
Abstract. Vitamin B2 (Riboflavin) acts as a strong radiation
protecting agent in Escherichia coli bacteria (AB1157) in
aerated media. This ability is reinforced by the addition of
vitamin C. Under the influence of gamma-radiation, vitamin B2
completely suppresses the cytostatic activity of mitomycin C
(MMC). In the presence of both vitamins, B2 and C, MMC is
converted from an efficient cytostatic to a rather strong radiation
protecting agent. This effect opens a new pathway for specific
protection of normal mammalian cells (with a high O2-content)
under treatment with ionizing radiation.

It has been established that, in the presence of the vitamins

C, E and ‚-carotene, the cytostatic efficiency of mitomycin C

(MMC) (1-4) as well as of sanazole (5) can be strongly

increased. The same effect was also observed for vitamin B1

(thiamine) (6,7) and for vitamin B6 (pyridoxine) (8). Similar

observations have also been made by the joint application of

vitamin B1 and sanazole (9). It is interesting to note that

vitamin B1 in air-free media exhibits a rather strong antitumor

ability, but in the presence of air it acts as a radiation

protecting agent (9). Vitamin B6 also shows strong cytostatic

properties, in the absence of air, which are, however, four

times reduced in the presence of air (8). On the other hand, it

was shown that the antitumor properties of vitamin B3

(nicotinamide) (10) can be increased up to three times in the

presence of the antioxidant vitamins (C, E and ‚-carotene)

under irradiation with Á-rays in aerated media (11).

Based on these findings, it was of interest to investigate

the influence of vitamin B2 on MMC under irradiation in

aqueous media. Vitamin B2 [riboflavin, lactoflavin, 7,8-

dimethyl-10 (1’-D-ribityl)isoalloxazine] plays an important

biological role, since its isoalloxazin ring acts as a  reversible

redox-system in enzymes. Riboflavin 5’-phosphate (flavin-

mononucleotide: FMN) and flavin adenine dinucleotide

(FAD) are the two important derivatives of riboflavin in

mammalian cells. It should also be mentioned that the

singlet excited states of aqueous riboflavin can eject e-aq

(solvated electrons) (12). 

The biological role of vitamin B2 is many-sided and its

nutritional deficiency  has been implicated as a risk factor

for various diseases. In a recent review article, Powers (13)

reports current evidence on the versatile effect of diets low

in vitamin B2. Its influence in respect to cancer is rather

complex. It has been reported that deficiency of vitamin B2

increases the risk of cancer, whereas, on the other hand,

data are presented on its protective effect (13-16). It has

also been found that carcinogen binding to DNA is

increased in vitamin B2-deficient rats (17). These findings

suggest that, depending on the environment of a given

system and in combination with other compounds, enzymes

etc., vitamin B2 can act in different ways. Hence, this unique

property  of vitamin B2 prompted us to investigate its effect

on a cytostatic agent in the presence of air. 

Experiments in vitro were performed using Escherichia
coli bacteria (AB1157) as a model of a living system. MMC

was utilized as a typical cytostatic agent and vitamin C as an

electron donor. The fact that MMC can be activated by one

electron reduction to MMCñ– (radical anion) (3), as well as

by one electron oxidation to MMCñ+ (radical cation) (18),

makes the study of the redox properties of vitamin B2 on

MMC of special interest. Thereby oxygen plays a very

important role in the action of MMC, since a strong

competition for the "solvated electrons" (e-
aq) exists between

both MMC and O2 (4,19).

Materials and Methods

Escherichia coli (AB 1157) was used as an appropriate model of a

living system in the present studies. Experimental details have been

previously reported (20). The effect of vitamins B2 and C on the

MMC activity was investigated by following the course of the

survival curves (N/No-ratio) as a function of the absorbed radiation

dose (Gy). The D37-value of each curve represents the N/No-ratio
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of a given dose (Gy), and is obtained from the corresponding

curve, whereas the ¢D37-values (Gy) are calculated by subtracting

the D37-buffer value from the individual D37-data, e.g.
D37(sample)- D37 (buffer) = ¢D37 (sample). The positive ¢D37-

values indicate the radiation protecting property of the given

system, whereas the negative ones show the cytostatic efficiency.

The concentrations of the solutions were kept constant in all series

of experiments and are given in Figure 1, insert.

For the irradiation treatment with Á-rays, a "Gammacell 220"

(Nordion International Inc., Canada) was used. By means of a lead

attenuator, a dose rate of 19 Gy/min was achieved. All applied

chemicals were of analytical grade. The high purity (>99%) vitamins

B2 and C were provided by Hoffmann-La Roche Corp. (Basel,

Switzerland). Mitomycin C (2 mg MMC mixed with 48 mg NaCl) was

obtained from Kyowa Hakko Kogyo Co. Ltd. (Tokyo, Japan). All

media were freshly prepared using 4 times distilled water at pH=7.4

(phosphate buffer). Laboratory utensils were radiation-sterilized and

provided by Greiner Holding GmbH, KG & AG, Austria.

Results and Discussion

Figure 1 shows the results of the present study.

Vitamin B2 (Figure 1, curve B) exhibited a strong

radiation protecting ability, similar to that of vitamin C

(curve C). Unexpectedly, the cytostatic property of MMC
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Figure 1. Survival curves (N/No-ratio) of E. coli bacteria (AB 1157) as a function of absorbed radiation dose (Gy) in media saturated with air in the
presence of various agents (pH=7.4). Insert: concentration (mol/L) and determined ¢D37-value of each system.



(curve D) was eliminated in the presence of vitamin B2

(compare curve D with curve E). Moreover, by addition of

both vitamins B2 and C to MMC, a profound strong

radiation protecting effect was observed (curve F). An

antioxidant behavior, expressed as radiation protection, has

also been observed for vitamin B1 (thiamine) in aerated

media, as already mentioned (9). However, under similar

conditions the MMC activity was up to 4 times increased in

the presence of vitamin B1 (6). As mentioned above, the

cytostatic property of vitamin B3 (nicotinamide) (10) is

very strongly enhanced by adding antioxidant vitamins (C,

E and ‚-carotene) in aerated media (11). It should also be

noted again that vitamin B6 (pyridoxine) in combination

with MMC showed a very intense synergistic effect under

similar conditions (more than 3 times increase of MMC-

efficiency) (8).

Radiation-induced processes in biological systems are

rather complicated and, hence, difficult to completely

elucidate and understand. In order to explain, at least

partly, the particular biological behavior of vitamin B2 in

the presence of air, first the radiolysis of water and then the

reactivity of the primary products of water radiolysis (eq.1)

with the substrate should be briefly mentioned. The yields

of the primary products are given as G-values*) in brackets:

H2O e-
aq, H, OH, H2, H2O2 [1]

G at pH: 6.5- 8.5:  (2.7) (0.6) (2.8) (0.45) (0.72)

In the presence of air, the H-atoms and e-aq ("solvated

electrons") are converted into peroxyl radicals:

H + O2 → HO2ñ (k = 2.0x1010 L.mol-1.s-1) [2]

e-
aq + O2 → O2

ñ- (k = 1.9x1010 L.mol-1.s-1) [3]

HO2
ñ ↔ H+ + O2

ñ- (pK = 4.8)                               [4]

Under the present experimental conditions (see eqs. 1-4)

it is expected that only oxidizing transients are operative

(46% OH and 54% O2
ñ-). The OH radicals having the

strongest oxidizing ability will preferentially attack the

double bonds of the vitamin B2 molecule (formation of OH-

adducts) and to some extent by splitting off an H-atom with

a total rate constant, k = 1.2 x 1010 L.mol-1.s-1 (21). The

rate constant for the reaction of OH-radicals with the ribose

chain of the molecule (see formula in Figure 1) amounts to

k = 1.5 x 109 L.mol-1.s-1, which makes about 12.5% of the

total reactivity. Particulary reactive on the vitamin B2-

molecule towards the OH-radicals are positions 1, 5, 6 and

9 (Figure 1, insert). The produced OH-adducts on these

positions can  subsequently add O2 forming very unstable

peroxyl radicals (ROOñ), which can result in a number of

final products, e.g.:     
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*) G-value =  number of species produced or decomposed by 100 eV

absorbed energy. For conversion in SI-units: multiply the G-value by

0.10364 to obtain G(x) in Ìmol/J. Radiation absorbed energy:

6.24x1015 eV/g = 100 rad = 1 Gy (Gray) = 1 J/kg.

[5]

In addition to reactions [5], also a break of the C6-C7

bond can occur, followed by deposition of oxygen and

finally resulting into aldehydes and carboxylic acids.

Although HO2
ñ/O2

ñ- are very slowly reacting species,

their properties are similar to those of OH. Therefore,

they can initiate similar reactions and are of  biological

interest. The resulting vitamin B2-transients can naturally

interact with MMC, finally consuming the produced

oxidizing transients (e.g. OH, HO2
ñ/O2

ñ-). Such processes

might explain, to some extent, the strong effect of vitamin

B2 in mixture with vitamin C and MMC, in irradiated

bacteria. Under the given experimental conditions, a

number of transients are formed and implicated in various

processes. Hence, the radiation mechanisms are very

complicated and, as yet, not clear.

The obtained results demonstrate that vitamin B2 acts

as a radiation protecting agent. This ability of vitamin

B2 becomes even stronger by adding vitamin C. This

property of both vitamins is strong enough, to completely

suppress  the cytostatic activity of MMC. The mixture of

MMC, vitamins B2 and C acts as an extremely efficient

radiation protecting agent (see Figure 1, curve F and

insert). Considering that normal mammalian cells contain

oxygen, the behavior of vitamin B2 (or mixture of B2 and

C) offers a new pathway in radiation oncology

implementing MMC. 

(OH-adduct)

(peroxyl radical) (hydroxylated B2)
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