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Abstract

Our objectives were to determine if porcine serum could be enriched with selenium (Se) by feeding pigs with

high concentrations of dietary Se and if the Se-biofortified serum inhibited proliferation of 3 types of human cancer

cells. In Expt. 1, growing pigs (8 wk old, n = 3) were fed 0.02 or 3.0 mg Se/kg (as sodium selenite) for 16 wk

and produced serum with 0.5 and 5.4 mmol/L Se, respectively. In Expt. 2, growing pigs (5 wk old, n = 6) were fed

0.3 or 1.0 mg Se/kg (as Se-enriched yeast) for 6 wk and produced serum with 2.6 and 6.2 mmol/L Se, respectively.

After the Se-biofortified porcine sera were added at 16% in RPMI 1640 to treat NCI-H446, DU145, and HTC116

cells for 144 h, they decreased (P < 0.05) the viability of the 3 types of human cancer cells by promoting apoptosis,

compared with their controls. This effect was replicated only by adding the appropriate amount of methylseleninic

acid to the control serum and was mediated by a downregulation of 8 cell cycle arrest genes and an upregulation of 7

apoptotic genes. Along with 6 previously reported selenoprotein genes, selenoprotein T (Selt), selenoprotein

M (Selm), selenoprotein H (Selh), selenoprotein K (Selk), and selenoprotein N (Sepn1) were revealed to be

strongly associated with the cell death-related signaling induced by the Se-enriched porcine serum. In

conclusion, porcine serum could be biofortified with Se to effectively inhibit the proliferation of 3 types of human

cancer cells and the action synchronized with a matrix of coordinated functional expression of multiple

selenoprotein genes. J. Nutr. 143: 1115–1122, 2013.

Introduction

Cancer is a major public health threat and afflicts millions
of people in the world. Approximately 30% of women and
50% of men in the United States may develop cancer within
their lifetime (1). Lung cancer represents the leading cause of
cancer mortality, followed by prostate and colon cancers (2).
The Nutritional Prevention of Cancer Trial showed that
daily supplementation of 200 mg selenium (Se) as Se-enriched
yeast decreased mortalities of lung, colon, and prostate
cancers in senior citizens (3). Other animal and human

studies have also demonstrated a similar anticancer potential
of supranutritional levels of Se (4,5). Because ingesting high

levels of Se from currently used sources may be associated

with increased risks of diabetes and hyperlipidemia in humans

(6,7), it is important to explore novel or safe sources of Se

that possess more anticancer capacity with fewer health

concerns.
Selenoproteins and nonprotein-bound Se metabolites in the

liver of mice fed supranutritional Se were reported to reduce the

risks of colon cancer (5). As a vital organ for Se metabolism (8),

the liver may produce anticancer selenocompounds and distrib-

ute them into target organs via the circulation. Those active

selenocompounds are presumably present in the serum. In cer-

tain parts of the world, serum from food animals such as pigs is

used as foods or food ingredients. Although pigs are an excellent

model for human nutrition and medicine (9), the effects of Se-

enriched serum from pigs or any other food-producing species

on treating human cancer cells have not been reported. Various

forms of inorganic and organic Se compounds have been used in

studying the anticancer role and mechanism of Se (5,10). These

include sodium selenite, sodium selenate, seleno-DL-cystine
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(SeCys)8, seleno-DL-methionine (SeMet), Se-methylseleno-L-
cysteine (SeMC), and methylseleninic acid (MSA) (10,11). Com-
paratively, MSA is one of the most effective forms of Se in
inhibiting cancer cell proliferation (11). In general, anticancer
functions of various Se compounds are mediated by regulating
major cell cycle arrest and apoptosis signaling proteins (12,13).
The former include cyclin-dependent kinase 1 (Cdc2), cell divi-
sion cycle 25 homolog A (Cdc25A), cyclin-dependent kinase 2
(Cdk2), cyclin-dependent kinase 4 (Cdk4), cyclin A, cyclin D1,
transcription factor Dp-1 (DP1), growth arrest and DNA damage-
inducible gene 153 (GDAA153). The latter include RAC-beta
serine/threonine-protein kinase (AKT2), B-cell lymphoma 2 (Bcl-2),
Caspase3, cFos-binding protein (c-Jun), forkhead box O1 (FoxO1),
cyclin-dependent kinase inhibitor 2A (p19), cyclin-dependent
kinase inhibitor 1 (p21), mitogen-activated protein kinase p38
(p38), and tumor suppressor protein 53 (p53) (12–17). How-
ever, there is no information on the effectiveness and underlying
mechanism of Se-biofortified porcine serum compared with other
well-tested Se sources in treating or inhibiting the proliferation
of human cancer cells.

Although a total of 25 selenoproteins (18) was identified in
the human genome, the involvement and relative importance of
these proteins in the anticancer actions of Se, in particular in
inhibiting the recurrence of cancer cells, have remained unclear
(5,19). Many past studies were focused on single or only a few
selenoproteins (5,20–22) in the formation of primary cancer
(5,22) and were conducted with the perception that the expres-
sion of most, if not all, selenoproteins in normal cells was sat-
urated at Se levels much lower than the anticancer doses (5).
Little information is available on the responses of the whole
selenogenome or multiple selenoprotein genes in the formed can-
cer cells to exposure of high levels of Se. Because recent animal
studies have demonstrated regulations of high Se intake (up to
3 mg Se/kg diet) on the expressions of deiodinase, iodothyronine,
type I (Dio1), cytosolic glutathione peroxidase (Gpx1), gastro-
intestinal glutathione peroxidase (Gpx2), plasma glutathione
peroxidase (Gpx3), phospholipidhydroperoxide glutathione per-
oxidase (Gpx4), selenoprotein H (Selh), selenoprotein K (Selk),
selenoprotein M (Selm), selenoprotein O (Selo), selenoprotein S
(Sels), selenoprotein T (Selt), selenoprotein V (Selv), 15 kDa
selenoprotein (Sep15), selenoprotein N (Sepn1), Sepp1, seleno-
protein W (Sepw1), thioredoxin reductase-1 (Txnrd1), and
thioredoxin reductase-2 (Txnrd2) (23–25), it is fascinating to
examine if high Se serum induces cell cycle arrest and apoptosis
via regulating individual or groups of selenoprotein genes in
human cancer cells. Therefore, our objectives were to determine
if: 1) porcine serum could be biofortified with Se by feeding pigs
with supranutritional levels of sodium selenite and Se-enriched
yeast; 2) the Se-biofortified porcine serum was more effective

than the commonly used selenocompounds in inhibiting prolif-
eration of human lung, prostate, and colon cancer cells; and 3)
the high-Se porcine serum inhibited the human cancer cells by
activating cell cycle arrest and apoptosis signaling via regulation
of the functional expression of selected selenoprotein genes.

Materials and Methods

Pigs, diets, and serum preparations. The pig protocol for Expt. 1 was

approved by Sichuan Agricultural University, Chengdu, China. Six
Duroc3 Landrance 3 Yorkshire growing pigs (8 wk old) were fed a Se-

deficient, corn-soybean basal diet (0.02 mg Se/kg; 23) or the diet plus 3.0

mg Se/kg as sodium selenite (Kermel) for 16 wk. The pig protocol for

Expt. 2 was approved by the Cornell University Institutional Animal
Care and Use Committee. Twelve Yorkshire 3 Hampshire 3 Landrace
growing pigs (5 wk old) were fed a similar corn-soybean meal diet (26)

supplemented with Se at 0.3 and 1.0 mg /kg as Se-enriched yeast (ADM
Alliance Nutrition) for 6 wk. In both experiments, pigs were given free

access to feed and water and were housed in temperature (22�C)- and
light (12 h)-controlled pens. The serum Se enrichment protocol in Expt.

2, including dietary Se supplemental level and feeding duration, was
based on the serum Se responses of pigs in Expt. 1.

At the end of feeding, blood was collected from the anterior vena

cava of pigs feed-deprived overnight for 8 h. The serum was prepared by

centrifugation at 1000 3 g for 15 min at 4�C and was filtered twice
through a 0.22-mm membrane for sterilization and stored at 220�C be-

fore use. Serum from pigs fed the Se-deficient basal diet or 3.0 mg Se/kg

in Expt. 1 was designated as control and Se-Na, respectively. Serum from
pigs fed 0.3 and 1.0 mg Se/kg in Expt. 2 was designated as control and

Se-Y, respectively. The concentrations of total Se, GPX3 activity, lactate

dehydrogenase (LDH) activity, and selenoprotein P (Sepp1) in the pre-

pared serum samples were determined as previously described (23,27,28).
Separation of nonprotein-bound Se and protein-bound Se in pig serum

was conducted as described by Beilstein and Whanger (29).

Cell culture and viability assay. The human small cell lung cancer cell

line NCI-H446 used in Exp. 1 was obtained from Shanghai Institute of

Cell Biology, Chinese Academy of Sciences. The human prostate cancer

cell line DU145 and human colon cancer cell line HCT116 used in Exp. 2
were generously donated by Dr. David Shalloway, Department of Molec-

ular Biology and Genetics of Cornell University. Before the Se-enriched

serum treatments, cells were grown in RPMI 1640 medium supple-

mented with 100 IU penicillin, 100 mg streptomycin/mL, and 10% FBS.
After FBS-free cell suspension was prepared and cells were seeded at

13 104 cells/well in 24-well plates, the selected porcine serumwas added

(at 16%) to the medium for various tests. Our preliminary experiment
indicated that 16% pig serum could replace 10% FBS in the media to

maintain growth and morphology of the selected 3 human cancer cell

lines. All cell culture plates were maintained in a humidified incubator

containing 5% CO2 and 95% air at 37�C. The medium was changed
every 48 h. After 144 h of incubation, cell viability was determined using

the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide as-

say (10). Cell counting was conducted using a hemacytometer and viable

cells were determined by the trypan blue exclusion method.
In Expt. 1, the baseline Se concentration in the RPMI 1640 media

was 0.08 mmol/L. The viability of human small cell lung cancer cells

(NCI-H446) was determined with or without the Se concentration in the
control serum equalized with that of Se-Na by adding the proper amount

of sodium selenite. The apoptotic rate of treated cells was assayed using a

FITC Annexin V Apoptosis Detection kit II (BD Bioscience) by a flow

cytometer (BD FACSCalibur). The LDH activity in the medium super-
natant was determined as described above.

In Expt. 2, the baseline Se concentration in the RPMI 1640 media

was undetectable. The viability of human prostate cancer cell line

DU145 and human colon cancer cell line HCT116 was determined as
described above after the Se concentration in the control serum was

equalized with that of Se-Y by adding the proper amounts of SeCys,

SeMet, SeMC, sodium selenite, sodium selenate, or MSA. To exclude

nonspecific toxicity associated with the Se dose used, an amount of Se

8 Abbreviations used: AKT2, RAC-beta serine/threonine-protein kinase; Bcl-2, B-cell

lymphoma 2; Cdc2, cyclin-dependent kinase 1; Cdc25A, cell division cycle 25

homolog A; Cdk2, cyclin-dependent kinase 2; Cdk4, cyclin-dependent kinase 4; c-Jun,

cFos-binding protein; Dio1, deiodinase, iodothyronine, type I; DP1, transcription factor

Dp-1; FoxO1, forkhead box O1; GADD153, growth arrest and DNA damage-inducible

gene 153; Gpx1, cytosolic glutathione peroxidase; Gpx2, gastro-intestinal glutathione

peroxidase; Gpx3, plasma glutathione peroxidase; Gpx4, phospholipidhydroperoxide

glutathione peroxidase; HPRT, hypoxanthine-guanine phosphoribosyltransferase;

LDH, lactate dehydrogenase; MSA, methylseleninic acid; p19, cyclin-dependent

kinase inhibitor 2A; p21, cyclin-dependent kinase inhibitor 1; p38, mitogen-activated

protein kinase p38; p53, tumor suppressor protein 53; SeCys, seleno-DL-cystine; Selh,

selenoprotein H; Selk, selenoprotein K; Selm, selenoprotein M; Selo, selenoprotein

O; Se-Na, serum from pigs fed 3.0 mg Se/kg in Expt. 1; Sels, selenoprotein S; Selt,

selenoprotein T; Selv, selenoprotein V; SeMC, Se-methylseleno-L-cysteine; SeMet,

seleno-DL-methionine; Sep15, 15 kDa selenoprotein; Sepn1, selenoprotein N; Sepp1,

selenoprotein P; Sepw1, selenoproteinW; Se-Y, serum from pigs fed 1.0mg Se/kg in

Expt. 2; Txnrd1, thioredoxin reductase-1; Txnrd2, thioredoxin reductase-2.
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equal to that in Se-Y was added into the regular RPMI 1640 media as

sodium selenite, SeMet, or MSA to treat DU145, HCT116, and HepG2

cells.

Real-time qPCR and Western-blot analyses. The cancer cells were

collected after treatments with Se-Na or Se-Y along with the respective
control serum with balanced (equalized) Se concentrations for 144 h.

Total RNAwas prepared from fresh cells by using Trizol (Invitrogen) and

following the manufacturer�s instructions. The mRNA levels of pertain-

ing genes in cell cycle arrest, apoptosis, and selenoprotein genes were
determined by qPCR (7900 HT; Applied Biosystems). The genes assayed

and primer sequences used for each gene are presented in Supplemental

Table 1. The 22ddCt method was used for the quantification with

hypoxanthine-guanine phosphoribosyltransferase (HPRT) as a reference
gene, and the relative abundance was normalized to the control (as 1).

The validity of HPRT as the reference was verified by its amplification

plots and dissociation curves of all samples from the 2 cell lines (Sup-
plemental Fig. 1). Protein concentration determinations and Western-

blot analyses of the pertaining samples were performed as previously

described (24). The primary antibodies used for each gene are presented

in Supplemental Table 2.

Statistical analyses. Data generated from Expt. 1 were analyzed using

Student�s t test. Data generated from Expt. 2 with $3 treatments were

analyzed by 1-way ANOVA to test the main effects. The Bonferroni t test
was followed for multiple mean comparisons if there was a main effect.

The correlation between the expression profiles of selenoprotein genes

and cell cycle arrest/apoptosis genes was analyzed using the stepwise
regression program of PROC REG. Significance was set at P < 0.05. All

analyses were conducted using SAS 8.2 (SAS Institute).

Results

Expt. 1
Pig study. Feeding pigs with 3 mg Se/kg as sodium selenite
elevated (P < 0.05) the total serum Se concentration, nonprotein
and protein-bound Se, relative percentage of nonprotein-bound
Se, and GPX3 activity compared with the control diet (Table 1).
The total Se concentration in the control and Se-Na was 0.5 and
5.4 mmol/L, respectively. Meanwhile, the Se supplementation
decreased (P < 0.05) the serum LDH activity and relative per-
centage of protein-bound Se. Dietary Se concentrations did not
show any effect on growth performance or apparent pig health
(data not shown).

Cell study. After 144 h of incubation, the cells treated with
Se-Na had lower (P < 0.05) viable cell counts (25%; Fig. 1A) and
cell viability (22%; Fig. 1B), along with increased (P < 0.05)
LDH activity released into the media (Fig. 1C), compared with
pigs treated with the control serum. The difference (P < 0.05) in
cell viability between the 2 types of serum still remained (Fig.
1D) even after their Se concentrations were matched by adding
the appropriate amount of sodium selenite to the control serum.
Although typical quadrantal diagram of cells was shown (Fig.
2A,B), the cells treated with Se-Na had a greater (P < 0.05)
apoptotic rate than those treated with the Se-equalized control
serum (Fig. 2C). Compared with the control group, the Se-Na–
treated cells had a substantial decrease (P < 0.05) in the Bcl-2
mRNA level and increases (P < 0.05) in p53 and p38 mRNA
levels (Fig. 2D). However, there was no difference in Caspase3
mRNA level between the 2 treatments.

Expt. 2
Pig study. Feeding pigs with 3 mg Se/kg as Se-enriched yeast
elevated (P < 0.05) the total serum Se concentration from 2.6
mmol/L of the control to 6.2 mmol/L (Table 1). Whereas the

serum Sepp1 concentration was greater (P < 0.05) in the Se-Y
than in the control, GPX3 activity did not differ between the 2
types of sera. Growth performance or health condition of pigs
was not affected by dietary Se concentrations (data not shown).

Cell viability. Compared with those treated with the control
serum, the Se-Y–treated DU145 and HCT116 cells exhibited
lower (P < 0.05) cell viability (Fig. 3A,B). After proper amounts

TABLE 1 Effects of supranutritional dietary Se on biochemical
profiles of pig serum in Expt. 1 and 21

Control2 Biofortified3

Expt. 1

Total Se, mmol/L 0.5 6 0.2 5.4 6 0.6*

NBS, mmol/L 0.02 6 0.01 1.5 6 0.1*

PBS, mmol/L 0.48 6 0.1 4.2 6 0.6*

NBS, % 4.0 6 2.8 24.6 6 1.3*

PBS, % 96.0 6 2.8 75.4 6 5.9*

Protein, g/L 35.5 6 3.3 36.1 6 3.4

GPX3, units/mL 8.1 6 2.8 28.8 6 4.5*

LDH, units/mL 184 6 8.9 102 6 10.8*

Expt. 2

Total Se, mmol/L 2.6 6 0.2 6.2 6 0.8*

GPX3, units/mL 37.9 6 0.9 35.6 6 1.6

Sepp1,4 % 100 6 7.2 157 6 23.1*

1 Values are means 6 SEs, n = 3–6. Means with * are different from the controls, P ,

0.05. GPX3, plasma glutathione peroxidase; LDH, lactate dehydrogenase; NBS,

nonprotein-bound Se; PBS, protein-bound Se; Sepp1, selenoprotein P.
2 In Expt. 1, the control diet contained 0.02 mg Se/kg; in Expt. 2, the control diet was

supplemented with 0.3 mg Se/kg.
3 In Expt. 1, the biofortified diet was supplemented with 3.0 mg Se/kg as sodium

selenite; in Expt. 2, the biofortified diet was supplemented with 1.0 mg Se/kg as Se-

enriched yeast.
4 Values are relative density from the protein band.

FIGURE 1 Effects of the Se-biofortified porcine serum (Se-Na)

treatment on viable cell numbers (A), cell viability (B), medium LDH

activity (C), and cell viability (D) of the human small cell lung cancer

cells (NCI-H446) in Expt. 1. The control serum was not supple-

mented with extrinsic Se in A–C, but was supplemented with

sodium selenite to match the Se concentration with that of Se-Na in D.

Data are means 6 SEs, n = 6. *Different from control, P , 0.05. LDH,

lactate dehydrogenase; Se-Na, serum from pigs fed 3.0 mg Se/kg in

Expt. 1.
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of various Se compounds were added to the control serum to
match the Se concentration of the Se-Y serum, only the MSA
balanced serum resulted in viability decreases (P < 0.05) similar
to those of Se-Y in the DU145 (31 vs. 29%) and HCT116 (25 vs.
20%) cell lines. None of the SeCys, SeMet, SeMC, sodium
selenite, or sodium selenate balanced-sera affected cell viability
in either cancer cell line compared with the control serum.
Adding the same amount of Se as in Se-Y in the form of sodium
selenite or organic forms other than MSA to the RPMI 1640
or DMEM media caused no change in the viability of DU145
and HCT116 cells (Supplemental Fig. 2) or HepG2 cells
(Supplemental Fig. 3) compared with the respective medium
controls.

Cell cycle arrest and apoptosis gene expression. Among
the 17 cell cycle arrest and apoptosis genes assayed, 10 genes in
the DU145 cell line (Fig. 4A) and 9 genes in the HCT116 cell line
(Fig. 4B) were affected (P < 0.05) by the high-Se serum treat-
ments. In the DU145 cell line, both Se-Y– and MSA-balanced
serum resulted in similar or consistent decreases (P < 0.05) in
mRNA levels of the cell death genes DP1, Cyclin A, Cdk2, and
Cdk4 as well as increases (P < 0.05) in mRNA levels of p53,
Caspase3, and c-Jun compared with the control serum and/or
those balanced with SeMet and selenite. However, only Se-Y
decreased (P < 0.05) mRNA levels of Cdc25A and increased
GADD153 and FoxO1mRNA levels compared with the control
serum. In addition, the selenite-balanced serum increased (P < 0.05)
the mRNA levels of p53, Caspase3, and FoxO1, whereas the
SeMet-balanced serum elevated the mRNA levels of onlyCaspase3
compared with the control serum. In the HTC116 cell line, both
Se-Y and the MSA-balanced serum decreased (P < 0.05) the
mRNA levels of the cell death genes (DP1, Cdc2, and Cyclin A).
Meanwhile, only the Se-Y treatment increased (P < 0.05) mRNA
levels ofGADD153, p53, and p38. The selenite-balanced serum
elevated (P < 0.05) mRNA levels of Caspase3 and FoxO1, and
the SeMet-balanced serum increased (P < 0.05) mRNA levels of
only FoxO1.

Selenoprotein gene expression. Among the 18 selenoprotein
genes assayed, 8 genes in the DU145 cell line (Fig. 5A) and in the
HCT116 cell line (Fig. 5B) each were affected (P < 0.05) by the
high-Se serum treatments. In the DU145 cell line, the mRNA
levels of 5 selenoprotein genes, includingGpx4, Selt,Gpx1, Sepp1,
and Selm, were increased by both Se-Y and the MSA-balanced
serum.Moreover, Se-Y increased (P < 0.05) mRNA levels of Sep15
and the MSA-balanced serum increased (P < 0.05) mRNA levels
of Sels and Txnnd2. The SeMet-balanced sera increased (P < 0.05)

mRNA levels of Sepp1 and SelS. In the HTC116 cell line, mRNA
levels ofGpx4, Sels, and Sepn1 were increased by both Se-Yand
the MSA-balanced serum. While Se-Y increased (P < 0.05)
mRNA levels of Selh, Selk, and Txnrd2, the MSA-balanced
serum elevated (P < 0.05) mRNA levels of Selt. Meanwhile,
the mRNA levels of 4 selenoprotein genes, including Sepw1,
Sels, Txnrd2 and Sepn1, were upregulated (P < 0.05) by both
SeMet and selenite balanced sera. In addition, the SeMet-
balanced serum also increased (P < 0.05) mRNA levels of Gpx4
and Selt.

Western-blot analyses. In the DU145 cells, both S-Y and the
MSA-balanced serum resulted in greater (P < 0.05) protein levels
of p53, c-Jun, Sepp1, and Sep15 than those of the control serum
(Fig. 6A). The MSA-balanced serum decreased (P < 0.05) the
proapoptotic protein Bcl-2 protein and the SeMet-balanced serum

FIGURE 2 Effects of the Se-biofortified porcine serum (Se-Na) treatment on the quadrantal diagrams (A,B), apoptotic rate (C), and relative

mRNA abundance of Bcl-2, p53, p38, and Caspase3 (D) of the human small cell lung cancer cells (NCI-H446) in Expt. 1. The early and late

apoptotic cells are located in the lower right and upper right quadrants of A and B, respectively. In all panels, the control porcine serum was

supplemented with sodium selenite to match the Se concentration with that of Se-Na. Data in C and D are means 6 SEs, n = 4. *Different from

control, P , 0.05. Bcl-2, B-cell lymphoma 2; p38, mitogen-activated protein kinase p38; p53, tumor suppressor protein 53; Se-Na, serum from

pigs fed 3.0 mg Se/kg in Expt. 1.

FIGURE 3 Effects of Se-biofortified porcine serum (Se-Y) treatment

on cell viability of human prostate cancer cells (DU145; A) and colon

cancer cells (HTC116; B) in Expt. 2 compared with the control porcine

serum or that serum was added with different Se compounds to

match the Se concentration in Se-Y. Data are means 6 SEs, n = 5.

Bars without a common letter differ, P , 0.05. MSA, methylseleninic

acid; SeCys, seleno-DL-cystine; SeMC, Se-methylseleno-L-cysteine; SeMet,

seleno-DL-methionine; Se-Y, serum from pigs fed 1.0 mg Se/kg in

Expt. 2.
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increased (P < 0.05) only the c-Jun protein. In the HCT116 cells,
all 4 types of high-Se sera except for the SeMet-balanced serum
induced (P < 0.05) p53 protein production (Fig. 6B). As in the
case of DU145 cells, Bcl-2 protein was decreased (P < 0.05) by
the MSA-balanced serum.

Stepwise regression analysis of gene correlations. Using
the selenoprotein gene expression profiles as the independent
variables and the pertaining mRNA levels of cell cycle arrest/
apoptosis genes in the cells treated with the control, Se-Y, and
MSA-balanced sera as the dependent variables, we conducted
step-wise regression analysis for the responses of each cell cycle
arrest/apoptosis gene (Supplemental Table 3). In the DU145
cells, high correlation with selenoprotein gene expression was
found for Caspase3 (R2 = 0.96), GADD153 (R2 = 0.88), c-Jun
(R2 = 0.78), Cdc25A (R2 = 0.77), and CyclinA (R2 = 0.73).
Reciprocally, the expression of 7 selenoprotein genes, includ-
ing Sep15, Selt, Gpx4, Gpx1, Sepp1, Selm and Txnrd2, were
correlated with 7, 5, 3, 2, 2, 1, and 1 cell cycle arrest/apoptosis
genes, respectively. In the HCT116 cells, CyclinA (R2 = 1.00),
GADD153 (R2 = 1.00), FoxO1 (R2 = 1.00), and p38 (R2 =
0.93) had strong correlation (P < 0.02) with selenoprotein
gene expression. Meanwhile, 6 selenoprotein genes, including
Selh, Selk, Gpx4, Sels, Txnrd2, and Sepn1, were correlated
with 3, 1, 1, 1, 1, and 1 cell cycle arrest/apoptosis genes,
respectively.

Discussion

The two most novel findings from the present study were: 1)
porcine serum could be biofortified with Se by feeding growing

pigs with high dietary levels of sodium selenite or Se-enriched
yeast; and 2) the Se-biofortified porcine sera effectively inhibited
the growth and survival of 3 types of human cancer cells. Ap-
parently, unique Se-related molecules or metabolites, rather than
simply the Se content, in the Se-biofortified sera were responsible
for this remarkable effectiveness. This is because elevating the Se
concentration in the control sera with several selenocompounds
other than MSA to the Se-Y level did not duplicate the anti-
proliferation action in any of the cell lines. The effective Se doses
(<1 mmol/L) shown by the Se-biofortified serum were much
lower than those of previously reported selenite (5–400 mmol/L)
and SeMet or Se-enriched yeast (30–130 mmol/L) on various
cancer cell lines (Supplemental Table 4) (10,16,30–35). Because
these Se doses, in the form of sodium selenite or organic forms
other than MSA, had no effect on the viability of epithelial
DU145 and HCT116 cells or nonepithelial HepG2 cells com-
pared with the respective culture media, the observed responses
were not due to Se toxicity per se. In fact, previous research
indicated that Se at these doses exerted no growth inhibition
effect on primary or noncancerous cells (36,37). Although Se-
biofortified broccoli and milk were shown to protect rats against
the induced formation of primary colon cancer (38,39), our
results reveal Se bio-fortified porcine serum as a novel form of Se
in suppressing the growth of 3 types of human cancer cells at
extremely low concentrations that are nutritionally or physio-
logically relevant. If the efficacy, safety, and utilities, including
stability to resist heat inactivation during food-processing, are
verified in future animal and human studies, the Se-enriched
porcine serum may be used as a new treatment for cancer reoc-
currence. The treatment will be available and convenient to the
public, because porcine serum is a food ingredient in many parts

FIGURE 4 Effects of Se-biofortified porcine serum (Se-Y) treatment on relative mRNA levels of cell cycle arrest and apoptosis-related signal

proteins of human prostate cancer cells (DU145; A) and colon cancer cells (HTC116; B) compared with the control porcine serum or that serum

was added with different Se compounds to match the Se concentration in Se-Y in Expt. 2. Data are means6 SEs, n = 4. Bars without a common

letter differ, P , 0.05. MSA, methylseleninic acid; SeMet, seleno-DL-methionine; Se-Y, serum from pigs fed 1.0 mg Se/kg in Expt. 2.

FIGURE 5 Effects of Se-biofortified porcine serum (Se-Y) treatment on relative mRNA levels of multiple selenoproteins of human prostate

cancer cells (DU145; A) and colon cancer cells (HTC116; B) compared with the control porcine serum or that serum was added with different Se

compounds to match the Se concentration in Se-Y in Expt. 2. Data are means6 SEs, n = 4. Bars without a common letter differ, P , 0.05. MSA,

methylseleninic acid; SeMet, seleno-DL-methionine; Se-Y, serum from pigs fed 1.0 mg Se/kg in Expt. 2.
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of the world and the effective Se concentration in the porcine
serum is extremely low.

Themajor potential functional form of Se in the Se-biofortified
porcine serum shared similar characteristics with MSA in Expt.
2. Both Se-Y and the MSA-balanced serum resulted in similar
growth inhibitions in the 2 tested cancer cell lines. In DU145
cells, the 2 sources of Se induced consistent decreases in expres-
sion of 4 cell cycle arrest genes (DP1, Cyclin A, Cdk2, and Cdk4)
and increases of 3 apoptotic genes (p53, Caspase3, and c-Jun).
Meanwhile, they exerted similar regulations on 6 of 8 seleno-
protein genes altered by the treatments and 5 signal- and Se-
dependent proteins assayed (p53, Bcl-2, c-Jun, Sepp1, and
Sep15) in DU145 cells. Likewise, these 2 sources of Se shared
similar effects on the expression of 3 cell cycle arrest genes (DP1,
Cdc2, and Cyclin A) and 3 selenoprotein genes, along with p53
protein, in HTC116 cells. Seemingly, a large portion of the
observed effect of the Se-biofortified porcine serum was medi-
ated by MSA or MSA-like metabolites. As a stable monomethy-
lated Se metabolite, MSA has shown excellent anticancer potency
(10,11). Because of the lack of methioninase or extensive meta-
bolism of Se in the cultured cancer cells or media (41), the added
selenite, selenate, SeCys, SeMet, or SeMC in the control porcine
serum had no effect on the growth of either DU145 or HTC116
cells. However, Se-Y and the MSA-balanced serum did exhibit
different impacts on a number of cell cycle arrest, apoptosis, and
selenoprotein genes in both cell lines. One striking difference is
that only Se-Y but not MSA upregulated the expression of apo-
ptotic genes (GADD153, p53, and p38) in HTC116 cells. This

implies the existence of other functional forms of Se in addition
to MSA in Se-Y. In general, mammal tissue Se is categorized as
nonprotein bound and protein bound (41). The former consists
of intermediate metabolites of Se and constitutes 2–4% of total
plasma Se (41), such as methylselenol, which is postulated to be
an active anticancer selenocompound (19). The latter contains
selenocysteine- and SeMet-containing proteins and Se-binding
proteins (13,19). These proteins constitute 96–98% of total
plasma Se (41). Because GPX3 and Sepp1 are the 2 extracellular
selenoproteins present in blood, the contributions of the 72%
higher GPX3 activity in Se-Na and 56% higher Sepp1 activity in
Se-Y than their respective control serum to their overall anti-
proliferation effect (42) should be assessed in future research.
Similarly, systematic characterizations of nonprotein-bound and
protein-bound Se metabolites in the Se-biofortified serum will
help identify chemical forms of the most effective components of
Se for its anticancer function.

A combined downregulation of cell cycle arrest genes and
upregulation of apoptotic genes appeared to be the common
signal mechanism for the Se-biofortified porcine serum in inhi-
biting proliferations of the 3 types of human cancer cells. The
results of Expt. 1 demonstrated accelerated apoptosis and leak-
ing of intracellular LDH in the NCI-H446 cancer cells treated
with Se-Na. The enhanced programmed cell death was mediated
by an upregulation of a tumor-suppressing protein p53 (43) and
p38 (44), along with a downregulation of antiapoptotic inner
mitochondrial membrane protein Bcl-2 (45). Involvements of
p53 and p38 in the Se-mediated inhibition of prostate cancer
cells were previously reported (39,45). In Expt. 2, Se-Y down-
regulated the mRNA and/or protein levels of DP1, Cdc25A,
Cdc2,Cyclin A,Cdk2,Cdk4, and Bcl-2 but upregulated those of
p53, c-Jun, p38, Caspase3, FoxO1, and GADD15 in 1 or 2
cancer cell lines. Early studies have shown downregulation of
DP1, Cdc25A, Cdk2, Cdc2, Cyclin A, and Cdk4 and/or upregu-
lation of GADD153 along with cell cycle arrest in various lung,
prostate, and breast cancer cells treated with MSA (14–16).
Meanwhile, enhanced programmed cell death was mediated
by upregulations of p53, p38, and c-Jun in prostate, cervical,
or breast cancer cells treated with selenite, SeMet, or MSA
(14,40,46) and downregulation of Bcl-2 in hepatoma cells
treated with by selenium dioxide (47). Although regulated mRNA
expression and/or protein production of all these genes by Se-Y
were attributed to its cell proliferation inhibition in both DU145
and HTC116 cells, the actual contribution of signal molecules,
including Caspase3 and FoxO1, was questionable, because
SeMet and selenite affected their mRNA levels but showed no
effect on cell viability.

Another new dimension of the present study was the mRNA
and/or protein response profiles of 18 selenoprotein genes to the
4 different sources or forms of Se in the 2 human cancer cell
lines. Those profiles enabled us to sort out and rank the most
important selenoprotein gene expression in the Se-Y and MSA-
mediated cell proliferation inhibition signaling via a systematic,
stepwise regression analysis. While the control media (con-
taining the control porcine serum) had an Se concentration of
0.42 mmol/L that was not Se deficient, adding Se-Y and MSA-
balanced serum collectively upregulated the mRNA and/or pro-
tein levels of 8 and 7 selenoproteins in the DU145 and HTC116
cell lines, respectively. Compared with the remaining assayed
selenoprotein genes, these differentially regulated genes responded
to the Se supply higher than the adequate level and became the
primary targets for the antiproliferation mediator of Se. Over-
all, selenoprotein genes that had a strong association with the
cell cycle arrest/apoptosis signaling genes were ranked in the

FIGURE 6 Effects of Se-biofortified porcine serum (Se-Y) treatment

on relative protein production of p53, Bcl-2, c-Jun, Sepp1, and Sep15

of human prostate cancer cells (DU145; A) and colon cancer cells

(HTC116l; B) compared with the control porcine serum or that serum

was added with different Se compounds to match the Se concentra-

tion in Se-Y in Expt. 2. The band was a representative image of 3–4

independent analyses. Values below the protein band were relative

density and are expressed as means6 SEs, n = 3–4. Values without a

common letter differ, P , 0.05. Bcl-2, B-cell lymphoma 2; c-Jun, cFos-

binding protein; MSA, methylseleninic acid; p53, tumor suppressor

protein 53; SeMet, seleno-DL-methionine; Sep15, 15 kDa selenopro-

tein; Sepp1, selenoprotein P; Se-Y, serum from pigs fed 1.0 mg Se/kg

in Expt. 2.
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order (high to low) of Sep15, Selt, Gpx4, Gpx1, Sepp1, Selm,
and Txnrd2 in DU145 cells and Selh, Gpx4, Selk, Sels, Txnrd2,
and Sepn1 in HTC116 cells. WhereasGpx1 (20,48),Gpx4 (21),
Sepp1 (49), Sels (50), Sep15 (51), and Txnrd2 (40) have
been shown to possess anticancer functions (19,42), the poten-
tial involvements of Selt, Selm, Selh, Selk, and Sepn1 in this
regard are newly illustrated by us in the present study. Three of
these proteins (Selm, Selk, and Sepn1) are residents of endo-
plasmic reticulum (19), and Selt plays a crucial role in cell
growth (52). Although the exact functions of these novel
selenoproteins remain to be determined, their strong associa-
tions with the Se-Y and MSA-mediated cancer cell death-related
signaling offer a new target and strategy for cancer prevention
and treatment.

Nevertheless, several seemingly conflicting or inconsistent
scenarios were observed in the present study. Although all the
selected 7 selenoprotein genes that had a strong correlation with
the cell cycle arrest/apoptosis-related signal genes were indeed
upregulated by only Se-Y and MSA-balanced serum in DU145
cells, only 2 of 6 such genes (Selh and Selk) in HTC116 cells fell
into this category. The remaining 4 genes were also upregulated
by the SeMet and selenite-balanced sera that did not produce
significantly lower viability in these cancer cells.

These divergences suggest that regulations of selenoprotein
genes as well as Se metabolism in the cancerous cells may not
only be different from noncancerous cells (36,37) but may also
vary with cancer cell types. Comparatively, modulating func-
tional gene expression of the target selenoproteins may
contribute more to the antigrowth action by Se-Y and MSA
in the human prostate cancer cells (DU145) than in the human
colon cancer cells (HTC116). Meanwhile, another 7 seleno-
proteins, including Gpx2, Gpx3, Txnrd1, Selw1, Selo, Selv,
and Dio1, were previously reported to be involved in the
anticancer functions of Se (19,42). However, none of them was
correlated with the inhibition of cell proliferation in either
DU145 or HTC116 cells. Intriguingly, we saw an upregulation
of Sep15 protein by both Se-Y and the MSA-balanced serum
and a strong correlation of Sep15 with 7 cell cycle arrest/
apoptosis genes in DU145 cells. In contrast, an earlier study
showed that knockdown of Sep15 inhibited colon and prostate
cancer cell growth and decreased the likelihood of mice
developing colon cancer by influencing the cell cycle (51). This
discrepancy in the role of Sep15 may suggest that the
anticancer function of individual selenoproteins is not simply
unilateral or cumulative but rather conditional. Therefore, the
particular matrix of coordinated expressions or responses of
multiple selenoproteins, instead of any single selenoprotein
status per se, dictates the anticancer effect of a given Se treat-
ment. Overall, our findings are consistent with the view that
outcomes of Se supplementation in cancer prevention or treat-
ment depend on not only differential regulation of selenoprotein
gene expression but also cell type, cancer type, and stage of
carcinogenesis (5,22,53).
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