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Abstract

Purpose: Almost since the earliest utilization of ionizing radiation, many within the radiation
community have worked towards either preventing (i.e. protecting) normal tissues from unwanted
radiation injury or rescuing them from the downstream consequences of exposure. However,
despite over a century of such investigations, only incremental gains have been made towards this
goal and, with certainty, no outright panacea having been found. In celebration of the 60t
anniversary of the /nternational Journal of Radiation Biology and to chronicle the efforts that have
been made to date, we undertook a non-rigorous survey of the articles published by normal tissue
researchers in this area, using those that have appeared in the aforementioned journal as a road
map. Three ‘snapshots’ of publications on normal tissue countermeasures were taken: the earliest
(1959-1963) and most recent (2013—-2018) 5-years of issues, as well as a 5-year intermediate span
(1987-1991).

Conclusions: Limiting the survey solely to articles appearing within /nternational Journal of
Radiation Biology likely reduced the number of translational studies interrogated given the basic
science tenor of this particular publication. In addition, by taking ‘snapshots’ rather than
considering the entire breadth of the journal’s history in this field, important papers that were
published during the interim periods were omitted, for which we apologize. Nonetheless, since the
journal’s inception, we observed that, during the chosen periods, the majority of studies
undertaken in the field of normal tissue countermeasures, whether investigating radiation
protectants, mitigators or treatments, have focused on agents that interfere with the physical,
chemical and/or biological effects known to occur during the acute period following whole body/
high single dose exposures. This relatively narrow approach to the reduction of normal tissue
effects, especially those that can take months, if not years, to develop, seems to contradict our
growing understanding of the progressive complexities of the microenvironmental disruption that
follows the initial radiation injury. Given the analytical tools now at our disposal and the enormous
benefits that may be reaped in terms of improving patient outcomes, as well as the potential for
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offering countermeasures to those affected by accidental or mass casualty exposures, it appears
time to broaden our approaches to developing normal tissue countermeasures. We have no doubt
that the contributors and readership of the /nternational Journal of Radiation Biology will continue
to contribute to this effort for the foreseeable future.

Introduction

Since the late 1800s, when the scientific community first began to utilize the cytotoxic
properties of ionizing radiation, in particular for the treatment of cancer-related diseases,
efforts have been underway to prevent off-target normal tissue injuries (Williams &
Newhauser 2018). The potential acute and delayed/late normal tissue outcomes that can
confront patients and accident victims alike, and that have been the subject of
countermeasure research to date, cover a broad spectrum: for example, acute effects of
concern can range from the relatively localized and transient skin reddening (erythema) seen
in many patients (Singh et al. 2016) to the potentially lethal acute radiation syndromes
(Singh & Seed 2017), whereas the late effects include quality-of-life issues, such as fatigue,
cognitive dysfunction and fibrosis (Williams et al. 2016), as well as morbid conditions, such
as pneumonitis and kidney failure (Medhora et al. 2014). Although many of these observed
outcomes can be considered relatively benign by treating oncologists, all can dramatically
affect the well-being and quality of life of cancer survivors (Yang et al. 2012; McDowell et
al. 2018; Sun & Cooper 2018).

To date, the vast majority of successful modifications that have led to a reduction in normal
tissue exposure parameters have been associated with alterations in the physical delivery of
radiation therapy and have been biological or physical in nature. On the biological side,
there has been the adoption of fractionation (Williams & Newhauser 2018), aided by the
qualitative and quantitative determination of normal tissue radiation tolerance levels that
have provided clinicians with treatment dose limits (Emami et al. 1991; Rubin 1995). The
physical aspects include the many technological modifications developed by medical
physicists and engineers that have enabled radiation oncologists to more accurately conform
radiation beams to tumors, thereby reducing normal tissue exposures (Macia 2017). Indeed,
the advancements in radiation delivery systems over the past few decades, such as image-
guidance, respiration gating and the use of altered fractionation protocols, have contributed
greatly to the much improved survival rates seen in cancer patients (Wai et al. 2017).
However, the absolute elimination of all normal tissue from radiation treatment fields is an
unlikely goal due to the irregular geometry of tumors, the clinical need for treatment
margins, as well as, with most radiation modalities, the physical necessity of beam entry and
exit. As a result, a sizeable cohort of the cancer survivor population will continue to be
plagued by post-treatment side effects, outcomes that are predominantly blamed on
irradiation of the inherently involved normal tissues (Gawade et al. 2014; Taibi et al. 2014).
Another population at risk of normal tissue injuries is those that have been subjected to
accidental or deliberate whole-body exposures; in such situations, where therapeutically
relevant constraints are not present and doses often are unknown, medical responders require
access to low toxicity, broadly efficient and easily administered agents (Rios et al. 2014),
none of which are currently available. Therefore, given that irradiation is a mainstay of
cancer therapy, with approximately 50% of patients receiving radiation therapy as part of
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their treatment (Baskar et al. 2012), and the ongoing global fears of nuclear or radiological
terrorism (Brenner et al. 2015), it is incumbent on the radiation community to seek
pharmacological interventions that can be used to counter the development of radiation-
induced normal tissue toxicities.

As part of the celebration of the 60t anniversary of the /nternational Journal of Radiation
Biology, we undertook a non-rigorous survey of the articles published by researchers in the
area of normal tissue countermeasures, using those that appeared in the aforementioned
journal to provide us with an overview of the field. Three ‘snapshot” blocks of articles were
taken: the earliest (1959-1963) and most recent (2013-2018) 5-years of issues, as well as a
5-year intermediate span (1987-1991). Although using the ‘snapshot’ approach inevitably
has led to our failing to include some important publications from the field, for which we
beg the affected authors’ forgiveness, nonetheless, given the inherently international reach of
the journal, this survey has provided us with a global picture of the state of play during each
period and, taken together, offers hints as to how best we can move forward towards the
prize of preventing the off-target effects of radiation exposure.

Kick-off (1959-1963)

Over the years, multiple articles have described progress in the development of
countermeasures (Weiss & Landauer 2003, 2009; Oliai & Yang 2014; Singh et al. 20173;
Singh et al. 2017b; Singh & Seed 2017). In order to refrain from simply recapitulating these
excellent reviews, but nonetheless still gaining an insight into the major directions that have
been taken in the field of radiation countermeasures, we took a non-rigorous survey of
publications that have appeared in the /nternational Journal of Radiation Biology, beginning
with the first 5 years of the journal’s publication (then titled the /nternational Journal of
Radiation Biology and Related Studies in Physics, Chemistry and Medicing). 36 out of a
total of 366 articles were identified as describing studies that assessed the use of
pharmacologic (chemical) countermeasures in their ability to reduce or prevent normal
tissue outcomes; selection was based solely on the article titles containing pertinent
keywords, such as ‘protection’, ‘modification’ and ‘normal tissue’, in conjunction with a
specifically named agent (Table 1). Of note, several foreign language articles that likely
fitted the criteria were excluded from this survey, as were technical reports, reviews and
articles that dealt only with a pharmacologic mechanism of action, as distinct from
determining modification of a biological outcome.

Our survey produced some interesting insights into the research directions being taken at the
time. For example, all but one of the studies used pre-radiation administration of the agents,
with the single exception being an /n vitro study in rat thymocytes that compared pre- versus
post-radiation treatment schedules (Grant & Vos 1962). This seeming focus on a single
dosing approach likely reflects a prevailing drive towards the development of radiation
protectants, a not unsurprising goal given that this period represents the peak of the Cold
War (Gaddis 2006). Indeed, fears of a potential nuclear war between the U.S.A. and
U.S.S.R. together with our growing understanding of the long-term outcomes from the use
of such weaponry (Folley et al. 1952; Harada & Ishida 1960), as well the potential risks
from the increased use of nuclear technology, would have provided a strong incentive in
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support of efforts to prevent unwanted radiation injury. Interest in the development of
chemical radiation protectants was especially high in the U.S., where federally sponsored
research was performed across the country, involving both animal and human subjects, the
latter being the subject of much hand-wringing in subsequent years (McCally et al. 1994,
Report of the Advisory Committee on Human Radiation Experiments 1996).

The availability of well-characterized /n vitro cell lines for use in biological research was
still in its infancy at this time; as a result, the majority of studies described in Table 1 make
use of animal models, with roughly half of those being performed in mice and the majority
of the remainder using rats. Total-body irradiation was used in all but a few of the in vivo
models with a primary endpoint of survival. No time points were analyzed beyond 30 days
post-radiation; indeed, although radiation-induced late effects had been recognized by this
time, including carcinogenesis, developmental disturbances, and radiation cataracts, none of
these endpoints were the subject of interest in the surveyed articles. A degree of mechanistic
evaluation was attempted in a number of the studies, with investigators examining oxygen
tension in various organs post-radiation and comparing aerobic versus hypoxic/anoxic
conditions (van der Meer & van Bekkum 1959; Grant & Vos 1962; Vos & Kaalen 1962;
Vergroesen et al. 1963); interestingly, some investigators used hypothermia as an induction
mechanism for the hypoxia in /7 vivo models (Weiss 1961; Vergroesen et al. 1963; Zatz
1963), ignoring the potential for any radiation protective features of the hypothermia itself
(Cheng et al. 2015).

Overall, 3 main groups of potential countermeasures were under investigation at this time
(Pihl & Eldjarn 1958) (Table 1): thiols related to cysteine and cysteamine, as well as other
sulphur-containing agents, e.g. thiourea (Stratton & Davis 1962); substances with significant
pharmacological or toxicological properties which often resulted in tissue hypoxia and/or
vascular constriction, e.g. cyanide, histamine, and tryptamine (van der Meer & van Bekkum
1959); and inert metabolites, e.g. glycerol (Vos & Kaalen 1962). By this time, cysteine (Patt
et al. 1949) and cysteamine (Bacq & Herve 1952), compounds that contain thiol/sulfhydryl
groups, had been identified as relatively efficient radioprotectors through their activity as
free radical scavengers and, indeed, roughly half of the studies surveyed during this period
assessed sulfhydryls and related agents (Table 1). Thus, broadly speaking, the majority of
investigations during this time appear to reflect the community’s understanding of the
immediate physicochemical radiation reaction; thus, the overarching target was to reduce the
presence and/or impact of free radicals and their role in the initial biological response.
Although this led to a somewhat narrow spectrum of agents being assessed, nonetheless, this
approach was supplemented by some of the investigators with respect to their growing
appreciation that low oxygen levels, whether directly or indirectly induced, also offers a
level of normal tissue protection (Davis et al. 1958; Larsson & Stenson 1965). However,
these latter studies might also speak more to a search for mechanism, rather than a practical
means of preventing radiation injury in the field. Finally, investigators demonstrated an
awareness of differential radiation sensitivities among organs, although, as mentioned
previously, only a few of the journal’s articles focused on specific tissues versus whole body
responses. Those that looked beyond survival had examined protection in the more
radiation-sensitive tissues, such as bone marrow (Weiss 1961; Praslicka et al. 1962), gut/
mucosa (Prasad et al. 1963; Prasad & Osborne 1963) and testes (Mandl 1959; Ashwood-
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Smith 1961; Starkie 1961), suggesting a continued focus on the acute radiation response and
its associated syndromes.

Half time (1987-1991)

As with the first survey period, the countermeasure articles identified in the /nternational
Journal of Radliation Biology between 1987-1991 offer insights into some of the leading
radiation scientific directions of the day. Of note, some ‘mechanistic’ publications (denoted
as (M)) were included in the survey’s results where a normal tissue endpoint was part of the
analysis; this inclusion was rationalized by our interpretation that these studies reflected
efforts to broaden the potential classes of modifiers and/or attempts to modify promising
agents through improved administration routes and/or a reduction in unacceptable toxicities.
In addition to radiation protectors, ‘treatment’ strategies were being assessed during this
time period, i.e. chelating agents. The investigation of such agents had only just begun
during our first survey period (Galli 1959; Norwood 1962), providing an explanation for
their lack of an earlier appearance. However, despite the time lapse, the number of studies
still being performed with these agents likely reflects the ongoing and, indeed, continuing
concerns over the development of diseases due to worker exposures to radioactive isotopes
(Shore 1990; Schubauer-Berigan et al. 2007) and the limited availability of non-toxic, but
efficient, treatment regimens. Indeed, the lack of such strategies had been exposed by the
limited resources available following the Chernobyl incident (van den Hoek 1989; loannides
et al. 1991).

A slightly reduced number of pertinent articles was identified during this period compared to
the previous (29 vs. 36) (Table 2); furthermore, this was a much smaller percentage of the
now significantly expanded issues and represented only 3.3% of the ~870 total number of
articles compared to the earlier ~10%. Interestingly, articles describing investigations into
radiation sensitizers had now appeared, and in larger numbers than normal tissue
countermeasures (~40), suggesting that the decline in the number of countermeasure articles
reflected a general shift in research emphasis away from the quasi-military need for
radiation protectants towards agents with more therapeutic relevance. The conditions that
might have led to this move are unclear from such a limited survey, although a personal
‘history” published by Dr. Jack Fowler (Fowler 2006) provides an insightful overview of the
dramatic changes that had been wrought in the field of normal tissue radiation biology
during the late 1970s and early 1980s. These changes had included a deeper theoretical
understanding and modelling of the fractionation effect, including a broad acceptance of the
a/B ratio (Barendsen 1982), the role played by oxygen/hypoxia in radiation damage
induction (Hendry 1979) and a growing appreciation of the differential mechanisms
underlying acute versus late normal tissue effects, the latter highlighted by the tremendous
body of work from Withers (Withers et al. 1982; McBride et al. 2015) and others. From such
revelatory findings, it is relatively easy to understand why researchers would see the utility
of using this expanding database of knowledge to achieve a real improvement in patient
outcome, a contrast to the more esoteric problem of developing protection measures against
an existential threat from nuclear bombs and their like.
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Even a cursory examination of Table 2 in comparison to Table 1 indicates a much greater use
of /n vitro analyses, with roughly half of the studies being conducted using cell lines alone.
In addition to the improvements that had been made in this experimental approach and the
advantages offered by its more rapid data turn-over, the trend towards increased use of this
methodology in radiation biology supports the notion that researchers were making greater
use of mathematical models, both as a justification for their work and a means of providing
an explanation for their findings (Fowler 2006). The derivation and use of these models have
been, and for the most part still are, based on the more simplistic ‘yes-no’ outcomes that
result from /n vitro studies (e.g. cells dead or alive, transformed or not). Perhaps, at a
simplistic level, the use of such models eliminated the need to deal with the significantly
more complex and nuanced (i.e. frustrating) data that can arise from /in vivo animal
experimentation. This conclusion is supported by the observation that, even among those
radiation protection studies that made use of animal models (see Table 2), only 1 group
assessed an endpoint not associated with survival, that of skin moist desquamation (van den
Aardweg et al. 1991), and only 2/7 of the chelator/treatment studies included an assessment
of late disease (Bruenger et al. 1991; Schoeters et al. 1991).

Of the studies that investigated radiation protectors during this period, the majority (14/25
studies) continued to be an assessment of thiol-related drugs; the list of agents was
dominated by compounds arising from the work being performed at the Walter Reed
Institute of Research, commonly known as the WR-series. Indeed, the trend away from
cysteine and its more closely related compounds had essentially begun in the late 1960s with
the identification of a dose modifying factor of >2 for S-2-(3-aminopropylamino) ethyl
phosphorothioic acid (WR-2721/amifostine) for the 30-day mortality endpoint in mice
(YYuhas & Storer 1969). Decades of subsequent investigations by multiple laboratories
culminated in WR-2721 becoming the first, and to date only, FDA-approved cytoprotector,
marketed under the trade name of Ethyol (Mishra & Alsbeih 2017). Unfortunately,
variations in its differential normal tissue uptake rates relative to its uptake into tumors and
the significant issues of dose-limiting toxicity (i.e. nausea, vomiting and hypotension)
(Mabro et al. 1999) have continued to limit the use of amifostine, which is currently only
approved for use in the prevention of xerostomia in head and neck cancer patients (Varghese
et al. 2018).

Likely as a response to the list of toxicities associated with the free radical scavenger class,
Table 2 indicates an expansion in the number of investigations assessing agents with
alternative pharmacological activity (see Relevant Biologics/Miscellaneous); this is
underscored by the studies that included postradiation administrations (Brook et al. 1988;
Norman et al. 1988; Kalinich et al. 1991). Inference of a broader search being underway
might reflect a collective despair regarding our inability to sufficiently reduce off-target
ionizing events or a growing realization that the prevention of radiation-induced normal
tissue effects might require more than the prevention of the immediate physicochemical
reactions. Either way, it is evident that investigators were beginning to more critically
interrogate a wider number of early biological events associated with radiation injury
progression, with some even suggesting the need to combine agents with different modes of
action (Weiss et al. 1990).
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Current state of play (2013-2018)

In our final ‘snapshot’, we once more excluded review articles, technical reports and, on
occasion, entire issues that were dedicated to a single topic not relevant to this survey. We
also did not include articles describing countermeasures against non-ionizing irradiation, of
which there were a small number; we eventually arrived at a review of 42 articles out of a
total of ~480 (~9%). Interestingly, although our primary assignment of agents into the
various categories was determined by the article’s title, scrutiny of the analyses and/or
endpoints (Table 3) suggests that many of the compounds were deemed relatively non-
specific in their activity. For example, many of the agents assigned to the antioxidant
category also exhibited strong anti-inflammatory effects and vice versa (Cheng et al. 2014;
Fukuda et al. 2016; Aricigil et al. 2017; Miller et al. 2017; Talebpour Amiri et al. 2018).
This likely represents a deliberate choice by the investigators as it reflects our current
understanding of radiation-induced normal tissue effects being the culmination of
progressive physiological changes in multiple aspects of the injured volume, all of which
might need to be addressed as part of any comprehensive countermeasure approach
(Williams et al. 2016). Interestingly, there is a significant move towards the testing of natural
products during this period, particularly with respect to anti-oxidant compounds. This might
be part of the global interest in dissecting the mechanisms and active ingredients found in
herbal and traditional medicines (Li & Weng 2017; Wang et al. 2018), but also likely reflects
a desire to develop agents that have minimal toxicities that would otherwise limit future
development, as occurred in the amifostine story.

The most notable change seen in Table 3 is the addition of an entirely new class of agents,
the radiation mitigators; these are agents that are delivered after radiation exposure, but prior
to the expression of the target effect (Moulder 2003; Stone et al. 2004). Compounds being
investigated in this class included antioxidants and anti-inflammatories, recognition of the
roles that oxidative stress and inappropriate inflammation appear to play in the progression
of normal tissue effects, and also growth factors (Watanabe et al. 2014; Pejchal et al. 2015;
Sumikawa et al. 2017) and vascular modifiers (Moulder et al. 2014; Huang et al. 2018).
Since these additions are accompanied by a return to the almost exclusive use of /n vivo
versus /n vitro models (39/42), we believe that there is now a collective appreciation of the
role played by microenvironmental disruption in normal tissue injury, whether acute or
delayed, and an acceptance of the necessity to take a more holistic approach to
countermeasure development. Supporting this conclusion is the reduction in use of survival
as an endpoint (10/42), whether at the whole animal or cellular level, and the expansion of
primary endpoints that address effects in specific organs and tissues; the organs of interest
included not only acutely responding tissues, such as bone marrow, Gl and the oral mucosa,
but also late responding tissues, i.e. liver, brain, eye, thyroid, kidney, lung and heart. It is not
clear if this expansion in the number of tissues of interest simply supports the need for a
potential therapeutic use for such compounds, a subject referred to in the text of the majority
of the articles, or the need to draw the pharmaceutical industry into the endeavor (Prasanna
et al. 2015). However, such conclusions are contradicted by the observation that a majority
of the studies (30/42) persisted in the use of total body irradiation versus localized fields (4),
with only 3 of those studies using fractionation; nonetheless, this also may be explained by a
lack of available small animal radiation resources in many of the investigators’ institutions.

Int J Radiat Biol. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Groves and Williams

Page 8

What might be less obvious to the reader is the changing geographic bias that becomes
apparent when comparing the distribution of authors’ countries of origin across all three of
the Tables. The bulk (66%) of the work featured in Table 1 was performed in Europe, a
possible reflection of the trepidation felt by countries in that region that they might become
the unwilling proxies of a nuclear dispute between the main participants of the Cold War, the
U.S.A. and the U.S.S.R. In the period represented by Table 2, the distribution of authors’
country of origin had shifted, with a roughly equal number of studies being published from
the U.S. (13/29) versus Europe (11/29). Interestingly, this shift might be an illustration of the
competition being held between the pharmaceutical industries of the two respective regions
since this period was in the middle of a so-called biotechnology revolution (Malerba &
Orsenigo 2015). However, what caught us by surprise was the distribution in authorship seen
in the most recent snapshot (Table 3). Only 12% of the articles came from Europe and 14%
from the U.S., whereas 33% come from the Middle East, most notably Egypt. Of course, this
particular distribution may simply reflect recent publishing trends, with investigators in both
Europe and the U.S. moving either towards greater use of on-line publishing venues or
journals with higher impact factors. However, given that unrest and the increased use of
nuclear energy in the Middle East may be prompting their surge in interest, we might also
consider that geopolitical influences also may be affecting investigators’ fields of study,
particularly through their sources for funding. For example, in Europe, a 2009 report from
the High Level Expert Group (HLEG, http://www.hleg.de/) had expressed concerns that
many European Union members appeared to have lost key competencies in radiation
research, such that it was felt that individual countries were no longer capable of
maintaining research activities in the radiation sciences, most especially in the low dose
field. The formation of a network of institutions with expertise or interest in radiation
research was recommended and, in 2010, the Network of Excellence, DoReMi (http://
www.doremi-noe.net/), was funded. This centralization of interest and funding in the area of
low dose radiation, with a significant focus on training and education of radiation biologists,
may provide an explanation for the decline in countermeasure articles from that particular
region being submitted to the /nternational Journal of Radiation Biology. However, the fall
in the number of articles from the U.S. obviously requires a different explanation.

Since the events of 9/11, similar concerns to those heard from Europe have been expressed
as to the continued loss of radiation expertise in the U.S. (Rosenstein et al. 2009; NCRP
Statement 12 2015) and the overall lack of resources in the event of a mass radiological or
nuclear event (Coleman & Parker 2009). In response to this perceived need, a Radiation
Countermeasures Program was launched (Hafer et al. 2010) with the stated goal of
operationalizing the development of medical countermeasures for use in a radiological or
nuclear emergency (Homer et al. 2016). In the near 15 years since its initiation, this Program
has funded several institutions as centers of excellence, although the number of centers has
declined across the intervening years from an original 8 (in which this review’s senior author
was a funded participant) to the current 4. This focused effort has resulted in many advances
in the field as a whole, for example in animal model characterization (Williams et al. 2010;
Iversen et al. 2018), the development of biodosimetry technologies (Brenner et al. 2015;
Flood et al. 2016; Repin et al. 2017; Jacobs et al. 2018) and identification of potential
biomarkers of exposure (DeBo et al. 2015; Himburg et al. 2016; Laiakis et al. 2016; Lee et
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al. 2018). Unfortunately, however, there does not yet appear to have been a significant
breakthrough in countermeasure development per se by the Program, at least at the level of
agents entering human trials. This impasse in progress may indicate a functional disconnect
between government-run programs, regulatory bodies and profit-based industries, such as
pharma (Price & DiCarlo 2018), but nonetheless is a disappointing outcome. Furthermore,
the concentration of funds in such a limited number of institutions may well have acted as a
disincentive to the broader community since it inherently reduces the depth and breadth of
innovation that is needed to overcome this seeming perennial problem.

How to take home the prize

To try and understand why more progress has not been made, we need to take a time-out and
step back from the field. In order to develop a pharmacologic strategy that prevents off-target
normal tissue effects, one must understand not only the chemical nature of the radiation
injury itself for protection purposes, but also, and more importantly for radiation mitigation
and treatment, the mechanisms that underlie the physiologic initiation and progression to the
ultimate disease end points. In general terms, current radiobiological understanding of tissue
injury indicates that, following irradiation, in addition to acute cell death, there is an
immediate inflammatory response that appears to follow the same canonical processes seen
under the majority of wound conditions (McBride et al. 2004; Bentzen 2006). However,
unlike the normally prescribed termination of a wound-healing process, which involves a
well-orchestrated secretion of positive and negative regulators of proliferation,
inflammation, angiogenesis, etc. (Kareva et al. 2016), a range of parameters in addition to
the injury per se, i.e. dose, volume, genetic and physiological characteristics, result in the
microenvironments of irradiated normal tissues failing to return to their baseline state, i.e.
homeostasis. Instead, tissues become prone to recurrent or persistent DNA damage
(Minakawa et al. 2016; Beach et al. 2017), aberrant inflammation (Schaue et al. 2015),
exhibiting characteristics associated with premature aging and/or senescence (Zhang et al.
2016; Lafargue et al. 2017) and chronic oxidative stress (ladecola et al. 2001; Zhao &
Robbins 2009).

At this point, it is worth also noting a field of radiation research that, to date, generally has
not been included as part of countermeasure development; that is consideration of the role(s)
that may be played by non-targeted effects in normal tissue injuries. These include
phenomena such as the bystander effect, low dose hyper-radiosensitivity, genomic
instability, and the adaptive response (Bright & Kadhim 2018), all of which have the
potential to act as a benefit or detriment in normal tissue outcomes. To date, the majority of
these effects have been studied in the context of cancer risk (Truta-Popa et al. 2011; Burtt et
al. 2016; Baulch 2018), although some investigators have assessed their role in therapy-
related outcomes (Pinho et al. 2015; Najafi et al. 2018; Mukherjee & Chakraborty 2019). It
is highly likely that non-targeted effects add further complexity to the signaling interplay
that takes place among surviving, dead and dying cells post-irradiation and, potentially,
provide feedback mechanisms that may exacerbate or mitigate the fate of both indirectly and
directly irradiated cells and, therefore, the resultant normal tissue outcomes. At present, it is
not clear whether the pharmaceutical efforts aimed at treating directly irradiated tissues will
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have corresponding beneficial effects on the non-targeted cells, especially given the noted
inherent biological variability seen with respect to these phenomena (Sowa et al. 2010).

Additional areas for consideration as countermeasures are the use of the low dose
radioadaptive response (Blyth 2018; Cohen et al. 2018), hypoxia (Fallowfield 1962;
Rahbeeni et al. 2000) and heat (Marigold & Hume 1982; Sabel et al. 2017), all of which
have been shown to have the potential to reduce therapy-related normal tissue injury.
However, given the skepticism that has revolved around such concepts as ‘hormesis’
(Szumiel 2012), the biological variability associated with their efficacy (Brooks 1999;
Cohen et al. 2018), the overall lack of specificity for these approaches with respect to normal
versus tumor tissues, and the mostly non-pharmaceutical aspect of these approaches, we
have ignored their potential use in the overall review. Nonetheless, at some point, it is likely
that all of these various research fields will need to be merged if complete treatment efficacy
for normal tissue radiation injury is to be truly achieved.

Returning to the results from our survey, as can be seen from Tables 1 through 3, the
majority of studies on developing countermeasures in this field have evolved and revolved
around the conditions and symptoms seen during the immediate and early stages of
progression towards normal tissue effects. As a result, efforts to date have tended to focus on
the assessment of agents that target the acute pathophysiologic changes, such as free radical
production and DNA/mitochondrial damage; intermittent attention has been paid to
attenuating the more overt delayed symptoms, such as chronic inflammation (Schaue et al.
2015) and fibrosis (Medhora et al. 2014; Rabender et al. 2016). However, as suggested by
some (Williams & McBride 2011), the observed acute symptoms may not be the most
critical steps in the context of delayed or late effects, but, instead, simply be reflective of the
dysregulated homeostatic mechanisms that are consequent to, or the initiators of, a disrupted
microenvironment (Williams & McBride 2011; Williams et al. 2016). As such, focusing on
mitigating the acute symptoms alone, particularly those seen in the immediate period post-
exposure, is unlikely to lead to normalization of an irradiated tissue or organ, providing an
explanation for the almost complete lack of success in the long-term hunt for a universal
radiation protector. Indeed, the practice of addressing imbalance in only one of the affected
homeostatic systems seen following total body irradiation would provide an explanation for
the dismal late outcomes seen following radiation accidents (Hirama et al. 2003; Williams &
McBride 2011) and, indeed, some bone marrow transplantation protocols (Gifford et al.
2014).

A more rational approach to long-term mitigation is to not only promote growth and
recovery of critical cell populations, but also ‘normalize’ key aspects of the disrupted
microenvironment within which those cells reside. Support for this more holistic strategy has
been demonstrated in multiple preclinical models using combined therapies of, for example,
antioxidants administered together with anti-inflammatories and/or angiotensin converting
enzyme (ACE) inhibitors, an approach that has shown greater than additive effects compared
to the efficacy of the single agents alone (Mahmood et al. 2013; Mahmood et al. 2014; Fish
et al. 2016). Importantly, the probability of success when using such a multi-target approach
would be enhanced by using temporally appropriate schedules, with each agent’s
administration being informed by a firm understanding of the patterns of dysregulation,
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including their onset and periodicity (Williams et al. 2003; Bentzen et al. 2010). This is not a
new concept, as such an approach was voiced in earlier issues of the /nternational Journal of
Radlation Biology (Weiss et al. 1990).

However, given the concentrated and/or declining resources available for performing the
necessary studies, coordinated and collaborative efforts are needed between interested
groups of scientists, together with the provision of robust financial support. Unfortunately,
our observation of the ways in which countermeasures research has appeared to swing with
the political winds, leveraging these funds may not be possible unless a catastrophic event
prompts such support. We can only hope that such an extreme solution is not necessary to
provide the needed impetus, but it certainly appears that there is little current interest in
radiation countermeasure development by the pharmaceutical industry, despite the potential
for therapeutic benefit.

Conclusions

To end with our sporting metaphor, the need for countermeasures against the plethora of
acute and late normal tissue radiation-induced effects continues to be a worthwhile goal for
researchers since it offers the possibility of providing benefits to the military and, more
importantly, cancer survivor populations. Indeed, with the technological advances that have
been made in radiation delivery systems and the ever-growing panoply of chemotherapeutic
and biologic agents available to oncologists, developing agents that would abrogate the
treatment-related after effects experienced by hundreds, if not thousands, of patients would
have untold worth. However, despite decades (and decades and decades) of work,
researchers in this field have made little progress. This disappointing outcome can be partly
blamed on the complexity and non-specificity of ionizing radiation injury since, following
this insult, there is no single cellular “target’ that is amenable to pharmacological
manipulation, and certainly not one that is universal across all irradiated volumes, leaving
researchers with moving goal posts.

However, from our limited survey of articles that have appeared during a few selected
periods in the /nternational Journal of Radiation Biology across its 60 years of existence,
other, less scientific explanations might be pointed to as possible factors that have limited
progress, such as changing political environments potentially affecting the interest in, and
financial support for, this work. Given the limitations of a single journal as a data source and
the use of a ‘snapshot’ survey, some of the shifts suggested also may be attributed to changes
in authors’ choice of publication outlet or our missing significant publications that may have
provided explanation, for which we apologize. Nonetheless, the global reach of the
International Journal of Radiation Biology provides us with a 30,000-foot view that might be
lost on those of us battling in the competitive arena of countermeasures development. With
the continued threat of radiological or nuclear geopolitical terrorism and the ever-growing
cancer survivor population, we can only hope that a future snapshot from the /nternational
Journal of Radiation Biology, taken in another 30 years’ time, will provide us not only with
a view of a more rational and consensual approach to agent development in this field, but the
actual prize of a normal tissue countermeasure for all.
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Class of drug

Sulfhydryl compounds:
AET:

(+ hypoxia)

Pyridoxine derivatives

Cystamine: (vs.
cysteamine)

Cysteamine.

(+ hypoxia/hypothermia)

(cysteine derivatives)

(vs. cysteine, AET)

(* anoxia)

(+ derivatives)
(vs. cystamine)
DMSO:

(+ other sulphoxides)
(vs. dimethyl sulphone)

(+ AET/cysteamine)
Guanylthiourea
MEG.

(vs. cysteine, DMSO)

Thiuronium salts

Toxic compounds:

5-hydroxytryptamine:

Volume/dose
range (Gy)

RADIATION PROTECTANTS

TBI/5

TBI/9-20
TBI/~5-30
TBI/5-8

TBI/5.5

Scrotum / 2-5
TBI /3-8
TBI/2.5-95

TBI1/0.5-1.5

5

TBI/1.2

5-15

Gl/14-18

5-35

GI/18-30

TBI/7.5-13.3

5-15

TBI/1-8

TBI1/10.07
5-40
TBI/LD98/30
TBI/10-14
TBI/9
TBI/9
60-250

TB1/10.07

5-15
TBI/5-19

Models used

Mice

Mice

Mice

Mice

Mice

Rats

Rats

Mice

Pregnant rats

in vitro thymocytes

Grasshoppers

in vitrothymocytes

Rats (exteriorized
gut)

in vitro kidney cells

Rats (exteriorized
gut)

Mice
in vitrothymocytes
Mice

Mice

in vitrokidney cells
Mice (2 strains)
Mice

Mice

Mice

Serratia marcescens

Mice

in vitrothymocytes

Mice

Normal tissue endpoint

5-HIAA urinary
excretion

Gl protection
Survival
Survival

Hair/hair follicle
preservation

Spermatogonia survival
Liver glycogen levels
Bone marrow histology

Testes survival in male
offspring

Cell survival; O, content

Chromosome
aberrations

Colony-forming assay

Mucosal function (Fe
uptake)

Cell survival; 02
content

Survival; histology

Survival

Colony-forming assay

Testicular weight/
histology

Survival
Colony-forming assay
Survival; O2 tension
Survival

Survival

Survival

Bacterial survival

Survival; body
temperature

Colony-forming assay

Survival

Int J Radiat Biol. Author manuscript; available in PMC 2020 July 01.

Investigator (s) reference and
year

Maisin et al., 1960

Zatz, 1963
Bridges & Koch, 1961
Dacquisto et al., 1961

Smoliar & Betz, 1963

Mandl, 1959
Chatterjee et al., 1959
Weiss, 1961

Starkie, 1961

Grant & Vos, 1962
Ray-Chaudhuri et al., 1962
Vos et al., 1962

Vergroesen et al., 1963

Vergroesen et al., 1963

Prasad et al., 1963

van Bekkum & Nieuwerkerk,
1963

Vos et al., 1962
Ashwood-Smith, 1961a

Ashwood-Smith, 1961b
Vos & Kaalen, 1962

van der Meer et al., 1963
Ashwood-Smith, 1962
Stratton & Davis, 1962
Deanovic et al., 1963

Dewey, 1963

Ashwood-Smith & Smith, 1959

Vos et al., 1962
van den Brenk & Haas, 1961
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Class of drug

(vs. tryptamine)

Cyanide

Histamine, epinephrine,
etc.:

(indolealkylamines)

MetabolitesMisc.:
2,4 dinitrophenol

EDTA
Glycerol
Olive oil

Parathyroid hormone

Volume/dose
range (Gy)

TBI/10-16

TBI/6.75-12.5
TBI/8

TBI/6.75-12

9
5

TBI/5.6-7.2

TBI/ 7.4 Gy
5-40
TBI/6.25
TBI/7-10 Gy

Models used

Rats & mice
Mice

Rats

Mice (2 strains)

Rats

in vitrothymocytes

Mice
Rats
in vitrokidney cells
Mice
Rats

Normal tissue endpoint

Survival

Survival

39Fe uptake
Survival; O2 tension

Survival

Cell survival

Survival; bone marrow
recovery

Survival
Colony-forming assay
Survival

Survival

Investigator (s) reference and
year

van der Meer & van Bekkum,
1961

Langendorff et al., 1959
Bose, 1959

van der Meer & van Bekkum,
1959

Supek et al., 1961
Grant & Vos, 1962

Praslicka et al., 1962

Rixon & Whitfield, 1961
Vos & Kaalen, 1962
Magsood & Ashikawa, 1962
Rixon & Whitaker, 1961

Abbreviations. 5-HIAA: 5-hydroxyindoleacetic acid; AET: 2-aminoethyl isothiuronium bromide hydrobromide; DMSO: dimethyl sulfoxide;
EDTA: ethylenediaminetetraacetic acid; Gl: gastrointestinal tract; MEG: 2-mercaptoethylguanidine; TBI: total body irradiation.
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Class of drug

Sulfhydryl compounds:
2-mercaptoproprionol glycine

Cysteamine (+ hypoxia)

Dithiothreitol (DTT) (+
hypoxia)

(% hypoxia)

(+ hypothermia)

DMSO

Glutathione (+ hypoxia)
WR-2721:

(+ EDTA)

WR-255591

WR-151326

Relevant Biologics:

5-azacytidine vs. sodium
butyrate (pre- and post-RT)

16-16 dimethyl
prostaglandin E2 (pre-RT)

Antimicrobial therapy (GEN
+ MTZ post-RT)

Calmodulin antagonists
(CPZ, PMZ, TMZ)

Human G-CSF

Human interleukin 1-a
OK432 (polysaccharide)
PARRP inhibitor

Polyacrylamide beads (re.
inflammation)

Miscellaneous:

Volume/dose
range (Gy)

RADIATION PROTECTANTS

32&48
0-26

10

29, 87
29, 57, 86

0-750

10

0-5

0-26
TB1/5, 15
TBI/6-20

66-399

5-30

10

0-10

TBI/5, 15

TBI/10

0-1092

TBI1/2,35

TBI/8
TB1/8.5

5-15

TBI/8.5-12

M odels used

in vitro erythrocytes /
microsomes

in vitroHeLa/CHO

in vitro CHO

in vitroNV79-379A

in vitro CHO

in vitro Escherichia
coli

in vitro CHO

in vitrohuman
lymphocytes

in vitroHeLa/CHO
Mice
Mice

in vitro erythrocytes /
microsomes

in vitro CHO

in vitro CHO

V79A03 (hamster
lung fibroblasts)

Mice

Mice

Rat liver microsomes

Dogs

Mice

Mice

in vitrohuman
lymphocytes

Mice

Mechanism (M) / Normal
tissue endpoint (N)

(M) Lipid peroxidation;
enzyme activity

(N) Cell survival

(N) Cell survival; DNA
repair

(N) DNA breaks

(N) DNA breaks

(N) Colony-forming assay
(N) Cell survival; DNA
repair

(N) Chromosome
aberrations

(N) Cell survival
(N) DSBs; Gl survival
(N) Survival

(M) Lipid peroxidation;
enzyme activity

(N) Cell survival; DNA
repair

(N) Cell survival; DNA
repair

(N) Cell survival; DNA
Methylation

(N) DSBs; gut clonogen
survival

(M/N) Bowel flora;
bacterial infection

(M) Lipid peroxidation
(N) Survival; bone marrow
recovery

(N) Survival; bone marrow
recovery

(N) Survival
(N) Cell survival; DNA
repair

(M/N) Survival
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Investigator (s) reference
and year

Ayene et al., 1988
\Vos & Roos-Verhey, 1988

Murray et al., 1990

Solen et al., 1990
Solen et al., 1991

Smith & Claycamp, 1988

Murray et al., 1990

Littlefield et al., 1988

\Vos & Roos-Verhey, 1988
Hanson & Grdina, 1987
Fatome et al., 1987

Ayene & Srivastava, 1989

Murray et al., 1988

Murray et al., 1990

Kalinich et al., 1991

Hanson & Grdina, 1987

Brook et al., 1988

Varshney & Kale, 1990

MacVittie et al., 1990

Wu et al., 1989
Kurishita et al., 1991

Marini et al., 1990

Herodin et al., 1987
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Class of drug

BWI12C (anti-sickling agent)

Linoleate (post-RT)

Papaya fuice

RADIATION TREATMENTS
Chelating agents

Ca-DTPA

(vs. LICAM(C))

(vs. Zn-DTPA)

DFO-HOPO vs. DTPA-PX
vs. DTPA

Tetra-THB-spermine

Zn-DTPA

Volume/dose
range (Gy)

15-50 90Sr

0-640

17-69 kBq
241Am

5kBq 238Pu /5
kBq 241Am

31.4 kBq 239Pu

200 Bq 238Pu,
450 Bq 241 Am

6.6 kBg 239Pu
111 kBq 141Ce

58, 373 kBq
241Am

M odels used

Pig skin

in vitro bone marrow /
lymphocytes

Dogs

Rats

Dogs

Rats
Mice

Rat pups

Mice

Mechanism (M) / Normal
tissue endpoint (N)

(N) Moist desquamation

(N) Chromosome damage

(M) Free radical
scavenging

(M) Translocation from
lungs

(M) Efficacy
(N) Survival;
carcinogenesis
(osteosarcoma)

(M) Drug efficacy

(M/N) Efficacy; toxicity

(M) Gut/whole body
retention

(N) Survival; late disease

Investigator (s) reference
and year

van den Aardweg et al.,
1991

Norman et al., 1988

Webman et al., 1989

Guilmette & Muggenburg,
1988

Stradling et al., 1989

Bruenger et al., 1991

Stradling et al., 1991
Szot et al., 1989

Kostial et al., 1987

Schoeters et al., 1991

Abbreviations. CHO: Chinese hamster ovary; CMZ: calmidazolium; DFO-HOPO: desferrioxamine-2,3-dihydroxy-(4-carboxybenzoyl)-tetra-
azatetradecane; DSB: double strand breaks; DTPA: diethylenetriaminepentaacetic acid; G-CSF: granulocyte colony stimulating factor; GEN:
gentamycin; GI: gastrointestinal tract; MTZ: metronidazole; PARP: poly (ADP-ribose) polymerase; PMZ: promethazine; TBI: total body

irradiation; THB: tetrahydrobiopterin; TMZ: temozolomide.
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Survey of articles on radiation countermeasures in the /nternational Journal of Radiation Biology from 2013—

2018.
Class of drug Volume/dose Models used Mechanism (M) / Normal Investigator (s)
range (Gy) tissue reference and year
endpoint (N)
RADIATION PROTECTANTS
Sulfhydryl and related compounds:
WR 2721/amifostine (pre-RT) TBI7 Mice (¥ Bone marrow progenitor Seed etal., 2014
Natural/Synthetic Antioxidants:
- (M) Chromosome aberrations; .
a-tocopherol + ascorbic acid (pre-RT) TBI1/2-100 Rats apoptosis Vasilyeva et al., 2015
in vitro mouse (M) Cell survival; apoptosis;
Antrodia cinnamomea extract (pre-RT) 10-40 spleen vs. inflammatory mRNA Cheng et al., 2014
human tumor expression
iy Whole (N) Body weight; mandibular .
Black grape juice (pre- and post-RT) brain /4x8 (fx) Rats osteoradionecrosis Freitas etal., 2017
BP-2(lignin-derived polyphenol, pre- B 2 strains of (N) Survival; bone marrow/Gl
and post-RT) TBI/4-8 mouse endpoints Bykov etal., 2018
Curcumin (synthetic analogue, pre- + 2 strains of A .
pOSt-RT) TBI/11 mouse (N) Gl protection; apoptosis Fukuda et al., 2016
. . Human whole (M/N) Drug uptake;
(liposome preparation, pre-RT) 1-3 blood micronuclei induction Nguyen etal., 2017
Date pit extract (containing range of TBI/5-10 Rats (N) Survival; liver function and | Abdel-Magied et al.,
phenols, pre-RT) redox markers 2018
Emodin (anthraquinone derivative)(pre- . in vitro (M) Cell survival; redox .
RT) 312 splenocytes markers; DNA damage Sharma & Tiku, 2014
(N) Hippocampal histology;
Epigallocatechin-3-gallate (pre-RT) TBIl/4 Rats DNA damage; apoptosis; El-Missiry et al., 2018
cytokines
Ferulic (hydroxycinnamic) acid (pre- . (M) Splenic oxidative stress
RT) TBI/10 Mice response,e.g. GSH content Das et al., 2016
Fish oil omega-3 fatty acid (pre- and (M) Brain neurotransmitter and
post-RT) TBI/4x2 Rats redox markers Saada etal., 2014
Gingko biloba vs. Angelica archangelica . (N) Lens protein changes;
extracts (pre-RT) 1 mCi 99mTc Rats redox markers Khedr etal., 2018
(M/N) Thyroid histology;
Melatonin (pre-RT) Local / 9x2 Rats apoptosis; redox markers; Aricigil et al., 2017
cytokines
Morus alba (mulberry leaf) extract (pre- TBI7 Rats (N) Bone marrow and blood Mohamed & Ashour,
RT) markers 2018
Phenylbutyrate (HDAC inhibitor, pre- Mice / in vitro (N) Survival; bone marrow .
and post-RT) ! TBI/8.5 32Dcl3 effects; DNA damage; Miller et al., 2017
P inflammation
Podophyllum hexandrum extracts (pre- : (N) Bone marrow suppression;
RT) TBI/9 Mice chromosome aberrations Verma & Gupta, 2015
. g (N) Survival; bone marrow
Ff)?ri%e_’l(:)atm/ (+3,3 *-diindolylmethane, TBI/4-10 Mice function: chromosome 'zrgfgkekkara etal.,
aberrations
re- and post-RT) TBI/6 Mice (N) Late immune function Zhang etal., 2018
(p p g
Selenium nanoparticles vs. selenium TBI/2, 8 Mice (N) Renal function/ Karamietal., 2018

selenite (pre-RT)

nephropathy; redox markers
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Class of drug

Tetrahydroxyisoflavone (vs. DMSO,
pre-RT)

Anti-inflammatories:
Alorvastatin (pre-RT)

Montelukast (CysLTIR antagonist, pre-
and post-RAI)

STW-5/Iberogast (pre- and post RT)

Biologies:

Human hepatocyte growth factor (pre-
RT

PARP inhibition: 3-aminobenzamide
(pre-RT)

Miscellaneous:

Cimetidine (pre-RT)

RADIATION MITIGATORS
Natural/Synthetic Antioxidants:
Black grape juice (pre- and post-RT)
BP-2(lignin-derived polyphenol, pre-
and post-RT)

Curcumin (synthetic analogue, pre- +
post-RT)

Diospyros kaki (persimmon leaf) extract
(post-RT)

Filipenaula ulmaria (Meadowsweet)
extract (post-RT)

Fish oil omega-3 fatty acid (pre- and
post-RT)

Green tea + grape seed extracts (post-
RT)

Phenylbutyrate (HDAC inhibitor, pre-
and post-RT)

Portulaca oleracea (Purslane) extract
+fish oil (post-RT)

Anti-inflammatories:
Curcumin (nanoparticles) (post-RT)

Montelukast (CysLTIR antagonist, pre-
and post-RAI)

STDCM-MPL (+ antimicrobial therapy,
post-RT)

STW-5/Iberogast (pre- and post RT)

Thalidomide (post-RT)

Biologies:

Volume/dose
range (Gy)

TBI/4-12

TBI/2

111 MBg/kg
1311

TBI/6

TBI/6.5

TBI/6

TBI/10

Whole brain /
4x8 (fx)

TBI/4-8

TBI/11

TBI/6

TBI/4

TBI/4x2

TBI/5, 10

TBI/85

TBI/6

0-6

111 MBg/kg
1311

TBI/9.75 (+
wound)

TBI/6

Heart/16

Models used

Mice / AHH1
cells

Mice

Rats

Rats

Mice

Rats

Mice

Rats

2 strains of
mice

2 strains of
mouse

Rats

Rats

Rats

Rats

Mice / in vitro
32Dcl3

Rats

in vivo THP
monocytes

Rats

Mice

Rats

Mice

Mechanism (M) / Normal
tissue
endpoint (N)

(N) Survival; bone marrow
function

(N) Acute kidney damage;
redox

(N) Lung inflammation/
fibrosis; cytokine expression

(N) GI damage; inflammation
& redox markers

(N) Bone marrow
histomorphometry; cell survival

(N) Apoptosis; redox/

inflammation markers in brain,
liver, kidney

(N) Thyroid histomorphometry

(N) Body weight; mandibular
osteoradionecrosis

(N) Survival; bone marrow/Gl
endpoints

(N) Gl protection; apoptosis
(N) Liver function assays;
redox markers

(N) Long-term survival;
carcinogenesis

(M) Brain neurotransmitter and
redox markers

(N) Blood counts; immune
markers

(N) Survival; bone marrow
effects; DNA damage;
inflammation

(N) Liver, kidney and heart
function; redox markers

(N) Cell viability; foam cell
formation; redox markers

(N) Lung inflammation/
fibrosis; cytokine expression

(N) Survival; bacterial
translocation; sepsis

(N) GI damage; inflammation
& redox markers

(N) Heart histomorphometry;
inflammation markers
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Investigator (s)
reference and year

Liu etal., 2017

Talebpour Amiri et al.,
2018

Tokatetal. 2018

El-Ghazaly et al. 2015

Lietal., 2014

El-Sheikh et al., 2018

Fazelipour et al., 2015

Freitas et al., 2017

Bykovetal., 2018

Fukudaetal, 2016

Ashry etal., 2017

Bespalov et al., 2017

Saada et al., 2014

El-Desouky et al., 2017

Miller etal., 2017

Abd El-Azime et al.,
2014

Soltani et al., 2017

Tokatetal., 2018

Elliott et al., 2015

El-Ghazaly et al., 2015

Hovingetal., 2013
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Groves and Williams
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Class of drug

Anginex (angiogenesis inhibitor) vs.
IL-6 vs. flagellin (post-RT)

Basic fibroblast growth factor (post- RT)

Epidermal growth factor (£ BMT, post-
RT)

Keratinocyte growth factor (post-RT)

Miscellaneous:

A CEj (captopril, enalopril, fosinopril,
lisinopril, Ramipril, post-RTJ

Ginseng, eleutherococcus, leuzea (post-
RT)

RADIATION TREATMENTS
Chelating agents

34,3-LI(1,2-HOPO) vs. Ca-DTFA (post-
RT)

DTP A di-ethyl ester (post-RT)

Novel polyethylene glycol compound

(post-RT)

Volume/dose
range (Gy)

TBI/7.5;
WAI/18

Local / 30
TBI/12-13

Local / 20-50

TBI/10 + BMT

TBI/4

0.75 kBq 238pu

Inhaled /111
kBg?*Am

Inhaled/25.3
mSvU

Models used

2 strains of
mouse

Hamster cheek
pouch

Mice

Hamster cheek
pouch

Rats

Rats

Mice

Dogs

Dogs

Mechanism (M) / Normal
tissue
endpoint (N)

(N) Survival; GI morphology;
tumor growth

(N) Oral mucositis; wound
healing

(N) Survival; Gl apoptosis;
inflammation markers

(N) Oral mucositis;
proliferation; inflammation

(N) Radiation nephropathy;
kidney function

(N) Radiation carcinogenesis

(M) Efficacy

(M) Safety and efficacy

(N) Lung and kidney pathology

Investigator (s)
reference and year

Huang et al., 2018

Sumikawa et al., 2017

Pejchal et al., 2015

Watanabe et al., 2014

Moulder et al., 2014

Bespalov et al., 2014

Anetal., 2014

Huckleetal., 2015

Ren etal., 2018

Abbreviations. ACEi: angiotensin converting enzyme inhibitor; BMT: bone marrow transplant; CysLT1R: type 1 cysteine-leukotriene receptor;
DTPA: diethylenetriaminepentaacetic acid; Gl: gastrointestinal tract; GSH: glutathione; HDAC: histone deacetylase; HOPO: 2,3-dihydroxy-(4-
carboxybenzoyl)-tetra-azatetradecane; IL: interleukin; PARP: poly (ADP-ribose) polymerase; PBMC: peripheral blood mononuclear cells; RAI:
radioactive iodine administration; RT: radiation treatment; STDCM-MPL.: synthetic trehalose dicorynomycolate and monophosphoryl lipid A; TBI:
total body irradiation; WAI: whole abdominal irradiation.
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