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Abstract
The synthesis of selenocysteine and its incorporation into selenoproteins require serine during the action of seryl-tRNA synthe-
tase. In view of this, we conducted this study to explore the effects of dietary serine supplementation on selenoprotein transcrip-
tion and selenoenzyme activity in pigs. A total of 35 crossbred barrows (28 days old) were randomly assigned to five treatment
groups. During the 42-day growth experiment, pigs were fed either a basal diet with no supplemented serine or diets supple-
mented with 0.25%, 0.5%, 0.75%, or 1% serine. The results showed that serine supplementation had no effect on the selenium
content in the serum, skeletal muscle, and kidney of pigs. However, dietary supplementation with 0.5% serine significantly
increased the selenium content in the liver. Diets supplemented with different levels of serine significantly increased the gene
expression of glutathione peroxidase 1 (Gpx1), Gpx2, thioredoxin reductase 1 (Txnrd1), Txnrd2, and selenoprotein P (Sepp1) in
the skeletal muscle and liver of pigs. Moreover, pigs supplemented with 0.5% serine had the highest selenoprotein P concentra-
tion and glutathione peroxidase (GPx) and thioredoxin reductase (TrxR) activities in the skeletal muscle, which were significantly
higher than those in the control pigs. Additionally, pigs supplemented with 0.25% serine had the highest GPx and TrxR activities
in the liver, which were significantly higher than those in the control pigs. In conclusion, dietary serine supplementation could
improve selenoprotein transcription and selenoenzyme activity in pigs, with the appropriate concentrations of serine to be
included in the diet being 0.25% or 0.5%.
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Introduction

Selenium (Se) is considered an essential micronutrient for
mammalian health. Se plays critical roles in a wide range of
physiological processes, including the modulation and func-
tion of the antioxidant and the immune systems [1]. Several

sources of Se have been commonly supplemented in livestock
diets for improving growth performance, antioxidant and im-
mune functions, and meat quality [2]. However, the bioavail-
ability of Se, particularly for the inorganic form, is very low.
Only approximately 1–2% of consumed inorganic Se is
absorbed by the body [3]. Additionally, dietary Se is only
beneficial for the animals within a narrow range, while an
overdose of Se can result in selenosis. For example, a recent
study found that dietary Se over 5 ppm was toxic to pigs [4].
Consequently, strategies to improve Se bioavailability are in
high demand.

Se exerts most of its biological function through
selenoproteins [5]. Selenocysteine, which is located in
enzyme-active sites, is essential for selenoprotein activity
[6]. The biosynthesis of selenocysteine and its insertion into
selenoproteins, which is catalyzed by seryl-tRNA synthetase,
require serine as an essential substrate [7]. Therefore, serine is
needed for selenoprotein synthesis. A previous study demon-
strated that serine exerted combined effects with
s e l e n o c ompo u n d s , s u c h a s s o d i um s e l e n i t e ,
selenomethionine, and selenomethylselenocysteine, to
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improve the expression of selenoprotein P (SelP) and gluta-
thione peroxidase (GPx) in the liver based on in vitro exper-
iments [8]. Additionally, with the increased intake of dietary
serine, the blood Se content was increased in rats [9].
However, to our knowledge, little research has been conduct-
ed to investigate the possible synergistic effects of serine with
Se in pigs. Consequently, the current study was performed to
explore the effects of dietary serine supplementation on the Se
content of tissue, selenoprotein expression, and selenoenzyme
activity in pigs.

Materials and Methods

Experimental Design and Sample Collection

A total of 35 crossbred barrows (Duroc × Landrace ×
Yorkshire) were used in the experiment. After weanling at
the age of 21 days, the pigs were fed a basal diet for 1 week.
Then, the animals were randomly assigned into five treatment
groups with seven replicates in each group. During the 42-day
growth experiment, pigs were fed either a basal diet with no
supplemented serine (CONT) or diets supplemented with
0.25%, 0.5%, 0.75%, or 1% serine, respectively. The basal
diets were formulated to meet the National Research Council
(NRC, 2012) recommendation (Table 1). Pigs were allowed
ad libitum access to feed and water throughout the experimen-
tal period. The experimental protocol was approved by the
Protocol Management and Review Committee of the
Institute of Subtropical Agriculture, Chinese Academy of
Science, and pigs were cared for and slaughtered according

to the guidelines of the Institute of Subtropical Agriculture on
Animal Care (Changsha, China). At the end of the experiment,
blood samples were immediately collected and centrifuged at
2500 g at 4 °C for 10 min to obtain serum samples.
Immediately after slaughtering, longissimus dorsimuscle, liv-
er, and kidney samples were collected and stored at − 80 °C
for further analysis.

Serum and Tissue Se Content Analysis

Serum and tissue samples were pretreated according to the
Chinese National Standard (GB 5009.268—2016). Briefly,
0.5 g tissue or 0.5 mL serum was mixed with 8 mL nitric acid
in 50-mL digestion tubes and kept at 20 ± 2 °C overnight.
Then, the mixture was maintained at 120 °C for 5 min,
150 °C for 10 min, and 190 °C for 20 min, with a 5-min
heat-up period in a microwave digestion system.
Subsequently, the diluted samples were filtered through a
0.45-μm filter for the determination of Se content on Agilent
7900 ICP-MS (Agilent Technologies, Santa Clara, CA, USA)
as previously described [10].

Measurement of Selenoproteins Activities
and Antioxidant-Related Parameters

Concentrations of Se1P and malondialdehyde (MDA), as well
as activities of GPx, thioredoxin reductase (TrxR), superoxide
dismutase (SOD), and total antioxidant capacity (T-AOC),
were measured using commercially available kits (Meimian,
Jiangsu Yutong Biological Technology Co., Ltd., Nanjing,
China) according to the manufacturer’s instructions.

Table 1 Composition and
nutrient value of basal diet Ingredient Percent Nutrients Percent

Maize 60 Crude protein, % 19.816

Extrusion full fat soybean 10 DE, kcal/kg 3.504

Soybean meal 16 Total lysine, % 1.406

Whey 5 Total methionine + cystine, % 0.82

Fish meal 6 Total threonine, % 0.87

Dicalcium phosphate 0.1 Calcium, % 0.702

Calcium carbonate 0.8 Total phosphorus, % 0.642

Sodium chloride 0.15
Choline chloride 0.1

Lysine HCl 0.37

DL-methionine 0.15

Threonine 0.1

Premix1 1.23

1 Content of premix (/kg per diet): Cu 5 mg (as copper sulfate); Zn 50 mg (as zinc sulfate); Mn 30 mg (as
manganese sulfate); Fe 100 mg (as iron sulfate); Se 0.3 mg (as sodium selenite); I 0.3 mg (as calcium iodate);
V A 7500 IU; V D3 750 IU; V E 25 IU; V K3 2.0 mg; V B1 1.875 mg; VB2 3.75 mg; V B6 2.19 mg; V B12

0.025 mg; nicotinic acid 25 mg; D-pantothenic acid 15.6 mg; folic acid 2.0 mg; biotin 0.1875 mg
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Quantitative Real-Time PCR

Total RNA was isolated from skeletal muscle and liver sam-
ples with the TRIZOL reagents (Invitrogen, Carlsbad, CA,
USA). To amplify cDNA fragments, we used primers as pre-
viously described (Table 2) [11]. A housekeeping gene (β-
actin) was used to normalize target gene transcript levels.
Real-time PCR was performed as previously described [12].
Briefly, 1 μL cDNA template was added with 3 μL deionized
H2O, 5 μL SYBRGreen mix, 0.2 μL Rox, and 0.4 μL each of
forward and reverse primers. Relative mRNA expression was
quantitated by the comparative Ct value method.

Statistical Analysis

All statistical analyses were performed by one-way ANOVA
using the general linear model procedures and a mixed proce-
dure (PROC MIXED) of the SAS software version 9.2 (SAS
Institute Inc., Cary, NC, USA). Data are expressed as least
squares means ± pooled SEM. Probability values < 0.05 were
taken to indicate statistical significance.

Results

Effects of Dietary Serine Supplementation on Tissue
Se Content in Pigs

As shown in Table 3, serine supplementation had no
effect on the Se content in the serum, skeletal muscle,

and kidney of pigs. Pigs fed a diet supplemented with
0.5% serine had the highest Se content in the liver,
which was significantly higher than those of pigs fed
the control diet and pigs fed diets supplemented with
0.75% or 1% serine.

Effects of Dietary Serine Supplementation
on Selenoprotein Gene Expression in the Skeletal
Muscle and Liver of Pigs

According to Fig. 1, dietary serine supplementation sig-
nificantly increased the expression of Gpx1, Gpx2,
Txnrd1, Txnrd2, and Sepp1 genes in the skeletal muscle
and liver of pigs, while it had no significant effect on
the expression of Selm and Sepn1. Dietary serine sup-
plementation also significantly increased the expression
of Gpx3 in the liver. There were no significant differ-
ences in the expression of these selenoprotein genes in
the skeletal muscle and liver among the pigs fed diets
supplemented with different levels of serine.

Effects of Dietary Serine Supplementation
on the Selenoprotein Concentration and Activity
in the Skeletal Muscle and Liver of Pigs

As shown in Table 4, pigs fed diets supplemented with
0.25% or 0.5% serine had a significantly higher TrxR
activity than did control pigs and pigs fed diets supple-
mented with 0.75% or 1% serine. However, there were
no significant differences in the TrxR activity in the
skeletal muscle among the control pigs and pigs fed
diets supplemented with 0.75% or 1% serine. Pigs fed
diets supplemented with 0.25% or 0.5% serine had a
significantly higher GPx activity than did control pigs,
while there were no significant differences in the GPx
activity in the skeletal muscle among the control pigs
and pigs fed diets supplemented with 0.75% or 1% ser-
ine. Pigs fed diets supplemented with different levels of
serine had significantly higher SE1P concentrations in
the skeletal muscle than did control pigs.

Pigs fed diets supplemented with 0.25% serine had a
significantly higher TrxR activity than did control pigs,
while there were no significant differences in the TrxR
activity in the liver among the control pigs and pigs fed
diets supplemented with 0.5%, 0.75%, or 1% serine.
Pigs fed diets supplemented with 0.25%, 0.5%, or
0.75% serine had a significantly higher GPx activity
and SE1P concentration than did control pigs, while
there were no significant differences in the GPx activity
and SE1P concentration in the liver among the control
pigs and pigs fed diet supplemented with 1% serine.

Table 2 Primer sequences for RT-qPCR

Gene 5′-3′ Primer sequence

Gpx1 F: GATGCCACTGCCCTCATGA

R: TCGAAGTTCCATGCGATGTC

Gpx2 F: AGAATGTGGCCTCGCTCTGA

R: GGCATTGCAGCTCGTTGAG

Gpx3 F: TGCACTGCAGGAAGAGTTTGAA

R: CCGGTTCCTGTTTTCCAAATT

Txnrd1 F: GATTTAACAAGCGGGTCATGGT

R: CAACCTACATTCACACACGTTCCT

Txnrd2 F: CAATGCTACGACCTCCTGGT

R: GGCGAAGGGCTCACATAGTC

Selm F: CAGCTGAATCGCCTCAAAGAG

R: GAGATGTTTCATGACCAGGTTGTG

Sepn1 F: ACCTGGTCCCTGGTGAAAGAG

R: AGGCCAGCCAGCTTCTTGT

Sepp1 F: AACCAGAAGCGCCAGACACT

R: TGCTGGCATATCTCAGTTCTCAGA

β-actin F: CCCAAAGCCAACCGTGAGAA

R: CCACGTACATGGCTGGGGTG
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Effects of Dietary Serine Supplementation
on the Oxidative Status in the Skeletal Muscle
and Liver of Pigs

As shown in Table 5, pigs fed diets supplemented with differ-
ent levels of serine had a significantly lower MDA concentra-
tion and higher T-AOC activity in the skeletal muscle than did
control pigs. Pigs fed diets supplemented with 0.5% or 0.75%
serine had a significantly higher SOD activity than did control
pigs and pigs fed diet supplemented with 0.25% serine.
However, pigs fed diets supplemented with 0.25% or 1% ser-
ine had a significantly higher SOD activity in the skeletal
muscle than did control pigs.

Pigs fed diets supplemented with different levels of serine
had significantly higher T-AOC and SOD activities in the liver
than did control pigs. Pigs fed diets supplemented with 0.5%,
0.75%, or 1% serine had a significantly lower MDA concen-
tration in the liver than did control pigs and pigs fed diet
supplemented with 0.25% serine. Additionally, pigs fed diet

supplemented with 0.25% serine had a significantly lower
MDA concentration in the liver than did control pigs.

Discussion

Se is an important micronutrient in the diet and is essen-
tial for health. Se deficiency can cause many kinds of
diseases, while an overdose of Se can result in selenosis
[13]. This suggests that it is crucial to improve Se bio-
availability. Most research has focused on exploring new
organic Se and comparing the bioactivity, transportation,
and deposition with inorganic Se, with the organic sources
usually having a higher Se bioavailability. Excluding the
dependency upon speciation, Se bioavailability could be
directly affected by dietary factors. A clinical study sug-
gested that a balanced dietary structure could significantly
improve the Se status of children [14]. Moreover, protein
intake could also improve the absorption and deposition

Fig. 1 Effects of dietary serine
supplementation on selenoprotein
gene expression in the skeletal
muscle and liver of pigs. Relative
mRNA expression of
selenoprotein in the skeletal
muscle (a) and liver (b). Data
were expressed as mean ± SEM,
n = 7. *p < 0.05

Table 3 Effects of dietary serine
supplementation on Se content in
pigs

CONT 0.25%SER 0.5%SER 0.75%SER 1%SER

Serum (mg/L) 0.15 ± 0.01 0.16 ± 0.03 0.16 ± 0.03 0.15 ± 0.02 0.15 ± 0.03

Muscle (mg/kg) 0.12 ± 0.01 0.11 ± 0.02 0.13 ± 0.02 0.12 ± 0.03 0.10 ± 0.02

Liver (mg/kg) 0.46 ± 0.03b 0.50 ± 0.03ab 0.55 ± 0.02a 0.43 ± 0.03b 0.45 ± 0.03b

Kidney (mg/kg) 1.32 ± 0.05 1.38 ± 0.04 1.28 ± 0.03 1.20 ± 0.04 1.30 ± 0.04

a,bMean values within a row with unlike superscript letters were significantly different (p < 0.05). n = 7

Dietary Serine Supplementation Regulates Selenoprotein Transcription and Selenoenzyme Activity in Pigs 151



of Se [14]. Based on these factors, dietary protein or cer-
tain amino acids might affect the Se status of the body.

A previous study investigated the effects of dietary serine
supplementation on the blood Se content in rats [9]. They
found that serine and glycine deficiency increased the blood
Se level in pregnant rats, while dietary serine supplementation
increased the blood Se level in offspring rats. However, we
found that dietary serine had no effects on the Se content in the
serum, skeletal muscle, and kidney, while the Se content in the
liver was significantly increased by dietary supplementation
with 0.5% serine. These results are different from those of a
previous study, as they found positive effects of dietary serine
on the Se content [9]. There are many differences between the
two experiments that may have caused these inconsistent re-
sults. Firstly, we used young growing pigs, while the authors
of this previous study used pregnant rats and their offspring.
This indicates that the effects of serine on the Se status may
vary among species. Secondly, the experiment on rats lasted
2 months, while our experiment lasted 6 weeks. Finally, the
rats were previously treated with a serine- and glycine-
deficient diet for 30 days. Collectively, species, treatment pe-
riod, and nutritional status are possible factors that influence
the effects of serine on the Se status.

Serine participates in the transcription and translation process-
es of selenocysteine, which is essential for the activity of
selenoproteins. We first explored the effects of serine on

selenoprotein gene expression in pigs. Expectedly, the gene ex-
pression of selenoproteins, such asGpx1,Gpx2,Txnrd1,Txnrd2,
and Sepp1, were significantly increased in the skeletal muscle
and liver,while the gene expression of other selenoproteins, such
as Selm and Sepn1, were not changed. Subsequently, our results
show that the increase in gene expressionwas consistent with the
increased activities or concentrations of related selenoproteins,
which is partially in line with the results of a previous in vitro
study [8]. The previous study differed in that serine in combina-
tion with various kinds of selenocompounds increased Se1P and
GPx concentrations in liver cells. However, they suggested that
Se1P and GPx concentrations increased with the increased addi-
tion of serine in the culture medium of liver cells. In contrast, we
found that pigs fed a diet supplementedwith 0.5% serine had the
highest Se1P concentration and GPx and TrxR activities. With
0.05% serine, the Se1P concentration and GPx and TrxR activ-
ities deceased with the increase in the dietary serine concentra-
tion. These results suggest that with the increase in serine addi-
tion, changes in the selenoprotein activity are different between
in vivo and in vitro studies.

Although serine is considered a nonessential amino acid, it
has been demonstrated to have many important functions.
Importantly, recent studies have proved that dietary serine
supplementation could exert antioxidative effects in rodents
and pigs [15–19]. In these studies, one of the major mecha-
nisms is that serine improved glutathione synthesis. Our

Table 4 Effects of dietary serine supplementation on concentration or activities of selenoproteins in the skeletal muscle and liver of pigs

CONT 0.25%SER 0.5%SER 0.75%SER 1%SER

Muscle

TrxR(mU/g) 0.142 ± 0.011b 0.184 ± 0.009a 0.192 ± 0.008a 0.156 ± 0.012b 0.142 ± 0.006b

GPx(U/g) 0.800 ± 0.084b 1.146 ± 0.084a 1.186 ± 0.091a 1.006 ± 0.091ab 0.947 ± 0.083ab

SE1P(ng/g) 722 ± 44b 1132 ± 57a 1168 ± 81a 1016 ± 62a 1063 ± 56a

Liver

TrxR(mU/g) 0.194 ± 0.015b 0.250 ± 0.006a 0.231 ± 0.017ab 0.231 ± 0.020ab 0.216 ± 0.010ab

GPx(U/g) 1.016 ± 0.080c 1.649 ± 0.131a 1.442 ± 0.099ab 1.384 ± 0.114ab 1.242 ± 0.094bc

SE1P(ng/g) 1290 ± 43b 1505 ± 41a 1650 ± 65a 1526 ± 77a 1447 ± 78ab

a,b,cMean values within a row with unlike superscript letters were significantly different (p < 0.05). n = 7

Table 5 Effects of dietary serine
supplementation on oxidative
status in the skeletal muscle and
liver of pigs

CONT 0.25%SER 0.5%SER 0.75%SER 1%SER

Muscle

MDA (nmol/mg) 20.4 ± 1.5b 15.3 ± 1.5a 12.1 ± 1.7a 11.3 ± 1.4a 13.9 ± 1.6a

T-AOC (U/mg) 2.21 ± 0.18b 3.50 ± 0.24a 4.03 ± 0.32a 3.75 ± 0.31a 3.81 ± 0.37a

SOD (U/mg) 48.4 ± 5.6c 67.3 ± 6.3b 88.5 ± 3.9a 80.4 ± 5.5a 71.4 ± 4.3ab

Liver

MDA (nmol/mg) 31.7 ± 2.6c 23.3 ± 3.0b 17.8 ± 2.1a 15.4 ± 1.9a 14.9 ± 2.7a

T-AOC (U/mg) 4.12 ± 0.39b 5.89 ± 0.27a 5.73 ± 0.33a 5.96 ± 0.49a 5.41 ± 0.57a

SOD (U/mg) 374 ± 31b 512 ± 43a 509 ± 37a 533 ± 42a 497 ± 36a

a,b,cMean values within a row with unlike superscript letters were significantly different (p < 0.05). n = 7
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results also indicated that dietary serine supplementation de-
creased oxidative stress in young growing pigs. Since the
activities of GPx (an important antioxidant enzyme and an
indicator of antioxidative status) and TrxR (an enzyme for
maintaining intracellular redox status) were increased by ser-
ine supplementation, this proves that serine also increases the
antioxidant capacity by improving the activities of
selenoproteins, such as glutathione peroxidase and
thioredoxin reductases.

In conclusion, our results suggest that dietary serine sup-
plementation could improve transcription of selenoproteins
and activities of selenoenzymes, although it did not affect
the Se content in growing pigs. Our findings provide a nutri-
tional strategy to prevent selenosis caused by the overdose of
Se application in livestock production.
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