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Learning Objectives
* To understand how radioprotectors, radiomitiga-

e To understand the mechanisms underlying cancer
cell radioresistance and how radiosensitizers (natu-

tors, and radiosensitizers work in increasing the
effect of radiotherapy (RT) through enhanced apop-
tosis of cancer cells while simultaneously reducing
or diminishing the effect on normal cells.

To review the characteristics of an ideal radiopro-
tector and to understand mechanisms by which

ral or synthetic) are able to sensitize cancer cells.
To learn about the radiosensitization phenomenon
and the associated molecular mechanisms. The com-
bined action of these molecules with radiation offers
anew strategy for enhanced IR cytotoxicity in cancer
cells together with reducing normal tissue toxicity.

natural or synthetic compounds can prevent or
avoid the damage associated with low or high doses
of ionizing radiation (IR).
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By the end of this chapter, readers are expected to under-
stand the importance of applying current knowledge in the
development of new synthetic or natural radioprotectors and
radiosensitizers and develop an understanding of their cellu-
lar and molecular mechanisms of action.

11.1  Introduction

Radiation protection aims to reduce unnecessary radiation
exposure with the intention to minimize the harmful effects
of radiation on human health. With increasing use of radia-
tion technologies and radioisotopes in medicine and indus-
try, the risk of radiological and nuclear accidents escalates,
affecting human health. Nuclear power plants and industrial
accidents pose a serious threat to public health. Emergency
preparedness in an event of nuclear terrorism and nuclear
warfare requires the use of existing radiomodifiers and pub-
lic health measures such as sheltering in place and the use of
personal protective equipment (PPE). New approaches are
urgently needed for protecting the persons working in a radi-
ation field, first responders, and general population in the
form of safe, effective, and easily accessible radioprotective
agents.

Cellular exposure to IR induces genomic instability or
mutations predisposing to carcinogenesis and/or cell death.
Upon exposure, radiation induces DNA damage, lipid per-
oxidation, oxidation of thiol groups located in the plasma
membrane and membranes of the cellular organelles, DNA
strand breaks, and base alterations in cells, tissues, and
organs. These changes may trigger a series of cellular
responses, including activation of DNA damage repair path-

RADIOPROTECTORS

¢ Administered pre-exposure to protect
normal cells from harmful insults of
radiation. radiation.

¢ Compounds/agents are delivered
before or at the time of irradiation
with the intent of preventing or
reducing acute damage or late effects
to normal tissues are known as
radioprotectors.

radiomitigators.

Fig. 11.1 Classification of radiomodifiers with their biological properties

RADIOMITIGATORS

* Administered post-exposure to
mitigate the adverse effects of

¢ Compounds/agents are supplied at
the time of or after irradiation is
completed, but before manifestation
of normal tissue toxicity, in order to
reduce IR effects on normal tissues
before emergence of symptoms (also
referred as radiation emergence
syndrome) have presented are called

ways, signal transduction responses, gene transcription, and
immune and proinflammatory responses. Triggering these
pathways helps to recover damaged cells or eliminate the
dysfunctional cells. However, they may also result in the
development of tissue toxicities. The radiation research pro-
gram of the National Cancer Institute (NCI) has proposed the
following pharmacological classification of agents with IR
response modification properties according to the timing of
administration (Fig. 11.1):

A radioprotective agent/drug prevents harmful effects of
radiation exposure while a radiosensitizing agent makes
tumor cells more susceptible to radiation, in order to maxi-
mize the effect of radiotherapy while having less effect on
normal tissues. Radiomitigators can attenuate IR damages
even when they are delivered at the same time or after radia-
tion exposition. The use of radiation-effect modulators
(radioprotectors, radiomitigators, and/or radiosensitizers)
can mitigate side effects and increase the efficacy of RT in
cancer patients (Fig. 11.2).

11.1.1 Radioprotectors

The extent of radiation damage to living cells and organ-
isms depends on the type of radiation (alpha (a) particles,
beta (B) particles, positrons, X-rays, gamma rays (y-rays),
UV, etc.). Attempts to protect against the damaging effects
of radiation were made as early as 1949. Efforts are
actively being continued to search for radioprotectors
suitable to be used in specific scenarios of radiation expo-
sure. Possible applications of radioprotectors are outlined
in Fig. 11.3.

RADIOSENSITIZERS

¢ Administered during radiotherapy to
radiosensitize the tumor cells.

¢ Chemicals/pharmaceutical agents are
administered during radiotherapy to
enhance the killing effect on tumor
cells by accelerating DNA damage and
producing free radicals indirectly.

e These therapeutic agents can be used
in case of accidental IR exposure and
also to treat acute or chronic late
effects following IR treatment.
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Shield/protect the cells
radiation induced free

from primary
radical damage

Significantly protect normal cells from
radiation (during radiation therapy) without
changing the tumor cell radiosensitivity

Exert their effect on physico-
chemical and biochemical levels in cells
during exposure to radiation through partial
neutralization of radiosensitization effect

Minimize toxicity even after radiation
exposure
Enhance  DNA-repair  capabilities by

activating different pathways

Exert their effect on system levels by
promoting the acceleration of the
post-radiation restoration of
radiosensitive tissues

RADIOPROTECTORS

Increase the resistance of the body to

RADIOMITIGATORS

irradiation by adaptively shifting the
effectiveness of antioxidative protection

RADIOMODULATORS oo

RADIOSENSITIZERS

Enhance the killing effect on tumor
cells by accelerating DNA damage
and producing free radicals
indirectly

Mitigate the short- and

long-term side

effects of healthy tissues surrounding the
tumor

Enhance the effectiveness of radiation
therapy by sensitizing tumor cells to
radiation

Fig. 11.2 The use of radioprotectors, radiomitigators, and radiosensitizers before, during, or after irradiation

Radiation site clean-up, radiological
terrorism and military scenario

Paj0id

Neutralizing occupational radiation
hazards

Nuclear plant accidents/Nuclear disaster

[uuoss

Fig. 11.3 Various applications of radioprotectors

Over the last few decades, many natural and synthetic
compounds have been investigated for their potential as
radioprotectors. Natural or synthetic radioprotectors are able
to (i) reduce direct or indirect radiation damage, (ii) repair
direct and indirect damage once they have occurred, and (iii)
facilitate the repair of damaged cells or recover depleted cell
populations [1].

‘§ Planned (radiotherapy and nuclear
medicine) or unplanned (industrial nuclear
accident or nuclear war) radiation exposure

Reduces lethality, mutagenicity and
E carcinogenicity on normal tissues

Space exploration (astronauts)

It should be stressed that the majority of the compounds
discussed below are currently not used in routine clinical
practice and are still under preclinical or clinical evaluation.

Early development of synthetic radioprotectors focused
on thiol compounds (e.g., amifostine) and their derivatives,
which have been used in cancer patients, to prevent compli-
cations of RT. In addition, they have been thought to be use-
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ful in accidental radiation exposure scenarios [2]. However,
the practical applicability of the majority of these synthetic
compounds remained limited owing to their limited adminis-
tration routes, narrow administration window for efficacy,
high toxicity at high doses or at recurrent usage, and cost
factors as well. Besides thiol compounds, various com-
pounds with different chemical structures are being investi-
gated to develop an ideal radioprotector; there is still an
urgent need to identify and develop novel, nontoxic, effec-
tive, and biocompatible compounds which can adequately
protect normal tissues with no sparing of the tumor cells.

An interest has been emerging in developing potential
new candidate drugs from natural plants and phytochemi-
cals. Plant products could bridge the gaps in the search for an
ideal radioprotector due to its abundance, typically low tox-
icity, and relatively low cost.

Characteristics of an Ideal Radioprotector

An ideal radioprotective agent should (a) be efficient in pro-
viding multifaceted protection, (b) prevent direct and indi-
rect acute or chronic effects on normal tissue, (c) be easily
and comfortably administered without toxicity, (d) cause no
or minimal adverse effects on the test organism, (e) have a
sufficiently long time window of effectiveness after adminis-
tration and also have a sufficiently long shelf life, (f) have an
acceptable stability profile (both of bulk active product and
formulated compound), (g) be compatible with a wide range
of other drugs, (h) not protect tumors from IR, and (i) be eas-
ily accessible and economical and should not require special
handling and transportation temperatures (Box 11.1).

Enhancing stem cells
Inhibiting apoptosis

Hypoxic

Inducing hypoxia in tissue

Delaying cell division

RADIOPROTECTORS
Mechanism of action

Box 11.1: Radioprotectors

* Radioprotectors (synthetic compounds, natural
plant extracts, and phytochemical derivatives) are
designed to lessen the effects of radiation-induced
damage in healthy tissues.

» Radioprotective drugs are effective when adminis-
tered prior to or during radiation exposure to reduce
the radiation-induced injuries/toxicities.

e Safe, novel, nontoxic, and easily accessible radio-
protective agents are needed to be developed for
human health.

Underlying Mechanisms of Radioprotectors
Radioprotectors are diverse and elicit their action by various
mechanisms (Fig. 11.4) such as:

* Scavenging free radicals (either by suppressing the for-
mation or by detoxifying radiation-induced free radical
species).

e Inducing hypoxia in cells in order to avoid synthesis of
reactive oxygen species (ROS).

e Increasing levels of antioxidant defenses such as GSH
(reduced glutathione) and/or antioxidant enzymes (super-
oxide dismutase (SOD), glutathione peroxidase (GPx),
thioreductase, catalase (CAT), etc.).

e Triggering one or more cellular DNA damage repair
pathways.

* Impeding cell division or inhibiting apoptotic cell death.

Scavenging of free radicals,’

Inducing cellular radioprotectors

Synchronizing cells

Modulating redox sensitive
genes, growth factors, cytokines

Enhancing DNA repair

v

m

Fig. 11.4 Potential mechanism of action of radioprotectors against cell damage due to IR
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* Modulating redox-sensitive genes.

e Modulating growth factors and cytokine production.

e Controlling inflammatory response.

e Chelating or decorporating radionuclides.

* Promoting tissue regeneration (intestinal or hematopoi-
etic and immunostimulant compounds), gene therapy,
and/or stem cell therapy. In most cases, these molecules
are administered after exposure to radiation, which is why
they should be also considered radiomitigators.

The most common mechanisms of radioprotection are the
scavenging of free radicals, repair of DNA damages, inhibi-
tion of apoptosis or inflammation, increase antioxidant
defenses, and modulation of growth factors, cytokines, and
redox genes. Thus, the management of radiation exposure
may require a holistic multimechanistic approach to achieve
optimal radiation protection during RT of cancer patients and
in cases of nuclear accidents or emergencies [3] (Box 11.2).

Box 11.2: Possible Mechanisms of Radioprotectors

» Radioprotectors can be screened for their effective
emerging strategies, such as modulation of growth
factors, cytokines, redox genes, and tissue renewal.

* The radioprotective agents are often antioxidants,
which may suppress or scavenge the radiation-
induced free radicals from the cell.

e These compounds are cofactors or can induce/stim-
ulate antioxidants enzymes (like SOD, GPx,
and) activity, which would likely lead to both pre-
vent DNA damage and decrease in lipid
peroxidation.

* They may have the ability to enhance DNA repair,
reduce the postradiation inflammatory response, or
even delay cellular division allowing more time for
cells to repair the DNA damage or undergo cell
death.

Therapeutic Principles to Develop Radioprotectors
(Portrayed in Fig. 11.5)
Antioxidant Activity

Radioprotectors should prevent/suppress the formation of
radiation-induced free radicals (most of them are produced
during radiolysis with water), thereby inhibiting their reac-
tions with biomolecules, reducing the incidence of DNA
strand breaks, and preventing the occurrence of cellular mal-
function (more detail in Chap. 2). Since free radicals are
short-lived (approximately 107'° s) and interact rapidly with
biomolecules, it is necessary that radioprotectors are present
in sufficient concentration in the cellular milieu, at the time
of radiation exposure.

Molecules or compounds which increase the activity or
expression of antioxidant enzymes are also considered radio-
protectors. Many antioxidants have the potential to act as
radioprotectors; however, not all antioxidants offer radiopro-
tection, and this paradox may be explained by the relative
activity of a compound when reacting with radiation-induced
reactive species compared with those generated under H,O,
induced oxidative stress. Conventional antioxidants may not
be able to scavenge this less reactive secondary species
because either they do not accumulate in proximity to the
secondary radicals or they may not have enough kinetic reac-
tivity to scavenge them effectively. Thiols (e.g., amifostine),
hydrophilic antioxidants (e.g., GSH), and newly developed
cyclic nitroxides have adequate reactivity to effectively scav-
enge *OH and secondary radicals as well.

Molecule-Based  Radioprotection  or
Radioprotection

Molecules or events that play a role late in signaling and
IR-induced apoptotic pathways may act as potential targets
for post-irradiation interventions.

Molecular

e ATM/ATR is activated by DNA damage and DNA
replication stress; however, they often work together to
signal DNA damage and trigger apoptotic cell death by
upregulating proapoptotic proteins such as apoptotic
protease-activating factor-1 (Apaf-1), phorbol-12-my-
ristate-13-acetate-induced protein 1 (Noxa), and Bcl2-
associated X (Bax) after IR.

e Pifithrin (PFT)-p (2-phenylethynesulfonamide) directly
inhibits p53 binding to mitochondria as well as inactivates
the antiapoptotic proteins Bcl-xL and Bcl-2 on the mito-
chondrial surface, thereby suppressing subsequent release
of cytochrome ¢ and apoptosis, whereas PFT-p reversibly
inhibits  transcriptionally —mediated p53-dependent
apoptosis.

e Signal transducer and activator of transcription 3 (STAT3)
can be activated by various growth factors and protects
against IR damage. The protection mediated by STAT3 is
attributed to its genomic actions as a transcription factor
(such as upregulating genes that are antioxidative,
antiapoptotic, and proangiogenic, but suppressing anti-
inflammatory and antifibrotic genes) and other nonge-
nomic roles targeting mitochondrial function and
autophagy.

e Nuclear factor-erythroid 2-related factor 2 (Nrf2) is a
well-characterized ubiquitous master transcription factor,
whose activity is tightly controlled by cytoplasmic asso-
ciation along with its redox-sensitive transcriptional
inhibitor Kelch-like ECH-associated protein 1 (Keapl). A
well-known mechanism of activation of Nrf2 signaling
protects cells against radiation-induced oxidative stress
and also maintains cellular reduction-oxidation homeo-
stasis. Upon oxidative stress, Nrf2 dissociates from Keap1
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Fig. 11.5 General therapeutic approaches to develop novel radiopro-
tective agents. IR, directly or indirectly, causes damage to macromole-
cules such as DNA, lipids, and proteins. As a result, oxidative stress is
generated, which either triggers DNA damage repair or induces
pS3-mediated cell disorders, such as cell cycle arrest and cell apoptosis.
When the damage exceeds the cell’s ability to repair itself, the cell
appears to follow the death program. The protective activities of poten-

and translocates into the nucleus to activate a series of
antioxidant response elements, such as GPx, SOD, CAT,
and heme oxygenase-1 (HO-1), increasing total cellular
antioxidant capacity (TAC), accompanied by suppressed
expression of inflammatory-related genes, avoiding oxi-
dative stress and excessive inflammatory response, which
is particularly important in radioprotection.

Heat-shock proteins (HSPs), molecular chaperones, are
induced in cells during stress conditions. Importantly,
HSPs are cytoprotective and can mediate cell and tissue
repair after IR-induced deleterious effects. Higher cyto-
solic levels of HSPs have been shown to induce radiopro-
tective effects by interfering with apoptotic pathways.
Peroxisome proliferator-activated receptor-y (PPAR-y),
ligand-activated transcription factors, is a part of the
nuclear hormone receptor family. It suppresses IR-

: gAct'ivati ng pro-survival genes _iJ

tial radioprotectors should target such phases/mechanisms (described in
blue dotted box) with the aim to shield the normal cells from harmful
insults of irradiation. Inspired from/based on “General principles of
developing novel radioprotective agents for nuclear emergency” from
Radiation Medicine and Protection (Volume 1, Issue 3, Pages 120-126),
by Du et al. 2020, Copyright Elsevier (2022)

induced survival signals and DNA damage responses and
enhances IR-induced apoptosis signaling in human cells.

11.1.1.1 Thiol-Containing Molecules

In the search for an effective radioprotective agent, the Walter
Reed Army Research Institute (USA) screened approxi-
mately 4500 compounds from the late 1950s. Cysteine was
the first agent to confer radiation protection in mice after
total body irradiation (TBI) in 1949. Later, various synthetic
compounds with the aminothiol group were developed and
proved to be highly effective in preclinical models [4].
Among them, the most effective was WR-2721 or amifos-
tine, a prodrug activated by alkaline phosphatase to an active
sulfhydryl compound WR-1065, and at this moment, it is the
only cytoprotective agent specifically approved by the FDA
as a radioprotector (Fig. 11.6). The efficacy of amifostine is
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Fig. 11.6 Mechanisms of radioprotection by amifostine

attributed to the free radical scavenging, along with DNA
protection and repair, all of which are coupled with the initial
induction of cellular hypoxia. At the cellular level, amifos-
tine has significant effects on cell cycle progression and has
antimutagenic and anticarcinogenic properties [5]. In fact,
amifostine indirectly induces the expression of proteins
involved in DNA repair and triggers antiapoptotic pathways
[6] and expression of antioxidant enzymes. Some authors
have also proposed that it may enhance protective effects by
increasing nuclear accumulation and inducing transcription
factors related to p53 expression [7].

Moreover, WR-1065 accumulates more rapidly in normal
tissues than in malignant cells, because the concentration of
membrane-bound alkaline phosphatase tends to be higher on
normal cells. Moreover, the lower vascular supply and the
acidic environment of many tumors reduce the rate of
dephosphorylation of WR-2721 and its uptake. It thus seems
to be a really unique molecule that might potentiate radio-
therapy (RT) efficacy in two opposite ways at the same time
[8]. The US FDA has approved the use of amifostine in pre-

venting/reducing xerostomia (dry mouth) in head and neck
cancer patients undergoing RT [5]. It has also been assayed
in clinical trials to reduce mucositis, dysphagia, dermatitis,
and pneumonitis during radiotherapy of head and neck can-
cers [9].

However, like other radioprotective aminothiols, the
safety profile of amifostine has considerable limitations.
Although the side effects such as nausea, vomiting, and
hypotension are not life threatening, they can further aggra-
vate the gastrointestinal syndrome. As it will be exposed lat-
ter, amifostine has been assessed in combination with other
FDA-approved drugs (growth factors, cytokines, vitamin E,
metformin, etc) looking for additive or synergistic radiopro-
tective effects to prevent Acute Radiation Syndrome (ARS).
Nevertheless, in most of cases none of these novel strategies
completely counteracts amifostine’s toxic side effects at the
doses needed to be efficacious as radioprotector [5].

Dimethyl sulfoxide (DMSO) has been shown to prevent
the loss of proliferative lingual epithelial stem and progenitor
cells upon irradiation by facilitating DNA DSB repair,
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thereby protecting against radiation-induced mucositis with-
out tumor protection. Given its high efficacy and low toxic-
ity, DMSO appears to be a potential treatment option to
prevent radiation-induced oral mucositis [10].

GSH (L-y-glutamyl-L-cysteinyl-glycine) plays a crucial
role in the detoxification of reactive oxygen species, H,O,,
lipid peroxyl radicals, peroxynitrites through enzymatic
reactions, such as those catalyzed by GPxs, glutathione-S-
transferases (GSTs), formaldehyde dehydrogenase, maleyl-
acetoacetate isomerase, and glyoxalase I [11]. GSH not only
protects DNA and other biomolecules against oxidative
stress and radioinduced damages, it is also essential to acti-
vate DNA repairment mechanisms, to activate proliferation
and to avoid radio-induced cell death [12]. In fact, the selec-
tive depletion of GSH in cancer cells has been shown to have
potent radiosensitizing effects on tumor cells [13].

N-acetylcysteine (NAC) has a powerful antioxidant
capacity, preserves GSH cellular levels, and prevents oxi-
dative stress-induced apoptosis. NAC treatment (300 mg/
kg, subcutaneous), starting either 4 h prior to or 2 h after
radiation exposure reduced early deaths in abdominally
irradiated (X-rays, 20 Gy) C57BL/6 mice, attenuating gas-
trointestinal syndrome [14]. More recently, preclinical
studies have evidenced that NAC can prevent/reduce car-
diac, ovarian, renal, and testicular radiation-induced toxic-
ity in rats. Nevertheless, NAC and GSH cannot be used as a
radioprotector in cancer patients because they also enhance
antioxidant defenses in cancer cells and may increase their
metastatic potential [12].

Treatment with erdosteine (a homocysteine derivative)
before y-radiation exposure ameliorated nephrotoxicity and
altered kidney function in rats. It is a potent scavenger of free
radicals, increases GPx and CAT activity, and reduces oxi-
dized glutathione levels displaying almost normal concentra-
tions with respect to the irradiated group. Moreover, IL-1,
IL-6, and TNF-a circulating levels were also significantly
improved thus erdosteine provide substantial protection
against radiation-induced inflammatory damage as evi-
denced in the biochemical and histopathological samples
[15].

Phosphorothioates and other aminothiols are usually
administered shortly before irradiation. They have been
hypothesized to act as radioprotectors by one or a combina-
tion of the following effects: scavenging radiation-induced
free radicals before their reaction with biomolecules;
inducing hypoxia; scavenging metals; repairing DNA dam-
age through hydrogen donation to carbon-centered radi-
cals; and stabilizing genome. Moreover, high doses of
phosphorothioates administered to mice before radiation
have demonstrated anticarcinogenic effects [4]. However,
as it happens with other more powerful thiolic radioprotec-
tors (such as amifotine), its use is limited due to undesir-
able side effects.

11.1.2 Cyclic Nitroxides (NRs)

NRs, like Tempol, JP4-039, XJB-5-131, TK649.030, or
JRS527.084, are stable free radicals containing a nitroxyl
group (-NO-) with an unpaired electron. The action of nitrox-
ides to metabolize ROS is ascribed primarily to cyclic one-
or two-electron transfer among three oxidation states: the
oxoammonium cation, the nitroxide, and the hydroxylamine.
Nitroxides undergo a very rapid, one-electron reaction to the
corresponding hydroxylamine, which has antioxidant activ-
ity. In addition to their ability to neutralize free radicals, NR
can easily diffuse through the cell membranes (and have
SOD-like activity) (Fig. 11.7), prevent Fenton and Haber-
Weiss reactions by oxidation of transition metal ions to a
higher oxidation state, confer catalase-like activity on heme
proteins, and inhibit lipid peroxidation. NRs are able to miti-
gate TBI-induced hematopoietic syndrome, when are admin-
istered before or as late as 72 h after radiation exposition
[16].

Gramicidin S-derived nitroxide (JP4-039) is an effective
TBI mitigator when is delivered intravenously up to 72 h
after exposure. JP4-039 treatment ameliorated head and
neck radiation-induced mucositis and distant marrow sup-
pression in mice [17]. In a comparative study with other four
nitroxides, JP4-039 demonstrated the best median survival
after radiation exposition [18]. The potential of this type of
molecules as radioprotectors and/or mitigators has raised the
interest of researchers, and nitroxidic structures has evi-
denced radioprotective activity. That is the case of nitronyl-
nitroxide radical spin-labeled resveratrol [19].

11.1.3 Antimicrobials

Primary experiments performed in the 1960s reported that
antibiotic treatment and a single transfusion of allogeneic
platelets significantly reduced mortality among monkeys
exposed to TBI X-irradiation. Oral administration of strepto-
mycin, kanamycin, neomycin, or gentamicin with drinking
water (4 mg/mL) for 2 weeks before supralethal TBI
(28.4 Gy) prolonged mean survival in mice (8.2—-8.9 days vs.
6.9 for controls) [20]. The efficacy of antibiotics and other
antimicrobials (antifungal and antiviral agents) is best
explained as a countermeasure for radiation-induced neutro-
penia and immunosuppression.

Tetracycline and ciprofloxacin protected human lympho-
blastoid cells, reducing radiation-induced DNA double-
strand breaks (DSB) by 33% and 21%, respectively. Their
radioprotective efficacy was attributed to the activation of the
Tip60 histone acetyltransferase and altered chromatin struc-
ture [21]. Tetracycline hydrochloride is a free radical
scavenger, protects DNA, and increases survival of C57BL/6
mice by 20% upon a lethal radiation dose of 9 Gy [22].
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Mucositis is the most common side effect of RT for head
and neck cancers. Preventive measures used in clinical medi-
cine include good oral hygiene, dental and periodontal treat-
ment, avoidance of tobacco products and alcohol, and
frequent oral rinsing with a bland mouthwash such as povi-
done-iodine. Nonabsorbable antibiotic lozenges and/or anti-
fungal topical agents (i.e., bicarbonates and amphotericin B)
are also recommended [23].

Minocycline prevented radiation-induced apoptosis and
promoted radiation-induced autophagy in primary neurons
in vitro. Minocycline also increases the counts of splenic
macrophages, granulocytes, natural killer cells, and lympho-
cytes, and accelerates neutrophil recovery in C57BL/6 mice
exposed to 1-3 Gy %°Co y-rays. The mechanisms involved in
this radioprotective effect were the suppression of cytokines
that could prevent hematopoiesis (e.g. macrophage inflam-
matory protein- 1o, TNF-o and INF-vy) and the increased pro-
duction of IL-la and [, granulocyte-macrophage
colony-stimulating factor (GM-CSF) and granulocyte
colony-stimulating factor (G-CSF) [24].

Furazolidone (FZD) is an antimicrobial agent effective on
both Gram+ and Gram— bacteria by interfering with bacte-
rial oxidoreductase activity. In vitro, FZD treatment reduced
unstable chromosomal aberrations (CAs) (such as acentric
and dicentric chromosomes (DC)), chromosome breaks, and
radiosensitivity of intestinal epithelial cells. Ma et al. [25]
showed that FZD treatment significantly improved the sur-

vival of lethal dose-irradiated mice, decreased the number of
micronuclei (MN), increased the number of leukocytes and
immune organ indices, and reversed the apoptosis and
autophagy in the small intestine, thus restoring intestinal
integrity. Their experiments showed that irradiation resulted
in villous shortening and crypt dilation accompanied by epi-
thelial atrophy or slough, and even marked edema and
inflammatory cell infiltration, and how FZD significantly
induced damage recovery. FZD is a clinically used antibiotic
with few side effects and has been proposed as an efficacious
medical countermeasure (MCM). However, detailed radia-
tion protection activity and clinical applications need to be
further studied, because radioprotective efficacy of antibiot-
ics has not yet been tested in clinical trials.

11.1.4 Phytochemicals

11.1.4.1 Plant Extracts

Considerable information from in vivo, ex vivo, and/or
in vitro studies suggests that crude extracts, fractionated
extracts, isolated phytoconstituents, and plant polysaccha-
rides from various plants such as Alstonia scholaris, Centella
asiatica, Hippophae rhamnoides, Ginkgo biloba, Ocimum
sanctum, Panax ginseng, Podophyllum hexandrum,
Amaranthus paniculatus, Emblica officinalis, Phyllanthus
amarus, Piper longum, Tinospora cordifolia, Mentha arven-
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sis, Mentha piperita, Syzygium cumini, Zingiber officinale,
Ageratum conyzoides, Aegle marmelos, and Aphanamixis
polystachya protect against radiation-induced lethality, lipid
peroxidation, and DNA damage [26]. From these extracts,
polyphenolic and nonpolyphenolic active principles and a
range of secondary metabolites (e.g., carotenoids, alkaloids,
sulfur compounds), already known for their anticancer prop-
erties, have also demonstrated radioprotective potential.
Although many have been tested for brevity, this chapter
focuses on those with the most promising results in vivo.

11.1.4.2 Polyphenolic Phytochemicals
Over the last decades, plant-derived polyphenols have been
screened for their potential ability to confer radioprotection.
The free radical scavenger potential and antioxidant activity
of polyphenols depends, in part, on their ability to delocalize
electron distribution, resulting in a more stable phenoxy
group. Moreover, intercalation in DNA double helices
induces stabilization and condensation of DNA structures
making them less susceptible to free radicals’ attack, reduc-
ing genotoxic damage induced by IR [27]. They are capable
of trapping and neutralizing lipoperoxide radicals and can
chelate metal ions (i.e., iron and copper), which play an
important role in the initiation of oxidative stress reactions
[28, 29]. Polyphenols radioprotective efficacy is mainly
attributed to its (Fig. 11.8) antioxidant and antiinflammatory
properties, to their capacity to detoxify free radicals, elicit-
ing DNA repair pathways, stimulating the recovery of hema-
topoietic and immune functions [28, 29].

In addition to the biochemical scavenger theory, there is
also evidence of another potential mechanism by which
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polyphenols activate Nrf2, exhibiting cellular protection
against excessive ROS production, oxidative stress, and
inflammation as well. Since the chemical features of these
natural organic compounds are analogous to phenolic sub-
stances, their antioxidant and antiradical/scavenging radical
(such as H,0,, 2,2-diphenyl-1-picrylhydrazyl) properties
may be correlated positively with the number of hydroxyl
groups bonded to the aromatic ring. They can exert their pro-
tection against environmental stimuli with the aid of remark-
able antioxidant power by balancing the organic
oxidoreductase enzyme system, regulating antioxidant-
responsive signaling pathways, and restoring mitochondrial
function.

Although topically administered polyphenols may pro-
vide strong antioxidant protection, various challenges still
exist and are onerous as well: (1) improving the bioavailabil-
ity of polyphenols more effectively in order to promote their
effectiveness is challenging; (2) if the polyphenols are
extracted as the medicine or as health supplements, attention
should be paid to the activity loss and degradation of poly-
phenols during the extraction process; (3) the effects cannot
be generalized for all kinds of polyphenols, because each
polyphenol has its own unique features; and (4) polyphenols
have limited water solubility, and so it is important for poly-
phenols to be involved in rapid metabolism and also prove its
chemical stability and solubility under in vivo conditions. To
overcome this limitation, Obrador et al. [30] suggested a few
feasible options: structural modifications of natural mole-
cules (e.g., in the form of salts) to increase their hydro-
solubility for intravenous administration or oral formulations
to increase their bioavailability (e.g., cocrystals, nanoparti-
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cles, nanozymes). The promising phytochemical, pharmaco-
dynamic, and toxicological research into the properties of
polyphenols may serve as potential candidates for radiopro-
tection in the near future.

Apigenin exhibits anticancer properties associated with
its prooxidant activity, inhibiting tumor growth and inducing
cell cycle arrest and apoptosis. Apigenin pretreatment dis-
played efficacy for radioprotection in TBI Swiss albino mice
by reducing cytogenetic alterations and biochemical and
hematological changes [31]. Further, when apigenin was
administered intraperitoneally at a dose level equal to 15 mg/
kg body, it was found to ameliorate radiation-induced gastro-
intestinal (GI) damages and restore intestinal crypt-villus
architecture [32]. These attributes could be due to its ability
to activate the endogenous antioxidants, suppress lipid per-
oxidation, and modulate inflammatory (NF-kB) and apop-
totic signaling mediator/marker (p53, p21, Bax, caspase-3,
caspase-9) expression. The in vivo efficacy of apigenin was
also evidenced when it was intraperitoneally administered to
mice 3 h after receiving y-rays [33]. A significant reductions
in the level of 8-hydroxy-2-deoxyguanosine (8-OH-dG),
suppressed expression of NF-kB and NF-kB-regulated
proinflammatory cytokines were observed, thus showing the
radioprotective potential of apigenin.

Curcumin, a yellow pigment of turmeric, is naturally
found in the rhizome of Curcuma longa and other Curcuma
spp. It is an active immunomodulatory agent which has many
scientifically proven health benefits, such as the potential to
improve symptoms of anxiety, depression, arthritis, and heart
health and prevent Alzheimer’s, cancer, and oxidative and
inflammatory conditions. Administration of curcumin in
patients undergoing RT has demonstrated a dual action:
radioprotection to normal cells through its ability to reduce
oxidative stress, scavenge free radicals, inhibit transcription
of genes related to oxidative stress, and suppress inflamma-
tory response, as well as radiosensitization in tumor cells
[34]. Curcumin, administered before or after a single 50 Gy
radiation dose, showed protective effect on radiation-induced
cutaneous damage in mice by significantly decreasing
mRNA expression of early-responding cytokines (IL-1,
IL-6, IL-18, TNF-«, and lymphotoxin-beta) and fibrogenic
cytokines [35]. Oral administration of curcumin in mouse
before irradiation resulted in a significant rise in activities of
GPx and SOD enzymes while declining lipid peroxidation
significantly, which indicates increased antioxidant status in
mouse exposed to different doses of fractionated
y-radiation [36]. These protective qualities of curcumin may
be due to free radical scavenging and upregulation of Nrf2
expression.

Ellagic acid (EA), a strong natural antioxidant, has a
major protecting role against different diseases associated

with oxidative stress and inflammation. It also exerts antian-
giogenesis effects via down regulation of vascular endothe-
lial growth factor-2 (VEGF-2) signaling pathways in cancer.
The amount and duration of EA used play a significant role
in suppressing in vivo and in vitro oxidative stresses. In vitro
studies [37] displayed high DPPH radical scavenging and
lipid peroxidation inhibition activities of EA. It triggered the
actions of antioxidant enzymes such as SOD, CAT, and GPx
in V794 cells; reduced cell proliferation; and induced apop-
tosis in human osteogenic sarcoma cells as evidenced by
chromosomal DNA degradation and apoptotic body appear-
ance. When the human breast cancer cells (MCF-7) were
treated with EA (10pM) and exposed with y-radiation, the
rate of apoptotic cell death in sub-G, phase of cell cycle was
high due to decreased mitochondrial membrane potential,
upregulated proapoptotic Bax, and downregulated Bcl2, sug-
gesting EA’s role in tumor toxicity to improve cancer radio-
therapy [38].

Epicatechin (EC) is a common flavanol found in tea,
cocoa, dark chocolates, and red wine. It has the ability to
cross the blood-brain barrier and activate brain-derived neu-
rotrophic factor pathways, suggesting its neuroprotective
effects. In addition to general antioxidant activities, it aids
with the modulation of metabolism of nitric oxide (NO) and
other reactive nitrogen species (RNS). To evaluate the radio-
protective effects of EC, Swiss albino mice were adminis-
tered with EC for three consecutive days before exposing
them to 5 Gy ®Co y-irradiation [39]. EC pretreatment ame-
liorated y-radiation-mediated alterations in mice, protected
the liver and testis from radiation-induced oxidative stress,
prevented systemic and cellular stress, and developed
inflammation. It may possibly be due to the influence on the
endogenous antioxidant defenses system after TBI in mice
[40]. Another study [41] intended to investigate the effec-
tiveness of EC in scavenging mitochondrial ROS and miti-
gating mitochondrial damage as radiation countermeasure
agents by using human and mouse cells. It was observed
that preradiation and postradiation treatments with EC miti-
gated ROS-mediated mitochondrial damage and IR-induced
oxidative stress responses in mice. Also, oral administration
of EC significantly enhanced the recovery of mouse hema-
topoietic cells from radiation injury in vivo, suggesting EC
as a potentially viable countermeasure agent which is imme-
diately effective against accidental IR exposure.

Epigallocatechin-3-gallate (EGCG) is a natural poly-
phenolic antioxidant found in a number of plants, predomi-
nantly in green tea and black tea and also in small amounts in
fruits and nuts. It gets a lot of attention for its potential posi-
tive impact on health. It aids weight loss, reduces inflamma-
tion, and helps prevent certain chronic conditions, including
heart disease, diabetes, and cancers. Pretreatment with
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EGCG significantly enhanced the viability of human skin
cells which were irradiated with X-rays and decreased
radiation-induced apoptosis [42]. It was found that EGCG
suppressed IR-induced damage to mitochondria via upregu-
lation of SOD2 and induced expression of cytoprotective
molecule HO-1 in a dose-dependent manner via transcrip-
tional activation. The therapeutic effects and mechanism of
EGCG on radiation-induced intestinal injury (RIII) have not
yet been determined; however, Xie et al. recently [43] inves-
tigated it both in vitro and in vivo and revealed that treatment
with EGCG not only prolonged the survival time of lethally
irradiated mice, but also mitigated RIII. Besides, it signifi-
cantly augmented proliferation and survival of intestinal
stem cells and their progeny cells in irradiated mice. Their
findings demonstrated that EGCG protected against RIII by
reducing the level of IR-induced ROS and DNA damage,
inhibiting apoptosis and ferroptosis through activating tran-
scription factor Nrf2-mediated signaling pathway and its
downstream targets comprising antioxidant proteins
SIc7A11, HO-1, and GPx4, suggesting that EGCG could be
a promising medical countermeasure for the alleviation of
RIIL.

Genistein (GEN), an isoflavonoid compound, is com-
monly found in soybeans and its products. Mechanistic
insights reveal its potential beneficial effects on human dis-
eases such as cancer, by inducing apoptosis and cell cycle
arrest. GEN has antiangiogenic, antimetastatic, and anti-
inflammatory effects. Besides, various studies of GEN have
revealed its radioprotective properties by protecting against
radiation-induced DNA damage, scavenging free radicals,
and altering cell cycle effects. Davis et al. [44] revealed
GEN-induced radioprotection against hematopoietic- acute
radiation syndrome (H-ARS) by altering the cell cycle of
hematopoietic stem and progenitor cells in a murine model.
The extracted GEN displayed protection against IR-induced
GI injury and bone marrow toxicity by upregulating the
Rassfla and Erccl genes to effectively attenuate DNA dam-
age in a TBI mouse model [45]. Moreover, Song et al. [46]
showed that low concentration of GEN (1.5pM) lessened
radiation-induced injuries by way of inhibiting apoptosis,
alleviating chromosomal and DNA damage, downregulating
GRP78, and upregulating HERP, HUS1, and hHR23A. In
contrast, high concentration of GEN (20pM) demonstrated
radiosensitizing characteristics in cancer cells. The role of
genistein as a radiosensitizer will be further discussed in
Sect. 11.4.

Naringin, a predominant flavone glycoside, is present in
citrus fruits. Manna et al. [47] demonstrated that pretreat-
ment with naringin significantly prevented vy-radiation
(6Gy)-induced intracellular ROS-mediated oxidative DNA
damage; inhibited radiation-induced G,/S-phase cell cycle
arrest by modulating p53-dependent p21/WAF]1, cyclin E,
and cyclin dependent kinase 2 (CDK2) activation; and

reversed the inflammation through downregulating nuclear
factor kappa B (NF-kB) signaling pathways and balancing
the expression of C-reactive protein, monocyte chemoattrac-
tant protein-1 (MCP-1), and iNOS2 at sites of inflammation
in murine splenocytes. Besides, naringin pretreatment could
effectively deter UVB-mediated DNA damage, alter apop-
totic marker expression (Bax, BCI-2, caspase-9, and caspase-
3), and potentially modulate NER gene (XPC, TFIIH, XPE,
ERCCI1, and GAPDH) expression, thereby augmenting
DNA repair [48].

Naringenin is present in peppermint and citrus fruits
such as oranges, grapefruit, and tangerines. It is endowed
with biological effects on human health, which includes a
great ability to modulate signaling pathways; efficient
impairing of plasma lipid and lipoprotein accumulation; and
antiatherogenic and anti-inflammatory effects. To evaluate
radioprotective effects of naringenin in vivo, Swiss albino
mice were orally administered 50 mg/kg body weight of nar-
ingenin prior to radiation exposure [49], and it protected
mice against radiation-induced DNA, chromosomal, and
membrane damage. Naringenin pretreatment increased anti-
oxidant status and survival chances, inhibited NF-kB path-
way, and downregulated radiation-induced apoptotic proteins
(p53, Bax, and Bcl-2) in normal cells resulting in radiopro-
tection at the cellular, tissue, and organism levels.

Resveratrol (RV), a natural polyphenol, is produced in
several plants in response to stress, injury, and UV radiation.
It is present in fruits such as grapes, strawberries, and red
wine. It is known for its analgesic, antiviral, cardioprotec-
tive, neuroprotective, and antiaging actions. Different doses
of RV were administered intraperitoneally to mice prior to
total-body y-irradiation (2 Gy), and it was observed that RV
significantly reduced lymphocyte damage in mice caused by
y-radiation due to its ability to scavenge free radicals, restore
the levels of intracellular antioxidants (GPx, SOD, CAT
activity), and cause cell cycle arrest [S0]. RV is also known
to have a significant effect in stabilizing p53 and altering
proapoptotic and antiapoptotic protein concentration [51].
Zhang et al. [52] treated with RV IR-exposed C57BL/6N
mice. RV reduced radioinduced-intestinal injury (upregulat-
ing Sirtl and acetylating p53 expression), improved intesti-
nal morphology, decreased apoptosis of crypt -cells,
maintained cell regeneration, and ameliorated SOD2 expres-
sion, evidencing its radioprotective potential. The role of RV
together with pterostilbene as a radiosensitizer will be fur-
ther discussed in Sect. 11.4.

Pterostilbene (PT), is another stilbenoid compound,
structurally similar to RV, present in blueberries, grapes, and
other similar fruits. It is an active phytonutrient with many
biomedical applications in cancer treatment, insulin sensitiv-
ity, cardiovascular diseases, aging, and cognition. Moreover,
it has a greater bioavailability, efficacy and lower toxicity
than RV [53]. Sirerol et al. [54] evidenced that pterostilbene
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reduced chronic UVB irradiation-induced skin damage and
carcinogenesis in hairless mice through maintaining antioxi-
dant defenses, including GSH, CAT, SOD, and GPx. Recently,
a combination of natural polyphenols (PT and silibinin) with
a NAD* precursor and a TLR2/6 ligand was shown to protect
mice against lethal y-radiation, increasing long term survival
up to 90% of the treated mice [55].

11.1.4.3 Nonpolyphenolic Phytochemicals
Caffeic acid/caffeic acid phenethyl ester (CAPE) is found
in coffee, tea, chocolate, and colas. It has numerous pharma-
cological and physiological effects, including cardiovascu-
lar, respiratory, renal, and smooth muscle effects, as well as
effects on mood, memory, alertness, and physical and cogni-
tive performance. It is essentially regarded as a radiosensi-
tizer by virtue of its inhibition of DNA repair after irradiation.
The radioprotective properties of CAPE have also been
shown in the bone marrow chromosomes of mice exposed to
TBI (1.5 Gy ®Co y-rays), regardless of its time of adminis-
tration [56]. Caffeic acid, a known dietary antioxidant, could
be used as a supplemental drug which has a dual effect: ame-
liorating hematopoietic stem cell (HSC) senescence-accom-
panied long-term BM injury in single (sublethal dose of
5 Gy) TBI and stimulating apoptotic cell death of colon can-
cer cells in mice [57]. Khayyo et al. [58] intraperitoneally
administered CAPE prior to total-head y-irradiation and
observed that the oxidant stress parameters (total oxidant sta-
tus, oxidative stress index, and lipid hydroperoxide) were
significantly reduced, whereas antioxidant parameters (activ-
ity of paraoxonase, arylesterase, total GSH levels) were
increased in the rat brain tissue, signifying the protective role
of CAPE as an important antioxidant against ROS accumula-
tion induced by total-head irradiation. The role of CAPE as a
radiosensitizer will be further discussed in Sect. 11.4.1.7.
Sesamol is found in sesame seeds and oil. It has many
biological activities and health-promoting benefits such as
inducing growth arrest and apoptosis in cancer and cardio-
vascular cells and enhancing vascular fibrinolytic capacity,
antioxidant activity, chemoprevention, antimutagenic, and
antihepatotoxic activities. Naturally occurring or synthetic
substances of sesamol counteract the damaging effects of
oxidation by inhibiting or retarding oxidation reactions.
Also, it has the potential to scavenge free radicals and there-
fore reduces the radiation-induced cytogenetic damage in
cells. Kumar et al. [59] investigated its radioprotective poten-
tial against radiation-induced genotoxicity in hematopoietic
bone marrow of whole-body y-irradiated (2Gy) mice.
Preadministration of 20 mg/kg body weight sesamol reduced
the frequency of radiation-induced MN, CAs, and comets (%
damaged DNA streak in tail), suggesting its major role in
direct scavenging of free radicals to protect bone marrow,
spleen, and lymphocytes from radiation-induced cytogenetic
damages and genotoxicity. Besides, intraperitoneal pretreat-

ment of sesamol offered protection to hematopoietic and GI
systems against y-radiation-induced injury in C57BL/6 male
mice by inhibiting lipid peroxidation; translocating gut bac-
teria to spleen, liver, and kidney; enhancing regeneration of
crypt cells in GI; reducing the expression of p53 and Bax
apoptotic proteins in the bone marrow, spleen, and GI; and
alleviating the total antioxidant capacity in spleen and GI tis-
sue [60]. Recently, Majdaeen et al. [61] concluded that regu-
lar oral consumption of sesamol extract is more effective
than consuming it once before irradiation.

3,3’-Diindolylmethane (DIM), a small-molecule com-
pound and a major bioactive metabolite, is formed by acid
hydrolysis of indole-3-carbinol (one of the best character-
ized components in Cruciferae). It can inhibit invasion,
angiogenesis, and proliferation and induce apoptosis in
tumor cells by modulating signaling pathways involving
AKT, NF-kB, and FOXO3 [62]. Chen et al. [63] investigated
the radioprotective effects of DIM in normal tissues using a
mouse model approach. It was indicated that treatment with
DIM increased the expression of some stress-responsive
genes without causing DNA damage, delayed radiation-
induced cell cycle arrest, and apoptosis. Fan et al. [64]
reported that administration of DIM in a multidose schedule
protected rodents against lethal doses of TBI up to 13 Gy.
Transcriptomic profiling showed that DIM’s mechanism of
radioprotection involved regulation of responses to DNA
damage and oxidative stress by inducing ataxia-telangiectasia
mutated (ATM)-driven DDR-like response, enhancing
radiation-induced ATM signaling and NF-kB activation, sug-
gesting its potential role as a MCM in protecting or mitigat-
ing adverse effects of RT.

11.1.5 Vitamins

With the understanding that free radicals perpetuate a signifi-
cant amount of the damage caused by IR, vitamins with anti-
oxidant potential (A, C, and E and its derivatives) have been
assayed as radioprotectors (Fig. 11.9). Vitamin A and
B-carotenes (lutein, lycopene, phytofluene, phytoene, and
others) reduced mortality and morbidity in mice exposed to
partial or TBI. Dietary vitamin A offered protection in mice
subjected to localized radiation exposure focused on the
intestine (13 Gy, TBI) and the esophagus (29 Gy) [30]. A
single dose of vitamin A injected intraperitoneally 2 h before
2 Gy of y-radiation exposition, significantly reduced the
number of MN in the bone marrow and the genetic damages,
due to its capacity to trap free radicals [65]. Carotenoids such
as crocin and crocetin (isolated from the dietary herb saf-
fron) have antioxidant, anti-inflammatory, and antiapoptotic
effects. In mice bearing pancreatic tumors, crocin signifi-
cantly reduced tumor burden, radiation-induced toxicity, and
hepatic damage and preserved liver morphology [66] while
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crocetin also reduced radiation injury in intestinal epithelial
cells [67].

Lutein is a pigment classified as a carotenoid, found in
plants such as green leafy vegetables (spinach, kale), fruits,
corn, egg yolk, and animal fats. While this pigment plays an
important role in eye health, lutein supplements also help to
prevent colon and breast cancer, diabetes, and heart disease
due to its powerful antioxidant potential. In vitro and in vivo
lutein was found to scavenge free radicals and inhibit lipid
peroxidation by increasing the activity of CAT, SOD, and
glutathione reductase [68]. Lutein showed maximum sur-
vival in mice treated with 250 mg/kg body weight against a
lethal dose of 10 Gy y-radiation. Pretreatment of lutein main-
tained near-normal levels of hematological parameters indi-
cating resistance/recovery from the radiation-induced
damages [69]. Furthermore, lycopene has the highest anti-
oxidant activity among carotenoids, and it reduces
proinflammatory cytokine expression such as IL-8, IL-6, and
NF-kB. Many preclinical studies evidence its radioprotective
efficacy, in particular, if it is administered before or as soon
as possible after radiation exposure [70].

Vitamin C is the reduced form of ascorbic acid (AA) and
a water-soluble vitamin. The intake of vitamin C decreases
the risk of getting cataracts after radiation exposition. AA
has low toxicity and cost and is easily available, making it an

attractive radioprotective agent. Administration of AA before
y-irradiation prevents chromosomal damage in bone marrow
cells, mainly due to its scavenging activity of ROS, protect-
ing lipid membranes and proteins from oxidative damage. It
has also been reported that AA can prevent the adverse
effects of TBI by increasing the antioxidant defense systems
in the liver and kidney of irradiated animals [71]. Sato et al.
[72] demonstrated the significant radioprotective effect of
AA on the ARS in special GI syndrome, especially if it is
administered before or not later than 24 h after radiation
exposition.

Vitamin E is an essential fat-soluble nutrient with anti-
oxidant, neuroprotective, and anti-inflammatory properties.
Vitamin E family includes eight vitamers, four saturated (a,
B, v, and d) called tocopherols, and four unsaturated analogs
(o, B, v, and O) referred to as tocotrienols, which are collec-
tively called tocols, with a-tocopherol being the most abun-
dant in human tissues. Tocols administered subcutaneously
1 h prior to or during 15 min postirradiation improved the
30-day survival in mice, and other tocopherol derivatives,
such as o-tocopherol-succinate and a-tocopherol-mono-
glucoside, have also shown radioprotective effects in vivo.
Moreover, subcutaneous injection of y-tocotrienol (100-
200 mg/kg) 24 h prior to *°Co y-irradiation showed a signifi-
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cant protective effect in mice facing radiation doses as high
as 11.5 Gy and increased mice survival rate [73].

Preclinical studies have provided evidence that tocotri-
enols exert radioprotection at least in part via induction of
G-CSF, reducing inflammatory response suppressing the
expression of TNFa, inducible NO synthase (iNOS), and
IL-6 and 8, as well as inhibiting NF-xB signaling [74].
Endothelial cells activated through IR downregulate the
expression of thrombomodulin (TM) and increase endothe-
lial surface expression of adhesion molecules, which allow
the attachment of immune cells, and thereby contribute to
inflammation and activation of the coagulation cascade. The
greater efficacy of tocotrienols is attributed to their higher
antioxidant potential and its ability to inhibit HMG-CoA
reductase activity (decreasing serum cholesterol levels) and
increase TM expression in endothelial cells, which result in
antipermeability, anti-inflammatory, and antithrombotic
response in order to decrease radiation-induced vascular
damages.

Nevertheless, low bioavailability of tocotrienols is an
important limiting factor for their use as radioprotectants,
and thus a novel water-soluble liposomal formulation of
y-tocotrienol (GT3) has been developed. GT3 has shown to
increase the delivery of y-tocotrienol in the spleen and bone
marrow and offered significant radioprotection in vivo [75].
Despite these promising results, the use of vitamin E deriva-
tives as radioprotectants must be evaluated with caution for
their potential toxic effects. More recently, several laborato-
ries have assayed the potential synergistic effect of tocols
with other radioprotectants, such as pentoxifylline (PTX) (an
antioxidant and anti-inflammatory xanthine derivative,
approved by the FDA) which increased survival of mice sub-
jected to 12 Gy °Co y-irradiation. Efficacy of PTX and
a-tocopherol against radiation-induced fibrosis has been
observed in animal models and clinical studies, even though
the treatment started after radiation-induced fibrosis mani-
fested clinically. Three clinical trials have evaluated if PTX
enhances the radiation-protective properties of y-tocotrienol,
but the results of these studies have not yet been published
[74]. At least, two randomized controlled trials provided evi-
dence that dietary supplementation of a-tocopherol and
B-carotene during radiation therapy could reduce the severity
of treatment adverse effects, but these trials also evidenced
that the use of high doses of antioxidants might compromise
radiation treatment efficacy. Other combinations like
a-tocopherol, acetate and AA showed radioprotective effects
and enhanced apoptosis in irradiated cancer cells [76].

Cholecalciferol (D3) and ergocalciferol (D2) are the
two forms of vitamin D provided by the food. Exposure to
UV radiation of the skin also induces the endogenous syn-
thesis of D3, and for that reason, it is also called the “sun-
shine vitamin.” D3 and D2 have to undergo a double
hydroxylation (in the liver and in the kidney) to form the

biologically active derivative, that is, calcitriol (1,25-(OH),-
vitamin D), an essential hormone in the regulation of phos-
phocalcic metabolism. In vitro and in vivo studies evidenced
the radioprotective efficacy of calcitriol enhancing the
expression of genes coding for antioxidant enzymes (such as
SODs and GPxs) and metallothioneins which are ROS scav-
engers [77]. Jain and Micinski [78] showed a positive link
between vitamin D and GSH concentrations, as well as
reduction in levels of ROS and proinflammatory cytokines,
which is undoubtedly beneficial in protecting against
IR. Populations of radiologically contaminated areas close to
the Chernobyl accident had lower vitamin D blood levels
compared to those in the uncontaminated Ukrainian regions
[79]. Therefore, oral supplementation with vitamin D during
RT or in medical professionals chronically exposed to low IR
doses should be taken into consideration also because radia-
tion toxicity can reduce mineral bone density. Recent studies
evidence that calcitriol also radiosensitizes cancer cells by
activating the NADPH/ROS pathway, which can makes it a
promising adjuvant in RT [80].

11.1.6 Oligoelements

Many antioxidant/defense enzymes, like SOD and metallo-
proteins, require trace elements as cofactors. The main oligo-
elements showing protective effects against radiation-induced
DNA damage are zinc (Zn), manganese (Mn), and selenium
(Se) [81] (Fig. 11.10). Se is an essential component of sele-
noenzymes such as GPx, thioredoxin reductase-1 (TR1), and
ribonucleotide reductase (RNR). Se compounds and their
metabolites possess a wide range of biological functions
including anticancer and cytoprotection effects and modula-
tion of hormetic genes and antioxidant enzyme activities.
Exposure to radiation has been associated with a decrease in
Se blood levels, and thus administration of seleno-compounds
has emerged as a radioprotective strategy to reduce radiation
toxicity. Mechanisms underlying the radioprotection effects
include Nrf2 transcription factor activation and the conse-
quent upregulation of the antioxidant-adaptive response in
bone marrow stem cells and hematopoietic precursors [82].
3,3-Diselenopropionic acid (at an IP dose of 2 mg/kg for
5 days prior to y-TBI) showed radioprotection in mice by
decreasing DNA damage and apoptosis [83]. Another recent
formulations, poly-vinylpyrrolidone and selenocysteine-
modified Bi2Se3 nanoparticles, improved the RT efficacy
against tumors while exerting radioprotection in normal tis-
sues [84]. Cancer patients, treated orally with Selenium
Selenite, experienced a a lower incidence of diarrhoea com-
pared to the placebo group [85]. Selenomethionine also
reduces mucositis in patients with advanced head and neck
cancer who are receiving cisplatin and radiation therapy
(NCTO01682031, www.clinicaltrials.gov).
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Fig. 11.10 Radioprotection
by oligoelements
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Radiation-induced lung pneumonitis is a major dose-
limiting side effect of thoracic RT, and the therapeutic options
for its prevention are limited. 3,3’-Diselenodipropionic acid
(DSePA), a synthetic organoselenium compound, shows
moderate GPx-like activity and is an excellent scavenger of
ROS. DSePA reduced the radiation-mediated infiltration of
polymorphonuclear neutrophils (PMN) and suppressed
NF-kB/IL-17/G-CSF/neutrophil axis as well as elevation in
levels of proinflammatory cytokines such as IL1-p, ICAM-1
(intercellular adhesion molecule-1), E-selectin, IL.-17, and
TGF-p in the bronchoalveolar fluid of irradiated mice, thus
ameliorating inflammatory responses. Administration of
DSePA has shown a survival advantage against TBI and a
significant protection to lung tissue against thoracic irradia-
tion [86]. Wang et al. [87, 88] developed a highly efficient
radioprotection strategy using a selenium-containing poly-
meric drug, with low toxicity and long-term bioavailability,
The radioprotection activity of (VSe) and N-(2-hydroxyethyl)
acrylamide shows more remarkable effects both in cell cul-
ture and mice models compared to the commercially avail-
able ebselen (organoselenium compound) and also exhibits a
much longer retention time in blood (half-life ~10 h).

Crescenti et al. [89] evaluated in vivo the tolerance
induced by the combination of Se, Zn, and Mn (4 microg/mL
each) plus Lachesis muta venom (O-LM) (4 ng/mL) to high
doses of TBI (10 Gy, *’Cs source) IR in mice. Mice who
received daily O-LM subcutaneous injections, starting
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30 days before irradiation, showed a higher number of crypts,
enhanced villous conservation, and lack of edema or vascu-
lar damage compared to the untreated and irradiated group.
O-LM treatment also decreased vascular damage and grade
of aplasia of mice bone marrow. O-LM treatment safety and
efficacy were tested in a phase I clinical trial, and results
indicated that it is an attractive candidate as a radioprotective
agent for patients undergoing RT. Other clinical evidence
indicates that Zn supplementation may act as an effective
radioprotector in patients during RT. In a randomized clini-
cal study, patients treated with Zn sulfate suffered a lower
degree of mucositis compared to the placebo group [90].
Orally administered Zn-carnosine reduced oral mucositis
and xerostomia in head and neck cancer patients [91].

11.1.7 Superoxide Dismutase (SOD) Mimetics
and Nanoparticles

SODs are a group of metalloenzymes that catalyze the dis-
mutation of superoxide radicals (O,") to H,O, and O,, thus
are first line of defense to prevent IR damages. In the event
of a radio-nuclear attack or nuclear accident, the skin dam-
age used to be severe. A synthetic SOD/CAT mimetic (EUK-
207) administered 48 h after irradiation significatively
mitigated radiation dermatitis, suppressed indicators of tis-
sue oxidative stress, and enhanced wound healing [92].
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Clinical applications of SODs mimetics are limited by
their structural instability deficient availability and high cost.
Compared with natural enzymes, nanozymes (nanomaterials
with enzyme-like activity) are more stable, are economically
affordable, and can be easily modified. Due to these charac-
teristics, nanozymes are expected to become effective substi-
tutes for natural enzymes for medical applications.
Nanozymes with SOD-like activity have been developed and
proved to have a mitigating effect on diseases involving oxi-
dative stress [93]. As shown in Fig. 11.11, after administra-
tion, they are internalized by the cells and imitate SOD2
activity in order to inhibit ROS-induced cell damage.

Patients treated with RT for cancers of the head, neck, or
lung suffer damage to the mucosa of the upper aerodigestive
tract. Most of them develop ulcerative forms of mucositis,
and severe forms lead to inability to eat solid foods, and in
some cases, they cannot drink liquids. Results of clinical tri-
als (now in phase III, e.g., NCT03689712) demonstrated the
efficacy of the SOD mimetic, avasopasem manganese
(GC4419) [94].

Mn porphyrin-based SOD mimics (MnPs) are reactive
with superoxide and with other reactive oxygen, nitrogen,
and sulfur species (Fig. 11.12). MnPs have CAT and GPx-
like activities and peroxynitrite-reducing activity [93]. MnPs
administered before and continued after radiation exposure
protect from y-ray, X-ray, and proton beam irradiation dam-

N 7
Nanozyme with ] 4

ages in different animal models, and a few studies indicate
that beginning treatment with MnPs after radiation exposure
is also effective. In normal tissues, MnPs treatment reduces
oxidative stress, NF-kB, and TGF-f signaling pathways and
activates Nrf2-dependent pathways. On the contrary, MnPs
administration in combination with cancer therapy results in
more oxidative stress in cancer cells, which leads to the
reduction of NF-kB and HIF-la and their downstream sig-
naling pathways (Fig. 11.12). These changes are associated
with increasing apoptosis and reducing overall cancer growth
[95].

BMX-001 is a porphyrin mimetic of the human mito-
chondrial manganese SOD, with the capacity to cross the
blood-brain barrier and protect the brain against IR while
acting as a tumor radiosensitizer [96]. It has been assayed as
aradioprotectorindifferent clinical trials, e.g., NCT03386500
(patients withrecently diagnosed anal cancer), NCT03608020
(cancer patients with multiple brain metastases),
NCT02990468 (head and neck cancer), and NCT02655601
(high-grade glioma treated with radiation therapy and temo-
zolomide) [30].

All previous SOD mimetics suppress oxidative stress-
mediated injuries, supporting the survival of the normal tis-
sue, while promoting apoptotic processes in tumor tissues.
The results from the clinical trials will provide us invaluable
information on their real clinical utility as radioprotectors.
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Fig. 11.12 Effects of Mn
porphyrin-based SOD mimics
in normal and cancer cells
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11.1.8 Hormonal and Hormonal Mimetic
Radioprotectors

11.1.8.1 Catecholamine Agonist

Radiation dermatitis is a common side effect of irradiation
that limits cancer RT courses. It has already been described
how the induction of hypoxia limits the damage associated
with radiation, and consequently the option of using vaso-
constrictor substances as radioprotectors has been proposed.
Topical application of adrenergic vasoconstrictors (epineph-
rine or norepinephrine) to rat skin before radiation exposi-
tion (17.2 Gy) confers 100% protection against radiation
dermatitis [97], and similar results were obtained when
phenylephrine was topically administered to prevent radia-
tion mucositis.

Indralin is an al-adrenoceptor agonist with vasocon-
strictor effects similar to those of epinephrine. Indralin
(120 mg/kg)-treated rhesus monkeys survived better (five
of six) after being exposed to a lethal TBI °Co y-irradiation
of 6.8 Gy, than nontreated ones (all died). Moreover, less
pronounced manifestations of hemorrhagic syndrome,
leukopenia, and anemia were also noted [98].
Norepinephrine and al-adrenoceptor agonists accelerate
differentiation of hematopoietic stem cells by blocking
their proliferation, thus avoiding, at least, earlier manifes-
tation of radiation injury. A common feature of the radio-
protective action of biogenic amines like indralin and
aminothiols is the induction of hypoxia, although their

mechanisms of action differsignificatively. Norepinephrine
and indralin exert their effect through the neurohormonal
al-adrenoceptors, but sulfur-containing radioprotectors
act directly on tissues. Nevertheless, the wuse of
a-catecholaminergic agonists entails a high risk of
increased blood pressure or pressure decompensation in
hypertensive patients, which would compromise their
widespread use in an accidental emergency radiation
exposure.

11.1.8.2 Somatostatin Analogs

GI radiation vulnerability to a certain extent can be caused
by release of potent pancreatic enzymes into the intestinal
lumen after radiation exposure. Therefore, reducing intralu-
minal proteolytic activity may help attenuate intestinal radia-
tion toxicity.

Somatostatin and its analogs (octreotide and pasireotide)
inhibit exocrine pancreatic secretions. Octreotide reduces
both acute and delayed intestinal radiation injury and diar-
rhea [99], as it has also been evidenced in a randomized con-
trolled trial in patients who were undergoing radiation
therapy to the pelvis (NCT00033605, www.clinicaltrials.
gov). Nevertheless, some common side effects such as
allergy, nausea, rash, and light-headedness may limit the
routine use of octreotide. Moreover, it could also induce
hypoglycemia [99] and reduce secretion of GH and IGF1,
which could be highly counterproductive for the recovery of
damaged tissues.
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SOM230 (pasireotide) is another somatostatin analog
under preclinical evaluation as a radioprotector. SOM230
reduced intestinal mucosa injury and increased mouse sur-
vival after TBI by inhibiting exocrine pancreatic secretion.
Moreover, SOM230 has a 40-fold improved affinity to soma-
tostatin receptor 5 than other somatostatin analogs, and it
proved to be beneficial when administered prior to radiation
exposure, and also when the treatment started up to 48 h fol-
lowing the exposure [100].

11.1.8.3 Melatonin

Several hormones are known to exhibit radioprotective char-
acteristics, and melatonin, N-acetyl-5-methoxytryptamine, is
one of them. It is the main secretory product of the pineal
gland. Its radioprotective properties are outlined in
Figs. 11.13 and 11.14.

Melatonin has the ability to neutralize both ROS and NO
directly leading to the production of less/nontoxic agents or
indirectly increasing the activity of antioxidant enzymes
such as SODs, GPx, GR, and CAT at the same time sup-
pressing prooxidant enzymes like xanthine oxidase (XO)
[101]. In addition, melatonin induces DNA repair mecha-
nisms, which reduce mutagenic damage and also induction
of DNA DSBs, which are lethal events for the cell.
Melatonin administration before irradiation with a lethal
dose of Co y-rays reversed the upregulation of Bax and
p53 proapoptotic genes and elevated Bcl-2, which led to
100% survival and preservation of hematopoietic and GI
systems in mice [102]. Inflammation and fibrosis are two
degenerative phenomena that are typical pathophysiologi-
cal processes following RT. Melatonin via inhibition of
NF-kB, COX-2, and iNOS enzymes has the ability to
reduce the release of inflammatory cytokines and chemo-
kines. Attenuation of these enzymes’ activities is associ-
ated with reduced level of oxidative stress, infiltration of
macrophages and lymphocytes, as well as suppression of
fibrosis, which prevents radio-induced pneumonitis and
lung fibrosis [103], and also heart [104] and brain [105]
damage associated with radiation exposition.

The physiological concentrations of melatonin in the
human blood are approximately much lower during the day

[ Enhances endogenous DNA repair activity

( Ameliorates inflammatory response reducing NO
production, lipid peroxidation and inflammasome activation

Fig. 11.13 Radioprotective properties of melatonin
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than during the night. Therefore, it seems that radiation ther-
apy with supplementary melatonin leads to more beneficial
effects during the nighttime. Melatonin exhibits multiple
neutralizing actions to reduce radio-induced damage.
Together with its low toxicity and its ability to cross biologi-
cal barriers, these are all significant properties to consider it
for clinical RT applications as well as for mitigation of radia-
tion injury in a possible radiation accident scenario; how-
ever, its short half-life in vivo (<1 h) and the need of high
doses to achieve radioprotective effects could limit its use in
practice.

At this moment, just a few clinical trials have studied
the therapeutic usefulness of melatonin as a radiosensi-
tizer. Many preclinical studies evidence that it increases
ROS production, inhibits telomerase activity and DNA
repair mechanisms in cancer cells, reduces tumor angio-
genesis and inflammatory response associated with high
doses of radiation exposure, and enhances anticancer
immunity. All these oncostatic properties make melatonin
an interesting molecule to increase the efficacy of RT on
cancer cells [106].

11.1.9 Metformin (MTF)

Apart from being a common antidiabetic drug, MTF has
demonstrated potential antioxidant, radioprotective, and
anticarcinogenic properties [107]. It is a hydrogen-rich agent
able to neutralize free radicals, increase GSH, and upregulate
the activity of SOD and CAT enzymes [108], which all favors
the antioxidant defense of normal cells. MTF has been
reported to reduce the generation of ROS at the complex 1
and to prevent mitochondrial mediated apoptosis [109]. It
also decreases production of the inflammatory cytokine
IL-1B in response to lipopolysaccharide (LPS) in macro-
phages [110] and inhibits NADPH oxidase, COX-2, and
inducible NO synthase, thereby limiting macrophage recruit-
ment and inflammatory responses. MTF stimulates the DNA
repair pathways of nonhomologous end joining (NHEJ) or
homologous recombination (HR), and nucleotide excision
repair (NER) pathways [111].

Directly neutralized ROS and RNS W
(act as free radical scavenger)

Increase expression of SOD, GPX, GR and GSH levels,
reducing oxidative stress
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Fig. 11.14 Melatonin can exert radioprotective and radiomitigative effects

In contrast to other radioprotectors, MTF has shown mod-
ulatory effects through induction of several redox-related
genes, such as the PRKAA2 gene (which encodes the
AMPK), thereby suppressing redox reactions, protecting
cells from accumulation of unrepaired DNA, and attenuating
initiation of inflammation as well as fibrotic pathways [108]
involved in lung fibrosis [104]. Cardiovascular disease is one
of the most pivotal disorders after RT. The administration of
MTF to y-irradiated (5 Gy) rats significantly ameliorated the
changes in cardiac disease biomarkers (LDH and CK-MB)
and in NF-xB, IL-6, and TNF-a levels compared to the con-
trol group. MTF also reduced E-selectin as well as ICAM
and VCAM-1. These results demonstrate that concomitant
administration of MTF during RT can act as an efficient
heart protector from oxidative stress, inflammatory media-
tors, and endothelial dysfunction-induced damages [112—
114]. MTF does not have significant adverse effects at the
normal clinical level, but it may cause severe lactic acidosis
and increase the risk of hypoglycemia. In animal models,
MTF has demonstrated synergistic effects with melatonin
mitigating the radiation-associated damages, and both of
them radiosensitize cancer cells increasing RT efficacy (this
will be later exposed in Sect. 11.4).

11.2 Radiomitigators

Radiomitigators are those agents/compounds which can be
administered during or shortly after radiation therapy or IR
exposure to reduce the effects of radiation on normal tissues
before the onset of symptoms. These compounds are capable
of minimizing the toxicity even after radiation has been
delivered, which differentiates them from radioprotectors
(reducing direct damage caused by radiation in normal tis-
sues). At this moment, all FDA-approved radiation counter-
measures (filgrastim, a recombinant DNA form of the
naturally occurring G-CSF; pegfilgrastim, a PEGylated form
of the recombinant human G-CSF; sargramostim, a recombi-
nant GM-CSF) are classified as radiomitigators [30].

In some cases, these agents have protective properties that
are similar to the action of “classic” radioprotectors, even if
they are administered after radiation exposure. However,
these agents are most effective not only at administration
shortly after irradiation, but also during the irradiation. For
radiologic terrorism and space research, much of the focus of
radiomitigators has been in the field of developing chemo-
preventives strategies in order to reduce carcinogenesis of
TBIL
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Characteristics of an Ideal Radiomitigator

An ideal radiomitigator should (a) offer the possibility of
easy administration, (b) protect normal sensitive tissues
which are associated with dose-limiting toxicity and signifi-
cant reduction in quality of life, (c) be stable and easily avail-
able, and (d) have no relevant toxicity.

Mechanism of Action

Postradiation changes in normal tissue such as constant
mitotic cell death and perpetually active cytokine cascades
can sooner or later lead to vascular damage, tissue hypoxia,
and excessive extracellular matrix deposition [115].
Radiation mitigators should aim to interrupt these cascades
prior to the manifestation of toxicity or intervene to prevent
the prolongation of molecular and cellular damage, and
therefore reduce the expression of radiation-induced tissue
toxicity or prevent the acute toxicity.

Potential radiation mitigators are described in this chap-
ter; their possible mechanism of action is represented in
Fig. 11.15.

Radiomitigators can modulate the radiation-induced
molecular, cellular, and tissue toxicity/injuries even when
they are administered after radiation exposure. Gene and

Time scale: Seconds to Hours

stem cell therapies as therapeutic radiation countermeasures
are being developed and may be applied in the near future to
minimize the side effects of radiation exposure through tis-
sue regeneration.

DNA Repair and Cell Recovery Process

Several studies have suggested that cellular recovery
and repair processes can be enhanced by radiomitigators.
Double-strand breaks (DSBs) are the most common form
of DNA damage associated with IR. After DSBs are gener-
ated, a cascade of enzymatic processes, such as, HR and
NHEJ (mediated by BRCA 1 and BRCA 2 enzymes), acti-
vation of p53, and induction of cell cycle arrest triggered to
allow DNA repair or to induce apoptosis. The pharmaco-
logical improvement of these mechanism can contribute to
mitigate IR damages. However, this must be done with
care, because failure of these processes can lead to carcino-
genic transformation [116]. Future studies should focus on
compounds that have the potential to enhance the process
of DNA repair after radiation exposure. In that sense,
higher cellular pools of DNA precursors can create a radio-
protective cellular environment, and drugs and chemicals
that stimulate the activity of precursor-synthesizing
enzymes can function as radiomitigators [117].
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Anti-inflammatory Activity

IR =——p Activate immune responSsSe we——p INflammation

i Pro-inflammatory cytokines and chemokines

(IL-1, IL-6, TNFa, TGF-B)

IR is indirectly toxic by activating immune response,
and patients undergoing radiation therapy may occasion-
ally suffer from widespread inflammation. Various pro-

inflammatory cytokines and chemokines are generated
after radiation exposure, which particularly mediate
inflammation, fibrosis, and other serious injuries in tis-
sues and organs. Some natural products and their bioac-
tive components can reduce the expression of these small
cell signaling protein molecules and relieve the inflamma-
tion-associated side effects through their healing proper-
ties. Some phytochemicals, nonsteroidal anti-inflammatory
drugs (NSAIDs), glucocorticoid, and other molecules
reduce inflammatory response, reducing long-term side
effects like fibrosis.

IR = dose-dependent cascade (Hematopoietic Syndrome). s==p | injury to lymphoid and hematopoietic system

death

4 Septicemia, anemia, hemorrhages

Hematopoietic
(Regeneration)

Hematopoietic stem cell injury is the primary cause of
death after accidental or intentional exposure to a moderate
or high dose of IR. Hence, compounds which can stimulate
the regeneration of hematopoietic cells and immune system
by mechanisms such as increasing spleen colony-forming
units in synergy with interleukins may have good ability to
protect cells and tissues against radiation exposure. A range
of endogenous compounds like IL-1, TNFa, G-CSFE, stem
cell factor (SCF), erythropoietin (EPO), and GM-CSF stimu-
late stem cell progenitors and promote hematopoietic bone
marrow repopulation and thus have been further investigated
as potential radiomitigators. So, agents that upregulate
endogenous radioprotective factors can also act as
radioprotectors.

A variety of agents (such as vitamins, TLR ligands, and
B-glucan) and many natural antioxidants are classified as
immunomodulators as they regulate different cytokines (cell
growth factors, colony-stimulating factors, etc.) in order to
facilitate patient recovery from IR-induced injuries. These
regulators inhibit cell apoptosis, promote differentiation and
development of gastrointestinal or hematopoietic stem cells,
and have radiomitigator effects (Box 11.3).

and Immunostimulating  Activity

Box 11.3: Radiomitigators

* Radiomitigators (cytokines, growth factors, hor-
mones, synthetic analogs, immunological adju-
vants, immune regulatory peptides, etc.) accelerate
the postradiation restoration of radiosensitive
tissues.

e Attimes, these agents can exert protective effects in
a similar way to the action of “classic” radioprotec-
tors; therefore, radiomitigators reduce oxidative

stress and inflammatory damages, activate enzymes
involved in repair mechanisms, and/or stimulate the
replenishment of damaged tissues.

e Compared to radioprotectors, they have the advan-
tage of being effective despite being administered
after exposure to IR. They are usually administered
during the early period of postradiation and prior to
the development of acute radiation syndrome
(ARS).

11.2.1 Growth Factors and Cytokines

Four radiomitigators have been approved by the US Food
and Drug Administration (US FDA) for the management of
hematopoietic acute radiation syndrome (H-ARS). They
include human recombinant G-CSF (filgrastim/Neupogen®),
long-acting PEGylated form of G-CSF (filgrastim/
Neulasta®), GM-CSF (sargramostim/Leukine®), and romip-
lostim (Nplate®), a fusion protein containing a peptide region
that binds to the thrombopoietin receptor (c-Mpl) and an Fc
carrier domain that increases its circulating half-life.
Romiplostim was approved for use in radiation injury by the
FDA based on the Animal Rule (United States Food and
Drug Administration, 2021, Highlights of prescribing infor-
mation. Nplate® (romiplostim) for injection, for subcutane-
ous use). Except for romiplostim, they have all been used to
treat radiation accident victims with beneficial results
[118-121].

G-CSF and PEGylated G-CSF promote the differentia-
tion and proliferation of myeloid progenitor cells and their
progeny. These effects promote neutrophil recovery after
radiation-induced neutropenia. In addition, they enhance the
function of neutrophils and improve survival. A World Health
Organization Consultancy recommended that Neupogen and
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Neulasta should be administered subcutaneously, as soon as
possible to individuals who have been exposed to radiation
doses of >2 Gy [118]. Neulasta has the advantage that it is
administered weekly, compared to daily administrations that
is required for Neupogen treatment. GM-CSF increases the
differentiation and proliferation of macrophage and granulo-
cyte progenitor cells. When administered as late as 48 h after
radiation exposure, GM-CSF reduced the recovery time for
neutropenia and thrombocytopenia and decreased the rate of
infection [5]. In addition, GM-CSF appears to exhibit an
antifibrotic effect in the setting of radiation-induced lung
injury (RILI) in experimental animals and humans [122,
123].

Keratinocyte growth factor (KGF), a factor that is pro-
duced by mesenchymal cells, protects and repairs epithelial
tissues. Early studies suggested that KGF promotes the
recovery of the oral mucosa after radiation-induced injury,
improves gastrointestinal barrier function, and limits bacte-
rial translocation and subsequent sepsis after irradiation. In
clinical studies, Palifermin®, a human recombinant KGF
product, reduced the incidence, duration, and severity of oral
mucositis and esophagitis in patients treated with chemora-
diotherapy and stimulated immune reconstitution following
hematopoietic stem cell transplantation [124].

Many cell types release epidermal growth factor (EGF),
which promotes the regeneration of hematopoietic stem cells
in vivo. EGF was reported to have an additive effect on over-
all survival with G-CSF (survival of 20% for controls, 67%
for EGF, 86% for EGF plus G-CSF) [125]. Fibroblast growth
factor (FGF) is found in many tissues throughout the body,
and its levels decrease after irradiation. FGF-P is a human
recombinant derivative that is capable of activating FGF
receptor-1, resulting in protection of the crypts located in the
duodenum and improved survival in a GI-ARS mouse model.
In addition, platelet counts were found to be higher in FGF-
P-treated animals, resulting in decreased hemorrhages and
cutaneous ulcerations postirradiation. It has been suggested
that FGF-P has the potential to treat radiation-induced skin
ulcerations and thermal burns and that it holds potential
promise in the management of ischemic wounds and the pro-
motion of tissue engineering and stem cell regeneration
[125].

Interleukin-12 (IL-12) has pleiotropic effects on the
innate and adaptive immune cells, including stimulation of
hematopoiesis. Treatment with HemaMax® (human recom-
binant IL-12) restored all cell types in bone marrow when
administered at 24 and 48 h post-TBI in non-human primates
(HNPs) and mice, respectively. Compared to Neupogen,
Neulasta, and Leukine, the single administration of
HemaMax® is another advantage in the event of a mass casu-
alty incident [126]. A novel, PEGylated IL-11 (Neumega®) is
approved to treat thrombocytopenia in cancer patients, but
must be injected daily, making its use inconvenient as a

radiomitigator. To circumvent this problem, another mono-
PEGylated IL-11 analog (BBT-059) was designed and dem-
onstrated higher bioavailability and potency in vivo. In
mouse model exposed to high TBI doses, BBT-059 leads to
bone marrow cell reconstitution, leading to an accelerated
recovery of platelets, erythrocytes, and neutrophils and an
increase of survival higher than that obtained with treatment
with the PEGylated derivatives of G-CSF and GM-CSF
[125].

Erythropoietin is prescribed for the treatment of severe
anemia arising from intense chemo- and/or radiation thera-
pies. Erythropoietin and thrombopoietin (TPO) have been
used for the victims of radiation exposure in the Tokaimura
accident. Romiplostim (Nplate) is a synthetic TPO receptor
agonist that preferentially increases platelet generation in
bone marrow; contributes to mitigation of radiation-induced
thrombocytopenia, anemia, and leukopenia; gives protec-
tion; and enhances regeneration of vascular endothelium.
Romiplostim has recently received FDA approval to treat
acutely irradiated and severely myelosuppressed adult and
pediatric patients. More recently, ALXN4100TPO (a TPO
receptor agonist) has been shown to stimulate megakaryo-
poiesis, reduce bone marrow atrophy and radiation-induced
mortality in acutely irradiated mice, with the advantage of
being less immunogenic than Nplate.

Combinations of hematopoietic growth factors and cyto-
kines (G-CSF, GM-CSF, EPO, SCF, and IL-3) have already
been used in the treatment of radiological accident victims,
but the relative efficacy of this combined treatment is diffi-
cult to evaluate due to differing radiation sources, exposure
doses, and other circumstances [127].

As explained in detail in Chap. 2, irradiation directly
causes ROS overproduction, apoptosis, and/or necrosis,
which activate the inflammatory response. In the short term,
proinflammatory cytokines, such as IL-1, IL-6, IL-8, IL-33,
TNF-a, and TGF-f, help to activate the immune response
and bone marrow cellular recovery, but if it is excessive or is
maintained for a long time, it can contribute to bystander/
nontargeted effect (damages in tissues that have not been
directly exposed), in special autoimmune diseases, fibrosis,
and/or cancer initiation and progression. Therefore, the use
of cytokines or growth factors capable of increasing the
inflammatory response should be carefully evaluated.
Moreover, the use of substances that inhibit its release or
antagonize its proinflammatory effects has been shown to
have mitigating effects on the damage caused by IR.

Fibrogenic cytokines like TGF-f, vascular endothelial
growth factor (VEGF), and platelet-derived growth factor
(PDGF) are involved in radiation-induced fibrosis. TGF-f is
able to stimulate ROS and NO production by the immune
system, involved in the initiation and progression of chronic
oxidative damage after exposure to a high dose of radiation.
It is therefore not surprising that combined inhibition of
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TGF-p and PDGF signaling attenuates radiation-induced
pulmonary fibrosis associated with decreased pneumonitis
and leading to prolonged survival. Inhibition of TGF-f also
reduced radiation-induced endothelial vascular damages
[113, 114]. Moreover, different phase I/II clinical trials have
shown more successful RT response with the combined use
of TGF-P inhibitor in metastatic breast cancer patients
(LY2157299, NCT02538471). This is of special interest,
because the reduction in plasma levels of TGF-f is associ-
ated with greater efficacy of RT on different types of cancer
and some studies have proposed that attenuation of cytokines
by genistein or quercetin ameliorates late effects of IR such
as pneumonitis and fibrosis [128].

The necrosis of central nervous system (CNS) tissue is one
of brain irradiation’s main risk factors. The same is true for
radiation-induced increase of capillary permeability resulting
from cytokine release, causing extracellular edema. A recom-
binant human monoclonal antibody (bevacizumab), which
prevents the VEGF from binding to its receptors, reduced
brain necrosis in a patient subjected to cranial irradiation and
further experiments evidenced its efficacy for the manage-
ment of edema associated with radiation necrosis [129].

Toll-like receptors (TLRs) play critical roles in basal
resistance to IR in animals and multiple radiosensitive tis-
sues. Several TLR ligands had been proved to exert protec-
tive roles against IR both in vitro and in vivo, downstream
effectors including NF-xB (controller of inflammation, and
immune response), interferon regulatory factors, and stress-
activated protein kinase (Jnk), which in turn results in inhibi-
tion of apoptosis, promotion of cell proliferation, regulation
of cell cycle, and secretion of cytokines. In cultured cells,
TLR2, TLRS, or TLRY agonists inhibit radiation-induced
apoptosis and increase cell survival. CBLB502 (a TLRS
agonist) was reported to alleviate bone marrow and intestinal
injuries in mice and rhesus monkeys. Activation of TLR4 by
its agonist LPS can protect bone marrow damage and lower
mice mortality after irradiation. Moreover, some kinds of
TLR agonists, such as TLR2/6 coagonist CBLB613, were
reported to be more effective in radiomitigation than single-
TLR agonists. In conclusion, TLRs and their ligands provide
novel strategies for radiation protection in nuclear accidents
[28, 29, 55].

11.2.2 Cell Therapy Replacement

IR is known to be especially damaging on highly prolifera-
tive tissues. Cellular sensitivities in approximate descending
order from most to least sensitive are lymphocytes, germ
cells, proliferating bone marrow and intestinal epithelial
cells, and epithelial stem cells. Hematopoietic syndrome
(HS) is the dominant manifestation after whole-body doses

of about 1-6 Gy and consists of a generalized pancytopenia,
due to bone marrow stem cell depletion, although, excepting
lymphocytes, mature blood cells in circulation are largely
unaffected. Patients remain asymptomatic during a latent
period as the impediment to hematopoiesis progresses. Risk
of infection and sepsis is increased as a result of neutropenia
(most prominent at 2—4 weeks) and decreased antibody pro-
duction. Petechiae and bleeding result from thrombocytope-
nia, which develops within 3—4 weeks and can persist for
months. Anemia develops more slowly because circulating
erythrocytes have a longer life span. Clinical management of
the HS with risk of sepsis, hemorrhage, and/or acute anemia
is related to the standard clinical protocols. Therapy would
certainly encompass, but not limited to, the use of antibiot-
ics, blood, and platelet transfusion, although the latter is lim-
ited by the recipient’s own immune response. Moreover,
aseptic protocols must be rigidly employed. Allogeneic
hematopoietic stem cell transplantation can restore bone
marrow and immune functions. In the past, stem cells were
harvested directly from donor bone marrow in the operating
room, but at present, peripheral blood is most used as a
source of stem cells for both autologous and allogeneic grafts
[130]. Bone marrow stromal cell transplantation has also
been shown to renew the irradiated intestinal stem and allevi-
ate radiation-induced GIS [131]. To date, about 50 patients
with acute radiation sickness have been treated with alloge-
neic hematopoietic stem cell transplants, but the median sur-
vival time has not yet exceeded 1 month. Despite these
results, the efficacy of bone marrow transplantation in
patients undergoing RT treatments highlights the need to
have mechanisms in place to implement this procedure for
patients exposed during a nuclear emergency [132].
Mesenchymal stem cells (MSCs) are nonhematopoietic
adult stem cells with self-renewal and multilineage differen-
tiation potential, low immunogenicity, and capacity to restore
cell loss in damaged microenvironments. Moreover, MSCs
secrete different interleukins, which help in the repair and
recovery of cells. Although MSCs were traditionally isolated
from bone marrow, cells with MSC-like characteristics are
much easier to isolate from a variety of neonatal and adult
tissues, including amniotic fluid, umbilical cord, peripheral
blood, fat tissue, etc. Treatment with MSCs has shown effi-
cacy in protecting the liver against radiation-induced injury;
healing irradiated skin in mice; mitigating radiation-induced
GIS, HS, brain injury, and neurological complications of RT;
and increasing survival in irradiated mice [102]. Moreover,
MSCs have successfully been assayed against radiation-
induced pulmonary fibrosis (NCT02277145) and xerostomia
(NCTO03876197) (www.clinicaltrials.gov) [30]. Nevertheless,
despite the extensive use of MSCs in preclinical and ongoing
clinical trials, there is a lack of long-term safety in humans.
During recent years, it has been demonstrated in animal
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models that MSC-derived extracellular (EVs). EVs can
exert the same therapeutic effect of MSC; therefore, EVs can
be used as an alternative MSC-based therapy [133]. To cite
some examples, EVs inhibit DNA damage and cell death and
preserve intestinal function [134] and bone marrow activity
providing long-term survival in mice exposed to TBI [135].

11.2.3 Nonsteroidal (NSAIDs) and Steroidal
Anti-inflammatory Radiomitigators

Radiation initiates many enzymes such as cyclooxygenase-2
(COX-2) and inducible nitric oxide synthase (iNOS) to pro-
duce ROS or NO, involved in the activation of inflammatory
response. Most NSAIDs, such as aspirin, ibuprofen, indometh-
acin, diclofenac, and flurbiprofen, are able to inhibit COX-1
and COX-2 enzymes. The protective action COX inhibitors
(COXi) is ascertained to the inhibition of the prostaglandin
synthesis and directly or indirectly linked with the ability of
NSAIDs to arrest cells in the G, or G, phase where cells are less
sensitive to radiation damage and/or stimulation of the hemato-
poietic recovery [136]. Both pre- and post-irradiation treat-
ments with sodium diclofenac reduced radiation-induced
formation of DC and MN formation in human peripheral blood
lymphocytes [137]. Flurbiprofen also showed radioprotection
in clinical studies, e.g., delaying the onset of mucositis and
reducing its severity after RT in 12 head and neck cancer
patients, although the overall severity or duration of mucositis
was not improved [138]. A recent meta-analysis of randomized
controlled trials indicates that aspirin reduces the overall risk
of recurrence and mortality of colorectal cancer and/or colorec-
tal adenomas, which increases the interest in its possible use as
a radiomitigator [24, 25]. However, nonselective COXi are
known to cause undesirable side effects including GI ulcers
and bleeding when taken for continued periods of time.
Increase of COX-2 gene expression is associated with
decreased survival in patients receiving RT [139]. COX-2
selective inhibitors (COXi, as celecoxib, meloxicam, indo-
methacin) lack the GI toxicity of classical NSAIDs, and
therefore, the use of COX-2i like meloxicam has been exten-
sively assayed. Meloxicam administered either before or
repeatedly after irradiation exposure has enhanced the recov-
ery of hematopoietic progenitor cells committed to
granulocyte-macrophage and erythroid development in sub-
lethally irradiated mice [140], but the increase in survival
was only observed when meloxicam was applied before
lethal TBI. Sequential administration of PGE2 and meloxi-
cam was shown to increase hematopoiesis and survival in
irradiated mice [141], and meloxicam combined with ibu-
profen treatment reduced bone loss after radiation exposure
[142]. Radiation pneumonitis is a severe and dose-limiting

side effect in lung cancer treatment. In this regard, celecoxib
was tested in rats after single-dose X-ray irradiation of the
right hemithorax and mediastinal region with 20 Gy reveal-
ing a dose-dependent protective effect on lipid peroxidation
(MDA levels) and histopathological parameters. Celecoxib
treatment induced a decrease in severe skin reactions after a
high single dose of 50 Gy [136]. Moreover, celecoxib was
also found to alleviate radiation-induced brain injury by
maintaining the integrity of the BBB (blood-brain barrier)
and reducing the inflammation in the rat brain tissues by
inhibition of apoptosis in vascular endothelial cells [143].
RIVADO18 is another selective COX-2i which adds to its
anti-inflammatory effects the ability to exert antioxidant
activity, preventing oxidation of low-density lipoproteins,
showing protection on both cellular and vascular models
[144].

Several studies have also described that overexpression of
COX-2 in cancer cells results in increased tumor angiogen-
esis, growth, and metastasis; thus, several COX-2 inhibitors
have been described as radiosensitizers [136]. Celecoxib
restricts neoangiogenesis, leading to a reduction in the sur-
vival of hepatocarcinoma and lung and skin cancer cells. In
glioblastoma cells, the combined effect of radiation and cele-
coxib increased tumor cell necrosis, showing a significant
reduction in tumor microvascular density compared to irra-
diation alone [139].

Radiation exposure of skin with high doses (>20 Gy)
results in erythema, blistering, and necrosis in sequence. The
necrosis generally occurs 10-30 days after exposure,
although it may appear earlier in the most severe cases. The
earliest administration of systemic and topical anti-
inflammatory agents reduces the need for surgical excision
of the affected tissue. Current therapy might make use of
transplanted autologous keratinocytes combined with alloge-
neic stem cells. Advances in the knowledge of the radiomiti-
gating properties of these compounds may prove to be very
useful, particularly for the relatively low cost and toxicity,
and specially for their analgesic effects [139].

Steroidal anti-inflammatory drugs such as dexametha-
sone can be administered after radiation exposure to attenu-
ate fever and inflammatory or pain symptoms or to treat
acute pathologies such as pneumonitis. Some authors
reported that dexamethasone administration prior or imme-
diately after radiation exposure reduced the risk of cardiac
and other tissue fibrosis. Moreover, dexamethasone is often
used to manage the inflammatory response in the brain dur-
ing RT treatment of glioblastoma and other intracranial
tumors. The effects of dexamethasone on patient survival
however remain controversial because several clinical stud-
ies suggest that dexamethasone could potentially restrict
effective RT [145].
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11.2.4 Probiotics, Prebiotics, and Fecal
Microbiota Transplantation (FMT)

Pathologically, acute intestinal epithelium damage is
described as dilatation or destruction of crypt cells, decrease
in villous height and number, ulceration, severe mucosal and
submucosal inflammation, and sepsis associated with a
pathogen bacterial translocation. Because of the rapid turn-
over of intestinal mucosa, the acute-phase symptoms (nau-
sea, vomiting, diarrhea, abdominal pain, and acute mucositis)
persist for hours to several months, while other intestinal
complications such as obliterative vasculitis, mucosal ulcer-
ation, bowel wall thickening or progressive interstitial fibro-
sis, bowel obstruction, and fistulae formation, with or without
fecal incontinence, are late events, often associated with
chronic radiation exposition [146]. The reported incidence of
severe late chronic radiation enteritis varies between 5 and
15% of patients treated with pelvic RT.

Probiotics, prebiotics, and FMT target intestinal microbi-
ota by inhibiting colonization of pathogenic bacteria and
restoring microbiome normobiosis. They increase produc-
tion of mucin in the intestinal epithelial cells and expression
of tight junction protein and occludin, thereby enhancing
mucus layer function and improving survival of intestinal
crypts (Fig. 11.16).

A diverse and healthy commensal intestinal microbiota
plays an essential role in GI homeostasis. It has been found
that postirradiation enteropathy is associated with low muco-
sal microbiota diversity, in particular, a decrease of
Lactobacillus and Bifidobacterium spp. and an increase in
the relative abundance of opportunistic pathogens. Gut

microbiota dysbiosis aggravates radiation enteritis, reduces
the absorbing surface of intestinal epithelial cells, weakens
intestinal epithelial barrier function, promotes intestinal
inflammation, and contributes to the development of
mucositis, leading to a persistent diarrhea and bacteremia
[147]. Correction of the microbiome by application of probi-
otics, prebiotics, FMT, and/or antibiotics helps to prevent
and treat radiation-induced enteritis [148].

Probiotics are live microorganisms, added to aliments,
that have a beneficial role in reducing pathogenic bacteria
multiplying without competitors, promoting intestinal
immune barrier function, and preventing translocation of
harmful bacteria. Preparations containing Bifidobacterium,
Lactobacillus, and Streptococcus ameliorated radiation-
induced gut toxicity, reducing the incidence of diarrhea,
and delaying the necessity for rescue treatment with lop-
eramide [147]. Randomized controlled trial evidenced
that live Lactobacillus acidophilus plus Bifidobacterium
bifidum treatment reduced the incidence of radiation-
induced diarrhea and the need for antidiarrheal medica-
tion and had a significant benefit on stool consistency
[149]. The anti-inflammatory effect of probiotics has been
shown in other pathologies such as ulcerative colitis and
Crohn’s disease. The administration of Lactobacillus spp.
decreased levels of different colonic inflammatory cyto-
kines such as IL-6, TNF-a, or NF-kB p65 and recruitment
of leukocytes to the colonic mucosa. In mice model,
administration of Lactobacillus rhamnosus increased the
crypts survival in radiation-induced enteritis by approxi-
mately twofold and reduced epithelial cell apoptosis,
which depends on intact TLR2 and COX-2 inhibition in
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Fig. 11.16 Effect of probiotics, prebiotics, and FMT on the function of the intestinal epithelium and gut microbiome
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mesenchymal stem cells of crypt [150]. Genetically engi-
neered species of Lactobacillus plantarum and
lactis  release SOD inducing anti-
inflammatory effects and attenuation of enteritis symp-
toms [151]. Increased production of short-chain fatty
acids is one of the most important probiotic protective
effects implicated in GI and hematopoietic tissue protec-
tion and increased survival of irradiated mice [152].
Several clinical trials seem to indicate that probiotics
reduce the incidence of radiotherapy-induced mucositis
[148], even though results are difficult to evaluate, as they
vary in the type of cancer patients recruited, radiotherapy
modalities used, and type of bacteria used as probiotic
[146]. In this regard, choosing the right probiotic can be
crucial, and a recently published systematic review con-
cludes that a combination of Bifidobacterium longum,
Lactobacillus  acidophilus,  Bifidobacterium  breve,
Bifidobacterium infantis, and Saccharomyces boulardii
could be a good combination of probiotics to reduce inci-
dent rates of mucositis or ameliorate its symptoms in
chemo- or radiotherapy-treated patients [153].

Prebiotics offer a source of enrichment to the microbi-
ome, and dietary interventions have demonstrated to reduce
the severity of inflammatory intestinal pathologies and thus
can potentially serve as a radiomitigative strategy. In fact, a
clinical trial (NCT01549782) evidenced that increased con-
sumption of certain prebiotics (fiber and plant sugars) was
associated with a reduction in days of diarrhea and improved
quality of life for irradiated patients [154].

FMT increased the survival rate, elevated peripheral white
blood cell counts, and alleviated GI toxicities and intestinal
epithelial integrity in irradiated mice [155]. Radiation-
induced intestinal edema was strikingly alleviated after
8 weeks of FMT of gut microbes from healthy donors,
enhancing beneficial bacteria such as  Alistipes,
Phascolarctobacterium, Streptococcus, and Bacteroides
recovery, whereas the abundance of Faecalibacterium
decreased. FMT can reduce the intestinal leakage and
enhance the intestinal functions and epithelial integrity in
patients with chronic radiation enteritis [156].

Researchers have long known that administering anti-
biotics to irradiated animals can enhance survival by
avoiding opportunistic infections. As previously have
been exposed, antibiotics such as fluoroquinolones and
ciprofloxacin also have the advantage of reducing radia-
tion damage to hematopoietic progenitor cells. Antibiotic
cocktail and metronidazole pretreatment are beneficial to
the reconstruction of gut microbes in irradiated mice. Abx
pretreatment regulates macrophage polarization in the
ileum and downregulates the expression of TGF-fI,
thereby preventing intestinal fibrosis and ultimately
improving the survival of mice with radiation-induced
intestinal injury [157].

Lactococcus

11.2.5 Angiotensin Axis-Modifying Agents

Radiation nephropathy has emerged as a significant compli-
cation in RT and is a potential sequela of radiological terror-
ism and radiation accidents. The use of a high-salt diet in the
immediate post-irradiation period significantly decreases
renal injury but is deleterious for the treatment of established
disease. FDA-approved drugs that modify the renin-
angiotensin system are habitually used for the treatment of
hypertension and cardiac and/or renal insufficiency. ACEIs
constrain angiotensin-converting enzyme (ACEs) and reduce
the formation of angiotensin II (AIl). Angiotensin receptor
blockers (ARBs) impede the function of the angiotensin AT,
or AT, receptors and decrease the actions of All.

The efficacy of ACEIs and ARBs has also been long stud-
ied for their effects in radiation protection, modulation, or
mitigation (Fig. 11.17). Clinical trials have evidenced the
potential of ACE inhibitors to reduce radiation-induced
pneumonitis and fibrosis (enalapril, NCT01754909, www.
clinicaltrials.gov).

Results of a recent meta-analysis review evidenced that
the use of ACEISs, but not ARBs, effectively reduced the inci-
dence of radiation pneumonitis in most lung cancer patients.
That has important clinical implications because lung cancer
patients receiving thoracic radiation could take an appropri-
ate dose of ACEISs to prevent radiation-induced pneumonitis,
during or after the period of RT, which would greatly improve
the quality of life and therapeutic effect. By contrast, even
the most expensive ARBs were ineffective [158].

Five different ACEIs (captopril, lisinopril, enalapril,
ramipril, and fosinopril), at clinically relevant doses, have
been examined for efficacy as mitigators of radiation-induced
nephropathy. Overall, survival in rats is higher after an
11-12 Gy TBI when treated with any of the ACEIs captopril,
enalapril, or fosinopril starting 1 week postirradiation [159].
All, except fosinopril, effectively abrogated radiation
nephropathy, with captopril being the most effective [160].

Captopril treatment increased survival from thoracic
irradiation to 75% compared with 0% survival in vehicle-
treated animals, and suppression of inflammation and senes-
cence markers, combined with an increase of
anti-inflammatory factors, was part of the mechanism
involved in its therapeutic effects [161]. Captopril reduced
radiation-induced cytokines EPO, G-CSF, and SAA (Non-
invasive serum amyloid A) in the plasma, mitigated brain
microhemorrhage at 21 days postirradiation, and increased
EPO levels postirradiation if started prior to radiation expo-
sure. These data suggest that captopril may be an ideal coun-
termeasure to mitigate H-ARS following accidental radiation
exposure [162]. A trial of captopril in patients receiving TBI
demonstrated not only safety, but also efficacy against renal
and pulmonary injury [163]. Moreover, prophylactic admin-
istration of captopril reduced radiation-induced hypertension


http://www.clinicaltrials.gov
http://www.clinicaltrials.gov

598

A. Montoro et al.

¥ Blood pressure
& Fluid volume

PN Angiotensinogen
| g
J
' P Renin
Neprilysin (NEP)
) ) Thimet oligopeptidase (TOP)
¥ Angiotensin |
g
\E)
) (N ]
« . angiotensin converting enzyme . .
g et — Angiotensin (1-7)
¢ ’{ACE) ACE inhibitors (AC‘E"S) (less well characterized)
Angiotensin Il J

| Type I (AT,) receptor]

ACE2

[Type Il (AT,) receptor| [ MAS receptor |

Physiological response |

1 Vascular permeability Vasoconstriction
° : L 1 Oxidative stress
@ Hypertension

1T Inflammation "i 1 Aldosterone secretion

T Adhesion mediators: ICAM-1, VCAM-1
T Cytokines: IL-6, IL-8, IL-12
T Signaling pathways: AP-1, NF-kB

| Pathological response

4 1 ADH secretion

qﬁ 1 H.0 & Na* reabsorption

Fibrosis

| ¢ Release of NO | | e Anti-oxidative |
e Vasodiilation e Anti-inflammation
o Cell gmwth inhibition e Anti-fibrotic
e Anti-carcinogen

Fig. 11.17 Role of ACEIs, ARBs, and renin inhibitors in the renin—angiotensin system

and renal failure and mitigated pulmonary endothelial dys-
function and radiation-induced pneumonitis and fibrosis.
The isoflavone genistein appears to work synergistically
with captopril, improving the 30-day survival in mice receiv-
ing both drugs from 0 to 95% after 8.25 Gy TBI. The combi-
nation therapy reduced anemia and increased the number of
circulating hematopoietic cells [164].

In murine models, administration of AT, receptor antago-
nist before, during, and after fractionated whole-brain irra-
diation prevented or reduced cognitive impairment. It is also
hypothesized that ARBs may attenuate radiation-induced
brain injury by increasing the generation of anti-inflammatory
peptide, angiotensin (1-7). ACEI or AT, antagonist treatment
in hypertensive patients increases blood levels of angiotensin
(1-7); prevents oxidative stress, inflammatory cytokine
release, and fibrotic events; and also has anticarcinogenic
effects, thus having radiomitigating potential as it has been
evidenced recently [165].

While other types of antihypertensive drugs are ineffec-
tive, ACEIs and All receptor antagonist type I are effective in

the mitigation of radiation damages. Moreover, some of
them also exhibit antitumor effects; thus, there is a strong
case for the clinical use of these agents in the treatment of
radiation-induced late effects.

11.2.6 Statins

The incidence of cardiovascular disease was observed in the
atomic bomb survivors, and cardiovascular disease is a
known side effect of radiation therapy [166]. Statins (simvas-
tatin, lovastatin, pravastatin, and others) are inhibitors of the
3-hydroxy-3-methylglutaryl coenzyme A reductase, which is
a rate-limiting enzyme for the synthesis of cholesterol and
serves to upregulate low-density lipoprotein (LDL) synthesis.
Therefore, statins are clinically used to reduce LDL levels in
the blood and, consequently, to treat atherosclerosis and
hypercholesterolemia. Statins also strongly induce thrombo-
modulin (TM) expression, which in turn forms a complex
with thrombin. Thrombin-TM complexes activate protein C,
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which has anti-inflammatory, anticoagulant, and antioxidant
properties. All these beneficial effects may help to attenuat-
ing radiation injuries [167].

Radiation exposure (5 Gy X-rays) increased cholesterol
levels, and those were reduced by simvastatin treatment
[168]. Simvastatin treatment (20 mg/kg/d over 2 weeks) mit-
igates, to a limited extent, radiation-induced enteric injury
(4-8 Gy), as evidenced by improved structural integrity of
the mucosa, reduced neutrophil infiltration, decreased thick-
ening of the intestinal wall, and reduced accumulation of col-
lagen I in jejunum and bone marrow in male C57BL/6J mice
[169]. Simvastatin also prevented radiation-induced marrow
adipogenesis and provided radioprotection to the niche cells
[170], and attenuated radiation-induced salivary gland dys-
function in mice [171]. Pathak et al. [167] demonstrated that
a single subcutaneous dose of y-tocotrienol (GT3) rescues
mice from lethal radiation doses, and combined treatment
(GT3 + simvastatin) provides substantial protection against
radiation-induced lethality, hematopoietic injury, and bone
marrow damage compared to the single treatment.

A combination of statin and ACEI agents has shown effi-
cacy in reducing GI toxicity in patients receiving pelvic RT
[172]. Lovastatin treatment of irradiated mice (15 Gy whole-
lung irradiation), starting immediately after irradiation or
8 weeks post-irradiation (three times a week), demonstrated
a reduction in lung tissue lymphocytes and macrophages,
decreased collagen content, prevented lung fibrosis, and
improved rates of survival [173].

Pravastatin (30 mg/kg body weight given 4 h before irra-
diation) protected the normal intestine and lung tissues from
radiation. The radiomitigating effect of pravastatin was asso-
ciated with a reduction in the level of radiation-induced DNA
DSB. The pravastatin-treated group showed a significantly
lower apoptotic index of the lung and intestinal epithelial
cells and reduced the intestinal expression of ataxia-
telangiectasia mutated and y-H2A histone family member X
(H2AX) after irradiation [174]. Statins are generally well
tolerated, and their effect was pronounced for delayed radia-
tion injury and for that reason shows potential as
radiomitigators.

11.2.7 Growth Hormone (GH)
and Somatomedin C (IGF1) Analogs

Long et al. [175] demonstrated that chimeric protein dTMP-
GH, a tandem dimer formed by thrombopoietin mimetic
peptide and GH treatment, increased survival in mice
exposed to ®°Co y-ray photons (6 Gy). Meanwhile, dTMP-
GH treatment accelerated the recovery of bone marrow
hematopoiesis, promoted skin wound closure, and mitigated
ileum injury. Zinc sulfate and GH administration prevented
radiation-induced dermatitis in rats [176], and increased GH/

IGF1 levels also reduced radio-induced intestinal epithelial
cell apoptosis preserving, in the short term, the efficacy of
RT on tumors [177]. GH significantly restored follicular
development and preserved fertility in female rats exposed to
a single TBI of 3.2 Gy [178]. However, in oncology, GH and
IGF1 reduce the effectiveness of RT and may frequently
cause metastasis and cancer recurrence. Therefore, even if
GH/IGF-derived radiomitigative effects are confirmed, fur-
ther studies of these hormonal treatments would be neces-
sary before translating the results to human clinical trials.

11.2.8 Molecular Hydrogen (H,)

Hydrogen can mitigate IR damages through various mecha-
nisms [122, 123]: (a) directly neutralizes hydroxyl radicals
and peroxynitrite [179]; (b) indirectly reduces oxidative
stress, by upregulating the expression of different endoge-
nous antioxidant enzymes, i.e., SOD, CAT, and GPx; and (c¢)
shows antiapoptotic and anti-inflammatory properties [180].
H, reduces 8-hydroxy-2’-deoxyguanosine and malondialde-
hyde levels and increases SOD activity and GSH levels.
These findings suggest that the radioprotective effect of H, is
largely due to the inhibition of oxidative stress. In that sense,
H2 has demonstrated in vitro radioprotective effects in cells
especially sensitive to IR, such as intestinal epithelial cells,
hematopoietic precursors, and spermatogonia [180] these
protective effect of H, are not significant when it is adminis-
tered after radiation [181].

Shin et al. [182] observed that application of H (H20) to
human skin prevented UV-induced erythema and DNA dam-
age, administered even after exposure to RI. Although a lot
of in vitro and in vivo research has been done to investigate
the potential use of H, as a radiomitigator, there are scarce
clinical data. Kang et al. [183] performed a placebo-con-
trolled, randomized study to evaluate the validity of ingest-
ing hydrogen-rich water in 49 patients with malignant liver
tumors, while they were receiving RT at the same time.
Patients drinking H,-rich water had considerably higher
quality of life (QOL) scores, notably less appetite loss, and
much fewer tasting disorders than patients drinking placebo
water, and most importantly, no differences were found in
tumor response to RT comparing both groups of patients
[183]. In cancer patients, H, has also shown protective effects
against brain, lung, and myocardial injury associated with
RT, furthermore preventing side effects like anorexia, taste
disorders, or bone marrow damage without compromising
the antitumor effects of the treatment [180].

The use of H, is feasible in the clinical practice because it
is stable at normal temperatures; it can be easily adminis-
tered through various routes such as inhalation, drinking,
injection, etc. (Fig. 11.18); it can even cross the blood-brain
barrier; has a very favorable tolerability profile; and it shows
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Fig. 11.18 Delivery of hydrogen and its protective and therapeutic opportunities in various systems. Adapted from “Molecular hydrogen: A
potential radioprotective agent,” by Hu et al. [122, 123], Licensed under CC BY 4.0

great efficacy as a potential radioprotective agent [122, 123].
Although the human body does not have the enzymes neces-
sary to produce H,, the colonic microbiota can produce about
12 L of H, per day under physiological conditions. Many
results support the idea that upregulation of H, gas produced
by intestinal bacteria could be used as a valid treatment strat-
egy for various diseases. Since there are several methods to
supply external H,, it can be easily administered with little or
no adverse effects.

11.2.9 Vitamins

1-Methyl nicotinamide (MNA), a derivative of vitamin B3,
significantly prolonged survival of mice irradiated at
LD30/30 (6.5 Gy), LD50/30 (7.0 Gy), or LD80/30 (7.5 Gy)
of y-rays when the MNA administration started as late as
7 days post-irradiation. Another vitamin B3 derivative,
1-methyl-3-acetylpyridine, was slightly less efficient when it
was administered after 7.5 Gy y-ray exposition. These pro-
survival effects might be related to the anti-inflammatory
and/or antithrombotic properties of the vitamin B3 deriva-
tives and do not seem to be mediated by stimulation of hema-
topoiesis. These results show that MNA may represent a
prototype of a radiomitigator because it reduces the severity
and/or progression of radiation-induced injuries when
applied several hours or days after exposure to high doses of
IR [184].

11.3 Internal Contamination by

Radionuclides and Treatment

After various radiological and nuclear incidents, radioactive
materials (radionuclides) may be released in the atmosphere
where they could be either inhaled as gas, ingested as par-
ticulates, or absorbed through intact skin or subcutaneous
tissue [185].

The medical consequences of internal contamination are
determined primarily by radiation dose and radiation qual-
ity. Deleterious effects include dose-dependent determinis-
tic (i.e., predictable) effects; stochastic (i.e., random)
effects such as cancer in tissues where radionuclides are
retained for prolonged times, and at a sufficiently high
quantity of contamination; multiorgan failure; and death.
The radiation quality or specific radionuclide(s) has (have)
a characteristic emitted energy (alpha, beta, or gamma/X-
ray), solubility, radioactive half-life, and biological half-
life, which is determined by the time required for a
compartment, defined by a body organ or tissue or part of
an organ or tissue (see Fig. 11.19) to eliminate half of its
radionuclide content. The particle size and chemical com-
position of the radioactive material impact the site of depo-
sition within the body and route of elimination. Finally,
comorbidities such as renal insufficiency, hepatic failure,
and pulmonary disorders may impair pathways needed for
radionuclide elimination from the body, thereby prolonging
exposure [186].
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The internal contamination with radionuclides involves
four metabolic phases:

1. Intake (incorporation)

2. Uptake (absorption into the circulatory system)
3. Retention (deposition)

4. Excretion (decorporation)

The excretion of these radionuclides by natural processes
can be accelerated using decorporation therapies. This con-
sists of enhancing the action of biological processes through
chemical or biological agents, thereby facilitating radionu-
clide elimination. In the event that radionuclides have been
incorporated internally, the objective of the therapy is to
reduce the internal dose and thus the risk of biological effects
on health. This can be achieved by preventing the incorpora-
tion, reducing the absorption and internal deposit of radionu-
clides, and also promoting their excretion. The decorporation
process may have adverse side effects. Therefore, these ther-
apies must be based on risk criteria and applied as soon as
possible.

The general procedures are intended to reduce or inhibit
the absorption of radionuclides from the GI system, the
respiratory tract, or the skin and wounds (Fig. 11.19). Some
examples of general procedures are the use of emetics, gas-
tric lavage, laxatives, gastric alkalinization, and irrigation if

there are wounds, especially in an emergency scenario. The
use of specific drugs to impede the deposition of radionu-
clides (decorporation agents) in organs or tissues could avoid
accumulation and retention of radionuclides and, obviously,
is more effective if treatment is started immediately after
internal contamination. Decorporation agents can reduce
radionuclide absorption, entry, and deposit in organs and tis-
sues and/or accelerate its excretion, finally minimizing the
absorbed dose.

11.3.1 Blockers (Metabolic Blocking)

Blocking agents work by reducing the absorption of the
radionuclide in the body, since they saturate tissues, organs,
and metabolic processes using a stable isotope (identical to
the nonradioactive element). Among these agents, the best
known is potassium iodide (KI), used to prevent the deposit
in the thyroid gland of radioactive iodine delivered to the
atmosphere as a result of uncontrolled nuclear accident,
which can lead to an increased risk of developing thyroid
cancers, particularly in infants and young children [187]. KI
prevents binding of radioiodine by three mechanisms: a) it
will dilute the radioiodine circulating inside the body and
available for thyroid uptake; b) it will saturate the active
transport mechanism of iodine mediated by the sodium
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iodine symporter (NIS); and c) it will inhibit the organifica-
tion of iodine, also called Wolff-Chaikoff phenomenon, a
mechanism that could lead to a decrease in the synthesis of
thyroid hormones and a possible hypothyroidism; but this
effect is usually of short duration. This measure only protects
the thyroid from radioactive iodine, not other parts of the
body.

Pharmacologic thyroid blockade by oral KI (50—-100 mg
in adults) can substantially reduce radioiodine thyroid uptake
and was one of the first and urgent protective actions recom-
mended by the World Health Organization (WHO)
(1960-1970s).

The recommendations adopted for iodine prophylaxis,
in particular those regarding the administration timing,
the iodine quantity to be given, and the possible side
effects occurring as a result of this measure, are included
in the Guide [188]. Although stable iodine is usually con-
sidered as the standard for thyroid protection against
radioiodine [189], perchlorate can be considered as an
alternative, provided that it is administered at equi-effec-
tive dosages (1000 mg perchlorate is as effective as
100 mg stable iodine in the aftermath of an acute radioio-
dine exposure). Perchlorate also protects the thyroid by
competition with radioiodine at the NI-symporter site.
Considering its simpler protective mechanism and poten-
tial advantages in particularly vulnerable subpopulations
and its acceptable adverse effects, it seems promising for
future studies to focus more closely on perchlorate as an
alternative to stable iodine for thyroid protection against
radioiodine [187].

11.3.2 Reduced Absorption

Absorption is defined as a movement of material that reaches
the blood regardless of the mechanism. This generally
applies to the entrance in the bloodstream of soluble sub-
stances and material dissociated from particles (NCRP 161).

Prussian blue, a nonabsorbable resin (approved by the
FDA), acts as a laxative agent that promotes the fecal elimi-
nation of ingested radiocesium and thallium. The most effec-
tive form of this compound is its colloidal soluble form. This
compound was used in the Goiania accident extensively and
successfully for the decorporation of '¥’Cs. Different silica-
based materials have also been tested to capture various
radionuclides of plutonium, americium, uranium, and tho-
rium [190].

Natural products have also been used to reduce the
absorption of radionuclides. An example is that orally
administered Chlorella algae inhibited the absorption of
strontium (°°Sr) into the blood and enhanced its fecal elimi-
nation [191].

11.3.3 Dilution (Isotopic Dilution)

Increasing the intake of liquids, such as water, milk, and tea,
or intravenous administration of isotonic saline solution, is a
rapid method to increase the excretion of soluble radionu-
clides. This would be the case of tritium, where ingestion of
sufficient liquids reduces the time of permanence in the body
[192].

11.3.4 Displacement

Displacement shares the same principle as dilution and
blocking therapies. However, in this specific case, an ele-
ment is used that has a different atomic number. Thereby,
that element will compete for internal scavenging sites, dis-
placing the radioisotope from a receptor/target. Calcium glu-
conate, for example, competes with radiostrontium in bone
deposition, or stable iodine, which displaces technetium-
99m [193].

This method consists of increasing the natural renewal
process of the release of radionuclides from organs and tis-
sues, thus reducing deposition and improving the elimination
rate by diuresis. As an example, ammonium chloride, which
if administered orally, lowers the pH of the blood and
increases the elimination of radiostrontium once internal-
ized. Or the use of sodium bicarbonate increases the pH of
the blood and favors the removal of uranium [194].

11.3.5 Chelators and Functional Sorbents

Chelating agents are classified as organic or inorganic agents
capable of binding to metal ions and forming complex ring
structures, known as “chelates.” These agents possess atoms
of union or “ligands” that generally form covalent bonds and
facilitate the excretion by the kidneys or other organs [186].

Some examples of this method are the one used to facili-
tate the elimination of plutonium complexes by the kidneys
and the GI. DTPA (diethylenetriaminepentaacetic acid with
calcium or zinc) is the chelator with the widest range of
potential use [186]. Other chelators commonly used are
dimercaptosuccinic acid, dimercaprol, and deferoxamine.
Different silica-based materials (such as isomers of diphos-
phonic acid, hydroxypyridinone, acetamide phosphonic
acid, DTPA, and glycinyl-urea) have also been tested to cap-
ture various radionuclides of plutonium, americium, ura-
nium, and thorium [190]. Importantly, factors that can
potentially affect the stability of any chelating agent must
always be taken into account, i.e., (but not limited to) acidity
and alkalinity, chemical properties of the agent, its selectiv-
ity, and concentration of competing metals.
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Internal contamination with actinides, whether by inhala-
tion, ingestion, or injuries, represents a serious risk to the
health. Some guidelines to assist physicians or other profes-
sionals in treating workers or members of the public who
may suffer internal contamination with compounds such as
plutonium tributyl phosphate, plutonium nitrate, americium
oxide, or nitrate can be found in [195].

The use of these types of agents is most effective when
administered immediately after exposure to radiation
because the radionuclides are still circulating in the body and
may not yet have deposited in target organs or cells (liver and
bone are examples of preferred targets).

11.3.6 Surgical Excision

This method is used for the elimination of a fixed radionu-
clide contaminant in the body. The surgery must be evaluated
carefully, taking into account risks and benefits, and must be
carried out with the support and collaboration of radiation
protection staff [196].

Occasionally, debridement and excision of the wound
may be necessary in order to remove the fixed contamina-
tion. It is important that a well-established evaluation is car-
ried out by specialized personnel to support the medical
decision, considering the benefits and risks of the surgical
procedure. When surgical exploration is necessary, as well as
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Fig. 11.20 Isotopes and focal accumulation in the body

the removal of tissue/foreign material, it should be performed
with the help of a radiation protection professional, a radio-
physicist who uses a specific probe for wounds. Once the
surgical material has been removed, it should be saved for
subsequent radioanalysis. There are no contraindications
regarding the use of local anesthetics or systemic anesthetic
agents.

11.3.7 Lung Lavage (Mechanical)

Lung lavage is an invasive medical procedure that involves
the same risks as general anesthesia and is only indicated for
a limited number of cases. The parameters that are taken into
account are the patient’s age, clinical status, existence of
comorbidities, radiotoxicity of the contaminant, and dose.

This technique will only be used after a meticulous medi-
cal and dosimetric evaluation, and in case inhaled and insol-
uble radioactive particles (plutonium for example) are
deposited in the lungs. Other isotopes and focal accumula-
tion are depicted in Fig. 11.20. A flexible bronchoscopy
should be performed to enhance bronchoalveolar lavage
[197]. This type of bronchoscopy should be performed only
if the lung load is high and incorporates a large amount of
insoluble inhaled particles, such as alpha particles (o).

The objective of this procedure is to avoid deterministic
effects for pulmonary doses above 6 Gy-equivalents (Gy-Eq)
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and is stochastic when the committed doses are lower in the
lung. All this within a period of 30 days and individualized
for each case.

The Clinical Decision Guide (CDG) and the IAEA EPR
2018 Guide provide bases that can be used by healthcare pro-
viders to treat cases where radionuclides have been depos-
ited internally as explained above. Both guides are useful for
medical management of individuals contaminated with
radionuclides as a consequence of a nuclear or radiological
emergency, or due to an industrial scintigraphy accident, or
in patients undergoing treatments with radionuclides.

See Annex 1: Contamination by radionuclides and MCMs
table.

11.4 Radiosensitizers

Radiotherapy (RT) is a treatment that uses high doses of
radiation to kill cancer cells and shrink tumors.
Radiosensitizers are chemicals or pharmaceutical agents that
increase the cytotoxic effect of IR on cancer cells by acceler-
ating DNA damage and producing free radicals, suppressing
the antioxidant mechanism of defenses, or inhibiting the
repair of biomolecules, among others. In most cases, radio-
sensitizers have less effect on normal cells; however, some
can also be administered after radiation exposure to treat or
reduce the late side effects to healthy tissue. The effective-
ness of potential radiosensitizers is measured in terms of the
enhancement ratio (ER) (Box 11.4):

Radiation dose required to obtain a given biological effect

* Radiation dose required to obtain the same effect in the presence of sensitizer

Box 11.4: Radiosensitizers

e Radiosensitizers specifically target tumor cells and
make them more susceptible to IR during RT.

* These therapeutic compounds apparently enhance
the radiation-induced damage to cancer cells at the
molecular level and may also further limit the harm-
ful effects of radiation on normal tissue.

* Radiosensitizing agents promote fixation of free
radicals by their electron affinity, rendering the
molecules incapable of repair.

e Their mechanism of action is comparable to the
oxygen effect, as biochemical reactions of the dam-
aged molecules preclude the repair of cellular
damage.

Characteristics of an Ideal Radiosensitizer

For use as an adjunct in RT, an ideal radiosensitizer should
not be harmful to healthy tissues and not interfere with other
therapies, as well as should be highly efficient on tumor and
hypoxic cells. It should also be economically affordable.

A radiosensitizer should be nontoxic and should produce
an advantage in enlarging the therapeutic window, increasing
tumor control probability, and limiting the normal tissue tox-
icity. This effective gain could result from a selective uptake
or absorption rate or half-life of the radiosensitizing mole-
cule in a tumor with respect to normal tissue.

Mechanism of Action
Radiosensitizers have been developed to modulate the
response that occurs during or after the radiation exposure.

At a molecular level, these molecules stimulate the fixing of
free radicals generated by radiation. Similarly to the oxygen
effect, the biochemical mechanism prevents the repair of
damaged molecules. The electron affinity of the radiosensi-
tizers captures independently existing free radicals, render-
ing the molecules incapable of repair [198]. Although each
radiosensitizer has different rationales and limitations, they
interact with specific biological targets, i.e., the signaling
pathway/cascade (Table 11.1) at diverse levels (Fig. 11.21)
from molecules to cells to tissues to organs to a whole organ-
ism. The core mechanisms for radiosensitization include:

e Inhibiting repair of radiation-induced DNA damage,
thereby increasing the degree of radiation-induced apop-
tosis and DNA damage

e Improving cytotoxicity by disrupting the cell cycle and
organelle function

e Activating and regulating the expression of radiation-
sensitive genes or silencing genes related to
radioresistance

Classification
Based on the DNA damage and repair mechanisms, radio-
sensitizers are divided into five groups [199, 200]: (1) reduc-
tion of thiols or other intracellular radioprotective molecules;
(2) radiolysis of the radiosensitizer, which results in the pro-
duction of cytotoxic chemicals; (3) inhibitors of repair of
biomolecules; (4) thymine analogs incorporated into DNA
chain; and (5) oxygen mimetics with electrophilic
properties.

With the continuous technological innovation, radiosensi-
tizers can be classified into three categories: (1) molecular
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Table 11.1 Potential biological targets at different levels for developing radiosensitizers

Levels Target (molecules/proteins/enzymes involved in signaling pathways/cascades)
Reactive oxygen species Targeting mechanisms to generate free radicals
DNA damage response Targeting key DDR proteins

* DNA-PKcs

* ATM/ATR

* PARP family

* MRN (MRE11-RAD50-NBS1) complex
* MDCl1, Weel, LIG4, CDK1, BRCA1, CHKI1, and HIF-1
Functional organization of Targeting inhibitors of chromatin changes
genome (chromatin organization) * DNA methyltransferase
* Histone acetyltransferase, deacetylase, methyltransferase, demethylase
Cellular response to signals Targeting cell cycle proteins
* Blockage of cell cycle checkpoints (Gy/M transition)
* Inhibitors of cell survival proteins
* Oncogenes (p53, ras)
* Evading growth suppressors
* Biomechanical effects of microbubbles
Tumor microenvironment Targeting
* Prolyl-4-hydroxylases (PDH)
» Oxygen-independent mechanism, including PI3K/AKT and MAPK, or through loss of tumor
suppressor protein von Hippel-Lindau (VHL)
* VEGF
* ECM remodeling within tumors
Tissue-level effects Targeting
« Inhibitors of angiogenesis (antiangiogenic and/or vascular targeting agents)
* Inhibitors of growth factor signaling
» Anti-VEGF/VEGEFR antibodies, antisense suppression of VEGF, VEGFR tyrosine kinase inhibitors,
viral-directed targeting of VEGFR signaling
* Blockage of growth factor secretion from dying cells

Abbreviations: DDR DNA damage response, DNA-PKcs DNA-dependent protein kinase, ATM/ATR ataxia—telangiectasia mutated and ATM and

Rad3 related, PARP poly[ADP-ribose] polymerase, MDCI mediator of DNA damage checkpoint protein 1, LIG4 ligase IV, CDK] cyclin-depen-
dent kinase 1, BRCAI breast cancer gene 1, CHKI checkpoint kinase 1, HIF-1 hypoxia-inducible factor-1, ECM extracellular matrix
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Fig. 11.21 Development of potential radiosensitizers at different levels. Potential radiosensitizers can be developed focusing on the molecular,
cellular, or organismic levels, which may be useful in modulating the radiation effects on cancer cells as well as on normal cells
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Table 11.2 Small molecules as radiosensitizers

Hyperbaric oxygen
A potent radiosensitizer, which promotes toxic and relatively
stable free radical formation, useful to effectively enhance the
radiosensitivity of the tumors which contain numerous hypoxic
cancer cells.

Nltroxides
The most representative are nitro-containing compounds (such as
nitrobenzene, nitroimidazoles, and its derivatives) and nitric
oxides (NOs). These are “true radiosensitizers,” having higher
electron affinity and better diffusion properties than molecular
oxygen. It can theoretically substitute for oxygen in “repairing/
fixing” radiation-induced DNA damage.

Carbogen
A mixture of 95% oxygen and 5% carbon dioxide, which
improves tumor oxygenation contrasting with hypoxia.

Hypoxia-specific cytotoxins
Bioreductive agents, such as aromatic N-oxides, transition metal
complexes, quinones (mitomycin C, porfiromycin, and E09),
aliphatic N-oxides, and nitro compounds, that selectively
radiosensitize the hypoxic cells by virtue of their preferential
cytotoxicity.

Chemical radiosensitizers
Chemicals targeting a variety of cell signaling pathways,
suppressing radioprotective substances, pseudo-substrates, and
targeted delivery systems for radiosensitization. Examples are
BKM120 (an oral pan-class I PI3K inhibitor), targets of PI3K-Akt
pathway, NVP-BEZ235 (a mTOR inhibitor), AMG 232 (an
MDM2-p53 interaction), GSH inhibitors, and radiosensitizing
nucleosides (5-fluorouracil (FUra), bromodeoxyuridine (BrdUrd),
iododeoxyuridine (IdUrd), hydroxyurea, gemcitabine (dFdCyd),
fludarabine).

Natural radiosensitizers
Natural molecules are safer than synthetic compounds and have
anti-inflammatory and antioxidant properties: curcumin, genistein,
resveratrol, zerumbone, ursolic acid, etc.

structures of small molecules (Table 11.2); (2) macromole-
cules with their mechanism of radiosensitivity (Table 11.3);
and (3) nanomaterials (Table 11.4) with low cytotoxicity, good
biocompatibility, usability, and functionality (Box 11.5).

11.4.1 Nutraceutical Compounds

Several nutraceutical chemicals have attracted significant
interest in recent decades due to their possible involvement
in the prevention and treatment of various illnesses, as well
as their favorable effects in boosting human and animal
health. In particular, literature data often report their positive
effect in combination with chemotherapy in cancer care.
Even while intriguing results have been published on this
issue at multiple cellular levels, less is known about their role
as radiosensitizers. Presence of these compounds during
radiation augments their effect by several mechanisms
including the lethal reactions of free radicals.

Among compounds of various origins that showed radio-
sensitizer potential, numerous studies have revealed the

Table 11.3 Macromolecules as radiosensitizers

Proteins and peptides
Antibody conjugates and cell-penetrating peptides selectively
deliver a cytotoxic payload to a tumor and spare most healthy
cells. Examples are HER3-ADC (targeting HER3), SYMO004, and
nimotuzumab (targeting EGFR) and cetuximab (inhibitor of
EGFR).

miRNAs
Endogenous noncoding microRNAs (miRNAs) can be used as RT
sensitization targets. These can be regulatory miRNAs of DNA
damage response (DDR) and HR repair factors.

SiIRNAs
Exogenous short interfering RNAs or silencing RNAs (siRNAs),
which are noncoding RNA molecules, that can selectively target
key mRNAs belonging to pathways involved in the response to
radiation, such as DDR, cell cycle regulation, and survival/
apoptosis balance.

Oligonucleotides
Small DNA or RNA sequences are able to disturb key mRNA
translation. Studies have concerned oligonucleotides targeting the
telomerase RNA subunit or telomerase reverse transcriptase
(hTERT) or cyclic AMP response element (CRE) decoy
oligonucleotide.

important role of molecules of natural origin, when adminis-
tered in combination to IR.

The use of nutraceuticals as sensitizers, in addition to
being generally well tolerated, is also easily recovered and
less expensive in comparison to synthesized drugs. Their
administration reduces the collateral effects frequently asso-
ciated with medication delivery, and in certain situations,
they can help attenuate IR adverse effects through biological
processes like those shown in Fig. 11.22. Indeed, in most
cases, they show anti-inflammatory and antioxidant proper-
ties, which are precious arms to counter the Rl side effects on
healthy tissues.

However, in most cases, they showed direct anticancer
activity, as demonstrated by numerous scientific papers. The
most studied natural compounds are exposed in Table 11.5
[203].

11.4.1.1 Curcumin

Curcumin, the main component in the Indian culinary spice
turmeric (Curcuma longa), has been shown to have antican-
cer potential in several studies. The biological mechanism
can be ascribed to cell signaling pathway effects, resulting in
the inhibition of cell proliferation and induction of
apoptosis.

Regarding its radiosensitizing properties evaluated by an
in vitro approach, the inhibition of survival and proliferation
has been observed on the MCF-7 breast cancer cell line. In
addition, the effect of vehicolated curcumin, using solid
nanoparticles, combined with X-ray radiation was tested by
Minafra and coworkers [204] on the human nontumorigenic
breast epithelial MCF10A cell line and the breast adenocar-
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Table 11.4 Nanomaterials as radiosensitizers

Noble metal nanomaterials
Nanoparticles, such as gold (Au, Z =79), silver (Ag, Z =47), and
platinum (Pt, Z = 78), can effectively interact with radiation,
emitting secondary electrons which amplify the radiation effects.

Heavy metal nanomaterials
Physical dose enhancement methods are comparable for
gadolinium (Gd, Z = 64), hatnium (Hf, Z = 72), tantalum (Ta,
Z =173), tungsten (W, Z = 74), and bismuth (Bi, Z = 83) or their
stable forms such as oxides, sulfides, and selenides. Examples are
gadolinium-based nanoparticles (AGulX), hatnium oxide (HfO,)
nanoparticle (NBTXR3), tantalum pentoxide (Ta,Os) and tantalum
oxide (TaOx), bismuth oxide (BiO) nanoparticles, and tungsten
oxide nanopowder or nanoparticles (WOs3).

Ferrite nanomaterials
They can catalyze the reaction of H,0,, generating highly toxic
hydroxyl free radicals in the tumor microenvironment with the
aim of boosting the radiation therapeutic efficacy. Explored
examples are superparamagnetic magnesium ferrite spinel
(MgFe,0,) nanoparticles (SPMNPs) and zinc ferrite (ZnFe,0,)
nanoparticles

Semiconductor nanomaterials
Semiconductor nanosensitizer materials, such as silicon (Si),
germanium (Ge), gallium arsenide (GaAs), and semiconductor
quantum dots, have unique properties making them great
candidates as photosensitizers and radiosensitizers for tumor
treatment ([201]; [202]). Explored examples are WO2.9-W Se2-
PEG semiconductor heterojunction nanoparticles (WSP NPs),
titanium peroxide (PAA-TiOx) nanomaterial, copper bismuth
sulfide (Cu3BiS;,CBS) nanoparticles, and TiO, nanotubes.

Nonmetallic nanomaterials
Similarly to the metallic nanoparticles’ mechanism of action,
nonmetallic nanomaterials can increase oxidative damage.
Explored examples are ultrasmall uncapped and amino-silanized
oxidized silicon nanoparticles; nanocrystals of underivatized
fullerene, Cg), (nano-Cgj); nanodiamonds and carbon nanotubes;
and selenium (Se) nanoparticles.

Nanostructured substances and drug delivery systems
Chemicals, oxygen carriers, sSiRNAs, and other radiosensitizing
agents are transported via relatively new nano-based delivery
systems. Explored examples are the poly(D,L-lactide-co-
glycolide) (PLGA) nanoparticles containing paclitaxel (a cell
cycle-specific radiosensitizer) and etanidazole (a hypoxic
radiosensitizer).

Box 11.5: Radiation Sensitizers

* Small molecules are classified based on radiation-
induced free radicals, pseudo-substrates, and other
mechanisms.

e Macromolecules such as miRNAs, proteins, pep-
tides, and oligonucleotides have been explored to
develop radiosensitizers as they are capable of regu-
lating radiosensitivity.

e Promising nanotechnology methods used as radio-
sensitizers include well-developed nanomaterials
with low toxicity, good biocompatibility, and func-
tionalization ease.

* Other technologies, such as molecular cloning tech-
nology, analysis of molecular structure, and bioin-
formatics, can speed up the development of new
effective radiosensitizing drugs.

cinoma MCF7 and MDA-MB-231 cell lines. The vehico-
lated curcumin has been shown to be more effective than the
free curcumin on MCF7 and MCF10A, whereas the free
molecule resulted to be slightly more effective on
MDA-MB-231. The dose-modifying factors (DMFs) were
calculated to quantify the radiosensitizing effect, which
resulted in 1.78 for MCF7 using vehicolated curcumin and
1.38 with free curcumin on MDA-MB-231 cells.
Transcriptomic and metabolomics approach supported this
study, revealing the double-positive effect of curcumin as an
autophagy enhancer for tumor cells and antioxidant agents
[204].

Antiapoptotic signals and block in G,/M cell cycle phase
mediated by Bcl-2 were demonstrated in human immortal-
ized prostate adenocarcinoma cells (PC-3) after 5 Gy irradia-
tion combined with 2uM curcumin. Instead, an increased
radiosensitivity was observed in HCT116 and HT29 human
colorectal cancer cell lines treated with 25pM of curcumin
and a single dose of X-ray radiation (10 Gy). Curcumin was
also able to decrease COX-2 expression by the inhibition of
EGFR phosphorylation both in vitro on the human head and
neck squamous cell carcinoma (HNSCC) cell line and in two
in vivo models of head and neck tumor.

On the human glioblastoma U87MG cell line, the viabil-
ity was reduced in a dose-dependent manner by 3 Gy of
X-ray combined with curcumin at a concentration range of
5-10pM, sustained by the arrest of cell cycle in phase G,/M
(which is the most sensitive step to radiation) and the
inhibition of two master regulators of tumor progression, the
MAP kinases ERK and JNK [203].

However, curcumin is an unstable, nonbioavailable com-
pound due to its poor absorption in the GI system. Hence, its
therapeutic application is delimited by its pharmacokinetics.
Despite promising preclinical studies, no double-blinded
placebo-controlled clinical trial, using curcumin as a radio-
sensitizer, has been successful. The interaction of curcumin
with RT on different cancer types has been reviewed by
Verma [205]; however, there is still a lack of solid clinical
evidence of radiosensitization. For instance, in vitro and
in vivo studies together with clinical bioavailability data do
not give evidence for a radiosensitizing effect of curcumin in
the treatment of high-grade brain tumors (glioblastoma mul-
tiforme). On the other hand, there is limited data on curcum-
in’s radioprotective function, despite the fact that some
clinical trials suggest that curcumin is beneficial for the man-
agement of radiation toxicities [205].

11.4.1.2 Resveratrol (RV) and Pterostilbene
(PT)

The antineoplastic ability of RV encouraged its application
also as a radiosensitizer to overcome radioresistance of many
cancers.

A dose-dependent reduction in the surviving fraction of a
non-small cell lung cancer (NSCLC) cell line after irradiation
with 0-8 Gy of y-rays in combination with 20uM of RV was
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Table 11.5 Natural compounds related to cancer radiation treatments

Natural

compounds Tumor target Type of treatment

Curcumin Colorectal cancer, glioblastoma, head and neck squamous cancer, prostate cancer X-rays

Resveratrol Breast cancer, glioblastoma, head and neck squamous cancer, melanoma, nasopharyngeal carcinoma,  y-rays, X-rays
non-small cell lung cancer, prostate cancer

Withaferin A Breast cancer, cervical cancer, Ehrlich ascites carcinoma, fibrosarcoma, histiocytic human lymphoma,  y-rays, X-rays
liver cancer, melanoma, renal carcinoma

Celastrol Lung cancer, prostate cancer y-rays, X-rays

Ursolic acid Colon carcinoma, gastric adenocarcinoma, non-small cell lung cancer, melanoma, prostate cancer y-rays, X-rays

Zerumbone Colorectal cancer, glioblastoma, lung adenocarcinoma, non-small cell lung cancer, prostate cancer y-rays, X-rays

Caffeic acid Adenocarcinoma, breast cancer, lung cancer, medulloblastoma y-rays, X-rays

phenethyl ester

Emodin Cervical cancer, hepatocellular carcinoma, nasopharyngeal carcinoma, sarcoma y-rays, X-rays

Flavopiridol Cervix cancer, esophageal adenocarcinoma, esophageal squamous carcinoma, glioma, lung carcinoma, y-rays, X-rays
ovarian carcinoma, prostate cancer, zebrafish model

Berberine Breast cancer, esophageal carcinoma, nasopharyngeal carcinoma, osteosarcoma, prostate cancer y-rays, X-rays

Genistein Breast cancer, cervical cancer, non-small cell lung cancer y-rays, X-rays

Selenium Melanoma, glioma, breast cancer y-rays, X-rays
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observed along with accelerated senescence and cell death
following enhanced DNA DSB induced by ROS [203].

However, an increased expression of LC3-II for autoph-
agy response after X-ray and RV treatment (75pM) was
demonstrated in SU-2 glioblastoma multiforme cell lines
[206]. Also, in GBM, RV showed inhibition of the hypoxia-
inducible factor HIF-1a, which is responsible for a well-
known mechanism of radioresistance. Moreover, the
interaction of RV with other agents as iododeoxyuridine
(IUdR) was also tested and demonstrated the ability to
decrease the formation of cancer colonies [203].

In the HNSCC cancer model, suppression of cell prolif-
eration was obtained on a cell line, treated with 100uM of
RV combined with 10 Gy of X-ray, also observing the inhibi-
tion of STAT3 phosphorylation, a well-known transcription
factor driving inflammation and cancer progression. Even
the peanut stem extract (PSE), which contains a high amount
of RV, has been tested in combination with X-rays, which
showed similar radiosensitization effects on radioresistant
human prostate cancer cell lines. In this regard, the tumor
growth of a prostate cancer xenograft mouse model was
reduced with RV and/or PSE (total dose 12 Gy, 5 or 250 mg/
kg, respectively) [203]. RV was also used as a pretreatment
(25-150pM) to treat the human NPC CNE-1 cell line with
X-ray irradiation (0-6 Gy), revealing the inhibition of the
AKT phosphorylated form, a known proproliferative marker.
These effects were also confirmed in NPC xenograft models,
combining the RV treatment with 4 Gy for 3 days, resulting
in a tumor volume reduction.

Nevertheless, a key problem is the short RV half-life and
low bioavailability under in vivo conditions. In vivo, pteros-
tilbene was proven to be beneficial in the treatment of mela-
noma and pancreatic cancer. This study demonstrated that
PT can be helpful against melanoma by inhibiting the gen-
eration of adrenocorticotropic hormone in the brain of a
mouse, which impairs the Nrf2-dependent antioxidant
defenses of melanoma and pancreatic tumors. This produces
tumor growth restraining and tumor sensitization to oxida-
tive stress. In addition, PT has been shown to increase cancer
cell death by the induction of lysosomal membrane permea-
bilization [53].

11.4.1.3 Withaferin A
Withaferin A (WA) was the first withanolide to be isolated
and extracted from the plant Withania somnifera. WA-induced
radiosensitization has been observed in human histiocytic
lymphoma, renal carcinoma, and liver, breast, and several
other types of cancer. Overall, these studies highlight the
effect of combined treatment, mediated by the increase of
apoptosis and production of ROS.

WA has been shown to suppress cancer cell growth by
targeting the intermediate filament protein vimentin, a struc-
tural protein of the cell cytoskeleton. In light of its anticancer

capability, WA was also tested in order to investigate its
effect in inducing the radiosensitization of cancer cells.

WA’s effects were initially investigated in vitro and in
combination with y-irradiation on a lung fibroblast cell line,
and WA was found to be well tolerated by cells and to medi-
ate a synergistic impact with y-rays in terms of cell death.
Based on these encouraging results, WA was further tested
in vivo to assess its effect as a radiosensitizing agent in sev-
eral cancer models such as the spontaneous murine mam-
mary adenocarcinoma (Ehrlich ascites carcinoma—EAC), a
mouse model of fibrosarcoma, and a mouse model of mela-
noma. Overall, each of the studies demonstrated that the WA
and y-ray combined treatment inhibits tumor growth, increas-
ing tumor-free survival and median survival time of animals
[203].

11.4.1.4 Celastrol

Celastrol, also known as tripterine, is a triterpenoid derived
from the root of the “thunder god wine” plant often found in
China and utilized in traditional Chinese medicine for its
anti-inflammatory qualities in a variety of conditions, includ-
ing autoimmune diseases. Moreover, anticancer properties
have been revealed, due to its proteasome inhibitory activity
and antimetastatic ability.

A study has evaluated its radiosensitizer effect on PC-3
cells, both in vitro and in vivo. The in vitro pretreatment with
celastrol before irradiation with X-rays resulted in a signifi-
cant dose-dependent enhancement of IR-induced clonogenic
cell killing. This effect was explained by (1) a longer gH2AX
activation for a longer time in combined treated cells with
respect to the only irradiated ones, thus revealing a DNA
repair impairment action by celastrol, and (2) a major expres-
sion of apoptosis markers (cleaved PARP and caspase-3).

Thus, the same group tested the celastrol radiosensitizer
effect on a PC-3 xenograft model. 1 mg/kg of celastrol
(5 days/week for 3 weeks) was given to the mice 1 h before
irradiation with a single dose of 2 Gy (5 days/week for
2 weeks). The histological analysis showed a significantly
increased apoptosis and angiogenesis reduction in the com-
bined treated tumors [203].

Similar effects have been found on the NCI-H460 human
lung cancer cell line, combining celastrol with 04 Gy of
X-rays. Indeed, the EGFR, ErbB2, and survivin irradiation
markers were found to be reduced, whereas the celastrol-
dependent inhibition of HSP90 was observed. Furthermore,
celastrol induces a more pronounced ROS generation after
irradiation, thanks to its quinone methide moiety [203].

Finally, the effect of celastrol as a radiosensitizer was
evaluated on lung cancer with different approaches. Indeed,
one research group has identified it as one of the most prom-
ising sensitizer candidates among 30 drugs, by an in silico
study. Thus, they tested its effect in vitro on A549 and H460
cells, subjected to pretreatment with celastrol and 2—-10 Gy
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of dose range. The encouraging results from this in vitro
study were the premises for a preclinical study on a A549
xenograft mouse model. The combined treatment using
2 mg/kg/5 each day and 10 Gy of IR for 12 days produced
larger intratumoral necrotic areas [203].

11.4.1.5 Ursolic Acid

Ursolic acid (UA) belongs to the family of the pentacyclic
triterpenoids. It is generally obtainable from the peel of
many fruits, e.g., apples, blueberries, and prunes, and also in
many herbs, such as rosemary and thyme. Recently, the fol-
lowing therapeutic properties of UA have been described:
anticancer, anti-inflammatory, and antimicrobial, and also its
radiosensitization activity in models in in vitro and in vivo
studies. For example, in human prostate and colon cancer
cells, and in mouse melanoma cells, the UA is able to radio-
sensitize cells with a significant reduction in cell viability
associated with an increase of typical signs of apoptosis cas-
cade, such as cell volume reduction, nuclei fragmentation or
condensation, caspase-3 activation (one of the key enzymes
involved in the apoptotic pathway), increased levels of
cleaved PARP (enzyme involved in DNA repair processes),
DNA fragmentation, and also increased ROS generation. In
melanoma mouse models, the treatment with UA and IR is
able to inhibit tumor growth owing to a downregulation of
Bcl-2 and survivin, two known key protein regulators of cell
survival [203].

Moreover, UA can also exert a differential effect after
exposure of normal or cancer cells to UV, acting as a photo-
sensitizer for the latter and as a photoprotector for normal
ones. This action was observed in human melanoma cells
and in human retinal pigment epithelium control cells, where
induced oxidative stress by ROS production, cell cycle arrest,
and cell death induction were evaluated following UA and
UV treatments. Furthermore, the UA has a significant radio-
sensitizing effect in human gastric adenocarcinoma cells, as
evidenced by (i) a decrease in the cell survival fraction and
otherwise an increase in the number of apoptotic cells (posi-
tive to the propidium iodide and annexin V apoptotic mark-
ers); (ii) the arrest of the cell cycle (in the G, and Gy/M
phases); and (iii) the increase in ROS amount and a decrease
of Ki-67-positive proliferating cells [207].

11.4.1.6 Zerumbone

Zerumbone (ZER) is a cyclic ketone and a sesquiterpene
compound, a cytotoxic component obtained by steam distil-
lation of the Zingiber zerumbet Smith. ZER is used in food
and herbal medicine, and it also has anti-inflammatory, anti-
proliferative, and antitumor properties, as observed in many
tumor types (including breast, pancreas, colon, lung, and
skin). In addition, the radiosensitizing effects of ZER on

tumors, by means of its regulatory activities on DNA DSB
repair, cell cycle, and apoptotic pathways, have been high-
lighted too [203].

ZER was able to significantly increase radiation-induced
cell death in human lung adenocarcinoma cells by inhibiting
heat-shock proteins (HSP), increasing caspase 3 and PARP
cleavage, and inhibiting HSP27 binding to apoptotic mole-
cules such as PKCS and cytochrome C [203].

In addition, the radiosensitizing effect was also observed
in human glioblastoma cells. The same authors showed an
IR-induced decrease of cell survival on human prostate can-
cer cells, associated with a reduced expression of proteins
involved in the DNA damage repair pathway, such as YH2AX
and ATM [203].

Moreover, in human colon-rectal cancer cells, ZER pre-
treatment is able to induce apoptosis and enhance radiation-
induced G,/M arrest and reduction of activation of the DSB
DNA repair machinery.

11.4.1.7 Caffeic Acid Phenethyl Esther

CAPE is an active component of honeybee propolis, a phe-
nolic compound, and a structural derivative of flavonoids. It
was described for its antiviral, bactericidal, anti-
inflammatory, and antioxidant properties. CAPE compound
is also able to change the redox state by perturbing the acti-
vation of GSH and to induce apoptosis. Furthermore, it has
been shown to be more toxic to cancer cells than normal
cells, as well as to amplify the action of RT in a variety of
cancers.

CAPE has been shown to improve radiation-induced cell
cycle arrest and death in human medulloblastoma DAOY
cells. In particular, the combined treatment with CAPE and
2 Gy of IR caused an ROS enhancement production, a sig-
nificant inhibition of NF-kB activity, apoptosis activation,
and downregulation of cyclin B1 protein expression. In line
with these data, a strong reduction of cell survival, in a
concentration-dependent manner, was described in the same
cell line pretreated with CAPE (0.1-10 M) for 24 h before
exposure to y-ray irradiation at various doses (0-8 Gy), asso-
ciated with cell cycle progression inhibition, by arresting
cells in the S phase [203].

The CAPE pretreatment radiosensitizing effect was
also shown in mouse CT26 adenocarcinoma cells, using
both in vitro and in vivo approaches showing decreased
cell survival rate and reduced NF-kB activation. CAPE-
induced decrease of survival rate was also described in
breast and lung cancer cell lines. In particular, in
MDA-MB-231 and T47D breast cancer cell lines, CAPE
and X-ray combined treatments decreased cell growth and
delayed the DNA repair process for up to 60 min after
exposure [203].
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11.4.1.8 Emodin

Traditional Chinese medicine uses emodin (6-methyl-1,3,8-
trihydroxyanthraquinone), a natural phenolic derived from
the roots and rhizomes of numerous plants (e.g., Polygonum
cuspidatum and Cascara buckthorn).

Emodin is chemically similar to the mitochondrial ubi-
quinone named DMNQ (2,3-dimethoxy-1,4-
naphthoquinone), an endogenous ROS inductor, as it is able
to transfer electrons. It is also known to have antibacterial,
antiviral, anti-inflammatory, and anticancer effects. The
emodin’s antitumor effect has been observed in several types
of cancer (leukemia, breast, colon, and lung cancer), also in
combination with RT schedules, although its mechanism of
action still remains unclear.

Under hypoxic conditions, emodin treatment enhanced
the radiosensitivity of CNE-1 NPC human nasopharyngeal
carcinoma cell line. In particular, treatment with 3.9 and
7.8 g/mL emodin 24 h before 2 Gy IR induced an increase in
the apoptosis ratio and cell cycle arrest in the G,/M phase.
Moreover, an increase of ROS production in tandem with a
downregulation of HIF-1 levels (both mRNA and protein)
was also described. These data were also confirmed by using
CNE-1 xenograft models where a tumor growth delay was
observed after emodin and IR combined treatments [203].

The radiosensitizing effect of emodin has also been
observed in the HeLa cervical cancer cell line, where pre-
treatment with different concentrations of aloe emodin (AE)
before X-ray irradiation (0-10 Gy) leads to decrease in the
mean lethal dose (DO0) in a concentration-dependent manner,
as well as an enhancement in the percentage of cells in the
G,/M phase and a sub-G, peak at 24, 48, and 72 h, using
50 M and 4 Gy IR. In addition, an increased expression of
cyclin B, y-H2AX, and alkaline phosphatase (ALP) activity
was also described. Similar data regarding a decrease of cell
growth and viability were observed also in human HepG2
hepatocellular carcinoma cell line treated with 10 Gy of
y-irradiation and AE, under hypoxic conditions. This com-
bined treatment leads to higher increase in both G,/M and
apoptotic populations [203].

11.4.1.9 Flavopiridol
Flavopiridol is a flavone originating from the Dysoxylum
binectariferum plant commonly used in Indian medicine.
This molecule is able to arrest cell cycle by acting on cyclin-
dependent kinases (CDKs) during the G,/S or Gy/M phases,
which is confirmed in several cancer cell types (chronic lym-
phocytic leukemia, squamous cancer, breast cancer cells). In
addition, flavopiridol is able to induce the transcriptional
suppression of genes involved in the proliferation pathways,
to stimulate apoptosis, to inhibit angiogenesis, and to
increase the chemotherapeutic effects [203].

The power of flavopiridol to affect cell radiosensitivity, in
tandem with docetaxel, was described in H460 human lung

carcinoma, by using both in vitro and in vivo approaches.
Multiple treatments with docetaxel (10 M), y-irradiation
(0-5 Gy), and flavopiridol (120 M) are able to augment radia-
tion effects by inducing cell cycle arrest in the G, and G,/M
phases. On the other hand, in esophageal squamous carci-
noma cell lines, cell cycle arrest after irradiation was described
with the decrease of cyclin D1 and retinoblastoma protein
(Rb) levels. Additionally, in the SEG-1 esophageal cancer cell
line, treatment with flavopiridol 24 h before y-radiation
(2-6 Gy) increased radiosensitivity compared to the control,
due to inhibition of several CDKs, cell cycle redistribution in
G, and G, phases, and induction of apoptosis [203].

The experimental evidences show that cells containing
mutated p53 or overexpressed Bcl-2 are more radioresistant
than wild type. However, flavopiridol increased the cytotoxic
effects of radiation in cells with altered status of p53 and
Bcl-2, confirming the hypothesis according to which these
two pathways are targeted by radiosensitizer mechanism
exerted by flavopiridol [203]. Moreover, the radiosensitizing
effects of flavopiridol were evaluated in vivo on glioma
xenograft models using GL261 cells. The interaction of
y-radiation (5 Gy), fractionated for 10 days, with flavopiridol
(5 mg/kg) resulted in a decrease in cell proliferation, which
was mainly mediated by the flavopiridol’s antiangiogenic
activity, which also inhibited the HIF-1 pathway [203].

On the other hand, as described in OCA-I ovarian carci-
noma cells, the radiosensitizing action of flavopiridol could
be sustained also by the downregulation of Ku70 and Ku80
proteins, known to be involved in DNA repair mechanisms
after radiation exposure, by the redistribution of the cell
cycle with a greater accumulation of cells in the two more
radiosensitive G, and G, phases [203].

11.4.1.10 Berberine

Berberine is an alkaloid which can be extracted from the
roots of many plants like the barberry, the tree turmeric, and
the California poppy. Berberine is used to treat health prob-
lems like hypercholesterolemia and type 2 diabetes
mellitus.

Berberine works by inhibiting cell cycle progression,
thereby exerting, in vitro, an antitumor activity in a large
array of tumors, and its radiosensitizing properties were
investigated on lung, esophageal, and breast cancer cells.
Since berberine interferes with the expression and activity of
RADS51, involved in DNA damage repair response, its radio-
sensitizing mechanism is based on hindering DNA damage
recovery after X-ray irradiation. In vitro and in vivo experi-
mental data has revealed the ability of berberine to inhibit
HIF-1a and suppress VEGF. For example, in an in vitro
nasopharyngeal carcinoma study, berberine when combined
with y-rays demonstrated a reduction of cancer cell prolifer-
ation, viability, and Spl decreased expression, a protein
involved in tumor motility and invasion [203].
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11.4.1.11 Genistein

As expected, genistein also acts as a radiosensitizing agent,
if combined with y-irradiation, as shown in vitro in cervical
cancer cells, where the growth inhibition was associated with
survivin downregulation, a prosurvival protein. Again, in
cervical neoplasms, genistein enhanced RT effects in multi-
ple ways: by inhibiting G,/M phase of cell cycle; by reducing
the expression of two prosurvival proteins, Mcl-1 and AKT;
and by triggering cell apoptosis via cytochrome c release,
cleavage of caspase-3 and -8, inhibition of Bcl-2, and
enhancement of Bax expression. Similar results were also
shown on breast and non-small cell lung cancers, where the
radiosensitizing ability was associated with the inhibition of
Bcl-x, ROS production enhancement, and antioxidant mole-
cule downregulation [203].

11.4.1.12 BP-C2

BP-C2, a lignin-derived polymer containing benzene poly-
carboxylic acids complexed with ammonium molybdate, is
an antioxidant that promotes the release of prorepair cyto-
kines (IL-4 and IL-10) and suppresses the release of pro-
inflammatory cytokines (TNF-a and IL-6). Orally
administered BP-C2 was found to have radioprotective and
mitigative activity in H-ARS and GI-ARS [208]. Topical
BP-C2 was found to have radiomitigative activity in a cuta-
neous radiation injury model (CRI-ARS) [209].

11.4.1.13 Sodium Selenite

Several studies have revealed the prooxidant and cytotoxic
properties of sodium selenite, with respect to other selenium
compounds, recognized for their antioxidant activity. In par-
ticular, the effect on natural killer (NK) cell activation is
known, as well as the inhibition of the disulfide exchange on
cell surface, a remodeling process, which drives cancer to
uncontrolled cell division [203].

Schueller et al. [210] tested a 14-day pretreatment of C6
rat glioma cell line with selenite in the range concentration
of 2-3.6 mM, before applying 0-20 Gy of y-rays. The results
showed a significant difference between the 0 mM and 3 mM
survival curves applying 5 Gy (p = 0.02) and 10 Gy
(p = 0.009). Also, the vehiculated sodium selenite nanopar-
ticles (nano-Se) were tested as radiosensitizers, using the
0-3 mg/mL range concentrations pretreatment, before treat-
ing with 0-8 Gy of X-rays. In this case, the authors showed
the effect on MCF7 breast cancer cells, observing that com-
bined treatment generated a higher mortality rate of the IR or
nano-Se single treatments, inducing block at the G,/M phase
of cell cycle, autophagy activation, and ROS generation.
Moreover, A375 melanoma cells were subjected to 4-h pre-
treatment with a selenium nanosystem, using 0-15 mM
coated hemocompatible erythrocyte membrane combined
with bevacizumab (RBCs@Se/Av) and 2-8 Gy of X-rays.
This study showed a strong cell survival reduction, an

increase in the sub-G; cell proportion, apoptotic pathway
activation, and ROS generation. In addition, as expected by
the bevacizumab treatment, decreased VEGF and VEGF2
levels were observed as tumor angiogenesis reduction [203].

11.4.2 Corticosteroids

Corticosteroids are a group of hormones, produced by the
cortex of the adrenal glands, having the characteristic steroid
nucleus and derived from subsequent degradations of the
cholesterol side chain. They include numerous molecules
with different actions, including sex hormones. However,
they are divided into glucocorticoids, such as cortisol which
controls the metabolism, and mineralocorticoids, such as
aldosterone which controls the concentration of electrolyte
and water in the blood.

Among these molecules, many are used for their potent
anti-inflammatory and immunosuppressive properties, such
as corticosterone (C21H3004) and cortisone (C21H2805,
17-hydroxy-11-dehydrocorticosterone).

In the context of clinical RT, corticosteroids are currently
used as mitigators of side effects caused by irradiation [211].
However, some researchers have highlighted the radiosensi-
tizing effects of these molecules, used in the pretreatment
phase.

Glucocorticoids (GCs), acting on stress pathways, are
well known in the treatment of different types of tumors.
They have a strong inhibitory action on the proinflammatory
cytokine production, although their action mechanisms need
deeper investigation, if used in combination with IR.

An in vitro study has investigated the role of dexametha-
sone (Dex), a synthetic glucocorticoid, in DNA damage
response (DDR) pathway, on three astrocytoma cell lines
(CT2A, APP.PS1 L.1, and APP.PS1 L.3). The results showed
increased basal levels of y-H2AX foci, keeping them higher
4 h after irradiation (IR) of the cells, while no effect was
shown on the 53BP1 foci formation, compared to untreated
cells. The high-level expression of y-H2AX was reversed by
ascorbic acid administration, a strong inhibitor of reactive
oxygen species, showing that DEXA induces DNA damage
by oxidative stress [203].

In addition, in a preclinical study on rat model, the effect
of 1 mg Dex was studied alone or in combination with radio-
protective molecules turpentine oil (TO), a2-macroglobulin
(a2-M), or amifostine, before the administration of 6.7 Gy
(LD50/30) of RI, evaluating survival and blood inflamma-
tory markers. The results showed that Dex alone was lethal
for 45% and 55% of control and irradiated rats, respectively.
On the other hand, from the combination of pretreatments, it
emerged that 1 mg Dex reduced the radioprotective efficacy
of TO and Ami to 30% and 40%, respectively, even if, given
together, TO and Ami provided 70% protection to rats receiv-
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ing Dex. Instead, TO and o2-M enhanced the rate of survival
from 50% to 90% and 100%, respectively [203].

11.4.3 Nanoparticles

A crucial question for cancer treatment is how to increase the
therapeutic window, enhancing radiation damage in tumors,
while preserving the surrounding healthy tissues. One prom-
ising strategy is the accumulation of nanoparticles composed
of high-Z materials (e.g., gold, palladium, platinum, gado-
linium) in the tumor cells.

High-atomic-number (Z) compounds have long been
used as image contrast agents due to their high X-ray attenu-
ation properties compared to soft tissues. The higher energy
absorption of elements such as iodine and barium can
enhance the contrast of the organs and tissues in which they
are injected. The concentration of the compounds and the
radiation doses used for diagnostic applications are usually
so low that radiation effects and risks can be neglected.
However, the same differential energy absorption principle
can be exploited for therapeutic use. Recent developments
in nano-manufacturing have provided reasonable and
affordable methods to produce high-Z structures with
dimensions smaller than 100 nm, which can be loaded in
tumor volumes and in tumor cells. Their small size allows
the nanostructures to escape the leaky vasculature system of
tumor regions, providing a natural method for passive tumor
accumulation. The majority of work has been concentrated
on gold thanks to its biocompatibility and easy functional-
ization. The former means that considerable concentrations
of gold nanostructures can be administered without toxicity
effects, while the latter allows for the development of
bespoke products able to accumulate in specific tissues/cells
(active accumulation). Gold’s high atomic number (Z = 79)
provides excellent radiation absorption contrast as indicated
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in Fig. 11.23. Other materials such as gadolinium (Z = 64)
and more recently superparamagnetic iron oxide nanoparti-
cles (SPION, Zg = 26) have also been suggested and
explored.

Early work by Hainfeld [212] demonstrated the potential
of high-Z nanostructures to enhance the effect of radiation
and improve tumor control in mice treated with kilovoltage
X-rays minutes after injection of gold nanoparticles (GNP).
In vitro work using a wide range of cell lines and radiation
qualities confirmed that the presence of GNP can enhance
the effect of radiation by 10-100% [213].

Interestingly, the radiation sensitization observed in
in vitro and in vivo work is often significantly greater than
that predicted from simple macroscopic dose models.
Furthermore, the size, shape, and surface coating of the
nanoparticle as well as the radiation quality and cell line
have been shown to affect the radiation response observed.
The discrepancy between dosimetric and experimental
results regarding the radiosensitization effect emphasizes
that complex physical, chemical, and biological interactions
are involved in high-Z nanoparticle-mediated radiosensiti-
zation, which still need to be fully elucidated in order to
extrapolate the nanoparticle radiosensitization concept to
patient cancer RT. Physical, chemical, and biological mech-
anisms of nanoparticle radiosensitization are shown in
Fig. 11.24.

11.4.3.1 Physical Radiosensitization

The physical processes driving the enhancement in radiation
effectiveness in the presence of nanoparticles strongly
depend on the radiation quality used. For medium-energy
X-rays (<300 kVp), the radiation-nanoparticle interaction is
dominated by the photoelectric effect, especially for photons
with energies around the L- and K-shell excitation edges.
This causes the emission of inner shell electrons from the
high-Z material, resulting in a cascade of low-energy Auger
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Fig. 11.24 Physical, chemical, and biological mechanisms of nanopar-
ticle. Nanoparticles radiosensitization. Reproduced with permission of
Dove Medical Press Ltd., from Application of Radiosensitizers in

electrons (10-20 electrons per interaction). The majority of
these low-energy electrons are reabsorbed by the nanoparti-
cle. Only a few Auger electrons escape the nanoparticle,
releasing their energy in a few 10 s of nm around the nanopar-
ticle [214]. As a result, the presence of high-Z nanoparticles
increases the dose absorbed by the volume in which the
nanoparticles are loaded, and it changes the spatial distribu-
tion of the ionizations concentrating the energy deposition
around the nanoparticles.

At higher photon energies (such as MV which is routinely
used for cancer treatment), the dominant process in the inter-
action between radiation and nanoparticles is Compton scat-
tering. At these energies, the Compton cross sections for
high-Z materials are similar to that of soft tissues, and there-
fore no differences should be expected from the presence of
high-Z nanoparticles. However, MV photon beams usually
contain a considerable fraction of lower keV photons and
electrons, which can also increase due to scattering processes
(e.g., at 10 cm depth, the fraction of <150 keV photons from
a flattening filter-free beam is between 13% and 20%). MV
photon beams can therefore produce a considerable amount
of Auger electrons from interaction with high-Z nanoparti-
cles and alter both the macroscopic and the microscopic dose
absorbed.

Time progress (nanoseconds to da

Cancer Radiotherapy, International Journal of NanoMedicine, 16:
1083-1102, by Gong L et al. 2021

With protons and charged particles, the probability of
interaction between the primary beam particle and the
nanoparticles is considerably smaller than that for photon
beams due to the lower number of primary tracks required to
deliver a given dose. The dominant interaction process is the
production of secondary electrons from the nanoparticle via
small-angle scattering, which is proportional to the density
and therefore higher for high-Z nanoparticles than for soft
tissues. In contrast to the photon interactions, these second-
ary electrons are produced from the outer atomic orbital of
the nanoparticle and contribute only a few percentages of the
additional absorbed dose.

In all cases, the presence of high-Z nanoparticles causes
an increase in the overall macroscopic dose absorbed and
high localized energy deposition spikes. The former was ini-
tially thought to be the main cause of the observed radiobio-
logical enhancement. However, calculations clearly show
that the additional absorbed macroscopic dose by itself is not
enough to explain the increased effectiveness observed in
experimental studies. The localized energy deposition spikes,
caused by the presence of nanoparticles, are similar to those
produced by the traversal of charged particles, and their
impact on the biological effects can therefore be estimated
using radiobiological models based on microscopic dose dis-
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tributions. The local effect model (LEM) is widely used for
charged particles and has been employed to demonstrate that
higher radiosensitization enhancement ratios can be expected
when local energy distribution is taken into account.
Radiosensitization prediction by the LEM-based model
strongly depends on the location of the nanoparticles and the
radiation quality, with the closer the nanoparticles are to the
critical structures of the cell (e.g., DNA), the larger the effect.

11.4.3.2 Chemical Radiosensitization

A key property of nanoparticles is the increased interaction
with the surrounding environment (due to the high surface-
to-volume ratio). The intracellular nanoparticle concentra-
tion is an important determinant for radiation sensitization.
Numerous studies have investigated the importance of the
nanoparticle size on cellular uptake, and an optimum diam-
eter appears to range between 10 nm and 50 nm, showing a
strong correlation between radiosensitization and nanoparti-
cle concentration [215]. However, the precise value also
depends on the coating and on the cell line. High-Z nano-
structures are generally coated with a layer of polyethylene
glycol (PEG) to provide a hydrophilic nature, preventing the
nanostructures from aggregating and increasing their cellular
internalization by macrophage recognition. Moreover,
nanoparticles are often also conjugated with other biomole-
cules to achieve specific cellular and subcellular targeting.
By using such an approach, it is possible to manufacture
nanoparticles that dock to specific cell surface proteins or

a Primary Water Radiolysis

Radiation

o ;
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distinct subcellular compartments such as mitochondria
using specific peptide sequences. The presence of the chemi-
cal coating and the high-Z element itself also change the
chemical environment of the cell.

Reactive oxygen species (ROS) play an important role in
mediating DNA damage produced by radiation. In fact,
50-70% of the DNA lesions in standard RT upon X-ray irra-
diation are attributed to the hydroxyl radical (OH). By alter-
ing the chemical environment of the cell, the nanoparticles
can in principle affect both the yield and the spectrum of
ROS produced, which in turn has consequences for the DNA
damage. Competing mechanisms may be at play depending
on the composition of the nanoparticles and their coating.
For instance, certain chemical compounds, such as PEG, can
act as ROS scavengers and actually detoxify radicals formed
by the interaction of radiation with water molecules. Studies
aiming at quantifying the G-value (i.e., the number of mole-
cules of a specific radical produced per 100 eV of energy
absorbed) have indicated three possible mechanisms through
which nanoparticles can affect the ROS production by radia-
tion and therefore affect the radiation effectiveness
(Fig. 11.25). Increased radicals can be produced as a result of
direct interaction between radiation and nanoparticles
through the production of electrons and low-energy photons
emitted by the nanoparticles. As the energy spectrum of the
secondary radiation emitted by the nanoparticle is different
from the primary radiation beam, a different spectrum of
radicals is to be expected and the yield is generally higher

b Secondary Water Radiolysis
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v electrons

¥ H*

High-Z

Radiation nanoparticle
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Fig. 11.25 Schematic representation of the possible pathways through which nanoparticles can affect the yield of radicals following radiation
exposure: (a) primary water radiolysis, (b) secondary water radiolysis, and (¢) radical scavenging from nanoparticles
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due to their lower energy and cascade of secondary elec-
trons. The presence of the nanoparticles, however, can also
affect the yield of radicals produced by the direct interaction
of radiation with the water molecules. This may occur
through scavenging action from the nanoparticle-coating
elements or by chemical interaction between the nanoparti-
cles and the radiolysis products.

11.4.3.3 Biological Radiosensitization

When nanoparticles reach the cell surface, they are usually
internalized via endocytosis and end up in intracellular vesi-
cles, also called endosomes. This endosomal pathway is
often a barrier hindering biological or therapeutic effects of
nanoparticles. Nevertheless, nanoparticles are able to escape
the endosomal transport system, accessing the cytoplasm
and organelles by destabilizing the endosomal membrane,
inducing osmotic swelling and membrane rupture, or pas-
sively crossing the plasma membrane or the endosomal
membrane [216]. Once internalized, the nanoparticles can
affect different cellular and molecular processes. For
instance, apart from creating additional DNA damage,
nanoparticles directly or indirectly affect the functioning of
DNA repair proteins by preventing their synthesis, posttrans-
lational modification, or recruitment to the site of damage.
For instance, due to the large specific surface area, nanopar-
ticles are very efficient in capturing a large amount of pro-
teins, including DNA repair proteins, eventually leading to
their deprivation and hence reducing the DNA repair effi-
ciency [217]. On the other hand, the release of metal ions
could imbalance the metal homeostasis in the cells, which is
critical for protein folding and could replace the metallic
cofactor in active sites of enzymes that are involved in the
antioxidant defense system, altering their structure and
inhibiting their activity.

Besides affecting the DNA damage repair machinery and
causing antioxidant enzyme inhibition, multiple in vitro
studies showed that nanoparticles can cause cell cycle dis-
ruption. The radiosensitivity of cells can vary depending on
their cell cycle phase, with cells in the late G, and mitosis
(Go/M) phases being the most radiosensitive, presumably
because the condensed chromatin in mitotic cells is more
susceptible to radiation-induced double-strand breaks, which
are commonly repaired by the error-prone NHEJ mecha-
nism. On the other hand, cells in the late S phase are the most
radioresistant, due to the diffused chromatin regions and the
fact that during the S phase, DNA damage is usually repaired
by the accurate HR mechanism. Multiple research groups
reported an elevated proportion of cells in the G,/M phase
and a decreased cell number in the Gy/G; phase after gold
nanoparticle exposure [218]. As a result, the radiosensitizing
effects of gold nanoparticles can also be attributed to stalling
of the cell cycle in the radiosensitive G,/M phase.

Finally, mitochondria, located in the cytoplasm and hav-
ing their own DNA, are another potential target for
nanoparticle-mediated radiosensitization as the same pro-
cesses as described above for nuclear DNA may affect mito-
chondrial (mt) DNA. However, nanoparticles are hardly ever
detected in mitochondria and are often accumulated in endo-
somes and lysosomes. In general, although hypothetical,
nanoparticles accumulated and irradiated within lysosomes
or other organelles may decrease cell survival by directly
harming these organelles and their functions [219]. Even
milder damage to organelles could potentially lead to altered
signaling and eventually increased cell death.

Cytoplasmic organelles might thus represent a parallel or
even dominant target to nuclear DNA. It is obvious from the
previous paragraphs that nanoparticle-mediated radiosensiti-
zation is not fully understood. The research is complicated
by extreme complexity and variability of the systems stud-
ied, including different materials, sizes, shapes, and modifi-
cations of nanoparticles; different cell types; different types
of radiation and irradiation conditions, etc. Under certain
experimental conditions, a plethora of biological processes
may be induced so that it might not be excluded that different
types and sizes of nanoparticles do interact according to spe-
cific mechanisms and their combinations (Box 11.6).

Box 11.6: Nanoparticle-Mediated Radiosensitization

* The physical mechanisms of nanoparticle radiosen-
sitization are related to both the higher attenuation
cross section of high-Z materials compared to soft
tissues and an increased clustering of ionizations
from the secondary electrons emitted by the
nanoparticle.

e The chemical mechanisms are related to production
and/or scavenging of reactive radical species mainly
from the chemical compounds surrounding the
nanoparticle.

* The biological mechanisms are related to the inter-
action of the nanoparticles with the cellular and
molecular processes, including antioxidant enzyme
activities, the DNA repair pathways, the cell cycle
and organelle functioning (e.g., mitochondria, lyso-
somes, ER, Golgi apparatus).

11.4.4 Autophagy Inhibitors

Autophagy is a basic catabolic mechanism that involves cell
degradation of unnecessary or dysfunctional cell compo-
nents, such as damaged endoplasmic reticulum (ER) and
other cytoplasmic constituents through lysosome action.
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The autophagy is mediated by protein complexes, such as
class IIT PI3K, autophagy-related gene (Atg) proteins, and
others containing microtubule-associated protein 1 light-
chain subunit 3 (LC3), recruited to the membrane favoring
membrane expansion and phagophore elongation.
Particularly, autophagy can be activated by multiple signal-
ing pathways, mainly through energy signals via
AMPK. AMPK activation can phosphorylate ULK1, inhibit
mTOR signaling, and activate Beclin-1 and Vps34 molecules
resulting in the upregulation of autophagy intensity. Thus,
the AMPK-mTOR-ULKI1 pathway plays an important role
in autophagy. Recently, the autophagy-related protein
BECNI1 has been shown to regulate radiation-induced G,/M
arrest. In the context of a disease, autophagy has been
described as an adaptive response to survival, a strategy to
maintain metabolic homeostasis. In cancer cells, autophagy
is a double-edged sword. In early stages, it could limit
tumorigenesis. However, it could also provide a prosurvival
function for adaptation and detoxification in a stressful envi-
ronment, such as starvation, hypoxia, and chemotherapy/
radiotherapy.

Some studies show that the autophagy preventing is
radiosensitive, while the autophagy promoting is radiopro-
tective, suggesting that IR-induced autophagy may repre-
sent an adaptive response to maintain tumor growth and
survival. In order to improve IR tumor responses, several
sensitization agents to radiation-induced autophagy are
currently being studied. The molecular machinery involved
in IR-induced autophagy is still not clear. Recent studies
show that p53 and PARP-1, a DNA repair enzyme triggered
by DNA damage, exert essential roles in starting the
autophagy process regulating the PI3K/PKB/AKT/mTOR
signaling pathway that represents an autophagy key regula-
tor. Reports by investigators have recently shown that
autophagy activity increased after IR and chemotherapy. It
is an escape mechanism for cell survival in response to
cytotoxic agents, including IR and temozolomide (TMZ) in
glioblastoma (GBM) treatment [220]. In radioresistant
breast cancer (BC) cells, a strong postirradiation autophagy
induction has been observed as a protective and prosurvival
mechanism of radioresistance after exposure to IR. Studies
have also shown that induced autophagy in some radiore-
sistant cancers, such as GBM, causes IR sensitization and
increased cell death.

In normal conditions, microautophagy and chaperone-
mediated autophagy permit the breakdown of abnormal pro-
teins, cellular debris, or damaged organelles, maintaining
cellular homeostasis and/or as tools to recycle biological
constituents (e.g., amino acid, fatty acid, and energy in the
form of ATP). After stress stimuli, such as nutrient starva-
tion, protein aggregation, organelle damage, and oxidative or
genotoxic stress, including by IR, the autophagy hyperacti-

vation promotes cell death, via nonapoptotic and caspase-
independent mechanisms, and this case is also called
macroautophagy [221].

As described above, AMPK promotes the activation of
autophagy. Among factors activated by AMPK, an interest-
ing and not well-described role in the autophagy process, it
was supposed to be for glucose transporter GLUT-1, often
upregulated in cancer cells. In this sense, the cross talk
among GLUTI, curcumin, and AMPK pathway in LC
remains vague. Interestingly, it was recently described that
the treatment with GLUT1 siRNA alone or in combination
with curcumin resulted in profound improvement of the
radiosensitivity of LC cells after irradiation. In particular,
curcumin and GLUT1 siRNA combined treatment not only
promoted apoptosis of LC cells, but also induced autophagy-
associated cell death through activation of AMPK/mTOR/
ULK1 signaling-mediated autophagy with or without irradi-
ation treatment [222].

Taking all these observations, we can speculate that the
role of autophagy in cancer cells depends upon certain fac-
tors, such as cell type, specific characteristics of tumor cells,
microenvironment of the tumor, and type of treatment
applied. In addition, a variety of radiation-resistant mole-
cules, such as PI3K/AKT, EGFR, NF-xB, and p53, may play
an important role in the regulation of autophagy, thus
indicating that the mechanisms that regulate autophagy are
very complex. Thus, many questions and contradictory find-
ings have yet to be clarified.

11.4.5 Metformin (MTF)

In cancer patients, MTF may affect tumor growth and treat-
ment response in two different ways: directly by inhibiting
mitochondrial metabolism and activating downstream cell
signaling pathways in cancer cells or indirectly by keeping
low the levels of glucose, insulin, and other factors which
can activate cancer cell proliferation [223]. MTF has also
shown anticancer effects in nondiabetic patient populations
(described in Sect. 11.1.9).

With regard to the relationship between MTF and IR,
MTF is able to increase intrinsic radiosensitivity, as tested
in vitro in many cell lines of different tumors, including lung,
head and neck, breast, liver, prostate, and pancreas cancers
and murine fibrosarcoma, with specific cell line-dependent
radiosensitizing effect [203, 223].

Several clinical data on the effect of MTF on patient out-
come, focused particularly on patient populations undergo-
ing RT, have shown that these patients have better outcomes
if they are treated with MTF. These and other data show the
significant role of MTF in enhancing the RT efficacy and
suggest an interaction between MTF and IR [223].
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In vitro and in vivo studies, concerning the MTF radio-
sensitizing effect, have showed an enhanced DNA damage
after MTF treatment combined with RT, as tested by phos-
phorylation of histone YH2AX, a well-known marker for
DNA damage [203].

In particular, MTF may increase initial DNA damage or
inhibit repair processes, being able to reduce the expression
of DNA repair protein Ku70 and hamper radiation-induced
activation of EGFR and DNA-dependent protein kinase cata-
lytic subunit (DNA-PKcs). Considering that the primary tar-
gets of MTF are the mitochondrial complex I and mGPD
(glycerol-3-phosphate dehydrogenase), it may induce an
increase of ROS generation and oxidative damage to lipids,
protein, and DNA that could strengthen the effects of
IR. Indeed, several data have demonstrated that MTF can
increase ROS in cancer cells when delivered alone or in com-
bination with IR. In general, as regards the main known MTF
mechanisms of action when combined with RT, in vitro and
in vivo data show a significant role of MTF in affecting at
least four different parameters at radiobiological level,
including intrinsic cell radiosensitivity (SF2, i.e., the fraction
of cells surviving after a single IR dose of 2 Gy), cancer stem
cell fraction, tumor proliferation rates, and tumor hypoxia
[223].

11.4.6 PARP Inhibitors

Poly-(adenosine diphosphate-ribose)-polymerase (PARP)
are cellular enzymes that play crucial roles in various cell
processes like replication, transcription, cellular repair,
and also death [224]. PARP detects single-strand breaks

Fig. 11.26 The advantages
and various modes of action
by which PARPi enhance the
radiosensitivity of tumor
cells. Adapted from “Poly-
(ADP-ribose)-polymerase
inhibitors as radiosensitizers:
a systematic review of
preclinical and clinical human
studies,” by [224], Licensed
under CC BY 3.0
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lethality in hypoxic cells
Protection of normal
tissue
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and triggers the activation of cellular machinery involved
in the repair of the single-strand break. Studies have
shown that PARP inhibitors (PARPi) exhibit enhanced
radiosensitivity when combined with IR. Radiation works
by damaging the DNA, which can activate the single-
strand break (SSB) repair pathway like base excision
repair (BER) or double-strand break (DSB) pathways like
the HR and the NHEJ pathway (more details in Chap. 3).
SSB, if unrepaired, gets converted to double-stranded
breaks, which consequently hinder normal cellular pro-
cesses. PARPi imparts radiosensitivity through the SSB
and base excision pathway, which substantially increases
the risk to collapsed replication fork, thereby producing a
stable DSB [225]. Due to the crucial role of PARP in the
DNA repair pathway, PARPi have proved as effective
radiosensitizers, especially in tumors harboring DNA
repair deficiencies like the BRCA mutation. The
replication-reliant operations of PARPi facilitate the
establishment of differential outcomes in tumor and
healthy tissues. Other mechanisms that are known to
induce the radiosensitization effects include inhibition of
chromatin remodeling, G,/M arrest, vasodilatory effect
induced by PARPi, etc. Characteristically, factors that
affect radiosensitivity are the capability of tumors to
repair the damage, redistribution of the cell cycle, process
of reoxygenation, vascular endothelial damage process,
tumor immunity, and repopulation of the tumor tissue. A
radiosensitizer should have the potential not only to influ-
ence these processes but also prevent the increase in the
toxicity. Since PARPi possess most of these qualities nec-
essary for being a potential radiosensitizer (Fig. 11.26), it
has gained interest in the medical community [226].
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11.4.6.1 Nitroxides

Nitroxides are a class of stable free radical compounds that
exhibit antioxidant mechanisms, thereby safeguarding the
cells from several lethal agents like superoxide and hydrogen
peroxide (also described in Sect. 11.1.2). However, the ratio-
nale to use nitroxides in cancer RT comes from the role of
free radicals in tumor development and capacity of inhibitors
of radical reactions to suppress tumorigenesis. The underly-
ing mode of action of nitroxyls exhibiting the
radiosensitization effect can be attributed to cell signaling,
enhanced blood flow to the tumor, consequences on the cel-
lular respiration, and generation of reactive oxygen and
nitrogen species that can operate as metabolite radiosensitiz-
ers. The effects of nitroxides with radiation were found con-
flicting, leading to uncertainty about their radiosensitizing
nature.

Tempol (TPL) is a piperidine nitroxide that possesses an
unpaired electron and goes through swift reversible transfer
among the three forms: nitroxide, hydroxylamine, and
oxoammonium cation. Based on its concentration in the
cell, it can act as an oxidative or reductive agent. In cancer
cells, TPL favorably inhibits growth by increasing the gen-
eration of cellular ROS [227]. When used with RT and che-
motherapy, TPL exhibits a differential effect of protecting
the normal healthy cells from RT and cisplatin-mediated
damage, whereas in cancer cells, tempol is reduced to its
hydroxylamine form that is unable to protect the cells from
radiation and cisplatin-mediated damage. This differential
or selective acting on cancer cells while sparing the normal
cells is particularly of significance in cancer radio- as well
as chemotherapy [228]. It was observed that the anticancer
effects of cisplatin increased due to the prooxidant activity
of TPL via the increased ROS-mediated cell apoptosis

[227]. In several cancer cell lines, TPL was able to free
radical-dependent apoptosis. On 24-h exposure to TPL,
human promyelocytic leukemic cell line (HL-60) showed
reduced levels of mitochondrial and intracellular glutathi-
one, failure in the oxidative phosphorylation process, and
diminished mitochondrial membrane potential. TPL also
particularly targeted the respiratory chain complex I and
showed some insignificant effects on the complexes II and
IV. This can be attributed to the role of mitochondria in
apoptosis and it being a free radical resource and target. In
HL-60, TPL works by targeting the mitochondria, which
subsequently leads to mitochondria associated with oxida-
tive stress and apoptosis. This in turn can sensitize the
tumor cells to the proapoptotic effects of cytotoxic agents
[229]. When human breast cancer cells (MDA-MB 231)
were treated with tempo, another nitroxide, it exhibited
considerable levels of tyrosine phosphorylation of numer-
ous unknown proteins when evaluated with the equimolar
concentration, i.e., 1|0 mm TPL. The compounds tempo and
TPL lead to the phosphorylation of tyrosine and trigger the
Raf-1 protein kinase (30 min, two- to threefold) [230].
Nevertheless, TPL leads to augmented extracellular signal-
regulated kinase 1 activity. Tempo also activated the stress-
associated protein kinase (2 h, threefold) and induced
apoptosis (2 h, >50%). The ceramide levels significantly
increase (54% over control) at 30 min and (71% over con-
trol) at 1 h after treatment, prior to activation of stress-acti-
vated protein kinase and cell death via apoptosis [230].
TPL protects normal cells and tissues from oxidative dam-
age and remarkably hampers the proliferation of cancer
cells. These clearly imply that the nitroxide TPL shows the
potential to be a good prooxidant and can be a potent radio-
sensitizing agent for cancer treatment.
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11.5 Exercises and Self-Assessment

Ql.
Q2.
Q3.

Q4.
Q5.
Q6.
Q7.
Q8.

How do radioprotectors work?
What is the purpose of radioprotectors in RT?
What is TRUE: All the antioxidants are radioprotectors

or all the potential radioprotectors are often
antioxidants?

What are radiomitigators?

Can immunomodulators be classified as
radiomitigators?

What is the purpose of a radiosensitizing agent in can-
cer RT?

Describe the curcumin action mechanism when admin-
istered with irradiation.

Generate a graph similar to Fig. 11.1 for gadolinium
nanoparticles and estimate the mass attenuation coeffi-
cient ratio at 100 keV.

11.6 Exercise Solutions

SQl.

SQ2.

SQ3.

SQ4.

The detailed mechanisms are described in Sect. 11.1.1.
The possible mechanisms are listed in Box 11.2 as
well.

Radioprotectors, which should be safe and nontoxic
for human health, are used to protect the normal cells
or nontumor cells from the harmful insults of ionizing
irradiation and to increase survival rate in patients
when administered before the exposure to radiation or
at the time of RT for their effectiveness.

The potential radioprotectors are often antioxidants,
but not all the antioxidants are radioprotectors.
Radiomitigators are used to minimize the toxicity or
damage caused by ionizing irradiation in noncancer-
ous cells even after radiation has been delivered and

SQ5.

SQ6.

SQ7.

SQS.

Mass Attenuation Coefficient

]

[em2/

thus able to improve the effectiveness of radiation
therapy.

Yes. Radioprotective agents with potency to stimulate
the proliferation and modify the function of hemato-
poietic and immunopoietic stem cells, often referred to
as immunomodulators, can be considered as radiomit-
igators. The mode of action (MOA) of radiomitigators
is depicted in the figure (figure number will be
written).

Radiosensitizer is a chemical or pharmaceutical agent
which enhances the killing effect on tumor cells by
making them more susceptible/sensitive to radiation
therapy and at the same time having less effect on nor-
mal tissues/cells.

Curcumin has been shown to have a double-face
mechanism. Indeed, on the one hand, it is an antioxi-
dant and anti-inflammatory molecule, useful in limit-
ing the IR-induced ROS generation and IR side effects.
On the other, it acts as an anticancer molecule, inter-
acting with cellular processes, such as cell cycle, pro-
liferation, apoptosis, and autophagy.

Gd/water mass attenuation coefficient ratio @
100 keV =72.6.
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