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Abstract. Stable isotopes of selenium (Se) have been used in human studies to mea- 
sure Se absorption, retention and excretion. The purpose of this study was to examine 
whether stable Se could also be used to follow the incorporation of Se into seleno- 
proteins and whether selenoproteins are labeled with stable isotopes the same way 
they are with radioactive Se. Rats fed either a Se-deficient or a high-Se diet were 
injected with either a radioactive (75Se) or a stable isotope of Se ("Se), and the liver 
cytosol was chromatographed on Sephadex G-200. Compared with 75Se, a greater 
percentage of 77Se was incorporated into cytosol, but the distribution and the effect of 
dietary Se was similar for both isotopes. New Zealand long-eared rabbits were also 
injected with either 77Se or 75Se, and the plasma was chromatographed. More of the 
75Se was incorporated into the plasma, but again the patterns of incorporation were 
similar for both isotopes. Plasma from a male subject who ingested 60 pg of 77Se was 
chromatographed, and the stable Se was detected in column fractions and showed a 
distribution similar to that observed for rabbit plasma. Finally, a polyacrylamide gel 
electrophoresis (PAGE) method was developed that allowed loading of sufficient pro- 
tein to analyze for 77Se in individual protein fractions. The distribution of 77Se and 75Se 
in rabbit plasma was similar. Human plasma was electrophoresed by a similar method 
and peaks of 56 and 23 kDa were detected. These data show that stable isotopes of Se 
can be used for selenoprotein production in the same way as radioactive isotopes. 
They also show that, when physiological amounts of stable Se are ingested by hu- 
mans, the isotope can be detected in blood-borne proteins separated by column 
chromatography and PAGE. [P.S.E.B.M. 1995, Vol 2101 

ince the discovery that selenium (Se) is neces- 
sary for the activity of glutathione peroxidase S (GSH-Px) ( l ) ,  considerable research has been 

directed toward understanding the metabolism of se- 
lenoproteins in vivo, and understanding the relation- 
ship between dietary Se status and selenoprotein syn- 
thesis (2). Essential to any study examining the rela- 
tionship between selenoproteins and Se is the need for 
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an in vivo Se tracer. The y-emitting radioactive iso- 
tope, 75Se, has been utilized in animal (3, 4) and cell 
culture studies (9, and in a few previous human stud- 
ies (6, 7) (although it has not been used to study the 
incorporation of Se into selenoproteins). However, 
due to the long half-life, relative strength of the y en- 
ergies, and the tendency of Se to be highly conserved 
in the body and concentrated in some tissues, 75Se is 
no longer available for use in humans. 

Stable isotopes offer an alternative to radioactive 
isotopes for use in human studies. There are six stable 
isotopes of Se, and four are suitable for use as tracers 
in metabolic studies. The preferred method of analysis 
for these isotopes has been inductively coupled plasma 
mass spectrometry (ICP-MS) (8,9),  neutron activation 
analysis (NAA) (10, 1 I ) ,  or gas chromatography mass 
spectrometry (GC-MS) (13, 14). Stable isotopes of Se 
have been employed as markers in previous human Se 
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studies (10-13, 15, 16). These studies have used stable 
Se isotopes as a tracer to determine balance and bio- 
availability, but have not used them to study Se incor- 
poration into selenoproteins . 

The purpose of the present study was to evaluate 
the use of stable Se isotopes as tracers for following 
the incorporation of Se into selenoproteins. Initial 
studies were conducted in animals, but the ultimate 
objective was to validate the use of stable isotopes of 
Se as tracers for following the incorporation of Se into 
proteins of humans. 

Materials and Methods 
Animal Studies. Weanling Sprague-Dawley rats 

(sixteen males) were randomly assigned to Torula 
yeast-based diets with addition of 0 (basal diet) or 0.5 
pg/g added Se as sodium selenite. Animals were fed 
on the respective diets for 6 weeks. Animals were 
maintained in a room controlled for temperature (22- 
23"C), humidity (55%) and light cycle (12 h on and 
12 h off). After 6 weeks, animals within each diet 
group were subdivided into two other groups; one 
group was injected intraperitoneally (ip) with 10 pg 
of 77Se prepared as selenite in physiological saline 
(18). The second group was injected ip with 1.85 mBq 
of 7sSe as  sodium selenite (Dupont-New England 
Nuclear, Danvers, MA) which also contained 10 pg 
of natural abundance Se as selenite (1 ml total vol- 
ume for all injections). After injections, animals were 
returned to their cages for 36 hr (food and water 
ad libitum). Animals then were anaesthetized with so- 
dium pentobarbital, extensively perfused through the 
portal vein with ice-cold saline, and tissues dis- 
sected. Rat livers were homogenized in 0.25 M su- 
crose buffer containing protease inhibitors (0.2 g/l 
sodium azide, 35 mg/l phenylmethylsufonyl fluoride, 
0.6 mgll leupeptin, and 0.9 mg/l pepstatin) using a 
Potter-Elvehjem tissue grinder and then centrifuged 
at 40,OOOg for 30 min. The supernatant was saved 
and considered to be the cytosolic fraction. Cyto- 
sols within a diet x isotope group were pooled for 
chromatography. 

In a second experiment, two New Zealand rabbits 
(Hazelton Res. Products; Denver, PA) that had con- 
sumed rabbit chow for six months were injected (ip) 
with either 1.85 MBq of 7sSe (also containing 50 pg of 
natural abundance Se) or 50 pg of 77Se. The animals 
were given food and water ad libitum for 36 hr and 
then blood was withdrawn from the ear vein (0.14% 
EDTA as anticoagulant) and separated into red cells 
and plasma. 

Human Studies. To examine the chromato- 
graphic distribution of stable Se in the human plasma, 
a 38-year-old male subject, in good health, ingested an 
oral dose of 60 pg of 77Se as selenite, after an overnight 
fast. Twenty milliliters of blood were withdrawn (using 

oxalate as an anticoagulant) 36 hr after ingestion of the 
isotope, and plasma was prepared by the same proce- 
dure as in the animal studies. 

In order to study the distribution of stable Se in 
human plasma subjected to polyacrylamide gel elec- 
trophoresis (SDS-PAGE), excess plasma was obtained 
from a study in which a young man and young woman 
living in area of low Se intake had consumed an oral 
dose of 100 pg of 74Se as selenate. Blood was col- 
lected, using sodium heparin as an anticoagulant, and 
the plasma was prepared as before. 

Chromatography. Rat cytosol, plasma and hu- 
man plasma were chromatographed on Sephadex 
G-200 using a 1.6 x 100 cm column equilibrated with 
10 mM Tris-HC1 buffer (pH 8.6) run at a flow rate 
of 12.0 ml/hr. The void volume of the column was 
determined with blue dextran and the total volume 
of the column was determined with deuterium oxide. 
The column was calibrated with alcohol dehydroge- 
nase, bovine albumin, carbonic anhydrase, cy- 
tochrome C, and aprotonin. Three to four milliliters of 
sample were loaded; individual fractions were col- 
lected for 7sSe analysis, and adjacent fractions were 
combined for analysis of stable isotope. All samples 
were run at least twice and representative results are 
shown. 

SDS-PAGE. Large amounts of sample needed to 
be electrophoresed in order to detect stable Se in se- 
lenoproteins separated by SDS-PAGE. For plasma, a 
total of 0.35 ml was the minimum volume that gave 
good results. In order to run this amount of plasma, it 
was important to first remove low-molecular weight 
molecules and ions. Samples were prepared first by 
chromatography on PDG-6 Biogel (desalt resin with 
6000 mol wt exclusion limit; Bio-Rad Scientific, Rich- 
mond, CA). To insure complete removal of ions and 
low-molecular weight materials, this was followed by 
dialysis for 24 hr (Spectra-Por membrane; 1000 Dalton 
mol wt cutoff) and then precipitation with 10% ice-cold 
acetone. Precipitated samples were then boiled in SDS 
buffer and filtered through a 0.45-11. filter before appli- 
cation to gels. 

Polyacrylamide gels (9% acrylamide; 3 mm thick, 
16 cm wide x 20 cm long) were loaded with prepared 
samples in a single lane the width of the gel. Gels were 
run for 27 hr at 20 mAmps, following which they were 
sliced into 2.7-mm fractions. Adjacent fractions were 
combined and analyzed for the presence of stable or 
radioactive isotopes of Se. 

Stable Isotopes. Samples were prepared for sta- 
ble isotope analysis by weighing aliquots into tall form 
beakers to which was added 10 ml of 40% Mg(N03)2, 
2 ml of 6 M HCl, and 10 ml of 16 M HN03. In addition, 
76Se was added as an internal spike solution. Samples 
sizes were adjusted to produce a final natural abun- 
dance Se concentration of 5-10 ng/ml and the added 
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76Se spike was adjusted to 20?6-60% of the sample’s 
Se content. Samples were covered with watch glasses 
and allowed to reflux overnight. Samples were then 
evaporated to dryness and ashed at 490°C for 12 hr. 
Ash was then reacted with 4.5 ml of 12 M HCl and a 
sufficient volume of 12 M HCl and water to give a final 
HCl concentration of 3.8 M (13). 

A natural abundance Se stock solution was pre- 
pared from SeO,. (Esar,  Puratronic, 99.99%) and was 
used as a primary standard. Enriched 77Se (metal, 
76.00 atom%; Liquid Carbonic, Inc., Scarborough, 
Ontario, Canada) was converted to K,77Se0,, while 
enriched 76Se (metal, 90.50 atom%; Advanced Mate- 
rials & Technology, New York, NY) was prepared in 
a similar manner to give HZ7?3e0,. The former was 
used as the in vivo tracer and the latter was used as the 
in vitro spike for isotope dilution analysis (8). The 
stock solutions of 77Se and 76Se were quantified by 
ICP-MS by spiking each into a natural abundance Se 
standard solution. 

Stable isotopes were detected using an inductively 
coupled plasma mass spectrometer (ICP-MS, Plasma- 
Quad 2 + ; VG Elemental, Winsford Cheshire, United 
Kingdom) with a custom-built hydride generation Sam- 
ple introduction system (13). The amount of total Se 
(natural abundance) and the amount of tracer 77Se 
present in samples were calculated from ICP-MS in- 
tensity data using a computer program developed for 
use with multiple stable isotope tracers (TTMR9 Ver 
1.0) (19). 

Radioactive Isotopes. Samples containing 75Se 
were digested using the stable isotope procedure, but 
without the stable isotope spike. Individual digested 
tissues, or adjacent chromatography fractions, were 
combined and counted for y energies from 60 to 467 
keV (Packard 5003 gamma counter; Packard Instru- 
ment Co., Downer Grove, IL 60515). 

Results 
Distribution of Isotopic Se in Rat Liver Cytosol. 

Figure 1A compares the chromatographic distribution 
of radioactive 75Se to that of stable isotopic 77Se in the 
liver cytosol of rats fed the torula yeast-based diet with 
no added Se (pooled cytosols of four rats for each 
isotope). The pattern of isotope distribution was sim- 
ilar for the two isotopes, although a greater percentage 
of the administered dose of 77Se was incorporated into 
cytosol. Three major protein peaks were observed: A 
high molecular weight (HMW) peak coming shortly 
after the void volume contained 47% of radioactive 
isotope and 48% of the stable isotope; an intermedi- 
ate molecular weight peak (IMW) contained 40% of 
both isotopes; and a low molecular weight (LMW) 
peak eluting shortly before the total volume contained 
13 and 12% of the radioactive and stable isotope, 
respectively. 

Rats fed the diet high in Se incorporated less Se 
isotope into proteins in liver cytosol (Fig. 1B) than rats 
that were fed the diet deficient in Se. More 77Se was 
incorporated into liver cytosolic proteins than 75Se. 
The peak labeled to the greatest extent was the IMW 
peak, which contained 54% and 51% of the isotope 
(radioactive and stable, respectively); the HMW peak 
contained 23% and 24% of the isotopes, and the LMW 
peak contained 23% of both isotopes. 

Distribution of Isotopic Se in Rabbit Plasma 
Separated by Column Chromatography. Almost all 
radioactive and stable Se in rabbit plasma was found in 
an intermediate molecular weight peak (Fig. 2; 94% 
and 93% of the radioactive and stable isotope, respec- 
tively). A very small amount of both isotopes was in- 
corporated into a protein eluting shortly after the col- 
umn void; this peak was much more apparent when 
natural abundance Se was measured (data not shown). 

Distribution of Isotopic Se in Rabbit Plasma by 
SDS-PAGE. Figure 3 compares the distribution of ra- 
dioactive 75Se and stable 77Se in rabbit plasma after 
SDS-PAGE. Both isotopes were localized in two pro- 
teins of approximately 60 and 20 kDa, and the relative 
distribution of isotope among the two peaks was sim- 
ilar for both isotopes. 

Distribution of Stable Isotopic Se in Human 
Plasma Separated by Column Chromatography. 
Figure 4 shows the distribution of stable isotopic Se in 
human plasma. Because 75Se was not used, there was 
no comparison with another isotope, but the isotopic 
distribution was compared with natural abundance 
Se. Three, and possibly four, protein peaks were ob- 
served to contain natural abundance Se. The greatest 
amount of natural abundance Se was found in an IMW 
peak, and the next greatest amount was in a peak 
that eluted as a slightly smaller shoulder of the 
main peak. The third most abundant Se-containing 
peak was a HMW peak eluting shortly after the col- 
umn void. Finally, a very small amount of Se was 
found in a peak eluting shortly ahead of the column 
total volume. 

Stable isotopic Se was incorporated primarily into 
the main IMW peak. The shoulder of the IMW peak 
labelled with stable Se appeared much smaller than the 
shoulder of the IMW peak containing natural abun- 
dance Se. No 77Se was found in the HMW peak, and a 
very small amount was found in the LMW peak which 
eluted just before the total volume. 

Distribution of Stable Isotopic Selenium in Hu- 
man Plasma after Separation by SDS-PAGE. Fig- 
ure 5 shows the distribution of 77Se in human plasma 
after SDS-PAGE. Although there is no radioactive gel 
comparison, the distribution is similar to that of 75Se in 
rabbit plasma. Two major proteins were labelled; one 
was approximately 56 kDa and the other was approx- 
imately 23 kDa. 
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Figure 1. The distribution of tracer Se in the liver cytosol of rats fed diets either deficient or high in Se, and chromatographed on 
Sephadex G-200. The tracer Se was administered as either radioactive 75Se (-H-), or as stable 77Se (-O-). The values are 
presented as the percentage of the absorbed dose found in each fraction. Note that the total percentage of 77Se and 75Se incorporated 
into a peak is different; the y axis scale has been presented differently for each isotope to facilitate comparison of the pattern of 
incorporation of 77Se and 75Se into selenoproteins. The absorption at 280 nm is also shown (- - -). The column void volumn (V,) and 
total volumn (V,) are shown with arrows on the x axis. (A) Distribution in cytosol of rats fed a low Se diet. (B) The distribution of Se 
in the cytosol of rats fed a high Se diet. 

STABLE ISOTOPE SELENOPROTEIN INCORPORATION 273 



- 0.02 0.06 

0.018 

0.016 

0.014 

0.0 12 

0.05 

0.04 

3 4) 

0.03 $ 0.01 
r- 

0.008 

0.006 

0.004 

0.002 

0.02 

0.0 1 

0 0 
37 45 53 61 69 77 85 93 101 109 117 125 133 141 

Discussion sults in some proteins being labeled preferentially (20, 
21). Other studies have shown that the degree to which 
Se is incorporated into various proteins often depends 
on the amount of time after Se administration (20). 

While much is known about the effects of Se nu- 
triture on domestic animals, relatively little is known 
about Se metabolism, and the consequences of Se de- 

The study of Se metabolism in animals has been 
greatly aided by studying the incorporation of tracer 
75Se into proteins. Such studies have identified many 
selenium-dependent proteins (2) and have also shown 
that there is a hierarchy of demand for Se which re- 
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Figure 3. The distribution of isotopic se- 
lenium in the plasma of rabbits after sep- 
aration by SDS-PAGE. Rabbits were in- 
jected with radioactive 75Se (-m-) or 
stable 77Se (+). 
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ficiency, in humans. The lack of progress in under- 
standing human Se metabolism has been due, in part, 
to the lack of a suitable isotope that could be used as 
a tracer in the types of studies previously identified 
with animals. 

The purpose of this study was to validate the use 
of stable isotopes of Se as tracers of Se incorporation 
into selenoproteins. Stable isotopes of Se have been 

used previously in humans to follow the overall move- 
ment of Se through the digestive tract or into blood 
fractions (10, 13-15, 17,22). This study has shown that 
a physiologic oral dose of stable Se can be detected in 
human blood-borne proteins. We have shown that 
SDS-PAGE can be used to separate the selenoproteins 
with high resolution, and to estimate molecular 
weights of those proteins. We have also shown that the 
pattern of incorporation of stable Se into proteins is 
similar to the pattern of incorporation of radioactive 
75Se; this was true for different species, different tis- 
sues, and under conditions of different dietary intakes 
of Se. 

While the pattern of incorporation of stable isoto- 
pic Se into proteins was identical to that of radioactive 
Se, the absolute amount incorporated was different. In 
rat liver cytosol, a greater amount of 7 7 ~ e  was incor- 
porated, whereas in rabbit plasma, a greater amount of 
75Se was incorporated. Since the pattern of incorpora- 
tion was similar, it does not appear that the isotopes 
are being metabolized differently. A possible reason 
for such a difference could be that the redox states of 
radioactive and stable isotopes differed. Selenite is re- 
active and may be reduced to Se metal or oxidized to 
selenate (23). The stable isotope was prepared as sel- 
enite from Se metal (18). The radioactive isotope was 
received as selenite, but nonradioactive sodium sele- 
nite was added in order to equalize the total Se dose 
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between the two groups. Thus, the selenite used in this 
study came from three different sources and was pre- 
pared by three different laboratories. Small differences 
in techniques and laboratory conditions could have re- 
sulted in different amounts of the Se being present as 
selenite. Also, individual differences in animals could 
affect the oxidation potential of the gut, which could 
further alter the amount of Se present as selenite. An- 
other possible reason for the discrepancy is that there 
is no reliable way to cross calibrate between a mass 
spectrometer and a y radiation counter. 

In addition to a suitable tracer, metabolic studies 
examining protein incorporation of Se also need a high 
resolution method for separating the proteins of inter- 
est, and be capable of separating a sufficient amount of 
protein to allow detection of the isotope by mass spec- 
trometry. Column chromatography yields broad bands 
with much protein cross-contamination between bands. 
The semipreparative SDS-PAGE procedure in this re- 
port separates proteins into distinct bands and allows 
for the loading of a sufficient amount of sample so that 
the gels can be sliced and the stable isotope detected in 
individual slices. We have found that sample prepara- 
tion is essential for high resolution; a combination of 
size exclusion chromatography, dialysis and precipita- 
tion was most effective, and removing any of these 
steps resulted in poor quality and distorted gels. 

This study did not attempt to characterize seleno- 
proteins per  se, but the chromatographic and electro- 
phoretic patterns of selenoproteins observed in this 
study have been observed previously. A previous 
study using Sephadex G- 150 chromatography showed 
the same distribution of Se in rat liver cytosol and the 
same effect of dietary Se status (24). Rat plasma sep- 
arated by Sephadex G- 150 chromatography showed 
the same Se distribution as rabbit plasma in this study 
(25 ) .  

The use of heparin as an anticoagulant for the hu- 
man plasma used for SDS-PAGE may be questioned, 
as heparin binds to selenoprotein-P (26) and can affect 
its migration on Sephadex gels. However, these sam- 
ples were used for SDS-PAGE and were prepared by 
boiling in SDS which should have eliminated the in- 
teraction. The molecular weights of the labeled pro- 
teins were similar to the molecular weights of seleno- 
proteins reported in the plasma of animals and humans 
(2). The protein of approximately 60 kDa (rabbit) or 56 
kDa (human) is most likely selenoprotein-P (SeP) (27), 
and the protein of 20 kDa (rabbit) or 23 kDa (human) is 
most likely plasma GSH-Px (28). 

This study has shown that stable isotopes of Se 
can be used to study molecular aspects of Se metab- 
olism (i.e., they can be used to trace the incorporation 
of Se into proteins). We have shown that this can be 
accomplished in humans after feeding a single dose of 
stable isotope in an amount similar to a normal day's 

intake. We have also shown that SDS-PAGE can be 
used to separate proteins in sufficient quantities to 
measure the stable Se incorporated into the individual 
protein bands. These techniques will allow a more 
mechanistic approach to Se metabolism in future hu- 
man studies. 
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