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ABSTRACT: Intestinal epithelial cells undergo 
rapid renewal along the crypt-villus axis (CVA), which 
ensures intestinal functions. Weaning stress differen-
tially effects intestinal epithelial cell metabolism and 
physiological states along the CVA. Sulfur amino 
acids (SAA) play a key role in intestinal epithelial cell 
functioning. This study evaluated the effects of SAA 
dietary supplementation on weaning pig jejunal epi-
thelial cells along the CVA. Sixteen Duroc × Landrace 
× Yorkshire piglets (6.16 ± 0.22 kg BW) were weaned 
at 21 d of age and were blocked by BW and gender 
and the randomly assigned to 1 of 2 groups fed diets 
consisting of low (0.53%) or high (0.85%) levels of 
SAA for a 7-d period. All piglets were euthanized for 
tissue sampling on day 7 postweaning. Jejunal epithe-
lial cells were isolated along the CVA to yield 3 “cell 
fractions” (upper villus, middle villus, and crypt 
cells). The number of proliferating cells per crypt of 
piglets fed the high SAA diet was lower (P < 0.05) 
than that for low SAA diet. High SAA diet piglets 

tended to have decreased (P = 0.059) sucrase activi-
ties compared low SAA diet piglets. A high SAA diet 
increased (P < 0.05) total antioxidant capacity, cata-
lase, and superoxide dismutase activities compared 
with a low SAA diet. mRNA expression levels of 
claudin-1, Slc5a1, and Slc7a9 in high SAA diet pig-
lets were lower (P < 0.05) than for low SAA diet pig-
lets. There were no interactions between dietary SAA 
and cell sections along the CVA for enzyme activities 
and mRNA expression in any of the weaned piglets. 
Protein amounts and phosphorylation levels related 
to Wnt/β-catenin and mechanistic targeting of rapa-
mycin (mTOR) signaling pathways were affected by 
SAA in weaning piglets. These findings indicate that 
dietary SAA affects jejunal cell proliferation and 
functions in weaning piglets. There appears to be no 
interactions between dietary SAA and cell sections 
along the CVA. The effects of SAA may be partly 
through affecting antioxidant capacity, and Wnt/β-
catenin and mTOR signaling pathway.

Key words: crypt-villus axis, intestine, piglet, sulfur amino acids, weaning

© The Author(s) 2018. Published by Oxford University Press on behalf of the American Society of 
Animal Science. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.

J. Anim. Sci. 2018.96:5124–5133
doi: 10.1093/jas/sky349

1This work was supported by Key Programs of Frontier 
Scientific Research of the Chinese Academy of Sciences 
(Grant No. QYZDY-SSW-SMC008), National Natural 
Science Foundation of China (Grant No. 31402089 and 
31330075), Natural Science Foundation of Hunan Province 
(Grant No. 2017JJ1020), Huxiang Youth Talent Support 

Program (Grant No. 2016RS3028), and Young Elite Scientists 
Sponsorship Program by CAST (Grant No. YESS20160086).

2These authors contributed equally to this work.
3Corresponding author: yhs@hunnu.edu.cn
Received April 11, 2018.
Accepted August 25, 2018.

mailto:yhs@hunnu.edu.cn?subject=


5125Dietary sulfur amino acids in weaning pigs

INTRODUCTION

Intestinal epithelial cells perform the primary 
functions of digestion and absorption of nutrients, 
while defending against luminal pathogens and tox-
ins (Pinto and Clevers, 2005). Intestinal epithelial 
cells undergo rapid renewal via highly coordinated 
cellular proliferation, differentiation, and apoptosis 
processes along the crypt-villus axis (CVA). This 
ensures intestinal function and recovery from tissue 
damage (Fan et al., 2001; Yang et al., 2013a; Yang 
et al., 2016a). Intestinal epithelial cell renewal along 
the CVA is regulated by mechanistic targeting of 
rapamycin (mTOR), Wnt/β-catenin signaling path-
ways, and antioxidant capacity (Yang et al., 2013, 
2016b). Weaning stress in piglets usually disrupts 
intestinal epithelial cell renewal along the CVA 
and related signaling pathways and can result in 
morphological intestinal atrophy and dysfunction 
(Jiang et al., 2000; Yang et al., 2013a).

The sulfur amino acids (SAA), methionine 
and cysteine, have been suggested as the main fac-
tors affecting animal growth and intestinal health 
(Kim et  al., 2006; Bauchart-Thevret et  al., 2009). 
SAA deficiency reportedly upregulates intestinal 
methionine cycle activity while suppressing epi-
thelial growth in neonatal pigs (Bauchart-Thevret 
et al. 2009). Our previous study showed that wean-
ing stress affected intestinal functions by differen-
tially affecting metabolism and signaling pathways 
in intestinal epithelial cells along the CVA (Xiong 
et  al., 2015; Yang et  al., 2016a, c). This study 
hypothesizes that dietary SAA may affect intestinal 
epithelial cell renewal and cell function along the 
CVA in weaning piglets. This study was conducted 
to explore the effects of SAA on enzyme activities, 
tight-junction protein expression, amino acid trans-
port, Wnt/β-catenin-related protein synthesis, and 
mTOR signaling pathways along the CVA in wean-
ing piglets.

MATERIALS AND METHODS

The experimental design and procedures in this 
study were reviewed and approved by the Animal 
Care and Use Committee of Hunan Normal 
University, Changsha City, Hunan, China.

Animals and Experimental Treatments

Sixteen piglets (Duroc × Landrace × Yorkshire; 
8 males and 8 females; 6.16  ±  0.22  kg BW) were 
weaned at 21 d of age. The piglets were grouped 
by BW and gender and randomly assigned to 1 of 
2 treatment groups fed a diet of either low (0.53%) 

or high (0.85%) SAA levels for a 7-d period. These 
doses were based on the results of prior studies 
(Ettle et al., 2010; Zong et al., 2018). Experimental 
diets were formulated to meet NRC (2012) nutrient 
requirements (Table 1) except for SAA levels. There 
were 8 pens (1 piglet/pen) per treatment. All piglets 
were housed individually caged and had ad libitum 
access to drinking water and the food throughout 
the experimental period. Feed intake was deter-
mined by daily weighing of feed amounts. At the 
end of study, individual piglets were weighed. 
ADG, ADFI, and G:F were then calculated.

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

Item

Dietary SAA, %

0.53 0.85

Corn 53.23 53.12

Soybean meal 7.00 6.70

Extruded soybean 15.00 15.00

Whey powder 10.00 10.00

Extruded blood meal 8.00 8.00

Dicalcium phosphate 1.00 1.00

Limestone 1.10 1.10

Salt 0.40 0.40

Choline chloride 0.10 0.10

Zinc Oxide 0.30 0.30

Lys 0.26 0.27

Met 0.00 0.39

Thr 0.08 0.09

Try 0.03 0.03

Soybean oil 2.50 2.50

Vitamin and mineral premix1 1.00 1.00

Calculated composition

CP, % 20.82 20.87

DE, MJ/kg 14.60 14.60

Ca, % 0.81 0.81

Total P, % 0.55 0.55

Available P, % 0.37 0.37

Lys,2 % 1.35 1.35

Met,2 % 0.27 0.59

SAA,2,3 % 0.53 0.85

Thr,2 % 0.79 0.79

Trp,2 % 0.21 0.21

Met,% 0.33 0.71

SAA,% 0.65 0.94

1Vitamin-mineral premix supplied per kilogram of feed: 10,000 IU 
of Vitamin A, 1,000 IU of Vitamin D3, 80 IU of Vitamin E, 2.0 mg 
of Vitamin K3, 0.03 mg of Vitamin B12, 12 mg of riboflavin, 40 mg of 
niacin, 25 mg of d-pantothenic acid, 0.25 mg of biotin, 1.6 mg of folic 
acid, 3.0 mg of thiamine, 2.25 mg of pyridoxine, 300 mg of choline 
chloride, 150 mg of Fe (FeSO4), 100 mg of Zn (ZnSO4), 30 mg of Mn 
(MnSO4), 25 mg of Cu (CuSO4), 0.5 mg of I  (KIO3), 0.3 mg of Co 
(CoSO4), 0.3 mg of Se (Na2SeO3), and 4.0 mg of ethoxyquin.

2Standardized ileal-digestible.
3SAA = Met +Cys.
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Sample Collection

At day 28 of  age, each piglet was adminis-
tered a general anesthesia and euthanized via an 
intravenous (jugular vein) injection of  4% sodium 
pentobarbital solution (40 mg/kg BW). Intestinal 
tissues from the jejunum middle section (approxi-
mately 2  cm long) were isolated using sterilized 
instruments and flushed with a phosphate-buff-
ered saline (PBS; 137  mM NaCl, 2.7  mM KCl, 
4.3 mM Na2HPO4, 1.4 mM KH2PO4, PH = 7.4). 
These sections were then fixed with a 4% formal-
dehyde-phosphate buffer and kept at 4  °C for 
Ki-67 immunohistochemistry. Five piglets were 
randomly selected from each treatment and intes-
tinal epithelial cells were collected. A  sequential 
isolation of  these cells along CVA was performed 
based on Fan’s (Fan et  al., 2001). Specfically, 
divided mid-jejunum segments were thoroughly 
cleaned with an ice-cold physiological saline solu-
tion and then warmed at 37  °C for 30  min with 
oxygenated PBS.

Jejunum segments were then filled with 15 to 
30  mL of  isolation buffer. The buffer consisted 
of  5  mM Na2EDTA; 10  mM 4-(2-hydroxyeth-
yl)-1-piperazineethanesulfonic acid (HEPES); 
0.5 mM DTT; 0.25% bovine serum albumin (BSA); 
and 2.5 mM D-glucose, 2.5 mM L-glutamine, and 
0.5 mM DL-hydroxybutyrate sodium salt, oxygen-
ated with an O2/CO2 mixture (19:1  vol/vol)] for 
sequential isolation of  three epithelial cell frac-
tions (upper villus: F1; middle villus: F2; crypt 
cells: F3) from the villus tip to the crypt bottom. 
The collected cells were washed twice with an oxy-
genated cell—suspension buffer (155 mM KCl at 
pH 7.4). The cells were retained via centrifugation 
at 400 × g and 4 °C for 10 min. The washed cells 
were immediately frozen using liquid nitrogen and 
the stored at −80 °C for further enzyme activity, 
RNA isolation, and western blot analysis testing 
(Tan et al., 2011).

Ki67 Immunohistochemistry

Serial slides were processed according to stand-
ard immunohistochemistry protocols with minor 
modifications. After slide dewaxing and rehydra-
tion, endogenous peroxidases were inhibited by 
incubation with freshly prepared 3% hydrogen 
peroxide for 10 min in the dark. Antigen retrieval 
was performed by twice boiling in 10 mM sodium 
citrate buffer (pH = 6.0). A 5% bovine serum albu-
min (BSA; Boster Biological Technology Co. Ltd, 
Wuhan, China) was used in 1:10 dilution for 30 min 

incubation at 37  °C to block nonspecific binding. 
Following overnight incubation with a Ki67 anti-
body (Abcam, 1:300 dilution), sections were treated 
with a goat antirabbit IgG secondary antibody 
(ZSGB-BIO, Beijing, China) for 45 min at 37  °C. 
Except for blocking, each step was followed by 
three 5-min PBS washes. Positive cells were visu-
alized with diaminobenzidine (DAB) (ZSGB-BIO, 
Beijing, China). Sections were counterstained 
with hematoxylin, then dehydrated, and mounted. 
Negative control sections were processed using the 
same protocols except that the primary antibody 
was replaced with PBS. Ki67 scores (number of 
positive cells per field under 200× magnification) 
were evaluated using Image-Pro Plus 6.0 software 
(Media Cybernetics; San Diego, CA).

Enzyme Activity Anaylsis

Alkaline phosphatase (ALP), lactase, and 
sucrase in isolated cell fractions activities were ana-
lyzed using commercial kits (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China) accord-
ing to manufacturer instructions. The antioxi-
dant capacities, including total antioxidant 
capacity (T-AOC), catalase (CAT), malondialde-
hyde (MDA), superoxide dismutase (SOD), and 
CuZn-SOD, were determined using commercial 
kits (Nanjing Jiancheng Bioengineering Institute, 
Nanjing, China) following manufacturer protocols.

Quantitative Real-Time PCR Analysis

RNA isolation and RT-PCR analysis of iso-
lated cells were performed according to Yang’s 
methods (Yang et  al., 2013b). Total RNA was 
isolated from isolated cells using a TRIZOL rea-
gent (Invitrogen, Carlsbad, CA). RNA quality 
and quantity was determined by ultraviolet spec-
troscopy using a spectrophotometer (NanoDrop 
ND-1000; Thermo Fisher Scientific, DE). Selected 
gene primer sequences appear in Table 2. Real-time 
quantitative PCR (RT-PCR) analyses were per-
formed using an ABI 7900HT Fast Real-Time PCR 
System (Applied Biosystems, Carlsbad, CA). Real-
time PCR was duplicated for each cDNA sample, 
using SYBR Green I as PCR core reagents in a final 
volume of 10 μL. After a predenaturation process 
(10 s at 95 °C), 40 amplification cycles (each cycle 
consisted of 95 °C for 5 s and 60 °C for 20 s) were 
performed. This was followed by a melting curve 
program (from 60 to 99 °C with a heating rate of 
0.1  °C/s) and the fluorescence was collected. The 
housekeeping gene β-actin was used in each sample 
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as an internal control to normalize target gene 
expression. mRNA expression abundance (A) of 
target genes was calculated according to this for-
mula: A  =  2−ΔΔCt(treat − control), where −ΔΔCt(treat −  
control) =  (Ct gene of interest − Ct β-actin)treat − 
(Ct gene of interest − Ct β-actin)control.

Western Blotting Analysis

Ice-cold RIPA lyses buffer (150 mM NaCl, 1% 
Triton X-100, 0.5% sodium deoxycholate, 0.1% 
SDS, 50  mM Tris-HCl at pH 7.4) from Beyotime 
Biotechnology, Shanghai, China, which contained 
0.1mM phenylmethylsulfonyl fluoride (PMSF) was 
used to extract total protein fractions from isolated 
cells. The sample was then centrifuged at 10,000  × 
g and 4  °C for 10  min. The protein concentration 
in the supernatant fluid was determined using a 
Bicinchoninic Acid assay (Beyotime Biotechnology, 
China). All samples were adjusted to an equal protein 
concentration and then diluted with 5 × loading buf-
fer (Beyotime Biotechnology, China) to a final vol-
ume of 1 mL and heated in boiling water for 5 min.

Soluble proteins were subjected to SDS-PAGE 
and transferred to PVDF membranes (Millipore, 
Billerica, MA), blocked with 5% nonfat milk in 
TBS-0.05% Tween-20 for 1 h, and incubated over-
night with primary antibodies followed by horse-
radish peroxidase-linked secondary antibodies 
(Santa Cruz Biotechnology Inc., Santa Cruz, CA). 
The bound antibodies were using enhanced chemi-
luminescence (Applygen Technologies Inc., Beijing, 
China) for detection (Yang et al., 2013b). Antibodies 
for mTOR(7C10), phospho-mTOR (Ser2448), 

β-Catenin (D10A8), non-phosphor-β-Catenin 
(Ser45), and Bmil (D42B3) western blot analysis 
were purchased from Cell Signaling Technology 
(Cedarlane, ON, Canada). The antibodies for 
β-actin western blot analysis were purchased from 
Santa Cruz Biotechnology Inc. (Santa Cruz, CA). 
Target protein abundance was normalized via β-ac-
tin. AlphaImager 2200 software (Alpha Innotech 
Corporation, CA) was used to quantify the bands 
of each protein per sample.

Statistical Analysis

All data were expressed as the mean ± SEM, 
and differences in Ki67 immunohistochemistry, 
amounts of mTOR, P-mTOR, β-Catenin, non-
phosphor-β-Catenin, and Bmil were analyzed using 
t test. Enzyme activities data and mRNA expres-
sion were analyzed as a 2 × 2 factorial using SPSS 
software (SPSS 20.0). P values of <0.05 were used 
to indicate statistical significance.

RESULTS

Growth Performance, Ki67 Immunohistochemistry, 
and Enzyme Activities

No significant differences in ADG (78.57 ± 8.95 
vs. 55.10  ±  10.69  g), ADFI (276.90  ±  26.61 vs. 
244.40 ± 25.78 g), or G:F (0.28 ± 0.06 vs. 0.23 ± 0.11) 
were detected between low- and high-SAA diet piglets. 
Intestinal cell proliferation in intestine of animals was 
evaluated by immunohistochemistry for Ki67. Ki67 
positive cells per crypt in the jejunum were counted. 

Table 2. Primers used for real-time PCR analysis

Genes Primers Sequences (5′–3′) Size (bp) GenBank accession No.

Claudin-1 Forward CTAGTGATGAGGCAGATGAA 250 XM_005670262.3

Reverse AGATAGGTCCGAAGCAGAT

Occludin Forward GAGTGATTCGGATTCTGTCT 181 XM_005672525.3

Reverse TAGCCATAACCATAGCCATAG

ZO-1 Forward TTGATAGTGGCGTTGACA 126 XM_021098896.1

Reverse CCTCATCTTCATCATCTTCTAC

Slc15a1 Forward CGGCTGGAATGACAATCT 134 NM_214347.1

Reverse CGATGGACAACGACACAA

Slc5a1 Forward ATCTCTGTCATCGTCATCTAC 121 NM_001164021.1

Reverse GCCACCACACCATACTTC

Slc6a19 Forward CACAACAACTGCGAGAAG 152 XM_003359855.3

Reverse TTGATAAGCGTCAGGATGT

Slc7a9 Forward GAAGAAGCCTCCTAGAAGTG 268 XM_013988544.1

Reverse CCAGTGTCGCAAGAATCC

Slc1a1 Forward GCTGTGCTGAAGAGAAGAA 181 NM_001164649.1

Reverse GTGGCGGTGATACTGATAG

β-actin Forward AGTTGAAGGTGGTCTCGTGG 216 XM_003357928.4

Reverse TGCGGGACATCAAGGAGAAG
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Piglets fed the high-SAA diet had a lower number 
of proliferating cells per crypt (P < 0.05) than those 
fed a low-SAA diet (Figure 1). High-SAA diet piglets 
tended to decrease (P = 0.059) the activities of sucrase 
compared with low-SAA diet piglets. The upper villus 
cells had greater (P < 0.05) ALP activities than middle 
villus and crypt cells (Table 3). There were no signifi-
cant lactase activitiy differences in the three fractions 
of the 2 groups. A high-SAA diet increased (P < 0.05) 
T-AOC, CAT, and SOD activities. The SOD activity 
in middle villus and crypt cells was higher (P < 0.05) 
than in upper villus cells (Table 4). The high SAA diet 
tended to increase (P = 0.088) CuZn-SOD activities 
compared with the low-SAA diet. No differences in 
MDA contents were observed between the 2 groups. 

There were no observed interactions between dietary 
SAA and cell sections along the CVA for any of the 
weaned piglets’ enzyme activities.

mRNA Expression of Tight Junction Protein and 
AA Transporter

The high-SAA diet decreased (P  <  0.05) 
mRNA expression levels of  claudin-1, Slc5a1, 
and Slc7a9 in weaned piglets villus-crypt axis 
(Figures  2 and 3). The mRNA expression of 
Slc1a1 (P = 0.071) in the villus-crypt axis of  high-
SAA diet piglets tended to be less compared with 
low-SAA diet piglets (Figure  3). No treatment 
effect was observed in the mRNA expression of 

Figure 1. Immunohistochemistry for Ki67. a,bWithin a variable, values with different superscripts differ (P < 0.05).

Table 3. Effects of dietary supplementation with sulfur amino acids (SAA) on activity of digestive enzymes 
in intestinal epithelial cells along the crypt villus axis in weaning piglets

Item

0.53% SAA 0.85% SAA P value

F1 F2 F3 F1 F2 F3 T S T × S

ALP, U/g of protein 196.55 124.46 135.12 246.70 100.09 90.58 0.847 0.014 0.456

Lactase, U/mg of protein 14.07 13.44 11.43 17.94 6.19 10.16 0.529 0.103 0.195

Sucrase, U/mg of protein 7.91 15.80 7.89 7.74 3.95 3.12 0.059 0.461 0.225

T = effects of dietary treatment; S = effects of crypt villus axis section; T × S = effect of interaction between dietary treatment and crypt villus 
axis section.

ALP = alkaline phosphatase; F1 = upper villus; F2 = middle villus; F3 = crypt cells.
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Occludin, ZO-1, Slc15a1, or Slc6a19 between low- 
and high-SAA groups. There were no significant 
differences in the mRNA expression of  ZO-1, 
Occludin, Slc15a1, Slc6a19, or Slc5a1 among the 
3 fractions. There were no interactions observed 
between dietary SAA and cell sections along the 
CVA for mRNA expression level in weaned piglets.

Wnt/β-Catenin, mTOR Pathway Analysis

The high-SAA diet reduced (P < 0.05) relative 
expressions of Bmil and non-phosphor-β-catenin 

in the upper villus and crypt cells of weaning piglets 
(Figure  4). High-SAA diet piglets had decreased 
(P < 0.05) relative expression of β-catenin in crypt 
cells and significantly reduced (P < 0.01) β-catenin 
and p-mTOR/mTOR amounts in the upper villus 
(Figure 4) compared with the low-SAA diet group. 
p-mTOR/mTOR amounts in crypt cells increased 
(P < 0.05) due to dietary SAA (Figure 4).

DISCUSSION

The small intestine plays key roles in the diges-
tion and absorption of nutrients and affects the 

Table  4. Effects of dietary supplementation with sulfur amino acids (SAA) on activity of antioxidant 
enzymes in intestinal epithelial cells along the crypt villus axis in weaning piglets

Item

0.53% SAA 0.85% SAA P value

F1 F2 F3 F1 F2 F3 T S T × S

CAT, U/mg of protein 231.79 294.34 305.05 542.70 528.38 549.60 0.000 0.881 0.874

MDA, nmol/mg of protein 0.59 0.55 0.30 0.69 0.39 0.55 0.520 0.137 0.169

T-AOC, mmol/mg of protein 122.21 124.61 107.67 119.77 145.13 139.44 0.016 0.190 0.105

SOD, U/mg of protein 29.17 33.06 29.17 29.08 36.78 37.65 0.035 0.039 0.172

CuZn-SOD, U/mg of protein 29.60 32.15 28.30 28.08 36.16 36.17 0.088 0.116 0.164

T = effects of dietary treatment; S = effects of crypt villus axis section; T × S = effect of interaction between dietary treatment and crypt villus 
axis section.

T-AOC = total antioxidant capacity; CAT = catalase; MDA = malondialdehyde; SOD = superoxidedismutase; F1 = upper villus; F2 = middle 
villus; F3 = crypt cells.

Figure 2. Effects of dietary supplementation with sulfur amino acids (SAA) on mRNA expression of tight junction of F1 to F3 cell fraction 
in weaning piglets. The mRNA expression abundances of Claudin-1, Occludin, and ZO-1 were normalized using β-actin as an internal control. P 
values of <0.05 were used to indicate statistical significance. Data are expressed as means ± SEM; n = 5. T = effects of dietary treatment; S = effects 
of crypt villus axis section; T × S = effect of interaction between dietary treatment and crypt villus axis section.
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function of the entire organism (Yang et al., 2016d). 
The intestinal lumen is lined with epithelial cells 
(or mucosa) that play critical roles in well-known 
digestive and absorptive functions and maintain-
ing a barrier against noxious antigens and bacteria 
(Pacha, 2000). Cells positive for Ki67 in the epithe-
lium were mostly present in crypts and cell prolif-
eration of the gastrointestinal tract epithelium and 
were evaluated by counting Ki67 positive cells (De 
Conto et al., 2010). Bauchart-Thevret et al. (2009) 
reported that dietary SAA deficiencies suppressed 
epithelial growth in neonatal pigs. Similarly, the 
present study also showed that the number of pro-
liferating cells per crypt in high-SAA diet piglets 

was lower than that of low-SAA diet piglets. This 
suggests that a high-SAA diet suppressed epithelial 
growth in weaned piglets.

ALP is a marker of enterocyte differentiation 
and is regarded as a key marker enzyme for changes 
in small intestine digestive and absorptive func-
tions (Hodin et al., 1995). Early weaning has been 
reported to decrease piglet intestinal ALP digestive 
capacity (Lackeyram et al., 2010). In this study, no 
differences in ALP activities were observed between 
the 2 groups. Results did indicate that ALP activi-
ties in the villus were higher than in the crypt. This 
result is in line with Fan et al. (2001), who reported 
that ALP activities in small intestine epithelial cells 

Figure 3. Effects of dietary supplementation with sulfur amino acids (SAA) on mRNA expression of peptide transporters of F1 to F3 cell frac-
tion in weaning piglets. The mRNA expression abundances of Slc15a1, Slc1a1, Slc5a1, Slc6a19, and Slc7a9 were normalized using β-actin as an 
internal control. P values of <0.05 were used to indicate statistical significance. Data are expressed as means ± SEM; n = 5. T = effects of dietary 
treatment; S = effects of crypt villus axis section; T × S = effect of interaction between dietary treatment and crypt villus axis section.
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increased along the CVA in piglets. mRNA expres-
sion levels of AA transporters (Slc5a1 and Slc7a9) 
were reduced in a high SAA-diet piglets. Amino 
acids and peptides are mainly absorbed by the 
enterocytes of the small intestine with the core pro-
cess for absorption of dietary AA or peptides mainly 
mediated by specific transporters (Bröer, 2008; Yang 
et al., 2013b). This study’s results suggest that diges-
tion and absorption capacities in low-SAA diet are 
more effective than that in high-SAA diets. A pos-
sible explanation is that SAA effects on epithelial 
growth in weaned piglets associate with the lower 
small intestine digestion and absorption capacities.

Tight junctions are the principal determinants 
of epithelial, endothelial, and paracellular barrier 
functions (Shen et al., 2011; Ren et al., 2014). Tight 
junction proteins consist of a complex of integral 
membrane proteins tethered to cytoplasm plaque 
proteins which play key roles in maintaining intes-
tinal epithelial tight junctions (Xiong et al., 2015). 
Prior studies showed that early weaning induced 
sustained impairment in the intestinal barrier by 

decreasing tight-junction protein expression (Hu 
et al., 2013). Chen et  al. (2014) showed that diet-
ary supplementation with L-Met improved jejunal 
epithelial barrier function in postweaning piglets. 
In the present study, a high-SSA diet decreased 
mRNA expression levels of claudin-1, suggesting 
that a high-SAA diet may compromise piglet intes-
tinal epithelium integrity.

Oxidative damage is a strong indicator of 
health status and the well-being of  animals in 
terms of  stress, nutritional status, and disease (Xie 
et al., 2016). Antioxidant defenses can be enzym-
atic or nonenzymatic. Enzymatic defenses include 
SOD, CAT, and GSH-Px, which are major aspects 
of  the as antioxidant system (Yin et  al., 2013). 
Recent studies show that weaning may damage the 
intestine by contributing to oxidative stress and, 
might, eventually led to enterocyte apoptosis and 
cell cycle arrest in weaned piglet small intestines 
(Chen et al., 2018b).

SAA has been reported to play an impor-
tant role in antioxidant function in neonatal pigs 

Figure 4. Effects of dietary supplementation with sulfur amino acids (SAA) on protein abundance of mammalian target of rapamycin signaling 
pathway (mTOR) and Wnt/β-catenin signaling pathway of upper villus or crypt cell fraction in weaning piglets. (A) the relative abundance of pro-
teins in mTOR and Wnt/β-catenin signaling pathway in F1. (B) The relative abundance of proteins in mTOR and Wnt/β-catenin signaling pathway 
in F3. β-Actin was used as an internal control to normalize abundance. Data are means ± SEM, n = 5.
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(Bauchart-Thevret et  al., 2009). Previous study 
showed that increasing maternal consumption 
of methionine promoted intestinal antioxidant 
ability of neonatal pigs (Zhong et al., 2016). It is 
widely recognized that CAT and SOD, 2 important 
endogenous antioxidant enzymes, play crucial roles 
in preventing oxidative damage (Chen et al., 2018a). 
In the present study, high dietary SAA increased the 
activities of T-AOC, CAT and tended to increase 
the activities of CuZn-SOD. These results suggest 
that high dietary SAA contents enhanced the anti-
oxidative activity of weaned piglets.

The mTOR signaling pathway is a serine/thre-
onine protein kinase belonging to the phospho-
inositide-3-kinase (PI3K)-related kinase family 
(Weichhart. 2012). The mTOR signaling pathway 
affects cell proliferation and growth by affecting 
protein biosynthesis (Wullschleger et  al., 2006; 
Makky et al., 2007). The Wnt signaling pathway is 
an evolutionarily conserved, cysteine-rich, secreted 
glycoproteins system which plays an important role 
in cell polarity, proliferation, differentiation, and 
migration (Klaus and Birchmeier, 2008). In mTOR 
and Wnt/β-catenin pathways, expression and phos-
phorylation levels of the relevant functional pro-
teins are important parameters in measuring cell 
proliferation (Fan et al., 2017).

In this study, the high-SAA diet reduced the rel-
ative expressions of Bmil and nonphosphor-β-cat-
enin in the upper villus and crypt cells of weaning 
piglets. High-SAA diet piglets had decreased relative 
expression of β-catenin in crypt cells and decreased 
amounts of β-catenin and p-mTOR/mTOR in the 
upper villus. Proliferating cells usually have high 
activity of the mTOR signaling pathway because 
mTOR signaling pathways play key roles in inte-
grating signals from nutrients and growth factors 
to regulate cell cycle progression and cell growth 
coordinately (Fingar et al., 2004). A high-SAA diet 
increased the amount of p-mTOR/mTOR in crypt 
cells. Our previous study showed that mTOR sign-
aling pathway activity in intestinal epithelial cells 
of piglets decreased from crypt to villus tip (Yang 
et al., 2016b). This indicates that a high-SAA diet 
decreased the amount of p-mTOR/mTOR in crypt 
cells and may be the result of mTOR signaling 
pathway activity in the crypt being higher than in 
the villi.

In summary, the results of  the present study 
showed that dietary SAA affects jejunal cell pro-
liferation and functions in weaning piglets and 
this affect may be partly via its antioxidant cap-
acity, and Wnt/β-catenin and mTOR signaling 
pathway.
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