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Selenium is an essential mineral micronutrient for animals, and significant evidence supports an
association between supranutritional Se intake and a reduction in the incidence of some forms of
cancer. Thus, supplemental Se intake may provide an avenue for reducing cancer incidence. However,
an important issue to consider is the form of Se that should be provided in such a supplement, because
the bioavailability and bioactivity of Se can vary dramatically depending on the chemical form in which
it is delivered. Because wheat products are the largest source of Se in U.S. diets, the absorption of
Se was evaluated in different fractions of milled wheat that exhibits very high Se levels, owing to its
production on naturally Se-rich soils. An experiment was conducted to determine the bioavailability
of Se from three milled fractions of high-Se wheat. The method used was the slope-ratio assay,
which measures the ability of Se from the wheat fractions to regenerate Se-dependent enzyme
activities and tissue Se concentrations in Se-deficient rats. The responses generated from wheat Se
were compared to a standard response curve generated by feeding graded amounts of Se as sodium
selenite (Na2SeO3; NaSelenite) or selenomethionine (SeMet) in an AIN-93G-Torula yeast-based diet.
Results showed that Se from wheat flour (∼75% extraction) was nearly 100% available by a number
of measures including plasma, liver, kidney, and muscle Se concentrations and liver and erythrocyte
Se-dependent enzyme activities when compared with similar measures in rats fed NaSelenite or
SeMet. However, on the basis of similar criteria, Se from wheat shorts was only about 85% available
and that from wheat bran was about 60% available for absorption. These results indicate that high-
Se wheat products, mainly those made from refined flour alone, might be particularly well suited for
use as dietary Se supplements.
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INTRODUCTION

Selenium is an essential nutrient in both humans and animals,
and a dietary deficiency of the mineral results in Keshan disease
in humans and white muscle disease in domestic livestock (1-

3). Se plays an essential role at the catalytic site of multiple
selenoproteins, including glutathione peroxidase, thioredoxin
reductase, and the iodothyronine selenodeiodinases (2). Se
intakes of∼200µg/day have been shown to reduce the risk of
cancer, especially prostate (4) and colon (5) cancers. These
findings have led to proposals to increase the Se intake of
populations at risk. Numerous Se supplements are currently
available in the marketplace; however, the American Dietetic
Association recommends that nutrients be consumed through
foods whenever possible (6), but the availability of food nutrients
for absorption and assimilation can be a limiting factor.

Assessing the bioavailability of Se can be complex because
there are multiple naturally occurring chemical forms of this
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element in nature. These include Se salts, Se derivatives of sulfur
amino acids, and methylated derivatives of selenoamino acids.
The chemical form of Se partially determines its metabolism
and its ultimate biological action; therefore, unlike most other
nutrients, the bioavailability of Se cannot be estimated exclu-
sively by measuring absorption. Instead, bioavailability must
be assessed by the ability of a particular Se compound to be
transformed into a metabolically active form of Se (7).
Functional bioassays, such as activity restoration of the sele-
noprotein glutathione peroxidase (GPx1) in Se-deficient labora-
tory animals, are among the most commonly used methods to
assess the bioavailability of Se from food (7). However,
restoration of organ Se concentrations and activity of thioredoxin
reductase also have been used to assess Se bioavailability (8).

Wheat products are the largest single source of Se in U.S.
diets (9). When grown on certain seleniferous soils found in
some regions of the United States, particularly North Dakota
and South Dakota, wheat can accumulate very high concentra-
tions of Se in the grain (10). If available for absorption, breads
and other products made from this grain could provide an
excellent highly concentrated source of dietary Se for human
and animal consumption. The following experiment was de-
signed to determine the bioavailability of Se from different mill
fractions of such high-Se wheat.

MATERIALS AND METHODS

This study was approved by the Animal Use Committee of the
USDA-ARS, Grand Forks Human Nutrition Research Center. The
procedures followed the guidelines of the National Institutes of Health
for the experimental use of laboratory animals (11).

Diet Preparation. The base formula of the AIN-93G diet (12) and
the average mineral and amino acid contents of Torula yeast were used
to derive the basal diet composition, which is shown inTable 1. In
order for the yeast to supply enough essential amino acids without
excessive supplementation, it was fed at 30% of the diet. However, at
this concentration, there were insufficient amounts of the sulfur amino
acids and tryptophan to equal that recommended for rodents by the
NRC (13); thus, a supplement containingL-methionine,L-cystine, and
L-tryptophan was added to the diet. At 30% of the diet, the yeast will
provide an excess of Fe, P, K, Zn, Mn, and Mg, and no additions of
these minerals to the diet are required. Thus, a premix was prepared
with only those minerals naturally contained in the ingredients of this
diet that did not meet the NRC requirement for the rat (Table 2).

Addition of Wheat Fractions to the Diet. High-Se hard red winter
wheat, variety Nekota, was obtained from a farm near Milesville, SD,

and fractionated according to the following procedure: Forty pounds
of cleaned grain were tempered to 16.0% moisture basis, conditioned
for approximately 16 h, and milled in a Bühler laboratory experimental
mill (MLU-202) according to method 26-21A of the AACC Interna-
tional (14). The tempered wheat was metered at a feed rate of
approximately 175 g/min and milled to obtain approximately 75%
extraction of straight grade flour. In the milling operation, three break
flour streams (B1, B2, B3), three reduction flour streams (R1, R2, R3),
a shorts fraction, and a bran fraction were obtained. The patent flour
(PF) used in this study was prepared from a blend of the three break
flour and the three reduction flour streams in proportions according to
the weight percentages of each flour stream that was obtained in the
milling operation.

Each wheat fraction to be tested was mixed with water and cooked
before it was incorporated into the diet. Briefly, 200 g of each fraction
was added to 900 mL of deionized water in a Pyrex container and
boiled at low heat on a stovetop for 15 min. Each of the cooked
porridges was lyophilized and ground to a powder in a centrifugal
grinder. Each powder was thoroughly mixed and stored at 4°C until
incorporated into the diet. By analysis, the cooked, lyophilized material
contained Se in the following concentrations (mean( SD, n ) 4):
flour, 6.9 ( 0.3 mg/kg; shorts, 12.1( 0.1 mg/kg; bran, 10.4( 0.1
mg/kg. The Se is incorporated primarily into the protein component in
the form of SeMet (15, 16). Indeed, these values reflect the protein
content of each fraction of 10.9, 16.5, and 15.8%, respectively.

Experimental Design.One hundred and eighty-six male weanling
Sprague-Dawley rats [strain SAS:VAF(SD); Sasco, Ballard, MA] were
fed the basal Se-deficient diet for 41 days. Then five of the rats were
randomly selected and killed to determine whether they were Se-
deficient by measuring liver and erythrocyte GPx1 activity and plasma
Se concentration. The results were compared with those from five rats
that had received diets containing 150µg of Se/kg for the same period.
After the results showed that the rats were definitely Se-deficient, the
remaining rats were divided into 22 groups of 8 rats each. Six groups
were fed a similar diet as before, but supplemented with sodium selenite
(Na2SeO3; NaSelenite), and six groups were fed selenomethionine
(SeMet). The target concentrations of added Se ranged from 10 to 150
µg/kg of diet (Table 3). Another group of eight rats continued to receive
the Se-deficient diet, and another group continued receiving an adequate
Se diet throughout the study.

To test the bioavailability of Se from the various wheat fractions,
three groups of eight Se-deficient rats were fed a diet containing cooked
wheat flour at three different levels to obtain three concentrations of
Se. Three more groups of Se-deficient rats were fed diets containing
cooked wheat shorts to obtain three levels of dietary Se, and three
additional groups were fed diets with wheat bran. These fractions were
added at the expense of small portions of starch. The results of the
enzyme activities and tissue Se concentrations of rats consuming these
diets were compared to values on the standard response curve by using
the analyzed diet values as the independent variable. The slope-ratio

Table 1. Composition of the Modified Basal AIN-93G Torula Yeast
Diet

ingredient g/kg

cornstarcha 427.41
torula yeastb 300.00
sucrosec 100.00
soybean oild 70.00
celluloseb 50.00
low Se mineral mix (see Table 2) 35.00
AIN-93G vitamin mixb 10.00
L-cystinee 3.52
L-methioninee 2.91
choline bitartrateb 1.00
L-tryptophane 0.16

a Roquette America, Keokuk, IA. To obtain the required amount of Se in the
diet (20, 30, or 40 µg/kg) from the wheat fraction the following amounts of each
fraction were added at the expense of cornstarch: flour, 2.92, 4.38, 5.84 g/kg;
shorts, 1.91, 2.87, 3.83 g/kg; bran, 1.65, 2.47, 3.29 g/kg. b Harlan Teklad, Madison,
WI (12). c United Sugars, Minneapolis, MN. d ConAgra Foods, Irvine, CA. e Ajino-
moto, Raleigh, NC.

Table 2. Composition of the Mineral Mix for the Modified Torula Yeast
Dieta

mineral g/kg

calcium carbonate, anhydrous, 40.04% Ca 555.260
sodium chloride, 39.34% Na 52.17
sodium metasilicate, 9 hydrate, 9.88% Si 1.450
chromium potassium sulfate, 12 hydrate, 10.42% Cr 0.275
copper carbonate, 57.47% Cu 0.143
boric acid, 17.5% B 0.082
sodium fluoride, 45.24% F 0.064
nickel carbonate, 45% Ni 0.032
lithium chloride, 16.38% Li 0.017
potassium iodate, 59.3% I 0.010
ammonium paramolybdate, 4 hydrate, 54.34% Mo 0.008
ammonium vanadate, 43.55% V 0.007
powdered sucrose 390.483

a Because of the inherently high concentrations of P, Mg, K, Fe, Zn, and Mn in
the Torula yeast, none of these minerals was added to the mineral mix.
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assay was used to express the bioavailability of Se from these products
relative to NaSelenite or SeMet.

The rats were individually housed in hanging stainless steel cages
with wire-mesh bottoms in an atmosphere of 50% relative humidity at
22 °C and with a 12-h light-dark cycle with light beginning at 6:00
a.m. Food was offered ad libitum in glass containers with stainless
steel screw caps with holes to allow access to the food, but to limit
food wastage. Deionized water was offered ad libitum in glass bottles
with silicon stoppers and stainless steel sipper tubes. Food and water
were monitored daily for freshness, and rats were weighed weekly
throughout the experiment. After 50 days of Se supplementation, all
rats were anesthetized with a mixture of ketamine (100 mg/mL) and
xylazine (20 mg/mL) in a ratio of 1.37:1. One milliliter of the mixture
per kilogram of body weight was injected intraperitoneally. Blood (∼10
mL) was withdrawn from the abdominal aorta into EDTA-coated tubes
until the rat expired. Blood samples were centrifuged to obtain plasma
for Se analysis, and the red cells (RBC) were used for GPx1 activity
determinations. Livers, kidneys, testes, sartorius muscles, and brains
were collected and frozen in liquid nitrogen and stored at-80 °C for
later determination of Se concentration. Livers also were assayed for
GPx1 and TRR activities.

Enzyme and Se Assays.Glutathione peroxidase activities in RBC
and liver were determined according to the method of Paglia and
Valentine (17). Thioredoxin reductase (TRR) activity in liver was
determined spectrophotometrically by using the method of Hill et al.
(18) as modified by Hintze et al. (19). Selenium was analyzed in various
organs by procedures outlined by Reeves et al. (8). Standard reference
materials (National Institute of Standards and Technology, Gaithersburg,
MD) consisting of durum wheat flour (NIST-SRM 8436) and bovine
liver (NIST-SRM 1577b) were included in each batch of samples for
wheat fractions and various animal tissues, respectively, to ensure
accurate analyses of Se.

Statistical Analyses.The relative bioavailability of Se in wheat bran,
flour, and shorts was determined relative to either NaSelenite or SeMet
by using the slope-ratio method (20, 21). The tissue and plasma Se
data were linearly related to the intakes of NaSelenite or SeMet; the
relationships between the enzyme data and intakes of NaSelenite or
SeMet were linearized by using log-linear regression models. For all
regressions, only the standard response doses between 3 and 75µg of
Se/kg of diet were used, because at doses>75 µg of Se/kg of diet, the

responses had reached a plateau and were not affected further by
increasing Se intakes. For each set of criteria evaluated, the linearity
of the regression lines was ascertained for each source of Se separately.
Then, a single multiple-regression model was derived to determine the
slope and intercept of the responses for wheat bran, flour, or shorts
and either NaSelenite or SeMet with the “no added Se” group serving
as the control (21). Ninety-five percent confidence intervals (CI) for
relative bioavailability were obtained by using Fieller’s method (20).
Data are reported as means( standard deviation (SD) inTable 3, as
means( standard error of the mean (SEM) inFigures 1and3, and as
means with 95% confidence intervals (CI) inFigure 2. A value ofP
e 0.05 was considered to be statistically significant. For data inFigure
2, if the 95% CIs do not overlap, the differences between RBV estimates
are statistically significant (P e 0.05). The estimated overall RBV was
determined by taking the overall average of all bioavailable parameters.
All statistical analyses were done by using SAS/Stat version 9.1 (SAS
Institute, Inc., Cary, NC).

RESULTS

The basal diet was very low in Se, containing 2.9( 0.5 µg/
kg. The rate of weight gain for each group of rats was the same
throughout the study (data not shown). They averaged 7 g of
gain/day for the first 4 weeks of the study. The overall average
gain for the 13 weeks was 3.5 g/day with no significant
differences among groups. To determine if the different wheat
fractions affected food consumptions, food intake measurements
were made on days 52-55. Compared with the group consum-
ing a diet with 150µg of Se/kg as NaSelenite throughout the
study, there were no effects of wheat fractions on food intake.
All groups averaged from 6.1( 1.0 g to 7.1( 1.0 g per 100
g of body weight per day.

Signs of Se deficiency, as indicated by plasma Se concentra-
tion and liver GPx1 activity, were apparent after 41 days of
feeding the Se-deficient diet. Plasma Se concentrations were
3% and liver GPx1 activity only 1.5% of the control values.
Supplementing the diet with as little as 11µg of Se/kg caused
plasma Se to rise off baseline and to maximize near 100µg of

Table 3. Concentration of Se in Experimental Diets

Se supplement
target Se

concn (µg/kg)
Se concn by

analysisa (µg/kg)

sodium selenite 5b 2.9 ± 0.5
10 11.4 ± 3.0
20 20.3 ± 5.1
50 47.1 ± 2.7
70 63.4 ± 2.6
100 86.6 ± 15.3
150 141.8 ±12.6

selenomethionine 5b 2.9 ± 0.5
10 15.3 ± 1.5
20 19.2 ± 6.4
50 43.4 ± 3.3
70 58.1 ± 7.4
100 93.9 ± 8.14
150 137.1 ± 18.4

flour 20 23.4 ± 0.8
30 33.0 ± 6.1
40 44.4 ± 1.9

shorts 20 19.8 ± 0.6
30 30.4 ± 2.2
40 39.8 ± 3.6

bran 20 23.5 ± 1.1
30 29.5 ± 2.5
40 46.8 ± 3.8

a Mean ± SD of four replicates. b These two treatments are the same, because
no sodium selenite or selenomethionine was added to the diets.

Figure 1. Response curves of plasma and organ concentrations of Se-
deficient rats fed Se as increasing concentrations of sodium selenite
(NaSelenite) or selenomethionine (SeMet) in the diet. Wheat flour, shorts,
and bran were fed to Se-deficient rats at three concentrations each and
the results compared with values in the response curves. Points represent
the mean ± SEM for eight replicates. In some cases, SEM bars are hidden
within the symbols.
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Se/kg of diet (Figure 1A). By using plasma Se, the bioavail-
ability of Se from wheat flour relative to both NaSelenite and
SelMet was>90% (Figure 2A). The bioavailability of Se from
wheat shorts relative to the standards was>85%, which was
not significantly (P > 0.05) different from wheat flour.
However, bioavailability from wheat bran was only 60% (Figure
2C) whether compared with NaSelenite or SeMet. This value
was significantly (P < 0.05) different from both wheat flour
and shorts.

The liver Se concentration curves were sigmoidal in shape
and, although not determined mathematically, they seemed to
reach 50% of maximal at about 50µg of Se/kg of diet (Figure
1B). However, the curves were still rising at the maximal dietary
concentrations of Se when SeMet was used as the supplement.
The bioavailability of Se from wheat flour was>80% of that
from NaSelenite or SeMet (Figure 2A). However, Se from
wheat shorts was only 70%, but not different (P > 0.05) from
flour (Figure 3B). Se from wheat bran was only 50% as
available as that in NaSelenite or SeMet, which was significantly
(P < 0.05) different from both flour and shorts (Figure 2C).
On the basis of kidney Se, the relative bioavailability of Se from
wheat flour was 100% of that in both NaSelenite and SeMet
(Figures 1C and2A). The relative bioavailability from wheat
shorts was>85%, but only 60% available from wheat bran

(Figure 2B,C, respectively). Again, the availability of Se from
bran was significantly (P < 0.05) lower than that from flour or
shorts.

Dietary Se as SeMet increased muscle Se concentration to
nearly twice that of rats fed Se as NaSelenite (Figure 1D).
However, in rats that consumed a diet with 150µg of Se/kg as
NaSelenite throughout the study period, muscle Se was not
different from that of the SeMet group (data not shown).
Relative bioavailability of Se from wheat flour was 125% of
that from NaSelenite, but only 87% of that from SeMet (P<
0.05;Figure 2A). Bioavailability from wheat shorts was 100%
relative to NaSelenite and 77% relative to SeMet (P< 0.05).
From wheat bran, it was 76 and 55%, respectively (P < 0.05).
Bioavailability from wheat bran was less (P < 0.05) than that
from flour or shorts.

Se concentration in testis seems to maximize at around 11
µg of Se/kg of diet (Figure 1E), and no relative bioavailability
values could be calculated. Se in brain was not severely depleted
by feeding Se-deficient diets, and increased only slightly upon
refeeding Se (Figure 1F). The rate of increase in brain Se
seemed to be greater in rats fed SeMet than in those fed
NaSelenite. Bioavailability of Se from wheat flour and shorts
relative to NaSelenite was largely overestimated, with values
of 154 and 142%, respectively (Figure 2A,B). Relative to
SeMet, bioavailability was 88 and 82%, respectively, but
because of the high variability, there were no significant
differences.

The activity of GPx1 in RBC and liver was not different from
baseline until dietary Se had reached values between 20 and
50 µg/kg (Figure 3A,B, respectively). At approximately 50µg
of Se/kg of diet, RBC Gpx1 activity had reached about 50% of

Figure 2. Biological value (RBV; bioavailability) of Se from wheat flour,
wheat shorts, and wheat bran in rats relative to Se from sodium selenite
(NaSelenite) or selenomethionine (SeMet). Standard response curves for
tissue Se and Se-dependent enzyme activities were made by feeding
various dietary concentrations of Se as NaSelenite or SeMet to Se-deficient
rats. Tissue Se and enzyme activities from Se-deficient rats fed wheat
fractions with known concentrations of Se were compared with the values
on the standard response curves. Percentage RBV was estimated by
using the slope-ratio assay method. Points represent the means with 95%
confidence intervals (CI) of eight replicates. CIs that do not overlap are
significantly different from each other (P < 0.05).

Figure 3. Response curves of blood and liver GPx1 activity and liver
TRR activity in Se-deficient rats fed Se as increasing concentrations of
sodium selenite (NaSelenite) or selenomethionine (SeMet) in the diet.
Wheat flour, shorts, and bran were fed to Se-deficient rats at three
concentrations each and the results compared with values on the response
curves. Points represent the mean ± SEM for eight replicates.
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the maximal activity. The titration curve for liver GPx1 activity
was similar to that for RBC GPx1, except that 50% of maximal
activity was not reached until dietary Se was at least 60µg/kg
(Figure 2B). However, activity seemed to be maximized at 140
µg/kg. Bioavailability of Se from wheat flour as estimated by
the change in activities of these enzymes was about 95-110%
relative to either NaSelenite or SeMet, but not different between
the Se sources (P > 0.05; Figure 2A). Bioavailability from
wheat shorts ranged from 80 to 86% (Figure 2B), and from
wheat bran, it ranged from 40 to 60% (Figure 2C). Bioavail-
ability from wheat shorts was significantly (P < 0.05) different
from wheat bran.

The activity of thioredoxin reductase (TRR), another Se-
dependent enzyme in liver, also was affected by dietary Se
concentrations (Figure 3C). Both NaSelenite and SeMet added
to the diet of Se-deficient rats increased activity, which seemed
to reach 50% of maximal at approximately 30µg of Se/kg of
diet. Maximal activity seemed to be reached at approximately
90µg of Se/kg of diet. Relative bioavailability of Se from wheat
flour by using this measure was estimated at over 100%,
compared with either NaSelenite or SeMet, but there was no
difference between the two (P > 0.05; Figure 2A). Bioavail-
ability from wheat shorts ranged from 83 to 94% and was not
different from flour (P> 0.05;Figure 2B). From wheat bran,
bioavailability ranges only from 58 to 67% (P > 0.05;Figure
2C). This was significantly (P < 0.05) different from wheat
flour but not from wheat shorts.

DISCUSSION

The bioavailability of Se in various wheat fractions was
estimated by comparing Se from these fractions with that
supplied as NaSelenite and as SeMet in their potential to restore
tissue Se concentrations and selenoenzyme activities in Se-
deficient rats. The slope-rate assay method was used to make
the final calculations (20). This assay has been used in the past
to determine the bioavailability of Se from numerous foods and
food sources including buckwheat bran (8), wheat (22), beef
(23), Se-enriched yeast (24), Se-enriched algae (25), Se-enriched
broccoli (26), and salmon (27). Two basic assumptions in this
assay are that the diet contains graded amounts of Se and that
the intake of Se does not exceed the amount required to fully
replete the response parameters (27). This was accomplished
by feeding wheat fractions that contained a higher than normal
concentration of Se, because of its production on high-Se soils.
No wheat fraction of>0.6% of the diet was required to supply
the desired amount of Se and to make the test response fit on
the up-slope of the linear portion of the standard response curve.
Therefore, it was not necessary to incorporate large quantities
of each wheat fraction into the diet, which could possibly alter
digestibility and affect the bioavailability of Se (28).

The wheat milling process entails the physical separation of
different parts of the wheat grain to produce flour. Additional
non-flour mill fractions are recovered during milling as well;
these are variously composed of the other cell layers and
structures present in the intact wheat grain. The different mill
fractions thus have distinct chemical compositions. The en-
dosperm constitutes approximately 80% of the mass of the intact
grain and is converted into flour during milling. Flour consists
primarily of starch, but also contains a significant amount of
protein, and has little fiber. The milling process disrupts the
cell structure of the endosperm. The bran fraction is composed
primarily of cell layers on the outside of the intact grains, which
are rich in fiber constituents such as cellulose, hemicellulose,
and lignin. In contrast to the endosperm, the cells within the

bran are not disrupted to any significant degree during milling.
The shorts fraction is composed of germ, which represents
approximately 40% of the mass of this mill fraction, and residual
bran and endosperm (29).

The bioavailability of Se from the different wheat mill
fractions differed widely. Bioavailability relative to both Na-
Selenite and SeMet was almost 100% overall from flour, but
only about 85% from wheat shorts. The lowest availability was
only about 60% from wheat bran. The reason for the low
availability from bran centers around the possibility that the
bran proteins and other fibrous structures are not digested well
in the upper gut. Wheat bran contains 45% nondigestible fiber,
which is made up primarily of cell wall components. The low
solubility of this fiber likely effectively encapsulates cellular
proteins within intact cells in the bran fraction and renders them
unavailable for digestion in the upper gut. Because most of the
bran Se is incorporated primarily into these proteins, Se itself
becomes unavailable. However, even though most of the bran
fibers are transported to the colon where bacteria could digest
them, the Se and selenoamino acids released apparently are not
absorbed into the body to a great extent. More than likely, they
are incorporated into bacterial proteins and excreted in the feces.

The transfer of Se to the colon in the indigestible fiber could
be a positive outcome. Numerous studies have shown a reduced
incidence of colon cancer in humans (5, 30, 31) and animals
(32-34) who consumed Se in excess of the recommended
normal intake. It is not known whether this benefit comes from
Se that has been absorbed systemically or from that which has
avoided digestion and is passed on to the colon. It has been
shown that Se in the form of selenol compounds from broccoli
are not absorbed as well as selenite or selenate (35), but are
more effective in preventing precancerous lesions in the colon
than the inorganic forms of Se (36). It is possible that the Se
reaching the colon could be acted upon by the bacteria, which
produce Se compounds that are effective in cancer prevention.
However, this theory has not been explored.

Another possible scenario could be that Se along with the
wheat bran is changing the bacterial populations of the colon
to produce SCFAs, especially butyrate, which in turn could aid
the colonocytes in resisting the formation of cancerous lesions.
The indigestible fibers of wheat bran are known to produce high
butyrate concentrations in the colon (37), and recent investiga-
tions in rats and mice strongly suggest that butyrate aids in the
reduction of the incidence of cancerous lesions in this organ
(38, 39). However, investigations by Kim and Combs (40) do
not lend support to this theory. When this group fed rats 13
times (2 mg of Se/kg) the Se requirement along with wheat
bran (10%) to stimulate bacterial fermentation, they found that
the concentrations of propionate and butyrate, as well as total
SCFA, in the colon were actually reduced, compared with that
in rats fed no Se. In the current study, the maximal amount of
Se in the diet of rats fed 0.3% wheat bran was 0.05 mg of Se/
kg. Whether this amount of Se would affect SCFA production
by gut bacterial is not known.

Sodium selenite and SeMet are metabolized differently and
accumulate at different rates in different pools in the rat (41).
At dietary concentrations near that used in the current study,
Whanger and Butler (41) found that Se from dietary SeMet was
incorporated 2.8 times higher in muscle than NaSelenite and
1.3 times higher in brain. Our results were similar with 2 times
difference for muscle and 1.3 time difference for brain. In both
studies, there also was a small difference between NaSelenite
and SeMet Se in liver with SeMet giving a higher value. This
phenomenon is most likely caused by the fact that SeMet can
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randomly substitute for methionine in tissue proteins. Beilstein
and Whanger (42) showed that dietary Se supplied as SeMet
accumulated more in hemoglobin and muscle than NaSelenite,
but feeding NaSelenite resulted in Se being incorporated into
selenoproteins primarily as selenocysteine. However, after an
extended period, there was more Se as selenocysteine in liver
than SeMet regardless of the starting material (42). It is
recognized that the metabolic transformations of Se from various
selenocompounds are tissue-specific and the deposition of Se
from different dietary sources are seldom the same in all tissues.

Selenoprotein production and activity are dependent upon a
constant and adequate supply of Se. In the current study, RBC
Gpx1 and liver TRR activities reached maximal levels at a
dietary concentration of about 80µg/kg, whereas liver GPx1
did not reach maximal activity until around 140µg/kg. Most
studies show that Se from NaSelenite and SeMet are equally
effective in restoring GPx1 activity (43, 44); however, in another
study by our group (8) we found that dietary Se from SeMet in
excess of 100µg/kg significantly elevated whole blood GPx1
activity by 10% over that when NaSelenite was fed. In the
current experiment, however, this was not found when only RBC
were used. Differences between these two Se sources with
respect to stimulated enzyme activity also were observed by
Xia et al. (45), who reported that plasma GPx3 activity was
significantly greater in men fed SeMet than in those fed
NaSelenite; however, upon extended feeding, the differences
were less pronounced.

Bioavailability of Se from different fractions was assessed
by evaluating the indicators of Se status in rats fed Se from the
fractions relative to those to which SeMet or NaSelenite was
fed. Three concentrations of Se from each wheat fraction were
used, and the results showed that the responses for most
parameters measured fell within the linear range produced by
Se from NaSelenite and SeMet. One exception was testis Se,
where the lowest level of Se from a wheat fraction maximized
the amount of Se in this organ. This suggests that Se uptake
and/or biochemical activity in the testes might be controlled by
mechanisms different from those in other organs. However,
work by Oldereid et al. (46) suggested that this was not the
case in humans.

We pointed out in a previous publication (8) that determining
bioavailability of Se from food by using a laboratory animal
and then extrapolating this information to humans can be
difficult. However, studies of this nature are starting points for
evaluating food sources of Se with bioavailability potential high
enough to be good natural Se supplements rather than resorting
to the consumption of Se compounds in pill formulations. It
was shown in this study that high Se from refined wheat flour,
a common food ingredient in U.S. diets, could become an
excellent source of highly bioavailable Se for Se supplementa-
tion.

ABBREVIATIONS USED

GPx1, glutathione peroxidase 1; NaSelenite, sodium selenite;
NRC, National Research Council; SCFA, short chain fatty acids;
SeMet, selenomethionine; TRR, thioredoxin reductase.
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