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Rats were exposed to a total dose of 0.75 Gy of y radiation from a mﬂu source, re-
ceiving three doses of 0.25 Gy at weekly intervals. During two days before each irra-
diation, the animals received daily intragastric doses of 268 mg pantothenol or 15 mg
[-carotene per kg body mass. The animals were killed after the third irradiation ses-
sion, and their blood and livers were analyzed. As found previously (Slyshenkov,
V.5., Omelvanchik, S.N., Moiseenok, A.G., Trebukhina, R.V. & Wojtczak, L. (1998)
Free Radical Biol. Med. 24, 894-899), in livers of animals not supplied with either
pantothenol or S-carotene and killed one hour after the irradiation, a large accumula-
tion of lipid peroxidation products, as conjugated dienes, ketotrienes and thiobarhbi-
turic acid-reactive substances, could be observed. The contents of CoA, pantothenic
acid, total phospholipids, total glutathione and GSH/GSSG ratio were considerably
decreased, whereas the NAD/NADH ratio was increased. All these effects were alle-
viated in animals supplied with S-carotene and were completely abolished in animals
supplied with pantothenol. In the present paper, we extended our observations of ir-
radiation effects over a period of up to 7 days after the last irradiation session. We
found that most of these changes, with the exception of GSH/GSSG ratio, disap-
peared spontaneously, whereas supplementation with f-carotene shortened the time
required for the normalization of biochemical parameters. In addition, we found that
the activities of glutathione reductase, glutathione peroxidase, catalase and NADP-
dependent malate (decarboxylating) dehydrogenase (‘malic enzyme') in liver were
also significantly decreased one hour after irradiation but returned to the normal

®This work was supported in part by the State Committee for Scientific Research under grant No. KBN 6
PO4A 005 18 to L.W.

“Address for correspondence: L. Wojtezak, The Nencki Institute of Experimental Biology, L. Pasteura 3,
02-093 Warsaw, Poland: tel: (48 22) 659 3072; fax: (48 22) 822 5342; email: LWAC®@nencki.gov.pl



240 V.S, Slyshenkov and others

1999

level within 7 days. Little or no decrease in these activities, already 1 h after the irra-

diation, could be seen in animals supplemented with either f-carotene or pantothe-
nol. It is concluded that pantothenol is an excellent radioprotective agent against

low-dose y radiation.

Protection by pantothenic acid and its de-
rivatives against tissue damage produced by
ionizing radiation and reactive oxygen spe-
cies has been known since many years (Ar-
tom, 1954; Dombradi et al., 1964; Szoérady et
al.,, 1965; 1966; Perepelkin et al, 1976;
Kimura & Takahashi, 1981; Yoshikawa et al.,
1982; Nagiel-Ostaszewski & Lau-Cam, 1990;
Utno, 1991, Kumerova et al., 1991; 1992; Cra-
ciun et al.,, 1992) and has been applied in
medical practice, e.g. to ameliorate acute
symptoms of radiotherapy (see e.g. Lokkevik
et al., 1996; and Mose et al., 1997), and in cos-
metics industry, though its mechanism re
mains unresolved. In our studies on Ehrlich
ascites tumour cells (Slyshenkov et al., 1995),
we have demonstrated that this protective ef-
fect is not due to scavenging of free radicals
but, rather, to promotion of repair mecha-
nisms involving CoA of which pantothenic
acid is the precursor. Furthermore, we have
shown a considerable increase of glutathione
content in cells preincubated in the presence
of pantothenic acid or its derivatives
(Slyshenkov et al., 1996a). Since reduced glu-
tathione is involved in enzymatic removal of
hydrogen peroxide, phospholipid hydroperox-
ides and dioxygen anion radical (0™ "), this
findings pointed to an additional protective
mechanism. Increased biosynthesis of phos-
pholipids and cholesterol in pantothenic acid-
supplemented cells could also contribute to
the increased resistance of such cells against
permeabilizing effect of digitonin (Slyshen-
kov et al., 1996b).

Recently, we have described a protective ef-
fect of pantothenol, the immediate precursor
of pantothenic acid, against liver damage pro-
duced by whole body exposure to low dose y
radiation in rat (Slyshenkov et al, 1998).
Since the deleterious effects of ionizing radia-
tion are, to a great part, due to free radical

generation, the mechanism of the observed ef-
fects might be similar to that found previ-
ously in Ehrlich ascites cells (Slyshenkov et
al., 1995; 1996a).

The protocol of these studies on whole body
irradiation (Slyshenkov et al., 1998) included
three brief exposures of rats to y radiation
from a %%Co source in weekly intervals. The
animals were killed and their livers were
removed for biochemical analyses exactly one
hour after the last exposure. It was found that
intragastric administration of pantothenol
for two days preceding each exposure fully
protected against lipid peroxidation, deple-
tion of liver glutathione and a shift of its re-
dox state as well as of the redox state of liver
nicotinamide nucleotides. It also prevented a
decrease of NADP-dependent malate dehydro-
genase (decarboxylating), one of the enzymes
involved in reducing eytosolic NADP. Admin-
istration of fS-carotene exerted a partial pro-
tective effect.

However, these results left several unan-
swered questions: (1) whether pantothenol
really prevented the deleterious symptoms in
livers of the irradiated animals or, rather,
only delayed the onset of these defects; (2)
whether f-carotene was a weaker protective
agent than pantothenol or its protective effect
could be observed on a longer time scale; and
(3) were the metabolic effects of low doses of ¢
radiation persistent or could they be reversed
without any treatment. To answer these ques-
tion, we now extended the previous work
(Slyshenkov et al., 1998) by examining livers
of irradiated animals over a longer period fol-
lowing the last exposure, namely after 24 h
and 7 days. In addition, we extended our
study over three more enzymes involved in
protection against oxidative stress: glu-
tathione reductase, glutathione peroxidase
and catalase.
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MATERIALS AND METHODS

Animals. Female albino rats (140-180 g
body mass) were kept on standard laboratory
diet. The experimental protocol was the same
as described previously (Slyshenkov et al.,
1998). The animals were divided into four
groups, fifteen rats in each. Animals of the
first group were the controls and were kept
without further treatment. Animals of groups
II, IIT and IV were subjected to whole body y
irradiation from a cobalt bomb (model AGAT-
C, U.S.S.R.) three times at weakly intervals,
receiving a total dose of 0.75 Gy. Two days
before each irradiation session, i.e. on Mon-
day and Tuesday, the animals of group III
were given daily, via a stomach catheter, -
carotene, 15 mg/kg body mass, and the ani-
mals of group IV, D-pantothenol, 26 mg/kg
body mass. Every Wednesday, the rats were
exposed to y irradiation for 24 s, accumulat-
ing 0.25 Gy during each exposure. The ani-
mals were killed by decapitation one hour,
24 h and 7 days after the third exposure, five
animals from each group each time. Blood
(prevented from clotting by heparin) and frag-
ments of liver were taken immediately and
kept in liquid nitrogen for the determination
of the NAD'/NADH ratio and the contents of
glutathione and CoA. The remaining liver was
briefly perfused with cold 0.9% NaCl and, af-
ter removal of large blood vessels, cut into
large pieces, rinsed with the same solution,
blotted with filter paper and preserved in lig-
uid nitrogen for all other analyses.

Analytical procedures. Conjugated dienes
and ketone trienes were determined in hep-
tane extracts at 235 and 275 nm, respectively
(Recknagel & Ghoshal, 1966). Thioharbituric
acid-reactive substances were measured as de-
scribed previously (Slyshenkov et al., 1995)
and expressed as malondialdehyde. Cytoplas-
mic NAD /NADH ratio was calculated from
the pyruvate/lactate ratio (Williamson et al.,
1967) determined enzymatically (Williamson
& Corkey, 1964). Reduced and oxidized glu-
tathione were measured with methylglyoxal

plus glyoxalase I and with NADPH plus glu-
tathione reductase, respectively (Akerboom &
Sies, 1981). Total CoA was determined with
phosphotransacetylase (McDougal & Dargar,
1979) after previous alkaline hydrolysis of
CoA esters. Pantothenic acid in blood was de-
termined by gas chromatography as the total
amount of pantolactone-forming compounds
(Moiseenok et al.,, 1984; Slyshenkov et al.,
1998).

Total lipids were extracted from liver by the
procedure of Folch et al. (1957) and deter-
mined gravimetrically. Phospholipids were
determined by the amount of lipid phospho-
rus after combustion in concentrated perchlo-
ric acid at 180°C. Cholesterol was measured
by the Liebermann-Burchard colour reaction
with acetic anhydride (Abell ef al., 1952).

Determination of enzyme activities.
Fragments of livers were homogenized in 200
mM KCl containing 5 mM Tris/HCI (pH 7.4)
and 0.1% Triton X-100 and centrifuged for 30
min at 14000 X g at 4°C. Enzyme activities
were measured in the supernatant fraction.
NADP-dependent malate (decarboxylating)
dehydrogenase (‘malic enzyme', EC 1.1.1.40)
was measured according to the method of
Brdiczka & Pette (1971) as described previ-
ously (Slyshenkov et al., 1998). Catalase (EC
1.11.1.6) was determined by following the de-
composition of HoO9 at 240 nm (Aebi, 1984).
Glutathione reductase (EC 1.6.4.2) and glu-
tathione peroxidase (EC 1.11.1.9) were as-
sayed by following the rate of NADPH oxida-
tion in appropriate systems (Flohé & Giinzler,
1984; Carlberg & Mannervik, 1995). All meas-
urements were performed at room tempera-
ture (about 20°C).

Chemicals. D-Pantothenol was from Hoff-
mann-La Roche (Basel, Switzerland) and S-ca-
rotene from N.P.O. Vitaminy (Moscow, Rus-
sia).

Statistical methods. All values are ex-
pressed as means for 5 animals + SEM. Statis-
tical significance was evaluated using the Stu-
dent's t-test.
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RESULTS

Changes in blood

Irradiation resulted in a large increase of
conjugated dienes which are an indication of
lipid peroxidation, whereas the levels of GSH
and pantothenic acid and/or its derivatives
(estimated as pantolactone-producing com-
pounds) were decreased. These changes di-
minished with time so that they disappeared
or were much less pronounced 7 days after ir-
radiation (Fig. 1). Administration of f-car-
otene or pantothenol to rats before irradia-
tion considerably decreased the accumulation
of conjugated dienes and completely pre-
vented the decrease in GSH. f-Carotene ex-
hibited, however, no significant effect on the
decrease in blood pantothenic acid after irra-
diation. As expected, administration of panto-
thenol greatly increased its concentration in
blood which returned to the normal level after
7 days.

Conjugated dienes

Reduced glutathione

Changes in liver
Low molecular mass compounds

The amounts of conjugated di- and trienes
and of thiobarbituric acid-reactive substances
(expressed as malondialdehyde) in liver al-
most doubled 1 h after irradiation but re-
turned to the normal level within 7 days or
less (Fig. 2, panels A and B). Irradiation re-
sulted in a decrease of total liver CoA (panel
C) and total glutathione (panel D) by 20% and
30%, respectively. These changes were, how-
ever, more persistent as they were only partly
alleviated after 7 days.

(Gamma irradiation not only decreased the
total amount of glutathione but drastically
shifted the proportion between its reduced
and oxidized forms. As shown in Fig. 2 (panel
E), GSH/GSSG ratio decreased 1 h after irra-
diation to 16% of its value in livers of control
animals and still amounted to 60% seven days
after the last irradiation. Exposure to y radia-
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Figure 1. Changes in the levels of conjugated dienes, reduced glutathione and pantothenic acid and its
derivatives (determined as pantolactone-forming compounds) in the blood of y-irradiated rats, and the
effects of f-carotene and pantothenol.

All values are expressed in percentage of corresponding values in the blood of nondrradiated animals which
amounted to 0.62 + 0.05 absorbancy unit/ml for conjugated dienes, to 1.25 + 0.03 gymol/ml for GSH and to 10.2 =
0.5 nmol/ml for pantolactone-forming substances (here designated as pantothenic acid). Black columns, irradiated
animals without further treatment; white columns, irradiated animals supplemented with §-carotene; dashed col-
umns, irradiated animals supplemented with pantothenol. Statistically significant differences (P < 0.05) with re-
spect to non-irradiated controls are indicated by 'c' and with respect to irradiated but otherwise untreated rats, ex-
amined at the same time after the last irradiation, are marked by '+’
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tion also changed the proportion between oxi-
dized and reduced forms of liver cytosolic
NAD which, however, returned to its control
level within a few days (Fig. 2, panel F).
Administration of S-carotene to rats before
each radiation exposure resulted in a lower
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level of conjugated di- and trienes and stron-
gly diminished the formation of thiobarbi-
turic acid-reactive compounds (Fig. 2, panels
A and B). It had no effect on the decrease of
CoA (panel C), but partly protected against
diminution of total glutathione and shifts of
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Figure 2. Changes of several biochemical parameters in the liver of j-irradiated rats and the effects of /-

carotene and pantothenol.

Values for non-irradiated rats (taken as 100%) were: the sum of conjugated dienes and ketotrienes, 1.06 + 0.06 ab-
sorbancy units/mg total lipid; malondialdehyde, 34.3 £ 1.6 nmol/g wet mass; CoA, 308 £ 13 nmol/g wet mass; total
glutathione, 5.7 £ 0.4 umol/g wet mass; GSH/GSSG ratio, 37.2 + 3.5; NAD/NADH ratio, 579 + 47 (see also Slyshen-
kov et al., 1998). Description of columns and statistical significance as in Fig. 1.
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glutathione and cytosolic NAD towards their
oxidized forms (panels D, E and F).

As shown previously (Slyshenkov et al.,
1998), administration of pantothenol fully
protected against changes in all six parame-
ters illustrated in Fig. 2 when measured 1 h
after irradiation and these values remained at
the same level for the next 7 days.

As described previously (Slyshenkov et al.,
1998), y irradiation resulted in small but sta-
tistically significant decrease in total lipids
and cholesterol in rat liver and a drastic dimi-
nution of liver phospholipids. These changes
were completely prevented if pantothenol was
administered to the animals prior to irradia-
tion (Fig. 3).

Enzymes

Activities of all four enzymes examined also
decreased by 20-30% when measured 1 h fol-
lowing the last irradiation (Fig. 4). This de-
crease was still observable after 24 h but usu-
ally disappeared after 7 days. Interestingly,
the activity of decarboxylating malate dehy-
drogenase on the Tth day after irradiation
was by over 30% higher than in control ani-
mals,

Both f-carotene and pantothenol prevented

these changes in enzyme activities observed
already 1 h after irradiation (Fig. 4).

DISCUSSION

The present results, together with those of
the previous paper (Slyshenkov et al., 1998)
on short-term effects, allow to evaluate some
biochemical effects of low doses of y radiation
in rat liver and their reversal. It is well docu-
mented (von Sonntag, 1987; Hagen, 1989;
Farber, 1994; Martinez-Cayuela, 1995; Leyko
& Bartosz, 1986) that radiation injury is, to a
great part, due to the effect of oxygen free
radicals and other reactive species as singlet
oxygen and hydrogen peroxide. In fact, the
amounts of conjugated dienes, ketotrienes
and malondialdehyde, which are products of
lipid peroxidation, almost doubled within 1 h
after irradiation (Slyshenkov et al, 1998).
These compounds, together with 4-hydroxy-
nonenal, another highly reactive product of
lipid peroxidation, could be responsible for
other changes observed in this investigation,
as glutathione oxidation and diminution of its
level, decrease of the content of CoA and of
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Figure 3. Changes in the content of lipidic substances in liver upon y irradiation.

Values for non-irradiated animals were: total lipids, 54 + 2 mg/g wet mass; phospholipids, 24 + 1 mg/g wet mass;
cholesterol, 3.5 + 0.2 umol/g wet mass (Slyshenkov et al., 1998). Description of columns and statistical significance

as in Fig. 1.
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Figure 4. Changes in the activities of glutathione reductase, glutathione peroxidase, catalase and
NADP-dependent malate (decarboxylating) dehydrogenase in livers of y-irradiated rats.
The values for non-irradiated rats were: G8H reductase, 48 + 3 nmol NADPH/min per mg protein; GSH peroxidase,

775 + 17 nmol NADPH/min per mg protein; catalase, 300 = 21 gmol Hy0;/min per mg protein; malate dehydroge-
nase, 46 + 2 nmol NADPH/min per mg protein. Description of columns and statistical significance was as in Fig. 1.

the activities of the enzymes that are impor-
tant in prevention of the oxidative stress.
All these effects of low-dose y irradiation
were, however, transient and most of them
completely disappeared within 7 days after
the last irradiation. §-Carotene administered
to the animals during two days before each ir-
radiation session considerably shortened the
time needed for the various biochemical pa-
rameters studied to return to their normal
levels. This is compatible with the well docu-
mented antioxidant (Rousseau et al., 1992;
Chen et al, 1993; Ozhogina & Kasaikina,
1995; Postaire et al., 1995; Sies & Stahl, 1995;
Tsuchihashi et al., 1995) and radioprotective
(Belyaev et al., 1992; Postaire et al., 1995; Sal-
vadori et al, 1996; Umegaki et al, 1997;
Rozanowska et al, 1998; Konopacka et al,

1998; Bohm et al., 1998; Fuchs, 1998) actions
of [-carotene in biological systems. Ben-
Amotz et al. (1996) observed protection by /-
carotene feeding against growth disturbance
of rats subjected to whole body irradiation. In
the experiments presented here, fS-carotene
was radioprotective against liver damage. Be-
ing highly lipophilie, S-carotene may preferen-
tially protect cell membranes, acting as free
radical quencher, singlet oxygen scavenger
and lipid antioxidant.

The protective effect of pantothenol was
even more pronounced. With all biochemical
parameters studied, a complete prevention of
the damaging effects of ¥ radiation was obvi-
ous already 1 h after the last irradiation
(Slyshenkov et al., 1998) and no deterioration
of the biochemical status of the liver could be
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observed during subsequent 7 days. In con-

trast to -carotene, pantothenol and its oxi-
dized derivative, pantothenic acid, are highly
hydrophilic. As shown previously (Slyshen-
kov et al., 1995), they are not free radical
scavengers. Their protective effects against
free radical damage of Ehrlich ascites tumour
cells was apparently due to a metabolic ac-
tion, as it was manifested only after preincu-
bation of the cells with these compounds
(Slyshenkov et al., 1995; 1996a). We observed
enhanced synthesis of CoA and glutathione in
Ehrlich ascites cells incubated with panto-
thenic acid and its derivatives and have pro-
posed that this is the mechanism by which
these compounds protect cells against oxida-
tive stress and ultraviolet radiation (Slyshen-
kov et al., 1995; 1996a). It can be, therefore,
assumed that the protective effect of panto-
thenol against whole body low-dose y irradia-
tion, as described previously (Slyshenkov et
al., 1998) and in the present paper, can also
be due to enmhanced biosynthesis of gluta-
thione and CoA.

In conclusion, pantothenol, pantothenic acid
and their derivatives are excellent protective
agents against liver damage by low-dose ¥ ra-
diation. Their mechanism of action is differ-
ent than that of §-carotene and, in the experi-
mental model employed in the present study,
appeared more effective. Both pantothenic
acid (and its derivatives) and f-carotene may
be of practical importance in abolition or alle-
viation of health hazards of inhabitants of ar-
eas of elevated background radiation, as
those in some parts of Ukraine and Belarus
after the Chernobyl disaster, and for protec-
tive measures for individuals professionally
exposed to ionizing radiation.

V.S.8. wishes to thank the J6zef Mianowski
Fund (Warsaw) for a fellowship.
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