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Comprehensive studies have been conducted to compare the effect of organic and

inorganic selenium previously, but there is still limited knowledge about the difference

between organic selenium (Se) from varied sources despite the widely use of organic Se

in both animal and human being nutrient additives. In the present study, we systemically

compared the effect of two different types of organic Se including selenium yeast (SeY)

and selenium methionine (Sel-Met) on cell viability, selenoprotein transcriptome, and

antioxidant status in porcine mammary epithelial cells (PMECs) and the results indicated

that appropriate addition of SeY and Sel-Met both significantly promoted cell viability

and up-regulated the mRNA expression of most selenopreoteins including DIOs, GPXs,

and TrxRs family et al. (P < 0.05). Besides, two different sources of Se supplementation

both greatly improved redox status with higher levels of T-AOC, SOD, and CAT (P <

0.05), while less content of MDA (P < 0.05), and reduced protein expression of cleaved-

caspase-3 (P < 0.05) to mitigate cell apoptosis. Furthermore, the key proteins related

to p38/JNK pathway including p38, p-p38, JNK, and p-JNK were apparently reduced

in the groups with both of SeY and Sel-Met (P < 0.05). Interestingly we found that the

changes induced by SeY supplementation in cell viability, selenoprotein transcriptome,

antioxidative capacity, and anti-apoptosis were comprehensively greater compared with

same levels addition of Sel-Met in PEMCs (P < 0.05). In conclusion, both SeY and Sel-

Met promoted cell viability and attenuated cell apoptosis by regulating the selenoprotein

expression and antioxidative capacity via p38/JNK signaling pathway in PMEC, but SeY

has more efficient benefits than that of Sel-Met.
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FIGURE 4 | Effects of SeY and Sel-Met addition on mRNA expression of TrxRs family in pMECs. The cells were incubated with different concentrations of SeY and

Sel-Met (0, 0.3, 0.6, 0.9, and 1.2 ppm) for 24 h, respectively, and then collected for detection. Data were expressed as mean ± SEM (n = 6), and * indicated

statistically significant difference (P < 0.05). (A–C) mRNA expression level of TrxRs family was detected by qPCR. (D) The relative protein levels of TrxR3 were

analyzed by Western blotting. (E) Heat map comparison of TrxRs mRNA expression levels. (F) PCA score plot results compared the mRNA expression of the DIOs

family among the three groups.

DISCUSSION

Se has been shown to have beneficial effects in cell proliferation
and anti-apoptosis process due to its antioxidative properties in
previous studies (42). Zeng reported that Se deficiency resulted
in a decreased number of G1 phase cells that corresponded to
increased numbers of G2 and sub-G1 phase cells, while 0.25
µmol/L Sel-Met addition significantly enhanced the expression
of cell cycle-related genes and reversed this cell growth trend
(43). In addition, several sources of Se including Na2SeO3, Sel-
Met, and selenite containing Se compounds all showed positive
effects on cell viability in various cells including human immature
dendritic cells, human lens epithelial cells (44), chondrocyte
ATDC5 cells (42), fibroblast HT1080 cells, and primary porcine
macrophages cells (45, 46). Thus, it is not unexpected that
reasonable levels of both SeY and Sel-Met supplementation
improved the cell viability of PMECs in the present study
(Figure 1). Interestingly, we found inconsistent trends between
the two groups of cells when treated with 0.9 and 1.2 ppm, with

SeY having no effect on cell viability in the 1.2 ppm range, while
Sel-Met began to show inhibition. In previous studies, organic Se
has been shown less toxic due to its higher retention in animal
tissues and lower concentration levels in plasma compared with
inorganic Se (47), but there is a lack of data regarding negative
effect of too much excessive organic Se and comparison of toxic
effects of different sources of organic Se. The result of the present
study suggested that excessive Sel-Met addition might be toxic
to cells and potentially induce cellular damage. The absence of
impaired cell growth caused by high concentration of SeY in the
current study implied that cells probably have higher tolerance to
SeY than Sel-Met at the super nutritional level, whichmechanism
should be paid more attention to in the future.

Se acts as an antioxidant regulating cellular redox balance
mainly in the form of selenoprotein including the glutathione
peroxidase family (GPXs), thioredoxin reductase family (TrxR),
and deiodinase family (DIOs), as well as SelH, SelI, SelM, SelK,
etc. (48, 49). The GPX family is a group of antioxidant enzymes
with Se as the active component to decompose peroxides into
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FIGURE 5 | Effects of SeY and Sel-Met addition on mRNA expression of SelH, Sell, SPS2, SelM, SelN, SelK, SelR, and SelW in PMECs. The cells were incubated

with different concentrations of SeY and SEL-Met (0, 0.3, 0.6, 0.9, and 1.2 ppm) for 24 h, respectively, and then collected for detection. Data were expressed as mean

± SEM (n = 6), and * indicated statistically significant difference (P < 0.05). (A–H) qPCR was used to detect the mRNA expression levels of SelH, Sell, and other

selenium proteins. (I) Heat map comparison of mRNA expression levels of SelH, Sell, and eight other selenoproteins. (J) PCA score plot results the mRNA expression

levels of SelH, Sell, SPS2, SelM, SelN, SelK, SelR, and SelW were compared among the three groups.

non-toxic hydroxyl compounds thus preventing peroxide from
peroxidation of the cell membrane lipids (50–52). In cells, ROS
could be neutralized by glutathione under catalyzation of GPX
to generate oxidized glutathione (GSSH), and then GR catalyzes
the regeneration of GSH from GSSH, which recycle of GSH
producing were defined as glutathione system playing important
roles in cellular redox maintenance. Similar to the glutathione
system, thioredoxin (Trx) and TrxR make up the thioredoxin
system and were involved in multiple ROS scavenging processes
through reversible Trx oxidation/reduction reaction catalyzed by
TrxR (53, 54). Current research mainly focuses on TrxR1 and
TrxR2, both of which play a key role in protecting cells from
oxidative stress damage, while TrxR3 does not play a significant
role in antioxidant effects. In studies on antioxidants, most of the
supplements had an effect on the mRNA expression of TrxR1
and TrxR2, but had no significant change in the expression of
TrxR3 (55, 56). It was well-established that Se status within cells
and tissues is a key regulator of selenoproteins expression both
in vivo and in vitro (57). For instance, Se supplementation in
cell medium greatly increased the mRNA abundance of GPX1,

SELH, SELN, SELP, and SELW in ATDC5 cells, and GPX1,
SELH, SELN, SELP, SELW, and GPX3 in C28/I2 cells, while
decreased the mRNA abundance of SPS2 and SELO in ATDC5
cells, and SPS2, SELO, TRXR2 in C28/I2 cells (58). Stolwijk
et al. (59) showed that the activities of GPX1 and GPX4 were
significantly up-regulated in the exponentially growing cells
cultured in the medium supplemented with 200 nM Seleno-L-
methionine. Similarly, Doroshow et al. (60) also found that 30 nM
sodium selenite addition to the cell culture medium significantly
increased the activity of GPX using NCI/ADR-RES cancer cells
as an in vitromodel. In addition, dietary Se supplementation also
has been reported to upregulate selenoprotein transcriptome in
chicken embryonic neurons, liver, andmuscle (61). Furthermore,
Se deficiency disease has been shown to be related to decreased
mRNA expression of several selenoprotein genes (GPX1, GPX4,
SEPW1, SEPN1, SEPP1, SELO, and SELK) in liver and muscle
(62). Dietary Se deficiency also has been reported to significantly
reduce the mRNA expression levels of DIO, GPX3, and TXNRD2
in the muscle of broilers (63). In the present study, we compared
the effects of two different organic Se to gene expression of
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FIGURE 6 | Effects of SeY and Sel-Met supplementation on (A) T-AOC, (B) SOD, (C) CAT, and (D) MAD in PMECs. Cells were incubated for 24 h with 0.6 ppm SeY

and Sel-Met, and then were collected for T-AOC, SOD, CAT, and MAD activity analysis. Data are expressed as mean ± SEM (n = 6). *Indicates that the difference was

statistically significant (P < 0.05).

selenoproteins and results showed that both SeY and Sel-Met
addition in cell medium increased gene expression of most
selenoproteins including GPX1, GPX2, GPX4, GPX6, and TrxR1,
TrxR2, which is consistent with previous findings. In addition,
in terms of protein expression, the addition of two selenium
sources significantly increased the protein expression of GPX1
and TrxR3. We found that SeY had a better beneficial effect than
Sel-Met at the same level of addition, combining gene and protein
experimental results. To our best knowledge, this result is the first
time to show the different impact of different sources of organic
Se on global selenopreoteins using an in vitromodel.

SeY, not as Sel-Met, is a complex of multiple macronutrients
including Sel-Met as the main component, unknown forms of
organic Se, and other bioactive elements originally from yeast.
Accumulating evidence showed that selenium could interact
with kinds of elements such as vitamin C (64), zinc (65),
cadmium (66) and others to participate in redox status regulation
and the synergism of multiple components resulted in higher
efficiency than single one element. Salah et al. reported that co-
treatment of Se and zinc more efficiently attenuated the oxidative
stress induced by NiCl2 in pregnant Wistar rats than Se/Zinc
supplementation (67). Chen et al. assessed the effect of vitamin
E, Se, and co-treatment of vitamin E and Se on sow performance
and they also overserved synergistic effect of vitamin E and Se
(23).We did not findmuch literature related to Se synergismwith
other substrates using animal models due to the limit in this field,
but we presume that the synergistic effect ofmultiple components
in SeY might make the main contribution to its higher efficiency
in the present study.

It is well-known that Se can repair damage caused by
oxidative stress and promote cellular antioxidant capacity (68).
Liu et al. showed that dietary selenium-enriched yeast apparently
promoted piglet antioxidant status and attenuated oxidative
stress-induced growth retardation (69). An investigation
conducted on chickens also reported that Se administration
significantly relieved oxidative stress and testicular toxicity
induced by lead exposure, associated with increased activity of
antioxidant enzymes, and reduced inflammatory response (70).
To further compare the antioxidant effect of various sources
of Se on PMECs, we tested the contents of SOD, MDA, CAT,
and T-AOC, which are key makers (T-AOC, SOD, CAT, and
MDA) of antioxidant status in PMCEs cells. It is clear that both
organic Se have a positive effect on the antioxidant status of
PMECs with increased T-AOC, SOD, and CAT, while decreased
MDA, which result is consistent with previous findings that Se
improved levels of antioxidant markers and ameliorated the
damage caused by LPS-induced in bovine mammary epithelial
cells (71). Similar to the gene expression of selenoproteins, we
also observed higher antioxidative capacity of SeY compared
with the same supplementation of Sel-Met, which result might
be attributed to the synergistic benefit.

Oxidative stress is a result of imbalance between accumulation
of ROS and the ability to get rid of it in cells and tissues
(72). Severe oxidant stress induced by excessive ROS has been
shown to trigger cell apoptosis associated with damaged DNA,
oxidation of polyunsaturated fatty acids and amino acids, as
well as mitochondrial dysfunction (73). Previous studies reported
that Se status in cells and tissues plays a key role in the
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FIGURE 7 | Effects of SeY and Sel-Met supplementation on (A) is the original band of Western Blot, (B) Bcl-2/Bax, (C) Caspase-3, (D) P-p38/T-p38, and (E)

P-JNK/T-JNK protein expression in PMECs. Cells were incubated for 24 h with 0.6 ppm SeY and Sel-Met and then were collected for the determination of protein

expression. Data are expressed as mean ± SEM (n = 3). *Indicates that the difference was statistically significant (P < 0.05).

regulation of apoptosis process and dietary supplementation of
Se might be a potential strategy to promote animal health by
reducing apoptosis induced by oxidant stress (74). Wang et al.
demonstrated that Se deficiency in cell medium lead to increased
intracellular ROS content and activated apoptotic process via
caspase-3 signal pathway in human uterine smooth muscle
cells (75). On the other hand, Se supplementation significantly
attenuated the damage and apoptosis caused by bisphenol Se in
mice (76). In cells, once apoptosis was initiated, active caspase-
8 directly cleaves pro-caspase-3 and triggers downstream events
of apoptosis signaling. Here we found that both SeY and Sel-
Met supplementation significantly reduced protein expression
of cleaved caspase-3 implying that Se addition protected cells
from apoptosis, which results were further confirmed by
decreased ratio of Bax/Bcl-2, another most used parameter for
cellular apoptosis.

A growing body of literature has shown that p38 and
c-Jun-N-terminal kinase (JNK), both of which belong to

mitogen-activated protein kinases (MAPKs) are involved in
the mediation of cellular apoptosis induced by oxidative stress
(77). Yeo et al. found that sodium selenite exerted a profound
preventive effect on cell apoptosis via inhibition of p38 mitogen-
activated protein kinase, pSAPK/JNK, and Bax activation in in
vivo and in vitro rat spinal cord injury models (78). A study
conducted by Wang et al. indicated that Se deficiency induced
cell apoptosis by increasing gene expression of p-P38 and p-JNK
in human uterine smooth muscle cells (75). In the present study,
similarly we also observed the changed expression of key protein
in p38/JNK signaling pathway among those cells with different
treatment implying its possible involvement in the modulation
of Se on PMECs apoptotic process. The lower ratio of p-p38/p38
and p-JNK/JNK in the groups treated with SeY compared with
Sel-Met was consistent with other findings in the current study
that SeY has more efficient effect to prevent cells from oxidant
stress and apoptotic damage due to syngenetic benefit of multiple
elements included in SeY.
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FIGURE 8 | (A) Analyzed the correlation between selenoprotein mRNA expression levels of PMCES cultured with different additives and different dosage. (B) The

degree of correlation between PMCEs related indicators of antioxidant and apoptosis was analyzed. The area size and color of the circle in the figure represent the

correlation, *0.01 < P <0.05; **0.001< P ≤ 0.01; ***P ≤ 0.001.

CONCLUSION

Based on the results of the present study, we summarized that
both SeY and Sel-Met promoted cell viability and attenuated
cell apoptosis by regulating the selenoprotein expression and
antioxidative capacity via p38/JNK signaling pathway in PMECs,
but SeY comprehensively exhibited more efficient benefit
than that of Sel-Met. These findings provide a reference for
scientific utilization of organic Se and enrich the theoretical
research for further investigations exploring more potential
nutritional regulation of Se in humans being healthy and
animal production.
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