Dai et al. Cancer Cell International (2025) 25:83 Cancer Cell International
https://doi.org/10.1186/512935-025-03681-6

Check for
updates

JAK/STAT signaling as a key regulator
of ferroptosis: mechanisms and therapeutic
potentials in cancer and diseases

Yimeng Dai'", Chunguo Cui?’, Dan Jiao* and Xuewei Zhu*"

Abstract

Ferroptosis is a distinct form of regulated cell death characterized by iron-dependent lipid peroxidation, playing

a critical role in various diseases, including cancer, neurodegeneration, and tissue damage. This study reviews the
intricate relationship between ferroptosis and the Janus kinase/signal transducer and activator of transcription (JAK/
STAT) signaling pathway, highlighting its regulatory functions across multiple biological processes. Dysregulation
of the JAK/STAT pathway is implicated in promoting or inhibiting ferroptosis, depending on the context. JAK2
promotes ferroptosis by activating STAT proteins, modulating the expression of key regulators like SLC7A11 and
GPX4, and influencing iron homeostasis through pathways such as ferritinophagy and hepcidin regulation. STAT1
activation primarily enhances ferroptosis through the suppression of cystine-glutamate antiporter (System Xc7),
leading to glutathione depletion and lipid peroxidation, contributing to cell death in conditions like Sjogren’s
syndrome and age-related macular degeneration. In contrast, STAT3 plays a protective role by upregulating
SLC7A11 and GPX4, which inhibits ferroptosis and promotes cell survival, particularly in cancers such as
hepatocellular carcinoma, prostate cancer, and renal cell carcinoma. This study also discusses STAT6's involvement
in ferroptosis suppression in diseases like asthma and lung injury by regulating antioxidant defenses. Furthermore,
the review explores potential therapeutic strategies targeting the JAK/STAT pathway to manipulate ferroptosis

for disease treatment. In cancer therapy, modulating this pathway can enhance the effectiveness of ferroptosis
inducers, offering promising avenues to overcome drug resistance. Additionally, the interplay between ferroptosis
and JAK/STAT signaling in immune responses, oxidative stress, and lipid metabolism underscores its significance
in disease progression and therapeutic intervention. By exploring these mechanisms, this study provides insights
into the development of novel treatments targeting ferroptosis through JAK/STAT modulation, with implications for
cancer, inflammatory diseases, and neurodegenerative conditions.
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Introduction

Ferroptosis is a regulated cell death (RCD) caused by
iron-dependent lipid peroxide accumulation, particularly
in cell membranes. Unlike apoptosis, necroptosis, and
pyroptosis, it involves oxidative damage to membrane
lipids due to compromised antioxidant defenses [1]. Fer-
roptosis requires iron and polyunsaturated fatty acids in
the membrane, which undergo peroxidation, leading to
cell destruction. Ferroptosis has gained attention for its
potential to target and eliminate cancer cells selectively,
particularly those resistant to conventional therapies,
making it a promising area in cancer research [2]. Ferrop-
tosis is vital in health and disease, regulating cell death
through iron and lipid peroxidation. It plays a key role in
cancer, neurodegenerative diseases, and ischemia-reper-
fusion injuries. By controlling oxidative stress and lipid
metabolism, ferroptosis influences both cell destruction
and tissue repair. This mechanism offers therapeutic
opportunities to either inhibit cell death to prevent tis-
sue damage or trigger it to fight diseases like cancer [3].
The JAK/STAT pathway is a critical signal transduction
mechanism that mediates cellular responses to extra-
cellular signals such as cytokines and growth factors. It
consists of Janus kinases (JAKs) and signal transducers
and activators of transcription (STATs), which regulate
essential processes like cell proliferation, differentiation,
apoptosis, and immune function. Upon activation by
cytokines or growth factors, JAKs phosphorylate STAT
proteins, leading to their dimerization and transloca-
tion to the nucleus, which influences gene transcription.
Dysregulation of this pathway is linked to a variety of
diseases, including cancers (such as leukemia and breast
cancer), autoimmune disorders (like rheumatoid arthri-
tis), and inflammatory conditions. In normal health, it
plays a key role in maintaining immune responses, tis-
sue development, and cell survival. Therapeutically, JAK
inhibitors are used to treat conditions like myelofibro-
sis, psoriasis, and rheumatoid arthritis, while targeting
STATs holds potential in cancer therapies [4]. Recent
reviews have highlighted the role of key cancer-related
pathways such as AMPK, PI3K/Akt/mTOR, Wnt, Hippo,
and cGAS-STING play crucial roles in regulating fer-
roptosis, either promoting or inhibiting it to influence
tumor growth and survival. Different cells exploit these
pathways to resist ferroptosis, while immune interac-
tions in the tumor microenvironment (TME) can trig-
ger or suppress ferroptosis [5, 6]. Although accumulating
evidence exists regarding the involvement of the JAK/
STAT signaling pathway in ferroptosis regulation, no
comprehensive review has yet fully explored this rela-
tionship. Recent studies suggest that JAK/STAT signaling
influences ferroptosis by modulating cellular antioxi-
dant defenses, such as the regulation of glutathione per-
oxidase 4 (GPX4), which can suppress lipid peroxidation
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and protect against ferroptotic cell death [7]. Moreover,
inflammatory cytokines, such as IL-6, which activate
JAK/STAT signaling, may create a pro-ferroptotic micro-
environment, depending on the context [8]. This role of
JAK/STAT signaling in regulating ferroptosis represents
a promising area of research with potential therapeutic
implications, particularly in cancer.

In this review, we will discuss the interplay between fer-
roptosis and JAK/STAT signaling in human diseases. We
will highlight the significance of this interaction not only
in understanding disease mechanisms but also in devel-
oping targeted treatments. By exploring how ferroptosis
and JAK/STAT signaling converge, we aim to uncover
potential therapeutic avenues that could improve disease
management and outcomes.

Overview of JAK/STAT signaling pathway

The JAK/STAT pathway plays a crucial role in transmit-
ting signals from cytokines and growth factors to regu-
late gene expression and cellular functions like immune
response, cell proliferation, and differentiation. Dysregu-
lation of this pathway is implicated in various diseases,
including cancers, autoimmune disorders, and inflam-
matory conditions. In oncology, the persistent activation
of STAT3 drives tumor growth, immune evasion, and
resistance to therapy, while in immune-related diseases,
it contributes to chronic inflammation and impaired
immune responses. JAK/STAT inhibitors, such as Ruxoli-
tinib and Tofacitinib, are already used clinically to treat
conditions like rheumatoid arthritis and myelofibrosis.
Ongoing research is focused on further exploring the
therapeutic potential of targeting JAK/STAT, either as
monotherapy or in combination with other treatments,
particularly for cancer, to improve outcomes and man-
age drug resistance. Additionally, mechanotransduction
studies reveal that physical forces can influence the JAK/
STAT pathway, affecting tissue development and heal-
ing [9]. The JAK/STAT signaling pathway is a crucial
cellular communication system that mediates the effects
of various cytokines and growth factors. This pathway
involves JAKs, including JAK1, JAK2, JAK3, and TYK2,
that associate noncovalently with cytokine receptors.
Upon ligand binding, JAKs are activated, leading to the
tyrosine phosphorylation of the receptors, which creates
docking sites for STATs. Once recruited, STATs undergo
phosphorylation by JAKs, allowing them to dimerize
and translocate into the nucleus, where they bind to spe-
cific DNA sequences to regulate gene transcription. The
STAT family consists of seven members: STAT1, STAT2,
STAT3, STAT4, STAT5a, STAT5b, and STATS6, each with
distinct roles in immune responses, cell growth, differen-
tiation, and apoptosis. Negative regulatory mechanisms,
such as the suppressor of cytokine signaling (SOCS) fam-
ily, protein inhibitor of activated STAT (PIAS) proteins,
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and protein tyrosine phosphatases (PTPs), modulate the  Overview of ferroptosis

pathway to maintain cellular homeostasis. Through these  Ferroptosis is initiated by a loss of the cell’s antioxidant

mechanisms, the JAK/STAT pathway orchestrates a wide  defenses, specifically through the inhibition of GPX4, an

range of biological functions essential for normal cellu- enzyme that normally detoxifies lipid peroxides. Ferrop-

lar operations and immune responses (activation of JAK/  tosis is reliant on iron, which, through the Fenton reac-

STAT pathway is depicted in Fig. 1 [10]. tion, generates reactive oxygen species (ROS) that cause
severe oxidative stress and damage to cell membranes.
The regulation of ferroptosis, either by promoting or
preventing it, holds significant therapeutic potential for
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Fig. 1 The molecular steps involved in the activation of the JAK-STAT signaling pathway, a critical mechanism for transmitting signals from extracellular
cytokines to the nucleus, influencing gene expression. The process begins with cytokine-mediated receptor dimerization (step 1), where a cytokine
binds to its specific receptor on the cell surface, leading to the dimerization (pairing) of the receptor subunits. This brings the JAKs in proximity. Once the
receptors dimerize, JAK phosphorylates tyrosine residues (step 2) on the intracellular domain of the receptor, activating the JAK proteins themselves. This
phosphorylation creates docking sites for STAT proteins. In step 3, these phosphorylated tyrosine residues recruit inactive STAT proteins to the receptor
complex, where JAK then phosphorylates the STATs on specific tyrosine residues. This phosphorylation triggers dimerization of STATs (step 4), where two
phosphorylated STAT molecules pair up. This activated STAT dimer is now able to translocate into the nucleus. In step 5, the dimerized STATs move into
the nucleus, where they bind to specific sequences in the promoter region of target genes, known as STAT-binding sequences. This binding initiates
transcription of cytokine-responsive genes, ultimately leading to cellular responses such as immune modulation, growth, or differentiation. Each step in
this pathway is tightly regulated and essential for proper cellular function in response to external signals like cytokines [11]
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managing different diseases [12]. Ferroptosis is driven by
disruptions in several key metabolic pathways, primarily
involving amino acid, iron, and lipid metabolism. Amino
acid metabolism, particularly the cystine-glutathione
(GSH) axis, plays a critical role, as reduced cystine uptake
or GSH depletion increases oxidative stress and leads to
lipid peroxidation. Iron metabolism is another major
contributor, where excessive iron accumulation promotes
the Fenton reaction, generating ROS that damage cellu-
lar membranes through lipid peroxidation. Finally, lipid
metabolism, particularly involving enzymes like acyl-
CoA synthetase long-chain family member 4 (ACSL4),
facilitates the incorporation of polyunsaturated fatty
acids (PUFAs) into phospholipids, making them suscep-
tible to peroxidation. Together, these metabolic disrup-
tions create an environment conducive to ferroptosis,
characterized by an overwhelming buildup of lipid per-
oxides and ROS [12]. In addition, the nuclear factor ery-
throid 2-related factor 2 (NRF2) pathway plays a pivotal
role in regulating ferroptosis. NRF2, a key transcription
factor activated in response to oxidative stress, controls
the expression of various antioxidant and detoxifying
enzymes that are critical in inhibiting ferroptosis. One
of its major functions is upregulating the synthesis of
GSH, a vital antioxidant that acts as a cofactor for GPX4,
an enzyme that prevents lipid peroxidation by neutral-
izing lipid hydroperoxides. Additionally, NRF2 regulates
iron metabolism by controlling the expression of genes
involved in iron storage and export, such as ferritin and
ferroportin, which helps maintain intracellular iron
homeostasis and prevent excessive free iron, a catalyst for
ferroptosis. By activating these protective mechanisms,
the NRF2 pathway effectively mitigates the accumula-
tion of ROS and lipid peroxides, thereby preventing the
onset of ferroptosis and contributing to cellular resilience
against oxidative damage [13]. In this section, we review
the most important ferroptosis regulators that have intri-
cate interplay with JAK/STAT signaling pathway:

Metabolism of amino acids in Ferroptosis and antioxidant
system

The System Xc-GSH-GPX4 pathway is crucial for safe-
guarding cells against oxidative damage and prevent-
ing ferroptosis, a type of regulated cell death driven by
lipid peroxidation. This pathway starts with System Xc-,
a transporter on the cell membrane that consists of the
subunits SLC7A11 and SLC3A2 [14]. It facilitates the
exchange of intracellular glutamate for extracellular cys-
tine, allowing the import of cystine into the cell. Once
inside, cystine is reduced to cysteine, which is then used
to synthesize GSH, a tripeptide made of cysteine, gluta-
mate, and glycine, and a vital cellular antioxidant. GSH
acts as a cofactor for the enzyme GPX4, which reduces
harmful lipid hydroperoxides (PL-OOH) to non-toxic
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lipid alcohols (PL-OH) [15]. This reaction, driven by
GSH, prevents lipid peroxidation and the accumulation
of ROS that can damage cellular membranes and trigger
ferroptosis. When System Xc is inhibited, the reduction
in cystine uptake lowers intracellular GSH levels. This,
in turn, deactivates GPX4, limiting its ability to neutral-
ize lipid peroxides, leading to oxidative damage and cell
death via ferroptosis. Therefore, the System Xc-GSH-
GPX4 pathway is essential for regulating oxidative bal-
ance and protecting cells from oxidative stress-induced
ferroptosis (Fig. 2) [16].

Metabolism of lipids in ferroptosis

Lipid metabolism regulation in ferroptosis is primar-
ily governed by the balance between PUFAs and mono-
unsaturated fatty acids (MUFAs), with specific enzymes
modulating their incorporation into membrane phos-
pholipids. Enzymes like ACSL4 promote ferroptosis by
incorporating PUFAs into phospholipids, making them
susceptible to lipid peroxidation, while ACSL3 pro-
motes MUFA incorporation, which resists oxidation and
thus protects against ferroptosis [17]. Key desaturase
enzymes, such as FADS1 and ELOVL5, elongate and
desaturate fatty acids to enhance PUFA content, increas-
ing ferroptosis sensitivity [18]. Conversely, stearoyl-CoA
desaturase (SCD1) synthesizes MUFAs, which protect
against ferroptosis by reducing peroxidizable substrates
in membranes [19]. Lysophosphatidylcholine acyltrans-
ferase 3 (LPCAT3) plays a critical role in ferroptosis by
promoting the incorporation of PUFAs into phospho-
lipids, facilitating lipid peroxidation, and increasing
ferroptosis sensitivity [20]. Additionally, arachidonate
15-lipoxygenase (ALOX15) catalyzes the direct oxidation
of PUFAs, further driving lipid peroxidation and ferrop-
tosis [21]. Alongside these enzymes, antioxidant systems
like GPX4 and coenzyme Q10 (CoQ10) reduce lipid per-
oxides, preventing lethal lipid peroxidation [22]. Overall,
the regulation of lipid metabolism, including the actions
of LPCAT3 and ALOX15, determines susceptibility to
ferroptosis by influencing the lipid composition of cellu-
lar membranes and their vulnerability to oxidative dam-
age (Fig. 2) [23].

Iron-related pathways

Iron is essential for the induction of ferroptosis because
it plays a central role in generating ROS, which drive
the lipid peroxidation that is critical for this form of cell
death. Specifically, iron, in its ferrous form (Fe?*), partici-
pates in the Fenton reaction, where it reacts with hydro-
gen peroxide (H,O,) to produce hydroxyl radicals (OH),
highly reactive species that can damage lipids. These
ROS trigger the peroxidation of polyunsaturated fatty
acids in cellular membranes, leading to membrane dam-
age and eventually cell death. Iron’s ability to catalyze
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Fig. 2 This diagram illustrates the interconnected pathways involved in ferroptosis. First, the amino acid pathway is crucial for GSH production, a key
antioxidant. Cystine enters the cell through the Xc- antiporter, is converted into cysteine, and combines with glutamate and glycine to form GSH. GPX4
then uses GSH to neutralize lipid peroxides, preventing ferroptosis. Second, the lipid pathway shows how PUFAs are processed by enzymes such as ACSL4,
LPCAT3, and ALOX15, resulting in the formation of PUFA-OOH, which, if not neutralized by GPX4, triggers ferroptosis. Third, the iron pathway highlights
how Fe?* contributes to ferroptosis by generating ROS through the Fenton reaction. Iron enters cells via Tf, is reduced to Fe?* by STEAP3, and either stored
in ferritin or exported by FPN1. Excess Fe?* leads to ROS production, enhancing lipid peroxidation and promoting ferroptosis. Lastly, the Nrf2 pathway
serves as a protective mechanism against ferroptosis. Nrf2, typically inhibited by Keap1, is released during oxidative stress, translocates to the nucleus,
and activates the expression of antioxidant genes like GPX4. This helps mitigate oxidative stress, regulate lipid peroxidation, and control iron metabolism,

thereby preventing ferroptosis

this oxidative process is unique compared to other met-
als, making it a key factor in ferroptosis. Without suffi-
cient iron, the lipid peroxidation cascade is not initiated,
and ferroptosis cannot occur effectively. Therefore, iron’s
redox activity is fundamental in promoting the oxidative
stress required to execute ferroptosis [24]. Transferrin is
the primary iron-transport protein in the blood, respon-
sible for delivering iron to cells by binding to transferrin
receptors on cell membranes. During ferroptosis, the
uptake of iron via transferrin and its receptor increases
intracellular iron levels, which catalyze the formation
of ROS through the Fenton reaction. When transfer-
rin binds to its receptor (transferrin receptor 1, or TfR1)
on the cell surface, the complex is internalized through
receptor-mediated endocytosis, forming an endosome

within the cell [25, 26]. Inside the acidic environment
of the endosome, iron (Fe* ferric iron) is released from
transferrin and is then reduced to Fe*" (ferrous iron) by
a membrane-bound enzyme called six-transmembrane
epithelial antigen of prostate 3 (STEAP3) [27]. The Fe?*
is transported into the cytoplasm via the divalent metal
transporter 1 (DMT1) [28]. This form of ferrous iron
(Fe?*) is highly reactive and can participate in the Fen-
ton reaction, generating ROS. In conditions where iron
homeostasis is disrupted or when iron overload occurs,
this increased intracellular ferrous iron can induce lipid
peroxidation, a key event in ferroptosis. Therefore, the
iron imported via transferrin-TfR1 interaction can indeed
be used to induce ferroptosis under appropriate cellular
conditions [29]. Ferritin stores iron in the non-toxic form
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of Fe3* by converting Fe?" into Fe?* through a process of
oxidation. This iron is sequestered inside the ferritin pro-
tein shell to prevent cellular damage caused by free Fe**
and its involvement in oxidative reactions. Ferritinoph-
agy, a selective autophagy process mediated by nuclear
receptor coactivator 4 (NCOA4), degrades ferritin in
autophagosomes, releasing Fe?" into the lysosome. Inside
the lysosome, Fe* is reduced back to Fe>" which is then
released into the cytosol. This free Fe?* contributes to the
labile iron pool (LIP) and can drive the Fenton reaction,
generating ROS that promote lipid peroxidation and fer-
roptosis [30]. Ferroportin 1 (FPN1) is the only known cel-
lular iron exporter, playing a crucial role in maintaining
iron homeostasis and preventing ferroptosis by export-
ing excess iron from cells. FPN1 transports iron from the
cytoplasm to the extracellular space, where it binds to
transferrin, preventing the buildup of toxic intracellular
iron levels. When iron accumulates inside cells, it leads
to the formation of ROS through the Fenton reaction,
triggering lipid peroxidation and ferroptosis. By export-
ing iron, FPN1 reduces the intracellular labile iron pool,
thereby limiting oxidative stress and preventing the onset
of ferroptosis, particularly in iron-sensitive tissues like
the heart and liver (Fig. 2) [31].

NRF2 pathway

Nrf2 plays a pivotal role in regulating ferroptosis by
enhancing the cell’s defenses against oxidative damage.
As a key transcription factor, Nrf2 activates the expres-
sion of antioxidant genes, including GPX4, which is vital
for detoxifying lipid peroxides and preventing ferrop-
tosis. It also regulates iron metabolism by controlling
genes that manage iron storage and export, such as fer-
ritin and heme oxygenase-1 (HO-1), thereby reducing the
pool of free iron that fuels ferroptosis through oxidative
reactions. In addition, Nrf2 boosts glutathione produc-
tion, a crucial component for GPX4’s function, further
strengthening the cell’s ability to combat lipid peroxida-
tion. By maintaining oxidative balance, ensuring proper
mitochondrial function, and managing iron levels, Nrf2
helps inhibit ferroptosis, making it an essential factor in
preventing oxidative cell death, especially in the context
of neurodegenerative diseases (Fig. 2) [32, 33].

Regulation of ferroptosis by JAK/STAT signaling
Regulation of SLC7A11 by JAK/STAT signaling

Regulation by STAT1/SLC7A11 Axis

The JAK/STAT1 pathway plays a pivotal role in regulat-
ing ferroptosis, particularly in the context of Sjogren’s
syndrome (SS). When interferon-y (IFN-y) is elevated,
as seen in SS, it activates the JAK/STAT1 signaling cas-
cade. This activation leads to phosphorylation of STAT1,
which then inhibits the expression of key components of
the cystine-glutamate antiporter, known as System Xc".
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As a result, lipid ROS accumulate, leading to oxidative
damage and ferroptosis in salivary gland epithelial cells
(SGEC). By suppressing the System Xc™/GSH/GPX4 axis,
the JAK/STAT1 pathway effectively promotes ferroptosis,
contributing to cell death and tissue damage in SS. Inhib-
iting JAK or STAT1 can rescue SGECs from this IFN-y-
induced ferroptosis, underscoring the pathway’s central
role in mediating this cell death process [34]. JAK1-2/
STAT1 pathway is identified as a crucial mechanism
through which IFN-y induces ferroptosis in retinal pig-
ment epithelial (RPE) cells, contributing to the pathogen-
esis of age-related macular degeneration (AMD). IFN-y
activates the JAK1-2/STAT1 signaling cascade, which
downregulates the expression of System Xc~ components
SLC7A11 and SLC3A2. This leads to a reduction in intra-
cellular cystine uptake, depletion of GSH, and suppres-
sion of GPx4, a key enzyme that protects against lipid
peroxidation. The resulting GSH depletion and increased
lipid peroxidation, along with elevated intracellular iron
levels (due to IFN-y-induced inhibition of the iron efflux
protein SLC40A1), drive ferroptosis in RPE cells. Inhibit-
ing the JAK1-2/STAT1 pathway using specific inhibitors
(ruxolitinib and fludarabine) can rescue the downregu-
lation of SLC7A11, SLC3A2, and GPX4, and prevent
IFN-y-induced cell death, suggesting that targeting this
pathway could serve as a therapeutic strategy to mitigate
RPE cell damage and slow AMD progression (Fig. 3) [35].

Regulation by of STAT3/SLC7A11 Axis

The JAK2/STAT3 signaling pathway plays a crucial role
in regulating the expression of SLC7Al1l. When the
JAK2/STAT3 pathway is activated, typically by cytokines
or growth factors, JAK2 phosphorylates STAT3, which
then translocates to the nucleus and binds to the pro-
moter region of target genes, including SLC7A11. This
upregulation of SLC7A11 enhances cystine uptake,
boosting glutathione production, neutralizing ROS and
inhibiting lipid peroxidation, a key driver of ferroptosis.
Therapeutic interventions, such as iron chelators like
deferasirox, can restore JAK2/STAT3 activity, enhancing
SLC7A11 expression and mitigating ferroptosis, thus
protecting against conditions such as insulin resistance
and liver damage associated with iron overload [36]. IL-6
plays a crucial role in modulating ferroptosis, particularly
in the context of renal cell carcinoma (RCC) resistance to
tyrosine kinase inhibitors (TKIs). IL-6 is known to acti-
vate the JAK2-STAT3 signaling pathway, which leads to
the upregulation of SLC7A11. By promoting SLC7A11
expression, IL-6 inhibits lipid peroxidation, a critical pro-
cess in ferroptosis, thereby preventing ferroptotic cell
death. This ferroptosis inhibition allows RCC cells to
evade cell death despite therapeutic pressure, contribut-
ing to TKI resistance. Thus, IL-6 not only promotes
tumor survival and proliferation through the IL-6-STAT3
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Fig. 3 The regulation of ferroptosis by JAK/STAT signaling pathways, focusing on the roles of different STAT proteins, including STAT1, STAT3, and STAT6, in
modulating ferroptosis through pathways like SLC7AT1 and GPX4 (Amino acid metabolism). STATT and ferroptosis: Upon activation by interferon-y (IFN-y),
the JAK1/2-STAT1 pathway downregulates the cystine-glutamate antiporter (System Xc—), reducing cystine uptake and leading to GSH depletion. This
suppression of the GSH/GPX4 axis results in increased lipid peroxidation and ferroptosis, contributing to cell death in diseases such as SS AMD. STAT3 and
ferroptosis: The IL-6/JAK2/STAT3 pathway plays a crucial role in regulating ferroptos is resistance across various cancers, including RCC and HNSCC. IL-6
activates STAT3, promoting the transcription of SLC7A11, which enhances cystine uptake and GSH synthesis, thereby inhibiting ferroptosis. Additionally,
the SHP-1/STAT3/SLC7A11 axis regulates the MCL1-BECN1 interaction, impacting ferroptosis in HCC and NSCLC. ARPCTA, transcriptionally regulated
by STAT3, also inhibits ferroptosis in prostate cancer by reducing GPX4 and SLC7A11 expression, facilitating tumor progression. STAT6 and ferroptosis: In
conditions such as asthma and ALl, IL-13 activates the JAK2/STAT6 pathway, which promotes the degradation of SLC7A11 via SOCST1, leading to increased
ferroptosis in airway epithelial cells. Furthermore, STAT6 inhibits P53 acetylation, thereby enhancing SLC7A11 expression, which mitigates ferroptosis

during lung injury

pathway but also actively suppresses ferroptosis, making
it a significant factor in the development of drug resis-
tance in RCC [37]. In the in vivo experiments conducted
on head and neck squamous cell carcinoma (HNSCC),
the role of IL-6 in ferroptosis resistance was explored
using a xenograft model. CAL27 cells, either with xCT
knockdown or treated with the ferroptosis inducer eras-
tin, were injected into BALB/c-nu mice. Tumor growth
was significantly reduced in the groups where xCT was
knocked down, or erastin was administered, indicating
the induction of ferroptosis. However, when IL-6 was co-
administered, tumor growth inhibition was reversed,
with a notable increase in tumor weight and volume.
Immunohistochemistry (IHC) analysis of the xenografts
revealed that IL-6 reduced the levels of 4-hydroxynone-
nal (4-HNE), a marker of lipid peroxidation associated
with ferroptosis, which were elevated by erastin treat-
ment. These results indicate that IL-6 promotes

ferroptosis resistance by upregulating xCT in vivo, allow-
ing tumor cells to overcome oxidative stress and continue
proliferating despite treatment aimed at inducing ferrop-
tosis [38]. The IL-6/STAT3/SLC7A11 pathway plays a
pivotal role in the mechanistic target of rapamycin com-
plex 1 (mTORC1)-mediated ferroptosis resistance and
tumor growth. Upon mTORCI activation, the expression
of endoplasmic reticulum oxidoreductase 1 alpha
(ERO1la) is upregulated, which in turn stimulates the
secretion of IL-6. IL-6 activates the STAT3 signaling
pathway, promoting the transcription of SLC7A11. Ele-
vated SLC7A11 levels enhance the cellular defense
against ferroptosis by maintaining glutathione levels and
reducing lipid peroxidation, thus conferring resistance to
ferroptosis. Consequently, this pathway not only facili-
tates the survival of mTORCI1-activated cells under fer-
roptotic stress but also promotes tumor growth through
increased cell proliferation and angiogenesis. Inhibition
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of the IL-6/STAT3/SLC7A11 axis, therefore, emerges as a
potential therapeutic strategy to overcome ferroptosis
resistance and impede tumor progression in mTORC1-
driven cancers [39]. Sorafenib is a multi-kinase inhibitor
used in cancer treatment that targets pathways involved
in tumor cell proliferation and angiogenesis. It affects the
STAT3/MCL1/BECN1/SLC7A11 axis by inhibiting
STAT3 activation, leading to the downregulation of
myeloid cell leukemia-1 (MCL1). MCL1 typically binds
to and sequesters Beclin-1 (BECN1), preventing BECN1
from interacting with the cystine/glutamate antiporter
subunit SLC7A11, which helps import cystine and pro-
tect against oxidative stress. When MCL1 is downregu-
lated by sorafenib, BECN1 is freed to bind SLC7A11,
inhibiting its activity. This disruption in cystine import
leads to increased lipid peroxidation and triggers ferrop-
tosis, a type of cell death, especially in MCL1-downregu-
lated non-small cell lung cancer (NSCLC) cells [40]. In
Hepatocellular carcinoma (HCC), sorafenib induces fer-
roptosis through the SHP-1/STAT3 signaling axis, which
regulates the interaction between BECN1 and SLC7A11.
Sorafenib activates SHP-1 (Src homology region 2
domain-containing phosphatase-1), which in turn inhib-
its STAT3 phosphorylation. This inhibition downregu-
lates STAT3 activity, reducing the expression of
anti-apoptotic and ferroptosis-resistant genes. As a
result, MCL1, which binds to BECN1 to prevent its inter-
action with SLC7A11, is downregulated. This allows
BECN1 to bind to and inhibit SLC7A11 for importing
cystine to neutralize oxidative stress. By inhibiting
SLC7A11, sorafenib increases lipid peroxidation and
induces ferroptosis in HCC cells, enhancing its anti-
tumor effects. Thus, the SHP-1/STAT3 signaling axis
plays a crucial role in promoting ferroptosis by modulat-
ing the BECN1-SLC7A11 interaction in sorafenib-treated
HCC [41]. Methionine adenosyltransferase 2 A (MAT2A)
inhibits ferroptosis in osteosarcoma progression by mod-
ulating the STAT3/SLC7A11 signaling pathway. It was
found that high expression of MAT2A correlates with
poorer patient prognosis and promotes tumor malig-
nancy. MAT2A suppression, through shRNA or the
inhibitor FIDAS-5, significantly increased intracellular
ferrous iron levels and reduced GSH synthesis, both criti-
cal for inducing ferroptosis. In vivo experiments using a
mouse osteosarcoma xenograft model showed that
MAT?2A knockdown led to a marked reduction in tumor
size and weight, demonstrating its potent anticancer
effect. Mechanistically, MAT2A inhibition decreased the
phosphorylation of STAT3 (p-STAT3), a key regulator
that enhances SLC7A11 expression, which in turn blocks
ferroptosis by promoting cystine uptake and GSH syn-
thesis [42]. Similarly, ARPC1A (actin-related protein 2/3
complex subunit 1 A) is involved in prostate cancer (PCa)
progression by inhibiting ferroptosis. ARPC1A is
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transcriptionally regulated by STAT3, which binds to its
promoter region, leading to its overexpression. Knock-
down of ARPCI1A significantly reduces prostate cancer
cell viability and invasion while promoting ferroptosis.
The reduction of ARPC1A decreases the expression of
key ferroptosis regulators GPX4 and SLC7A11, thereby
facilitating ferroptosis. In vivo experiments using a
mouse xenograft model confirmed that ARPC1A knock-
down inhibited tumor growth and induced ferroptosis,
providing evidence that ARPC1A acts as a negative regu-
lator of ferroptosis through the STAT3 pathway, promot-
ing prostate cancer progression. Thus, ARPCIA may
serve as a potential therapeutic target and a prognostic
marker in PCa [43]. Doxorubicin-induced cardiotoxicity
(DIC) refers to the severe heart damage caused by the
chemotherapeutic drug doxorubicin (DOX), widely used
in cancer treatment. While highly effective against vari-
ous cancers, DOX can lead to oxidative stress, mitochon-
drial dysfunction, and a distinct form of cell death known
as ferroptosis in cardiomyocytes, the heart muscle cells.
The histamine/H1 receptor (H1R) pathway plays a crucial
protective role in this context. Histamine, a biogenic
amine, signals through HIR to activate the STAT3-
SLC7A11 pathway, which helps regulate oxidative stress
and suppress ferroptosis. SLC7A11, a key transporter in
the cystine/glutamate antiporter system, supports GSH
synthesis, essential for combating lipid peroxidation.
When histamine/H1R signaling is disrupted, through his-
tamine deficiency or pharmacological inhibition, there is
decreased activation of STAT3, leading to reduced
SLC7A11 expression and heightened susceptibility to fer-
roptosis in cardiomyocytes. As a result, the heart
becomes more vulnerable to DOX-induced oxidative
damage, worsening cardiotoxicity [44]. Neuronal ferrop-
tosis, driven by GPX4-GSH dysfunction, significantly
contributes to the susceptibility of epilepsy. In epileptic
mice, neuronal injury and increased ROS production
were observed in the hippocampus, along with higher
expression of ferroptosis markers such as DPP4, 4-HNE,
and phosphorylated Erk, while GPX4 levels were down-
regulated. Inhibition of ferroptosis using Fer-1 or GSH
reduced seizure severity, improved neuronal survival,
and decreased ferroptosis-related protein expression.
Neurotoxic Al astrocytes were identified as key inducers
of neuronal ferroptosis in epilepsy, with increased activa-
tion in epileptic brains, evidenced by higher expression of
A1 markers such as C3 and $S100a10. A1 astrocyte activa-
tion elevated ROS levels and ferroptosis markers, while
inhibiting GPX4-GSH antioxidant signaling in neurons.
In vitro, Al astrocyte-conditioned medium induced neu-
rotoxicity and ferroptosis in neuronal cells, which was
mitigated by ferroptosis inhibitors. A1 astrocyte-secreted
CXCLI10 sensitized neurons to ferroptosis via the CXCR3
receptor, activating the STAT3/SLC7A11 pathway,
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leading to lipid peroxidation and neuronal injury. Clinical
relevance was confirmed as epileptic patients displayed
elevated markers of Al astrocytes, increased CXCL10
levels, and decreased expression of GPX4 and SLC7A11,
linking A1l astrocyte-induced ferroptosis to epilepsy
(Fig. 3) [45].

Regulation by STAT6/SLC7A11 Axis

STAT6 inhibits ferroptosis and alleviates acute lung
injury (ALI) by modulating the P53/SLC7A11 pathway.
During ALI, STAT6 was found to be upregulated and
serves as a key regulator in reducing ferroptosis in lung
epithelial cells. Mechanistically, STAT6 inhibits the acet-
ylation of P53, a crucial regulator of ferroptosis, by com-
petitively binding to the CREB-binding protein (CBP), an
acetyltransferase that enhances P53 acetylation. This inhi-
bition of P53 acetylation decreases P53’s ability to sup-
press the expression of SLC7A11. By restoring SLC7A11
expression, STAT6 enhances the cells’ capacity to combat
oxidative stress and lipid peroxidation, thereby reducing
ferroptosis and mitigating lung injury. This pathway high-
lights STAT®6 as a potential therapeutic target for treating
ALI [46]. IL-13 exacerbates asthma by driving ferroptosis
in airway epithelial cells through a pathway mediated by
SOCSI. Upon IL-13 stimulation, STAT6 becomes acti-
vated, promoting the transcription of SOCSI1. As an E3
ubiquitin ligase, SOCS1 binds to SLC7A11. SOCSI facili-
tates the ubiquitinated degradation of SLC7A11, thereby
reducing cellular antioxidant defenses, which leads to an
accumulation of lipid peroxidation and the depletion of
glutathione. This shift in redox balance sensitizes cells
to ferroptosis. The degradation of SLC7A1ll weakens
the cells’ ability to manage oxidative stress, resulting in
increased lipid ROS, mitochondrial damage, and cellu-
lar death. In the context of asthma, this IL-13/SOCS1/
SLC7A11 axis promotes ferroptotic death of airway epi-
thelial cells, contributing to airway inflammation, mucus
hypersecretion, and airway hyperresponsiveness (AHR),
thereby exacerbating the symptoms and progression of
Th2-high asthma (Fig. 3) [47].

Regulation of GPX4 pathway by JAK/STAT signaling
Regulation by STAT3/GPX4 Axis

JAK2/STAT3 signaling plays a pivotal role in regulating
ferroptosis in renal cancer under energy-stress condi-
tions. Inactivation of the JAK2/STAT3 pathway leads to
the upregulation of P53, which in turn promotes AMP-
activated protein kinase (AMPK)-mediated ferroptosis
by suppressing GPX4. Glucose deprivation, simulating
energy stress, activated AMPK and significantly increased
erastin-induced ferroptosis in renal cancer cells, as evi-
denced by mitochondrial shrinkage, GSH depletion,
malondialdehyde (MDA) production, and increased cel-
lular iron levels. AMPK activation not only suppressed
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GPX4 at the transcriptional level but also enhanced the
ferroptotic response, which could be reversed by overex-
pressing GPX4. Further, P53 upregulation contributed to
this process, as inhibition of P53 restored GPX4 expres-
sion and reduced ferroptosis. Importantly, AMPK acti-
vation was shown to inhibit the JAK2/STAT3 pathway,
and overexpression of JAK2 counteracted the ferroptotic
effects by reducing P53 expression and restoring GPX4
levels. These findings suggest that the JAK2/STAT3/P53
axis is crucial in mediating energy-stress-induced fer-
roptosis in renal cancer, and targeting this pathway may
provide a therapeutic strategy for enhancing ferroptosis
in cancer treatment [48]. JAK2/STAT3 plays a crucial
role in growth differentiation factor 15 (GDF15)-medi-
ated protection against sepsis-induced cardiomyopathy
(SIC) by inhibiting cardiomyocyte ferroptosis through
the SOCS1/GPX4 signaling pathway. GDF15, a member
of the transforming growth factor beta (TGF-B) fam-
ily, exerts its cardioprotective effects by activating the
ALK5-SMAD2/3 pathway, which downregulates SOCS1
expression. This downregulation of SOCS1 relieves its
inhibitory effect on the JAK2/STAT3 pathway, allowing
STAT3 activation. Once activated, STAT3 translocates
to the nucleus, where it promotes the transcription of
GPX4, a key enzyme that prevents ferroptosis by reduc-
ing lipid peroxidation. By enhancing GPX4 expression,
the JAK2/STAT3 pathway helps preserve cardiomyocyte
function, reduces oxidative stress, and maintains mito-
chondrial integrity, all of which are critical for preventing
ferroptotic cell death. In contrast, antagonizing GDF15
worsens myocardial damage in SIC, highlighting its role
in restoring cardiac function [49]. Elabela is an endoge-
nous peptide and a ligand for the apelin receptor (APJ),
primarily expressed in cardiac microvascular endothelial
cells (CMVECs). It plays a crucial role in cardiovascu-
lar homeostasis. In hypertensive mice, elabela alleviates
ferroptosis, myocardial remodeling, fibrosis, and heart
dysfunction by modulating the IL-6/STAT3/GPX4 sig-
naling pathway. Angiotensin II (Ang II), a key mediator
in hypertension, induces oxidative stress, inflammation,
and ferroptosis in CMVECs, leading to adverse cardiac
remodeling and dysfunction. Elabela counters these
effects by inhibiting the IL-6/STAT3 signaling, which
reduces inflammation and oxidative damage. Simulta-
neously, elabela activates the xCT/GPX4 axis, a critical
defense against ferroptosis, by enhancing antioxidant
activity and iron regulation. Through these mechanisms,
elabela protects the heart from Ang II-induced injury,
reducing fibrosis, hypertrophy, and improving overall
cardiac function, offering a potential therapeutic target
for hypertensive heart disease [50]. Blue light (BL), espe-
cially from LED devices, has been found to induce ferrop-
tosis in conjunctival epithelial cells, both in vivo and in
vitro, by affecting key regulatory pathways. BL exposure



Dai et al. Cancer Cell International (2025) 25:83

inhibits the phosphorylation and activation of STAT3.
This transcription factor normally promotes the expres-
sion of critical ferroptosis regulators such as GPX4,
SLC7A11, and FTHI1. This downregulation disrupts
iron metabolism, leading to increased intracellular Fe**,
ROS, and lipid peroxidation. These changes contribute
to the initiation of ferroptosis in conjunctival epithelial
cells, resulting in significant cell injury. Treatment with
Ferrostatin-1 (Fer-1), a ferroptosis inhibitor, has been
shown to alleviate these BL-induced injuries, reducing
Fe? levels, LPO accumulation, and oxidative stress. This
suggests that modulating the STAT3/GPX4/SLC7A11/
FTH1 axis could be a promising therapeutic approach
to mitigate BL-induced conjunctival damage and related
dry eye syndromes [51]. In mice, the E3 ubiquitin ligase
Syvnl plays a crucial role in inhibiting neuronal ferropto-
sis and promoting recovery after spinal cord injury (SCI)
by stabilizing the transcription factor Stat3 and activating
the Stat3/Gpx4 signaling axis. After SCI, Syvnl interacts
with Stat3, enhancing its stability through K63-linked
ubiquitination, preventing degradation. This stabilized
Stat3 promotes the transcription of Gpx4. By enhanc-
ing Gpx4 expression, Syvnl reduces oxidative damage,
suppresses ferroptosis, and promotes neuronal survival.
These actions collectively contribute to improved motor
function and recovery in SCI models, highlighting Syvn1
as a potential therapeutic target for SCI treatment [52].
LncRNAs (long non-coding RNAs) are RNA molecules
longer than 200 nucleotides that do not encode proteins
but regulate gene expression and cellular processes [53].
The long non-coding RNA PVT1 was found to pro-
mote osteosarcoma progression by inhibiting ferropto-
sis through the activation of the STAT3/GPX4 signaling
pathway. PVT1 was shown to increase the levels of phos-
phorylated STAT3, which in turn upregulated GPX4, an
enzyme that protects cells from lipid peroxidation and
ferroptosis. Knockdown of PVT1 in osteosarcoma cells
led to increased ferroptosis markers such as ROS, MDA,
and Fe™, along with reduced GPX4 expression, ulti-
mately inhibiting cell proliferation, migration, and inva-
sion. However, overexpression of STAT3 rescued these
effects, restoring GPX4 levels and reducing ferroptosis.
This suggests that PVT1 drives osteosarcoma metastasis
by activating the STAT3/GPX4 axis to suppress ferrop-
tosis, highlighting PVT1 as a potential therapeutic target
for osteosarcoma treatment [54]. Researchers have inves-
tigated the role of NADPH oxidase 2 (Nox2) in regulat-
ing ferroptosis in trophoblast cells and its contribution to
the pathogenesis of preeclampsia (PE). Nox2 was signifi-
cantly upregulated in the placentas of PE patients, while
STAT3 and GPX4, key regulators of ferroptosis, were
downregulated. Nox2 was shown to promote ferropto-
sis in trophoblasts, characterized by increased ROS and
lipid peroxidation, leading to impaired cell proliferation,
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invasion, and mitochondrial dysfunction. Knockdown
of Nox2 inhibited ferroptosis by restoring STAT3 and
GPX4 expression, improving mitochondrial respiration,
reducing glycolysis, and promoting angiogenesis. Further
results demonstrated that Nox2 interacts with STATS3,
regulating the STAT3/GPX4 pathway to drive ferroptosis
(Fig. 3) [55].

Regulation of NRF2/HO-1 pathway by JAK/STAT signaling
Regulation by STAT3/NRF2 Axis

NRF?2 plays a critical role in suppressing ferroptosis and
promoting osteogenic differentiation by interacting with
phosphorylated STAT3 (p-STAT3) in the nucleus. It
has been found that erastin-induced ferroptosis, which
leads to oxidative stress and cell death in osteoblasts,
aggravates alveolar bone loss, a condition worsened in
periodontitis. However, IL-17 alleviated these effects by
upregulating NRF2 expression, increasing the expres-
sion of ferroptosis-related molecules such as GPX4 and
SLC7A11. IL-17 facilitated the nuclear translocation
of NRF2, where it physically interacted with p-STATS3,
forming a complex that promoted the transcription of
key antioxidant and osteogenesis-related genes, includ-
ing Runx2, Alp, Osx, and Ocn. This interaction between
NRF2 and p-STAT3 enhanced osteoblast differentiation
and mineralization, thus reversing the detrimental effects
of ferroptosis on bone formation [56]. The induction of
ferroptosis by impairing the STAT3/Nrf2/GPX4 signaling
pathway enhances the sensitivity of osteosarcoma cells to
cisplatin by counteracting the cells’ defense mechanisms
against oxidative stress and cell death. Osteosarcoma
cells often develop resistance to cisplatin, a commonly
used chemotherapy drug, by increasing their antioxidant
capacity through the upregulation of the STAT3/Nrf2/
GPX4 pathway. This pathway promotes cell survival by
reducing oxidative damage and inhibiting ferroptosis. In
cisplatin-resistant osteosarcoma cells (MG63/DDP and
Saos-2/DDP), the proteins p-STAT3, Nrf2, and GPX4
are overexpressed, which enhances the cells’ ability to
neutralize ROS and lipid peroxides, effectively prevent-
ing ferroptosis and maintaining cell viability. By inhibit-
ing STAT3 with specific inhibitors like BP-1-102, or by
using ferroptosis inducers such as Erastin and RSL3, this
protective signaling cascade is disrupted. This impair-
ment leads to a reduction in Nrf2 and GPX4 levels,
weakening the cells’ antioxidant defenses. Consequently,
the accumulation of ROS and lipid peroxides triggers
ferroptosis, increasing cell death and making the cispla-
tin-resistant osteosarcoma cells more vulnerable to the
cytotoxic effects of cisplatin. This suggests that targeting
the STAT3/Nrf2/GPX4 pathway can sensitize resistant
cancer cells to chemotherapy by promoting ferroptosis,
offering a novel strategy to overcome drug resistance in
osteosarcoma (Fig. 4) [57].
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diseases

Regulation by STAT3/HO-1

The aryl hydrocarbon receptor (AhR) is a ligand-activated
transcription factor that regulates the body’s response
to environmental toxins and influences various biologi-
cal processes, including immune function, cell growth,
and differentiation. AhR is primarily triggered by envi-
ronmental pollutants like dioxins, as well as endogenous
compounds, leading to its movement into the nucleus,
where it modulates gene expression. It also plays a critical
role in managing iron levels, oxidative stress, and inflam-
mation, making it relevant to health and disease, includ-
ing ferroptosis. In liver disease, the AhR—-STAT3-HO-1/
COX-2 signaling pathway helps control ferroptosis,
which is driven by iron accumulation and lipid peroxida-
tion. Inhibiting AhR reduces the activation of the STAT3
pathway, which normally promotes the production of
HO-1 and cyclooxygenase-2 (COX-2). HO-1 breaks
down heme to release free iron, contributing to ferrop-
tosis by increasing the labile iron pool, while COX-2 trig-
gers inflammation and lipid damage. By blocking AhR,

these effects are mitigated, leading to reduced ferroptosis
in the liver. This creates a more favorable environment
for human mesenchymal stem cells (hMSCs), enhancing
their survival, accumulation, and therapeutic effective-
ness in treating liver injury (Fig. 4) [58].

Iron metabolism regulation pathway by JAK/STAT signaling
Regulation by STAT1/Ferritin Axis

STAT1, a key transcription factor known for promot-
ing the expression of ferritin genes (FTH and FTL), was
observed to be dissociated from the promoters of these
genes by OGEFR during doxorubicin-induced cardiotoxic-
ity (DIC). OGEFR, when activated by opioid growth fac-
tor (OGF), translocates to the nucleus and binds to the
promoter regions of FTH and FTL, competitively inhib-
iting STAT1 from accessing these sites. This disruption
of STAT1’s ability to promote ferritin gene transcrip-
tion results in downregulating ferritin production, a
critical protein involved in iron storage. The reduced
ferritin levels lead to iron dysregulation, exacerbating
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cardiomyocyte ferroptosis, thus intensifying DIC-related
cardiac damage. This mechanism highlights the pivotal
role of OGEFR in repressing ferritin gene expression and
promoting ferroptosis during Dox-induced cardiotoxicity
(Fig. 4) [59].

Regulation by STAT3/FPN-1 and DMT1 Axis

High hepcidin levels play a crucial role in promoting
abnormal iron metabolism and ferroptosis in chronic
atrophic gastritis (CAG). Hepcidin, primarily produced
by gastric parietal cells, inhibits the iron-exporting pro-
tein FPN1, leading to iron accumulation in gastric tissues.
This iron overload contributes to oxidative stress through
the Fenton reaction, which generates ROS, triggering
lipid peroxidation and ultimately causing ferroptosis,
a form of cell death dependent on iron. In CAG, hepci-
din levels are elevated due to the activation of the IL-6/
STATS3 signaling pathway. IL-6, a pro-inflammatory cyto-
kine, binds to its receptor (IL-6R), activating the JAK2/
STAT3 pathway, which enhances the transcription of
hepcidin. This cascade not only results in iron retention
in gastric tissue, promoting ferroptosis, but also impairs
iron absorption in the duodenum by downregulating the
expression of FPN1 and DMT1. As a result, the IL-6/
STAT3-induced upregulation of hepcidin exacerbates
iron metabolism disorders in CAG, contributing to tissue
damage and disease progression (Fig. 4) [60].

Regulation by STAT3/ NCOA4 Axis

The STAT3/NCOA4/FTH1 pathway plays a critical role
in driving ferroptosis in high-fat diet (HFD)-induced car-
diac injury by regulating the degradation of ferritin, a key
iron-storage protein. In response to HFD, the activation
of STAT3 signaling, often triggered by elevated IL-6 lev-
els, leads to the upregulation of NCOA4, a cargo recep-
tor that mediates ferritinophagy, an autophagic process
that degrades ferritin. This degradation releases iron into
the cytoplasm, causing iron overload, which fuels ROS
production through Fenton reactions. The resulting oxi-
dative stress and lipid peroxidation trigger ferroptosis, a
form of regulated cell death. FTH]I, a subunit of ferritin,
normally helps store and sequester iron, but its levels are
diminished due to increased ferritinophagy driven by
NCOAA4. Thus, the STAT3/NCOA4/FTH1 axis promotes
iron dysregulation, ROS accumulation, and lipid per-
oxidation, culminating in ferroptosis and contributing to
the progression of cardiac injury under HFD conditions
(Fig. 4) [61].

Regulation of lipid metabolism by JAK/STAT signaling
pathway

Regulation by STAT1/ACSL Axis

The STAT1-IRF1-ACSL4 pathway plays a pivotal role in
triggering ferroptosis in intestinal epithelial cells (IECs)
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following radiation exposure by upregulating the expres-
sion of ACSL4, a key enzyme responsible for driving
ferroptosis. Upon radiation exposure, STAT1 becomes
activated through phosphorylation. This phosphorylated
STAT1 translocates into the nucleus, where it enhances
the expression of downstream transcription factors,
notably IRF1 (interferon regulatory factor 1). IRF1, in
turn, directly binds to the promoter region of the ACSL4
gene, inducing its transcription. ACSL4 is crucial for
promoting ferroptosis as it facilitates the esterification
of PUFAs, particularly arachidonic acid (AA), into phos-
pholipids, which are subsequently oxidized to form lipid
peroxides. These lipid peroxides are toxic and act as key
executioners of ferroptosis. In this process, the accumu-
lation of lipid peroxides leads to oxidative damage to the
cell membranes of IECs, resulting in cell death. Thus,
the radiation-induced activation of the STAT1-IRF1 axis
directly upregulates ACSL4, amplifying lipid peroxida-
tion and triggering ferroptosis in IECs, which contributes
to the overall pathology of radiation-induced intestinal
injury (RII) [62]. STAT1 has a pivotal function in regu-
lating ACSL1 and promoting ferroptosis, particularly in
diabetic nephropathy (DN). STAT1 is activated by hyper-
glycemic conditions, leading to its translocation from the
cytoplasm to the nucleus, where it binds to specific pro-
moter regions of target genes, including ACSL1. A key
STAT1 binding site within the ACSL1 promoter region
has been identified and confirmed through chroma-
tin immunoprecipitation (ChIP) assays and mutational
analysis, which revealed that STAT1 directly enhances
ACSL1 transcription. The upregulation of ACSL1 by
STAT1 increases the expression of enzymes involved in
PUFA metabolism, which are highly susceptible to lipid
peroxidation, a hallmark of ferroptosis. By stimulat-
ing ACSL1 expression, STAT1 drives the production of
phospholipid-PUFAs, amplifying lipid peroxidation and
triggering ferroptosis in renal cells. Furthermore, PRMT6
modulates STAT1 activity by methylating STAT1, which
reduces its phosphorylation and nuclear translocation,
thus attenuating its ability to promote ACSL1 transcrip-
tion. Therefore, the STAT1-mediated increase in ACSL1
expression significantly contributes to lipid peroxidation
and ferroptosis, making STAT1 a critical regulator in
the ferroptotic cell death pathway within hyperglycemic
environments, such as those found in DN (Fig. 5) [63].

Regulation by STAT3/Lipid Axis

Lipid metabolism plays a crucial role in the patho-
physiology of acute kidney injury (AKI), particularly in
the regulation of tubular epithelial cells (TECs) during
stress conditions. In the study on AKI, it was observed
that STAT3 signaling drives the expression of ACSL4.
However, in the context of ER-stress-induced AKI, the
upregulation of ACSL4 by STATS3 leads to a remodeling
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via TAM-derived miRNA-660-5p, which downregulates ALOX15

of the TEC lipidome that directs PUFAs toward triglyc-
eride (TAG) synthesis instead of phospholipids, reduc-
ing the vulnerability of TECs to ferroptosis. This process
begins with endoplasmic reticulum (ER) stress, which
induces the unfolded protein response (UPR) and drives
the secretion of IL-6 family cytokines such as IL-6 and
oncostatin M (OSM). These cytokines activate STAT3
signaling in TECs. In vivo, ER stress triggered by tunica-
mycin significantly increased the expression of ACSL4 in
TECs at both the transcript and protein levels, a process
largely dependent on STAT3 activation. IL-6 and OSM
were shown to induce ACSL4 expression through STATS3,
and inhibition of STAT3 signaling using the chemical

inhibitor Stattic or STAT3-specific siRNA blunted this
ACSL4 upregulation, confirming STAT3’s central role in
this pathway. Interestingly, despite the robust upregula-
tion of ACSL4, the TECs did not exhibit increased sus-
ceptibility to ferroptosis. Lipidomic analysis revealed
that ER stress decreased phosphatidylethanolamines
(PEs) and phosphatidylcholines (PCs), key lipid species
prone to peroxidation. Instead, PUFAs were preferen-
tially stored in TAGs, which are less susceptible to oxida-
tive damage. This shift in lipid metabolism, particularly
the suppression of LPCAT3, the enzyme responsible
for incorporating PUFAs into PEs, likely prevents fer-
roptosis. Moreover, mitochondrial functional analysis
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indicated that ER-stressed TECs experienced impaired
fatty acid oxidation (FAO) and reduced ATP production,
contributing to an energetic depression, further support-
ing the protective shift away from ferroptosis-prone lipid
species [64]. The IL-9/STAT3/fatty acid oxidation path-
way is crucial in enhancing the longevity and antitumor
activity of Tc9 cells, a specialized subset of CD8" T cells.
These cells demonstrate lower levels of lipid peroxidation
and greater resistance to ferroptosis compared to other
cytotoxic T cells, such as Tcl cells, which contributes to
their enhanced persistence in the TME. This is due to the
upregulation of fatty acid oxidation, driven by IL-9 sig-
naling through the STAT3 pathway, which activates the
key enzyme carnitine palmitoyltransferase I (CPT1A).
By boosting mitochondrial fatty acid oxidation, Tc9 cells
maintain lower levels of harmful lipid peroxides and pro-
tect themselves from the oxidative stress typically found
in tumors. In human cancer, such as melanoma, circu-
lating CD8+ T cells exhibit lower lipid peroxidation and
higher IL-9 expression than tumor-infiltrating CD8+ T
cells, suggesting that lipid peroxidation contributes to
T cell dysfunction in tumors. Targeting this pathway by
enhancing fatty acid oxidation or inhibiting ferroptosis
could improve the efficacy of T cell-based cancer thera-
pies, such as adoptive cell transfer (ACT). Conversely,
blocking IL-9 or STAT3 signaling increases lipid peroxi-
dation and ferroptosis, impairing Tc9 cell persistence and
antitumor effects. These findings indicate that regulating
lipid metabolism in T cells could be a promising strat-
egy to enhance immunotherapy outcomes [65]. IL-10
alleviates hemin-induced lipid ROS accumulation and
ferroptosis in oligodendrocyte progenitor cells (OPCs)
by activating the IL-10/STAT3/DLK1/ACC axis, a path-
way that regulates lipid metabolism and oxidative stress.
Upon binding to its receptor (IL-10R) on OPCs, IL-10
initiates the phosphorylation and activation of STAT3,
which then translocates to the nucleus. This activated
STAT3 induces the transcription of DLK1 (Delta-like 1
homolog), a key regulator in this pathway. DLK1 plays a
crucial role in inhibiting the activity of acetyl-CoA car-
boxylase (ACC), an enzyme involved in fatty acid syn-
thesis. By inhibiting ACC, DLK1 reduces the synthesis
of PUFAs that are prone to peroxidation, thus limiting
lipid ROS production. Moreover, DLK1 indirectly acti-
vates AMPK (AMP-activated protein kinase), which fur-
ther inhibits ACC through phosphorylation, reducing the
availability of substrates for lipid peroxidation. This sup-
pression of ACC activity prevents excessive lipid peroxi-
dation and ferroptosis, which is primarily driven by the
oxidation of PUFA-containing phospholipids. The result
is a significant reduction in lipid ROS accumulation in
OPCs exposed to hemin, a compound that mimics the
toxic effects of hemorrhagic stroke. Through this mech-
anism, IL-10 effectively protects OPCs from ferroptotic
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cell death, preserving white matter integrity and pro-
moting recovery after intracerebral hemorrhage (ICH)
(Fig. 5) [66, 67].

Regulation by STAT6/ALOX15 Axis

The STAT6 pathway plays a key role in suppressing fer-
roptosis in cervical cancer by regulating tumor-associ-
ated macrophages (TAM)-derived exosomal delivery of
miRNA-660-5p. Activation of STAT6 by IL-4 and IL-13
upregulates miRNA-660-5p in TAMs, which is then
packaged into exosomes and transferred to cervical can-
cer cells. Once inside the cancer cells, miRNA-660-5p
downregulates ALOX15, a crucial enzyme for ferropto-
sis, thereby reducing lipid ROS production and inhibit-
ing cell death. This suppression of ferroptosis by TAMs
was reversed when exosomes were removed or miRNA-
660-5p was inhibited, restoring cancer cell sensitivity to
ferroptosis inducers like erastin. In mouse models, com-
bining erastin with miRNA-660-5p inhibitors enhanced
antitumor effects. Clinically, high ALOX15 expression
was linked to better prognosis and survival in cervical
cancer patients, while low ALOX15 levels were associ-
ated with increased macrophage infiltration. These find-
ings suggest that targeting the STAT6 pathway, TAMs, or
miRNA-660-5p in combination with ferroptosis induc-
ers could be an effective treatment strategy for cervical
cancer, with ALOX15 serving as a potential prognostic
marker (Fig. 5) [68].

STAT3/Other Ferroptosis regulators

Numerous studies have explored the involvement of
STAT3 in regulating ferroptosis-related proteins and
genes, though they frequently do not identify the precise
genes targeted by STAT3. Therefore, this section offers
a disease-specific overview to elucidate STAT3’s role in
ferroptosis regulation across pathological conditions,
including those previously mentioned. Table 1 highlights
the significant role of various STAT pathways, particu-
larly STAT3 and STAT1, in regulating ferroptosis across
multiple diseases, including cancers, autoimmune disor-
ders, diabetes, cardiovascular, and neurological condi-
tions. In many cancers, such as breast, head and neck,
lung, and osteosarcoma, the STAT3 pathway promotes
resistance to ferroptosis, thus aiding tumor progression,
while inhibiting STAT3 can increase sensitivity to ferrop-
tosis and enhance treatment efficacy. Similarly, in auto-
immune diseases like Sjogren’s syndrome and asthma, the
JAK/STAT pathways regulate ferroptosis, contributing to
disease pathology. In diabetic and cardiovascular condi-
tions, STAT pathways modulate ferroptosis and related
oxidative stress, offering potential therapeutic targets
to alleviate complications. Across neurological diseases
and infections, STAT signaling influences ferroptosis,
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impacting recovery and tissue damage, making it a criti-
cal mechanism for therapeutic intervention.

Ferroptosis also regulates the JAK/STAT signaling
pathway

Ferroptosis regulates the STAT pathway through the
activation of specific signaling cascades, particularly the
p38 MAPK (mitogen-activated protein kinase) pathway,
which is a crucial regulator of oxidative stress [86]. In a
recent study, ferroptosis in endometrial stromal cells
(ESCs) was found to activate p38 MAPK, which subse-
quently led to the phosphorylation and activation of
STATS6. This activation was critical for upregulating the
expression of pro-angiogenic and inflammatory cyto-
kines such as VEGFA (vascular endothelial growth factor
A) and IL8 (interleukin 8). The study identified STAT6
as a key mediator, where its direct binding to promoter
regions of VEGFA and IL8 was demonstrated using lucif-
erase reporter assays. Knockdown experiments using
STAT6 siRNA further confirmed its role, as silencing
STAT6 significantly reduced the ferroptosis-induced
expression of these cytokines. This suggests that fer-
roptosis triggers the p38 MAPK/STAT6 pathway, which
in turn drives the production of cytokines that promote
angiogenesis and inflammation, playing a crucial role in
the progression of endometriotic lesions [87]. The acti-
vation of STATS3 is intricately dependent on ferroptosis
induced by SSPH I in HepG2 cells. SSPH 1, a steroidal
saponin, was identified as a potent ferroptosis inducer,
driving iron overload and oxidative stress through ROS
and lipid peroxidation. This ferroptosis, characterized by
these cellular stressors, was found to trigger the phos-
phorylation (activation) of STAT3, a critical transcrip-
tion factor involved in cell survival and proliferation.
Notably, when ferroptosis was inhibited using Fer-1, a
well-known ferroptosis inhibitor, the phosphorylation
of STAT3 was significantly reduced, indicating that the
activation of STAT3 was contingent upon the ongoing
ferroptotic process. This finding suggests that STAT3
activation occurs downstream of ferroptosis and is likely
a cellular response to the oxidative and metabolic disrup-
tions caused by SSPH 1. Further experiments support this
by showing that blocking ferroptosis not only prevented
STAT3 activation but also curtailed the subsequent
downstream signaling events associated with STAT3,
including its influence on other ferroptosis-related pro-
teins such as SLC7A11. Thus, ferroptosis serves as a key
regulator of STAT3 activation in this context, position-
ing STAT3 as part of a feedback mechanism that cancer
cells might use to mitigate ferroptotic damage and sur-
vive, highlighting its potential as a target to enhance the
therapeutic effects of ferroptosis inducers like SSPH I in
HCC cells [88]. DNMT1 is known for its role in DNA
methylation, which controls gene expression. In cancer
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cells, DNMT1 is often overexpressed, leading to aberrant
methylation patterns that silence tumor suppressor genes
and promote cancer progression. DNMT1 has been
shown to regulate the expression of IGFBP2, a protein
involved in tumor growth and survival, which also plays
a critical role in activating the EGFR/STAT3 signaling
pathway. By promoting the EGFR/STAT3 axis, IGFBP2
enhances the expression of PD-L1, allowing cancer cells
to evade immune detection.Ferroptosis, through the oxi-
dative stress it induces, can inhibit DNMT1 expression,
thereby downregulating IGFBP2. This downregulation
weakens the activation of the EGFR/STAT3 pathway
and consequently reduces PD-L1 expression. As a result,
cancer cells become less capable of suppressing T cell
activity, enhancing the immune system’s ability to target
and destroy tumor cells. Therefore, ferroptosis not only
disrupts STAT3 and PD-L1 directly through oxidative
mechanisms but also indirectly by inhibiting DNMT1
and IGFBP2, both of which are key to sustaining STAT3/
PD-L1 signaling in cancer cells. This multi-level regula-
tion is critical for suppressing tumor growth and improv-
ing immune response in the TME [89].

Immunologic significance of STAT/Ferroptosis Axis

Regulation of tumor-associated macrophages

Erastin, a known ferroptosis-inducing agent, paradoxi-
cally enhances the metastatic potential of ferroptosis-
resistant ovarian cancer (OC) cells by modulating the
tumor microenvironment. The researchers discovered
that erastin significantly promotes the polarization of
tumor-associated macrophages (TAMs) towards the M2
phenotype, which is typically associated with tumor-
promoting activities, including cancer cell invasion,
migration, and metastasis. This M2 polarization is driven
through the activation of the STAT3 signaling pathway.
Once polarized, the erastin-stimulated macrophages
secrete elevated levels of interleukin-8 (IL-8), a key cyto-
kine that further enhances epithelial-mesenchymal tran-
sition (EMT) in OC cells, promoting their invasive and
migratory capacities. The study showed both in-vitro and
in-vivo evidence that conditioned media from erastin-
treated macrophages increased metastasis in ferropto-
sis-resistant OC cell lines, such as SKOV3 and HO8910,
without significantly affecting their proliferation. Impor-
tantly, the researchers found that blocking IL-8 with
reparixin, an inhibitor of its receptors CXCR1/2, effec-
tively reversed the metastatic enhancement induced by
erastin-stimulated macrophages, suggesting that the
STAT3/IL-8 axis plays a critical role in this process. In
mouse models, erastin-treated OC cells exhibited sig-
nificantly more metastatic spread within the peritoneal
cavity, further reinforcing the pro-metastatic effects of
erastin in the presence of macrophages. Overall, this
study highlights a previously unrecognized side effect of
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erastin in the context of ferroptosis-resistant OC cells,
where it enhances their metastatic potential through M2
macrophage polarization and IL-8 secretion, implicating
the STAT3/IL-8 pathway as a potential therapeutic target
to counteract these effects and improve the efficacy of
anti-cancer therapies [90].

Autophagy-dependent ferroptosis drives TAM polar-
ization through the release and uptake of oncogenic
KRASG12D protein, forming a unique intercellular com-
munication pathway between pancreatic ductal adeno-
carcinoma (PDAC) cells and macrophages. In response
to oxidative stress, PDAC cells undergo autophagy-
dependent ferroptosis, a form of regulated cell death
characterized by lipid peroxidation and iron accumula-
tion. During this process, KRASG12D, a mutated and
oncogenic form of the KRAS protein, is released from
dying cancer cells and packaged into exosomes, small
extracellular vesicles that mediate cell-cell communica-
tion. These exosomes, containing KRASG12D, are then
taken up by macrophages in the TME through an AGER
(advanced glycation end product-specific receptor)-
dependent mechanism. Once inside the macrophages,
KRASGI12D triggers a metabolic shift towards fatty
acid oxidation (FAO), facilitated by the activation of the
STAT3 signaling pathway. This metabolic reprogram-
ming drives the polarization of macrophages into the
M2-like phenotype, which is pro-tumorigenic and sup-
ports tumor growth and immune evasion. Thus, autoph-
agy-dependent ferroptosis in PDAC cells not only leads
to the release of KRASG12D but also promotes TAM
polarization through exosome-mediated protein transfer,
enhancing the tumor’s ability to thrive by recruiting and
reprogramming the immune system to support cancer
progression [91].

M2 macrophages in the arthritis synovium are par-
ticularly vulnerable to ferroptosis, which leads to a
significant imbalance between pro-inflammatory M1
macrophages and anti-inflammatory M2 macrophages.
In arthritis synovium, the iron-rich environment and
oxidative stress in the synovium promote ferroptosis in
M2 macrophages, reducing their population. This reduc-
tion in M2 macrophages, which are crucial for resolving
inflammation, tilts the balance towards M1 macrophages,
which are responsible for producing pro-inflammatory
cytokines like IL-1p and IL-6. The death of M2 macro-
phages through ferroptosis not only decreases their anti-
inflammatory effects but also releases damage-associated
molecular patterns (DAMPs), such as HMGB1, which
further activate M1 macrophages via the TLR4/STAT3
signaling pathway. This activation exacerbates the inflam-
matory response, leading to joint inflammation and tis-
sue destruction. Thus, ferroptosis of M2 macrophages
disrupts the delicate M1/M2 balance, driving chronic
inflammation in rheumatoid arthritis [92].
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In TAMs, the expression of ceruloplasmin (CP) mRNA
is upregulated under the control of hypoxia-inducible
factor 2 (HIF-2) and STAT1. This CP mRNA is then
packaged into extracellular vesicles (EVs) and transferred
to nearby fibrosarcoma cells (HT1080 cells). Once inside
the tumor cells, CP mRNA is translated into ceruloplas-
min protein, which facilitates the export of iron by oxi-
dizing Fe(II) to Fe(Ill), reducing the intracellular iron
pool and thereby mitigating the Fenton reaction, which
drives lipid peroxidation. This transfer of CP mRNA
helps tumor cells lower their iron levels and protects
them from ferroptosis triggered by agents such as RSL3.
The reduction in iron availability also limits lipid peroxi-
dation, further shielding tumor cells from ferroptotic cell
death, thus promoting tumor survival in the challenging
TME [93].

STAT/Ferroptosis axis in immunotherapy

The induction of ferroptosis through the IFN-y-STAT1-
IRF1-LPCAT3 pathway enhances the efficacy of anti-
PD-1 immunotherapy by promoting lipid peroxidation
and ROS accumulation in tumor cells, leading to their
programmed cell death. IFN-y, produced by activated T
cells, initiates the STAT1-IRF1 signaling cascade, which
upregulates the expression of LPCAT3, a key enzyme
involved in lipid peroxidation. LPCAT3 enhances the
incorporation of PUFAs into membrane phospholipids,
which are subsequently oxidized, driving ferroptosis in
tumor cells. This process not only directly kills cancer
cells but also improves the immune microenvironment
by promoting dendritic cell activation and phagocyto-
sis of ferroptotic cells, which enhances the overall anti-
tumor immune response. By increasing the susceptibility
of tumor cells to ferroptosis, the pathway amplifies the
effects of anti-PD-1 immunotherapy, as more tumor cells
are killed, leading to a more robust and effective T-cell-
mediated immune attack, ultimately overcoming resis-
tance to immunotherapy in cancers like melanoma and
lung cancer [94]. Researchers explored the mechanism
by which chimeric antigen receptor T-cells (CAR T)
engineered to secrete IFNk enhance their antitumor effi-
cacy by inducing tumor ferroptosis. IFNk enhances the
sensitivity of tumor cells to ferroptosis, especially when
combined with arachidonic acid (AA), a polyunsatu-
rated fatty acid. This combination promotes ferroptosis
through the IFNAR/STAT1/ACSL4 signaling pathway.
Mechanistically, IFNk binds to the IFNAR1/IFNAR2
receptor complex, activating the JAK-STAT1 signaling
pathway, which in turn upregulates ACSL4, an enzyme
critical for converting AA into arachidonyl-CoA, a neces-
sary step in lipid peroxidation. This chain of events leads
to ferroptosis in tumor cells, as demonstrated in both in
vitro and in vivo models using human lung cancer cell
lines. Furthermore, CAR T cells engineered to express
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IFNk showed significantly enhanced antitumor efficacy
in both antigen-positive and antigen-negative tumor
models. Thus, engineering CAR T cells to secrete IFNk
represents a promising strategy to improve CAR T-cell
therapy’s effectiveness against solid tumors by inducing
tumor ferroptosis [95]. APOL6 predicts the immuno-
therapy efficacy of bladder cancer (BLCA) by promoting
ferroptosis. High levels of APOL6 expression are asso-
ciated with “immunologically hot” tumors, which have
greater immune cell infiltration and respond better to
immune checkpoint inhibitors (ICIs). APOL6 interacts
with ACSL4, an enzyme that contributes to ferroptosis
by reducing the expression of GPX4, a key ferroptosis
inhibitor. This mechanism enhances tumor sensitivity to
immunotherapy. Additionally, APOLG6 is regulated by the
STAT1 transcription factor, and its elevated expression
correlates with improved survival outcomes and response
to ICIs in BLCA, positioning APOL6 as a promising bio-
marker for predicting immunotherapy success [96].

Therapeutic strategies in Targeting STAT/
Ferroptosis pathway

STAT Proteins, particularly STAT3, play a crucial role
in regulating the expression of antioxidant capacity bio-
markers (ACBs) in cancer cells, particularly those sensi-
tive to ferroptosis. In these sensitive cells, high activity
levels of STAT3 contribute to the repression of ACBs,
resulting in a decreased ability to buffer ROS and reac-
tive nitrogen species (RNS). This repression leads to a
diminished redox capacity, making the cells more vulner-
able to oxidative stress induced by redox-targeting and
ferroptosis-inducing drugs. Consequently, the inhibition
of STAT3 not only enhances the expression of ACBs but
also increases the sensitivity of resistant cells to these
therapies, highlighting their significance as potential
therapeutic targets for improving the efficacy of can-
cer treatments that exploit ferroptosis mechanisms [97].
Thus, targeting these factors in cancer therapy holds
promise for increasing the sensitivity of cancer cells to
ferroptosis (Fig. 6), while simultaneously ensuring that
non-cancer cells remain resistant to ferroptosis under
non-malignant conditions (Table 2).

Natural products

Herbs, their natural compounds, and traditional herbal
formulas significantly contribute to the treatment of
various diseases by influencing the intricate JAK/STAT
signaling pathways. This pathway is essential for manag-
ing numerous biological functions, such as cell growth,
inflammation, and immune responses, and its disrup-
tion is linked to multiple conditions, including cancer
and autoimmune disorders. Traditional Chinese Medi-
cine (TCM) employs a diverse range of herbs that con-
tain active ingredients capable of modulating JAK/STAT
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signaling, presenting therapeutic opportunities for issues
like rheumatoid arthritis, viral infections, and chronic
inflammatory disorders. Research has revealed several
herbal formulations that can either enhance or inhibit
specific STAT signaling pathways, demonstrating their
capacity to address the root causes of disease. This grow-
ing knowledge underscores the potential for merging
TCM with contemporary pharmacology to create effec-
tive treatment approaches for a variety of health issues
[98-102].

Cucurbitacin

Cucurbitacin B (CuB) is a triterpenoid compound
found in plants of the Cucurbitaceae family, known
for its diverse pharmacological properties, including
anti-inflammatory, antiviral, and anticancer effects. In
NSCLC, CuB has been shown to inhibit the growth of
cancer cells effectively, particularly by inducing ferropto-
sis through activation of oxidative stress pathways, lead-
ing to increased levels of ROS, MDA, and ferrous ions,
while simultaneously reducing GSH levels and mitochon-
drial membrane potential (MMP). Critical to its action,
CuB targets the STAT3 signaling pathway. Network
pharmacology analyses revealed STAT3 as a significant
target, and experimental results demonstrated that CuB
inhibits the phosphorylation of STAT3 (P-STAT3), which
is necessary for its activation. Silencing STAT3 enhances
CuB-induced accumulation of lipid ROS and iron ions,
suggesting that the suppression of STAT3 is essential for
CuB’s ferroptotic effects [103].

Baicalein

Baicalein, a flavonoid extracted from Scutellaria baicalen-
sis, has been shown to induce ferroptosis in colorectal
cancer (CRC) cells, a group of tumoral cells that occur in
the epithelium of the large intestine [104, 105], by inhibit-
ing the JAK2/STAT3/GPX4 signaling axis. Baicalein was
found to block the phosphorylation of JAK2 and STATS3,
which are key signaling molecules in many cancer cell
survival pathways. This blockage results in the down-
regulation of GPX4, a critical enzyme that protects cells
from lipid peroxidation and ferroptosis. By inhibiting
the JAK2/STAT3/GPX4 axis, baicalein increases the lev-
els of ROS, reduces mitochondrial membrane potential,
and promotes lipid peroxidation in CRC cells, ultimately
leading to their death via ferroptosis [106]. In addition,
it protects renal tubule cells against cisplatin-induced
ferroptosis by restoring disrupted GSH metabolism and
inhibiting the IL6/JAK/STATS3 signaling pathway. Cispl-
atin induces ferroptosis in renal cells by depleting GSH,
which leads to increased ROS and lipid peroxidation,
ultimately causing oxidative stress and cell death. Baica-
lein replenishes GSH levels, reducing oxidative stress and
mitigating lipid peroxidation, thus preventing ferroptosis.
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Additionally, baicalein inhibits the activation of the JAK/
STAT?3 pathway, which is involved in driving both apop-
tosis and ferroptosis in response to cisplatin [107].

Salidroside

Salidroside, derived from Rhodiola rosea, mitigates
lung ischemia-reperfusion injury (LIRI) by targeting
the JAK2/STAT3 pathway. This pathway is involved in
inflammation and ferroptosis during LIRI. Salidroside
inhibits JAK2/STAT3 activation, reducing STAT3-medi-
ated expression of ferroptosis markers like ROS, MDA,
and iron accumulation. This leads to decreased lipid

peroxidation, restored GSH levels, and reduced pro-
inflammatory cytokines. By modulating both ferroptosis
and JAK2/STATS3, salidroside protects lung tissue and
enhances lung function post-reperfusion [108].

Thiostrepton

Thiostrepton (TST), a thiopeptide antibiotic, induces fer-
roptosis in pancreatic cancer cells through the STAT3/
GPX4 pathway. TST inhibits STAT3 activity, leading to
downregulation of GPX4, which normally protects cells
by neutralizing lipid peroxides. With reduced GPX4, lipid
peroxides accumulate, triggering lipid peroxidation and
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ferroptosis. Additionally, TST promotes iron overload,
further enhancing oxidative stress. By targeting STAT3
and GPX4, TST selectively triggers ferroptosis in pan-
creatic cancer cells, positioning it as a potential cancer
therapy [109].

Paeoniflorin

Paeoniflorin (PF) is an active compound derived from the
traditional Chinese medicinal plant Paeonia lactiflora. It
has shown significant potential as an antitumor agent,
particularly in human glioma cells, by inducing ferropto-
sis. PF exerts its effects by upregulating NEDDA4L, an E3
ubiquitin ligase that promotes the degradation of STAT3.
This downregulation of STAT3 leads to increased intra-
cellular ROS levels and the suppression of key ferroptosis
inhibitors, such as Nrf2 and GPX4, ultimately triggering
ferroptosis and inhibiting glioma cell growth. PF’s ability
to enhance ferroptosis suggests its potential as a thera-
peutic option, especially when combined with other fer-
roptosis-inducing agents like RSL3 [110].

Artemisia santolinifolia

Artemisia santolinifolia (AS) is a species of the Artemisia
genus, known for its medicinal properties, including anti-
cancer activity. In NSCLC, Artemisia santolinifoli has
been shown to act as a chemosensitizer when combined
with the chemotherapeutic drug docetaxel (DTX). This
combination enhances cancer cell death by activating two
distinct modes of cell death, ferroptosis in A549 cells and
apoptosis in H23 cells. In A549 cells, the ethanol extract
of AS increases ROS levels, depletes the antioxidant
enzyme GPX4, and triggers ferroptosis. AS enhances
chemosensitization by inhibiting the oncogenic STAT3
signaling pathway and downregulating survivin, a protein
that promotes cell survival. By suppressing STAT3 phos-
phorylation and survivin expression, AS weakens the
cancer cells’ resistance to apoptosis, making them more
responsive to chemotherapy [111].

Bavachin

Bavachin is a bioactive flavonoid extracted from Psora-
lea corylifolia, known for its diverse biological activities,
including anticancer effects. In osteosarcoma (OS) cells,
Bavachin induces ferroptosis. Mechanistically, Bavachin
downregulates the antioxidant enzyme GPX4 and the
cystine transporter SLC7A11, while also inhibiting the
STAT3 signaling pathway and upregulating the tumor
suppressor protein P53. This disruption of the STAT3/
P53/SLC7A11 axis triggers ferroptosis, making Bavachin
a promising potential therapeutic agent for treating
osteosarcoma by overcoming resistance to conventional
therapies [112].
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Ferulic acid

Ferulic acid is a naturally occurring cinnamic acid deriva-
tive renowned for its potent antioxidant, anti-inflamma-
tory, and hepatoprotective properties. Gamma-radiation
exposure leads to the overactivation of the JAK/STAT
pathway, which promotes inflammation and ferropto-
sis. Concurrently, radiation suppresses the Nrf2 path-
way, reducing the liver’s antioxidant defenses. Ferulic
acid mitigates these detrimental effects by inhibiting
the JAK/STAT signaling, thereby decreasing inflamma-
tory responses, and activating the Nrf2 pathway, which
enhances the expression of antioxidant enzymes like
GPX4 and SLC7A11 [113].

Jing-Fang n-butanol extract

Jing-Fang n-butanol extract (JENE) is derived from a
traditional Chinese medicinal combination of Nepeta
cataria L. (Jing Jie) and Saposhnikovia divaricata (Trucz.)
Schischk. (Fang Feng), renowned for their anti-inflam-
matory and antioxidant properties. In studies using
LPS-induced RAW?264.7 macrophages, JENE and its iso-
lated component JENE-C have demonstrated significant
inhibition of both ferroptosis and inflammation. This
protective effect is mediated through the modulation of
the STAT3/p53/SLC7A1l signaling pathway. Specifi-
cally, JENE-C upregulates the activation of STAT3 and its
phosphorylated form p-STAT3, which in turn suppresses
the tumor suppressor protein p53. This suppression leads
to increased expression of SLC7A11 and GPX4, crucial
regulators that prevent ferroptosis by enhancing glutathi-
one synthesis and reducing lipid peroxidation [114].

Xue-Jie-San (XJS)

Xue-Jie-San (X]JS) is a traditional Chinese herbal formula
consisting of Dragon’s blood (Resina draconis) and Myrrh
(Myrrha), which has been shown to alleviate Crohn’s
disease (CD), a chronic inflammatory bowel disease.
Gao et al. investigated how X]JS alleviates CD symptoms
by inhibiting ferroptosis. In a rat model of colitis, XJS
reduced inflammation by downregulating pro-inflam-
matory cytokines and increasing IL-10. It prevented fer-
roptosis in intestinal epithelial cells by decreasing iron
accumulation and lipid peroxidation. XJS enhanced
the SLC7A11/GSH/GPX4 antioxidant axis to reduce
ROS and lipid peroxides. Additionally, it suppressed the
FGL1/NF-kB/STAT3 loop, reducing ferroptotic damage
and aiding intestinal barrier repair. These findings sug-
gest that XJS targets both ferroptosis and inflammation,
offering a promising approach for CD treatment [115].

Ginsenoside Rh3

Ginsenoside Rh3 (GRh3) is a seminatural triterpene
compound derived from ginseng, known for its potent
anticancer properties. In CRC cells, GRh3 exerts its
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tumor-suppressive effects by inducing two forms of
regulated cell death: pyroptosis and ferroptosis, primar-
ily through the Stat3/p53/NRF2 axis. GRh3 inhibits the
phosphorylation of Stat3, leading to the upregulation of
the tumor suppressor p53. Elevated p53 then prevents
NRF2 from entering the nucleus, which blocks its antiox-
idant functions. GRh3 induces ferroptosis by suppressing
the xCT/SLC7A11 system, depleting intracellular GSH,
and increasing lipid ROS, iron, and MDA levels. This oxi-
dative stress overwhelms the cells’ antioxidant defenses,
further inhibiting GPX4, a key enzyme in preventing
lipid peroxidation, leading to ferroptosis [116].

EGCG

Epigallocatechin gallate (EGCG) is a bioactive com-
pound found in green tea, known for its antioxidant,
anti-inflammatory, and anti-cancer properties. In obe-
sity-exacerbated lung cancer, EGCG alleviates tumor
progression by targeting the STAT1/SLC7A11 pathway.
Leptin, a hormone elevated in obesity, promotes lung
cancer cell growth and immune escape by activating
STAT1, which in turn upregulates SLC7A11, a gene that
inhibits ferroptosis. EGCG reverses leptin’s effects by
downregulating STAT1 and SLC7A11, promoting ferrop-
tosis and reducing cancer cell survival [117].

Solamargine

Solamargine (SM), a glycoalkaloid from Solanum nigru,
has demonstrated significant anti-tumor properties
in HCC by inducing both apoptosis and ferroptosis in
cancer cells. SM suppresses HCC cell proliferation and
enhanced apoptosis and ferroptosis by decreasing the
expression of mitochondrial carrier 1 (MTCH1), a pro-
tein involved in cancer cell survival. MTCH1, which was
overexpressed in HCC cells, promoted tumor growth,
but its knockdown resulted in increased apoptosis and
ferroptosis. STAT1 was found to enhance MTCHI1
expression by binding to its promoter region, but SM
treatment reduced STAT1 levels, thereby decreasing
MTCHI expression. In both in vitro and in vivo models,
SM hindered HCC progression by modulating this path-
way, confirming its potential as a therapeutic agent in tar-
geting HCC [118].

MailiTong granule

MaiJiTong (MJT) granule is a Traditional Chinese Medi-
cine composed of various herbs known for their cardio-
vascular benefits, including Astragalus membranaceus,
Radix Salviae Miltiorrhizae, Poria Cocos, and Cin-
namomi Ramulus. MJT attenuates atherosclerosis by
reducing ferroptosis, which contributes to plaque forma-
tion and instability in arteries. The primary mechanism
involves activating STAT®6, a signal transducer that, when
phosphorylated, translocates to the nucleus to suppress
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ferroptosis. STAT6 activation by MJT inhibits two criti-
cal pathways: DMT1 (a ferrous ion transporter respon-
sible for iron uptake) and SOCS1/p53, which regulates
lipid peroxidation and cell death. By downregulating
DMT1 and SOCS1, MJT reduces iron overload, improves
iron homeostasis, and enhances lipid peroxide scaveng-
ing through increased expression of SLC7A11 and GPX4,
which are involved in reducing oxidative stress [119].

Erianin

Erianin is a bioactive compound derived from traditional
Chinese medicinal plants like Dendrobiu species, known
for its anti-cancer properties. In HCC, erianin inhibits
tumor growth by inducing ferroptosis via increasing ROS
and ferrous ion (Fe*) levels while reducing antioxidant
defenses like GSH. Erianin achieves this by inactivating
the JAK2/STAT3 signaling pathway, which downregu-
lates key ferroptosis-resistance proteins SLC7A11 and
GPX4, leading to increased cell death and reduced tumor
invasion [120].

Synthetic drugs

BEBT-908

BEBT-908 is a novel dual inhibitor that targets both the
PI3K (phosphoinositide 3-kinase) and HDAC (histone
deacetylase) pathways, two key regulators often dys-
regulated in cancers. By simultaneously inhibiting these
pathways, BEBT-908 potently induces ferroptosis, facili-
tated through hyperacetylation of p53, downregulation of
SLC7A11 and GPX4 (key regulators of ferroptosis), and
suppression of the Nrf2 pathway, which typically inhibits
ferroptosis. Additionally, BEBT-908 increases the immu-
nogenicity of cancer cells by upregulating MHC class I
molecules and activating IFNy signaling via the STAT1
pathway. This creates a proinflammatory tumor micro-
environment, enhancing the infiltration and activity of
immune cells such as cytotoxic T lymphocytes (CTLs)
[121].

Ferrostatin-1

Ferrostatin-1 (Fer-1) is a ferroptosis inhibitor known for
preventing cell death by blocking the accumulation of
lipid peroxides, a key feature of ferroptosis. In the con-
text of ICH, Fer-1 has been shown to alleviate inflamma-
tion and promote recovery by influencing the behavior of
microglial cells, the brain’s primary immune cells. Fer-1
activates the JAK1/STAT6 signaling pathway, further
promoting M2 polarization and enhancing the phago-
cytic function of microglial cells, which aids in hema-
toma absorption and the resolution of inflammation. By
modulating these immune responses, Fer-1 improves
neurological function and reduces brain tissue damage in
ICH models, presenting a potential therapeutic strategy
for stroke recovery [122].
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Nitric oxide donor

The coumarin-furoxan hybrid, specifically referred to
as a compound, is a novel nitric oxide (NO) donor drug
designed to target NSCLC. This hybrid compound com-
bines the coumarin structure with furoxan, which is
responsible for its ability to release large amounts of NO
within cancer cells, particularly in mitochondria. This
compound promotes S-nitrosylation of STAT3, a key
oncogenic protein, which inhibits its phosphorylation
and reduces its DNA-binding ability. By negatively regu-
lating the JAK2-STATS3 signaling pathway, compound 9
suppresses tumor survival and proliferation. This action,
inducing ferroptosis while inhibiting the JAK2-STAT3
axis, presents a potent therapeutic strategy for combating
NSCLC [123].

Polyphyllin VI

Polyphyllin VI (PPVI) is a natural saponin compound
extracted from Paris polyphylla, traditionally used in
Chinese medicine, and has shown potent anticancer
properties. Mechanistically, PPVI inhibits STAT3 phos-
phorylation, which downregulates the expression of
GPX4. By targeting the STAT3/GPX4 axis, PPVI not only
promotes ferroptosis but also suppresses EMT, which is
associated with cancer cell invasion and migration [124].
Consequently, PPVI attenuates the ability of HCC cells to
invade and migrate, thereby reducing tumor metastasis.
This dual mechanism of inducing ferroptosis and inhibit-
ing metastasis highlights PPVTI’s potential as a therapeu-
tic agent for HCC [125].

Artesunate

Artesunate (ART) and sorafenib (SOR) are two anti-
cancer agents that synergistically induce cell death in
non-Hodgkin lymphoma (NHL) cells by promoting
apoptosis and ferroptosis, primarily through inhibition of
the STAT3 pathway. The mechanism involves suppress-
ing the STATS3 signaling pathway, which downregulates
key anti-apoptotic proteins, such as myeloid cell leuke-
mia-1 (MCL-1), and ferroptosis regulators, like GPX4.
The combination of ART and SOR induces lipid peroxi-
dation, ROS accumulation, mitochondrial dysfunction,
and reduced GSH levels, all hallmarks of ferroptosis.
Additionally, the inhibition of the AKT and MEK/ERK
pathways, which is crucial in chemoresistance [126], fur-
ther enhances the anticancer effects of this combination
[127].

Propofol

Propofol is a short-acting sedative-hypnotic agent com-
monly used in clinical settings as an anesthetic and
sedative for the induction and maintenance of general
anesthesia, procedural sedation, and intensive care unit
sedation.Propofol induces ferroptosis and inhibits the
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malignant phenotypes of gastric cancer cells by regulat-
ing the miR-125b-5p/STAT3 axis. It upregulates miR-
125b-5p, which directly targets and suppresses STAT3,
a critical oncogene involved in gastric cancer progres-
sion. This suppression leads to the promotion of ferrop-
tosis, characterized by increased levels of ROS, iron, and
Fe2+, alongside the downregulation of key ferroptosis-
inhibitory proteins like GPX4 and SLC7A11. Addition-
ally, propofol reduces GSH levels and increases MDA,
further amplifying oxidative stress and lipid peroxida-
tion, hallmark processes of ferroptosis [128]. Similarly,
In CRC cells, propofol increased the levels of ROS, iron,
and Fe**and promoted lipid peroxidation. The inhibitory
effects of propofol on CRC cell proliferation and colony
formation were significantly reversed by STAT3 overex-
pression, suggesting that STAT3 plays a central role in
regulating propofol-induced ferroptosis [129].

Fludarabine

Fludarabine, a STAT1 inhibitor, is commonly used in
cancer therapy, particularly for B-cell lymphoma (BCL).
It enhances the sensitivity of BCL to radiotherapy by
promoting ferroptosis. Radiotherapy is a primary treat-
ment for BCL, with STAT1 playing a significant role in
regulating cell growth and survival, which influences
the response to radiation. Combining fludarabine with
radiation significantly reduces BCL cell viability, boosts
apoptosis, and triggers ferroptosis, as shown in both
lab-cultured BCL cells (Raji and Su-DHL-10) and ani-
mal models with Raji cell xenografts. Additionally, using
a ferroptosis inhibitor reversed these effects, confirming
ferroptosis as the underlying mechanism. Clinical data
further indicated that higher co-expression of STAT1
and the ferroptosis regulator GPX4 is linked to poorer
survival outcomes in diffuse large B-cell lymphoma
(DLBCL) patients [131].

Metformin

Metformin is a widely used drug for treating type 2 dia-
betes, known for its pleiotropic effects, including its anti-
cancer properties. In HCC, metformin has been shown
to enhance the efficacy of sorafenib, a first-line drug for
advanced liver cancer, by promoting ferroptosis. This
effect is mediated through the ATF4/STAT3 signaling
pathway. The ATF4 transcription factor, which plays a key
role in cellular stress responses, interacts with STATS3,
a protein involved in cell survival and drug resistance.
By inhibiting ATF4, metformin reduces STAT3 activity,
leading to increased ferroptosis and decreased resistance
to sorafenib in HCC cells. This mechanism ultimately
enhances the sensitivity of cancer cells to sorafenib [132].
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Artesunate

Artesunate (ART) is a water-soluble derivative of arte-
misinin, primarily used as an antimalarial drug, but it has
also shown significant anticancer effects. In diffuse large
B cell lymphoma (DLBCL) cells, ART induces ferroptosis
by impairing the STAT3 signaling pathway. ART down-
regulates the expression of STAT3 and its phosphory-
lated form (p-STAT3), which disrupts cellular processes
that promote resistance to cell death. This inhibition
leads to increased levels of ROS and MDA, as well as the
downregulation of ferroptosis-regulating proteins such as
GPX4 and FTHI. The combination of these effects trig-
gers ferroptosis, enhancing ART’s anticancer properties
in DLBCL [133].

Auranofin

Auranofin (AUR), a drug approved for rheumatoid arthri-
tis, has been found to have dual functions in iron metab-
olism and cell death mechanisms. It potently upregulates
hepcidin expression, the hormone responsible for regu-
lating iron homeostasis, by activating the NF-«xB/IL-6/
STAT3 pathway, reducing systemic iron levels, and
mitigating iron overload in male mice, particularly in a
hemochromatosis model. High doses of AUR induce fer-
roptosis, a form of iron-dependent cell death marked by
lipid peroxidation, by inhibiting thioredoxin reductase
(TXNRD) [134].

Conclusion

This review highlights the critical crosstalk between JAK/
STAT signaling and ferroptosis, underscoring its sig-
nificance in various diseases, particularly cancer, auto-
immune disorders, and neurodegenerative conditions.
STAT proteins, notably STAT1, STAT3, and STATS,
play pivotal roles in regulating ferroptosis across a broad
spectrum of diseases. These include cancers (such as
breast, prostate, renal, and lung cancers), neurodegen-
erative disorders (like Parkinson’s disease), autoimmune
diseases (including Sjogren’s syndrome and asthma), and
cardiovascular conditions. The activation of JAK/STAT
signaling by binding cytokines, particularly interleukins
such as IL-6, IL-13, and IL-4, commonly inhibits fer-
roptosis, facilitating disease progression by modulating
key regulators of ferroptosis. JAK/STAT signaling sig-
nificantly impacts amino acid metabolism, particularly
through the regulation of GPX4 and the cystine-gluta-
mate antiporter System Xc-. This control of glutathione
synthesis and lipid peroxidation prevention is crucial for
ferroptosis resistance. In addition, the JAK/STAT path-
way modulates the NRF2/HO-1 signaling axis, primar-
ily through STAT3, enhancing antioxidant responses and
iron homeostasis to inhibit ferroptosis. Furthermore,
iron metabolism plays a central role in the crosstalk
between ferroptosis and JAK/STAT signaling, with key
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regulators such as ferritin, ferroportin (FPN), divalent
metal transporter 1 (DMT1), and NCOA4. These mol-
ecules dictate cellular iron levels, driving or preventing
ferroptosis depending on their regulation within the JAK/
STAT pathway. Ferroptosis also feeds back into the JAK/
STAT signaling pathway, influencing diseases such as
cancer, neurodegenerative conditions, and cardiovascular
disorders. In these cases, oxidative stress and lipid per-
oxidation products can further activate or inhibit JAK/
STAT components, leading to a complex interplay that
affects disease progression. This bidirectional regulation
makes the JAK/STAT-ferroptosis axis a crucial therapeu-
tic target.The immunological significance of this crosstalk
is especially pronounced in cancer. JAK/STAT signal-
ing, particularly through STATS3, is known to facilitate
immune evasion by tumor cells, promote survival under
oxidative stress, and enhance resistance to conventional
therapies. By inhibiting ferroptosis, this pathway helps
cancer cells escape immune detection and resist fer-
roptotic cell death. Importantly, inducing ferroptosis by
inhibiting JAK/STAT signaling in cancers can overcome
these resistance mechanisms, making it a promising ther-
apeutic approach to halt tumor progression. Many natu-
ral products have been identified that target the STAT/
ferroptosis axis, offering substantial therapeutic benefits.
These natural compounds, such as erianin and curcumin,
can inhibit STAT3 and enhance ferroptosis, contributing
to cancer cell death while minimizing toxicity to normal
tissues. Their anti-cancer properties are particularly ben-
eficial in overcoming drug resistance and reducing the
side effects associated with conventional therapies. In
addition to natural compounds, several synthetic prod-
ucts have been developed to target the JAK/STAT-fer-
roptosis interaction. These innovative approaches allow
for more precise targeting of the signaling pathways
involved, enhancing therapeutic efficacy and potentially
reducing off-target effects. The exploration of the JAK/
STAT-ferroptosis axis presents exciting opportunities for
advancing therapeutic strategies, particularly in cancer
and other diseases where ferroptosis plays a key regula-
tory role.

Future research should focus on several key areas to
further unravel the complex relationship between fer-
roptosis and the JAK/STAT signaling axis. While some
studies have explored this interaction, much remains to
be understood, particularly how ferroptosis regulates the
JAK/STAT pathway, with only a few studies investigat-
ing this dynamic. Greater emphasis should be placed on
understanding its role across different cancers, especially
given the absence of studies on hematological malignan-
cies. The immunological aspects of the JAK/STAT path-
way also require more exploration, particularly in the
context of developing novel immunotherapies, such as
mRNA vaccines, CAR T-cell therapies, and engineered
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immune cells [135, 136]. Investigating the efficacy of
drugs targeting this pathway at the clinical level is criti-
cal for advancing treatment strategies. A deeper under-
standing of the molecular mechanisms governing the
interaction between JAK/STAT signaling and ferroptosis
is essential, especially in varying disease contexts. The
development of more advanced models, such as patient-
derived organoids and in vivo systems, will be crucial for
testing the specificity and therapeutic efficacy of JAK/
STAT and ferroptosis-targeting interventions. Special
attention should be given to cytokines like IL-6, IL-13,
and IL-4, which regulate JAK/STAT and influence ferrop-
tosis, as targeting these interleukin-driven pathways may
provide novel treatments for cancer, autoimmune dis-
eases, and neurodegenerative conditions. Furthermore,
exploring natural and synthetic products that target the
STAT-ferroptosis axis could lead to promising combina-
tional therapies, offering solutions for overcoming drug
resistance, particularly in cancers. Nanotechnology, in
particular, holds immense potential [137, 138]. Develop-
ing nanoparticles that specifically target the JAK/STAT
pathway while inducing ferroptosis could offer a more
precise, less toxic alternative to current treatments [139,
140]. By targeting ferroptosis inducers alongside JAK/
STAT inhibitors, we could significantly improve thera-
peutic outcomes, particularly in cancers resistant to
conventional therapies. The importance of cutting-edge
CRISPR technology cannot be overstated in this con-
text [141]. CRISPR-based gene editing holds enormous
potential to directly manipulate genes involved in the
JAK/STAT-ferroptosis axis, enabling precise functional
studies and the development of more effective, person-
alized treatments. It could also facilitate the creation of
novel models that mimic human disease more accu-
rately, providing new insights into therapeutic vulnera-
bilities and enhancing drug discovery efforts. Integrating
CRISPR with other technologies, such as RNA interfer-
ence or gene therapy, could further accelerate progress in
targeting these pathways with unprecedented precision.
However, several limitations must be acknowledged.
While the potential of targeting the JAK/STAT-ferrop-
tosis axis is clear, much remains unknown about the full
spectrum of its effects across different cell types and tis-
sues. There is also a need for more clinical data to vali-
date preclinical findings, particularly with regard to
the safety and efficacy of these treatments in humans.
Another challenge is the inherent complexity of ferrop-
tosis regulation, which involves multiple metabolic path-
ways, including amino acid and lipid metabolism, as well
as iron homeostasis. Therapeutic interventions may carry
risks of unintended side effects, such as excessive tissue
damage in diseases where ferroptosis is beneficial, such
as certain neurodegenerative diseases and tissue repair
contexts. Furthermore, resistance to ferroptosis may
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evolve as a secondary complication in chronic diseases
or prolonged treatments, necessitating more refined and
adaptable approaches. The development of resistance
mechanisms, particularly in cancer, is a significant con-
cern and underscores the need for ongoing research into
combination therapies that can sustainably target the
JAK/STAT pathway while preventing disease adaptation.
In summary, while there is enormous potential in target-
ing the JAK/STAT-ferroptosis axis, future studies must
address these limitations through enhanced mechanistic
understanding, better translational models, and compre-
hensive clinical trials to ensure both safety and efficacy in
therapeutic applications.
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