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Abstract

Ferroptosis is a regulated form of cell death driven by iron-dependent lipid peroxidation. Its execution depends not only on the amount of
lipid peroxides, but also on where oxidizable lipids, redox-active iron, reactive oxygen species, and antioxidant defenses are distributed
within cells. This review summarizes current evidence for organelle-resolved regulation of ferroptosis and oxidative stress, with emphasis on
the endoplasmic reticulum, peroxisomes, mitochondria, lysosomes, lipid droplets, and phase-separated condensates. We discuss how lipid
remodeling, ether lipid synthesis, mitochondrial metabolism and local antioxidant defense, ferritinophagy, lysosomal lipid peroxidation, and
lipid droplet-mediated fatty acid buffering influence ferroptosis sensitivity. We also summarize how organelle-specific redox defenses and
stress-adaptive signaling pathways may shape therapeutic responses. Together, these studies show that ferroptosis is regulated by
coordinated changes in lipid metabolism, iron handling, and antioxidant capacity across distinct subcellular compartments.
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1. Introduction

Ferroptosis is typically defined as a lipid-dependent regulated cell death driven by lipid peroxidation!'**. The lipid reactive oxygen
species (lipid ROS) referred to in this article generally encompass free radicals from lipid sources and oxidized membrane lipids,
including phospholipid hydroperoxides. Lipid ROS are not uniformly produced within the cell, and their biological effects largely
depend on the specific location and timing of their generation and accumulation. Only when oxidizable phospholipids, pro-oxidative
reactions, iron with redox activity, and insufficient antioxidant defense occur simultaneously in a local subcellular region can
membrane lipid peroxidation more easily accumulate and damage membrane integrity. Therefore, understanding how these factors
aggregate and change in different subcellular regions from a temporal and spatial perspective helps explain why lipid peroxidation
may first appear in specific membrane structures and then spread to other membrane regions, as well as how cells limit this process
within a controllable range in most cases.

Overall, the lipid peroxidation related to ferroptosis requires several basic conditions. First, there must be oxidizable polyunsaturated
fatty acid (PUFA) phospholipids in the cell membrane. Phospholipids containing arachidonic acid (AA) or adrenic acid (AdA) are the
most extensively studied substrates in the classical ferroptosis model>°l. In addition, the type of PUFA and its combination in
phospholipids also affect ferroptosis sensitivity. Linoleic acid and conjugated PUFA can enhance ferroptosis induced by Ras-selective
lethal 3 (RSL3)!"); phospholipids with both acyl chains as PUFA also show a strong pro-ferroptosis effect!’l. Secondly, these susceptible
phospholipids need to be oxidized. The initiation reaction can be catalyzed by enzymes or occur through non-enzymatic free radical
reactions!*l. Once lipid peroxidation is formed, it can also be further amplified. Zhang et al. found that PKCBII can sense early lipid
peroxidation and phosphorylate acyl-CoA synthetase long-chain family member 4 (ACSL4) at the Thr328 site, thereby enhancing
ACSL4 activity and the generation of phospholipids containing PUFA, further promoting lipid peroxidation’. At the same time, labile
iron can promote lipid oxidation through the Fenton reaction and related free radical chemical processes!!-*l. Finally, lipid
peroxidation will only continue to accumulate after exceeding the local clearance capacity of the cell. These defenses include
glutathione peroxidase 4 (GPX4)-mediated reduction of phospholipid hydroperoxides using glutathione (GSH)?!, as well as
FSP1-coenzyme Q (CoQ)-dependent, GPX4-independent defensel!*-!!] and lipid remodeling mediated by GTP cyclohydrolase 1
(GCH1)-tetrahydrobiopterin (BH,) pathwayl!'?l. Therefore, ferroptosis essentially reflects the loss of balance between local lipid
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peroxide generation and clearance.

These pro-oxidative factors and defense mechanisms are not uniformly distributed in various organelles. The endoplasmic reticulum
is an important site for lipid synthesis and phospholipid remodeling, and ACSL4/lysophosphatidylcholine acyltransferase 3
(LPCAT3)-mediated lipid remodeling can affect the supply of oxidizable membrane lipids>'>!4, while cytochrome P450 oxidoreductase
(POR)-mediated oxidation reactions provide the pro-oxidative mechanism related to the endoplasmic reticulum!*>.. In some models,
the endoplasmic reticulum-mitochondria contact site can also be an area where phospholipid peroxidation occurs earliert'®l.
Mitochondria provide metabolic input for ferroptosis through glutaminolysis and the tricarboxylic acid (TCA) cyclel'’-'8], and also have
local defense mechanisms such as dihydroorotate dehydrogenase (DHODH) and mitochondrial GPX4, which can limit mitochondrial
membrane lipid peroxidation under specific conditions![!). Lysosomes regulate the availability of intracellular iron through ferritin
turnover!?%:21l; the lysosome-targeted compound fentomycin-1 (Fento-1) activates reactive lysosomal iron!*?, and in some models,
lipid peroxidation in lysosomes can further promote lysosomal membrane permeabilization!?’l. Peroxisomes mainly change the
composition of oxidizable lipid substrates through ether lipid synthesis?*?>l. Lipid droplets can regulate the distribution of PUFA
between neutral storage lipids and membrane phospholipids, and their effects vary with metabolic state and cellular
background!?°3°], Besides membrane organelles, phase separation also provides another spatial regulatory mechanism. Ferroptosis
suppressor protein 1 (FSP1) condensation can alter the subcellular localization of this antioxidant protein®'l, sequestosome 1 (p62)
condensates can regulate the antioxidant signaling of KelchOlike ECHDassociated protein 1 (KEAP1)-nuclear factor erythroid 2-related
factor 2 (NRF2)*233, and nuclear receptor coactivator 4 (NCOA4)-dependent ferritin condensation participates in ferritin turnovert**.

There have been reviews summarizing ferroptosis regulation from the perspective of organelles and establishing a relatively
complete cellular biology framework in this field>-*°l; recently, there have also been mini-reviews focusing on lysosomal iron
metabolism and its relationship with tumor plasticity*°l. Based on this, this article pays more attention to a specific issue: where
exactly do lipid peroxidation, iron mobilization, and antioxidant defense occur within the cell, and how these spatial differences affect
the initiation, amplification, and propagation of ferroptosis. Besides traditional organelles, we also incorporate recent progress such
as organelle contact sites, lysosomal membrane damage, lipid droplet regulation with significant context dependence, and phase
separation condensates, and try to distinguish direct evidence of early local lipid oxidation, subsequent amplification or propagation
processes, and only reflecting changes in ferroptosis sensitivity. Figure 1 summarizes the main distribution of PUFA phospholipids,
ROS, Fe?', and antioxidant defense in different subcellular regions and their interrelationships. The following sections will discuss
various organelles and related subcellular structures, focusing on how they provide lipid substrates, regulate redox reactions,
organize local defense, or participate in the early occurrence and subsequent expansion of lipid peroxidation under specific
conditions.
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Figure 1. Subcellular landscape of lipid peroxidation and ferroptosis control. Ferroptosis depends on the coordinated distribution of PUFA-PLs, ROS, Fe?, and antioxidant
defenses across organelles. The ER supplies and remodels PUFA-containing phospholipids, mitochondria contribute metabolic redox input and CoQ-linked defense,
lysosomes regulate iron and LMP-associated damage, and peroxisomes support ether lipid metabolism. Lipid droplets buffer exogenous PUFAs, while phase-separated
condensates may regulate defense protein localization, NRF2-related antioxidant signaling, and ferritin turnover. Together, these organelles determine where lipid
peroxidation is initiated, amplified, or restrained. CoQ: coenzyme Q; CoQH,: ubiquinol; EMCS: ER-mitochondria contact site; ER: endoplasmic reticulum; FSP1: ferroptosis
suppressor protein 1; LMP: lysosomal membrane permeabilization; lipid ROS: lipid reactive oxygen species; NRF2: nuclear factor erythroid 2-related factor 2;

p62: sequestosome 1; PUFA: polyunsaturated fatty acid; PUFA-PL: polyunsaturated fatty acid-containing phospholipid; ROS: reactive oxygen species; TCA: tricarboxylic acid.
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2. Endoplasmic Reticulum

The endoplasmic reticulum (ER) plays a crucial role in maintaining calcium ion and protein homeostasis, as well as in membrane lipid
synthesis and remodeling®>l. During ferroptosis, the ER functions through processes such as phospholipid remodeling!> 13,
POR-dependent phospholipid peroxidation!'s], stress signal transductionl*”-*], and regulation of the contact sites between the ER and
mitochondrial'®l.

One of the established functions of the endoplasmic reticulum is to generate and remodel the lipid substrates that support
ferroptosis. Long-chain ACSL4 first activates long-chain PUFAs, particularly arachidonic acid and adrenic acid, at
membrane-associated sites, generating PUFA-CoADl Although ACSL4 is not a specific marker of the endoplasmic reticulum, the
activated PUFA-CoA can enter the endoplasmic reticulum-related phospholipid remodeling process. LPCAT3 is the endoplasmic
reticulum-related lysophospholipid acyltransferase in the Lands cycle, and subsequently transfers these polyunsaturated acyl chains
to lysophospholipids, generating phospholipids containing PUFA!'3!4], The resulting phospholipid composition alters the pool of easily
oxidizable substrates, thereby affecting the sensitivity to ferroptosist'14.

These lipid remodeling events provide easily oxidizable substrates in the ER-related membranes!®!3!4, Redox lipidomics showed that
GPX4 inhibition leads to the accumulation of oxidized arachidonoyl- and adrenoyl-phosphatidylethanolamines in ER-associated
compartments(®). The endoplasmic reticulum may also promote lipid peroxidation through local redox enzymes. POR is an
ER-associated, reduced nicotinamide adenine dinucleotide phosphate (NADPH)-dependent oxidoreductase identified by genome-wide
clustered regularly interspaced short palindromic repeats-CRISPR-associated protein 9 (CRISPR-Cas9) screens as a contributor to
ferroptosis across multiple cancer lineages, cell states, and induction mechanisms. Systematic lipidomic profiling mapped POR
activity to the phospholipid-peroxidation step!'”), indicating that the endoplasmic reticulum can not only provide oxidizable
substrates but also provide redox activity promoting the peroxidation reaction. At ER-mitochondria contact sites, locally formed
phospholipid peroxides were subsequently detected toward mitochondria, together with increased mitochondrial ROS and fission!'®.

ER stress and unfolded protein response pathways add another layer of regulation, but their role is context-dependent. Ferroptosis
inducers can activate protein kinase R-like ER kinase (PERK)-eukaryotic translation initiation factor 2a (elF2a)-activating
transcription factor 4 (ATF4)-C/EBP homologous protein (CHOP) signaling and interact with apoptotic pathways*’l. However, ATF4 can
also induce solute carrier family 7 member 11 (SLC7A11), maintain glutathione synthesis, and suppress ferroptosis-associated tissue
damage in liver disease modelsl*®l. Therefore, ER stress should be viewed as a modifier of ferroptosis sensitivity, not as a universal
initiating event.

3. Mitochondria

Mitochondria support the TCA cycle and the electron transport chain (ETC), linking the oxidation of nutrients with adenosine
triphosphate (ATP) production. Electron transfer also generates ROS, and the mitochondrial antioxidant system removes these ROS‘L
These metabolic and redox functions can affect ferroptosis, but the involvement of mitochondria is not fixed. In the model tested by
Gao et al., mitochondria are necessary for cystine deprivation-induced ferroptosis, while the death caused by GPX4 inhibition
requires much less mitochondrial involvement!'’l. The inducing conditions determine which mitochondrial processes are associated
with it.

System xc- is a cystine/glutamate antiporter that can provide extracellular cystine for the synthesis of intracellular cysteinel?.
Inhibiting system xc- or removing cystine will limit the supply of cysteine and reduce the synthesis of GSH[>!7l. The resulting
depletion of GSH will gradually weaken the ability of GPX4 to remove phospholipid hydroperoxides!>'’l. In the cystine deprivation
model used by Gao et al., blocking glutaminolysis, the TCA cycle, or the ETC can reduce the accumulation of lipid peroxides and
protect cells from ferroptosis!'’l. Glutaminolysis converts glutamine into glutamate and o-ketoglutarate, providing a carbon source
for the TCA cyclel'®], During cystine deprivation, inhibiting glutaminolysis can inhibit ferroptosis, and when this pathway is blocked,
supplementing downstream TCA cycle intermediates will restore cell death!'sl,

GPX4 reduces phospholipid hydroperoxides to the corresponding phospholipid alcohols. RSL3 and ML162 directly inhibit this
detoxification stepl?. Gao et al. compared the effects of cystine deprivation and GPX4 inhibition in mouse embryonic fibroblasts and
HT1080 cells. Elimination or inhibition of mitochondrial function has a strong protective effect on cystine deprivation, but HT1080
cells with depleted mitochondria remain sensitive to RSL3['7l. Therefore, under these experimental conditions, the absence or
inhibition of GPX4 can lead to lipid peroxidation, independent of mitochondrial metabolism. Mitochondria may still alter downstream
events. Mitochondrial respiration is not required for ferroptosis induced by direct GPX4 inhibition.

DHODH is an enzyme of de novo pyrimidine synthesis located in the mitochondrial inner membranel'’l. During the oxidation of
dihydroorotate to orotate, DHODH reduces ubiquinone (CoQ) to ubiquinol (CoQH,)!"’. CoQH, is the reduced form of CoQ and acts as a
radical-trapping antioxidant that suppresses lipid-radical propagation in the mitochondrial inner membranel'’l. Mao et al.
demonstrated that DHODH acts in parallel with mitochondrial GPX4 to limit mitochondrial lipid peroxidation!'). Supplementation
with dihydroorotate or orotate, the substrate and product of DHODH, attenuated or potentiated GPX4-inhibitor-induced ferroptosis,
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respectively!'’l. Inactivation of DHODH can induce ferroptosis in cancer cells with low GPX4 expression and enhance the ferroptosis
triggered by GPX4 inhibition in cells with high GPX4 expression!!°l.

In HT-22 neuronal-like cells, glutamate-induced oxytosis or erastin treatment caused BH3-interacting domain death agonist (BID), a
BH3-only member of the BCL-2 family, to translocate to mitochondrial*’l. BID inhibition limited mitochondrial ROS and preserved
membrane potential. ATP loss was attenuated, while release of apoptosis-inducing factor (AIF) was blocked!*’l. These experiments
were performed in HT-22 cells and related neuronal cultures. BID has not been tested broadly in cancer cells or with other
ferroptosis inducers.

Mitochondria provide pro-ferroptotic metabolic input during cystine limitation and also contain DHODH- and mitochondrial
GPX4-dependent defenses. Their requirement was lower after direct GPX4 inhibition in the tested models!'’-'°l. The HT-22 BID
pathway shows that cell type can change the contribution of mitochondrial injury!“®l. Mitochondrial involvement therefore differs
across experimental systems. Understanding the role of mitochondria in ferroptosis requires correlation with inducers, cell models,
and measurement times.

4. Peroxisomes

The peroxisome is a single-membrane organelle that participates in fatty acid oxidation, reactive oxygen metabolism, and ether
phospholipid biosynthesis. According to current research, peroxisomes mainly alter susceptibility through ether phospholipid
biosynthesis rather than serving as the primary site for lipid reactive oxygen generation!?*2>11,

The synthesis of ether phospholipids begins in the peroxisomes and is completed in the endoplasmic reticulum!?*2°l. This pathway
generates ether phospholipids, including alkyl-ether phospholipids and plasmalogens, which may contain PUFA chains at the sn-2
position!*?l. These lipids can serve as substrates for lipid peroxidation!>$?°. Genome-wide CRISPR-Cas9 screens in renal and ovarian
cancer cells identified peroxisome biogenesis genes and ether-lipid biosynthesis genes, including peroxisomal biogenesis factor 3
(PEX3), PEX10, alkylglycerone phosphate synthase (AGPS), and fatty acyl-CoA reductase 1 (FAR1), as determinants of ferroptosis
sensitivity. The deletion of these genes reduces the abundance of peroxisomes, depletes polyunsaturated ether phospholipids, and
protects cells from ferroptosis induced by GPX4 inhibition?*>°l. In contrast, ferroptosis-sensitive cancer cells can acquire resistance in
vivo, while the abundance of polyunsaturated ether phospholipids is reduced®*.

However, the relationship between ether lipids and ferroptosis is not a simple linear one. FAR1-dependent fatty alcohol production
and peroxisome-driven ether phospholipid biosynthesis can promote ferroptosis, but different types of ether lipids may have different
effects>*251. TMEM 189 converts alkyl-ether phospholipids to alkenyl-ether phospholipids, also known as plasmalogens. In the tested
model, plasmalogen synthesis counteracted FAR1-driven ferroptosisi>’. Depending on their molecular species and cellular context,
plasmalogens may provide oxidizable PUFA-containing phospholipids or display radical-scavenging properties!*?.

Therefore, peroxisomes affect ferroptosis susceptibility by providing or restricting specific ether-linked lipid substrates[?*2°l, Whether
these lipids are oxidized on peroxisomal membranes, endoplasmic reticulum-related membranes, plasma membrane regions, or
organelle contact sites may depend on the inducer, cell type, lipid composition, and local redox environment. Moreover, there is
currently no direct evidence to prove that peroxisomes are the initiation site of lipid ROS.

5. Lysosomes

Lysosomes are acidic degradation organelles that are responsible for participating in the degradation of recyclable macromolecules,
as well as autophagy and intracellular iron processing/?°-23351, These functions make lysosomes closely related to the two key
elements of ferroptosis: redox-active iron and membrane lipid oxidation. In current research, lysosomes affect ferroptosis through
ferritin turnover and iron releasel?0-22-43, lysosomal lipid peroxidation and membrane permeabilization?’], or collective propagation
after glutathione depletion/**l,

Ferritinophagy is an important pathway through which lysosomes participate in ferroptosis!>*?!l. Ferritin stores iron in a relatively
inert state, and its selective autophagic degradation can release iron and expand the labile iron pool within the cell?%2!43, NCOA4 is a
key cargo receptor in this process, responsible for recognizing ferritin and promoting its entry into the autophagic degradation
pathway, ultimately being degraded in the lysosomel?"l. In ferroptosis models, genetic inhibition of autophagy-related 5 (ATGS5), ATG7,
or NCOA4 can reduce ferritin degradation and intracellular Fe?* accumulation, while also lowering lipid peroxidation levels and
inhibiting erastin-induced ferroptosis”!l.

In recent years, some studies have begun to further investigate whether the lysosome itself can also be an early site of lipid oxidation.
It has been found that liproxstatin-1 and its related probes preferentially accumulate in lysosomes and exert protective effects by
inactivating the active iron within the lysosome!??l. In RSL3-treated cancer cells, lipid oxidation signals first appear in lysosomes and
then extend to other membrane structures including the endoplasmic reticulum!??l. The study further showed that Fento-1 promotes
the oxidative degradation of phospholipids and induces ferroptosis in iron-rich cancer cells!*’l. These results suggest that under
specific experimental conditions, iron with redox activity within the lysosome may be involved in the early membrane lipid oxidation.
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Lysosomal lipid peroxidation may further amplify ferroptosis by damaging the lysosomal membrane. After tracking with lipid free
radical probes, it was found that lysosomal lipid peroxidation is accompanied by increased lysosomal membrane permeability,
changes in intracellular pH, release of cathepsins, and iron leakage, and is further associated with enhanced lipid peroxidation
throughout the cell?’l. However, this process is not the same in all cells. In some cell lines that are relatively insensitive to
RSL3-induced ferroptosis, although lysosomal lipid peroxidation can be detected, there is no obvious lysosomal membrane
permeabilization (LMP). In these cell models, combining chloroquine treatment can induce LMP and increase the sensitivity of cells to
GPX4 inhibitor-induced ferroptosis/**.

In addition, the lysosome may also affect the spread of ferroptosis in the cell population. Recent studies have shown that glutathione
depletion can change the death pattern after GPX4 inhibition, transforming previously isolated single-cell death into collective
necrosis!*!l. A related Preview further proposed that lysosomal rupture may be an important link connecting single-cell ferroptosis
and the spread of the population!*’l. This collective propagation state is accompanied by obvious lysosomal rupture and may present
a mixed cell death phenotypel*!l. Therefore, lysosomal damage may not only affect whether individual cells enter ferroptosis, but also
participate in determining whether ferroptosis stress can spread in the cell population.

Overall, the lysosome mainly participates in ferroptosis regulation through iron mobilization and membrane damagel?°?3-41. Among
them, ferritinophagy and lysosomal iron have been well supported by genetic and biochemical evidencel?°~>243; in contrast, lysosomal
lipid peroxidation and membrane rupture are more likely to participate in the early initiation or subsequent amplification of
ferroptosis under specific conditions!?>2341, As for whether lysosomal damage occurs before endoplasmic reticulum, mitochondria, or
plasma membrane damage, it is still difficult to generalize, and the sequence relationship may be affected by factors such as
ferroptosis induction mode, cell type, iron load, glutathione level, lipid probes, and detection time.

6. Lipid Droplets

Lipid droplets are neutral lipid storage organelles derived from the endoplasmic reticulum, which can buffer the intracellular fatty
acid flux by requlating the storage and release of fatty acids. In the process of ferroptosis, one of the important roles of lipid droplets
is to determine whether PUFAs enter the triacylglycerol storage pool or are integrated into membrane phospholipids, thereby
changing the possibility of lipid peroxidation!>°-3.,

Numerous studies have shown that lipid droplet formation has a protective effect under certain conditions. In cancer cells adapted to
the acidic extracellular environment, n-3 and n-6 long-chain PUFA are more likely to accumulate in lipid droplets!*’l. When the PUFA
intake exceeds the storage capacity of lipid droplets or the activity of diacylglycerol acyltransferase (DGAT) is inhibited, excess PUFA
cannot be adequately stored in neutral lipids, and lipid peroxidation increases, thereby promoting ferroptosis?®l. Additionally, cell
cycle arrest can induce DGAT-dependent lipid droplet formation, causing more excess PUFA to enter triacylglycerol, thereby reducing
ferroptosis sensitivity?’l. However, lipid droplets do not always play the same role in all conditions. Recent studies have shown that
the effect of DGAT-mediated lipid droplet formation on ferroptosis depends on the PUFA load and the cell's own ferroptosis defense
ability, and may even show opposite effects under different experimental conditions!?l,

The fatty acid composition also alters the relationship between lipid droplets and ferroptosis. Exogenous monounsaturated fatty acids
can enhance ferroptosis resistance through ACSL3-dependent lipid metabolism, accompanied by a decrease in membrane lipid ROS
and a reduction in oxidizable PUFA phospholipids!*’l. However, the role of ACSL3 cannot be simply summarized as anti-ferroptosis. In
clear cell renal cell carcinoma, ACSL3 not only participates in lipid droplet formation and supports tumor growth, but its inhibition
can instead reduce the cell's sensitivity to ferroptosis, suggesting that ACSL3-dependent fatty acid metabolism also helps maintain a
lipid composition prone to peroxidation in specific tumor contexts*%l

The oxidation state of the lipids within lipid droplets themselves may further affect this process. Kump et al. found in lung
adenocarcinoma cells that FSP1 deficiency enhances lipid peroxidation within lipid droplets, suggesting that lipid peroxidation
produced by lipid droplets may further promote the diffusion of lipid ROS to other cellular compartments!?l. This result indicates that
lipid droplets do not merely store and buffer fatty acids in the process of ferroptosis; when local antioxidant defense is weakened, the
lipid peroxidation that has already occurred within lipid droplets may also participate in the expansion of subsequent oxidative
damage.

Overall, the influence of lipid droplets on the sensitivity to ferroptosis is highly context-dependent. Their effect largely depends on
how fatty acids are allocated between neutral storage lipids and membrane phospholipids, and is also influenced by factors such as
DGAT activity, fatty acid composition, cell state, and antioxidant capacity!2°-3°,

7. Organelle Contact Sites

The organelle contact sites refer to the structures formed when the membranes of two organelles are closely adjacent to each other
but do not undergo membrane fusion!*l. This narrow spatial distance is conducive to the direct exchange of substances such as lipids
and ions, or the completion of transport through related proteins, and can also form a localized signaling environment!*’l. In this
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article, ER-mitochondria contact sites (EMCSs) mainly refer to the contact structures that can be observed or experimentally
manipulated in intact cells. In contrast, mitochondria-associated membranes (MAMs) usually refer to the specialized ER membrane
domains located at these contact interfaces; in biochemical research, MAM is also often used to describe the corresponding
membrane components obtained by subcellular fractionation!*”). Therefore, although EMCSs and MAMs have similar concepts, they
are not exactly the samel*o-7],

Currently, studies linking organelle contact sites with ferroptosis mainly focus on EMCSs. Super-resolution imaging combined with
oxidative lipidomics has revealed that after ferroptosis induction, phospholipid peroxidation can occur earlier at the
ER-mitochondria interface. Experimental alterations in the degree of connection between ER and mitochondria also affect the
sensitivity of cells to ferroptosis. Subsequently, local lipid peroxidation signals can further extend to mitochondria, accompanied by
increased ROS in mitochondria and mitochondrial fission!'®l. These results indicate that in the corresponding experimental models,
EMCSs can be the regions where lipid oxidation occurs earlier, but this phenomenon may not apply to other ferroptosis conditions
and requires further verification.

The ER-mitochondrial interface not only participates in the pro-oxidative process but can also organize anti-ferroptosis signals. In
the local signal regions enriched with MAMs, A-kinase anchoring protein 1 (AKAP1)-anchored protein kinase A (PKA) can
phosphorylate glucose-regulated protein 75 (GRP75), thereby promoting the stabilization of NRF2 and enhancing the expression of
anti-ferroptosis-related genes!*®l. Therefore, the influence of EMCSs on ferroptosis is not fixed but depends on the specific proteins
aggregated at the contact site and the activated signaling pathways.

In addition to ER-mitochondrial contact, mitochondrial-lysosomal contacts (MLCs) can also affect ferroptosis by regulating the
distribution of iron within the celll*’l. In melanoma cells, BDH2 can be recruited to MLCs and generate the iron-binding metabolite
2,5-dihydroxybenzoic acid (2,5-DHBA), thereby promoting the transfer of Fe(Il) from lysosomes to mitochondrial*’l. After the deletion
of BDH2, mitochondrial iron content decreases, while more iron accumulates in lysosomes, accompanied by abnormal contact
dynamics and lysosomal pH, and the sensitivity of cells to ferroptosis also increases. Re-expression of BDH2 or supplementation of
2,5-DHBA can restore MLC structure and reduce this ferroptosis sensitivity!*’. These results suggest that MLCs can affect ferroptosis
by regulating the distribution of iron between lysosomes and mitochondria.

Another study tracked the changes in lysosomes and ER during the ferroptosis process over time. Within 15 minutes after RSL3
treatment, the GSH level in lysosomes decreased, and the hydroxyl radical signal increased; approximately 1 hour later, the oxidative
membrane lipid signal mainly appeared in lysosomes, and by 4 hours, most of the signals were associated with ER. Inhibition of
lysosomal acidification can reduce the reactive iron level in lysosomes and weaken lipid oxidation[??l. These results suggest that
lysosomes and the ER may successively participate in lipid peroxidation during ferroptosis, but there is currently no direct evidence
to observe that the lysosome-ER contact site is the initial starting point of lipid ROS.

8. Phase Separation and Membraneless Condensates

Liquid-liquid phase separation can be driven by multivalent molecular interactions, often involving intrinsically disordered regions
or low complexity regionsl®!l. The resulting aggregates do not have a lipid bilayer but can alter the spatial distribution of proteins
within the cell and their functional locations. For ferroptosis, this means that cells can reorganize antioxidant defenses or iron
homeostasis-related processes without forming new membrane compartments. Existing evidence more supports the regulation of
ferroptosis sensitivity by such aggregates, but is not sufficient to consider them as the universal lipid ROS initiation sites.

FSP1 is a relatively direct example of this spatial regulation. FSP1 typically binds to the membrane and inhibits lipid radical
amplification through its CoQ oxidoreductase activity, which does not rely on GPX4. The small molecule icFSP1 does not primarily
exert its effect by competitively inhibiting FSP1 enzyme activity in vitro, but rather causes FSP1 to leave its original membrane
environment and reaggregate to form aggregates with phase separation characteristics. This process depends on the N-terminal
myristoylation of FSP1 and specific sequence features, including disordered regions or low complexity regions. After FSP1 detaches
from the membrane, its anti-ferroptosis effect weakens, and cells become more sensitive to GPX4 inhibition. This study also observed
FSP1 aggregate formation in tumor models and found that icFSP1 treatment can inhibit tumor growthl®!l. Therefore, the key revealed
by this study is that phase separation alters the membrane localization of FSP1 and its anti-ferroptosis function, rather than
demonstrating that the aggregates themselves can produce lipid peroxides.

p62 participates in ferroptosis regulation through another mechanism. Ferroptosis induction can promote PRMT6-dependent
asymmetric dimethylarginine modification of p62, thereby enhancing p62 oligomerization and promoting aggregate formation. The
formed p62 bodies can recruit KEAP1, stabilizing NRF2 and increasing the expression of antioxidant genes. Interfering with PRMT6 or
p62 can enhance the sensitivity of pancreatic cancer cells to ferroptosis, and in vivo experiments also support this effect[>2l.
Additionally, neighbor of BRCA1 gene 1 (NBR1) can promote p62 droplet formation and enhance the KEAP1-NRF2 signal, but related
studies mainly focus on oxidative stress and autophagy rather than directly studying ferroptosis®3.

Phase separation can also link immune signals to ferroptosis. In melanoma models, interferon-gamma (IFN-y) induces
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guanylate-binding protein 2 (GBP2) expression and promotes GBP2 aggregate formation through its inherent disordered regions. Src
homology region 2 domain-containing phosphatase-1 (SHP1) is then recruited to these aggregates, allowing signal transducer and
activator of transcription 1 (STAT1) signaling to persist and reducing SLC7A11 expression. Destruction of GBP2 phase separation leads
to a decrease in lipid ROS levels and a weakening of T-cell-mediated ferroptosis killing. In the experimental models used, this change
also weakens the tumor-suppressing effect of anti-PD-L1 treatmentl>%, Therefore, GBP2 aggregates mainly affect ferroptosis by
altering IFN-Y signal transmission, and their effect is likely to depend on the specific immune and cell signaling background.

NCOA4 links aggregate formation to intracellular iron turnover. NCOA4 can promote the formation of liquid-like ferritin aggregates
and facilitate ferritin degradation through macroferritinophagy and microferritinophagy pathwaysl*‘l. Studies have shown that
ferritin degradation can expand the labile iron pool and increase ferroptosis sensitivity?*-2!, so NCOA4-mediated aggregate formation
may indirectly affect subsequent lipid peroxidation by regulating iron supply. Overall, the current role of phase separation in
ferroptosis is mainly manifested as spatial regulation of antioxidant defense, signal transduction, and iron turnover, and is more
upstream of lipid membrane damage.

Table 1 summarizes representative rather than exhaustive mechanisms. Initiation-site assessments refer to direct
compartment-resolved evidence in the cited experimental models and do not imply a universal requirement. “Not established”
indicates insufficient direct evidence for local initiation, rather than absence of a ferroptosis-related role.

Table 1. Major compartment-associated mechanisms and functional contributions to ferroptosis.

Subcellular Evidence for local o o

L L i . Principal contribution to
compartment lipid-peroxidation = Major mechanisms and molecular players .

s ferroptosis
or structure initiation

Endoplasmic  Not established ACSL4/LPCAT3: PUFA-PL synthesis and remodelingt>'314 PUFA-PL supply; local lipid

reticulum POR: ER-associated phospholipid peroxidation!'] oxidation; adaptive GSH
PERK-ATF4-SLC7A11: context-dependent stress adaptationt>/:3] response

Mitochondria ~ Not established Glutaminolysis/TCA cycle/ETC: metabolic contribution under Metabolic redox input; CoQ-
cystine limitationl! 7181 linked defense; model-
DHODH-mediated CoQH, production: mitochondrial inner- dependent amplification
membrane defense acting in parallel with mitochondria-localized
GPx4l')

Peroxisomes  Not established PEX3/PEX10/AGPS/FAR1: polyunsaturated ether-lipid synthesist?#?> Ether-lipid substrate supply

TMEM189/plasmalogen remodeling: context-dependent

modification of ether-lipid effects!?>#]

Lysosomes Supported in specific NCOA4-mediated ferritinophagy: labile iron mobilizationt?%2"431  Fe2* mobilization; local lipid
experimental models Reactive lysosomal Fe?*: local iron-dependent phospholipid oxidation; LMP-dependent
oxidationt??] amplification

Lysosomal lipid peroxidation/LMP: damage amplificationt?344]

Lipid droplets  Not established DGAT-dependent lipid storage: PUFA sequestration and PUFA storage, buffering and
availability?6-28] remobilization

ACSL3-dependent fatty-acid handling: context-dependent

resistance or sensitizationt?%=0]
Organelle Supported at EMCSs EMCS-localized phospholipid peroxides: localized formation and  Localized peroxide formation
contact sites propagation('®] or transfer; iron exchange;
AKAP1-PKA-GRP75: anti-ferroptotic signalingt*®! defense signaling

BDH2-dependent mitochondria-lysosome contacts: Fe?* transfer

and sensitivity(°]

Membraneless Not established FSP1 condensation: removal from functional membrane context®"!  Context-dependent
condensates GBP2 condensates: SHP1 sequestration sustains STAT1 signaling weakening or strengthening

and promotes T-cell-induced ferroptosis®®] of ferroptosis defense;



https://doi.org/10.70401/fos.2026.0043

Ferroptosis Oxid Stress. 2027;3:202632 | https://doi.org/10.70401/fos.2026.0043 Page 8 of 12

p62/NBR1 condensates: enhancement of KEAP1-NRF2 antioxidant  ferritin turnover
signalingt3%33!
NCOA4-ferritin condensation: ferritin turnover and potential iron

mobilizationt29:21.34]

Golgi Not established Golgi disruption and altered trafficking: ACBD3 downregulation ~ Possible modulation of
apparatus and TfR1 relocalization have been associated with ferroptosis-related ferroptosis sensitivity; local
phenotypest'->3 initiation not established

ACBD3: acyl-CoA-binding domain-containing protein 3; ACSL3/4: acyl-CoA synthetase long-chain family members 3 and 4; AGPS: alkylglycerone phosphate synthase;
AKAP1: A-kinase anchoring protein 1; ATF4: activating transcription factor 4; BDH2: 3-hydroxybutyrate dehydrogenase 2; CoQ: coenzyme Q; CoQH,: ubiquinol;
DGAT. diacylglycerol acyltransferase; DHODH: dihydroorotate dehydrogenase; EMCS: ER-mitochondria contact site; ER: endoplasmic reticulum; ETC: electron transport chain;
FAR1: fatty acyl-CoA reductase 1; Fe?": ferrous iron; FSP1: ferroptosis suppressor protein 1; GBP2: guanylate-binding protein 2; GPX4: glutathione peroxidase 4;
GRP75: glucose-regulated protein 75; GSH: glutathione; LMP: lysosomal membrane permeabilization; LPCAT3: lysophosphatidylcholine acyltransferase 3; NCOA4: nuclear
receptor coactivator 4; NRF2: nuclear factor erythroid 2-related factor 2; p62: sequestosome 1; PERK: protein kinase R-like ER kinase; PEX3/10: peroxisomal biogenesis factors
3 and 10; PKA: protein kinase A; POR: cytochrome P450 oxidoreductase; PUFA: polyunsaturated fatty acid; PUFA-PL: polyunsaturated fatty acid-containing phospholipid;
SLC7A11: solute carrier family 7 member 11; SHP1: Src homology region 2 domain-containing phosphatase-1; STAT1: signal transducer and activator of transcription 1;
TCA: tricarboxylic acid; TfR1: transferrin receptor 1; TMEM189: transmembrane protein 189; KEAP1: Kelch-like ECH-associated protein 1; NBR1: neighbor of BRCA1 gene 1.

9. Therapeutic Implications

Currently, most therapeutic strategies based on ferroptosis are still in the stage of cell and animal experiments>**3l. In tumor
treatment, the core idea is usually to weaken the local antioxidant defense or increase iron with redox activity, thereby promoting
the accumulation of lipid peroxidation; while in non-malignant tissue damage, the treatment goal is the opposite, that is, to block this
process as much as possible and protect normal tissues.

DHODH is located in the inner mitochondrial membrane and can reduce CoQ to CoQH,, thereby limiting mitochondrial membrane
lipid peroxidation!!”l. Mao et al. reported that the DHODH inhibitor brequinar can induce ferroptosis and inhibit the growth of tumors
with low expression of GPX4; in the tumor model with high expression of GPX4, brequinar combined with sulfasalazine could further
enhance ferroptosis and inhibit tumor growth!'’. However, subsequent studies found that several DHODH inhibitors, when reaching
the required concentration for cell sensitization, would also simultaneously inhibit FSP1[°°l, Mao et al. subsequently provided
evidence that DHODH still has an independent contribution in this process®’l. Therefore, although brequinar can be used to intervene
in this pathway, it cannot be regarded as a highly specific tool for studying the anti-ferroptosis function of mitochondrial DHODH.

The anti-ferroptosis activity of FSP1 also depends on its correct membrane localization. icFSP1 can detach FSP1 from the membrane
environment and promote its formation of aggregates; A375 and H460 cells with knocked out GPX4 showed higher sensitivity to this
compound. Two animal experiments used artificially constructed GPX4-deficient tumor models. In this context, icFSP1 could increase
lipid peroxidation and slow down the growth of xenograft tumorsP®'l. These results indicate that disrupting the membrane
localization of FSP1 is expected to weaken the local anti-ferroptosis defense of tumor cells, but the current in vivo evidence mainly
comes from the specific model of GPX4 deficiency.

Targeting lysosomal iron provides another idea. Fento-1 is designed to activate Fe(Il) in acidic lysosomes, thereby inducing
phospholipid oxidation and ferroptosis/??l. The primary tumor and pancreatic ductal adenocarcinoma cells used in the study were
directly derived from patient samples, and cells rich in reactive iron and high CD44 expression were particularly sensitive to Fento-1.
The compound can also kill resistant persisting cells in vitro. In the mouse model, Fento-1 was administered intralymphatically into
the tumour-bearing lymph node every other day. Treatment increased tumour lipid oxidation and reduced intranodal tumour growth
[22, However, this study did not assess the drug exposure after systemic administration and the toxicity of normal tissues, so the
treatment window still needs to be further determined.

The mechanism of phase separation-related processes is currently more at the stage of genetic verification. In melanoma models,
researchers manipulated GBP2 through genetic methods, but did not test drugs that directly target GBP2. After IFN-y stimulation,
GBP2 aggregates can recruit SHP1 and maintain the STAT1 signal within tumor cells, causing a decrease in SLC7A11 expression, while
enhancing T-cell-induced lipid ROS and ferroptosis. GBP2 deficiency reduces tumor lipid ROS and weakens the anti-PD-L1 treatment
effect; conversely, GBP2 overexpression can improve these phenotypes. After neutralizing IFN-Y, the therapeutic benefit brought by
GBP2 overexpression disappears®’l. These results suggest that the immune signal regulation related to phase separation may affect
the response of tumors to ferroptosis and immunotherapy, but there is currently no evidence of direct pharmacological targeting of
GBP2.

In non-malignant tissue damage, the treatment direction is to inhibit ferroptosis. Conditional deletion of Gpx4 in adult forebrain
neurons caused hippocampal degeneration and cognitive impairment. Vitamin E deficiency further exacerbates this phenotype, while
Liproxstatin-1 can alleviate neurodegenerative changes®l. In another inducible Gpx4 deletion model, Liproxstatin-1 can also protect
mice from acute renal failure and alleviate liver ischemia/reperfusion injuryl®’l. Ferrostatin-1 and Liproxstatin-1 act as


https://doi.org/10.70401/fos.2026.0043

Ferroptosis Oxid Stress. 2027;3:202632 | https://doi.org/10.70401/fos.2026.0043 Page 9 of 12

radical-trapping antioxidants that intercept lipid peroxyl radicals and suppress lipid-peroxidation propagation!®’. However, these
early studies did not clearly indicate where the main effect occurs in the subcellular compartment. Recent studies have found that a
clickable Liproxstatin-1 analogue can accumulate in lysosomes and exert protective effects by inactivating the reactive iron within
lysosomes!??], suggesting that organelle localization may affect the mode of action of some ferroptosis inhibitors.

From a translational perspective, current evidence is not sufficient to support the use of only cell-level ROS or iron indicators for
patient screening. A more realistic approach is to first confirm that the targeted organelle-related mechanisms still exist in
patient-derived materials and can be effectively regulated by corresponding interventions; then evaluate whether the drug will
damage normal tissues at an effective exposure level through systemic administration. Only when a clear connection is established
between mechanism retention, drug exposure, and tissue safety can the cell-type-specific ferroptosis-targeted strategies have the
basis for further clinical advancement.

10. Conclusion

Cell ferroptosis is not determined solely by a single organelle, but is the result of the spatiotemporal interaction of multiple
organellesl>4. Different subcellular compartments respectively provide lipid substrates, pro-oxidative reactions, iron sources or
antioxidant defenses, jointly influencing whether lipid peroxidation can accumulate continuously. ACSL4/LPCAT3-mediated lipid
remodeling increases phospholipids containing easily oxidizable PUFAP-%-13:141 and POR further promotes the oxidation of these
membrane lipids(*°l; meanwhile, peroxisomes change the composition of available oxidizable lipid substrates through ether lipid
synthesisl?»?l, Lysosomes release iron through ferritin turnover?>-2%-431 and the redox-active iron within them can directly promote
lipid oxidation!??l. In some models, subsequent lysosomal membrane damage further amplifies ferroptosis(?3-*‘l. The role of
mitochondria is more dependent on inducing conditions. Under cystine deprivation, glutaminolysis and TCA-cycle activity can
promote ferroptosis, whereas mitochondrial involvement is less consistently required after direct GPX4 inhibition!>!7-1%l, On the other
hand, DHODH located in the inner mitochondrial membrane constitutes a local anti-ferroptosis defense!'”). Lipid droplets can also
limit or maintain ferroptosis sensitivity under different conditions by regulating the distribution of fatty acids between stored lipids
and membrane lipids[?°~3%l. Phase separation provides another spatial regulatory mechanism. FSP1 and p62 condensates can affect
ferroptosis by altering protein localization or antioxidant signaling, without forming new membrane compartments>'-34.

The exact location of the earliest lipid damage during ferroptosis in the subcellular compartments remains inconclusive. In some
models, lipid peroxidation products can appear earlier at the EMCSs; however, it is worth noting that the AKAP1-PKA-GRP75 signal
enriched at the same interface plays an anti-ferroptosis rolel'**8l. Other studies suggest that lysosomes are the earliest sites of lipid
peroxidation, and that ferritin turnover and lysosomal reactive iron are closely related to early lipid oxidation!?°2243, In contrast,
lysosomal membrane damage occurs later in some experimental systems and is more likely to participate in the subsequent
amplification process!>>*!. The differences between these results are not necessarily contradictory, but may be related to the
different induction methods and detection times of ferroptosis.

For lipid droplets and Golgi apparatus, it is currently more difficult to determine their position in the temporal sequence of lipid
peroxidation. Studies have observed lipid oxidation within lipid droplets, but it cannot be proven that this event occurs earlier than
lipid peroxidation in other membrane structures?®l. Golgi apparatus damage or acyl-CoA-binding domain-containing protein 3
(ACBD3) downregulation can change ferroptosis-related phenotypesl>'->?l, and the relocalization of TfR1 is also related to the
ferroptosis process, but these results do not yet provide evidence that the Golgi apparatus is the initiating site of lipid damagel°>3..

To truly determine where ferroptosis begins, comparing ROS levels in different organelles is not sufficient. What is more crucial is to
track the spatial changes in lipid oxidation in the same cell and at the same time point, while confirming the accuracy of the
localization of organelle-targeted probes, and clarifying which type of lipid is actually being detected. The causal relationship also
needs to be further demonstrated through specific perturbation of the corresponding subcellular compartments to show that such
intervention can both change the early local oxidative signals and affect the subsequent cell death. Only by establishing this
continuous mechanism connection can the relevant intervention be suitable for further verification in patient-derived materials. At
present, changes in ROS or iron content levels at the cellular organelle level alone are not sufficient as a basis for patient screening.
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