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Abstract
Protection of normal tissues against toxic effects of ionizing radiation is a critical issue in clinical and environmental radio-
biology. Investigations in recent decades have suggested potential targets that are involved in the protection against radiation-
induced damages to normal tissues and can be proposed for mitigation of radiation injury. Emerging evidences have been
shown to be in contrast to an old dogma in radiation biology; a major amount of reactive oxygen species (ROS) production
and cell toxicity occur during some hours to years after exposure to ionizing radiation. This can be attributed to upregula-
tion of inflammatory and fibrosis mediators, epigenetic changes and disruption of the normal metabolism of oxygen. In the
current review, we explain the cellular and molecular changes following exposure of normal tissues to ionizing radiation.
Furthermore, we review potential targets that can be proposed for protection and mitigation of radiation toxicity.
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Introduction

For many years, it has been known that the use of free radi-
cal scavengers immediately before exposure to radiation
can alleviate DNA damage and cell death. Further research
has led to a large number of experimental studies defining
appropriate radioprotectors. Investigations at the United
States (US) Army Walter Reed Institute (Washington, DC)
during the cold war led to the development of a potent drug
with high radioprotection efficiency, named WR2721 or ami-
fostine [1]. This compound is a sulfhydryl containing agents
that interact and neutralize free radicals [2]. Afterwards,
other agents containing sulfhydryl groups were developed
to reduce oxidative stress and radiation toxicity. N-Acetyl-
cysteine and captopril are sulfhydryl agents that have been
used for radioprotection in some experimental studies [3].
Although amifostine has been used as a radiation modifier
in clinical trials, some studies have reported severe toxicities
which led to its use being discontinued [4]. In clinical stud-
ies, amifostine has been commonly used for head and neck
cancer radiotherapy for reducing xerostomia [5].

To date, several agents have been investigated for use
as a radioprotector, with some chemical and natural agents
showing effective radioprotection. However, the efficiency of
each radioprotector could be limited to some organs/tissues
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[6]. Moreover, for the protection of normal tissues in radio-
therapy, it is crucial to consider possible effects on tumor
response [7]. For the protection of a particular organ, we
need to choose the best agent, which may be different from
those used for other organs [8].

In recent decades, several studies have been conducted
to protect and mitigate radiation toxicity using some sup-
plements after exposure to radiation. In addition to clinical
applications, radiation mitigators can be used to reduce mor-
tality and normal tissue toxicity after an accidental nuclear
or radiological disaster [9]. Radiation mitigators are mostly
for the bone marrows and gastrointestinal system injury;
however, studies have suggested that mitigators can be used
to alleviate radiation toxicity in the lung, heart and kidney
[10]. Acute damages to the bone marrows and gastrointesti-
nal system may lead to death some days to weeks following
whole-body exposure to radiation. However, in some cases,
following local abdomen and chest exposure or non-homog-
enous whole-body exposure to radiation, the incidence of
lung pneumonitis, cardiopulmonary fibrosis or nephropa-
thy may cause death some months to years later [11]. Total
body irradiation (TBI) for patients with leukemia may also
lead to pneumonitis and nephropathy [12]. Investigations
into the development of new agents with high efficiency for
mitigation and protection of radiosensitive organs are ongo-
ing. In the current paper, we review recent advances in the
mitigation of radiation toxicity and also suggest promising
strategies for preventing mortality and side effects that affect
the quality of life of exposed people.

Promising targets for radiation protection
and mitigation

Emerging evidences indicate that in addition to radiation
dose, normal tissue toxicity is highly dependent on hierar-
chical events that occur in cells after irradiation. At the first
level, DNA damage response (DDR) determines cell death
or repair of DNA. DDR is initiated some minutes to hours
after exposure to radiation [13]. Enhancing DNA repair
capacity has been proposed for ameliorating DNA damage
and reducing cell death [14]. If damages to the DNA are not
completely repaired, oxidized DNA or cell contents from
dying cells trigger activation of several signaling pathways
that play a pivotal role in the incidence of radiation injury
[13]. Cell death through apoptosis, necrosis, autophagy or
senescence induces the activation of inflammatory mediators
and pro-oxidant enzymes [15-17]. It seems that DNA repair
enzymes and cell death pathways are activated from the first
minutes to hours after exposure to radiation; however, ROS/
NO generating enzymes are upregulated after some hours
to weeks [18]. The expression of inflammatory and pro-
oxidant mediators is time-dependent and tissue-specific.
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Furthermore, the quality and quantity of their expressions
vary for different organs. Thus, it seems that the efficiency
of a radiation protector or mitigator is highly dependent on
the time of administration as well as irradiated organs [19].
In this review, the potential targets for the amelioration of
radiation toxicity in different organs will be discussed. These
targets can be proposed for both protection and mitigation of
radiation injury for clinical radiotherapy and also for radio-
logical and nuclear disasters.

Targeting cell death after exposure
to ionizing radiation

Radiation-induced cell death is the consequence of massive
DNA damage and accumulation of unrepaired chromosome
breaks. Mitotic catastrophe is a non-immunogenic type of
cell death and does not trigger inflammatory or tolerogenic
responses. Autophagy also does not play a major role in the
side effects of ionizing radiation. Other types of cell death
including necrosis, apoptosis and senescence lead to some
changes in the response of immune system and reduction/
oxidation (redox) reaction that is associated with the appear-
ance of oxidative stress and inflammation [18, 20]. Necrosis
usually occurs following massive injury to the membrane,
DNA, mitochondria and other organelles within cells. This
may be observed some hours after irradiation [21]. Apop-
tosis and senescence are two important types of cell death
that occur following the upregulation and downregulation
of some genes that are involved in the progression of death
or survival [22]. Modulation of these types of cell death can
be suggested as potential strategies for mitigation of radia-
tion injury. This can increase the survival of radiosensitive
cells in bone marrow and small intestine thus helps mitigate
radiation-induced mortality.

Apoptosis

Apoptosis is the main mechanism of cell death in highly
radiosensitive organs such as the bone marrow, gastroin-
testinal system, testis and skin [23, 24]. High incidence of
apoptosis in these organs lead to severe damage to the nor-
mal function of organs, leading to the appearance of severe
reactions and consequences for exposed people. Apoptosis
occurs following DNA damage and increases the release of
some cell death signals such as Fas, TNF-a and TGF-f, as
well as increased activity of p53 [23]. Each of these media-
tors via binding to their receptors initiates apoptosis signal-
ing pathways. TGF-f via binding to TGFpR1 or TGFR2
causes activation of pro-apoptosis Bax via Smad2/3 pathway.
Fas binds to Fas ligand (FasL or CD95L); however, TNF-a
can bind to TNF receptor (TNFR) or TRAIL. Upregulation
of FasL, TNFR or TRAIL cause stimulation of caspase-8
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and caspase-10 to induce activation and penetration of Bax
into the mitochondria [25]. Upregulation of TNFR and also
the production of free radicals after exposure of membrane
to ionizing radiation can stimulate the development of cera-
mide, which suppresses Bcl-2, an inhibitor of pro-apoptosis
Bax. Penetration of Bax into the mitochondria leads to the
release of cytochrome C. Usually, early apoptosis occurs fol-
lowing damage to mitochondria and release of cytochrome
C. This is followed by interaction of cytochrome C with
Apafl and caspase-9 and the development of apoptosome
complex. This complex is able to degrade DNA and other
macromolecules such as the membrane, leading to the devel-
opment of apoptotic bodies [26]. Some mediators such as
NF-xB or PI3K can suppress the progression of apoptosis
via upregulation of Bcl-2 [27] (Fig. 1).

To date, few studies have tried to inhibit apoptosis and
improve normal tissue tolerability using selective anti-apop-
totic inhibitors. Targeting TGF-p in mice model has been
shown to attenuate radiation-induced bone marrow injury.
However, there is a possibility that the suppression of TGF-f
reduces apoptosis following attenuation of ROS generating

Radiation
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enzymes and mitochondrial-derived superoxide suppression
[28]. The intestine is another highly radiosensitive organ
because of the high incidence of apoptosis in progenitor
stem cells. Apoptosis in these cells leads to shortening of
villi and crypt. Crypt and villi require permanent turnover
by mitosis in intestinal stem cells. In mice intestine, it has
been shown that mitochondrial pathway is responsible for
apoptosis following exposure to radiation. Inhibition of Bax
or PUMA could improve intestinal recovery after exposure
to 8 or 18 Gy radiation. Interestingly, PUMA knockdown
in mice showed more protection compared to Bax knock-
down in mice. Results indicated that PUMA via induction
of apoptosis in intestinal progenitor cells plays a main role in
radiation-induced intestinal injury in mice [29]. P53 also has
a key role in the initiation of apoptosis signaling pathways
in the intestine. Although it is a central regulator of DNA
damage response, overexpression of p53 has been observed
to be associated with increased apoptosis in the crypt [30].

Lymphocytes are one of the most radiosensitive cells.
Lymphocytes do not have mitotic activity, while they
have a bigger nucleus compared to other cells that may
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Fig. 1 Apoptosis pathways after exposure to ionizing radiation. Exog-
enous and endogenous ROS trigger upregulation of apoptosis recep-
tors which cause Bax upregulation and downregulation of Bcl-2.
DNA damage and p53 also have key roles in the initiation of apopto-
sis signaling pathways. Apoptosis clearance by macrophages leads to
their activation and is associated with NO generation. NO can interact

with Oggl, a key player in BER pathway, thus suppresses DDR. Neu-
tralization of NO can boost DDR, thus reduces apoptosis. Further-
more, activation of TLR4&5 can increase the expression of NF-kB,
leading to inhibition of Bax and upregulation of Bcl-2. P38 has a neg-
ative role and its suppression can preserve cell viability
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be involved in radiosensitization of lymphocytes. It has
been suggested that high expressions of pro-apoptotic
genes such as Bax, PUMA and p53 play a key role in the
high incidence of apoptosis in lymphocytes. Furthermore,
radiation may trigger ROS production by lymphocytes,
thus increases the probability of DNA damage and apop-
tosis [31]. Treatment of lymphocytes with some agents
has been shown to reduce the expression of pro-apoptotic
genes such as Bax and increase the expression of anti-
apoptotic Bcl-2 [32, 33]. Some other strategies have been
proposed to mitigate radiation toxicity via inhibition of
apoptosis initiation. Enhancing DNA repair capacity is an
interesting idea. Furthermore, triggering anti-apoptotic
genes such as toll-like receptors (TLRs) or suppression of
pro-apoptotic genes such as p38 have shown interesting
results. Inhibition of apoptosis is favor for normal tissues
sparing, while, in cancer radiotherapy this strategy can
reduce the effectiveness of therapy. Thus, apoptosis target-
ing is an appropriated strategy for radiation mitigation, but
not for radiotherapy [34, 35].

Boosting DNA repair for preventing apoptosis

As earlier mentioned, unrepaired DNA damage is respon-
sible for cell death through mitotic catastrophe, senescence
and apoptosis. As apoptosis is responsible for the death of
highly radiosensitive cells such as the bone marrow and
small intestinal progenitor cells, it seems that boosting DNA
repair capacity can help prevent cell death through apopto-
sis. Enoxacin is an agent that has been shown to increase the
activity and facilitates faster DNA repair, thus causes more
survival of irradiated cells. This agent is able to increase the
number of 53BP1 to damaged DNA sites [36]. Pfarrestin-1
(Barrl) is another key player of DDR that has been linked
to active pS3 pathway. Parrl is involved in the regulation
of MMD2, a protein that causes degradation of p53. Thus,
suppression of Parrl can stimulate p53 activity and enhance
DDR, leading to reduction of radiation toxicity. It has been
shown that Parr]l knockdown can increase p53 binding to
damaged DNA sites [37].

One of the most important suppressive effects of ionizing
radiation on DNA repair mechanisms is nitroacetylation of
8-oxoguanine glycosylase (Oggl) following the generation
of NO by inflammatory cells. Oggl is a key enzyme in base
excision repair (BER) pathway and is responsible for remov-
ing 8-hydroxyguanine (8-0x0G), a product of ROS interac-
tion with DNA. Activation of these enzymes after exposure
to ionizing radiation can increase resistance to radiation-
induced DNA damage [38]. Furthermore, the acetylation
and turnover of Oggl by Sirt3 can amplify DNA repair in
the mitochondria, thus protects against radiation-induced
mitochondrial apoptosis [39].
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p53

Although p53 plays a key role in DDR, activation of apopto-
sis pathway by it can increase radiosensitivity via depletion
of stem/progenitor cells. For 2 decades ago, it has shown
that suppression of p53 in combination with irradiation can
increase the viability of mice C8 cells [40]. Thus, inhibition
of p53 may attenuate massive apoptosis to mitigate radiation
toxicity in high radiosensitive organs. A study suggested
that p53 may have dual role depend on targeted organ.
Knockdown of p53 has shown that can increase resistance
to radiation-induced hematopoietic system injury, while
its inhibition cause more damage to the repopulation of
progenitor cells in intestinal epithelial cells [41]. In fact,
mechanisms of radiosensitivity in bone marrow and intestine
are different. A study showed that although p53 promotes
apoptosis in bone marrow progenitor cells, it plays a key role
in regulating cell cycle and mitosis in intestine epithelial
cells. Targeting p53 can disrupt the regulation of cell cycle
checkpoints, thus increase mitotic death of epithelial cells.
This shows that p53 targeting increases the radiosensitivity
of epithelial cell independent of apoptosis [42]. Pifithrin-mu
is an inhibitor of p53 binding to mitochondria. Treatment
of mouse thymocytes with pifithrin-mu can increase the
viability and reduce apoptosis. Furthermore, administration
of Pifithrin-mu has shown that increase survival following
whole-body irradiation with lethal doses of ionizing radia-
tion [43]. Sodium orthovanadate is another agent that has
shown protect against ionizing radiation through blunting
p53 interactions with Bcl-2 and mitochondria. This study
suggested that complete radioprotection can be achieved
when transcription-dependent and transcription-independent
pathways of p53 inhibited [44]. A further study showed that
sodium orthovanadate can suppress p53 dependent apopto-
sis, not p53 independent apoptosis [45].

P53 targeting with sodium orthovanadate also has shown
that mitigate lethality of whole-body exposure to radiation.
Evaluating different time points for the administration of
sodium orthovanadate showed that the best time for miti-
gation of radiation-induced lethality is immediate after
whole-body irradiation. this may indicate that p53 activate
apoptosis immediately after exposure of bone marrow stem/
progenitor cells to ionizing radiation [46]. Knockdown of
pS53 can mitigate radiation injury in brain too. In an ani-
mal study has shown that inhibition of p53 can attenu-
ate defect in the irradiated brain in mice and help to the
development of normal brain [47]. Zinc(II) chelators such
as bis(2-pyridylmethyl)amine, tris(2-pyridylmethyl)amine,
1,4,7,10-tetraazacyclododecane, Bispicen, and TPEN are
pS3 inhibitors that also have shown can protect against radi-
ation-induced apoptosis [48]. P53 has a key role in tumor
response to radiation. For the protection of highly radiosen-
sitive organs such as the intestines and bone marrow cells,
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we need to inhibit p5S3 without attenuating the responses
of cancer cells. For targeting p53, we should consider the
expression of p53 in cancer cells. It has been suggested that
most solid tumors have mutant p53 [49]. In most conditions,
mutant p53 leads to a loss in its function [50]. TP53 genetic
test gives a better understanding of the genetic background
of tumors for using p53 inhibitors during radiotherapy. In
this condition, p53 targeting can be proposed for patients
with mutant p53 for protection of normal tissues without
adverse effect on tumor response to radiotherapy.

TLRs

TLRs are very critical receptors that mediate inflammatory
responses to damage-associated molecular-pattern (DAMP)
molecules. These receptors belong to pattern recognition
receptors (PRRs) family. Some TLRs including TLR2,
TLR4, TLRS, TLR6 and TLR9 which depend on HMGB1
are involved in the progression of inflammatory responses
and immune system activation [51]. One of the main effects
of TLRs is the induction of anti-apoptotic signaling path-
ways, which may be involved in the protection of radiosensi-
tive cells to apoptosis [52]. Targeting TLRs using agonists
has been shown to protect and mitigate radiation toxicity in
normal tissues. In an animal study, Kurkjian et al. showed
mitigation of acute radiation syndrome (ARS) following
TLR2/6 targeting. Fibroblast-stimulating lipopeptide (FSL-
1), an agonist of TLR2/6 administered 24 h after whole-
body irradiation with a lethal dose of radiation showed 50%
survival for 30 days. However, administration of other TLR
agonists did not show any improvement in survival. FSL-1
could induce G-CFU, thus improved hematopoietic activity
and increased number of peripheral blood cells [53].
Targeting TLRS in an in vivo study showed interesting
results for both protection and mitigation of radiation injury
in highly radiosensitive organs, leading to increased sur-
vival. Whole-body exposure of mice to 13 Gy led to 100%
mortality, while pre-irradiation treatment with TLRS ago-
nist caused 87% survival. Interestingly, treatment with TLRS
agonist even 1 h after irradiation led to 70% survival, thereby
indicating the potent mitigatory effect of TLRS agonist.
In comparison to amifostine, which is the most common
radioprotector, TLR5 agonist showed more efficiency [19].
TLRS5 agonists may also help protect epithelial cells from
toxic effects of ionizing radiation. Activation of TLRS by
CBLB502 (an optimized type of flagellin) showed protection
of mice against radiation-induced dermatitis and mucositis.
Interestingly, TLRS agonist could reduce tumor volume fol-
lowing injection of A549. Similar results have been shown
for Entolimod, another agonist of TLRS5 [54].
Monophosphoryl lipid A (MPLA) is a TLR4 agonist
that has shown radioprotective effect for both in vitro and
in vivo models. MLPA triggers translocation of NF-kB and

also increases the expression of MyD88, while it reduces the
release of inflammatory cytokines. The levels of TNF-a and
IL-6 were reduced, while that of IL-2 increased after MLPA
administration. MLPA increases the number of nucleated
cells and hematopoietic stem cells within the bone marrow.
Treatment with MLPA reduced apoptosis in bone marrow
cells, which may be due to the activation of NF-xB. Also,
MLPA increased IFN-f (TRIF), which may be involved in
its radioprotective effect [55]. CBLB502, a TLRS agonist
can also induce the release of IL-6 following NF-kB upregu-
lation, leading to upregulation and activation of STAT-3.
These changes suppress apoptosis and preserve progenitor
stem cells [56]. Furthermore, TLR5 activation can stimu-
late the activation of NK cells, which kill cancer cells and
inhibit metastasis [57]. It is suggested that upregulation of
TLRs can induce maturation of dendritic cells, which acti-
vate immune system against cancer cells [58]. This property
of TLRs can help to management of normal tissues toxicity
by TLRs agonists without negative effect on tumor response
to radiotherapy.

The role of TLRs in the development of radiation-induced
diseases is complex and needs to be investigated for different
organs. Although, TLRs can reduce apoptosis, their upreg-
ulation may be involved in the progression of inflamma-
tory-related diseases that may appear in the long term after
exposure to ionizing radiation [59]. A study showed that
TLR4 knockdown in mice can ameliorate radiation-induced
fibrosis in mice lung. Furthermore, TLR4 knockdown led
to an improvement in hematopoietic system recovery [60].
In contrast, another study reported that knockdown of both
TLR2 and TLR4 can amplify lung fibrosis [61]. Therefore,
it seems that stimulation of TLRs is an interesting target
for preventing ARS resulting from massive apoptosis in
the bone marrow and intestine; however, caution should be
observed for other organs.

TLRs agonists have shown interesting results for activa-
tion of the immune system against cancer cells. In com-
bination with radiation, TLRs agonists have also shown
promising results. However, it needs to be examined for
each cancer type [62]. Studies suggested that upregula-
tion of some TLRs like TLR4 is associated with shorter
survival for different tumors, while others such as TLR5
upregulation predicts higher survival for lung cancer
patients [63]. The main anti-tumor activity of TLRs is
mediated through an increase in immune system’s activ-
ity like activation of cytotoxic T lymphocytes (CTLs) and
triggering immunogenic functions of dendritic cells (DCs)
and macrophages [64]. To date, some experimental stud-
ies have been conducted to investigate the roles of some
TLRs agonists in combination with radiotherapy. Among
the mentioned TLRs that can protect normal tissues, TLR7
and TLRO have been investigated to determine the mod-
ulatory effects on tumor response to radiotherapy. CpG
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oligodeoxynucleotides, which activate TLR9 in DCs, can
increase the response of implanted fibrosarcoma tumors
in mice, thus increase tumor growth delay and survival
in mice [65]. Administration of R848, a TLR7 agonist, in
combination with radiotherapy has been shown to increase
infiltration of CTLs in mice bearing lymphoma [66]. Simi-
lar studies indicated that activation of TLR7 leads to sup-
pression of breast cancers, colorectal carcinoma, fibro-
sarcoma, colorectal and pancreatic cancers in mice via
increasing infiltration of CTLs and NK cells, as well as
the release of anti-tumor cytokines such as IFN-y [67—-69].
These results show that targeting some TLRs can act as
radioprotector for normal tissues and also radiosensitizer
for some tumors. For example, TLRS and TLR7 stimulate
the activities of anti-tumor CTLs and NK cells in tumor,
while TLRS suppresses apoptosis and TLR7 triggers the
release of IFN-y and stem cells’ proliferation in hemat-
opoietic system [70]. TLR9 which has anti-tumor activity
against fibrosarcoma, can also prevent apoptosis of irradi-
ated cells and preserves the intestines [71].

p38 MAPK

MAPKSs include some subfamilies including p38, extracel-
lular signal-regulated kinases 1 and 2 (ERK1/2) as well as
c-Jun amino-terminal kinases (JNKs) [72]. Among these
subfamilies, p38 targeting has been investigated to amelio-
rate radiation-induced apoptosis. Inhibition of p38 has been
shown to suppress upregulation of pro-apoptotic caspase-3
and PARP, thereby reducing apoptosis in auditory cells [73].
As p38 plays a key role in the promotion of apoptosis fol-
lowing exposure to ionizing radiation, some studies have
investigated its targeting for mitigation of radiation toxicity
in the bone marrow using p38 inhibition. Suppression of
p38 by thioredoxin (TXN) has been shown to mitigate bone
marrow hematopoietic stem cell death following exposure to
radiation [74]. Inhibition of p38 in combination with gran-
ulocyte colony-stimulating factor (G-CSF) administration
has also been suggested to improve the recovery of depleted
bone marrow cells after exposure to radiation. This combi-
nation showed an increase in the number of hematopoietic
stem/progenitor cells [75, 76]. Furthermore, inhibition of
p38 enhances survival following administration of G-CSF;
however, p38 inhibition when administered alone had no
significant effect for mitigation of radiation mortality [77]
(Fig. 1).

As p38 has a role in the initiation of apoptosis in several
cancer cells, its inhibition may protect cancer cells against
radiotherapy [78, 79]. Targeting p38 may be a useful candi-
date for radiation mitigation. However, its targeting during
radiotherapy may be inappropriate and needs further eluci-
dation for each cancer type.
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Senescence

Senescence is a type of cell death that triggers inflammatory
responses [80]. Senescence can occur in different such as
fibroblasts, endothelial cells, epithelial cells, astrocytes etc.
[81]. It has been suggested that senescence in fibroblasts
following exposure to radiation can trigger fibrosis [82].
Clearance of senescent cells can reduce fibrosis and attenu-
ate upregulation of fibrotic markers such as TGF-f [82]. It
seems that DNA damage responses (DDRs) after exposure to
radiation is responsible for the induction of senescence fol-
lowing upregulation of inflammatory mediators and release
of a wide range of cytokines such as IL-1, IL-6, IL-8 and
TGF-B [83]. P53 also has a role in senescence [84]. As p53
plays a central role in DDRs following exposure of cells to
ionizing radiation, it is predictable that it plays a key role
in senescence after irradiation. p53 knockdown has been
shown to reduce senescence in irradiated cells [85]. Plasmi-
nogen activator inhibitor-1 (PAI-1) is another protein that
plays a key role in the development of senescence [86]. It
has been suggested that PAI-1 is downstream of TGF-f for
inducing senescence [87]. PAI-1 knockdown is associated
with increased survival after whole-body irradiation [88]. In
fact, PAI-1 expression may predict the severity of radiation
toxicity in some radiosensitive organs like intestine [8§8-90].
Chung et al. evaluated the role of PAI-1 in radiation-induced
senescence and pulmonary fibrosis. They showed that pre
and post-irradiation administration of rPAI-1,; (truncated
plasminogen activator inhibitor-1) can prevent fibrosis in
mice lung. The study concluded that amelioration of radi-
ation-induced fibrosis is mediated through suppression of
senescence in type 2 pneumocytes [91]. Similar results have
been revealed following inhibition of Bcl-2/x1. A study by
Pan et al. has shown that inhibition of Bcl-2/x1 by ABT-263
can kill senescent pneumocytes, which cause suppression of
pulmonary fibrosis after lung irradiation [92]. In addition to
fibrosis, senescence has been observed in other organs such
as bone marrow and heart, which can trigger the release
of some cytokines such as TGF-p, which may be involved
in chronic oxidative stress [93]. It has been suggested that
senescence after exposure to radiation can trigger activa-
tion of NADPH oxidase enzymes that are associated with
increased superoxide and hydrogen peroxide generation
[93]. Suppression of senescence can blunt upregulation of
NOX enzymes, thus prevents continuous production of free
radicals and subsequent consequences such as fibrosis [94].
Furthermore, reduction of senescence has been shown to
be associated with the mitigation of radiation toxicity [95].
Role of senescence in cancer response to radiotherapy is
complicated and unclear [96] (Fig. 2).

Targeting of senescence during radiotherapy and its con-
sequences on tumor response need further examination.
However, evidences have shown that inhibition of PAI-1 can
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Fig.2 Radiation-induced
senescence triggers the activity
of pro-oxidant enzymes and
fibrosis
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induce apoptosis in cancer cells [97]. Genetic knockdown
or pharmacological inhibition of PAI-1 has been shown to
induce apoptosis in a wide range of cancer cells such as
HT-1080 fibrosarcoma, ovarian cancer cells, A549, HCT-
116 human colon carcinoma, MDA-MB-231 human breast
adenocarcinoma etc.[98, 99]. PAI-1 has a close role with
angiogenesis and tumor growth. Thus, its targeting has been
proposed to suppress angiogenesis [100]. PAI-1 inhibition
can protect endothelial cells against apoptosis and aids the
migration of these cells towards fibronectin [101, 102].
Therefore, it seems that targeting PAI-1 can protect some
normal tissues such as the lung, while it is able to increase
response of some cancers including lung, breast and colon
to radiotherapy.

Targeting of inflammation

Inflammation after exposure to a high dose of radiation
is involved in several complications caused by radiation.
Inflammation is a normal response to massive cell death,
which is mediated via some inflammatory mediators such as
NF-kB, STATs, COX-2, iNOS etc. [103]. Dermatitis is one
of the most common side effects of radiotherapy. Following
the Chernobyl accident, some people died because of severe
damages and reactions in the skin. Mucositis in the mouth
and gastrointestinal system, necrosis in the brain, damage
to vessels, pneumonitis and pericarditis are the most com-
mon consequences of inflammatory responses to ionizing
radiation [104—107]. Inhibition of inflammatory mediators
has been suggested to mitigate several complications after
exposure to radiotherapy or an accidental radiation disaster
[108]. Furthermore, as inflammation plays a key role in the
progression of fibrosis, its inhibition can improve the man-
agement of fibrosis in different organs [109].

NOX1,2&4 ——————» Fibrosis

NF-kB

NF-«kB is a central player of innate immune system. It
regulates several signaling pathways involved in inflamma-
tion, proliferation and apoptosis [34]. The upregulation of
NF-xB in highly radiosensitive organs such as bone mar-
row, testis or small intestine following activation of TLRs
has been shown to be associated with protection and miti-
gation of mortality through suppression of apoptosis and
preventing depletion of progenitor cells [57]. However,
selective inhibition of NF-xB has been shown to protect
bone marrow against toxic effects of ionizing radiation
[110]. Furthermore, chronic upregulation of NF-xB plays
a key role in chronic inflammation, which is associated
with several side effects in normal tissues. Although the
upregulation of NF-kB can reduce the incidence of apop-
tosis in early responding organs such as bone marrow,
its suppression has been shown to be associated with the
reduction of some side effects of ionizing radiation. An
animal study suggested that suppression of NF-kB using
the thiol-reactive triterpenoid RTA 408 can protect some
radiosensitive organs including gastrointestinal, skin and
hematopoietic system. Administration of this agent has
shown significant increase in survival [111]. Suppression
of NF-xB or upregulation of IxB can induce hematopoiesis
and the activity of hematopoietic progenitor cells [110].
Protective effect of NF-kB suppression has also been
observed for other organs such as the brain, kidney and
gastrointestinal system following administration of dif-
ferent types of NF-«xB inhibitors. Interestingly, inhibition
of NF-xB showed a reduction of apoptosis in the brain
[112]. It has been suggested that some radioprotectors and
mitigators such as melatonin, curcumin, resveratrol, soy
isoflavones and naringin are able to suppress the expres-
sion and nuclear translocation of NF-xB [34, 113, 114].
It seems that the suppression of NF-kB by these agents is
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a key mechanism for protection or mitigation of radiation
injury [115-117].

NF-kB plays a key role in the resistance of a wide range
of cancer cells to ionizing radiation. It can induce anti-apop-
tosis genes such as Bcl-2. NF-«xB has a higher expression
in several cancer types and its inhibition may enhance the
death of cancer cells by radiation without adverse effects on
normal tissues [34]. Furthermore, NF-xB increases angio-
genesis and metastasis via regulation of vascular endothe-
lial growth factor (VEGF), matrix metalloproteinase-3
(MMP-3), signal transducer and activator of transcription
3 (STAT?3) etc. [34]. NF-xB upregulation has a link with a
wide range of cancers such as hematological malignancies,
lung carcinoma, gastrointestinal and breast tumors [118].
Some clinical studies have shown that the suppression of
NF-kB is associated with an increase in the survival of
patients with multiple myeloma [119, 120]. Targeting NF-xB
has been shown to sensitize cancer cells to radiotherapy,
thus its inhibition can increase the therapeutic efficiency of
radiotherapy with both protection of normal tissues and sen-
sitization of cancer cells [34].

COX-2

COX-2 generates prostaglandins (PGs) through the metabo-
lism of arachidonic acids. PGE, is one of the most impor-
tant products of COX-2 which mediates the pathogenesis
of several inflammatory responses [121]. The expression of
COX-2 is not high in all organs. However, its suppression
has been shown to protect and mitigate radiation injury in
some organs. In bystander effect, studies have shown that
COX-2 plays a key role in DNA damage and cell death after
exposure to ionizing radiation [122-125]. It has been sug-
gested that upregulation of COX-2 is associated with mocus-
itis; however, it may not be a key player in the inhibition of
this process [126]. Overexpression of COX-2 has also been
observed in irradiated intestinal mucosa [127].

Inhibition of COX-2 using celecoxib or rofecoxib can
alleviate the severity of arthritis and paw edema, and reduces
the level of inflammatory cytokines such as TNF-a follow-
ing exposure to radiation [128, 129]. COX-2 inhibition has
also shown protection against radiation-induced skin injury
[130]. Targeting COX-2 after irradiation has been shown to
mitigate radiation injury in the bone marrow. Inhibition of
PGE, synthesis using meloxicam after irradiation can miti-
gate mortality. Post-irradiation treatment with meloxicam
could also improve hematopoietic system recovery. The mit-
igation of radiation-induced lethal effect was obtained when
meloxicam was administered either 6 or 48 h after exposure
to radiation [131]. COX-2 inhibition can also mitigate pul-
monary injury after exposure to ionizing radiation [132].
It has been suggested that COX-2 inhibition is involved in
the radioprotective effect of some agents such as curcumin
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[133]. By contrast, some evidences have shown that PGE2
has a role in protecting the intestines and hematopoietic stem
cells [134, 135].

COX-2 inhibitors have been shown to sensitize cancer
to radiation through suppression of proliferation, angiogen-
esis and metastasis. COX-2 is a stimulator of VEGF, thus
it triggers angiogenesis and tumor growth [136]. COX-2
also induces the expression of anti-apoptosis genes such as
Bcl-2, thereby increasing survival following therapy [137].
Due to these reasons, COX-2 inhibitors are known as radio-
sensitizers [138]. Targeting COX-2 has shown promising
results for increasing tumor response to radiotherapy [139].
On the other hand, celecoxib as a selective COX-2 inhibitor
can mitigate lung injury. It seems that COX-2 inhibition is
interesting for protection and mitigation of radiation-induced
lung injury. Other radiosensitive organs will require further
examination in clinical studies.

NLRP3 inflammasome

NLRP3 inflammasome is a complex that reacts to stress
conditions and pathogens through the release of IL-1 and
IL-18. Regulation of this complex has a close relationship
with mitochondria injury. Damage to the mitochondria
may induce upregulation of NLRP3 inflammasome, thus
amplifies inflammatory reactions [140]. Irradiation of mac-
rophages lead to the development of NLRP3 inflammasome
complex as well as an increase in pro-inflammatory IL-1
level [141]. This can promote apoptosis in radiosensitive
bone marrow cells [142]. Activation of NLRP3 inflamma-
some has been shown to promote inflammation and fibro-
sis in some organs such as central nervous system (CNS),
gastrointestinal system and lung [143]. In fact, NLRP3
inflammasome may accelerate inflammation and fibrosis
following exposure to ionizing radiation [144]. Pyropto-
sis in bone marrow cells has shown as a key stimulator of
NLRP3 inflammasome which acts as a key player in the
bone marrow injury and mortality following whole-body
irradiation [142]. Activation of NLRP3 inflammasome in
immune cells also may play a key role in side effects of other
tissues [141]. Inhibition of inflammatory pathways including
NLRP3 inflammasome can mitigate radiation toxicity [145].
Melatonin, an anti-inflammatory agent, is able to mitigate
radiation-induced mucositis through attenuation of NLRP3
inflammasome pathway [146, 147] (Fig. 3).

Experimental studies have confirmed that NLRP3 inflam-
masome has a role in the pathogenesis of cancer. NLRP3
inflammasome is involved in cancer progression in a wide
range of malignancies such as lung, skin, liver, gastrointesti-
nal and prostate cancers [148]. Targeting NLRP3 inflamma-
some has been proposed for reducing tumor resistance [149,
150]. However, the effect of NLRP3 inflammasome targeting
in combination with radiotherapy remains to be elucidated.
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Fig.3 Inflammatory responses
following exposure to ionizing
radiation. Necrosis, necroptosis
or autophagy can induce inflam-
matory responses following the -
release of DAMPs. NF-kB is a
central regulator of inflamma-
tory responses via triggering
the release of cytokines and
upregulation of COX-2 and
iNOS. NF-xB also induces

the development of inflam-
masome. Increased levels of
inflammatory cytokines, iNOS
and COX-2 amplify oxidative
stress and DNA damage, which
lead to continuous expres-

sion of NF-kB. The positive
feedback between inflammatory
cytokines, oxidative stress and 4
transcription factors like NF-xB
can cause chronic inflamma-
tion many years after exposure
to radiation. Disruption of this
crosstalk can mitigate radiation
injury

IL-1, IL-18
1

Absent in melanoma (AIM)2 inflammasome

AIM?2 inflammasome is another type of inflammasome
that has a role in cell death through pyroptosis. Pyroptosis
is an inflammatory type of cell death that is mediated by
inflammasomes [151]. After exposure to clastogenic agents
and DNA damage, AIM2 recognizes double-strand breaks
(DSBs), then stimulates the activation of caspase-1, the
cleavage of gasdermin D (GSDMD) and release of inflam-
matory cytokines which is associated with membrane per-
foration and release of cell contents [152—154]. Although
studies for protection against ionizing radiation via target-
ing AIM2 inflammasome is very limited, some results are
interesting. For the first time, Hu et al. found that mice defi-
cient in AIM2 are more resistant against mortal effects of
whole-body exposure to ionizing radiation. Knockdown of
AIM?2 was shown to reduce pyroptosis in both bone marrow
and intestine as well as preserved colony formation of stem/
progenitor cells. Results of this study confirmed that AIM?2
translocates into the nucleus after irradiation and mediates
pyroptosis following activation of caspase-1 [155]. Inhibi-
tion of this pathway after irradiation also showed remarkable
mitigation of radiation injury in the intestine. After whole-
body irradiation, an increase in AIM2 and the cleavage of
GSDMD was observed in the intestine, however, inhibition
of AIM2 following administration of 5-Androstenediol
mitigated intestinal injury and reduced mortality [156].
AIM2-induced pyroptosis is also involved in late effects of
ionizing radiation including lung pneumonitis and fibrosis.
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Suppression of AIM2 can attenuate radiation-induced cell
death in lung tissues, which is associated with amelioration
of pneumonitis and fibrosis [157].

Heat shock proteins (HSPs)

HSPs are inflammatory mediator proteins that protect cells
during stress conditions. It seems that oxidative stress and
released cytokines after exposure to stimulus such as ioniz-
ing radiation trigger activation of HSPs [158]. HSPs include
different subfamilies that may promote or suppress inflam-
mation [159, 160]. HSP70 can prolong G1 phase of cell
cycle, leading to the reduction of cell death after exposure
to ionizing radiation [161]. In contrast to HSP70, HSP27 is
an inflammatory mediator protein. HSP27 has a close rela-
tion with NF-kB, thus it can induce inflammation and sup-
press apoptosis [162]. Inhibition of HSP27 has been shown
to reduce inflammation and oxidative stress following lung
exposure to radiation [163]. Studies for the mitigation of
radiation injury by inhibition of HSPs are very few.
Inhibition of HSP70 is an interesting strategy for tumor
sensitization and activation of immune system against cancer
[164]. HSP70 has high expression in a wide range of can-
cer cells, hence improving survival through stimulation of
anti-apoptosis genes [165, 166]. Overexpression of HSP70
is associated with malignancy and metastasis in some can-
cers such as acute myeloid leukemia, hepatocellular carci-
noma and cervical cancers [167]. Thus, its activation does
not seem to be an appropriate strategy for normal tissue

@ Springer



3138

E. khodamoradi et al.

protection during radiotherapy. By contrast, inhibition of
HSP27 can be a potential strategy for tumor radiosensitiza-
tion. HSP27 has a role in the inhibition of apoptosis via inhi-
bition of caspase 9. It can also suppress necrosis in cancer
cells, leading to tumor resistance [168]. The expression of
HSP27 can predict mortality of patients with lung carcinoma
[169]. HSP27 inhibitors can cause both the protection of
normal tissues and sensitization of tumor in combination
with chemotherapy drugs or radiotherapy [170]. However,
targeting HSPs for the mitigation of radiation injury requires
further studies.

Hypoxia

Hypoxia is a low oxygen condition within tissues. Hypoxia
is a critical issue for tumor response to therapy. However,
evidence shows that it also plays a key role in normal tissue
injury. Hypoxia stimulates angiogenesis through upregula-
tion of hypoxia-inducible factor (HIF). HIF-1 is the main
mediator of VEGF, which is responsible for the develop-
ment of new vessels. Although angiogenesis causes serious
resistance of tumors to radiotherapy, it is a marker of radia-
tion-induced severe injury in normal tissues [171]. Hypoxia
occurs when radiation kills endothelial cells, leading to the
removal of microvascular [172]. This causes the reduction
of vascular density, which leads to oxygen deprivation [173].
Hypoxia and nutrition deprivation following vascular deple-
tion can give rise to necrosis of normal adjacent cells, which
lead to inflammation and more amplification in normal cells
[174]. For example, in the brain, hypoxia and vascular injury
cause reduction of cognition for patients that undergo radio-
therapy for brain tumors [173, 175]. It has been shown that
hypoxia is a critical issue for late effects of ionizing radiation
such as myelopathy, pneumonitis and fibrosis rather than
early effects [171, 176, 177]. A radionuclide lung perfu-
sion study showed that hypoxia increases with time after
irradiation, which is associated with continuous increase in
oxidative stress and the levels of VEGF and TGF- [178].

HIF-1 plays a key role in hypoxia-induced oxidative
injury, inflammation and fibrosis following lung irradiation.
It can increase the expression of VEGF, TGF-f and inflam-
matory cytokines that activate redox reactions and finally
facilitates fibrosis and pneumonitis [179]. In addition to the
lung, HIF-1 may play a key role in the inflammatory reac-
tions in other organs such as the intestine [180]. In contrast
to HIF-1, upregulation of HIF-2 has been shown to protect
normal tissues against radiation [181].

Hypoxia is known as a regulator of tumor resistance
rather than normal tissue injury [182]. In response to
hypoxia, HIF-1 stimulates VEGF and angiogenesis. Fur-
thermore, HIF-1 can increase survival of cancer cells via
induction of COX-2 [183]. Thus, targeting hypoxia does not
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interfere with tumor response to radiotherapy. The effects
of hypoxia and HIF-1 on the resistance of a wide range of
cancers such as lung, liver, brain, breast, prostate, cervix are
well known. Thus, its targeting has been suggested to help
overcome the resistance of a wide range of solid tumors and
also amelioration of toxicity in adjacent normal tissues dur-
ing radiotherapy [182].

Targeting fibrosis

Radiation-induced fibrosis can affect most irradiated tis-
sues some months to years after exposure to heavy doses of
ionizing radiation. Fibrosis is associated with deposition of
collagen which leads to stiffness of tissues. In the muscles,
fibrosis can cause stiffness, atrophy and shortening, which
limit mobility [184]. This causes problems in the move-
ment of joints and skin breakdown [185]. Fibrosis in the
lung may appear the following radiotherapy for chest can-
cers, leading to pulmonary failure and death [186]. In the
heart also, fibrosis increases the risk of heart attack [187].
Studies explaining the cellular and molecular mechanisms
of radiation-induced fibrosis are ongoing. However, it is well
known that the pivotal role of some cytokines such as TGF-
f, IL-4 and IL-13 as well as some other mediators such as
renin—angiotensin system and some microRNAs have shown
important roles.

Interestingly, fibrosis which leads to tumor stiffness is
an important cause of tumor resistance and progression
[188]. TGF-p, IL-4 and IL-13 as pro-fibrotic cytokines are
the most important suppressors of natural killer (NK) cells
and cytotoxic T lymphocytes (CTLs), which cause immune
escape of cancer cells [189]. Tumor fibrosis also reduces the
penetration of anti-cancer drugs such as chemotherapy and
immunotherapy into tumor microenvironment [188]. This
effect can reduce the effectiveness of combination modalities
such as chemoradiotherapy or immunoradiotherapy. Target-
ing fibrosis can increase the therapeutic efficiency of radio-
therapy through normal tissue protection and also increasing
tumor response to radiotherapy.

Pro-fibrotic cytokines

Fibrosis is a late effect of radiotherapy that may appear years
after the end of treatment [190]. Fibrosis occurs following
deposition of collagen and upregulation of extracellular
matrix (ECM) components. Cell death through apoptosis
and senescence, oxidative stress and chronic inflammation
are key enhancers of fibrosis [191]. Fibrosis is a serious
threat for some organs such as lung, skin, heart, intestine
and also vessels [192, 193]. Fibrosis in the lung and heart
poses a threat to the lives of patients that underwent radio-
therapy for chest cancers and may cause death some years
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after radiotherapy. In the skin and intestine, fibrosis nega-
tively affects the quality of life [194].

TGF-B

TGF- is the central regulator of collagen deposition and
fibrosis development following exposure to ionizing radia-
tion. It is a key regulator of wound healing. However, mas-
sive apoptosis and senescence after exposure to high doses
of ionizing radiation can cause abnormal upregulation of
TGF-p for long times. TGF-f can increase the expression of
pro-fibrosis pathways such as Smad2/3 and Rho/Rock path-
ways, which amplify the expression of ECM. TGF-f is also
a potent stimulator of pro-oxidant enzymes such as NADPH
oxidase, COX-2 and iNOS, which mediate the generation
of ROS, NO and PGE,; which are key players of fibrosis
[191]. In response to ionizing radiation, TGF-p has also
been shown to induce fibrosis through canonical WNT/f-
catenin pathway and PPARYy [17, 195]. Clinical studies have
shown that upregulation of TGF-f has a direct relationship
with fibrosis in the lung, heart, skin, intestine, bladder, liver
etc. [196, 197]. To date, several pharmaceutical agents,
antioxidants and radioprotectors have been investigated for
mitigating radiation-induced fibrosis through modulation of
TGF-p. Cu/Zn superoxide dismutase (SOD) has been shown
to reduce radiation-induced fibrosis in the skin through the
modulation of TGF-f [198]. Stimulation of SOD has also
shown anti-fibrosis effects in the lung [199]. Some agents
such as melatonin, curcumin, selenium, MnTE-2-PyP5+,
etc., are able to induce SOD after exposure to radiation,
thus they may be appropriate candidates for mitigation of
fibrosis after exposure to heavy doses of ionizing radiation
[200-204]. Experimental studies have shown that some
agents such as flaxseed, EUK-207, IPW-5371 and genistein
can reduce the expression of TGF-f§ and mitigate radiation-
induced fibrosis [205-207].

TGF-p is one of the most potent immune system sup-
pressors in a wide range of malignancies via suppression
of CTLs and NK cells [208]. Furthermore, the release of
TGF-p will be increased following radiotherapy in both
tumor and normal tissues. In this situation, increased level
of TGF-P causes immune escape of cancer cells as well as
normal tissue toxicity [209]. Hence, inhibition of TGF-p
has been suggested to overcome cancer resistance and also
normal tissue protection during radiotherapy [210].

IL-4

IL-4 plays a key role in the promotion of fibrosis. IL-4 can
induce upregulation of TGF-f, which leads to stimulation
of its downstream genes. Knockdown of IL-4 in mice has
been shown to attenuate infiltration of macrophages in
the lung [211]. It seems that IL-4 is able to upregulate the

expression and activity of pro-oxidant enzymes, thus stimu-
lates the production of free radicals and differentiation of
myofibroblasts. Duox1 and Duox2 are the most important
ROS generating enzymes that upregulate their expression
following increased release of IL-4. Suppression of IL-4 and
both Duox1 and Duox2 has been shown to be associated
with the reduction of radiation-induced fibrosis in the lung.
Some radioprotectors such as melatonin and selenium have
also shown abilities to reduce infiltration of macrophages
that is also associated with the reduction of IL-4 level and
inhibition of its downstream signaling pathways.

IL-4 has a high expression in some cancers such as that of
the lung, breast, glioma, bladder, pancreas and ovary [212].
In tumor, IL-4 promotes the development of T helper cells
type 2 (Th2), while it suppresses proliferation of Th1. These
effects lead to attenuation of anti-tumor immunity because
of reduction of IFN-y and IL-2, which are responsible for
the proliferation of CTLs and NK cells [213]. In response
to radiation, it has been suggested that IL-4 induces prolif-
eration of cancer stem cells (CSCs) in prostate cancer cells
[214]. Also, it promotes epithelial-mesenchymal transition
in breast cancer cells after irradiation [215]. As suppression
of IL-4 can protect lung tissues and inhibit lung and breast
cancers, its targeting favours radiotherapy for these malig-
nancies. For other tissues, targeting IL-4 will require further
studies to examine its potentials for normal tissue sparing.

IL-13

Similar to IL-4, IL-13 can promote radiation-induced fibro-
sis. Although the complete mechanisms of the role of IL-13
in the development of radiation toxicity remain to be eluci-
dated, it has been suggested that IL-13 through triggering
of IL13Ra2 induces fibrosis [216]. Knockdown of IL-13 in
mice has been shown to reduce the severity of lung fibro-
sis [217]. Interestingly, targeting IL-13 has been suggested
for boosting tumor immunity as well as inhibition of IL-13
in some cancer cells including MCA304 sarcoma, 4TI
breast carcinoma and glioma cancer cells [218-220]. For
mice bearing glioma, inhibition of IL-13 has been shown to
increase survival [221]. The combination of radiation and
IL-13Ra2-targeted cytotoxin has shown promising results
for glioma cancer cells [222, 223]. Studies examining the
effects of IL-13 on both tumor and normal tissues are very
limited and need to be investigated for each organ and tumor.

Renin-angiotensin system

It is well known that renin—angiotensin system has a key role
in the development of late effects of ionizing radiation [224].
Infusion of angiotensin II can augment radiation nephropa-
thy [225]. Furthermore, it has been suggested that angioten-
sin antagonists can reduce the severity of radiation-induced
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nephropathy [226, 227]. Total body irradiation can increase
the level of renin and the expression of angiotensin some
weeks after irradiation, which can cause damages to some
organs such as kidney, heart, brain, and lung [227-229]. The
elevated level of renin—angiotensin can impair the function
of kidney and heart, and also stimulates synthase of col-
lagen and development of fibrosis [230, 231]. As the level
of renin and angiotensin increases during some weeks to
months after exposure to ionizing radiation, it is a potential
candidate for mitigation and treatment of radiation-induced
side effects. The most important side effects of renin—angio-
tensin system following exposure to ionizing radiation are
renal malfunction and inflammation as well as fibrosis in
some organs such as the lung, heart and kidney.

In the kidney, blockade of both angiotensin I and II may
be critical in achieving maximum protection against radia-
tion-induced kidney failure [232]. However, a study showed
that treatment with an angiotensin II inhibitor can prevent
renal failure following whole-body irradiation [233]. In a
case report, it was shown that losartan as an angiotensin II
inhibitor, can treat renal damage caused by radiation [234].
Comparisons between the different types of angiotensin-
converting enzyme inhibitors (ACEI) suggest that captopril
is a gold standard ACEI for mitigation of renal nephropa-
thy [235]. Administration of captopril or losartan starting
10 days after whole-body irradiation showed delayed initia-
tion of renal failure [236]. So far, few clinical studies have
been conducted to show the mitigatory effect of ACEIs
on renal failure after total body irradiation (TBI). A study
showed a decline but not significant reduction in renal failure
for patients who received hematopoietic stem cells after TBI
[237]. However, another study showed a significant improve-
ment in the glomerular filtration rate (GFR) [238]. It has
been suggested that the overexpression of heme oxygenase
1 (HO-1) following upregulation of angiotensin II has a role
in renal injury caused by ionizing radiation [239]. However,
further studies will be required to explain the mechanisms
involved in angiotensin II-induced renal function injury.

Inhibition of renin—angiotensin using some agents such as
captopril, losartan, enalapril and fosinopril has been shown
to mitigate radiation-induced pneumonitis and fibrosis [240,
241]. The combination of renin—angiotensin antagonist cap-
topril with an antioxidant showed more reduction in pneu-
monitis following lung irradiation, which is an indication
that renin—angiotensin can promote inflammation and fibro-
sis independent of redox system [242]. Delayed treatment
with captopril starting from 2 weeks after lung irradiation
has also been shown to reduce damages to pulmonary vas-
cular [243]. The use of ACEIs has been suggested to prevent
or mitigate radiation-induced pneumonitis in radiotherapy
patients [244]. The use of ACEIs for lung cancer radiother-
apy patients has shown lower incidence of lung pneumonitis
[245]. Similar results were observed in a retrospective study
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for patients who used ACEIs during radiotherapy [246]. A
clinical study also showed promising results for patients
who underwent stereotactic body radiotherapy (SBRT) for
lung cancer [247]. Lung pneumonitis and renal failure are
two important side effects of total body irradiation (TBI)
for patients with leukemia. Administration of ACEIs after
TBI and hematopoietic stem cell transplantation showed a
significant reduction in the incidence of pneumonitis. Cap-
topril showed a reduction in the probability of pneumonitis
by 15% [237].

Although the complete mechanisms of renin—angiotensin
induced pneumonitis and fibrosis remain to be elucidated, it
seems that triggering pro-fibrotic cytokines and mediators by
renin—angiotensin has a key role. A study by Molteni et al.
confirmed that inhibition of angiotensin II using captopril
or enalapril is associated with potent inhibition of TGF-p,
COX-2, alpha-actomyosin (a-SMA) thromboxane (TXA2)
and PGI,; which are key players in the progression of pulmo-
nary fibrosis [248]. It has been suggested that renin—angio-
tensin inhibitors can increase the level of heptapeptide
angiotensin-(1-7), which causes inhibition of inflammatory
mediators such as COX-2 and MAPKSs [249]. Furthermore,
administration of captopril and other renin—angiotensin
inhibitors have been shown to reduce the expression of PAI-
1, an important regulator of senescence and fibrosis [250].

Administration of ACEI has also been shown to mitigate
radiation toxicity in the bone marrow. Administration of
captopril after whole-body irradiation can increase survival,
while its administration before irradiation has been shown
to reduce survival. Results indicated that administration of
captopril only after exposure to radiation can cause bone
marrow recovery [251]. Treatment with captopril even after
21 days has been shown to stimulate bone cells’ recovery
[252]. It seems that an increase in angiotensin-(1-7) has a
role in bone marrow recovery [253].

Angiotensin II has a key role in cancer immunosuppres-
sion. It can stimulate the expressions of TGF-p, COX-2,
VEGF as well as others which promote tumor growth [254].
Inhibition of angiotensin II has been shown to suppress the
growth of colorectal, renal and various types of lung can-
cer cells [255]. Due to the anti-cancer effects of angiotensin
inhibitors on lung cancer as well as its protective effect on
normal tissues, the combination of renin—angiotensin sys-
tem inhibitors with radiotherapy may be applicable for lung
cancer patients as shown by promising results from clinical
studies [244, 256].

Epigenetic modulators

Epigenetic changes including modifications in the DNA
methylation and histone acetylation play a key role in ion-
izing radiation-induced fibrosis [257]. ROS generation and
DNA damage lead to several changes in the expression of
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miRNAs, DNA methylation and histone acetylation [258,
259]. In this section, we explain some epigenetic targets that
are involved in the progression of fibrosis and suggested as
potential targets for mitigation of radiation-induced fibrosis.

Bromodomain and extra terminal (BET)

BET proteins are involved in the reading of epigenetic his-
tone modifications. BET proteins act as enhancer of the
expression of target genes [260]. These proteins include four
subfamilies that regulate the expression of some oncogenes
and redox mediators. BET proteins are able to inhibit SOD
expression, an important suppressor of fibrosis progression.
Furthermore, BET proteins trigger myofibroblast differen-
tiation following stimulation of TGF-B-NOX4 signaling
pathway [261]. Silencing BET proteins has been proposed
for preventing and also reversing fibrosis [262, 263]. So
far, few studies have been conducted to explain the role of
BET proteins in radiation-induced fibrosis. BET inhibitor
JQ1 showed promising results for the reduction of inflam-
mation and fibrosis following chest irradiation. Results
indicated a reduction in pro-fibrosis genes and the differ-
entiation of myofibroblasts [264]. Targeting BET can also
regulate the expression of genes involved in fibroblast acti-
vation through activation of the diacylglycerol kinase alpha
(DGKA). DGKA is an enhancer of alpha smooth muscle
actin (a-SMA) and collagen 1A1 (COL1A1). Inhibition of
BET proteins can cause reduction of DGKA gene expres-
sion, thus mitigates radiation-induced fibrosis [265]. Target-
ing BET proteins has shown anti-cancer effects for breast,
colorectal, glioma, medulloblastoma, prostate and lung can-
cers [266, 267]. Clinical studies have also shown interesting
results [268]. Thus, inhibition of BET may be promising for
the amelioration of lung toxicity among patients with lung
cancer.

MiR-21

It has been suggested that miR-21 has a close relation with
TGF-B [269]. MiR-21 overexpression is associated with
upregulation of TGF-p and fibrosis following exposure
to ionizing radiation [270]. Upregulation of miR-21 after
irradiation can suppress phosphatase and tensin homolog
(PTEN) [271], leading to the induction of epithelial to mes-
enchymal transition (EMT), a key player of fibrosis [272].
MiR-21 overexpression has been shown to be associated
with radiation-induced fibrosis [273]. MiR-21 as an inducer
of fibroblast senescence causes the release of TGF-f from
macrophages [274, 275]. As earlier mentioned, SOD is an
important suppressor of radiation-induced fibrosis. One of
the most common roles of miR-21 is inhibition of SOD2.
TGF-f can induce the expression of miR-21 in fibroblasts,
which cause the suppression of SOD and oxidative injury

[276]. Downregulation of miR-21 has been suggested for
reducing oxidative stress, inflammation and fibrosis follow-
ing irradiation of the heart [277]. (Table 1).

MiR-21 is known as an important regulator of radiore-
sistance of some malignancies including breast and lung
[278]. This could ease the management of radiation-induced
fibrosis in the lung without adverse effects on lung or breast
cancer responses to radiotherapy [279].

The molecules with unclear selectivity

There are some other mediators that are mainly involved in
cellular metabolism and potentiate radiation-induced oxi-
dative stress. Targeting NADPH Oxidase enzymes includ-
ing NOX1-5 and Duox1&2 have shown that can attenuate
radiation injury in some normal cells/tissues. However, their
inhibition has shown various consequences on the radiosen-
sitivity of cancer cells [280, 281]. PPAR also is another tar-
get that has shown different effects. Some studies suggested
that PPAR agonists can protect normal tissues [282]. How-
ever, this may increase cancer cells radioresistance [283].
Targeting of these molecules and some other targets such
as mitochondria, iNOS, and mTOR need to more accuracy.
Suppression of these mediators may reduce ROS and NO
levels in tumor, leading to more survival following exposure
to ionizing radiation [204, 284, 285] (Fig. 4).

Regenerative medicine in the mitigation
of ARS

Stem cells responses to ionizing radiation

Stem cells are critical targets for ionizing radiation. The pri-
mary reason for hematopoietic and gastrointestinal system
is stem cell death, which leads to depletion of progenitor
and mature cells during some days after exposure to radia-
tion. Bone marrow is containing two types of multipotent
stem cells, including mesenchymal and hematopoietic stem
cells [59]. Mesenchymal stem cells are more radioresist-
ant compared to hematopoietic stem cells. Furthermore,
mesenchymal stem cells are responsible for the production
of fatty cells and osteoblasts that are less critical following
exposure to a radiation accident. By contrast, hematopoietic
stem cells are responsible for maintain of immune system,
red cells and platelets. Hematopoietic stem cells divide into
two type progenitor cells, including myeloid and lymphoid
cells. Hematopoietic stem cells have very low mitotic activ-
ity, while, progenitor cells have higher mitotic index and
are more radiosensitive. Lymphoid progenitor cells and also
its derivative cells containing lymphocytes have high radio-
sensitivity. High radiosensitivity of progenitor and mature
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Table 1 (continued)
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mitigated mortality. Captopril treatment 3 weeks after

could reduce lethal effects of ionizing radiation
Treatment with JQ1 1 day before to 9 days after chest

[264]

BET

20 Gy

Lung

Rats

irradiation led to remarkable reduction of collagen

content and fibrosis. Furthermore, significant reduction

in the expression of C-Myc oncogene, and pro-fibrosis
genes including TGF-p, NF-kB p65, and Smad2/3

were observed

[277]

Suppression of miR-21 by molecular hydrogen-rich

MiR-21

10 Gy

Heart

Rats

water caused reduction in inflammatory markers and

possible fibrosis

lymphoid cells leads to fast depletion of lymphocytes in
peripheral circulation which may continue for a long time
after exposure to a high dose of radiation. Myeloid-derived
cells such as neutrophils, platelets, monocytes, basophils and
erythrocytes are radioresistant and no immediate reduction
is observable after exposure to radiation. However, high
radiosensitivity of myeloid progenitor cells lead to remark-
able reduction of these cells during some days to weeks.
These changes cause severe suppression of immune system.

Stem cells in intestine, especially jejunum have high
mitotic activity. High self-renewal activity of stem cells
in intestine maintains sufficient number of functional cells
such as absorptive, epithelial and goblet cells. Functional
cells are resistant to ionizing radiation. However, they have
low life and then are shed into the lumen during some days.
Continuous division of intestine stem cells provide suffi-
cient surface for nutrient and water absorption by crypts and
villi. High mitotic activity of intestine stem cells makes them
sensitive to ionizing radiation. Damage to intestinal stem
cells leads to depletion of goblet cells, shortening of villi
and crypt thinning. Furthermore, apoptosis and necrosis of
endothelial cells in vessels lead to bleeding and penetration
of microorganisms into circulation. The existence of bacteria
in circulation and also suppression of immune system can
cause severe infection. Reduction of platelets also increase
bleeding and more reduction of peripheral cells.

As mentioned earlier, redox interactions and continuous
production of ROS and NO play key role in radiation toxic-
ity. In the hematopoietic system and intestine ROS and NO
can suppress DNA damage repair and cell cycle progression.
Targeting of ROS generating sources such as NOX4, and
also mitochondria has shown that reduces damage to hemat-
opoietic stem and progenitor cells and improves hematopoi-
etic function after irradiation. Scavenging of free radicals
also can help to repair stem cells and mitigation of radiation
injury in intestine [287]. WNT/beta-catenin plays a key role
in the proliferation of stem cells and resistance to ionizing
radiation [288]. Stimulation of this pathway can increase
survival through the induction of repair pathway and sup-
pression of apoptosis [287, 289]. Some other targets such as
TLRs, p53 and angiotensin II are promising for stem cells
protection, however, there need to studies to explain the role
of these targets for each type of stem cells in bone marrow
and intestine.

Stem cells therapy for mitigation of ARS

Bone marrow transplantation has been a known strategy for
the regeneration of bone marrow function after bone marrow
injury such as seen following ARS or total body irradiation
for leukemia. Results from Chernobyl accident confirmed
successful mitigation of ARS following bone marrow trans-
plantation [290]. It was assumed that hematopoietic stem
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and progenitor cells are responsible for the regeneration
of bone marrow function. However, nowadays it is well
known that other stem cells such as mesenchymal, adipose
or embryonic stem cells can regenerate radiation-induced
stem cell depletion in the bone marrow and gastrointesti-
nal system [291]. To date, some types of stem cells such
as mesenchymal and embryonic stem cells have studied in
animal studies to mitigate ARS following exposure to lethal
doses of ionizing radiation [292-295]. MSCs have priority
for transplantation because their immunoregulatory effects.
MSC:s are able to attenuate response of T lymphocytes, thus
reduces transplant rejection probability [296]. Furthermore,
transplantation of endothelial cells has shown that can miti-
gate ARS, mediated through the regeneration of hematopoi-
etic stem cells, inhibition of apoptosis and also repair of
injured vessels [297, 298].

Administration of MSCs to irradiated mice can reduce
apoptosis and trigger stemness in both HSCs and stromal
stem cells. MSCs are able to upregulate Notch2 signaling, an
important regulator of hematopoiesis, thus triggers prolifera-
tion of both MSCs and HSCs after exposure to ionizing radi-
ation [299]. MSCs also attenuate inflammation and endog-
enous free radicals, thus reduce vascular injury [257]. Using
MSCs with high expression of high mobility group box 1
(HMGB1) has shown is more effective for mitigation of

radiation-induced vascular injury. HMGB 1-modified MSCs
have higher potential for differentiation toward endothelial
cells, thus can repair vessels more effectively [300].

Stem cells therapy in combination with ROS
targeting for mitigation of ARS

As some stromal cells such as fibroblasts play a key role in
redox reactions after ionizing radiation, inhibition of these
targets may help to preserve remaining stem cells and also
the success of stem cells transplantation [301]. Furthermore,
targeting free radicals by antioxidants or ROS scavenging
enzymes may be an interesting idea for better mitigation of
ARS following stem cells therapy. A study reported the suc-
cessful mitigation of ARS using genetic modified MSCs to
release extracellular SOD [302]. Similar results observed for
modified umbilical cord mesenchymal stromal cells [303].
Activation of ERK/NRF2 pathway is another suggested
mechanism that has shown mitigate damage to hematopoietic
stem cells [304]. NRF2 triggers the activation of antioxidant
defense enzymes such as SOD, thus reduces apoptosis follow-
ing exposure to ionizing radiation [304]. As SOD has shown
that neutralize free radicals produced by stromal cells, activa-
tion of this pathway may help to the survival of remaining stem
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cells after exposure to radiation, or even attenuates damage to
transplanted stem cells [305, 306].

Stem cell therapy for mitigation of delayed effect
of acute radiation exposure (DEARE)

Although cell therapy can mitigate radiation toxicity in bone
marrow and gastrointestinal system, damage to other organs
such as kidney and lung need to mitigated through inhibition
of other potential targets. Stem cell therapy can reverse the
depletion of stem cells in irradiated organs and also attenuate
some other side effects. It is reported that MSCs have some
properties that help to management of radiation-induced
inflammation and fibrosis in late responding tissues such as
lung [307]. MSCs can help to restore of radiosensitive cells in
the lung, including endothelial cells in vessels and epithelial
cells in airways [308]. Furthermore, MSCs have the ability
to restore antioxidant defense, thus attenuate oxidative stress
[309]. MSCs can release SOD, thus can suppress chronic
inflammation, oxidative stress and development of fibrosis in
the lung [310, 311]. Clinical usage of stem cells for protection
and mitigation of radiation-induced lung fibrosis is in the first
steps (NCT02277145).

By contrast to mentioned studies, there is some evidence
that stem cell therapy may cause increase progression of lung
injury [312]. Furthermore, there are some experimental studies
that indicated stem cell transplantation cannot mitigate kid-
ney and lung injury following whole-body exposure to radia-
tion [237, 313]. An experimental study showed that stem cell
transplantation following whole-body irradiation with 10 Gy
mitigates ARS in hematopoietic and gastrointestinal system.
However, a remarkable reduction in survival observed dur-
ing 15-20 weeks. Results showed a significant increase in
BUN level, indicating nephropathy. Treatment with captopril
or other renin—angiotensin inhibitors showed a significant
reduction in the BUN level and increase of survival [235].
Another study also indicated that bone marrow transplantation
after whole-body irradiation with 11 Gy lead to death during
2—4 months because of pneumonitis and kidney failure. How-
ever, when rats received renin—angiotensin inhibitors includ-
ing captopril, enalapril or fosinopril, a significant increase in
survival observed, which was associated with amelioration
of pneumonitis and nephropathy [314]. A clinical study also
confirmed that captopril administration after total body irra-
diation and bone marrow transplantation increase survival of
patients [237].

@ Springer

Importance of time for the onset of radiation
mitigation treatment against ARS
and DEARE

Timing for initiation of treatment for mitigation of radia-
tion lethality is a vital issue. It is predictable that kinetic
of cells and also final consequence of ionizing radiation
in each organ play key role in the selection of appropri-
ated mitigators and also timing for supplement. ARS in
the hematopoietic and gastrointestinal system is mainly
resulting from apoptosis of stem and progenitor cells
[315]. Early apoptosis occurs during some hours after
exposure to ionizing radiation [316]. Thus, mitigation of
ARS in hematopoietic and gastrointestinal system need to
suppression of apoptosis at early hours after exposure to
radiation. Targeting of p53 and TLRs has confirmed this
issue. Inhibition of p53 or treatment with TLRs agonists
can mitigate radiation toxicity effectively when treatment
initiated during first hours after irradiation [19]. Early
apoptosis is p53 dependent and its targeting need to treat-
ment during first minutes to hours [317]. Second wave of
radiation-induced toxicity in bone marrow and intestine
may be trigger by activation of pro-oxidants and produc-
tion of free radicals. These free radicals are not produced
by ionizing radiation directly, but apoptosis and release
of damaged cells contents can trigger ROS production
by macrophages, lymphocytes and also mitochondria
in some non-immune cells [318]. Neutralization of free
radical using ROS/NO scavengers and also mitochondria
targeting can suppress further apoptosis and depletion of
progenitor cells [319]. Initiation of second wave of ROS
production may take some hours to days. Thus, treatment
with antioxidants immediately after exposure to radiation
may do not cause remarkable improvement in survival and
mitigation of ARS [320]. Renin—angiotensin is another
known mediator of radiation toxicity in bone marrow. As
showed in Fig. 5, it can stimulate upregulation of TGF-§,
an important stimulator of apoptosis and redox activation.
Targeting of renin—angiotensin system immediately after
exposure to radiation to some weeks later can mitigate
ARS, probably via inhibition of TGF-f induced apoptosis
and chronic oxidative stress.

The time window for mitigation of DEARE is differ
compared to ARS. In the kidney, stem cells have low
kinetic and nephropathy can occur during a long time
after exposure [321]. Pneumonitis and fibrosis also are
late effects of ionizing radiation that may cause death dur-
ing months to years after exposure to a high dose of ion-
izing radiation [322]. These side effects are resulting from
chronic upregulation of inflammatory and pro-fibrosis
cytokines and transcription factors [323]. Oxidative stress
following cell death and activation of pro-oxidant enzymes
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plays a key role in the upregulation of inflammatory and
fibrosis mediators. On the other hand, inflammation and
fibrosis processes are associated with several changes
including ROS and NO production. This process indicates
that using ROS/NO scavengers and also some drugs that
are able to inhibit inflammation and fibrosis can be used to
suppress late effects of ionizing radiation in late respond-
ing organs [318]. Mitigation of radiation-induced kidney
injury with selenium or angiotensin inhibitors can miti-
gate nephropathy. Shortening of supplement time showed
reduced mitigation of nephropathy [235, 324]. For lung
pneumonitis and fibrosis, treatment with antioxidants is
necessary during the first 4 weeks. Treatment with flaxseed
has shown that treatment during 2—4 weeks is more impor-
tant compared to previous or later times [325]. Treatment
with renin—angiotensin inhibitors or antioxidants includ-
ing genistein and EUK-207 for longer times can mitigate
lung injury. Furthermore, starting treatment as soon as
possible may be more useful [326]. Delayed treatment
for 4 weeks may abrogate the mitigation of lung injury
[327]. Although delayed starting treatment with antioxi-
dants can reduce radiation injury in the lung, it seems that
longer time treatment is favor for mitigation of pneumo-
nitis and fibrosis. However, this effect is highly depended
on antioxidant or anti-inflammation agent. Another target
for mitigation of radiation-induced lung injury is COX-2.

60 90 180

Furthermore, each antioxidant or anti-inflammatory agent may lead to
different results, maybe because of their effects on other mechanisms.
This timing is based on information adopted from animal studies

A study showed an increased survival when celecoxib
administration started at 80 days after chest irradiation
[132]. The time effect of treatment with mitigators for lung
pneumonitis and injury need further elucidation (Fig. 5).

Experimental models for ARS and DEARE

An important problem for confirmation and approve of
a radiation mitigator is extrapolation of animal results to
human. This is because it is not possible to test radiation
mitigators for human. Thus, it is necessary to use stand-
ard animal models to compare results of different mitigator
agents. Furthermore, it has been suggested that endpoints in
animal models should be related to human, and pharmaco-
dynamics of mitigators should be understood. For evaluating
each endpoint, it is necessary to be noted that some genetic
differences can affect radiation response in each strain [328].

ARS in hematopoietic and gastrointestinal systems are
the most common studies for exploring new radiation miti-
gators. Mice, canine and nonhuman primate are three types
of strains that have been used for investigating hematopoi-
etic system study. The most common mice strains include
C57BL/6, BALB/c, C3H/HeN and B6D2F1/J. Radiosensi-
tivity of these strains is varied. Among these strains BALB/c
is more radiosensitive. LD50/30 for BALB/c mice is lower
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than 7 Gy. This may relate to reduced activity of DNA PKcs,
a critical DNA repair enzyme in BALB/c strains [328].
NMRI mice are another strain that have studies for several
bone marrow experiments with a LD50/30 equal 7.2 Gy
[329]. Among larger animals, rhesus macaque is the most
common type of nonhuman primate for hematopoietic sys-
tem model. For gastrointestinal system, C57BL/6, BALB/c
were the most common types of strains for investigation of
radiation mitigators. However, some other strains such as
rats, dogs or non-human primates may be used for this aim
[330].

Skin is another important tissue that reacts to ionizing
radiation during the early days to several months after irra-
diation, depending on radiation dose. Rodents are the most
common strains for investigating radiation dermatitis. How-
ever, skin responses in rodents vary and can be observed at
different doses. Furthermore, investigation of dermatitis in
some mice may be difficult because of their hairy and dark
skins [328]. For skin responses to ionizing radiation, it has
been suggested to use pigs instead of mice or rat’s models.
This is because of more similar physiological responses and
structure of skin in pigs with human [328]. Among large ani-
mals, non-human primates and dogs have the most similar
immunological responses to human [331].

Lung and kidney are the most important late responding
organs, which show different radiosensitivities among vari-
ous strains. For kidney, rats are in priority among small ani-
mal models. Indeed, most researches for nephropathy mod-
els can be achieve using rat’s models, while mice show less
response for renal following exposure to ionizing radiation
[328]. Also, mice strains show different responses to ion-
izing radiation and recovery, thus it is not easy to compare
results of different types of mice to radiation or radiomiti-
gators [332, 333]. WAG/Rjj strain rats are one of the most
known strains for investigation of kidney diseases including
radiation-induced nephropathy [334]. For lung responses,
including pneumonitis and fibrosis, non-human primates
and dogs have the most similar lung physiology for both
pneumonitis and fibrosis. However, mice may show different
responses for each of these endpoints [328]. It has been sug-
gested that scientists use two strains of mice for evaluating
mitigation of pneumonitis and fibrosis. C57BL/6 mice show
extensive fibrosis but very low pneumonitis markers follow-
ing lung irradiation. On the other hand, C3HeB/FeJ mice
show more pneumonitis with no extended fibrosis [328].
Rats may be better candidate compared to mice for lung
studies. Sprague—Dawley or WAG/RijCmcr rats show both
acute pneumonitis and fibrosis following lung exposure to
radiation [205, 241]. Furthermore, the heart, which is a late
responding tissue, shows remarkable response following
chest irradiation [335]. In this situation, both lung and heart
tissues can be investigated for detecting mitigatory effects
[336].

@ Springer

Conclusion

In conclusion, ionizing radiation causes several changes in
the expressions of pro-inflammatory and pro-fibrotic genes,
and also changes the normal metabolism of oxygen. These
are as a result of massive DNA damage and cell death, espe-
cially through apoptosis, necrosis, necroptosis and senes-
cence. Boosting DNA repair mechanisms and suppression
of death mediators such as Bax can help reduce cell death
caused by ionizing radiation. Furthermore, the induction
of anti-apoptotic pathways has shown promising results.
TLRs agonists are interesting for suppression of apoptosis
in highly radiosensitive organs such as the bone marrow and
intestine. It seems that TLRs can act as protector through
modulation of early apoptosis genes. Similar results have
also been observed for p53 inhibition. P53, an important reg-
ulator of DNA damage repair and apoptosis plays a key role
in protection or mitigation of radiation toxicity in hemat-
opoietic system. It seems that p53 has pivotal role in early
apoptosis in bone marrow stem cells. Thus, inhibition of
p53 immediately or during some early hours after exposure
to radiation can increase resistance to ionizing radiation.
However, its targeting during some days after exposure to
radiation cannot act as a strategy for mitigation of radiation
mortality. The roles of these targets in protection or mitiga-
tion of radiation injury in late responding tissues remain
to be elucidated. However, in these organs such as seen in
the lung, senescence and necrosis may be more important
compared to apoptosis.

Inflammation and redox mediatory responses are critical
targets for mitigation of radiation injury. This is important
for both early responding tissues such as bone marrow as
well as for late responding tissues such as the lung, kidney,
heart, brain and spinal cord. Continuous ROS generation by
the mitochondria and pro-oxidant enzymes such as NADPH
oxidase promotes apoptosis and senescence in the bone
marrow and intestinal progenitor cells. Inhibition of these
ROS sources or neutralization of free radicals has shown
significant mitigation of radiation mortality. In contrast to
TLRs and p53, inhibition of oxidative stress through direct
neutralization of free radicals by antioxidants or targeting of
mitochondria and pro-oxidant enzymes can mitigate radia-
tion injury even when treatment commences some days after
exposure to radiation. Targeting of renin—angiotensin sys-
tem after irradiation has been shown to mitigate radiation-
induced hematopoietic and gastrointestinal system, even
when treatment started some weeks after irradiation. Inter-
estingly, suppression of angiotensin before irradiation may
not protect these organs. Thus, the cellular and molecular
mechanisms of this issue need to be studied.

For late responding organs such as the lung, heart,
kidney, brain and gastrointestinal system, chronic
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inflammation and fibrosis are main concerns. Pro-inflam-
matory and pro-fibrotic cytokines including IL-1, IL-4,
IL-13, TGF-p and TNF-a are important inducers. How-
ever, there are some other inflammatory and fibrosis
mediators that can affect the release of these cytokines,
or may be induced by them. Renin—angiotensin system,
mTOR and senescence, hypoxia, epigenetic modulators
such as BET and miR-21 are the common enhancers of
radiation-induced fibrosis through TGF-f pathway. On the
other hand, iNOS, NOX1&2&4, Duox1-2 and COX-2 are
important downstream factors of pro-fibrosis cytokines.
Targeting these factors can be proposed for the mitigation
of radiation injury in these organs. However, their expres-
sions are tissue specific, thus the need for further knowl-
edge about the radiobiological response of each organ is
critical for effective mitigation of radiation-induced nor-
mal tissue injury.

The timing of treatment with radiation modifiers is a very
critical issue. Targeting of early apoptosis can be very effec-
tive for protection of radiosensitive organs. However, for
an accidental radiological or nuclear disaster it is very dif-
ficult to mitigate hematopoietic and gastrointestinal system
through this pathway. Thus, some targets such as TLRs and
p53 may not be useful for mitigation of radiation injury in
real situations. Targeting TLRs is effective before exposure
to radiation or some hours after. Thus, TLRs are promis-
ing targets for radiation protection, however, mitigation of
radiation injury using TLRs agonist acts in a limited time
window. The role of TLRs in late responding radiosensitive
organs such as the lung is complicated and some studies
have shown different results. Although activation of TLRs
can suppress apoptosis and ARS for early responding tis-
sues, it is important to note that its role as an inflammatory
mediator may cause the severity of late effects of ionizing
radiation. In fact, suppression of TLRs may be more prom-
ising for late responding organs. Thus, TLRs agonists may
be promising radioprotectors in clinical studies, however,
their use as radiation mitigators needs further studies. Potent
antioxidants and anti-inflammatory agents are interesting for
both protection and mitigation via treatment before or after
exposure to radiation. As redox interactions start to produce
free radicals during some days after exposure to radiation,
mitigation of radiation injury using ROS/NO scavengers
or redox inhibitors can be done more effectively. In a real
situation, treatment of injured people in an accident can be
done through the administration of antioxidants starting
from some days after the accident. In contrast to TLRs ago-
nists and p53 inhibitors, the time for mitigation of radiation
mortality is not very critical. Exposed persons to lethal doses
of ionizing radiation may survive if treatments commence
even after some days. A more extended time window has
been observed for renin—angiotensin inhibitors. Inhibition
of renin—angiotensin system can mitigate radiation injury in

both early and late responding organs when treatment com-
mence even some weeks after exposure to radiation.
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