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Radiation-induced brain injury (RIBI) after radiotherapy has become an increasingly important factor affecting the

prognosis of patients with head and neck tumor. With the delivery of high doses of radiation to brain tissue, microglia

rapidly transit to a pro-inflammatory phenotype, upregulate phagocytic machinery, and reduce the release of neurotrophic

factors. 
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1. Introduction

Radiotherapy is the mainstay of first-line treatment in primary and metastatic brain tumors . Unfortunately, irradiated

areas always include normal brain tissue that surrounds the tumor, and as a result, many patients experience progressive

and irreversible side effects. At the early stage after radiotherapy, patients may have transient, self-healing symptoms,

including headache, lethargy, fatigue, and attention deficits, whereas more than 50% of oncology patients who survive

more than 6 months after whole-brain radiation develop irreversible cognitive impairment . The molecular and

cellular mechanisms behind these effects are complex, involving the production of proinflammatory factors from microglia,

cascades of signal transduction, gliosis, altered neurogenesis, and injury of endothelial cells (ECs) . Currently, multiple

radiation strategies that limit normal tissue toxicity such as hippocampal avoidance radiotherapy, proton beam therapy,

and ultra-high-dose-rate irradiation, have been shown to moderate RIBI in clinical or preclinical studies .

However, the lack of understanding of cellular responses to ionizing radiation (IR) in the central nervous system (CNS)

has limited the development of new therapeutic approaches.

2. Microglia in Radiation-Induced Brain Injury

Following IR, microglia sense microenvironmental changes immediately and react accordingly. By interacting with

neurons, ECs, astrocytes, and oligodendrocytes, these cells mediate brain pathogenesis, including BBB disruption,

infiltration of peripheral immune cells, neuronal death, inhibition of neurogenesis, and structural damage of synapses 

.

2.1. Microglial Activation

DNA damage caused by IR is an important activator of microglia. High LET directly ionizes DNA molecules, while low LET

tends to indirectly damage DNA through ROS and free radicals originating from water radiolysis . Damaged DNA

can quickly trigger the activation of transcription factors such as nuclear factor κB (NF-κB), cAMP response element-

binding protein (CREB), and activating protein 1 (AP-1), which control intracellular ROS generation and gene expression

of inflammatory factors including IL-1β, TNF-α, cyclooxygenase 2 (COX-2), and monocyte chemoattractant protein-1

(MCP-1/CCL2) . While healthy neurons release factors that inhibit microglial activation, radiation-induced damaged

or dead neurons reduce this inhibition and increase the production of various chemokines, cytokines, reactive oxygen

species, and ATP . By virtue of abundant receptors on their cell membrane, microglia sense and respond to the

changes of “danger” signals in the surrounding environment. For instance, high mobility group box 1 (HMGB1) from

neurons or ECs and microglial toll-like receptor 4 (TLR4) expression were upregulated after IR, and the combination of

both promoted microglial activation . Peripheral immune cells infiltrate the brain tissue following radiation-induced

damage to the BBB, and they produce ROS, which in turn activates microglia .

Once activated, microglia move towards the injury site, phagocytose apoptotic neurons and cell debris, and produce large

amounts of pro-inflammatory mediators . It was shown that following in vivo or in vitro irradiation higher than 7 Gy,

microglia produced high levels of ROS, NO, IL-1, TNF-α, IL-6, COX-2, MCP-1, and intercellular adhesion molecule 1
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(ICAM-1) . These pro-inflammatory mediators exacerbated RIBI. Studies in rodents have also shown that

activated microglia and TNF-α remained at high levels for at least 6 months after a single high dose of irradiation .

Such persistently activated microglia continuously release pro-inflammatory factors, which maintain the inflammatory

status of the brain microenvironment and further inflict neuronal and progenitor cell death, leading to a vicious circle

characterized by microglial activation, release of inflammatory factors, and neuronal death . Persistent inflammation

also inhibits neurogenesis in the juvenile and adult hippocampus as X-ray irradiation with 2 Gy at postnatal day 10

induces impairment of neurogenesis, even when animals are six month old . X-ray irradiation of adult mice with 10 Gy

suppressed the proliferative capacity of neural progenitor cells (NPCs) in the DG region and induced NPCs to differentiate

towards glial cells, which was attributed to an inflammatory response, as aggressive anti-inflammatory strategies partially

restored the proliferative capacity of NPC to neurons. Importantly, cognitive and behavioral modifications correspond with

increased microglial activation, and administration of anti-inflammatory agents also reduced cognitive impairment in

rodent . It should be noted that factors affecting microglia activation, such as age, gender, environment, and cell

interactions with microglial cells, and expression and activation of different receptor on microglia may affect the efficacy of

anti-inflammatory strategies .

2.2. ROS/RNS Production and Oxidative Stress

A delicate balance between reactive oxygen/nitrogen and antioxidants is essential for the maintenance of normal

physiological function of the CNS. In RIBI, the disruption of equilibrium often means the excessive accumulation of

ROS/RNS in the cell, leading to lipid peroxidation, protein degradation, and DNA damage reactions . Microglia respond

to the pathogen- and stressors-associated molecular patterns through the production of ROS and protect normal tissues

from insults . However, high doses of IR induce excess ROS production, which is further amplified with increasing

radiation doses .

Enzymatic and non-enzymatic reactions are the main pathways of ROS production. After radiation exposure, non-

enzymatic ROS are generated in large amounts along with mitochondrial respiration of microglia . NADPH oxidase

(NOX) consists of Nox1 to 5 and dual oxidases 1 and 2 and promotes enzymatic ROS production in most cells .

Microglia express high levels of NOX, particularly NOX-2 . NOX-2 expression is significantly elevated in the brain within

hours after IR, and the NOX-2 inhibitors apocynin and diphenylene iodonium, or the neutralizing antibody to NOX-2

significantly reduced radiation-induced ROS production . In irradiated microglia, NOX activation-mediated ROS

production is modulated by the mitogen-activated protein kinases (MAPKs) signaling cascade through phosphorylation of

c-Jun, a component of AP-1 transcription factors . Mitochondrial translocator protein 18 kDa (TSPO) is located on

the outer mitochondrial membrane, similar to NOX2, and it is upregulated in reactive microglia . It has been shown

that gamma irradiation with 2 Gy upregulated TSPO expression in primary microglia . TSPO is associated with ROS

generation and subsequent oxidative stress. Stimulation of primary microglia with TSPO typical ligands PK11195 and

Ro5-4864 induced ROS production, and prior application of a NOX inhibitor reversed this effect . Two recent studies

have revealed more details on this interaction between TSPO and NOX in microglial ROS production . In mice with

selective deletion of TSPO in microglia, it has been demonstrated that TSPO-mediated ROS generation is Nox1

dependent in reactive microglia, and an increase in cytosolic calcium concentrations is necessary for functional coupling

between TSPO and NOX-1 . On the other hand, TSPO interacts with NOX2 subunits gp91Phox and p22Phox in resting

microglia. This interaction is disrupted after endotoxin exposure, resulting in upregulation of TSPO at the mitochondria and

plasma membrane, which provided a biophysical foundation for their interaction that regulates ROS production under

radiation conditions . In addition to affecting mitochondria-associated oxidative stress, TSPO also affects the microglial

genomic function. TSPO is involved in inflammatory transcriptional programs, including NLRP3 inflammasome, NF-κB,

and MAPK , leading to the release of multiple cytokines. In primary human, mouse, and rat microglia, PK11195

has been shown to inhibit LPS-induced production of inflammatory factors such as TNF-α, IL-6, and NO .

Recently, treatment of microglia with the new generation TSPO ligands 2-cl-mgv-1 and mgv-1 also reduced the production

of COX2, iNOS, and NO after LPS stimulation .

Another cause of ROS accumulation is dysregulation of complex antioxidant systems. Microglia contain superoxide

dismutase, catalase, and NADPH-regenerating enzymes, as well as a high concentration of glutathione and enzymes

necessary to generate glutathione, which confer high antioxidant activity to these cells. A single dose of more than 2 Gy

significantly reduces the activity of antioxidant enzymes, including superoxide dismutase (SOD), glutathione, and catalase

.

ROS derived from NOX and mitochondria may underlie radiation-induced excessive inflammation. There is ample

evidence that enzymatic ROS promotes the release of proinflammatory factors in microglia, and both direct inhibition of

NOX-2 and elimination of NOX-2-dependent ROS production reduce the expression of pro-inflammatory factors in
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microglia . Indeed, as the first messenger of intercellular communication, ROS released by microglia change the

redox state of adjacent cells . On the other hand, increased ROS, as second messengers, through affecting the

activation of kinase pathways and transcription factors, promote microglial immune activation, and subsequently amplify

and perpetuate neuroinflammation . For instance, ROS could directly react with IκB kinase, which inhibits NF-κB

activity or catalyzes the release of NF-κB subunit from the IκB binding state through redox activation of upstream kinases,

thereby initiating the expression of pro-inflammatory genes in microglia . Co-incubation of BV-2 cells with PPARδ

agonist suppressed the radiation-induced increase in intracellular ROS generation to reduce NF-κB and AP-1 activation

and inflammatory factor gene expression . Limiting mitochondrial ROS accumulation with mitoTEMPO suppressed

MAPKs activation and nuclear translocation of NF-κB, accompanied by the reduced expression of different

proinflammatory factors, such as TNF-α, IL-1β, IL-6, iNOS, and COX-2 . The peak of radiation-induced ROS production

precedes IL-1, TNF-α, COX-2, and MCP-1 in microglia . After fractionated whole-brain irradiation, the production of

ROS peaks at 4 h after radiation, whereas protein levels of TNF-α and MCP-1 are significantly increased at 8 h after

radiation . Therefore, radiation-induced ROS may be an important cause for the subsequent occurrence of pro-

inflammatory events in RIBI.

2.3. Regulation of BBB Integrity

BBB is composed of ECs, basal lamina, and astroglial end-feet. With highly selective permeability, BBB selects and

controls the entry of most molecules from the circulating blood into the CNS . In physiological conditions, perivascular

microglia physically contact with ECs and monitor the passage of blood solutes through the BBB. Microglia also express

tight junction protein claudin-5 to maintain tight-junction integrity between ECs . So far, only a few studies have

investigated the interaction of microglia with the BBB after IR exposure.

Following a single whole-brain irradiation with 20–60 Gy, an acute increase in BBB permeability was detected with the

application of BBB permeable tracers. This BBB collapse is reversible and can be restored within weeks . Although

radiation at a dose of 10 Gy does not significantly damage BBB in mice, minor BBB permeability alterations may occur 

. Fractioned-irradiation with a total dose of 40 Gy (2 Gy per fraction) for four weeks results in an increase in BBB

permeability, which may last for 180 days . Moreover, as a major trigger of increased BBB permeability, radiation-

induced EC apoptosis increases with time and dose . Irradiated ECs secrete cellular signals through the NF-κB pathway

to activate microglia and attract microglia migration toward adjacent blood vessels . Irradiation of isolated and co-

culture systems show that astrocyte activation requires microglia-derived factors, including prostaglandin E2 (PGE2) .

An in vivo experiment also confirmed that radiation-induced astrocyte activation is medicated by C1q, which is produced

by microglia . In such a way, microglia and astrocytes exert synergistic effects to co-release proinflammatory cytokines,

such as TNF-α and IL-6, which stimulate surviving ECs to upregulate their intercellular adhesion molecule 1 on the luminal

surface of blood vessels . Irradiated microglia can produce ICAM-1 directly or release TNF-α and IL-6 to activate

astrocytes to produce ICAM-1 . In response, peripheral leukocytes are recruited onto ECs and, along with microglia,

secrete matrix metalloproteinases (MMPs) that break down the BBB, which then allows peripheral immune cells to enter

the brain parenchyma and exacerbate brain damage . In addition, activated microglia could downregulate claudin-5

expression via TNF-α production, which contributed to the radiation-induced early BBB disruption . Anti-TNF-α

treatment reduced BBB permeability and ICAM-1-dependent leukocyte adhesion in mice exposed to X-ray radiation with

20 Gy .

2.4. Immune Cell Infiltration in the Brain

Although microglia are innate immune cells in the brain, peripheral immune cells migrate into the brain due to disruption of

BBB after high doses of ionizing radiation . CD3+ cells infiltrate to brain tissues within 7 days after irradiation and stay

there for 12 months, whereas penetration by CD11c+ and MHC II+ cells occurs at the late stage after 7 days. However,

distinguishing peripherally infiltrated immune cells from resident microglia is difficult, as these two groups of cells express

many identical immune markers, such as CD11c, CD 68, and MHC II . With the identification of characteristic markers

for microglia, the application of transgenic and bone marrow chimeric animals and experimental techniques, such as flow

cytometry and two-photon imaging, identification, and functional investigation of infiltrating immune cells became feasible.

Using bone marrow chimeric mice, the dose-dependent recruitment of bone marrow-derived (BMD) cells and their

differentiation into inflammatory cells and microglia were demonstrated in the irradiated brain region . This recruitment

can persist up to 6 months after irradiation with doses above 15 Gy . Mildner et al. identified a specific monocyte

population that penetrated the brain and presented a microglia phenotype after cranial radiation . Even in the absence

of radiation-induced detectable BBB damage, blood-derived macrophages are recruited to the brain and express

CX3CR1, a marker unique to microglia . This recruitment without BBB damage may be a consequence of increased

levels of adhesion molecules, chemokines, and their receptors associated with immune cell infiltration in the postradiation
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brain . Among them, CCL2-CCR2 signaling has been shown to participate in this process. Irradiated microglia can

secrete CCL2, but barely express CCR2 . Several studies have reported that high doses of IR (≥9 Gy) caused

increased levels of CCR2 + macrophages and CCL2 in the mouse brain parenchyma . CCR2 deficiency reduced

colonization of BMD immune cells into the brain 6 months after cranial radiation . Interestingly, under relatively low-

dose irradiation (doses below 2 Gy), CCR2 knockout mice exhibited preservation of survival NPCs in the hippocampus

and improvement of spatial memory and learning deficits . After a high dose of radiation (10 Gy), this protection

afforded by CCR2 deficiency against cellular and behavioral deterioration was also identified . These studies suggest

that infiltrating cells may potentially exacerbate RIBI, although work remains to distinguish resident microglia and

infiltrating immune cells. The expression of CCR2 in NPCs, granule cells, and pyramidal neurons after irradiation may also

shift the researcher’s attention to the role of infiltrating cells in RIBI . Dietrich et al. demonstrated that BMD

macrophages and monocytes were chronically increased in the irradiated site and communicated with the cellular

microenvironment where they existed perpetually, which reduced the inhibition of radiation on neuro-glial progenitor cell

proliferation and improved cognitive function . In summary, there are only a few RIBI models that investigate the

functional roles of infiltrating cells. Since treatment that pharmacologically targets CNS microglia to prevent RIBI may also

affect the survival, proliferation, and functional transitions of peripheral immune cells, further examination of the

contributions of infiltrating cells to RIBI and their recruitment mechanisms is highly warranted.

3. Modulation of Microglia for RIBI Therapy

Many different biochemical mediators, their receptors, and downstream signaling pathways are involved in microglial

reaction to RIBI (Figure 1). Inhibition or activation of these pathways may prevent RIBI (Table 1).

Figure 1. Schematic overview of receptors and exogenous molecules that modulate microglia phenotypes and functions

in RIBI. Colony stimulating factor 1 receptor (CSF1R) blockade causes microglial death. Inhibition of P2X7 receptor

(P2X7R) and KV1.3 channel or activation of (C-X3-C motif chemokine receptor 1) CX3CR1 and peroxisome proliferator-

activated receptor (PPAR) prevent inflammatory gene expression in microglia. Activation of P2Y6 receptor (P2Y6R) and

C3 receptor (CR3) mediate the phagocytosis of dying cells and synaptic components by microglia, respectively. Moreover,

the introduction of exogenous molecules such as microRNA (miRNA), long non-coding RNAs (LncRNA), and extracellular

vesicles (EVs) also enhance the therapeutic efficacy of RIBI. ATP, adenosine triphosphate; P, phosphorylation; NF-κB,

nuclear factor κB; PI3K, phosphoinositide 3 kinases; AKT, protein kinase B; FKN, fractalkine; Shk-170, Stichodactyla

helianthus-170; Pre-miRNA, precursor-miRNAs; siRNA, short interfering RNA; AP-1, activator protein 1; STAT, signal

transducer and activator of transcription; Sirt1, sirtuin 1; ADMSC-Exos, exosomes derived from adipose mesenchymal

stem cells.

Table 1. Radioprotective effect of targeting different molecules in microglia in radiation-induced brain injury models.
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Targets Animal/Cell
Model

Source
Dose and
Dose Rate

Irradiated
Site

Time
Point
after
Radiation

Intervention Effect in
Irradiation Models Reference

CSFR1 C57BL/6J
mouse

X-ray with
9 cGy
(1.10

Gy/min)

whole
brain

3 days, 2
weeks, 6

weeks

CSFR1 inhibition reduces the
increase in mRNA of

inflammation markers (TLR9,
SYK, CCL6, CD14, CLECL5a,
TSLP, CCL5) and the number

of activated microglia in
hippocampus and ameliorates

cognitive dysfunction.

He
particles
with 30

cGy
(15–25

cGy/min)

4–6
weeks

CSFR1 inhibition ameliorates
cognitive dysfunction,

reduces activated microglia
population, and attenuates the
increase in PSD-95 puncta but
does not affect morphologic

and electrophysiologic
features of neurons.

He
particles

with
15 cGy
(16.37

cGy/min)
50 cGy
(16.95

cGy/min)
100 cGy
(18.07

cGy/min)

18–21
days and
90–100
days

CSFR1 inhibition improves
long-term cognitive

impairment and inflammatory
response, decreases C5aR
and LAMP-1, and increases

synapsin-1.

γ ray with
three

fractions of
3.3 Gy

1, 3
months

CSFR1 blockade reduces the
numbers of activated
microglia, suppresses

monocyte accumulation in
brain, and ameliorates
cognitive dysfunction.

C1q C57BL/6
mouse

γ-ray with 9
Gy
(1.2

Gy/min)

whole
brain

2, 24, 48
h; 1, 2, 3,
4 weeks

Deletion of C1q in microglia
protects synaptic loss and

reduces activation of
microglia and astrocytes, as
well as protein levels of TNF-
a, IL-1ß, IL-6, IL-1α, CCL2, IL-

18, and TLR4.

C3 C57BL/6
mouse

X-ray with
8 Gy
(2.3

Gy/min)

whole
brain

6 h; 7
days; 2,

3, 4
weeks

C3 knockout improves task
performance and increases

activated microglia and
proliferating cells in the

granule cell layer.

C3R C57BL/6J
mouse

γ-ray with
10 Gy
(1.17

Gy/min)

whole
brain

30 days

CR3 blockade ameliorates
behavior deficits in novel
object recognition and the
Lashley III maze, prevents
dendritic spine loss, and
increases CD11-positive

microglia in hippocampus.

30, 45
days

CR3 knockout prevents
dendritic spine loss and

increases activated microglia
in hippocampus.
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Targets Animal/Cell
Model

Source
Dose and
Dose Rate

Irradiated
Site

Time
Point
after
Radiation

Intervention Effect in
Irradiation Models Reference

P2Y6

Balb/c
mouse

β-ray with
30 Gy

(3 Gy/min)

whole
brain

1, 14, 30
days

P2Y6 receptor antagonism
suppresses phagocytosis of

irradiated microglia and
increases the number of

apoptotic neurons.

Primary
microglia

β-ray with
8 Gy   4, 12, 48

h

P2Y6 receptor antagonism
suppresses phagocytosis of
irradiated microglia and has

no effect on the production of
inflammatory mediators (TNF-

α, IL-1β, IL-6, iNOS).

P2X7

Balb/c
mouse

β-ray with
30 Gy

(3 Gy/min)

whole
brain

3, 7, 14
days; 8
weeks

P2X7R blockade reduces the
activated microglia population
and neuron loss in the cortex.

Primary
microglia

β-ray with
10 Gy

(6
MeV/min)

  24, 48 h

P2X7R blockade reduces the
activated microglia population
and mRNA expression levels

of IL-6, TNF-α, and COX-2.

CX3CR1

C57BL/6J
mouse

γ-ray with
10 Gy

(2 Gy/min)

whole
brain

3, 6, 12,
24, 48, 72
h; 1, 2, 4
weeks

FKN overexpression
promotes M2 phenotypic
polarization, reverses the

reduced neural stem cell in
hippocampus, decreases the

TNF-α level, and increases the
IL-10 level in the blood.

BV-2

γ-ray with
10 Gy
(2.0

Gy/min)

  1.5, 6 h

FKN promotes microglial
phagocytosis and M2

polarization, decreases TNF-α
and IL-1β mRNA levels, and

increases IL-10 mRNA levels.
CX3CR1 knockdown reverses

these effects.

PPARα

BV-2

γ-ray with
10 Gy
(4.0

Gy/min)

  1, 3, 7, 12,
24 h

PPARα activation prevents the
increase in IL-1, and TNF-α
mRNA levels, and COX-2

protein via inhibition of p65
translocation and jun

phosphorylation.

129S1/SvImJ
mouse

γ-ray with
10 Gy
(3.33

Gy/min)

whole
brain

1 week, 2
months

PPARα activation promotes
newborn neuron survival and
prevents microglial activation.

PPARα knockout abolishes
the neuroprotection of

fenofibrate.

Fischer 344
× Brown

Norway rats

γ-ray with
four

fractions of
10 Gy

(4 Gy/min)

whole
brain

26, 29
weeks

PPARα activation prevents
perirhinal cortex-dependent

cognitive impairment without
a decrease in microglial

activation and an increase in
immature neurons.

PPARδ

BV-2

γ-ray with
10 Gy
(3.56

Gy/min)

  30 min; 7,
24 h

PPARδ activation
downregulates ROS

production, IL-1 and TNF-α
expression, and COX-2 and
MCP-1 proteins by inhibiting

NF-κB and
PKCα/MEK1/2/ERK1/2/AP

pathways.

C57BL/6J
γ-ray with

10 Gy
(5 Gy/min)

whole
brain

3 h; 1, 2
weeks

PPARδ activation prevents the
increase in IL-1 gene

expression and pERK protein
but does not rescue
neurogenesis and

hippocampal-dependent
cognitive impairment.
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Targets Animal/Cell
Model

Source
Dose and
Dose Rate

Irradiated
Site

Time
Point
after
Radiation

Intervention Effect in
Irradiation Models Reference

PPARγ Fischer 344
rat

γ-ray with
nine

fractions of
5 Gy (4.41
Gy/min)

whole
brain

50, 54
weeks

PPARγ activation prevents
cognitive impairment.

Kv 1.3 Balb/c
mouse

ß-ray with
30 Gy

(3 Gy/min)

whole
brain

3, 14
days; 8
weeks

Kv 1.3 blockade prevents
neuronal loss and increases

activated microglial in
hippocampus and cerebral
cortex and improves spatial
learning and cerebral cortex

atrophy in mice.

  BV-2
ß-ray with

10 Gy
(3 Gy/min)

  4, 12 h; 1,
2 days

Kv 1.3 blockade or
knockdown decreases protein
and mRNA level of TNF-α, IL-
6, and COX-2 in microglia and

inhibits apoptosis of co-
cultured primary hippocampal

neurons.

miR-124 C57BL/6J
mouse

γ-ray with
10 Gy
(2.07

Gy/min)

whole
brain 5 weeks

miR-124 overexpression
prevents microglia activation

and ameliorates cognitive
impairment.

miR-741-3p C57BL/6J
mouse

ß-ray with
30 Gy
(2.5

Gy/min)

whole
brain

1, 6
weeks

miR-741-3p inhibition resists
cognitive dysfunction,

hippocampal neuronal injury,
and microglia activation and

decreases the expression
level of IL-6 and TNF-a.

miR-122-5p

C57BL/6J
mouse

ß-ray with
30 Gy

(3 Gy/min)

whole
brain

6 weeks,
48–50
days

miR-122-5p inhibition
prevents cognitive

impairment, neuronal damage,
microglia activation, and

production of TNF-a, IL-6, and
IL-1ß in hippocampus.

BV-2 ß-ray with
10 Gy   8, 24 h

miR-122-5p inhibition
alleviates the decrease in cell
viability and increase in the

release of TNF-a, IL-6, and IL-
1ß in BV2; restores BV2

branching morphogenesis
and phagocytosis; and

reduces co-cultured SH-SY5Y
cell apoptosis.

lncRNA
ENSMUST00000130679 BV-2

X-ray with
10 Gy

(2 Gy/min)
  1, 24 h

lncRNA
ENSMUST00000130679

knockdown suppresses DDR;
phosphorylation of p65, JNK,

and p38; and release of TNF-a,
IL-6, and IL-1ß in BV2.

lncRNA
ENSMUST00000190863 BV-2

X-ray with
10 Gy

(2 Gy/min)
  1, 24 h

lncRNA
ENSMUST00000190863

knockdown suppresses DDR,
phosphorylation of p65, and

release of TNF-a in BV2.
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Targets Animal/Cell
Model

Source
Dose and
Dose Rate

Irradiated
Site

Time
Point
after
Radiation

Intervention Effect in
Irradiation Models Reference

hNSC-derived MV athymic
nude rats

X-ray with
10 Gy

(1 Gy/min)

whole
brain

4–7
weeks

MV transplantation into the
bilateral hippocampus
reduces the number of

activated microglia in the
hippocampus, neocortex

(layer II/III), and amygdala;
recovers the complexity of
neuronal architecture; and

ameliorates cognitive
impairment.

1 month

MV transplantation into the
unilateral hippocampus
reduces the number of

activated microglia in the
ipsilateral hippocampus;

bilateral or unilateral
transplantation increases

GDNF and restores PSD-95
protein level in bilateral
hippocampus; neither
bilateral nor unilateral

transplantation protects
dendritic spine density.

hNSC-derived EV C57BL/6J
mouse

γ-ray with
10 Gy
(2.07

Gy/minute)

whole
brain

5 weeks,
6 months

EV transplantation into the
bilateral hippocampus

prevents microglia activation
in the hippocampus and

ameliorates cognitive
impairment.

ADMSC-Exos

Sprague–
Dawley rats

γ-ray with
30 Gy
(1.59

Gy/min)

whole
brain

24 h; 3, 7
days

Tail vein injection pf ADMSC-
Exos decreases the levels of

caspase-3, MDA, 8-OHdG,
TNF-α, IL-4, and SIRT1 and
promotes recovery of SOD,

CAT, IL-4, and IL-10 levels and
suppresses microglial

infiltration.

primary
microglia

γ-ray with
30 Gy

(3
MeV/min)

  24 h

Tail vein injection of ADMSC-
Exos decreases the levels of

caspase-3, MDA, 8-OHdG,
TNF-α, IL-4, and SIRT1 and
promotes the recovery of
SOD, CAT, IL-4, and IL-10

levels and suppresses
microglial activation. The

above effects of ADMSC-Exos
are inhibited by the SIRT-1

inhibitor EX527.
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