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Abstract

The metabolism of selenium (Se) in the bloodstream of rats was studied using HPLC-ICP-MS with an enriched Se stable
isotope, and the results were used as Se-specific indicators for Se nutritional status. Concentration of endogenous Se in
plasma depended on dietary Se, while changes in concentrations and distributions of exogenous Se revealed its metabolic
pathway. Namely, selenite was taken up by red blood cells and reduced to selenide, and then reappeared in plasma in a form
bound selectively to albumin within 10 min, disappeared from plasma again within 30 min after injection. Then, the
concentration of labelled Se started to increase slowly as selenoprotein P and extracellular glutathione peroxidase, and
attained a maximum level at about 6 h after injection. The isotope ratio of endogenous to exogenous Se concentrations in
plasma after 48 h post-injection was proposed to represent the Se-specific indicator in plasma reflecting the nutritional status

of Se.
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1. Introduction

Selenium (Se) 1s an essential element having a
very narrow range of dietary level for the necessary
amount, and both inorganic and organic Se in
nutrients are assumed to be metabolized through the
key intermediate, selenide [1-3]. Inorganic Se, sele-
nite and selenate are reduced to selenide by gluta-
thione (GSH) in the body owing to the intrinsic low
ionization potential of Se, and then utilized to
produce Se-containing proteins (selenoproteins)
through selenocysteine or excreted after being
methylated. Thus, Se is chemically a unique element
being present in both inorganic and organic forms
with a variety of oxidative states from +6 to —2. In

*Corresponding author.

addition, Se alters its localization in the body de-
pending on its chemical forms. Although Se adminis-
tered in a form of selenite or selenate is known to
appear in the bloodstream in quite different chemical
forms as mentioned above, details of metabolic
changes in the chemical forms of Se have been
studied only to a limited extent owing to the absence
of appropriate analytical methods.

Chemical forms of metals among biological con-
stituents can be estimated efficiently by detecting
metals in the eluate of various columns by HPLC
and liquid chromatography with the use of an atomic
absorption spectrometer (AAS) [4,5], atomic emis-
sion spectrometer (AES) by excitation with induc-
tively coupled argon plasma (ICP) (ICP-AES) [6,7],
and mass spectrometer (MS) by ionization with ICP
(ICP-MS) [8-11]. Our recent application of HPLC-
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ICP-MS further demonstrated that endogenous and
exogenous (labelled with an enriched stable isotope)
metals in different chemical forms can be specified
simultaneously by a single experiment [9,10].
Simultaneous speciation of both endogenous and
exogenous metals can be performed only by utilizing
MS as a detector of separation tools such as HPLC.
Thus, HPLC-ICP-MS can be effectively used as a
powerful way of specifying metabolites, and also for
revealing their metabolic fate and interaction with
internal pools.

One additional aim in the present study was to
develop sensitive and selective biological indicators
that would reflect the nutritional status of respective
trace metals, and also would be required to diagnose
a status of ‘deficient to excessive* for essential trace
metals in the body. Recently we successfully applied
the HPLC-ICP-MS method with enriched stable
isotopes and demonstrated that the nutritional status
of Se in the body can be diagnosed by its distribution
in biological fluids [10]. By this application, we
showed that the nutritional status of Se in rats by the
feeding of diets of differing Se contents is reflected
in Se-containing biological constituents in body
fluids (blood and urine) and organs. The present
study was performed to reveal the detailed metabolic
process of Se in the bloodstream, and to find and to
propose specific and selective indicators in plasma
for the nutritional status of Se based on the specia-
tion study. The isotope ratio of exogenous to endog-
enous Se was proposed as an indicator that can be
used without referring to the reference material or
value, and certainly is applicable as a better indicator
than our previous one in urine [10].

2. Experimental
2.1. Reagents

Sodium selenite (99%) was purchased from Al-
drich (Milwaukee, WI, USA). Concentrated HNO,
and HCIO, (analytical grade), and standard solution
of Se (1000 pg Se/ml) were from Wako (Osaka,
Japan). Sodium selenite enriched with ’Se was
prepared by oxidation of the enriched metallic *Se
(97.02%, Oak Ridge National Laboratory, Oak
Ridge, TN, USA). Oxidation of metal 2Se was

achieved by dissolving it in concentrated metal-free
nitric acid and subsequent neutralization with 1 M
NaOH.

2.2. Animals and treatment

Male Wistar rats were purchased at 4 weeks of age
from a breeder (Clea Japan, Tokyo, Japan). After
feeding a normal diet (CE-2, Clea Japan) and tap
water ad libitum for 1 week, three groups of rats
were fed a Se-deficient (<<0.03 pg Se/g diet, Orien-
tal Yeast, Tokyo, Japan), Se-adequate (0.2 ng Se/g
diet prepared by addition of sodium selenite to the
Se-deficient diet) or Se-excessive (2.0 pg Se/g diet)
diet and deionized water ad libitum for 3 weeks. The
composition of the Se-deficient diet has been re-
ported elsewhere [9]. *?Se-enriched sodium selenite
was singly injected intravenously at a dose of 25 pg
**Se/kg body weight under pentobarbital anesthesia.
Blood was collected with heparin under light ether
anesthesia at various time points after injection or
without heparin at 48 h post-injection. The blood
specimen was immediately centrifuged at 8000 g for
1 min to separate plasma or sera.

2.3. Analysis of distributions and concentrations of
Se

A 0.1-ml aliquot of plasma was applied to a
size-exclusion column (Asahipak GS-520, 500X7.6
mm, Showa Denko, Tokyo), and the column was
eluted with 50 mM Tris—HCI buffer (pH 7.4) at a
flow-rate of 1.0 ml/min on HPLC (LC-10AD,
Shimadzu, Kyoto, Japan). The elute was introduced
directly into the nebulizer tube of ICP-MS (PMS
2000, Yokogawa Analytical Systems, Musashino,
Japan) to monitor Se (m/z 78 and 82) and sulfur (S,
m/z 34) concentrations continuously. The analytical
conditions of ICP-MS were reported in the previous
paper [9]. Results for S and endogenous Se (m/z 78)
are presented as direct counts from ICP-MS, while
results of the exogenous Se (m/z 82) are presented as
calculated counts.

A 0.5-ml aliquot of plasma or serum was wet-
digested with an acid mixture of HNO, and HCIO,
(4:1, v/v) and diluted to 5 ml with purified water.
Concentrations of Se in the samples were analyzed
by detection at m/z 78 and 82 using ICP-MS with
calibration carried out by the standard addition
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Table 1
Concentrations of endogenous Se in plasma

Group Endogenous se Number of samples
(ng Se/ml plasma) n)

Deficient 118+3* 13

Adequate 362+9 12

Excessive 419x15*

Rats were fed a Se-deficient, -adequate or -excessive diet for 3
weeks, and then plasma was obtained from the rats. Values are
means*S.EM. *P<0.05, compared with the value of the
adequate group

method. Concentrations of endogenous Se were
calculated from counts of m/z 78 and those of
exogenous Se were calculated by the following
formula:

(counts of m/z 82 originated from exogenous Se)
= (measured counts of m/z §2)

— (measured counts of m/z 78)

X (ratio of counts of m/z 82/78 in standard

solution of natural abundance Se)
2.4. Statistics
Student’s t-test was utilized to evaluate differences
between means.
3. Results
3.1. Concentrations of the endogenous and
exogenous Se in plasma reflect the nutritional

status

Concentrations of endogenous Se were detected by
natural abundance '°Se, while concentrations of

Table 2

exogenous Se were estimated by enriched (97.02%)
*’Se after subtracting the “*Se concentration in the
natural abundance Se from the experimental *’Se
concentration. Concentrations of the endogenous Se
in plasma reflected the nutritional status that was
produced by feeding diets of differing Se contents as
demonstrated in Table 1. The concentration in the
Se-deficient group was decreased to 1/3 of the Se-
adequate group. On the other hand, the concentration
of the Se-excessive group was increased only 16%
over the adequate group after 3 weeks of feeding
despite the fact that 10 times less and more the
concentrations of Se were contained in the deficient
and excessive groups, respectively.

Although the same dose of labelled selenite was
loaded to the three groups of rats, concentrations of
labelled Se in serum at 48 h post-injection were
dependent on the nutritional status (Table 2). That is,
exogenous Se concentrations in plasma increased
with decreasing Se content in the diet.

3.2. Speciation of exogenous Se in plasma; uptake
and reduction in RBC, and binding to albumin

Distributions of endogenous and exogenous Se
among constituents in plasma were determined by
separation on a size-exclusion column and moni-
toring Se concentrations at m/z 78 and 82, respec-
tively, using ICP-MS. Simultaneous detection of
endogenous and exogenous Se revealed that con-
centrations and distributions as well, of endogenous
Se were not altered by the injection of the labelled
selenite, indicating that the present dose was suffi-
ciently small so as not to disturb the internal pool.
However, dramatic changes were shown in both
concentrations (Fig. 1) and distributions (Fig. 2) of
labelled Se. (Only the typical profile was shown in
Fig. 2).

Concentrations of endogenous and exogenous Se in serum at 48 h post-injection of selenite

Group Concentration (ng Se/ml serum)

Ratio

Endogenous Se

Exogenous Se

endogenous Se/exogenous Se

Deficient 1662 [5**
Adequate 384=10
Excessive 443+46

56.4+3.3% 3.0x0.4%*
42.3+08 9.1+0.3
12.5+1.6%* 36.2x1.8%*

Rats were fed a Se-deficient, -adequate or -excessive diet for 3 weeks, and then labeled (**Se-enriched) selenite was injected intravenously
and serum was obtained from the rats 48 hr later. Values are means=S.EM. (n=3~4). *P<<0.05, **P<0.0001, compared with the

corresponding values of the adequate group
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Fig. 1. Time-dependent changes in concentrations of labelled Se in
plasma after a single intravenous injection of **Se-enriched
selenite into rats, maintained for three weeks on three diets of
different Se content. A single intravenous dose of * Se-enriched
selenite (25 pg **Se/kg body weight) was injected into rats that
had been maintained for three weeks on three different diets of Se
content, and the concentrations of “*Se in plasma were plotted
against time after the injection. Se-deficient group (O), Se-
adequate group (@) and Se-excessive group ([J).

Labelled Se injected as selenite disappeared from
plasma within 30 min (Fig. 1), and this Se was
shown not to be present as selenite even at only 10
min post-injection. The labelled Se disappearing
rapidly from plasma within 30 min after the injection
was designated to be bound to albumin from the
retention time on the present column (Fig. 2)
separating plasma proteins largely into albumin and
globulins [12]. The in vitro mixing of selenite with
plasma demonstrated that Se did not bind to albumin,
selenite being eluted as the anion without being
bound to any plasma constituents on a size-exclusion
column by HPLC (Fig. 3a). However, incubation of
selenite in plasma in the presence of GSH (2 mM) at
37°C for 10 min (data not shown), or in heparinized
whole blood in the absence of glutathione, produced
a Se peak at the retention time corresponding to
albumin (Fig. 3b, 10 min). As is evident in Fig. 3b,
selenite was taken up by RBCs within 1 min under
the latter conditions. Further, in the absence of
albumin (heparinized blood of analbuminemic rats)
[12], it was shown that the labelled Se incorporated

S 22 pgimi
Se 26 ng/ml
Labeled Se 3 ng/ml

S (m/z 34)

Se (m/z 78)

Labeled Se
(m/z 82)

10 min

30 min

L 1 | -l

s 10 15 20
Retention time (min)

Fig. 2. Time-dependent changes in the distributions of labelled Se
in plasma after a single intravenous injection of “’Se-enriched
selenite into rats maintained for three weeks on a Se-adequate diet.
Selenite enriched with **Se was singly injected intravenously into
rats of the Se-adequate group, and blood specimens were obtained
10, 30 min, 1, 3, 6, 13 and 24 h after the injection. Distributions of
exogenous Se were determined on an Asahipak GS 520 column.
Distributions of sulfur (S) (m/z 34) and endogenous Se (m/z 78)
were determined at the same time as references. The vertical bar
indicates the detection level for the three elements: albumin (Alb),
extracellular glutathione peroxidase (eGPx). and selenoprotein P
(Sel P).

into RBCs was not effluxed from RBCs (data not

shown), confirming earlier suggestions by Gasiewics
and Smith [13].

3.3. Speciation of exogenous Se in plasma;
extracellular glutathione peroxidase and
selenoprotein P

The labelled Se disappearing from plasma and
reappearing in plasma within 10 min after the
injection disappeared again within 30 min (Fig. 1).
However, after 30 min post-injection of *’Se-en-
riched selenite, concentrations of labelled Se in
plasma started to increase with time, and new peak
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Fig. 3. Distributions of labelled Se in plasma (a) and whole blood
(b} after incubation with **Se-enriched selenite on a size-exclusion
column by HPLC-ICP-MS. Selenite enriched with *’Se was
incubated in plasma (a) for 0 and 10 min, and in whole blood (b)
for 0, 1 and 10 min at 37°C, and the distributions of labelled Se in
plasma were determined on an Asahipak GS 520 column. Dis-
tributions of sulfur (S) (m/z 34) were determined at the same time
as the references.

concentrations were attained at about 6 h after the
injection in the three dietary groups (Fig. 1). The
distribution profiles of **Se in plasma after 30 min
post-injection indicated that the labelled Se peak at
the retention time of albumin decreased with time
and, instead, two new labelled Se peaks increased
with time at retention times of 9.6 and 10.5 min (Fig.
2). Retention times of these two labelled Se peaks
corresponded to the two endogenous Se peaks in the
same plasma. When distributions of Se were first
demonstrated by HPLC-ICP-MS, we tentatively
designated the two Se peaks in plasma as selenopro-

tein P (Sel P) and extracellular glutathione per-
oxidase (eGPx) in the order of elution from the
column [9]. However, this assignment was reversed
here, based on the observation that the slower eluting
Se peak was produced by the interaction with
heparin and that this peak in serum was eluted more
slowly at 12.0 min as a sharper peak without heparin
(Fig. 4), which corresponded to the heparin-binding
property of Sel P [14]. Therefore, the two Se peaks
increasing in plasma at 9.6 and 10.5 min with time
after 30 min post-injection in Fig. 2 were designated
as eGPx and Sel P, respectively, indicating that
selenide transferred from albumin in plasma to the
liver was incorporated into the two selenoproteins
and reappeared in plasma after 30 min post-injection.
Fig. 2 revealed that the labelled Se transferred to the
liver was incorporated faster and at a greater amount
into Sel P than into eGPx. These observations
confirm previous suggestions by Burk and his co-
workers [15,16].

3.4. Isotope ratio of endogenous to exogenous Se
concentration as a specific and sensitive indicator
for nutritional status

The difference in concentrations of labelled Se in
plasma of the three dietary groups became more
evident with time later than 6 h (Fig. 1). To
investigate the cause of this difference, distributions
of labelled Se were compared between the deficient
dietary group (the slowest rate in disappearance of

(@ (b)
S S
(m/z 34) (m/z 34)
endogenous endogenous
Se (m/z 78) Se (m/z 78)
L o | 1 i _a N P | ']
5 10 15 H 10 15 20

Retention time (min)

Retention time (min)

Fig. 4. Effect of heparin on the distribution profile of the two major Se-containing peaks in the bloodstream on a size-exclusion column by
HPLC-ICP-MS. Two distinct Se peaks were observed at 9.5 and 12.0 min on an Asahipak GS 520 column by HPLC-ICP-MS in the serum
of the male Wistar rat of 15 weeks of age (a), while an addition of 10% heparin into the serum (serum/heparin solution=9:1, v/v) caused a
shift of the slower eluting peak (b). The faster and slower eluting Se peaks were designated as extracellular glutathione peroxidase (€GPx)

and selenoprotein P (SelP), respectively.
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Fig. 5. Time-dependent changes in distributions of labelled Se in plasma at the disappearance phase after a single intravenous injection of
*’Se-enriched selenite into rats of the Se-deficient (a) and Se-excessive rats (b) on an Asahipak GS 520 column by HPLC-ICP-MS. For

details, see the legend to Fig. 3.

labelled Se) and the excessive dietary group (the
fastest rate in disappearance of labelled Se) (Fig. 5).
In the disappearance step, labelled Se incorporated
into Sel P disappeared rapidly as demonstrated in the
two dietary groups in Fig. 5. Further, the distribution
profiles in Fig. 5 indicated that the labelled Se
incorporated into Sel P disappeared more rapidly in
the excessive group than in the deficient group.
These changes in distribution profiles of labelled Se
were shown as the change in concentrations of the
labelled Se in serum at 48 h post-injection (Table 2).

4. Discussion

Separation by HPLC and on-line detection with an
element-specific detector have been demonstrated to
give more valuable information than a simple mea-
surement of element concentrations. ICP-MS was
used as an element-specific detector, and this method
was used to analyze Se in the body in the present
study. ICP-MS is currently the most sensitive means
of detecting concentrations of metals and, in a
previous study, HPLC—ICP-MS was effectively ap-
plied for the first time to specify endogenous Se in
plasma [9]. In addition, ICP-MS can be applied to

analyzed stable isotopes, and makes it possible to use
enriched stable isotopes as labels to trace the meta-
bolic fate of elements [10,11]. As a result, the
application of HPLC-ICP-MS with enriched stable
isotopes to Se in the present study has successfully
demonstrated that the method can be used efficiently
to specify endogenous Se by detecting the natural
abundance 78Se, and at the same time, to specify
exogenous Se by detecting enriched **Se.

4.1. Reduction of Se in RBCs

The present HPLC—ICP-MS study with **Se-en-
riched selenite revealed the metabolic pathway of Se
administered as selenite into the bloodstream, and it
was found to be mostly transferred to RBCs. Ex-
tremely rapid and complete uptake of selenite by
RBCs occurred at first within several min, and
selenite was assumed to be reduced to selenide in
RBCs. Selenide produced in RBCs by reduction with
GSH was effluxed into plasma (only when albumin
was present), and sequestered selectively by albumin
(Fig. 2). Direct transfer of selenide to the liver
without being sequestered by albumin was not
possible because selenide was not effluxed from
RBCs in the absence of albumin.
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These observations indicate that Se alters its
localization by changing chemical forms. Namely, Se
in a form of selenite is taken up efficiently by RBCs
and reduced possibly to selenide, and then the
selenide is effluxed and bound selectively to albumin
in plasma.

4.2. Mechanisms of the transfer of Se to and from
albumin

Selenide was assumed to be produced in RBCs,
and it was demonstrated to be effluxed into plasma
and bound selectively to albumin. However, the
mechanism to explain the transfer of selenide based
on chemical reactions is not known. It seems reason-
able to assume that there is a formation of (al-
bumin)-S-Se—(selenide) bridge between selenide
and albumin. This chemical reaction has to be
verified together with the reasonable mechanism for
the selective binding of selenide to albumin. Further,
although the transfer of selenide bound to albumin to
the liver observed in the present study (Fig. 2) was
already proposed by Sandholm [17], its mechanism
is also not known yet. In addition, there was one
more observation that still requires an explanation.
Namely, selenide is sequestered only by about 5% of
the albumin existing in plasma (data not shown). The
rest of the albumin was silent to this sequestration
reaction.

4.3. Nutritional status and metabolic pool

A large amount of exogenous Se was shown to
disturb the endogenous metabolism of Se, as demon-
strated by the administration of *’Se-enriched sele-
nite at a single dose of 50 pg Se/rat [10]. However,
a smaller dose of 25 wg Se/kg body weight in the
present study did not disturb endogenous Se, and no
appreciable changes in concentrations and distribu-
tions of endogenous Se were observed. The nutri-
tional effect of Se content in diet was reflected by the
endogenous Se concentration in plasma or serum of
rats in the three dietary groups (Tables 1 and 2). The
nutritional effect was also observed in the metabo-
lism of exogenous Se (Fig. 5), and labelled Se in Sel
P was shown te respond more sensitively than in

eGPx (Fig. 2 and Fig. 5), indicating that the metabol-
ic turnover of Sel P is faster than that of eGPx.

4.4. Isotope ratio of endogenous to exogenous Se
concentration as a specific and sensitive indicator
for nutritional status

As the concentration of the endogenous Se in
plasma was shown not to be affected by a small
amount of exogenous Se despite reflecting the nutri-
tional status, it can be used as a reference value
before or without injection of labelled Se. Further,
the concentration of the exogenous Se in plasma at a
later time after the injection, reflecting the disappear-
ance rate of Sel P, was also shown to sensitively
reflect the nutritional status (Fig. 1, Table 2). The
rapid metabolism of Sel P in the excessive dietary
group must be related to its, as yet, unknown
biological roles. These results also suggest that the
ratio of concentrations of exogenous Se to endogen-
ous Se after 48 h post-injection of the enriched
selenite represents a very sensitive and accurate
indicator of the nutritional status of Se. On this
assumption, the ratios of concentrations of endogen-
ous to exogenous Se in serum at 48 h post-injection
of labelled selenite were calculated from the data
shown in the left columns of Table 2. As this new
indicator is based on the ratio between the two Se
isotopes, no reference materials are required to
obtain absolute values with accuracy and precision.

4.5. Metabolic characteristics of selenoprotein P
and scheme for proposed metabolism of selenite in
bloodstream

Although the mechanisms for the uptake of
selenide bound to albumin by the liver and the
incorporation of the labelled Se into eGPx and Sel P
at the different rate were not studied in the present
study, it has been proposed that selenide is incorpo-
rated into proteins through selenophosphate and
selenocysteinyl tRNA [18.19]. The present results
confirmed the observation using radio-labelled sele-
nite by Burk and colleagues [15] that Sel P responds
more sensitively to exogenous Se supplied in a form
of selenite than eGPx. This fast response of Sel P
may be related to its biological role. A schematic
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Bloodstream

2 <—{ selenoprotein P |

SeCys-tRNA/
Protein synthesis

Liver

Fig. 6. Proposed scheme for the metabolic fate of Se injected into
bloodstream in the form of selenite. Se-containing compounds
originating from exogenous and endogenous Se are represented in
rectangular and oval shapes, respectively. Se injected in a form of
selenite is incorporated into RBCs, reduced to selenide or its
equivalent, and then effluxed to plasma in the presence of albumin
and sequestered selectively by albumin. Selenide bound to al-
bumin is transferred to the liver and is then incorporated into
selenoproteins such as selenoprotein P (Sel P) and extracellular
glutathione peroxidase (eGPx) through selenocysteine (SeCys).
The two selenoproteins are excreted into plasma, Sel P being the
major one and disappearing from plasma faster.

diagram of the proposed metabolism of selenite in
the bloodstream is shown in Fig. 6.
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