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Effectsof Beer Adminigtration in Miceon Acute ToxicitiesInduced
by X Raysand Carbon lons

MANAMI MONOBE?*, SACHIKO KOIKE? AKIKO UZAWA? and KOICHI ANDO?

Beer/Radioprotection/LD_,, /Crypt survival/Chromosome aberration.

We have investigated the tissue specificity of radioprotection by beer, which was previously found for
human lymphocytes. C3H/He female mice, aged 14 weeks, received an oral administration of beer, ethanol
or saline at adose of 1 ml/mouse 30 min before whole-body irradiation with *’Cs y rays or 50 keV/um carbon
ions. The dicentrics of chromosome aberrations in spleen cells were significantly (p < 0.05) reduced by beer
and ethanol-administration for y-ray irradiation, but not for carbon-ion irradiation. The number of jejunal
crypts plotted against the dose showed that both beer and ethanol significantly increased D, (slope of a dose-
surviva curve) for y rays and carbon ions as well. Beer administration significantly (p < 0.05) increased LD,
5 (radiation dose required to kill 50% of mice within 30 days) for v rays and carbon ions. Ethanol-adminis-
tration also significantly (p < 0.05) increased the LD, value for y rays, but not for carbon ions. It is con-
cluded that beer administration reduces the radiation injury caused by photons and carbon ions, depending
on the tissue type. Radioprotection by beer administration is not solely due to OH radical-scavenging action

http://jrr.jstagejst.go.jp

by the ethanol contained in beer.

INTRODUCTION

A search for the chemical agentsthat are ableto protect human
beings from ionization radiation is a key issue in radiaion
biology”. Because radioprotective substances may produce
severe side effects, radioprotective agents with low toxicities
have been searched for many years®d. Several studies concern-
ing radioprotection have been conducted on foods, including
vitamins, garlic extract, squalene, caffeine and miso (fermented
soybean paste)**Y. We previoudy found that drinking beer
reduces radiation-induced chromosome aberrations in human
lymphocytes?. Beer increases the plasma antioxidant capacity
in humans®, and effectively inhibits salmonella mutation
caused by heterocyclic amines (HAS), 2-chloro-4-methylthiobu-
tanoic acid (CMBA) and N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG)¥9, In the present study using mice, we investigated
and reported on the tissue specificity of beer-drinking induced
radioprotection.
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MATERIALSAND METHODS

Mice

Fourteen-week-old C3H/HeEMSNI<FICR femae mice were
used. These mice were produced and maintained in the specific
pathogen free (SPF) facilities at the Nationa Ingtitute of Radio-
logica Sciences(NIRS). Miceirradiated with yrayswerekeptin
the SPF facilities, while mice receiving carbon ions were trans-
ported to an accelerator facility shortly before irradiation. They
were housed four or five per cage. Food and water (pH 2.3) were
supplied ad libitum, but only water was supplied for a period of
24 hbeforeirradiation. After radiation, food and water were sup-
plied until the termination of experiments.

Irradiation

Mice were placed in a Lucite box and given whole-body irra-
diation at 0.5 Gy/minwith a™"Csyray unit under unanesthetized
conditions. Carbon ions were accelerated up to 290 MeV/u with
the HIMAC synchrotron at the National Ingtitute of Radiol ogical
Science (NIRS, Chiba, Japan). Lucite absorbers with 81 mm
thickness were used to select a LET of 50 keV/um within a
spread-out-bragg-peak (SOBP) of 6 cm wide. The mice were
ordly administered 1 ml of either beer (ethanol content, 40 mg/
ml or 5.5% (v/v)), 5.5% (v/v) ethanal or sdine via an orogastric
tube 30 min beforeirradiation.

Plasma ethanol concentration
The plasma ethanol concentration was determined using a
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Sigmaethanal kit (Sigma). To each via, 3.0 ml of glycine buffer
reagent was added, capped and gently inverted severa times.
Tenmicroliters of blood plasmaor deionized water was then put
into each via. The vid solutions were incubated for 10 min at
room temperature, and then transferred to cuvettesfor measuring
the absorbance a 340 nm.

Slenocyte cultures

Irradiated mice werekilled by cervica didocation. The spleen
was dissected aseptically from each animal. Splenocytes were
cultured in RPMI 1640 medium (Gibco-BRL, N.Y ., USA) con-
taining 20% (v/v) foetd calf serum, 100 U/ml Penicillin (Sigma
Chemica Co., S. Louis, MO, USA), 3 ug/ml Con A (Sigma
Chemicd Co., . Louis, MO, USA), 10 ug/ml LPS (Sigma
Chemica Co., St. Louis, MO, USA) and 0.05 ug/ml colcemid
(Gibco-BRL, N.Y ., USA) under 5% CO, at 37°C for 48 h.

For chromosome preparation, cultured cells were treated with
a hypotonic solution of 75 mM KCI for 20 min at 37°C under
humid conditions, and then fixed with methanol-acetic acid
(3:1). Chromosome dides were stained with 4',6-diamino-2-
phenylindole (DAPI; 1 ug/ml) (Roche Diagnostics Corporation,
Indianapolis, IN, USA). Mitotic metaphase figures were exam-
ined for 150 through 300 cells, and the unstable type of chromo-
some aberrations of dicentrics was counted under afluorescence
microscope.

The dose-response of the chromosomal aberration frequencies
was established by fitting the experimentd datato the following
quadrdic (y rays) or linear-regresson (carbon ions) curves. Y =
BD? or Y = aD, where Y is the yield of induced chromosome
aberrations per cell, D isthedosein Gy, and o. and 3 arefit coef-
ficients. The background value for dicentrics was negligibly
small, and set to zero for the practical convenience of caculating
and figure drawing.

Intestine

Four mice were used for each irradiation-dose point. The
microcolony technigue'” was used for the intestine. The mice
were sacrificed at 3.5 days after exposure. The jgunum was
removed, fixed in 10% neutrd formalin and then stained with
haematoxylin and eosin. The number of crypts per transversecir-
cumference was counted microscopicaly for 10 through 13
histlogical sections of each mouse. The averaged number of
crypts was plotted on a semilogarithmic scale againgt the dose.
The crypt survivals were fitted to an exponentia function. The
D, and D, , values were caculated from the dose-survival curve,
D, isthe reciproca dope of the surviva curve, while D, isthe
dose at which the curve meets 10 crypts. The dose reduction fac-
tor (DRF) was determined by the formula,

Do(Dyo)with beer or ethanal

DFR = Dy(Dyo)withthesdne ’

(1

LD,,
Irraﬁi ated mice were observed to determine the mortality for

30 days after exposure. Ten mice per dose point were used for
the experiments. All of the data collected from repested experi-
ments were combined for an anayss.

RESULTS

Plasma ethanol concentrations after beer-adminigtration

Figure 1 shows the time course of the plasma ethanol concen-
tration a 0.5, 1, 2, 3, 4 and 5 h of beer administration. The etha
nol concentration was highest a 0.5 h of beer adminigtration,
146 £ 20 mg/dl. Ethanol administration showed a time course
sdmilar to that of beer-administration (data not shown). If radio-
protection by beer adminigtration was due to ethanol radical
scavenging, the maximum protection would be achieved 30 min
after beer administration. Therefore, dl experiments using
whole-body irradiation were conducted 30 min after any oral
administration.

Chromosome aberrations in splenocytes

Thedicentric frequency isplotted asafunction of theradiation
dosein Fig. 2. For yrays, the B value for beer or ethanol-admin-
istrated mice was dgnificantly smaller (p < 0.05) than that for
sdine-administrated mice (Table 1). For carbon ions, however,
the o value for beer or ethanol-administrated mice was not dif-
ferent from that for saline-administered mice.

Crypt survivals

The crypt survivas, which were semi-logarithmically plotted
againgt the dose, were well fitted to alinear-regression line (Fig.
3). The D, values of beer- and ethanol-administered mice for y
rayswere 1.86 + 0.13 (mean + SD) and 1.87 + 0.07 Gy, respec-
tively, and significantly (p < 0.05) larger than the D, vaue of
147 £ 0.14 Gy of sdine-administered mice. The D, values of
beer- and ethanol-administered mice for carbonionswere 1.40 +
0.08 and 1.28 + 0.08 Gy, respectively, and significantly (p <
0.05) larger than the D, value of 1.09 + 0.05 Gy for sdine-
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Fig. 1. Time course of the plasma ethanol concentrations after
the oral administration of 1 ml of beer. The values rep-
resent mean+ SD (n=5).
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Fig. 2. Dose-response curve of theyield of dicentricsin splenocytes. (a) y-ray irradiation and (b) carbon-ion. The error bars indicate standard
error of the means. The data are fitted to a linear-quadratic dose response function. The symbols are: solid square, saline administra-

tion; solid circle, beer administration; solid triangle, ethanol administration.
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Tablel. Parameters of dose-response for the induction of dicentrics.

yrays Carbonions
B (x10%) £ SD (Gy? o (x10%) £ SD (Gy™?)

Saline administration 50+0.1 18+1.2

Beer administration 3.7+£0.1* 16+£0.8
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administered mice. The D, values of beer-, ethanol- and sdine-
administered mice for y rays were 18.3, 18.1 and 16.8 Gy,
respectively. The D, , values of beer-, ethanol- and saline-admin-
istered mice for carbon ionswere 9.7, 10.5 and 10.4 Gy, respec-
tively. The DRF (D) of beer- and ethanol-administered mice for
Y rays was the same as each other, 1.27. The DRF (D) vaues
vaues of beer- and ethanol-administered mice for carbon ions

22 6 7 8 9

12 13

10 11

Dose(Gy)

Fig. 3. Survivd curvesfor crypt clonogenic cellsin mice. (a) yrays and (b) carbon ions. The symbolsare: solid circle, 1 ml 5.5% beer/mouse;
solid triangle, 1 ml 5.5% ethanol/mouse; solid square, 1 ml saline/mouse (mean + SD). The data are fitted to the curves using a least-
squares regression analysis.

were 1.28 and 1.17, respectively. The DRF (D,) of beer- and
ethanol-administered micefor yrayswere 1.09 and 1.08, repec-
tively. The DRF (D, ) vaues of beer- and ethanol-administered
micefor carbon ionswere 1.08 and 1.07, respectively.

Thirty-day lethality
The most prominent radioprotection was found when mice
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Fig. 4. Surviva of beer- and saline-administered mice after whole-body irradiation. () y rays and (b) carbon ions. The percent survivd is
shown each day following exposure to 7.8 Gy of y rays and 6.4 Gy of carbon ions. The symbols are: solid circle, 1 ml 5.5% beer/
mouse; open circle, 1 ml saline/mouse. Significant differences (p < 0.05) were determined by the Wilcoxon and Log-Rank test.
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Fig. 5. Percent lethality versusradiation dose. (a) y rays and (b) carbon ions. The data arefitted to asigmoidal dose response function: y =a +
b/(1 + exp(—(x — ©)/d)), where y is the percent lethdity, x is the dose in Gy, respectively, and a, b, ¢ and d are constants. The symbols
are: solid circle, 1 ml 5.5% beer/mouse; solid triangle, 1 ml 5.5% ethanol/mouse; solid square, 1 ml saline/mouse. LD, was calcu-

lated by Plobit analysis.

were irradiated with 7.8 Gy of y rays or 6.4 Gy of carbon ions
(Fig. 4). After y-ray irradiation, the 30-day survivds for beer-
administered mice were 60%, whereas the 30-day surviva for
saline-administered mice was 0%. After carbon-ion irradiation,
the 30-day survivas were increased from 0% to 80% by beer
administration. These differences were statistically significant (p
< 0.05 by an analysis of the wilcoxon and Log-Rank test).

The dose lethality after y-ray or carbon-ion irradiation is pre-
sentedinFig. 5. The LD, for y rays was 7.8 (95% confidence
limit, 7.6-7.9) Gy, 7.6 (7.5-7.7) Gy and 7.3 (7.2-7.4) Gy for
beer-, ethanol- and saline-administered groups, repectively. The
LD, for the beer- and ethanol-administered mice was signifi-
cantly larger (p < 0.05 by andlysis of Probit test) than that for
saline-administered mice. The LD, for carbon ions was 6.6
(6.5-6.7) Gy, 6.2 (6.0-6.3) Gy and 5.9 (5.8-6.0) Gy for the

beer-, ethanol- and saline-administered groups, respectively.
The LD, for beer-administered mice was significantly larger
(p < 0.05 by analysis of Probit test) than that for saline-adminis-
tered mice. The LD, of ethanol-administered mice was
dightly larger than that for sdine-administered mice, even
though astatistical significance was not obtained.

DISCUSSION

The chromosome aberrations by radiation have a close corre-
lation to cdl death™®. Stem-cell death in critical organsis also
closdly related to somatic mortality. Provided that the radiation
damage could be measured quantitatively by any end points, a
difference in the magnitude of radioprotection between tissues
would be areflection of tissue-specific radioprotection.
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Beer contains not only ethanol, but also other antioxidant sub-
stances, such as phenolic compounds™®, which may account for
beer’ s activity to increase any antioxidant capacity of plasmain
humans™®. Alcohols reduce radiation-induced DNA scissionsby
OH radical-scavenging activity in vitro. Roots et al.*2? report
that the contribution of OH radicasto thetotd radiation damage
is ~70% for X rays, and ~40% for carbon ions of 52 keV/um.
The difference in the OH radica contribution between X rays
and carbon ions wel explains the fact that beer and ethanol
administration protected splenocytes from vy rays, but not from
carbonions (Fig. 2).

The apha component of the chromosome aberration in sple-
nocytes was not changed by beer administration (Table 1). This
contrastswith our previous study, which showed that beer drink-
ing reduced the aphaterm of the periphera blood by lympho-
cytesin humans®?. Thismay be areflection of adifferencein the
tissue- or species- responsiveness to radioprotection™®?). The
apha component is the coefficient of asingle track-2 hits event
inDNA?, Sow eectronsof 700 eV would produce densdly ion-
izing events over a dimension of ~10 nm, which could be
responsible for mammalian cell killing by the single-hit mecha
nisms of X rays and charged particles aswell?”. A high concen-
tretion (1 M) of DM SO protectsmammalian cell kill by reducing
the apha component of not only X rays, but also of high-LET
charged particles. The mechanism by which DM SO suppresses
high-LET radiation-induced cdll killing is not yet known.

The radioprotective activity of beer for 50 keV/um carbon
ionswas either equa (gut; Fig. 3) or superior (bone marrow; Fig.
5) to y rays. A generd concept is that chemica radioprotectors
more effectively modify tissue responses against low-LET radi-
ation than high-LET radiaion. However, there are severd
reports that contradict this genera concept. For example, the
dose modification factor (DMF) of WR151327, an aminothiol
compound, islarger for fission neutronsthan X raysfor LD, .
The DMF of WR2721, amifostine, for amarrow colony-forming
assay was found to be 2.3 for y rays and 2.4 for 51 keV/um sili-
conions®. WR1065 protects radiation damage not only by free-
radical scavenging, but dso by enhancing the expression of
MnSOD in glioma cdls®. MnSOD plays arole in preventing
DNA damage caused by reectivefreeradicas. Thistypeof intra-
cellar change could also beinvalved in the gut and bone marrow
in the present study. These radical scavenging mechanisms can-
not, however, explain the protection by beer against carbon ions
with direct actions.

As conclusions, beer adminigtration reduces the radiation
injury caused by photons and carbon ions, depending on the tis-
suetype. The radioprotection provided by beer adminigtration is
not solely due to the OH radica-scavenging action by the etha-
nol contained in beer.

ACKNOWLEDGEMENTS

This work was supported in part by a Grant-in-Aid from the
Ministry of Education, Science, Sports and Culture of Japan and

by the Special Coordination Funds for Research Project with
Heavy lons at the National Ingtitute of Radiological Sciences—
Heavy—ion Medical Accelerator in Chiba (NIRS-HIMAC).

REFERENCES

1. Nair, C. K., Parida, D. K. and Nomura, T. (2001) Radioprotec-
torsin radiotherapy. J. Radiat. Res. 42: 21-37.

2. Hosseinimehr, S. J,, Shafiee, A., Mozdarani, H. and Akhlag-
pour, S. (2001) Radioprotective effects of 2-iminothiazolidine
derivatives againgt letha doses of gamma radiation in mice. J.
Radiat. Res. 42: 401-408

3. Hosseinimehr, S. J,, Shefiee, A., Mozdarani, H., Akhlagpour, S.
and Froughizadeh, M. (2002) Radioprotective effects of 2-
Imino-3-[(chromone-2-yl)carbonyl] thiazolidines against g-irre-
diationin mice. J. Radiat. Res. 43: 293-300

4. Sarma, L. and Kesavan, P. C. (1993) Protective effects of vita-
mins C and E against gammearray-induced chromosomal dam-
agein mouse. Int. J. Radiat. Biol. 63 759-764.

5. Felemovicius, |., Bonsack, M. E., Baptista, M. L. and Delaney,
J. P. (1995) Intestina radioprotection by vitamin E (alpha-toco-
pheral). Ann. Surg. 222: 504-510.

6. Konopacka, M. and Rzeszowska-Wolny, J. (2001) Antioxidant
vitamins C, E and beta-carotene reduce DNA damage before as
well as after gammarray irradiation of human lymphocytes in
vitro. Mutat. Res. 491: 1-7.

7. Storm, H. M., Oh, S. Y., Kimler, B. F. and Norton, S. (1995)
Radioprotection of mice by dietary squalene. Lipids 28: 555—
559.

8. Singh, S. P., Abraham, S. K. and Kesavan, P. C. (1995) In vivo
radioprotection with garlic extract. Mutat. Res. 345; 147-153.

9. Singh, S. P., Abraham, S. K. and Kesavan, P. C. (1996) Radio-
protection of mice following garlic pretrestment. Br. J. Cancer
Suppl. 27: S102-5104.

10. George, K. C., Hebbar, S. A., Kde, S. P. and Kesavan, P. C.
(1999) Caffeine protects mice against whole-body lethal dose of
gamma- irradiation. J. Radial. Prot. 19: 171-176.

11. Ohara, M., Lu, H., Shiraki, K., Ishimura, Y ., Uesaka, T., Katoh,
O. and Watanabe, H. (2001) Radioprotective effects of miso
(fermented soy bean paste) againgt radiation in B6C3F1 mice:
increased small intestina crypt surviva, crypt lengths and pro-
longation of average time to death. Hiroshima J. Med. Sci. 50:
83-86.

12. Monobe, M. and Ando, K. (2002) Drinking beer reduces radia-
tion-induced chromosome aberrations in human lymphocytes.
J. Radiat. Res. 43: 237-245.

13. Ghisli, A., Natdlla, F., Guidi, A., Montanari, L., Fantozzi, P.
and Scaccini, C. (2000) Beer increases plasma antioxidant
capacity in humans. J. Nutr. Biochem. 11: 76-80.

14. Arimoto-Kobayashi, S., Sugiyama, C., Harada, N., Takeuchi,
M., Takemura, M. and Hayatsu, H. (1999) Inhibitory effects of
beer and other acoholic beverages on mutagenesis and DNA
adduct formation induced by several carcinogens. J. Agric.
Food. Chem. 47: 221-230.

15. Kimura, S, Hayatsu, H. and Arimoto-Kobayashi, S. (1999)
Glycine betaine in beer as an antimutagenic substance against
2-chloro-4-methylthiobutanoic acid, the sanma-fish mutagen.



16.

17.

18.

19.

20.

21.

22.

23.

M.MONOBE et al.

Mutet. Res. 439: 267-276.

Y oshikawa, T., Kimura, S., Hatano, T., Okamoto, K., Hayatsu,
H. and Arimoto-Kobayashi, S. (2002) Pseudouridine, an anti-
mutagenic substance in beer towards N-methyl-N'-nitro-N-
nitrosoguanidine (MNNG). Food Chem. Toxicol. 40: 1165—
1170.

Withers, H. R. and Elkind, M. M. (1970) Microcolony survival
assay for cdls of mouse intestind mucosa exposed to radiation.
Int. J. Radiat. Biol. Relat. Stud. Phys. Chem. Med. 17: 261-267.
Cornforth M. N. and Bedford J. S. (1987) A quantitative com-
parison of potentially lethal damage repair and the rejoining of
interphase chromosome breaks in low passage normal human
fibroblasts. Radiat. Res. 111: 385-405.

Fantozzi, P., Montanari, L., Mancini, F., Gasbarini, A,
Addolorato, G., Simoncini, M., Nardini, M., Ghisdli, A. and
Scaccini, C. (1998) In vitro antioxidant capacity from wort to
beer. Leb. Wissenschaft & -Technologie 31: 221-227.

Roots, R. and Okada, S. (1972) Protection of DNA molecules
of cultured mammalian cells from radiation- induced single-
strand scissions by various a cohols and SH compounds. Int. J.
Radiat. Biol. Relat. Stud. Phys. Chem. Med. 21: 329-342.
Roots, R. and Okada, S. (1975) Estimation of lifetimesand dif-
fusion distances of radicals involved in x-ray-induced DNA
strand breaks of killing of mammalian cells. Radiat. Res. 64:
306-320.

Roots, R., Chatterjee, A., Chang, P., Lommd, L. and Blakely,
E. A. (1985) Characterization of hydroxyl radical-induced dam-
age after sparsely and densely ionizing irradiation. Int. J. Radiat.
Biol. Relat. Stud. Phys. Chem. Med. 47: 157-166.
Giambarres, L. and Jacobs, A. J. (1987) Military Radiobiol-

24.

25,

26.

27.

28.

29.

ogy, Eds. J. J. Conklin, R. I. Walker, pp. 285-286, Academic
press, London.

Hall, E. J (2000) Radioprotectors. In: Radiobiology for the
Radiologist, 5th ed., pp. 136-143, Lippincott Williams &
Wilkins, Philadelphia.

Hall, E. J. (2000) Acute effects of total-body irradiation. In:
Radiobiology for the Radiologist, 5th ed., pp. 124-135, Lip-
pincott Williams & Wilkins, Philadelphia.

Hall, E. J. (2000) DNA strand bresks and chromosomal aberra-
tions. In: Radiobiology for the Radiologist, 5th ed., pp. 17-30,
Lippincott Williams & Wilkins, Philadelphia

Chapman, J. D. (1980) Biophysica models of mammalian cell
inactivation by radiation. In: Radiation Biology in Cancer
Research, Eds. Raymond E. Meyn and H. Rodney Withers, pp.
21-32, Raven Press, New York.

Sigdestad, C. P., Grdina, D. J., Connor, A. M. and Hanson, W.
R. (1986) A comparison of radioprotection from three neutron
sources and 60Co by WR-2721 and WR-151327. Radiat. Res.
106: 224-233.

Afza, S. M. and Ainsworth, E. J. (1987) Radioprotection of
mouse colony forming units-spleen againgt heavy-charged par-
ticle damage by WR 2721. Radiat. Res. 109: 118-126.
Kataoka, Y., Murley, J. S., Khodarev, N. N., Weichselbaum, R.
R. and Grdina, D. J. (2002) Activation of the nuclear transcrip-
tion factor kappaB (NFkappaB) and differential gene expres-
sion in U87 glioma cells after exposure to the cytoprotector
amifostine. Int. J. Radiat. Oncol. Biol. Phys. 53: 180-189.

Received on December 6, 2002
1st Revision on January 24, 2003
Accepted on January 30, 2003



