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Abstract
Dietary antioxidants have radioprotective effects after γ-radiation exposure that limit
hematopoietic cell depletion and improve animal survival. The purpose of this study was to
determine whether a dietary supplement consisting of L-selenomethionine, vitamin C, vitamin E
succinate, α-lipoic acid and N-acetyl cysteine could improve survival of mice after proton total-
body irradiation (TBI). Antioxidants significantly increased 30-day survival of mice only when
given after irradiation at a dose less than the calculated LD50/30; for these data, the dose-modifying
factor (DMF) was 1.6. Pretreatment of animals with antioxidants resulted in significantly higher
serum total white blood cell, polymorphonuclear cell and lymphocyte cell counts at 4 h after 1 Gy
but not 7.2 Gy proton TBI. Antioxidants significantly modulated plasma levels of the
hematopoietic cytokines Flt-3L and TGFβ1 and increased bone marrow cell counts and spleen
mass after TBI. Maintenance of the antioxidant diet resulted in improved recovery of peripheral
leukocytes and platelets after sublethal and potentially lethal TBI. Taken together, oral
supplementation with antioxidants appears to be an effective approach for radioprotection of
hematopoietic cells and improvement of animal survival after proton TBI.

INTRODUCTION
Proton radiation is an emerging treatment modality that has generated significant interest for
its putative capacity to selectively increase radiation dose to the tumor while lowering the
dose to non-targeted tissues (1-6). Furthermore, exposure of humans to high-energy protons,
largely from solar particle events (SPE), is a major consideration in prolonged space travel
(7-10). While the efficacy of proton therapy in comparison to current treatment modalities
remains to be determined through randomized controlled clinical trials (1,2,6), there is a also
a need to further characterize systemic responses to proton radiation in vivo (7,11).

Total-body exposure to ionizing radiation (TBI) in humans and animals can result in
multiple organ dysfunction as a consequence of toxicity to the hematopoietic,
gastrointestinal or cerebrovascular systems, depending on the total dose of radiation
absorbed (12,13). There remains a need to develop safe and effective radioprotectors that
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would be required in the event of a massive radiological accident, a nuclear terrorist attack,
or prolonged space travel (12-16). We recently reported that dietary supplementation with a
mixture of antioxidants comprised of L-selenomethionine (SeM), vitamin C, vitamin E
succinate, α-lipoic acid and N-acetyl cysteine (NAC) was effective as a preventative
measure prior to total-body X irradiation or as a treatment after TBI in limiting
hematopoietic cell depletion, promoting hematopoietic cell recovery and improving animal
survival (17). We have also previously observed that TBI of mice and rats with γ rays,
protons or high-atomic number and high-energy (HZE) particles resulted in oxidative stress
that could be quantified by decreased serum total antioxidant capacity within 4 h of radiation
exposure (18,19). The observed TBI-induced decrease in serum antioxidant capacity was
prevented by dietary supplementation with antioxidants (18,19). Several studies have
characterized the in vivo hematopoietic system response to proton TBI (11,20-22). To our
knowledge, none of the recent studies have examined hematopoietic effects of potentially
lethal doses of proton TBI on 30-day survival.

The aim of the current study was to characterize the hematopoietic syndrome after TBI with
1 GeV/nucleon protons and assess the efficacy of dietary antioxidant supplementation in
protecting hematopoietic cells and promoting animal survival after proton TBI.

MATERIALS AND METHODS
Animals

Male ICR mice aged 4–5 weeks were purchased from Taconic Farms Inc. (Germantown,
NY). Animals were acclimated for 7 days in the Brookhaven National Laboratory (BNL)
Animal Facility. Ten animals were housed per cage with ad libitum access to water and food
pellets. Animal care and treatment procedures were approved by the Institutional Animal
Care and Use Committees of the University of Pennsylvania and BNL.

Upon acclimation, the animals were randomly assigned to the AIN-93G rodent (Control)
diet or AIN-93G diet supplemented with SeM (0.06 μg/g diet), α-lipoic acid (85.7 μg/g diet),
NAC (171.4 μg/g diet), sodium ascorbate (142.8 μg/g diet), and vitamin E succinate (71.4
μg/ g diet); the diets were obtained from Bio-Serv (Frenchtown, NJ). The levels of SeM,
vitamin E and ascorbic acid used in these studies are equivalent on a weight basis to the
established maximum level of daily nutrient intake in humans that is likely to pose no risk of
adverse effects. The antioxidant combination in the animal diets was formulated to provide
the equivalent of 2000 mg/day, 1000 mg/day and 400 μg/day, which represent the upper
limits of the established Recommended Dietary Allowances (RDAs) for vitamin C, vitamin
E succinate and selenium (23). The control diet (AIN-93G rodent diet) contains vitamin E
and selenium at levels in the animal diets that are comparable on a weight basis to the
human RDA levels of these compounds. Although there is no published RDA for NAC or α-
lipoic acid, these thiol supplements were formulated according to previously determined
effective doses in humans, 2400 mg/day and 1200 mg/day, respectively (24,25), which did
not exhibit chronic toxicity.

Irradiation
Total-body irradiation of animals was performed with 1 GeV/nucleon protons [approximate
linear energy transfer (LET) of 0.24 keV/μm] at dose rates ranging from 20–70 cGy/min at
the NASA Space Radiation Laboratory (NSRL) at BNL. Proton irradiation was carried out
within the non-stopping region (Bragg plateau) of the curve for energy deposition as a
function of depth. The animals were restrained in plastic holders during radiation exposures
and returned to their cages afterward. Animals were returned to the animal facility once their
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radiation levels were determined to be at background. Sham-irradiated animals were
restrained similarly.

Peripheral Leukocyte Count Evaluations
Some animals were killed humanely 4 h after irradiation by CO2 asphyxiation followed by
cardiac puncture in a sterile fashion for peripheral complete blood cell (CBC) analyses.
Blood was collected in 1.7-ml microcentrifuge tubes containing 20 units of heparin and kept
at ambient temperature. A 50-μl whole blood aliquot per animal was diluted with 200 μl 5%
BSA in PBS for each sample. The use of 5% BSA was a recommendation from Dr. Suresh
Shelat, Director of the Pathology and Medical Laboratories at the Children's Hospital of
Philadelphia, where the blood samples were analyzed. BSA in PBS solution is generally
used as a diluent, especially when small volumes of blood are expected and not pooled. The
BSA acts to stabilize cell membranes and creates an isosmotic medium, having no direct
effect on cell counts (personal communication, Dr. Suresh Shelat). Further, compared to
humans, animal leukocyte populations are known to have more frequent separation failures.
In these situations, histogram and blood film review are required to identify the separation
failures, verify the total count, and correct the differential. BSA is reported as a blood cell
stabilizer in total blood to reduce the number of “atypical” lymphocytes and aids in the
consistency of the morphological evaluation of the peripheral blood (26).

Samples were packaged with ice packs and shipped overnight via commercial courier for
CBC analysis 16–20 h later with an ADVIA 2120 Hematology System (Bayern Diagnostic,
Dublin, Ireland) at the Children's Hospital of Philadelphia.

Survival Experiment
Animals were maintained on their respective diets until they were killed except where noted.
One group of irradiated animals (Control → AO) was fed the control diet until 2 h after
radiation exposure, at which time the control diet was exchanged for the antioxidant-
supplemented diet, which was maintained for the remainder of the experiment. Animals
were evaluated twice daily after irradiation. One week after irradiation, animals were
shipped via a courier service to the University of Pennsylvania quarantine facility, where
they were kept for the remainder of the experiment. After radiation exposure the animals
were carefully monitored for signs of general toxicity: lack of grooming, ataxia, limping,
abnormal posture, paralysis, lethargy, weakness, anorexia, tremors, hunched posture,
convulsions, labored respiration, bleeding, rough or strained hair coat, eye lesions, sores/
wounds and red eyes (or red tears). Animals showing signs of hunched posture, labored
breathing and immobility were immediately euthanized because these symptoms are
associated with impending death.

Spleen and Bone Marrow Cell Isolation and Quantification
The spleen was dissected, defatted, weighed and flash frozen in liquid nitrogen. Tibiae and
femurs were removed and the ends of the bones were bluntly cut. The bone marrow cavity
was flushed with PBS using a sterile 22-gauge needle and resuspended to obtain a single cell
suspension. Aliquots were counted using a Coulter counter.

ELISA
Blood samples were collected in 1.7-ml microcentrifuge tubes, combined with 20 units of
heparin, and centrifuged at 1000 g for 15 min at 4°C. Plasma was then separated from the
pellet, kept on ice and frozen at −80°C within 1 h of collection. The concentrations of Flt-3
ligand (Flt-3L) and TGFβ1 in heparin plasma were quantified by a sandwich enzyme
immunoassay using the Quantikine ELISA kits (R&D Systems) according to the
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manufacturer's procedure. Briefly, thawed plasma was crosslinked to monoclonal antibodies
specific for Flt-3L or TGFβ1 precoated onto a 96-well plate for 2 h at room temperature,
followed by the sandwiching of analyte with enzymelinked polyclonal antibodies specific
for Flt-3L or TGFβ1 for another 2 h. Signals were acquired at 450 nm using a
spectrophotometric microplate reader after 30 min of color development.

Statistical Analysis
The 30-day survival Kaplan-Meier curves were compared using a log-rank test. The CBC
counts were compared between control and antioxidant treatment groups by a Student's t
test. The statistical analyses were performed using Prism Version 2.01 (GraphPad Software,
San Diego, CA) and SigmaPlot Version 10.0 (Systat Software Inc, San Jose, CA) statistical
software. P < 0.05 was regarded as statistically significant.

RESULTS
Thirty-Day Survival of Mice after Total-Body Irradiation

The effects of dietary antioxidant supplementation on survival were determined in mice
irradiated with a total-body dose of 5.9, 6.8 and 7.2 Gy 1 GeV/nucleon protons (Fig. 1).
When antioxidant supplementation was initiated 7 days prior to TBI and maintained for the
duration of the observation period, a small increase in survival was observed when the
results were compared to those from animals fed the control diet, although this increase in
survival did not reach statistical significance (Fig. 1A). However, Control → AO treatment
exhibited a statistically significant survival benefit (Fig. 1B) with a hazard ratio of 0.13
(0.039–0.82). The 30-day survival rate after 5.9 Gy TBI was 60% for animals fed the control
diet, 93% for the Control → AO group, and 73% for animals that received antioxidants prior
to irradiation. We observed that 5.5 Gy proton TBI was sublethal in all groups (data not
shown). A total-body dose of 6.8 Gy resulted in 13.3% survival that was not significantly
affected by antioxidant supplementation (Fig. 1C and D, solid lines), while 7.2 Gy TBI was
universally lethal in all groups (Fig. 1E and F, solid lines). There was no statistically
significant difference in survival between animals that received the antioxidant supplements
before or after radiation exposure (Fig. 1C–F).

Determination of LD50/30 for 1 GeV/nucleon Proton TBI
The 30-day survivals after 5.5, 5.9, 6.8 and 7.2 Gy TBI were plotted with percentage
survival as the dependent variable. Linear regression analysis demonstrated a correlation
coefficient of 0.97 and a calculated LD50/30 of 6.23 Gy for male ICR mice (Fig. 2).

Peripheral Leukocyte Counts 4 and 24 h after 1 and 7.2 Gy Proton TBI
The hematopoietic syndrome ensues within the first 24 h of total-body radiation exposure at
doses as low as 1 Gy (27). Peripheral blood cell counts (as well as bone marrow cell
depletion and spleen mass) were investigated to evaluate the effects of antioxidant
supplementation on the proton TBI-induced hematopoietic syndrome at a low dose
associated with the hematopoietic syndrome (1 Gy) and a lethal dose (7.2 Gy).

Whole-blood cell (WBC) counts—There was no difference in WBC counts between
nonirradiated animals fed the control or antioxidant-supplemented diet for 7 days (Fig. 3A).
At 4 and 24 h after 1 Gy and 7.2 Gy proton TBI, control animals and animals fed the
antioxidant supplemented diet had significantly decreased WBC counts compared to
nonirradiated animals fed the control diet (Fig. 3A). However, irradiated animals fed the diet
supplemented with antioxidants exhibited significantly higher WBC counts at 4 h and 24 h
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after 1 Gy TBI, whereas antioxidants did not affect WBC counts after 7.2 Gy TBI in a
statistically significant manner compared to irradiated animals fed the control diet (Fig. 3A).

Polymorphonuclear (PMN) cell counts—There was no difference in PMN cell counts
between nonirradiated animals fed the control or antioxidant-supplemented diet for 7 days.
After 1 Gy proton TBI, animals fed the control diet had significantly decreased PMN cell
counts at 4 h and 24 h after radiation exposure. Supplementation with dietary antioxidants
resulted in no decrease in PMN cell counts at 4 h after 1 Gy TBI (Fig. 3B). The difference in
PMN cell counts at 4 h after 1 Gy proton TBI between animals fed the control and
antioxidant diets was statistically significant (Fig. 3B). At 24 h after 1 Gy TBI, there were
higher peripheral PMN cell counts in animals fed the antioxidant-supplemented diet
compared to irradiated animals fed the control diet; this effect was of borderline statistical
significance (P = 0.098). At 4 h after 7.2 Gy proton TBI, there was no change in PMN cell
counts in animals fed the control or antioxidant diets compared to unirradiated animals fed
the control diet (Fig. 3B). Animals exposed to 7.2 Gy proton TBI had significantly higher
PMN cell counts at 4 h after radiation exposure compared to animals fed the control diet and
exposed to 1 Gy TBI. Animals fed the diet supplemented with antioxidants exhibited higher
PMN cell counts than animals fed the control diet at 24 h after 7.2 Gy TBI (Fig. 3B).

Lymphocyte cell counts—There was no significant difference in peripheral lymphocyte
counts between nonirradiated animals fed the control or antioxidant-supplemented diets
(Fig. 3C). At 4 and 24 h after 1 Gy proton TBI, there was a significant decrease in peripheral
lymphocytes regardless of diet compared to unirradiated animals fed the control diet (Fig.
3C). Nevertheless, dietary supplementation with antioxidants resulted in more peripheral
lymphocytes at 4 h and 24 h after 1 Gy TBI compared to irradiated animals fed the control
diet (Fig. 3C). At 4 h after 7.2 Gy proton TBI, dietary antioxidant supplementation did not
affect the significant decrease in peripheral lymphocytes (Fig. 3C). However, at 24 h after
7.2 Gy TBI, antioxidant-supplemented animals had higher peripheral lymphocyte counts
than irradiated animals fed the control diet (Fig. 3C).

Effect of Antioxidant Dietary Supplements on Radiation-Induced Bone Marrow Cell
Depletion and Spleen Mass at 24 h after TBI

Nonirradiated animals fed the control and antioxidant diets had similar bone marrow cell
counts (Fig. 4A). At 24 h after 1 Gy and 7.2 Gy proton TBI, there was a significant decrease
in bone marrow cell counts in animals fed the control and antioxidant diets compared to
nonirradiated animals fed the control diet (Fig. 4A). Dietary supplementation with
antioxidants resulted in more cells in the bone marrow of animals exposed to 1 Gy and 7.2
Gy TBI compared to irradiated animals fed the control diet (Fig. 4A).

Unirradiated animals had similar spleen mass regardless of diet (Fig. 4B). At 24 h after 1 Gy
and 7.2 Gy proton TBI, there was a significant decrease in spleen mass in animals fed the
control diet compared to animals fed the antioxidant-supplemented diet (Fig. 4B).
Supplementation with antioxidants resulted in significantly higher spleen mass at 24 h after
1 Gy and 7.2 Gy TBI compared to irradiated animals fed the control diet (Fig. 4B).

Effect of Antioxidant Dietary Supplements on Plasma Levels of Flt-3L and TGFβ1 after
Proton TBI

Flt-3L blood levels has been suggested as a biomarker of radiation injury to the bone
marrow (28,29). There was no difference in plasma levels of Flt-3L in nonirradiated animals
regardless of diet (Fig. 5A). At 4 h after 1 Gy proton TBI, there was a statistically significant
increase in plasma Flt-3L levels in animals fed the control diet (Fig. 5A), whereas there was
a decrease in Flt-3L levels in animals supplemented with antioxidants that was of borderline

Wambi et al. Page 5

Radiat Res. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



statistical significance (Fig. 5A, P = 0.069). Antioxidant supplementation resulted in
significantly lower levels of plasma Flt-3L at 4 h after 1 Gy TBI (Fig. 5A). There was no
change in plasma Flt-3L levels at 4 h after 7.2 Gy TBI regardless of diet (Fig. 5A) compared
to unirradiated animals fed the control diet. Furthermore, there was no difference in Flt-3L
levels at 4 h after 7.2 Gy TBI between animals fed the control or antioxidant diet (Fig. 5A).

At 24 h after 1 Gy proton TBI, there was a significant increase in plasma Flt-3L in animals
fed the control (Fig. 5A) and antioxidant (Fig. 5A) diets compared to nonirradiated animals
fed the control diet. Animals fed the control diet and exposed to 1 Gy TBI had significantly
higher plasma Flt-3L levels at 24 h after exposure compared to similarly irradiated animals
whose diets were supplemented with antioxidants (Fig. 5A). Dietary supplementation with
antioxidants did not affect the significant increase in plasma Flt-3L levels at 24 h after
exposure to 7.2 Gy TBI (Fig. 5A).

TGFβ1 is one of the few negative regulators of hematopoiesis (30-32). Nonirradiated
animals had similar levels of plasma TGFβ1 regardless of diet (Fig. 5B). At 4 h after 1 Gy
proton TBI, there was a significant increase in plasma TGFβ1 levels in animals fed the
control diet compared to nonirradiated animals fed the same diet (Fig. 5B). Dietary
antioxidant supplementation completely inhibited the increase in plasma TGFβ1 at 4 h after
1 Gy TBI (Fig. 5B). At 4 h after 7.2 Gy TBI, there was a significant decrease in plasma
TGFβ1 in animals fed the control diet compared to nonirradiated animals fed the control diet
(Fig. 5B). Dietary antioxidant supplementation completely inhibited the decrease in plasma
TGFβ1 at 4 h after 7.2 Gy TBI exposure (Fig. 5B).

Whereas there was no longer a significant difference in plasma TGFβ1 levels at 24 h after 1
Gy TBI between animals fed the control diet and nonirradiated animals fed the same diet
(Fig. 5B), 1 Gy TBI animals supplemented with antioxidants were found to have
significantly higher levels of TGFβ1 compared to nonirradiated animals fed the control diet
(Fig. 5B). However, the difference in plasma TGFβ1 at 24 h after 1 Gy TBI between animals
fed the control and antioxidant diet did not reach statistical significance (Fig. 5B).

At 24 h after 7.2 Gy proton TBI, there was no difference in plasma TGFβ1 between
irradiated animals fed the control or antioxidant diet and nonirradiated animals fed the
control diet (Fig. 5B). Likewise there was no difference in plasma TGFβ1 levels between
animals fed the control or antioxidant diet at 24 h after 7.2 Gy TBI (Fig. 5B).

Peripheral Leukocyte Counts in Moribund Lethally Irradiated Animals
At the time of euthanasia, 10–15 days after 7.2 Gy TBI, moribund animals were found to
have a severe pancytopenia that was not affected by dietary antioxidants (Table 1).

Recovery of Peripheral Leukocyte Counts in Animals Exposed to a Sublethal Dose of
Radiation

At 4 weeks after 5.5 Gy proton TBI, there remained a 52% decrease in lymphocytes, a 220%
increase in PMN cells, and a 32% decrease in platelets in animals fed the control diet
compared to age-matched nonirradiated animals fed the same diet (Table 2). Dietary
antioxidant supplementation prior to irradiation and maintenance of this diet for 4 weeks
after TBI did not affect recovery of peripheral leukocytes or platelets at 1 month after TBI
(Table 2).

At 9 weeks after 5.5 Gy proton TBI, the peripheral total leukocyte, lymphocyte, PMN and
platelet cell counts of animals supplemented with dietary antioxidants completely recovered
to the levels observed in nonirradiated animals fed the control or antioxidant diets (Table 2).
However, at 9 weeks after 5.5 Gy TBI, animals fed the control diet had significantly fewer
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peripheral total leukocyte and PMN cells compared to nonirradiated age-matched animals
fed the control diet (Table 2). The lymphopenia observed immediately after TBI and at 4
weeks after irradiation completely resolved by 9 weeks after exposure in all treatment
groups. Conversely, the granulocytosis noted in irradiated animals at 4 weeks after exposure
resolved by 9 weeks as lymphocyte counts recovered.

Recovery of Peripheral Blood Counts in Animals Surviving a Potentially Lethal TBI
Eight weeks after 5.9 Gy proton TBI, the total white blood cell count in animals fed the
control diet was 63% of the value of nonirradiated animals fed the same diet (Table 3).
Animals supplemented with dietary antioxidants prior to TBI and maintained on this diet
throughout the recovery period had 91% recovery of total white blood cell counts compared
to nonirradiated animals fed the control diet (Table 3). Initiation of dietary antioxidants 2 h
after TBI (C → AO) resulted in 68% recovery of peripheral total leukocytes at 8 weeks
compared to nonirradiated animals fed the control diet (Table 3). Total peripheral leukocyte
counts were significantly higher in animals supplemented with dietary antioxidants prior to
radiation exposure compared to animals supplemented with antioxidants after TBI (Table 3)
or to irradiated animals fed the control diet (Table 3).

At 8 weeks after 5.9 Gy, proton-irradiated animals fed the control diet had 56.3% (Table 3)
of the peripheral lymphocyte count of nonirradiated age-matched animals fed the same diet
(Table 3). Supplementation with antioxidants prior to TBI resulted in peripheral lymphocyte
counts at 8 weeks that were 80% of the levels observed in nonirradiated aged-matched
animals fed the control diet (Table 3). Initiation of antioxidant supplementation 2 h after TBI
resulted in lymphocyte counts that were 66% of those of nonirradiated age-matched animals
fed the control diet (Table 3). Lymphocyte counts were higher in animals supplemented with
dietary antioxidants prior to radiation exposure compared to animals supplemented with
antioxidants after TBI (Table 3) or to irradiated animals fed the control diet (Table 3).

Antioxidant supplementation, whether initiated prior to or after proton TBI, resulted in non-
significant differences in platelet counts between irradiated animals and nonirradiated age-
matched animals fed the control diet at 8 weeks after TBI (Table 3). However, irradiated
animals fed the control diet continued to have significantly lower platelet counts than
nonirradiated animals fed the same diet at 8 weeks after TBI (Table 3).

DISCUSSION
We have previously demonstrated the efficacy of dietary supplementation with a mixture of
antioxidants comprised of SeM, vitamin C, vitamin E succinate, α-lipoic acid and NAC as a
preventative measure prior to TBI with X rays or as a treatment after TBI in limiting
hematopoietic cell depletion, promoting hemapoietic cell recovery, and improving animal
survival (17). In the present study we aimed to study the radioprotective efficacy of the same
dietary antioxidants on similar end points mediated by proton TBI. When administered as a
preventative measure prior to TBI, dietary antioxidant supplementation was effective in
significantly limiting radiation-induced peripheral leukopenia, neutropenia and lymphopenia
at 4 and 24 h after 1 Gy, whereas the antioxidants were less effective against the
hematopoietic effects of 7.2 Gy of proton TBI. Supplementation with antioxidants prior to
TBI also significantly limited radiation-induced bone marrow cell depletion and the decrease
in spleen mass at 24 h after exposure. Furthermore, antioxidant supplementation protected
against hematopoietic syndrome-induced animal mortality in a statistically significant
manner when given as a treatment after radiation exposure; survival of the irradiated animals
increased from 60% in the animals fed the control diet to 93% in the animals fed with the
antioxidant diet. For these data, the dose-modifying factor (DMF) for antioxidant therapy
(ratio of survival of animals protected by antioxidant therapy to survival of the unprotected
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animals) was 1.6. The antioxidant diet was less effective in increasing survival when given
in a preventative fashion before TBI. Antioxidants were effective in improving animal
survival only in ICR mice exposed to a dose below the calculated LD50/30 for 1 GeV/
nucleon proton TBI. Preventative antioxidant supplementation was also associated with
significant modulation of proton TBI-induced changes in plasma levels of the hematopoietic
cytokines Flt-3L and TGFβ1 in a dose- and time-dependent fashion. Last, preventative
supplementation with antioxidants was the most effective regimen at increasing the recovery
of radiation-induced peripheral leukocyte depletion.

Several recent studies have established the short-term and long-term deleterious effects of
sublethal (0.5–4 Gy) proton TBI on various hematopoietic cell parameters (11,20-22,33-36).
These studies in sum elucidate the potential hematopoietic risk and harm of extended human
space travel, particularly in the event of SPEs. It is worthwhile noting that the
aforementioned studies used clinically relevant 250 MeV/nucleon protons. To our
knowledge, none of these past studies assessed either the effect of potentially lethal doses of
protons on hematopoietic cells, organs and animal survival or any countermeasures
(preventative or treatment) aside from shielding (16). Older studies did assess the
hematopoietic effects of proton TBI in dogs and primates along with shielding or hypoxia as
countermeasures (37-42). Our previous in vivo studies with γ rays, protons or HZE particles
in mice and rats suggested that dietary supplementation with antioxidants is an effective
countermeasure to prevent ionizing radiation-induced decreases in plasma total antioxidant
status (a marker of oxidative stress) (18,19). We therefore hypothesized that dietary
antioxidants would confer a protective effect against the deleterious hematopoietic effects of
proton TBI in vivo.

The RBE of 250 MeV/nucleon protons (or lower energies) has been estimated to range from
0.9–1.25 depending on the particular end point measured and the energy of the protons used,
although a general RBE of 1.1 is conventionally proposed and used (4,43-47). At 70 GeV/
nucleon, the proton RBE was noted to be 1.6–7.6 in Chinese hamster fibroblasts and 1.04–
3.8 in lymphoid cells with single-strand DNA breaks as the end point, whereas the RBE was
1.14–1.7 for survival of Chinese hamster cells (48). We sought to investigate the effects of
proton TBI on 30-day mortality resulting from the hematopoietic syndrome in ICR mice and
to establish the RBE for this end point. The LD50/30 for total-body exposure to X rays in
ICR mice was previously estimated to be 7.55 Gy (49). Similarly, we found previously that
8 Gy TBI resulted in 87% mortality at 30 days in the same strain of mice (17). In the present
study we calculated the LD50/30 of 1 GeV/nucleon protons to be 6.23 Gy, corresponding to
an RBE of 1.21 compared to the results observed for X rays. Our results are in agreement
with previous in vivo studies and fall within the accepted 10–20% variance in RBE in the
clinical setting and the conventionally accepted value of 1.1 for various proton radiation-
induced biological effects (47).

We found that the radioprotective effect of dietary supplementation with antioxidants on
animal mortality after proton TBI occurred only at a dose less than the LD50/30, which was
5.9 Gy (equivalent to a dose of 6.5 Gy X rays, assuming an RBE of 1.1). In contrast, our
previous results using X rays indicated that antioxidants significantly increased animal
survival at a total-body dose of 8 Gy (greater than the LD50/30 of 7.55 Gy). We also noticed
another difference in the efficacy of dietary supplementation with antioxidants as a
radioprotective countermeasure against hematopoietic injury and death induced by TBI with
X rays compared to protons. Whereas antioxidants were effective at increasing animal
survival when administration began at 7 days prior to or 2 h after X irradiation, dietary
antioxidants were considerably more effective at increasing animal survival after proton TBI
when they were administered 2 h after TBI compared to the results observed when the
antioxidants were administered both before and after TBI. These data suggest that the
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antioxidants used in this study could be used safely as supportive therapy after proton TBI.
Although the effects of the diets on animal weights were not evaluated in this study, the
effects of the antioxidant diet compared to the control AIN-93G diet on animal weights and
toxicity parameters were evaluated carefully in previous studies in this laboratory (50). In
those studies, no effects on animal weight or other toxic effects were attributed to the
antioxidant diet in either short-term or long-term studies involving irradiated or unirradiated
animals.

The self-renewal capacity or reconstitution of hematopoietic stem cells (HSC) is dependent
on ataxia telangiectasia mutated (ATM)-mediated inhibition of oxidative stress generated by
p38 MAPK activity, whereas proliferation of more differentiated hematopoietic progenitor
cells is less sensitive to levels of p38 MAPK-derived reactive oxygen species (ROS) (51,52).
Treatment of adult mice lacking the ataxia telangiectasia mutated gene (Atm−/−) with NAC
or catalase not only prevents elevation in ROS but also results in partial rescue of bone
marrow failure associated with increased chronic p38 MAPK-induced ROS (51,52).
However, it is also known that several hematopoietic cytokines that stimulate growth,
differentiation and prevention of apoptosis of progenitor cells, including granulocyte
macrophage colony-stimulating factor (GM-CSF), interleukin 3 (IL-3), steel factor (SF),
thrombopoietin (TPO) and erythropoietin (Epo), cause rapid increases in ROS levels in
quiescent progenitor cells via receptor-mediated signaling cascades (53,54). Several
antioxidants, including NAC, have been shown to abolish or diminish the receptor-mediated
signaling of these hematopoietic cytokines (53,54). In hematopoietic stem and progenitor
cells, redox signaling mediated by NADPH oxidase and its regulatory proteins may be an
important regulator of the critical balance between self-renewal and differentiation (55).

In the present study with proton TBI, as previously observed for total-body X irradiation,
dietary antioxidants were most effective in improving animal survival when administration
began 2 h after radiation exposure. Although the signaling cascades common or specific to
either photons or protons are not completely known, it is evident that TBI of animals results
in an inflammatory state partially mediated by oxidative stress immediately after radiation
exposure that can ultimately result in animal death depending on the dose delivered.
Furthermore, it remains unknown as to what extent TBI-induced oxidative stress is a
necessary physiological response to promote animal survival, e.g. hematopoietic cytokine-
induced receptor signaling cascades. When administered 2 h after the proton TBI, the
antioxidant diet would not affect the initial oxidative stress mediated by or in response to
TBI, but it could have a major effect on persistent oxidative stress induced by the radiation
exposure, ultimately resulting in the most effective increase in animal survival after both
proton and X irradiation. In our previous studies with mice and rats exposed to γ rays,
protons or HZE particles, we found that dietary antioxidant supplementation prior to TBI
resulted in prevention of the radiation-induced decrease in serum total antioxidant capacity
(a surrogate for oxidative stress) at 4 h after exposure (18,19). Although this observation is
consistent with our hypothesis that TBI depletes serum antioxidant levels or other
endogenous antioxidant stores, which accounts for the efficacy of dietary antioxidant
supplementation, we fully acknowledge that direct measurement of antioxidants levels is
necessary to confirm this mechanism of action.

In the bone marrow, total-body X irradiation at doses of 0.5–6 Gy results in a significant
decrease or complete depletion of endogenous vitamin C and vitamin E levels as early as 1
h, with the nadir at 24 h after exposure (56,57). These radiation-induced changes in
endogenous antioxidant vitamin levels are associated with concurrent or delayed increases in
markers of oxidative stress in the bone marrow including 4-hydroxynonenal, hexanal and
thiobarbituric acid-reactive substances (57). Interestingly, sublethal TBI with 3 Gy resulted
in recovery of vitamin levels in the bone marrow at 8 days after exposure, whereas there was
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no recovery back to normal levels after 6 Gy X irradiation (56). From our studies as well as
those of others, antioxidant supplementation prior to or after TBI likely modifies the bone
marrow response to radiation exposure.

In the current study we identified another putative means by which antioxidant
supplementation affects hematopoietic cell response after TBI, which is the modulation of
the hematopoietic cytokines Flt-3L and TGFβ1. Several studies have shown that after
exposure to ionizing radiation, blood levels of Flt-3L are a surrogate for the extent of
damage to hematopoietic progenitor cells in the bone marrow (28,29,58). Furthermore, the
concentration of Flt-3L in plasma after irradiation is inversely correlated with PMN cell
counts in the peripheral blood (29). Dietary antioxidant supplementation prior to TBI
resulted in significantly lower levels of plasma Flt-3L at 4 and 24 h after 1 Gy TBI
compared to levels in similarly irradiated animals fed the control diet. These results not only
corroborate the protective effect of antioxidants on peripheral PMN cell counts after TBI but
also suggest that preventative dietary antioxidant supplementation has a protective effect on
bone marrow cell depletion after 1 Gy proton TBI. Interestingly, we observed the protective
effects of antioxidants after 1 Gy TBI not only in bone marrow cell counts but also in spleen
mass and peripheral PMN cell and lymphocyte counts in a similar fashion and to a similar
extent. Furthermore, we observed that antioxidants did not affect the increase in plasma
levels of Flt-3L after 7.2 Gy TBI. These data are consistent with the lack of difference in
peripheral PMN cell and lymphocyte counts regardless of diet after 7.2 Gy TBI. The extent
of peripheral leukocyte depletion after proton TBI observed in our study is consistent with
results obtained from previous studies (11,22). Taken together, preventative dietary
antioxidant supplementation is more effective at mitigating proton TBI-induced
hematopoietic cell changes at 1 Gy compared to 7.2 Gy.

Proton TBI resulted in significant changes in the plasma levels of TGFβ1 that were affected
by preventative dietary antioxidant supplementation in a statistically significant manner. In
animals fed the control diet, plasma TGFβ1 levels exhibited a dose-dependent response to
TBI in that 1 Gy TBI resulted in significantly increased levels of the hematopoietic cytokine
compared to nonirradiated control animals and 7.2 Gy resulted in significantly decreased
levels at 4 h after exposure. At 24 h after TBI, TGFβ1 levels returned to the levels in
nonirradiated animals in both 1-Gy and 7.2-Gy animals fed the control diet. Antioxidant
supplementation resulted in an increase in TGFβ1 plasma levels at 24 h after 1 Gy compared
to nonirradiated controls. Plasma levels of TGFβ1 returned to those in nonirradiated animals
at 24 h after 7.2 Gy TBI regardless of diet. This suggests that antioxidant supplementation
potentially abolished or delayed the endogenous TGFβ1 response. The mechanism and
significance of antioxidant modulation of radiation-induced plasma TGFβ1 levels are not
known. However, this is likely an important means by which antioxidants also affect bone
marrow cell response or recovery after TBI. Although we did not measure plasma levels of
this cytokine in our previous study with X rays, we did notice a profound effect of TBI on
TGFβ1 mRNA expression in the bone marrow at 4 and 24 h after exposure (17). Our
observation that proton TBI results in significant changes in TGFβ1 levels was not observed
in the study by Kaijoka et al., who compared levels of this cytokine in proton- and γ-
irradiated animals (34). The discordance between these studies likely represents evaluation
of cytokine levels at different times. Kaijoka et al. evaluated plasma TGFβ1 at 7 days after
TBI (34), and we report that by 24 h the elevation of this cytokine in the circulation returns
to levels observed in nonirradiated animals.

In this study we also observed that antioxidant supplementation increased peripheral
leukocyte cell recovery when given prior to sublethal or potentially lethal proton TBI. The
benefits of antioxidants in improving recovery of hematopoietic cells in the periphery and
bone marrow were also observed in our study with X rays (17). Interestingly, despite a lower
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impact on animal survival, antioxidant supplementation before TBI resulted in the greatest
improvement in hematopoietic cell recovery. These results suggest that the end point of
animal survival after potentially lethal TBI is affected by many factors, including bone
marrow as well as peripheral hematopoietic cell protection and recovery.

This report shows that the effects of proton TBI on hematopoietic end points, including 30-
day survival, are not completely similar to the effects observed for total-body X irradiation.
Some differences may be related to the higher RBE of protons compared to photons. Dietary
antioxidant supplementation may be an effective countermeasure for proton-induced
hematopoietic effects. However, additional studies are needed to elucidate the endogenous
hematopoietic oxidative stress response to TBI and the impact and ideal timing of
exogenous antioxidants on this important regulatory hematopoietic pathway.
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FIG. 1.
Effect of antioxidants on mouse survival after TBI. Panel A: Male ICR mice were fed the
control AIN-93G diet (n = 15) or the AIN-93G diet supplemented with antioxidants (AO, n
= 15) for 7 days prior to 5.9 Gy TBI. The animals were maintained on their respective diets
and observed for 30 days after TBI. Panel B: Survival of animals fed the control diet was
compared to that of animals given the antioxidant diet 2 h after 5.9 Gy TBI and maintained
on this diet for the remaining 30 days (C → AO, n = 15). Panels C and D: Survival of mice
fed the control diet (n = 15) or the antioxidant-supplemented diet for 7 days prior to (AO, n
= 15) or 2 h after (C → AO, n = 15) 6.8 Gy TBI. Panels E and F: Survival of mice fed the
control diet (n = 15) or the antioxidant-supplemented diet for 7 days prior to (AO, n = 15) or
2 h after (C → AO, n = 15) 7.2 Gy TBI.
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FIG. 2.
Calculation of LD50/30 for 1 GeV/nucleon protons in male ICR mice (15 per dose) fed the
control AIN-93G diet for 7 days prior to TBI. The 30-day survival after TBI ranging from
non-lethal (100% survival, 5.5 Gy) to universally lethal (0% survival, 7.2 Gy) was plotted as
a function of radiation dose. Linear regression was used to calculate the dose equivalent of
50% 30-day animal survival.
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FIG. 3.
Effect of prophylactic antioxidant dietary supplementation on peripheral leukocyte counts
after low- and high-dose TBI. Male ICR mice were fed the control AIN-93G or the control
diet supplemented with antioxidants (AO) for 7 days prior to 1 Gy or 7.2 Gy TBI and were
killed at 4 or 24 h after TBI. Panel A: Total white blood cell (WBC) counts, 0 Gy control
and 0 Gy AO (n = 4), 1 Gy control 4 h (n = 13), 1 Gy AO 4 h (n = 12), 1 Gy control 24 h (n
= 7), 1 Gy AO 24 h (n = 7), 7.2 Gy control 4 h (n = 6), 7.2 Gy AO 4 h (n = 4), 7.2 Gy
control 24 h (n = 7), and 7.2 Gy AO 24 h (n = 7). Panel B: PMN cell counts, 0 Gy control
and 0 Gy AO (n = 6), 1 Gy control 4 h (n = 13), 1 Gy AO 4 h (n = 9), 1 Gy control 24 h and
1 Gy AO 24 h (n = 5), 7.2 Gy control 4 h (n = 4), 7.2 Gy AO 4 h (n = 4), 7.2 Gy control 24 h
(n = 6), and 7.2 Gy AO 24 h (n = 6). Panel C: Lymphocyte counts, 0 Gy control and 0 Gy
AO (n = 3–4), 1 Gy control 4 h (n = 10), 1 Gy AO 4 h (n = 10), 1 Gy control 24 h (n = 7), 1
Gy AO 24 h (n = 7), 7.2 Gy control 4 h (n = 5), 7.2 Gy AO 4 h (n = 5), 7.2 Gy control 24 h
(n = 8), and 7.2 Gy AO 24 h (n = 7). Each bar represents mean ± SD.
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FIG. 4.
Effect of dietary antioxidant (AO) supplementation on bone marrow cell depletion and
spleen mass 24 h after TBI. Male ICR mice were fed the control AIN-93G or the control diet
supplemented with antioxidants (AO) for 7 days prior to 1 Gy or 7.2 Gy TBI and were killed
at 24 h after TBI. Panel A: Twenty-four hours after TBI, animals were killed, both femurs
and tibiae were flushed with PBS, and cell counts were determined with a Coulter Counter.
Each group represents n = 5–7. Panel B: Twenty-four hours after TBI, animals were killed,
and the spleens were harvested, defatted and weighed. Each group represents n = 7. Each bar
represents mean ± SD.
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FIG. 5.
Effect of prophylactic dietary antioxidant supplementation on plasma levels of Flt-3L and
TGFβ1 after TBI. Male ICR mice were fed the control AIN-93G diet or the control diet
supplemented with antioxidant (AO) for 7 days prior to 1 Gy or 7.2 days prior to 1 Gy or 7.2
Gy TBI and were killed 4 and 24 H after TBI; plasma was separated from peripheral blood
and stored at −70°C until further analysis. Panel A: Flt-3L: 0 Gy control and AO (n = 5–7),
1 Gy control and AO 4 h (n = 6–8), 1 Gy control and AO 24 h (n = 6–8), 7.2 Gy control and
AO 4 h (n = 8), 7. 2 Gy control and AO 24 h (n = 4). Data are means ± SD. ***P = 0.00008
between 1 Gy control and 1 Gy AO at 4 h. *P = 0.018 between 1 Gy control and 1 Gy AO at
24 h. Panel B: TGFβ1: 0 Gy control and AO (n = 6–8), 1 Gy control and AO 4 h (n = 6–8), 1
Gy control and AO 24 h (n = 6), 7.2 Gy control and AO 4 h (n = 7), 7. 2 Gy control and AO
24 h (n = 3). Data are means ± SD with significant difference accepted as P < 0.05 by
Student's t test. **P = 0.0013 between 0 Gy control and 1 Gy control at 4 h. **P = 0.0074
between 0 Gy control and 7.2 Gy control at 4 h. *P = 0.031 between 0 Gy control and 1 Gy
AO at 24 h. Data are means ± SD.
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