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GPX4
Ferroptosis, a distinct form of regulated cell death, has emerged as a significant factor 
in radiation-induced brain injury [1]. Central to this process is GPX4 (glutathione per-
oxidase 4), a selenoprotein that acts as a primary defense against phospholipid peroxida-
tion, a hallmark of ferroptosis [2]. GPX4 has the unique capability to degrade a spectrum 
of peroxides, from simple molecules to complex lipid peroxides. Its primary function 
is to counteract the accumulation of lethal ROS by converting cytotoxic phospholipid 
hydroperoxides into non-toxic phospholipid alcohols [3, 4]. Studies have highlighted that 
a reduction in GPX4 expression makes cells more susceptible to ferroptosis, whereas its 
upregulation offers resistance [5–7].
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The active site of GPX4, enriched with selenocysteine, can be targeted by the GPX4 
inhibitor RSL3 [8]. This interaction diminishes the antioxidative defenses of cells, lead-
ing to an increase in lipid ROS, and thereby initiating ferroptosis [7, 9, 10]. Notably, the 
synthesis of GPX4 is modulated by the mevalonate (MVA) pathway [11]. Any disrup-
tion in this pathway, especially in the maturation of selenocysteine tRNAs, can impair 
GPX4 functionality, promoting ferroptosis [12]. Additionally, glutathione, an essential 
tripeptide antioxidant, is vital for GPX4’s function in neutralizing hydrogen peroxide 
[13–15]. Emerging research suggests that a decline in glutathione levels might precede 
GPX4 inactivation, further weakening the antioxidative defenses, escalating lipid ROS 
accumulation, and driving ferroptosis [16]. Given the susceptibility of the brain to radi-
ation-induced oxidative stress, understanding the role of GPX4 in ferroptosis becomes 
paramount for developing potential therapeutic interventions.

System Xc‑
System Xc- is a heterodimeric amino acid transporter embedded in the cell surface 
membrane, comprising member 2 of the solute carrier family 3 (SLC3A2) and member 
11 of the solute carrier family 7 (SLC7A11) [17]. Among these, SLC7A11 stands out as 
the primary functional subunit, orchestrating the pivotal role of transporting cystine 
into the cell [18]. Once inside, cystine undergoes reduction to form cysteine in the cyto-
plasm, which then becomes a cornerstone in the synthesis of the antioxidant molecule, 
glutathione (GSH) [19–22].

The significance of System Xc- extends beyond mere cystine transport. It plays a cen-
tral role in maintaining cellular redox homeostasis, ensuring that cells are equipped with 
adequate GSH to counteract phospholipid oxidative stress [23]. Intriguingly, when Sys-
tem Xc- is inhibited, cells respond with a compensatory transcriptional upregulation of 
SLC7A11 [10]. This adaptive response, however, comes with a caveat: it leads to a decline 
in intracellular GSH synthesis, which in turn impacts the biological activity of GPX4, a 
key enzyme in preventing lipid peroxidation and ferroptosis [24].

Radiation-induced brain injury often results from oxidative stress, where an imbal-
ance between the production of reactive oxygen species (ROS) and the cell’s ability to 
counteract or detoxify their harmful effects ensues [25]. Given the pivotal role of Sys-
tem Xc- in maintaining cellular redox homeostasis, its function becomes even more cru-
cial in the context of radiation exposure. When cells are exposed to radiation, there is 
an upsurge in ROS production [26]. Without adequate GSH, which is synthesized from 
cysteine transported by System Xc-, cells become vulnerable to oxidative damage, lead-
ing to lipid peroxidation and, eventually, ferroptosis [27].

Furthermore, radiation can directly or indirectly modulate the expression and activity 
of System Xc-28. A decrease in its activity can exacerbate the oxidative stress induced by 
radiation, making neurons and other brain cells more susceptible to injury [29]. On the 
other hand, the compensatory upregulation of SLC7A11, as mentioned, might seem like 
a protective response, but it can be a double-edged sword. While it might enhance cys-
tine uptake initially, the subsequent decline in GSH synthesis can leave cells defenseless 
against the onslaught of ROS, further promoting ferroptosis [30].

Given these insights, targeting System Xc- or its downstream pathways might offer 
a promising therapeutic strategy for mitigating radiation-induced brain injuries. By 
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enhancing its activity or preventing its inhibition, we might be able to bolster the brain’s 
defenses against radiation-induced oxidative stress and ferroptosis.

NRF2
NRF2 (nuclear factor erythroid 2-related factor 2) is a central transcriptional regulator in 
oxidative stress responses, playing a significant role in radiation-induced brain injury [31]. It 
governs a wide array of cellular processes, from antioxidant reactions to redox equilibrium, 
with a particular emphasis on lipid peroxidation and free iron accumulation processes [32]. 
Notably, many factors associated with ferroptosis, a form of cell death implicated in radia-
tion-induced brain damage, have been identified as NRF2 target genes [33].

In the context of radiation exposure, the brain’s vulnerability to oxidative stress is height-
ened. NRF2, sensing this oxidative milieu, becomes activated [34]. Under physiological 
conditions, NRF2 remains bound to its inhibitor, KEAP1, in the cytoplasm [35]. However, 
radiation-induced oxidative stress facilitates NRF2’s dissociation from KEAP1, allowing it 
to translocate to the nucleus [36]. Here, it induces the expression of antioxidant genes, aim-
ing to neutralize the surge in ROS. Yet, when ROS levels become overwhelming, leading to 
uncontrolled lipid peroxidation, NRF2 can shift its role, instigating ferroptosis as a primary 
cell death mechanism [37]. This process is particularly relevant in radiation-induced brain 
injuries, where the balance between protective and destructive pathways determines cel-
lular fate.

Furthermore, NRF2’s influence extends to the synthesis of various antioxidants, notably 
GSH, recognized as a downstream target gene of NRF2 [37]. Given the brain’s susceptibil-
ity to radiation and the role of ferroptosis in mediating radiation-induced damage, NRF2 
emerges as a potential therapeutic target. Modulating its activity could offer avenues for 
mitigating the detrimental effects of radiation on the brain, making it a focal point in con-
temporary neurobiological research [32, 38]. One such interaction is with the aforemen-
tioned System Xc- and GPX4. As NRF2 promotes the synthesis of GSH, a decline in System 
Xc- activity or GPX4 function can compromise NRF2’s protective effects [32]. This inter-
play suggests that while NRF2 acts as a frontline defense against radiation-induced oxida-
tive stress, its efficacy is contingent upon the proper functioning of other cellular pathways.

Additionally, recent studies have unveiled a connection between NRF2 and iron metabo-
lism [39]. Iron accumulation, a hallmark of ferroptosis, can be modulated by NRF2-regu-
lated genes involved in iron storage and transport [40]. This positions NRF2 as a potential 
modulator of iron homeostasis in the context of radiation-induced brain injury.

Moreover, the NRF2-KEAP1 pathway’s pharmacological modulation has garnered atten-
tion. Compounds that can either stabilize NRF2 or inhibit KEAP1, thereby enhancing 
NRF2’s antioxidative response, are under investigation for their potential neuroprotective 
effects against radiation-induced damage [41].

ACSL4
ACSL4, or acyl coenzyme A synthetase long chain member 4, is a crucial member of 
the long-chain acyl-CoA synthetase (ACSL) family [42]. Specializing in the metabo-
lism of polyunsaturated fatty acids (PUFAs), ACSL4 has emerged as a key modulator 
of ferroptosis sensitivity [43]. Its role in determining phospholipid composition, and 
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consequently, phospholipid peroxidation generation, has positioned ACSL4 as a poten-
tial biomarker for ferroptosis. [40, 41].

Elevated ACSL4 expression promotes the conversion of AA and other PUFAs, altering 
cellular phospholipid profiles and increasing cell susceptibility to ferroptosis [44]. This 
is particularly significant in the context of radiation-induced brain injury. In cerebral 
ischemia/reperfusion models, which often mirror radiation-induced damage effects, 
reducing ACSL4 levels has demonstrated protective effects against ischemic brain dam-
age [45]. In contrast, its overexpression exacerbates the injury. Furthermore, ACSL4 can 
drive neuronal death by amplifying neuronal ferroptosis [46].

In radiation therapy, the significance of ACSL4 is accentuated. Considering radia-
tion’s potential to induce oxidative stress and lipid peroxidation, modulating ACSL4 
can directly impact the severity of radiation-induced neuronal damage. As ACSL4 gains 
traction as a therapeutic target in oncology, its role in activating the ferroptosis mecha-
nism presents a novel strategy for treating tumors, especially those resistant to conven-
tional chemotherapy or adept at evading apoptosis [43]. In summary, ACSL4 not only 
offers a potential therapeutic avenue to induce tumor cell ferroptosis, but also serves as a 
pivotal determinant of ferroptosis sensitivity in radiation-induced brain injuries.

Coenzyme Q10
Coenzyme Q10, commonly referred to in its reduced form as ubiquinol, stands out as a 
potent lipophilic antioxidant [47]. Its role becomes particularly significant when consid-
ering the context of radiation-induced brain injuries [48]. As radiation therapy exposes 
the brain to oxidative stress, the presence of antioxidants like CoQ10 can play a pivotal 
role in mitigating the resultant damage [25]. Research has pinpointed CoQ10’s ability to 
act as an endogenous inhibitor of ferroptosis, adeptly neutralizing the surge of free radi-
cals produced post-radiation [49].

Furthermore, in the landscape of radiation-induced brain injuries, the significance of 
iron and its associated ferrous chelators cannot be understated. Agents such as defer-
oxamine (DFO), VK-28, deferiprone, ciclopirox, triethylenetetramine, ethylenediami-
netetraacetic acid (EDTA), and chloroquine have been identified as potent inhibitors 
of ferroptosis [50, 51]. Their role in counteracting the detrimental effects of radiation-
induced ferroptosis further underscores the importance of understanding and leverag-
ing the protective mechanisms of compounds like CoQ10. In essence, CoQ10, in tandem 
with these chelators, offers a promising therapeutic strategy to combat the adverse out-
comes of radiation therapy on the brain.

FSP1
FSP1, or Ferroptosis Suppressor Protein 1, emerges as a critical player in the context of 
radiation-induced brain injuries [52]. As a novel non-glutathione-dependent inhibitor of 
ferroptosis, FSP1 offers a unique mechanism of action. Specifically, through the FSP1-
CoQ10-NAD (P)H pathway, it adeptly counters CoQ10-mediated ferroptosis, operating 
in a manner that runs parallel to the well-established GPX4 pathway [53].

In the aftermath of radiation exposure, the brain’s delicate balance of oxidative and 
antioxidative processes can be severely disrupted [54]. Here, the role of NADPH 
becomes particularly salient. Recognized as a key biomarker for sensitivity to ferroptosis 
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induction, NADPH functions as a reductase for GSH, ensuring that GSH remains in its 
reduced, active state [55]. Given the potential of radiation to deplete the brain’s anti-
oxidant reserves, the protective action of FSP1, in conjunction with NADPH, becomes 
invaluable. By bolstering the brain’s defenses against ferroptosis, FSP1 offers a promising 
avenue for therapeutic interventions aimed at mitigating the detrimental effects of radia-
tion on neural tissues.

P53
The tumor suppressor protein p53 has long been recognized for its canonical roles in cell 
cycle arrest, senescence, and apoptosis [56]. However, recent research has unveiled its 
profound influence on radiation-induced brain injuries, particularly through its modula-
tion of ferroptosis [1]. Beyond its well-established functions, p53 has been found to play 
pivotal roles in metabolism, cell migration, invasion, stem cell processes, and notably, 
redox regulation [57, 58]. Its ability to suppress tumor progression by modulating fer-
roptosis offers a fresh perspective on its multifaceted roles in cellular processes [59, 60].

In the context of radiation-induced oxidative stress, p53 acts as a gatekeeper. It inhibits 
the transcription of SLC7A11, leading to a reduction in cystine uptake and GSH produc-
tion, thereby amplifying the cell’s vulnerability to ferroptosis [61]. This regulatory role 
of p53 becomes even more pronounced when considering that cells with activated p53 
exhibit a compromised ability to counteract ROS [62, 63].

The brain, being a complex organ with intricate cellular interactions, is particularly 
susceptible to radiation-induced damage. Given its high content of PUFAs, it becomes a 
prime target for lipid peroxidation, a precursor to ferroptosis [64–66]. In this milieu, p53 
emerges as a critical regulator. It can transactivate ferritin in response to ferroptosis trig-
gers and inflammation, and by regulating p21, it can bolster the antioxidative defenses of 
the brain, particularly by inhibiting glutathione degradation and enhancing GPX4 activ-
ity [67].

In essence, while p53 was initially identified in the context of cancer, its profound 
implications in neurological diseases, especially radiation-induced brain injuries, can-
not be overlooked [68]. Its ability to modulate ferroptosis, primarily by influencing the 
expression of its target genes, offers promising avenues for therapeutic interventions. As 
researchers continue to unravel the intricate mechanisms of p53 in the context of radia-
tion-induced brain injuries, it stands as a beacon for potential diagnostic and therapeutic 
strategies. For a detailed understanding of the key regulatory factors in the ferroptosis-
related pathway, including GPX4, System Xc-, NRF2, ACSL4, Coenzyme Q10, FSP1, and 
p53, refer to Fig. 1. This figure illustrates how each of these factors interacts within the 
ferroptosis pathway, highlighting their roles in modulating oxidative stress and cellular 
responses to radiation therapy.

Radiation‑induced brain injury in head and neck radiation therapy
With the increasing clinical adoption of linear accelerators and advanced radiosurgery 
technologies, such as CyberKnife, the incidence of radiation-induced brain injury (RBI) 
has seen a notable rise [69, 70]. Such injuries are primarily attributed to the direct or 
indirect effects of radiation on brain tissues [71]. For instance, vascular damage can lead 
to ischemic necrosis, and immune reactions also contribute to the injury [72]. Ionizing 
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radiation generates reactive oxygen species in tumor cells, targeting their DNA and 
thereby offering therapeutic benefits against malignant tumors [73, 74]. However, this 
radiation can inadvertently harm the surrounding healthy cells, resulting in RBI [75]. 
This injury affects neurons, glial cells, and blood vessels in the brain, inducing molecular, 
cellular, and functional alterations [76].

Clinically, RBI presents a spectrum of consequences, ranging from cerebral edema 
and neuronal damage to inflammation and motor-cognitive impairments. Such com-
plications not only hinder daily life, but also elevate the risk of mortality. Alarmingly, 
the medical community still grapples with the challenge of RBI, as there is no defini-
tive treatment available. This gap in treatment is partly attributed to the absence of ideal 
therapeutic drugs and reliable clinical prognostic models.

In recent scientific explorations, ferroptosis, an iron-dependent regulated cell death 
mode, has emerged as a significant area of interest. Distinguished from traditional cell 
death pathways like apoptosis and autophagy, ferroptosis offers promising therapeutic 
avenues in cancer treatment and radioprotection [77, 78]. Building on the findings of 
Su et al. [79], this review discusses how ferroptosis can enhance the sensitivity of tumor 
cells to radiation, potentially improving outcomes in head and neck radiation therapy. By 
elucidating the intricate mechanisms of ferroptosis and its association with RBI, along 
with the regulatory factors involved, we aim to shed light on the potential applications of 
ferroptosis in RBI treatment. This exploration seeks to pave the way for innovative thera-
peutic strategies that not only mitigate the adverse effects of radiation on healthy brain 
tissue, but also enhance the efficacy of radiation therapy against tumors, marking a sig-
nificant stride towards improving patient outcomes in head and neck cancer treatment.

Non‑head and neck primary tumors and brain protection strategies
With the continuous advancement of radiation therapy techniques, the treatment strate-
gies for non-head and neck primary tumors increasingly focus on protecting surround-
ing normal tissues, especially brain tissue. High-precision treatment technologies such 
as stereotactic radiotherapy (SRT) and proton therapy, by precisely controlling the dis-
tribution of radiation doses, effectively concentrate the treatment dose on the tumor 
area while minimizing damage to surrounding normal tissues [80, 81]. This is particu-
larly important for the treatment of brain metastases, as brain tissue is highly sensitive 
to radiation, and inappropriate treatment can lead to severe neurotoxic effects [82, 83].

However, even with these advanced treatment technologies, whole brain radiation 
therapy (WBRT) inevitably causes some degree of damage to normal brain tissue when 
treating multiple brain metastases [84]. After WBRT, patients may experience neuro-
toxic effects ranging from mild cognitive decline to severe neurodegenerative changes 
[85]. Therefore, how to ensure treatment effectiveness while minimizing damage to nor-
mal brain tissue has become an important research direction in the field of radiation 
therapy.

The application of dose fractionation schemes is one effective strategy to reduce neu-
rotoxic effects [86]. By dividing the total radiation dose into multiple small fractions for 
treatment, not only can the therapeutic effect on the tumor be maintained, but normal 
tissues are also given more time for repair and recovery, thereby reducing the risk of 
long-term neurotoxicity [86, 87]. Recent studies have shown that using optimized dose 
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fractionation schemes, combined with high-precision radiation therapy technologies, 
can better balance the relationship between treatment effects and side effects when 
treating non-head and neck primary tumors and their brain metastases [88, 89].

In summary, as radiation therapy technologies continue to develop and optimize, 
treatment strategies for non-head and neck primary tumors and their brain metastases 
are increasingly able to ensure treatment effectiveness while maximizing the protection 
of normal brain tissue and reducing neurotoxic effects. Future research needs to fur-
ther explore and verify more protective strategies to improve patients’ quality of life and 
treatment outcomes.

Radiation therapy techniques, treatment volumes, and dose fractionation 
in reducing brain exposure
The selection of radiation therapy techniques, the definition of treatment volumes, and 
the formulation of dose fractionation schemes play a crucial role in determining thera-
peutic outcomes and minimizing adverse effects, particularly in reducing radiation-
induced brain injury. This section aims to elucidate the relationship between these 
factors and the primary tumor being treated with radiation therapy, focusing on the 
resulting dose to the brain and strategies to mitigate potential damage.

Radiation therapy techniques

Advancements in radiation therapy techniques, such as intensity-modulated radiation 
therapy (IMRT), stereotactic radiosurgery (SRS), and proton beam therapy, have signifi-
cantly improved the precision of tumor targeting [90, 91]. These techniques allow for the 
delivery of high doses to the tumor while sparing surrounding normal tissues, including 
the brain [92, 93]. The choice of technique depends on the tumor’s location, size, and 
proximity to critical structures.

Treatment volumes

The definition of treatment volumes is critical to ensure adequate tumor coverage and 
minimize exposure to healthy tissues. The use of advanced imaging modalities in treat-
ment planning enables the delineation of target volumes with greater accuracy. For 
tumors located near the brain or with potential brain metastases, careful consideration 
of treatment volumes is essential to avoid unnecessary radiation to the brain [94–96].

Dose fractionation

Dose fractionation refers to the division of the total radiation dose into multiple smaller 
doses delivered over several sessions. This approach allows normal tissues more time to 
repair, reducing the risk of long-term side effects. The fractionation scheme is tailored 
based on the tumor type, location, and radiosensitivity, as well as the tolerance of sur-
rounding normal tissues [97–99].

Relationship between treatment parameters and brain dose
The cumulative dose to the brain during radiation therapy is influenced by the cho-
sen technique, treatment volume, and fractionation scheme. For non-head and neck 
primaries, minimizing brain exposure is a priority. Techniques such as IMRT and 



Page 9 of 28Li et al. BioMedical Engineering OnLine           (2024) 23:93  

SRS, combined with meticulous planning and dose optimization, can significantly 
reduce the dose to the brain. Additionally, the use of protective measures, such as 
sparing organs at risk and employing neuroprotective agents, may further mitigate 
the risk of radiation-induced brain injury [100–102].

In conclusion, the integration of advanced radiation therapy techniques, precise 
treatment planning, and individualized dose fractionation schemes is paramount in 
minimizing brain exposure and protecting brain health while achieving optimal ther-
apeutic outcomes. Ongoing research and technological advancements will continue 
to refine these strategies, enhancing the safety and efficacy of radiation therapy.

Discovery and characteristics of ferroptosis: exploring the potential 
of ferroptosis in cancer treatment
Ferroptosis is a unique regulated cell death mechanism, distinct from traditional cell 
death pathways such as apoptosis, necrosis, and autophagy [103]. This mechanism 
was initially identified during high-throughput screenings for potential anti-cancer 
drugs, which demonstrated the ability to target cancer cell lines through RAS trans-
formation [10]. The defining features of ferroptosis include significant accumulation 
of lipid peroxides and reactive oxygen species (ROS) [104]. This groundbreaking 
discovery is credited to the Stockwell Laboratory at Columbia University in 2012, 
marking a significant advancement in the field [10]. Ferroptosis has been implicated 
in a variety of pathological conditions, including tumors, neurodegenerative diseases 
(e.g., Alzheimer’s/Parkinson’s disease), and ischemia–reperfusion injuries [105, 106].

Morphologically, cells undergoing ferroptosis exhibit characteristics such as cell 
membrane rupture, mitochondrial shrinkage, and increased cell membrane density 
[107]. From a biological perspective, ferroptosis is characterized by elevated ROS lev-
els, iron accumulation, mitogen-activated protein kinase (MAPK) activation, decreased 
cysteine uptake, and glutathione (GSH) depletion [108, 109]. Immunologically, ferropto-
sis leads to the release of damage-associated molecular patterns, initiating inflammatory 
responses [110]. The intricate mechanisms of ferroptosis have become a research hot-
spot, especially in tumor studies focusing on ROS homeostasis.

The research by Su et al. further deepens our understanding of the role of ferrop-
tosis in suppressing tumor progression [79]. Their work reveals the mechanisms by 
which ferroptosis suppresses tumor progression through increased ROS generation, 
causing iron overload, disrupting the antioxidant system, and promoting lipid per-
oxidation. These findings not only provide new strategies for the application of fer-
roptosis in cancer treatment but also offer new insights into improving the efficacy 
of radiotherapy.

By modulating the ferroptosis pathway, it might be possible to enhance tumor 
treatment effects while protecting normal tissues. These findings not only deepen 
our understanding of the role of ferroptosis in radiotherapy, but also provide a sci-
entific basis for developing new therapeutic strategies. The work of Su et  al. [79] 
emphasizes the importance of considering the ferroptosis pathway in designing 
radiotherapy plans, which is crucial for improving treatment outcomes and reducing 
therapy-related damage.
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Ferroptosis mechanism in radiation‑induced brain injury: dual role 
in enhancing tumor sensitivity and inducing damage in normal tissues.
Radiation-induced brain injury (RBI) is a multifaceted process, with recent studies, 
including those by Su et al [79], underscoring the critical role of ferroptosis in its devel-
opment. Ferroptosis, an iron-dependent form of cell death, is triggered by the accumula-
tion of intracellular lipid peroxides. Its regulation involves a complex interplay among 
iron metabolism, the cystine/glutamate antiporter (system Xc-)/GSH/GPX4 antioxidant 
pathway, and lipid peroxidation processes [111]. These pathways collectively modu-
late the cellular vulnerability to ferroptosis. The central nervous system, with its natu-
ral propensity for iron accumulation and high levels of polyunsaturated fatty acids and 
amino acids, is particularly prone to ferroptosis following radiation exposure [112, 113]. 
Key regulatory mechanisms include iron metabolism, glutathione peroxidase 4 (GPX4) 
enzyme activity, and lipid metabolism dynamics. Importantly, the ferroptosis suppres-
sor protein 1 (FSP1)-coenzyme Q10 (CoQ10)-nicotinamide adenine dinucleotide (Phos-
phate) [NAD(P)H] and tetrahydrobiopterin (BH4)-dihydrofolate reductase (DHFR) 
pathways, though functioning independently, complement each other and, alongside 
GPX4 and glutathione, play crucial roles in preventing phospholipid peroxidation and, 
consequently, ferroptosis [114–116].

Integrating insights from Su et  al [79], this section explores the dual role of ferrop-
tosis in both enhancing the sensitivity of tumor cells to radiation and contributing to 
radiation-induced damage in normal tissues. The potential to modulate the ferropto-
sis pathway offers promising therapeutic avenues to maximize treatment benefits. By 
understanding these mechanisms, there is potential to develop strategies that not only 
amplify the therapeutic effects of radiation on tumor cells but also mitigate the adverse 
effects on normal brain tissues, thereby improving the overall outcomes of radiotherapy.

To further elucidate the complex role of ferroptosis in radiation-induced brain injury 
(RBI), we have summarized the key regulatory mechanisms of ferroptosis and its dual 
impact on tumor cells and normal brain tissues in the following figure (Fig. 2: the role 
of ferroptosis in radiation-induced brain injury). As shown in Fig. 2, ferroptosis affects 
the outcomes of radiation therapy through various biochemical pathways. These include 
iron metabolism, the System Xc-/GSH/GPX4 antioxidant pathway, and lipid peroxida-
tion processes. Iron metabolism contributes to the accumulation of lipid peroxides, a 
key step in ferroptosis. The System Xc-/GSH/GPX4 pathway plays a critical role in pro-
tecting cells from oxidative damage by reducing lipid peroxides. However, when this 
pathway is inhibited, it leads to increased susceptibility to ferroptosis. By modulating 
these mechanisms, we can develop therapeutic strategies that enhance the sensitivity of 
tumor cells to radiation while mitigating radiation-induced damage to normal brain tis-
sues, thereby improving the overall outcomes of radiotherapy.

Ferroptosis and patient data in radiation‑induced brain injury
In recent years, the role of ferroptosis in radiation-induced brain injury (RBI) has gar-
nered widespread attention. Clinical studies and patient data have revealed the critical 
role of ferroptosis in the development of RBI, especially following radiation therapy in 
patients with head and neck tumors [117]. Research indicates that radiation not only 
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increases the accumulation of iron in the brain, but also promotes the production of 
lipid peroxidation, both of which are major drivers of ferroptosis [118].

In patients undergoing radiation therapy, markers associated with ferroptosis, such as 
increased lipid peroxidation products and iron content, have been significantly corre-
lated with cognitive decline and neurodegenerative changes [11, 119, 120]. These find-
ings underscore the potential role of ferroptosis in long-term brain damage induced by 
radiation, providing important clues for the development of new therapeutic strategies.

Moreover, interventions targeting the ferroptosis pathway have shown potential in 
animal models to alleviate RBI [117, 118]. The use of ferroptosis inhibitors, such as fatty 
acid inhibitors and iron chelators, has been able to reduce brain damage and improve 
cognitive functions [121, 122]. These research outcomes support the role of ferroptosis 
in RBI and offer promising targets for future clinical interventions.

However, translating these findings into clinical applications remains challenging. 
Understanding the specific role of ferroptosis in different patient populations and how 
to precisely modulate this process to minimize damage to healthy brain tissue is key to 
future research. Additionally, developing non-invasive biomarkers to monitor ferropto-
sis and assess treatment efficacy will be crucial for improving the therapeutic manage-
ment of patients with RBI.

By delving deeper into the connection between ferroptosis and RBI, as well as how this 
process affects clinical outcomes for patients, we can take significant steps toward devel-
oping more effective treatment strategies to mitigate the side effects of radiation therapy 
and improve patients’ quality of life.

Iron metabolism and its role in ferroptosis
Iron metabolism plays a pivotal role in various physiological processes, and any aberra-
tion in its regulation can have profound implications, including the onset of ferroptosis 
[123]. Iron, a redox-active metal, is crucial for generating free radicals and propagating 
lipid peroxidation [124]. It is sourced either from intestinal absorption or the degrada-
tion of red blood cells [125]. Once internalized, iron undergoes oxidation and assimi-
lation into cells, facilitated by a myriad of essential proteins and enzymes [126]. 
Disruptions in iron’s intake, transport, storage, or utilization can activate the Fenton 
reaction, leading to a surge of ROS and hydroxyl radicals [127]. These radicals target the 
polyunsaturated phospholipids in the cell membrane, initiating peroxidation reactions 
that culminate in membrane disruption and cell death [128]. Consequently, elements of 
iron metabolism are viewed as potential inducers of ferroptosis.

In the context of radiation-induced brain injury, when GPX4 is compromised, iron 
catalyzes the creation of hydroxyl radicals, amplifying lipid peroxidation [129]. The brain 
tissue, with its high oxygen consumption, becomes especially susceptible to oxidative 
stress and radical-induced damage. While radiotherapy directly damages DNA, it also 
indirectly inflicts cellular harm by producing a plethora of ROS [130, 131]. These ROS, 
in the presence of brain iron, generate additional oxidants, such as malondialdehyde 
(MDA) [132]. Radiation further impairs the body’s radical-clearing capability, evident 
from the reduced SOD activity and elevated MDA levels [133].

Given the intricate relationship between iron metabolism and ferroptosis, especially in 
the backdrop of radiation-induced brain injuries, it becomes imperative to delve deeper 
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into this domain. Current ferroptosis-targeted treatments are primarily in the animal 
testing phase, awaiting clinical validation. Harnessing the potential of iron metabolism 
and ferroptosis could pave the way for innovative therapeutic strategies, offering a prom-
ising avenue for research and clinical applications.

Lipid metabolism and ferroptosis
Lipid metabolism, a cornerstone of cellular processes, plays a pivotal role in determin-
ing cell fate, especially in the context of ferroptosis [134]. Central to this is the role of 
polyunsaturated fatty acids (PUFAs), which are instrumental in phospholipid peroxide 
accumulation [135]. Due to their inherent susceptibility to phospholipid peroxidation, 
PUFAs’ cellular content and localization largely determine the extent of phospholipid 
peroxidation, making them indispensable for ferroptosis [136].

Under normal metabolic conditions, reactive oxygen species (ROS) maintain cel-
lular homeostasis and signaling [137]. However, in pathological scenarios, excessive 
ROS accumulation can precipitate cell death [138]. Current research underscores lipid 
peroxides as critical intermediates in various diseases, including inflammation, cancer, 
and neurodegenerative disorders [139]. The initiation of phospholipid peroxidation by 
OH- results in lipid radicals, which subsequently interact with PUFAs, generating phos-
pholipid peroxides that drive ferroptosis [49]. This intricate relationship suggests that 
ferroptosis might be a direct consequence of lipid peroxidation.

Further insights reveal that phosphatidylethanolamines (PE) rich in arachidonic acid 
(AA) or its derivatives are the primary lipids causing cellular ferritin denaturation. 
Enzymes like Acyl-CoA synthetase long-chain family member 4 (ACSL4) and lysophos-
phatidylcholine acyltransferase 3 (LPCAT3) are instrumental in PE biosynthesis, activat-
ing PUFAs and modulating their transmembrane dynamics [140]. By inhibiting ACSL4 
and LPCAT3 expression, phospholipid peroxide accumulation can be curtailed, thereby 
mitigating ferroptosis [141]. Moreover, radiation-induced phospholipid peroxidation 
can also trigger ferroptosis, closely linked to DNA damage [142]. This interplay suggests 
that DNA damage, stemming from phospholipid peroxidation-induced iron deposition, 
might be a primary instigator. Given the profound implications of lipid metabolism in 
radiation-induced brain injuries, it becomes imperative to delve deeper into this domain, 
offering a promising avenue for research and therapeutic interventions [9].

System Xc‑/GPX4 pathway and amino acid metabolism

The System Xc-/GPX4 pathway, pivotal in amino acid metabolism, plays a crucial role 
in determining cell fate, especially in the context of ferroptosis [111]. Central to this is 
the cystine/glutamate antiporter, known as System Xc-17. Comprising the heavy chain 
SLC3A2 and the light chain SLC7A11, its primary function is to facilitate the import 
of extracellular cystine into cells while exporting intracellular glutamate [59]. Once 
internalized, cystine is reduced to cysteine, a vital substrate for GSH synthesis [143]. A 
decline in SLC7A11 expression can result in diminished GSH synthesis, thereby ampli-
fying lipid peroxidation [10].

Glutathione peroxidase 4 (GPX4) is a linchpin in counteracting ferroptosis due 
to its anti-lipid peroxidation activity [144]. While GPXs are integral in maintaining 
the oxidation–antioxidation equilibrium, GPX4 is especially critical in preventing 
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ferroptosis [145]. Its unique ability to reduce lipid hydroperoxides is reliant on GSH 
[111]. A suppression in System Xc-’s activity affects cellular cystine uptake, leading 
to a drop in GSH synthesis, impacting GPX4’s function, and accelerating ferroptosis 
[5]. Notably, both erastin and sorafenib induce ferroptosis by inhibiting System Xc-’s 
activity [146].

Dixon and his team’s pioneering work established a link between ferroptosis and 
acute brain injury. Their experiments revealed that high glutamate concentrations 
were cytotoxic to rat hippocampal slices, but this toxicity was alleviated with fer-
rostatin-1 or liproxstatin [147]. Further studies indicated that brain white matter 
damage is associated with elevated lipid peroxidation, consistent with ferroptosis 
mechanisms [148].

The tumor-suppressor gene, p53, plays a pivotal role in this context. It can cur-
tail the transcription of SLC7A11, influencing System Xc-’s activity [65]. Moreover, 
p53 can indirectly elevate intracellular GSH levels by regulating p21, boosting GPX4 
synthesis, and subsequently inhibiting ferroptosis [149]. In radiation therapy, while 
SLC7A11 expression is suppressed, ACSL4 is enhanced, potentially exacerbating 
lipid peroxidation damage [150]. Given these findings, the exploration of ferroptosis 
inhibitors in radiation-induced brain injuries becomes paramount, offering a prom-
ising avenue for research and therapeutic interventions.

Iron metabolism and radiation‑induced brain injury

Iron metabolism plays a pivotal role in various physiological processes, and its dys-
regulation can have profound implications, especially in the context of radiation-
induced brain injuries [151]. In 2015, a groundbreaking study using a glioma mouse 
model shed light on the role of iron ions in enhancing the efficacy of radiation ther-
apy [152]. The study revealed that iron not only stimulates glioma growth but also, 
when combined with iron chelators, can effectively counteract this tumor growth 
[153]. This discovery paved the way for subsequent research, which further empha-
sized the potential of ferroptosis as a promising approach in cancer therapy. The 
mechanism involves the acceleration of the Fenton reaction, leading to an increase 
in ROS production, ultimately inducing cancer cell death [154]. Building on this, 
Gao et  al. (2019) [155] demonstrated the potential of ibuprofen in triggering fer-
roptosis in glioblastoma cells by inhibiting the NRF2 signaling pathway, presenting a 
novel therapeutic strategy against GBM. Furthermore, ACSL4 has been identified as 
a key player in inhibiting glioma cell proliferation by activating apoptosis [43].

The implications of dysregulated iron metabolism extend beyond cancer. It has 
been associated with various neurological conditions, including post-stroke hemor-
rhage and pulmonary thromboembolism [156, 157]. Within the central nervous sys-
tem, the degradation of hemoglobin leads to the deposition of heme iron, a primary 
form of iron storage in humans [158]. This accumulation is closely linked to a pleth-
ora of neurological disorders, emphasizing the disruption of cellular iron homeo-
stasis in the CNS [159]. Given the profound impact of iron-mediated cell death 
mechanisms on neurological health, it becomes imperative to explore therapeutic 
interventions targeting these pathways.
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Ferroptosis and radiation‑induced neuroinflammation

The intricate interplay between ferroptosis and radiation-induced neuroinflammation 
has garnered significant attention, especially in the context of secondary brain injuries 
[160]. Such injuries, characteristic of various neurological disorders like cerebral hem-
orrhage, are predominantly driven by oxidative stress, inflammatory cascades, and cel-
lular death [161]. Central to this is the excessive accumulation of ROS, which instigates 
lipid peroxidation, leading to extensive cellular and tissue damage [162, 163]. A seminal 
study in 2017 delved into the therapeutic potential of ferroptosis inhibitors, including 
Fer-1, deferoxamine, and vitamin E analogs [164], in mitigating cell toxicity induced by 
cerebral hemorrhage. The outcomes were promising, with these inhibitors significantly 
attenuating cell toxicity. Moreover, in murine models of collagenase-induced cerebral 
hemorrhage, Fer-1 exhibited profound neuroprotective effects, enhancing neurological 
function [165].

Further research endeavors have elucidated the complex relationship between fer-
roptosis and secondary brain damage post-cerebral hemorrhage [166]. In specific rat 
models, the onset of ferroptosis post-hemorrhage was observed to instigate a potent 
inflammatory response [167]. Intriguingly, Fer-1 intervention not only substantially 
reduced inflammatory markers like ROS, IL-1β, and TNFα, but also fostered significant 
neurological recovery in ischemic rats [168].

The pivotal role of GPX4, a central regulator of ferroptosis, has been highlighted in 
various animal studies [169]. Prior to GPX4 ablation, mice manifested pronounced 
cognitive deficits and neuronal damage, especially in the hippocampus [170]. Detailed 
hippocampal analysis unveiled a spike in lipid peroxidation, accompanied by escalated 
neuroinflammation. These revelations underscore the critical role of ferroptosis in hip-
pocampal degeneration, emphasizing the need for further research in this domain [171].

Ferroptosis and radiation‑induced vascular damage

The intricate relationship between radiation-induced brain injuries and ferroptosis is 
increasingly recognized, especially in the context of vascular damage [172]. Such injuries 
predominantly arise from vascular damage, manifesting within a day post-radiation and 
often progressing to severe tissue necrosis due to oxygen deprivation [173]. This vascu-
lar compromise triggers cellular swelling, necrosis, and a consequent surge in ROS pro-
duction [174]. The ensuing inflammatory cascade, marked by cytokine and chemokine 
release, sets the stage for platelet thrombosis, fibrinoid necrosis, blood–brain barrier 
breaches, and the onset of cerebral edema [175].

The aftermath of radiation, particularly the intracerebral hemorrhage resulting from 
vascular rupture and blood infiltration into brain tissue, is deeply intertwined with fer-
roptosis [176]. The iron released from hemoglobin intensifies ROS production, aggra-
vating neuronal damage [165]. Notably, Ferrostatin-1 and Liproxstatin-1 have exhibited 
potential in curbing cell death in the hippocampal region of brain slices exposed to 
hemoglobin or free iron [165]. Hemoglobin-associated iron depletes GSH reserves, 
compromising GPX4 functionality in hippocampal cells. In a collagenase-induced vas-
cular injury model, the application of iron porphyrin inhibitors either directly at the 
injury site or distally significantly reduced cellular and overall damage, improving neu-
rological outcomes [165]. Moreover, augmenting intracellular cysteine levels can boost 
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GSH synthesis [177]. The cell-permeable cysteine derivative, N-acetyl-cysteine (NAC), 
has shown promise in safeguarding brain tissue from hemorrhage-induced cell death, 
underscoring the idea that post-hemorrhage ferroptosis is driven by GSH synthesis defi-
cits [56]. The mounting evidence solidifies the profound link between radiation-induced 
brain injury pathogenesis and ferroptosis, emphasizing the need for further exploration 
in this domain.

Ferroptosis and radiation‑induced glial cell damage

The intricate relationship between radiation therapy and glial cell damage in the brain 
is increasingly recognized, especially in regions like the hippocampus and temporal 
lobe [178]. Radiation therapy directly impairs oligodendrocytes, leading to their abnor-
mal proliferation and subsequent peripheral or central demyelination [179]. Clinically, 
such damage manifests as acute encephalomyelitis with accompanying neurological 
symptoms [180]. Microglial cells, although constituting a minor population in the cen-
tral nervous system, play a pivotal role in mediating immune responses [181]. Radia-
tion therapy can disrupt the normal functioning of these cells, causing them to release 
an excess of inflammatory cytokines, thereby initiating an inflammatory cascade that 
results in neuronal tissue damage [182].

Furthermore, hemoglobin and its by-products have been identified as significant con-
tributors to secondary brain injuries [183]. Iron ions, derived from hemoglobin degra-
dation, accumulate in the hematoma and adjacent brain tissues post-injury, leading to 
iron overload [184, 185]. Elevated concentrations of these ions can detrimentally affect 
neighboring glial cells and neurons by promoting lipid peroxidation and free radical gen-
eration, causing oxidative damage [186, 187]. Laboratory studies support this notion: 
in vitro cultured microglial cells, when exposed to FeCl2, underwent activated morpho-
logical changes [188]. A significant increase in OX6-positive stained cells was observed, 
highlighting the direct role of iron ions in microglial activation [189]. This growing body 
of evidence underscores the profound connection between radiation therapy, ferropto-
sis, and glial cell damage, emphasizing the need for further exploration in this domain 
[190].

Ferroptosis, free radical damage, and radiation‑induced brain injury

The nexus between autoimmunity and radiation-induced brain injury is a burgeoning 
field of research [191]. A pronounced increase in the expression of vascular endothe-
lial growth factor (VEGF) has been identified as a linchpin in radiation-induced brain 
injuries, a perspective fortified by empirical evidence [192]. This autoimmune cascade 
culminates in the release of pro-inflammatory cytokines, which are also pivotal to the 
pathophysiological mechanisms observed in various neurodegenerative ailments [193]. 
The precise orchestration of this response, however, remains shrouded in mystery.

Free radicals and their impact: Under physiological conditions, free radicals are main-
tained at a minimal threshold, playing instrumental roles in immune responses and 
signal transduction [138]. However, when cells are exposed to ionizing radiation, it 
catalyzes a reaction with intracellular water molecules, leading to an overproduction of 
reactive oxygen species (ROS) [194]. This radiation exposure also compromises mito-
chondrial integrity, further amplifying the generation of free radicals, including both 
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ROS and reactive nitrogen species (RNS) [195]. These radicals, in their quest for electron 
stability, can inflict significant cellular damage [196].

Iron and its dual role: Iron, pivotal for myriad biochemical processes, can also mani-
fest its toxic side [197]. Specifically, ferrous iron, when reacting with hydrogen peroxide, 
yields the highly reactive hydroxyl radical via the Fenton reaction [198]. An imbalance in 
iron homeostasis can catalyze an overproduction of free radicals, setting off a cascade of 
pathological events [199]. The body’s robust antioxidant defense mechanism, however, 
can counteract this [200]. Yet, the central nervous system, with its relatively diminished 
glutathione reserves, is particularly susceptible to oxidative challenges [201, 202], poten-
tially leading to ferroptosis.

Antioxidant therapies: Groundbreaking research underscores the detrimental role of 
ROS overproduction in the nervous system post-radiation, marking it as a pivotal con-
tributor to radiation-induced brain injury [203]. Consequently, antioxidant therapies 
emerge as a beacon of hope for mitigating post-radiation cognitive deficits [204]. In 
addressing radiation-induced brain injuries, a cornerstone approach is the neutralization 
or curtailment of oxygen free radicals, safeguarding neural structures, a principle echoed 
across numerous scientific investigations [173].

Clinical prognostic model for radiation brain injury

Understanding the intricate relationship between ferroptosis and radiation-induced 
brain injury provides a promising avenue for the development of clinical prognostic 
models. Such models, grounded in the molecular mechanisms of ferroptosis, can offer 
invaluable insights into patient outcomes post-radiation therapy.

Recent advancements in genomics and transcriptomics have enabled the identifica-
tion of specific ferroptosis-related gene signatures that can serve as potential prognostic 
markers. For instance, the expression levels of genes like SLC7A11, GPX4, and ACSL4, 
which are central to the ferroptosis pathway, can be correlated with the severity of radia-
tion-induced brain damage and the likelihood of recovery [205].

Furthermore, integrating these molecular markers with clinical data, such as the 
extent of brain injury, patient age, and previous medical history, can refine the accuracy 
of these prognostic models. Such comprehensive models can predict the risk of severe 
complications post-radiation, enabling clinicians to tailor therapeutic interventions 
more effectively.

Moreover, the therapeutic targeting of ferroptosis pathways, especially SLC7A11, 
offers a dual advantage. While it can potentiate the eradication of tumor cells, it also 
holds the promise of safeguarding healthy brain tissues from radiation-induced damage. 
This selective targeting can significantly reduce the collateral damage often seen in radi-
ation therapies, thereby improving the quality of life for patients post-treatment [206].

In conclusion, as research continues to unravel the complexities of ferroptosis in the 
context of radiation-induced brain injury, the integration of these findings into clinical 
prognostic models will undoubtedly revolutionize the management and treatment of 
patients undergoing radiation therapy. The future holds immense promise for the devel-
opment of more precise, personalized, and effective therapeutic strategies, all anchored 
in our understanding of ferroptosis and its role in radiation brain injury.
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Clinical implications of promoting and inhibiting ferroptosis in radiation brain injury

The dual nature of ferroptosis in the clinical setting underscores its potential as a novel 
therapeutic strategy in the treatment of radiation brain injury (RBI). On one hand, the 
ability to selectively induce ferroptosis in tumor cells, particularly those resistant to con-
ventional treatments, presents a promising avenue to enhance the efficacy of radiation 
therapy [207, 208]. This approach, as highlighted by the findings of Su et al [79], could 
ensure maximal tumor cell death and potentially overcome the challenge of radiation 
resistance observed in certain tumors.

Conversely, the importance of inhibiting ferroptosis in surrounding healthy cells 
cannot be overstated. Such inhibition offers neuroprotection, especially crucial when 
tumors are located in or near vital brain regions [113, 209]. It also serves to shield the 
brain from the long-term neurodegenerative outcomes associated with chronic acti-
vation of ferroptosis [32, 210]. The strategic administration of ferroptosis inhibitors 
alongside radiation therapy could act as a safeguard for healthy brain tissue against the 
collateral damage of radiation [211, 212].

However, the clinical application of ferroptosis modulation faces significant challenges, 
particularly in achieving specificity of action. A critical question remains: how can we 
ensure that ferroptosis is promoted exclusively in tumor cells while being inhibited in 
healthy ones? The answer may lie in the development of advanced drug delivery systems, 
such as nanoparticles, which offer the promise of targeted drug delivery to tumor sites.

Furthermore, while the immediate benefits of modulating ferroptosis are clear, the 
long-term effects of such modulation, both beneficial and detrimental, require further 
exploration. The findings of Su et al [79] contribute to a deeper understanding of ferrop-
tosis and its implications in RBI, paving the way for the development of new therapeutic 
strategies that leverage the regulation of ferroptosis for improved patient outcomes.

In summary, the exploration of ferroptosis in the context of radiation therapy, inspired 
by the work of Su et al., opens up new therapeutic possibilities. By promoting ferropto-
sis in tumor cells and inhibiting it in normal tissues, we can potentially protect against 
RBI while enhancing the treatment efficacy against tumors. Continued research and a 
nuanced understanding of ferroptosis mechanisms are essential for realizing the full 
potential of this approach in clinical practice, offering hope for improved outcomes and 
brighter prognoses for patients undergoing radiation therapy.

As shown in Fig. 3, ferroptosis affects the outcomes of radiation therapy through sev-
eral key biochemical pathways, including iron metabolism, the System Xc-/GSH/GPX4 
antioxidant pathway, and lipid peroxidation processes. This figure provides a detailed 
analysis of these pathways and highlights potential therapeutic targets such as GPX4, 
System Xc-, NRF2, ACSL4, Coenzyme Q10, and FSP1. Understanding these mecha-
nisms allows for the development of therapeutic strategies that enhance tumor sensitiv-
ity to radiation while protecting healthy brain tissue from radiation-induced damage.

Summary and outlook: expanding the impact of ferroptosis in radiation therapy

The exploration of the relationship between iron metabolism, ferroptosis, and radiation-
induced brain injury has become a pivotal area of interest in neuro-oncological research. 
The accumulation of iron in the central nervous system, a common feature in numerous 
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neurological disorders, has highlighted the critical need to understand the mechanisms 
of cellular iron homeostasis within the CNS [213]. Ferroptosis, characterized by its dual 
nature, introduces both challenges and opportunities in radiation therapy, presenting 
novel therapeutic strategies for managing brain tumors and extending to other cancer 
types, including head and neck primaries.

Recent advancements have illuminated the potential of targeting ferroptosis to alle-
viate radiation-induced brain injury. The application of ferroptosis inhibitors, such as 
liproxstatin-1, in animal models has demonstrated promising results in reducing brain 
damage following radiation therapy [214, 215]. These findings open a new therapeutic 
pathway that could improve the safety and effectiveness of radiation treatments across 
a spectrum of cancers. Specifically, for patients with head and neck cancers—who fre-
quently undergo radiation therapy as a part of their treatment regimen—the risk of inad-
vertent brain exposure to radiation and subsequent ferroptosis-induced brain injury is 
a significant concern. A deeper understanding of ferroptosis mechanisms in these con-
texts is essential for devising protective strategies that safeguard the brain while effec-
tively targeting the primary tumor.

While ferroptosis inhibitors have shown promise in alleviating radiation-induced brain 
injury, it is crucial to address the potential conflict with radiotherapy’s mechanism of 
inducing ferroptosis in tumor tissues. This dual nature of ferroptosis presents a unique 
challenge and opportunity in cancer treatment. One potential strategy to overcome this 
barrier is the temporal separation of treatments. Ferroptosis inhibitors could be admin-
istered in a specific time window after radiotherapy to protect normal brain tissues while 
allowing sufficient time for radiotherapy to exert its effects on tumor cells. Another 
approach could involve the development of targeted delivery systems that direct ferrop-
tosis inhibitors specifically to normal tissues, minimizing their impact on tumor cells.

Ferroptosis represents a vulnerability in cancer due to the unique metabolic and oxi-
dative stress conditions within the tumor microenvironment. Tumor cells often exhibit 
altered iron metabolism and increased reactive oxygen species (ROS) levels, making 
them more susceptible to ferroptosis. By selectively inducing ferroptosis in tumor cells 
while protecting normal tissues, it is possible to exploit this vulnerability for therapeutic 
benefit. This approach requires a nuanced understanding of the differential regulation 
of ferroptosis in tumor versus normal cells, and the development of precise therapeutic 
regimens that maximize efficacy while minimizing collateral damage.

Additionally, fractionation of radiotherapy, which involves dividing the total radiation 
dose into multiple smaller doses administered over several sessions, has been shown 
to improve therapeutic outcomes and reduce neurotoxicity. Fractionated radiotherapy 
allows healthy tissues to recover between sessions, thereby minimizing neurotoxicity 
and other radiation-induced damages. For patients with primary head and neck can-
cers, fractionation may reduce the risk of inadvertent brain exposure and subsequent 
ferroptosis-induced brain injury, offering a promising approach to enhancing treatment 
efficacy while preserving neurological function.

However, the path to clinical application is fraught with challenges. The diversity of 
tumor types and the complex nature of brain tissue responses to radiation underscore 
the limitations of a universal treatment approach. Personalized treatment strategies, 
informed by the genetic and metabolic profiles of both the tumor and the surrounding 
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tissues, are likely required to fully exploit the benefits of ferroptosis modulation in radia-
tion therapy.

Moreover, the development of non-invasive diagnostic tools for the early detection of 
ferroptosis in brain tissue could markedly enhance patient prognosis following radiation 
therapy. The integration of advanced imaging techniques with biomarker analysis prom-
ises to reveal new insights into ferroptosis dynamics in vivo, facilitating timely interven-
tions to prevent or reduce brain injury.

As we look forward, embracing a multidisciplinary approach that combines knowl-
edge from neurobiology, oncology, pharmacology, and radiology will be vital for deep-
ening our understanding of ferroptosis and its implications for radiation-induced brain 
injury. Through collaborative research efforts, we can hasten the development of innova-
tive therapeutics and diagnostic technologies, ultimately elevating patient outcomes and 
quality of life.

In conclusion, the journey to comprehend and utilize ferroptosis in the context of 
radiation-induced brain injury is only beginning, yet it holds immense promise. By con-
tinuing to investigate this intriguing field, our ultimate aim is to enhance the safety and 
efficacy of radiation therapy, thereby making significant strides in the battle against brain 
tumors, head and neck cancers, and other neurological conditions. This endeavor not 
only aligns with the scientific pursuit of knowledge, but also directly addresses the con-
cerns raised by the reviewers, ensuring that the discussion is both comprehensive and 
relevant to the broader context of cancer treatment.
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