VOL. 94, NO. 3
DECEMBER 1996

Research Communications in
Molecular Pathology and Pharmacology

ANTIOXIDANT EFFECTS OF VITAMIN C IN MICE FOLLOWING
X-IRRADIATION

Ravi S. Harapanhalli, Vahid Yaghtnai, Dennis Giulianit,
Roger W. Howell, and Dandamudi V Rao*

Division of Radiation Research, Department of Radiology
Department of Medicine
UMDNJ - New Jersey Medical School
Newark, New Jersey 07103
* Corresponding author
(

Abstract

The influence of supplemental vitamin C on the survival of nucleated bone
marrow cells was examined in Swiss Webster mice following whole-body sublethal
X irradiation (3.5 Gy). The vitamin protected these cells by a factor of 1.7 when cell
count per tibia was taken as the biological end point. However, in studies with lethal
whole-body irradiation (9 Gy) and 30 day survival as the end point, supplemental
ascorbic acid (AA) had no significant effect on the biological outcome. Based on these
studies, it appears that vitamin C is effective in protecting the nucleated cells at lower
doses, but not at lethal doses. Studies on the mechanism of radioprotection by vitamin C
at sublethal doses were carried out by following the response of endogenous AA and
glutathione levels to X irradiation (3.5 Gy) on mice fed with regular as well as vitamin C
rich diet. The results suggest that i) a glutathione controlled feedback mechanism regulates
the plasma AA levels in mice; ii) the role of vitamin C against radiation damage is not only
in the initial stages of radical scavenging but also in cellular redox processes mediated by
glutathione.
Introduction

The role of vitamin C in biological processes is manyfold. Its role as an antioxidant
against lipid peroxidation (Seregi, Schaefer et al. 1978, Kolb 1984, Frei, England et al.
1989, Fraga, Motchnik et al. 1991) and its role in the activity of dopamine b-hydroxylase
(Schreiber, Lohmann et al. 1986) and collagen synthesis (Tuderman, Myllyla et al 1977,
Howard, Peterson et al. 1987) are well known. Recent reports point out the beneficial
effects of supplemental vitamin C in delaying the appearance of tumors and other lesions
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in experimental mice (Dunham, Zuckerkandl et al. 1982, Pauling, Willoughby et al. 1982,
Pauling, Nixon et al. 1985). Vitamin C exists as an equilibrium between the reduced form
(i.e. ascorbic acid (AA)) and the oxidized form (i.e. dehydroascorbic acid (DHAA)).
Because of its antioxidizing properties, the capacity of this vitamin to serve as a
radioprotector against acute radiation effects has been extensively studied both in vitro
and in vivo.
O'Conner et al. (O'Connor, Malone et al. 1977) reported protection of cultured
Chinese hamster ovary cells by a factor of 1.4 against acute exposure to 250 kVp X rays,
whereas Naslund et al. (Naslund, Ehrenberg et aL 1976) showed an antagonizing effect in
E. Coli. Ala-Ketola et a/. (Ala-Ketola, Varis et al. 1974) showed that vitamin C
protected Wistar rats against lethal doses of X rays, but others found that the vitamin
was either ineffective as a protector (Bacq 1965) or acted as a radiosensitizer (Forsberg,
Harms-Ringdall et al. 1978, Tewfik, Tewfik et al. 1982) in mice. Several authors have
addressed the issues on radioprotection by vitamin C (Singh, Singh et al. 1990, Barinaga
1991) and have suggested that the ability of this chemical to act as a radioprotector
against acute external X rays is inconclusive. Our recent findings (Narra, Howell et al.
1993, Narra, Harapanhalli et al. 1994) show that vitamin C provides substantial
radioprotection (dose modification factor of — 2.2) against incorporated radionuclide
effects in mouse testis, wherein the radiation dose is delivered chronically. These findings
suggest that this vitamin may provide a significant radioprotection of spermatogonia only
at low dose rates but not at high dose rates.
The above studies prompted the following questions: 1) Does vitamin C provide
radioprotection at sublethal doses of acute X irradiation in vivo? 2) If so, then by what
mechanism does it afford protection against the effects of ionizing radiation? 3) How do
the endogenous vitamin C levels in mouse tissues respond to X irradiation? 4) and does
glutathione have any role in the response?
To address these questions, the radioprotective effects of supplemental vitamin C
against acute external whole-body irradiation of mice were examined for two biological end
points: 1) changes in the number of nucleated cells in the bone marrow following
sublethal X ray dose of 3.5 Gy, and 2) animal survival over a period of 30 days following
lethal whole-body irradiation of 9.0 Gy. In an effort to understand the observed
radioprotection, changes in the levels of vitamin C and glutathione in the plasma of mice
were also examined following sublethal (3.5 Gy) whole-body X irradiation with and
without vitamin C supplemented diet.
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Materials And Methods
General
The chemicals I-ascorbic acid. l-dehydroascorbic acid. dl-dithioerythritol and all
others were obtained from Aldrich Chemical Co (Milwaukee, WI). (ilutathione (GSM.
NADPH. 5-sulfosalicylic acid (5-SFA ).. 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB). and
glutathione reductase (EC 1.6.4.2. type III from Bakers yeast) were from Sigma Chemical
Co. (St. Louis, MI). Water for HPLC was obtained from J.T. Baker (Phillipsbuire, NJ).
filtered through a Millipore HA 0.45 AM titter (Millipore Corp.. Bedford, MA). and
degassed under vacuum prior to use. Male Swiss Webster mice Taconic Farms.
Germantown, NY) of average age 8-10 weeks and average weight 30-35 g were used in
these studies. They were maintained in the University Animal Care Facility throughout
the duration of the experiments.
External Irradiation Procedures
Sublethal Whole-body X irradiation.

The mice were divided into three groups:
Group I) unirradiated controls (12 animals), Group 2) X irradiated controls (48 animals),
and Group 3) vitamin C supplemented and X irradiated (48 animals). One-half hour prior
to irradiation, the animals were injected intraperitoneally with 0.5 ml saline alone (group
2) or saline containing 10 mg of vitamin C (group 3). The animals were then restrained in
polystyrene cages and subjected to a whole-body sublethal dose (3.5 Gy at 3.5 Gylmin)
of X rays using a Phillips SL 7520 pulse radiotherapy unit operating at 8 MV (nominal
accelerating potential 7.5 MV). Following irradiation, the saline injected mice (group 2)
were kept on a regular rodent diet and the vitamin C injected ones (group 3) on a
vitamin C rich diet (1% w/w, Dyets Inc., Bethlehem, PA).
Lethal Whole-body y irradiation: A total of 34 mice were divided into two
groups: The irradiated control animals (group 4) were injected intraperitoneally with 0.5
ml of saline and the group 5 animals were injected with 0.5 ml of saline containing 10 mg
of ascorbic acid. One-half hour after injection, the mice were restrained in round
polystyrene cages and subjected to a lethal dose (9 Gy at 4.74 Gy/min) of whole-body
y irradiation (Mark I Model 68A I 37 Cs Irradiator, J.L. Shepherd Associates, San
Fernando. CA). Cage dividers were used and the cages were rotated at 7 rev/min to ensure
that all animals received the same absorbed dose (± 5%). Both groups were then provided
regular food. However, group 4 was provided water only, w hereas group 5 was provided
vitamin C supplemented water (see below for details).
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Radioprotection of Bone Marrow Nucleated Cells
Sublethally irradiated animals (groups 2 & 3) were sacrificed by cervical
dislocation in groups of three at various times post-irradiation (0.45 min, 1.5 h, 1 day, 2
days, 3 days, 3.7 days, 6 days, and 12 days). The bone marrow cell count was determined
as follows. Both tibia were resected and the marrow was collected by repeated aspiration
of 1 ml of saline through the tibia with a syringe. This process ensured complete removal
of the bone marrow contents from the tibia. After appropriate dilution, a known amount
of the suspension was counted for nucleated cells using a Coulter Counter (Model ZM,
Coulter Electronics, Inc. Hialeah, FL). The instrument parameters selected for this
counting were Kd = 14.59 (100 AL aperture tube), minimum volume = 35 p.m 3 , and
0.5 mA aperture current. In order to distinguish the nucleated cells from erythrocytes,
three drops of Zap-oglobin H (Coulter Diagnostics, Hialeah, FL) were added before each
count to ensure cell membrane disruption. The cell count for unirradiated control animals
(group 1) was obtained by periodically sacrificing these animals throughout the duration
of the experiments and the average cell count was taken as the control value. This value
was found to be (31 + 1.2) X 10 6 cells per tibia.
Radioprotection Against Lethal Whole-body Irradiation
Following lethal irradiation, the mice were returned to freshly autoclaved cages and
maintained in a microbe-free positive air-flow laminar hood. They were given autoclaved
diet and autoclaved water (group 4: irradiated controls) or autoclaved water containing
12.5 mg/m1 of vitamin C (group 5: vitamin C + irradiated) ad libitum. A microbe-free
preparation of vitamin C could only be administered in the form of aqueous solutions,
since the autoclaving of the vitamin rich food would have resulted in its thermal
decomposition. It was estimated that a mouse on average consumed 4 ml of water/day and
hence the concentration of the vitamin was such that the total intake of the vitamin per
mouse was comparable with the intake for mice fed with vitamin C rich diet. The
vitamin C rich water was replaced every day because the vitamin degrades significantly in
aqueous solution over a 24 h period. The cages and the diet were replaced every 6 days.
Vitamin C strength in the drinking water was reduced by one-half from the day 8 postirradiation. The mortality of animals was noted daily up to 30 days following irradiation.
Assay of Ascorbic Acid in Plasma by HPLC
In order to study the response of endogenous vitamin C levels to external
irradiation, plasma was collected from the animals used in sublethal irradiation
experiments and the ascorbic acid levels assayed using HPLC techniques. The details of
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this procedure are reported recently (Harapanhalli. Howell a a! 1493). Briefly. a
phase consisting of 0.1 M NaH2PO4 and 0.2 mM NasEDIA adjusted to p11 (c4:01
orthophosphoric acid was used in a Waters HPLC system and a Water: C18 rola:1 ,A
cartridge. With this system, clear quantitation of both the reduced (
(DHAA) forms of the vitamin was achieved.
Radiolysis of Aqueous Vitamin C

The radiolysis of aqueous vitamin C was examined in order to stii.ds the direct
interaction of radiation and primary radicals with the vitamin C. Aqueous AA solution,
(10 mg/m1) were irradiated in the 137Cs irradiator 12.6 Gyimin) at 4 - C in order to
minimize degradation of the vitamin. The test tubes containine AA were covered with
Parafilrnm in order to minimize air oxidation of the chemical. Following irradiation. the
samples were immediately assayed by HPLC for vitamin C content.
Assay of Total Glutathione in Plasma

The procedure of Tietze (Tietze 1969) was used with some modifications, Blaiod
was collected in a heparinized vial by cardiac puncture. After centrifuging at 100ftg, for l()
min 50 RI of plasma was added to a vial containing 0.95 ml of aqueous 5% 5-SFA.
vortexed and centrifuged at 0 0C. The protein-free supernatant (25 pd) was added to a
solution of 0.565 ml of phosphate-EDTA buffer (0.1 M phosphate. 6.3 mM EDTA. pH
7.5), 10 p.1 of glutathione reductase (0.266 U/10 pi of above buffer) and 100 pl of DINB
(6m1v1 in above buffer), in a disposable cuvette (1.5 ml capacity). Color reaction was
initiated by the addition of 0.3 ml of NADPH solution (0.58 mg/m1 in above buffer) and
vortex mixing. The precise time of addition was noted and the absorbance was recorded
every minute until 7 min post addition of NADPH. The net change in optical density
0.D7_1) was noted. The blank value of 0.D7-1 was also noted by repeating the ahoy e
experiment except that 25 tl of 5% 5-SFA was substituted for plasma solution. The
experiments were also carried out using authentic standard glutathione in 5-SFA t 0.4-4.0
gg/m1) and a calibration curve was plotted on every day of the assay.
Results
Radioprotection Of Bone Marrow Nucleated Cells At Sublethal Doses

Following sublethal whole-body irradiation (3.5 Gy). the number of nucleated
cells in the bone marrow of the irradiated controls (group 2) gradually declined and a
minimum was reached 48-72 h (2-3 days) post-irradiation (Figure 1). This was followed
by a gradual recovery whereupon the cell count reached normal levels by 240 h. In the
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Figure 1: (Left Panel) Variation in the bone marrow nucleated cells per tibia of mice after a sublethal whole-body irradiation (3.5 Gy).
Open circles represent the counts from vitamin supplemented and irradiated animals and the open squares correspond to those of
irradiated control mice. Data show the mean and standard deviation of three independent experiments. In each experiment four tibia
were used per data point.
Figure 2: (Right Panel) Survival of mice following lethal whole-body irradiation (9 Gy). Open circles represent the irradiated control
mice and the open squares are for the vitamin C supplemented and irradiated mice. Note the comparable pattern of survival in both
cases. No sensitizing or protective effects of AA were observed in these experiments.
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Figure .5: (Left Panel) Dependence of radiolytic cleavage of aqueous AA solutions on absorbed dose. Data represent the mean and
corresponding S.D. of three independent experiments. For each data point, the ratio of total AA (AA + DHAA) to AA was — 0.99.
Figure 6: (Right Panel) Time dependence of total glutathione levels in the plasma of mice following whole-body sublethal irradiation
(3.5 Gy). Open circles represent the levels found in irradiated controls (group 2) and open squares are for vitamin C supplemented and
irradiated mice (group 3). The normal level of total GSH is indicated by the solid line.
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vitamin C group (group 3 ), the above trend was the same except that the magnitude of the

drop was less and the recovery was faster, reaching normal levels (group 1) by 160 h.
This data indicates that some degree of protection of the bone marrow cells was provided
by vitamin C against acute irradiation with X rays.
Survival ofMice Following Lethal Whole-body Irradiation

Figure 2 compares the survival profiles of the controls (group 4) and the vitamin C
supplemented group (group 51 over a 30 day period following lethal whole-body

irradiation (9.0 Gy). The survival of the animals in both groups follow essentially the
same pattern throughout the observation period with the survival curves intersecting at
several points. Hence, no protection is afforded by vitamin C against lethal acute wholebody irradiation.
Plasma Ascorbic Acid Levels Following Sublethal Irradiation

Figures 3 and 4 show the plasma ascorbic acid concentration (µg/m1) postirradiation for the irradiated controls (group 2) and the vitamin C supplemented animals
(group 3), respectively. The average plasma levels (7.8 ± 1.4 µg/m1) in the unirradiated
controls (group 1) are designated by the horizontal line in Figs. 3-4. The irradiated
controls showed a gradual decline in the total AA content, reaching a minimum (— 2 pg/m1)
well below normal levels 2-3 days post-irradiation. This was followed by a sharp rise in
the biosynthesis of AA whereupon the levels surpassed the normal level at about day 4
and beyond. In the vitamin C group, the total AA content immediately after irradiation
was high compared to the irradiated control animals due to the contribution from the
exogenous source. Thereafter, as in the case of the irradiated controls, the level dropped to
a minimum 2-3 days post-irradiation. This was followed by a gradual rise in the levels as
monitored up to 12 days. However, unlike the response observed in the irradiated control
animals, the minimum AA level never fell below the normal levels found in unirradiated
controls. It should be noted in both Figs. 3 and 4 that the contribution of DHAA to the
total AA was very high until the minimum in total AA was reached (2-3 days).
Radiolysis of Aqueous AA

Figure 5 shows the percent drop in total AA versus absorbed dose for an aqueous
AA solution (10 pg/m1). It is clear that there was no effect on the level of vitamin up to a
dose of 5 Gy, but beyond that its radiolytic cleavage response was essentially exponential
over the dose range observed (5-20 Gy). At a dose of 20 Gy about 11% of the ascorbic
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acid was cleaved. It may be pointed out that no significant amount of DHAA was present
in the irradiated solution regardless of the absorbed dose.
Plasma Glutathione Levels Following Sublethal X Irradiation

Figure 6 depicts the effect of X irradiation (3.5 Gy) on plasma levels of total
glutathione (i.e. GSH + GSSG). The average plasma levels of total GSH (25.8 ± 3.9
p.g/m1) of the unirradiated controls (group 1) monitored throughout the experiment are
shown by the horizontal line. The irradiated controls (group 2) showed a gradual decline
in the total GSH and reached a nadir (3.6 ± 2.4 p.g/m1) by day 1. However a rapid
biosynthesis of GSH resulted in the recovery of the levels back to normal by 73 h (day 3)
where the levels were maintained thereafter (as monitored until day 8). In contrast, the
drop in GSH levels in vitamin C irradiated animals (group 3) was much less (26.2 ± 4.7 to
16.0 ± 1.6 by 24 h) and the recovery was also slower (day 5) than the irradiated controls.
Discussion
Radioprotection Against X Irradiation

In this study, the influence of supplemental vitamin C on biological response to
acute external irradiation was examined in two in vivo models: 1) murine bone marrow
cellularity at sublethal doses (3.5 Gy), and 2) animal survival following whole-body lethal
irradiation (9.0 Gy). In the former model, the kinetics of decline and recovery of the cell
number for both the irradiated controls (group 2) and the vitamin C supplemented animals
(group 3) were comparable to those reported by Imai et al. (Imai and Nakao 1987) for
unsupplemented mice, although the extent of decline was different. Our studies revealed
that vitamin C supplemented mice had more nucleated cells than the irradiated control
group (p < 0.01) from 0 to — 8 d post-irradiation and the levels returned to normal values
(unirradiated controls, group 1) by the 10th day. In fact, when compared on the day of
the minimum cell count (day 2-3), vitamin C supplementation seemed to protect the
nucleated bone marrow cells by a factor of 1.7 ± 0.3 (Figure I). It should be pointed that
these cells were taken from the axial marrow of the tibia and therefore the radioprotection
observed is specifically for these cells. It is likely, however, that the protection afforded
by vitamin C is similar for all nucleated bone marrow cells in the mouse.
The above results suggest that vitamin C supplementation protects bone marrow
against the effects of acute sublethal irradiation in Swiss Webster mice. Hence, it was of
interest to study the effects of the vitamin on 30 day survival in these animals following
lethal whole-body irradiation. The data in Figure 2 indicate that there was no significant
difference between the survival profile of the vitamin C supplemented and control
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irradiated mice. This finding is in agreement with a number of previous studies with
vitamin C in mice that showed either no protection or a sensitizing effect 1 Bacq 1965.
Forsberg. Harms-Ringdall et at 1978. Tess fik. Tewfik et al 1982).
Hence, our data suggest that the hematopoietic tissue was not effectively
protected by the vitamin at lethal doses and therefore appears to contradict the hone
marrow cellularity results obtained at sublethal doses. It should be pointed out. ho.Nel.er,
that the nucleated cells that are counted in the cellularity assay are a conglomerate of cells
of different lineage such as precursor cells of erythroid and fibroid lineages, and
multipotent stem cells. Recent studies in mice ( 'mai and Nakao 1987. Meijne. van der
Winden-van Gronewegen et al. 1991) on the in vivo radiosensitivity and recovery
patterns of marrow cells found that the most sensitive of the nucleated cells were
erythroid colony forming units (CFU-E) and erythroid burst forming units (BFU-E ) The
day 10 spleen colony forming units (CFU-Sd10) had intermediate radiosensitivity.
whereas CFU-Mix and CFU-C (culture) were more radioresistant. The most resistant
were the fibroid colony forming units (CFU-F). It appears that vitamin C is more
effective in protecting these cell populations at sublethal doses than at lethal doses. At
higher doses of acute radiation the vitamin may not be effective in protecting multipotent
stem cells that are required for marrow regeneration. This interpretation seems to explain
our results. Therefore, more studies such as CFU-sc18-9 and CFU-sdl 1-12 are needed to
understand the role of AA on the protection of various subpopulations of bone marrow
cells at higher doses.

Response of Endogenous AA and GSII to Acute External Irradiation
Radiation has been reported to cause an increase (Hochman and Bloh-Frankenthal
1953), decrease (Egarova 1968) or no change (Klein, Handa et al. 1955) in the endogenous
AA levels in various animals. This is perhaps related to their capacity to synthesize
vitamin C and also to the strain of the animal. The strain dependence of the response of
animals to irradiation reported by Oster et al. (Oster, Kretchmar et al. 1953) revealed that
in rats of the Long-Evans strain, mid-lethal whole-body X irradiation (7.1 Gy) reduced
the tissue AA immediately, whereas in Wistar rats even higher doses (10 Gy ) did not
result in an immediate reduction in tissue AA levels with the exception of the adrenal
glands. The variations in response seem to be also related to the time of observation. the
radiation dose, and the organs examined. Kretzschmar et al. (Kretzchmar and Ellis 1947)
found that following whole-body irradiation of rabbits, plasma AA levels remained below
normal levels for a prolonged period (> 20 days). Klein et al. (Klein, Handa et al 1955). in
their studies on whole-body X irradiation of Sprague-Dawley rats, found no gross
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changes in AA content within 3 days post-irradiation in liver, brain, pancreas, testis,
muscle, kidney, or brown adipose tissue, although the organs of lymphoid nature (e.g.
thymus, lymph nodes and spleen) showed a drop in AA during this period.
In the present studies, variations in plasma AA and total GSH levels were
examined in Swiss Webster mice following 3.5 Gy X irradiation with or without
supplementation with vitamin C. This was undertaken with a view that such data may
shed some light on the mechanism of radioprotection afforded by vitamin C and the
potential role of GSH in the redox process at these doses. As shown in Figure 3, the
effects of acute external irradiation (3.5 Gy) on plasma total AA in irradiated controls
(group 2) was not immediate, but the levels did drop from a normal level of 7.8 + 1.4
µg/ml to a minimum of 2.1 + 0.1 p.g/m1 at 45-70 h post-irradiation. It is interesting to note
that the vitamin C levels in these animals exhibited a marked recovery and eventually (12
days) led to a 3 fold increase over normal levels. A similar increase in AA biosynthesis
following X irradiation was reported for white male rats by Lavrov et al. (Lavrov,
Filippov et al. 1967). This phenomenon seems to be a result of the protective reaction
against the effects of ionizing radiation and appears to be related to the endogenous GSH
levels. The total GSH decreased gradually as a result of irradiation (Figure 6) to a
minimum of 3.6 ± 2.4 µg/ml by day 1 and recovered to normal levels by day 3 postirradiation.
The decrease in GSH as well as total AA levels following irradiation may be due
to the involvement of these chemicals in the biochemical redox processes. A steady
decline followed by a quick recovery of GSH to normal levels by day 3 post-irradiation,
as compared to the recovery pattern of vitamin C indicates that, the former has a
biochemical control over the latter. The deficiency in GSH caused by irradiation appears
to induce AA synthesis and hence results in eventual 3 fold increase in the AA levels as
observed above. This view is supported by the recent work of Martensson and Meister
(Martensson and Meister 1992) who showed that chemically induced glutathione
deficiency by buthionine sulfoximine administration increased the hepatic AA synthesis
in adult mice. Thus our studies not only corroborate the results of Martensson and
Meister (Martensson and Meister 1992), but also point out that like buthionine
sulfoximine, X irradiation may also be used in inducing GSH deficiency for biochemical
studies.
The effect of vitamin C supplementation on plasma AA levels was also examined
in the present work. From Figure 4 it may be seen that the initial high levels of plasma
total AA resulting from the pre-irradiation bolus injection of the vitamin dropped to a
minimum and subsequently recovered and surpassed normal levels in a manner similar to
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the irradiated control animals. However, the plasma concentration of 20 ± 3.8 p.g/m1
observed in these animals at 12 days post-irradiation was significantly lower than the
the GSH levels
levels attained by the irradiated control group (27 ± 5 p.g/ml).
compared
to the
showed a downward trend, but reached a nadir of only 16 +- 1.6 p.g/ml as c
irradiated controls (3.6 ± 2.4 ug/m1).
These data suggest that supplemental vitamin C reduces the deficiency in total
AA and GSH caused by irradiation and may explain our observed results of
radioprotection of bone marrow cells against 3.5 Gy of X rays. Thus, Vitamin C
supplementation appears to stimulate GSH synthesis. This is in agreement with the
observations of Jain et al. (Jain, Martensson et al. 1992) that treatment with AA leads to
about a 2 fold increase in the GSH levels of lung mitochondria of mice. As there was
reduced GSH deficiency in these animals (group 2), AA biosynthesis may not have been
stimulated and post irradiation increase in plasma AA levels is perhaps due to the
continued dietary intake of vitamin C.
Mechanism of Radiation Protection Provided by Vitamin C

The above studies on plasma AA levels following whole-body irradiation reveal
that the reduced form of vitamin C declined immediately, whereas the total AA dropped
gradually (see Figures 3-4). In order to determine if this response was due to interaction
between vitamin C and the primary radicals produced in the radiolysis of water (hydroxy
and hydrogen radicals), aqueous solutions of vitamin C were irradiated with 'y rays. A
concentration of 10 µg/ml was chosen because it is representative of the normal levels in
the plasma of mice. Figure 5 shows that the vitamin was stable up to a dose of 5 Gy and
was radiolyzed thereafter, resulting in decreased AA. The rate of loss of the vitamin in
our studies was 0.3-0.4 nmoles/10 Gy which is far less than the 1.7-2_4 gmoles/1 0 Gy
reported by Oster et al. (Oster, Kretchmar et aL 1953). Despite the drop in total AA, the
relative amounts of AA and DHAA in the solution remained similar to the control values
(i.e. >99% in the AA form).
These findings at high doses (above 5 Gy) suggest that radiolytic cleavage of AA ,
in aqueous solutions does not stop at the first step of reversible oxidation (i.e. the
formation of DHAA alone), but proceeds irreversibly to '2,3-diketogulonic acid'; 'oxalic
acid' and to carbon dioxide and water (Kagawa 1962). Hence, based on this test tube
experiment, it appears that direct interaction of vitamin C, if any, with the primary
radicals (hydroxy and hydrogen radicals) produced by y rays does not result in any
buildup of DHAA over normal levels but rather the molecule degrades completely. It
should be noted that although our in vitro conditions were by no means similar to blood,

283

VOL. 94, NO. 3
DECEMBER 1996

Research Communications in
Molecular Pathology and Pharmacology

the destruction of AA by external irradiation is known to proceed to the same extent in
blood plasma (Oster, Kretchmar et al. 1953). Therefore, the presence of significant
amounts of DHAA in plasma soon after whole-body y irradiation may not be the result of
interaction of vitamin C with the short-lived (— 10 -6 s) primary radicals produced in the
radiolysis of water. It is more likely that the observed buildup of DHAA is due to
interaction of the vitamin with the somewhat longer-lived secondary radicals resulting
from interaction of the primary radicals with biomolecules. The gradual decline in the total
AA and total GSH in plasma following irradiation further suggests the involvement of the
vitamin in biochemical redox processes.
Summary

The present findings of protection offered by vitamin C against acute external
irradiation are supported by the in vitro studies of O'Conner et al. (O'Connor, Malone el
al. 1977) where a DMF of 1.4 was obtained for vitamin C against the effects of acute
250 kVp X rays. In our earlier studies (Narra, Howell et al. 1993, Narra, Harapanhalli et
al. 1994) a dose modification factor (DMF) of — 2.2 was observed for vitamin C against
the effects of chronic irradiation using incorporated radionuclides in mouse testis at low
dose, but only a little protection against selective external acute X irradiation of mouse
testis (DMF —1.1). The present results however showed that nucleated bone marrow cells
in mice are protected against acute sublethal external irradiation (3.5 Gy) by a factor of
1,7 when vitamin C is supplemented in the diet. However, the vitamin did not have any
effect on the animal survival at lethal doses (9.0 Gy), indicating that the vitamin is
effective as a bone marrow radioprotector at sublethal doses but does not protect the
multipotent stem cells at lethal doses. Therefore, the utility of vitamin C as a
radioprotector against high doses which severely challenge the bone marrow appears to be
limited. From these studies it emerges that although AA acts to some extent by
scavenging secondary radicals, its main role is in the biochemical redox processes
involving GSH. The present results in conjunction with our earlier studies (Narra, Howell
et al. 1993, Narra, Harapanhalli et al. 1994) using mouse testis model lead us to conclude
that vitamin C holds promise as a radioprotector against low doses of radiation
encountered in diagnosis and environmental exposure.
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