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BACKGROUND: Metastatic prostate cancer (PCa) has much lower survival and ultimately develops castration resistance, which
expects novel targets and therapeutic approaches. As a result of iron-dependent lipid peroxidation, ferroptosis triggers
programmed cell death and has been associated with castration-resistant prostate cancer (CRPC).

SUBJECTS: To better understand how ferroptosis can be used to treat CRPC, we reviewed the following: First, ferroptosis
mechanisms and characteristics. We then pay attention to ferroptosis effects on CRPC, and the relationship between ferroptosis and
CRPC treatment. Finally, we'd like to figure out if ferroptosis could predict the prognosis of CRPC thus screening early for

populations that may benefit from appropriate therapies.

RESULTS: The review demonstrated that ferroptosis regulators like PI3K/AKT/mTOR, DECR1 et al., have a significant role in the
development of CRPC and that several inducers of ferroptosis, such as erastin, BSO, RSL3, and FIN56, have already demonstrated
their effects in that area. What's more, ferroptosis is crucial for radiation-induced anticancer effects by inducing lipid peroxidation
and regulating p53, AMPK, and others. Additionally, it has been discovered that certain GPX4 and SLC7A11 inhibitors can increase
radiosensitivity, which brings new combination strategies. Finally, among the genes associated with ferroptosis, which may be
excellent predictors of prostate cancer prognosis, several risk models have been developed and shown promising predictive

capabilities.

CONCLUSIONS: Ferroptosis can serve as a potential therapeutic target for CRPC, and could be a new strategy for combination
therapy. Moreover, ferroptosis-related genes may be great indicators of PCa prognosis. Further research on ferroptosis in CRPC

therapy can benefit from the frameworks provided by this review.

Prostate Cancer and Prostatic Diseases (2026) 29:36-46; https://doi.org/10.1038/s41391-024-00933-w

INTRODUCTION

The GLOBOCAN 2020 database reports that among male cancers,
PCa ranks second in incidence and fifth in fatalities worldwide [1].
Patients’ chances of surviving PCa are proportional to the stage of
the disease when it is first diagnosed. According to statistics from
the US Surveillance, Epidemiology and End Results Database
2014-2020, patients with clinically localized PCa had a 5-year
survival rate of nearly 100% after having standard treatment,
which includes radical prostatectomy and radiation. On the other
hand, patients with metastatic PCa had a much worse 5-year
survival rate of 36% [2]. This is because metastatic PCa eventually
develops castration resistance, and androgen deprivation therapy
(ADT) has a temporal limit [3]. Until 2004, the only effective
medication for improving survival was docetaxel with prednisone.
Yet, the enhancement in overall survival remains somewhat
restricted [4]. CRPC is still incurable, even though several
treatment options have been suggested, such as androgen
signaling or synthesis inhibitors (enzalutamide and abiraterone),
chemotherapy based on taxanes (docetaxel-DTAX and cabazi-
taxel), radionuclide therapy that targets the bones (radium-223),

and immunotherapy (sipuleucel-T) [5]. Hence, finding ways to
enhance the survival rate of individuals with metastatic PCa is a
pressing concern. Consequently, more and more research is
anticipated to discover novel targets and therapeutic approaches.

One type of programmed cell death that arises from lipid
peroxidation dependent on iron was first proposed by Dixon SJ in
2012. It is known as ferroptosis. In terms of both morphology and
mechanism, this process differs from other forms of programmed
cell death, such as necrotic apoptosis, autophagy, and apoptosis.
In most cases, ferroptosis cannot be suppressed by inhibitors of
other forms of programmed cell death [6]. From a morphological
standpoint, ferroptosis does not exhibit any hallmarks of
autophagy, such as autophagic formation, or apoptotic character-
istics, such as chromatin condensation and apoptosome forma-
tion. Ferroptosis cells, on the other hand, usually have smaller
mitochondria, denser mitochondrial membranes, and fewer
mitochondria overall [7]. According to the scientific community,
ferroptosis is a type of abnormal cell death that is not apoptotic
and is linked to lipid peroxidation and an imbalance in the
antioxidant system, which in turn triggers an imbalance in cellular
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iron metabolism. Apoptosis and this process are comparable, but
they are not the same [8]. The pathophysiological processes
involved in the migration and mesenchymal transformation of
urological malignancies, including the PCa oncogenic pathway
and CRPC treatment, are thought to be significantly impacted by
ferroptosis, according to recent research [9]. Radiotherapy can
enhance the prognosis for low metastatic burden patients with
metastatic PCa and serve as a palliative measure. Research has
recognized ferroptosis as a crucial component of the anticancer
effect induced by radiotherapy [10-12]. However, the mechanism
and specific role of ferroptosis in the irradiation of PCa cells
remain unclear. It is important to investigate how ferroptosis
inducers can impact patients with CRPC by potentially providing
direct anti-tumor effects and enhancing tumor reduction when
combined with radiotherapy.

In the following sections, we first review the current under-
standing of ferroptosis characteristics and mechanisms. We then
discuss its impact on CRPC, including the application of ferroptosis
inducers in CRPC. Subsequently, we expound on the relationship
between ferroptosis and CRPC radiotherapy, which reviews the
mechanisms of radiotherapy regulating ferroptosis and the ability
of ferroptosis inducers to sensitize radiotherapy. Finally, we
summarize ferroptosis-related genes that could be great indicators
of PCa prognosis. For the future of CRPC treatment, we are excited
to propose novel therapeutic targets and combination methods,
as well as ideas for increasing the survival rate of CRPC patients.

OVERVIEW OF FERROPTOSIS
Mechanism of ferroptosis
Dysfunction iron metabolism and oxidation of lipids. Many bio-
chemical and metabolic activities rely on Fe’", including energy
metabolism, oxygen transport, and the cellular mitochondrial
synthesis of iron-sulfur proteins. Additionally, it has a multifaceted
function in oxidative stress as a cofactor [8]. Abnormalities in
intracellular iron metabolism result in excess iron undergoing a
Fenton reaction with hydrogen peroxide (a result of mitochondrial
superoxide dismutase reacting on mitochondrial superoxide
radicals). In this way, the polyunsaturated fatty acids (PUFA)
undergo peroxidation. In the presence of acyl-CoA synthetase
long-chain family member 4 (ACSL4), PUFA can be converted into
polyunsaturated fatty acid coenzyme A (PUFA-CoA). Lysopho-
spholipid acyltransferase 3 (LPCAT3) can further esterify, and
PUFA-CoA can be integrated into membrane phospholipids [13].
The oxidation of lipids generates additional oxidized lipids and
other toxic byproducts when exposed to oxygen. These harmful
substances can accumulate and endanger the stability of biological
membranes, ultimately resulting in cell death [7].

Imbalance in the antioxidant system. The unique ability of
glutathione peroxidase 4 (GPX4), an intracellular lipid peroxidase,
to reduce lipid peroxide derivatives to hydroxyl derivatives in the
presence of Fe*" makes it unique among lipid peroxidases [14].
Toxic accumulations such as lipids require glutathione (GSH) for
their recycling process, which in turn relies on NADPH for
recycling [15]. The Xc transporter protein system is essential for
cysteine entry into cells, where it is converted into glutathione, an
essential antioxidant for cells. To maintain glutathione production,
a series of events leading to the exchange of extracellular cystine
for intracellular glutamate occurs, and the antiporter for amino
acids is comprised of solute carrier family 7 member 11 (SLC7A11)
and SLC3A2 [13]. Peroxidation of lipids cellular with free iron
accessible, generation of hydrogen peroxide, and polyunsaturated
fatty acids can be accelerated by depriving cells of cysteine,
inhibiting the Xc transporter protein system, reducing NADPH,
inhibiting SLC7A11, or inhibiting GPX4 [6]. Uncontrolled lipid
peroxidation, as described through cascade amplification, ulti-
mately results in ferroptosis [15]. However, other therapeutic
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targets can protect cells from ferroptosis, such as iron chelation,
hydrogen or lipid peroxide scavenging, and the suppression of
polyunsaturated fatty acid production [15]. The mechanism of
ferroptosis and several of its inducers can be seen in Fig. 1.

Ferroptosis characteristics

When compared to other types of programmed cell death,
including necrotic apoptosis, autophagy, and apoptosis, ferropto-
sis cells exhibit several unique morphological and biochemical
features. These characteristics include changes in the cellular
ultrastructure, such as an unbroken nucleus, an increase in
mitochondrial density, a decrease in mitochondrial volume and
cristae, and an interruption of the outer mitochondrial membrane
[6, 16]. Lipid peroxidation, elevated ferric ions, the buildup of
intracellular reactive oxygen species (ROS), reduction of GSH,
decreased GPX4 activity/levels, and decreased SLC7A11 produc-
tion are biochemical indicators of this process [16]. Iron response
element-binding protein 2 (IREB2), citrate synthase (CS), ATP
synthase FO complex subunit C3 (ATP5G3), acyl-CoA synthetase
family member 2 (ACSF2), tetratricopeptide repeat domain 35
(TTC35), and ribosomal protein L8 (RPL8) are the six genes that, at
the molecular level, are upregulated during ferroptosis [6].

FERROPTOSIS CAN SERVE AS A POTENTIAL NEW THERAPEUTIC
TARGET FOR CRPC

Negative regulators of ferroptosis promote CRPC progression
Activation of PI3K/AKT/mTOR leads to the development of CRPC by
inhibiting ferroptosis. The PI3K/AKT pathway is engaged in 70%
of advanced PCa, and PTEN loss happens often with human PCa
development [17]. The androgen receptor (AR) transcription factor
activity is regulated by PTEN loss, which in turn inhibits androgen-
responsive gene expressions. By reducing the expression of the
androgen-responsive gene Fkbp5 and blocking PHLPP-mediated
AKT inhibition, conditional AR deletion in the epithelium increases
the proliferation of PTEN null cancer cells. Possible significant
implications for PCa pathogenesis and therapy were highlighted
by Mulholland et al., who found PI3K and AR pathway crosstalk as
a mechanism of CRPC formation [18].

As a downstream player of the PI3K/AKT signaling cascade,
mTOR regulates biological processes in tumors. High levels of
cholesteryl ester have been associated with an increased risk of
PCa in multiple investigations [19]. Yue et al. demonstrated that
stimulation of the PI3K/AKT/mTOR pathway can generate the
buildup of cholesteryl ester, which supports PCa progression [20].
Yi et al. found that PCa cells could activate downstream sterol
regulatory element-binding protein 1 (SREBP1) and its transcrip-
tional target stearoyl-CoA desaturase-1 (SCD1) through the PI3K/
AKT/mTORC1 pathway to mediate monounsaturated fatty acids
production. What's more, mTORC1 can mediate nuclear factor
erythroid 2-related factor 2 (NRF2) signaling, acting as an
important regulator of cellular redox homeostasis. Finally prevents
lipids from being peroxidized, thus preventing ferroptosis in
cancer cells [21]. To sum up, mTORC1 is an antioxidant and a
negative regulator of ferroptosis; it also inhibits ferroptosis in PCa
cells by interfering with lipid metabolism.

In a nutshell, increased cell proliferation and castration
resistance are all outcomes of PTEN loss or activation of the
PI3K/AKT/mTOR pathway.

Overexpression of DECR1 inhibits CRPC cells from ferroptosis. The
rate-limiting enzyme in PUFA oxidation, 2,4-Dienoyl-CoA reduc-
tase 1 (DECR1), is shown to be elevated in prostate tumor samples
and castration-resistant mice models [22]. Decreased DECR1
expression significantly inhibits PCa cell growth through PUFA
buildup, heightened lipid peroxidation vulnerability, and ferrop-
tosis induction, according to recent studies [23]. It is intriguing
that temporarily repressing the DECR1 gene improved the
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inhibitory impact of enzalutamide on PCa cells. On the flip side,
temporary overexpression of the DECR1 gene boosted cancer cell
proliferation. Additionally, CRPC cells become more susceptible to
ferroptosis when DECR1 is downregulated which raises GPX4
expression [22]. In addition, it is highly important for prognosis
prediction that increased DECR1 expression is associated with
shorter disease-free survival in PCa patients [23].

PANX2 promotes PCa progression via suppressing ferroptosis. Pan-
nexin 2 (PANX2) is a protein that forms a cell-specific channel and
is mostly found in postnatal neural precursor cells and mature
neurons. A study discovered that PANX2 expression levels were
notably increased in PCa cells and showed a favorable correlation
with the Gleason score in PCa [24]. In this study, disrupting PANX2
expression notably raised Fe?" levels in cancer cells. PCa cells can
upregulate iron metabolism via PANX2, enabling them to evade
ferroptosis, promoting the progression of PCa. On the flip side,
PCa cells are unable to proliferate, migrate, or invade when PANX2
is silenced. The study found that PANX2 may promote the growth
and progression of PCa cells by controlling NRF2, a significant
controller of intracellular oxidative balance and effectively
prevents ferroptosis by collaborating with the antioxidant
transcription factor STAT3 to enhance SLC7A11 expression [25].
PANX2 functions as a suppressor of ferroptosis by specifically
affecting iron metabolism and promoting the progression of PCa
through the up-regulation of SLC7A11 levels.

Up-regulation of SLC7A11 may lead to docetaxel-resisitance. The
inhibition of ferroptosis and the acceleration of PCa progression
may result from up-regulating the levels of SLC7A11. Zhang et al.
found that long non-coding RNA OIP5-AS1 expression was greatly
elevated in PC3 and DU145 cells upon chronic Cd exposure, which
targets and enhances the miR-128-3p/SLC7A11 signaling, and
finally promotes cell growth and suppresses ferroptosis. As a
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result, PCa cells migrate and form colonies [26]. In addition, Jiang
X and colleagues [27] observed that IncRNA-PCAT1 competes for
miR-25-3p, which increases the stability of c-Myc through physical
interactions. This transcriptionally activates SLC7A11 expression,
leading to an increase in docetaxel resistance, which is
recommended to be used for CRPC. Furthermore, INcRNA-PCAT1
knockdown promotes ferroptosis, effectively impairing docetaxel
resistance.

HSPB1 may inhibit erastin-induced ferroptosis of PCa. As a
member of heat shock protein family B, HSPB1 can degrade
unfolded or misfolded proteins, which it uses to protect cells from
death [28]. The upregulation of HSPB1, which has been linked to
extremely aggressive cancer and bad clinical results, suggests that
it is an important regulator of PCa cell activity [29]. Sun et al.
showed that erastin-induced ferroptosis was greatly amplified in
PCa cell lines when HSPB1 was knocked down, but inhibited when
HSPB1 was overexpressed. Phosphorylation of HSPB1 by protein
kinase C could prevent cancer cell ferroptosis by blocking
cytoskeletal-mediated iron absorption and lipid ROS generation
[30]. To sum up, HSPB1 suppresses erastin-induced PCa ferroptosis
and acts as a negative regulator of ferroptosis.

Enhancing the expression of negative regulators of ferroptosis
may be linked to PCa invasion and progression, as well as the
development and progression of CRPC. Conversely, it may
enhance the sensitivity of PCa cells to ferroptosis, thus impeding
disease advancement. Ferroptosis inducers show significant
potential as a novel target for treating CRPC sufferers.

Positive regulators of ferroptosis inhibit CRPC progression

Inducing ferroptosis by critical down-regulation of SLC7A11 and
GPX4 expression slows the growth of PCa. As an illustration,
research shows that the amount of glutathione-specific y-
glutamylcyclotransferase 1 (CHAC1) is related to the viability of
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PCa cells and the levels of GSH [31]. The ferroptosis activator
induced a significant up-regulation in the expression level of
CHAC1, which led to lower GPX4 levels and higher intracellular
lipid peroxides. The process progressed to ferroptosis, which
rendered the PCa cells more sensitive to docetaxel and reduced
their viability. CHAC1 is indicated to be a promoter of ferroptosis.
The correlation between the expression level of CHAC1 and
endoplasmic reticulum stress is known, but the connection
between CHACT, endoplasmic reticulum stress, and ferroptosis
has not been extensively researched. Investigating this relation-
ship could provide more insight into the mechanism of
ferroptosis.

Positive regulators of ferroptosis increase the sensitivity of PCa
cells to docetaxel, indicating that triggering ferroptosis could be a
promising approach for treating CRPC.

Ferroptosis Inducers (FIN) and CRPC

Metastatic PCa progresses to castration resistance, endocrine
therapy is not very effective, and docetaxel plus prednisone
provides minimal improvement in overall survival [4]. Hence,
there is a pressing requirement for innovative CRPC treatment
medications. The analysis of the aforementioned data indicates
that ferroptosis inducers could be a promising therapy
approach.

Class | FIN: Inhibits Xc transport system [32], depletes GSH. The Xc
transporter impacts cell viability by promoting nutrient absorption
at the plasma membrane. Its inhibitors decrease cystine uptake
and hinder protein folding. Accumulation of misfolded proteins
results in endoplasmic reticulum stress, which triggers ferroptosis
[33, 34]. For instance, Erastin reduces glutathione (GSH) levels by
interrupting Xc function and, in addition, obstructs mitochondrial
voltage-dependent anion channels and fosters ferroptosis in RAS-
positive cells (so named because of the first identification in rat
sarcoma virus). According to constitutive relationship studies,
erastin’s effectiveness is conditional on the quinazolinone moiety’s
integrity, the piperazine linker’s stiffness, and the chlorine atom’s
existence [34]. In addition, Ghoochani et al. discovered that AR-
expressing cells showed enhanced anticancer activity of enzalu-
tamide and abiraterone when treated with erastin [35]. Further-
more, Yang et al. discovered an additional erastin mechanism for
the treatment of CRPC. Expression of GPX4, AR and its splice
variants, and their transcriptional activity were all downregulated
in erastin-exposed cells. Together, ferroptosis inhibitors (ferrosta-
tin-1 and liproxstatin-1) and these results (e.g., increased ROS and
reduced GSH) reverted the effects of decreased proliferation, cell
cycle arrest, and induction of Ferroptosis. Erastin slowed the
progression of 22Rv1 xenograft tumors when administered alone,
and when combined with DTAX, it enhanced the anticancer drug’s
growth inhibitory effect [36].

Furthermore, in addition to using iron or Buthionine Sulphox-
imine (BSO) alone, combining AR antagonists with it is another
approach that is successful in CRPC. Qin and colleagues
administered an isothiocyanate-modified AR antagonist to PCa
cells with BSO. The drug combination caused notable lipid
peroxidation, both AR/AR-V7 were downregulated and further
ferroptosis was induced as a consequence of the combination’s
synergistic action. Agents that antagonize iron (such as antiox-
idants and iron chelators) were able to suppress this cellular
response. Combining BSO-mediated inhibition of GSH-defense
mechanisms with enhanced availability of modified-AR antago-
nists to AR likely resulted in lower AR levels [37].

But erastin’s pharmacological efficacy is constrained by its poor
bioavailability and solubility, whereas the application of its two
derivatives, piperazine erastin and imidazole ketone erastin (IKE),
may improve its pharmacological activity [38, 39]. The mechanism
of action of sulfasalazine is akin to that of Erastin but with
significantly lower potency [40]. Also, by blocking the Xc
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transporter system, the kinase inhibitor sorafenib causes ferrop-
tosis. This drug is now used to treat thyroid, hepatocellular, and
renal cell carcinomas. The molecular mechanism behind this
effect, however, is not fully understood. As noted by Dixon et al.
[34], therefore, sorafenib may cause ferroptosis by blocking the
kinases that control Xc activity or by blocking components that
are structurally unconnected to the kinases that they target.
However, additional research is needed to determine if these
medications are effective in treating CRPC.

Class Il FIN: Direct inhibition of GPX4 activity via covalent binding.
To prevent ferroptosis, GPX4 expression levels must remain
normal. GSH plays a key role in this process by transforming
dangerous lipid ROS into safe lipid alcohols [41]. RSL3 inhibits
GPX4 explicitly, with the maximum activity observed in (15,3 R)-
RSL3, one of four diastereoisomers. Chemical proteomics studies
have found that the drug'’s activity is primarily attributed to the
chloroacetamide portion. This compound inhibits GPX4 through
covalent alkylation of selenocysteine and could potentially
demonstrate a preference for cells expressing HRAS because of
its affinity for HRAS pathway proteins [38, 41].

Restraining enzalutamide exposure over time decreased cell
growth, increased tolerance to several drugs, and accumulated
lipids, according to Tousignant and colleagues. The cells become
resistant to ADT but sensitive to ferroptosis induced by RSL3
because of an increase in GPX4 dependence, which in turn causes
an increase in PUFA levels, increased membrane fluidity, and lipid
peroxidation [42]. Evidence suggests that RSL3 might work
against CRPC.

Class Il FIN: Depletion of coenzyme Q and degradation
of GPX4. FIN56, a derivative of CIL56, induces GPX4 degradation
in response to activation of acetyl-CoA carboxylase (ACC) and
squalene synthase (SQS) through a mechanism of action different
from cysteine asparaginase activation, relying on oxime and
piperidine residues [43, 44]. The antitumor activity in vitro and in a
xenograft mouse model in vivo was further enhanced when
DECR1-directed siRNA, which induced selective DECR1 silencing,
was combined with FIN56 [23]. This suggests that inhibitors of
negative regulators of ferroptosis and inducers of ferroptosis may
work together to treat CRPC.

Class IV FIN: Oxidation of iron and polyunsaturated fatty acids [45]. A
1,2-dioxolane ring is present in FINO2, making it a potent inducer of
ferroptosis. Investigations into the composition of FINO2 have
identified (-)-FINO2 as the most active enantiomer, with its drug
activity attributed to polar residues near the peroxide ring. The drug
induces ferroptosis by directly oxidizing intracellular iron pools and
inactivating GPX4 [46].

Ferroptocide (FPT) is an active small molecule natural product
modifier capable of inducing ferroptosis by covalently modifying
the active site of thioredoxin (TNX), thereby interfering with the
cellular antioxidant system and altering lipid peroxidation and
redox status. According to constitutive relationship assays, the
presence of the electrophilic alpha-chloroester group is necessary
for FPT to have biological action [47]. Artemisinins (ART) are a
derivative of sesquiterpene lactones with antimalarial and anti-
tumor activities [48]. Recent research has indicated that the
anticancer mechanisms of these derivatives may relate to
ferroptosis, suggesting that artemisinins are becoming increasingly
applicable in broader fields. One example is the ability of artesunate
to display important ferroptosis-inducing activity in anti-apoptotic
KRAS-transformed cancer cells [49], while dihydroartemisinin
promotes ferritin autophagic degradation, leading to ferritin
down-regulation and ferroptosis [50]. Furthermore, we anticipate
that future studies will explore if these drugs have value in the
treatment of CRPC. The ferroptosis inducers that have been shown
to affect CRPC are listed in Table 1.
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Class |
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Inhibit GSH synthesis
Inhibit GPX4 activity

VCaP, 22Rv1

GSH

Buthionine Sulphoximine (BSO)

RSL3

LNCaP, 22RV1, C4-2B, DuCaP

LNCaP, VCaP, 22Rv1

GPX4

Class Il

Deplete CoQ and degrade GPX4

CoQ, GPX4

FIN56

Class llI

FERROPTOSIS COULD BE A NEW STRATEGY FOR CRPC
COMBINATION THERAPY

Multiple forms of DNA damage, including base damage, single-
strand breaks, and double-strand breaks, can be directly caused by
ionizing radiation [51], Additionally, it can radioactively break
down water molecules within cells and trigger oxidative enzymes
to release highly reactive oxygen and hydrogen peroxide radicals,
among other ROS, which can impact proteins, lipids, and nucleic
acids in a dose-dependent manner [52]. Tumor cells are subjected
to detrimental biological processes such as cellular senescence,
apoptosis, and cell cycle arrest as a result of both direct and
indirect influences, which aid in the eradication of cancer cells.
Additional investigation into the functions and processes of
alternative types of programmed cell death in radiation treatment
is necessary [53].

Radiotherapy (RT) plays an important role in the treatment of
PCa, it is an increasingly common treatment for localized PCa,
especially in males aged 65 and up [54]. In cases of CRPC,
particularly in individuals with metastatic disease, the National
Comprehensive Cancer Network (NCCN) recommends radiother-
apy as a local treatment for painful bone metastases [55]. New
evidence suggests that ferroptosis is essential for radiation-
induced anticancer effects [11, 12], which could be a potential
target in improving radiosensitivity, identifying possible indicators
of RT effectiveness, and investigating the role of RT in conjunction
with other medicinal approaches.

Ferroptosis may be a possible indicator of RT effectiveness
Radiotherapy can induce lipid peroxidation to promote ferroptosis.
lonizing radiation activates ferroptosis through three parallel
pathways that result in characteristic lipid peroxidation. Fatty acid
radicals (PUFA-) are formed in the first pathway when ionizing
radiation removes electrons from polyunsaturated fatty acids,
leading to the production of reactive oxygen species. Lipid peroxyl
radicals (PUFA-OO-) are quickly produced when unstable carbon-
centered radicals react with molecular oxygen. These radicals then
undergo the Fenton reaction and can remove hydrogen from other
molecules, resulting in lipid peroxide (PUFA-OOH) [56]. Further-
more, ionizing radiation enhances ACSL4 expression, an enzyme
critical for lipid metabolism and the synthesis of phospholipids
containing polyunsaturated fatty acids (PUFA-PLs), a peroxidation-
prone lipid type. Inhibition of ferroptosis and ionizing radiation-
induced lipid peroxidation is prevented by ACSL4 deficiency [57].
Evidence suggests that ionizing radiation can enhance PUFA-PL
production via ACSL4 expression. This, in turn, can cause PUFA-PL
peroxidation (PUFA-PL-OOH) and ferroptosis when coupled with
ROS generated by ionizing radiation [11]. However, it is still not clear
how ionizing radiation triggers ACSL4 expression. It is unclear
whether transcription factors or chromatin-modifying enzymes
influence ACSL4 expression, which in turn controls radiation
reaction and ferroptosis. For example, p53 [58] and BRCAT1-
associated protein-1 (BAP1) [59, 60] are potential candidates.
Furthermore, radiation can induce ferroptosis by depleting
glutathione (GSH) and suppressing GPX4-mediated defenses
against ferroptosis. Finally, SLC7A11 expression can be increased
as an adaptive response to prevent ferroptosis or downregulated in
an ATM-dependent way to enhance ferroptosis [61].

Radiotherapy can induce the activation of p53 to regulate
ferroptosis. Furthermore, various studies have suggested that
radiotherapy-induced ferroptosis may have additional molecular
mechanisms. For instance, research has shown that p53 promotes
ferroptosis through multiple pathways. According to research by
Wang Y and colleagues, p53 can either interact with ubiquitin-
specific protease 7 or directly bind to the p53 response element in
the SLC7A11 promoter region, both of which decrease the SLC7A7
level [62]. This reduces the level of mono-ubiquitylation of H11B in
the regulatory region of the SLC2A7 gene, this triggers ferroptosis
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as a defense mechanism against oxidative damage. Ou et al.
discovered that in response to ROS stress, ferroptosis is promoted
by inducing the production of spermidine/spermine N1-
acetyltransferase 1 (SAT1), which overrides ALOX15 [63]. Chu
et al. discovered that ferroptosis is enhanced in an ALOX12-
dependent way through p53-mediated regulation of SLC7A11
[64]. However, p53 can prevent ferroptosis in two ways: first, by
transcriptionally inhibiting dipeptidyl peptidase-4 (DPP4) activity
[65]; second, by increasing p21 to preserve GSH levels during
stress from metabolism [66]. Given p53’s environment-dependent
role in ferroptosis regulation, additional research is required to
ascertain if radiotherapy-induced activation of p53 enhances or
hinders ferroptosis.

Radiotherapy can activate AMPK to regulate ferroptosis. Ferropto-
sis and AMPK are both closely related to cellular metabolism,
which indicates that AMPK may be a potential signaling node for
radiotherapy-induced ferroptosis. Evidence suggests that radio-
therapy can activate AMPK [67, 68], environment also plays a role
in how its activation regulates ferroptosis. Inhibition of the Xc
transport system by AMPK-phosphorylated beclin-1, according to
studies, promotes ferroptosis [69]. Energy stress-induced AMPK
activation, on the other hand, inhibits ferroptosis by reducing
PUFA-PL production [70, 71]. So, to find out how AMPK causes
radiotherapy-induced ferroptosis and what role it plays, additional
research is needed.

Radiotherapy can induce the expression of MDMZ2 to promote
ferroptosis. Expression of the mouse double minute 2 homolog
(MDM2) gene is induced by radiation exposure in a way that is
reliant on either ATM or p53 [72, 73]. Venkatesh and colleagues
[74] have shown that MDM2 is involved in radiotherapy-induced
ferroptosis because it promotes ferroptosis by controlling lipid
metabolism and the production of ferroptosis suppressor protein
1 (FSP1).

Prostate Cancer and Prostatic Diseases (2026) 29:36 - 46

Radiotherapy can inhibit the GCH1-BH4 signaling to promote
ferroptosis. Furthermore, the GCH1(guanosine triphosphate
cyclohydrolase 1)-BH4(tetrahydrobiopterin) signaling axis serves
as a GPX4-independent system that inhibits ferroptosis [75]. BH4,
which is an effective antioxidant that reduces lipid peroxidation
and ferroptosis by capturing free radicals in the membranes of
cells, encourages the regeneration of CoQH2 and a-tocopherol
[75, 76]. Dihydrofolate reductase (DHFR) converts boron dihydride
(BH2) into BH4. Cells become far more vulnerable to ferroptosis
when DHFR is rendered inactive [75]. lonizing radiation reduces
BH4 levels and bioavailability in vivo. The activation of GCH1
feedback-regulatory proteins (GFRP) could be the reason behind
this, as radiation amplifies the inhibition of GCH1 activation that is
mediated by GFRP [77, 78]. These findings lend credence to the
idea that radiation treatment has the potential to regulate
ferroptosis by blocking the GCH1-BH4 signaling.

Taken together, radiotherapy may regulate ferroptosis and thus
exert antitumor effects through a variety of mechanisms (seen in
Fig. 2), suggesting that all of these molecules may serve as
markers for predicting the effectiveness of radiotherapy for CRPC.
Furthermore, induction of ferroptosis by genetic or pharmacolo-
gical approaches has also proved important in treating some
types of cancer [45, 79]. Inducing ferroptosis may enhance the
elimination of cancer cells with radiotherapy when combined with
ADT, chemotherapy, immunotherapy, or targeted therapy. Hence,
additional research is needed to determine the function of RT in
combination with other pharmaceutical methods and to see if this
combination strategy heightens normal tissue toxicity.

Ferroptosis could be a potential target in improving
radiosensitivity

Radiotherapy is beneficial in relieving pain in patients with limited
metastatic disease in the vertebra or paravertebral region [80]. The
overall response rate for pain was approximately 58%, indicating a
need for improvement. A randomized controlled trial comparing
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ADT to ADT combined with external beam radiation therapy for
primary bone metastatic PCa patients did not demonstrate a
meaningful difference in overall survival (OS) [81]. Further research
is required to validate these results. Several studies have
demonstrated that radiation can enhance progression-free
survival (PFS) [82] and OS [83] in patients with oligometastatic
progression. However, the enhancement remains constrained. The
results suggest that enhancing the sensitivity and efficacy of
radiation is a crucial issue in treating metastatic CRPC.

The use of ferroptosis inducers may increase radiation sensitivity,
according to several recent studies. For instance, in vitro studies
have demonstrated that non-small cell lung cancer (NSCLC) cells
can be rendered more radiosensitive by certain FINs, including class
| FINs (which target SLC7A11, erastin, and salazosulfapyridine), class
Il FINs (which target GPX4, RSL3, and ML162), and class Il FINs
(which deplete coenzyme Q and degrade GPX4, such as FIN56) [11].

SLC7A11 inhibitors may safely improve radiosensitivity. When
administered to xenografts derived from cell lines (CDX) and
patients (PDX), salazosulfapyridine significantly reduced the radio-
sensitivity of ovarian and KEAP1 mutant lung cancers [10, 11].
Another study showed that radiotherapy in combination with IKE or
sorafenib in both CDX and PDX is effective for tumor suppression
[12]. These results indicate that in vivo, the use of class | FINs in
conjunction with radiation is well-tolerated, and could be a
promising treatment option for cancer patients. Furthermore,
SLC7A11 inhibitors are quite safe, as SLC7A11-deficient animals
did not show any noticeable phenotype [84, 85].

GPX4 inhibitors may have chance to improve radiosensitivity.
Buthionine Sulphoximine (BSO) has been shown to inhibit GSH
synthesis, which sensitizes cancer cells to radiotherapy [86, 87].
One possible way to make cancer cells more sensitive to radiation
is to suppress GPX4, which is essential for the survival of drug-
resistant cancer cells [88]. In vitro, RSL-3, ML162, and FIN-56
exhibit strong radiosensitizing properties [10-12], but suboptimal
pharmacokinetics make them unsuitable for in vivo treatment
[88]. Cancer therapy medicines with FDA approval, such as
withaferin A and altretamine, both inhibit GPX4. These drugs show
promise as anticancer agents in animal studies and offer another
way to target GPX4 in living organisms [89, 90]. A key point to
keep in mind is that GPX4 knockout animals die during embryonic
development, which brings up questions regarding the safety of
GPX4 inhibitors as in vivo treatments [41, 91]. But GPX4 inhibitors
seem to work better on clear cell tumors than normal cells [92],
perhaps there is a chance to target GPX4 in certain malignancies,
which requires further investigation.

These findings offer potential strategies to improve the
effectiveness of radiation therapy in treating metastatic CRPC,
including increasing the overall response rate for pain or OS in bone
metastatic patients and enhancing PFS and OS in oligometastatic
progression. It should be noted that ferroptosis may occur alongside
typical radiation-induced tissue damage, such as lung injury [93, 94].
Therefore, finding out if radiation and FIN can operate together
ideally is of the utmost importance. Additionally, the function of
ferroptosis in X-ray radiotherapy—photons with non-linear energy
transfer—has been the subject of recent studies. Future studies
should focus on ferroptosis and its possible role in proton therapy
and other high-linear-energy-transfer radiations such as carbon ion
radiotherapy. Table 2 displays ferroptosis inducers that can act as
radiosensitizers in vitro or in vivo.

FERROPTOSIS-RELATED GENES MAY BE GREAT INDICATORS
OF PCA PROGNOSIS

Several diseases have been identified as ferroptosis-associated
genes, which could potentially serve as biomarkers for disease
diagnosis (such as acute myocardial infarction [95], smoking-
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associated chronic obstructive pulmonary disease [96], and
Alzheimer's disease [97]) or to predict tumor prognosis (such as
leukemia [98], prostate cancer [99], hepatocellular carcinoma
[100], papillary cell carcinoma of the kidney [101], and colorectal
carcinoma [102]).

For example, a multifunctional enzyme known as aldo-keto
reductase family 1 member C3 (AKR1C3) plays a key role in the
metabolism of steroidal compounds in living organisms. It is also
known as type 5 17B-hydroxysteroid dehydrogenase or prosta-
glandin F2a synthase and is one of the four isoforms of enzymes
in subfamily 1C (AKR1C) of the AKR superfamily, which includes
AKR1C1, AKR1C2, AKR1C3, and AKR1C4 [103].

It was discovered that AKR1C3 expression levels are present in a
range of hormone-dependent, hormone-independent, metabolic,
solid, and hematological tumors. There were more cases of cancer
than of normal cells. These cases included a variety of cancers,
including esophageal cancer [104], prostate cancer [105], endo-
metrial carcinoma [106], breast carcinoma [107], tumors of the
central nervous system [108], leukemia [109], and renal cell
carcinoma, gastric carcinoma, pancreatic carcinoma, cervical
carcinoma, colon carcinoma, rectal carcinoma, non-small-cell lung
carcinoma, hepatocellular carcinoma, bladder carcinoma. The up-
regulation of this gene is strongly linked to other cancer-related
outcomes, like tumor cell differentiation [110], invasion [111],
proliferation [112], metastasis [113], poor patient prognosis, and
lower survival [114]. It also leads to tumor cell resistance to
radiotherapy [111, 115, 116] and chemotherapy [117]/immu-
notherapy [118], resulting in poor patient prognosis and lower
survival. Localized and progressed prostate adenocarcinomas are
characterized by an upregulation of AKR1C3 [119]. When it is
overexpressed, PCa is more likely to form and spread aggressively
[114]. In addition, it can cause the buildup of prostaglandin F2aq,
which can accelerate the development of PCa cells and increase
their resistance to radiation. Nevertheless, tumor cells regain their
radiation sensitivity when AKR1C3 is inhibited. AKR1C3 is involved
in every step to androgens of PCa progression and has been
linked to CRPC [120].

Furthermore, Liu et al. examined seven genes related to
ferroptosis: AKR1C3, ALOXE3, ATP5MC3, CARS1, MT1G, PTGS2,
and TFRC to create a risk model for PCa. This model was proven to
accurately predict prognosis when verified in the MSKCC dataset
[99]. These results point to the possibility that genes associated
with ferroptosis could be useful as biological indicators for
prognosis and as therapeutic targets. And by utilizing the UCSC
XENA database, a ferroptosis-related gene prognostic index (FGPI)
was developed by Shi et al. as a research tool [121]. To determine
whether PCa patients who had radical radiation would survive
without metastases, researchers screened two genes, ACSL3 and
ACTC1, using LASSO and Cox regression models. Biochemical
recurrence (BCR) and metastasis in PCa patients were successfully
predicted by the FGPI, which is based on ACSL3 and ACTCI.

Ferroptosis-related genes like AKR1C3 may serve as valuable
prognostic indicators for PCa and are strongly associated with
CRPC, making them possible biomarkers for PCa therapy. Several
risk models of Pca have been developed and demonstrated strong
predictive capability.

CONCLUSIONS

Recent studies show that ferroptosis regulators like PI3K/AKT/
mTOR, DECR1, PANX2, SLC7A11, HSPB1, CHACT plays an important
role in CRPC development, which implies that ferroptosis inducers
could be a promising therapy approach. Class | FIN (erastin and
BSO), Class Il FIN (RSL3), and Class Ill (FIN56) have already shown
effect in CRPC. In addition, radiotherapy serves as a significant
local treatment for painful bone metastases of CRPC and
oligometastatic progression, but the enhancement remains
constrained. Ferroptosis is essential for radiation-induced
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anticancer effects by inducing lipid peroxidation and regulating
p53, AMPK, MDM2, and GCH1-BH4 signaling. Several SLC7A11
inhibitors and GPX4 inhibitors have been found to have the
capability of improving radiosensitivity. Moreover, several risk
models of PCa based on ferroptosis-related genes have been
developed and demonstrated great predictive capability. In
conclusion, ferroptosis shows hopeful potential in the treatment
of CRPC, but further clinical studies are required to evaluate
whether ferroptosis inducers in combination with ADT produce a
survival benefit in CRPC patients compared with ADT alone and
whether the genes associated with ferroptosis can achieve risk
stratification of patients to select the targeted therapeutic
modalities, or to guide the application of ferroptosis inducers
based on predictors of ferroptosis that are sensitive to therapeutic
modalities or not.

DATA AVAILABILITY

The data presented in this study are available in this manuscript.
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