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Abstract
Antioxidants mitigate radiation-induced lethality when started soon after radiation exposure, a
delivery time that may not be practical due to difficulties in distribution and because the oral
administration of such agents may require a delay beyond the prodromal stage of the radiation
syndrome. We report the unexpected finding that antioxidant supplementation starting 24 h after
total-body irradiation resulted in better survival than antioxidant supplementation started soon after
the irradiation. The antioxidant dietary supplement was L-selenomethionine, sodium ascorbate, N-
acetyl cysteine, α-lipoic acid, α-tocopherol succinate, and co-enzyme Q10. Total-body irradiation
with 8 Gy in the absence of antioxidant supplementation was lethal by day 16. When antioxidant
supplementation was started soon after irradiation, four of 14 mice survived. In contrast, 14 of 18
mice receiving antioxidant supplementation starting 24 h after irradiation were alive and well 30
days later. The numbers of spleen colonies and blood cells were higher in mice receiving antioxidant
supplementation starting 24 h after irradiation than in mice receiving radiation alone. A diet
supplemented with antioxidants administered starting 24 h after total-body irradiation improved bone
marrow cell survival and mitigated lethality, with a radiation protection factor of approximately 1.18.

INTRODUCTION
Dietary supplementation with antioxidants has the potential to increase the probability of
survival after an otherwise lethal total-body irradiation (TBI). Recently, Wambi et al.
demonstrated that an antioxidant diet started 1 week before the radiation exposure improved
the percentage of mice that survived TBI compared with groups of mice that received a control
diet (1). Furthermore, at 30 days after TBI, the same percentage of mice survived TBI when
mice either switched from the antioxidant diet to a control diet hours before TBI or when mice
switched to an antioxidant diet from a control diet 2 h after TBI. The commonality for improved
survival under each condition appears to be the presence of antioxidants in the diet at about
the time of the radiation exposure plus or minus a few hours. An improved survival as a result
of an antioxidant diet has been attributed to a reduction in radiation-induced oxidative stress
and apoptosis of the bone marrow cell population, minimizing the bone marrow syndrome
(1). An antioxidant diet is a readily available and translatable countermeasure for human use.
Unfortunately, antioxidant supplements may have limited potential usefulness in a practical
situation unless they are effective approximately 1 day after TBI.

The optimum timing of administration of an anti-oxidant diet as a radiation countermeasure
has not been determined. To allow for delivery and distribution of a countermeasure agent, it
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is likely that a minimum of 1 day is needed. Also, after a significant total-body radiation
exposure (1 to 7 Gy), individuals may experience nausea, vomiting and diarrhea, preventing
effective administration of the diet. After this prodromal phase, symptoms of radiation
exposure subside and victims of radiation exposure could be given an antioxidant diet. The
current studies were designed to determine whether an antioxidant diet is an efficacious
countermeasure when started 24 h after TBI.

The advantages of an antioxidant diet over other countermeasures requiring an injection, such
as growth factors and cytokines, are threefold. First, an antioxidant diet can be made readily
available without the government stockpiling and distribution that would be needed for growth
factors and cytokines. Second, an antioxidant diet can be given orally, unlike injectables that
usually require trained personnel for administration. Third, an antioxidant diet is considered
safe even with prolonged use, which may not be the case for growth factors and cytokines
(2–4).

In this communication we present the previously unreported observation that the survival of
mice improves when the beginning of administration of the antioxidant diet is delayed for 24
h after the radiation exposure compared to antioxidant diet supplementation started a few hours
after radiation exposure.

METHODS AND MATERIALS
Animal studies were performed in an AAALAC-accredited facility at Henry Ford Hospital and
were reviewed and approved by the IACUC at Henry Ford Hospital. Groups of C57BL/6 mice,
7 to 8 weeks old, were exposed to radiation alone or in combination with antioxidants as
described below. Mice were acclimated for 1 week before irradiation, were housed in a
temperature-controlled, HEPA-filtered environment, and were offered food and acidified water
ad libitum. Food was either AIN-93G rodent chow (Land O'Lakes Purina Feed, Lansing, MI)
or the same diet supplemented with antioxidants.

Antioxidant
The antioxidant-supplemented AIN-93G rodent chow was prepared under our direction by
Land O'Lakes Purina Feed (Lansing, MI). Antioxidant diet supplementation was started at a
fixed time, as indicated, after the radiation exposure. Once started, the diet was continued for
the duration of the experiment. The antioxidant supplements per gram of diet were: 0.12 μg L-
selenomethionine, 19 μg sodium ascorbate, 51 μg N-acetyl cysteine, 100 μg α-lipoic acid, 8.6
μg α-tocopherol succinate and 51 μg co-enzyme Q10; the antioxidant formula was designed
to be identical to the “Diet A” regimen in the study of Guan et al. (5), but some rounding errors
occurred in its preparation resulting in minor deviations.

Lethality End Point
Survival was measured in C57BL/6 mice after TBI alone or in combination with the antioxidant
diet. The radiation was delivered to unanesthetized mice four at a time using a 5000-Ci (185-
TBq) 137Cs source (Mark I, J. L. Shepherd and Associates, San Fernando, CA). Mice were
killed humanely 30 days after irradiation because mice that survive 30 days after a TBI have
normal blood counts and, if allowed, generally have a normal life span (6). Survival was defined
as the time from radiation exposure to the time of euthanasia. Mice that were assessed to be
moribund were euthanized based on criteria that relied on changes in weight, behavior and
appearance. Mice were weighed at least three times a week with care taken to minimize
potential distress (e.g., a slow, even motion was used when transporting mice between the cage
and the weighing boat). When two consecutive measurements indicated that mice were losing
weight, they were weighed daily. Mice that exhibited a weight loss of 20% or more were
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scrutinized more closely with respect to their behavior and appearance. Mice were observed
for changes in response to external stimuli (e.g., lack of response when the animal was touched
gently) and for changes in such nonspecific behaviors as a decrease in the frequency of
grooming, eating (assessed from fecal material in cage), and drinking. Changes in appearance
indicating a loss of normal body condition included posture changes (e.g. prolonged hunched
posture) and sunken eyes and/or skin upon pinching that did not return quickly to the normal
position, indicative of advanced dehydration. Mice were observed for weakness and/or inability
to obtain food and water (e.g., inability or reluctance to stand), inability to ambulate that
prevented the animal's access to food and/or water, and inability of the animal to maintain itself
in an upright position. Using these criteria, the institution's staff veterinarian made a
determination of moribundity, the requirement for euthanasia.

Reactive Oxygen Species (ROS) in Cells
ROS in vitro or in vivo were measured by the oxidation of dihydroethidium (DHE). WI-38
human embryonic fibroblasts obtained from the American Type Culture Collection were
maintained in Eagle's minimum essential medium with 10% fetal bovine serum. Approximately
50% confluent WI-38 cells were γ-irradiated (using the 137Cs source described above) or were
sham-irradiated. Immediately after irradiation or sham irradiation, fresh cell culture medium
with or without an antioxidant supplement was added and the cells were returned to their
incubators until the next day. The antioxidant supplement was 50 μM ascorbic acid, 50 μM
α-lipoic acid, 10 μM L-selenomethionine, 10 μg/ml co-enzyme Q10, 50 μM vitamin E succinate,
and 0.1% (vol/vol) ethanol (solvent). DHE staining was performed 24 h after irradiation as
described below for tissue sections.

ROS in Tissue
The effect of the antioxidant diet on the ROS in skin was assessed in mice that received TBI
with or without the diet given starting 24 h later. Two weeks after sham irradiation or irradiation
(i.e. after 13 days of the antioxidant diet), mice were injected with DHE (27 mg/kg, i.p.); 4 h
later, mice were anesthetized with ketamine (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.).
Then skin was excised, frozen at –80°C, and cryosectioned for subsequent fluorescence
microscopy. DHE powder was dissolved in dimethyl sulfoxide to create a DHE stock solution
(10 mg/ml). The DHE injectate (200 ml final, 27 mg/kg) was produced by adding DHE stock
solution to PBS maintained at 40uC. Quick and Dugan (7) noted that temperatures lower than
37°C resulted in precipitation of the DHE.

Spleen Colony-Forming Unit (CFU) Assay
The relative number of bone marrow cells surviving TBI was quantified by the endogenous
spleen CFU assay as described previously (6). The number of spleen colony-forming units was
measured to assess the in vivo effect of the antioxidant diet on bone marrow cell survival.
Groups of C57BL/6 mice were exposed to 7.0 or 7.5 Gy alone or in combination with the
antioxidant diet (started 24 h after radiation exposure). Twelve days after TBI, the spleens of
the mice were excised and immersed in Bouin's solution for at least 1 day. Then the colonies
were counted using a dissecting microscope.

Peripheral Blood Count
At the selected times after TBI, mice were anesthetized with ketamine (100 mg/kg) and
xylazine (10 mg/kg) for blood collection. Blood (0.5 ml) obtained by cardiac puncture with a
25 gauge needle was placed into heparinized anticoagulant tubes. Complete blood counts were
measured using an Advia 120 hematology analyzer (Siemens Diagnostics) by Antech
Diagnostics (Detroit, MI).
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RESULTS
The majority (78% ± 10%) of a group of 18 C57BL/6 mice survived an otherwise lethal dose
of radiation when their diet was supplemented with antioxidants. Figure 1 illustrates that the
antioxidant diet given starting 24 h after TBI provided significant mitigation from radiation-
induced lethality (Kaplan-Meier test, P < 0.005). Similar results were obtained for TBI with a
dose of 7.5 Gy (results not shown). Four of eight mice receiving TBI alone at this dose died,
while all mice receiving TBI plus the antioxidant diet survived. The benefit of the antioxidants
depended strongly on the time of their administration (Fig. 2). All mice died within 30 days of
irradiation when they were supplied a diet supplemented with antioxidants started immediately
after TBI. The diet given starting 24 h after 8 Gy TBI provided significant mitigation compared
with the antioxidant diet started either immediately after TBI, 12 h after TBI, or 48 h after TBI
(logrank test, P < 0.005).

A quantitative assessment of the magnitude of mitigation was made when the antioxidant diet
was started 24 h after irradiation. Figure 3 shows that with increasing radiation dose, survival
decreased approximately linearly with dose over the range of 7.0 to 8.0 Gy (correlation
coefficients, r2, for radiation alone and radiation plus antioxidant diet were 0.97 and 0.63,
respectively). The slope of the line for mice that received radiation alone was found to be
significantly (P = 0.02) different from zero with a slope of -74 ± 10 (% survival/Gy), whereas
the deviation from zero was not significant (P = 0.2) for the line for the antioxidant diet started
24 h after irradiation, which had a slope of –31 ± 17. Over the range of radiation doses studied,
the addition of the antioxidant diet made a significant difference in survival. The radiation
protection factor was approximately 1.18, calculated as the ratio of the extrapolated estimate
of the LD50 from the curve for radiation plus antioxidant diet and the estimated LD50 for
radiation alone.

The effect of the antioxidant diet given starting 24 h after TBI on bone marrow stem cells was
measured using the endogenous S-CFU assay (Fig. 4). Twelve days after sublethal irradiation
plus antioxidant diet (started 24 h after irradiation), the numbers of spleen colonies were two-
to threefold higher (P < 0.01, Student's t test) than in the group of mice exposed to either 7.0
Gy or 7.5 Gy radiation alone. Spleen weights were less in mice that received TBI. Spleen
weights were significantly greater in mice receiving the antioxidant diet starting 24 h after
irradiation, although they were still below the spleen weights of unirradiated control mice (data
not shown).

Peripheral blood counts are shown in Fig. 4 for blood collected 12 days after sublethal TBI
alone (7.0 Gy or 7.5 Gy) or TBI followed by antioxidant diet supplementation starting 24 h
later. Leukocyte, erythrocyte, platelet and neutrophil counts were all significantly lower in
irradiated mice than in unirradiated control mice (n = 4; P < 0.05, Student's t test). In mice that
received the antioxidant diet for 11 days starting 1 day after irradiation, there was a trend toward
higher numbers of cells compared with mice that did not receive the antioxidant diet (n = 4 per
group); the elevated blood counts reached significance for leukocytes in mice receiving 7.5 Gy
(P = 0.05, Student's t test), erythrocytes in mice that received 7.0 Gy (P = 0.05, Student's t test),
and platelets in mice that received either 7.0 Gy (P < 0.005 Student's t test) or 7.5 Gy (P < 0.05
Student's t test). Peripheral neutrophil counts were not changed. Despite the lack of benefit on
neutrophil numbers, the overall results indicate that the antioxidant diet mitigated bone marrow
radiation injury, increased the number of blood cells, and increased an animal's chance of
survival after a potentially lethal radiation exposure.

In an attempt to confirm that the antioxidants produced their beneficial effect by reducing
reactive oxygen species, as proposed by others (8), we measured ROS in cells and mouse skin
after irradiation with or without antioxidant supplementation. WI-38 human embryonic lung
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fibroblasts were exposed to 8 Gy and culture medium was immediately replaced with medium
containing or not including an antioxidant supplement. Cells were assessed 24 h later for ROS
by DHE fluorescence staining. Figure 5A and B shows that cells treated with antioxidants
contained less ROS. The results were confirmed by studies of skin samples from mice
previously receiving radiation alone or radiation followed 24 h later by the start of a diet
supplemented with antioxidants for about 2 weeks. As with cultured cells, irradiated tissue
demonstrated an increase in ROS. The increase in ROS was mitigated by antioxidant diet
supplementation starting after irradiation (Fig. 5C–H). Consequently, both in vitro and in
vivo, ROS were increased days (in cell culture) to weeks (in animals) after irradiation, and the
effect was mitigated by antioxidant supplementation.

DISCUSSION AND CONCLUSIONS
Ionizing radiation initiates cellular damage directly by ionization and indirectly by producing
free radicals. Approximately two-thirds of radiation-induced damage is caused by the free
radicals that are generated during exposure. In addition to short-lived free radicals produced
during exposure, free radicals are generated after the radiation exposure; ROS and pro-
inflammatory cytokines induce a multitude of biological injuries long after the radiation
exposure has ended. One of the approaches to counter oxidative stress caused by free radicals
and ROS is to use antioxidants such as α-tocopherol succinate, ascorbic acid, β-carotene,
vitamin A, α-lipoic acid, N-acetylcysteine, selenium or an SH compound (e.g. amifostine)
(9,10).

The rationale for using a combination of antioxidants is based on a number of observations.
Individual antioxidants can act as pro-oxidants when they themselves are oxidized; therefore,
individual antioxidants could enhance the progression of postirradiation damage to tissues and
organs. In addition, humans have a pool of antioxidants, both endogenous antioxidants that are
constitutively synthesized by cells and antioxidants that are consumed in the diet. Individual
antioxidants function by different mechanisms and have different affinities for various free
radicals. For example, α-tocopherol is more effective as a quencher of free radicals in a reduced
oxygen environment, vitamin E has little effect on oxidants derived from nitric oxide, and
vitamin A is most effective under higher atmospheric pressures. Ascorbic acid is needed to
protect cellular components in aqueous environments, whereas carotenoids, vitamins A and E
protect cellular components in non-aqueous environments. Vitamin C recycles oxidized
vitamin E to an active form (11). Vitamins E and C combined inhibit apoptosis in human
endothelial cells more effectively than each alone, increasing Bcl-2 and down-regulating the
pro-apoptotic Bax (12).

Other observations affected our choice of antioxidant mixture. The form and type of vitamin
E are important in determining its functional abilities. For example, various organs of rats
selectively absorb the natural form of vitamin E and α-tocopherol succinate, the most effective
form of vitamin E, for inhibiting cancer growth and a potent radioprotector when given prior
to TBI (13). Selenium is a co-factor of glutathione peroxidase, and Se-glutathione peroxidase
acts as an antioxidant. Glutathione cannot be used orally to increase intracellular levels of
glutathione, because it is completely hydrolyzed in the gut. In contrast, an oral administration
of N-acetylcysteine (NAC) and α-lipoic acid, another endogenous antioxidant, can increase
the intracellular levels of glutathione by different mechanisms and can be used in place of oral
glutathione to reduce the radiation injury. Co-enzyme Q10, a weak endogenous antioxidant,
scavenges peroxy radicals at a faster rate than α-tocopherol and, like vitamin C, can regenerate
vitamin E in a redox cycle. The foregoing discussion suggests that a combination of
antioxidants may be more effective in reducing the radiation-induced injury than any individual
antioxidant alone. Guan et al. showed that diet supplement with a combination of antioxidants
completely prevented the reduction in the plasma levels of total antioxidant status in mice and
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rats exposed to proton or HZE-particle radiation (5). Recent studies with 225 kVp X rays
demonstrated marked protection from radiation injury, but generally it is believed that
antioxidants need to be present during the irradiation or up to 2 h after irradiation to have a
significant protecting effect (1).

The data presented here show that an antioxidant-supplemented diet started 24 h after an
otherwise lethal radiation exposure effectively mitigated death (Fig. 1) mediated by a sparing
of bone marrow cells (Fig. 4), perhaps due to a reduction in reactive oxygen species (Fig. 5).
The effect of 8 Gy on the gastrointestinal system warrants discussion. Recent evidence suggests
that the mechanisms governing the bone marrow syndrome and the gastrointestinal syndrome
after TBI evolve concomitantly (14). Consequently, the possible implications of radiation
damage for the uptake of antioxidants need be considered. One might expect an even greater
mitigating effect if the biodistribution of antioxidants were compromised by gastrointestinal
injury.

The connection between ROS and hematopoiesis is being elucidated on a molecular level.
Growth factors that stimulate hematopoiesis such as IL3 and GM-CSF have been shown to
cause an increase in intracellular ROS levels (15,16). The generation of ROS in response to
hematopoietic growth factors contributes to downstream signaling events involving tyrosine
phosphorylation such as cell proliferation (15) and apoptosis (17). Iiyama et al. (17) implicated
ROS in hematopoietic cytokine-induced cell cycle progression from G1 to S phase through
inducing expression of c-Myc, cyclin D2 and cyclin E and reducing expression of p27. Iiyama
et al. (16) also showed that ROS play a role in cytokine activation of Jak2 with downstream
signaling of proapoptosis pathways including MEK/ERK. Treatment with antioxidants inhibits
the increase in ROS, reduces tyrosine phosphorylation, reduces proliferation induced by GM-
CSF (15,16), and reduces apoptosis (1).

Our data are the first to show that a delay in antioxidant administration after cellular stress can
be beneficial to cell and animal survival. The kinetics of ROS generation by hematopoietic
cytokines as well as the mechanisms by which ROS are involved in cytokine receptor signaling
to regulate proliferation and apoptosis of hematopoietic cells was studied by Iiyama et al.
(16). They demonstrated that hematopoietic cytokines IL3 and Epo induce a rapid and transient
increase in ROS that peaked at 30 min followed by a slow progressive increase in ROS 24 h
after the cytokine administration. It would appear that ROS pathways controlling proliferation
and apoptosis of hematopoietic cells involve two separate increases in ROS, a transient increase
at 30 min and a prolonged increase that continues for at least 24 h.

Mitigation of radiation lethality by antioxidants administered soon after radiation exposure has
been attributed to a reduction in apoptosis (1). Our experience with C57BL/6 mice is not
inconsistent with these results, as shown in Fig. 2, which also illustrates the added benefit of
waiting to start administering a diet supplemented with antioxidants until 24 h after irradiation.
It would appear that the first transient wave of ROS has some beneficial effect on survival
since minimizing ROS early has a detrimental effect on bone marrow cell survival.

In addition to inhibiting apoptosis, reducing ROS by antioxidants soon after the radiation
exposure inhibits the progression of cells from G1 to S (18), the phase of the cell cycle in which
repair of DNA damage is most efficient (19). Repair of DNA damage has a half-time of 1 to
2 h (20,21). Consequently arresting cells before S phase too soon after a radiation exposure
may decrease the ability of the cells to completely repair the damaged DNA. One explanation
for the increased animal survival when the antioxidant diet is given starting 24 h after irradiation
is that delaying the start of the antioxidant diet allows for the most efficient repair of radiation
injury and the largest increase in the survival of bone marrow cells. Further studies are needed
to confirm or refute this hypothesis.
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In conclusion, our results extend the work of others to show that a diet supplemented with
antioxidants is effective at mitigating radiation lethality when it is started 24 h after the radiation
exposure and is more effective than if given soon after the exposure. Our results support the
value of antioxidants as countermeasures against radiological terrorism, especially in the
practical scenario of starting a diet supplemented with antioxidants 24 h after the exposure.
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FIG. 1.
Antioxidants given starting 24 h after TBI enhanced the survival of C57BL/6 mice. Data are
shown for 8.0 Gy with (dashed line) and without antioxidants (solid line).
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FIG. 2.
The effectiveness of antioxidants in reducing radiation-induced lethality was greatest when the
start of the antioxidant diet followed irradiation by 24 h. Groups of 14–20 mice received 8 Gy
TBI and were then started on the antioxidant diet immediately or 12–48 h later.
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FIG. 3.
The survival of mice at 30 days (n = 8–18/group) decreased with increasing radiation dose; the
slope for mice without antioxidants in their diet (open symbols) was steeper than that for mice
receiving the antioxidant diet (solid symbols). Lines were fitted and LD50's were calculated as
described in the text.
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FIG. 4.
Number of endogenous spleen colonies and blood counts in mice that after sublethal TBI. Data
are shown for 7.0 and 7.5 Gy with and without antioxidants (n = 4 mice per group; the same
mice were used for both blood counts and spleen colony assays). Spleen colonies are actual
counts/spleen. WBC counts are 103 per μl of blood. RBC counts are 106 per μl of blood. Platelet
counts are 103 per μl of blood.
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FIG. 5.
Radiation-induced reactive oxygen species were reduced by antioxidants in vitro and in vivo.
Panel A: WI-38 cells were exposed to 8 Gy and ROS was assayed 24 h later by fluorescence
from oxidized dihydroethidium (DHE). Panel B: DHE fluorescence in WI-38 cells treated with
antioxidants for 24 h starting immediately after the radiation exposure. Panels C–H: Skin from
mice 2 weeks after 8 Gy TBI. Panels C, D and E are light microscope images of skin sections
after sham irradiation, 8 Gy TBI alone, and TBI plus antioxidants, respectively. Panels F, G
and H are fluorescence images of oxidized DHE in tissue slices adjacent to panels C, D and E,
respectively. Original magnifications are shown in individual panels.
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