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Abstract:

Ionizing radiations (IR), which includes X-rays and gamma-rays, interact
with critical cellular biomolecules indirectly via radiolysis of water
molecules to generate free radicals in the cytoplasm or directly through
interaction with cellular components like DNA, lipids and proteins. The
degree of cellular damage is governed by the dose of IR and it can have two
major outcomes namely cell cycle arrest that allows the cell to repair
radiation induced damage or cell death.

Radiotherapy is one of the key treatment modalities for solid tumors and it is
often associated with severe side effects due to exposure of surrounding
normal tissue to radiation. Despite technical advancements in the delivery of
radiation, damage to normal cells and tissues is a limiting factor in
radiotherapy. In addition to this, there are chances of fortuitous exposure of
IR to workers and general public during accidents at nuclear power plants or
as a result of nuclear warfare. In view of the aforementioned scenarios, it is
essential to identify novel approaches and drugs to prevent injury to normal
tissues and increase the therapeutic ratio of radiotherapy and also to protect
human lives during unplanned exposure settings.

This chapter chronicles the recent advancements in radioprotection research
worldwide and underscores the evolution of radioprotector development
program at DAE, India over the last three decades.
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1.0 Introduction:

Henri Becquerel, in 1896, proclaimed the discovery of radioactivity to the Academy of
Sciences in Paris and the term “radioactivity” was later coined by Marie Curie in 1898.
Subsequent to the discovery of radiation, extensive research has been carried out for more
than a century in the field of radiation. It has allowed scientists to garner immense
understanding of the health effects of radiation exposure and the mechanisms by which
radiation interacts with biological systems (Fig 1) and the environment. Radiation exposure
can damage critical biomolecules like deoxyribonucleic acid (DNA) by direct interaction or
indirectly via radiolysis of water molecules. This damage can induce cell death by a variety
of mechanisms such as apoptosis (programmed cell death), necrosis, autophagy or interphase
death '. The type and mechanisms of radiation induced cell death is governed by several
factors such as radiation dose, dose rate, cell type (normal or tumour cell) and the stage of
cell cycle 2. If a large number of cells are killed due to radiation exposure, it may lead to
organ dysfunction and sometimes even death of the organism. Direct interaction of radiation
causes damage to DNA which can be repaired by DNA repair enzymes or signals for cell
death can be induced if the damage is not repaired. However, in some cases, erroneous or
unrepaired DNA damage can lead to mutations and alteration in the genome. Double-strand
breaks (DSBs) in DNA are the most pertinent lesions responsible for the deleterious effects of
IR *. The genetic alterations or chromosomal aberrations are manifested when the cell divides
and ultimately lead to neoplastic transformation i.e. the conversion of a normal cell to a
cancer cell. Further, if genetic alterations occur in cells which are responsible for transmitting
hereditary information, it may give rise to genetic disorders in the descendants.

Interestingly, the capability of radiation to induce cell death via DNA damage, especially
double-strand breaks, has been applied deliberately to destroy cancer cells. This modality of
cancer treatment is aimed at eliminating tumour cells or shrinking the tumour mass by
exposing the tumour to ionizing radiation and is called as radiotherapy. It is a cornerstone of
cancer therapy and widely used in conjunction with surgery, chemotherapy, immunotherapy
and other targeted therapies. Radiotherapy treatment is given via two different modalities a)
teletherapy or external radiotherapy wherein radiation source is outside the body of the
patient; b) brachytherapy-wherein sealed radioactive sources are placed within the body of
the patient either temporarily or permanently. Approximately 19 million new cases of cancer
are detected every year globally, with 10 million deaths, and the projections indicate 26
million new cancer cases by 2030. Around 50% cancer patients receive radiation therapy *.
The dose of IR required for the treatment of solid cancers depends on stage and type of
cancer and typically ranges from 30 to 80 Gy. However, exposure of patients to a high single
dose can cause severe toxicity. Hence, in order to limit the side effects, fractions of 2-4 Gy
radiation dose per day are given over a period of several weeks. The fractionated dose regime
induces extensive DNA damage in rapidly dividing tumour cells leading to their preferential
killing as compared to normal cells. The time between consecutive radiation doses allows
repair of the DNA damage in slow dividing / non-dividing normal cells. However, radiation
exposure of surrounding normal tissue inevitably leads to multiple short and long -term side
effects such as nausea, diarrhoea and hair-loss °. Recent technological advancements have
enabled clinicians to reduce the side effects associated with radiotherapy °. However, the
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complex relationship between tumour and normal tissue makes it difficult to completely

avoid normal tissue toxicity.
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Figure 1: Timeline for Biological Effects of Radiation

Further, unplanned exposure of nuclear workers or general public to radiation is possible
during accidents at nuclear facilities such as the 1986 Chernobyl accident, 1999 Tokai-Mura
in Japan and the 2011 Fukushima-Daiichi accident or as a consequence of “dirty bombing.
Furthermore, a broad spectrum of industrial applications employ radiation sources such as
sterilization of medical/pharmaceutical products, food preservation, insect sterilisation,
industrial radiography, oil or gas exploration. Although industrial applications of IR cause
very low levels of exposure, in case of any accident there is possibility of localized
contamination and high levels of radiation exposure.

In view of the above mentioned planned as well as unplanned radiation exposures, there is an
unmet need to identify novel “radioprotective agents” to prevent toxicity of normal tissues.
An ideal radioprotector has the following characteristics:

1. It should protect normal tissues against acute and chronic effects of radiation.
2. It should not protect tumour tissues from radiation.
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3. It should be easy to administer (preferably oral) and rapidly absorbed and distributed in
the body.

It should not be associated with side-effects.

It should be readily available and inexpensive

It should be chemically stable to allow easy handling and storage

It should have a long shelf life.

Nk

Further, based on the administration time, radioprotectors are classified as ’ (Fig 1)

1. Prophylactic agents: These agents are administered prior to IR exposure to prevent
damage. Most prophylactic radioprotectors are free radical scavengers and anti-
oxidants®.

2. Radiation mitigators: These agents are given during or immediately after IR exposure
to prevent or reduce the effect of IR on tissues before symptoms appear.

3. Therapeutic agents: These agents are given after development of clinical symptoms of
exposure to IR. They reverse the deleterious effects of radiation and boost tissue
recovery.

2.0 Approved radiation countermeasures and molecules at advanced stages of
development: Research on radioprotectors started in 1949 and during the last seven decades
only few agents have received US FDA approval for mitigating radiation injury, and several
drugs are currently under clinical trials. To date, there is no US FDA approved radioprotector
which can specifically prevent or treat hematopoietic acute radiation syndrome (H-ARS) and
gastrointestinal ARS (GI-ARS). As shown in Table 1, amifostine is approved for preventing
xerostomia in head and neck cancer patients undergoing radiotherapy. In addition, four
growth factors have been repurposed as radiomitigators: Neupogen (filgrastim), Neulasta
(PEGylated filgrastim), Leukine (sargramostim), and Nplate (romiplostim) °.

Table 1: US-FDA approved radioprotectors and radiomitigators

Mechanism of ac-
tion

Indication

Chemical/biological

name

1 Amifostine 2-[(3- To decrease xeros- | Free radical sca-
WR-2721 aminopropyl)amino] | tomia in radiothe- | venger
( ) ethanethiol dihydro- | rapy for head and
gen phosphate neck cancers

) Neupogen
(Filgrastim)

Granulocyte-colony
stimulating  factor
(G-CSF)

Patients exposed to
myelo-suppressive
doses of radiation

Stimulates the pro-
liferation and diffe-
rentiation, of neu-
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trophil  precursors
and maturation and
function of neutro-
phils.
Neulasta (PE- | PEGylated G-CSF Patients exposed to | Similar mode of
Gylated myelo-suppressive | action as G-CSF.
filgrastim) doses of radiation | Longer half-life
requiring less fre-
quent administra-
tion
Leukine Granulocyte- Patients acutely | Stimulates the pro-
(Sargramostim) macrophage colony- | exposed to myelo- | liferation, differen-
stimulating  factor | suppressive doses | tiation, and func-
(GM-CSF) of radiation tion of Neutrophil,
monocytes/ macro-
phages and hema-
topoietic  progeni-
tors
Nplate Chimeric recombi- | Patients exposed to | Thrombopoietin
. : nant biologic | myelo-suppressive | receptor  agonist
(Romiplostim) (thrombopoietin re- | doses of radiation | increases platelet
ceptor agonist) production.

3.0 Radioprotector development program in DAE: Radioprotective agents find
applications in diverse areas of human endeavours such as protection of normal cells during
radiotherapy, as a protector for astronauts during spaceflight and countermeasures during
nuclear warfare. The radioprotector development program started in DAE during the 1990s
with the aim of identifying novel targets and molecules that can be appropriately applied in
different planned and unplanned radiation exposure scenarios. Some of the studies are at pre-
clinical stages of research whereas one is in advanced stages of clinical translation as detailed
in the chapter and summarised in Table 2.

3.1 Prophylactic radioprotectors:

Biological effects of radiation involve generation of ROS that damage critical biomolecules
inside the cells such as DNA, lipids and proteins resulting in the death of normal cells and
also depletion of stem cells. In 1949, Patt et al, demonstrated for the first time that
antioxidants can protect against radiation injury after which several investigators have shown
that anti-oxidants and free radical scavengers such as N-acetyl cysteine, glutathione,
vitamin E and vitamin C can protect mice against lethal radiation. However, several
limitations have led to failure of clinical translation of anti-oxidants as radioprotectors such
as low bioavailability and undesirable tissue distribution. Further, it is vital to recognize that
cellular antioxidant defence is primarily regulated by antioxidant enzymes using their specific
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substrates to reduce oxidants. Hence, it will be a prudent strategy to upregulate the cellular
antioxidant defence machinery to limit ROS production. Studies carried out in Radiation
Biology & Health Sciences Division, Bio-Science Group showed that contrary to the
widespread concept of antioxidants as radioprotectors, pro-oxidants can also function as
radioprotectors. Three pro-oxidants, 1,4-naphthoquinone (NQ), Plumbagin and Withaferin A
have been shown to act as radioprotectors via activation of cellular antioxidant machinery.
These pro-oxidants protect normal cells against IR injury via their ability to activate anti-
oxidant and pro-survival signaling inside the cells.

3.1.1: Anti-oxidants as radioprotectors:

a) Baicalein (BCL): Baicalein, isolated from an Ayurvedic medicinal plant Terminalia
arjuna is a lipoxygenase (12-LOX) inhibitor with multiple health beneficial effects (Fig. 2).
Baicalein was shown to reduce radiation induced oxidative stress and protected mouse
lymphocytes from radiation-induced cell death via inhibition of MKP3 and activation of
ERK/Nrf2 pathway. Baicalein protected mice against whole body irradiation (WBI) induced
death (Fig 4A) . Oral administration of solid lipid nanoparticles of baicalein (SLNB;
25mg/kg twice a day) prevented radiation-induced mortality and morbidity in mice '’
Baicalein has been shown to be safe and well tolerated by healthy human subjects. Owing to
radioprotective, anti-leukemic and immune-suppressive properties, use of baicalein as an
adjuvant during radiotherapy of lymphoma appears to be a precocious approach to increase
the therapeutic gain.

HO o
HO
OH O CHs O
CHs;
Baicalein Chlorophyllin

Figure 2: Structures of Baicalein and Chlorophyllin.

b) Chlorophyllin (CHL): It is a water-soluble derivative of chlorophyll derived by replacing
the central magnesium atom with copper or sodium (Fig. 2B). CHL is used as a food colorant
known as natural green 3 (E141). Chlorophyllin reduced 6 Gy gamma radiation induced
single-strand breaks (SSBs) in pBR322 plasmid DNA. CHL inhibited the formation of 5,5-
dimethyl-1-pyrroline-N-oxide adduct with hydroxyl radicals (DMPO-OH adduct) generated
by y-radiation '>. Moreover, CHL significantly inhibited whole body irradiation induced lipid
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peroxidation and apoptosis in lymphocytes. CHL significantly augmented the abundance of
stem cells in bone marrow and expedited the recovery from whole body irradiation (4 Gy
WBI) induced aplasia. CHL upregulated antiapoptotic genes and the antioxidant defence
mechanisms by activating prosurvival transcription factors Nrf-2 and NF-xB. Prophylactic
administration of CHL significantly mitigated radiation-induced mortality in mice following
exposure to lethal radiation (Fig. 4A). Further, CHL administration provided significant
protection against WBI damage to intestine and lungs . Most importantly, CHL enhanced
IR-induced killing of human breast cancer cells in vitro and in xenograft tumor-bearing SCID
mice "*. In summary, CHL displayed promising radio-modifying effects in both normal and
tumor cells, warranting further investigation regarding its potential use as an adjuvant to
radiotherapy.

¢) Ferulic acid (FA): It is a monophenolic phenylpropanoid that naturally occurs in various
plant-based sources. Our research demonstrated the remarkable radioprotective properties of
FA in both in vitro and in vivo settings. FA effectively enhanced DNA repair processes in
leukocytes of mice and demonstrated a notable preference for protecting normal tissues over
tumor cells *°. Our findings suggest that FA's radioprotective efficacy may be attributed to the
early recovery of stem cells, facilitated by enhanced production at G-CSF and erythropoietin.

3.1.2: Pro-oxidants as radioprotectors: As mentioned previously, our studies showed that
pro-oxidant can protect against IR mediated damage.

a) 1,4-naphthoquinone (NQ): It was shown that induction of mild oxidative stress using
pro-oxidants such as H,O, and NQ (Fig. 3) protected normal cells and mice against radiation-
induced apoptosis (Fig 4B). A pro-survival signaling protein, called as Nuclear factor
erythroid-2—related factor 2 (Nrf2), was activated in cells in response to low levels of
oxidative stress as an adaptive response. Activation of Nrf2 signaling pathway upregulated
the cyto-protective responses inside the cells and conferred protection against IR damage. NQ
activated Nrf2 pathway and augmented the levels of protective gene hemeoxygenase-1 in
normal cells. NQ also protected mice against whole-body irradiation induced mortality °.
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(5-hydroxy-2-methyl-
1.,4-naphthoquinone)

Figure 3: Structures of Prophylactic Radioprotectors
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b) Plumbagin (PG): In another study, Nrf2 activator molecule plumbagin (5-hydroxy-2-
methyl-1,4-naphthoquinone) which is isolated from Ayurvedic medicinal plant Plumbago
zeylanica (Chitrak) was used as a prooxidant (Fig. 3). PG protected normal cells, but not
tumor cells, against IR mediated apoptosis. PG inhibited radiation induced activation of cell

death activator protein called as caspase-3. PG also protected mice against radiation induced
death (Fig 4B) .

¢) Withaferin A (WA): It is a steroidal lactone isolated from roots of Withania somnifera
(Ashwagandha) (Fig. 3). Ashwagandha is used in Ayurvedic, Siddha, and Unani medicine as
a medicament for multiple disorders '*. Withaferin A was shown to protect normal cells
against IR-induced apoptosis. Withaferin A also activated pro-survival protein Nrf2 and
increased the levels of anti-oxidant proteins in normal cells. Administration of Withaferin A
to mice reduced IR-induced DNA damage and mortality (Fig 4B) "°.
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Figure 4: Administration of (A) Chlorophyllin, Baicalein and SLNB or (B) 1,4-naphthoquinone,
Plumbagin and Withaferin A reduced radiation-induced mortality in mice.

Table 2: Radioprotectors being developed in DAE

Prophylactic Radioprotectors

1 Baicalein Natural (isolated | Murine Mice and 10 | Increase in
from roots of | splenocytes mg/kg body | HSPCs
Scutellaria and 50 uM weight abundance in
baicalensis) bone marrow

and activation
of ERK/Nrf2
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2 Chlorophyllin | Semi-synthetic | Murine Mice and 180 | Increase in
(Copper- splenocytes mg/kg body | HSPCs
derivative of | and 50 uM weight abundance in
chlorophyll) bone marrow

and activation
of Nrf2

3 Ferulic Acid | Natural Plasmid Mice and 50, 75 | Increased
(4-hydroxy-3- pBR322 and | and 100 mg/kg | DNA  repair
methoxycinna 500 uM body weight pathways
mic acid)

4 1,4- Synthetic Murine Mice and 2 | Activation of
naphthoquino splenocytes mg/kg body | Nrf2
ne and 1 uM weight signaling.

5 Plumbagin (5- | Natural (roots of | Murine Mice and 2 | Activation of
hydroxy-2- Plumbago splenocytes mg/kg body | Nrf2 signaling
methyl-1,4- zeylanica) and 1 uM weight and  caspase
naphthoquino inhibition
ne)

6 Withaferin A | Natural (isolated | Murine Mice and 10 | Activation of

from roots of | splenocytes mg/kg body | Nrf2 signaling
Ashwagandha) and 10 uM weight

Radiation Mitigators

1 Lectin Recombinant Murine Mice and 2 | Activation of
proteins splenocytes mg/kg body | T cells for
produced in E. | and 2.5 uM weight production of
coli regenerative

cytokines,

increase in
HSPC and
skin stem cells

Therapeutic Radioprotectors

1 WI-MSCs Mesenchymal Murine Mice and 0.25 to | Releasing
stem cells splenocytes 1 million cells | soluble

per mouse mediators  to
regenerate
host HSCs and
ISCs

2 WJ-MSCs- Mesenchymal Murine Mice and 100 to | G-CSF present
CM stem cells | splenocytes 200ul per mice | in CM help in

conditioned

stem cell
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media mobilization
and enhances
survival

Selenium Based radioprotectors

1 Selenocystine | Naturally- Mice and 0.5 Cell cycle

(Diselenide occurring amino mg/kg body | control  and
amino acid weight DNA repair
acid;CysSeSe

Cys)

2 DSNA Synthetic CHO cells | - Increased
organoselenium | and 25 uM intracellular
compound GPx and GSH

level

3 DHS Synthetic Water | CHO  cells | - Elevated GPx
soluble  cyclic | and 25 uM activity,
monoselenide enhanced

DNA repair.

4 DSePA Synthetic - Mice and 2 & | NF-«B/IL-
(Selenocystine 2.5 mg/kg body | 17/G-
derivative) weight CSF/neutrophi

1 axis
activation

3.2 Radiation mitigators: The molecules described in previous section perform well in
prophylactic scenarios but may not provide substantial help in situations involving lethal or
supra-lethal doses of radiation. In this direction, we have identified a plant lectin that can
provide complete protection against mortality induced by WBI in mice. Lectin administration
significantly enhanced the population of stem cells in the bone marrow and epithelial stem
cells in the skin of mice potentially contributing to the observed therapeutic radioprotection.
Mechanistic investigations have shown that lectin simultaneously activates pro-survival
transcription factors Nrf2 and NF-kB, which may play a pivotal role in protection against
high doses of ionizing radiation. Further investigations are ongoing to assess the safety of
lectin and to enhance its efficacy in animal models.

3.3 Therapeutic radioprotectors: Therapeutic radioprotectors are pharmaceutical agents
designed to protect healthy tissues from radiation damages caused during cancer treatment or
nuclear accidents. These agents minimize the toxic side effects of radiation by enhancing
cellular repair and through regenerative mechanisms. In this direction, stem cell therapy
offers tissue regenerative capabilities for mitigating the toxic effects associated with Acute
Radiation Syndrome (ARS). Recently, administration of human WJ-MSCs or their
conditioned media (CM) to mice was shown to significantly enhance their survival following
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exposure to lethal dose of radiation (Fig.5). WJ-MSCs migrated to radiosensitive tissues in
irradiated mice and contributed to recovery from IR-induced damage. WJ-MSCs facilitated
repair of damaged tissues and modulated the local microenvironment by secreting various
cytokines and growth factors. Remarkably, therapeutic effect of WJ-MSCs was observed
even when transplantation was performed 24 hours after whole-body irradiation (WBI).
Interleukin-6 and G-CSF originating from WJ-MSCs and host (mouse) Nrf-2 were identified
as essential mediators of radioprotection. Hence, WJ-MSCs can be a promising modality for
facilitating recovery from toxicity caused by radiation exposure and in situations involving
accidental radiation exposure.
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-

o
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S ™
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l Survival study l
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Figure 5: Therapeutic radioprotection by WJ-MSCs

4.0 Selenium Based radioprotectors: Selenium compounds play important roles in biology,
primarily as trace elements essential for the proper functioning of various enzymes and
proteins, including antioxidant defence and immune support. Some derivatives of selenium
compounds, such as selenocystine, diselenonicotinamide (DSNA), dihydroxy-1-selenolane
(DHS), and 3, 3’-diselenodipropionic acid (DSePA), were evaluated for their radioprotective
properties. Selenocystine administration prior to radiation effectively mitigated DNA damage
in hepatic tissue by accelerating repair mechanisms. Transcriptional analysis revealed its
ability to modulate the expression of key genes involved in cell cycle control and DNA repair
*°_In another study, DSNA was found to significantly protect Chinese Hamster Ovary (CHO)
cells from radiation-induced death, with a dose modification factor (DMF) of 1.26.
Mechanistic insights revealed that DSNA increased the intracellular levels of GPx and GSH,
mitigated radiation-induced DNA damage, and showed involvement of pro-survival pathways
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! The radioprotective efficacy of DHS were explored and it was observed that treatment of
CHO epithelial cells with DHS protected them from radiation-induced mitotic cell death **.
Extensive studies have been carried out to study the radioprotective efficacy of DSePA, a
selenium derivative. Administration of DSePA offered significant protection to hepatic tissue,
spleen, and gastrointestinal (GI) tract and enhanced the survival of mice exposed to both sub-
lethal and supra-lethal doses of radiation 2 Further, oral administration of DSePA delayed
the onset of radiation induced lung damage and improved asymptomatic survival **. In
summary, various selenium derivatives have been tested and have shown potent
radioprotective effects which underscores the potential of selenium compounds in mitigating
the harmful effects of radiation.

5.0 Future directions and perspectives: Radioprotective agents are crucial for nuclear
emergency medical plans and treatment of toxicities seen during cancer radiotherapy.
Nevertheless, only a limited number of drugs have received approval for treating radiation
injuries, and our understanding of their mechanisms remains incomplete. As the risk of
radiation exposure increases in tandem with advancements in nuclear technology, developed
nations have established nuclear emergency policies that focus on the creation of specialized
radioprotective agents. Cytokines are central players in governing various biological
processes, including hematopoiesis, immune responses, neural functions, inflammation, and
the healing of wounds. Nplate (romiplostim), Leukine (sargramostim), Neulasta (PEGylated
filgrastim), and Neupogen (filgrastim) have been included in US national stockpile for
clinical use as radiomitigators for H-ARS. Despite significant progress made in the last six
decades, we have not fully grasped the precise mechanisms underlying radiation injury, and a
comprehensive strategy for treating it remains elusive. Future advancements in
radioprotective agents should prioritize the following objectives. Firstly, we should explore
the modification of existing drugs to enhance their effectiveness. Additionally, combining
multiple radioprotective agents from diverse classes (pharmacological, biological, gene
therapy, etc.) or incorporating immunomodulatory agents alongside standard therapy holds
potential to enhance efficacy while mitigating the toxicity associated with individual agents.
Furthermore, our research efforts should expand the clinical applications of approved drugs
as radioprotectors. To gain a more comprehensive understanding, we must expand our
understanding about different types of ionizing radiations, as previous research primarily
centred on low linear energy transfer (LET) radiations, such as y-rays or X-rays. The
investigation of other types of radiation, particularly high-LET radiation like protons,
neutrons, and heavy ions, is imperative, given the risks associated with human space
activities and the need for radiation countermeasures. Finally, our studies should emphasize
development of animal models for each sub-syndrome of Acute Radiation Syndrome (ARS)
to mimic the mechanisms and pathophysiology of IR-induced injuries in humans. These
models are essential to meet research and drug evaluation requirements effectively. In pursuit
of these objectives, we have made notable strides. In this direction, we have repurposed
bosutinib, a tyrosine kinase inhibitor initially approved for lymphoma treatment, as a
promising radioprotective agent. Additionally, we have crafted a nanoformulation of potential
prophylactic radioprotectors, and we intend to explore its efficacy in upcoming studies. In
collaboration with the private pharmaceutical industry and Tata Memorial Hospital, we are
actively engaged in joint efforts to assess the effectiveness of a chlorophyllin-based
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radioprotector in the context of pelvic cancer radiotherapy [CLARITY Trial NCT05348239].
Furthermore, we are diligently working on the development of cell-based therapeutics for
scenarios involving accidental radiation exposure. Concurrently, we are also investigating the
combination of pharmacological and cell-based approaches to mitigate the adverse effects of
radiation injury. By employing these multifaceted strategies, we aim to expedite the
formidable task of advancing the development of radioprotective agents.
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