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Pharmacological Countermeasures for the Acute Radiation Syndrome

Mang Xiao* and Mark H. Whitnall

Radiation Countermeasures Program, Armed Forces Radiobiology Research Institute, Uniformed Services University of the Health
Sciences, Bethesda, MD 20889, USA

Abstract: The acute radiation syndrome (ARS) is defined as the signs and symptoms that occur within several months after exposure to
ionizing radiation (IR). This syndrome develops after total- or partial-body irradiation at a relatively high dose (above about 1 Gy in hu-
mans) and dose rate. Normal tissue injuries induced by IR differ depending on the target organ and cell type. Organs and cells with high
sensitivity to radiation include the skin, the hematopoietic system, the gut, the spermatogenic cells and the vascular system. Exposure to
IR causes damage to DNA, protein, and lipids in mammalian cells, as well as increased mitochondria-dependent generation of reactive
oxygen species (ROS), with subsequent cell cycle checkpoint arrest, apoptosis, and stress-related responses. DNA double strand breaks
(DSBs) are a primary lethal lesion induced by IR. The cellular response to damage is complex and relies on simultaneous activation of a
number of signaling networks. Among these, the activation of DNA non-homologous end-joining (NHEJ) and homologous recombina-
tion (HR), and signaling pathways containing ataxia telangiectasia mutated (ATM), play important roles. The transcription factor NFxB
has emerged as a pro-survival actor in response to IR in ATM and p53-induced protein with a death domain (PIDD) cascades. Although
radiation-induced ARS has been well documented at the clinical level, and mechanistic information is accumulating, successful prophy-
laxis and treatment for ARS is problematic, even with the use of supportive care and growth factors. There is a pressing need to develop
radiation countermeasures that can be used both in the clinic, for small-scale incidents, and outside the clinic, in mass casualty scenarios.
In this review we summarize recent information on intracellular and extracellular signaling pathways relevant to radiation countermea-

sure research.
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INTRODUCTION

Today, more than 50% of cancer patients receive radiotherapy
at some time during their disease [1]. In addition, nuclear prolifera-
tion, terrorist activity, and the distribution of nuclear and radioac-
tive materials make incidents involving radiation injuries increas-
ingly likely. However, the mechanisms through which radiation
injury become manifest are not well understood [2]. Medical ap-
proaches to ARS aim to prevent or ameliorate radiation injury with
radioprotectants or radiation mitigators, or by stimulating regenera-
tion of tissue with post-radiation treatment [1-5]. After decades of
work on radiation countermeasures [3], no pharmaceuticals are
currently approved for ARS. In this review, information on specific
intracellular and extracellular signaling pathways relevant to radia-
tion countermeasure research will be discussed.

ARS, also referred to as radiation sickness, is an acute illness
caused by high doses of penetrating IR to most or all of the body in
a relatively short time period. High doses of internalized radionu-
clides can also cause ARS. The first organs to be affected by sys-
temic irradiation are those with relatively rapid cell proliferation,
and these cells and their respective organs are among the most sen-
sitive to radiation injury [2, 4, 5]. The most radiation sensitive or-
gans include the hematopoietic [6], gastrointestinal (GI) [7], skin
[8], spermatogenic [9], and vascular systems [10, 11]. The moderate
dose range (1-7 Gy in humans) of exposure to IR poses a risk of
damage to the hematopoietic system, leading to decreases in blood
cell and platelet counts and increased susceptibility to infection and
hemorrhage [2, 5]. Radiation also induces loss of intestinal crypts
and breakdown of the GI mucosal barrier. The acute generalized Gl
syndrome appears after high-dose (about 8 Gy or more) whole-body
irradiation. IR induces GI hemorrhage, endotoxemia, bacterial in-
fection, anorexia, nausea, vomiting, diarrhea, and loss of electro-
lytes and fluid [12]. Cutaneous injury from thermal or radiation
burns is characterized by loss of epidermis and dermis. Injuries to
the skin may cover small areas but extend deeply into the soft tis-
sue, even reaching underlying muscle and bone [13]. IR not only
affects the prolifera-tive capacity of skin stem cells, but also modu-
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lates the communication between cells, leading to impaired cutane-
ous integrity [8]. Injury to the central nervous system (CNS) and
cerebrovascular system after higher doses of IR may be a conse-
quence of damage to the vascular endothelium [10]. The concomi-
tant and interdependent injuries to various organ systems during
ARS has led some authors to prefer the term “multi-organ failure”
rather than organ-specific “syndromes” [14, 15]. This review will
focus on the immediate injury and response mechanisms in irradi-
ated cells exposed to external penetrating radiation, and will not
address the physiological networks involved in multi-organ failure,
or late effects such as cancer or fibrosis. Moreover, the discussion
will be relevant to basic cellular mechanisms occurring in response
to radiation, not pharmacological measures aimed at chelating in-
ternalized radionuclides, for example.

Radiation qualities can be divided into low linear energy trans-
fer (LET) types (e.g., photons (gamma and X-rays) and beta parti-
cles), and high-LET types (e.g., neutrons, alpha particles, cosmic
ray heavy particles) [16]. Neutrons and photons can pass through
skin and into tissues easily, while alpha and beta particles cannot. A
radiation dispersal device (RDD, or “dirty bomb”) would have a
low likelihood of causing radiation injury, but there is some possi-
bility of exposure to external penetrating low LET radiation from
“groundshine”, or exposure to low and/or high LET radiation from
internalized radionuclides [17]. Covert placement of a radioactive
source would involve gamma rays. A nuclear detonation would
produce an initial burst of neutrons and gamma rays, but much
exposure would occur subsequently due to gamma rays emitted
from fallout [18]. A further danger from fallout is beta-emitting
particles deposited on the skin or internalized [18]. Astronauts are
exposed to high-LET cosmic rays as well as a mixture of high-LET
and some photons in solar flares, at doses which may cause late
effects but not ARS [19].

The degree of chromosomal damage is proportional to the ab-
sorbed dose of radiation, a principal which is useful for cytogenetic
approaches to assessing doses of radiation received [20]. High- and
low-LET irradiation produce different types of cellular damage:
photons (gamma and X-rays) cause most damage indirectly via
formation of free radicals, while high-LET radiation causes more
direct damage [21]. The DNA damage from high-LET irradiation is
more complex and difficult to repair than that from low-LET irra-
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diation [21-24]. The distinct types of DNA damage from different
qualities of radiation may lead to differences in the DNA-damage
response pathways triggered [24, 25]. The relative biological effec-
tiveness (RBE) of neutrons compared to gamma differs according
to which cell type or tissue is being analyzed [26]. Therefore, the
efficacy of different radiation countermeasures may be different for
gamma or neutrons, depending on the cell/tissue being targeted, and
whether the mechanism of action involves DNA repair mecha-
nisms.

Radiation-induced adjustment in cellular tissue homeostasis
triggered by various molecular responses related to inter- and intra-
cellular signaling cause both acute and late effects [1]. Acute expo-
sure to IR causes damage to macromolecules, as well as increased
mitochondria-dependent generation of reactive oxygen species
(ROS), with subsequent cell cycle checkpoint arrest, apoptosis, and
stress-related responses in mammalian cells [27]. IR-induced cellu-
lar responses involve complex signaling pathways in a cell type-
dependent manner. These pathways include the activation of plasma
membrane receptors, ceramide synthesis, protein kinases, and regu-
lation of pre- and/or post-transcriptional biological pathways [28].
These pathways act simultaneously after IR. Cell survival or death
after IR depends on the amount and severity of lesions, and on the
balance between repair and apoptosis regulated by those pathways.
The signaling cascades are described in more detail below.

Different mechanistic approaches may be necessary for prophy-
laxis (given before IR) and therapy (given after IR). The goals of
therapy in terms of enhancing short-term survival would be to de-
crease ongoing injury and cell death and promote regeneration. The
goals of prophylaxis may be to set processes in motion that would
promote those effects after IR. However, prophylaxis is more often
thought of in terms of scavenging free radicals or shifting cells into
a state of higher radioresistance. The latter might be accomplished
by inducing a state of quiescence, or shifting cells into a part of the
cell cycle that is more radioresistant. Higher radioresistance during
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some stages [29] might be due to increased activity of genes pro-
moting DNA repair or genomic integrity, or higher levels of anti-
oxidant molecules.

PATHWAYS FOR IONIZING RADIATION-INDUCED SIG-
NAL TRANSDUCTION PROCESSES

In this review, we use the phrase “signal transduction” to refer
to all signaling cascades within the cell.

DNA Repair (Fig. 1)

Although recent studies in bacteria after very high doses of IR
have pointed to protein damage as being the primary determinant of
radiation sensitivity [30], a critical target of IR-induced cell death in
eukaryotes has generally been considered to be DNA, including
base damage, single strand breaks (SSBs), double strand breaks
(DSBs) of varying complexity, and DNA cross links. Among these,
DSBs are the major lethal lesion [31, 32]. Jeggo et al. [33] recently
summarized the radiation-induced DNA damage responses in dif-
ferent cell cycle stages. The role of response mechanisms such as
DNA repair and signal transduction regulation is to maintain ge-
nomic stability in a multifactorial, cooperative manner, with spe-
cific responses dependent upon the cell type and cell state. Two
repair pathways, HR and NHEJ, efficiently repair the majority of
DSBs [34-36].

The majority (80%-90%) of DSB repair involves NHEJ [37,
38], a process that requires Ku (Ku70 and K80), DNA-protein
kinase complex catalytic subunit (DNA-PKcs), Artemis, polym-
erase, Xrcc4, and DNA ligase IV as core components [34, 39]. Ku
is the first protein to recognize and bind at a DSB’s free DNA ends
[33]. The heterodimeric Ku70/Ku80 protein, once bound to DNA
ends (Ku:DNA), improves the affinity of the relevant nuclease
(Artemis and DNA-PKcs), polymerase (p and 1), and ligase
(XRCC4: DNA ligase 1V) for each DNA end on each strand [40,
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Fig. (1). Simplified overview of DNA double-strand break (DSB) repair pathways. A. HR repairs DSBs using a homologous stretch on a sister chromatid.
DNA damage is first recognized by MRN (Mrel1, Rad50, Nbs1) and the DNA ends are subsequently processed as single-strand overhangs. Rad51, Rad 52,
Rad 54, RPA, BRCA1 and BRCA2 associate with these overhangs and participate in the repair processing to join molecules by the damaged and undamaged

DNA strands. Template-guided DNA synthesis repairs the DSBs in HR.

B. NHEJ repairs broken DNA ends by first bringing DNA ends, Ku 70/80 and DNA-PKcs together and forming a synaptic complex which allow scanning,

annealing, and ligation of short homologous patches of DNA.
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41]. Subsequently, the Artemis and DNA-PKcs endonuclease
cleaves DSB 5’ and 3’ overhangs, hairpins, gaps, flaps and various
loop conformations, and facilitates subsequent repair processes:
DNA end modifications on oxidized overhangs, repair of gaps and
5’ overhangs by polymerase p and X, and actions of the XRCC4:
DNA ligase 1V complex in converting DSB to SSB. Nuclease and
polymerase activities fine-tune the remaining DNA strand for liga-
tion. The order of the enzymatic steps and the biochemical proper-
ties of the enzymes are crucial in the DSB repair process. Recent
reports suggest that Poly (ADP-ribose) polymerase-1 (PARP-1), the
abundant nuclear enzyme of eukaryotes, is an additional contributor
in SSB and DSB repair [42]. Wang et al. [43] demonstrated that
PARP-1 binds to DNA ends in direct competition with Ku, and
together with DNA ligase Il acts as a backup to the pathway of
DSB NHEJ. Another key player in DSB repair is ATM, which co-
operates with Artemis in 10% of DSB NHEJ repairs and makes a
significant contribution to survival after radiation injury [37].

HR represents another important DSB rejoining process [44-
46]. In mammalian cells, HR functions primarily in cell cycle S or
early G, phase using an undamaged homologue from a sister chro-
matid to repair a DSB. Therefore, HR provides a process which is
capable of repair in high fidelity, even if sequence information is
lost at the site of the break. Proteins involved in HR are Mrell,
Rad50, Nbs1 (MRN) and Rad54, Brcal, Brca2, Rad51B, rad51C,
and Rad 51D. The MRN complex is a sensor of DSB involved in
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the early steps of HR. Rad51 is the central protein in HR which
searches the genome for an intact copy of broken DNA on the sister
chromatid.

Damage Response Signal Transduction Pathways (Fig. 2)

Signal transduction mechanisms in responding to radiation
damage include cell cycle checkpoint arrest, DNA repair, and apop-
tosis. ATM, the protein defective in the hereditary disorder ataxia
telangiectasia, plays a major role in the signal transduction response
to DSBs [47]. DSB-stimulated ATM phosphorylation occurs within
minutes and is stable for many hours [48, 49]. ATM regulates cell
cycle arrest checkpoints to allow more time for repair, or initiates
permanent cell cycle arrest and apoptosis if DNA damage is not
repairable.

ATM, as a phosphoinositol 3-kinase like kinase (PIKK), acti-
vates cell cycle checkpoint arrest factors that promote arrest at the
G4/S boundary, inhibition of late origin firing (intra-S), and preven-
tion of entry into mitosis (G,/M) [33, 36, 50, 51]. After detection of
a DSB by sensor proteins, an early step in ATM and DNA-PK sig-
naling is phosphorylation of the histone variant H2AX at serine
139, generating y-H2AX [52].

Immunocytochemical assays with antibodies recognizing y-
H2AX have become the gold standard for detection of DSBs, since
there is close to a 1:1 relationship between the numbers of DSBs

Radiation-induced activation of intracellular signal
pathways

lonizing Radiation

Double-strand DNA breaks g—

*MRN\\A
ATM p38, JNK1/2

0

S

N\ v
Q&\ ATF, C-Jun
IKK/NFkB _>< p53/CDC25
Y ¢p21
Survival gene activation

(e.g. Ku, Bel-2,Cyclin B1, Cyclin  Cell cycle arrest

D1, G-CSF, MnSOD, growth
factors ) / \‘

DNA Repair Apoptosis
(NHEJ and HR)

Survival

Fig. (2). Radiation-induced activation of intracellular signal pathways. lonizing radiation (IR) causes DNA DSBs and increased ROS, which induce acti-
vation of intracellular signal pathways in mammalian cells. ATM is a central player in the cellular response to IR-induced DNA DSBs. The sensor protein
Mrell, Rad50, and Nbsl (MRN) complex binds directly to damaged DNA and recruits ATM through autophosphorylation and monomerization. Activated
ATM induces the downstream checkpoint protein kinase CHK?2, as well as p53 activation. CHK2 recruits downstream p53 and CDC25 phosphorylation and
subsequent cell cycle arrest checkpoint regulation, which allows more time for repair, or leads to permanent cell cycle arrest and apoptosis if the DNA damage
is not repairable. ATM is also required for the activation of NFxB in response to IR-induced DNA lesions, through its effects on the IKK/NF«kB pathway.
NF«B is a pro-survival factor which induces gene activation and supports DNA repair. Another important signal pathway in response to ROS is the MAP
kinase pathway. IR induces ERK1/2 activity, which increases expression of DNA repair factors and cell growth factors. In contrast, other MAPK members,
JNK and p38, have been linked to activation of pro-apoptotic factors. IR activates multiple signal pathways simultaneously and induces cross-talk between
pro-apoptosis and pro-survival signals.
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and y-H2AX foci formed [53]. Furthermore, the rate of DSB repair
correlates with the rate of loss of y-H2AX foci [37, 53, 54]. Phos-
phorylated H2AX triggers a signal transduction pathway involving
the protein CHK2, subsequent activation of the transcription factors
p53 and/or CDC25, and eventual cell cycle arrest through the cy-
clins and Cdks inhibition. ATM also directly phosphorylates p53,
which transcriptionally activates the Cdk inhibitor p21, and arrests
cell cycle at G1/S [55, 56]. However, a one-to-one relationship
between DSB and y-H2AX signal is not always obtained with IR-
induced DNA damage, so this assay must be used with caution.
Bouquet et al. [57] suggested that DNA repair and y-H2AX loss are
correlated only when less than 100-150 DSBs are produced per
genome. Moreover, Cowell and colleagues [58] demonstrated that,
although it is believed that the chromosomal distribution of X-ray
induced DSBs is random, the phosphorylation of y-H2AX occurs in
primarily euchromatic regions of the genome following X-ray ra-
diation. Their data indicated a block to H2AX phosphorylation in
heterochromatin that is at least partially relieved by ongoing DNA
replication.

Another method to measure DNA damage is the comet assay
[32, 59, 60] With comet analysis software, the comet assay can
quantify DNA damage from individual cells. A novel technique
combines the comet assay with fluorescence in situ-hybridization
(FISH), providing a way to measure DNA damage and repair in
specific genomic regions [60].

Recent evidence demonstrates ATM is also required for the ac-
tivation of NFkB in response to DNA lesions caused by various
genotoxic stresses, including IR [61, 62]. Interestingly, anthracy-
clin-like molecules, as well as TNF and LPS that do not cause DNA
breaks, activate NFkB in an ATM-independent way [63-65]. In
contrast, the NFkB response to IR in ATM-deficient cells is abro-
gated, both in cell lines and in primary mouse tissue [65, 66], indi-
cating the critical role of ATM in radiation-induced NF«kB activa-
tion. Analyzing transcriptional networks, Elkon, Rashi-Elkeles et
al. [67, 68] observed that NFkB and p53 mediate most of the dam-
age-induced gene activation controlled by ATM. They further de-
termined that the pro-apoptotic pathways mediated by p53 targets,
and the pro-survival pathways mediated by NFxB targets, were
simultaneously induced by ATM in murine lymphoid tissue in re-
sponse to IR. Production of phosphorylated ATM (ATMP) [55]
induced by DSBs stimulates p53 phosphorylation and activation.
Phosphorylated P53 further induces PIDD activation [69]. Acti-
vated PIDD associates with receptor interacting protein 1 (RIP1)
and NF«kB-essential modifier (NEMO, also known as IKKy) [70],
and translocates into the nucleus [71]. In the nucleus, ATMP binds
to and phosphorylatess NEMO (NEMOP). Subsequently, the com-
plex exits the nucleus and associates with IKKa and IKKB. The
IKK complex releases NFxB from its inhibitor, IkBa or IkBp, and
unbound NFxB (mostly p65/p50) is then free to move into the nu-
cleus and regulate numerous target genes [72, 73]. The full range of
NFkB target genes is yet to be determined. A review article by Ah-
med and Li [74] describes the NFkB signaling network, including
DNA repair, cell cycle checkpoint regulation, mitochondrial anti-
oxidants, survival and apoptosis, and cytokine and chemokine ex-
pression in response to radiation-induced damage.

Reactive Oxygen Species (ROS) and Growth Factor Receptor
Pathways

lonizing events generated by low-LET radiation in the cytosol
amplify and generate large amounts of reactive oxygen species
(ROS) and reactive nitrogen species (RNS) via a mitochondrial
mechanism in mammalian cells [75, 76]. Damage due to high-LET
radiation such as neutrons is dependent to a greater extent on direct
action on molecular targets, rather than on generation of free radi-
cals [77]. Therefore free radical scavengers are useful to prevent
damage from photons but not from neutrons or alpha particles [16],
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and free radical-triggered pathways may have less relevance for
high-LET radiation than for low-LET radiation.

Although ROS and RNS are required for the physiologic func-
tion of cells, overproduction of these radicals damages cellular
components such as DNA, proteins, and lipids, and activates intra-
cellular signaling pathways. After irradiation by X- or gamma rays,
ROS are formed from hydrolysis of water in the cell. ROS in the
nucleus cause DNA damage which triggers multiple signaling
pathways leading to repair or cell death (see below). However,
generation of free radicals in the cytoplasm activates a number of
signaling pathways involved in growth, apoptosis, and stress re-
sponse [78]. These injuries can lead to cell-cycle arrest, transforma-
tion, and cell death. The mechanisms of signaling pathway activa-
tion downstream of ROS are not well understood, and very little is
known about the target genes that are transcriptionally activated by
different doses of ROS. Mikkelsen has proposed that RNS are in-
volved in extension of radiation-induced ROS signals in time and
space within the cell, since ROS are short-lived and extremely reac-
tive, while RNS are longer-lived and more specific in their reac-
tions [78]. Formation of the peroxynitrite anion from reaction of
nitric oxide with superoxide exacerbates oxidative stress and has
both positive and negative effects on apoptotic pathways [79, 80].
Inhibition of apoptotic molecules can result from S-nitrosylation,
but NO can also trigger intrinsic mitochondrial apoptotic pathways
[80, 81].

ROS and RNS inhibit protein tyrosine phosphatase (PTPase)
activation, resulting in increased tyrosine phosphorylation of multi-
ple proteins, including growth factor receptors (plasma membrane
receptors) such as the epidermal growth factor receptor (ERBB)
protein family [78, 82]. IR-induced protein receptor activation pro-
motes downstream intracellular signaling including mitogen-
activated protein kinase (MAPK) and PI3K pathways [83]. Radia-
tion-induced receptor activation can results both from radiation-
induced release of autocrine ligands and from direct ligand-
independent activation of receptors [83].

An interesting question with regard to radiation-induced free
radicals is how they can produce significant effects when the back-
ground levels of these radicals are 100-1000 fold higher than the
levels induced by the immediate ionization events [78, 84]. It has
been proposed that a reversible permeability transition that releases
Ca’* is propagated from one mitochondrion to neighboring mito-
chondria [78]. It is suggested that ROS-induced ROS release ac-
companies the mitochondrial permeability transition, which propa-
gates and amplifies the redox signal [85].

ROS can be eliminated by natural scavengers such as intracellu-
lar thiols and antioxidant enzymes. The enzyme superoxide dismu-
tase (SOD, MnSOD or Cu/ZnSOD), converts superoxide anions to
H,0, [86, 87]. H,0O; is subsequently detoxified by catalase or glu-
tathione peroxidase. This redox regulation is essential for protecting
cells from apoptosis. Recent studies demonstrated that NFxB is one
of the key regulatory molecules in oxidative stress-induced cell
activation in which ROS act as second messengers [88]. MnSOD is
the primary antioxidant enzyme that regulates the cell response to
oxidative stress. Interestingly, the NFkB element has been shown to
be essential for induction of MnSOD by TNF and IL-1R [89]. IR-
induced growth factor receptor activation can also promote the
RAS-RAF-MAPK and RAS-PI3K-AKT pathways [90-92], which
regulate cell survival and apoptosis.

The MAPK pathways include both pro-apoptotic and pro-
survival regulators. IR-induced extracellular signal-regulated kinase
1/2 (ERK1/2) [93] activity is a typical pro-survival MAPK path-
way, which increases expression of DNA repair factors and cell
growth factors. In contrast, other MAPK members such as JNK and
p38 [94, 95], have been linked to activation of pro-apoptotic factors
including BAX and BAK, and the promotion of mitochondrial dys-
function.
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PI3K and AKT have been widely studied as cell survival fac-
tors. PI3K-AKT signaling can increase expression of multiple anti-
apoptotic proteins such as BCL-XL, as well as inactivation of pro-
apoptotic proteins, including BAD, BIM, and procaspases [96, 97].

Studies over the past five years have indicated that a novel
stress response gene REDD1 (also referred to as RTP801, Ddit4, or
dig2) [98-100] is a transcriptional target of p53 and p63 (member of
p53 family), and is implicated in regulation of ROS. Treating cells
with H,0, rapidly activated the REDD1 promoter. In contrast, the
ROS-reducing enzymes SOD and glutathione peroxidase inhibited
promoter activation [101, 102]. In addition, REDD1 is a transcrip-
tional target of hypoxia-inducible factor 1 (HIF-1), and is strongly
induced under hypoxic condition in an HIF-1-dependent manner
[98, 103]. REDDL1 activation subsequently inhibits its downstream
protein kinase, mammalian target of rapamycin (mTOR), to regu-
late cell growth [104].

In summary, IR can cause damage to macromolecules, generate
ROS and RNS, and activate multiple interacting signaling path-
ways. The activation of signaling pathways is dependent on radia-
tion dose, cell type, and cell cycle phase. There is simultaneous
activation and interaction of multiple pathways that can either favor
or inhibit apoptosis. The end result, survival or apoptotic cell death,
depends on whether pro-apoptotic and anti-apoptotic pathways
predominate.

PHARMACOLOGICAL COUNTERMEASURES FOR ARS

Because of the complex molecular damage caused by ionizing
radiation, development of pharmacological countermeasures for
radiation injury is challenging. The mechanisms through which
radiation injury becomes manifest depend on the type (quality),
dose, and dose rate of radiation, and vary from tissue to tissue. The
signal transduction responses to radiation damage depend on the
circumstances of the exposure, such as dose of radiation, dose rate
and time of radiation, protraction of exposure, and concomitant
exposure to other noxious agents or tissue trauma. After decades of
work on radiation countermeasures, no pharmaceuticals are cur-
rently approved specifically for ARS. Medical approaches to ARS
aim to prevent or ameliorate radiation injury with radioprotectants
and radiation mitigators, and to stimulate recovery of damaged
tissue such as hematopoietic or Gl regeneration with post-radiation
treatment. A number of reviews have been published that provide
guidance on medical management of ARS [4, 105-107]. Granulo-
cyte-stimulating factor (G-CSF) and Granulocyte-Macrophage CSF
(GM-CSF) (Fig. 3) are typically used to treat radiation accident
victims off-label [5]. Other standard measures include antibiotics,
antifungals, blood transfusions, intravenous fluids, electrolytes, etc.,
in addition to antiemetic agents, antidiarrheal agents, and comfort
measures[5, 105]. Platelet transfusions are necessary to treat radia-
tion-induced thrombocytopenia, as G-CSF and GM-CSF do not
stimulate thrombopoiesis [108, 109]. These measures are appropri-
ate for a hospital setting and contribute to recovery of patients from
radiation therapy. However, basic research is needed to identify
additional targets for small molecule drugs with low toxicity. There
is an emphasis on expanding the repertoire of countermeasures to
include agents that do not require clinical support and physician
supervision, which have been shown to be problematic in realistic
analyses of mass casualty scenarios [106, 110]. There is an urgent
need to exploit known signaling pathways to identify and develop
novel agents. The hematopoietic and Gl syndromes are still very
important issues in the field of radiation countermeasures, since
there are no approved drugs with an indication for treatment of
ARS. Even assuming the availability of cytokines, growth factors,
and full medical support, there is still an urgent need to identify
treatments that will further increase survival during ARS.

According to the report of National Cancer Institute (NCI)
workshop held on December 3-4, 2003 [111], the instructions from
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the Developmental Therapeutics Program sponsored by NCI spec-
ify that pharmacokinetic and pharmacodynamic studies must be
used to determine the plasma or tissue drug levels required to have
an impact on the target, as well as for endpoints of toxicity. Meas-
urement of target modulation is also necessary for newer molecu-
larly targeted drugs. Selection of appropriate parameters to develop
reliable monitors as a measure of biological activity and efficacy
are needed. Data from genomics and proteomics studies will be
used to design toxicology studies and evaluate the optimal admini-
stration for use in preclinical and clinical studies. New drugs often
are dropped during development because of animal toxicity (17%),
human toxicity (16%), pharmacokinetics (7%) or lack of efficacy
(46%) [111]. The studies of efficacy and toxicology must include
pharmacokinetics/pharmacodynamics, genomics, and proteomics. It
might be possible to separate toxicity from efficacy if they are in-
duced by different mechanisms.

Current treatment guidelines are covered elsewhere [2, 4, 5].
Here we will describe some recent trends in pharmacological radia-
tion countermeasure research. Our orientation is accident victims
and military and terrorist attacks, although some drugs designed for
these indications might also be useful to protect or treat patients
undergoing radiation therapy. The listing is not meant to be com-
prehensive, but to provide examples of how known molecular
changes occurring during radiation injury and recovery can be tar-
geted by pharmacological agents.

Hormones, Growth Factors, and Cytokines

Early apoptotic cell death within the first days plays a critical
role in IR-induced hematopoietic stem cell depletion [107, 112].
The massive apoptosis involves almost all cell compartments
through direct and indirect effects [113]. Cell fate depends on initial
DNA breaks, cell cycle arrest, and regulation of many pro- and anti-
apoptotic signals. Therefore, reduction of IR-induced apoptosis
using hematopoietic growth factors and cytokines (Fig. 3) is a
promising radiation countermeasure approach. The anti-apoptotic
growth factors G-CSF and GM-CSF are typically used to treat ra-
diation accident victims. Recent reports by Herodin et al. [15] dem-
onstrated that the effects of anti-apoptotic cytokine combinations
restored hematopoietic stem cells after IR. Using SCF + FIt-3
ligand (FL) + thrombopoietin (TPO) + interleukin-3 (IL-3) after IR,
they obtained 60% survival in mice (versus 5% in controls) after a
lethal dose (9 Gy) of total-body-irradiation (TBI) [15]. Stem cell
factor (SCF) can block radiation-induced apoptotic signals through
the FAS pathway in hematopoietic cells [114]. Keratinocyte growth
factor (KGF) or fibroblast-growth factor 2 (FGF2) given before TBI
ameliorated cell death in the gut as well as in epithelial thymic
cells, and increased survival in irradiated mice [113, 115]. In com-
bination with hematopoietic stem and progenitor cell (HSPC) trans-
plantation, KGF is capable of restoring immune status after TBI
[116]. Additionally, given after irradiation, KGF reduces incidence
of oral mucosal ulceration [117]. IL-11 also exerts pleiotropic ef-
fects and might be efficient at promoting Gl mucosa recovery [118,
119]. FL is another pleiotropic cytokine that exhibits immunore-
storative properties involving thymodependent and thymoinde-
pendent [120] pathways. In addition, EPO, IL-1, IL-4, IL-11 and
angiopoietin-1 have been reported to provide protection against
lethality and/or crypt cell depletion [112].

It is assumed in many studies that cytokines and growth factors
are acting in large part by inhibiting apoptosis in progenitor cells in
hematopoietic tissue. This belief is based on in vivo and in vitro
studies of cytokine actions on hematopoietic lineages [121-124],
but the relative roles of inhibiting apoptosis and stimulating prolif-
eration of stem and progenitor cells need to be examined at various
times after irradiation and cytokine administration. Surviving be-
yond the period of ARS may unmask late effects. Moreover, when
apoptosis is inhibited, it is possible that some irradiated cells with
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Fig. (3). Growth factors and cytokines in regulation of hematopoiesis. This is a simplified schematic showing a few of the relevant factors. Growth factors

and cytokines act synergistically at multiple levels of hematopoiesis.

compromised DNA or genomic instability may survive and prolif-
erate, leading to later deleterious consequences, since the natural
role of apoptosis is to remove these cells. An example of an un-
wanted consequence of apoptosis inhibition is mitotic catastrophe
in the GI tract following p53 inhibition in irradiated mice [125].
However, growth factors do not simply block apoptosis. For exam-
ple, cytokine activation of Gadd45 proteins [126] would have other
beneficial actions such as promoting DNA repair and genomic sta-
bility [127].

Parathyroid Hormone (PTH)

Fifty years ago, parathyroid hormone (PTH), in one injection of
Lilly's bovine parathyroid extract, was found to greatly increase 30-
day survival of X-irradiated rats when given from 18 h before to as
long as 3 h after irradiation [128]. This was the first indication that
PTH might stimulate hematopoiesis and protect hematopoietic cells

from IR damage. Osteoblasts, which constitute an important com-
ponent of the hematopoietic niche [129, 130], produce hema-
topoietic growth factors in response to parathyroid hormone (PTH).
In mice, PTH administration (80 pg/kg, ip, 5 times per week for 4
weeks) significantly increased survival when combined with BM
transplantation [131]. The peptide operates through a cyclic AMP-
mediated burst of Jagged 1 (Notch receptor ligand) expression on
osteoblastic cells, and Notch receptor activation on stem cells [131,
132]. PTH-triggered cyclic AMP signals also directly stimulate
proliferation of hematopoietic stem cells.

Melatonin (N-Acetyl-5-Methoxytryptamine)

Melatonin is another non-toxic radiation countermeasure [133-
135]. The endogenous compound synthesized by the pineal gland in
human brain was initially recognized as a molecule related to neu-
roendocrine physiology, especially reproductive physiology. Mela-
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tonin is involved in control of circadian rhythms and sleep proc-
esses in diurnal species, with circulating levels that reach nadirs
during the day and increase to maximal levels at night [136, 137].
Melatonin is a potent antioxidant with direct free radical scavenging
action as well as the ability to increase the activity of SOD and
glutathione peroxidase and decrease the activity of nitric oxide
synthase, a pro-oxidative enzyme. Melatonin interacts with the
radiation induced hydroxyl radical (*OH) and forms a very low
toxicity indolyl radical (melatonyl). Melatonin restricts lipid per-
oxidation by preventing the free radical-mediated initiating events
as well as interrupting the Chan reaction. Melatonin can also di-
rectly scavenge peroxyl radical, peroxynitrite anion, and singlet
oxygen, protecting the cell membrane, proteins in the cytosol, and
DNA in the nucleus. Vijayalaxmi et al. [136, 138] suggest that
melatonin may postpone the saturation of DNA repair enzymes.

Non-Cytokine Drugs
5-Androstenediol (5-androstene-38-17-diol, 5-AED)

5-AED is a naturally occurring steroid developed as a non-toxic
radiation countermeasure. 5-AED enhances survival in mice and
monkeys exposed to whole-body y-IR [139-141], and induces he-
matopoiesis and hematopoietic growth factor expression [139, 142-
144]. 1t is one of only two radiation countermeasures shown to
enhance survival in irradiated non-human primates (the other being
Cleveland BioLabs’ CBLB502), and one of only three countermea-
sures the FDA has cleared for Phase I human trials under Investiga-
tional New Drug (IND) applications (the other two are CBLB502
and BIO300). 5-AED stimulates multilineage hematopoietic recov-
ery in irradiated animals. In sublethally irradiated monkeys (4 Gy
%Co ), early administration (3 to 4 h after TBI) of 5-AED (15
mg/kg) once daily for 5 days or once or twice weekly for 3 weeks,
prevented severe neutropenia and thrombocytopenia. 5S-AED ad-
ministration also causes increases in circulating monocytes, NK
cells, and red blood cells in irradiated animals [139, 141, 143].
Moreover, 5-AED displays beneficial effects after burn injury,
trauma, and sepsis [145]. We recently reported that 5-AED exerts
survival-enhancing effects on irradiated human hematopoietic pro-
genitor cells via induction, stabilization, and activation of NFkB,
which results in increased secretion of hematopoietic growth factor
G-CSF [146]. 5-AED stabilizes IR-induced NF«kB1 (p50) degrada-
tion, as well as inducing NF«B gene expression and NF«kB activa-
tion (DNA binding) in human hematopoietic CD34+ cells. 5-AED
also stimulated interleukin-6 (IL-6) secretion. Furthermore, we
demonstrated that the effects of 5S-AED on survival and G-CSF
secretion were abrogated by siRNA inhibition of NFkB gene ex-
pression and the NFkB inhibitor MG132.

Amifostine

Many promising countermeasure candidates are targeted at in-
hibiting apoptosis, stimulating protective enzymes, or enhancing
regeneration in specific tissues by inducing signaling pathways.
However, workers in the field remain interested in the possibility of
protecting against initial radiation damage using free radical scav-
engers. The advantage of this approach would be to avoid having to
deal with the specific physiology of various cell and tissue types,
since the basic mechanism of physical injury would be blocked. For
example, it would not be necessary to know whether the predomi-
nant mode of cell death in a particular tissue were apoptosis or ne-
crosis, since the pathways that triggered those processes would be
prevented from being initiated by a radical scavenger. Amifostine
(WR-2721 [147] is a clinically approved aminothiol radioprotectant
capable of scavenging radiation-induced free radicals before they
can interact with macromolecules. WR-1065 [148] is the active
thiol form. Although side effects such as hypotension, nausea and
vomiting have prevented the use of aminothiols outside the clinic,
their remarkable radioprotective efficacy causes them to remain
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interesting, and possible approaches to limit toxicity are being ex-
plored. Amifostine participates in reductive/oxidative reactions that
in turn can affect redox-sensitive cellular processes involving the
activation of transcription factors, expression of genes, and activi-
ties of proteins [149-151]. Hence the value of amifostine may not
be limited to simply preventing the initial damage by scavenging
radiation-induced radicals. In particular, amifostine has been ob-
served to be effective in activating the redox-sensitive NFkB and
enhancing the expression of the antioxidant gene MnSOD [149,
150]. Aminothiol effects appear to be related to a high affinity for
DNA, and to the structural similarity of thiol and disulfide metabo-
lites to cellular polyamines [152, 153]. Murley and colleagues dem-
onstrated that 4 mM but not 40 pM WR1065 increased human mi-
crovascular endothelial cell (HMEC) survival after X-irradiation.
However, a delayed radiation protective function was observed 24 h
after IR regardless of the dose of WR1065. The mechanisms might
involve activation of the redox-sensitive NF«kB and elevated ex-
pression of the antioxidant gene MNnSOD [148, 154]. Administration
of Helenalin, an inhibitor of NFkB, not only inhibited activation of
NF«kB by WR1065, but also inhibited the subsequent elevation of
MnSOD and the delayed radioprotective effect of WR1065. Fur-
thermore, WR1065 protected HMEC against IR-induced y-H2AX
formation and apoptotic death. The frequency of y-H2AX-positive
cells was correlated with radiation dose [155].

Genistein

Genistein, a soy-derived isoflavone, is a phytoestrogen and pro-
tein tyrosine kinase inhibitor that affects signal transduction path-
ways involving AKT, FAK, ErbB-2, Bcl-2, and cytokine secretion
[156]. Administration of genistein to mice before irradiation stimu-
lates hematopoiesis and enhances survival with no adverse effects
[157-159]. Recently, Song et al. [160, 161] compared gene expres-
sion profiles in livers of irradiated mice treated with or without
soybean isoflavone (SI). They found the JNK/c-Jun-inhibiting
genes, MBIP and HERPUDL, were significantly up-regulated in
irradiated cells after SI treatment. Another gene affected by SI is
heat shock 70kD protein 5 (Hspa5), a member of the highly con-
served heat shock protein 70 family. Hspa5 is repressed after IR but
maintained at normal levels after SI treatment. These results sug-
gest that SI may be an efficient tool to ameliorate radiation damage
of the liver through multiple pathways.

CBLB502

Recently, Burdelya et al. reported a new compound, CBLB502,
an agonist of Toll-Like receptor (TLR) 5, as a radiation counter-
measure in mouse and primate models [162]. A single injection of
CBLB502 (0.2 mg/kg) to NIH-Swiss mice 30 min before 13 Gy
TBI protected 87% of mice from radiation-induced death. Admini-
stration of CBLB502 24 h before, or up to 1 h post-irradiation, re-
sulted in greater than 90% survival after 9 Gy. CBLB502 is a poly-
peptide derived from Salmonella flagellin that binds to TLR-5 and
activates NFkB signaling through phosphorylation and proteasomal
degradation of NFkB inhibitor IkB [163]. CBLB502 includes the
complete N- and C-terminals of flagellin, and retains its full NFkB-
inducing activity. Flagellin derivatives that failed to activate NFkB
in vitro did not provide radioprotection in vivo [162].

CONCLUSIONS

Understanding of the mechanisms of tissue responses to radia-
tion injury has markedly improved in recent years. Radiation-
induced injuries have been well described at the clinical level, and
currently available treatments are useful in a limited manner. How-
ever, after decades of published work on radiation countermeasures,
the only approved drug for countering the effects of external pene-
trating ionizing radiation is amifostine, limited to use in the clinic to
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protect salivary glands during head and neck irradiation. G-CSF is
commonly used off-label in the clinic after radiological incidents,
and is held in the Strategic National Stockpile for possible use that
would require FDA Investigative New Drug approval or Emer-
gency Use Authorization for treatment of radiation-induced bone
marrow suppression. There is a pressing need to develop radiation
countermeasures that can be used inside and outside the clinic in
mass casualty scenarios. Several candidates are emerging that have
significant efficacy in terms of enhancing survival after irradiation,
with low toxicity. The most promising candidates should target
specific molecular pathways related to radiation injury, repair, and
recovery.

ABBREVIATIONS

5-AED = 5-androstene-3p-173-diol

AKT = Family of serine/threonine-specific protein kinases

AMP = Adenosine monophosphate

ARS = Acute radiation syndrome

ATM = Ataxia telangiectasia mutated

BAD = Bcl-2-associated death promoter, pro-apoptotic
protein of the Bcl-2 gene family

BAX = Pro-apoptotic protein of the Bcl-2 gene family

BAK = Bcl-2 homologous antagonist/killer, pro-apoptotic
protein of the Bcl-2 gene family

BCL-2 = B-cell lymphoma 2 proto-oncogene, prototype for a
family of genes regulating apoptosis. BCL-2 proper
is anti-apoptotic.

BIM = PRO-apoptotic protein that inhibits BCL-2

c-JUN = Component (with c-FOS) of the AP-1 transcription
factor

CD = Cluster of differentiation cell surface molecule

CNS = Central nervous system

DNA-PKcs= DNA-protein kinase complex catalytic subunit

DSB = DNA double strand break

EPO = Erythropoietin

ERBB-2 = Member of epidermal growth factor receptor (ErbB)
family

ERK1/2 = Extracellular signal-regulated kinase 1/2

FAK = Focal adhesion kinase

FDA = United States Food and Drug Administration

FGF2 = Fibroblast-growth factor 2

FL = FIt-3 ligand

Gadd45 = Growth arrest and DNA damage gene family

G-CSF = Granulocyte colony-stimulating factor

GM-CSF = Granulocyte-macrophage CSF

Gl = Gastrointestinal

H2AX = One of several genes encoding for histone H2A

H,0, = Hydrogen peroxide

HERPUD1 = Homocysteine-inducible, endoplasmic reticulum
stress-inducible, ubiquitin-like domain member 1

HIF-1 = Hypoxia-inducible factor 1

HMEC = Human microvascular endothelial cells

HR = Homologous recombination

HSPC = Hematopoietic stem and progenitor cell

Current Molecular Pharmacology, 2009, Vol. 2, No. 1 129

kB = Inhibitor of kB

IKK = IkB kinase

IL = Interleukin

IND = Investigational New Drug

IR = lonizing radiation

JNK = c¢-Jun N-terminal kinases

KGF = Keratinocyte growth factor

LET = Linear energy transfer

LPS = Lipopolysaccharide (endotoxin)

MAPK = Mitogen-activated protein kinase

MBIP = MAP3K12 binding inhibitory protein 1

mTOR = Mammalian target of rapamycin

NCI = National Cancer Institute

NEMO = NF«B essential modulator

NFxB = Nuclear factor kappa B

NHEJ = DNA non-homologous end-joining

NK cells = Natural killer cells (large granular lymphocytes)

*OH = Hydroxyl radical

PARP-1 = Poly (ADP-ribose) polymerase-1

PI3K = Phosphoinositide 3-kinases

PIDD = p53-induced protein with a death domain

PIKK = Phosphoinositol 3-kinase like kinase

PTH = Parathyroid hormone

PTPase = Protein tyrosine phosphatase

RAF = Raf-1, a serine/threonine-specific kinase

RAS = Membrane-associated G protein, proto-oncogene

RBE = Relative biological effectiveness

RDD = Radiation dispersal device (“dirty bomb”)

REDD1 = Regulated in development and DNA damage re-

sponses 1; HIF-1-responsive protein RTP801

RIP1 = Receptor interacting protein 1

RNS = Reactive nitrogen species

ROS = Reactive oxygen species

Sl = Soy isoflavone

SiRNA = Small interfering RNA

SOD = Superoxide dismutase

SCF = Stem cell factor

SSB = DNA single strand break

TBI = Total-body irradiation

TLR = Toll-like receptor

TNF = Tumor necrosis factor-alpha, cachexin, cachectin

TPO = Thrombopoietin

REFERENCES

[1] Bentzen, S. M. Preventing or reducing late side effects of radiation therapy:
radiobiology meets molecular pathology. Nat. Rev. Cancer 2006, 6, 702-713.

[2] Coleman, C. N.; Stone, H. B.; Moulder, J. E.; Pellmar, T. C. Medicine.
Modulation of radiation injury. Science 2004, 304, 693-694.

[3] Whitnall, M. H.; Pellmar, T. C. In: New directions in development of phar-

macological countermeasures for the acute radiation syndrome; Research
Signpost: Trivandrum, India, 2007.

[4] Chao, N. J. Accidental or intentional exposure to ionizing radiation: biodo-
simetry and treatment options. Exp. Hematol. 2007, 35, 24-27.



130 Current Molecular Pharmacology, 2009, Vol. 2, No. 1

[5]

[6]

[71

[8]
[]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Waselenko, J. K.; MacVittie, T. J.; Blakely, W. F.; Pesik, N.; Wiley, A. L.;
Dickerson, W. E.; Tsu, H.; Confer, D. L.; Coleman, C. N.; Seed, T.; Lowry,
P.; Armitage, J. O.; Dainiak, N. Medical management of the acute radiation
syndrome: recommendations of the Strategic National Stockpile Radiation
Working Group. Ann. Intern. Med. 2004, 140, 1037-1051.

Fliedner, T. M.; Graessle, D.; Meineke, V.; Dorr, H. Pathophysiological
principles underlying the blood cell concentration responses used to assess
the severity of effect after accidental whole-body radiation exposure: an es-
sential basis for an evidence-based clinical triage. Exp. Hematol. 2007, 35, 8-
16.

MacNaughton, W. K. Review article: new insights into the pathogenesis of
radiation-induced intestinal dysfunction. Aliment Pharmacol. Ther. 2000, 14,
523-528.

Muller, K.; Meineke, V. Radiation-induced alterations in cytokine production
by skin cells. Exp. Hematol. 2007, 35, 96-104.

Meistrich, M. L.; Kangasniemi, M. Hormone treatment after irradiation
stimulates recovery of rat spermatogenesis from surviving spermatogonia. J.
Androl. 1997, 18, 80-87.

Pena, L. A.; Fuks, Z.; Kolesnick, R. N. Radiation-induced apoptosis of
endothelial cells in the murine central nervous system: protection by fibro-
blast growth factor and sphingomyelinase deficiency. Cancer Res. 2000, 60,
321-327.

Rodemann, H. P.; Blaese, M. A. Responses of normal cells to ionizing radia-
tion. Semin. Radiat. Oncol. 2007, 17, 81-88.

Somosy, Z.; Horvath, G.; Telbisz, A.; Rez, G.; Palfia, Z. Morphological
aspects of ionizing radiation response of small intestine. Micron 2002, 33,
167-178.

Barabanova, A. V. Significance of beta-radiation skin burns in Chernobyl
patients for the theory and practice of radiopathology. Vojnosanit. Pregl.
2006, 63, 477-480.

Fliedner, T. M.; D Dérr, H.; Meineke, V. Multi-organ involvement as a
pathogenetic principle of the radiation syndromes: a study involving 110 case
histories documented in SEARCH and classified as the bases of haema-
topoietic indicators of effect. BJR Suppl. 2005, 27, 1-8.

Herodin, F.; Grenier, N.; Drouet, M. Revisiting therapeutic strategies in
radiation casualties. Exp. Hematol. 2007, 35, 28-33.

Hall, E. J.; Giacca, A. J. In: Radiobiology for the Radiologist; Sixth Ed.;
Lippincott Williams & Wilkins: Philadelphia, 2006.

Harper, F. T.; Musolino, S. V.; Wente, W. B. Realistic radiological dispersal
device hazard boundaries and ramifications for early consequence manage-
ment decisions. Health Phys. 2007, 93, 1-16.

Alt, L. A;; Forcino, C. D.; Walker, R. I. In Medical Consequences of Nuclear
Warfare; Part I, Vol. 2; Walker, R. I. and Cerveny, T. J., Eds; TMM Publica-
tions: Falls Church,Virginia, 1989, pp. 1-14.

Cucinotta, F. A.; Kim, M. H.; Willingham, V.; George, K. A. Physical and
biological organ dosimetry analysis for international space station astronauts.
Radiat. Res. 2008, 170, 127-138.

Prasanna, P. G.; Kolanko, C. J.; Gerstenberg, H. M.; Blakely, W. F. Prema-
ture chromosome condensation assay for biodosimetry: studies with fission-
neutrons. Health Phys. 1997, 72, 594-600.

Pogozelski, W. K.; Xapsos, M. A.; Blakely, W. F. Quantitative assessment of
the contribution of clustered damage to DNA double-strand breaks induced
by 60Co gamma rays and fission neutrons. Radiat. Res. 1999, 151, 442-448.
Hall, E. J.; Roizin-Towie, L.; Theus, R. B.; August, L. S. Radiobiological
properties of high-energy cyclotron-produced neutrons used for radiotherapy.
Radiology 1975, 117, 173-178.

Kysela, B. P.; Arrand, J. E.; Michael, B. D. Relative contributions of levels
of initial damage and repair of double-strand breaks to the ionizing radiation-
sensitive phenotype of the Chinese hamster cell mutant, XR-V15B. Part II.
Neutrons. Int. J. Radiat. Biol. 1993, 64, 531-538.

Hada, M.; Georgakilas, A. G. Formation of clustered DNA damage after
high-LET irradiation: a review. J. Radiat. Res. (Tokyo) 2008, 49, 203-210.
Wang, H.; Wang, X.; Zhang, P; Wang, Y. The Ku-dependent non-
homologous end-joining but not other repair pathway is inhibited by high
linear energy transfer ionizing radiation. DNA Repair (Amst.) 2008, 7, 725-
733.

Hanson, W. R.; Crouse, D. A.; Fry, R. J.; Ainsworth, E. J. Relative biological
effectiveness measurements using murine lethality and survival of intestinal
and hematopoietic stem cells after fermilab neutrons compared to JANUS re-
actor neutrons and 60Co gamma rays. Radiat. Res. 1984, 100, 290-297.
Valerie, K.; Yacoub, A.; Hagan, M. P,; Curiel, D. T.; Fisher, P. B.; Grant, S.;
Dent, P. Radiation-induced cell signaling: inside-out and outside-in. Mol.
Cancer Ther. 2007, 6, 789-801.

Chastel, C.; Jiricny, J.; Jaussi, R. Activation of stress-responsive promoters
by ionizing radiation for deployment in targeted gene therapy. DNA Repair
(Amst.) 2004, 3, 201-215.

Ngo, F. Q.; Blakely, E. A.; Tobias, C. A.; Chang, P. Y.; Lommel, L. Sequen-
tial exposures of mammalian cells to low- and high-LET radiations. 1l. As a
function of cell-cycle stages. Radiat. Res. 1988, 115, 54-69.

Daly, M. J.; Gaidamakova, E. K.; Matrosova, V. Y.; Vasilenko, A.; Zhai, M.;
Leapman, R. D.; Lai, B.; Ravel, B.; Li, S. M.; Kemner, K. M.; Fredrickson,
J. K. Protein oxidation implicated as the primary determinant of bacterial ra-
dioresistance. PLoS Biol. 2007, 5, €92.

[31]

[32]
[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[58]
[56]

[57]

[58]

[59]

Xiao and Whitnall

Burma, S.; Chen, B. P.; Chen, D. J. Role of non-homologous end joining
(NHEJ) in maintaining genomic integrity. DNA Repair (Amst.) 2006, 5,
1042-1048.

Olive, P. L. Impact of the comet assay in radiobiology. Mutat. Res. 2007, 12,
in press, available online.

Jeggo, P.; Lobrich, M. Radiation-induced DNA damage responses. Radiat.
Prot. Dosimetry 2006, 122, 124-127.

Khanna, K. K.; Jackson, S. P. DNA double-strand breaks: signaling, repair
and the cancer connection. Nat. Genet. 2001, 27, 247-254.

Sancar, A.; Lindsey-Boltz, L. A.; Unsal-Kacmaz, K.; Linn, S. Molecular
mechanisms of mammalian DNA repair and the DNA damage checkpoints.
Annu. Rev. Biochem. 2004, 73, 39-85.

Houtgraaf, J. H.; Versmissen, J.; van der Giessen, W. J. A concise review of
DNA damage checkpoints and repair in mammalian cells. Cardiovasc. Re-
vasc. Med. 2006, 7, 165-172.

Riballo, E.; Kuhne, M.; Rief, N.; Doherty, A.; Smith, G. C.; Recio, M. J,;
Reis, C.; Dahm, K.; Fricke, A.; Krempler, A.; Parker, A. R.; Jackson, S. P.;
Gennery, A.; Jeggo, P. A.; Lobrich, M. A pathway of double-strand break re-
joining dependent upon ATM, Artemis, and proteins locating to gamma-
H2AX foci. Mol. Cell 2004, 16, 715-724.

Kuhne, M.; Riballo, E.; Rief, N.; Rothkamm, K.; Jeggo, P. A.; Lobrich, M. A
double-strand break repair defect in ATM-deficient cells contributes to ra-
diosensitivity. Cancer Res. 2004, 64, 500-508.

Dai, Y.; Kysela, B.; Hanakahi, L. A.; Manolis, K.; Riballo, E.; Stumm, M.;
Harville, T. O.; West, S. C.; Oettinger, M. A.; Jeggo, P. A. Nonhomologous
end joining and V(D)J recombination require an additional factor. Proc. Natl.
Acad. Sci. USA 2003, 100, 2462-2467.

Walker, J. R.; Corpina, R. A.; Goldberg, J. Structure of the Ku heterodimer
bound to DNA and its implications for double-strand break repair. Nature
2001, 412, 607-614.

Ma, Y.; Pannicke, U.; Schwarz, K.; Lieber, M. R. Hairpin opening and
overhang processing by an Artemis/DNA-dependent protein kinase complex
in nonhomologous end joining and V(D)J recombination. Cell 2002, 108,
781-794.

Audebert, M.; Salles, B.; Calsou, P. Involvement of poly(ADP-ribose) po-
lymerase-1 and XRCC1/DNA ligase 111 in an alternative route for DNA dou-
ble-strand breaks rejoining. J. Biol. Chem. 2004, 279, 55117-55126.

Wang, M.; Wu, W.; Wu, W.; Rosidi, B.; Zhang, L.; Wang, H.; lliakis, G.
PARP-1 and Ku compete for repair of DNA double strand breaks by distinct
NHEJ pathways. Nucleic Acids Res. 2006, 34, 6170-6182.

Pellegrini, L.; Yu, D. S,; Lo, T.; Anand, S.; Lee, M.; Blundell, T. L.; Venki-
taraman, A. R. Insights into DNA recombination from the structure of a
RAD51-BRCA2 complex. Nature 2002, 420, 287-293.

Galkin, V. E.; Esashi, F.; Yu, X,; Yang, S.; West, S. C.; Egelman, E. H.
BRCA2 BRC motifs bind RAD51-DNA filaments. Proc. Natl. Acad. Sci.
USA 2005, 102, 8537-8542.

Esashi, F.; Christ, N.; Gannon, J.; Liu, Y.; Hunt, T.; Jasin, M.; West, S. C.
CDK-dependent phosphorylation of BRCA2 as a regulatory mechanism for
recombinational repair. Nature 2005, 434, 598-604.

Lobrich, M.; Jeggo, P. A. Harmonising the response to DSBs: a new string in
the ATM bow. DNA Repair (Amst) 2005, 4, 749-759.

Goodarzi, A. A.; Jonnalagadda, J. C.; Douglas, P.; Young, D.; Ye, R.;
Moorhead, G. B.; Lees-Miller, S. P.; Khanna, K. K. Autophosphorylation of
ataxia-telangiectasia mutated is regulated by protein phosphatase 2A. EMBO
J. 2004, 23, 4451-4461.

Shiloh, Y. ATM and related protein kinases: safeguarding genome integrity.
Nat. Rev. Cancer 2003, 3, 155-168.

Lavin, M. F.; Khanna, K. K. ATM: the protein encoded by the gene mutated
in the radiosensitive syndrome ataxia-telangiectasia. Int. J. Radiat. Biol.
1999, 75, 1201-1214.

Rothkamm, K.; Kruger, I.; Thompson, L. H.; Lobrich, M. Pathways of DNA
double-strand break repair during the mammalian cell cycle. Mol. Cell Biol.
2003, 23, 5706-5715.

Fernandez-Capetillo, O.; Lee, A.; Nussenzweig, M.; Nussenzweig, A.
H2AX: the histone guardian of the genome. DNA Repair (Amst.) 2004, 3,
959-967.

Rothkamm, K.; Lobrich, M. Evidence for a lack of DNA double-strand break
repair in human cells exposed to very low x-ray doses. Proc. Natl. Acad. Sci.
USA 2003, 100, 5057-5062.

Fernandez-Capetillo, O.; Allis, C. D.; Nussenzweig, A. Phosphorylation of
histone H2B at DNA double-strand breaks. J. Exp. Med. 2004, 199, 1671-
1677.

Kurz, E. U.; Lees-Miller, S. P. DNA damage-induced activation of ATM and
ATM-dependent signaling pathways. DNA Repair (Amst.) 2004, 3, 889-900.
Kimura, S. H.; Nojima, H. Cyclin G1 associates with MDM2 and regulates
accumulation and degradation of p53 protein. Genes Cells 2002, 7, 869-880.
Bouquet, F.; Muller, C.; Salles, B. The loss of gammaH2AX signal is a
marker of DNA double strand breaks repair only at low levels of DNA dam-
age. Cell Cycle 2006, 5, 1116-1122.

Cowell, I. G.; Sunter, N. J.; Singh, P. B.; Austin, C. A.; Durkacz, B. W,;
Tilby, M. J. gammaH2AX foci form preferentially in euchromatin after ion-
ising-radiation. PLoS ONE 2007, 2, e1057.

Ostling, O.; Johanson, K. J. Bleomycin, in contrast to gamma irradiation,
induces extreme variation of DNA strand breakage from cell to cell. Int. J.
Radiat. Biol. Relat. Stud. Phys. Chem. Med. 1987, 52, 683-691.



Pharmacological Countermeasures for the Acute Radiation Syndrome

[60]

[61]
[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[78]

[76]

[r1

[78]

[79]

[80]

[81]

[82]

[83]

[84]

McKenna, D. J.; Rajab, N. F.; McKeown, S. R.; McKerr, G.; McKelvey-
Martin, V. J. Use of the comet-FISH assay to demonstrate repair of the TP53
gene region in two human bladder carcinoma cell lines. Radiat. Res. 2003,
159, 49-56.

Habraken, Y.; Piette, J. NF-kappaB activation by double-strand breaks.
Biochem. Pharmacol. 2006, 72, 1132-1141.

Janssens, S.; Tschopp, J. Signals from within: the DNA-damage-induced NF-
kappaB response. Cell Death Differ. 2006, 13, 773-784.

Panta, G. R.; Kaur, S.; Cavin, L. G.; Cortes, M. L.; Mercurio, F.; Lothstein,
L.; Sweatman, T. W.; Israel, M.; Arsura, M. ATM and the catalytic subunit
of DNA-dependent protein kinase activate NF-kappaB through a common
MEK/extracellular signal-regulated kinase/p90(rsk) signaling pathway in re-
sponse to distinct forms of DNA damage. Mol. Cell Biol. 2004, 24, 1823-
1835.

Bilyeu, J. D.; Panta, G. R.; Cavin, L. G.; Barrett, C. M.; Turner, E. J;
Sweatman, T. W.; Israel, M.; Lothstein, L.; Arsura, M. Circumvention of nu-
clear factor kappaB-induced chemoresistance by cytoplasmic-targeted an-
thracyclines. Mol. Pharmacol. 2004, 65, 1038-1047.

Li, N.; Banin, S.; Ouyang, H.; Li, G. C.; Courtois, G.; Shiloh, Y.; Karin, M.;
Rotman, G. ATM is required for IkappaB kinase (IKKK) activation in re-
sponse to DNA double strand breaks. J. Biol. Chem. 2001, 276, 8898-8903.
Lee, S. J.; Dimtchev, A.; Lavin, M. F.; Dritschilo, A.; Jung, M. A novel
ionizing radiation-induced signaling pathway that activates the transcription
factor NF-kappaB. Oncogene 1998, 17, 1821-1826.

Rashi-Elkeles, S.; Elkon, R.; Weizman, N.; Linhart, C.; Amariglio, N;
Sternberg, G.; Rechavi, G.; Barzilai, A.; Shamir, R.; Shiloh, Y. Parallel in-
duction of ATM-dependent pro- and antiapoptotic signals in response to ion-
izing radiation in murine lymphoid tissue. Oncogene 2006, 25, 1584-1592.
Elkon, R.; Rashi-Elkeles, S.; Lerenthal, Y.; Linhart, C.; Tenne, T
Amariglio, N.; Rechavi, G.; Shamir, R.; Shiloh, Y. Dissection of a DNA-
damage-induced transcriptional network using a combination of microarrays,
RNA interference and computational promoter analysis. Genome Biol. 2005,
6, R43.

Lin, Y.; Ma, W.; Benchimol, S. Pidd, a new death-domain-containing pro-
tein, is induced by p53 and promotes apoptosis. Nat. Genet. 2000, 26, 122-
127.

May, M. J.; D'Acquisto, F.; Madge, L. A.; Glockner, J.; Pober, J. S.; Ghosh,
S. Selective inhibition of NF-kappaB activation by a peptide that blocks the
interaction of NEMO with the IkappaB kinase complex. Science 2000, 289,
1550-1554.

Janssens, S.; Tinel, A.; Lippens, S.; Tschopp, J. PIDD mediates NF-kappaB
activation in response to DNA damage. Cell 2005, 123, 1079-1092.

Huang, T. T.; Wuerzberger-Davis, S. M.; Seufzer, B. J.; Shumway, S. D,;
Kurama, T.; Boothman, D. A.; Miyamoto, S. NF-kappaB activation by
camptothecin. A linkage between nuclear DNA damage and cytoplasmic sig-
naling events. J. Biol. Chem. 2000, 275, 9501-9509.

Viatour, P.; Merville, M. P.; Bours, V.; Chariot, A. Phosphorylation of NF-
kappaB and lkappaB proteins: implications in cancer and inflammation.
Trends Biochem. Sci. 2005, 30, 43-52.

Ahmed, K. M.; Li, J. J. NF-kappa B-mediated adaptive resistance to ionizing
radiation. Free Radic. Biol. Med. 2008, 44, 1-13.

Hayashi, T.; Hayashi, I.; Shinohara, T.; Morishita, Y.; Nagamura, H.; Ku-
sunoki, Y.; Kyoizumi, S.; Seyama, T.; Nakachi, K. Radiation-induced apop-
tosis of stem/progenitor cells in human umbilical cord blood is associated
with alterations in reactive oxygen and intracellular pH. Mutat. Res. 2004,
556, 83-91.

Epperly, M. W.; Sikora, C. A.; DeFilippi, S. J.; Gretton, J. A.; Zhan, Q,;
Kufe, D. W.; Greenberger, J. S. Manganese superoxide dismutase (SOD2)
inhibits radiation-induced apoptosis by stabilization of the mitochondrial
membrane. Radiat. Res. 2002, 157, 568-577.

Spotheim-Maurizot, M.; Charlier, M.; Sabattier, R. DNA radiolysis by fast
neutrons. Int. J. Radiat. Biol. 1990, 57, 301-313.

Mikkelsen, R. B.; Wardman, P. Biological chemistry of reactive oxygen and
nitrogen and radiation-induced signal transduction mechanisms. Oncogene
2003, 22, 5734-5754.

Melino, G.; Bernassola, F.; Knight, R. A.; Corasaniti, M. T.; Nistico, G;
Finazzi-Agro, A. S-nitrosylation regulates apoptosis. Nature 1997, 388, 432-
433.

Ryter, S. W.; Kim, H. P.; Hoetzel, A.; Park, J. W.; Nakahira, K.; Wang, X;
Choi, A. M. Mechanisms of cell death in oxidative stress. Antioxid Redox
Signal. 2007, 9, 49-89.

Choi, B. M,; Pae, H. O.; Jang, S. I.; Kim, Y. M.; Chung, H. T. Nitric oxide as
a pro-apoptotic as well as anti-apoptotic modulator. J. Biochem. Mol. Biol.
2002, 35, 116-126.

Galabova-Kovacs, G.; Kolbus, A.; Matzen, D.; Meissl, K.; Piazzolla, D.;
Rubiolo, C.; Steinitz, K.; Baccarini, M. ERK and beyond: insights from B-
Raf and Raf-1 conditional knockouts. Cell Cycle 2006, 5, 1514-1518.

Dent, P.; Reardon, D. B.; Park, J. S.; Bowers, G.; Logsdon, C.; Valerie, K;
Schmidt-Ullrich, R. Radiation-induced release of transforming growth factor
alpha activates the epidermal growth factor receptor and mitogen-activated
protein kinase pathway in carcinoma cells, leading to increased proliferation
and protection from radiation-induced cell death. Mol. Biol. Cell 1999, 10,
2493-2506.

Ward, J. F. DNA damage as the cause of ionizing radiation-induced gene
activation. Radiat. Res. 1994, 138, S85-S88.

[85]

[86]

[87]

[88]

[89]

[90]

[o1]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

Current Molecular Pharmacology, 2009, Vol. 2, No. 1 131

Zorov, D. B.; Filburn, C. R.; Klotz, L. O.; Zweier, J. L.; Sollott, S. J. Reac-
tive oxygen species (ROS)-induced ROS release: a new phenomenon ac-
companying induction of the mitochondrial permeability transition in cardiac
myocytes. J. Exp. Med. 2000, 192, 1001-1014.

Rhee, S. G. Redox signaling: hydrogen peroxide as intracellular messenger.
Exp. Mol. Med. 1999, 31, 53-59.

Adler, V,; Yin, Z.; Tew, K. D.; Ronai, Z. Role of redox potential and reactive
oxygen species in stress signaling. Oncogene 1999, 18, 6104-6111.

Wang, T.; Zhang, X.; Li, J. J. The role of NF-kappaB in the regulation of cell
stress responses. Int. Inmunopharmacol. 2002, 2, 1509-1520.

Xu, Y.; Kiningham, K. K.; Devalaraja, M. N.; Yeh, C. C.; Majima, H.;
Kasarskis, E. J.; St Clair, D. K. An intronic NF-kappaB element is essential
for induction of the human manganese superoxide dismutase gene by tumor
necrosis factor-alpha and interleukin-1beta. DNA Cell Biol. 1999, 18, 709-
722.

McKenna, W. G.; Muschel, R. J.; Gupta, A. K.; Hahn, S. M.; Bernhard, E. J.
The RAS signal transduction pathway and its role in radiation sensitivity.
Oncogene 2003, 22, 5866-5875.

Reuther, G. W.; Der, C. J. The Ras branch of small GTPases: Ras family
members don't fall far from the tree. Curr. Opin. Cell Biol. 2000, 12, 157-
165.

Lambert, Q. T.; Reuther, G. W. Activation of ras proteins by ras Guanine
nucleotide releasing protein family members. Methods Enzymol. 2005, 407,
82-98.

Astsaturov, I.; Cohen, R. B.; Harari, P. Targeting epidermal growth factor
receptor signaling in the treatment of head and neck cancer. Expert Rev.
Anticancer Ther. 2006, 6, 1179-1193.

Lee, E. R.; Kim, J. Y.; Kang, Y. J.; Ahn, J. Y,; Kim, J. H.; Kim, B. W.; Choi,
H. Y.; Jeong, M. Y.; Cho, S. G. Interplay between PI3K/Akt and MAPK sig-
naling pathways in DNA-damaging drug-induced apoptosis. Biochim. Bio-
phys. Acta 2006, 1763, 958-968.

Kim, B. J.; Ryu, S. W.; Song, B. J. JNK- and p38 kinase-mediated phos-
phorylation of Bax leads to its activation and mitochondrial translocation and
to apoptosis of human hepatoma HepG2 cells. J. Biol. Chem. 2006, 281,
21256-21265.

Gomez-Vicente, V.; Doonan, F.; Donovan, M.; Cotter, T. G. Induction of
BIM(EL) following growth factor withdrawal is a key event in caspase-
dependent apoptosis of 661W photoreceptor cells. Eur. J. Neurosci. 2006,
24,981-990.

Kao, G. D.; Jiang, Z.; Fernandes, A. M.; Gupta, A. K.; Maity, A. Inhibition
of phosphatidylinositol-3-OH kinase/Akt signaling impairs DNA repair in
glioblastoma cells following ionizing radiation. J. Biol. Chem. 2007, 282,
21206-21212.

Shoshani, T.; Faerman, A.; Mett, I.; Zelin, E.; Tenne, T.; Gorodin, S.;
Moshel, Y.; Elbaz, S.; Budanov, A.; Chajut, A.; Kalinski, H.; Kamer, I.; Ro-
zen, A.; Mor, O.; Keshet, E.; Leshkowitz, D.; Einat, P.; Skaliter, R.; Fein-
stein, E. Identification of a novel hypoxia-inducible factor 1-responsive gene,
RTP801, involved in apoptosis. Mol. Cell Biol. 2002, 22, 2283-2293.

Ellisen, L. W.; Ramsayer, K. D.; Johannessen, C. M.; Yang, A.; Beppu, H;
Minda, K.; Oliner, J. D.; McKeon, F.; Haber, D. A. REDD1, a developmen-
tally regulated transcriptional target of p63 and p53, links p63 to regulation
of reactive oxygen species. Mol. Cell 2002, 10, 995-1005.

Wang, Z.; Malone, M. H.; Thomenius, M. J.; Zhong, F.; Xu, F.; Distelhorst,
C. W. Dexamethasone-induced gene 2 (dig2) is a novel pro-survival stress
gene induced rapidly by diverse apoptotic signals. J. Biol. Chem. 2003, 278,
27053-27058.

Lin, L.; Stringfield, T. M.; Shi, X.; Chen, Y. Arsenite induces a cell stress-
response gene, RTP801, through reactive oxygen species and transcription
factors Elk-1 and CCAAT/enhancer-binding protein. Biochem. J. 2005, 392,
93-102.

Brafman, A.; Mett, 1.; Shafir, M.; Gottlieb, H.; Damari, G.; Gozlan-Kelner,
S.; Vishnevskia-Dai, V.; Skaliter, R.; Einat, P.; Faerman, A.; Feinstein, E.;
Shoshani, T. Inhibition of oxygen-induced retinopathy in RTP801-deficient
mice. Invest. Ophthalmol. Vis. Sci. 2004, 45, 3796-3805.

Schwarzer, R.; Tondera, D.; Amold, W.; Giese, K.; Klippel, A.; Kaufmann,
J. REDD1 integrates hypoxia-mediated survival signaling downstream of
phosphatidylinositol 3-kinase. Oncogene 2005, 24, 1138-1149.

Abraham, R. T. TOR signaling: an odyssey from cellular stress to the cell
growth machinery. Curr. Biol. 2005, 15, R139-141.

Fesenko, S. V.; Alexakhin, R. M.; Balonov, M. I.; Bogdevitch, I. M.; How-
ard, B. J.; Kashparov, V. A.; Sanzharova, N. I.; Panov, A. V.; Voigt, G.;
Zhuchenka, Y. M. An extended critical review of twenty years of counter-
measures used in agriculture after the Chernobyl accident. Sci. Total Envi-
ron. 2007, 383, 1-24.

Flynn, D. F.; Goans, R. E. Nuclear terrorism: triage and medical manage-
ment of radiation and combined-injury casualties. Surg. Clin. North Am.
2006, 86, 601-636.

Herodin, F.; Mayol, J. F.; Mourcin, F.; Drouet, M. Which place for stem cell
therapy in the treatment of acute radiation syndrome? Folia Histochem. Cy-
tobiol. 2005, 43, 223-227.

Knox, S. J.; Varghese, A.; Khan, W.; Chen, E.; MacManus, M.; Ray, G.;
Lee, K.; Lamborn, K. R. A prospective study of radiation therapy-associated
thrombocytopenia. Blood 1997, 90, 4237-4238.

Kashiwakura, I.; Inanami, O.; Abe, Y.; Satoh, K.; Takahashi, T. A.; Kuwa-
bara, M. Regeneration of megakaryocytopoiesis and thrombopoiesis in vitro



132 Current Molecular Pharmacology, 2009, Vol. 2, No. 1

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

from X-irradiated human hematopoietic stem cells. Radiat. Res. 2006, 166,
345-351.

Bell, W. C.; Dallas, C. E. Vulnerability of populations and the urban health
care systems to nuclear weapon attack--examples from four American cities.
Int. J. Health Geogr. 2007, 6, 5.

Stone, H. B.; Moulder, J. E.; Coleman, C. N.; Ang, K. K.; Anscher, M. S.;
Barcellos-Hoff, M. H.; Dynan, W. S.; Fike, J. R.; Grdina, D. J.; Greenberger,
J. S.; Hauer-Jensen, M.; Hill, R. P.; Kolesnick, R. N.; Macvittie, T. J.; Marks,
C.; McBride, W. H.; Metting, N.; Pellmar, T.; Purucker, M.; Robbins, M. E.;
Schiestl, R. H.; Seed, T. M.; Tomaszewski, J. E.; Travis, E. L.; Wallner, P.
E.; Wolpert, M.; Zaharevitz, D. Models for evaluating agents intended for the
prophylaxis, mitigation and treatment of radiation injuries. Report of an NCI
Workshop, December 3-4, 2003. Radiat. Res. 2004, 162, 711-728.

Herodin, F.; Drouet, M. Cytokine-based treatment of accidentally irradiated
victims and new approaches. Exp. Hematol. 2005, 33, 1071-1080.

Albanese, J.; Dainiak, N. Modulation of intercellular communication medi-
ated at the cell surface and on extracellular, plasma membrane-derived vesi-
cles by ionizing radiation. Exp. Hematol. 2003, 31, 455-464.

Drouet, M.; Mathieu, J.; Grenier, N.; Multon, E.; Sotto, J. J.; Herodin, F. The
reduction of in vitro radiation-induced Fas-related apoptosis in CD34+ pro-
genitor cells by SCF, FLT-3 ligand, TPO, and IL-3 in combination resulted
in CD34+ cell proliferation and differentiation. Stem Cells 1999, 17, 273-
285.

Potten, C. S.; Booth, D.; Cragg, N. J.; Tudor, G. L.; O'Shea, J. A.; Booth, C.;
Meineke, F. A.; Barthel, D.; Loeffler, M. Cell kinetic studies in the murine
ventral tongue epithelium: mucositis induced by radiation and its protection
by pretreatment with keratinocyte growth factor (KGF). Cell Prolif. 2002,
35(Suppl 1), 32-47.

Min, D.; Taylor, P. A.; Panoskaltsis-Mortari, A.; Chung, B.; Danilenko, D.
M.; Farrell, C.; Lacey, D. L.; Blazar, B. R.; Weinberg, K. I. Protection from
thymic epithelial cell injury by keratinocyte growth factor: a new approach to
improve thymic and peripheral T-cell reconstitution after bone marrow
transplantation. Blood 2002, 99, 4592-4600.

Dorr, W.; Noack, R.; Spekl, K.; Farrell, C. L. Modification of oral mucositis
by keratinocyte growth factor: single radiation exposure. Int. J. Radiat. Biol.
2001, 77, 341-347.

Du, X. X.; Doerschuk, C. M.; Orazi, A.; Williams, D. A. A bone marrow
stromal-derived growth factor, interleukin-11, stimulates recovery of small
intestinal mucosal cells after cytoablative therapy. Blood 1994, 83, 33-37.
MacVittie, T. J.; Farese, A. M. Cytokine-based treatment of radiation injury:
potential benefits after low-level radiation exposure. Mil. Med. 2002, 167,
68-70.

Fry, T. J.; Sinha, M.; Milliron, M.; Chu, Y. W.; Kapoor, V.; Gress, R. E,;
Thomas, E.; Mackall, C. L. FIt3 ligand enhances thymic-dependent and
thymic-independent immune reconstitution. Blood 2004, 104, 2794-2800.
Collins, M. K.; Marvel, J.; Malde, P.; Lopez-Rivas, A. Interleukin 3 protects
murine bone marrow cells from apoptosis induced by DNA damaging agents.
J. Exp. Med. 1992, 176, 1043-1051.

Canman, C. E.; Gilmer, T. M.; Coutts, S. B.; Kastan, M. B. Growth factor
modulation of p53-mediated growth arrest versus apoptosis. Genes Dev.
1995, 9, 600-611.

Quelle, F. W.; Wang, J.; Feng, J.; Wang, D.; Cleveland, J. L.; lhle, J. N.;
Zambetti, G. P. Cytokine rescue of p53-dependent apoptosis and cell cycle
arrest is mediated by distinct Jak kinase signaling pathways. Genes Dev.
1998, 12, 1099-1107.

Pestina, T. I.; Cleveland, J. L.; Yang, C.; Zambetti, G. P.; Jackson, C. W.
Mpl ligand prevents lethal myelosuppression by inhibiting p53-dependent
apoptosis. Blood 2001, 98, 2084-2090.

Komarova, E. A.; Kondratov, R. V.; Wang, K.; Christov, K.; Golovkina, T.
V.; Goldblum, J. R.; Gudkov, A. V. Dual effect of p53 on radiation sensitiv-
ity in vivo: p53 promotes hematopoietic injury, but protects from gastro-
intestinal syndrome in mice. Oncogene 2004, 23, 3265-3271.

Hoffman, B.; Liebermann, D. A. Role of gadd45 in myeloid cells in response
to hematopoietic stress. Blood Cells Mol. Dis. 2007, 39, 344-347.

Hollander, M. C.; Sheikh, M. S.; Bulavin, D. V.; Lundgren, K.; Augeri-
Henmueller, L.; Shehee, R.; Molinaro, T. A.; Kim, K. E.; Tolosa, E.; Ash-
well, J. D.; Rosenberg, M. P.; Zhan, Q.; Fernandez-Salguero, P. M.; Morgan,
W. F.; Deng, C. X.; Fornace, A. J., Jr. Genomic instability in Gadd45a-
deficient mice. Nat. Genet. 1999, 23, 176-184.

Rixon, R. H.; Whitfield, J. F.; Youdale, T. Increased survival of rats irradi-
ated with x-rays and treated with parathyroid extract. Nature 1958, 182,
1374.

Taichman, R. S. Blood and bone: two tissues whose fates are intertwined to
create the hematopoietic stem-cell niche. Blood 2005, 105, 2631-2639.
Visnjic, D.; Kalajzic, Z.; Rowe, D. W.; Katavic, V.; Lorenzo, J.; Aguila, H.
L. Hematopoiesis is severely altered in mice with an induced osteoblast defi-
ciency. Blood 2004, 103, 3258-3264.

Calvi, L. M.; Adams, G. B.; Weibrecht, K. W.; Weber, J. M.; Olson, D. P.;
Knight, M. C.; Martin, R. P.; Schipani, E.; Divieti, P.; Bringhurst, F. R.;
Milner, L. A.; Kronenberg, H. M.; Scadden, D. T. Osteoblastic cells regulate
the haematopoietic stem cell niche. Nature 2003, 425, 841-846.

Whitfield, J. F. Parathyroid hormone: a novel tool for treating bone marrow
depletion in cancer patients caused by chemotherapeutic drugs and ionizing
radiation. Cancer Lett. 2006, 244, 8-15.

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

Xiao and Whitnall

Vijayalaxmi; Reiter, R. J.; Herman, T. S.; Meltz, M. L. Melatonin and radio-
protection from genetic damage: in vivo/in vitro studies with human volun-
teers. Mutat. Res. 1996, 371, 221-228.

Karbownik, M.; Reiter, R. J. Antioxidative effects of melatonin in protection
against cellular damage caused by ionizing radiation. Proc. Soc. Exp. Biol.
Med. 2000, 225, 9-22.

Karbownik, M.; Reiter, R. J.; Qi, W.; Garcia, J. J.; Tan, D. X.; Manchester,
L. C. Vijayalaxmi Protective effects of melatonin against oxidation of gua-
nine bases in DNA and decreased microsomal membrane fluidity in rat liver
induced by whole body ionizing radiation. Mol. Cell Biochem. 2000, 211,
137-144.

Vijayalaxmi; Reiter, R. J.; Tan, D. X.; Herman, T. S.; Thomas, C. R., Jr.
Melatonin as a radioprotective agent: a review. Int. J. Radiat. Oncol. Biol.
Phys. 2004, 59, 639-653.

Shirazi, A.; Ghobadi, G.; Ghazi-Khansari, M. A radiobiological review on
melatonin: a novel radioprotector. J. Radiat. Res. (Tokyo) 2007, 48, 263-272.
Reiter, R. J.; Tan, D. X.; Gitto, E.; Sainz, R. M.; Mayo, J. C.; Leon, J.; Man-
chester, L. C.; Vijayalaxmi; Kilic, E.; Kilic, U. Pharmacological utility of
melatonin in reducing oxidative cellular and molecular damage. Pol. J.
Pharmacol. 2004, 56, 159-170.

Stickney, D. R.; Dowding, C.; Authier, S.; Garsd, A.; Onizuka-Handa, N.;
Reading, C.; Frincke, J. M. 5-androstenediol improves survival in clinically
unsupported rhesus monkeys with radiation-induced myelosuppression. Int.
Immunopharmacol. 2007, 7, 500-505.

Whitnall, M. H.; Villa, V.; Seed, T. M.; Benjack, J.; Miner, V.; Lewbart, M.
L.; Dowding, C. A.; Jackson, W. E., 39 Molecular specificity of 5-
androstenediol as a systemic radioprotectant in mice. Immunopharmacol.
Immunotoxicol. 2005, 27, 15-32.

Whitnall, M. H.; Inal, C. E.; Jackson, W. E., 3“.; Miner, V. L.; Villa, V.;
Seed, T. M. In vivo radioprotection by 5-androstenediol: stimulation of the
innate immune system. Radiat. Res. 2001, 156, 283-293.

Stickney, D. R.; Dowding, C.; Garsd, A.; Ahlem, C.; Whitnall, M.; McKeon,
M.; Reading, C.; Frincke, J. 5-androstenediol stimulates multilineage hema-
topoiesis in rhesus monkeys with radiation-induced myelosuppression. Int.
Immunopharmacol. 2006, 6, 1706-1713.

Whitnall, M. H.; Elliott, T. B.; Harding, R. A.; Inal, C. E.; Landauer, M. R.;
Wilhelmsen, C. L.; McKinney, L.; Miner, V. L.; Jackson, W. E. r.; Loria, R.
M.; Ledney, G. D.; Seed, T. M. Androstenediol stimulates myelopoiesis and
enhances resistance to infection in gamma-irradiated mice. Int. J. Immuno-
pharmacol. 2000, 22, 1-14.

Singh, V. K.; Shafran, R. L.; Inal, C. E.; Jackson, W. E., 3 Whitnall, M. H.
Effects of whole-body gamma irradiation and 5-androstenediol administra-
tion on serum G-CSF. Immunopharmacol. Immunotoxicol. 2005, 27, 521-
534.

Szalay, L.; Shimizu, T.; Suzuki, T.; Hsieh, Y. C.; Choudhry, M. A.; Schwa-
cha, M. G.; Bland, K. I.; Chaudry, I. H. Androstenediol administration after
trauma-hemorrhage attenuates inflammatory response, reduces organ dam-
age, and improves survival following sepsis. Am. J. Physiol. Gastrointest.
Liver Physiol. 2006, 291, G260-266.

Xiao, M.; Inal, C. E.; Parekh, V. I.; Chang, C. M.; Whitnall, M. H. 5-
Androstenediol promotes survival of gamma-irradiated human hematopoietic
progenitors through induction of nuclear factor-kappaB activation and granu-
locyte colony-stimulating factor expression. Mol. Pharmacol. 2007, 72, 370-
379.

Capizzi, R. L.; Oster, W. Chemoprotective and radioprotective effects of
amifostine: an update of clinical trials. Int. J. Hematol. 2000, 72, 425-435.
Murley, J. S.; Kataoka, Y.; Weydert, C. J.; Oberley, L. W.; Grdina, D. J.
Delayed radioprotection by nuclear transcription factor kappaB-mediated in-
duction of manganese superoxide dismutase in human microvascular endo-
thelial cells after exposure to the free radical scavenger WR1065. Free
Radic. Biol. Med. 2006, 40, 1004-1016.

Das, K. C.; Lewis-Molock, Y.; White, C. W. Activation of NF-kappa B and
elevation of MnSOD gene expression by thiol reducing agents in lung ade-
nocarcinoma (A549) cells. Am. J. Physiol. 1995, 269, L588-L602.

Murley, J. S.; Kataoka, Y.; Hallahan, D. E.; Roberts, J. C.; Grdina, D. J.
Activation of NFkappaB and MnSOD gene expression by free radical scav-
engers in human microvascular endothelial cells. Free Radic. Biol. Med.
2001, 30, 1426-1439.

Flohe, L.; Brigelius-Flohe, R.; Saliou, C.; Traber, M. G.; Packer, L. Redox
regulation of NF-kappa B activation. Free Radic. Biol. Med. 1997, 22, 1115-
1126.

Savoye, C.; Swenberg, C.; Hugot, S.; Sy, D.; Sabattier, R.; Charlier, M.;
Spotheim-Maurizot, M. Thiol WR-1065 and disulphide WR-33278, two me-
tabolites of the drug ethyol (WR-2721), protect DNA against fast neutron-
induced strand breakage. Int. J. Radiat. Biol. 1997, 71, 193-202.

Holwitt, E. A.; Koda, E.; Swenberg, C. E. Enhancement of topoisomerase I-
mediated unwinding of supercoiled DNA by the radioprotector WR-33278.
Radiat. Res. 1990, 124, 107-109.

Grdina, D. J.; Kataoka, Y.; Murley, J. S. Amifostine: mechanisms of action
underlying cytoprotection and chemoprevention. Drug Metabol. Drug Inter-
act. 2000, 16, 237-279.

Kataoka, Y.; Murley, J. S.; Baker, K. L.; Grdina, D. J. Relationship between
phosphorylated histone H2AX formation and cell survival in human mi-
crovascular endothelial cells (HMEC) as a function of ionizing radiation



Pharmacological Countermeasures for the Acute Radiation Syndrome

[156]

[157]

[158]

[159]

exposure in the presence or absence of thiol-containing drugs. Radiat. Res.
2007, 168, 106-114.

Valachovicova, T.; Slivova, V.; Bergman, H.; Shuherk, J.; Sliva, D. Soy
isoflavones suppress invasiveness of breast cancer cells by the inhibition of
NF-kappaB/AP-1-dependent and -independent pathways. Int. J. Oncol. 2004,
25, 1389-1395.

Landauer, M. R.; Srinivasan, V.; Seed, T. M. Genistein treatment protects
mice from ionizing radiation injury. J. Appl. Toxicol. 2003, 23, 379-385.
Davis, T. A.; Clarke, T. K.; Mog, S. R.; Landauer, M. R. Subcutaneous
administration of genistein prior to lethal irradiation supports multilineage,
hematopoietic progenitor cell recovery and survival. Int. J. Radiat. Biol.
2007, 83, 141-151.

Zhou, Y.; Mi, M. T. Genistein stimulates hematopoiesis and increases sur-
vival in irradiated mice. J. Radiat. Res. (Tokyo) 2005, 46, 425-433.

[160]

[161]

[162]

[163]

Current Molecular Pharmacology, 2009, Vol. 2, No. 1 133

Song, L. H.; Yan, H. L.; Cai, D. L. Gene expression profiles in the liver of
mice irradiated with (60)Co gamma rays and treated with soybean isofla-
vone. Eur. J. Nutr. 2006, 45, 406-417.

Song, L. H.; Yan, H. L.; Cai, D. L. Protective effects of soybean isoflavone
against gamma-irradiation induced damages in mice. J. Radiat. Res. (Tokyo)
2006, 47, 157-165.

Burdelya, L. G.; Krivokrysenko, V. I.; Tallant, T. C.; Strom, E.; Gleiberman,
A.S.; Gupta, D.; Kurnasov, O. V.; Fort, F. L.; Osterman, A. L.; Didonato, J.
A.; Feinstein, E.; Gudkov, A. V. An agonist of toll-like receptor 5 has radio-
protective activity in mouse and primate models. Science 2008, 320, 226-
230.

Hayden, M. S.; West, A. P.; Ghosh, S. SnapShot: NF-kappaB signaling
pathways. Cell 2006, 127, 1286-1287.

Received: February 06, 2008

Revised: August 19, 2008

Accepted: October 16, 2008



