a
study showed that inhibiting VDAC1 oligomerization attenuates
hepatocyte ferroptosis by restoring ceramide and CLs content in
APAP-induced liver injury [54]. As the VDAC family also plays a
complex role in apoptosis, a further understanding of how they
are modified and opened in ferroptosis is needed.

FUNDC2 was known to be an OMM-bound protein, but its bio-
logical functions were unclear. But recently, FUNDC2 was found to
play an important role in regulating platelet activation through an
AKT-GSK-3B-cGMP axis [59] and in mitochondria fragmentation by
inhibiting mitofusin 1 (MFN1) [60]. Recently, it has been reported
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Figure 3 Regulation of mitochondria in ferroptosis. (1) The regulation of mitochondrial energy metabolism in ferroptosis. Cells with rerouting of metab-
olism from glycolysis to OXPHOS are sensitive to ferroptosis. FSP1 is an oxidoreductase reducing CoQ to CoQH,, which can inhibit lipid peroxidation.
P53 directly regulates cellular metabolic versatility by favoring mitochondrial OXPHOS, leading to ROS-mediated ferroptosis. Glutamine is converted
to glutamate by GLS, and glutamate is ultimately converted into a-KG in the TCA cycle. DHODH reduces CoQ to CoQH, in mitochondria, which detox-
ifies lipid peroxides to protect cells from ferroptosis. It is a pathway parallel to mitoGPX4 in mitochondria to inhibit ferroptosis. The opening of VDAC,
which mediates the entry of most metabolites into the mitochondria, increases mitochondrial metabolism and ROS formation. Ca? flows into the
mitochondria through VDAC, contributing to ROS production. FUNDC?2 regulates ferroptosis by interacting with SLC25A11 to regulate mitoGSH levels.
The mitochondrial TCA cycle and ETC serve as the major source of lipid peroxide production. (2) The regulation of mitochondrial iron metabolism in
ferroptosis. Mitochondria play a central role in cellular iron metabolism, and they are also the sole site of heme synthesis and the primary site of Fe-S
cluster synthesis. Mitochondrial ROS interact with free iron and catalyze the Fenton reaction in mitochondria, which may generate more ROS. Excess
iron can be stored in MtFT to protect mitochondria from free iron-induced damage. CISD1 can inhibit mitochondrial iron accumulation. Fe-S clusters
are synthesized on a scaffold protein ISCU, and a cysteine desulfurase FNS1 supplies sulfur from Cys. NFS1is important in maintaining the level of Fe-S
clusters and protecting cells from ferroptosis. Fe-S clusters are exported to the cytosolic Fe-S assembly (CIA) system via ABCB7. (3) The regulation of
mitochondrial lipid metabolism in ferroptosis. Oxidized phospholipids and cardiolipins mainly locate at the IMM in ferroptotic cells. Long-chain fatty
acids are activated by ACSL4 to AA-CoA and AdA-CoA, which are esterified by LPCAT3 to phospholipids. ACSF2 and CS, which regulate mitochondrial
fatty acid metabolism, both contribute to erastin-induced ferroptosis. (4) The regulation of mtDNA in ferroptosis. Hepatocytes with mtDNA depletion
are more sensitive to iron overload-induced ferroptosis than parental cells with intact mtDNA. mtDNA depletion, ROS increase, GSH depletion, and
NCOA4-mediated ferritin degradation in lysosomes, leading to a release of the LIP from ferritin, cause lipid peroxidation and eventual ferroptosis.
mtDNA depletion and mtDNA stress also trigger autophagy-dependent ferroptosis through the activation of the cGAS-STING pathway. Intact mtDNA
facilitates cellular defense against ferroptosis. Abbreviations: a-KG, a-ketoglutarate; Ala, alanine; FA, fatty acid.

that FUNDC2 regulates ferroptosis by interacting with the mito-
chondrial glutathione transporter SLC25A11 to negatively regulate
mitoGSH levels, and that it contributes to doxorubicin (DOX)-
induced cardiomyopathy [31]. Under stimulation of ferroptosis, the
interaction between FUNDC2 and SLC25A11 is enhanced, which
reduces the stability and dimer formation of SLC25A11, resulting
in a decrease in mitoGSH, leading to lipid peroxidation and ferrop-
tosis (Fig. 3). FUNDC2 knockout protects mice from DOX-induced
cardiomyopathy by preventing ferroptosis, and SLC25A11 knock-
down reduces mitoGSH to prevent erastin-induced ferroptosis in
FUNDC2-KO cells [31]. In short, the FUNDC2-SLC25A11 axis is a
newfound pathway in mitochondria to regulate ferroptosis.

Mitochondrial lipid metabolism and ferroptosis

Two enzymes, ACSL4 and LPCAT3, are important drivers of fer-
roptosis. ACSL4 ligates long-chain PUFAs, including AA and AdA,
with CoA. Then, the products are re-esterified into PLs by LPCAT3
[33-35] (Fig. 3). ACSL4 is not only a driver of ferroptosis but also a

biomarker for predicting ferroptosis sensitivity [61]. Peroxidation
of PLs is nonenzymatically catalyzed by labile free iron via the
Fenton reaction, or enzymatically catalyzed by LOXs and POR [36,
37]. The ACSL family of proteins are localized to the ER and the
OMM to catalyze the metabolism of fatty acids to acyl-CoA via
B-oxidation (Fig. 3), with acyl-CoA being an intermediate prod-
uct of lipid metabolism that participates in lipid biosynthesis
and fatty acid degradation [62]. Dysregulation of ACSL inhibits or
promotes apoptosis depending on the cell type [61]. It has been
reported that ACSL4 is an essential part of ferroptosis execu-
tion. Breast cancer cell lines preferentially expressing ACSL4 are
sensitive to ferroptosis [33]. ACSLS is localized to the mitochon-
dria, and it converts free long-chain fatty acids with 16-18 car-
bons, such as oleic acid, linoleic acid, and palmitic acid, to fatty
acyl-coenzyme A. ACSLS participates in pro-apoptotic sensing
and acts as a tumor suppressor in cancers [63]. Presently, there
is no evidence that ACSLS plays a role in ferroptosis, and thus
its role in that process requires further investigation. Acyl-CoA
synthese family member 2 (ACSF2) catalyze the initial reaction



in fatty acid metabolism by forming FA-CoA with FA and CoA
[64] (Fig. 3). Study have found that ACSF2 and citrate synthase
(CS), which regulate mitochondrial fatty acid metabolism, both
contribute to erastin-induced ferroptosis [16]. In other contexts,
ACSL3-mediated monounsaturated fatty acid (MUFA) production
may lead to ferroptosis resistance [65], suggesting that different
ACSL members have distinct functions in ferroptosis.

Fatty acid B-oxidation (FAO) is a process by which fatty acids
are oxidized to sequentially remove two-carbon units from the
acyl chain in mitochondria to metabolize the fatty acid to acetyl-
CoA [66] (Fig. 3). 2,4-dienoyl-CoA reductase 1 (DECR1) is an aux-
iliary enzyme involved in PUFA B-oxidation. It has been reported
that DECR1 knockdown inhibits PUFA B-oxidation and leads to
accumulation of PUFAs in the LNCaP prostate cancer cell line.
DECR1 knockdown-induced cell death is mediated by ferroptosis
caused by accumulation of PUFAs in prostate cancer [67]. A sim-
ilar conclusion was independently arrived at by a study showed
that DECR1 knockout induces ER stress and sensitivity to fer-
roptosis in castration-resistant prostate cancer cells [68]. DECR1
participates in ferroptosis by controlling the balance between
saturated and unsaturated fatty acids. The above studies may
suggest that FAO protects cells from ferroptosis by reducing accu-
mulation of PUFAs. FAO is a complicated process and understand-
ing the molecular pathway by which it participates in ferroptosis
is an interesting question for future investigations.

Mitochondrial energy metabolism and
ferroptosis

Mitochondrial OXPHOS and ferroptosis

The main function of mitochondria is to ensure energy production
for cells by OXPHOS. Cells primarily rely on mitochondrial-based
OXPHOS to generate energy for cellular processes, but most
cancer cells rely on glycolysis, which is known as the “Warburg
effect” [69]. Hexokinase II (HKII), platelet-type phosphofructoki-
nase (PFKP), and pyruvate kinase M2 (PKM?2) are key rate-limiting
enzymes of glycolysis in cancer cells [70]. It has been reported
that the levels of HKII, PFKP, and PKM?2 are downregulated after
treatment with RSL3 in glioma cells, indicating that RSL3 induces
glycolytic dysfunction [71]. Various enzymes involved in mito-
chondrial respiration participate in the regulation of ferroptosis,
such as aconitase, CS, cytochrome c oxidase 2 (sC02), and fuma-
rate hydratase (FH) [72]. NADPH-dependent ROS production is
also important for the induction of ferroptosis, especially in the
central nervous system [16]. Interestingly, mitochondria-deficient
cells are sensitive to ferroptosis-inducing molecules, but are more
tolerant to cysteine deprivation-induced ferroptosis [51].
Decreasing glycolytic flux, which is caused by increasing ATP
synthesis and OXPHOS, was observed in erastin-induced ferrop-
tosis [16]. The opening of VDACs, which mediates most of the
metabolite entry into mitochondria, increases mitochondrial
metabolism and thus ROS formation, subsequently leading to
mitochondrial dysfunction [51]. As ferroptosis is related to sys-
tem Xc-, the metabolites downstream of glutaminolysis will sig-
nificantly decrease in the absence of glutamine, including aKG,
fumarate, and malate [72]. Cells with a rerouting of cellular
metabolism from glycolysis to OXPHOS are vulnerable to ferrop-
tosis (Fig. 3). Under conditions of NRF2-mediated reactivation of
OXPHOS, disrupting the cysteine transporter SLC7A11 will cause
GSH depletion and subsequent cancer cell ferroptosis. These
results suggest that the impermanentactivation of OXPHOS is
related to mitochondrial oxidative damage in ferroptosis [73].
Furthermore, pyruvate oxidation-dependent fatty acid synthesis
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promotes ferroptosis, which can be inhibited by pyruvate dehy-
drogenase kinase 4 (PDK4) in pancreatic cancer cells [74]. Further
understanding of the crosstalk between glucose metabolism,
mitochondrial OXPHOS, and lipid metabolism may be the key to
understanding the metabolic checkpoint of ferroptosis.

Mitochondria are major sites of cellular ROS production. ROS
is produced in the ETC, in the form of superoxide, and is tightly
regulated [75]. Cells treated with mitochondria-targeted antioxi-
dants are rescued from the damage caused by lipid peroxidation.
For example, the mitochondria-targeted antioxidant MitoTEMPO
has been reported to rescue doxorubicin (DOX)-induced ferroptosis
in cardiomyopathy, which suggests that mitochondria may be an
important factor in DOX-induced ferroptosis in heart disease [76].
Another mitochondria-targeted antioxidant, nitroxide XJB-5-131,
inhibits erastin- or RSL3-induced ferroptosis, suggesting that mito-
chondrial ROS plays a critical role in ferroptosis [77]. It has been
reported that p53 is a positive regulator of ferroptosis by promoting
ROS production [23]. It directly regulates cellular metabolic flexi-
bility by favoring mitochondrial OXPHOS, leading to ROS-mediated
ferroptosis. Nevertheless, under mild stress, p53 can protect cells
by eliminating ROS. The mechanism of p53-mediated ROS produc-
tion underlying the cellular response needs more investigation [78].
In addition, p53-mediated ferroptosis inhibition can be achieved by
blocking dipeptidyl peptidase 4 activity to inhibit membrane lipid
peroxidation [79]. Furthermore, some enzymes involved in mito-
chondrial respiration, including aconitase, CS, sCO2, and FH, are
associated with the regulation of ferroptosis [72, 78, 80].

CoQ is an electron carrier in the mitochondrial ETC and a
cellular endogenous lipophilic antioxidant. Ferroptosis inducing
56 (FINS6), a specific inducer of ferroptosis, activates squalene
synthase to suppress CoQ, which enhances sensitivity to FIN56-
induced ferroptosis [81]. Dihydroorotate dehydrogenase (DHODH)
in the de novo pyrimidine synthesis pathway in mitochondria
that generates uridine monophosphate, which yields pyrimidine
for cell proliferation. DHODH converts dihydroorotate to oro-
tate, which is the fourth step of the de novo pyrimidine synthesis
pathway. DHODH links ETC via the CoQ pool and requires CoQ/
ubiquinone as an electron acceptor [82]. DHODH can reduce CoQ
to CoQH, in mitochondria, which detoxifies lipid peroxides to pro-
tect cells from ferroptosis (Fig. 3). It is a pathway parallel to mito-
chondrial GPX4 to inhibit ferroptosis [83], and it is independent
of GPX4 or FSP1 in the cytosol [30]. A further understanding of
the functions of different mitochondrial electron carriers may be
important for the development of new anticancer drugs.

Mitochondrial amino acid metabolism and ferroptosis
Glutaminolysis begins with glutamine being converted to gluta-
mate by glutaminases (GLS), and glutamate is ultimately con-
verted into TCA cycle metabolites in the mitochondria [84] (Fig. 3).
Under normal conditions, glutamine and TF are essential for cell
survival and growth. However, under conditions of amino acid
starvation, glutamine and TF lead to ferroptosis [85].

Cysteine is a unique amino acid because of its redox-sensitive
nature and as a source of GSH synthesis. Cellular cysteine is usu-
ally maintained at a low level due to its cytotoxic effects. However,
cysteine is also required for GSH synthesis to maintain redox
homeostasis, and it is converted to a series of bioactive molecules,
such as taurine CoA, and Fe-S clusters [86]. The sulfur required
for Fe-S cluster synthesis is provided by cysteine in the desul-
furase complex NFS1-ISD11 [87] (Fig. 3). Additionally, mitochon-
dria have been demonstrated to play an important role in cysteine
deprivation-induced ferroptosis but not GPX4 inhibitor-induced
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ferroptosis. Inhibition of the mitochondrial ETC or TCA cycle mit-
igates cysteine deprivation-induced mitochondrial membrane
potential hyperpolarization, lipid peroxidation, and ferroptosis [72].
Therefore, the above studies suggest that there are diverse roles
for mitochondrial amino acid metabolism in regulating ferropto-
sis. The challenge is how to convert the pro-survival function of
mitochondrial amino acid synthesis into a pro-cell death function.

Mitochondrial Ca?* and ferroptosis

Increased intracellular Ca% and excessive ROS will cause an
increase in mitochondrial Ca?, mitochondrial fragmentation or
potential mitochondrial membrane breakdown. Ruthenium red,
an inhibitor of mitochondrial Ca* uptake, can block a high rate
of ROS formation, suggesting that mitochondrial Ca* contrib-
utes to ROS production (Fig. 3). Recent studies have shown that
compounds that inhibit oxidative glutamate toxicity by blocking
mitochondrial ROS production or reducing Ca? influx can pro-
tect cells from ferroptosis induced by erastin, sulfasalazine, or
another system Xc- inhibitor [88]. DOX can trigger iron-mediated
ROS production, mitochondrial dysfunction, and dysregulation of
reticulum Ca? flux, which cause cardiotoxic effects [89]. In addi-
tion, it has been reported that the calcium chelator 1.2-bis(o-ami-
nophenoxy)ethane-N,N,N’N'-tetraacetic acid (BAPTA) effectively
rescues erastin-induced ferroptosis in lung human mesence-
phalic cells [90]. These studies therefore suggest that mito-
chondrial Ca* plays an important role in inducing ferroptosis.
Increased Ca* production may be the initial signal that triggers
endosomal sorting complexes required for transport (ESCRT)-III-
dependent membrane repair to inhibit ferroptosis [91, 92].

Mitochondrial iron metabolism and ferroptosis
Mitochondrial iron and ferroptosis

Mitochondria contain ~20%-50% of the total pools of cellular iron
and play a central role in cellular iron metabolism. They also pro-
vide compartmentalization, which is essential for strictly regu-
lating cellular iron levels. The influx of cytoplasmic labile iron by
mitoferrinl and -2 is mainly utilized for the synthesis of heme
and Fe-S clusters in mitochondria [93]. Excess iron can be stored
in mitochondrial ferritin (MtFT), a mitochondrial-specific form of
ferritin. Meanwhile, mitochondria are the main production sites
of ROS by the ETC during ATP production. ROS can also interact
with Fe-S clusters and catalyze the Fenton reaction in mitochon-
dria, which may generate more ROS [44]. Consequently, a high
level of iron and a high propensity for ROS generation lead mito-
chondria to become an ideal site for executing ferroptosis [94]
(Fig. 3). 2,2-Bipyridyl (2,2-BP), a membrane-permeable iron chela-
tor, can enter mitochondria and chelate mitochondrial iron, thus
protecting HT-1080 cells from erastin-induced ferroptosis [16].
Another study also reported that 2,2-BP can inhibit glutaminol-
ysis-induced ferroptosis [85]. In an ischemia-reperfusion injury
mouse model, deferoxamine (DFO) and 2,2-BP both significantly
decreased cellular iron levels. However, 2,2-BP, not DFO, can
decrease mitochondrial labile iron and protect cells against oxi-
dative damage in cardiac ischemia/reperfusion (I/R) injury [95].
These studies demonstrated that targeting mitochondria labile
iron can protect cells from ferroptosis.

The NEET family is a group of proteins involved in a series of
biological processes, including autophagy, apoptosis, and aging.
In recent years, NEET proteins have been shown to play a role in
the regulation of mitochondrial iron metabolism and ROS home-
ostasis. In humans, there are three genes known to encode NEET
proteins. The OMM-localized protein mitoNEET [also referred to

as CDGSH iron sulfur domain 1 (CISD1)] is essential for regulating
mitochondrial function, iron metabolism, and ROS homeostasis
[96] (Fig. 3). Loss of CISD1 results in mitochondrial iron accumula-
tion and oxidative injury, ultimately inducing erastin-induced fer-
roptosis in cancer cells. In human hepatocellular carcinoma (HCC)
cells, CISD1 negatively regulates ferroptosis by reducing mitochon-
drial iron accumulation to prevent mitochondrial damage [97]. In
human epithelial breast cancer cells, the expression of CISD1 and
CISD2 (also referred to as nutrient-deprivation autophagy factor-1)
is elevated. Using shRNA to suppress the levels of CISD1 and CISD2
results in an increase in the accumulation of iron and ROS in mito-
chondria, resulting in a significant reduction in tumor growth [98].
In addition, silencing the CISD2 gene can overcome head and neck
cancer cells’ resistance to sulfasalazine-induced ferroptosis by
increasing the accumulation of mitochondrial iron and lipid perox-
idation [99]. CISD3 was found to play a crucial role in cystine-depri-
vation-induced ferroptosis. CISD3 depletion results in a metabolic
reprogramming toward glutaminolysis, which initiates ferroptosis
[100]. These studies therefore suggest that the NEET proteins may
serve as defense mechanisms against ferroptosis in mitochondria.

Iron-sulfur clusters and ferroptosis

Mitochondria are the primary generators of Fe-S clusters, which
are essential cofactors for many proteins involved in cellular pro-
cesses, including energy metabolism, DNA maintenance, lipid
synthesis, and iron metabolism [101]. Fe-S clusters are first synthe-
sized on a complex, which is composed of a scaffold protein ISCU,
a cofactor protein ISD11 and a cysteine desulfurase NFS1 in mito-
chondria, requiring iron, cysteine, and electrons. Following de novo
assembly, [2Fe-2S] clusters are released from the ISCU and trans-
ferred to glutaredoxin-related protein 5. Then, [2Fe-2S] clusters
are directly inserted into [2Fe-2S] proteins or later [4Fe—4S] cluster.
Additionally, Fe-S clusters are exported from mitochondria to the
cytosol via the Fe-S cluster export machinery ABCB7 [102] (Fig. 3).

In the first stage of Fe-S cluster synthesis, sulfur along with iron
are reassembled into Fe-S clusters, which are released from cysteine
by NFS1. Sulfur insufficiency that cannot supply the NFS1 reaction
will result in excessive free labile iron accumulation in mitochon-
dria. It has been reported that NFS1 can protect lung tumor cells
from ferroptosis. NFS1 is important in maintaining the level of Fe-S
clusters. Insufficient Fe-S clusters lead to robust activation of the
iron-starvation response, which, combined with GSH depletion,
leads to triggering of ferroptosis [103]. ISCU plays a critical role in
Fe-S cluster synthesis. Overexpression of ISCU significantly rescues
dihydroartemisinin (DHA)-induced ferroptosis by rescuing mito-
chondrial function, regulating iron metabolism, and increasing
cellular GSH levels [104]. Frataxin (FXN) is localized to the mitochon-
drial matrix and is an iron donor protein that transfers iron to the
ISCU for the assembly of [2Fe-2S] clusters (Fig. 3). It is also a regula-
tory partner controlling sulfur production [105]. Friedreich’s ataxia
(FRDA) is an autosomal recessive neurodegenerative disease that is
characterized by progressive degeneration of the central and periph-
eral nervous systems and cardiomyopathy. FRDA is caused by the
silencing of the FXN gene [106]. The decrease in FXN is associated
with mitochondrial dysfunction, iron accumulation, and increased
oxidative stress, which make patient cells more sensitive to eras-
tin-induced ferroptosis [107]. Therefore, proteins involved in Fe-S
cluster synthesis appear to represent a defense function against fer-
roptosis. Of note, abnormal Fe-S cluster synthesis is also associated
with cuproptosis, a copper-triggered modality of mitochondrial cell
death [108, 109]. One possibility is that different Fe-S proteins may
selectively regulate ferroptosis and cuproptosis.



mtDNA and ferroptosis

Human mtDNA is circular in form and is composed of 16,569 base
pairs of circular DNA, and it is regulated by the nucleus. MtDNA
encodes only two types of TRNA (12S and 16S), 22 types of tRNA
and 13 types of polypeptides in mitochondrial ribosomes, which
makes mitochondria semiautonomous [110]. The 13 polypeptides
are essential components of the mitochondrial ETC and ATP syn-
thase. Defects in mtDNA may impair mitochondrial respiratory
function and cause a series of pathologies, aging, and death [111].
For instance, the accumulation of mtDNA mutations decreases
female mouse fertility by impairing the NADH/NAD* redox state
in oocytes [112]. An “initial metabolic complementation” con-
trolled by the interplay between mtDNA and mitochondrial fusion
is a new mitochondrial function recovery strategy [113, 114].

It has been reported that a mtDNA-depleted (p0O) cancer cell
line is as sensitive to erastin- and RSL3-induced ferroptosis as
mtDNA-wild-type cells [16]. However, there is also strong evidence
that clearly shows the close relationship between mtDNA deple-
tion and ferroptosis. Mitochondrial DNA depletion syndrome
(MDS) is a group of autosomal recessive inherited disorders that
are characterized by a severe reduction in mtDNA content in
affected tissues and organs [115]. Patients with deoxyribonucleo-
side kinase (DGUOK) mutations usually die of severe liver failure
before 2 years of age. There are no effective therapies except liver
transplantation, leading to poor prognosis in almost all patients.
A 3-D liver organoid disease model developed from iPSCs and
derived from patients with MDS and with CRISPR/Cas9-mediated
gene correction of the DGUOK mutation was established [116].
Hepatocytes with mtDNA depletion are more sensitive to iron
overload-induced ferroptosis, which is an organelle interactive
event between mitochondria and lysosomes. mtDNA depletion,
ROS increase, GSH depletion, and NCOA4-mediated ferritin deg-
radation in lysosomes that releases iron into the cytoplasm from
ferritin cause lipid peroxidation and eventual ferroptosis [39] (Fig.
3). N-acetylcysteine, a precursor of GSH, significantly inhibited
ferroptosis in hepatocytes from patients with MDS [116]. This is
the first time that ferroptosis has been discussed in mitochon-
drial genetic diseases.

Pancreatic cancer is a serious gastrointestinal cancer with
limited effective treatment and a very low 5-year overall sur-
vival rate [117]. Zalcitabine, an antiviral drug for treating human
immunodeficiency virus infection, was reported to suppress
human pancreatic cancer cell growth through inducing fer-
roptosis. Zalcitabine causes a reduction in mtDNA copy num-
ber, mitochondrial dysfunction, and increased total ROS. This
mtDNA stress caused by zalcitabine triggers autophagy-de-
pendent ferroptosis in human pancreatic cancer cells via the
cGAS-STING pathway [118] (Fig. 3). STING1 is a transmembrane
protein localized on the ER membrane and is closely related to
ferroptosis [119, 120]. These studies suggest a complex relation-
ship between mtDNA and ferroptosis in different cell types. As
noted above, early studies described that a pO cancer cell line is
as sensitive to erastin- and RSL3-induced ferroptosis as mtD-
NA-wild-type cells [16], while another study clearly shows that
hepatocytes with mtDNA depletion are more sensitive to iron
overload-induced ferroptosis than parental cells with intact
mtDNA [116]. Another study revealed that mtDNA reduction
caused by Zalcitabine increases mtDNA stress and triggers auto-
phagy-dependent ferroptosis in human pancreatic cancer cells.
In some pO0 cancer cell lines, lipid peroxidation accumulation on
nonmitochondrial membranes could be sufficient to trigger fer-
roptosis. However, in other cell types, mtDNA depletion or its
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escape from the mitochondria actively contributes to ferropto-
sis. A deeper understanding of the regulation of mtDNA in fer-
roptosis needs further investigation in the future.

Mitochondrial dynamics and ferroptosis

Mitochondria are highly dynamic organelles, which undergo
mitochondrial fusion and fission. The fusion of the OMM and IMM
is mediated by two classes of dynamin-like proteins: mitofusin 1
and 2 (MFN1/2) and optic atrophy 1 (OPA1) [121]. Loss of MFNZ2 is
associated with mitochondrial iron overload, and OPA1 cleavage
appears when cellular iron overload occurs [101]. Erastin induces
STING1 to bind MFN1/2 to trigger mitochondrial fusion, leading to
lipid peroxidation and subsequent ferroptosis in human pancre-
atic cancer cell lines [122]. The finding showed a new mitochon-
drial fusion-dependent ferroptosis mechanism. Mitochondrial
fission is regulated by dynamin-related protein 1 (DRP1) from the
cytosol, which binds to four OMM proteins: mitochondrial fission
factor, mitochondrial fission protein 1 (FIS1), mitochondrial elon-
gation factor 1 (MIEF1/MiD51), and MIEF2/MiD49 [123]. Loss of
FIS1 shows a relationship between iron chelation and mitochon-
drial elongation, while cellular iron overload is associated with
DRP1 dephosphorylation at Ser637. In a recent study, cotreatment
with low concentrations of erastin and celastrol, a pentacyclic
nortriterpen quinone that is believed to be anti-inflammatory
and an inducer of autophagy [124], markedly induced cell death
through the activation of the ROS-mitochondrial fission-mito-
phagy signaling pathway in non-small cell lung cancer (NSCLC)
cells [125].

Another important aspect of mitochondrial dynamics is mito-
phagy. Mitophagy is selective autophagic degradation of mito-
chondria, and the well-known pathways are a PTEN induced
kinase 1 (PINK1)-Parkin-mediated degradation pathway and a
special mitochondrial selection strategy dependent on organellar
topology under starvation [126]. Current studies show that both
autophagy and mitophagy contributes to ferroptosis [127]. Both
PINK1 knockdown-inhibited mitophagy and DRP1 knockdown-in-
duced mitochondrial filamentation can inhibit mitochondrial
complex I inhibitor BAY 87-2243-induced necroptosis and fer-
roptosis in BRAFV®E melanoma cell lines [128]. Together, these
studies suggest that mitochondrial dynamics plays roles in fer-
roptosis, but specific mechanisms to explain these effects require
future investigation.

Ferroptosis and mitochondrial diseases

The emergence of ferroptosis helps to explain the mechanisms of
many drugs and diseases, as it is involved in a variety of biological
processes. On the other hand, ferroptosis has been confirmed as a
potential treatment in cancer and leukemia [129] (Fig. 4).

To date, only one article has explicitly reported that ferroptosis
plays an important role in mitochondrial disease [116]. MDS is
an autosomal recessive disorder with a broad genetic and clin-
ical spectrum that is characterized by a significant decrease in
mtDNA content in affected tissues and organs [115]. DGUOK is
a 2-deoxyribonucleoside kinase that mediates the phosphoryla-
tion of deoxyguanosine and deoxyadenosinepurine in the corre-
sponding nucleotides in mitochondria. DGUOK mutations are the
main cause of hepatic encephalopathy during MDS, as they can
cause an imbalance in the mitochondrial dNTP pool, which may
lead to mtDNA synthesis breakdown and mtDNA depletion [130].
In addition, patients with DGUOK mutations show hepatic iron
overload, which may progress to liver failure. Recent research
revealed the connection between DGUOK mutations in MDS and
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iron overload-induced ferroptosis. DGUOK mutation-induced
mtDNA depletion leads to mitochondrial dysfunction, reduc-
ing ATP production, and ROS enhancement, which cause GSH
exhaustion. Meanwhile, a large quantity of the cellular labile iron
pool (LIP) is released from ferritin, which is degraded in lysosomes
in an NCOA4-dependent manner and subsequently leads to lipid
peroxidation [39]. With the disruption of redox balance, the cells
undergo ferroptosis.

Ferroptosis also plays an important role in the occurrence
and development of many nonmitochondrial pathologies in
different organs [131] (Fig. 4, color: red). In various heart dis-
eases, fresh blood accompanied by an abundance of oxygen
and iron triggers the Fenton reaction and the production of
other peroxidation events, leading to the accumulation of ROS
and ferroptosis during I/R-mediated injury [76, 132, 133], facil-
itating cardiomyopathy, myocardial infarction [134, 135], and
atherosclerosis [136]. Unbalanced iron homeostasis can cause
a variety of blood diseases. Ferroptosis is involved in the reg-
ulation of atherosclerosis, hemolysis, and some host immune
impairments, such as hemochromatosis [137-139] and p-thal-
assemia [140]. In the immune system, GPX4 deficiency can
induce T cell ferroptosis [141]. Ferroptosis plays a significant
role in various brain diseases because iron accumulation is
common to most of them [142]. Ferroptosis is a main cause
of neuronal death after stroke [143-145], intracerebral hemor-
rhage [146], and traumatic brain injury [147]. In neurodegener-
ative diseases [148, 149], such as Alzheimer’s disease [150], iron
accumulation in neuronal areas promotes the production of
ROS. Ferroptosis plays an important role in many liver diseases,

such as drug-induced liver injury [151, 152], hereditary hemo-
chromatosis [153, 154], liver fibrosis [155], alcoholic steatohep-
atitis (ASH) [156], and non-alcoholic steatohepatitis (NASH)
[157-159]. In addition, ferroptosis also contributes to many
diseases of other organs, such as the kidney [48, 160-164], lung
[103, 165-168], and pancreas [169-172].

Ferroptotic damage can promote tumor growth and it also
has been confirmed as a potential treatment for some cancers,
such as lung cancer, pancreatic cancer, and liver cancer [129] (Fig.
4, color: blue). In breast cancer, targeting the epithelial-mesen-
chymal transition (EMT)-MET process and cancer stem cells can
trigger ferroptosis in cancer cells, thus inhibiting tumor growth
and preventing invasion and metastasis [173-176], and lapatinib
causes ferroptosis in breast cancer cells through iron accumula-
tion by increasing the expression of TF and TFR and decreasing
the expression of FPN [177]. In lung cancer, high levels of zinc can
induce the depletion of GSSG and GSH, as well as the inactivation
of system Xc-, inducing lipid peroxidation and ferroptosis, which
has been proposed as a treatment for NSCLC [178]. In leukemia,
RSL3 has been shown to induce ferroptosis in acute lymphoblas-
tic leukemia cells by mediating LOXs, so it is expected to be a new
therapeutic target for this condition [179].

Conclusions and perspective

Ferroptosis is a unique form of cell death using an “iron weapon”
to kill the cell, which involves many types of cellular metabo-
lism, including those involving iron, lipids, ROS, and amino acids.
Mitochondria not only act as “energy factories” that supply ATP
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for cellular activities, but also serve as “cellular suicidal weapon
stores” that regulate cell death. To date, an increasing number
of studies have uncovered a significant link between mitochon-
drial dysfunction and ferroptosis. In this review, we summarized
the diverse mitochondrial processes, including mitochondrial
lipid metabolism, energy metabolism, iron metabolism, mtDNA
depletion, and mitochondrial dynamics, that have complex roles
in regulating ferroptosis.

On one hand, mitochondria serve as a pro-ferroptosis factor.
Mitochondria are a major source of ROS production, which may
predispose cells to ferroptosis. Mitochondrial membrane lipids
could be an ideal site of lipid peroxidation. The rerouting of cellu-
lar metabolism from glycolysis to OXPHOS renders cells suscep-
tible to ferroptosis, and mitochondrial glutaminolysis contributes
to ferroptosis triggered by amino acid deprivation. Mitochondria
play a central role in iron metabolism, and high levels of iron
make mitochondria the ideal place to execute ferroptosis. Early
studies show that a p0 cancer cell line is as sensitive to ferroptosis
as mtDNA-wild-type cells [16] and that cells depleted of mito-
chondria via mitophagy are still able to undergo ferroptosis [50].
Thus, whether mitochondria play an essential role in driving fer-
roptosis remains controversial.

On the other hand, mitochondria act as an anti-ferroptosis
factor. FAO takes place mainly in mitochondria and f-oxidation
inhibits lipid peroxidation by reducing accumulation of PUFAs.
Furthermore, DHODH in mitochondria can protect cells from fer-
roptosis by detoxifying lipid peroxides under GPX4-inactivating
conditions. Some proteins, such as NFS1 and FXN, involved in

Table 1 Mitochondria-associated molecules in ferroptosis
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Fe-S cluster synthesis, appear to represent a defense function
against ferroptosis. mtDNA depletion with subsequent mito-
chondrial dysfunction can increase the sensitivity to iron over-
load-induced ferroptosis in MDS. mtDNA depletion and mtDNA
stress also trigger autophagy-dependent ferroptosis through the
activation of the cGAS-STING1 pathway. Thus, intact and func-
tional mitochondria facilitate cellular defense against ferroptosis.
In conclusion, mitochondria-associated factors as pro-ferroptosis
and anti-ferroptosis are summarized in Table 1.

The role of mitochondria in ferroptosis still faces many
challenges, although mitochondrial dysfunction is a hall-
mark of cell death. For example, mitochondria are highly
dynamic organelles, but the exact relationship between mito-
chondrial fission/fusion and ferroptosis is unclear. Moreover,
mitochondria can contact other organelles, such as ER, lyso-
somes, plasma membrane, and peroxisomes [180]. It is unclear
whether the membrane interactions and content exchanges
between mitochondria and other organelles are involved in
ferroptosis. Mitochondria can be transferred among cells by
tunneling nanotubes (TNTs) [181]. Whether or not mitochon-
dria transfer occurs and what is the regulatory effect of TNTs
in ferroptosis is also still unclear. Aside from mitophagy, the
functions of other mitochondrial quality control systems in
ferroptosis remain poorly understood [182]. Overall, further
studies are required to dissect the relevance of mitochondria
with ferroptosis, and such efforts will likely be helpful in elu-
cidating a further rationale for developing disease treatment
strategies and mitochondria-targeted drugs.

Description Model/Disease References
Pro-ferroptosis factors
ACSF2 ACSF2- and CS-dependent lipid synthesis pathways supply a lipid precursor required for HT-1080 cells [16]
cs ferroptosis
DECR1 DECR1 knockdown inhibits PUFA p-oxidation and leads to accumulation of PUFAs Prostate cancer cells 67, 68]
PDK4 PDK4 dictates metabolic resistance to ferroptosis by suppressing pyruvate oxidation and Human pancreatic ductal [74]
fatty acid synthesis carcinoma cells
VDACs VDACs regulate mitochondrial metabolite transport; Engineered human tumor cells [54, 56, 58]
Erastin binds directly to VDAC2; APAP-induced liver injury
Inhibiting VDAC1 oligomerization attenuates hepatocyte ferroptosis
FUNDC2 FUNDC2 reduces the stability and dimer formation of SLC25A11, resulting in a decrease  DOX-induced cardiomyopathy [31]
in mitoGSH and leading to lipid peroxidation and ferroptosis
GLS Glutamine is converted to glutamate by GLS. Under amino acid starvation conditions, Myocardial ischemic injury [85]
Glutamate glutamine leads to ferroptosis
ROS Mitochondria-targeted antioxidant MitoTEMPO rescues DOX-induced ferroptosis DOX-induced cardiomyopathy [75]
Ca” The calcium chelator BAPTA effectively rescues erastin-induced ferroptosis Human lung mesencephalic [90]
cells
Iron The mitochondria iron chelator 2,2-BP protects cells from ferroptosis HT-1080 cells [16, 84]

Anti-ferroptosis factors

DHODH DHODH reduces CoQ to CoQH,, which detoxifies lipid peroxides to protect cells from Cancer cells (82]
ferroptosis
mGPX4 GPX4 in mitochondria protects cells from DOX-induced ferroptosis DOX-induced cardiomyopathy (83]
CISD1 CISD1 negatively regulates ferroptosis by reducing mitochondrial iron accumulation HCC (7]
IsCU Overexpression of ISCU rescues DHA-induced ferroptosis Leukemia cells [104]
NFS1 NEFS1 protects lung tumor cells from ferroptosis Lung tumor cells [103]
FXN FXN is decreased in patient cells, leading to more sensitive to erastin-induced ferroptosis FRDA [107]
CLs Knockdown of CLs-synthesizing enzymes aggravates APAP-induced mitochondrial APAP-induced Acute liver [54]

dysfunction and ferroptosis in hepatocytes

injury
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