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ABSTRACT

Some selenium compounds offer important health benefits when administered at supranutritional doses, such
as improvement of the immune system and of male fertility, and the prevention of some types of cancer. The
traditional selenium indexes do not account for the metabolic status of this element among replete individuals.
As a consequence, there is a need for new indexes that distinguish between repletion statuses of selenium. The
aim of this work was to indentify some plasmatic proteins that respond to supranutritional doses of selenium,
which could be proposed as new protein markers of selenium intake.
The effect on rats of dietary supplementation with either selenomethylselenocysteine (SMSeC) or sodiumselenate on some blood plasma proteins was investigated. Two experimental groups consisting of six rats each
were fed a basic diet supplemented with either SMSeC or sodium-selenate at 1.9 μg-Se / g-diet for ten weeks.
The control group was fed a diet that contained the recommended selenium dose (0.15 μg-Se / g-diet). The
changes in the abundance of a group of plasmatic proteins were quantified and analysed statistically.
Haptoglobin, apolipoprotein E and transthyretin increased their abundance after diet supplementation with
either form of selenium. HNF6 was responsive only to SMSeC, whereas fibrinogen responded only to sodiumselenate. We postulate that the protein patterns observed in this work could be proposed as new molecular
biology-based markers of selenium intake.
Key terms: selenium status, protein abundance, rat blood plasma, nutritional biomarkers

INTRODUCTION

Selenium (Se) is an essential trace element
that offers several health benefits to
animals and humans. Low dietary selenium
has deleterious effects on health and may
result in cancer, cardiovascular disease, and
immune dysfunction (Pagmantidis et al.,
2008), among others. In the past decade, the
main interest was focused on the anticarcinogenic properties of Se. There is
evidence for the chemoprotective effect of
selenium (Se) against some types of cancer
(Clark et al., 1996; Clark et al., 1998;
Finley et al., 2000; Zhuo et al., 2004; Unni
et al., 2005; Li et al., 2006; Li et al., 2008;
Gundimeda et al., 2008; and Bhattacharyya
et al., 2008). The mechanism by which Se
exerts its beneficial effects are not yet fully

understood, however it is believed that
selenoproteins and selenium compounds of
low molecular weight have an important
role (Irons et al., 2006).
Many of the beneficial effects of Se,
such as cancer prevention, improvement of
male fertility and enhancement of the
immune system, take place when
supranutritional doses of this element are
administered (Fleming et al., 2001; Hurwitz
et al., 2007; Safarinejad and Safarinejad,
2009). Additionally, those effects depend
on the chemical form of Se that was
administered. For example, it was shown
that selenomethylselenocysteine (SMSeC)
offers the highest chemoprotection against
colon cancer, as compared either with
selenomethionine or with inorganic salts,
such as selenite and selenate (Finley et al.,
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2000; Finley and Davis, 2001; Ip et al.,
2000). On the other hand, organic selenium
compounds do not produce selenium
accumulation in cells, and therefore the
oxidative stress caused by selenium
accumulation can be prevented (Shalini and
Bansal, 2007).
Selenium bioavailability in mammals
has been usually determined in blood
plasma by means of biochemical indexes,
such as the selenium concentration, the
activity of glutathione peroxidase (Clark et
al., 1996), and the relative abundance of
selenoprotein P, the most abundant
selenoprotein in blood plasma (Brown and
Arthur, 2001; Johtatsu et al., 2007).
Recently, Sunde et al. (2008) conducted a
longitudinal repletion study to investigate
the efficacy of molecular biology markers
for assessing Se status in humans. They
found that there were no significant
longitudinal effects on the traditional Se
biomarkers. In addition, the authors
observed that the molecular and the
biochemical markers reached a plateau in
their response curves, and hence these Se
indexes are unable to distinguish
differences in the Se status of replete
subjects. Additionally, Gromadzinska et al.
(2008) reported that selenoproteins reach a
plateau when supranutritional doses of Se
are administered, and consequently they
would not be suitable indexes of Se status
in repletion studies.
The preceding antecedents led us to
hypothesize that some plasmatic proteins,
different from the traditional Se markers,
would respond to Se supplementation in
supranutritional doses, and could probably
be proposed as alternative Se status
biomarkers to be used in nutritional
diagnosis.
This work investigated the effect of
dietary supplementation with two selenium
compounds (SMSeC and sodium-selenate)
at supranutritional doses on the abundance
of some proteins of the blood plasma of
rats. The aim of this study was to determine
whether the intake of either SMSeC or
sodium-selenate above the recommended
dose is reflected as differences in the
abundance of some plasmatic proteins.
Two-dimensional gel electrophoresis was

used to determine changes in the abundance
of the proteins, and mass spectrometry was
used to identify those proteins.

METHODS

Experimental design and statistical analysis
The doses of Se used in this study were
selected on the basis that some of the
beneficial effects of Se take place when
supranutritional doses of this element are
fed (Fleming et al., 2001; Hurwitz et al.,
2007; Safarinejad and Safarinejad, 2009). A
dose of 0.15 μg Se /g diet is slightly above
the recommended dose (0.14 μg Se /g diet),
and 2.0 μg Se / g diet is near the toxicity
limit (Suzuki, 2005). Thus, in order to
prevent toxic effects on the experimental
animals, 1.9 μg Se /g diet was chosen as the
dose to be used in the experimental groups.
The feeding period was ten weeks, because
some
effects
of
supranutritional
administration of Se have been observed
within this period of time in similar studies
in rats (Finley et al., 2000).
Plasma samples were collected, pooled
in each experimental or control group, and
analysed by 2D-gel electrophoresis. The
normalized spot volume (relative
abundance) of each of 21 proteins was
determined
densitometrically
in
quadruplicate from the gel images.
Statistically significant differences (MannWhitney test at a 95% confidence interval)
in the relative abundance of proteins were
obtained by comparing the normalized
volumes of the spots corresponding to each
experimental group and the control group.
Statistical analysis was carried out using
Statgraphics TM 5.1 software. Finally,
protein identification was performed by
mass spectrometry analysis.
Animals
Experimental groups of six Wistar rats, 21days old, were fed a Torula yeast-based diet
(Dyets Inc, Bethlehem, USA) supplemented
with 1.9 μg Se /g diet of either SMSeC
(group 1) or sodium selenate (group 2)
during a feeding period of 10 weeks. A
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control group consisting of 6 rats was fed a
basic diet supplemented with 0.15 μg Se /g
diet of sodium selenate, which delivers the
recommended amount of selenium. Animals
were maintained at 20ºC, 12 h/12 h day/
night cycles in stainless steel cages with
free access to deionised water and the
corresponding diet.
Plasma samples
After the experimental feeding period,
blood from each rat was collected by
cardiac puncture, using standard protocols
(Ruz et al., 1999). Collection was made in
heparin tubes (BD Biosciences, USA). The
tubes were inverted up and down ten times
and immersed in an ice bath. The tubes
were centrifuged at 1300 RCF for ten min
at 4ºC. Plasma was separated from the
solids. Supernatant was transferred to a new
centrifuge tube and centrifuged at 2400
RCF for 15 min at 4ºC, in order to discard
micro platelets. Plasma samples were kept
at -80ºC until analysis.
Total selenium concentration
Total selenium concentration in the blood
plasma of each animal was determined
analytically
after
the
dietary
supplementation period. An atomic
absorption spectrophotometer with a
graphite furnace (Perkin Elmer Inc., USA)
was used, following the protocol described
by Jacobson and Lockitch (1988) and
adapted for plasma samples. Selenium
concentration was expressed as μmol of
elemental selenium per L of plasma. The
results were analysed statistically by means
of a Student’s t test at 95 % level.
Sample preparation
Plasma samples collected from the six rats
of each experimental group were pooled, in
order to normalize the variations among the
animals, and depleted of albumin using the
Qproteome TM Murine Albumin Depletion
Kit (QIAGEN GmbH, Germany), following
the instructions of the manufacturer.
Albumin depletion is frequently used in
proteomics studies, and shows high
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reproducibility (Gupta et al., 2007). This
procedure is used to reduce the wide range
of protein concentration found in plasma,
thus allowing the detection of lower
abundance proteins. Protein concentration
in plasma was determined according to the
Bradford method using BSA as protein
standard. The albumin-depleted protein
solutions were freeze-dried and kept at 20ºC until electrophoretic analysis.
2D gel electrophoresis
Proteins in the albumin-depleted plasma
were fractionated by 2D gel electrophoresis
using the method of Toledo et al. (2002)
that is based on that described by O’Farrell
(1975). Briefly, 300 μg of protein from the
albumin-depleted plasma were resuspended
in 50 mL of lysis buffer (9.5 M urea, 2%
Triton X-100, 1.6 % ampholytes 4-7 range,
0.4 % ampholytes 3-10 range, and 5 % βmercaptoethanol), incubated at room
temperature for 15 min and loaded onto labmade first dimension gels (115 mm height
and 3 mm internal diameter capillary
tubes). A 4.0-7.0 pH gradient was used. Gel
prefocusing was carried out according to
the following program: 200 V for 15 min,
300 V for 15 min and 400 V for 15 min.
Isoelectric focusing (IEF) was performed at
400 V for 20 h, to complete 8000 Vh. After
IEF, the gels were extruded and
equilibrated immediately in 2 mL of
equilibration solution (10% glycerol, 5% bmercaptoethanol, 2.3 % SDS, 0.0625 M
Tris-HCl pH 6.8) for 10 min. Vertical SDSPAGE was run with lab-made homogeneous
acrylamide gel (11.5 % acrylamide; 180
mm height and 120 mm wide), at a constant
voltage of 50 V during 16 h. Gels were
soaked in a solution of 25% methanol and
7.5% acetic acid for 30 min, stained in
Coomassie Brilliant Blue R-250 for 12 h
(0.1% Coomassie blue R250, 25%
methanol, 7.5% acetic acid) and destained
in a solution of 25% methanol and 7.5%
acetic acid. Coomassie Blue staining is the
most reliable quantitative protein staining
method and is widely used in proteomics
studies (Li et al., 2007). All chemicals were
analytical grade and were purchased form
Sigma Co. (St. Louis, MO, USA).
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Image analysis
Image acquisition was performed with an
ImageScanner II device (GE Healthcare,
Uppsala, Sweden). Intensity calibration was
carried out using an intensity step wedge
prior to the image capture. The Total LabTM
v2.01 software was used for image analysis.
Spots were automatically detected and
matched. Each spot volume was determined
densitometrically and processed by
background subtraction. Spot volumes of
all gels were normalized by dividing the
raw quantity of each spot by the total
quantity of all valid spots in that gel, as
recommended in literature (Grove et al.,
2006; Kim et al., 2006).
Protein identification by mass spectrometry
analysis
Protein spots were excised directly from the
gels and analysed by MALDI-TOF at the
University of Colorado Health Sciences
Centre (UCHSC), USA. Gel bands were cut
into small pieces to enhance cleaning of
bands and trypsin absorption. Bands were
manually digested using the standard
Proteomics Core protocol (Rosenfeld et al.,
1992; Hellman et al., 1995). Samples were
digested overnight with modified porcine
trypsin at room temperature. Digest solution
was spotted on a MALDI target with alphacyano-4-hydroxycinnamic acid for sample
co-crystallization. Samples were analysed
using MALDI - TOF mass spectrometry in a
Voyager DE-STR system (PerSeptive
Biosystems Inc., MA, USA). Data was
calibrated, deisotoped and centroided and a
peak list was generated. Peak lists were
searched using the MASCOT search engine
(http: //www.matrixscience.com) against the
nrNCBI database v20070204/Rodent subset.

animals fed the selenium-supplemented
diets, as compared to the control group
(data not shown). However, there were no
statistically significant differences between
the control and the experimental groups at a
95 % confidence (p-value = 0.327).
Additionally, no significant differences in
the plasmatic selenium concentration were
observed between the animals fed with
SMSeC or with sodium-selenate, at a 95 %
confidence interval (p-value = 0.857).
Representative gels of the control group
and the group fed the SMSeC-supplemented
diet are shown in Figure 1. The results of
protein identification by mass spectrometry
are presented in Table I, and refer to the
spots shown in Figure 1. Densitometric
analysis of the gels corresponding to each
condition is shown in Figure 2. Relative
abundance of individual proteins was
compared between the animals fed with
either SMSeC or with sodium-selenate, and
also with the control group. Figure 2 shows
that the protein spots numbers 1, 3, 11 and
21 were more abundant in plasma from rats
fed diets supplemented with SMSeC, as
compared to the sodium-selenate group or
the control group. The protein spots 8, 9 and
12 in both experimental groups showed a
lower abundance compared with the control
group, whereas the protein spots 7, 10, 13,
15, 16 and 19 were more abundant in the
sodium-selenate supplemented group, as
compared to the SMSeC-supplemented
group or the control group. Protein spots 1,
2, 3, 4, 6, 8, 9, 12 and 21 showed a lower
abundance in the plasma of the sodiumselenate supplemented group, as compared
to the control group. Finally, protein spots
13, 15, 16 and 19 were more abundant in the
plasma of rats fed diets supplemented with
either form of selenium (SMSeC or sodiumselenate) in comparison to the control group.
Statistical analyses of the above mentioned
differences are shown in Table II.

RESULTS

Total concentration of selenium was
determined in plasma samples in order to
investigate the effect of different forms of
selenium on this commonly used index of
selenium status. The concentration of
selenium in plasma was slightly higher in

DISCUSSION

The total concentration of selenium in
blood plasma from any of the experimental
groups (consisting of rats fed diets
supplemented with either SMSeC or
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Figure 1: Representative gel images of (a) control group: 0.15 mg Se (as sodium selenate) per g
diet, and (b) experimental group: 1.9 mg Se (as SMSeC) per g diet. For each condition
(experimental and control), 2D gels were made in quadruplicate and were stained with Coomassie
Brilliant Blue R-250. Each gel was analysed densitometrically, and the relative abundance of each
spot was calculated. Spot numbers indicating the proteins that were modulated by selenium are
highlighted in the figure. The protein spots were analysed by mass spectrometry in order to
determine their identity.
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sodium-selenate) shows no statistically
significant differences compared to the
control group. Nor were there significant
differences in the indexes between the
experimental group fed the diet
supplemented with SMSeC compared to the
one fed the diet supplemented with sodiumselenate. In our view, these observations
suggest that the total concentration of
selenium in blood plasma would not be a
suitable index of selenium intake at
supranutritional doses. These results agree
with those published by Sunde et al. (2008)
and Gromadzinska et al. (2008), who found
that the biochemical and the molecular
markers of Se status show saturation

behaviour, and then they are not able to
distinguish between different Se statuses
above the recommended dose.
When an organic or an inorganic form of
selenium supplemented the diet, differences
in the plasmatic protein pattern, in
comparison to the control group, were
observed. In addition, the experimental
groups fed with the two different forms of
selenium displayed differences in the
abundance of some plasmatic proteins.
These different protein patterns would not
be associated with any toxicity effect,
because the experimental animals did not
show any toxicity symptoms during the
whole experimental period.

TABLE I

Mass spectrometry analysis. Spot Nr: number assigned to each spot in Figure 1. Score and
Expect Value: parameters given by the Mascot search engine; a high score and a low
Expected Value represent a low probability that the search result is a random result, i.e.
low probability that the result is a false positive.
Spot Nr.

Protein

Sequence coverage (%)

Score

Expected Value

1

Hepatic nuclear factor 6 (HNF6)

97

26

3.70E-02

2

Contrapsin-like protease inhibitor (CPi-21)

64

184

6.50E-14

3

Alpha-1-antitrypsin

66

191

1.30E-14

4

Apolipoprotein A-IV

83

338

2.00E-29

5

Fibrinogen

71

220

1.60E-17

6

Fibrinogen

62

174

6.50E-13

7

Fibrinogen

58

135

5.20E-09

8

Apolipoprotein A-I

78

155

5.20E-11

9

Apolipoprotein A-I

83

207

3.30E-16

10

Alpha-1-antitrypsin precursor

63

213

8.20E-17

11

Cyclin H

34

52

9.20E-01

12

Immunoglobulin light chain

64

101

1.30E-05

13

Apolipoprotein E

46

81

1.20E-03

14

Apolipoprotein E

71

119

2.10E-07

15

Haptoglobin

34

84

6.50E-4

16

Rat Transthyretin

89

106

4.10E-06

17

Apolipoprotein A-IV

33

133

8.20E-09

18

Zinc finger protein 108

27

60

1.60E-01

19

Alpha-1-antitrypsin

66

290

1.60E-24

20

Alpha-1-antitrypsin

56

273

8.20E-23

21

Gelsolin

60

233

8.20E-19
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Figure 2: Effect of dietary supplementation with two forms of selenium on the relative abundance
of plasmatic proteins in rats: Relative abundance (arbitrary units) of individual protein spots was
calculated from four gel replicates. Values are the mean ± standard deviation. Panel (a): spots 1
through 10; panel (b): spots 11 through 21. Control, SMSeC-supplemented diet and sodiumselenate-supplemented diet are represented as open, grey-filled and black-filled bars, respectively.
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On the other hand, a statistically
significant increase in the abundance of
some plasmatic proteins was observed in
both groups of rats that were fed diets
supplemented with either form of selenium,
SMSeC or sodium-selenate, in comparison
to the control group. Those proteins were
apolipoprotein E (spot 13), haptoglobin (spot
15) and transthyretin (spot 16). However, no
significant differences were observed in the
abundance of those proteins between the
SMSeC and the sodium-selenate groups (p-

values 0.245, 0.081 and 0.51, respectively).
Accordingly, an increase in the relative
abundance of those three proteins could be
indicative of the intake of a supranutritional
dose of selenium but it would not distinguish
between the organic and the inorganic form
of this element. Apolipoprotein E is a
secreted protein that mediates the binding,
internalization and catabolism of lipoprotein
particles. It serves as ligand for the LDL
receptor and for the specific apo-E receptor
of hepatic tissues. Selenium deficiency has

TABLE II

Statistical analysis of the relative abundance of proteins: The p-values obtained from the
comparison of protein abundances among the two experimental groups and the control
group are shown. The average of the relative abundance of each protein spot was
calculated from four replicates of 2D-gel electrophoresis. A Mann-Whitney test was made
considering a 95% confidence interval, in order to detect significant differences. n.d.
indicates that the analysis could not be performed because the normalized volume either in
the experimental or the control group was zero. (*) indicates statistically significant
differences.
Spot Nr

Inorganic/control

Organic/control

Inorganic/organic

1

0.052

0.030*

0.030*

2

0.149

0.337

0.061

3

0.245

0.245

0.030*

4

0.052

0.596

0.030*

5

n.d.

0.699

n.d.

6

0.081

0.663

0.029*

7

0.029*

0.306

0.029*

8

0.245

0.105

0.049*

9

0.050*

0.384

0.051

10

n.d.

n.d.

n.d.

11

n.d.

n.d.

n.d.

12

0.030*

0.030*

0.051

13

n.d.

n.d.

0.245

14

n.d.

n.d.

n.d.

15

n.d.

n.d.

0.081

16

0.030*

0.030*

0.051

17

n.d.

n.d.

n.d.

18

n.d.

n.d.

n.d.

19

n.d.

n.d.

0.051

20

n.d.

n.d.

0.698

21

0.698

0.698

0.245
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been associated with an increased level of
apolipoprotein E in rat plasma, although the
mechanism by which selenium deficiency
affects lipoprotein metabolism is poorly
understood (Mazur et al., 1996). Such effect
has been attributed to housekeeping
selenoproteins, which would have a role in
the regulation of the biosynthesis and
metabolism of lipoproteins (Sengupta et al.,
2008). Transthyretin is a hormone-binding
protein, rich in aromatic amino acids, that
transports thyroxin from the blood stream to
the brain. It is synthesized in the liver and in
the choroid plexus (Navab et al., 1977). This
protein is involved in the metabolism of the
thyroid hormone and selenium seems to play
a major regulatory function on thyroid
hormone homeostasis (Kohrle, 1992). Such
metabolic control is performed through the
antioxidant
activity
of
several
selenoenzymes that are synthesized in the
thyroid gland (Schmutzler et al., 2007). Both
apolipoprotein E and transthyretin would be
indirectly related to selenium metabolism.
Haptoglobin binds free haemoglobin that is
released from erythrocytes, and inhibits its
oxidative activity. It also prevents iron loss
through the kidneys and protects these
organs from damage caused by haemoglobin
(Yang et al., 1983). The relationship of
haptoglobin with selenium metabolism
remains to be clarified.
Hepatic nuclear factor 6 (HNF6, spot 1)
underwent a significant increase in
abundance when SMSeC supplemented the
diet, as compared to the control group (pvalue = 0.030). Additionally, significant
differences were found in the abundance of
this protein after diet supplementation with
different forms of selenium (p-value =
0.030). In contrast, no significant difference
was observed in the abundance of this
protein between the experimental group fed
the diet supplemented with sodium-selenate
and the control group (p-value = 0.052).
Thus, an increase in the abundance of
HNF6 in blood plasma could reflect the
intake of SMSeC in a supranutritional dose,
and probably it could distinguish between
the organic and the inorganic forms of
selenium.
Alpha-1-antitrypsin (spot 3) and
apolipoprotein AIV (spot 4) showed a
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significant decrease in abundance after dietsupplementation with sodium-selenate as
compared to the SMSeC group (p-values
0.030 and 0.030, respectively). However,
both proteins were equally abundant in the
experimental group fed the SMSeCsupplemented diet and in the control group
(p-values 0.245 and 0.596, respectively).
Fibrinogen (spot 7) and alpha-1antitrypsin (spot 19) were significantly
more abundant in rats fed the diet
supplemented with sodium-selenate, in
comparison to the control group (p-values
0.029 and n.d., respectively). Besides,
fibrinogen was significantly more abundant
in comparison to the group of rats that
received the SMSeC-supplemented diet (pvalue 0.029). Thus, a significant increase in
the abundance of that protein seems to
reflect the intake of sodium selenate in a
supranutritional dose.
In
conclusion,
haptoglobin,
apolipoprotein E and transthyretin were
found to significantly increase their
abundance in the blood plasma of rats when
a supranutritional dose of any form of
selenium (SMSeC or sodium-selenate)
supplemented the diet. HNF6 protein was
found to respond only to SMSeC
supplementation but not to sodium-selenate
supplementation. Finally, fibrinogen
showed a significant increase in abundance
only when the diet was supplemented with
sodium-selenate. In this way, the response
of rats to dietary supplementation with
different selenium compounds was partially
characterized. Some proteins increased their
abundance in the blood plasma depending
on the chemical form of selenium that was
included in the diet. Thus, the protein
patterns observed in this work could
probably be proposed as new molecular
biology-based markers of selenium intake.
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