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a b s t r a c t

Animal protein sources such as fishmeal and plasma powder are excellent and indispensable sources of en-
ergy, amino acids, andminerals in animal production. Amino acid imbalance, especially methionine-to-sulfur
amino acid (Met:SAA) ratio, caused by an imbalance of animal protein meal leads to growth restriction. This
studywas conducted to evaluate the effects of imbalancedMet:SAA ratio supplementation of different animal
protein source diets on growth performance, plasma amino acid profiles, antioxidant capacity and intestinal
morphology in a pigletmodel. Twenty-fourweaned piglets (castratedmales; BW¼ 10.46± 0.34 kg), assigned
randomly into 3 groups (8 piglets/group), were fed for 28 d. Three experimental diets of equal energy and
crude protein levels were as follows: 1) a corn-soybean basal diet with a Met:SAA ratio at 0.51 (BD); 2) a
plasma powder diet with a low Met:SAA ratio at 0.41 (L-MR); 3) a fishmeal diet with a high Met:SAA ratio at
0.61 (H-MR). Results revealed that compared to BD, L-MR significantly decreased (P < 0.05) the activities of
plasma total antioxidant capacity and glutathione peroxidase, plasma amino acid profiles, and significantly
reduced (P < 0.05) villus height and crypt depth in the duodenum and jejunum. Additionally, L-MR signifi-
cantly reduced (P< 0.05) themRNAexpression level of solute carrier family 7member 9 (SlC7A9) in the ileum,
and significantly increased (P < 0.05) mRNA expression levels of zonula occludens-1 (ZO-1) in the duodenum,
and Claudin-1, ZO-1, sodium-coupled neutral amino acid transporters 2 (SNAT2) and SlC7A7 in the jejunum.H-
MR significantly increased (P< 0.05) plasma SAA levels, and significantly reduced (P< 0.05) average daily feed
intake, villus height, and villus height-to-crypt depth (VH:CD) ratio in the ileum compared to BD. In
conclusion, L-MR may result in oxidative stress and villous atrophy but proves beneficial in improving in-
testinal barrier function and the activity of amino acid transporters for compensatory growth. H-MR may
impair intestinal growth and development for weaned piglets. The research provides a guidance on the
adequate Met:SAA ratio (0.51) supplementation in diet structure for weaned piglets.
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1. Introduction

Currently, increasing economic attention has been put on
exploring feed ingredients for swine with a high growth perfor-
mance at a lower feeding cost (Owen et al., 1995). With the pro-
hibition in feed antibiotics, greater and more balanced feed
ingredients for improving pig performances have become imper-
ative in pig diets. Besides, postnatal growth and development of
piglets are sensitive to multiple factors, which can have critical
impacts on the growth performance and intestinal health, resulting
in great economic losses to the swine industry. Diet has a strong
influence on swine growth and intestinal development, especially
protein sources (e.g., soybean, fishmeal, plasma powder) (Karasov
and Douglas, 2013). Protein supplemented with animal sources is
an essential ingredient in pig diets. Compared with plant protein
meals, animal protein meals contain relatively high protein and
amino acids and no fiber, which may improve feed intake and
nutrient digestibility (Gao et al., 2011; Wu et al., 2018). Fishmeal or
plasma powder, as an essential and high-quality ingredient of an-
imal protein meals, is commonly used in early weaning diets to
improve the growth performance of piglets (Torrallardona et al.,
2003; Asghedom et al., 2014). However, little consideration is
given to the imbalance of amino acids induced by an inappropriate
use of animal protein meal.

Fishmeal, the product from whole fish processing, is rich in all
the essential amino acids (EAA), especially Lys and Met that are
the most important amino acids for pigs. Plasma powder sepa-
rated from whole blood has a higher protein content, balanced
amino acid, and abundant vitamins and minerals, which could be
a functional source of nutrients (Jiang et al., 2000). The immu-
noglobulins present in plasma powder has been also implicated in
improving intestinal health and body immunity (Wu et al., 2018).
Although the nutritional composition of fishmeal and plasma
powder may be chemically stable, the bioavailability may be
variable with the quality of the animal protein. Obviously, once
fishmeal or plasma powder is supplied as the entire dietary ani-
mal protein, the characteristics of that ingredient will amplify its
inherent nutritional excesses or deficiencies. In addition, the un-
even distribution of high-quality protein resources is also a
constraint when only fishmeal or plasma powder is used as the
sole animal protein source. Sulfur amino acid (SAA), containing
Cys and Met, is one of the major dietary amino acids in diets
(Bauchartthevret et al., 2009). SAA is implicated in animal growth
and intestinal health and directly involved in amino acid meta-
bolism (Yan et al., 2018). Adequate Met and Cys are necessary to
ensure the body SAA demands. The SAA requirements vary chiefly
in response to health status and feedback criteria. Furthermore,
dietary SAA can alter the production of mucin to modulate the
intestinal barrier (Grimble, 2006). Approximately 30% of dietary
SAA is used for mucosal growth and epithelial cell turnover of the
intestine. Based on standardized ileal digestion, the National
Research Council (NRC, 2012) recommendation of SAA and Met
requirements for 7 to 11 kg pigs was 3.5 and 1.8 g/d, respectively,
indicating that Met:SAA ratio for 7 to 11 kg healthy pigs was
approximately 0.51. The utilization efficiency of SAA in vivo is
associated with Met:SAA ratio in food for animals. However, dif-
ferences in SAA may be caused by feeding different protein
sources, which may alter the optimal performance of weaned
piglets for the SAA component requirement.

Despite the increased interest in fishmeal and plasma powder as
an excellent protein supplement for animal feeding, impact of its
imbalanced dietary Met:SAA ratio on nutrition metabolism, anti-
oxidant status, and intestinal development is still unclear. There-
fore, this experiment was designed to investigate the effects of
imbalanced dietaryMet:SAA ratios on growth performance, plasma
amino acid profiles, antioxidant capacity and intestinal morphology
of weaned piglets. It is also expected to provide theoretical advice
on the application of adequate Met:SAA ratio supplementation in
diet structure in young pigs.

2. Materials and methods

All procedures were reviewed and approved by the Chinese
Academy of Science Institutional Animal Care and Use Committee,
Changsha, Hunan, China.

2.1. Experimental design

After an adaptation period of 3 d, 24 castrated male pigs
(10.46 ± 0.34 kg BW) were randomly assigned into 3 dietary
treatments by body weight (BW). Eight piglets per treatment were
housed in individual pens for 28 d. All experimental diets contained
the same metabolizable energy, crude protein levels, and other
essential nutrients. Experimental diets were: 1) a corn-soybean
basal diet with Met:SAA ratio at 0.51 (BD); 2) a plasma powder
diet with a lowMet:SAA ratio at 0.41 (L-MR); 3) a fishmeal diet with
a high Met:SAA ratio at 0.61 (H-MR). Met:SAA ratio in each group
diets were provided meeting, lowering, or exceeding the NRC
(2012) recommendations for 7- to 11-kg pigs, respectively. The
composition and nutrient levels of different experimental diets are
shown in Table 1. Dry feed and clean water were freely accessible
throughout the experimental period.

2.2. Growth performance

All piglets were individually weighed at d 1, 14 and at the end of
the trial, d 28, and fasting body weight was measured after 10 h.
Initial and final body weight, average daily gain (ADG), average
daily feed intake (ADFI) and the feed-to-gain (F:G) ratio were
recorded and calculated for the whole experimental period (Yin
et al., 2001).

2.3. Slaughter procedures and sampling

After the feeding trial, all piglets were fasted for 12 h before
slaughter, and then randomly electrocuted and exsanguinated.
Intestinal samples for histological analysis were separately
collected from the duodenum, jejunum, and ileum by shearing
into 2-cm segments. Immediately, each segment was fixed with
4% (wt/vol) phosphate-buffered paraformaldehyde and used for
making paraffin-embedded sections (Xiao et al., 2013). Mean-
while, approximately 5 cm of intestinal segments were excised, all
the intestinal content was removed with 0.9% saline and then cut
into 3 parts and snap-frozen in liquid nitrogen for molecular
analysis.

2.4. Plasma amino acid profiles

Before slaughter, blood samples at the end of wk 2 and 4
were harvested from the percaval vein and poured into an
ethylene diamine tetraacetic acid (EDTA) vacuum tubes. Then
plasma was separated with centrifugation at 3,500 � g for
15 min at 4 �C and stored at �80 �C until analysis for amino
acid profiles. Eighteen amino acids, which were L-methionine,
L-arginine, L-isoleucine, L-leucine, L-tryptophan, L-phenylalanine,
L-lysine, L-histidine, L-valine, L-threonine, L-glutamate, L-serine,
L-aspartate, L-alanine, glycine, L-cystine, L-proline and tyrosine,
were analyzed according to the stable isotope dilution high



Table 1
Ingredients and chemical composition of experimental piglet diets (as-fed basis).

Item Diets1

BD L-MR H-MR

Ingredients, g/kg
Corn 628.20 665.20 667.05
Soybean meal 110.00 81.50 89.00
Puffed soybean 156.00 75.00 73.00
Fishmeal 11.00 0.00 78.00
Plasma powder 13.30 70.00 0.00
Vitamin and mineral2 1.20 1.20 1.20
Limestone 12.00 14.00 8.00
Salt 2.50 2.50 2.50
Dicalcium phosphate 10.00 10.00 3.50
DL-methionine 0.60 0.20 0.90
L-lysine 5.00 4.00 5.00
L-threonine 1.00 1.40 1.50
L-tryptophan 0.70 0.00 0.40
Glucose 25.00 25.00 25.00
Whey powder 12.00 37.00 31.95
Acidifier 1.50 3.00 3.00
Zeolite powder 10.00 10.00 10.00
Total 1,000 1,000 1,000

Calculated analysis, %
Digestible energy, kcal/kg 3.44 3.43 3.39
Crude protein 17.62 17.61 17.61
Calcium 0.72 0.72 0.72
Total phosphorus 0.72 0.72 0.72
Available phosphorus 0.57 0.57 0.58
Lys 1.36 1.36 1.36
Met 0.35 0.29 0.43
SAA3 0.69 0.70 0.71
Met:SAA ratio3 0.51 0.41 0.61

SAA ¼ sulfur amino acid; Met ¼ methionine; Lys ¼ lysine.
1 BD, a corn-soybean basal diet with a Met:SAA ratio at 0.51; L-MR, a plasma

powder diet containing aMet:SAA ratio at 0.41; H-MR, a fishmeal diet withMet:SAA
ratio at 0.61.

2 Provided per kilogram of diet: vitamin A, 1,750 IU; vitamin D3, 200 IU; vitamin E,
11 IU; vitamin K, 0.5 mg; vitamin B1 1.00 mg; vitamin B2, 3.00 mg; vitamin B6,
3.00mg; biotin, 0.05mg; folic acid, 0.30mg; niacin acid, 30.00mg; pantothenic acid,
300 mg; Cu (CuSO4 5H2O), 5.00 mg; Fe (FeSO4 7H2O), 100.00 mg; Mn (MnSO4 H2O),
3.00 mg; Se, 0.30 mg; I, 0.14 mg; Co, 0.12 mg.

3 SAA ¼ Met þ Cys.

Table 2
Primers used in this study.

Gene Accession No. Primer (5ʹe3ʹ) Size, bp

b-actin XM_021086047.1 F: CTGCGGCATCCACGAAACT
R: AGGGCCGTGATCTCCTTCTG

147

Claudin-1 NM_001244539.1 F: AAGGACAAAACCGTGTGGGA
R: CTCTCCCCACATTCGAGATGATT

247

Occludin NM_001163647.2 F: ACGAGCTGGAGGAAGACTGGATC
R: CCCTTAACTTGCTTCAGTCTATTG

238

ZO-1 XM_021098896.1 F: CCTGCTTCTCCAAAAACTCTT
R: TTCTATGGAGCTCAACACCC

252

SNAT2 NM_001317081.1 F: CTGAGCAATGCGATTGTGGG
R: ACGTGGTCGGCAAGAATCAT

615

SLC7A7 NM_001110421.1 F: CTCGGGCATCTTCGTCT
R: CCCAGTTCCGCATAACA

126

SLC7A6 XM_021094157.1 F: TCTGTTGTGGGTGCCCTTTG
R: GACGGCTGGATGATGTAGTTGG

194

SLC7A9 NM_001110171.1 F: AGGAACCGCCAGAGTAAC
R: CATCAGGAAGAAATAGCCAC

100

ZO-1 ¼ zonula occludens-1; SNAT2 ¼ sodium-coupled neutral amino acid trans-
porters 2; SLC7A7 ¼ solute carrier family 7 member 7.
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performance liquid chromatographyeelectrospray ionization
tandem mass spectrometry (HPLC-ESI-MS/MS) method (Feng et
al., 2014).

2.5. Plasma antioxidant capacity analysis

Total antioxidant capacity (T-AOC), superoxide dismutase (SOD),
catalase (CAT) and glutathione peroxidase (GSH-Px), and gluta-
thione (GSH) content and malondialdehyde (MDA) content, as
important antioxidant indexes, in the plasma were determined
using commercial spectrophotometric kits in accordance with the
manufacturer's instructions (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

2.6. Histomorphological investigations

Histomorphological changes in the small intestines were
measured in accordance with the description of Tan et al. (2009).
Briefly, samples were removed from fixation fluid, dehydrated, and
embedded in paraffin. Cryosections were performed on approxi-
mately 5-mm thickness of transverse, stained with hematoxylin and
eosin, and imagedwith a Leica DMI3000Bmicroscopy. Villus height
and crypt depth were measured on 10 microscopic fields with
randomly selected 100� magnified images from individual animal.
Villus height was considered from the top to the villusecrypt
junction, and crypt depth was considered from the villusecrypt
junction to the villus base. The villus height-to-crypt depth
(VH:CD) ratio was also calculated.

2.7. Real-time quantitative PCR (RT-PCR)

Total RNA from liquid nitrogen frozen duodenum, jejunum,
and ileum samples was extracted with Trizol Reagent (Invitrogen,
Carlsbad, CA, USA) and dissolved in diethyl pyrocarbonate (DEPC)-
treated water (Yin et al., 2018). The RNA concentration and quality
of each sample were evaluated by Eppendorf Biophotometer
(Eppendorf AG, Hamburg, Germany) and 1% agarose gel, respec-
tively. Further, first-strand cDNA synthesis was performed on
1.0 mg of total RNA incubated with DNase I, and reverse-
transcribed using Oligo (dT) primers (Takara, Otsu, Japan). All
primers were designed using Primer 6.0 based on the mRNA se-
quences of Sus scrofa (Table 2). Reactions of quantitative RT-PCR
were performed in triplicate and the b-actin housekeeping gene
was used to normalize target gene expression. The performing
protocol was performed as previously described (Bai et al., 2018).
The relative expression of target genes was presented as a ratio to
the control gene.

2.8. Statistical analysis

Results were analyzed using IBM SPSS Statistics 23.0 software
(SPSS Inc., Chicago, IL, USA), and one-way ANOVA and Duncan's
multiple-range test were utilized for comparing the differences
among treatments. All data are presented as means ± the standard
errors (SEM), 0.05 < P < 0.10 was defined as a trend, and P < 0.05 a
statistically significance.

3. Results

3.1. Growth performance

Compared to BD, L-MR and H-MR significantly reduced the BW
on d 14 (P < 0.05, Table 3), L-MR reduced (P < 0.05) the BWon d 28.
Dietary supplementation with H-MR increased the BW on d 14
(P < 0.05) compared to the L-MR. From d 1 to 14, piglets on H-MR
had a lower ADG (P < 0.05) and ADFI (P < 0.05) compared to those
on BD. Compared to the BD, L-MR had significantly reduced ADG
(P < 0.05) and increased the F:G ratio (P < 0.05). ADG in the H-MR
groupwas increased (P < 0.05) and F:G ratio in the H-MR groupwas
decreased (P < 0.05), as compared with the L-MR group. From d 14
to 28, pigs fed BD or L-MR had a higher ADFI (P < 0.05) than those in
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H-MR group. L-MR tended to increase ADG (P¼ 0.075) compared to
BD. Overall (d 1 to 28), compared to BD, L-MR tended to decrease
ADG (P¼ 0.063). ADFI in the H-MR group was significantly reduced
(P < 0.05) compared to the BD group. Pigs on L-MR had a higher
(P < 0.05) F:G ratio compared to those on BD or H-MR.

3.2. Plasma antioxidant capacity analysis

The results of plasma antioxidant indexes are shown in Table 4.
On d 14, L-MR significantly (P < 0.05) reduced T-AOC and tended to
reduce the activity of SOD (P ¼ 0.077) compared to the BD group.
On d 28, compared to the BD group, L-MR reduced the activity of
GSH-Px (P < 0.05) in the plasma.

3.3. Plasma amino acid profiles

The concentrations of SAA, total amino acid (TAA), EAA,
nonessential amino acid (NEAA) and the EAA-to-NEAA (EAA:NEAA)
ratio were calculated based on the analyzed plasma amino acid. As
shown in Table 5, on d 14, compared to BD, pigs on L-MR had
significantly decreased concentrations of Met, leucine, tryptophan,
and glutamate (P < 0.05), and increased plasma threonine con-
centration (P < 0.05). Meanwhile, pigs with H-MR had decreased
(P < 0.05) concentrations of the branched-chain amino acids (BCAA,
including leucine, isoleucine, and valine), histidine and phenylala-
nine, and increased (P < 0.05) concentrations of threonine, serine,
aspartate, and glycine in plasma compared to BD. The concentra-
tions of Met, Glu, Ser, Asp, Gly were lower (P < 0.05), and the his-
tidine and BCAA concentrations were higher (P < 0.05) in plasma of
pigs on L-MR compared to those on H-MR. Compared to H-MR, L-
MR tended to decrease the concentrations of arginine (P ¼ 0.051)
and proline (P ¼ 0.063) in plasma. As shown in Table 6, on d 28,
compared to BD, L-MR reduced (P < 0.05) concentrations of Met,
arginine, glutamate, aspartate, proline, and tyrosine in plasma.
Compared to the BD group, pigs on H-MR had reduced (P < 0.05)
concentrations of arginine, histidine, and glutamate. The concen-
trations of Met and tyrosine were significantly decreased (P < 0.05)
in the L-MR group, whereas the concentration of histidine was
markedly increased (P < 0.05) compared to the H-MR group. L-MR
Table 3
Effects of imbalanced dietary Met:SAA ratio on the growth performance in weaned
piglets.

Item Diets1 P-value

BD L-MR H-MR

BW, kg
Day 1 10.45 ± 0.12 10.45 ± 0.13 10.49 ± 0.12 0.96
Day 14 15.56 ± 0.32c 13.05 ± 0.34a 14.38 ± 0.31b <0.01
Day 28 21.52 ± 0.47b 19.24 ± 0.82a 20.04 ± 0.40ab 0.038

Day 1 to 14
ADG, g 393.75 ± 22c 223.08 ± 23.31a 299.04 ± 23.28b <0.01
ADFI, kg 786.54 ± 25.75b 665.38 ± 50.15ab 639.42 ± 37.65a 0.021
F:G ratio 2.02 ± 0.07a 3.03 ± 0.1b 2.19 ± 0.15a <0.01

Day 14 to 28
ADG, g 425.45 ± 19.5 476.79 ± 31.58 404.46 ± 11.72 0.075
ADFI, kg 1,159.65 ± 47.03b 1,195.15 ± 57.47b 1,013.32 ± 41a 0.033
F:G ratio 2.75 ± 0.11 2.53 ± 0.06 2.5 ± 0.06 0.108

Day 1 to 28
ADG, g 410.19 ± 16.46 354.63 ± 26.86 353.7 ± 13.71 0.063
ADFI, kg 980 ± 32.92b 940.08 ± 52.7ab 834.22 ± 36.6a 0.038
F:G ratio 2.4 ± 0.05a 2.67 ± 0.06b 2.36 ± 0.08a 0.008

Met ¼ methionine; SAA ¼ sulfur amino acid; BW ¼ body weight; ADG ¼ average
daily gain; ADFI ¼ average daily feed intake; F:G ratio ¼ feed-to-gain ratio.
a, b, c Within a row, means sharing different superscript letters differ significantly
(P < 0.05).

1 BD, a corn-soybean basal diet with Met:SAA ratio at 0.51; L-MR, a plasma
powder diet with a low Met:SAA ratio at 0.41; H-MR, a fishmeal diet with a high
Met:SAA ratio at 0.61.
also tended to reduce the alanine concentration (P ¼ 0.055) in
plasma compared to BD.

Overall, after the different animal protein diets fed for 28 d, the
concentrations of SAA, TAA and NEAA in plasma of pigs on L-MR
were significantly decreased (P < 0.05), and the EAA:NEAA ratio
was improved (P < 0.05) compared to those on BD and H-MR for
14 d. However, no significant difference was observed on the con-
centrations of TAA, EAA, NEAA and the EAA:NEAA ratio in plasma of
weaned piglets for 28 d among the 3 treatments. Pigs on H-MR had
higher (P < 0.05) SAA levels in plasma compared to those on L-MR.
In short, the amino acid profiles in plasma showed more variance
on d 14 than on d 28, evident by the dietary sulfur amino acid levels.

3.4. Amino acids transporters

Analyzed expression levels of intestinal amino acid transporters
are detailed in Fig. 1. The relative mRNA expression levels of
sodium-coupled neutral amino acid transporters 2 (SNAT2) and
solute carrier family 7 member 7 (SLC7A7) were up-regulated
(P < 0.05) in the jejunum of pigs supplemented with L-MR
compared to the BD and H-MR. Compared to the BD group,
decreased SLC7A7mRNA level (P < 0.05) in the ileumwas observed
in dietary H-MR supplementation. The expression level of SLC7A9
was lower (P < 0.05) in pigs on L-MR than BD. However, no sig-
nificant difference (P > 0.10) was observed on SNAT2, SLC7A7,
SLC7A6 and SLC7A9 expression between groups in the duodenum.

3.5. Histomorphological investigations

Compared to the L-MR and H-MR, the villi were arranged more
closely and tightly in duodenum and jejunum when pigs fed with
the BD diet, as shown in Fig. 2. However, pigs on the BD group had
shorter villi of the duodenum than the other 2 groups. The villi
were shorter and the extent of the injury was higher in the jejunum
of pigs on the L-MR as opposed to the BD. With digestion time
prolongs, the effect of growth promotion on the small intestine was
reduced in the L-MR and H-MR groups.

As shown in Table 7, the villous height, crypt depth, and VH:CD
ratio of the duodenum, jejunum and ileum were measured.
Compared to the BD and H-MR groups, the L-MR decreased the
crypt depth in the duodenum of pigs. Pigs on L-MR had a higher
VH:CD ratio of the duodenum compared to those on BD.
Compared to the BD and H-MR, L-MR had significantly (P < 0.05)
decreased the villous height and crypt depth of the jejunum. The
H-MR reduced (P < 0.05) the villous height of the ileum compared
to the BD, and decreased the VH:CD ratio of the ileum compared
to the BD and L-MR (P < 0.05). In addition, H-MR had a significant
trend (P ¼ 0.066) to increase the crypt depth of the ileum
compared to BD.

3.6. Intestinal barrier function

Analyzed themRNA expression levels of Claudin-1, Occludin and
zonula occludens-1 (ZO-1) in the small intestine were presented in
Fig. 3. L-MR supplementation remarkably (P < 0.05) up-regulated
the expression of ZO-1 in the duodenum and jejunum, and
increased (P < 0.05) the jejunal expression of Claudin-1, compared
to these in BD and H-MR groups. There was a significantly higher
(P< 0.05) expression level of Claudin-1 of the ileum in the BD group
compared to both the L-MR or H-MR groups.

4. Discussion

The present study is the first to explore the potential influence
of imbalanced Met:SAA ratio in dietary supplementation from



Table 4
Effects of imbalanced dietary Met:SAA ratio on plasma amino acid profiles in weaned piglets at d 14 and 28.

Item Diets1 P-value

BD L-MR H-MR

Day 14
T-AOC, U/mL 2.07 ± 0.25b 1.37 ± 0.15a 1.63 ± 0.12ab 0.046
SOD, U/mL 14.32 ± 0.55 12.64 ± 0.35 14.21 ± 0.7 0.077
CAT, U/mL 23.83 ± 3.79 11.43 ± 1.85 15.97 ± 8.03 0.187
GSH-Px, U/mL 789.66 ± 42.16 764.67 ± 53.81 750.61 ± 50.26 0.836
GSH, mg/L 2.08 ± 0.05 2.21 ± 0.08 2.23 ± 0.13 0.484
MDA, nmol/mL 6.45 ± 0.23 5.37 ± 0.47 6.56 ± 0.76 0.207

Day 28
T-AOC, U/mL 1.08 ± 0.29 1.05 ± 0.21 1.27 ± 0.16 0.798
SOD, U/mL 13.05 ± 0.8 13.77 ± 0.39 13.22 ± 0.4 0.650
CAT, U/mL 18.45 ± 4.27 16.68 ± 3.25 13.56 ± 3.47 0.639
GSH-Px, U/mL 806.98 ± 79.6b 563.67 ± 50.41a 685.32 ± 44.37ab 0.032
GSH, mg/L 1.42 ± 0.05 1.42 ± 0.05 1.44 ± 0.05 0.948
MDA, nmol/mL 6.27 ± 0.57 6.45 ± 0.69 5.97 ± 0.4 0.831

Met ¼ methionine; SAA ¼ sulfur amino acid; T-AOC ¼ total antioxidant capacity; SOD ¼ superoxide dismutase; CAT ¼ catalase; GSH-Px ¼ glutathione peroxidase;
GSH ¼ glutathione; MDA ¼ malondialdehyde.
a, b Within a row, means sharing different superscript letters differ significantly (P < 0.05).

1 BD, a corn-soybean basal diet with Met:SAA ratio at 0.51; L-MR, a plasma powder diet with a lowMet:SAA ratio at 0.41; H-MR, a fishmeal diet with a high Met:SAA ratio at
0.61.

Table 5
Effects of imbalanced dietary Met:SAA ratio on plasma amino acid profiles in weaned piglets at d 14 (mg/g).

Item Diets1 P-value

BD L-MR H-MR

Essential amino acids
L-methionine 2.55 ± 0.32b 2 ± 0.11a 4.04 ± 0.18b <0.001
L-arginine 58.87 ± 4.74 49.5 ± 2.78 62.86 ± 3.31 0.051
L-isoleucine 10.73 ± 1.3b 8.79 ± 1.01b 5.69 ± 0.55a 0.007
L-leucine 16.69 ± 1.3c 13.1 ± 1.47b 9.18 ± 0.58a 0.001
L-tryptophan 6.63 ± 0.79b 4.05 ± 0.63a 5.09 ± 0.57ab 0.04
L-phenylalanine 9.23 ± 0.69b 7.8 ± 0.42ab 7.08 ± 0.38a 0.023
L-lysine 26.24 ± 2.38 25.34 ± 0.96 30.1 ± 2.5 0.248
L-histidine 4.16 ± 0.33b 4.27 ± 0.3b 2.37 ± 0.25a <0.001
L-valine 14.11 ± 2.08b 13.43 ± 1.75b 5.73 ± 0.52a 0.002
L-threonine 10.92 ± 1.69a 21.23 ± 2.32b 23.19 ± 4.1b 0.015

Non-essential amino acids
L-glutamate 40.87 ± 3.5b 26.46 ± 1.79a 43.27 ± 4.19b 0.003
L-serine 14.84 ± 0.74a 13.13 ± 0.69a 18.2 ± 1.09b 0.002
L-aspartate 1.62 ± 0.2a 1.16 ± 0.13a 2.73 ± 0.53b 0.01
L-alanine 42.97 ± 3.51ab 33.97 ± 2.25a 45.78 ± 3.53b 0.038
Glycine 76.97 ± 7.42a 64.01 ± 4.76a 113.32 ± 8.39b <0.001
L-cystine 2.08 ± 0.18 2.1 ± 0.24 1.77 ± 0.08 0.359
L-proline 21.23 ± 1.52 19.11 ± 0.61 23.07 ± 1.02 0.063
L-tyrosine 9.23 ± 0.81 7.14 ± 0.75 8.12 ± 0.41 0.119
SAA 4.63 ± 0.39a 4.09 ± 0.28a 5.81 ± 0.23b 0.003
TAA 403.41 ± 21.59b 316.59 ± 12.08a 411.59 ± 20.73b 0.003
EAA 163.65 ± 5.07 149.50 ± 7.21 155.33 ± 6.74 0.312
NEAA 221.03 ± 11.60b 167.08 ± 8.66a 256.26 ± 14.85b 0.001
EAA:NEAA ratio 0.72 ± 0.06a 0.91 ± 0.06b 0.61 ± 0.02a 0.002

Met ¼ methionine; SAA ¼ sulfur amino acid; TAA ¼ total amino acid; EAA ¼ essential amino acid; NEAA ¼ non-essential amino acid.
a, b, c Within a row, means sharing different superscript letters differ significantly (P < 0.05).

1 BD, a corn-soybean basal diet with Met:SAA ratio at 0.51; L-MR, a plasma powder diet with a lowMet:SAA ratio at 0.41; H-MR, a fishmeal diet with a high Met:SAA ratio at
0.61.
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different animal protein sources for weaned pigs. Numerous
studies indicate that sulfur amino acid play crucial metabolic and
functional roles in animal nutrition. Especially Met, as the second
limiting amino acid in traditional diets, is commonly supported to
optimize pigs’ growth performance. Generally, the requirement of
amino acid for protein deposition would be higher in younger pigs
than in older pigs (NRC, 2012). The negative effect on the growth
rate of pigs was more serious in early periods than late-finisher
periods. In the present study, supplementation with a low Met:-
SAA ratio diet had a reduced growth performance during the 14 d
and the whole experimental period. The reason for the reduced
growth performance may be interlinked with a suppressed effect
on the intestinal growth of dietary SAA deficiency. Instead,
increasing dietary SAA levels could improve the growth perfor-
mance of piglets, increasing gain-to-feed ratio from d 0 to 14 (Zong
et al., 2018). However, from d 14 to 28, as compared to the BD group,
the ADG, and ADFI of piglets on L-MR increased by 12.0% and 3.0%,
respectively, and the F: G ratio reduced by 8.0%. The results indicate
a compensation action of L-MR on growth performance when
weaned piglets were fed a diet with a lower Met:SAA ratio.



Table 6
Effects of imbalanced dietary Met:SAA ratios on plasma amino acid profiles in
weaned piglets at d 28 (mg/g).

Item Diets1 P-value

BD L-MR H-MR

Essential amino acids
L-methionine 3.45 ± 0.3b 2.61 ± 0.22a 4.11 ± 0.32b 0.005
L-arginine 54.69 ± 1.54b 45.13 ± 2.79a 45.19 ± 3.34a 0.028
L-isoleucine 9.26 ± 0.61 8.6 ± 0.93 10.97 ± 1.44 0.280
L-leucine 16.77 ± 1.01 14.29 ± 1.73 17.31 ± 2.17 0.426
L-tryptophan 8.71 ± 1.25 6.46 ± 1.2 6.96 ± 0.39 0.285
L-phenylalanine 9.73 ± 0.58 8.62 ± 0.77 9.63 ± 0.84 0.512
L-lysine 25.85 ± 1.64 20.79 ± 1.46 25.65 ± 2.4 0.122
L-histidine 6.66 ± 1.01b 5.14 ± 0.57ab 3.88 ± 0.49a 0.042
L-valine 19.01 ± 2.4 15.77 ± 2.56 16.24 ± 2.38 0.607
L-threonine 14.97 ± 2.26 13.15 ± 1.29 10.72 ± 1.12 0.206

Non-essential amino acids
L-glutamate 52.37 ± 4.94b 31.46 ± 2.15a 40.77 ± 3.95a 0.004
L-serine 14.49 ± 1.91 11.37 ± 0.79 14.4 ± 1.1 0.203
L-aspartate 2.32 ± 0.52b 1.22 ± 0.16a 1.93 ± 0.21ab 0.09
L-alanine 45.25 ± 3.69 34.76 ± 2.99 37.75 ± 1.9 0.055
Glycine 69.42 ± 8.49 61.72 ± 5.68 66.87 ± 5.22 0.708
L-cystine 2.32 ± 0.16 2.64 ± 0.32 2.6 ± 0.21 0.609
L-proline 24.51 ± 1.38b 19.64 ± 0.67a 21.68 ± 1.1ab 0.016
L-tyrosine 11.76 ± 0.81b 8.83 ± 0.95a 11.47 ± 0.74b 0.041
SAA 5.77 ± 0.35ab 5.25 ± 0.40a 6.71 ± 0.25b 0.021
TAA 391.55 ± 15.64 375.89 ± 17.46 348.14 ± 18.21 0.217
EAA 169.10 ± 6.46 165.64 ± 7.28 150.57 ± 12.51 0.337
NEAA 222.45 ± 15.61 210.26 ± 15.92 197.47 ± 10.06 0.470
EAA:NEAA ratio 0.79 ± 0.07 0.82 ± 0.08 0.77 ± 0.06 0.863

Met ¼ methionine; SAA ¼ sulfur amino acid; TAA ¼ total amino acid;
EAA ¼ essential amino acid; NEAA ¼ non-essential amino acid.
a, b Within a row, means sharing different superscript letters differ significantly
(P < 0.05).

1 BD, a corn-soybean basal diet with Met:SAA ratio at 0.51; L-MR, a plasma
powder diet with a low Met:SAA ratio at 0.41; H-MR, a fishmeal diet with a high
Met:SAA ratio at 0.61.

Fig. 1. Effects of imbalanced dietary Met:SAA ratios on mRNA expression of intestinal amino
corn-soybean basal diet containing the Met:SAA ratio at 0.51; L-MR, a plasma powder diet co
ratio at 0.61. The mRNA expression abundances of SNAT2, SLC7A7, SLC7A6, and SLC7A9 were
(n ¼ 8). Bar with different superscripts are significantly different (P < 0.05). Met ¼ methionin
2; SLC7A7 ¼ solute carrier family 7 member 7.
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Meanwhile, an improvement of F:G ratio responded to dietary
supplementation with SAA (via Met). Previous studies have
demonstrated that dietary SID SAA:Lys ratios are positively corre-
lated with ADG and F:G ratio (Ren et al., 2018). However, results of
the present study showed that the high Met:SAA ratio of fishmeal
diet (H-MR) had no effect on growth performance, but reduced the
ADFI of pigs. The discrepancies may be due to the large proportion
of fishmeal in feed ingredients, leading to poor palatability for pigs.
Thus, our results suggest that the Met:SAA ratio recommended by
the NRC (2012) for pigs would correspond to better growth per-
formance. According to the F:G ratio, H-MR also had a positive ef-
fect on pig performance.

Predominantly, as building blocks for polypeptides and protein,
plasma amino acids are associated with animal growth perfor-
mance and health (Jeon et al., 2018; Ren et al., 2014). Amino acid
flux in the serum is more susceptible to changes in dietary nutri-
ents during the early periods. In the present study, increased
plasmaMet level is a direct result of increasedMet:SAA ratio diet. In
accordance with previous studies, it was not surprising to find that
plasma levels of Met and Cys increased with an increase in dietary
Met (Bauchartthevret et al., 2009; Kim et al., 2012). Conversely, the
BCAA (Ile, Leu, Val) levels in plasma decreased with an increase in
dietary Met:SAA ratio. As BCAA is essential for synthesizing circu-
lating glutamine and alanine, it constitutes a major fuel for rapidly
proliferating cells (Wu, 2014). Accordingly, large amounts of BCAA
were utilized for synthesizing intestinal mucosal protein and thus
are expected to increase as the Met:SAA ratio in the diet decreases.
Additionally, the ratio of EAA to NEAA is an important index to
evaluate the nutritional status of animals. The increased plasma
EAA:NEAA ratio suggests an adequate supply of EAA in the serum.
This is beneficial to maintain the amino acid balance and improve
protein deposition and improve the growth performance of piglets
(Lewis,1992). Recent studies show that plasma EAA:NEAA ratiowas
higher in the pigs on L-MR than on BD and H-MR at d 14. However,
no positive effect on growth performance was found in pigs on L-
acids transporters in (A) duodenum, (B) jejunum, and (C) ileum of weaned piglets. BD, a
ntaining a low Met:SAA ratio at 0.41; H-MR, a fishmeal diet containing a high Met:SAA
normalized using b-actin as an internal control. Data are expressed as means ± SEM
e; SAA ¼ sulfur amino acids; SNAT2 ¼ sodium-coupled neutral amino acid transporters



Fig. 2. Hematoxylin and eosin (H&E) stained sections of the intestine (200� magnification). (A) Duodenum. (B) Jejunum. (C) Ileum. BD, a corn-soybean basal diet containing the
Met:SAA ratio at 0.51; L-MR, a plasma powder diet containing a low Met:SAA ratio at 0.41; H-MR, a fishmeal diet containing a high Met:SAA ratio at 0.61. Met ¼ methionine;
SAA ¼ sulfur amino acids.
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MR in the early stages of clinical trials. A possible explanation is that
the reduced concentrations of plasma SAA, TAA, EAA, and NEAA is a
response to lower levels of Met:SAA ratio in the L-MR diet in
combination with the limitation of growth performance found in
the present study. Numerous studies have also reported that Met
may be the first limiting amino acid in diets for piglets when the
level of plasma powder was more than 6% (Owen et al., 1995; Wu
et al., 2018). Instead, the compensation effect on the growth of
piglets may be associated with higher absorption of the small
intestine.

The absorption and transportation of amino acids in cells mainly
require specific transporters to regulate (Yang et al., 2016). The
levels of amino acid transporters, affected by dietary nutrient
content, are indicative of the availability of amino acids in the small
intestine (Laspiur et al., 2009). The SNAT2, SlC7A7, SLC7A6, and
SLC7A9 are Naþ-independent neutral amino acid transporters
Table 7
Effects of imbalanced dietary Met:SAA ratio on the morphology of the small intestine in

Item Diets1

BD L-MR

Duodenum
Villous height, mm 959.2 ± 29.76 986.
Crypt depth, mm 869.28 ± 35.29b 734.
VH:CD ratio 1.19 ± 0.07a 1.43

Jejunum
Villous height, mm 865.76 ± 19.42b 387.
Crypt depth, mm 622.97 ± 21.55b 267.
VH:CD ratio 1.5 ± 0.08 1.51

Ileum
Villous height, mm 934.99 ± 24.96b 883.
Crypt depth, mm 513.09 ± 19.44 505.
VH:CD ratio 1.94 ± 0.08b 1.92

Met ¼ methionine; SAA ¼ sulfur amino acid; VH:CD ratio ¼ villous height to crypt dept
a, b Within a row, means sharing different superscript letters differ significantly (P < 0.0

1 BD, a corn-soybean basal diet with Met:SAA ratio at 0.51; L-MR, a plasma powder diet
0.61.
(Verrey et al., 2004). SNAT2 is mainly responsible for transporting
Cys, Glu, Gly, and Ala, and other neutral aliphatic amino acids (Hyde
et al., 2007). SlC7A7, SLC7A6, and SLC7A9 are mainly involved in the
transport of BCAA, Asp, Glu, and some small neutral amino acids
(Fuchs et al., 2005). In this study, mRNA expression levels of amino
acid transporters (SNAT2 and SlC7A7) were increased in the
jejunum of pigs on the L-MR diet. The mRNA expression of SLC7A6,
SLC7A7 and SLC7A9 in the ileum was the highest in piglets fed the
basal diet. Instead, a high SAA-diet reduced the mRNA expression
levels of amino acid transporters in the small intestine. A possible
explanation is the effect of Met on intestinal morphology growth in
pigs is associated with lower small intestinal digestion and ab-
sorption capacities.

Due to the imbalance between the production and limitation of
the reactive oxygen species, oxidative stress can impair the cellular
antioxidant defense system of the body (Zhang et al., 2015).
weaned piglets.

P-value

H-MR

5 ± 32.88 1051.33 ± 26.3 0.099
09 ± 23.5a 861.65 ± 32.86b 0.002
± 0.07b 1.29 ± 0.05ab 0.034

4 ± 12.34a 819.17 ± 54.27b <0.01
82 ± 8.97a 568.02 ± 34.97b <0.01
± 0.06 1.45 ± 0.07 0.804

99 ± 19.38ab 854.63 ± 18.41a 0.027
97 ± 21.53 568.87 ± 21.31 0.066
± 0.09b 1.61 ± 0.07a 0.006

h ratio.
5).
with a lowMet:SAA ratio at 0.41; H-MR, a fishmeal diet with a high Met:SAA ratio at



Fig. 3. Effects of imbalanced dietary Met:SAA ratio on mRNA expression of the tight junction of the small intestine in weaned piglets. (A) Duodenum; (B) Jejunum; (C) Ileum. BD, a
corn-soybean basal diet containing the Met:SAA ratio at 0.51; L-MR, a plasma powder diet containing a low Met:SAA ratio at 0.41; H-MR, a fishmeal diet containing a high Met:SAA
ratio at 0.61. The mRNA expression abundances of Claudin-1, Occludin, and ZO-1 were normalized using b-actin as an internal control. Data are expressed as means ± SEM (n ¼ 8).
Bar with different superscripts are significantly different (P < 0.05). Met ¼ methionine; SAA ¼ sulfur amino acids; ZO-1 ¼ zonula occludens-1.
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Oxidative stress or weaning stress is reported to cause villous at-
rophy, increased intestinal permeability and infection in piglets
(Thomson et al., 1998; Spahr et al., 2007). In the present study, L-
MR-diet had a decrease in the activity of plasma T-AOC and GSH-Px,
indicating that dietary decreasing Met:SAA ratio can reduce the
enzymatic antioxidant defense systems for piglets. The highest
activities of antioxidant enzymes (including T-AOC and GSH-Px)
were found in the plasma of piglets on BD-diet, shows that
adequate Met:SAA ratio are necessary to meet the amino acid
balance for the enzymatic antioxidant defense systems of the body.
In particular, methionine is an indispensable component of gluta-
thione and maintains cellular redox homeostasis.

The intestinal morphology is closely associated with the ab-
sorption of nutrients and growth performance in animals (Lee et al.,
2013). Villus atrophy and crypt hyperplasia, as significant changes
in the intestinal morphology, directly induce the malabsorption,
diarrhea, and growth inhibition in pigs (Xiong et al., 2016). More-
over, the VH:CD ratio is an important index for estimating the in-
fluence of small intestinal morphology, which can reflect the
capacity of nutrient digestion and absorption. Previous studies re-
ported that dietary supplementation of methionine or N-acetyl-
cysteine could improve villus development and the epithelial cell
metabolism (Hou et al., 2012; Shen et al., 2014). Here, we have
found that the decrease in the villus height of the jejunum and
ileum was shown in the L-MR and H-MR supplemented diets.
Inappropriate Met:SAA ratio diet probably results in the impair-
ment of epithelial proliferation. Besides, the highest crypt depth in
the duodenum, and the highest villus height and VH:CD ratio in the
ileum and crypt depth in the jejunum, along with the highest villus
height and VH:CD ratio in the ileum of the level of Met:SAA ratio at
0.51 of group, which meet the nutritional requirements as recom-
mended by the NRC (2012), indicated that the nutrient could be
preferentially digested and absorbed in this group. This indicates
that SAA deficiency or excess could suppress and impair intestinal
growth and development.
Tight junction proteins are regarded as key markers of barrier
functions in the epithelial, endothelial, and intestinal paracellular
pathway (Ren et al., 2014; Xiong et al., 2015). Tight junction pro-
teins are composed of integral membrane proteins associated with
cytoplasmic plaque proteins. Decreased tight-junction protein
expression is associated with sustained impairment in the intesti-
nal barrier (Hu et al., 2013). Similarly, the results showed that the
mRNA expression of ZO-1 in duodenum and Claudin-1 and ZO-1 in
the jejunum was increased in pigs on diet supplementation with a
low Met:SAA ratio level (L-MR), and the mRNA expression of
Claudin-1 in the ileumwas increased in the BD group compared to
other groups. This suggests that the addition of excessive amounts
of fish meal to the diet seriously compromised the intestinal barrier
integrity in pigs. It may be due to the excess level of Met and Lys in
the H-MR diet. A previous study showed that a high Met-diet
decreased the mRNA expression of Claudin-1, and compromised
the intestinal epithelium integrity of piglets (Grimble, 2006). Di-
etary adequate Met or SAA levels could improve intestinal integrity
of weaning piglets (Chen et al., 2014). Further research is warranted
to investigate the signaling pathways related to high Met on in-
testinal barrier function.
5. Conclusions

In conclusion, supplementation with dietary Met:SAA ratio at
0.41 reduced antioxidant capacity, plasma amino acid level, and
mucosal growth, but improved intestinal barrier function and
amino acid transporters activity in the duodenum and jejunum for
compensatory growth in the later stage of pigs. The diet with the
Met:SAA ratio at 0.61 would hamper the ADFI, and suppress in-
testinal growth and nutrient absorption in weaned piglets. This
study contributes to enhancing the understanding of the negative
effects of feeding a single animal protein source diet with different
Met:SAA ratios on weaned piglets.
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