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Pretreatment with Ascorbic Acid Prevents Lethal Gastrointestinal 
Syndrome in Mice Receiving a Massive Amount of Radiation

Tetsuo YAMAMOTO1,2, Manabu KINOSHITA1*, Nariyoshi SHINOMIYA3†,
Sadayuki HIROI4, Hidekazu SUGASAWA5, Yoshitaro MATSUSHITA2,

Takashi MAJIMA1, Daizoh SAITOH6 and Shuhji SEKI1†

Bone marrow transplantation/Apoptosis/DNA microarray.
While bone marrow or stem cell transplantation can rescue bone marrow aplasia in patients acciden-

tally exposed to a lethal radiation dose, radiation-induced irreversible gastrointestinal damage (GI 
syndrome) is fatal. We investigated the effects of ascorbic acid on radiation-induced GI syndrome in mice. 
Ascorbic acid (150 mg/kg/day) was orally administered to mice for 3 days, and then the mice underwent 
whole body irradiation (WBI). Bone marrow transplantation (BMT) 24 h after irradiation rescued mice 
receiving a WBI dose of less than 12 Gy. No mice receiving 14 Gy-WBI survived, because of radiation-
induced GI syndrome, even if they received BMT. However, pretreatment with ascorbic acid significantly 
suppressed radiation-induced DNA damage in the crypt cells and prevented denudation of intestinal 
mucosa; therefore, ascorbic acid in combination with BMT rescued mice after 14 Gy-WBI. DNA microar-
ray analysis demonstrated that irradiation up-regulated expressions of apoptosis-related genes in the small 
intestine, including those related to the caspase-9-mediated intrinsic pathway as well as the caspase-8-
mediated extrinsic pathway, and down-regulated expressions of these genes in ascorbic acid-pretreated 
mice. Thus, pretreatment with ascorbic acid may effectively prevent radiation-induced GI syndrome.

INTRODUCTION

Biomedical problems caused by radiation accidents still 
remain a grave concern, because we cannot rescue most of 
the patients exposed to critical radiation doses. After a high-
dose radiation exposure, patients usually suffer from fatal 
damage to multiple organs, which has been referred to col-
lectively as acute radiation syndrome.1) Bone marrow failure 

is the most common complication after acute radiation expo-
sure, causing severe pancytopenia, which results in fatal 
immune dysfunction. Since the early 1950’s, bone marrow 
transplantation (BMT) has been utilized for the reconstitu-
tion of damaged bone marrow, and recently, a more sophis-
ticated technique, the transplantation of umbilical cord blood 
cells, has been developed.2) Such advanced therapeutic inter-
ventions effectively rescue patients from bone marrow failure
caused by fatal irradiation. However, another complication 
has emerged among patients initially successfully rescued 
by stem cell transplantation, and that is radiation-induced 
gastrointestinal (GI) syndrome.

A nuclear criticality accident occurred in 1999 in 
Japan.1,3) Patients who were exposed to high doses of radia-
tion developed severe bone marrow failure, and thereafter 
underwent hematopoietic stem cell transplantation. However,
they subsequently developed severe GI damage with diar-
rhea and bleeding, and eventually died from multiple organ 
failure, despite intensive organ support therapies.4) Thus far 
there is no effective therapy for GI syndrome occurring after 
high-dose radiation exposure, and it is crucial to discover 
therapeutic tools for rescuing patients with radiation-
induced GI syndrome, which is also a major complication of 
abdominal radiotherapy in cancer patients.5) In addition, if a 
radiation accident unfortunately occurs, rescue team mem-
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bers have to deploy in a radiation-contaminated area to rescue
victims. In that situation, prevention of radiation-induced 
damage, in particular GI syndrome, is of vital importance to 
the rescue team.

Although there are some arguments about the pathogenesis
of GI syndrome, radiation-induced intestinal cell death must 
be a major factor.6) Radiation generates free radicals and 
reactive oxygen species, which damage vital cellular targets 
such as DNA and membranes, and cause “radiation-induced 
cell death”. Many compounds with antioxidant activities, 
including neutralization of free radicals or reactions caused 
by free radicals, are effective radioprotectors.7,8) Ascorbic 
acid, vitamin C, has been reported to be an effective antiox-
idant and free radical scavenger.9) It also has been shown to 
protect several biological systems against ionizing radia-
tion.10–12) The radioprotective effect of ascorbic acid is attrib-
uted to its interaction with radiation-induced free radicals. 
However, it has been reported that ascorbic acid is effective 
at preventing cell apoptosis only at lower doses of radiation 
but not at lethal doses.13) Moreover, there have been no 
reports regarding the effects of ascorbic acid on the devel-
opment of GI syndrome after exposure to a lethal radiation 
dose.

In the present study, we investigated how treatment with 
ascorbic acid affects radiation-induced GI syndrome in 
mice. We found that pretreatment with ascorbic acid dramat-
ically improved the GI syndrome, thereby rescuing mice 
who had undergone BMT from fatal radiation exposure.

MATERIALS AND METHODS

This study was conducted according to the guidelines of 
the Institutional Review Board for the Care of Animal 
Subjects at the National Defense Medical College, Japan.

Mice and reagents
Male C57BL/6 mice (20 ± 2 g body weight) were pur-

chased from Japan SLC (Shizuoka, Japan) and used at 8-
week-old. Ascorbic acid was purchased from Wako (Osaka, 
Japan).

Experimental animals and whole body X-ray irradia-
tion

Each mouse was placed in a specially designed well-
ventilated acrylic container. The mice were exposed to 6 to 
14 Gy whole body irradiation (WBI), given at a dose rate of 
0.45 Gy/min at 150 kV and 5 mA (HITACHI MBR-1505R2, 
Tokyo, Japan). The beam was filtered through a 2 mm alu-
minum board.

Administration of ascorbic acid
Ascorbic acid was dissolved in distilled water and admin-

istered per os (p.o.) to mice at 150 mg/kg/day for 3 days 
before or after irradiation. Control mice received p.o. dis-

tilled water only. In a separate experiment mice also received 
ascorbic acid orally (150 mg/kg) at 6 h or 12 h before irra-
diation.

Bone marrow transplantation (BMT)
Untreated C57BL/6 mice (8-week-old) were used as 

donors. As previously described,14) the donor mice were sac-
rificed and their femurs removed. Bone marrow cells were 
obtained by injecting RPMI 1640/1% FBS into each femur 
using a 1 mL syringe fitted with a 26-gauge needle. After the 
cells were washed, they were resuspended in 33% Percoll 
solution and centrifuged at 500 × g for 20 min at room tem-
perature. After treatment with RBC-lysing solution, the cells 
were washed twice in RPMI 1640/10% FBS. Thereafter, 1 ×
106 cells were intravenously injected into each recipient 
mouse.

Measurement of ascorbic acid levels in plasma and 
tissue of small intestine

A sample of small intestine (0.7 g) was removed from 
each mouse immediately after sacrifice. After each sample 
was washed with saline, it was homogenized in 5.4% meta-
phosphoric acid (9.8 g) and each homogenate was centri-
fuged at 10,000 × g for 15 min at 4°C. Blood samples were 
obtained from the retro-orbital plexus in mice and then plasma 
samples were collected. Ascorbic acid levels in the plasma
and homogenate supernatant were measured in the SRL 
laboratory (Tokyo, Japan) using high performance liquid 
chromatography (HPLC).

Measurement of free radical metabolites in the plasma
The d-ROMs test (Diacron, Grosseto, Italy) was used for 

the measurement of free radical metabolites in plasma.15,16)

It is a spectrophotometric method that assesses overall oxi-
dative stress by measuring total hydroperoxide levels, given 
that hydroperoxides are intermediate oxidative products of 
lipids, peptides, and amino acids. Briefly, 0.02 mL plasma 
was diluted in 1 mL acetate-buffered solution. Hydroperoxide
groups react with the transition metal ions liberated from the 
proteins in the acidic medium, and are converted to alkoxyl 
and peroxyl radicals according to the Fenton reaction. These 
newly formed radicals, the quantities of which are directly 
proportional to those of the peroxides, were trapped chemi-
cally with 0.02 mL chromogen (N, N-diethyl-para-
phenylendiamine), leading to the formation of the radical 
cation of this chromogen. The purple color resulting from 
this reaction over time was monitored in a spectrophotometer
(Wismarll FRAS4, Tokyo, Japan) at 505 nm. The results of 
this method were expressed in conventional units (Carratelli 
units [UCarr]).

Expression analysis using DNA microarrays
Mice were pretreated with ascorbic acid or distilled water 

only for 3 days. Thereafter, they received WBI at 14 Gy or 
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sham treatment (unirradiated). After 24 h, samples of small 
intestine were obtained from the mice and stored at –80°C 
until assay. Details for sample preparation and processing 
for microarray analysis are available from Affymetrix (Santa 
Clara, CA). Briefly, total RNA was isolated from the intes-
tine in order to prepare double-stranded cDNA. Biotinylated 
complementary RNA (cRNA) was synthesized from the 
cDNA and was then chemically fragmented to approximately
50 to 200 nucleotides. The fragmented cRNA was hybrid-
ized to a GeneChip HT Mouse Genome 430 microarray 
(Affymetrix, Santa Clara, CA), according to the manufactur-
er’s protocols. Hybridization was carried out at the Genetic 
Laboratory (Sapporo, Japan). The microarray contains 
45,101 probe sets representing approximately 25,000 genes. 
Expression profile data were prepared for analysis using 
Microarray Analysis Suite version 5.0 software (Affymetrix) 
by setting the scaling of all reference probes to a constant 
value of 1,000. The data were then filtered to select only 
those probe sets having “present” or “marginal” calls (detec-
tion P < 0.065) in approximately 50% of the samples.

Pathological examination of small intestine and bone 
marrow

Because the mice began to die from bone marrow aplasia 
or severe GI damage 7 days after radiation, they were euth-
anized 7 days after WBI to remove small intestines and bone 
marrow, and then the tissue damage was examined in the 
samples. Small intestines were immersed in 20% formalin 
for 2 days. The bone marrow was also immersed in 20% for-
malin for 2 days after 3 days of decalcification. Slides were 
prepared from the processed specimens, and stained with 
hematoxylin and eosin.

Measurement of villus height and crypt count in the 
small intestine

Villus height was determined by measuring the distance 
from the base of the crypt to the villus tip in a longitudinal 
section of the intestine. The number of crypts was also deter-
mined in each circumference of a transverse cross section of 
the intestine. For each mouse, 10–20 measurements of villus 
height were obtained from 3 different tissue sections to cal-
culate a mean height value. Five circumferences per mouse 
were also used to calculate a mean crypt count value. These 
mean values were then used for statistical analysis.

Immunohistochemical staining of single stranded DNA 
(ssDNA)

Mice were euthanized and sacrificed before, 3, 6, and 24 
h after irradiation. Small intestines were then removed from 
the mice. Immunohistochemical staining of ssDNA was 
performed on tissue sections of formalin-fixed, paraffin-
embedded mouse small intestine. An indirect immunohis-
tochemistry method was used. Briefly, after deparaffiniza-
tion, specimen slides were placed in 0.3% H2O2 in methanol 

for 30 min. For antigen retrieval, the slides were incubated 
with 10 mg/mL proteinase K at 37°C for 10 min. After incu-
bation with 3% normal goat serum in PBS for 20 min, the 
slides were incubated with polyclonal rabbit anti-ssDNA 
(A4506, DAKO, Glostrup, Denmark) at 1:200 dilution in PBS 
for 60 min in a moist chamber at room temperature. The slides 
were washed and then incubated with peroxidase-conjugated 
goat anti-rabbit IgG (P0448, DAKO) at 1:50 dilution in PBS 
for 30 min at room temperature. Reactions were visualized 
with 3, 3’-diaminobenzidine (DAB), and the slides were 
counterstained with hematoxylin. As a negative control, the 
incubation step with primary antibody was omitted.

Statistical analysis
Statistical analyses were performed using the Stat View 

4.02J software package (Abacus Concepts, Berkeley, CA). 
Survival rates were compared by the Wilcoxon signed rank 
test. Statistical evaluation between two groups was 
performed using the Student t test, and other statistical 
evaluations were performed using one-way ANOVA, 
followed by the Bonferroni post hoc test. The data were pre-
sented as means ± SE. P < 0.05 was considered statistically 
significant.

RESULTS

BMT could not save mice after 14 Gy whole body irra-
diation (WBI)

Mice were irradiated with 6, 8, 10, 12, or 14 Gy and mor-
tality and survival were monitored. Although no mice sur-
vived after WBI at doses of 8 Gy and above (Fig. 1A), BMT 
24 h after radiation rescued whole body-irradiated mice 
from fatal disease if the doses of WBI were 8, 10, or 12 Gy 
(8 and10 Gy, 100% survival; 12 Gy, 75% survival). However,
BMT after radiation did not rescue the mice receiving 14 
Gy-WBI (Fig. 1B).

Intestinal mucosa of whole body-irradiated mice devel-
oped denudation at 14 Gy but not 8 Gy, although mice 
receiving either dose developed bone marrow aplasia

Mice receiving 8 Gy-WBI showed severe bone marrow 
aplasia 7 days after radiation compared to unirradiated 
controls (0 Gy) (Fig. 2A-a, B-a), while neither showed degen-
erative changes in the intestinal mucosa at 7 days (Fig. 2A-b, 
c, B-b, c). However, when mice received 14 Gy-WBI, they 
showed not only severe bone marrow aplasia (Fig. 2C-a), but 
also marked denudation of the intestinal mucosa 7 days after 
irradiation (Fig. 2C-b, c, indicated by arrow heads), suggest-
ing the occurrence of radiation-induced GI damage.

Treatment with ascorbic acid before but not after radi-
ation dramatically improved mouse survival after 14 
Gy WBI in combination with BMT

We examined the effect of ascorbic acid on mouse surviv-
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al after 14 Gy WBI. We preliminarily studied dose response 
curve of treatment with ascorbic acid in the irradiated mice. 
The mice were pretreated with 1.5, 15, 150, and 1,500 mg/
kg/day of ascorbic acid for 3 days before 14 Gy WBI. They 
then received BMT 24 h after radiation. Pretreatment with 

150 mg/kg/day of ascorbic acid rescued some subjected 
mice, although pretreatment with other doses of ascorbic 
acid rescued no mice (data not shown), thereby studying 150 
mg/kg/day of ascorbic acid in the following experiments. 
Oral intake of 1,500 mg/kg/day ascorbic acid induced potent 

Fig. 1. Mouse survival after whole body radiation (A). Mice were irradiated at 6, 8, 10, 12, and 14 Gy. The 
effect of bone marrow transplantation on mouse survival after radiation (B). Mice were irradiated at 10, 12, 
and 14 Gy. Mice received BMT 24 h after radiation. N = 12 in each group. *P < 0.01 vs. other groups.

Fig. 2. Radiation-induced damage to the bone marrow and small intestine in mice 7 days after radiation. The mice were irradiated at 0, 8, 
and 14 Gy. Seven days after whole body radiation, they were euthanized to remove the bone marrow and small intestine, and radiation-
induced damage to these organs was examined. Arrows indicate severe radiation-induced degeneration of the small intestine (C-b). Images 
shown are representative of each mouse group (n = 5).
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diuretic effect in mice, leading to severe dehydration and 
thereby exacerbating mortality. Next, we examined the effect 
of pretreatment or post-treatment with ascorbic acid on the 
irradiated mice. Mice were treated with 150 mg/kg/day of 
ascorbic acid for 3 days before or after 14 Gy WBI and they 
also received BMT at 24 h after radiation. Pretreatment with 
ascorbic acid before 14 Gy WBI dramatically improved 
mouse survival (42% survival), whereas treatment with 

ascorbic acid after radiation did not affect survival (no mice 
survived) (Fig. 3). When the mice did not receive BMT fol-
lowing 14 Gy WBI, pretreatment with ascorbic acid rescued 
no subjected mice (Fig. 3). The rescued mice that were pre-
treated with ascorbic acid and received BMT after 14 Gy 
WBI were healthy 30 days after radiation, although they 
showed marked radiation-induced depigmentation in the fur 
(data not shown).

Fig. 3. The effect of treatment with ascorbic acid on mouse survival after radiation. The mice were irradi-
ated at 14 Gy and received BMT 24 h after radiation. They received ascorbic acid p.o. for 3 days either before 
or after radiation, or received distilled water only before radiation. The mice pretreated with ascorbic acid 
were also irradiated at 14 Gy without BMT. N = 12 in each group, *P < 0.01 vs other groups.

Fig. 4. The effect of pretreatment with ascorbic acid or BMT following WBI on the bone marrow or small intestine in the irradiated mice. 
The mice were pretreated with ascorbic acid p.o. or distilled water for 3 days and then irradiated at 14 Gy. One day after radiation, they 
received BMT or did not. The mice were euthanized 7 days after radiation to assess radiation-induced damage to the bone marrow and small 
intestine. Data shown are representative of each mouse group (n = 5).
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Pretreatment with ascorbic acid markedly improved 
radiation-induced intestinal damage, thereby rescuing 
mice receiving WBI at 14 Gy in combination with BMT 
from fatal disease

When the mice received BMT after 14 Gy WBI, bone mar-
row aplasia was remarkably improved in the irradiated mice 7 
days after radiation, whereas they showed severe degenerative 
changes in the intestinal mucosa (Fig. 4A-a, b). In contrast, 
when the mice were pretreated with ascorbic acid before 14 Gy 
WBI but not received BMT, they showed severe bone marrow 
aplasia but markedly improved mucosal degeneration in the 
intestine (Fig. 4B-a, b). However, when the mice were pre-
treated with ascorbic acid and received BMT following 14 Gy 
WBI, they remarkably improved both bone marrow aplasia 
and intestinal mucosal degeneration (Fig. 4C-a, b).

Pretreatment with ascorbic acid prevented decreases 
in villus height and crypt counts in the small intestines 
of mice receiving 14 Gy WBI followed by BMT

We evaluated the villus height and crypt counts in the 
small intestines of treated mice 7 days after radiation. The 
mice receiving 14 Gy WBI but not 8 Gy showed significantly
lower villus height and crypt counts per circumference in the 
intestine (Fig. 5A, B). Although treatment with BMT alone 
following 14 Gy WBI did not affect these degenerative 
changes, pretreatment with ascorbic acid markedly 
improved these changes in the mice receiving 14 Gy WBI 
(Fig. 5A, B). The mice that were pretreated with ascorbic 
acid and received BMT following 14 Gy WBI also showed 
significant improvements (Fig. 5A, B).

Fig. 5. The effect of pretreatment with ascorbic acid on villus height (A) and crypt counts (B) of the small intestine 
in mice irradiated with 14 Gy followed by BMT. The mice were irradiated with 0, 8, or 14 Gy. The mice receiving 
14 Gy WBI were pretreated with ascorbic acid or distilled water, and they were also treated with or without BMT. At 
7 days after radiation, villus height (A) and crypt counts per circumference (B) of the small intestine were measured 
as described in the Materials and methods. Data are means ± SE from 5 mice in each group. *P < 0.01 vs. ‘14 Gy’ 
and ‘14 Gy + BMT’ groups. Tissue levels of ascorbic acid in mouse small intestine (C). The mice received ascorbic 
acid or distilled water only p.o. for 3 days. They were then irradiated at 14 Gy. Just before and 1 h after radiation, 
they were euthanized to remove the small intestine. The tissue concentrations of ascorbic acid in the small intestine 
were determined. Data are means ± SE and are pooled from 2 independent experiments with 3 mice per group. †P < 
0.05 vs. other group. The effect of pretreatment with ascorbic acid on the production of free radical metabolites in 
mice irradiated at 14 Gy followed by BMT (D). The mice were pretreated with ascorbic acid or distilled water only 
for 3 days. They were then irradiated at 14 Gy followed by BMT. Blood samples were obtained from the mice at 
indicated times to measure free radical metabolite levels. Data are means ± SE and pooled from 2 independent exper-
iments with 3 mice per group. ‡P < 0.05 vs. 14 Gy + BMT group.
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Oral administration of ascorbic acid increased ascorbic
acid tissue concentration in the small intestine

We confirmed that oral administration of ascorbic acid for 
3 days significantly increased ascorbic acid concentration in 
plasma of treated mice compared to untreated controls (57 ±
11 vs. 30 ± 8 μg/mL, P < 0.05). We examined the ascorbic 
acid concentration in small intestine samples of 14 Gy-WBI 
mice. Pretreatment with ascorbic acid significantly increased 
ascorbic acid concentrations in the tissues of small intestine 
just before radiation (Fig. 5C). Interestingly, tissue concen-
trations of ascorbic acid significantly decreased 1 h after 
radiation in both ascorbic acid-pretreated and water-only 
control mice (Fig. 5C), indicating consumption of tissue 
ascorbic acid by X-irradiation. Nevertheless, the mice pre-
treated with ascorbic acid still showed significantly higher 
tissue ascorbic acid concentrations than the untreated control 
mice (Fig. 5C).

Pretreatment with ascorbic acid suppressed a radiation-
induced increase in free radical metabolites in mouse 
plasma

We examined the effect of pretreatment with ascorbic acid 
on the production of free radical metabolites in WBI mice. 
Mice with or without pretreatment with ascorbic acid 
received 14 Gy WBI followed by BMT. Although free 
radical metabolites gradually increased in the plasma of 
untreated mice after radiation, pretreatment with ascorbic 
acid significantly suppressed the increase in free radical 
metabolites at Days 4 and 7 (Fig. 5D). Treatment with ascor-
bic acid after radiation did not suppress the increase in free 
radical metabolites in mice (data not shown).

Pretreatment with ascorbic acid suppressed radiation-
induced DNA damage in crypt epithelial cells of mouse 
small intestine

We examined the effect of pretreatment with ascorbic acid 
on DNA damage in the mouse small intestine after 14 Gy 
WBI, using immunohistochemical staining with anti-ssDNA. 
In mice without ascorbic acid pretreatment, positive-staining 
cells for ssDNA increased in the epithelial crypts of the 
small intestine 6 h after radiation, and further increased at 
24 h (indicated by arrow heads, Fig. 6). By contrast in 
irradiated mice, pretreatment with ascorbic acid apparently 
suppressed the increase in ssDNA positive-staining cells 
(Fig. 6). These results suggest that radiation-induced DNA 
damage of mouse intestinal crypt cells is effectively inhibited
by ascorbic acid.

Clustering analysis of altered gene expression in the 
small intestine of ascorbic acid-pretreated mice after 
14 Gy WBI

We examined the effect of pretreatment with ascorbic acid 
on gene expression in the mouse small intestine after irradi-
ation. Mice pretreated with or without ascorbic acid received 

14 Gy WBI or non-WBI sham treatment. Total RNA was 
extracted from mice small intestines 24 h after radiation/
sham treatment. Gene chip microarray analysis was per-
formed to identify possible mechanisms underlying the 
increased resistance to WBI in ascorbic acid-pretreated 
mice. First, we selected 1,347 apoptosis-related genes from 
the Gene Ontology database (http://www.geneontology.org). 
After prefiltering, we analyzed the differences in these gene 
expressions among four mouse samples by hierarchical clus-
tering. The initial data analysis of fluorescence intensity in 
the tissue samples by global hierarchical clustering showed 
limited correlation among them. To detect genes differentially
expressed in each mouse, we further selected 279 genes 
which showed > 2- or < ½-fold changes among the 4 sam-
ples. Then, we identified 9 clusters (Fig. 7A). In cluster 1, 
which was the largest group containing 132 genes, gene 
expressions were up-regulated by radiation but slightly 
down-regulated by pretreatment with ascorbic acid in both 
irradiated and unirradiated mice (Fig. 7B). Genes in cluster 
1 include Bax, Bid, Fas, and Fas ligand, all of which are 
involved in the induction of apoptosis. Interestingly, in 
cluster 4, which contained 26 genes, gene expressions were 
evidently up-regulated by radiation but down-regulated by 
pretreatment with ascorbic acid in both irradiated and unir-
radiated mice (Fig. 7B). Cluster 4 includes Bcl-2 related 
protein A1 gene, Bcl-2-like 1 gene, and Hip1, all of which 
are related to the mitochondria-mediated intrinsic apoptotic 
pathway. Genes related to caspase-8-mediated extrinsic apo-
ptotic pathway (CFLAR) are also in cluster 4. These two 
apoptotic cascades are representative but distinct apoptotic 
signaling pathways. In cluster 5, which also includes 
apoptosis-related protein genes such as bcl-2 like protein 
gene and the Fas-associated death domain, gene expressions 
were also evidently suppressed in mice pretreated with 
ascorbic acid (Fig. 7B).

Pretreatment with ascorbic acid suppressed gene 
expressions related to the mitochondria-mediated 
apoptotic pathway in small intestines of WBI mice

BH3-only proteins, the members of the proapoptotic Bcl-
2 family, have been recognized as essential initiators of 
apoptosis in mice.17) Signals originating from these proteins 
activate their downstream cascade of mitochondria-mediated 
intrinsic apoptotic pathways, such as the Apaf 1-Caspase 9-
Caspase 3 pathway. Therefore, we selected these genes for 
microarray analysis and demonstrated expressions of these 
genes in the small intestine (Fig. 8). Interestingly, the mice 
pretreated with ascorbic acid showed significantly lower 
expression of the Bim gene 24 h after 14 Gy WBI (Fig. 8A). 
Also, the expression of Puma tended to be lower compared 
to the untreated control mice (Fig. 8B). Both Bim and Puma 
are representative BH3-only proteins, and Bim notably 
belongs to cluster 1 in Fig. 7, which is up-regulated after 
irradiation. Mice pretreated with ascorbic acid also showed 
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Fig. 6. Immunohistochemical findings of ssDNA staining in the small intestine of mice irradiated with 14 Gy with 
and without ascorbic acid pretreatment. The mice were pretreated with ascorbic acid or distilled water for 3 days and 
then irradiated with 14 Gy. Crypt cells in small intestines were examined for ssDNA staining at the indicated times. 
Arrows indicate positive staining for ssDNA. Data shown are representative of each mouse group (n = 5).

Fig. 7. Hierarchical clustering of gene expression data in mouse small intestine. Mice were pretreated with ascorbic acid or distilled water 
only for 3 days and then received whole body irradiation at 14 Gy or unirradiated sham treatment. Small intestines were removed from the 
mice 24 h after radiation for DNA microarray analysis. Thick lines indicate the mean expression values (B).
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Fig. 8. The effect of pretreatment with ascorbic acid on the expression of genes involved in the mitochon-
dria-mediated apoptotic pathway in the irradiated mice. The mice were pretreated with ascorbic acid or dis-
tilled water only for 3 days, and then irradiated at 14 Gy. Small intestines were removed from the mice 24 h 
after radiation to examine gene expression of Bim (A), Puma (B), Apaf-1 (C), Caspase-9 (D), and Caspase-3
(E). Data are means ± SE from 3 mice in each group. *P < 0.01, †P < 0.05 vs. other group.

Fig. 9. The effect of different pretreatment times with ascorbic acid on mouse survival after14 Gy WBI 
followed by BMT (A). The mice were pretreated with ascorbic acid at 6 h or 12 h before radiation, and 
for 3 days. The mice then received 14 Gy WBI followed by BMT and survival rates were monitored. N = 
12 in each group. The effect of ascorbic acid pretreatment times on plasma ascorbic acid concentrations 
(B) and small intestine tissue ascorbic acid concentrations (C) in mice. Blood samples and small intes-
tines were obtained from mice pretreated with ascorbic acid just before radiation, and also obtained from 
the untreated normal mice as a control, to measure ascorbic acid concentrations. Data are means ± SE and 
pooled from 2 independent experiments with 3 to 4 mice per group. *P < 0.05 vs. normal control.



T. Yamamoto et al.154

a significant reduction in Apaf-1 expression as well as lower 
tendencies of expression of caspase-9 and caspase-3 24 h 
after irradiation, compared to mice without ascorbic acid 
pretreatment (Fig. 8C, D, E).

Oral intake of ascorbic acid for 12 h before 14 Gy WBI 
induced a substantial effect on survival of mice with GI 
syndrome

Finally, we determined the minimal period of ascorbic 
acid pretreatment which induced a therapeutic effect on mice 
after 14 Gy WBI. The mice received oral intake of ascorbic 
acid at 6 h or 12 h before radiation. Another group of mice 
received ascorbic acid for 3 days before radiation. They were 
then irradiated at 14 Gy followed by BMT. Ascorbic acid 
concentrations in plasma and small intestine were measured 
just before radiation. The intake of ascorbic acid only at 12 
h improved mortality, comparable to mortality seen by 
ascorbic acid intake for 3 days (both treatments for 12 h and 
3 days showed 42% survival) (Fig. 9A). Even at 6 h intake 
of ascorbic acid produced a significant effect on mouse sur-
vival (25% survival). The mice receiving oral intake of 
ascorbic acid at 12 h also showed ascorbic acid concentra-
tions in plasma and small intestine similar to concentrations 
seen after 3 day oral intake (Fig. 9B, C). We also examined 
the effect of oral intake of ascorbic acid for 7 days before 
radiation, and did not demonstrate additional ameliorative 
effects on survival and in ascorbic acid concentrations in 
plasma and small intestine compared to effects seen with 3 
day pretreatment with ascorbic acid (data not shown).

DISCUSSION

Radiation-induced tissue damage is involved in the pro-
duction of free radicals and their metabolites, which are 
formed by the ionization of molecules in cells. DNA damage 
caused by free radicals and metabolites leads to the forma-
tion of single- and double-stranded breaks in DNA.18) This 
radiation-induced cell damage may alter intracellular signal-
ing cascades, which results in the activation of responsive 
genes related to apoptosis signals. In the present study, tissue 
concentrations of ascorbic acid significantly decreased in the 
small intestine after radiation. In bone marrow, ascorbic acid 
also is reported to decrease after radiation, accompanied 
with a marked increase in dehydroascorbic acid, an oxidized 
form of ascorbic acid,19) suggesting that ascorbic acid acts 
as a hydrogen donator to scavenge radiation-induced free 
radicals in both GI tract and bone marrow. Hydrogen dona-
tion is an important step toward chemical repair of damaged 
DNA,20) and ascorbic acid is believed to strongly contribute 
to this process.

In the present study, we showed that pretreatment with 
ascorbic acid evidently suppressed DNA damage in the crypt 
cells of irradiated small intestine, indicating the important 
role of ascorbic acid in preventing radiation-induced crypt 

cell apoptosis. However, apoptosis after radiation also may 
be a protective mechanism to remove cells with damage by 
radiation before they divide to form neoplasia. Although 
ascorbic acid might suppress the apoptosis, it also might 
scavenge free radicals and metabolites immediately after 
radiation. These free radicals/metabolites induce severe 
DNA damage that may cause radiation-induced oncogenesis.
Therefore, treatment with ascorbic acid might not increase a 
risk of neoplasia despite its suppressive effect of apoptosis.

Paries et al. have suggested that radiation-induced apop-
tosis of microvascular endothelial cells may be the primary 
cause of GI syndrome,21) although other reports has indicated
that apoptosis was observed in crypt epithelial cells22,23) but 
not in vascular endothelial cells.24) Pretreatment with ascor-
bic acid may thus either directly reduce damage in crypt 
cells or indirectly reduce the damage to crypt cells via pro-
tection against vascular endothelial injury in the GI tract.

There are many reports on ascorbic acid’s radioprotective 
effect on various cell types.10,25–27) Nevertheless, despite its 
significant efficacy in GI syndrome, pretreatment with ascorbic
acid does not appear to effectively improve radiation-
induced bone marrow aplasia compared to the BMT therapy. 
Both the GI tract and bone marrow continually renew tissues 
that contain highly ordered progenitors and stem cells. In a 
previous report, bone marrow stem cells were shown to be 
more radiosensitive than the intestinal progenitor cells found 
in the crypts.28) In addition, Harapanhalli et al. have observed
that ascorbic acid does not effectively protect hematopoietic 
tissue against a lethal radiation dose, whereas it can effec-
tively protect at sublethal doses.13) Therefore, we consider 
that exposure to a certain but substantial dose of irradiation 
may cause irreversible damage to the bone marrow cells, but 
may only induce reversible damage to the crypt cells. 
Combination therapy of ascorbic acid with BMT may be 
important to rescue the host exposed to a high-dose radia-
tion.

Metabolites of free radicals produced by radiation gradu-
ally increased/accumulated after radiation exposure even in 
the mice pretreated with ascorbic acid. Because all of the 
mice pretreated with ascorbic acid could not survive from 14 
Gy WBI followed by BMT (42% survival), we think that 
pretreatment with ascorbic acid did not completely inhibit 
radiation-induced free radical production and thereby did 
not entirely quench an increase in free radical metabolites 
after radiation. However, there is a possibility that protection 
of crypt cells with ascorbic acid may have another mecha-
nism than the hydrogen donation by ascorbic acid. Further 
study will be required on this issue.

Treatment with ascorbic acid after radiation exposure 
could not rescue mice from lethal GI syndrome, even if they 
received BMT. Therefore, it may be important to maintain 
high tissue concentrations of ascorbic acid before and at the 
time of radiation exposure, because DNA damage occurs 
during exposure. It is notable that oral intake for only 12 h 
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might be sufficient to cause the ascorbic acid therapeutic 
effect, suggesting that if a mouse orally receives a substan-
tial amount of ascorbic acid one time, the GI syndrome is 
prevented. Therefore, when we undertake the rescue of vic-
tims from a radiation-contaminated area just after a radiation 
accident or terrorism, it is important for rescue team mem-
bers to promptly take ascorbic acid orally. It has been reported
that pharmacokinetic curve of ascorbic acid shows plateau 
steady-state plasma level at 80 μM (approximately 14 μg/ml)
in human healthy volunteers, which level is lower than that 
of mice.29) Ascorbic acid is unstable in water and is readily 
oxidized under atmosphere. Therefore, we are now trying to 
examine the radioprotective effect of ascorbic acid using a 
new compound form of ascorbic acid, which is stable in a 
drinking water.30,31)

Regarding the radiotherapy of human abdominal cancers, 
the prophylactic use of ascorbic acid can now be a possible 
option to reduce damage to the GI tract. To confirm this, we 
have verified that abdominal radiation exposure causes 
radiation-induced GI damage without bone marrow dysfunc-
tion in mice, and pretreatment with ascorbic acid is markedly
effective for the prevention of GI damage (unpublished 
data). It should also be noted that serum ascorbic acid 
concentrations are inversely related to the incidence of 
stroke (both cerebral infarction and hemorrhage), indicating 
ascorbic acid’s beneficial effect on vascular endothelial 
cells.32)

Radiation-induced damage triggers apoptosis through two 
major pathways.33–35) One is a mitochondria-mediated intrinsic
pathway that is regulated by pro- and anti-apoptotic mem-
bers of the Bcl-2 family; the release of cytochrome c from 
mitochondria promotes the activation of caspase-9 by its 
adaptor Apaf-1.36,37) In our experiments, Bcl-2 related 
protein A1, Bcl-2-like 1, and Hip 1 genes, which belong to 
cluster 4, were up-regulated by irradiation but suppressed by 
pretreatment with ascorbic acid. The other pathway is a cell 
surface death receptor-mediated extrinsic pathway that stim-
ulates intracellular activators. This pathway includes Fas/
Fall molecules, and CFLAR (caspase-8 and FADD-like 
apoptosis regulators) which corresponds to c-FLIP (cellular-
FADD-like interleukin-1β-converting enzyme inhibitory 
protein) in humans.38) CFLAR also belongs to cluster 4. 
Pretreatment with ascorbic acid thus is shown to suppress both 
mitochondria-mediated intrinsic and receptor-mediated 
extrinsic pathways in the small intestine of irradiated mice. 
Also, the expression of Bim, a Bcl-2 family protein gene, was 
significantly reduced in cluster 1 by pretreatment with ascor-
bic acid, suggesting an important role for the mitochondria-
mediated intrinsic pathway in the execution of radiation-
induced apoptosis.33) Although Puma, Apaf-1, caspase-9, 
and caspase-3 are all involved in the mitochondria-mediated 
intrinsic pathway, they did not belong to the nine clusters 
studied, because these four genes were excluded from the 
initial 279 gene selection.
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