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Abstract

The study was designed to determine the differential protein expression of Caco-2 cells treated with different
forms of selenium including sodium selenite, selenomethionine (Se-Met), and selenium nanoparticles (nano-Se).
Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) and mass spectrometry (MS) were used to identify
the differentially expressed proteins. The results indicated that seven protein spots, ubiquitin-conjugating enzyme
E2 (E2), glutathione synthetases (GS), triosephosphate isomerase (TSP), T-complex protein 1 subunit zeta (TCPZ2),
lamin-B1, heterogeneous nuclear ribonucleoprotein F (hnRNP F), and superoxide dismutase [Cu-Zn] (Cu, Zn-SOD)
were significantly different among all the groups. According to the order of control, sodium selenite, Se-Met, and

treated with nano-Se and Se-Met.

Nano-Se, the expression levels of two proteins (E2 and GS) increased and the other differential proteins were
reverse. Except for E2, there were no significant differences in other protein expressions between the groups
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Background
Selenium (Se) is an essential micronutrient for human.
Many animal experiments and clinical studies had indicated
that Se plays an important role in diverse physiologic
actions [1,2]. The essentiality of Se depends on its role at
the catalytic site of multiple selenoproteins [3]. Glutathione
peroxidase (GSH-Px), thioredoxin reductase (TRR), and
deiodinases (ID) are also some of the enzymes with Se in
their structure. These enzymes perform many important
biological functions. The reduction of hydroperoxide and
hydrogen peroxide is catalyzed by GSH-Px through the
reduced glutathione. As for TRR, it catalyzes the NADPH-
dependent reduction of the redox protein thioredoxin [4].
ID regulates thyroid hormone bioavailability. The above
enzymes play a critical role in reproduction, antioxidation,
muscle function, and tumor prevention [5].

Although Se is an essential element, its margin between
the lowest acceptable level of intake and toxicity is very
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narrow. According to a previous study, sodium selenite
stimulated Caco-2 cell proliferation at low concentrations
(10 to 100 nM) but inhibited growth at higher doses
(>1 pM) in serum-free medium [6]. The toxicity and
bioavailability of Se depend on the chemical form,
physiological state, different absorption characteristics,
and metabolic pathways [7,8]. In nature and organisms,
Se presents as organic (such as selenomethionine (Se-Met)
and selenocysteine (Sec)) and inorganic forms (selenide
(Se*"), selenate (SeO,27), selenite (SeO527), and Se) [9-14].
Selenium nanoparticles (nano-Se) is referred to as red or
elemental Se, existing as nano-sized particles which usu-
ally between 20 and 100 nm [15]. It has been reported
previously that nano-Se has high biological activities and
low toxicity [16] when compared with other forms of Se.
As one of the nanoparticles, nano-Se would have some
special physiochemical and biological properties [17].
Therefore, the differences of bioactivity and metabolism
of different forms of Se deserve investigation.

It is well known that the small intestine is the main
region for absorption of Se [18] and thus it becomes the
target organ for Se research. In the intestine of mice, the
Sec-containing metabolite is produced by the reaction
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between Sec and GSH after oral administration of Sec
[19]. The Caco-2 cell, differentiated human colon adeno-
carcinoma cell line, is usually used to mimic human
intestine as the cell model. This cell is considered to
present morphological and enzymatic characteristics of
small intestinal cells and has been generally well accepted
for estimating human absorption of various drug and
nutrient compounds [20].

In the present study, the Caco-2 cell model, treated
with Se in different chemical forms, was established to
investigate the corresponding differentially expressed
proteins using basal proteomics methods including
two-dimensional polyacrylamide gel electrophoresis (2D-
PAGE) and mass spectrometry (MS). Therefore, the same
concentration of Se at 100 nmol L™" were used in the
present study to evaluate and determine the differential
protein expressions in the Caco-2 cells treated with
sodium selenite, Se-Met, and nano-Se.

Methods

Preparation of nano-Se

Nano-Se was prepared according to the previous method
described by Zhang et al. [21] through the addition of
bovine serum albumin (BSA) to the redox system of sel-
enite and glutathione (GSH). In the present study, 2-mg
BSA was dissolved in 4-ml 25-mM GSH and then 1-ml
25-mM sodium selenite was added. The pH value was
adjusted to 7.2 using sodium hydroxide. The sizes of
red elemental Se was determined using the Mastersizer
particle size and zeta potential analyzer (Malvern
Instruments, Malvern, UK), with the average sizes being
22.19 nm as nano-Se.

Cell culture

The cells of Caco-2 were purchased from the Institute
of Biochemistry and Cell Biology, Chinese Academy of
Science (Shanghai, China). The cells were cultured in
Dulbecco's modified Eagle's medium (DMEM) with
10% fetal bovine serum (FBS), 1% nonessential amino
acids (NEAA), 2 mM L-glutamine, 100 U ml™" penicillin,
and 100 pg ml™' streptomycin at 37°C in a humidified
atmosphere of 5% CO, in air. When the cells approxi-
mately covered all the bottom of the tissue culture flask,
Hanks buffered salt solution (HBSS, pH7.4) was used to
wash the cells three times. Then trypsin digestion followed
to detach the cells from the culture flask. The reseeded
density was 30,000 cells per cm>.

Se exposure and protein extraction

In order to investigate the effects of Se in different
chemical forms on the protein expression to Caco-2
cells, sodium selenite, Se-Met, and nano-Se were pre-
pared at 100 nmol L', Before Se exposure, three forms
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of selenium sources were all diluted to the required con-
centration by HBSS. After washing, the Caco-2 cells
three times by HBSS, the cells were incubated with
HBSS containing 100 nmol L' of Se in different forms
(or only HBSS as control) for 2 h at 37°C in cell incubator.
Two hours later, the cells were washed with HBSS
triple and collected into 1.5 ml Eppendorf tubes. Then,
the electrophoresis cell lysis solution was added to the
Eppendorf tube, and the Eppendorf tubes were oscil-
lated about 1 h to ensure the lysis sufficiently. Then,
the ultracentrifuge was used to centrifuge the solution
for 1 h at 4°C, 40,000 x g, and the liquid supernatant was
collected and stored at —80°C. Protein quantification was
performed using the commercial protein assay kit with
BSA as the standard (Jiancheng Biotechnology Co.,
Nanjing, China).

Two-dimensional electrophoresis (2DE)

Isoelectric focusing (IEF) was performed on each Ready-
Strip IPG strip (17 c¢cm, pH 4 to 7, linear, Bio-rad,
Hercules, CA, USA) with IPGphor IEF system (Bio-Rad,
USA). Samples containing 100 pg protein were made up
to 300 pl with rehydrating buffer (8 M urea, 2 M thiourea,
4% CHAPS, 65 mM dithiothreitol (DTT), 0.33% carrier
ampholyte (pH 4 to 6 and pH 5 to 7, respectively)). After
the active rehydration for 12 h, IEF was conducted at
250 V for 1 h, 500 V for 1 h, 1,000 V for 1.5 h, 5,000 V
for 2 h, 8,000 V for 0.5 h, and 8,000 V to reach a total
of approximately 70kVh. After IEF, the strips were
equilibrated first, in equilibration buffer I (1% DL-DTT,
50 mM Tris-HCI (pH 6.8), 6 M urea, 30% glycerol, and
2% sodium dodecyl sulfate (SDS)) for 15 min and
second, in equilibration buffer II (2.5% iodoacetamide
instead of 1% dithiothreitol in equilibration buffer I) for
another 15 min. Finally, the second dimension was per-
formed using 12% acrylamide gels, and the 2D-PAGE
gels were stained with silver stain method as described
by Shevchenko et al. [22].

Image analysis and protein identification

The gels of 2DE were recorded as digitalized images
using a Calibrated Densitometer (GS-800, Bio-Rad, USA),
and the search for differentially expressed proteins was
carried out using the software of PDQuest Advanced
8.0.1. Protein spots were obtained from the silver-stained
gels, detained, and subjected to tryptic digestion as
described by Gokulakannan and Niehaus [23] for MS.
The peptides mixtures were re-dissolved in matrix solu-
tion, dried, and analyzed by a 4800 matrix assisted laser
desorption/ionization time of flight mass spectrometry
(MALDI-TOF/TOF)(Applied Biosystems, Carlsbad, CA,
USA). Combined MS and MS/MS spectra were subjected
to MASCOT (version 2.1, Matrix Science, London, UK)
by the GPS Explorer software (version 3.6, Applied



Fu et al. Nanoscale Research Letters 2014, 9:589
http://www.nanoscalereslett.com/content/9/1/589

Biosystems) and searched with the following parameters,
National Center for Biotechnology Information Non-
redundant (NCBInr) and EST databases. Known contam-
inant ions (tryptic auto-digest peptides) were excluded.
The individual MS/MS spectrum, with a statistically
significant (confidence interval >95%) ion scores (based
on MS/MS spectra), was accepted.

Results

Differential proteins analysis

The whole proteins of Caco-2 cells treated with/without
sodium selenite, Se-Met, and nano-Se at 100 nmol L™
were determined by 2D-PAGE. Approximately 700 spots
in each gel were detected, and most of the protein spots
are similar in the four kinds of 2D-PAGE gels (Figure 1).
Differentially expressed protein spots among the four
groups of Caco-2 cells were analyzed by PDQuest
Advanced 8.0.1 software. As the results, thirty spots repre-
sented reproducible upregulated (ratio(rreatments/Control) =2,
P <0.05) or down-regulated (ratio(rreatments/Control) <0.5, P <
0.05) changes in different treatments groups compared with
those of the control groups (Figure 2).

Page 3 of 8

Differential proteins identification

In order to identify the differentially expressed proteins
of Caco-2 cells exposed in different forms of Se with the
same concentration, 30 protein spots (marked on Figure 2)
were obtained from their corresponding 2-DE gels. After
in-gel trypsin digestion and MALDI-TOF/TOF identifica-
tion, seven significant protein spots were successfully
identified as ubiquitin-conjugating enzyme E2 (E2), gluta-
thione synthetases (GS), triosephosphate isomerase (TSP),
T-complex protein 1 subunit zeta (TCPZ), lamin-B1, het-
erogeneous nuclear ribonucleoprotein F (hnRNP F), and
superoxide dismutase [Cu-Zn] (Cu, Zn-SOD) (Table 1).
The corresponding numbers of the above seven identified
protein spots were 8, 29, 10, 18, 21, 20, and 23, respect-
ively (Figure 2). The enlarged regions of each protein in
silver stained 2-D gels and the spot density of each protein
in each treatment and control group are shown in Figure 3.
The MS figures for these seven proteins are listed in
Figure 4. According to the order of control, sodium
selenite, Se-Met, and nano-Se, the expression levels of two
proteins (E2 and GS) increased. As for other proteins
expression levels, the results were reversed (Figure 4a,b,c).

Figure 1 The two-dimensional electrophoresis (2DE) protein patterns of Caco-2 cells treated with Se. (a) Control, (b) sodium selenite
(Na,Se0s), () selenomethionine (Se-Met), and (d) selenium nanoparticles (nano-Se).




Fu et al. Nanoscale Research Letters 2014, 9:589
http://www.nanoscalereslett.com/content/9/1/589

Figure 2 Representative proteins silver stained gel images of
Caco-2 cells. Seventeen centimeters pH 4 to 7 IPG and 12%
SDS-PAGE, SDS-PAGE, sodium dodecyl! sulfate polyacrylamide gel
electrophoresis. Thirty differential expressed protein spots were
marked by red circle.

At the same time, except for E2, there were no significant
differences in other protein expressions between the
groups treated with nano-Se and Se-Met.

Discussion

Ubiquitin-conjugating enzymes (E2) intervene the ubiquiti-
nation and turnover of specific substrates of the ubiquitin-
dependent degradation pathway [24]. A conserved core
sequence composed of about 150 amino acids from
the -NH, terminus consisted in E2 proteins, and cysteine
residue is necessary in this region, which plays an essential
role in the formation of thiol ester bond with the -COOH
terminus of ubiquition [25]. In this study, the expressions
of E2 proteins in Caco-2 cells treated with Se were all
higher than that of the control groups, and the highest ex-
pression of E2 proteins was obtained in the nano-Se
groups. Higher expression of E2 proteins indicated the
increase of cysteine. Compared with the groups fed with
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adequate or supranutritional selenium, the significantly
decreased levels of plasma homocysteine and cysteine
were found in the rats and/or mice fed with selenium-
deficient diet [26]. The homocysteine can be converted to
cystathionine and cysteine, formed from cystathionine,
can be incorporated into protein [26]. Therefore, the three
forms of Se may accelerate cysteine increase in the Caco-2
cells and then promote the expression of E2 proteins, and
nano-Se has the optimum efficiency to increase cysteine
and the expression of E2 protein.

GS catalyzes the ATP-dependent synthesis of glutathione
(y-glutamyl- cysteinyl- glycine; GSH) from y-glutamyl-
cysteine(y-GC) and glycine. And y-GC is an intermediate
which is produced by y-glutamyl-cysteine synthetase (GCS)
from the amino acid substrates glutamate and cysteine [27].
As described in the E2 protein, Se can accelerate the amino
acid substrates cysteine increase, so the activities of GCS
could be stimulated subsequently. This hypothesis was veri-
fied in the rat liver, and the results indicated that the in-
crease mediated by Se in the activities of GCS was
observed [28]. In the present study, the expressions of GS
in the groups treated with different forms of Se were all
significantly higher than those of the control groups. In
addition, the GS in the groups treated with nano-Se and
Se-Met were also significantly higher than those treated
with sodium selenite. However, the levels of GS were
similar and there was no significant difference between
groups of nano-Se and Se-Met. All the different forms
of Se may increase the activities of GCS in Caco-2 cells,
and nano-Se and Se-Met are more effective than others.
The increased production of y-GC should be attributed
to the enhancement of GCS activities and then the
expressions of GS were stimulated to adapt the demand
of synthesis of GSH from y-GC and glycine.

TSP isomerase catalyzes the reversible interconversion
of G3P (glycerol-3-phosphate) and DHAP (dihydroxy
acetone phosphate). TSP isomerase is essential for energy
production, because only G3P can be used in glycolysis.
TSP isomerase allows two molecules of G3P to be pro-
duced for every glucose molecule, hence doubling the
energy vield. In Se-enriched yeast (SEY), the level of TSP
isomerase is lower than that found in regular yeast (RY)

Table 1 Differential expressed proteins identified by MALDI-TOF-MS among the four groups of Caco-2 cells

Accession number Protein name Protein MW Protein PI Protein score (C.l. %)
sp|P61086]UBE2K_HUMAN Ubiquitin-conjugating enzyme E2 22,3926 533 97.79
sp|P48637|GSHB_HUMAN Glutathione synthetase 52,3523 567 95.54
sp|P60174[TPIS_HUMAN Triosephosphate isomerase 30,771.7 5.65 9891
sp|P40227|TCPZ_HUMAN T-complex protein 1 subunit zeta 57,987.6 6.23 95.65
sp|P20700|LMNB1_HUMAN Lamin-B1 66,367.6 511 99.43
sp|P52597|HNRPF_HUMAN Heterogeneous nuclear ribonucleoprotein F 456429 538 99.95
sp|P00441|SODC_HUMAN Superoxide dismutase [Cu-Zn] 15,9259 57 96.30
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Figure 3 Enlarged regions and spots densities of 2D gels representative proteins of Caco-2 cells. From left to right: control, sodium
selenite, selenomethionine (Se-Met), and selenium nanoparticles (nano-Se), respectively.
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[29]. In the present study, the levels of TSP isomerase
in groups treated with nano-Se and Se-Met were lower
than those treated with sodium selenite and without Se
(control). As for the level of TSP isomerase in SEY, it
can be concluded that the Caco-2 cells can assimilate
more nano-Se and Se-Met than sodium selenite at the
same concentration. Nano-Se treatment had been demon-
strated to present a higher accumulation of Se compared
with sodium selenite treatment in the medaka (Oryzias

latipes) [30] with the similar exposure way of the present
study. Therefore, in this study, nano-Se and Se-Met are
more effective in absorption by Caco-2 cell than sodium
selenite, with the results that TSP isomerase performed
down regulation.

TCPZ is the { subunit of T-complex protein 1 (TCP1),
known as chaperonin-containing T-complex polypeptide
1 (CCT) or TCP1 ring complex [31]. Regardless of cell
type, the expression level of CCT depends on cell growth
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rate. The upregulation of CCT is to meet the increased re-
quirement for assistance in the folding of proteins which
are actively synthesized during cell growth [32]. HnRNP-F
is one of the constituents of the splicing-related hnRNP
complex and is related to the pre-mRNA cleavage reaction
in the mammalian nucleus. And it seems that hnRNP-F
might also be related to the cells growth [33]. Different
forms of Se exposure induced the different expressed
levels of TCPZ and hnRNP-F in Caco-2 cells. Compared
with the control groups, significantly more downregula-
tion was found in TCPZ and hnRNP-F of the groups
treated with Se. However, no significant differences were
observed in TCPZ and hnRNP-F between groups treated
with nano-Se and Se-Met. The results indicate that nano-
Se has the similar impact with Se-Met to regulate the
growth of Caco-2 cells.

The SOD, as a key enzyme in the production of reactive
oxygen species (ROS) in cells, catalyzes the dismutation of
superoxide anion to oxygen and hydrogen peroxide [34].
In chicks, Cu, Zn-SOD activity was at the higher level if
the diet Se was deficiency compared with the normal diet.
Se and the increased activity of SOD could be linked
with the H,O, accumulation [35]. In the present study,
the expressions of Cu, Zn-SOD in three Se treatment
groups were lower than that of the control groups. It
suggested that the less H,O, accumulation in the Se
treatment groups is associated with the lower expression
of Cu, Zn-SOD. In addition, the similar levels of Cu,
Zn-SOD were observed between groups treated with
nano-Se and Se-Met.

As for lamins, they are important structural components
of the nuclear lamina and play a role in nuclear architec-
ture, DNA replication, and gene expression. The lamin-B1
mutant mice provide evidence for a broad and nonredun-
dant function of lamin-Bl in mammalian development
[36]. In the present study, the downregulated lamin-B1l
was observed in Caco-2 cells treated with Se. In addition,
nano-Se and Se-Met also had the similar levels of lamin-
Bl1, and there was no significant difference. It might be
related to the metabolic pathway of these two forms Se in
Caco-2 cells and the interaction between both nano-Se
and Se-Met and lamin-B1 was similar.

Conclusions

In conclusion, the differentially expressed proteins were
determined in Caco-2 cells treated with/without Se
(sodium selenite, Se-Met, and nano-Se) using the methods
of 2D-PAGE and MS. Thirty spots represented reprodu-
cible upregulated or downregulated changes in different
Se treatment groups were compared with those of the
control, and finally, seven proteins were identified as E2,
GS, TSP isomerase, TCPZ, lamin-B1, hnRNP F. and Cu,
Zn-SOD. The present study provides the foundation for
further understanding the mechanism of proteins
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associated with Se in Caco-2 cells. In addition, different
results were observed in the groups treated with nano-Se,
a novel form of Se particle, and thus the reasons and re-
lated mechanisms should be investigated in the future
study.
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