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Radiation-induced Cell Death and Its Mechanisms
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Abstract—With rapid technical advances, ionizing radiation has
been put into wider application in ordinary living, with the worst
cytological effect on the human body being cell death. Moreover,
according to the Nomenclature Committee on Cell Death, the
method of radiation-induced cell death, usually classified as inter-
phase and proliferative death, undergoes more detailed classifica-
tions oriented by its molecular mechanism. Elaborating its mode
and molecular mechanism is crucial for the protection and treat-
ment of radiation injury, as well as the radiotherapy and recovery
of tumors. Varying with the changes of the radiation dose and the
environment, the diverse targets and pathways of ionizing radia-
tion result in various cell deaths. This review focuses on classifica-
tions of radiation-induced cell death and its molecular mecha-
nism. We also examine the main characteristics of ionizing
radiation-induced cell death. The modes of radiation-induced
cell death can be classified as apoptosis, necrosis, autophagy-
dependent cell death, pyroptosis, ferroptosis, immunogenic cell
death, and non-lethal processes. Once the dose is high enough, ra-
diation effects mostly appear as destructiveness (“destructive-
ness” is used to describe a situation in which cells do not have
the opportunity to undergo a routine death process, in which case
high-dose radiation works like a physical attack). This breaks up
or even shatters cells, making it difficult to find responses of the
cell itself. Due to diversities concerning cell phenotypes, phases
of cell cycle, radiation dose, and even cellular subregions, various
methods of cell death occur, which are difficult to identify and
classify. Additionally, the existence of common initial activation
and signaling molecules among all kinds of cell deaths, as well
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as sophisticated crossways in cellular molecules, makes it more la-
borious to distinguish and classify various cell deaths.
Health Phys. 123(5):376-386; 2022
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INTRODUCTION

THE DIRECT effect of ionizing radiation on the human body is
typically manifested as a cytological effect, the worst of
which is cell death. It is important to identify the mode of
cell death caused by ionizing radiation and its molecular
mechanism for the protection and treatment of radiation in-
jury, as well as radiotherapy and recovery of tumors.
Radiation-induced cell death is typically classified as
interphase or proliferative death (Kondo 2012). The former
refers to cells that cease to divide after radiation exposure
and begin to die within hours. This is attributed to the dam-
age of intracellular molecules and the activation of nuclease
and proteolytic enzymes, etc., after high doses of radiation,
which leads to degradation of chromatins as well as spill-
over of histone. This is followed by shrinkage and lysis of
cell nuclei, the rapid destruction of normal nuclear morphous,
and ultimately cell death. Factors such as disruption of mem-
brane structure and disorder of cell energy metabolism after ir-
radiation are also important contributors to interphase death.
Most cells undergo proliferative death after radiation, which re-
sults from mitotic catastrophe caused by accumulation of chro-
mosomal aberrations and erroneous repair after radiation in-
duces a DNA double-strand break. After one or several division
cycles, cells lose their ability to proliferate and begin to die
(Proskuryakov et al. 2002; Galluzzi et al. 2018). There is a con-
sensus that cellular effects, including cell death, depend not
only on radiation dose but cell type and a place in cell cycle.
The Nomenclature Committee on Cell Death (NCCD),
sponsored by the Society of Toxicologic Pathology, proposes
periodically unified criteria for the definition of cell death
and its different morphologies according to the latest research,
while formulating several caveats against the misuse of words
and concepts that slow down progress in the area of cell death
research. In accordance with NCCD recommendations in
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2018 (Galluzzi et al. 2018), this review provides more de-
tailed classifications of radiation-induced cell death oriented
by molecular mechanism, including apoptosis (intrinsic apo-
ptosis and extrinsic apoptosis), necrosis (necroptosis, mito-
chondrial permeability transition /MPT-driven necrosis and
parthanatos), autophagy-dependent cell death, pyroptosis,
ferroptosis, immunogenic cell death, and non-lethal processes
(mitotic catastrophe and cellular senescence).

Apoptosis

The term "apoptosis" was first coined by Kerr, Wyllie,
and Currie in 1972 (Kerr et al. 1972), and subsequently
we have a more comprehensive understanding (Luo et al.
1998; Elmore 2007; Yang et al. 2017): Apoptosis is a gene-
regulated, energy-dependent, active, and programmed cell
death process accompanied by contraction, pyknosis, and the
formation of apoptotic bodies, which eventually ends with en-
gulfiment of surrounding cells. The metabolic activity and in-
tegrity of the plasma membrane are maintained to a certain ex-
tent without provoking inflammation around the cells thanks
to the presence of apoptosis. The initiation of apoptosis is
mainly activated by two different pathways, intrinsic and ex-
trinsic, both of which ultimately complete apoptosis by activat-
ing the execution pathway (Fig. 1).

NCCD defined intrinsic apoptosis as a type of cell
death initiated by perturbations of the intracellular or extra-
cellular microenvironment, characterized by mitochondrial
outer membrane permeabilization/MOMP and finally exe-
cuted by caspases (mainly caspase-3).

Intrinsic apoptosis. Intrinsic apoptosis is triggered by
microenvironmental perturbations including DNA damage,
endoplasmic reticulum stress (ER stress), reactive oxygen
species/ROS overload, microtubular alterations, and mi-
totic defects. In response to apoptotic stimuli, intracellular
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pro-apoptotic and anti-apoptotic members of the Bcl-2 family
(especially those located on mitochondrial and ER membrane)
are activated, of which Bax (BCL2 associated X, apoptosis
regulator) and Bak (BCL2 antagonist/killer) play a pivotal
role and form Bax-Bak holes (activated Bax and Bak form
a dimer, which alters mitochondrial permeability) on the
mitochondrial membrane directly, thus resulting in the ir-
reversible and widespread mitochondrial outer membrane
permeabilization (MOMP) and the release of mitochondrial
pro-apoptotic factors including cytochrome ¢ (CYCs), sec-
ond mitochondria-derived activator of caspases (SMAC),
etc. The released CYCs, Apaf 1, and caspase-9 precursor
subsequently form an “apoptosome,” which in turn activates
caspase-9 and initiates the ultimate execution pathway of
apoptosis (Yang et al. 2017).

Ionizing radiation, as a violent stimulation, may induce
irreversible microenvironmental perturbations of MCF-7 cells
in various ways, primarily including action on the mitochon-
drial membrane and endoplasmic reticulum membrane to in-
duce apoptotic signals (Yang et al. 2017). This in turn may lead
to extensive oxidation of multiple molecules and induce the
massive accumulation of free radicals like ROS in IPEC-J2
cells (Kang et al. 2019) as well as destroy the plasma membrane
or organelle membrane to induce changes in intracellular ions,
potentials, and osmotic pressures, etc. These occurrences all
can be detected by Bcl-2 family proteins localized on the
mitochondrial membrane, thereby activating the intrinsic ap-
optotic pathway (Luo et al. 1998).

Extrinsic apoptosis. Extrinsic apoptosis is defined as a
form of cell death that is initiated by detection of perturba-
tions of the extracellular microenvironment by plasma mem-
brane receptors and activates the ultimate execution pathway
by means of mechanisms mediated by caspase-8 (with the
optional involvement of MOMP). Extrinsic apoptosis is
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Fig. 1. Signaling pathways involved in radiation-induced apoptosis. After being induced by radiation, the initiation of apoptosis is mainly activated
by two different pathways, intrinsic and extrinsic, both of which ultimately complete apoptosis by activating the execution pathway. Additionally,
ionizing radiation can promote apoptosis in other two ways, P53 and SAPK/JNK pathways.
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mostly driven by two different types of plasma membrane re-
ceptors: (1) death receptors, whose activation depends upon
the binding to the cognate ligands, and (2) dependence recep-
tors, which are activated when levels of their specific ligand
drop below a specific threshold (Laubach et al. 2019). Death
receptors include (but are not limited to) Fas cell surface
death receptor (CD95/APO-1; the ligand is FasL) and the
TNF receptor superfamily (the receptor is TNFSF-10). In
physiological conditions, dependence receptors facilitate
cell survival, proliferation, and differentiation (when their
homologous ligands are available), while activating a lethal
signal cascade once their ligands are below a distinct certain
threshold level (the downstream executioner has not been
clarified completely and usually affects the activation of
caspases) (Contassot et al. 2007).

Under the stimulation of an extracellular microenviron-
ment (binding to the ligand, etc.), death receptors are acti-
vated and induce partly intracellular conformational changes
(death domain/DD activation), recruiting the downstream
signals (adaptors). Subsequently, an apoptotic protein com-
plex is formed by polymerizing caspase-8 by adaptors, in-
cluding death-inducing signaling complex (DISC), complex
I and complex II, which operate as molecular platforms to
further activate caspase-8 and initiate the execution of extrin-
sic apoptosis (Contassot et al. 2007). It has been experimen-
tally confirmed that Fas death receptors and TNF receptors
would be up-regulated respectively following ionizing radi-
ation, activating extrinsic apoptotic pathways (Wang and
El-Deiry 2003).

The caspase-3,6,7-mediated execution pathway is the
final step of apoptosis. Caspase-8 and caspase-9 are acti-
vated by intrinsic and extrinsic pathways, respectively, both
of which result in the activation of the caspase-3 and execu-
tion pathway. Activated execution caspases induce activated
proteases and endonucleases, degraded nuclear materials,
nuclear proteins, and cytoskeleton, and finally apoptosis
(Akpolat et al. 2020).

Other ways. Additionally, ionizing radiation can in-
duce apoptosis in other ways:

1. The P53 gene plays a pivotal role in the regulation of
cell cycle. In both cell experiments and animal (mice)
experiments, the wild-type expression of P53 shows
higher radiosensitivity than the defective type. More-
over, radiation-sensitive tissues usually have a higher
basic P53 mRNA expression and are more prone to pro-
duce apoptosis-inducing responses to radiation expo-
sure, indicating that radiation can promote cell apopto-
sis by activating P53-dependent pathways. Following
radiation-induced DNA damage, the P53 pathway can
be activated to repair DNA. While the damage is beyond
repair, P53 directly provokes changes in Bcl-2 and Bax
by activating the transcription of apoptotic genes to
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regulate the occurrence of apoptosis in the human leuke-
mia cell lines U937 and Jurkat T. (Ruiter et al. 1999); and

2. SAPK/JINK pathway: the c-Jun N-terminal kinase (JNK),
also known as stress-activated protein kinase (SAPK), is
a member of mitogen-activated protein kinase (MAPK)
family in mammalian cells. The JNK/SAPK signaling
pathway can be initiated by stress to phosphorylate the
serine 63 and 67 at the amino terminus of transcription
factor c-Jun, which additionally activates c-Jun and en-
hances its transcriptional activity. Experiments demon-
strated that SAPK/JNK-active cells are more prone to
undergo apoptosis after radiation exposure, and the
presence of SAPK/INK in specific cells is even indis-
pensable to radiation-induced apoptosis. Radiation
may sequentially activate the Rho family and SPAK/
JNK pathways by oxidizing the sphingomyelin on the
plasma membrane into ceramide and other multiple
pathways to regulate the occurrence of apoptosis in tu-
mor cells. (Przybyszewski et al. 2008).

Although different cell types have different radiation
sensitivities, the pattern of cell death following radiation is
generally radiation dose-dependent. Low doses tend to in-
duce apoptosis, while high doses are more inclined to in-
duce cell necrosis (Przybyszewski et al. 2008).

Necrosis
The mechanisms of cell necrosis mainly include cyto-

kines, ion channels, redox reactions, mitochondria, Be-1 2 fam-
ily, heat shock proteins, various proteases, and nucleases. In-
creased permeability of the necrotic cell membrane provokes
cell swelling, organelle deformation, and ultimately rupture,
which releases pro-inflammatory contents. The ATP level in
necrotic cells is so decreased that cellular physiological activi-
ties cannot be maintained; chromatin is randomly degraded to
DNA fragments of varying sizes rather than agglutinate during
necrosis (Ying and Padanilam 2016). Necrosis is considered as
an active form of controllable death (Fig. 2).

Cell necrosis can be divided into "MPT (mitochondrial
permeability transition)-driven necrosis," "necroptosis," and
"Parthanatos."

MPT-driven necrosis. MPT-driven necrosis is a CYPD
(cyclophilin D)-dependent death mode triggered by severe
oxidative stress, calcium iron overload, and other changes
in the intracellular microenvironment. MTP means that the
IMM abruptly loses its impermeability to small solutes, lead-
ing to the rapid dissipation of the transmembrane potential/
Aysm and the osmotic destruction of the mitochondrial mem-
brane, which in turn leads to dysfunction of ATP generation
and release of pro-necrotic factors into cytoplasm. At the bio-
chemical level, the realization of MPT relies on the formation
of a "permeable transition pore complex" (PTPC, a supramo-
lecular complex assembled at the junction of IMM and
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Fig. 2. Signaling pathways involved in radiation-induced necroptosis. According to the key executive molecules, cell necrosis can be divided into

non

"MPT (mitochondrial permeability transition)-driven necrosis,

OMM). The key molecule in this subroutine is peptidyl prolyl
isomerase F (PPIF), and the most widely known is cyclophilin
D/CYPD, a central component of the PTPC which is assem-
bled at the junction of the inner and outer mitochondrial mem-
branes and induced by MPT. Serving as the only protein
indispensable for inducing MPT in vivo as well, CYPD is ca-
pable of regulating the occurrence of necrosis together with
other MPT-inducing molecules, such as FOATP. Radiation
can trigger extensive oxidative stress in cells and peroxida-
tion of intracellular macromolecules, resulting in the over-
production of ROS; meanwhile, the concentration of calcium
ions increases under the induction of radiation and aggravate
calcium iron overload, both of which activate and promote
the MPT-driven necrosis (Galluzzi et al. 2014).

Necroptosis. Necroptosis is a form of cell death that is
triggered by perturbations of extracellular or intracellular
homeostasis, and it is heavily dependent on the activity of
MLKL, RIPK3, and RIPK1 kinase. Under the monitor of
specific receptors, including (but not limited to) FAS, TNFR1
and pathogen recognition receptors (PRRs: TLR3, TLR4,
and Z-DNA binding protein 1/ZBP1), necroptosis is induced
by the cellular detection of abnormalities. During necroptosis
initiated by TNFR1, primarily (with intracellular caspases
inhibited), RIPK3 is catalytically activated through the in-
teraction of the RIP homotype interaction motif/(RHIM)
domain with RIPK1 to form a necrosome. The process
expounded above is the main pathway of RIPK activation;
with lack of expression of RIPK 1, RIPK3 can also be acti-
vated by interacting with other molecules containing RHIM
domains, such as ZBP1 and TICAMI. This pathway also
plays an important role in instances of necroptosis. Activated
RIPK3 catalyzes the phosphorylation of mixed-lineage kinase
domain-like pseudokinase (MLKL) and induces the formation

necroptosis," and "Parthanatos."

of MLKL oligomers (Das et al. 2016). Once located on the
plasma membrane, MLKL activates the ADAM family pro-
teases on cell surface, thereby promoting the shedding of
plasma membrane-associated proteins or the formation of
Mg2+ permeant channels, which subsequently triggers the
permeability of the plasma membrane and is ended with
the occurrence of necroptosis. Experimental results show that
active caspase-8 induces cell apoptosis under low-dose radi-
ation and inhibits necrosis by cleaving RIP; under high-dose
radiation, however, decreased caspase-8 activity prompts the
formation of intracellular RIP1/RIP3 complex to mediate
necroptosis in tumor cells (Zhou et al. 2021).

Parthanatos. Parthanatos (PAPR1-dependent cell death)
is driven by overactivation of ADP-ribose-polymerase-1
(PAPR-1), a specific component of the DNA damage re-
sponse mechanism (DDR), that not only occurs after severe
DNA alkylation damage but can also be induced by cellular
stimuli such as oxidative stress and hypoxia. As a result,
bioenergetic cessation and AIF, MIF-dependent DNA deg-
radation emerge in the cells. PAPR1 mainly repairs damaged
DNA through base-excision repair and non-homologous end
joining pathways to ensure the normal function of genetic
material. Nevertheless, once damage is beyond repair, en-
hanced and prolonged hyperactivation of PARP1 leads to de-
pletion of NAD" and then inhibits mitochondrial ATP syn-
thesis. Simultaneously, PAPR1 can catalyze the formation
of poly-ADP ribose polymers, which can bind to AIFM1
(mitochondrial-related apoptosis inducing factors, especially
AIF) to facilitate the release of AIF into the cytoplasm and its
transfer to the nucleus, mediating large-scale DNA fragmen-
tation and chromatin condensation. Moreover, reactive nitro-
gen, especially NO, is also a fundamental factor in hyperacti-
vation of PAPR1. Parthanatos occurs with hyperactivation of
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PAPR1 when radiation inflicts excessive DNA damage or
provokes intracellular production of iNOS and NO in tumor
cells (Zhou et al. 2021).

Autophagy-dependent cell death
Autophagy-dependent cell death is a type of death

mode depending on the autophagy mechanism or its com-
ponents. Autophagy is a process in which a cell engulfs its
own macromolecules or organelles to coat them into vesi-
cles and then fuses with lysosomes to form autophagic lyso-
somes where the constituents are degraded. The mechanism
of autophagy is the adaptation of cells to harmful external
stimuli during stress, which appears to facilitate cells’ sur-
vival when onfronted with specific pathophysiological or
strong stimuli (such as high-dose radiation exposure); how-
ever, excessive autophagy can trigger cell death (Chaurasia
et al. 2016; Denton and Kumar 2019; Linder and Kogel
2019) (Fig. 3).

In mammalian cells, the initiation of the classical au-
tophagy pathway is mainly accomplished by the interaction
of the mammalian target of the rapamycin complex 1
(mTORCT1) and the ULK 1 (Atg 1) complex. When stimuli,
such as nutritional deficiencies, hypoxia, or cell stress, is de-
tected, AMPK inhibits the activity of mMTOCR 1 complex to
release suppression of autophagy. The mTOCRI then acti-
vates ULK 1 through dephosphorylation and facilitates the
formation of the UKL1 complex with FIP200 and mAtg13,
contributing to the occurrence of autophagosomes. The
6-key molecule initiating the formation of autophagosome
vesicle membrane is a ClassIIIPI3K complex (class III
phosphatidylinositol 3-kinase/PtdIns3K). A compound sys-
tem that mainly relies on ubiquitination (E1 and E2) also ex-
erts a vital effect: the binding with Atgl2 and modification
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of Atg8/LC3 mediate the extension of vesicles. After auto-
phagosomes form and encapsulate abnormal biological
macromolecules or other cellular components, they urge
lysosomes to combine, dissolve, and digest or recycle deg-
radation products (Li W et al. 2019).

Nuclear autophagy (caused by DNA damage, etc.)
plays a key role in autophagy-dependent death. Radiation-
induced DNA damage (especially DNA double-strand breaks)
can induce autophagy. It has been reported that inhibition of
the ULK1 interacting protein FIP200 can damage DDR,
thereby triggering cell death under oxidative stress induced
by ionizing radiation (Ying and Padanilam 2016). P53 and
ATM function are the linking proteins between radiation-
induced DDR and autophagy. After DNA damage, P53 in-
duces autophagy through transcriptional induction of several
genes, including damage-regulated autophagy modulator
(DRAM), ULK1/2, sestrin1/2, and bnip3c (Galluzzi et al.
2014); when radiation-induced DNA damage depletes
NAD + and consequently ATP, polyadenylation polymer-
ase 1 (PAPR 1) is overactivated. This energy imbalance
can activate autophagy via the AMPK pathway (Roshani-
Asl et al. 2020).

Besides DNA damage, protein folding errors, mito-
chondrial dysfunction, and ER stress induced by radiation
can also provoke autophagy (Chaurasia et al. 2016.)

Mitochondrial autophagy (Mitophagy) is an atypical
cell autophagy, whose pathway is dependent or independent
of the interaction of PINKI1 (a mitochondrial-specific ki-
nase), PARKIN, and E3 ubiquitin ligase. Studies have shown
the relation between radiation-induced mitochondrial dys-
function or biogenesis and mitophagy. Moreover, mitophagy
has a strong correlation with metabolic reprogramming of
cancer cells after irradiation. Many glycolysis regulatory

Protein misfolding

and ER stress Mitochondrial dysfunction

Mitophagy

Fig. 3. Signaling pathways involved in radiation-induced autophagy-dependent cell death. The initiation of classical autophagy pathway is mainly
accomplished by the interaction of mammalian target of rapamycin complex 1(mTORC1) and ULK 1 (Atg 1) complex. Moreover, there is an atyp-
ical cell autophagy called Mitochondrial autophagy (Mitophagy), whose pathway is mainly dependent or independent of the interaction of PINK1

(a mitochondrial-specific kinase), PARKIN and E3 ubiquitin ligase.

www.health-physics.com


http://www.health-physics.com

Radiation-induced cell death @ Y. Jia0 ET AL. 381

genes and specific markers of mitophagy are upregulated in
irradiated cells, thus providing a survival advantage for
cells. This also exploits a new direction for radiotherapy re-
search in the future (Ney 2015).

The endoplasmic reticulum can function through the
following mechanisms under radiation induction: (1) endo-
plasmic reticulum stress induces autophagy by downregu-
lating the activity level of the Akt/TSC/MTOR pathway;
(2) under exposure of radiation, the dominant Perk and
IRE1 pathways cause ER stress through activation of
Perk-eif2a, ultimately leading to autophagy [20]; or (3) as
a result of the damage caused by radiation-induced reactive
oxygen species, a process collectively known as unfolded
protein response (UPR) is induced in the ER and triggers
an active signal to increase the cytosolic calcium load re-
leased from the ER. Briefly speaking, production of ROS
results in the activation of ER stress mediated by UPR.
These couplings indicate that there is presumably a correla-
tion between ROS, ER stress, [Ca2+]i and autophagy (Kim
et al. 2010).

There are other important pathways between radiation
and autophagy:

(1) Among the key molecules induced by radiation, induc-
ible nitric oxide synthase (iNOS) and nitric oxide (NO) have
been confirmed to be involved in radiation-induced cellular
autophagy. The promoter region of iNOS gene contains var-
ious sequences of related transcription factors, such as nu-
clear factor kB (NF-kB) and Kruppel-like factor 6 (KLF6),
whose transcription leads to increase NO and thus induces
caspase-mediated apoptosis and protein nitration-mediated
autophagy (Kiang et al. 2009; Gorbunov and Kiang 2009);

(2) The regulatory effect of radiation-induced microRNAs
in cells has also been confirmed, providing new possibilities
in improving tumor radiotherapy (recent researches have

shown that miR-199a-5p plays a role in the regulation of
autophagy after irradiation) (Yi et al. 2013; Chaudhry
2014); and

(3) Relevant to the maintenance of genome stability,
chaperone-mediated autophagy exerts crucial influences
on the degradation of CHK1 after exposure to DNA damag-
ing agents (etoposide and gamma radiation). What is more,
chaperone-mediated inactivation of autophagy gives rise to
accumulation of DNA damage in specially cultured mouse
fibroblasts (Park et al. 2015).

Pyroptosis

Pyroptosis is a form of cell death that is heavily depen-
dent on members of the Gasdermin protein family and
mainly activated by inflammatory caspase-1 and caspase-11
(Galluzzi et al. 2018). Gasdermin protein family members
can be activated and cleaved by caspasel/11 through classi-
cal and non-classical pathways, thereby forming plasma
membrane pores and causing cell swelling and death. Origi-
nally considered to occur merely in cells of the monocyte
system and rely on the activation of inflammatory caspase-1,
pyroptosis was later found to occur in other cell lineages in-
duced by other caspases (such as caspase-3) and participate
in innate immunity to intracellular pathogens as well (Shi
et al. 2017) (Fig. 4).

At the molecular level, depending on diverse initial
stimuli, pyroptosis usually depends on the activation of
one or more caspases, including caspase-1, caspase-3, mouse
caspase-11, and its homologous human caspase-4/5. There is
a wealth of evidence verifying that lipopolysaccharide/LPS
of gram-negative bacteria acting on PRRs is the main cause
of pyroptosis, which next activates downstream molecules-
Gasdermin family proteins, with similar N-terminal domains
(mainly GSDMD); in addition, activated caspase-1 can also
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Fig. 4. Signaling pathways involved in radiation-induced pyroptosis and ferroptosis. Various pathways induce ferroptosis directly or indirectly by
affecting the activity of glutathione peroxidase(GPXs). These pathways include system Xc-, P53, GPX4, transportation of voltage-dependent anion
channels/VDACs, methionine sulfur transfer pathway, heme oxygenase 1/HO-1, and the internal iron source of transferrin.
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cleave GSDMD and trigger pyroptosis. The occurrence of py-
roptosis is associated with the secretion of IL-1 beta and IL-18,
thus mediating a strong pro-inflammatory effect (Shi et al. 2017).

Studies have observed the increased caspase-1 activity
and proportion of pyroptosis under 10 and 20 Gy irradiation
in bone marrow-derived macrophages (BMDM) (Liu et al.
2017); analogously, the activation of NLRP3 inflamma-
somes cannot only mediate radiation-induced pyroptosis
of BMDM but also induce the pyroptosis of damaged lung
tissue cells in mice under radiation (Han et al. 2017). More-
over, under 10 Gy x-ray irradiation, pyroptosis of human
umbilical vein endothelial cells (HUVECS) is induced, and
the expression of Cx43 is decreased. Overexpression of
Cx43 can significantly attenuate pyroptosis as it decreases
the level of active caspase-1 (Li et al., 2019a). These studies
suggest that pyroptosis serves as an important form of ion-
izing radiation-induced death as well, although which cells
are more inducible remains indistinct.

Ferroptosis

Ferroptosis is a novel mode of death that can be con-
trolled by its own GPX4, triggered by oxidative stress and
can be inhibited by iron chelators and lipophilic antioxi-
dants (Galluzzi et al. 2018). It has recently been recognized
as a significant mechanism of tumor suppression. Essen-
tially, ferroptosis is iron toxicity death caused by accumula-
tion of severe lipid peroxidation, which depends on the gen-
eration of ROS and the presence of iron. The process of
ferroptosis is independent of the mechanisms of caspases,
necrosome components, CYPD, and manifests as necrotic
morphology: mainly mitochondrial changes, including
shrinkage, ultrastructure with high electron density, reduction/
disappearance of cristae, and OMM rupture.

Directly or indirectly, the different pathways to induce
ferroptosis ultimately derive from affecting the activity of
glutathione peroxidase (GPXs) (Hirschhorn and Stockwell
2019). These are:

(1) Inhibition of system Xc-: Ferroptosis activators, such as
Erastin RSL3, etc. can induce ferroptosis by inhibiting the
cystine glutamate transport receptor (system Xc-) and thus
block the absorption of glutathione, which is a necessary
cofactor for GPXs to function. With declined activity of
GPXs, the antioxidative capacity of cells is decreased, and
lipid reactive oxygen species are accumulated, thereby caus-
ing oxidative death;

(2) p53-mediated ferroptosis: experiments by Jiang et al.
have verified that P53 gene activation significantly reduces
the antioxidant capacity of cells (Jiang L et al. 2015). The
absorption of cystine by system XC can be inhibited by
P53 through downregulating the expression of SLC7A1l
(one of the heterodimeric system Xc-compositions), which
decreases in the activity of cystine-dependent glutathione
peroxidase and leads to ferroptosis;
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(3)Direct inhibition of GPX4: GPX4 in the GPXs family,
the target protein of RSL3 (Ras-selective-lethal com-
pound3), plays the most significant role in ferroptosis.
RSL3 and others can directly act on GPX4 and inhibit its ac-
tivity, which leads to the reduction of antioxidant capacity of
cells, increase of the lipid reactive oxygen species, and ulti-
mately ferroptosis. In addition, the mevalonate or MVA
pathway can act on GPX4 by regulating the maturation of
selenocysteine (one of the amino acids in the active center
of GPX4) tRNA and provoke ferroptosis; and
(4)Transportation of voltage-dependent anion channels or
VDAC s, methionine sulfur transfer pathway, heme oxygen-
ase 1 or HO-1 and the internal iron source of transferrin can
all play a part in ferroptosis (Fig. 4).

GSH is an important antioxidant. GPX4 can limit lipid
peroxidation by catalyzing the reduction of GSH-dependent
lipids, becoming a major endogenous inhibitor of ferro-
ptosis. Recent evidence suggests that ferroptosis involves
the preferential oxidation of specific phosphatidylethanol-
amines containing polyunsaturated fatty acids (PUFAs),
such as arachidonic acid and epinephrine. Lipid peroxides
can be formed via self-oxidation or via enzymatic reactions
catalyzed by lipoxygenases (LOXs) and cyclooxygenases
(COXs). Therefore, in the process of cell death, the peroxi-
dation of PUFAs is mainly regulated by the antagonistic ac-
tivity of LOXs (direct catalytic lipid peroxidation) and
GPX4 (indirect inhibition).

Radiation-induced ferroptosis has been reported in a
model of radiation-induced acute lung injury. Ferroptotic
characteristic changes of mitochondria were observed by
transmission electron microscopy (TEM), and treatment
with ferroptosis inhibitor significantly alleviated radiation-
induced histopathological changes in mice lungs and de-
creased the levels of ROS in lungs and the inflammatory cy-
tokine levels (TNF-a, IL-6, IL-10, and TGF-B1) (Li X et al.
2019a). Ferroptosis inhibitor lipoxstatin-1 alleviates radiation-
induced lung injury by activating the Nrf2 pathway and
down-regulates TGF-3 1, providing a new target for lung in-
jury treatment (Li et al., 2019c¢). Furthermore, ferroptosis is
also a part of radiation-induced cancer cell death. Radiation
induces not only reactive oxygen species (ROS) but also the
expression of AcSL4 (lipid metabolizing enzyme required
for ferroptosis), which leads to lipid peroxidation and fer-
roptosis in tumor cells (Ye et al. 2020).

Immunogenic cell death
Immunogenic cell death (ICD) is a functionally spe-

cific mode of death that can activate adaptive immune re-
sponses to endogenous (cellular) or exogenous (viral) spe-
cific antigens expressed by dead cells (Galluzzi et al. 2018);
that is, to activate the adaptive immune response of itself
or the host. Due to the requirement for the involvement of

www.health-physics.com


http://www.health-physics.com

Radiation-induced cell death @ Y. Jia0 ET AL. 383

the immune system, this type of radiation-induced cell
death is mainly carried out in the human (or animal) body.
In radiotherapy, ICD plays an important role (Galluzzi et al.
2016). Initially, ICD was only thought to occur in the death
of tumor cells in the radiation area. Later, it was discovered
that radiotherapy could attack the remaining tumor cells
using the host's immune system. Additionally, radiation-
induced immune-mediated tumor rejection can be con-
sidered as an alternative way of radiosensitization, known
as the fifth principle of radiobiology (Golden and Apetoh
2015).

In vivo and clinically, the original pro-immunogenic ef-
fects of radiotherapy tend to be masked by overwhelming
immunosuppressive microenvironment. Nevertheless, when
some established immunosuppressive barriers are removed,
for example, by adding immune checkpoint inhibitors (such
as anti-CTLA4 or anti-PD-1) to local radiotherapy, the im-
munogenic effects of radiotherapy can induce immune-
mediated tumor rejection (Golden et al. 2013). It has also
recently been demonstrated that low-dose radiotherapy
can reprogram macrophages to the iNOS+ or M1 pheno-
type, enabling them to recruit tumor-specific T cells and
promote tumor rejection (Klug et al., 2013). Furthermore,
repeated irradiation with a dose insufficient to induce Trex1
amplifies the production of interferon beta(IFN-kB), which
leads to the recruitment of BATF3-dependent dendritic cells
and activation (among various tumor cells, radiation doses
exceeding 12—18 Gy induce the DNA exonuclease Trex1
and weaken its immunogenicity by degrading the DNA ac-
cumulated in the cytosol after radiation (Vanpouille-Box
etal. 2017).

Mitotic catastrophe
Mitotic catastrophe describes a series of events that

lead to premature or inappropriate entry into the division
phase due to physical and chemical factors, which play a
specific role in radiation-induced cell death. Factors ac-
counting for the failure of this mitotic failure include exten-
sive DNA damage, dysfunction of the mitotic mechanism,
abnormal stability of microtubules, and cycle checkpoint
defects, etc. There are two main ways to induce lethifer-
ous mitotic catastrophe (Vitale et al. 2011): (1) down-
regulation of P53 leads to the suppression of G2 or M phase
checkpoints, rendering DNA damage beyond repair, and (2)
centrosome hyper-amplification (Li et al., 2019c; Ye et al.
2020), where over-expanded centrosomes result in multipo-
lar division, abnormal chromosome separation, and cells
with abnormal nuclei (megakaryon, binuclear, or multinu-
clear, etc.). These two approaches may be interrelated be-
cause the key molecule for initiating centrosome amplifica-
tion is the CDK2-cyclinA or E complex, which is also reg-
ulated by P53 (Bourke et al. 2007). In addition, P21 could
not be effectively upregulated after irradiation in the absence

of P53, resulting in activation of the CDK2 or cyclin A/E
or a complex (Dodson et al. 2007).

In experiments with radiotherapy or radioimmunother-
apy, cell death due to mitotic catastrophe can be observed
(Roninson et al. 2001; Eriksson et al. 2003; Eriksson et al.
2007). When irradiated, cells experience a short G2 arrest
and then advance into mitosis followed by activation of
the mitotic checkpoint (also known as the spindle assembly
checkpoint) to prevent mitosis (Eriksson and Stigbrand
2010). Evidence suggests that in some cells, the delayed ap-
optotic pathway is activated during the cessation of mitosis,
which occurs in the mid-term and triggers activation of
caspases and subsequent mitochondrial damage; it can also
alternatively enter abnormal mitosis and ultimate death via
necrosis and senescence. There is a delay in mitotic disor-
der, which usually occurs 2—6 d after radiation (Ruth and
Roninson 2000).

Cell senescence
At the onset of senescence, although metabolism is still

ongoing, cells will permanently lose their ability to prolifer-
ate, be irreversibly blocked in the state of G1 phase, and
eventually die (Regulski 2017). Senescence usually occurs
in normal cells that reach the limit of proliferation due to
shortened telomeres. Radiation-induced senescence is a
form of proliferation cell death triggered by radiation. Low-
dose radiation can induce DNA damage response (DDR),
which senses DNA damage and sends a signal amplification
cascade to activate transient cell cycle arrest; severe DNA
failure beyond repair may activate cell senescence (Rodier
et al. 2009). Radiation-induced senescence does not depend
on the erosion and shortened erosion of chromosomal telo-
meres; it needs additional discussion due to a number of pub-
lications that demonstrate changes in telomere regulation by
TERT and other genes.

After irradiation, the activation of P53 facilitates cell
survival through growth arrest and DNA damage repair. Ac-
cording to the extent and type of damage, however, P53 pro-
motes the senescence of tumor cells after radiotherapy, often
accompanied by P21 expression. When P53 signaling is im-
paired, radiation-induced senescence seems to be dimin-
ished. Nevertheless, accelerated senescence has also been
reported in the absence of P53 or P21 and P16, suggesting
that other genes may be involved in the regulation of this
process (Ou and Schumacher 2018).

CONCLUSION

From the reviews above, the main characteristics of ion-
izing radiation-induced cell death are summarized as follows:

1. Once the dose is high enough, radiation effects mostly
appear as destructiveness similar to hitting with a “heavy
punch,” which breaks up or even shatters cells, making it
difficult to find responses of the cell itself;
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Table 1. List of death patterns induced by various radiation effects and its corresponding characteristics.

Radiation effect Death pattern Characteristics
directly and largely destroy intracellular components necrosis pais\i::agfiiﬁiﬁldgﬁ?ggpﬁ@t RIP complex and
such as macromolecule, DNA and organelles . . ’
Cause inflammation
act on apoptosis-related receptors or cause perturbation . active fie?th depep ding on casp. ases apd .Bc1—2
of intracellular microenvironment apoptosis family; formation of apoptotic bodies;
Without inflammation
an important cell mechanism to ensure itself by
extensive damage of intracellular components autophagy digesting damaged components;
in severe cases, autophagy-dependent cell death occurs
severe accumulation of peroxidation ferroptosis necrotic-like death in the presence of iron and ROS

activate surface antigens or immune cells

immunogenic cell

depends on the effect (inhibit or kill) of the

death immune system
the Gasdermin family forms a pore in the plasma
stimulate intracellular inflammatory effects pyroptosis membrane, causing cell swelling;
inflammation caused by IL-18 and IL-1
damage to cycle-related genes or chromosomes and mitotic catastrophe irreversible cell cycle arrest;

essential components of division

non-fatal death

2. Radiosensitivity varies from cell phenotypes and phases
of the cell cycle, and it leads to different cell deaths be-
cause of irradiation exposure;

3. There is also rigorous and specific dose-dependence on
even the identical cells, indicating that radiation with
different doses corresponds to different death modes;

4. Due to the extensive effect of radiation, various re-
sponses seem to appear in various cellular subregions
within one cell; in other words, there is no specific divi-
sion in cell deaths; and

5. It is the existence of common initial activation and sig-
naling molecules among all kinds of cell deaths, as well
as sophisticated crossways in cellular molecules, that
makes it more laborious to distinguish and classify var-
ious cell deaths (Table 1).

As can be seen from this summary, at odds with cell
death targeted by specific ligands (such as Fas combined
with FasL), the mechanism of radiation-induced occurrence
is extremely complex, and its pathways are diverse, thus re-
sulting in various cell deaths. The reason is probably that the
targets of ionizing radiation are too complicated and vary
with the changes of the radiation dose and the environment.
This is also where the nodus in studies of the mechanism of
cell death in radiobiology lies. The author suggests that ion-
izing radiation, as a strong external stimulus, requires re-
searchers to continuously explore the key "connecting points"
for its effect and draw conclusions to make a difference in
radiation protection and radiotherapy, which is essential to
inhibiting ionizing radiation-induced cell death.
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