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Abstract. Studies were conducted in rats to determine the effect of dietary selenium (Se) con-
centration on hepatic glutathione concentrations and enzyme activities associated with the
maintenance of the cellular glutathione status. Male rats were fed 0.1, 3.0, or 6.0 ppm Se as
Na,SeO; for 2, 4, or 6 weeks at which time they were killed and analyses were performed. Both
3.0 and 6.0 ppm Se caused a significant dose-dependent increase in hepatic-reduced glutathione
(GSH) by 4 weeks of feeding compared to 0.1 ppm Se. The increase in GSH was preceded by
significant, dose-dependent increases in oxidized glutathione (GSSG) as well as the GSSG to GSH
ratio. Increases in GSSG and the GSSG to GSH ratio as well as in glutathione reductase and
glucose-6-phosphate dehydrogenase activities were observed by 2 weeks of high Se feeding. The
current findings substantiate previous results demonstrating effects of high Se on hepatic glutathione
concentrations (R. A. LeBoeuf and W. G. Hoekstra, J. Nutr. 113:845-854, 1983) and further
suggest that increased cellular GSSG concentrations or the GSSG to GSH ratio caused by
3.0 and 6.0 ppm dietary Se signals for “adaptive” changes in hepatic glutathione metabolism.

© 1985 Society for Experimental Biology and Medicine.

Selenium (Se) is an essential nutrient, re-
quired for the enzymatic activity of glutathione
peroxidase (1). In the rat, the nutritional re-
quirement for Se is currently set at 0.1 ppm
(2). When fed at concentrations of approxi-
mately 4 ppm or greater, Se toxicity may result
depending on other factors including diet and
the age of the animal. In addition, Se concen-
trations moderately below those shown to be
toxic in experimental animals show anticar-
cinogenic effects in a number of cancer pro-
ducing systems. The biochemical effects of
high Se are therefore of interest and are the
focus of this report.

Se as sodium selenite undergoes reductive
metabolism from a +4 to a —2 oxidation state
utilizing reduced glutathione (GSH) and
NADPH as the source of reducing equivalents
(3). Catalytic oxidation of GSH by selenite can
also occur (4, 5). Since alterations in cellular
glutathione concentrations can have numer-
ous effects on cell processes (6), the effect of
dietary Se concentration on hepatic glutathi-
one metabolism was studied.

A recent study from our laboratory dem-
onstrated that 6.0 ppm Se as Na,SeO; fed to

! Research supported by the College of Agricultural and
Life Sciences, University of Wisconsin-Madison.

rats for 6 weeks caused a significant increase
in hepatic nonprotein sulfhydryls (NPSH) and
oxidized glutathione (GSSG) concentrations
as well as the GSSG to NPSH ratio compared
to 0.1 ppm Se controls (7). While GSH was
not determined on all samples, random sam-
pling of livers from all treatment groups in-
dicated that NPSH was approximately 94%
GSH. In addition, glutathione reductase
(GSSG-Rd) and glucose-6-phosphate(G-6-P)
dehydrogenase activities, which are involved
in the reduction of GSSG to GSH, were also
significantly increased with high Se feeding. In
a subsequent study conducted to determine
the time course of change in glutathione con-
centrations upon Se exposure, a single ip acute
injection of Na,SeQ; into rats also caused a
significant increase in hepatic NPSH. The in-
crease in NPSH was preceded by a significant
increase in GSSG and the GSSG to NPSH ra-
tio. It was proposed that increased GSSG or
the GSSG to NPSH ratio signals for the
“adaptive” increase in NPSH (GSH) in an at-
tempt to maintain a nearly normal GSSG to
NPSH (GSH) ratio. The “adaptive™ increases
in GSSG-Rd and G-6-P dehydrogenase ob-
served with high Se feeding support this hy-
pothesis.

Our previous study (7) examined the effect
of 6.0 ppm Se on glutathione metabolism at
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only one time point compared to 0.1 ppm Se.
Therefore, the objectives of the experiment
reported here were to determine whether an
intermediate concentration of 3.0 ppm Se
would elicit similar effects on hepatic gluta-
thione concentrations as was seen with 6.0
ppm Se, to determine the time course of
change in hepatic glutathione concentrations
upon high Se feeding, and to verify that the
observed increase in NPSH with high Se feed-
ing is due to GSH.

Methods and Materials. Male weanling rats
of the Sprague-Dawley strain (Holtzman,
Madison, Wis.) were housed individually in
hanging wire mesh cages. They were main-
tained on a 12-hr light-dark cycle and had
free access to food and water. The basal diet
contained 15% vitamin-free casein (Teklad,
Madison, Wis.), 10% corn oil, 46.3% corn
starch, 23.1% glucose monohydrate, 5% salts
mix, 0.5% vitamin mix, 0.1% choline chloride,
and 100 IU/kg diet vitamin E as all rac-a-to-
copherol as described previously (7). Se as
Na,SeO; was supplemented to the basal diet
at 0.1, 3.0, or 6.0 ppm as a Se:glucose mono-
hydrate premix prepared immediately prior to
diet formulation. The 0.1 ppm Se supple-
mented diet (control) contained 0.13 ppm Se
as determined fluorometrically (8) and satis-
fied all nutrient requirements for the growing
rat as indicated by the NRC (2). All rats were
first fed a diet supplemented with 0.1 ppm Se
for 3 weeks and then switched to diets con-
taining either 0.1, 3.0, or 6.0 ppm Se. Rats
were fed the experimental diets for 2, 4, or 6
weeks at which time eight rats per experimen-
tal group per time point were killed and bio-
chemical analyses were performed. All bio-
chemical methods used were described in de-
tail previously (7). GSH and GSSG were
determined according to the method of Tietze
(9) as modified by Griffith for GSSG (10).
G-6-P dehydrogenase (D-glucose-6-phosphate
NADP™" oxidoreductase, E.C. 1.1.1.49) activity
was determined according to Takata and Wa-
tanabe (11). GSSG reductase (E.C. 1.6.4.2)
activity was measured according to Massey
and Williams (12) and protein was determined
according to Lowry et al. (13). Effects of Se
on the variables determined were analyzed for
statistical significance by Duncan’s New Mul-
tiple Range test (14).
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Results. Six ppm Se caused a significant re-
duction in body weight gain by 6 weeks of
high Se feeding compared to 0.1 ppm Se while
3.0 ppm Se was without significant effect. The
weight gain values for the 6-week period of Se
feeding were 240 + 6, 225 £ 5, and 217 + 4
g for 0.1, 3.0, and 6.0 ppm Se, respectively.

Three and 6.0 ppm Se caused a significant
(P < 0.01), dose-dependent increase in hepatic
GSH concentrations compared to 0.1 ppm Se.
This increase was observed by 4 weeks of Se
feeding (Fig. 1) and GSH remained elevated
with 3.0 and 6.0 ppm Se feeding through the
remainder of the study. Preceding the increase
in GSH was a significant (P < 0.01) increase
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FIG. 1. Effect of dietary selenium (Se) concentration
and duration of Se feeding on hepatic glutathione con-
centrations. Rats were fed 0.1, 3.0, or 6.0 ppm Se as
Na,SeO; for 2, 4, or 6 weeks at which time glutathione
analysis was performed as described under Methods and
Materials. Reduced glutathione (GSH), oxidized glutathi-
one (GSSG). @, 0.1 ppm Se; A, 3.0 ppm Se; B, 6.0 ppm
Se. 1 and * indicate values that are significantly different
(P < 0.05 and P < 0.01, respectively) than 0.1 ppm Se
values as indicated by Duncan’s New Multiple Range test.
} indicates value is significantly different (P < 0.03) than
3.0 ppm Se value.
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in hepatic GSSG concentration by 3.0 and 6.0
ppm Se compared to 0.1 ppm Se in a dose-
dependent manner. Increased GSSG was ob-
servable by 2 weeks of high Se feeding (Fig.
1). The ratio of GSSG to GSH was also sig-
nificantly elevated (P < 0.05 and P < 0.01 for
3.0 and 6.0 ppm Se, respectively) by 2 weeks
of high Se feeding compared to 0.1 ppm Se
and, similar to GSSG, remained elevated
throughout the remainder of the experiment
(Fig. 1). Hepatic GSH concentrations were
8.47 + 0.08, 9.88 + 0.11, and 10.38 + 0.14
mM for 0.1, 3.0, and 6.0 ppm Se, respectively,
at the 6-week time point. GSSG values were
144 = 5, 196 = 8, and 209 + 9 uM for 0.1,
3.0, and 6.0 ppm Se, respectively, at 6 weeks
of Se feeding.

GSSG-Rd and G-6-P dehydrogenase activ-
ities were significantly (P < 0.01) increased by
approximately 40 and 74%, respectively, by
both 3.0 and 6.0 ppm Se compared to 0.1 ppm
Se by 2 weeks of high Se feeding (Fig. 2). G-
6-P dehydrogenase and GSSG-Rd activities
expressed as EU/mg protein X 10* were 2.35
+0.05 and 3.42 +0.03, 3.90 = 0.05 and 4.78
+ 0.04, and 4.01 £ 0.06 and 4.80 = 0.04 for
0.1, 3.0, and 6.0 ppm Se, respectively, at 6
weeks of Se feeding.

Discussion. The present study substantiates
our previous results that 6.0 ppm Se as
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FiG. 2. Effect of dietary selenium (Se) concentration
and duration of Se feeding on hepatic glutathione reductase
(GSSG-Rd) and glucose-6-phosphate (G-6-P) dehydro-
genase activity. See Fig. 1 for legend.
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Na,SeO; fed for 6 weeks increased hepatic
GSH concentrations. The present study fur-
ther demonstrates that the increase in GSH
occurs by 4 weeks of high Se feeding and also
occurs with 3.0 ppm dietary Se. In addition,
increased hepatic GSH preceded by increased
GSSG observed with high Se feeding is a ki-
netic pattern of glutathione change similar to
that observed previously by us (7) and others
(15) following a single subacute injection of
Na,SeO;. “Adaptive” increases in hepatic
GSH may represent an attempt to maintain a
nearly normal ratio of GSSG to GSH. The
increased GSSG-Rd and G-6-P dehydrogenase
activities observed with high Se feeding would
also function to maintain the ratio of GSSG
to GSH in the cell by increasing the capacity
to reduce GSSG. The finding that these en-
zyme activities were increased maximally by
2 weeks of Se feeding suggests that these en-
zymes represent a first line of adaptive change
which occur in order to minimize the increase
in cellular GSSG. Adaptive increases in GSH
may indicate that the capacity of GSSG-Rd,
available NADPH, or other mechanisms in-
volved in GSSG control, such as hepatic efflux
of GSSG (16, 17), have been exceeded.
Changes in the protein:glutathione mixed di-
sulfides of the cell caused by Se treatment
should also be considered in future experi-
ments due to the fact that protein:glutathione
mixed disulfides contribute substantially to the
total cellular glutathione pool (18, 19). Sub-
sequent studies in our laboratory have also
demonstrated “‘adaptive” changes in glutathi-
one metabolism in hepatoma cells in vitro
upon Se exposure.” In addition, a variety of
other chemical and physical agents including
metals (20), carcinogens and tumor promoters
(21-23), synthetic antioxidants (24), hyper-
baric oxygen (25), and hyperthermia (26) cause
increased cellular GSH which in some cases
may represent “adaptive” increases as is pro-
posed for Se.

A number of processes and enzyme activi-
ties are known to be affected by an altered
cellular glutathione status (6), including in-
hibition of protein synthesis by elevated
GSSG, even in the presence of normal GSH

2 Manuscript submitted for publication.
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concentrations (27, 28). Inhibition of protein
synthesis by elevated GSSG in reticulocyte ly-
sates is mediated through a protein kinase
which phosphorylates eucaryotic initiation
factor 2 (elF-2) and thereby decreases its effi-
ciency of initiation of protein synthesis (29).
Selenite can also inactivate elF-2 and the effect
of selenite is similarly mediated through elF-
2 phosphorylation (30). It is therefore likely
that increased GSSG caused by high Se is rel-
evant to Se inhibition of protein synthesis (31—
33). This does not exclude, however, other ef-
fects of elevated GSSG or Se on cellular pro-
cesses.

As discussed elsewhere? (7), changes in glu-
tathione metabolism by Se may be involved
in Se toxicity and in Se’s anticarcinogenic ef-
fects. Three ppm Se shown in the present study
to alter glutathione concentrations are well
within the range of those Se concentrations
shown to have anticarcinogenic effects by
others.

The noteworthy findings of this study were
that dietary Se concentrations of 30 and 60
times the nutritional requirement caused an
overall shift in hepatic glutathione concentra-
tions toward a more oxidized state. These
changes were observed by 2 weeks of high Se
feeding and preceded increases in hepatic
GSH. Increased GSSG or the GSSG to GSH
ratio caused by high Se feeding may initiate
“adaptive” changes in hepatic glutathione
metabolism.
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