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ABSTRACT
SOME ASPECTS OF SELENIUM METABOLISM
IN THE YOUNG PIG

By

Matthew James Parsons

The effects of dietary riboflavin supplementation, selenium source
and level of supplementation on the performance and selenium metabolism
of weanling pigs were studied. Pigs fed riboflavin-supplemented (10
mg/kg) casein based diets for 18 days gained faster than pigs fed the
riboflavin-unsupplemented diets. Percent active erythrocyte gluta-
thione reductase declined rapidly when pigs were placed on riboflavin-
unsupplemented diets and was obviously lower after 12 days of consuming
the riboflavin-unsupplemented diets than the erythrocyte percent active
glutathione reductase of pigs fed the riboflavin-supplemented diets.
Percent active erythrocyte glutathione reductase values of as low as
50% were needed before other riboflavin deficiency signs became evi-
dent.

Supplementation of diets with riboflavin (10 mg/kg) resulted in
increased liver and erythrocyte glutathione peroxidase activity and
decreased kidney and muscle glutathione peroxidase activity in trials
one and two. The selenium concentration of liver and heart were in-
creased, while plasma selenium levels were decreased by riboflavin-
supplementation.

Riboflavin-supplementation and selenium source did not affect

apparent selenium absorption. However, riboflavin supplementation did



Matthew James Parsons
decrease urinary selenium and concomitantly increased the apparent
retention of selenium. Urinary selenium excretion was decreased when
selenomethionine was used as the selenium source rather than sodium
selenite. As a result more selenium was apparently retained when
selenomethionine was fed.

In trial four riboflavin supplementation increased kidney, muscle,
heart and brain glutathione peroxidase activity when sodium selenite
was fed as the selenium source, but not when selenomethionine was fed
as the selenfum source. Tissue selenium concentrations were not af-
fected by riboflavin supplementation of diets. Feeding selenomethi-
onine as the supplemental selenium source at 67% of the level of se-
lenium from sodium selenite resulted in higher muscle, heart and brain
selenium concentrations than feeding the higher level of selenium as
sodium selenite.

Serum glutathione peroxidase activity was more responsive to di-
etary selenium intake than erythrocyte glutathione peroxidase activity.
When pigs were reared under practical conditions, serum glutathione
peroxidase activity plateaued at 0.35 ppm selenium in a corn-soybean
meal diet at two weeks postweaning. Gains, feed intake and feed effi-

ciency were not affected by dietary selenium level.
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SECTION [

Introduction

The glutathione peroxidase system requires the mineral selenium,
the sulfur amino acid cysteine, and the two water soluble vitamins
riboflavin and niacin. Glutathione peroxidase (EC 1.11.1.9) is a sele-
nium containing enzyme that has been isolated from erythrocytes
(Rotruck et al., 1972a and 1973), plasma (Burk and Gregory, 1980),
liver (Sunde et al., 1978 and Burk and Gregory, 1980) and muscle (Sunde
et al., 1978). Glutathione peroxidase normally exists as a tetramer
(Awasthi et al., 1975; Sunde et al., 1978; and Ladenstein et al., 1979)
which contains four atoms of selenium per molecule of enzyme. The
active site of the enzyme appears to involve the selenocysteine moities
present in the molecule (Tappel et al., 1978a, and Ladenstein et al.,
1979).

Glutathione is a cysteine containing tripeptide (v -glutamylcystei-
nylglycine) that provides reducing equivalents for the GSH-Px cata-
lyzed reduction of 1lipid peroxides or hydrogen peroxide to hydroxy
acids or water to protect tissues from oxidative damage (Mills, 1957;
and Mills and Randall, 1958). The sulfhydryl group of glutathione is
the active site (Styer, 1975). Niacin as a component of nicotinamide
adenine dinucleotide phosphate (NADPH) is essential to provide reducing
equivalents to reduce oxidized glutathione (Jacob and Jundl; 1966;
Eggléston and Krebs, 1974).

Glutathione reductase (EC 1.6.4.2) is a flavoprotein (Buzard and
Kopko, 1963) that contains two flavin adenine dinucleotide (FAD) mole-
cules per molecule of enzyme (Staal et al., 1969). It catalyzes the

reduction of oxidized glutathione using reduced nicotinamide adenine
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dinucleotide phosphate as a source of reducing equivalents. The
erythrocyte glutathione reductase activity coefficient has been used as
an index of riboflavin status in rats (Glatzle et al., 1970 and Til-
lotsen et al., 1972), man (Glatzle, 1968 and Sauberlich et al., 1972)
and pigs (Brady et al., 1979).

Since riboflavin is a relatively unstable vitamin, and since un-
supplemented practical swine diets are generally deficient in ribofla-
vin (Pond and Maner, 1974), it is possible that a riboflavin deficiency
may exist. A riboflavin deficiency could cause an apparent selenium
deficiency by decreasing the glutathione reductase activity and conse-
quently lowering the supply of reduced glutathione available to the
glutathione peroxidase enzyme. In an attempt to test this hypothesis,
Brady et al. (1979) reported decreased in vitro hepatic glutathione
peroxidase activity and a decreased hepatic selenium content in young
pigs on riboflavin-deficient diets. They did find the expected eryth-
rocyte glutathione reductase response to dietary riboflavin, but hepat-
ic and muscle in vitro glutathione reductase activity was not affected
by riboflavin supplementation.

Studies by Groce et al. (1973a) have shown that a lower proportion
of absorbed selenium from seleniferous corn was excreted in urine than
from sodium selenite. Increased tissue selenium levels have been re-
ported by Mahan and Moxon (1978b) and Mandisodza et al. (1979) when
organic selenium sources were fed rather than sodium selenite.

Four trials were conducted to further study the effects of ribo-
flavin supplementation and selenium source on the absorption and metab-

olism of selenium. Also the effects of riboflavin supplementation and
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selenium source on the glutathione peroxidase system were examined.
Materials and Methods

Eight one-week old pigs weighing 2.84 :+ .19 kg (mean : standard
error) were randomly allotted to either the riboflavin-deficient diet
shown in table 1 or a riboflavin-supplemented diet. The riboflavin-
supplemented diet (10 mg/kg of diet) was mixed by adding riboflavin to
the selenium chromium premix. In trial one sodium selenite was used as
the selenium source. The riboflavin-unsupplemented diet contained .17
ppm selenium, and the riboflavin-supplemented diet contained .20 ppm
selenfume Pigs fed the riboflavin-supplemented diet were pair fed to
pigs fed the riboflavin-deficient diet. Feeding was done twice daily
and pigs were trained to rapidly consume a mixture of one part diet and
one part water.

Pigs were weighed and blood samples taken every three days for

twelve days. Erythrocytes were obtained by centrifugation and washed
three times in ice cold saline (.9% NaCl). Erythrocytes were used for
determination of percent active glutathione reductase. After eighteen
days on the diets all pigs were killed. Liver, kidney, heart, muscle,
brain and erythrocyte samples were frozen for glutathione peroxidase
and glutathione reductase activity assays. Liver, muscle, heart, brain
and plasma samples were taken for selenium analysis.
. Liver, kidney, heart, muscle and brain samples were homogenized in
isotonic saline and centrifuged to obtain the cytosolic fraction for
enzyme activity determinations. Erythrocytes were hemolyzed in double
strength Drabkins Solution for enzyme assays.

Glutathione peroxidase activity was determined by the method of

Paglia and Valentine (1967) using hydrogen peroxide as the substrate.



TABLE 1. COMPOSITION OF THE RIBOFLAVIN-DEFICIENT DIET
Internat'l.

Ingredient ref. no. g/kg diet
Casein, vitamin freel 5 01 162 300
Glucose? 4 02 125 an
a-Cellulosed 50
Mineral prem1x4 60
Lard 4 04 790 50
Vitamin premix3 30
Corn oil 4 07 882 10
Selenium/chromium premix6 29
1000

l"yitafree", United States Biochemical Corporation,
Cleveland, OH.

2"pextrose 2001", CPC International, Englewood Cliffs,
NJ.

34so1ka-Floc", Brown Co., Berlin, NH.

4provided per kg diet: 6.0 g KC1, 1.2 mg KI, 630 mg
FeS04.7H20, 30 mg CuSO4, 60 mg CoCO3, 60 mg
MnS04.H20, 240 mg ZnS04.H20, 1.2 g MgCO3,

15.0 g NaHCO3, 21.6 g CaHPO4.2H20, 7.5 g CaCO3,
7.7 g cerelose.

Sprovided per kg diet: 3 mg thiamin mononitrate, 40 mg
nicotinamide, 30 mg D-calcium pantothenate, 2 mg
pyridoxine hydrochloride, 13 mg p-aminobenzoate, 80 mg
ascorbic acid, 130 mg myo-inositol, 1.3 g choline
chloride, 260 ug folate, 50 ug biotin, 100 ug
cyanocobalamin (0.1% triturate in mannitol), 20 mg D,
L-a-tocopheryl acetate, 40 ug menadione, 1.5 mg retinyl
palmitate, 12.5 ug ergocalciferol.

6provided per kg diet: 2 mg Cr.
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Glutathione reductase activity was determined by the method described
by Glatzle et al. (1970). Total glutathione reductase activity was
determined by saturating the reaction mixture with FAD and incubating
at 37°C for seven minutes, prior to the start of the reaction. Seleni-
um concentrations were determined by a modification of the Olsen method
(Whetter and Ullrey, 1978).

In trial two, eight one-week old pigs weighing 2.75 + .15 kg (mean
¢+ standard error) were randomly allotted to a riboflavin-deficient or a
riboflavin-supplemented diet containing 10 mg of supplemental ribofla-
vin per kg of diet. The diets used in trial two were the same as the
diets used in trial one, except the selenium source was DL-selenomethi-
onine (Calbiochem-Behring Corp., Ladolla, CA). The riboflavin-defi-
cient diet contained .50 ppm selenium and the riboflavin-supplemented
diet contained .54 ppm selenium. All other procedures in trial two
were the same as in trial one.

Statistical analysis of data from trials one and two was done as a
two by two factorial design. The main effeéts were trial and ribofla-
vin supplementation. Selenium source and trial were confounded. Sig-
nificance was determined using the F-test (Gill, 1978a). Erythrocyte
total, active and percent active glutathione reductase activities were
analyzed as a split-plot design (Gill, 1978b).

In a third trial twelve three-week old pigs weighing 5.6 = .13 kg
(mean + standard error) were randomly allotted to a selenium balance
study. The main effects of the study were riboflavin supplementation
and selenium source. The pigs were fed three times per day in individ-
ual feeding cages and were returned to individual collection cages as

soon as they completed the meal. Seventy-five grams of a basal diet,
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which was similar to the diet in table 1, but contained no supplemental
selenium or riboflavin, were fed each morning. A 25 g meal containing
0.11 mg of selenium as sodium selenite or selenomethione and 0 or 2 mg
of supplemental riboflavin was fed each day at noon. Treatment diets
were mixed by adding riboflavin and selenium to the chromium premix. A
third meal of 50 g of the basal diet was fed in the evening. This
approach was taken to minimize the problems associated with the de-
creased feed intake of pigs on the riboflavin-deficient diets that was
experienced in trials one and two. Each meal was mixed with an equal
part of water and pigs were trained to rapidly consume the slurry.
After a nine day adaptation period a three day total urine and fecal
collection was made on each pig. Feces were dried in a drying oven,
weighed and ground for selenium analysis. Urine was weighed and an
aliquot was taken for selenium analysis. All urine, feces and feed
selenium concentrations were determined by a modification of the Olson
method (Whetter and Ullrey, 1978).

In trial four, sixteen pigs weighing 4.74 + .50 kg (mean + stan-
dard error of treatment means) that had been weaned and started on a
corn-soybean meal diet for one week, were randomly allotted to a 2 x 2
factorial design. The main effects were riboflavin supplementation (O
or 2 mg/day) and supplemental selenium source. Since selenium reten-
tion results of pigs fed riboflavin supplemented diets in trial three
indicated the selenium from the sodium selenite supplemented diet was
only 67% as available as selenium from the selenomethionine supplement-
ed diet, the supplemental selenium intake as selenomethionine was 67%
of the supplemental selenium intake from sodium selenite in trial four

(.12 mg/day as selenomethionine or .18 mg/day as sodium selenite).
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Total daily selenium intakes were .13 mg and .19 mg respectively for
pigs fed the selenomethione supplemented diet and the sodium selenite
supplemented diet, respectively. Pigs were fed for fourteen days by
the system described in trial three. On the fifteenth day all pigs
were bled, and serum samples were obtained for selenium analysis and
erythrocytes were obtained to determine the percent active glutathione
reductase. Pigs were then killed and liver, muscle, kidney, heart and
brain samples were frozen for selenium, glutathione peroxidase activity
and glutathione reductase activity determinations. The methods of
determination were the same as those described in trial one.

Data from trials three and four were analyzed as 2 x 2 factorial
designs (Gill, 1978a). The main effects were selenium source and ribo-
flavin supplementation.

Results and Discussion

Trials one and two. Pigs fed diets supplemented with 10 mg of

riboflavin per kg of diet gained significantly faster (P<.01) and were
heavier than pigs fed the riboflavin-unsupplemented diets after eigh-

teen days on the trial (P<.08). Pigs fed the riboflavin-unsupplemented
'diets gained 74.3 g/day, while pigs fed the riboflavin-supplemented
diets gained 115.5 g/day (see table 2). Krider et al. (1949) and
Forbes and Haines (1952) reported an increase in gains of starter pigs
with riboflavin supplementation of diets. Miller et al. (1954) report-
ed an increase in gain with increasing riboflavin supplementation up to
3 mg/kg. Feed efficiency was improved by riboflavin supplementation in
studies of Krider et al. (1949) and Miller et al. (1954). Terrill et
al. (1953), however, found a more variable response in feed efficien-

cy-.
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Erythrocyte active glutathione reductase values (table 3) and per-
cent active glutathione reductase values (table 5) were lower (P<.01)
for pigs fed the riboflavin-unsupplemented diets. This depression in
activity has been described in rats (Glatzle et al., 1968), humans
(Glatzel et al., 1970) and pigs (Brady et al., 1979). However, Brady
et al. (1979) reported that erythrocyte percent active glutathione
requctase plateaued at 75% when pigs were fed 4 mg of riboflavin per
kilogram of diet. The values reported here for pigs fed the supple-
mented diet appear to be lower than that value and are considerably
Tower than the 80% value suggested by Glatzle et al. (1970) as a mini-
mum percent active erythrocyte glutathione reductase for human subjects
on riboflavin-sufficient diets.

There was a decline in total (P<.01) (table 4), active (P<.01)
(table 3) and percent active (P<.02) (table 5) erythrocyte glutathione
reductase activity, however, more importantly there was an interaction
of time and riboflavin supplementation for active (P<.01) and percent
active (P<.09) erythrocyte glutathione reductase activity. During the
course of the study active erythrocyte glutathione reductase activity
was maintained close to the initial activity for pigs fed riboflavin-
supplemented diets, but active erythrocyte glutathione reductase activ-
ity was lowered by feeding unsupplemented diets. The percent active
erythrocyte glutathione reductase generally declined throughout the
study for pigs fed the riboflavin-unsupplemented diets, while values
for pigs fed riboflavin-supplemented diets did not change or increased
slightly. These results were expected since erythrocyte active gluta-

thione reductase activity in the pig has been shown to be responsive to
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TABLE 3. THE EFFECTS OF SUPPLEMENTAL RIBOFLAVIN AND DAYS ON TRIAL
ON ACTIVE ERYTHROCYTE GLUTATHIONE REDUCTASE ACTIVITY2 OF PIGS

Trial I Trial II
Days Supplemental Supplemental Mean supplemental
on riboflavin riboflavin riboflavin effectb,e
trialbc®  0(mg/kg) 10 0 10 0 10 Mean
0 16.4 16.6 13.7 12.4 15.1 14.5 14.8
3 7.3 11.8 7.8  12.7 7.6 12.3 9.9
6 7.7 13.1 7.4 10.6 7.6 11.9 9.7
9 6.9 16.2 6.9 14.3 6.9 15.3 11.1
12 3.7 12.4 4.7 10.7 4.2 11.6 7.9
Mean 8.4 14.0 8.1 12.1 8.3 13.1

3Expressed as micromoles of glutathione reduced/minute/mg of
hemoglobin.

bstandard error of treatment means = .67; standard error of period
means = .66.

CTime on trial effect, P<.01.

dsupplemental riboflavin effect, P<.01.

eSupplemental riboflavin x time interaction, P<.0T.
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TABLE 4. THE EFFECTS OF SUPPLEMENTAL RIBOFLAVIN AND DAYS ON TRIAL ON
TOTAL ERYTHROCYTE GLUTATHIONE REDUCTASE ACTIVITY2 OF PIGS

Trial I Trial II
Days Supplemental Supplemental Mean supplemental
on riboflavin riboflavin riboflavin effectb
trial®s¢  0(mg/kg) 10 0 10 0 10 Mean
0 26.2 26.3 25.3 21.6 25.8 24.0 24.9
3 . 14.8 19.5 17.3 17.5 16.1 18.5 17.3
6 A 19.6 18.9 17.6 14.0 18.6 16.5 17.5
9 17.6 28.6 16.8 21.4 17.2 25.0 21.1
12 20.0 21.9 25.1 19.5 22.6 20.7 21.6
Mean 19.6 23.0 20.4 18.8 20.1 20.9

3expressed as micromoles of glutathione reduced/minute/mg of hemoglobin.
bstandard error of treatment means = 1.4; standard error of period
means = 1.3.

CTime on trial effect, P<.0l.
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TABLE 5. THE EFFECTS OF SUPPLEMENTAL RIBOFLAVIN AND DAYS ON TRIAL ON
ERYTHROCYTE PERCENT ACTIVE GLUTATHIONE REDUCTASE2 OF PIGS

Trial I Trial II
Days Supplemental Supplemental Mean supplemental
on riboflavin riboflavin riboflavin effectb,d.e
trialbs,¢,e 0(mg/kq) 10 0 10 0 10 Mean
0 62.9 65.0 54.9 57.7 58.9 61.4 60.2
3 50.9 62.3 46.7 72.9 48.8 67.6 58.2
6 41.9 69.5 42.2 75.3 42.1 72.4 52.3
9 39.9 68.2 45.3 67.7 42.6 68.0 55.3
12 19.2 57.2 18.0 57.0 18.6 57.1 37.9
Mean 43.0 64.4 41.4 66.1 42.2 65.3

aA11 values expressed as percent.

bstandard error of treatment means = 2.4; standard error of period
means = 4.2.

CTime on trial effect, P<.02.

dsupplemental riboflavin effect, P<.01.

€Time on trial x supplemental riboflavin interaction, P<.09.
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dietary riboflavin (Brady et al., 1979). Furthermore, it is interest-
ing to note the speed with which the erythrocyte active glutathione
reductase activity responds to the lack of dietary riboflavin. Baker
et al. (1966) reported that the clearance of circulating riboflavin
was very rapid. In subjects judged to have adequate circulating ribo-
flavin, the half-time for clearance of a 5 mg dose of riboflavin was
fourteen minutes, but subjects with low circulating riboflavin cleared
half of the dose in six minutes. They indicated that the increased
clearance in deficient patients was due to greater avidity of tissues
for administered riboflavin.

Riboflavin supplementation significantly decreased actual liver
weight (P<.07) and liver weight as a percent of body weight (P<.01)
(table 6). Also, pituitary weight was decreased (P<.08) by riboflavin
supplementation. Heart (P<.03) and brain (P<.02) weights were increas-
ed by supplemental dietary riboflavin, but when expressed as a percent
of body weight there was no consistent trend.

Supplementation of diets with riboflavin resulted in a 22% in-
crease (P<.12) in liver glutathione peroxidase activity (table 7) and
an increase in erythrocyte glutathione peroxidase activity (P<.02).
However, riboflavin supplementation lowered kidney (P<.04) and muscle
(P<.08) glutathione peroxidase activity. Glutathione peroxidase activ-
ity of heart and brain were not affected by level of riboflavin in the
diet. Plasma selenium concentration (table 8) was decreased (P<.05) by
riboflavin supplementation, while liver (P<.11) and heart (P<.01)
selenium concentrations were increased. The selenium concentration of
muscle and brain were not affected by riboflavin supplementation. It
is interesting to note the interaction (P<.08) of trials and dietary

riboflavin on heart selenium concentration. Pigs in trial two which
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TABLE 6, THE EFFECTS OF SUPPLEMENTAL RIBOFLAVIN ON THE ACTUAL WEIGHT

AND PERCENT OF BODY WEIGHT OF SELECTED ORGANS

Trial | Trial 11
Supp lemental Supplemental Mean supplemental Significance
riboflavin riboflavin riboflavin effect of riboflavin
1tem O(mg/kq) 10 0 10 0 10 effect SeEoM. 2
Liver
weight,g 112,0 88.2 (17,0 101.0 14,5 94,6 «07 10, |
% of body weight 2.72 190 2,92 2,03 2,82 1,97 .01 32
Kidney
weight,g ‘ 31.3 30,6 28.5 35.2 29.9 32.9 .18 2.2
$ of body weight .75 .66 .70 ,7I .73 .69 - .05
Heart )
weight,g 20,7 22,5 19.6 26.4 20,2 24,5 .03 1.8
% of body weight .49 .48 .48 .53 .49 51 ol .0l
8rain
weight,g 43,6 46.1 42,2 47,2 42,9 46.7 .02 1.5
% of body weight 1.05 1,00 1,05 «95 1,05 .98 .28 «06
Pituitary
welght,mg 5.8 38.8 51.3 50.5 53.6 44,7 .08 4.8

3standard error of treatment means.
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TABLE 7. THE EFFECT OF SUPPLEMENTAL RIBOFLAVIN ON LIVER, KIDNEY, MUSCLE, HEART,

BRAIN AND ERYTHROCYTE GLUTATHIONE PEROXIDASE ACTIVITY

Trial | Triatl |11

Supplemental Supplemental Mean suppiemental Significance

riboflavin ribotiavin riboflavin effect of ribotflavin
ltem 0(mg/kg) 10 0 10 0 10 of foct SeEsMo®
Liverd 1,68 2,06 1.71 2,07 1.70 2.07 .12 .23
KidneyD 153 1,26 2.39 .19 1,96 1.23 .04 .34
Musc|eC 179.0  76.2 16|.O. 74,3 170,0 75.3 .08 1644
HeartS 257.0 264,0 453,0 373.0 355.0  318.5 - 84,3
Brain€ 497,0 285.0 567.0 611.0 532,0  448.0 - 62.8
Erythrocyted .4 16,8 13,3 27.4 12.4 22,1 .02 3.7

3standard error of freatment means.
bvalues expressed as millimoles of glutathione oxidized/minute/mg of protein.
Cvalues expressed as micromoles of glutathione oxidized/minute/mg of protein.

dvalues expressed as micromoles of glutathione oxidized/minute/g of hemoglobin.
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TABLE 8, THE EFFECT OF SUPPLEMENTAL RIBOFLAVIN ON LIVER, MUSCLE, HEART, BRAIN

AND PLASMA SELENIUM CONCENTRATION OF PIGS

Trial | Trial I

Supp lemental Suppliemental = Mean supplemental Significance

riboflavin riboflavin riboflavin effect of riboflavin
item 0(mg/kg) 10 0 10 0 10 effect ScE.M.2
Liver, ug/g® 105 175 .77  1.18 .91 1,47 ol <46
Muscle, ;g/gP .06 .06 ,08 ,08 .07 .07 - .07
Heart, ug/gP .23 27 25 .36 .24 .32 0l .02
Brain, ug/g® .21 22 24 24 .23 23 - .09
Plasma, yg/mi .18 JA5 .17 .15 .18 .15 .05 .01

3standard error of treatment means.

Dyet tissue basis.
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were fed selenomethionine as a supplemental selenium source tended to
accumulate selenium in heart tissue when the diet was supplemented with
riboflavin.

Erythrocyte percent active glutathione reductase was increased
(P<.01) by feeding the riboflavin-supplemented diets for eighteen days.
Values at the end of the trial for supplemented pigs are similar to
values reported by Brady et al. (1979) for pigs on an adequately sup-
plemented diet (table 9). Also, brain glutathione reductase activity
was increased (P<.04) by dietary supplementation with riboflavin. In
trial one muscle glutathione reductase was not affected by riboflavin,
but in trial two when selenomethionine was fed, muscle glutathione
reductase activity was decreased (P<.05) by riboflavin supplementation.
Heart glutathione reductase activity was elevated when diets were sup-
plemented with riboflavin in trial one, but activity was depressed by
supplementation in trial two (P<.01).

The effects of riboflavin supplementation on liver selenium con-
tent, glutathione peroxidase activity and glutathione reductase activi-
ty are generally in good agreement with the trands reported by Brady et
al. (1979). They reported more variable results with these parameters
in muscle but these current data appear to give trends similar to those
which they reported.

Trial three. During the three day collection period selenium in-
takes ranged from 110 ug/day to 116 ug/day (table 10). There was no
effect of either dietary treatment (supplemental riboflavin or selenium
source) on fecal selenium concentration and fecal excretion, and con-
sequently apparent selenium absorption was not affected. Urinary

selenfum concentration (P<.03) and urinary excretion (P<.01) were
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TABLE 9. THE EFFECT OF SUPPLEMENTAL DIETARY RIBOFLAVIN FOR EIGHTEEN DAYS ON LIVER,
KIDNEY, MUSCLE, HEART AND BRAIN GLUTATHIONE REDUCTASE ACTIVITY AND PERCENT

ACTIVE ERYTHROCYTE GLUTATHIONE REDUCTASE

Trial | Trial 11
Supp lemental Supplemental Mean supplemental Significance
riboflavin riboflavin riboflavin effect of riboflavin
item O(mg/kq) 10 0 10 0 10 of fect SeE.M, 2

Glutathione reductase activity, micromoles of glutathione reduced/mg protein/minute

Liver 307 325 265 305 286 314 32 27
Kidney 300 342 316 275 308 309 - 28
Muscle 6. 10 6.12 7,42 5.31 6.76 5. 72 <06 -]
Heart | 98 134 131 101 15 118 -— N
Brain 42,1 50.2 38.8 48.4 40,5 49,3 .04 4

Percent active glutathione reducatase, %

Erythrocyte 41,6 70,4 23,7 71.8 32,7 Tia | <0l 6.9

38standard error of treatment means.
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generally decreased when selenomethionine was used as the selenium
source, instead of sodium selenite. As a result more selenium was re-
tained (P<.01) when selenomethionine was used. It appears from these
data that more of the absorbed selenium from selenomethionine is in-
corporated into tissues than from sodium selenite.

Groce et al. (1973a) reported that a smaller proportion of ingest-
ed selenium was excreted in urine when seleniferous corn was fed as a
selenium source rather than sodium selenite. In both studies higher
fecal selenium losses were reported when seleniferous corn was fed
rather than sodium selenite. However, Groce et al. (1973a) reported a
decrease in fecal selenium loss when the seleniferous corn diet was
supplemented with vitamin E.

The selenium content of muscular tissues was higher in pigs fed
diets in which the selenium sources were distillers grains or fish meal
than in pigs fed corn-soybean meal diets containing sodium selenite
(Mahan and Moxon, 1978b). Mandisodza et al. (1979) reported higher
kidney, liver and skeletal muscle selenium concentrations when seleni-
ferous white clover was fed rather than sodium selenite. The metabolic
significance of the higher retention of selenium from organic sources
is not clear, since Wang and Spallholz (1980) reported that selenometh-
ionine restored rat liver glutathione peroxidase activity much more
slowly than selenite or high selenium yeast in selenium depleted rats.
Yet, Schwartz and Foltz (1958) reported that sodium selenite and D-L
selenomethione had similar factor 3 activity in rats. Recently, Sunde
and Hoekstra (1980a) have shown with perfused rat liver that selenite
and selenide are metabolically closer than selenocysteine to the

immediate selenium precursor used for glutathione peroxidase synthesis.
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In another study Sunde et al. (1981) reported that low dietary methi-
onine levels decreased the biopotency of selenomethionine in rapidly
growing rats.

Riboflavin supplementation did not significantly affect the ap-
parent absorption of selenium. However, it did decrease the urinary
selenium 1os§ (P<.09) and concomitantly increased the apparent reten-
tion of selenium (P<.06) (taBle 10). Riboflavin supplementation ap-
peared to improve the efficiency of selenium incorporation into body
tissues. Tappel (1978b) has proposed that glutathione reductase re- d-
uces selenite to hydrogen selenide, which is then incorporated into
protein to form glutathione peroxidase. Since FAD is a cofactor for
glutathione reductase, this mechanism may be responsible for the in-
crease in selenium retention when diets were supplemented with ribofla-
vin. However, since Tappel (1978b) has suggested that selenomethionine
is converted to selgnocysteine, before being incorporated into glutath-
jone peroxidase and since there was no significant interaction of ribo-
flavin supplementation and selenium source on selenium retention, it s-
eems unlikely the increased selenium retention is due strictly to ribo-
flavin stimulated glutathione peroxidase synthesis.

Trial four. In trial four the pigs fed the riboflavin-unsupple-
mented diets did not show the expected growth depression (table 11) as
was reported by Krider et al. (1949), Forbes and Haines (1952) and
Miller et al. (1954). However, Terrill et al. (1953) did report an
inconsistant growth response to riboflavin supplementation. Although
the erythrocyte percent active glutathione reductase of pigs fed the
riboflavin-unsupplemented diets was lower (P<.03) than that of pigs fed
the riboflavin-supplemented diets (table 12), the values for the
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unsupplemented pigs were higher in this trial than in trials one and
two, thus, indicating that the pigs on the unsupplemented diet in this
study may not have been as depleted of riboflavin at the end of the
trial as pigs in trials one and two.

Liver and brain actual weight and as a percent of body weight were
not significantly affected by either dietary treatment (table 11).
Kidney weight (P<.08) and as percent of body weight (P<.06) was in-
creased when selenomethionine was fed rather than sodium selenite.
Heart weight was not affected by treatments, but as a percent of body
weight heart was heavier for pigs fed the riboflavin-supplemented diets
(P<.06). These tissue weight results show a less severe effect of
feeding the riboflavin-unsupplemented diet than was reported in trials
one and two.

Erythrocyte percent active glutathione reductase was increased by
riboflavin supplementation (P<.03). Heart glutathione reductase activ-
ity tended to be increased by riboflavin supplementation (P<.14), but
liver, kidney, muscle and brain activities were not affected (table
12). This is similar to the results of Brady et al. (1979) for eryth-
rocytes, liver and muscle. The selenium source fed did not affect
glutathione reductase activities in any of the tissues that were
assayed.

There was no significant effect of either dietary treatment on
tissue glutathione peroxidase activity. However, there were interac-
tions of selenium source and riboflavin supplementation for kidney
(P<.03), muscle (P<.03), heart (P<.08) and brain (P<.01) indicating

that riboflavin supplementation increases incorporation of selenium
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from sodium selenite into glutathione peroxidase (table 13). As dis-
cussed earlier, Tappel (1978b) has suggested that the flavoprotein
glutathione reductase is involved in glutathione peroxidase synthesis
from sodium selenite. The interaction observed here of selenium source
and riboflavin supplementation for kidney, muscle, heart and brain
tends to support the hypothesis that glutathione reductase is involved
in the incorporation of selenium from sodium selenite into glutathione

peroxidase, since riboflavin supplementation increased tissue in vitro

glutathione peroxidase activity when sodium selenite was used as the
supplemental selenium source, but did not increase in vitro glutathione
peroxidase activity when selenomethionine was fed as the supplemental

selenfum source. In vitro glutathione reductase activity of these

tissues was not greatly affected by riboflavin supplementation, how-
ever, Baker et al. (1966) reported that tissues avidly take up circu-
lating riboflavin when tissue levels are low and that tissues are very
slowly depleted of riboflavin when a deficient diet is fed. Conse-
quently, tissue riboflavin levels would be expected to decline more
slowly than circulating riboflavin levels when a riboflavin-deficient
diet is fed. This was observed in this study as the percent active
glutathione reductase was depressed (P<.03) when the riboflavin-unsup-
plemented diet was fed to the pigs, however, other tissue (liver, kid-
ney, muscle, heart and brain) glutathione reductase activities were not
affected by riboflavin supplementation. From these results it appears
that glutathione reductase may be involved in the incorporation of
selenium from sodium selenite into glutathione peroxidase.

Tissue selenium concentrations were not affected by riboflavin

supplementation (table 14). Muscle (P<.01), heart (P<.05) and brain
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(P<.01) selenium levels were higher for pigs fed diets with selenometh-
ionine rather than sodium selenite as the selenium source. In trial
three the selenomethionine-supplemented diet with supplemental ribo-
flavin was 1.5 times more effective as a selenium source, based on
selenium retention, than the sodium selenite supplemented diet with
supplemental riboflavin. In this trial the selenium levels of the
sodium selenite-supplemented diets were 1.5 times the selenium levels
of the selenomethionine supplemented diets. The selenium levels in
muscle (P<.05), heart (P<.01) and brain (P<.01) for pigs fed seleno-
methionine supplemented diets are higher than those fed sodium selenite
supplemented diets. Mahan and Moxon (1978b) and Mandisodza et al.
(1980) have also reported higher tissue selenium concentrations when
pigs were fed organic selenium sources rather than sodium selenite.

Since glutathione peroxidase activities for muscle, heart and
brain were not increased when selenomethionine was fed as the supple-
mental selenium source rather than sodium selenite, it appears that
selenomethionine must be incorporated into some other protein in these
tissues. Black et al. (1978) have identified two selenium containing
proteins in ovine heart, muscle, kidney and liver, but have reported
that glutathione peroxidase activity was only associated with one of
these peaks. Beilstein et al. (1980) have separated three selenium
containing proteins from lamb heart and muscle. Based on chromato-
graphic results the selenium in these proteins appears to be seleno-
cysteine. Excess selenomethionine may be converted to selenocysteine
and incorporated into proteins other than glutathione peroxidase in

some tissues. This could account for the increased tissue selenium
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concentration without increased glutathionine peroxidase activity ob-
served in heart, muscle and brain of pigs receiving selenomethionine in
this study.

The lack of clear cut riboflavin deficiency signs in trial four
may be due in part to the fact that these pigs were fed a starter diet
containing 10% dried whey product for one week after weaning. The
calculated riboflavin content of this diet is 7.5 mg/kg, which is con-
siderably higher than the 3 mg/kg recommendation of NRC (1979). Fur-
thermore, the loss of riboflavin from the body once the animal is
placed on a riboflavin-deficient diet appears to be quite slow (Baker
et al., 1966).

In conclusion, erythrocyte percent active glutathione reductase
appears to be a sensitive indicator of riboflavin status of the pig.
Values below 50% are needed before other riboflavin deficiency signs
become evident. Riboflavin supplementation of diets can increase the
retention of absorbed selenium and it may aid in the incorporation of
selenium from sodium selenite into glutathione peroxidase.

A higher percent of the selenium consumed as selenomethione was
retained and a larger proportion of the absorbed selenium was incorpo-
rated into tissues than selenium from sodium selenite. Feeding seleno-
methionine as the supplemental selenium source at 67% of the level of
selenfum from sodium selenite resulted in higher muscle, heart and-
brain selenium concentrations than feeding the higher level of selenium

as sodium selenite.



SECTION II

Introduction

The metabolic role of selenium as a component of glutathione per-
oxidase was elucidated in 1972 by Rotruck et al. Glutathione peroxi-
dase catalyzes the reduction of hydrogen peroxide and 1lipid peroxides
to water (Mills, 1959) and hydroxy acids (0'Brien and Little, 1967),
respectively. The active center of the molecule contains four seleno-
cysteine moieties (Ludenstein et al., 1979). The majorAportion of
erythrocyte selenium has been reported to be associated with the gluta-
thione peroxidase molecule (Rotruck et al., 1973; Oh et al., 1974; and
Sunde et al., 1978). Sunde et al. (1978) have shown that only 10% of
ovine 1liver selenium was associated with glutathione peroxidase.
Wegger et al. (1980) noted that there was a highly significant positive
correlation between selenium concentration and glutathione peroxidase
activity in pig liver, but not in pig kidney. Pig liver (Young et al.,
1977b; McDowel et al., 1977; Mahan et al., 1977; and Mahan and Moxon,
1978a), muscle (Groce et al., 1971; Ku et al., 1972; Mahan et al.,
1977; Young et al., 1977a; and Mahan and Moxon, 1978a), kidney (Mahan
et al., 1977; McDowell et al., 1977; and Mahan and Moxon, 1978a) and
blood (Mahan et al., 1977; McDowell et al., 1977; and Meyer et al.,
1981) selenium concententrations have been shown to respond to dietary
selenfum intake. Using rat repletion assays Hoekstra et al. (1973)
reported that liver glutathione peroxidase activity responds to supple-
mental dietary selenium, but that enzyme activity plateaued at 0.1 ug/g
of selenium of diet. Also, they found that erythrocyte glutathione
peroxidase activity was restored at a rate consistent with the life

span of the erythrocyte. Using similar techniques Wang and Spullholz
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(1980) reported that rat liver glutathione peroxidase was responsive to
dietary selenium intake. Scott and Naguchi (1973) and Bunk et al.
(1980) found that plasma glutathione peroxidase activity of chickens
responded to dietary selenium concentration. Chow and Tappel (1974)
and Smith et al. (1974) have shown plasma glutathione peroxidase to be
the most sensitive measure of selenium intake in rats. Gabrielsen and
Opstvedt (1980) have developed a selenium bioavailability assay in
chicks using plasma glutathione peroxidase as a measure of selenium
availability. This assay requires only nine days to complete because
of sensitivity of plasma glutathione peroxidase activity to dietary
selenium intake. However, little work has been done to study the re-
sponsiveness of pig serum and erythrocyte glutathione peroxidase to
supplemental selenium intake. The trials reported here were designed
to study the responsiveness of serum glutathione peroxidase to dietary
selenium levels. In addition, the effects of environmental temperature
and weaning stress on performance and serum glutathione peroxidase
activity were evaluated.
Materials and Methods

Trial V. Fifteen four-week old pigs which weighed 7.20 % .46
kg (mean * standard error) were randomly allotted to three dietary
treatments. The pigs used in this study were farrowed and raised by
gilts which had received no supplemental selenium or vitamin E since
the gilts were weaned. The basal (B) selenium-unsupplemented diet fis
shown in table 15. Additions of 0.1 (B+.1) or 0.2 (B+.2) ug of seleni-
um as sodium selenite per g of diet were made in place of cerelose.
The selenium levels of the diets are shown in table 16. The pigs were

housed in raised stainless steel decks in groups of five pigs per pen.
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TABLE 15. BASAL DIET FOR TRIALS V AND VI

Ingredient Amount
Ground shelled corn (IFN 4-02-931) 736.0
Soybean meal, dehulled (IFN 5-04-612) 200.0
Synthetic lysine (78.4% L-lysine) 2.0
Mono-dicalcium phosphate (18.5% Ca, 21% P) 14.0
Calcium carbonate (38% Ca) (IFN 6-01-069) 12.5
Vitamin trace-mineral premix2 5.0
Salt 3.0
Antibotic premixP 2.5
Vitamin E premixC 5.0
Glucosed (IFN 4-02-125) __20.0
1000.0
Calculated analysis T %
Lysine .96
Methionine-cystine .58
Tryptophan .17
Calcium .81
Phosphorus .60

asupplies 3,300 IU vitamin A; 660 IU vitamin D; 3.3 mg
riboflavin; 13.2 mg d-pantothenic acid; 17.6 mg niacin; 19.8

ug vitamin By2; 126.7 mg choline chloride; 2.2 mg

menadione sodium bisulfate; 74.8 mg zinc; 59.4 mg iron; 37.4

mg manganese; 9.9 mg copper; and 2.75 mg iodine per kg of

diet.

bprovides 110 mg chlortetracycline, 110 mg sulfamethazine and

55 mg penicillin per kg of diet.
CSupplies 11 IU vitamin E per kg of diet.

dwpextrose 2001," CPC International, Englewood Cl1iffs, NJ.
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Feed was available free-choice from a self-feeder and water was
available at all times.

The pigs were weighed and blood samples taken at 0, 14 and 28 days
of the study. Erythrocytes were washed three times in ice cold saline
(.9% NaCl1). Erythrocyte and serum glutathione peroxidase activity was
determined by the method of Paglia and Valentine (1967). Plasma selen-
fum levels were assayed by a modification of the Olson method (lihetter
and Ullrey, 1978). Serum tocopherol and tocopherol acetate were
determined by the high pressure 1liquid chromatographic method of
Widicus and Kirk (1979). On the twenty-eighth day of the trial hema-
tocrit and hemoglobin values were also determined. Using these values,
the body weight, enzyme activity values and blood volume values from
Kornegay et al. (1964) serum pool and erythrocyte pool glutathione per-
oxidae values were calculated.

The statistical analyses of these data were done as a split-plot
design when time effects were considered. All other analyses were done
as a completely randomized design (Gill, 1978a and 1978b).

Trial VI. Nine pigs weighing 7.62 + .36 kg (mean * standard er-
ror) were randomly allotted to the three dietary treatments described
in trial V. The selenium levels of the feeds are shown in table 16.
The pigs used in this study were farrowed and raised by sows that had
been fed corn-soybean meal diets that were supplemented with vitamin E
(11 IU/kg) and selenium (0.1 ppm). Blood samples were taken at 0, 14
and 28 days of the study for serum and erythrocyte glutathione peroxi-
dase activity and plasma selenium level determinations. The methods

used for laboratory and statistical analysis were described in trial V.
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TABLE 16. SELENIUM LEVELS OF DIETS FED IN TRIALS V AND VI

Diet Trial Vv Trial VI
Basal (8) 068 .06
B+0.1 ppm selenium .16 .19
B+0.2 ppm selenium .29 .25

aug9/9g.
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Trial VII. One hundred and two five-week old pigs were allotted
to two replicates of a 2 x 3 factorial design. The main effects were
environmental temperature and level of selenium supplementation. The
basal corn-soybean meal diet (table 17) contained 0.1 ppm of supple-
mental selenium. The basal dfet (B) was supplemented with an addition-
al 0.2 ug/g and 0.4 ug/g of selenium as sodium selenite to formulate
the B+.2 and B+.4 diets, respectively. The selenium levels of the
diets are shown in table 18. The daily high and low temperatures for
each environmental treatment were recorded. The average Hai]y high
temperature was 22.1 + 0.57°C (mean + standard error) and the average
daily low temperature was 20.5 + 1.01°C (mean + standard error) in the
cool room. The average daily high and low temperatures in the warm
room were 28.6 + .69 (mean t standard error) and 25.3 * 1.64 (mean =
standard error), respectively. In the cool room there were nine pigs
per pen housed in 2.0 x 2,4 m pens on a totally slatted floor of alumi-
num slats. For the first two-weeks a 1.2 x 1.2 m solid plywood panel
was provided for the pigs to lay on. In the warm room eight pigs were
allotted per pen. The pens were 1.2 x 2.4 m with a 1.2 x 0.9 m solid
cement hovered area and the remainder of the pen being aluminum slats.
Feed and water were available ad libitum.

A1l pigs were weighed initially and at 14 and 28 days after the
start of the trial. Feed intakes were determined at 14 and 28 days.
Blood samples were taken from the pigs in one replicate initially and
at 14 days. Serum glutathione peroxidase activity was determined by
the method of Paglia and Valentine (1967). A modification of the Olson

method (Whetter and Ullrey, 1978) was used for analysis of serum for
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TABLE 17. BASAL DIET FOR TRIAL VII

Ingredient Amount
Ground shelled corn (IFN 4-02-931) 756.0
Soybean meal, dehulled (IFN 5-04-612) 200.0
Mono-dicalcium phosphate (18.5% Ca, 21% P) 14.0
Calcium carbonate (38% Ca) (IFN 6-01-069) 12.5
Vitamin trace-mineral premix2 5.0
Selenium vitamin E premixP 5.0
Salt 3.0
Antibiotic premixC 2.5
Synthetic lysine (78% L-lysine) 2.0
1000.0

asupplies 3,300 IU vitamin A; 660 IU vitamin D; 3.3 mg
riboflavin; 13.2 mg d-pantothenic acid; 17.6 mg niacin;
19.8 ug vitamin Byp; 126.7 mg choline chloride; 2.2 mg
menadione sodium bisulfite; 74.8 mg zinc; 59.4 mg iron;
37.4 mg manganese; 9.9 mg copper, and 2.75 mg iodine per kg
of diet.

bSuppl‘les 16.5 IU of vitamin E and 0.1 mg of selenium per

kg of diet.

CProvides 110 mg chlortetracycline, 110 mg sulfamethazine

and 55 mg penicillin per kg of diet.
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TABLE 18. SELENIUM LEVELS OF DIETS IN TRIAL VII

Diet Selenium, ug/g
Basal .17
B+.2 ppm selenium .35

B+.4 ppm selenium .64
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selenium. Blood reduced glutathione levels were determined using the
method described by Beutler et al. (1963).

Blood samples were also taken on days 3 and 7 of the study from
eight bigs in the warm room allotted to the basal diet and eight pigs
in the same room allotted to the B+.2 diet. Serum glutathione peroxi-
dase activity and blood reduced glutathione levels were determined by
methods already described.

Statistical analysis of the main trial was done as a 2 x 3 factor-
ial design (Gi11, 1978a). The initial, 3 and 7 day serum glutathione
peroxidase activity and blood reduced glutathione levels, were analyzed
as a split-plot design (Gill, 1978b).

Results and Discussion

The average daily gains of the pigs in trials five and six were
not affected by the dietary treatments (table 19). Wastell et al.
(1972) and Glienke and Ewan (1977) reported a growth response to sup-
plementary selenium when added to vitamin E supplemented torula yeast
diets. However, Groce et al. (1971), Ku et al..(1973), Mahan et al.
(1978a), Mahan et al. (1978b) and Mandisodza et al. (1979) have observ-
ed no growth response to selenium supplementation of corn-soybean meal
diets for pigs.

There was an interaction (P<.10) of time and supplementary selen-
ium level on serum glutathione peroxidase activity in trial five. Pigs
fed the unsupplemented diet exhibited a decline in serum glutathione
peroxidase activity during the trial. The decline was rapid and
reached a low point by 14 days of the trial. Pigs fed the B+.2 diet
- exhibited an increase in serum glutathione peroxidase activity, while

there was a much larger increase in serum glutathione peroxidase
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TABLE 19. THE EFFECT OF SELENIUM SUPPLEMENTATION ON
AVERAGE DAILY GAIN IN TRIALS V AND VI

Supplemental selenium

(ug/9)
[tem 0 0.1 0.2 S.E.M.2
Trial V, average 428 412 450 43
daily gain, g
Trial VI, average 352 367 517 77

daily gain, g

astandard error of treatment means.
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TABLE 20. THE EFFECT OF SELENIUM SUPPLEMENTATION AND DAYS CONSUMING DIETS

ON_SERUM GLUTATHIONE PEROXIDASE ACTIVITY3 IN TRIAL V

Day Supplemental dietary se]epiumdse

of (ng/q)

triaib,c.e 0 0.1 0.2 Mean
0 19.8 13.6 6.3 13.2
14 3.4 11.6 10.6 8.5
28 3.6 70.1 23.6 32.4
Mean 8.9 31.8 13.5

g xpressed as umoles of glutathione oxidized/minute/g of protein.
bstandard error of treatment means = 6.4; standard error of period
means = 6.6.

CTime effect (P<.05).

dpiet effect (P<.10).

@Interaction of time and diet (P<.10).
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activity of pigs fed the B+.1 diet during the study (table 20). Scott
and Naguchi (1973) reported plasma glutathione peroxidase activity of
chickens fed selenium deficient diets fell to less than 10% of the
normal activity within 5 days after being placed on the deficient diet.
Gabrielsen and Opstvedt (1980) observed a response in plasma glutathi-
one peroxidase of chicks within seven days after being placed on a re-
pletion or a depletion diet.

In trial six an interaction (P<.10) of time and supplementary se-
lenium level on serum glutathione peroxidase was also observed (table
21). The trends in this trial were similar to those in trial five.
There was a significant diet effect in trial six with pigs fed supple-
mented diets having higher serum glutathione peroxidase activity values
than those fed the unsupplemented diet. Chavez (1979) has reported
higher plasma glutathione peroxidase activity in weaning pigs, fed
selenium-supplemented (0.1 ppm selenium as sodium selenite) torula
yeast diets than in pigs fed the l}nsupplemented diet. Meyer et al.
(1980) observed greater plasma glutathione peroxidase activity at two
weeks post-weaning when corn-soybean meal diets were supplemented with
0.1 ppm of selenium as sodium selenite.

In trial five total serum pool glutathione peroxidase activity was
calculated using blood volume estimates from Kornegay et al. (1964).
Pigs .fed the basal diet had lower serum pool glutathione peroxidase
activity (P<.01) than pigs fed the supplemented diets (table 22).

Total serum pool glutathione proxidase acitivity in trial five and
serum glutathione peroxidase activity in trial six appeared to plateau
at 0.1 ppm supplemental selenium. In both trials pigs fed 0.1 ppm

supplemental selenium were able to maintain serum glutathione
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TABLE 21. THE EFFECT OF SELENIUM SUPPLEMENTATION AND DAYS CONSUMING DIETS
ON_SERUM GLUTATHIONE PEROXIDASE ACTIVITY2 IN TRIAL VI

Day Supplemental dietary seleniumb,C.d

of (ug/9)

trialb,c 0 0.1 0.2 Mean
0 12.10 11.60 9.97 1.2
14 7.35 17.00 10.80 1.7
28 6.33 13.60 15.00 1.6
Mean 8.59 14.07 11.92

AExpressed as umoles of glutathione oxidized/minute/g of protein.
bstandard error of treatment means = .94; standard error of period
means = 1.07.

CSignificant dietary effect (P<.05).

dsignificant interaction of time and diet (P<.10).
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TABLE 22. THE EFFECT OF SELENIUM SUPPLEMENTATION FOR FOUR WEEKS ON SERUM
AND ERYTHROCYTE POOL OF GLUTATHIONE PEROXIDASE ACTIVITY IN TRIAL V

Supplemental dietary selenium

(ug/q)
Item 0 0.1 0.2 S.E.M.2

Erythrocyte pool

glutathione peroxidase

activity, umoles of

glutathione oxidized/minute/pig 854.2 978.9 737.0 161.0
Serum pool

glutathione peroxidase

activity, umoles of

glutathione oxidized/minute/pig 66.3D 291.7¢ 346.8¢ 50.5

astandard error of treatment means.
biCMeans with different superscripts are significantly different
(P<.01).
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peroxidase activity throughout the study. Meyer et al. (1981) reported
that plasma glutathione peroxidase plateaued at 0.35 ppm of supple-
mental selenium at 5 weeks postweaning. However, Chavez (1979) has
shown more variable results. In a trial with two week old pigs the
plasma glutathione peroxidase activity was maintained by supplementing
a torula yeast diet with 0.1 ppm selenium as sodium selenite, but in
another trial 0.1 ppm supplemental selenium did not maintain plasma
glutathione peroxidase activity of two week old pigs.

Erythrocyte glutathione peroxidase activity was not affected by
dietary selenium supplementation in trials five (table 23) and six
(table 24), however there was a decline in activity with increasing
time in trial five (P<.01). The erythrocyte pool glutathione peroxi-
dase activity at 28 days was not affected by dietary selenium in trial
five (table 22). Hoekstra et al. (1973) noted that rat erythrocyte
glutathione peroxidase activity was restored (after depletion) by diet-
ary selenifum at a rate consistent with the life span of the erythro-
cyte. The life span of the swine erythrocyte has been estimated to be
from 72 days (Withrow and Bell, 1969) to 86 days (Bush et al., 1955)
and Talbor and Swensen (1963) have suggested the swine erythrocyte has
a half-life of 28 days. Using these values approximately 30% to 50% of
the erythrocyte pool should have been turned over during a 28 day
trial. However, erythrocyte destruction in swine is due to both an age
dependent process and a random process. Bush et al. (1955) and Withrow
and Bell (1969) concluded that random destruction accounts for the
larger portion of the cells which are destroyed. Tao (1973) observed
some random destruction of erythrocytes, but suggested that age-depen-

dent destruction was the primary destructive mechanism in pigs. It



45

TABLE 23. THE EFFECT OF SELENIUM SUPPLEMENTATION AND DAYS CONSUMING DIETS
ON_ERYTHROCYTE GLUTATHIONE PEROXIDASE ACTIVITY2 IN TRIAL V

Day Supplemental dietary seleniumP

of (ng/9)

trialb,¢ 0 0.1 0.2 Mean
0 8.33 © 8.7 13.90 10.31
14 7.26 8.99 7.70 7.98
28 5.11 . 6.23 4.08 5.14
Mean 6.90 7.98 8.56

aExpressed as umoles of glutathione oxidized/minute/g of hemoglobin.
bstandard error of treatment means = .49; standard error of period
means = .88.

CSignificant time effect (P<.01).
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TABLE 24. THE EFFECT OF SELENIUM SUPPLEMENTATION AND DAYS CONSUMING DIETS
ON_ERYTHROCYTE GLUTATHIONE PEROXIDASE ACTIVITY2 IN TRIAL VI

Day Supplemental dietary seleniumP

of (ug/9)

trial 0 0.1 0.2 Mean
0 9.74 7.86 7.72 8.44
14 2.92 3.15 1.54 2.54
28 4.70 4.28 5;37 4.78
Mean 5.79 5.10 4.88

e xpressed as umoles of glutathione oxidized/minute/g of hemoglobin.
bstandard error of treatment means = 2.61; standard error of period

emans = 2.38.
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appears that newly formed erythrocytes that would reflect recent di-
etary selenium intakes may be destroyed by the random destruction pro-
cess. Therefore, a longer period of time may be needed in swine before
dietary induced changes in erythrocyte glutathione peroxidase activity
could be observed than in species such as sheep which exhibit primary
age dependent erythrocyte destruction (Withrow and Bell, 1969).

Serum glutathione peroxidase activity appears to be a more sensi-
tive indicator of selenium intake than erythrocyte glutathione peroxi-
dase activity in pigs. Smith et al. (1974) reported that plasma gluta-
thione peroxidase activity was the most responsive to dietary selenium
followed in order by heart, kidney and erythrocyte glutathione peroxi-
dase activity in rats. Chow and Tappel (1974) have also shown similar
results with both depletion and repletion studies.

In trial five there was a significant (P<.01) effect of supple-
mental selenium on plasma selenium level. More importantly, there was
an interaction (P<.01) of supplemental dietary selenium and days on
treatment for plasma selenium concentrations in both trials five (table
25) and six (table 26). In both trials pigs fed the basal diet showed
a rapid decline in plasma selenium levels during the first fourteen
days of the study. In trial five, the plasma selenium level of pigs
fed the B+.1 diet increased slightly throughout the study, while plasma
selenium values increased greatly when pigs were fed the B+.2 diet.
Pigs fed the unsupplemented diets in trial six exhibited only a slight
rise in plasma selenium levels during the study.

Groce et al. (1973b) reported that serum selenium levels were
increased by selenium supplementation up to 0.1 ug/g. Young et al.

(1977b) observed that serum selenium concentration of six-week old
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TABLE 25. THE EFFECT OF SELENIUM SUPPLEMENTATION AND DAYS CONSUMING DIETS
ON_PLASMA SELENIUM CONCENTRATIONS2 IN TRIAL V

Day Supplemental dietary seleniumP,C,d

of (ug/g)

trialb.d 0 0.1 0.2 Mean
0 .05 .05 .05 .05
14 .02 .07 .10 .06
28 .02 .07 .12 .07
Mean .03 .06 .09

A xpressed as ug/ml.

bstandard error of treatment means = .006; standard error of period
means = .021.

CSignificant diet effect (P<.01).

dsignificant interaction of diet and time (P<.01).
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TABLE 26. THE EFFECT OF SELENIUM SUPPLEMENTATION AND DAYS CONSUMING DIETS
ON PLASMA SELENIUM CONCENTRATIONS@ IN TRIAL VI

Day Supplemental dietary seleniumPsC

of (ug/9)

trialb 0 0.1 0.2 Mean
0 1 .12 .10 .11
14 .06 .14 .14 11
28 .05 .15 .13 .11

Mean .07 .14 .12

3Expressed as ug/ml.
bstandard error of treatment means = .008; standard error of period
means = .004.

CSignificant interaction of time and diet (P<.01).
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boars plateaued at 0.56 ppm dietary selenium, when a high moisture
corn-soybean meal diet was fed. The serum selenium values reported by
Young et al. (1977b) tended to be higher (.14 to .18 ug/ml) than the
plasma selenium concentrations in trials five and six. Mahan and Moxon
(1978a) observed that serum selenium concentrations declined rapidly in
the first seven days postweaning when pigs were fed unsupplemented
corn-soybean meal diets. Furthermore, they reported that pigs raised
by sows fed selenium-supplemented diets (0.1 ppm supplemental selenium)
had higher serum selenium levels at weaning than pigs raised by sows
fed unsupplemented corn-soybean meal diets. This trend is evident in
trials five and six. Pigs used in trial five were raised by gilts fed
selenium-unsupplemented diets, while pigs in trial six were raised by
sows fed selenium-supplemented diets. The initial serum selenium
values were .05 and .11 ug/ml, respectively, for trials five and six
(tables 25 and 26). Mahan and Moxon (1978a) reported that supplement-
ing starter diets with 0.1 ppm of selenium as sodium selenite resulted
in an increase in serum selenium levels of pigs raised by sows fed se-
lenium-unsupplemented diets, but did not affect serum selenium levels
of pigs raised by sows fed selenium-supplemented diets. Similar trends
were noted in trials five and six.

Initial serum tocopherol values were lower in trial five (table
27) than in trial six (table 28) (.32 and .50 ug/ml, respectively).
Pigs used in trial five were raised by gilts fed corn-soybean meal
diets that were not supplemented with vitamin E or selenium, while pigs
used in trial six were raised by sows fed vitamin E (11 IU/kg) and
selenium (0.1 ppm) supplemented corn-soybean meal diets. In trial five

there was an interaction (P<.10) of supplemental selenium and days on
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TABLE 27. THE EFFECT OF SELENIUM SUPPLEMENTATION AND DAYS CONSUMING DIETS
ON_SERUM TOCOPHEROL LEVELSA@ IN TRIAL V

Day Supplemental dietary seleniumP»C

of (ug/g)

trialb,¢ 0 0.1 0.2 Mean
0 .48 .17 .31 .32
14 .19 .36 .30 .28
28 .22 .19 .38 .26
Mean .30 .24 .33

AExpressed as ug of tocopherol and tocopheryl acetate/ml.
bstandard error of treatment means = .05; standard error of period
means = .05.

Csignificant interaction of time and diet (P<.10).
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ON_SERUM TOCOPHEROL LEVELS2 IN TRIAL VI

DAYS CONSUMING DIETS

Day Supplemental dietary seleniumP

of (ug/9)

trial 0 0.1 0.2 Mean¢
0 .53 .42 .54 .50
14 .48 .56 .46 .50
28 .81 .67 .59 .69
Mean .61 .55 .53

3Expressed as ug of tocopherol and tocopheryl acetate/ml.

bstandard error of treatment means = .09; standard error of period

means = .04.

CTime effect (P<.01).
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treatment on serum tocopherol level. Serum tocopherol levels of pigs
fed the basal diet declined during the first two weeks of the study and
remained low throughout the study. Pigs fed the B+.2 diet exhibited a
slight rise in serum tocopherol levels during the study. DOuring the
first 14 days the serum tocopherol concentration of pigs fed the B+.1
diet rose, but then declined to a level similar to the pig fed the un-
supplemented diet. In trial six there was no significant effect of
selenium supplementation on serum tocopherol concentration. Both Meyer
et al. (1981) and McDowell et al. (1977) have reported no effect of
supplemental dietary selenium on circulating tocopherol levels.

In trials five and six, serum glutathione peroxidase activity was
more responsive postweaning than erythrocyte glutathione peroxidase
activity to dietary selenium levels during the four weeks. At least
0.1 ppm of supplemental selenium was needed to maintain serum glutath-
ifone peroxidase activity and plasma selenium levels throughout the
four-week post weaning period. It appears that the intake of selenium
and vitamin E by the dam influences the weaning plasma selenium, and
serum tocopherol levels, as well as the response of pigs to supple-
mental selenium.

Supplemental dietary selenium did not affect rate of gain, average
daily feed intake or feed efficiency in trial seven (table 29). Simi-
lar results have been reported by Groce et al. (1971), Ku et al. (1973)
1. (1978b), Mandisodza et al. (1979)

Mahan et al. (1978a), Mahan et
and Meyer et al. (1981). Average daily feed intake was not signifi-
cantly affected by the environmental temperature. Pigs in the cool
room gained faster (P<.04) than pigs in the warm room (.52 vs .46

kg/day) during the second two-week period of the trial. ODuring the
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first two-week period, however, the gains were not affected by the
environmental treatment. Also, overall gains for the trial were not
affected by the environmental treatment. Feed required per unit of
gain was lower for pigs in the warm room for the second two-week period
(1.83 vs 1.91, P<.05) resulting in an improved overall feed efficiency
(1.98 vs 2.08, P<.02). Improved caloric efficiency with increasing
temperature has been reported (Nichols et al., 1980) in growing pigs in
the same range of temperatures used in this study. Similar trends have
been observed in heavier pigs, also (Jensen et al., 1969 and Sugahara
et al., 1970).

The serum glutathione peroxidase activity (table 30) was higher
for pigs fed the B+.2 and B+.4 than for pigs fed the basal diet
(P<.05). The serum glutathione peroxidase activity appeared to be
maximum at 0.35 ppm selenium (B+.2 diet). Meyer et al. (1981) has
suggested that the point at which plasma glutathione peroxidase activif
ty peaks declines from one to five weeks post-weaning. At 14 days
postweaning, Meyer et al. (1981) reported that plasma glutathione per-
oxidase activity plateaued at 0.4 ppm dietary selenium.

Plasma selenium level increased (P<.01) with each increment of
supplemental dietary selenium at two weeks postweaning (table 30). The
plasma selenium concentration did not plateau over a range of dietary
selenium used in this study (0.17 to 0.64 ppm). Meyer et al. (1981)
observed that plasma selenium levels plateaued at 0.45 ppm dietary
selenium at two weeks post weaning. However, Young et al. (1977b)
reported that serum selenium values plateaued at 0.56 ppm dietary

selenium in six-week old boars fed high moisture corn diets. Mahan and
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Moxon (1978) observed that serum selenium values did not plateau in
weanling pigs over a range of 0 to 0.3 ppm supplemental selenium.

Circulating reduced glutathione levels of pigs were not affected
by their dietary or environmental treatment (table 30). Since the re-
duction of lipid peroxides by glutathione peroxidase is a first order
reaction with respect to reduced glutathione (0'Brien and Little,
1967), one could conclude that the reduced glutathione supply could
1imit in vivo glutathione peroxidase activity, since there are dif-
ferences in in vitro glutathione peroxidase activity, or one must con-
clude that reduced glutathione is available in excess of the needs for
in vivo activity. Since glutathione is rapidly synthesized (Anderson
and Mosher, 1951) and since oxidized glutathione is a positive effector
of glucose-6-phosphate dehydrogenase, (Jacob and Jandl, 1966) it seems
likely that after fourteen days of the study ample reduced glutathione
would be available to support reduction of 1ipid peroxides.

During the second two-week period, one pig in the cool room being
fed the B+.4 diet died. Liver and muscle samples contained 2.24 and
0.51 ug of selenium/g of dry tissue, respectively. The liver selenium
concentration is clearly above the level of 0.52 ug/g reported by Young
et al. (1977b) for pigs that died of vitamin E-selenium deficiency, and
is similar to the value of 2.05 ug/g reported by Ku et al. (1973) for
pigs fed selenium supplemented diets (0.4 ppm supplemental selenium).
Survey work done by Young et al. (1977a) would indicate that the liver
selenium concentration is consistant with adequate supplemental dietary
seleniume The muscle selenium level of this pig was greater than that

of pigs fed deficient diets (0.24 wug/g) reported by Young et al.
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(1977b) and also higher than the level for pigs fed selenium supple-
mented diets (0.4 ppm supplemental selenium) of 0.46 ug/g reported by
Ku et al. (1973). It appears that the cause of death was not related
to the dietary treatment.

During the first week of the trial (first week postweaning), pigs
fed the B+.2 diet had higher (P<.01) serum glutathione peroxidase act-
1‘v1ty than pigs fed the basal diet (table 31). Glutathione peroxidase
activity was also affected by time on the diets (P<.01), as the activi-
ty rapidly increased during the first three days after weaning. More
importantly, there was a significant interaction of days on treatment
and supplemental selenium (P<.05) for serum glutathione perixodase
activity. Pigs fed the B8+.2 diet exhibited a greater rise in serum
glutathione peroxidase activity by three days and maintained serum
glutathione peroxidase activity higher throughout the remainder of the
week, than pigs fed the basal diet. These results are consistent with
the results reported by Meyer et al. (1981). Mahan et al. (1977) has
suggested that there is a very short carryover of selenium from the dam
to the progeny.

Circulating reduced glutathione levels (table 31) were higher in
pigs fed the B+.2 diet than the B diet (P<.06). Reduced glutathione
concentrations decﬁned throughout the study in pigs fed the basal diet
and increased during the study in pigs fed the B+.2 diet (P<.04).
Since reduced glutathione is the rate limiting substrate for glutathi-
one peroxidase (0'Brien and Little, 1967) and since glutathione has
been shown to be synthesized more rapidly in rat liver than most pro-
teins (Anderson and Mosher, 1951) the decline in reduced glutathione in
pigs fed the basal diet may reflect a lower in vivo glutathione

peroxidase activity than for pigs fed the B+.2 diet. It is unlikely
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that changes in the reduced glutathione supply are due to slow regen-
eration of reduced glutathione from oxidized glutathione if all other
essential dietary nutrient requirements are met, since oxidized gluta-
thione releases the inhibition of glucose-6-phosphate dehydrogenase by
reduced nicotine adenine dinucleotide phosphate (Jacob and Jandl, 1966
and Eggleston and Krebs, 1974). This release would allow the hexose
monophosphate shunt to produce more reducing equivalents which could be
used to reduce glutathione.

The data from this study indicate that weanling pigs require at
least 0.35 ppm selenium to maximize'serum glutathione peroxidase acti-
vity at two weeks postweaning. Serum glutathione peroxidase activity
responds to dietary selenium levels up to at least 0.35 ppm during the

first week post weaning.
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CONCLUSIONS
1. Erythrocyte percent active glutathione reductase is a sensitive
indicator of the riboflavin status of pigs. Values below 50% are
needed before other riboflavin deficiency signs become evident.
2. Riboflavin supplementation of swine diets increased selenium re-
tention and appeared to increase the incorporation of selenium from
sodium selenite into glutathione peroxidase.
3. A higher percent of the selenium from selenomethionine was re-
. tained and incorporated into body tissues than selenium from sodium
selenite. Muscle, heart and brain selenium concentrations indicated
that the retention of selenium from selenomethionine was 1.5 times
greater than that from sodium selenite.
4. Serum glutathione peroxidase activity was more responsive to di-
etary selenium level than was erythrocyte glutathione peroxidase acti-
vity over a four week period. Serum glutathione peroxidase activity
appeared to peak at lower dietary selenium concentrations than did
plasma selenium levels.
5. Under routine rearing conditions, feeding a diet containing 0.35
ppm selenium resulted in a higher serum glutathione peroxidase activity
by three days postweaning than feeding a diet containing 0.17 ppm
selenium. This advantage was maintained throughout the remainder of
the first week after weaning.
6. At least 0.35 ppm dietary selenium was required for serum gluta-
thione peroxidase activity to become maximum at two weeks postweaning

when pigs were reared under routine management conditions.
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