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ABSTRACT: Radiation-induced brain injury (RIBI), a common adverse effect of cranial radiotherapy for
head malignancies, causes severe complications, including blood-brain barrier (BBB) disruption,
neuroinflammation, cognitive decline, and radiation necrosis (RN) that impair patients’ quality of life. The
pathophysiology of RIBI involves intricate crosstalk between various central nervous system (CNS) cell
types, with astrocytes, the principal CNS glial cells, serving as key mediators. Under physiological
conditions, they sustain brain homeostasis, but their transition to reactive phenotypes and subsequent
dysfunction propel RIBI development. This review summarizes recent advances in astrocytes’
pathophysiological roles in RIBI, focusing on mechanisms like reactive astrocyte polarization,
neuroinflammation, BBB impairment, radiation-induced senescence, astrocyte-mediated RN progression,
and pathological crosstalk with other CNS cells. It also outlines astrocyte-targeted therapeutic strategies
with preclinical efficacy, including anti-inflammatory therapies, anti-vascular endothelial growth factor A
(VEGFA) interventions, TSPO ligands, RAS blockers, apolipoprotein E (ApoE) regulation, A133p53, and
microRNAs (miRNAs), which alleviate RIBI by targeting these pathological processes. A comprehensive
understanding of astrocyte-mediated mechanisms and preclinical evidence will lay the foundation for
developing targeted, low-toxicity therapies to mitigate RIBI in cranial radiotherapy patients.

Keywords: Radiation-induced brain injury (RIBI); Astrocytes; Neuroinflammation; Blood-brain barrier
(BBB); Cognitive impairment

1. Introduction

Head radiotherapy, a crucial therapeutic modality for both primary and metastatic brain malignancies,
inevitably affects surrounding normal brain cells during the targeted irradiation of tumor tissues, resulting
in RIBI [1-4]. RIBI is a multifaceted, intricate pathophysiological alteration in neurons, glial cells, and the
intracranial vasculature triggered by ionizing radiation. RIBI in clinical radiotherapy is categorized as acute
(occurring during irradiation and up to days and weeks post-irradiation), subacute or early-delayed
(occurring within four months post-irradiation), and late-delayed (occurring more than 6 months to many
years post-irradiation), according to the temporal framework and clinical manifestation [5,6]. In the acute
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and subacute periods, individuals may exhibit reversible symptoms including headache, fatigue, lethargy,
and impaired focus. During this phase, patients may experience pathophysiologic alterations such as DNA
damage, oxidative stress, apoptosis, inflammatory symptoms, and compromise of the blood-brain barrier
(BBB) [7]. Patients with late-delayed conditions display cerebral white matter reduction, vascular
dysfunction, and demyelination, resulting in cognitive decline in memory, learning, processing speed,
attention, and executive function [8—10]. In the late stage, radiation necrosis (RN) represents one of the most
severe complications of RIBI, characterized by irreversible cerebral tissue necrosis caused by endothelial and
glial cell damage, a self-reinforcing cycle of inflammation and ischemia, and reactive astrogliosis with
aberrant VEGF upregulation [11,12]. Modern radiotherapy techniques, such as intensity-modulated radiation
therapy (IMRT), helical tomotherapy (HT), proton therapy, and FLASH radiotherapy (FLASH-RT), can
decrease radiation-related damage to normal tissues; however, insufficient comprehension of the cellular
response of the CNS to IR constrains the advancement of novel treatments [13].

Among CNS cells, astrocytes are key mediators of IR-induced cellular damage, accounting for 20-40%
of brain cells, as their dysfunction exacerbates neuroinflammation and BBB disruption in RIBI [14]. Thus,
clarifying astrocyte-related mechanisms is critical for developing targeted therapies. Astrocytes execute
several activities in the CNS, such as neurotransmitter uptake and recycling, supplying nutritional support
and providing metabolic assistance for the neurons, contributing to synapse development and transmission
of synaptic information, maintaining ionic homeostasis, facilitating BBB formation, and executing various
other essential brain functions [15-17]. There are two primary categories of astrocytes, which are
protoplasmic astrocytes and fibrous astrocytes. These astrocytes are primarily found in the gray matter and
white matter of the brain, respectively [16,18]. Astrocytes can be activated to differentiate into reactive
astrocytes in pathological conditions (e.g., infections, neurodegenerative diseases, RIBI) [19-21]. Reactive
astrocytes are distinguished by various morphological and functional alterations in response to neurological
injury or disease, including increased cell size, thickening and proliferation of protrusions, heightened
expression of specific cellular markers, and notably upregulation of glial fibrillary acidic protein (GFAP)
[22]. Although reactive astrocytes fall into a number of different categories, they are typically classified
into two polarized states during the course of a disease: a neurotoxic or pro-inflammatory phenotype (Al)
and a neuroprotective or anti-inflammatory phenotype (A2) [23,24]. Based on the structure, proliferative
state, and interacting cell types, reactive astrocytes can be categorized into two groups: those that proliferate
and create new, permanent tissue structures, and those that do not proliferate, retaining their original cellular
organization, structure, and functional interactions—that is, exhibiting traits of healthy tissues [25].
Additionally, reactive astrocyte type has also been characterized as scar-forming reactive astrocytes and
hypertrophic reactive astrocytes [14]. Nonetheless, increasing evidence indicates that a binary polarized
classification of reactive astrocytes inadequately represents their phenotypic variability across many
illnesses. With the development of single-cell transcriptomes as well as single-cell nuclear transcriptomics,
there is a future trend toward determining a more accurate phenotypic classification of astrocyte activation
[26]. This review elucidates the regulation of astrocyte activation in RIBI and analyzes the possible
therapeutic targets in astrocytes for the treatment of radiation-induced brain injury.

2. Functional Overview of Astrocytes
2.1. Astrocytes: Origin and Classification

Astrocytes are among the most prevalent neuroglial cell types, originating from the primary stem cell
type in the nervous system, specifically the neuroepithelial cells within the neural tube. These neuroepithelial
cells, which can differentiate into both neurons and glial cells, are crucial for nervous system development
[27]. As the cerebral cortex progressively matures, radial glial cells gradually reduce their migratory and
neuronal-supporting roles and transform into astroglial precursor cells [28]. Astrocyte precursor cells migrate
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to different regions of the nervous system, continue to differentiate and mature in specific microenvironments,
and eventually develop into mature astrocytes throughout the CNS [29,30]. Mature astrocytes are categorized
into two primary types based on their shape and function: protoplasmic astrocytes and fibrous astrocytes.
Protoplasmic astrocytes are predominantly situated in the gray matter of the brain and possess an intricate
branching network. Their primary function is to maintain synaptic microenvironment stability and regulate
neurotransmitter clearance. Fibrous astrocytes are mainly located in the white matter, with long processes that
support nerve fiber structure and promote post-injury recovery [31,32].

2.2. Heterogeneity of Astrocytes

Multiple studies have demonstrated the variability of astrocytes, indicating that they do not constitute
a uniform cell population. Astrocytes have a significant variety across various dimensions, including shape,
developmental origins, gene expression profiles, and pathophysiological roles. Investigating the diversity
of astrocytes is crucial for elucidating their many roles in the brain and their involvement in the initiation
and advancement of neurological disorders [33]. In recent years, advancements in single-cell RNA, single-
cell nuclear transcriptome, and spatial genomics technologies have significantly enhanced the identification
of heterogeneous and spatially distinct subpopulations of astrocytes, particularly elucidating their diversity
and specific functions across various brain regions [34]. Five astrocyte subtypes with unique transcriptomes
in the adult mouse cortex and hippocampus have been found by single-cell RNA sequencing [35]. The
variability of astrocytes and their critical significance in neurodegenerative diseases will be elucidated
further through advancements in sequencing technologies. This inherent heterogeneity, evidenced by
single-cell studies and the discovery of subtype-specific astrogenic pools, means that distinct astrocyte
subpopulations likely mediate different aspects of the brain’s response to radiation injury, presenting both
challenges and opportunities for developing precise therapeutic strategies [36,37].

2.3. Maintaining BBB Integrity

Astrocyte foot processes are closely encased around cerebral blood vessels, establishing direct contact
with the endothelial cells of the BBB and offering structural support for it. Furthermore, astrocytic endfeet
are crucial for modulating cerebral blood flow, facilitating nutrient uptake, and contributing to waste
elimination [38]. Astrocytes interact with endothelial cells via secretion of growth factors, morphogens,
and extracellular vesicles, which regulate BBB integrity by modulating tight junction protein expression
[39]. Following nervous system injury, astrocytes undergo a transformation into a complex phenotype that
serves a protective function by facilitating the restoration of the BBB. Astrocytes can induce endothelial
cell death and reduce the expression of proteins related to BBB integrity [40].

2.4. Metabolic and Nutritional Assistance

Astrocytes are essential for the brain’s energy metabolism because they control the flow and
distribution of energy molecules like lactate and glucose, which preserve neuronal function and the
intracerebral environment’s homeostasis [41,42]. Through a number of metabolic processes, such as
glycolysis, the tricarboxylic acid cycle, and oxidative phosphorylation, astrocytes produce energy-rich ATP
molecules. At the same time, astrocytes can also undergo glycolysis of ingested glucose to produce lactic
acid and deliver lactic acid to neurons via specific transport proteins, which serve as an additional energy
supply for neurons [43]. Astrocytes are essential for the energy provision of the CNS; they function as the
principal glycogen-storing cells in the brain, capable of energizing neural activity through glycogen release
and supporting axonal function and general viability [44]. Studies have shown that adenosine is able to
activate the cAMP signaling pathway in astrocytes by binding to the A2B receptor on astrocytes, thereby
affecting glucose metabolism in the nervous system. This process is critical for maintaining brain function
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during periods of high energy demand. When neuronal activity increases, astrocytes rapidly activate
glucose metabolism and release lactate to energize neurons [45]. Furthermore, dysfunction of creatine
metabolism in astrocytes, such as downregulation of CKB, represents a key link in the energy crisis and
neurodegeneration in AD, underscoring the critical importance of this pathway for maintaining neuronal
homeostasis [46]. Therefore, astrocytes are crucial for the energy management of the CNS [47].

2.5. Maintaining lon Homeostasis

Astrocytes are key glial cells that maintain homeostasis in the central nervous system by absorbing
synaptically generated neurotransmitters like glutamate [48]. High densities of Kir4.1 potassium channels,
NCX sodium-calcium exchangers, and different chloride channels are expressed in their endfoot structures,
and these channels use active uptake and spatial buffering mechanisms to accurately control the
extracellular concentrations of K*, Na®, Ca?*, and CI". Maintaining neuronal resting potential, regulating
synaptic plasticity, and ensuring brain signal transmission all depend on this function [49]. This homeostatic
system is tightly linked to pathological processes, including epilepsy and neurodegenerative disorders, and
its dysregulation can directly result in aberrant neuronal network excitability [50,51].

2.6. Regulating Neurotransmitter Equilibrium and Sustaining Synaptic Stability

As astrocytes in the CNS take up synaptically produced neurotransmitters such as glutamate, gamma-
aminobutyric acid (GABA), and glycine, they are responsible for regulating the homeostasis of
neurotransmitters [52,53]. Astrocytes not only eliminate neurotransmitters but also engage in their
metabolism and recirculation. Extracellular glutamate induces the release of Ca®" from calcium reserves
inside astrocytes, subsequently triggering the release of glutamate from astrocytes to adjacent neurons
through cytokinesis, so coordinating neuronal firing and modulating neuronal excitatory or inhibitory
activity [54]. Emerging evidence indicates that astrocytes sense norepinephrine signals via their B-
adrenergic receptors and actively modulate synaptic function and plasticity through Ca**-dependent
gliotransmitter release [55]. Additionally, astrocytes have the ability to directly modulate synaptic plasticity
and synaptic transmission by releasing gliotransmitters that include glutamate, adenosine triphosphate
(ATP), taurine, glycine, and D-serine [56].

3. Roles of Astrocytes in Radiation-Induced Brain Injury

Upon exposure to ionizing radiation, astrocytes undergo reactive activation and engage in complex
crosstalk with microglia, oligodendrocytes, neurons, and endothelial cells—these interactions collectively
drive the pathogenesis of RIBI via neuroinflammation, oxidative stress, and BBB impairment (Figure 1).
Under physiological conditions, astrocytes primarily maintain CNS homeostasis by supporting
neurotransmitter balance, ion homeostasis, BBB integrity, and neuronal metabolism; however, after
radiation exposure, two key pathological cascades are triggered: (1) Direct radiation stimulation converts
astrocytes to reactive astrocytes, which secrete VEGF to disrupt BBB; (2) Activated microglia (induced by
radiation) and HMGBI released from injured neurons further promote astrocyte reactivity by secreting pro-
inflammatory factors (e.g., IL-1a, TNF-a, C1q), and the subsequent crosstalk between reactive astrocytes
and activated microglia exacerbates neuronal/oligodendrocyte damage via IL-6, TNF-0, and ROS. The
following sections will elaborate on these mechanisms based on Figure 1’s cellular interaction framework.
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Figure 1. The central role of astrocytes in radiation-induced brain injury (RIBI) and their pathological crosstalk with central
nervous system (CNS) cells. Left (A): Physiological state. In the healthy CNS, astrocytes maintain brain homeostasis by uptaking
excess neurotransmitters, including glutamate, regulating ion balance, and providing metabolic-nutritional support. Their endfeet
interact with endothelial cells to preserve blood-brain barrier (BBB) structural and functional integrity. Right (B): Radiation-
induced pathological progression lonizing radiation (IR) disrupts brain homeostasis and triggers a cascade of reactions: (1) Direct
and indirect activation: IR directly converts astrocytes to Reactive Astrocytes; HMGB1 from injured neurons and IR activate
microglia, which secrete interleukin-1 (IL-1), tumor necrosis factor-o. (TNF-a), complement component 1q (Clq) and
prostaglandin E2 (PGE2) to polarize further and expand Reactive Astrocytes. (2) Neurotoxicity and remyelination disorders:
Reactive Astrocytes release pro-inflammatory mediators, including IL-1, interleukin-6 (IL-6), interleukin-8 (IL-8), and TNF-a,
as well as reactive oxygen species (ROS), directly damaging neurons and oligodendrocytes (OLs). Notably, their secreted IL-6
significantly inhibits oligodendrocyte precursor cell (OPC) differentiation and remyelination. (3) Cellular senescence and
inflammation amplification: IR induces astrocytes into a senescent state (Senescent Astrocytes), whose senescence-associated
secretory phenotype (SASP) continuously produces IL-6 to exacerbate neurotoxicity. (4) Vasogenic injury: IR induces abnormal
VEGEF upregulation in Reactive Astrocytes; together with IL-6 and TNF-o, VEGF disrupts endothelial tight junctions, leading
to BBB breakdown and cerebral edema. (5) Radiation necrosis (RN) progression: BBB impairment, neuronal and
oligodendrocyte death, and astrocyte-microglia-endothelial pathological crosstalk (amplifying inflammation and blocking
vascular regeneration) ultimately lead to irreversible RN.

3.1. Reactive Astrocytes

Reactive astrocytes can be classified by different criteria: functional phenotype divides them into Al
(neurotoxic/pro-inflammatory) and A2 (neuroprotective/anti-inflammatory) subtypes, while structural and
proliferative characteristics categorize them as scar-forming or hypertrophic reactive astrocytes [14,23].
Astrocytes exhibit ‘reactivity’ under pathological conditions, including inflammation, neurodegenerative
diseases, and acute injury, altering the morphology of their elongated protrusions, making them more
bifurcated, enlarged, and elongated [57]. This process is accompanied by alterations in gene and protein
expression, unlike resting astrocytes. The overexpression of glial fibrillary acidic protein (GFAP) is a
prevalent reaction of reactive astrocytes across various species in response to CNS injury, with the extent
of upregulation frequently correlating with the lesion’s severity [22]. Scientists have isolated, characterized,
and genetically analyzed reactive astrocytes, which can be triggered into two distinct states: a neurotoxic
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or pro-inflammatory phenotype (Al) and a neuroprotective or anti-inflammatory phenotype (A2). Al
astrocytes secrete pro-inflammatory mediators, including IL-1f3, TNF-a, and HMGBI, together with toxic
fatty acids, which directly contribute to the destruction of oligodendroglial and neuronal cells [58].
Conversely, A2 astrocytes are protective because they raise cytotrophic and neurotrophic factor levels
[59,60]. While the simplistic A1/A2 classification does not cover the full spectrum of astrocyte phenotypes,
it improves our understanding of astrocyte responses in various CNS disorders [23].

Radiation therapy for the craniofacial region leads to the direct activation of astrocytes throughout both
the acute and late phases of RIBI, primarily evidenced by an increase in GFAP in various brain areas, as
documented in several in vivo and in vitro studies. Localized cranial radiation in mice resulted in a marked
increase in astrocyte proliferation, vascular permeability, leukocyte adhesion, and vasoconstriction of small
arteries within 48 h after a solitary dose of 20 Gy radiation, which was eliminated by TNF suppression [61].
Furthermore, a significant increase in GFAP protein expression was observed in the hippocampus of mice
after a single whole-brain irradiation at 30 Gy, and intranasal administration of antagomiR122-5p
significantly inhibited radiation-induced activation of hippocampal astrocytes [62]. It was shown that
hippocampal astrocyte reactivity was found to increase within 48 h after 9 Gy cranial radiotherapy, and this
trend continued until 4 weeks after irradiation [63]. Following the irradiation of the brain with a single dose
of 15 Gy of X-rays, astrocytes were activated by the elevated levels of inflammatory markers and
overexpression of GFAP [64]. Furthermore, an in vitro experiment revealed that the primary astrocytes
derived from the rat cerebral cortex could be activated at 4 h, 12 h, 24 h, or 48 h post-20 Gy radiation,
exhibiting reactive hyperplasia and hypertrophy, along with an upregulation of the activation marker of
GFAP [65].

On the other hand, X-ray exposure triggered microglia activation and elevated neuronal HMGB1
expression [66,67]. GFAP immunostaining in astrocytes was enhanced by conditioned media derived from
irradiated microglia. Subsequent research indicates that activated microglia can induce the formation of
reactive astrocytes by the release of pro-inflammatory mediators, including prostaglandin E2 (PGE2), TNF-
a, and interleukin-1 (IL-1) [7,21,63].

3.2. Neuroinflammation

Neuroinflammation refers to inflammation in the central nervous system (CNS) or spinal cord induced
by infection, trauma, toxicity, and other conditions. Microglia, astrocytes, endothelial cells, and peripheral
immune cells can release various cytokines, chemical messengers, reactive oxygen species, and secondary
messengers, which induce inflammation and affect the immune system, bodily functions, biochemistry, and
mental processes [68,69]. Through traditional inflammatory signaling pathways like NF-«B, reactive
astrocytes release a multitude of pro-inflammatory molecules that directly exacerbate neuroinflammation
and work in concert with AP and Tau pathology to cause neuronal damage and cognitive loss [70,71].
Furthermore, intricate connections among astrocytes and both resident and invading cells inside the CNS
are significant in facilitating the onset of neuroinflammation [72].

Specifically, radiation exposure in the brain first elicits an acute inflammatory response, characterized
by the activation of astrocytes and microglia. Astrocytes, in collaboration with microglia, secrete an array
of pro-inflammatory cytokines (including TNF-a, IL-18, and IL-6), chemokines, reactive oxygen species
(ROS), and reactive nitrogen species (RNS). These compounds harm neuronal cells while simultaneously
activating local antigen-presenting cells (APCs), such as microglia and dendritic cells, exacerbating the
inflammatory response [73]. The sustained activation of microglia and astrocytes characterizes chronic
neuroinflammation, which manifests in the advanced stages of RIBI as enduring cognitive memory
impairment [73,74]. Moreover, the secretion of inflammatory agents compromises the BBB, obstructs
neurogenesis in the hippocampus, and exacerbates injury to the neurovascular region [75]. In a murine
model, cytokines associated with the senescence-associated secretory phenotype (SASP), including IL-1f3
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and IL-6, are elevated subsequent to radiation therapy [76,77]. In the mouse model of Alzheimer’s disease,
there was an enhancement of the Nrf2 pathway, a reduction in the formation of neurotoxic reactive
astrocytes, amelioration of neuroinflammation-induced cognitive deficits, and a deceleration of aging-
related cognitive decline [78]. Conversely, it has been assumed that astrocytes played a dual role in
modulating the radiation response. After exposure to radiation, BBB permeability markedly deteriorates
before transitioning to a more protective phenotype by reducing oxidative stress during the subacute phase
and releasing pro-inflammatory cytokines and chemokines [79]. In addition, astrocytes that were subjected
to vy irradiation exhibited a higher exudation of inflammatory cytokines [80]. After irradiation, primary
astrocytes exhibited a notable rise in the levels of cytokines, such as IL-1B, IL-6, and IL-8 [81,82]. In
summary, both in vitro and in vivo studies demonstrate that inflammatory mediators produced by astrocytes
may contribute to neuroinflammation associated with RIBI.

The goal of neuroinflammation is to eliminate harmful metabolite deposits, repair injured tissues, and
eradicate pathogenic bacteria. It is the CNS’s reaction to stressful stimuli, including infection, tissue injury,
or metabolic abnormalities [83]. Chronic neuroinflammation may be both a cause and a consequence of
radiation-induced brain damage. Astrocytes serve as gate-check regulators of innate and adaptive immune
responses, significantly influencing neuroinflammation in the radiated brain. Consequently, anti-
inflammatory interventions targeting astrocytes for neuroinflammation may be an effective approach for
addressing radiation injury in the brain.

3.3. BBB Impairment

The BBB comprises the endfeet of glial cells, the adjacent basement membranes, and the endothelial
cells of the brain’s capillaries. The BBB restricts the entry of chemicals from the bloodstream into brain
cells, but it also prevents certain therapeutic drugs from penetrating it [84]. Significant secondary damage,
including cerebral edema and inflammatory inflammation, occurs following injuries to the head, ischemic
stroke, and other disorders of the CNS that compromise the functionality of the BBB. Ionizing radiation
impairs the BBB through multiple mechanisms, including DNA damage, endothelial cell death and swelling,
local inflammatory responses, and oxygen free radical-induced damage to endothelial tight junctions. IR
also increases BBB permeability, thereby facilitating the infiltration of pathogens and inflammatory cells
into brain tissue [61,73].

Astrocytes are critical for BBB integrity, as their endfeet tightly wrap around cerebral capillaries and
regulate endothelial cell function via growth factor secretion. The BBB is disrupted when endfeet are lost,
blood flow changes, and the body’s ability to get rid of trash changes [40,85,86]. A number of brain diseases
can be caused by these changes [73]. Ionizing radiation can activate astrocytes, impede their normal
functions, and disrupt the BBB through various mechanisms. Forty-eight hours after administration of a
single 20 Gy dose of localized cranial radiation, a marked elevation in astrocyte proliferation, blood vessel
permeability, leukocyte adherence, and vasoconstriction of tiny vessels was observed. Inhibition of TNF
reversed these effects, suggesting that reactive astrocytes may compromise the BBB by releasing
inflammatory mediators after exposure to radiation [61]. Additionally, astrocytes and microglia collaborate
to secrete pro-inflammatory cytokines such as TNF-a and IL-6, which compromise the integrity of BBB
by prompting surviving endothelial cells to elevate intercellular adhesion molecules on the surface of the
arterial lumen [7]. Moreover, radiation induces vesicular VEGF release and disrupts the BBB. However,
the impairment to the BBB caused by radiation is alleviated by the blockade of astrocyte junction protein
43 hemichannels [87]. Radiation stimulates excessive VEGF production in astrocytes via the PI3K-AKT
pathway, leading to disruption of the BBB [88]. The role of astrocytes in regulating the CNS’s and the
BBB’s response to space radiation has been progressively revealed in recent years. In rats subjected to
space radiation (SR), enlarged lateral ventricles and exacerbated BBB disruption have been associated with
astrocyte depletion and an increase in permeable blood vessels [79].
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3.4. Oxidative Stress

Oxidative stress disrupts cellular structure and function by disturbing the balance between the
production of reactive oxygen species (ROS) and the antioxidant defense system, thereby altering the
intracellular redox state. The brain, utilizing 20% of the body’s oxygen, is particularly susceptible to
oxidative stress damage due to its relatively deficient antioxidant defense mechanisms, including catalase,
superoxide dismutase, glutathione, and glutathione peroxidase [89]. Astrocytes can express many
antioxidant enzymes, such as glutathione peroxidase (GPx), catalase (CAT), and superoxide dismutase
(SOD). These enzymes, as pivotal antioxidants within the cell, facilitate the synthesis and regeneration of
glutathione and the neutralization of reactive oxygen species (ROS) [90]. Astrocytes have a reactive Al
state triggered by fibrinogen (Fg), resulting in compromised antioxidant function, as indicated by the
upregulation of pro-inflammatory cytokines and the generation of NO and ROS, which exacerbates
oxidative stress during brain injury [91]. In addition, in some neurodegenerative disorders, such as
Alzheimer’s and Parkinson’s diseases, astrocytes produce reactive oxygen species (ROS) and reactive
nitrogen species (RNS), which contribute to oxidative stress in the central nervous system and accelerate
disease progression [92-94].

It has been demonstrated that microglia, astrocytes, and neurons are all capable of continuously
producing reactive oxygen species (ROS) and reactive nitrogen species (RNS) molecules as a result of
exposure to ionizing radiation [95-97]. Excessive accumulation of astrocyte-derived ROS damages
peripheral neurons and further induces inflammation and cellular damage [98]. Ionizing radiation serves as
an exogenous source of reactive oxygen species (ROS) activation, whereas the mitochondrial respiratory
chain and several enzymatic activities act as endogenous sources of ROS. Increased ROS production from
mitochondrial dysfunction causes further mitochondrial degradation and overall cellular damage [99]. At
5, 10, or 30 Gy of irradiation, rat astrocytes showed mitochondrial anomalies, such as decreased ATP levels
and altered respiratory chain activity, which were suppressed by the EUK-134 SOD/peroxidase mimetic
[100]. Moreover, radiation-induced ROS can trigger endoplasmic reticulum (ER) stress, relevant to
astrocytes, key mediators of RIBI pathophysiology. Extended ER stress activates the unfolded protein
response (UPR), and while direct evidence in RIBI astrocytes is limited, ER stress impairs astrocyte
function (e.g., disrupted glutamate uptake, enhanced inflammation) [101]. Notably, SHP aggravates ER
stress in mutant astrocytes via XBP1 SUMOylation, reducing reactive astrocyte LCN2 secretion; through
autophagic and proteasomal regulation, alleviating neuroinflammation; and luteolin mitigates ER stress-
dependent neuroinflammation—all highlighting ER stress pathways as potential targets for astrocyte-
mediated RIBI modulation [102-104]. Moreover, oxidative stress caused by ionizing radiation exerts
various biological consequences on unirradiated bystanders and even remote cells, in addition to its
detrimental impacts on irradiated cells [105]. X-ray-induced DNA damage disseminated from irradiated
cells to unirradiated bystander cells when a particular segment of brain microvascular endothelial cells was
subjected to X-ray radiation, implicating bystander signaling in cellular Ca*" kinetics and the signaling
pathways of IP3, ATP, ROS, and NO [106].

In summary, radiation-induced oxidative stress in astrocytes plays a role in the progression of RIBI.
Consequently, the prevention and treatment of RIBI require regulation of reactive oxygen species (ROS)
production and scavenging in astrocytes, along with the enhancement of the body’s antioxidant defenses.

3.5. Radiation-Induced Senescence of Astrocytes

Apart from mediating oxidative stress, astrocytes also undergo radiation-induced senescence, another
key pathological process that contributes to the progression of RIBI by exacerbating neuroinflammation
and neuronal damage. Cellular senescence—defined by persistent, irreversible cell cycle arrest—is a
fundamental process contributing to organismal aging and the gradual decline in cellular and tissue function.
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The accumulation of aged cells in brain tissue is associated with various neurological disorders, including
RIBI, Parkinson’s disease (PD), and Alzheimer’s disease (AD) [107-109]. In the aging brain, senescence
manifests in numerous cell types, including neural precursor cells, neurons, microglia, astrocytes,
oligodendrocytes, and brain endothelial cells, among others [110]. The accumulation of senescent cells in
the central nervous system can incite local inflammation by secreting pro-inflammatory chemicals,
facilitating the gradual infiltration of immune cells into the CNS, and culminating in structural and
functional alterations, including a progressive decrease in brain volume and memory deficits [111].
Radiation-induced cellular senescence is a premature aging phenomenon triggered by external stressors,
featuring enhanced inflammatory responses, increased oxidative stress, DNA damage accumulation, cell
cycle arrest, and secretion of SASP cytokines (e.g., IL-1pB, IL-6, IL-8) [99]. Some of the cell types that are
found in the nervous system, including neurons, microglia, astrocytes, and brain microvascular endothelial
cells, have been shown to undergo senescence as a result of exposure to ionizing radiation [75]. The three
primary molecular features of radiation-induced microglial senescence are metabolic alterations, DNA
damage, and inflammatory responses; these alterations are intimately linked to long non-coding RNAs
(IncRNAs) [112]. Furthermore, prolonged inflammation brought on by microglia and astrocyte activation
may exacerbate neuronal aging. While asparagine endopeptidase (AEP) targets microglia-mediated
neuronal aging, it plays a significant role in RIBI [113]. Ionizing radiation can cause double-strand DNA
breaks (DSBs), which are harmful to genetically fragile DNA and promote oxidative stress, leading to the
aging and death of brain endothelial cells [114]. Additionally, a major factor in BBB disruption that causes
RIBI and consequent cognitive deterioration is radiation-induced pericyte senescence [115]. Furthermore,
pericyte senescence brought on by radiation is a major factor in BBB failure and further facilitates
subsequent cognitive deterioration [116].

Patients undergoing cranial radiation therapy exhibit increased astrocyte senescence in brain tissue,
and in vitro studies reveal elevated expression of senescence-associated pl6INK4A and p21 in primary
human astrocytes following radiation exposure [81]. On the other hand, A133p53 protected irradiated
primary human astrocytes from producing neurotoxic IL-6, promoted DNA repair, and decreased radiation-
induced astrocyte senescence [81]. Furthermore, A133p53 expression restoration in neurotoxic astrocytes
transforms them into neuroprotective astrocytes in various degenerative neuropathies [117]. Senescent
astrocytes are therefore considered to be one of the factors contributing to ionizing radiation-induced
radiocognitive impairment.

3.6. Astrocytes in Radiation Necrosis

Astrocytes drive RN progression by linking initial radiation injury to irreversible cerebral necrosis
through interconnected pathological cascades, with key mechanisms supported by recent studies. Radiation-
induced DNA damage and damage-associated molecular patterns from injured cells trigger astrocyte
polarization to reactive astrocytes [11]. These reactive astrocytes secrete pro-inflammatory cytokines (IL-6,
TNF-a) and chemokines (CXCL12), which amplify neuroinflammation by recruiting immune cells and
directly damaging neurons and oligodendrocytes, forming a self-reinforcing inflammatory loop [118].
Hypoxia within RN lesions induces astrocytes to overexpress VEGF [119], which disrupts the blood-brain
barrier by downregulating tight junction proteins, leading to vascular leakage and edema while failing to
promote functional angiogenesis, thereby exacerbating tissue ischemia [120]. Radiation also triggers a burst
of mitochondrial reactive oxygen species (mROS) in astrocytes, accelerating cellular senescence and the
secretion of SASP factors that inhibit tissue repair and induce damage in adjacent cells [121]. Additionally,
astrocytes engage in pathological crosstalk with microglia and endothelial cells, further amplifying
inflammation and blocking vascular regeneration, ultimately leading to irreversible cerebral necrosis [11].
This highlights astrocytes’ pivotal role as central mediators of RN pathogenesis.
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3.7. Astrocytes’ Interactions with Other Cells in RIBI

To fully understand how astrocytes orchestrate RIBI, it is essential to dissect their crosstalk with other
CNS cells (microglia, neurons, oligodendrocytes, and endothelial cells), as each participates in pathological
cascades via distinct molecular signals. The two main cell types found in almost equal amounts in the
human central nervous system (CNS) are neurons and glial cells. Astrocytes comprise 20% of the glial cells
in the human brain, followed by microglia (5-15%), oligodendrocyte precursor cells (3—10%), and
oligodendrocytes (25%) [122]. These cells initiate and respond to an inflammatory process in RIBI,
resulting in gradual neurological deterioration.

3.7.1. Astrocytes and Microglia

It has been demonstrated that cytokines generated when radiation-induced microglia activation occurs
are important mediators of astrocyte activation, in addition to the direct activation of astrocytes by radiation.
Radiation can directly activate astrocytes, which then produce and secrete a variety of cytokines that further
activate astrocytes by triggering the signal transducer and activator of transcription 3 (STAT3) signaling
pathway. This process eventually keeps astrocytes continuously activated [123]. In the meantime, another
crucial mechanism for radiation-induced astrocyte activation is MAP kinase activation [82]. However, the
activation of microglia brought on by radiation and the PGE2 that results are important mediators of the
rise in reactive astrocytes [21]. Consistent with the cellular crosstalk shown in Figure 1, radiation-activated
microglia secrete multiple pro-inflammatory mediators to drive astrocyte reactivity. For example, TNF-a
and IL-1a directly induce astrocyte transformation to the neurotoxic A1 phenotype [58], while C1q (another
key factor in Figure 1) mediates radiation-induced astrocyte activation—an effect confirmed by in vivo
studies where glia-selective C1q deletion prevents astrocyte reactivity and cognitive deficits [63]. As shown
in Figure 1, these Al reactive astrocytes then secrete neurotoxic substances (e.g., ROS, C3) and pro-
inflammatory cytokines, which synergize with activated microglia to exacerbate neuronal and
oligodendrocyte death [20].

3.7.2. Astrocytes and Neurons

Beyond the crosstalk between astrocytes and microglia, the interaction between astrocytes and neurons
also plays a pivotal role in the pathogenesis of RIBI, with irradiated activated astrocytes impairing healthy
neurons through multiple distinct mechanisms. Through various mechanisms, irradiation-activated
astrocytes harm healthy neurons. When cortical astrocytes and astrocyte-conditioned medium (ACM) are
present, the radiosensitivity of cortical neurons is greatly decreased; yet, when astrocyte function is
compromised, neuronal sensitivity to radiation and other types of oxidative stress-induced damage may rise
[124]. In contrast, after radiation exposure, activated astrocytes, coupled with microglia that are themselves
activated, release a collection of pro-inflammatory cytokines, including TNF-a, IL-1p, and IL-6, which
collectively increase neuronal damage and cell death [73,81]. Moreover, reactive astrocytes may contribute
to the onset of RIBI through the release of chemokine CCL2, complement protein C3, and reactive oxygen
and nitrogen species; however, additional research utilizing ex vivo and in vivo radiation models is
necessary to validate this.

3.7.3. Astrocytes and Oligodendrocytes

Astrocyte-oligodendrocyte communication is a central determinant of RIBI-associated demyelination.
In late-delayed RIBI, radiation-induced astrocytic inflammation directly undermines oligodendrocyte
function and myelin stability [73,125]. Beyond direct radiation-induced apoptosis via ceramide-PKB
signaling, oligodendrocytes suffer from a loss of astrocytic support [126,127]. While astrocytes normally
facilitate myelination via TIMP1 and CXCLI, the post-radiation environment drives them toward a
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deleterious reactive state. These reactive astrocytes release inhibitory factors, such as IL-6, which act
indirectly to suppress OPCs-mediated myelin regeneration and exacerbate white matter injury [128].

3.7.4. Astrocytes and Endothelial Cells

The interactions between astrocytes and endothelial cells are fundamental to maintaining BBB integrity,
a process disrupted throughout RIBI progression. Pro-inflammatory cytokines such as TNF-o and IL-6,
secreted by activated microglia and reactive astrocytes, may induce senescence in vascular endothelial cells
[73]. After cranial X-ray radiation therapy, astrocytes release key vasoactive substances through their
endfeet, including VEGF, Ang II, endothelin-1 (ET-1), and NO, which directly act on capillary endothelial
cells to drive BBB damage [73]. VEGF stands out as the most critical mediator owing to its direct, pathway-
specific regulation of BBB integrity and central role in astrocyte-endothelial crosstalk during RIBI
progression: radiation-induced astrocyte activation promotes excessive VEGF secretion [65,88], and this
astrocyte-derived VEGF directly downregulates endothelial tight junction proteins (occludin/claudin-5) a
core structural component of the BBB, thereby amplifying vascular leakage and facilitating
neuroinflammatory infiltration [65,87,88]. In a study simulating deep space radiation, astrocyte activation
and endothelial damage were enhanced 3-7 days post-irradiation, with processes like endothelial
permeability and oxidative stress regulated by these vasoactive substances [125]. Moreover, pro-
inflammatory cytokines (e.g., TNF-a, IL-6) further upregulate endothelial cell reactivity, amplifying
vascular permeability [7,87]. This astrocyte-endothelial crosstalk via VEGF, Ang II, ET-1, and excessive
NO, inducing tight junction damage, drives late-delayed RIBI, as sustained BBB leakage and
neuroinflammation cause cerebral edema and neuronal loss [88]. Additionally, radiation-induced pro-
inflammatory cytokines upregulate ICAM-1 on endothelial cells, increasing vascular permeability and
facilitating inflammatory cell infiltration [7,87].

4. Treatment of Radiation Brain Injury by Targeting Astrocytes

Building on the core pathological mechanisms of astrocyte-mediated RIBI (reactive astrocyte
polarization, neuroinflammation, BBB impairment, oxidative stress, and cellular senescence) detailed
earlier, this section systematically maps each therapeutic strategy to its targeted pathological cascade. It
critically compares their translational potential—addressing the key gaps in mechanism-strategy linkage
and translational assessment. Key preclinical data and molecular targeting frameworks are summarized in
Table 1 and Figure 2, respectively.

4.1. Anti-Inflammatory Therapy

Astrocytes are highly responsive to ionizing radiation, with abnormal activation driving
neuroinflammation—a core pathophysiological feature of RIBI. Under pathological conditions like radiation
exposure, astrocytes secrete pro-inflammatory cytokines (IL-1f, IL-6, TNF-a) and recruit peripheral immune
cells, initiating a cascade that disrupts the BBB and exacerbates neuronal injury [57,72,129]. This sustained
inflammatory cascade is a key driver of progressive neurological impairment, highlighting the need for
targeted interventions to interrupt astrocyte-mediated neuroinflammation in RIBI [38,130].

Anti-inflammatory strategies targeting the TNF/NF-kB pathway have demonstrated preclinical
efficacy in mitigating RIBI. Key interventions include anti-TNF antibodies and the TAT-NBD peptide, a
selective NF-kB inhibitor. In C57BL/6J mice subjected to 20 Gy whole-brain irradiation, anti-TNF therapy
eliminated astrocyte hyperproliferation, reduced vascular permeability, and attenuated leukocyte adhesion
within 48 h—effects attributed to direct inhibition of TNF-mediated NF-kB activation [61]. Similarly, the
TAT-NBD peptide suppressed reactive astrogliosis (evidenced by reduced GFAP expression) and
diminished pro-inflammatory microglial infiltration in juvenile mice following 5 Gy cranial irradiation,
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ultimately improving anxiety-like behaviors and exploratory deficits [131]. These findings confirm that
blocking the TNF/NF-kB pathway interrupts astrocyte-driven neuroinflammation, reversing both cellular
and behavioral hallmarks of RIBI.

Anti-inflammatory therapy holds considerable clinical potential, facilitated by the availability of FDA-
approved anti-TNF agents that support expedited clinical advancement [61]. However, systemic NF-xB
inhibition carries moderate off-target risks, such as immunosuppression in immunocompromised cancer
patients [57,72,129]. Poor BBB penetration of traditional anti-TNF antibodies is a feasibility challenge, but
intranasal delivery or GFAP-targeted modification enhances intracerebral concentrations [131]. A critical
bottleneck is patient stratification, as efficacy depends on high NF-«xB activation (elevated CSF TNF-o/IL-
6) [126,127]. Future efforts will focus on developing astrocyte-specific NF-kB inhibitors and validating
CSF inflammatory biomarkers for precise patient selection [126,127].
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Figure 2. Key astrocyte-targeted therapeutic strategies for radiation-induced brain injury (RIBI). This figure depicts core
astrocyte-targeted RIBI therapies acting on specific molecular pathways to alleviate neuroinflammation, blood-brain barrier
(BBB) impairment, oxidative stress and cellular senescence, with mechanisms as follows: (1) Anti-inflammatory therapy: Anti-
TNF blocks the TNF/NF-kB pathway, and TAT-NBD peptide inhibits NF-kB nuclear translocation; both abrogate NF-xB
downstream inflammatory factors (IL-1, IL-6, COX-2) to mitigate neuroinflammation. (2) VEGFA-targeted therapy: TATGap19
(blocks Cx43 hemichannels) and LY294002 (suppresses PI3K-AKT pathway) downregulate VEGFA release and expression,
while AG490 inhibits the STAT3 pathway by suppressing JAK2-pSTAT3 activation to block VEGFA transcription (small blue
nucleus icon for this transcriptional process); all three relieve VEGFA’s inhibition of claudin-5 and occludin, attenuating
radiation-induced BBB damage. (3) TSPO-targeted therapy: FGIN-1-27 binds to TSPO to repair astrocyte mitochondrial
function and reduce ROS, alleviating oxidative stress. (4) RAS blocker: Ang-(1-7) targets AT-(1-7) to antagonize Ang Il and
inhibit the MAPK pathway, diminishing radiation-associated inflammation. (5) ApoE-targeted therapy: Irradiated female
APOE2 mice retained spatial memory, while female APOE4 mice did not, reflecting ApoE's isoform-specific RIBI regulation.
(6) A133p53-targeted therapy: A133p53 inhibits astrocyte SASP (IL-1p, IL-6, IL-8) and facilitates DNA double-strand break
repair, alleviating senescence and inflammation amplification. (7) Exosome and miRNA-targeted therapy: AntagomiR-741
antagonizes miR-741-3p to inhibit astrocyte NF-kB activation and reduce TNF-a, IL-6 and S100B; miR-206 mimetic targets
Cx43 to downregulate its expression, reducing VEGFA release and ameliorating BBB impairment.
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Table 1. Radioprotective effect of targeting different molecules in astrocytes in radiation-induced brain injury models.
Intervention Model and Dose Radiation Site Time Post-RT Mechanism-Mediated Effects Translational Evaluation Refs.
C57BL/6]J mouse; By blocking radiation-induced NF-«kB pathway, Anti-TNF Clinical Promise: High; Feasibility:
Anti-TNF X-ray, 20 Gy (1 whole brain 241,48 h inhibits pro-inflammatory factor (TNF, ICAM-1) expression, = Moderate; Bottleneck: Acute-phase targeted[61]
Gy/min) preserves BBB integrity, and suppresses reactive astrogliosis intervention
By blocking radiation-induced NF-«kB pathway, TAT-NBD
C57BL/6J mouse; X- peptide suppresses astrogliosis (GFAP downregulation), reduces Clinical Promise: Moderate; Feasibility:
TAT-NBD ray, 5 Gy (306 whole brain 4h,3m neuroinflammation (IBA-1+CD11c+ microglial infiltration and Moderate; Bottleneck: Pediatric dose [131]
cGy/minute) TNFa expression), protects neuronal progenitors, and optimization
ameliorates anxiety-like behaviors and exploration deficits
. . e . Clinical Promise: Moderate; Feasibility:
STAT3 Inhibitor Rat primary astrocyte; o 41,12 h, 24 h’By inhibiting radlatlon-llndu.ced STATS3 phosphorylation, AQ49O Moderate; Bottleneck: In vifro-to-in vivo
X-ray, 20 Gy (400  in vitro suppresses astrocyte activation, reduces VEGF overexpression . . S [65]
(AG490) . 48 h . . . translation (BBB penetration validation
c¢Gy/min) (dose/time-dependent), and improves astrocyte viability needed)
C57BL/6] mouse and Byzinhibiting radiation-induced Cx43 hemic'hannel opening and N ' o
Ca*" entry, TATGap19 blocks VAMP3-vesicular VEGF-A Clinical Promise: Moderate; Feasibility:
TATGap19/Cx43  Cx43 MK4 KI/Cx43 . . .
whole brain 6h,24h transport to astrocytic endfeet, suppresses VEGF-A release and Moderate; Bottleneck: Lack specific Cx43 [87]
Blockers GFAP-Cre KO . . 1 . s L
BBB leakage, without altering endothelial tight junction inhibitors; late-stage RIBI needs combinatio
mouse; X-ray, 20 Gy . . .
(occludin/claudin-5) expression
BL ; X- s . i a1t
rCaS7 | 0/2 n:)(;ucs:, Inhibiting astrocytic PI3K-AKT (specific inhibitor) reduced
¥ d whole brain 4w fractionated RT-induced BBB disruption, with restored astrocyte . . . o [88]
weekly for 2 weeks autonhaey and lower VEGF Clinical Promise: Moderate; Feasibility:
LY294002 (1.22 Gy/min) PHagy Moderate; Bottleneck: Narrow autophagy
. PI3K-AKT inhibition restored astrocyte autophagy, alleviated  regulation window
Primary astrocytes; X-. . s .
. Invitro 48 h co-cultured endothelial tight junction damage, and reduced [88]
ray, 30 Gy (4 Gy/min) . .
endothelial permeability
By targeting radiation-impaired mitochondrial function, FGIN-1-Clinical Promise: Moderate; Feasibility:
TSPO ligands Primary astrocytes; X- i vitro 24t 27 repairs respiratory chain activity, reduces ROS production, Low (<5% BBB bioavailability); [132]
(FGIN-1-27) ray, 20 Gy (4 Gy/min) inhibits astrocyte Al polarization, and normalizes cell Bottleneck: Lack non-human primate

proliferation (aligned with oxidative stress axis in RIBI) validation
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. By binding to AT(1-7) receptor, Ang-(1-7) inhibits radiation-  Clinical Promise: Moderate (hypertension
Primary astrocytes; y- . o . o
.. induced MAPK (PKCo/p-MEK/p-ERK) activation, increases  comorbidity); Feasibility: Moderate;
Ang-(1-7) ray, 10 Gy (3.57 in vitro lh,7h . . e [82]
Gy/min) DUSP1, suppresses pro-inflammatory cytokines (IL-1B/IL-6)  Bottleneck: RAS activation status
Y and COX-2/GFAP expression dependency
Human APOE2 Irradiated female APOE2-targeted replacement mice (C57BL6/J)Clinical Promise: Moderate (subtype-
o . retained spatial memory via Morris water maze testing post- personalized); Feasibility: Moderate
APOE2 Mimetics targeted replacement whole brain 3m L . . . L [133]
mouse: v-rav. 10 G irradiation, with reduced astrocyte activation and preserved BBB (intranasal mimetics bypass BBB);
- VaYs Y integrity compared to APOE4 mice Bottleneck: Sex/isoform dependency
B tori iation-diminished Al it tes DNA .. .
. y restoring radiation d1@1n1s ed A133p33, 1. pm@ ?S. Clinical Promise: Moderate (endogenous,
Primary astrocytes; X- double-strand break repair (RADS51 upregulation), inhibits non-oncogenic): Feasibility: Moderate
A133p53 ray, 2 Gy/4 Gy (3.57 invitro 4h,24h astrocyte senescence, and suppresses SASP (IL-6) to reduce .. g o y: .. [81]
. .. . . . . .. (lentiviral transduction feasible; no in vivo
Gy/min) neurotoxicity (aligned with senescence-inflammation axis in . .
RBI) delivery); Bottleneck: Lack animal model
. . . . linical Promise: M t 1 deli
C57BL/6 mouse; - Intranasal antagomiR-741 reduced hippocampal miR-741-3p in ¢ 1n1.ca .romlse .Ofic.ara ¢ (nasal delivery
. . . T . . . non-invasive); Feasibility: Moderate (nose-
AntagomiR-741 electron beam, 30 Gy whole brain 1w,6w mice post-p-irradiation, improving spatial memory (behavioral ) ; [134]
. . . .. brain pathway accessible); Bottleneck:
(2.5 Gy/min) tests) and reducing neuronal apoptosis/astrocyte activation . L
Limited target gene validation
HA-1800 normal By targeting and suppressing radiation-upregulated Cx43, it Clinical Promise: Moderate (target
. enhances cell viability, reduces apoptosis (cleaved caspase-3 specificity); Feasibility: Moderate (in vitro
miR-206 astrocyte cell line; y- in vitro 12h,24h, 48 downregulation), and inhibits secretion of pro-inflammatory transfection feasible); Bottleneck: Lack in  [80]
ray, 2 Gy/4 Gy (3.57 h ’ ’ ’

Gy/min)

cytokines (TNF-o/IL-B/IL-6/IFN-y) (aligned with miRNA-Cx43-vivo validation and delivery system

mediated neuroinflammation axis in RBI)

optimization

Abbreviations: RT: Radiotherapy; BBB: blood-brain barrier; GFAP: glial fibrillary acidic protein; TNF: tumor necrosis factor; NF-kB: nuclear factor-kB; ICAM-1: intercellular adhesion molecule
1; IBA-1: ionized calcium-binding adapter molecule 1; STAT3: signal transducer and activator of transcription 3; VEGF-A: vascular endothelial growth factor A; Cx43: connexin 43; KI: knock-
in; KO: knockout; VAMP3: vesicle-associated membrane protein 3; PI3K-AKT: phosphatidylinositol 3-kinase/protein kinase B; TSPO: translocator protein; ROS: reactive oxygen species; RAS:
renin-angiotensin system; Ang-(1-7): angiotensin-(1-7); AT(1-7): AT(1-7) receptor; MAPK: mitogen-activated protein kinase; PKCa.: protein kinase C alpha; p-MEK: phosphorylated mitogen-
activated protein kinase kinase; p-ERK: phosphorylated extracellular regulated protein kinases; DUSP1: dual specificity phosphatase 1; IL-1f: interleukin-1p; IL-6: interleukin-6; COX-2:
cyclooxygenase-2; APOE2/4: apolipoprotein E2/4; A133p53: p53 isoform A133p53; SASP: senescence-associated secretory phenotype; RADS51: RADS1 recombinase; miR: microRNA;
antagomiR-741: miR-741-3p antagonist; caspase-3: cysteine-aspartic acid protease 3; IFN-y: interferon-y; RIBI: radiation-induced brain injury; h: hours; m: months; w: weeks.
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4.2. VEGF-A Targeted Intervention

VEGF belongs to a family of functional glycoproteins including VEGF-A, VEGF-B, VEGF-C, and
PIGF, with VEGF-A (commonly referred to as VEGF) being the key mediator of vascular permeability and
angiogenesi [135,136]. Inhibiting VEGF-A signaling has also shown protective effects in inflammatory
CNS disorders by mitigating astrocyte-derived VEGF-mediated BBB disruption [137,138]. BBB
impairment is driven by aberrant astrocyte-endothelial crosstalk, primarily via the Cx43/PI3K-
AKT/STAT3 signaling axis—ionizing radiation triggers Cx43 hemichannel opening, PI3K-AKT-
dependent autophagy suppression, and STAT3 phosphorylation in astrocytes, collectively promoting
excessive secretion of astrocyte-derived VEGF. This VEGF directly downregulates endothelial tight
junction proteins (occludin/claudin-5) and amplifies vascular leakage [65,87,88]. Anti-VEGF therapies,
typified by bevacizumab, exert dual effects by specifically targeting astrocyte-secreted VEGF and
preserving endothelial barrier integrity, making them particularly effective for RIBI-related complications
like radiation necrosis (RN) [139-141].

Key interventions validated in preclinical and clinical studies include specific inhibitors and antibodies.
TATGapl9, a well-characterized and selective Cx43 hemichannel blocker, blocked calcium-dependent
VAMP3-vesicular VEGF transport to astrocyte endfeet in C57BL/6J mice, suppressing VEGF release and
BBB leakage 24 h post-20 Gy irradiation [87]. Astrocyte-specific Cx43 knockout mice exhibited
comparable protective effects [87]. The PI3K-AKT inhibitor LY294002 restored astrocyte autophagy in
C57BL/6 mice after fractionated 10 Gy irradiation, reducing VEGF overexpression and reversing BBB
disruption [88]. The STAT3 inhibitor AG490 suppressed pSTAT3 binding to the VEGF promoter in
irradiated rat primary astrocytes, decreasing VEGF transcription and restoring endothelial tight junctions
[65]. Clinically, the humanized anti-VEGF-A antibody bevacizumab exerts its therapeutic effects by
specifically targeting astrocyte-derived VEGF—consistent with multi-center retrospective studies,
systematic reviews, and clinical case reports. It effectively alleviates neurological symptoms associated
with SRS-induced RN and achieves meaningful imaging relief, with long-term efficacy sustained in follow-
up observations. The underlying mechanism hinges on bevacizumab’s ability to neutralize astrocyte-
secreted VEGF, thereby interrupting the cascade of vascular leakage and tissue damage that drives RN
progression [139—-141].

Anti-VEGF therapy exhibits substantial clinical promise, standing as one of the few astrocyte-targeted
approaches with validated clinical effectiveness [141]. It has low off-target effects due to brain-specific
VEGF enrichment, which is predominantly derived from activated astrocytes, and moderate-to-high
feasibility with small-molecule inhibitors achieving 10-15% BBB penetration [139-141]. A key
translational bottleneck is compensatory Ang-2 pathway activation, and long-term single-agent use may
limit efficacy, necessitating combination with Cx43 blockers for synergistic effects [87]. Future directions
include developing astrocyte-specific VEGF siRNA to avoid interfering with normal cerebral angiogenesis
and optimizing patient selection via serum VEGF/Ang-2 monitoring.

4.3. TSPO Ligand-Targeted Therapy

TSPO (Translocator Protein), originally named Peripheral Benzodiazepine Receptor (PBR), is a
mitochondrial outer membrane protein expressed in multiple cell types and tissues, including immune cells,
peripheral organs, and the central nervous system [142,143]. Its core regulatory functions involve
mitochondrial processes, including steroidogenesis, cholesterol transport, apoptosis, and oxidative stress
responses [ 144]. TSPO ligands, small molecules that bind and modulate TSPO activity, are valuable tools
for investigating neurological disorders, inflammatory responses, and mitochondrial function [144].

Previously thought to be exclusively overexpressed in microglia, TSPO is now confirmed to be
upregulated in activated astrocytes, with elevated levels in astrocytes preceding microglia in certain
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neurodegenerative disorders [145—147]. In brain injury-related conditions, increased TSPO expression in
glial cells is widely used as a biomarker for neuroinflammation and active brain pathology [148]. For
instance, TSPO ligands like PK11195 alleviate neuroinflammation and cognitive impairments in animal
models of chronic systemic LPS exposure, while reducing activated microglia in neuroinflammation-
associated disorders [149,150]. LPS also upregulates TSPO expression at mRNA and protein levels in
astrocytes via a STAT3-dependent mechanism, increasing ROS production and reducing glucose uptake,
and these effects are attenuated by the TSPO antagonist FEPPA [151]. Consistent with the astrocyte-
mediated pathological cascade of RIBI (as previously discussed), TSPO plays a context-dependent role as
a key mediator linking radiation-induced astrocyte dysfunction to RIBI progression. The core pathological
mechanism is as follows: radiation induces astrocyte conversion to the neurotoxic Al phenotype, which
triggers abnormal TSPO activation; this activated TSPO disrupts mitochondrial redox homeostasis, leading
to mitochondrial hyperfunction, excessive production of oxidized metabolites, and enhanced secretion of
pro-inflammatory cytokines and ROS, ultimately amplifying neuroinflammation and BBB impairment
[95,152]. In a mouse RIBI model subjected to 8 Gy y-irradiation, TSPO-expressing brain cells increase
alongside enhanced neuroinflammation and M1-type microglia accumulation [153]. At different radiation
doses, TSPO behaves differently: high doses promote inflammation, whereas low doses downregulate
microglial TSPO, enhancing astrocyte radiation sensitivity via a pro-inflammatory microenvironment that
drives A1 phenotype conversion [152,154]. Corresponding to this pathological mechanism, TSPO ligands
exert therapeutic effects by directly targeting astrocyte mitochondria to interrupt the pathological cascade
from A1 astrocyte conversion to TSPO activation, subsequent mitochondrial dysfunction, and ultimately
neuroinflammation. The TSPO ligand FGIN-1-27 reverses radiation-induced astrocyte abnormalities by
restoring mitochondrial respiratory chain activity, reducing ROS generation, and inhibiting astrocyte
hyperactivation and Al phenotype conversion. These effects are validated in primary astrocyte cultures,
where FGIN-1-27 improves radiation-induced mitochondrial dysfunction and abnormal proliferation [132].

TSPO-targeted therapy has moderate clinical promise for RIBI, with unique advantages and inherent
challenges compared to other astrocyte-targeted strategies, such as anti-VEGF therapy. Its key strengths
are dual targeting of neuroinflammation and oxidative injury, the core pathologies of RIBI, and accessible
small-molecule ligands with manageable pharmacokinetics [132]. Critical limitations include moderate
BBB penetration, off-target risks from TSPO expression in normal glia and peripheral tissues, such as
disrupted steroidogenesis or mitochondrial function, and an absence of clinical data, in contrast to anti-
VEGF therapy, which has proven efficacy in radiation necrosis. Future TSPO-targeted therapy efforts
should focus on developing astrocyte-specific ligands, such as GFAP-targeted conjugates, to enhance
specificity and BBB penetration, and on validating cerebrospinal fluid TSPO levels as a biomarker for
patient stratification [148].

4.4. RAS Pathway Blocking Therapy

RAS critically regulates astrocyte-mediated neuroinflammation and BBB integrity in RIBI [155,156].
RAS blockers include ACEIs such as lisinopril, ARBs such as sartans, and the protective peptide Ang-(1-
7), but off-target effects, notably hypotension, limit their direct clinical application, highlighting the need
for astrocyte-specific RAS modulators [155,156]. lonizing radiation activates RAS in astrocytes, triggering
MAPK signaling (PKCa/p-MEK/p-ERK) to drive secretion of pro-inflammatory cytokines (IL-1p, IL-6)
and upregulation of activation markers (GFAP, COX-2, AP-1, NF-xB), which are key events that amplify
neuroinflammation and BBB impairment in RIBI; RAS blockers intervene by inhibiting astrocyte MAPK
pathway activation, thereby attenuating these pathological cascades and mitigating RIBI-related deficits.
Preclinical evidence validates this link: Initial preclinical studies first demonstrated that ACEIs mitigated
RIBI in a rat optic neuropathy model subjected to 30 Gy stereotactic irradiation [157,158]. Additionally,
pretreatment with the ATIRA L-158,809 during and after segmental whole-brain irradiation prevented or
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alleviated radiation-induced cognitive impairments in adult rats [9,159]. However, RAS inhibition with
these agents does not prevent or reverse radiation-induced loss of neurogenesis [160].

Ang-(1-7), which exerts physiological effects by binding the Mas receptor and counteracting Ang II,
further reinforces this pathway by directly inhibiting MAPK signaling in primary astrocytes irradiated with
10 Gy, attenuating the radiation-induced upsurge of pro-inflammatory cytokines and astrocyte activation
markers [82]. To address translational bottlenecks, future efforts should focus on developing astrocyte-
specific RAS modulators (e.g., GFAP-promoter targeted conjugates) to enhance cellular specificity and
minimize off-target effects, while validating the serum Ang II/Ang-(1-7) ratio as a predictive biomarker
may enable stratified patient selection for individuals with astrocyte RAS hyperactivation [155,156].
Collectively, these refinements leverage the well-established anti-inflammatory and BBB-protective
actions of RAS blockers, positioning them as promising candidates for RIBI therapy [155,156].

4.5. Precision Regulation of ApoE Isoforms

Astrocytes are the primary source of ApoE in the brain, where ApoE regulates lipid transport, neuronal
nutrition, and synaptic plasticity, and these key functions are closely linked to RIBI pathophysiology [161].
ApoE in humans encompasses three isoforms (ApoE2, ApoE3, ApoE4) that exert isoform-specific effects
in RIBI: ApoE2 mitigates RIBI by suppressing astrocyte overactivation, preserving BBB integrity, and
maintaining cognitive function post-radiation [133], while ApoE4 exacerbates RIBI through promoting
reactive astrogliosis, increasing BBB permeability, and amplifying neuroinflammation [162]. This subtype-
specific discrepancy directly ties to astrocyte-mediated pathological cascades: radiation-induced astrocyte
dysfunction is amplified by ApoE4, which impairs astrocyte-derived trophic support and enhances pro-
inflammatory cytokine secretion, whereas ApoE2 counteracts these effects by stabilizing astrocyte
homeostasis [133].

Preclinical data across genetic and radiation models further validate astrocyte-derived ApoE as a
critical regulator of RIBI progression. ApoE-deficient mice exhibit impaired learning and memory, age-
related synaptic degeneration, compromised BBB integrity, and elevated CNS pro-inflammatory cytokines
[163,164]. Their phosphorylated proteome also shows dysregulated synaptic plasticity and calcium
signaling following chronic low-dose radiation [165]. In wild-type mice, relative to ApoE-deficient
counterparts, miR-9 and miR-let7b show elevated expression, a phenomenon associated with the retention
of radial glia-like (RGL) cells, suggesting ApoE-mediated regulation of neural progenitor pools during the
radiation response. Notably, ApoE deficiency exacerbates radiation-induced behavioral deficits [166], and
conditional deletion of ApoE3 in astrocytes leads to significant post-radiation cognitive decline [167]. This
underscores the cell-specific relevance of astrocyte-derived ApoE. Sex and isoform dependency further
shape RIBI outcomes: galactic cosmic radiation simulation impairs memory in male ApoE3 mice [168],
while irradiated female ApoE2 mice retain spatial memory, in contrast to their ApoE3 and ApoE4
counterparts [133]. Beyond radiation-specific models, traumatic brain injury studies confirm astrocyte-
derived ApoE is essential for neurogenesis during functional impairment, a mechanism plausibly
translatable to RIBI-related neural repair [169]. Humanized ApoE4 animals also show elevated BBB
permeability, which is reversed within one month of astrocyte-specific ApoE4 knockdown, reinforcing
ApoE4’s role in astrocyte-mediated BBB disruption [162]. The core mechanism-strategy mapping for
ApoE-targeted therapy in RIBI centers on addressing isoform imbalance, with preclinical strategies
including upstream targeting of ApoE4, conversion to protective isoforms, modulation of ApoE lipidation,
anti-ApoE4 immunotherapy, antisense oligonucleotide therapy, and non-pharmacological interventions
[170,171]. ApoE plays a key role in the metabolism and redistribution of lipoproteins and cholesterol, and
its deficiency exacerbates behavioral deficits following radiation exposure, supporting a protective role for
astrocyte-derived ApoE against radiation-induced cognitive impairment [166]. In addition, specialized
techniques, including anti-APOE antibodies and the targeted regulation of ApoE gene transcription and
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release, enhance ApoE2’s protective biological functions while mitigating the pathological cellular and
molecular responses induced by ApoE4.

ApoE-targeted therapies exhibit notable translational potential for RIBI management, with isoform-
specific targeting reducing off-target risks as ApoE2 and ApoE4 exert opposing roles in RIBI, and this
strategy aligns with precision medicine trends [162]. Non-invasive delivery routes such as intranasal ApoE
mimetic peptides bypass BBB challenges, and there is potential to repurpose ApoE-targeted agents
validated in neurodegenerative disease trials [170,171]. Sex and isoform dependency limit the universal
efficacy of ApoE-targeted therapies, and large-scale clinical data in RIBI patients remain scarce [133].
Delivery systems struggle to achieve consistent therapeutic concentrations in damaged brain regions, and
current strategies fail to address ApoE’s dynamic functional shifts across RIBI phases [170,171].
Elucidating the isoform-specific mechanisms of astrocyte-derived ApoE is vital for developing targeted
therapies, as it lays the foundation for precise intervention [161]. Future efforts should focus on optimizing
astrocyte-specific delivery, validating serum ApoE isoform ratios as biomarkers, and designing genotype-
and sex-stratified clinical trials to overcome existing bottlenecks [166].

4.6. A133p53-Targeted Restoration

The A133p53 and p53p isoforms, which are isoforms of the p53 protein, are important regulators of
the accelerated senescence feature of cells, and the p53 signaling pathway is a fundamental regulator of
senescence [172]. Mechanistically, A133p53 promotes DNA double-strand break (DSB) repair, inhibits
apoptosis, and enhances antioxidant function, thereby suppressing cellular senescence [117,173,174].
These combined actions make A133p53 a critical modulator of cellular homeostasis under pathological
conditions. Enhancing neuroprotection in aging astrocytes is a significant function of A133p53. In vitro
studies have provided direct evidence for this regulatory role: primary astrocytes undergoing cellular
senescence had higher p53p expression and lower A133p53 expression. Similarly, brain tissue from patients
with Alzheimer’s disease (AD) showed increased senescent astrocytes, accompanied by reduced A133p53
expression and elevated p53p expression. These findings underscore the crucial importance of p53f and
A133p53 in preserving astrocyte functionality and neuroprotection, along with their potential role in
neurodegenerative diseases [117].

A133p53 holds considerable therapeutic promise for RIBI. It specifically inhibits X-ray-induced
senescence in primary human astrocytes and promotes DSB repair in irradiated cells, mitigating radiation-
induced genomic damage. Preclinical experiments using 2-4 Gy X-rays confirm that A133p53
overexpression reduces senescence rates and decreases pro-inflammatory cytokine secretion, such as IL-6,
limiting astrocyte-mediated neuroinflammation and neuronal damage, which are core RIBI pathological
cascades. Furthermore, A133p53-targeted strategies offer unique merits: their endogenous regulatory role
minimizes off-target risks, and dual actions on DNA repair and senescence address multiple RIBI
pathological cascades [81]. However, key challenges remain: absence of astrocyte-specific delivery
systems, unvalidated in vivo efficacy in RIBI animal models, ambiguous optimal intervention timing, and
dose-dependent tumor progression risks necessitating precise expression modulation [172]. Future
priorities involve developing astrocyte-specific activators such as GFAP-promoter-driven gene therapy,
validating serum A133p53/p53p ratios as predictive biomarkers, and performing RIBI animal trials to
confirm cognitive protection and long-term safety [166,167]. These measures will bridge preclinical-
clinical gaps, establishing A133p53 as a novel astrocyte-targeted strategy for RIBI.

4.7. Exosomes and miRNAs

Exosomes are cell-secreted vesicles that mediate intercellular communication by transporting bioactive
cargo, including microRNAs (miRNAs), and play pivotal roles in RIBI pathophysiology [175]. As small
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endogenous RNAs, miRNAs post-transcriptionally regulate gene expression, and their aberrant expression
in astrocytes and other CNS cells directly drives core RIBI pathological cascades, including
neuroinflammation, BBB impairment, and reactive astrocyte activation [176,177]. Exosomes further
amplify these effects by shuttling pathogenic miRNAs between cells and hold potential as targeted delivery
vehicles for therapeutic miRNAs [178].

Radiation-induced dysregulation of exosomal miRNAs directly exacerbates astrocyte-mediated RIBI
through two core pathways. First, miRNA-dependent astrocyte activation: Radiation upregulates miR-741-
3p in hippocampal astrocytes, promoting the transition to neurotoxic Al astrocytes by enhancing GFAP
expression and IL-6/TNF-a secretion, key mediators of neuroinflammation and neuronal apoptosis
[125,177]. Second, miRNA-mediated BBB impairment: Radiation-induced downregulation of miR-206 in
astrocytes increases Cx43 expression, triggering excessive VEGF secretion and disruption of endothelial
tight junctions (occludin/claudin-5), thereby amplifying BBB leakage [80]. Beyond these core pathways,
exosomal miRNAs are common contributors to RIBI progression: dysregulated miR-181b-2-3p modulates
microglial activation and neural stem cell dysfunction to indirectly regulate astrocyte activation, while
downregulated miR-23a-3p mediates irradiation-induced neuronal apoptosis, and these alterations
synergize with astrocyte-driven neuroinflammation to amplify brain injury [179,180]. Notably, exosomes
from irradiated astrocytes and oligodendrocytes shuttle miR-7 to distant tissues, such as the lung, mediating
off-target radiation-induced bystander effects (RIBE), including autophagy, highlighting the broader
systemic pathological role of exosomal miRNAs in RIBI [181].

To counteract exosomal miRNA-driven pathological mechanisms in RIBI, intranasal delivery of
antagomiR-741 precisely targets hippocampal astrocytes to inhibit miR-741-3p-mediated A1 polarization
and neuroinflammation, offering high translational promise due to non-invasive, off-target effect-avoiding
delivery and robust preclinical cognitive improvement in irradiated mice, with moderate feasibility yet
unvalidated long-term safety and limited tissue specificity as key challenges [134]. For radiation-induced
miR-206 downregulation-driven aberrant Cx43/VEGF pathway activation, miR-206 mimics downregulate
astrocyte Cx43 to reduce excessive VEGF secretion and alleviate BBB impairment, providing moderate
translational promise via a well-validated RIBI pathway and high astrocyte specificity but low feasibility
due to reliance on liposomal carriers with poor in vivo BBB penetration and systemic inflammation risks,
with the lack of astrocyte-specific delivery systems as a critical bottleneck [80]. Exosome-based delivery
systems derived from healthy astrocytes or engineered to carry therapeutic miRNAs offer natural
biocompatibility and reduced immunogenicity [175]. They hold significant translational promise due to
their ability to encapsulate miRNAs, protecting them from degradation. Their lipid bilayer also enables
partial penetration of the BBB. However, feasibility is constrained by low brain accumulation of
unmodified exosomes [182]. Engineering strategies to enhance BBB penetration may cause unintended off-
target disruption of the BBB. Technical challenges in the scalable production of uniform exosome batches
further limit their clinical application.

Across these strategies, intranasal antagomiR-741 stands out with the greatest near-term translational
potential, while common hurdles include insufficient delivery specificity, limited in vivo miRNA stability,
and inadequate BBB penetration [134]. Future efforts should prioritize validating astrocyte-specific
delivery systems such as GFAP-targeted lipid nanoparticles, optimizing miRNA chemical modifications to
enhance stability, and conducting preclinical trials to confirm cognitive protection and long-term safety.
These steps will strengthen the translational narrative by systematically linking astrocyte-related
exosome/miRNA mechanisms to actionable therapies [181,183,184].

4.8. Physical Targeting of Astrocytes

Beyond molecular and pharmacological strategies, physical interventions provide a complementary
strategy to target reactive astrocytes in RIBI. These approaches leverage the unique biological features of
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reactive astrocytes and their sensitivity to physical stimuli, enabling selective modulation of pathological
astrocytes while protecting normal neural cells. Subsequently, we discuss two representative physical
modalities, FLASH radiotherapy and LITT, that mitigate or eliminate reactive astrocytes to prevent and
treat RIBI, respectively.

4.8.1. FLASH Radiotherapy

FLASH radiotherapy employs ultra-high dose-rate irradiation (>40 Gy/s) to eradicate tumors while
protecting normal brain tissue [185]. By reducing ROS production, FLASH-RT inhibits NF-kB pathway
activation and downregulates GFAP expression, thereby mitigating reactive astrocytes [186]. This
mechanism alleviates neuroinflammation, BBB disruption, and persistent cognitive deficits, serving as a
preventive strategy that targets astrocyte-mediated pathological initiation in RIBI [187]. While FLASH-RT
affects multiple cell types, its suppression of reactive astrocytes represents a core neuroprotective component.

4.8.2. Laser Interstitial Thermal Therapy (LITT)

Laser interstitial thermal therapy is a minimally invasive image-guided ablation technique for brain
metastases and RN [188]. It precisely ablates reactive astrocytes, the primary source of VEGF and pro-
inflammatory cytokines (IL-6, TNF-a) in RN lesions, interrupting the inflammation-ischemia-necrosis
cycle [189]. For steroid/anti-VEGF refractory RN, LITT yields notable radiological improvement and
facilitates steroid withdrawal, validating its role in targeting reactive astrocytes as a key pathological
component of late-stage RIBI [12]. While LITT impacts multiple cell populations, reactive astrocytes are
central to its therapeutic efficacy.

5. Conclusions and Prospects

Radiation therapy frequently results in radiation-induced brain injury (RIBI), particularly in individuals
with brain and head malignancies. A key factor in the pathological development of RIBI is abnormal
astrocyte activation and dysfunction [21,61]. It is anticipated that functional astrocyte regulation will
benefit patients with RIBI by reducing oxidative stress, preventing inflammation, preserving the integrity
of the BBB, and promoting neuronal survival [20,78,87,131]. Modulating certain molecular pathways in
astrocytes, including NF-«B, JAK/STATS3, Nrf2, and PI3K/AKT, can substantially reduce neurological side
effects induced by aberrant astrocyte activation [65,78,88,131]. In general, targeting astrocytes for RIBI
therapy is more specific and less toxic than non-targeted strategies.

Ionizing radiation can cause astrocytes to become pathologically activated, which can exacerbate brain
injury by causing neuroinflammation and disrupting the BBB. Thus, regulating astrocyte activity and
preventing over-activation could be a novel strategy to lessen RIBI. Future research may focus on astrocyte-
targeting treatment approaches for RIBI. According to newly available data, cfDNA, whose concentration
tends to rise sharply under a variety of pathological and stressful circumstances, may be a useful biomarker
and therapeutic mechanism for astrocyte targeting in the treatment of radiation brain injury because it
reflects the level of BBB damage and the state of astrocyte activation [20]. FLASH-RT is an emerging
radiation therapy technique characterized by irradiating the tumor target area with an ultra-high dose rate
(=40 Gy/s) in a very short period of time (usually within microseconds to hundreds of milliseconds), which
can effectively kill tumor cells while significantly reducing damage to normal tissues. When compared to
traditional dose-rate radiation, FLASH-RT has been demonstrated to dramatically reduce the generation of
reactive astrocytes; nevertheless, additional research is required to clarify the precise biological
mechanisms of astrocytes involved in the FLASH effect [190-192]. Furthermore, the mitogen-activated
protein kinase (MAPK) pathway is crucial for regulating cell proliferation, differentiation, and death, as
well as for the targeted control of radiative damage. Activated JNK and p38 signaling may mitigate the
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inflammatory response and death in astrocytes, hence exerting a protective impact on brain tissue [193,194].
Additionally, radiotherapy to the head and neck may influence astrocyte autophagy via the MAPK/mTOR
pathway. By focusing on important molecules that block this pathway, astrocyte autophagy may be increased,
eliminating cellular waste products from radiation damage and reducing the cellular stress response [195—
197]. Lastly, it is still technically difficult to accurately modulate the distinct responses of astrocytes in the
early and late phases of injury since their function varies greatly among clinical situations and time points.
Therapeutic strategies that are universally applicable may be difficult to implement due to the variability of
astrocytes in various brain areas, each of which may have distinct activities. We anticipate that new precision-
targeted astrocyte therapies and approaches will soon be available for the treatment of patients receiving head
and neck radiotherapy, and future research should focus on developing astrocyte-specific delivery systems
(e.g., BBB-penetrating nanoparticles) and clarifying the role of astrocyte subtypes in RIBI.
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