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Abstract

Ferroptosis has emerged over the past decade as a compelling therapeutic avenue for cancer, prompting intense interest in strategies that
selectively induce or inhibit this form of cell death. Although substantial progress has been made in identifying genes that regulate
ferroptosis sensitivity and in developing small-molecule modulators, it remains unclear which molecular targets offer the greatest
therapeutic potential in specific tissues and contexts. Here, we highlight fundamental differences between in vitro and in vivo ferroptosis
modulation, with emphasis on the integration of different techniques, mouse models, and how the tumor microenvironment shapes two
major ferroptosis surveillance pathways: glutathione peroxidase 4 and ferroptosis suppressor protein 1. We propose that integrating in vivo
biological constraints and microenvironmental complexity is essential for the rational design and successful translation of
ferroptosis-targeted therapies.
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1. Introduction

The recognition of ferroptosis as a distinct modality of regulated cell death emerged from studies linking cysteine availability and
glutathione peroxidase 4 (GPX4) activity to the control of lipid peroxidation!-?l. At a molecular level, ferroptosis is governed by the
interplay between lipid peroxidation-promoting pathways, often iron-catalyzed Fenton chemistry and enzymatic oxidation of
polyunsaturated fatty acyl (PUFA)-containing phospholipids, and endogenous antioxidant defense mechanisms, mainly the
Xc-GSH-GPX4 and FSP1-CoQ10-NAD(P)H axes!®®l. The imbalance of these ferroptosis surveillance systems leads to the accumulation of
lipid peroxides within cellular membranes, ultimately compromising plasma membrane integrity and resulting in ferroptotic cell
deathl®®l,

Early indications that various tissues like the brain and kidney are highly reliant on mechanisms to repair oxidative lipid damage
emerged from seminal work from the Conrad group using conditional Gpx4 knockout micel’-’l. Further mechanistic insights into
ferroptosis execution, regulation, and therapeutic targetability have emerged from in vitro and some in vivo studies, including
cellular and biochemical models!'??°], Recent advances in small-molecule inducers and inhibitors targeting these pathways have
significantly advanced our understanding of ferroptosis, highlighting its potential as a strategy for inducing cell death in cancerl3%-311,

Ferroptosis is recognized as a form of metabolic cell deathl*2-33l, Several decades of cancer metabolism research have revealed that
metabolic rewiring is a necessary step in tumorgenesis, but targeting these pathways has proven difficult due to tumor metabolic
plasticity in vivol**%, Since sensitivity to ferroptosis relies on several metabolic inputs, we propose that understanding how different
in vivo metabolic environments in various cancer types impact ferroptosis will be crucial to the development and application of
ferroptosis induction as a therapeutic approach.
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2. In Vitro Versus in Vivo Ferroptosis Surveillance Systems

Ferroptosis surveillance has largely been defined through in vitro studies in which key protective pathways, most notably GPX4,
system Xc’, and FSP1, are perturbed using CRISPR/Cas9 screens or pharmacologic inhibition!®’l. In these settings, loss of surveillance
is inferred when lipid peroxidation-driven cell death can be prevented by lipophilic antioxidants (such as o-tocopherol), iron
chelators (Deferoxamine, Deferiprone), or synthetic radical-trapping antioxidants like liproxstatin-1 (LIP-1) or ferrostatin-1°l. These
rescue criteria have become foundational to the field, but most of our mechanistic understanding of ferroptosis surveillance derives
from cells grown under standard in vitro conditions, in the absence of in vivo physiological conditions.

There is growing interest in targeting ferroptosis for cancer therapy, which has expanded efforts to define how ferroptosis
surveillance operates in vivo. Emerging work shows that surveillance mechanisms behave differently across tissues and
microenvironments, often diverging sharply from in vitro expectations. System Xc~ dependency, for example, varies substantially
between tumor types and even within the same cancer across anatomic contexts. In some models, inhibition of system Xc™ robustly
sensitizes tumors to ferroptosis, whereas in others it has little effect, reflecting microenvironmental constraints on cystine availability
and glutathione metabolism!?'-3°"%0l. GPX4 dependency is similarly context-dependent. Studies comparing blood and lymphatic
environments demonstrate that melanoma cells rely on GPX4 in the oxidative bloodstream but become unexpectedly
GPX4-independent in the lymphatic nichel’!l, where FSP1-dependency can dominate. Ex vivo analyses reinforce this point: melanoma
cells freshly isolated from lymph nodes show greater resistance to GPX4 inhibitors (RSL3, ML-210) or system Xc™ blockade (Erastin-2)
than matched cells from subcutaneous primary tumors!*!l.

Recently, several small-molecule inhibitors targeting FSP1 have been developed!'’-2*4243l, However, as with FSP1 genetic loss, FSP1
inhibitors alone are often insufficient to induce ferroptotic cell death in vitro, requiring co-administration with either genetic or
pharmacologic GPX4 or Xc™ inhibition for efficacy*’l. Notably, two recent studies from our groups revealed that FSP1 is required for in
vivo tumor growth and metastasis!***°.,

The Papagiannakopoulos lab demonstrated that genetic loss-of-function of Gpx4 and Fsp1 in Kras-driven genetically engineered
mouse model (GEMM) of lung adenocarcinoma (LUAD) led to dramatic suppression of lung tumor growth!*!l. Consistent with previous
studies, Fsp1 knockout in LUAD or pancreatic ductal adenocarcinoma (PDAC) cells did not affect viability in vitro, and the induction of
ferroptosis was only observed with Gpx4 inhibition*¥l. In both GEMM and orthotopic transplantation experiments, Fsp 1 knockout
tumors displayed increased lipid peroxidation and decreased tumor growth, which was rescued by ferroptosis inhibition via LIP-1
treatment, dietary vitamin E, and genetic deletion of Acsl4. These studies suggest that Fsp1 loss alone induces ferroptosis in vivo.
Importantly, pharmacological inhibition of FSP1 (icFSP1) in vivo induced ferroptosis and significantly suppressed tumor growth!*.

In a complementary study, the Uberllacker lab demonstrated that melanoma colonization of lymph nodes (LNs) induces a shift in the
GCLC-GSH-GPX4 and FSP1-CoQ10-NAD(P) axes, resulting in reduced dependency on GPX4 and increased reliance on FSP1 in LN
metastatic cells!*’l. Consistent with the findings from the previous studies, in vitro co-targeting of FSP1 alongside other small
molecule inducers, such as BSO to inhibit GCLC, significantly impaired the viability of LN metastatic lines, both under normoxic
conditions (21% O,, standard tissue culture) and hypoxia (1% O,, recapitulating the LN microenvironment)*>.

However, in the in vivo context, both genetic ablation and pharmacological inhibition of FSP1 alone (via viFSP1 and FSEN1) markedly
suppressed melanoma growth within LNs but failed to affect subcutaneous (s.c.) tumor growth, emphasizing a context-dependent
regulation of ferroptosis sensitivity determined by the tumor microenvironment!*’l. Furthermore, studies using LN metastatic
melanoma lines with either wild-type or Fsp1 KO confirmed that FSP1 is specifically required for LN metastasis, while dispensable for
hematogenous metastasis!*’l. Conversely, GPX4 is essential for melanoma survival in the bloodstream but not within LNs[*!l, whereas
FSP1 is required in LNs but not during hematogenous spread!*’l. Together, these findings reveal a finely tuned,
microenvironment-specific dependency on distinct ferroptosis protective pathways in vivo.

Collectively, this work emphasizes the current understanding of the in vivo relevance, temporal and spatial regulation, and
therapeutic potential of FSP1, positioning FSP1 as a key ferroptosis vulnerability. The observed differences in FSP1 dependence in vivo
versus in vitro suggest the importance of incorporating and considering in vivo ferroptosis features into in vitro systems, as outlined
in the following sections.

3. Modeling Ferroptosis Surveillance in Vitro

As discussed above, ferroptosis is regulated differently in vitro and in vivo, creating substantial challenges for both mechanistic
analysis and translational application. When possible, mirroring key elements of in vivo ferroptosis surveillance within in vitro
systems will likely enhance the in vivo translatability of ferroptosis-targeted strategies.

A major limitation in the in vivo setting is the lack of tools that directly report ferroptotic cell death or monitor GPX4 and FSP1
dynamics. Commonly used assays, such as 4-HNE staining, TUNEL, or bulk lipid-peroxidation measurements, are indirect and cannot
definitively attribute cell death to ferroptosis. More specific methods, including oxylipidomics or newly developed ferroptosis
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sensitive reporters, are needed to accurately assess ferroptosis in vivo. Furthermore, genetically encoded sensors capable of tracking
GPX4 or FSP1 activity, localization, or stability would greatly advance the mechanistic resolution of these pathways in physiological
contexts. Until such tools become available, validation using ferroptosis-selective inhibitors (for example, liproxstatin-1 or vitamink)
remains essential.

Therefore, in vitro assays remain indispensable for progressing ferroptosis research. However, it is critical to recognize that
conventional two-dimensional cultures maintained in standard culture conditions lack the architectural, metabolic, and
microenvironmental complexity that shapes ferroptosis susceptibility in vivo. Thus, where possible, incorporating advanced in vitro
systems, including three-dimensional spheroids, organoids, engineered extracellular matrices, tailored culture media (such as TIFM,
HPLM, or other next-generation formulations), and co-culture models, will allow for recapitulation of spatial and
microenvironmental cues that can influence GPX4- and FSP1-dependent protection.

Nutrient levels in standard culture media differ markedly from those in tumor microenvironments[*®l, For instance, DMEM and RPMI
contain ~5-fold higher cystine than tumor interstitial fluid!*°}, potentially increasing GPX4 dependence. Selenium concentrations also
vary between serum batches and medial’’l, which may influence GPX4 expression and ferroptosis sensitivity. Likewise, lipid supply is
largely dictated by fetal bovine serum, which poorly reflects in vivo lipid composition and is highly batch-variable. Additionally, some
3D culture systems (organoids) require antioxidant supplementation, which can further influence ferroptosis sensitivity!*sl. Thus,
careful selection and reporting of culture media are essential in the field, as ferroptosis phenotypes observed in vitro may reflect
nutrient-replete, non-physiological conditions that mask or distort vulnerabilities present in vivo.

Additionally, incorporating genetic models and using orthotopic or immunocompetent systems is strongly recommended, as these
approaches increase the physiological relevance of ferroptosis studies by capturing variable factors that remain difficult to control in
vitro. Integrating these complementary approaches, with clear awareness of their respective strengths and limitations, will improve
the translational value of ferroptosis research and strengthen both in vitro and in vivo experimental strategies (Table 1).

Table 1. Overview of in vivo and in vitro models to study ferroptosis, highlighting key features, limitations, advantages and disadvantages.

What It Captures Well What It Fails to Capture

Model System Advantages Disadvantages
(Strengths) (Limitations)

2D monolayer culture - Genetic dependencies + No oxygen, lipid, - Easy, inexpensive + Least physiologic
* Rapid, high- nutrient, or iron gradients + Highly reproducible + Artifacts from high oxygen
throughput + No immune or stromal - Ideal for mechanistic and lipid composition
perturbations interactions screens
+ Clean biochemical + Overestimates GPX4
readouts dependency

+ Misses FSP1-dependecy

in some contexts

3D spheroids * Hypoxia and nutrient - Still lacks + Better approximation of -« Variable size and
gradients stromal/immune microenvironmental reproducibility
+ Limited diffusion of components pressures + Some organoid culture
lipid/iron + Limited extracellular + Maintains gradients medias contain antioxidants
+ Partial recapitulation of matrix complexity relevant for ferroptosis that may influence ferroptosis
tumor architecture + Cannot capture organ- susceptibility

specific lipid environments

Co-culture systems + Immune-driven + Still lacks full tissue + Useful for evaluating the + Complex interpretation
(tumor + modulation of architecture immune role in ferroptosis + Requires optimization for
stromal/immune cells) ferroptosis surveillance + Oxygen and lipid regulation each co-culture
+ Cytokine and ROS environments simplified
cross-talk
Organoids - Tissue-specific + Lacks circulation, + Captures organ-level + Expensive, technically
architecture immune context ferroptosis surveillance demanding

+ Endogenous lipid + Limited iron flux + Flexible for drug testing -« Limited scalability
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composition modeling

* More realistic + Microenvironment still
GPX4/FSP1 hierarchy simplified

+ Better recapitulation of

redox environments

Mouse orthotopic * Native + Hard to interpret cell- + High physiological + Expensive, time-consuming
tumor models microenvironment intrinsic vs accuracy + In vivo analysis of ferroptosis
(oxygenation, lipids, microenvironmental + Captures tissue-specific  requires specialized tools
iron) effects ferroptosis surveillance
+ Tissue-specific + Readouts often indirect  directly

pressures on GPX4/FSP1
* Appropriate nutrient

and metabolic gradients

Immunocompetent + Complete immune- + Human cancer lines not  + Most physiologic + Difficult to dissect
mouse models tumor interaction compatible ferroptosis surveillance mechanisms cleanly
+ Ability to study + Immune variation adds - Ideal for therapy testing  + High variability
immune-regulated complexity (e.g., GPX4/FSP1 inhibitors) + Regulatory/ethical
ferroptosis surveillance  + Harder to isolate tumor- considerations
+ Accurate lipid, iron, intrinsic effects
and stromal

environments

4. Tumor Microenvironment and Ferroptosis Modulation

The TME is a dynamic and metabolically diverse niche that profoundly influences cancer progression and therapy responsel>l.
Consequently, accurate in vitro modeling of ferroptosis requires explicit incorporation of key TME features, which are essential for
interpreting ferroptotic responses within physiological contexts. In the following sections, we examine how variations in lipids,
oxygen levels, amino acids, and the immune cells shape the regulation and therapeutic vulnerability of ferroptosis in vivo. We also
highlight why these parameters must be integrated into the ferroptosis field, just as they are already fundamental considerations in
other fields such as cancer metabolism.

4.1 Lipids

The mechanism of ferroptosis induction, oxidation of PUFAs in cellular membranes, is tightly linked to the availability of PUFAs in
cellular membranes. This is best shown through CRISPR genetic screens, where ACSL4 loss, leading to decreased long chain PUFA
species in PL membranes, has consistently been shown to lead to greater resistance to ferroptosis induction in vitro and
in vivol?%->1-551, However, when available ferroptosis CRISPR screens were analyzed, ACSL4 was shown to only lead to resistance in
screens where GPX4 was inhibited and not when cysteine was depleted or uptake was blocked via erastin family members[>3l. As
mentioned above, we found that Acsl4 KO rescued the growth of Fsp1 KO LUAD tumors, suggesting that in the context of the lung,
Acsl4 is necessary for the induction of ferroptosis!*‘l.

Later, fundamental work by several groups identified the action of ACSL3 in mediating resistance to ferroptosis via incorporation of
MUFA species that limit the availability of ferroptosis substrate PUFA species!‘’->!l, Importantly, analysis of lipidomics of serum and
tissue culture media revealed that lipid quantities in media were frequently an order of magnitude lower than in serum. Indeed, when
media was supplemented with physiological levels of oleic acid, this protected cells in vitro from ferroptosis and was dependent on
ACSL311, In vivo, pretreatment with oleic acid increased the ability of cells to metastasize through blood, and loss of ACSL3 decreased
metastasis through the lymph!*!l. Together, these data indicate that the availability of MUFA lipid species in the tumor environment
provides a context where the availability of specific lipids protects tumor cells from ferroptosis and thus is an important
consideration for ferroptosis-targeting in vivo.

As highlighted above the availability of pro-ferroptotic lipid species can significantly impact the induction of ferroptosis both in vitro
and in vivo. This was recently highlighted in an elegant study, which used an inducible system to deplete GPX4 from cells grown in
2D, 3D spheroids, and as subcutaneous tumors in vivol®>l. Surprisingly, GPX4 loss after tumor initiation had no effect on the growth of
the tumors, 3D spheroids were largely resistant to ferroptosis, while 2D cultures were sensitive. These differences were not due to
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increased expression of anti-ferroptotic genes, but to stark lipidomic differences when comparing cells grown in the various
conditions. They found that they could resensitize 3D cultures to GPX4 inhibition by supplementing exogeneous PUFA species. These
data illustrate that in vitro ferroptosis phenotypes may not always be replicated in vivo due to lipidomic differences between model
systems. These data also suggest that 3D cultures may more accurately recapitulate some of the lipidomic environment found in vivo,
although the tumors were grown as subcutaneous xenografts, outside of the respective TME from which they were derived.

Several groups have also recently reported that intermediates in cholesterol biosynthesis, including squalene and 7-DHC, can directly
suppress ferroptosis!!®?7:28l. Loss of DHCR7 in pre-clinical models of Burkitt’s lymphoma led to an increase in 7-DHC levels, tumor
growth, and a decrease in overall mouse survivall?’l. Other groups have recently found that PDAC tumors with elevated levels of
cholesterol biosynthesis have increased DCHR7 expression and 7-DHC levels that correlate with increased lung metastatic
colonization®®l. Further, DHCR7 mutations reported in Burkitt’s lymphomas are associated with increased 7-DHC levels, suggesting
potential relevance of 7-DHC-mediated ferroptosis protection in human diseasel>”). Taken together, these data indicate that tumors
can rely on elevated levels of cholesterol biosynthesis intermediates to inhibit ferroptosis, which can increase tumor growth or
organ-specific metastasis.

4.2 Oxygen levels

Oxygen levels in healthy mammalian tissues typically range from 0% to 19%[°%l, compared to the standard cell culture conditions (21%
0,). Low oxygen levels in tissues, a condition known as hypoxia, can impact numerous cellular functions across diverse cell types>”.
Hypoxia is associated with both physiological as well as pathological conditions, including solid tumors and ischemial®.

Recent studies show that differences in oxygen levels play a pivotal role in the regulation of ferroptosis. In melanoma, low oxygen
levels induce the ubiquitination and proteasomal degradation of GPX4, as well as a reduction in GSH levels[*’l. These changes
ultimately impact the efficacy and targetability of the GSH-GPX4 axis, particularly in LNs[*’l, where oxygen concentrations range
between 1-3%[°l. Similar findings have been observed in other cell lines[®?.

In addition, HIFs dependent and independent mechanisms have been associated with modulating ferroptosis. Recently, a
HIF-independent mechanism showed that hypoxia suppresses ferroptosis by inhibiting the oxygen-dependent histone demethylase
KDMG6A, reducing expression of lipid metabolic enzymes such as ACSL4 and ETNK1, and thereby rewiring the cellular phospholipid
profile to promote ferroptosis resistancel®l. Similarly, the activity of SCD1, and thus the levels of MUFA lipid species like oleic acid, are
oxygen dependentl®!. In this manner, oxygen levels regulate the availability of anti-ferroptotic lipids, impacting ferroptosis
sensitivitylo7.681,

Therefore, oxygen has emerged as another critical modulator of ferroptosis, especially in in vivo contexts where its levels are
modulated by various factors and differ among tissues including solid tumors, contrasting with the more uniform conditions of in
vitro systems.

4.3 Amino acids

Amino acids (AAs), which are the basic units of proteins and essential biomolecules, are critical for the maintenance of homeostasisl®7!
and also play a role in regulating ferroptosis(®®°l. They contribute to maintaining iron, lipid, and redox balancel®®°°]. However, the
effects of amino acids on ferroptosis are complex and can vary depending on the context. GIn/Glu, Arg, and Lys are linked to
promoting ferroptosis, while Cys, Met, Gly, Ser, Trp, Thr, and BCAAs are considered potential inhibitors of ferroptosis[®%:¢°l.

Cysteine is a central metabolic determinant of ferroptosis, serving as the key precursor for glutathione (GSH) synthesis and
antioxidant defensel’’. However, most mechanistic insights into cysteine-dependent ferroptosis have arisen from in vitro systems,
where cystine availability is artificially defined and lacks the complexity of the tumor microenvironment where it is biologically
relevant!’!l. Previous studies show that PDAC relies on cystine uptake via system Xc™ to suppress ferroptosis through glutathione and
coenzyme A synthesisl®)l. Deleting the system xc- subunit Slc7a11 or treating with cyst(e)inase induced lipid oxidation and inhibited
PDAC growth in vivol®®], revealing a promising therapeutic strategy.

Beyond sulfur-containing amino acids, the selenium-selenocysteine axis adds an additional regulatory layer to ferroptosis sensitivity
in vivo. Selenocysteine is required for the maturation and catalytic activity of GPX4l72l, Thus, selenium availability, its metabolic
conversion to selenide, and selenocysteine biosynthesis directly influence GPX4 function and shape tissue-specific susceptibility to
ferroptosis!’*"7°]. Variations in dietary selenium, tissue uptake mechanisms, or microenvironmental selenium pools can therefore
modulate ferroptotic responses in ways that may not be recapitulated in standard culture media.

AAs concentrations often differ significantly between standard in vitro culture conditions and those found in vivo within various
tissues or cancers. These differences can impact the regulation of ferroptosis, potentially leading to discrepancies between in vitro
and in vivo experiments. Therefore, more in-depth studies are needed to understand how in vivo amino acid environments influence
ferroptosis compared to traditional cell culture models.
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4.4 Immune cells

The regulation, execution, and targetability of ferroptosis have been primarily investigated in a cell-autonomous manner, whereas
non-cell autonomous mechanisms of ferroptosis regulation have largely not been elucidated. Different groups disagree on the effect
of ferroptotic death on immune cell activation’*78], For example, recent work showed that in a mouse model of lung cancer, loss of
Gpx4 after tumor initiation paradoxically increased the tumor growth!’’l, Mechanistically, this was due to an increase in secreted
oxidized lipid species, which increased T cell exhaustion and impaired CD8* cytokine production. However, when cell lines derived
from primary tumors were grown subcutaneously, Gpx4 KO led to decreased tumor growth, which could be rescued by LIP-1. Further
work using genetic models of ferroptosis induction and ferroptosis inhibitors in tumors is needed to clearly identify the impact of
ferroptosis on the immune response.

As another example, T cell specific Gpx4 KO had no effect on thymic development, but prevented antigen-specific clonal expansion in
response to viral infection due to an induction of ferroptosis®®#!l. Thus, potential GPX4 targeting therapies may limit the anti-tumor
immune T cell response. However, this sensitivity does not extend to CD4" Tregs, in which Treg specific Gpx4 loss increased the
anti-tumor immune response and decreased tumor growth!®?, There is evidence that pathologically activated neutrophils (PMN) cells
undergo ferroptosis in the tumor environment, and that this contributes to immune suppression and tumor growth!®3. However,
other data suggests that in tumor infiltrating neutrophils, high levels of itaconate produced by Acod1 inhibit KEAP1-mediated
degradation of NRF2 and thus protects these cells from ferroptosis, increasing breast cancer metastasis!®*5°l.

Tumor associated macrophages have well described roles in regulating local tissue metabolism and support the growth of tumor
cells by secreting various metabolites including iron and selenium/®°l. Interestingly, pro-inflammatory (M1-like) macrophages have
been shown to be more resistant to ferroptosis than immunosuppressive (M2-like) populations!®’l. These immune cell subsets,
possessing differential sensitivity to ferroptosis, could contribute to anti-tumor immune responses with systemic administration of
ferroptosis inducers. Indeed, whether FSP1 or other ferroptosis pathways have roles in immune cells remains an area of active
investigation and is essential to determining whether inducing tumor cell ferroptosis can be a viable therapeutic strategy. Ex vivo
culture of primary immune cells within these contexts offers a powerful intermediate system that preserves key features of the in vivo
microenvironment while allowing controlled perturbations, helping to bridge mechanistic insights from in vitro models with
physiologic immune behavior.

5. Considering Tissue-Specific Contexts for Modeling and Targeting Ferroptosis in Vitro

Given the emerging understanding that ferroptosis regulation in vivo is tightly shaped by microenvironmental conditions, it is
expected that ferroptosis sensitivity varies markedly across organs. Each tissue presents a distinct combination of lipid availability,
redox-buffering capacity, iron handling, oxygen tension, and immune activity. Consequently, accounting for these tissue-specific
microenvironmental factors is essential when modeling ferroptosis in vitro, as they fundamentally influence ferroptotic responses
and determine the translational relevance of experimental findings. Incorporating organ-specific parameters into in vitro systems
enables more accurate extrapolation of ferroptosis biology from physiological settings to controlled experimental models (Figure 1).

Below, we highlight key determinants that influence ferroptosis across different organs:

Lymph nodes. Lymph nodes form a metabolically protective niche enriched in oleic acid!*!l, low oxygen tensionl°!l, specialized lipid
trafficking!*'l, and elevated GSH!*!, all of which modulate ferroptosis. Our work shows that tumor cells in this environment shift from
GPX4 toward FSP1 dependencel®], reflecting how lymphatic conditions reshape ferroptosis surveillance. In vitro systems intended to
approximate lymphatic ferroptosis sensitivity could therefore consider low-oxygen conditions, oleic-acid-rich lipid availability, and
relevant immune co-culture components, among other factors.

Lungs. The lung is an oxygen-rich, lipid-dense, immune-dynamic organ where oxidative pressure is high®*’l. Our findings that both
Gpx4 and Fsp1 are required for LUAD growth indicate that lung tumors must activate strong ferroptosis surveillance to survivel**l.
Lung-mimicking in vitro systems could therefore incorporate high oxygen tension, abundant lipid substrates, and air-liquid interface
or alveolar-like models to capture the oxidative and immunologic demands of lung tissue.

Liver. As the central hub of iron’!] and lipid metabolism!°?], the liver is particularly susceptible to ferroptosis under conditions of
steatosis, inflammation, or iron overload, which can weaken immune surveillance defenses!®3l. In vitro liver models should
incorporate variable iron exposure, altered lipid states, or steatosis-like conditions to reflect physiologic or pathologic liver
environments when probing GPX4 and FSP1 dependencies.

Brain. The brain’s high PUFA content!”*%°], abundant iron!®, and comparatively limited antioxidant capacity!”’! make it intrinsically
vulnerable to ferroptosis. Oxygen gradients, neuronal lipid composition, and the blood-brain barrier strongly shape ferroptosis
surveillance, with GPX4 playing a particularly critical rolel’8l. Brain-relevant in vitro models should consider PUFA-rich lipid
environments, controlled oxygen gradients, and, when possible, organotypic or barrier-mimicking structures.

Kidney. Renal tubular cells experience fluctuating oxygenation!’’! and intense redox stress!'°’l, making them highly sensitive to
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ferroptosis during acute kidney injury!'°%-1°2l, Kidney-mimicking in vitro systems should incorporate dynamic oxygen changes, iron
flux, and high mitochondrial activity to reflect these pressures.

Other tissues. Organs such as heart, spleen, and skin each maintain unique ferroptosis surveillance landscapes shaped by their
oxygenation profiles, immune composition, nutrient availability, and lipid architecture.

These differences highlight that studying ferroptosis in vitro should begin with an explicit question: which microenvironment is being
modeled? Tailoring oxygen levels, lipid substrates, iron availability, and cell-cell interactions to the tissue of interest will improve the
accuracy and translational relevance of ferroptosis studies (Figure 1).

Tissue Microenvironments Parameter Integration Optimized In Vitro Model
.
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Figure 1. Schematic of organ-specific features relevant to ferroptosis that should be incorporated into in vitro models. Each tissue exhibits a distinct combination of lipid
availability, redox buffering capacity, iron handling, oxygen tension, and immune activity. Accounting for these parameters, through the design of tissue-specific media,
modulation of extracellular matrix composition, and control of gradients or levels of oxygen, lipids, iron, antioxidants, and immune interactions, can improve the translation
of ferroptosis from physiological settings to controlled experimental systems. At present, many ferroptosis-associated features within the tumor microenvironment remain
context dependent and lack sufficient specificity or validation to function as universal biomarkers in vivo; this challenge remains an important area of investigation in the field.

Created with FigureLabs.

6. Conclusions and Future Directions

Taken together, emerging evidence demonstrates that ferroptosis is regulated, and can be therapeutically targeted in distinct ways in
vitro versus in vivo. Here, we have summarized the evidence supporting these differences, highlighted the value of integrating
complementary in vitro and in vivo approaches, and emphasized the importance of accounting for microenvironmental factors that
influence ferroptotic responses. We further emphasize how tissue-specific microenvironments may profoundly remodel
ferroptosis-surveillance mechanisms and, in turn, shape ferroptosis vulnerabilities across physiological and pathological settings
through differences in lipid availability, redox-buffering capacity, iron handling, oxygen tension, and immune activity. These insights
make clear that tissue context must be considered to fully understand how ferroptosis is modulated in vivo and to accurately
recapitulate these conditions in vitro.

Despite substantial progress, establishing a reliable foundation for ferroptosis-based therapeutic strategies will require addressing
several outstanding questions:

» To what extent do in vitro and specific in vivo microenvironment conditions alter the dependency of specific ferroptosis surveillance
systems? How do they influence FSP1- and GPX4-dependent protection?

* How do ferroptosis surveillance mechanisms operate across different tissues? Across primary or metastatic tumor
microenvironments?
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« Which ferroptosis-related biomarkers are present in each tissue-specific microenvironment?
* How should the field reconcile findings pertaining to ferroptosis-targeting from in vitro versus in vivo contexts?
* What criteria should define bona fide ferroptosis in a living organism?

*« How do metabolic, lipidomic, and immunologic features of the microenvironment cooperate to suppress or permit ferroptotic death
in vivo?

Progress in the field will require the development of robust in vitro models of ferroptosis that incorporate key microenvironmental
factors, as well as systematic evaluation of diverse in vivo systems that integrate genetic, pharmacologic, and microenvironmental
perturbations. In particular, combining genetic manipulation with well-defined chemical agents tested in parallel in vitro and in vivo
will be critical for distinguishing context-dependent regulatory mechanisms. Additionally, dietary and even genetic factors have
recently been shown to influence ferroptosis susceptibility!’s103-105], Therefore, consideration of how such inter-individual biological
differences shape the tumor microenvironment and subsequent ferroptosis susceptibility will enable a more integrated
understanding of the role of ferroptosis in cancer. Future efforts should be accompanied by a rigorous assessment of how ferroptosis
is defined and how it is regulated at the organelle and molecular levels across different tissues and microenvironmental contexts,
analogous to the frameworks that have guided progress in the cancer metabolism field. Such an integrated approach will be essential
for fully elucidating the biological relevance of ferroptosis and determining its real therapeutic targetability in cancer.

Declarations

Authors contribution

Vaughan AJ, Palma M, Ubellacker JM, Papagiannakopoulos T: Conceptualization, writing-original draft, writing review & editing.

Conflicts of interest

Thales Papagiannakopoulos received funding from Pfizer Medical Education Group, Dracen Pharmaceuticals, Kymera Therapeutics, Bristol
Myers Squibb, and Agios Pharmaceuticals, and has consulted for Vividion Therapeutics, Tohoku University, and Faeth Therapeutics. None are
related to the submitted work. Thales Papagiannakopoulos is an Editorial Board Member of Ferroptosis and Oxidative Stress. The other
authors declare no conflicts of interest.

Ethical approval.
Not applicable.

Consent to participate.
Not applicable.

Consent for publication

The authors consent to publish this work.

Availability of data and materials
Not applicable.

Funding

Alec Vaughan is supported by the National Institutes of Health (T32GM136542). Jessalyn M. Ubellacker acknowledges support from the
Melanoma Research Program Department of Defense Team Science Award (HT94252310765), the Ludwig Center at Harvard, the Melanoma
Research Foundation Young Career Investigators Award (RO1CA282202), and Find the Cause Breast Cancer Foundation (there is no publicly
available grant number for this project). Thales Papagiannakopoulos acknowledges support from the National Institutes of Health
(R37CA222504, RO1CA227649, ROTCA283049, ROT1CA262562) and an American Cancer Society Research Scholar Grant (RSG-17-20001-TBE).

Copyright
© The Author(s) 2026.

References

1. Seiler A, Schneider M, Forster H, Roth S, Wirth EK, Culmsee C, et al. Glutathione peroxidase 4 senses and translates oxidative stress into
12/15-lipoxygenase dependent- and AIF-mediated cell death. Cell Metab. 2008;8(3):237-248. [DOI][PubMed]
2. Brielmeier M, Béchet JM, Suppmann S, Conrad M, Laux G, Bornkamm GW. Cloning of phospholipid hydroperoxide glutathione


https://doi.org/10.1016/j.cmet.2008.07.005
https://pubmed.ncbi.nlm.nih.gov/18762024
https://doi.org/10.70401/fos.2026.0021

Ferroptosis Oxid Stress. 2026;2:202523 | https://doi.org/10.70401/f0s.2026.0021 Page 9 of 12

®© N o w»

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

peroxidase (PHGPx) as an anti-apoptotic and growth promoting gene of Burkitt lymphoma cells. Biofactors. 2001;14(1-4):179-190.
[DON[PubMed]

Stockwell BR. Ferroptosis turns 10: Emerging mechanisms, physiological functions, and therapeutic applications. Cell.
2022;185(14):2401-2421. [DOI]

Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al. Ferroptosis: An iron-dependent form of nonapoptotic
cell death. Cell. 2012;149(5):1060-1072. [DOI]

Jiang X, Stockwell BR, Conrad M. Ferroptosis: Mechanisms, biology and role in disease. Nat Rev Mol Cell Biol. 2021;22:266-282. [DOI]
Conrad M, Pratt DA. The chemical basis of ferroptosis. Nat Chem Biol. 2019;15(12):1137-1147. [DOI][PubMed][PMC]

Dixon SJ, Olzmann JA. The cell biology of ferroptosis. Nat Rev Mol Cell Biol. 2024;25(6):424-442. [DOI][PubMed][PMC]

Stockwell BR, Friedmann Angeli JP, Bayir H, Bush Al, Conrad M, Dixon SJ, et al. Ferroptosis: A regulated cell death nexus linking
metabolism, redox biology, and disease. Cell. 2017;171(2):273-285. [DOI][PubMed][PMC(C]

Friedmann Angeli JP, Schneider M, Proneth B, Tyurina YY, Tyurin VA, Hammond VJ, et al. Inactivation of the ferroptosis regulator Gpx4
triggers acute renal failure in mice. Nat Cell Biol. 2014;16(12):1180-1191. [DOI][PubMed][PMC]

Dolma S, Lessnick SL, Hahn WC, Stockwell BR. Identification of genotype-selective antitumor agents using synthetic lethal chemical
screening in engineered human tumor cells. Cancer Cell. 2003;3(3):285-296. [DOI][PubMed]

Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R, Viswanathan VS, et al. Regulation of ferroptotic cancer cell death by
GPX4. Cell. 2014;156(1-2):317-331. [DOI]

Hangauer MJ, Viswanathan VS, Ryan MJ, Bole D, Eaton JK, Matov A, et al. Drug-tolerant persister cancer cells are vulnerable to GPX4
inhibition. Nature. 2017;551:247-250. [DOI]

Viswanathan VS, Ryan MJ, Dhruv HD, Gill S, Eichhoff OM, Seashore-Ludlow B, et al. Dependency of a therapy-resistant state of cancer
cells on a lipid peroxidase pathway. Nature. 2017,;547(7664):453-457. [DOI][PubMed][PM(C]

Shah R, Shchepinov MS, Pratt DA. Resolving the role of lipoxygenases in the initiation and execution of ferroptosis. ACS Cent Sci.
2018;4(3):387-396. [DOI]

Tsoi J, Robert L, Paraiso K, Galvan C, Sheu KM, Lay J, et al. Multi-stage differentiation defines melanoma subtypes with differential
vulnerability to drug-induced iron-dependent oxidative stress. Cancer Cell. 2018;33(5):890-904. [DOI]

Bersuker K, Hendricks JM, Li Z, Magtanong L, Ford B, Tang PH, et al. The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit
ferroptosis. Nature. 2019;575(7784):688-692. [DOI][PubMed][PM(C]

Doll S, Freitas FP, Shah R, Aldrovandi M, da Silva MC, Ingold [, et al. FSP1 is a glutathione-independent ferroptosis suppressor. Nature.
2019;575(7784):693-698. [DOI][PubMed]

Garcia-Bermudez J, Baudrier L, Bayraktar EC, Shen Vv, La K, Guarecuco R, et al. Squalene accumulation in cholesterol auxotrophic
lymphomas prevents oxidative cell death. Nature. 2019;567:118-122. [DOI]

Kraft VAN, Bezjian CT, Pfeiffer S, Ringelstetter L, Muller C, Zandkarimi F, et al. GTP cyclohydrolase 1/tetrahydrobiopterin counteract
ferroptosis through lipid remodeling. ACS Cent Sci. 2020;6(1):41-53. [DOI]

Zou 'Y, Henry WS, Ricq EL, Graham ET, Phadnis VV, Maretich P, et al. Plasticity of ether lipids promotes ferroptosis susceptibility and
evasion. Nature. 2020,585:603-608. [DOI]

Kang YP, Mockabee-Macias A, Jiang C, Falzone A, Prieto-Farigua N, Stone E, et al. Non-canonical glutamate-cysteine ligase activity
protects against ferroptosis. Cell Metab. 2021;33(1):174-189 [DOI][PubMed][PM(C]

Mishima E, Ito J, Wu Z, Nakamura T, Wahida A, Doll S, et al. A non-canonical vitamin K cycle is a potent ferroptosis suppressor. Nature.
2022;608:778-783. [DOI]

Liang D, Feng Y, Zandkarimi F, Wang H, Zhang Z, Kim J, et al. Ferroptosis surveillance independent of GPX4 and differentially regulated
by sex hormones. Cell. 2023;186(13):2748-2764. [DOI][PubMed][PMC(C]

Nakamura T, Hipp C, Santos Dias Mourao A, Borggrafe J, Aldrovandi M, Henkelmann B, et al. Phase separation of FSP1 promotes
ferroptosis. Nature. 2023;619(7969):371-377. [DOI][PubMed][PM(C]

Phadnis VV, Snider J, Varadharajan V, Ramachandiran I, Deik AA, Lai ZW, et al. MMD collaborates with ACSL4 and MBOAT7 to promote
polyunsaturated phosphatidylinositol remodeling and susceptibility to ferroptosis. Cell Rep. 2023;42(9):113023. [DOI]

Cui W, Guo M, Liu D, Xiao P, Yang C, Huang H, et al. Gut microbial metabolite facilitates colorectal cancer development via ferroptosis
inhibition. Nat Cell Biol. 2024;26:124-137. [DOI]

Freitas FP, Alborzinia H, dos Santos AF, Nepachalovich P, Pedrera L, Zilka O, et al. 7-Dehydrocholesterol is an endogenous suppressor of
ferroptosis. Nature. 2024,626(7998):401-410. [DOI][PubMed][PM(C]

Li'Y, Ran Q, Duan Q, JinJ, Wang Y, Yu L, et al. 7-Dehydrocholesterol dictates ferroptosis sensitivity. Nature. 2024;626(7998):411-418.
[DOI[PubMed][PMC]

Cafieque T, Baron L, Mdller S, Carmona A, Colombeau L, Versini A, et al. Activation of lysosomal iron triggers ferroptosis in cancer.
Nature. 2025,;642(8067):492-500. [DOI][PubMed][PM(]

Nakamura T, Conrad M. Exploiting ferroptosis vulnerabilities in cancer. Nat Cell Biol. 2024;26(9):1407-1419. [DOI][PubMed][PMC]
Ubellacker JM, Dixon SJ. Prospects for ferroptosis therapies in cancer. Nat Cancer. 2025;6(8):1326-1336. [DOI][PubMed][PMC]

Zheng J, Conrad M. The metabolic underpinnings of ferroptosis. Cell Metab. 2020;32(6):920-937. [DOI][PubMed]

Zheng J, Conrad M. Ferroptosis: When metabolism meets cell death. Physiol Rev. 2025;105(2):651-706. [DOI][PubMed]

DeBerardinis RJ, Chandel NS. Fundamentals of cancer metabolism. Sci Adv. 2016;2(5):e1600200. [DOI]


https://doi.org/10.1002/biof.5520140123
https://pubmed.ncbi.nlm.nih.gov/11568455
https://doi.org/10.1016/j.cell.2022.06.003
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41589-019-0408-1
https://pubmed.ncbi.nlm.nih.gov/31740834
https://www.ncbi.nlm.nih.gov/pmc/articles/5864239
https://doi.org/10.1038/s41580-024-00703-5
https://pubmed.ncbi.nlm.nih.gov/38366038
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12187608
https://doi.org/10.1016/j.cell.2017.09.021
https://pubmed.ncbi.nlm.nih.gov/28985560
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5685180
https://doi.org/10.1038/ncb3064
https://pubmed.ncbi.nlm.nih.gov/25402683
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4894846
https://doi.org/10.1016/s1535-6108(03)00050-3
https://pubmed.ncbi.nlm.nih.gov/12676586
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1038/nature24297
https://doi.org/10.1038/nature23007
https://pubmed.ncbi.nlm.nih.gov/28678785
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5667900
https://doi.org/10.1021/acscentsci.7b00589
https://doi.org/10.1016/j.ccell.2018.03.017
https://doi.org/10.1038/s41586-019-1705-2
https://pubmed.ncbi.nlm.nih.gov/31634900
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6883167
https://doi.org/10.1038/s41586-019-1707-0
https://pubmed.ncbi.nlm.nih.gov/31634899
https://doi.org/10.1038/s41586-019-0945-5
https://doi.org/10.1021/acscentsci.9b01063
https://doi.org/10.1038/s41586-020-2732-8
https://doi.org/10.1016/j.cmet.2020.12.007
https://pubmed.ncbi.nlm.nih.gov/33357455
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7839835
https://doi.org/10.1038/s41586-022-05022-3
https://doi.org/10.1016/j.cell.2023.05.003
https://pubmed.ncbi.nlm.nih.gov/37267948
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10330611
https://doi.org/10.1038/s41586-023-06255-6
https://pubmed.ncbi.nlm.nih.gov/37380771
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10338336
https://doi.org/10.1016/j.celrep.2023.113023
https://doi.org/10.1038/s41556-023-01314-6
https://doi.org/10.1038/s41586-023-06878-9
https://pubmed.ncbi.nlm.nih.gov/38297129
https://www.ncbi.nlm.nih.gov/pmc/articles/9273022
https://doi.org/10.1038/s41586-023-06983-9
https://pubmed.ncbi.nlm.nih.gov/38297130
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11298758
https://doi.org/10.1038/s41586-025-08974-4
https://pubmed.ncbi.nlm.nih.gov/40335696
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12158755
https://doi.org/10.1038/s41556-024-01425-8
https://pubmed.ncbi.nlm.nih.gov/38858502
https://www.ncbi.nlm.nih.gov/pmc/articles/3367386
https://doi.org/10.1038/s43018-025-01037-7
https://pubmed.ncbi.nlm.nih.gov/40826242
https://www.ncbi.nlm.nih.gov/pmc/articles/3367386
https://doi.org/10.1016/j.cmet.2020.10.011
https://pubmed.ncbi.nlm.nih.gov/33217331
https://doi.org/10.1152/physrev.00031.2024
https://pubmed.ncbi.nlm.nih.gov/39661331
https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.70401/fos.2026.0021

Ferroptosis Oxid Stress. 2026;2:202523 | https://doi.org/10.70401/f0s.2026.0021 Page 10 of 12

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

DeBerardinis R, Vousden KH, Chandel NS. Cancer metabolism: Aspirations for the coming decade. Cold Spring Harb Perspect Med.
2025;15(10):a041555. [DOI]

Timmerman LA, Holton T, Yuneva M, Louie RJ, Padré M, Daemen A, et al. Glutamine sensitivity analysis identifies the xCT antiporter as a
common triple-negative breast tumor therapeutic target. Cancer Cell. 2013;24(4):450-465. [DOI][PubMed][PMC]

Wang W, Green M, Choi JE, Gijéon M, Kennedy PD, Johnson JK, et al. CD8" T cells regulate tumour ferroptosis during cancer
immunotherapy. Nature. 2019;569:270-274. [DOI]

Badgley MA, Kremer DM, Maurer HC, DelGiorno KE, Lee HJ, Purohit V, et al. Cysteine depletion induces pancreatic tumor ferroptosis in
mice. Science. 2020;368(6486):85-89. [DOI][PubMed][PM(C]

Armenta DA, Lagtom NN, Alchemy G, Dong W, Morrow D, Poltorack CD, et al. Ferroptosis inhibition by lysosome-dependent catabolism
of extracellular protein. Cell Chem Biol. 2022;29(11):1588-1600. [DOI][PubMed][PMC]

Zheng H, Liu J, Cheng Q, Zhang Q, Zhang Y, Jiang L, et al. Targeted activation of ferroptosis in colorectal cancer via LGR4 targeting
overcomes acquired drug resistance. Nat Cancer. 2024;5(4):572-589. [DOI][PubMed][PMC]

Ubellacker JM, Tasdogan A, Ramesh V, Shen B, Mitchell EC, Martin-Sandoval MS, et al. Lymph protects metastasizing melanoma cells
from ferroptosis. Nature. 2020;585:113-118. [DOI]

Hendricks JM, Doubravsky CE, Wehri E, Li Z, Roberts MA, Deol KK, et al. Identification of structurally diverse FSP1 inhibitors that sensitize
cancer cells to ferroptosis. Cell Chem Biol. 2023;30(9):1090-1103. [DOI][PubMed][PMC(C]

Nakamura T, Mishima E, Yamada N, Santos Dias Mourdo A, Trimbach D, Doll S, et al. Integrated chemical and genetic screens unveil
FSP1 mechanisms of ferroptosis regulation. Nat Struct Mol Biol. 2023;30:1806-1815. [DOI]

Wu K, Vaughan AJ, Bossowski JP, Hao Y, Ziogou A, Kim SM, et al. Targeting FSP1 triggers ferroptosis in lung cancer. Nature.
2026;649(8096):487-495. [DOI[PubMed][PMC]

Palma M, Chaufan M, Breuer CB, Muller S, Sabatier M, Fraser CS, et al. Lymph node environment drives FSP1 targetability in
metastasizing melanoma. Nature. 2026;649:477-486. [DOI]

Cognet G, Muir A. Identifying metabolic limitations in the tumor microenvironment. Sci Adv. 2024;10(40):eadq7305. [DOI][PubMed]
[PMC]

Parant F, Mure F, Maurin J, Beauvilliers L, Chorfa C, El Jamali C, et al. Selenium discrepancies in fetal bovine serum: Impact on cellular
selenoprotein expression. Int ] Mol Sci. 2024;25(13):7261. [DOI][PubMed][PM(]

Eaton JK, Chatterji P, Sweat YY, Victorio RA, Wawer M, Viswanathan VS. Commonly used organoid culture media prevent ferroptosis.
BioRxiv [Preprint]. 2024. [DOI]

de Visser KE, Joyce JA. The evolving tumor microenvironment: From cancer initiation to metastatic outgrowth. Cancer Cell.
2023;41(3):374-403. [DOI]

Dixon SJ, Winter GE, Musavi LS, Lee ED, Snijder B, Rebsamen M, et al. Human haploid cell genetics reveals roles for lipid metabolism
genes in nonapoptotic cell death. ACS Chem Biol. 2015;10(7):1604-1609. [DOIJ[PubMed][PMC]

Doll S, Proneth B, Tyurina YY, Panzilius E, Kobayashi S, Ingold 1, et al. ACSL4 dictates ferroptosis sensitivity by shaping cellular lipid
composition. Nat Chem Biol. 2017;13:91-98. [DOI]

Kagan VE, Mao G, Qu F, Angeli JP, Doll S, Croix CS, et al. Oxidized arachidonic and adrenic PEs navigate cells to ferroptosis. Nat Chem
Biol. 2017;13(1):81-90. [DOI][PubMed][PMC]

Magtanong L, Mueller GD, Williams K], Billmann M, Chan K, Armenta DA, et al. Context-dependent regulation of ferroptosis sensitivity.
Cell Chem Biol. 2022;29(10):1568. [DOI]

Magtanong L, Ko PJ, To M, Cao JY, Forcina GC, Tarangelo A, et al. Exogenous monounsaturated fatty acids promote a ferroptosis-
resistant cell state. Cell Chem Biol. 2019;26(3):420-432. [DOI][PubMed][PMC(]

Park VS, Pope LE, Ingram JP, Alchemy GA, Purkal JJ, Murray MB, et al. Lipid composition alters ferroptosis sensitivity. Cancer Res.
2025;85(22):4380-4397. [DOI][PubMed]

Rademaker G, Hernandez GA, Seo Y, Dahal S, Miller-Phillips L, Li AL, et al. PCSK9 drives sterol-dependent metastatic organ choice in
pancreatic cancer. Nature. 2025;643(8074):1381-1390. [DOI][PubMed]

Schmitz R, Young RM, Ceribelli M, Jhavar S, Xiao W, Zhang M, et al. Burkitt lymphoma pathogenesis and therapeutic targets from
structural and functional genomics. Nature. 2012;490:116-120. [DOI]

Zenewicz LA. Oxygen levels and immunological studies. Front Immunol. 2017;8:324. [DOI]

Luo Z, Tian M, Yang G, Tan Q, Chen VY, Li G, et al. Hypoxia signaling in human health and diseases: Implications and prospects for
therapeutics. Sig Transduct Target Ther. 2022;7:218. [DOI]

Chen Z, Han F, Du Y, Shi H, Zhou W. Hypoxic microenvironment in cancer: Molecular mechanisms and therapeutic interventions. Sig
Transduct Target Ther. 2023;8(1):70. [DOI][PubMed][PMC]

Schito L, Rey S. Hypoxia orchestrates the lymphovascular-immune ensemble in cancer. Trends Cancer. 2022;8(9):771-784. [DOI]
[PubMed]

Cordon MB, Jacobsen KM, Nielsen CS, Hjerrild P, Poulsen TB. Forward chemical genetic screen for oxygen-dependent cytotoxins
uncovers new covalent fragments that target GPX4. ChemBioChem. 2022;23(1):e202100253. [DOI]

Minikes AM, Liu P, Wang H, Hu J, Alwaseem H, Li Y, et al. HIF-independent oxygen sensing via KDM6A regulates ferroptosis. Mol Cell.
2025;85(15):2973-2987. [DOI][PubMed][PMC]

Kamphorst JJ, Cross JR, Fan J, de Stanchina E, Mathew R, White EP, et al. Hypoxic and Ras-transformed cells support growth by


https://doi.org/10.1101/cshperspect.a041555
https://doi.org/10.1016/j.ccr.2013.08.020
https://pubmed.ncbi.nlm.nih.gov/24094812
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3931310
https://doi.org/10.1038/s41586-019-1170-y
https://doi.org/10.1126/science.aaw9872
https://pubmed.ncbi.nlm.nih.gov/32241947
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7681911
https://doi.org/10.1016/j.chembiol.2022.10.006
https://pubmed.ncbi.nlm.nih.gov/36306785
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9762237
https://doi.org/10.1038/s43018-023-00715-8
https://pubmed.ncbi.nlm.nih.gov/38291304
https://www.ncbi.nlm.nih.gov/pmc/articles/8008476
https://doi.org/10.1038/s41586-020-2623-z
https://doi.org/10.1016/j.chembiol.2023.04.007
https://pubmed.ncbi.nlm.nih.gov/37178691
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10524360
https://doi.org/10.1038/s41594-023-01136-y
https://doi.org/10.1038/s41586-025-09710-8
https://pubmed.ncbi.nlm.nih.gov/41193800
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12779550
https://doi.org/10.1038/s41586-025-09709-1
https://doi.org/10.1126/sciadv.adq7305
https://pubmed.ncbi.nlm.nih.gov/39356752
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11446263
https://doi.org/10.3390/ijms25137261
https://pubmed.ncbi.nlm.nih.gov/39000368
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11242189
https://doi.org/10.1101/2024.04.29.591759
https://doi.org/10.1016/j.ccell.2023.02.016
https://doi.org/10.1021/acschembio.5b00245
https://pubmed.ncbi.nlm.nih.gov/25965523
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4509420
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.1038/nchembio.2238
https://pubmed.ncbi.nlm.nih.gov/27842066
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5506843
https://doi.org/10.1016/j.chembiol.2022.08.008
https://doi.org/10.1016/j.chembiol.2018.11.016
https://pubmed.ncbi.nlm.nih.gov/30686757
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6430697
https://doi.org/10.1158/0008-5472.CAN-24-4207
https://pubmed.ncbi.nlm.nih.gov/40911781
https://doi.org/10.1038/s41586-025-09017-8
https://pubmed.ncbi.nlm.nih.gov/40399683
https://doi.org/10.1038/nature11378
https://doi.org/10.3389/fimmu.2017.00324
https://doi.org/10.1038/s41392-022-01080-1
https://doi.org/10.1038/s41392-023-01332-8
https://pubmed.ncbi.nlm.nih.gov/36797231
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9935926
https://doi.org/10.1016/j.trecan.2022.04.008
https://pubmed.ncbi.nlm.nih.gov/35637155
https://doi.org/10.1002/cbic.202100253
https://doi.org/10.1016/j.molcel.2025.07.001
https://pubmed.ncbi.nlm.nih.gov/40712585
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12313182
https://doi.org/10.70401/fos.2026.0021

Ferroptosis Oxid Stress. 2026;2:202523 | https://doi.org/10.70401/f0s.2026.0021 Page 11 of 12

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.
91.
92.
93.
94.
95.
96.

97.

scavenging unsaturated fatty acids from lysophospholipids. Proc Natl Acad Sci U S A. 2013;110(22):8882-8887. [DOI]

Mason P, Liang B, Li L, Fremgen T, Murphy E, Quinn A, et al. SCD1 inhibition causes cancer cell death by depleting mono-unsaturated
fatty acids. PLoS One. 2012;7(3):e33823. [DOI]

Luis G, Godfroid A, Nishiumi S, Cimino J, Blacher S, Maquoi E, et al. Tumor resistance to ferroptosis driven by Stearoyl-CoA Desaturase-1
(SCD1) in cancer cells and Fatty Acid Biding Protein-4 (FABP4) in tumor microenvironment promote tumor recurrence. Redox Biol.
2021;43:102006. [DOI]

Ling ZN, Jiang YF, Ru JN, Lu JH, Ding B, Wu J. Amino acid metabolism in health and disease. Sig Transduct Target Ther. 2023;8:345. [DOI]
Yang J, Dai X, Xu H, Tang Q, Bi F. Regulation of ferroptosis by amino acid metabolism in cancer. Int J Biol Sci. 2022;18(4):1695-1705.
[DOI[PubMed][PMC]

Yao H, Jiang W, Liao X, Wang D, Zhu H. Regulatory mechanisms of amino acids in ferroptosis. Life Sci. 2024;351:122803. [DOI]

Poltorack CD, Dixon SJ. Understanding the role of cysteine in ferroptosis: Progress & paradoxes. FEBS J. 2022;289(2):374-385. [DOI]
Muir A, Danai LV, Gui DY, Waingarten CY, Lewis CA, Vander Heiden MG. Environmental cystine drives glutamine anaplerosis and
sensitizes cancer cells to glutaminase inhibition. eLife. 2017;6:e27713. [DOI]

Friedmann Angeli JP, Conrad M. Selenium and GPX4, a vital symbiosis. Free Radic Biol Med. 2018;127:153-159. [DOI]

Ingold I, Berndt C, Schmitt S, Doll S, Poschmann G, Buday K, et al. Selenium utilization by GPX4 is required to prevent hydroperoxide-
induced ferroptosis. Cell. 2018;172(3):409-422. [DOI][PubMed]

Ito J, Nakamura T, Toyama T, Chen D, Berndt C, Poschmann G, et al. PRDX6 dictates ferroptosis sensitivity by directing cellular selenium
utilization. Mol Cell. 2024;84(23):4629-4644. [DOI][PubMed]

Chen Z, Inague A, Kaushal K, Fazeli G, Schilling D, Xavier da Silva TN, et al. PRDX6 contributes to selenocysteine metabolism and
ferroptosis resistance. Mol Cell. 2024;84(23):4645-4659. [DOI]

Cao W, Celis E, Kagan VE, Gabrilovich DI. Oxidized lipids block antigen cross-presentation by dendritic cells in cancer. J Immunol.
2014;192(6):2920-2931. [DOI]

Efimova I, Catanzaro E, Van der Meeren L, Turubanova VD, Hammad H, Mishchenko TA, et al. Vaccination with early ferroptotic cancer
cells induces efficient antitumor immunity. J Immunother Cancer. 2020;8(2):e001369. [DO]1]

Wiernicki B, Maschalidi S, Pinney J, Adjemian S, Vanden Berghe T, Ravichandran KS, et al. Cancer cells dying from ferroptosis impede
dendritic cell-mediated anti-tumor immunity. Nat Commun. 2022;13:3676. [DOI]

Wang P, Zhang S, Chen X, Yang XD, Huang S, Yin H, et al. Tumor cell-specific loss of GPX4 reprograms triacylglycerol metabolism to
escape ferroptosis and impair antitumor immunity in non-small cell lung cancer. Protein Cell. 2025;19:pwaf101. [DOI]

Matsushita M, Freigang S, Schneider C, Conrad M, Bornkamm GW, Kopf M. T cell lipid peroxidation induces ferroptosis and prevents
immunity to infection. J Exp Med. 2015;212(4):555-568. [DO]I]

Yao Y, Chen Z, Zhang H, Chen C, Zeng M, Yunis J, et al. Selenium-GPX4 axis protects follicular helper T cells from ferroptosis. Nat
Immunol. 2021;22(9):1127-1139. [DOI][PubMed][PMC]

Xu G, Sun S, Johnson T, Qi R, Zhang S, Zhang J, et al. The glutathione peroxidase Gpx4 prevents lipid peroxidation and ferroptosis to
sustain Treg cell activation and suppression of antitumor immunity. Cell Rep. 2021;35(11):109235. [DOI][PubMed]

Kim R, Hashimoto A, Markosyan N, Tyurin VA, Tyurina YY, Kar G, et al. Ferroptosis of tumour neutrophils causes immune suppression in
cancer. Nature. 2022;612:338-346. [DOI]

Mills EL, Ryan DG, Prag HA, Dikovskaya D, Menon D, Zaslona Z, et al. Itaconate is an anti-inflammatory metabolite that activates Nrf2 via
alkylation of KEAP1. Nature. 2018;556:113-117. [DOI]

Zhao'Y, Liu Z, Liu G, Zhang Y, Liu S, Gan D, et al. Neutrophils resist ferroptosis and promote breast cancer metastasis through aconitate
decarboxylase 1. Cell Metab. 2023;35(10):1688-1703. [DOI]

Vitale I, Manic G, Coussens LM, Kroemer G, Galluzzi L. Macrophages and metabolism in the tumor microenvironment. Cell Metab.
2019;30(1):36-50. [DOI][PubMed]

Kapralov AA, Yang Q, Dar HH, Tyurina YY, Anthonymuthu TS, Kim R, et al. Redox lipid reprogramming commands susceptibility of
macrophages and microglia to ferroptotic death. Nat Chem Biol. 2020;16:278-290. [DOI]

Rogers LK, Cismowski MJ. Oxidative stress in the lung-The essential paradox. Curr Opin Toxicol. 2018;7:37-43. [DOI]

Zemski Berry KA, Murphy RC, Kosmider B, Mason RJ. Lipidomic characterization and localization of phospholipids in the human lung. J
Lipid Res. 2017;58(5):926-933. [DOI]

Ardain A, Marakalala MJ, Leslie A. Tissue-resident innate immunity in the lung. Immunology. 2020;159(3):245-256. [DOI][PubMed][PMC]
Anderson ER, Shah YM. Iron homeostasis in the liver. Compr Physiol. 2013;3(1):315-330. [DOI][PubMed][PMC]

ten Hove M, Pater L, Storm G, Weiskirchen S, Weiskirchen R, Lammers T, et al. The hepatic lipidome: From basic science to clinical
translation. Adv Drug Deliv Rev. 2020;159:180-197. [DOI]

Chen}, Li X, Ge C, Min J, Wang F. The multifaceted role of ferroptosis in liver disease. Cell Death Differ. 2022;29:467-480. [DO]I]

Bentsen H. Dietary polyunsaturated fatty acids, brain function and mental health. Microb Ecol Health Dis. 2017;28(sup1):1281916. [DOI]
Jové M, Mota-Martorell N, Obis E, Sol J, Martin-Garf M, Ferrer I, et al. Lipid adaptations against oxidative challenge in the healthy adult
human brain. Antioxidants. 2023;12(1):177. [DOI][PubMed][PM(C]

Zecca L, Youdim MBH, Riederer P, Connor JR, Crichton RR. Iron, brain ageing and neurodegenerative disorders. Nat Rev Neurosci.
2004,5:863-873. [DOI]

Radi R. Oxygen radicals, nitric oxide, and peroxynitrite: Redox pathways in molecular medicine. Proc Natl Acad Sci U S A.


https://doi.org/10.1073/pnas.1307237110
https://doi.org/10.1371/journal.pone.0033823
https://doi.org/10.1016/j.redox.2021.102006
https://doi.org/10.1038/s41392-023-01569-3
https://doi.org/10.7150/ijbs.64982
https://pubmed.ncbi.nlm.nih.gov/35280684
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8898355
https://doi.org/10.1016/j.lfs.2024.122803
https://doi.org/10.1111/febs.15842
https://doi.org/10.7554/elife.27713
https://doi.org/10.1016/j.freeradbiomed.2018.03.001
https://doi.org/10.1016/j.cell.2017.11.048
https://pubmed.ncbi.nlm.nih.gov/29290465
https://doi.org/10.1016/j.molcel.2024.10.028
https://pubmed.ncbi.nlm.nih.gov/39547222
https://doi.org/10.1016/j.molcel.2024.10.027
https://doi.org/10.4049/jimmunol.1302801
https://doi.org/10.1136/jitc-2020-001369
https://doi.org/10.1038/s41467-022-31218-2
https://doi.org/10.1093/procel/pwaf101
https://doi.org/10.1084/jem.20140857
https://doi.org/10.1038/s41590-021-00996-0
https://pubmed.ncbi.nlm.nih.gov/34413521
https://www.ncbi.nlm.nih.gov/pmc/articles/6532429
https://doi.org/10.1016/j.celrep.2021.109235
https://pubmed.ncbi.nlm.nih.gov/34133924
https://doi.org/10.1038/s41586-022-05443-0
https://doi.org/10.1038/nature25986
https://doi.org/10.1016/j.cmet.2023.09.004
https://doi.org/10.1016/j.cmet.2019.06.001
https://pubmed.ncbi.nlm.nih.gov/31269428
https://doi.org/10.1038/s41589-019-0462-8
https://doi.org/10.1016/j.cotox.2017.09.001
https://doi.org/10.1194/jlr.m074955
https://doi.org/10.1111/imm.13143
https://pubmed.ncbi.nlm.nih.gov/31670391
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7011639
https://doi.org/10.1002/cphy.c120016
https://pubmed.ncbi.nlm.nih.gov/23720289
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3936199
https://doi.org/10.1016/j.addr.2020.06.027
https://doi.org/10.1038/s41418-022-00941-0
https://doi.org/10.1080/16512235.2017.1281916
https://doi.org/10.3390/antiox12010177
https://pubmed.ncbi.nlm.nih.gov/36671039
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9855103
https://doi.org/10.1038/nrn1537
https://doi.org/10.70401/fos.2026.0021

Ferroptosis Oxid Stress. 2026;2:202523 | https://doi.org/10.70401/f0s.2026.0021 Page 12 of 12

98.

99.

100.

101.

102.

103.

104.

105.

2018;115(23):5839-5848. [DOI]

Lorenz SM, Wahida A, Bostock MJ, Seibt T, Santos Dias Mourdo A, Levkina A, et al. A fin-loop-like structure in GPX4 underlies
neuroprotection from ferroptosis. Cell. 2026;189(1):287-306. [DOI][PubMed]

Geis L, Kurtz A. Oxygen sensing in the kidney. Nephrol Dial Transplant. 2025;40(3):446-454. [DOI][PubMed]

Kishi S, Nagasu H, Kidokoro K, Kashihara N. Oxidative stress and the role of redox signalling in chronic kidney disease. Nat Rev Nephrol.
2024;20(2):101-119. [DOI][PubMed][PM(]

Belavgeni A, Meyer C, Stumpf J, Hugo C, Linkermann A. Ferroptosis and necroptosis in the kidney. Cell Chem Biol. 2020;27(4):448-462.
[DOI][PubMed]

Tonnus W, Maremonti F, Gavali S, Schlecht MN, Gembardt F, Belavgeni A, et al. Multiple oestradiol functions inhibit ferroptosis and
acute kidney injury. Nature. 2025;645(8082):1011-1019. [DOI][PubMed][PMC]

Upadhyayula PS, Higgins DM, Mela A, Banu M, Dovas A, Zandkarimi F, et al. Dietary restriction of cysteine and methionine sensitizes
gliomas to ferroptosis and induces alterations in energetic metabolism. Nat Commun. 2023;14:1187. [DOI]

Ruiz CF, Ge X, McDonnell R, Agabiti SS, McQuaid DC, Tang Y, et al. Diet-induced phospholipid remodeling dictates ferroptosis sensitivity
and tumorigenesis in the pancreas. BioRxiv [Preprint]. 2025. [DOI]

Yavari M, Brantley KD, Carmona A, Sabatier M, Liang Y, Monge-Lorenzo J, et al. Plasma plasmalogen levels and risk of lymph node
positive breast cancer. BioRxiv [Preprint]. 2025. [DOI]

Publisher's Note

Science Exploration remains a neutral stance on jurisdictional claims in published maps and institutional affiliations. The views expressed in
this article are solely those of the author(s) and do not reflect the opinions of the Editors or the publisher.


https://doi.org/10.1073/pnas.1804932115
https://doi.org/10.1016/j.cell.2025.11.014
https://pubmed.ncbi.nlm.nih.gov/41349546
https://doi.org/10.1093/ndt/gfae225
https://pubmed.ncbi.nlm.nih.gov/39496526
https://doi.org/10.1038/s41581-023-00775-0
https://pubmed.ncbi.nlm.nih.gov/37857763
https://www.ncbi.nlm.nih.gov/pmc/articles/4309861
https://doi.org/10.1016/j.chembiol.2020.03.016
https://pubmed.ncbi.nlm.nih.gov/32302582
https://doi.org/10.1038/s41586-025-09389-x
https://pubmed.ncbi.nlm.nih.gov/40804518
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12460175
https://doi.org/10.1038/s41467-023-36630-w
https://doi.org/10.1101/2025.04.04.645324
https://doi.org/10.64898/2025.12.11.693510
https://doi.org/10.70401/fos.2026.0021

	Ferroptosis surveillance: Insights from in vivo contexts
	Abstract
	1. Introduction
	2. In Vitro Versus in Vivo Ferroptosis Surveillance Systems
	3. Modeling Ferroptosis Surveillance in Vitro
	4. Tumor Microenvironment and Ferroptosis Modulation
	4.1 Lipids
	4.2 Oxygen levels
	4.3 Amino acids
	4.4 Immune cells

	5. Considering Tissue-Specific Contexts for Modeling and Targeting Ferroptosis in Vitro
	6. Conclusions and Future Directions
	Declarations
	Authors contribution
	Conflicts of interest
	Ethical approval.
	Consent to participate.
	Consent for publication
	Availability of data and materials
	Funding
	Copyright

	References


