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Despite the potential devastating health consequences of intense total-body irradiation, and the decades of re-
search, there still remains a dearth of safe and effective radiation countermeasures for emergency, radiological/
nuclear contingencies that have been fully approved and sanctioned for use by the US FDA. Vitamin E is a
well-known antioxidant, effective in scavenging free radicals generated by radiation exposure. Vitamin E
analogs, collectively known as tocols, have been subject to active investigation for a long time as radioprotec-
tors in patients undergoing radiotherapy and in the context of possible radiation accidents or terrorism scen-
arios. Eight major isoforms comprise the tocol group: four tocopherols and four tocotrienols. A number of
these agents and their derivatives are being investigated actively as radiation countermeasures using animal
models, and several appear promising. Although the tocols are well recognized as potent antioxidants and are
generally thought to mediate radioprotection through ‘free radical quenching’, recent studies have suggested
several alternative mechanisms: most notably, an ‘indirect effect’ of tocols in eliciting specific species of
radioprotective growth factors/cytokines such as granulocyte colony-stimulating factor (G-CSF). The radio-
protective efficacy of at least two tocols has been abrogated using a neutralizing antibody of G-CSF. Based on
encouraging results of radioprotective efficacy, laboratory testing of y-tocotrienol has moved from a small
rodent model to a large nonhuman primate model for preclinical evaluation. In this brief review we identify
and discuss selected tocols and their derivatives currently under development as radiation countermeasures,
and attempt to describe in some detail their in vivo efficacy.
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INTRODUCTION

Radioactive sources have been used globally for decades for a
wide variety of purposes, including, but not limited to, diag-
nostic and therapeutic medicine, nuclear-generated energy,
engineering and construction, sterilization of food and other
products. As a consequence, on a global level, radioactive
sources are quite plentiful, often loosely maintained and in-
ventoried, and, unfortunately, at times are poorly secured. The
current reality is that there are only minimal barriers that ter-
rorists would face in attempting to acquire radioactive

materials from these widely ranging sources. The radioactive
materials needed to build a ‘dirty bomb’ can be found in
almost any country in the world, and more than 100 countries
may not have adequate regulatory control and monitoring pro-
grams necessary to prevent or even detect the theft of these
materials [1]. Such ‘intended’ events, or those ‘unintended’
accidental events, that involve release or dispersal of massive
amounts of radioactive material are an undeniable, potentially
catastrophic possibility [2]. The number of individuals who
would be affected and in need of medical care after a
large-scale event, such as activation of an improvised nuclear
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device, would be high [3]. Therefore, without question, there
is an urgent need to be better prepared than we are currently
for such radiological/nuclear contingencies, regardless of
whether they are intentional or otherwise.

Acute radiation syndrome (ARS) is characterized by the
differential response of the body’s vital organ systems to
various intensities of radiation exposure. Clinical and patho-
physiological details of these ARS-associated responses
have been reported elsewhere [4]. However, in terms of dis-
cussing medical countermeasures for ARS, a brief overview
of this disease complex is given below. There are at least
three distinct subsyndromes—hematopoietic, gastrointes-
tinal, and neuro/cerebrovascular—that are dependent upon
the radiation exposure’s total dose, dose rate and duration, as
well as upon the quality of the radiation itself [5, 6]. Each of
the subsyndromes follows a similar, three-phase, clinical
pattern: (i) prodromal phase occurring during the initial
period (i.e. less than an hour to a day or so) following expos-
ure; (ii) a latent phase, which shortens with increasing inten-
sity of exposure, and (iii) the manifest or ‘illness’ phase. The
prodromal phase is characterized by the onset of nausea,
vomiting and malaise. The time of nausea and vomiting dir-
ectly relates to the radiation dose the individual has received.
The latent phase follows the prodromal phase, and is when
the exposed individual will be relatively symptom-free. The
length of the latent phase can be quite variable, depending
on the exposure intensity and setting and ranges in time from
a short couple of hours or days, to longer periods of several
weeks to a month or more. Compared to the longer latency of
the hematopoietic syndrome, the latency of the gastrointes-
tinal syndrome is relatively short (lasting a few days to a
week), and it is exceedingly short for the neurovascular syn-
drome (generally only a few hours).

The illness phase presents with clinical symptoms asso-
ciated with the manifest pathologies of the major organ
systems injured (marrow, intestine, or neurologic and vascu-
lar systems). Individuals receiving ~1.5 Gy or greater of
acute whole-body irradiation will experience a decline in
bone marrow function and pancytopenia with a magnitude
incrementally increasing with increasing exposure intensity.
The time of onset of blood cytopenias and the extent of
marrow suppression vary considerably, but are clearly in re-
lation to the intensity and duration of radiation exposure.
Significant changes within the peripheral blood profiles of
exposed individuals can be observed within hours to a few
days following irradiation. Blood levels of lymphocytes
decline the most rapidly and erythrocytes the least rapidly.
Other blood cell types, e.g. leukocyte subsets in general, but
neutrophils and monocytes specifically, decline more slowly
than lymphocytes.

The gastrointestinal syndrome is generally elicited by much
higher exposure levels (e.g. 610 Gy) than those that elicit the
hematopoietic syndrome. However, lower radiation doses may
also cause gastrointestinal syndrome under certain

circumstances. Manifestation of the gastrointestinal syndrome
has serious clinical implications, especially when accompan-
ied by a marked reduction in the bone marrow’s blood-
forming capacity and the suppression of the body’s innate
immune response. The clinical phase of the gastrointestinal
syndrome tends to occur earlier than does the hematopoietic
syndrome, but often the two syndromes will overlap.

The neuro/cerebrovascular syndrome is associated with
very high, acute doses of radiation (i.e. generally in consider-
able excess of 10 Gy). After a short latency period, the clin-
ical course is marked by a steadily deteriorating state of
consciousness with eventual coma and death. Convulsions
also may occur [7]. The neuro/cerebrovascular syndrome is
intractable by nature due to the current lack of suitable pre-
ventive or therapeutic measures. In contrast, individuals re-
ceiving lower radiation doses that result in the hematopoietic
and gastrointestinal syndromes are more likely to be success-
fully managed clinically by interventions with suitable radi-
ation countermeasures. Therefore, these two syndromes are
specific targets for the development of novel countermea-
sures.

It is now well recognized that free radicals formed by the
radiolysis of cellular aqueous milieu, and their interaction
with one another and with oxygen, are primary mediators of
radiation injury [4]. Most forms of ionizing radiation cause
the production of reactive oxygen species through hydrolysis
of water. These include superoxide, hydrogen peroxide, and
hydroxyl radicals (the most reactive form). Such reactive
oxygen species induced by ionizing radiation can initiate
oxidative cellular injury, as well as activating intracellular
signaling pathways and stimulating cytochrome c release
from mitochondria leading to apoptosis (programmed cell
death). This understanding has placed emphasis on the search
for antioxidant agents that are suitable as radiation counter-
measures [8—10]. Although endogenous antioxidant systems
(glutathione, thioredoxin, superoxide dismutase, and catalase)
normally inhibit the deleterious effects of reactive oxygen
species, these systems may be overwhelmed in irradiated
cells. Exogenously supplemented antioxidants, or agents that
stimulate endogenous antioxidant systems within cells, have
shown promise in terms of suppressing the harmful effects of
irradiation. If present in the cells at the time of radiation expos-
ure, such antioxidants may protect cells from radiation
damage by scavenging reactive oxygen species before they act
on cellular components. A variety of reducing agents, such as
vitamin E analogs, polyphenols, thiols and superoxide dismu-
tase mimetics have been described as potential radiation coun-
termeasures in the recent past [8, 10].

Vitamin E

Natural products with human health benefits have become at-
tractive targets for research [11]. For both prevention and
therapy of human diseases, such compounds are common in
our diets and, hence, are often perceived as being more
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‘natural’ and better suited for medicinal purposes than ‘un-
natural’ synthetic analogs due to being well tolerated and
minimally toxic even at the upper ranges of dietary intake.
By and large, such compounds are absorbed and processed
easily by our body. Vitamins are prominent among natural
compounds considered beneficial for human health [12].
Vitamin E is well known for its established health benefits,
including antioxidant, neuroprotective, and anti-inflammatory
properties [13]. Vitamin E has emerged as an essential, fat-
soluble nutrient that functions as an antioxidant in the
human body. It is essential because the body cannot manu-
facture its own vitamin E, so foods and supplements must
provide it. At present, vitamin E represents a generic term
for all tocopherols and their derivatives with naturally occur-
ring and biologically active stereoisomeric compounds of
o-tocopherol (AT) [14-16].

Tocopherols and tocotrienols

Vitamin E represents a family of compounds that is divided
into two subgroups called tocopherols and tocotrienols,
which act as important antioxidants that regulate peroxida-
tion reactions and control free-radical production within the
body [17, 18]. This family of compounds has eight different
isoforms belonging to two categories: four saturated analogs
(o, B, v and J) called tocopherols, and four unsaturated
analogs referred to as tocotrienols (Fig. 1). These eight com-
ponents are collectively known as tocols. Tocopherols and
tocotrienols share common structural features of a chromanol
ring and a 15-carbon tail at the C-2 position derived
from homogenistate and phytyl diphosphate, respectively.
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Tocotrienols differ structurally from tocopherols by the pres-
ence of three trans-double bonds in the hydrocarbon tail. The
isomeric forms of tocopherol and tocotrienol are distin-
guished by the number and location of methyl groups on the
chromanol rings. Recent studies suggest that both the mo-
lecular and therapeutic targets of the tocotrienols are distinct
from those of the tocopherols. While the tocopherols have
been investigated extensively, relatively little is known about
the tocotrienols. The abundance of AT in the human body
has led biologists to neglect the non-tocopherol vitamin E
molecules as topics for basic and clinical research. Recent
developments suggest a serious reconsideration of this con-
ventional wisdom is warranted. The latest developments in
vitamin E research clearly indicate that members of the
vitamin E family are not redundant with respect to their bio-
logical functions [13]. a-, y-, and &-tocotrienol have emerged
as tocol molecules with functions in maintaining health
and treating disease that are clearly distinct from that of
tocopherols [19]. Current knowledge indicates prudent in-
vestigation of the less well-known isoforms is important, en-
abling intelligent selection of suitable molecules for studies.
Although tocotrienols were discovered five decades ago,
the majority of their biological properties have been revealed
only in the last decade. The anti-inflammatory, antioxidant,
and cholesterol-lowering properties of tocotrienols can prevent
cancer, diabetes, and cardiovascular and neurodegenerative
diseases [20]. The isoforms of tocotrienols, which differ in
their number of methyl groups, also differ in their biological
activities. While several investigations have suggested that
o-tocotrienol is highly neuroprotective [21], it has been
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Chemical structures of tocopherols, tocotrienols and tocopherol succinate.
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demonstrated that &-tocotrienol (DT3) is effective in target-
ing prostate cancer stem cell-like populations [22], and DT3
was also found to be effective against pancreatic carcinoma
[23]. Earlier studies suggest that there may be as much as a
30-fold difference in the ability of a-, y-, and 8-tocotrienol to
inhibit cholesterol biosynthesis [24].

Tocols and their derivatives have been evaluated, some-
times comparatively, for their radioprotective properties at
our institute as well as at several other institutions. The ma-
jority of these studies have been conducted with AT, the
most commonly used vitamin E supplement and the most
abundant vitamin E isoform in human and animal tissues [9,
25, 26]. During the last decade, tocotrienol research has
gained substantial momentum. As stated above, for radiopro-
tective efficacy, DT3 and y-tocotrienol (GT3) are comparable
and appear to be even better than other tocols [27-30]. Here
we discuss selected and promising tocols and their deriva-
tives under development as radiation countermeasures.

Comparison of tocopherols and tocotrienols
Tocopherols and tocotrienols differ in that the latter contain
three double bonds in their isoprenoid side chain while the
former do not [21]. Although more than 30 000 papers have
been published on tocopherols, less than 600 papers deal
with tocotrienols, with the majority of those published
within the last decade. There are a limited number of publica-
tions (<50) about radioprotective efficacy of these agents,
and almost all of these publications appeared during the last
ten years.

Relative abundance in different food

Although tocopherols and tocotrieniols can be found in, and
isolated from, a wide variety of foods (e.g. grains, legumes,
seeds, etc.), the abundance of these two major classes of
tocols in these foods differ, often significantly [12, 16]. For
example, tocopherols are relatively abundant in corn, wheat
and soybeans, whereas tocotrienols show greater abundance
in barley, oats, palm and rice bran (Table 1). Tocotrienols are
present in a range of unrelated plant groups and are almost
exclusively found in seeds and fruits.

Metabolism and other related biologic activities

Both tocopherols and tocotrienols are metabolized through
w-hydroxylation followed by five cycles of B-oxidation [31].
Tocotrienols possess better neureoprotective, anticancer and
cholesterol lowering properties compared to tocopherols
[32]. In two interesting studies, it has been shown that toco-
trienols, but not tocopherols, inhibit the activation of pp60
(c-Src, a key regulator of glutamate-induced neuronal cell
death) [21], and protect the neurons from glutamate-induced
12-lipoxygenase (12-Lox) activation [33]. The oral adminis-
tration of tocotrienols but not tocopherols block tumor-
induced angiogenesis [34]. Tocotrienols down-regulate vascular
endothelial growth factor (VEGF) receptor expression in

Table 1. Natural sources of AT and tocotrienols (mg/100
gm) being developed as radiation countermeasures
Source AT DT3 GT3
Palm oil 20.5 7.2 323
Rice bran 23.6 53
Wheat germ 24 11.8 49.3
Barley 67 5
Oat 18 5 5
Coconut oil 0.5 0.6
Palm kernel oil 2.1
Soyabean 10
Soya bean oil 26.4 59.3
Safflower oil 38.7
Peanut oil 2.1
Cocoa butter 0.2 1.7 17
Olive oil
Sunflower 67
Maize 28.2 0.6 16.1
Rapeseed 20.2

human umbilical vein endothelial cells (HUVEC) and block
VEGF signaling. Tocotrienols are converted to tocopherols
in vivo and the rate of conversion is species dependent.
Though the conversion of tocotrienols to tocopherols is
higher in human and chicken compared to swine, only a
small percentage of tocotrienols is converted to tocopherols,
which may not be biologically relevant [35-37].

Antioxidant properties of tocols

A selected number of studies have demonstrated that toco-
trienols have superior antioxidant activity compared with
tocopherols [24, 38—40]. One study reported that the antioxi-
dant potential of tocotrienols is 1600 times more than that of
AT [41]. Other reports suggesting that the tocotrienol’s su-
perior antioxidant efficacy may lie in the unsaturation in the
aliphatic tail, which facilitates easier penetration into the
tissue. Although the above studies suggest that tocotrienols
have stronger antioxidant properties than tocopherols, other
studies were not able to demonstrate a difference between
tocopherols and tocotrienol in antioxidant potential [42].
There is no unanimity regarding whether the intrinsic anti-
oxidant abilities of tocotrienols are different from those of
tocopherols, or whether the different effects of tocopherols
and tocotrienols in tissue may be due to differences in
uptake. The data from the existing literature suggest that the
reducing ability and radical chain-breaking activity of tocols
depend on the circumstances under which the assays are
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performed. Tocopherol succinate (TS), DT3 and GT3 have
comparable radioprotective efficacy, but all three appear to
be better than AT, thus suggesting that better antioxidant ac-
tivity may not necessarily translate into better radioprotective
efficacy (Table 2). The alternative explanation might be that
these tocols might not be significantly different in terms of
their inherent antioxidant activities.

Effects of tocols on
3-hydroxy-3-methylglutaryl-coenzyme A reductase
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) re-
ductase is a regulatory enzyme for cholesterol biosynthesis
and it modulates serum cholesterol levels. In laboratory
animals, supplementation of tocopherols in the diet raises
blood serum levels of both total and low-density lipoprotein
cholesterol levels, whereas supplementation of tocotrienols
lowers serum total and low-density lipoprotein cholesterol
levels [43]. Alpha tocotrienol inhibits HMG-CoA reductase
while AT exhibits either inhibitory or stimulatory effect on
liver HMG-CoA reductase [43-45]. DT3 and GT3 inhibit
HMG-CoA reductase by inducing its degradation in the
ubiquitin-proteasome pathway [46]. This is a mechanism dif-
ferent from common HMG-CoA reductase inhibitors such as
statins that inhibit the rate-limiting step in the sterol biochem-
ical pathway and the conversion of HMG-CoA to mevalo-
nate [47]. These results provide a plausible mechanism for
the hypercholesterolemic activity of tocotrienols that has
been observed in both animals and humans.

Several mechanisms could account for potency differences
in efficacy of tocopherols and tocotrienols:

(1) the chromanol ring of tocotrienols may interact
more efficiently with the lipid bilayer than that of
tocopherols;

(i1) based on structural differences, tocotrienols may
be more uniformly distributed in the lipid bilayer;

(iii) the initial rate of cellular uptake of alpha tocotrie-

nol is 70 times higher than that of AT [48];
(iv) tocotrienols may have a higher recycling effi-
ciency [41].

When administered orally to mice, tocotrienols appear
faster in the blood plasma but at lower levels compared with
tocopherols [49]. Faster appearance of a drug in circulation
and sustained release at lower levels suggest the early- and
long-acting nature of the drug. These important attributes
may make tocotrienols better therapeutic agents than toco-
pherols.

Radiation countermeasures: radioprotectors,
mitigators and therapeutics

Although the search for suitable radiation countermeasures
has been going on for the last 50 years, no safe and effective
radiation countermeasure has been approved by the US Food

and Drug Administration (US FDA) for ARS. This situation
has prompted intensified investigation to identify a new
generation of countermeasures. In this communication we
discuss promising radiation countermeasures being devel-
oped from tocols.

Radioprotectors are agents administered before exposure
to prevent radiation-induced cellular and molecular damage
[50]. Radiation mitigators are drugs administered shortly
after radiation exposure that accelerate recovery or repair
injury caused by radiation. Radiation therapeutics or treat-
ments are agents administered after symptoms appear to
stimulate repair or regeneration of damaged tissues/organ
systems. All agents in the above three categories are collect-
ively known as radiation countermeasures [8, 9, 5I1].
Numerous candidate countermeasures have been identified
and investigated, and are at various stages of development
[8-10,25,26].

In this communication, we briefly summarize recent pro-
gress with various agents grouped under tocols (mainly AT,
DT3, GT3 and TS) (Fig. 1 and Table 2). Current research in
radiation countermeasures focuses on radioprotectors as well
as on mitigators and treatments. Radioprotectants will be
useful for personnel expected to be at risk of exposure, such
as military personnel (Special Operations or National Guard
individuals preparing for a mission with a possibility of radi-
ation exposure) and first responders, as well as civilians
exposed to fallout fields during evacuation from radiological
disaster areas. Given the likely breakdown in transportation
during a mass-casualty scenario, such exposures may be sig-
nificant. Radiomitigators and therapeutics will be useful in
mass-casualty scenarios resulting from nuclear accidents or
terrorist attacks involving nuclear or radiological devices.

The route of administration and the time of administration
relative to time of radiation exposure are important para-
meters for comparing various drugs and selecting a radiation
countermeasure for advance development. Optimally, the ra-
diation countermeasure should be effective orally and can be
administered as late as possible after radiation exposure. All
tocols tested for radioprotective efficacy have demonstrated
protection against radiation exposure when administered sub-
cutaneously 24 h before radiation exposure [28, 52-54].
Tocotrienols may show higher cell uptake, but lower oral
bioavailability [49]. High concentrations of tocopherols may
reduce the uptake of tocotrienols.

The magnitude of protection against radiation damage is
expressed as the dose reduction factor (DRF) or dose modifi-
cation factor (DMF). The DREF is calculated by dividing the
radiation LDsq (lethal dose, 50%) for drug-treated, irradiated
animals by the LDs for irradiated animals treated only with
the vehicle used to administer the drug. The LDs is based
on a probit analysis, typically using at least three radiation
doses that do not result in all or none mortality. For example,
the DRF for a 30-day survival in the mouse quantifies protec-
tion of the hematopoietic system and is probably the most
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Table 2. Summary of radioprotective efficacy of AT (a-tocopherol), TS (o-tocopherol succinate), DT3 (8-tocotrienol)
and GT3 (y-tocotrienol)

| Esterification |+———

h 4

a-tocopherol succinate (TS) |

Vitamin E

-tocopherol
&-tocopherol
y-tocopherol

= a-tocopherol (AT)

a-tocotrienol

- tocotrienol
~&- tocotrienol (DT3)
—y- tocotrienol (GT3)

1.28 (protection)

1.23 (protection)

1.27 (prophylactic).

Parameters TS AT DT3 GT3
Optimal drug dose 400 mg/kg 100 TU/kg 300 mg/kg 200 mg/kg
Eiflectree dra tihe 24 h 224 h 24hto2h 24hto-12h

iwindow for irradiation
Highest radiation G 10.5 Gy 10 Gy 12 Gy
dose for protection |  11-> Gy (0.6 Gy/min) (0.2 Gy/Min) (0.6 Gy/min) (0.6 Gy/min)

1.29 (protection)

Erk1/2 phosphorylation
and mTOR survival
pathways; inhibits
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DRF 1.11 (sc-mitigation) 1.1 (mitigation).
(521 [8, 54] [30] (28]
Hematopoietic s i oo Hematopoietic
Systems protected Gastrointestinal Hematopoietic Hematopoietic Gastrointestinal
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Cé’ ‘g‘;‘:ﬂ‘[’_‘r‘?“"““ IL-6~250 pg/ml IL-6 ~ 50 pg/ml ; IL-6 ~ 50 pg/ml
(G=CHE; 11-0) (91, 92] [69] [109]
Amelioration of radiation- | Minimizes the rate of RBC | Regenerates hematopoietic | Accelerates the
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[52] [66] /Sca-1+/ckit+ ); activates blood cells, particularly

white blood cells,
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(28]

[29]
Protection abrogated by Inhibits HMG-CoA
administration of reductase
exogenous G-CSF [115]
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Modulates the expression
of antioxidant enzymes;
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translocation of gut
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[121]

Reduces the expression of

GTPCH feedback

regulatory protein (GFRP)
[116]
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useful measure for comparing the efficacy against ARS [55,
56]. Because the probit regression lines are not always paral-
lel, it is necessary to perform the complete DRF analysis.
Even when using DRF, comparison may be difficult because
the DRF can vary as a function of species, strain, age,
gender, vehicle, route of administration, and the time of ad-
ministration relative to time of radiation exposure. In mean-
ingfully comparing the DRF of different drugs, one needs to
consider the relative toxicity of the drug doses being used.
The therapeutics index of a drug is defined as the ratio of
drug LDs, to the effective dose of the drug. The larger the
therapeutic index, the safer the drug will be for human [9].

FDA’s Animal Efficacy Rule

Efficacy studies of radiation countermeasures in humans
cannot be conducted because it would be unethical to delib-
erately expose healthy human volunteers to lethal or perman-
ently damaging biological, chemical, radiological or nuclear
substances. Accordingly, the US FDA Animal Efficacy Rule
(21CFR 314) allows approval of new drug products that have
been studied for their safety and efficacy in ameliorating or
preventing serious or life-threatening conditions caused by
exposure to lethal or permanently disabling toxic biological,
chemical, radiological or nuclear substances, based on
animal efficacy studies and phase I safety trials using healthy
volunteers.

Animal models are used to define a developmental
pathway for licensure, or to provide supportive data for drug
approval or emergency use authorization of radiation counter-
measures [57, 58]. The criteria of the FDA Animal Efficacy
Rule relevant to animal model development are as follows:

(i) The animal model and the mechanism of action of
radiation exposure on the specific organ system
must be well characterized. How the radiation coun-
termeasure affects that mechanism must be reason-
ably well understood.

(i1) The effect of the countermeasure is demonstrated
in more than one animal species expected to react

to radiation with a response predictive of the
human response to radiation and its treatment.

(iii) The experimental endpoint is clearly related to the
desired benefit in humans, generally the enhance-
ment of survival or prevention of major morbidity.

(iv) The pharmacokinetics and pharmacodynamics of
the countermeasure or other relevant information
in the animal models and humans allows selection
of an effective countermeasure dose in humans.

Tocols as radiation countermeasures: chemical and
biological nature and mechanisms of action

There is significant interest in developing tocols as radiopro-
tectors because of their potent antioxidant properties, free

radical scavenging ability, lack of performance-degrading
toxicity, and the presumed chemical benefit of suppressing
chronic radiation-induced fibrosis in some organ systems.
The naturally occurring tocols comprise o-, -, 8- and
y-tocopherol and o-, B-, 8-, and y-tocotrienol [19]. Some of
these agents have been shown to induce high levels of cyto-
kines, particularly, granulocyte colony-stimulating factor [8].

AT

There have been an ample number of previous reports dem-
onstrating the radioprotective efficacy of tocols [54, 59-65].
In this regard, we demonstrated that the administration of
tocols subcutaneously, either 1 h before or 15 min after ir-
radiation (dose rate 0.2 Gy/min), significantly increased the
30 day survival of mice. At a dose of 100 international units/
kg of tocols administered 15 min after irradiation, the DRF
was 1.1 [66]. When tocols were injected 1 h before ®Co
v-irradiation at a higher dose rate of 1 Gy/min, the DRF was
1.06. The DRF differences of the above two experiments
may be due to differences in the dose rates of radiation
exposure, in addition to differences in the treatment schedule
(i.e. time of drug administration in relation to irradiation).
There is a report that radiation-induced lipid peroxidation is
greater after a lower dose rate of radiation compared to that
after a higher dose rate of irradiation [61]. When adminis-
tered orally, either before or after 1 Gy radiation exposure,
tocols at 25 mg/kg significantly reduced the frequencies of
micronuclei and chromosomal aberrations in mouse bone
marrow cells [64]. These anti-cytoclastic effects of tocols ad-
ministration probably have greater impact on late-arising,
radiation-induced pathologies than on the manifestation of
ARS.

Administration of AT immediately after irradiation
increased the number of hematopoietic colony-forming units
in the spleen of mice [67]. At 400 mg/kg of AT, enhanced
mouse protection was achieved when administered subcuta-
neously 24 h before ®°Co y-irradiation (0.6 Gy/min) [54].
The ‘time-window’ for such AT-elicited radioprotection
ranged from 20-24 h, while the pharmacokinetics of AT in
blood suggested bimodal maxima at 24 h and at 4 h. In these
studies, the DRF was estimated to be 1.23 with a 95% confi-
dence limit ranging from 1.19-1.28 [68]. The requirement of
administration 24 h prior to irradiation suggests induction of
other factors responsible for protection. Keeping in mind
such mechanisms, various tocopherol analogs were studied
for induction of radioprotective cytokines and growth factors
in response to treatment, and TS was found to stimulate gran-
ulocyte colony-stimulating factor (G-CSF) to the greatest
extent [69].

The radiomitigative potential of AT was first observed in
1978 when an aqueous preparation was used intraperitone-
ally [62]. AT’s radiomitigative effect in mice was linked to
enhanced cell-mediated immunity [63].
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a-tocopherol-mono-glucoside

A novel water-soluble derivative of AT (2-(o-D-glucopyra-
nosyl) methyl-2,5,7,8-tetramethylchroman-6-ol, known as
o-tocopherol-mono-glucoside (TMG)), was derived by
substituting the linear carbon chain with a glucopyranosyl
moiety, and was demonstrated to have better antioxidant ac-
tivity [70, 71]. Due to TMG’s long hydrophobic phytyl side
chain, the mobility of tocols and its free radical scavenging
activity are limited to a cell’s lipid membrane. TMG is a
water-soluble derivative of tocols and has been investigated
for its radioprotective efficacy using various in vitro and in
vivo models. TMG was found to protect DNA from
radiation-induced strand breaks. It also protected thymine
glycol formation induced by y-radiation. TMG was nontoxic
to mice when administered orally up to 7 g/kg. The drug’s
LDs( through the intraperitoneal route was 1.15 g/kg. TMG
offered protection against whole-body y-radiation-induced
lethality in mice [72]. Embryonic mortality resulting from
ionizing radiation exposure (2 Gy) was reduced by 75%
when TMG (0.6 g/kg) was administered intraperitoneally.
TMG has also been reported to reduce the radiation-induced
aberrant metaphases and micronucleated erythrocytes in
Swiss albino mice when administered before radiation
exposure [73].

When TMG was injected intraperitoneally at a dose of
600 mg/kg within 10 min after ®°Co y-radiation exposure
(1.6 Gy/min), it protected the mice and its DRF was 1.09
[74]. TMG administration was reported to enhance hemato-
poietic recovery in mice exposed to X-rays [75]. Another
study has reported TMG effectiveness in preventing
radiation-induced bone marrow damage in mice [76]. It also
inhibited the formation of y-radiation-induced DNA single-
strand breaks in plasmid pBR322 [77]. There are several
reports highlighting the mechanism of action of TMG
[78, 79].

a-tocopherol succinate

o-tocopherol succinate (TS) is the hemisuccinate ester de-
rivative of AT. TS has been shown to be a promising antitu-
mor agent due to its abilities to inhibit proliferation and
induce apoptosis in a variety of human malignant cell lines,
while being relatively less active towards normal cells [80-
85]. TS has been reported as the most effective form of
tocols, compared with AT, alpha-tocopheryl acetate and
alpha-tocopheryl nicotinate, in inducing differentiation, in-
hibition of proliferation and apoptosis in cancer cells, de-
pending upon its concentration [86]. Additionally, TS
enhances radiation-induced chromosomal damage in cancer
cells, while normal cells are not affected either in vitro or in
vivo [80, 87, 88]. TS significantly protected mice against
lethal doses of ®°Co y-radiation when administered 24 h
before irradiation (DRF 1.28). TS stimulated circulating
G-CSF, with a peak at 24 h after drug injection, and TS also

stimulated G-CSF message in bone marrow cells at 12 and
24 h after injection. Further, TS significantly reduced
thrombocytopenia, neutropenia and monocytopenia. TS had
no significant effect on lymphocytes, indicating that its
radioprotective effects may be restricted to the myeloid cell
compartments rather than the lymphoid compartments of the
lymphohematopoietic system [52]. TS modulated the expres-
sion of antioxidant enzymes and inhibited expression of
oncogenes in mice after irradiation [89]. TS also increased
colony-forming unit-spleen (CFU-S) numbers and bone
marrow cellularity in irradiated mice. These results provide
additional support for the observed radioprotective efficacy
of TS, as well as insight into its mechanisms of action.

Our recent results demonstrate that, when administered 24
h before radiation exposure, TS enhanced survival in a sig-
nificant number of mice irradiated with sufficiently high
doses of ®°Co y-radiation to cause the gastrointestinal syn-
drome. In this regard, TS was shown to protect the intestinal
tissue of irradiated mice, specifically in terms of maintenance
of crypt and villi number, villus length and mitotic figures.
TS treatment decreased the number of TUNEL (terminal
deoxynucleotidyl transferase mediated dUTP nick end
labeling)- and PUMA- (p53 upregulated modulator of
apoptosis)-positive cells and increased 5-bromo-2’-deoxyuri-
dine- (BrdU)-positive cells in jejunum compared to vehicle-
treated mice. Further, TS inhibited gut bacterial translocation
to the heart, spleen and liver in irradiated mice [27]. Our data
indicate that TS protects mice from radiation-induced gastro-
intestinal damage by inhibiting apoptosis and promoting re-
generation of crypt cells, and inhibits translocation of gut
bacteria. Possible mechanisms might include: a generalized
stabilization of cytoplasmic membrane gut epithelia, or more
specifically, the stabilization of their junctional complexes.
Recently, we demonstrated that TS injection significantly
decreased the number of CD68-positive cells, DNA damage
(comet assay) and apoptotic cells in irradiated mice, as judged
by various apoptotic pathway markers (BAX, caspase 3, and
cleaved poly(ADP-ribose) polymerase-positive cells) [90]. TS
treatment also increased proliferating cells in irradiated mice,
as determined by cleaved poly(ADP-ribose) polymerase
(cPARP) and phospho-histone H3 (pH3) protein expression
as a mitotic marker. These results further support our conten-
tion that TS protects mice against lethal doses of ionizing radi-
ation by inhibiting radiation-induced apoptosis and DNA
damage while enhancing cell proliferation.

TS also induced very high levels of G-CSF and
keratinocyte-derived chemokine (KC) production in periph-
eral blood 24 h after subcutaneous administration. When
TS-injected mice were administered a neutralizing antibody
to G-CSF, there was complete neutralization of G-CSF in cir-
culating blood, and the protective effect of TS was signifi-
cantly abrogated [91, 92]. Histopathology of jejunum from
TS-injected and irradiated mice demonstrated protection of
gastrointestinal tissue from radiation-induced apoptosis, yet
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protection was clearly suppressed by administration of a
G-CSF neutralizing antibody, suggesting that the induction
of G-CSF resulting from TS administration is responsible for
protection from °°Co y-radiation injury. The above results
suggest that TS may merit further development using appro-
priate large animal models for the purpose of seeking US
FDA drug approval as a safe and effective pharmacologic
countermeasure for humans at risk to potentially lethal
effects of acute radiation exposure.

We have observed that mouse protection by TS against ra-
diation injury is highly drug dose-dependent. Rising TS drug
levels not only limit lipid peroxidation and destabilization of
vital cell membranes following acute radiation exposure, but
also serve to stimulate high levels of G-CSF. Thus G-CSF
can be used as an efficacy biomarker for the radioprotective
efficacy of TS, as can the more conventional post-exposure
monitoring of the blood leukocyte response. This is particu-
larly interesting since TS-induced G-CSF levels reach the
highest levels at 24 h after injection, and TS demonstrates
optimal radioprotective efficacy when administered 24 h
before radiation exposure. Data presented in Fig. 2 demon-
strate a correlation between mouse protection and levels of
G-CSF in peripheral circulation.

There are several reports demonstrating the radioprotective
efficacy of G-CSF against ionizing radiation in animal models
[93-97]. G-CSF has been shown to be efficacious against
lower doses of ionizing radiation but failed to protect animals
when higher doses of radiation were used. These studies sug-
gested that cytokine therapy with G-CSF increases survival
through the induction of earlier recovery of neutrophils in le-
thally irradiated experimental animals. Clinical reports on
G-CSF indicate that severe life-threatening side effects are un-
common; however, transient non-life-threatening bone pain is
a rather commonly noted side effect [98].
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Fig. 2. Correlation between mouse protection against °Co
y-irradiation and G-CSF induction. Different doses of TS were
administered subcutaneously 24 h before ®°Co y-irradiation and the
30-day survival was scored. In another set of experiments, different
doses of TS were administered subcutaneously and serum G-CSF
was measured by Luminex at different time-points after TS
injection.

We had earlier hypothesized that TS would stimulate a
G-CSF-induced mobilization of bone marrow progenitor cells
into the peripheral circulation. This hypothesis was clearly
confirmed using several different approaches [99]. First, a
direct fluorescence flow cytometric approach was used to
identify and phenotype the putative, mobilized hematopoietic
stem cells (HSC) in question [92]. In this study, both TS and
AMD3100 (a blood cell mobilizing adjuvant), administered
either separately or in combination, enhanced the rate of HSC
mobilization, as evidenced by elevated numbers of circulating
blood cells in treated mice that bore ‘signature-like’ surface
markers of primitive, marrow-repopulating progenitors; i.e.
Sca-1* c-Kit" lineage negative cells [99]. Second, we evalu-
ated the efficacy of whole blood obtained from TS-treated
mice for protection against y-irradiation to compare with
blood obtained from G-CSF-treated mice. All mice that were
irradiated but which had received no transfusion died.
Survival was significantly higher in groups where mice
received blood from TS-treated animals [100]. Further, our
results demonstrated that infusions of HSC-enriched, periph-
eral blood fractions of mononuclear cells (PBMC) from
TS-injected mice greatly improved chances of extended sur-
vival of lethally irradiated mice [100]. The transfused cells act
secondarily as a bridging therapy for irradiated mice while
their own immune system recovers from the radiation-induced
damage. Further, our recent results demonstrated that infusion
of whole blood or PBMC from TS- and AMD3100-injected
mice significantly improved survival of mice receiving still
higher, gastrointestinal-syndrome-eliciting radiation doses.
Histopathology and immunostaining of jejunum from these
irradiated and TS- and AMD3100-mobilized PBMC-
transfused mice revealed significant protection of gastrointes-
tinal tissue from radiation injury [101]. We also observed that
the infusion of PBMC from TS- and AMD3100-injected
mice significantly inhibited apoptosis, increased cell prolifer-
ation in the analyzed tissues of recipient mice, and inhibited
bacterial translocation to various organs compared to mice
receiving cells from vehicle-mobilized cells [102]. This study
further supports our contention that the infusion of TS-
mobilized progenitor-containing PBMC acts as a bridging
therapy by inhibiting radiation-induced apoptosis, enhancing
cell proliferation, and inhibiting bacterial translocation in irra-
diated mice.

A simpler, improved protocol for the clinical management
of individuals suffering ARS-associated hematopoietic and/
or gastrointestinal syndromes might well be in the offing if
the above results with TS administration can be replicated
using larger animal models of ARS (i.e. in either canine,
minipig and/or nonhuman primate models).

DT3

As stated above, AT is the most investigated form of tocols,
and recent studies suggest that tocotrienols also possess
potent antioxidant activity [30, 103, 104]. DT3 has
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demonstrated antioxidant activity greater than that of y- and
o-tocotrienol in the membrane system while protecting
primary neuronal cells against glutamate toxicity [18, 104].
Such powerful antioxidant activity made DT3 another prom-
ising candidate for evaluation as a radiation countermeasure.
Plasma concentration of DT3 reached ~195 uM (Cmax) 1 h
after injection (Tmax), and was eliminated from plasma 12 h
later in mice [105]. A single subcutaneous injection of DT3
before or after °*Co y-irradiation significantly protected mice
in a 30-day survival experiment. DT3 was effective at a wide
dose range of 18.75-400 mg/kg [29, 30]. The DRF values
for radioprotective treatment (24 h before irradiation) with
150 and 300 mg/kg were 1.19 and 1.27, respectively. For
radiomitigation treatment with 150 mg/kg of DT3 adminis-
tered 2 h after irradiation, the DRF was 1.1. When DT3 was
administered at 300 mg/kg dose 24 h before irradiation, it
significantly reduced radiation-induced cytopenia, suggest-
ing its stimulatory effects on hematopoietic recovery [30].
Recently, it was demonstrated that DT3 reduced activation of
caspase-8, caspase-3 and caspase-7, while increasing
autophagy-related beclin-1 expression in irradiated bone
marrow cells [105].

The mechanism of DT3-mediated radioprotection may be
due to stimulation of the extracellular signal-related kinase
(Erk) activation associated with the mammalian target of the
rapamycin (mTOR) survival pathway. DT3 has been
reported to increase cell survival and regeneration of hemato-
poietic microfoci and lineage™/Sca-1*/c-Kit" stem and pro-
genitor cells in irradiated mouse bone marrow cells. DT3
also protected CD34" cells from radiation-induced damage
[29]. DT3 activated Erk 1/2 phosphorylation and inhibited
v-H2AX foci. Further, DT3 upregulated mTOR and phos-
phorylation of its downstream effector 4EBP-1. These
changes were associated with activation of the mRNA trans-
lation regulator eIFAE and ribosomal protein S6. These find-
ings suggest that DT3 protects mouse bone marrow and
human CD34" cells from radiation-induced injury through
Erk activation associated with the mTOR survival pathway.

GT3

As stated above, GT3 is a potent inhibitor of HMG-CoA re-
ductase [106, 107], and has received great attention in recent
years. Its antioxidant activity is a compelling reason to evalu-
ate it for radioprotective efficacy. At a dose of 100 and 200
mg/kg administered 24 h before ®°Co y-irradiation, GT3 sig-
nificantly protected mice against radiation doses as high as
11.5 Gy. Its dose reduction factor as a radioprotector (24 h
before irradiation, 200 mg/kg dose) was 1.29. GT3 treatment
accelerated hematopoietic recovery, as judged by higher
numbers of total white blood cells, neutrophils, monocytes,
platelets and reticulocytes in peripheral blood [28], and
enhanced hematopoietic progenitors [108] in bone marrow of
irradiated mice. GT3-treated irradiated mice had higher
numbers of colony-forming cells, more regenerative

microfoci for myeloid and megakaryocytes, higher cellular-
ity in bone marrow, and reduced frequency of micronu-
cleated erythrocytes compared to vehicle-treated mice [108].

To investigate the effects of GT3 on the hematopoietic
system, Kulkarni et al. measured various cytokines and
growth factors by cytokine array and Luminex in a mouse
model [109]. GT3 treatment resulted in significant induction
of G-CSF in mice. G-CSF levels increased markedly within
12-24 h after GT3 administration. Time-course analysis
demonstrated that G-CSF was induced transiently after GT3
injection, and returned to background levels by 48 h after
GT3 administration. Interleukin-6 (IL-6) followed a similar
pattern of stimulation in response to GT3 administration,
though the titer of IL-6 was significantly lower than that of
G-CSF. The peak of IL-6 was observed at an earlier time-
point compared to G-CSF. Survival studies with GT3 sug-
gested the most efficacious time for drug administration was
24 h prior to irradiation. This may be due to induction of key
hematopoietic cytokines in that time-window. These results
also suggest a possible role of GT3-induced G-CSF stimula-
tion in protection from radiation-induced neutropenia and
cytopenia. Using four radiation countermeasures (including
GT3), we have demonstrated that the use of G-CSF antibody
abrogates radioprotective efficacy [91, 92, 110-113]. Using
different animal models (mice, nonhuman primates and
canines), we recently demonstrated that G-CSF and IL-6 may
serve as efficacy biomarkers for selected radiation counter-
measures [111]. GT3 was recently found to be effective in
mobilizing progenitors in peripheral blood, as shown previ-
ously with TS in mice [114].

Because GT3 inhibits HMG-CoA reductase, it was of
interest to evaluate whether HMG-CoA reductase inhibition
plays a role in the radioprotection afforded by GT3. It was
demonstrated that GT3 decreased radiation-induced vascular
oxidative stress, an effect that was reversible by mevalonate
(the product of reaction catalyzed by HMG-CoA) [115]. GT3
also reduced intestinal radiation injury and accelerated the re-
covery of soluble markers of endothelial function [115].
HMG-CoA reductase inhibitors mediate their pleiotropic
effects via endothelial nitric oxide synthase that needs
the cofactor 5,6,7,8-tetrahydrobiopterin. Radiation exposure
decreased tetrahydrobiopterin in lungs, which was reversed
by GT3 administration. Both GT3 and tetrahydrobiopterin
supplementation reduced post-irradiation vascular peroxyni-
trite production [116]. GT3 also ameliorated endothelial cell
apoptosis and reduced endothelial cell guanosin triphosphate
cyclohydrolase 1 (GTPCH) feedback regulatory protein
(GFRP) levels and GFRP-GTPCH binding by decreasing
transcription of the GFRP gene.

There are several reports in preclinical and clinical studies
that combined treatment with tocols and the methylxanthine
derivative pentoxyfylline (phosphodiesterase inhibitor) is ef-
fective in reducing and even reversing radiation-induced
cardiac, lung, intestinal and dermal injury [59, 117-120].
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The majority of these reports studied the effects of the above
combination on radiation-induced fibrosis, a late effect of ir-
radiation, and there is very little known about the effects of
this combination on acute radiation injury. Berbee et al.
reported significantly improved survival of mice against
0Co y-irradiation with combined treatment of GT3 and pen-
toxyfylline compared with either GT3 or pentoxyfylline
administered alone [121]. The GT3 and pentoxyfylline com-
bination protected all mice against radiation doses as high as
12 Gy. GT3 plus pentoxyfylline improved bone marrow
colony-forming units, spleen colony counts, and platelet re-
covery compared to GT3 alone. There was no benefit of the
combination in ameliorating intestinal injury or vascular per-
oxynitrite production [121].

Based on such encouraging findings, GT3 has been
selected by our institute as the most promising agent of the
tocols for development as a radiation countermeasure.
Currently, GT3 is being investigated for its pharmacokinet-
ics, pharmacodynamics, and efficacy against ®°°Co y-irradi-
ation using a nonhuman primate model.

Relative efficacy of tocols as potential
countermeasures and amifostine

The US FDA has approved amifostine for preventing radi-
ation injury in the salivary glands of head and neck cancer
patients receiving radiotherapy, to reduce xerostomia [8].
Amifostine is a phosphorothioate that is not taken into cells
until it is dephosphorylated by alkaline phosphatase [122].
Once dephosphorylated, the agent freely diffuses into cells
and can act as a free radical scavenger. Additional potential
mechanisms of protection have been described, including in-
duction of hypoxia through increased oxygen use and con-
densation of DNA [123]. Phosphorothioates are effective
radioprotective agents when administered orally to mice but
are not effective in nonhuman primates. Amifostine has been
used intraperitoneally, intramuscularly and intravenously in
various studies. The DRF of amifostine with a dose of
500 mg/kg given intraperitoneally in mice has been reported
to be 2.7 for hematopoietic death and 1.8 for gastrointestinal
death [9]. These values can be used as a standard for compar-
ing other radioprotective agents. Usually amifostine was
used shortly before radiation exposure, say 15 min before
irradiation. As presented in Table 2, the DRF of all tocols
tested for radioprotection through subcutaneous route admi-
nistered 24 h prior to radiation exposure in mice is from 1.2—
1.3. The amifostine therapeutic index is low, and high levels
of survival were observed only at doses very close to their
maximum tolerated dose. The therapeutic index of tocols is
comparatively higher. Further, the performance-decrement-
ing activity of amifostine is significant, even under relatively
low drug-dosing regimens that are marginally survival pro-
moting [124]; such negative, performance-decrementing
effects are not generally attributable to tocols. The radiopro-
tective efficacy of the majority of tocols has been shown to

be mediated through G-CSF and there is no such information
available for amifostine.

CONCLUSION

Disappointment with tocopherols, based on two large rando-
mized controlled clinical trials for the prevention of prostate
cancer [125], is growing as the trials fail to meet expecta-
tions. Similar negative results were reported earlier with
vitamin E when its effect was examined on cardiovascular
events and cancer in a randomized clinical trial [126].
Although these findings are clearly disappointing, they
suggest to researchers that some tocols, particularly TS and
tocotrienols, might have greater health benefits.

Our results demonstrate that TS has the potential to protect
tissues from radiation injury beyond the hematopoietic
system by improving structural integrity, inhibiting apop-
tosis, and enhancing cell proliferation in gastrointestinal
tissue in mice exposed to high doses of ®°°Co y-radiation. TS
did not protect mice when administered as an injury-
mitigator after irradiation [27], so it may be useful only as a
radioprotector. TS will be of use to the military where there
are potential incidences of exposure. Furthermore, TS could
also be used in limited situations where the potential for ex-
posure will continue long after a nuclear accident and new
personnel are deployed. TS has been used subcutaneously
24 h before irradiation in mice at a dose of 400 mg/kg, a
dose consistent with recent published results [27, 89].
Protection provided by TS is of great significance because
the radiation dose used in this study is equivalent to a highly
lethal dose for humans. TS appears to be an attractive radi-
ation countermeasure candidate with no known toxicity. It is
a candidate for further development as a radiation counter-
measure in large animals such as canines, minipigs or non-
human primates, and ultimately for use in humans.

We also propose a new strategy to treat individuals (e.g.
military personnel) who are at high risk for acute, high-dose
ionizing radiation exposure [100, 101]. TS may be adminis-
tered to select military personnel preparing for special mis-
sions having an increased risk of excessive high-radiation
exposures. Blood samples (either whole blood or PBMC) of
these individuals can be collected prior to a mission and
stored frozen. If, during the course of the mission, such an
acute, high-dose exposure event were to occur, the exposed
individual could be removed from the field of operation,
transported back to a medical facility and given a therapeutic
transfusion of his/her own previously stored blood/PBMC
sample. Because of the simple nature of this protocol, we
believe it to be logistically feasible.

There are a number of major advantages that make
TS-mobilized progenitors ideal for the treatment of patients/
casualties with ARS: (i) TS-mobilized progenitor therapy is
by all accounts essentially nontoxic and exceedingly well tol-
erated; (ii) TS-mobilized progenitor therapy clearly allows



984 V.K. Singh et al.

for a broader treatment range (in terms of the extent of radi-
ation exposure) and is therapeutic for both the hematopoietic
and gastrointestinal subsyndromes of ARS; (iii) TS is an in-
expensive product easily available from vendors; (iv) TS is
stable at room temperature and suitable for storage; (v) TS
can replace currently used G-CSF for progenitor mobiliza-
tion in the clinic. Together, these characteristics make
TS-mobilized progenitors a suitable candidate as a bridging
therapy for acute radiation victims that can be administered
in the field with minimal infrastructure requirements. With
further preclinical development in large animals, we may be
able to provide an appropriate protocol in the near future for
the clinical management of individuals suffering from expos-
ure to high doses of ionizing radiation.

Recent developments with tocotrienols, particularly DT3-
and GT3, are encouraging. Both have demonstrated signifi-
cant and comparable radioprotective efficacy in mice. There
are recent publications demonstrating the mechanism of
action of these agents. Based on the promising results in
mice, GT3 is being evaluated in nonhuman primates for
pharmacokinetics, pharmacodynamics, safety and efficacy.
More preclinical studies in long-lived large animal models of
ARS (NHP, canine or minipig) and clinical studies are
needed to fully realize their potential and facilitate advanced
development of these radiation countermeasures.
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