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INTRODUCTION 
 
As a component of innate immune system, the intestinal 

barrier is the first defense line against noxious pathogens 

and antigens during weaning stress and it directly affects 
body health (Wells et al., 2010). The intestinal barrier 
composes of a thick secreted mucus layer, a layer of 
epithelial cells and the underlying non-epithelial mucosal 
cells, mainly leukocytes (McGuckin et al., 2009). 
Meanwhile, immunoglobulins, host defense peptides and 
cytokines are produced by intestinal cells to participate the 
intestinal mucosal immune system (Pié et al., 2004; 
Nofrarías et al., 2006; Pomorska-Mól and Markowska-
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ABSTRACT: As a novel approach for disease control and prevention, nutritional modulation of the intestinal health has been proved. 
However, It is still unknown whether branched-chain amino acid (BCAA) is needed to maintain intestinal immune-related function. The 
objective of this study was to determine whether BCAA supplementation in protein restricted diet affects growth performance, intestinal 
barrier function and modulates post-weaning gut disorders. One hundred and eight weaned piglets (7.96±0.26 kg) were randomly fed 
one of the three diets including a control diet (21% crude protein [CP], CON), a protein restricted diet (17% CP, PR) and a BCAA diet 
(BCAA supplementation in the PR diet) for 14 d. The growth performance, plasma amino acid concentrations, small intestinal 
morphology and intestinal immunoglobulins were tested. First, average daily gain (ADG) (p<0.05) and average daily feed intake (ADFI) 
(p<0.05) of weaned pigs in PR group were lower, while gain:feed ratio was lower than the CON group (p<0.05). Compared with PR 
group, BCAA group improved ADG (p<0.05), ADFI (p<0.05) and feed:gain ratio (p<0.05) of piglets. The growth performance data 
between CON and BCAA groups was not different (p>0.05). The PR and BCAA treatments had a higher (p<0.05) plasma concentration 
of methionine and threonine than the CON treatment. The level of some essential and functional amino acids (such as arginine, 
phenylalanine, histidine, glutamine etc.) in plasma of the PR group was lower (p<0.05) than that of the CON group. Compared with 
CON group, BCAA supplementation significantly increased BCAA concentrations (p<0.01) and decreased urea concentration (p<0.01) 
in pig plasma indicating that the efficiency of dietary nitrogen utilization was increased. Compared with CON group, the small intestine 
of piglets fed PR diet showed villous atrophy, increasing of intra-epithelial lymphocytes (IELs) number (p<0.05) and declining of the 
immunoglobulin concentration, including jejunal immunoglobulin A (IgA) (p = 0.04), secreted IgA (sIgA) (p = 0.03) and 
immunoglobulin M (p = 0.08), and ileal IgA (p = 0.01) and immunoglobulin G (p = 0.08). The BCAA supplementation increased villous 
height in the duodenum (p<0.01), reversed the trend of an increasing IELs number. Notably, BCAA supplementation increased levels of 
jejunal and ileal immunoglobulin mentioned above. In conclusion, BCAA supplementation to protein restricted diet improved intestinal 
immune defense function by protecting villous morphology and by increasing levels of intestinal immunoglobulins in weaned piglets. 
Our finding has the important implication that BCAA may be used to reduce the negative effects of a protein restricted diet on growth 
performance and intestinal immunity in weaned piglets. (Key Words: Weaned Pig, Growth Performance, Immunity, Small Intestine, 
Morphology, Immunoglobulin) 
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Daniel, 2011). Intestinal mucosal integrity (assessed by 
intestinal morphology) and immunoglobulins are commonly 
used to evaluate function of the intestinal immunity (Mao et 
al., 2011). In weaned piglets, the intestinal immune system 
is easily disturbed because of immature immunity and 
enteric antigenic challenges (McCracken et al., 1995) which 
trigger mucosal and systemic inflammatory responses 
(Wang et al., 2008; Smith et al., 2010). Thus diarrhea, 
growth stasis and post-weaning multi-systemic wasting 
syndrome commonly occur immediately after weaning 
(Wang et al., 2008). The economic impact of those diseases 
is huge because of the considerable losses due to mortality 
or production of non-marketable pigs (Rose, 2003). 

During the repairing period after weaning, the most 
important thing is to decrease the stress and the irritation of 
antigens from feed and to strengthen the intestinal innate 
immunity, and the main strategies to improve the intestinal 
immune-related function are the production of secretory 
immunoglobulin A (sIgA) (Santaolalla et al., 2011). 
Supplementing free amino acids (FAA) in low crude protein 
(CP) diet, as one nutritional strategy (Lallès et al., 2007), 
have been demonstrated to keep post-weaning gut disorder 
under control (Htoo et al., 2007; Yue and Qiao, 2007; Heo 
et al., 2008). For decades, dietary supplementation with 
amino acids (AA) has been proposed in various 
physiological or pathological conditions. There has been 
great interest in the effects of AA on intestinal immune-
related function. Several studies were focused on the effects 
of glutamine (Calder and Yaqoob, 1999; Carr et al., 2010), 
arginine (Evoy et al., 1998; Tan et al., 2009; Yoneda et al., 
2009) and threonine (Mao et al., 2011) as the fuel and 
protein (such as mucin) synthesis function, where little is 
known about the impact of branched-chain amino acids 
(BCAAs) on the intestinal innate immunity. Cell culture and 
animal feeding trials indicated that the deficiency of BCAA 
affected the efficiency of immune function because of the 
inability of protein synthesis (Con et al., 2011; Powell et al., 
2012; Simone et al., 2013). Therefore, the objective of the 
current study is to determine whether BCAA 
supplementation in a protein restricted diet improves the 
intestinal immune barrier function and intestinal health in 
weaning piglets. 

 
MATERIAL AND METHODS 

 
Animals 

The experiment was conducted at the experimental farm 
of China Agricultural University, with the protocol for 
animal use approved by the Animal Care and Use 
Committee of China Agricultural University. A total of 108 
crossbred (Landrace×Yorkshire×Duroc) piglets (7.96±0.26 
kg) weaned at 28±1 d of age were grouped on the basis of 
body weight (BW) and sex and then allocated to 18 pens for 

feeding three different diets, with 6 pigs in each pen (all 
barrow or all gilt) (1.8×2.1 m2). All piglets had ad libitum 
access to feed and water throughout the 14 d experimental 
period. The average temperature in the stable during the 
experiment was 26°C.  

 
Experimental design 

The experiment was conducted as a randomized 
complete block design and the sex was considered as 
random effect. The single-factor arrangement was designed 
with three dietary treatments. The control treatment (CON) 
was the base corn-soybean meal diet and had the general 
protein level (21% CP). The protein restricted treatment 
(PR) had lower content of protein (17% CP) and four 
essential AA (lysine, methionine, threonine and tryptophan) 
were supplemented in it to the National Research Council 
(NRC) requirements (NRC, 1998). The BCAA diet was 
supplementation with BCAAs in PR diet according the 
NRC requirement (NRC, 1998). All pigs were weighed at 
the beginning and end of the experiment. Feed added to the 
feeder and any wasted feed were weighed. These data was 
used to calculate average daily gain (ADG), average daily 
feed intake (ADFI), and gain:feed ratio (G:F). 

 
Chemical analysis 

The ingredient composition and chemical analysis of the 

Table 1. Composition of experimental diets (% as-fed basis) 

Ingredients CON2 PR BCAA

Corn (8.7% CP) 55.14 65.71 64.90

Dehulled soybean meal (47.9% CP) 19.70 8.00 8.00

Soy protein concentrate (65%) 5.00 5.00 5.00

Fish meal (64.5% CP) 4.00 4.00 4.00

Whey powder (3% CP) 10.00 10.00 10.00

Soybean oil  2.10 2.30 2.60

Salt  0.34 0.35 0.35

Limestone 0.55 0.43 0.43

Dicalcium phosphate, CaHPO4 1.30 1.50 1.50

Zinc oxide, ZnO 0.30 0.30 0.30

Vitamin-mineral premix1 1.00 1.00 1.00

L-lysine·HCl 0.35 0.77 0.76

L-threonine 0.09 0.30 0.29

L-tryptophan 0.04 0.11 0.11

DL-methionine 0.09 0.23 0.23

L-isoleucine   0.19

L-valine   0.27

L-leucine   0.07

Total 100 100 100 

CON, the corn-soybean based diet; PR, the protein restricted diet; BCAA,
the BCAA supplementation in PR diet; CP, crude protein. 
1 Provided per kilogram of complete diet: 8,500 IU of vitamin A; 1,100 IU 

of vitamin D3; 11.0 IU of vitamin E; 1.1 mg of vitamin K; 37.0 mg of 
niacin; 800 mg of choline chloride; 0.25 mg of biotin; 0.12 mg of 
vitamin B12; 0.75 mg of folic acid; 45 mg of Mn;105 mg of Zn;100 mg of 
Fe; 20 mg of Cu; 0.30 mg of Se; 0.10 mg of I. 
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diets were presented in Table 1 and 2. Experimental diets 
were analyzed in triplicate for dry matter (method 930.15; 
AOAC, 2007), CP (method 990. 03; AOAC, 2007), ash 
(method 942. 05; AOAC, 2007), calcium, and phosphorus 
(method 985.01; AOAC, 2007). Amino acid composition of 
feed samples was determined by high-performance liquid 
chromatography (HPLC) after acid hydrolysis. The 
methionine and cystine were determined following 
oxidation with performic acid (Moore, 1963).  

 
Sample preparation 

At the 14th day of the trial (early morning at 15th, 
before pigs were fed), blood was collected from one pig (its 
BW close to the mean of BW in each pen) from each pen 
(six pigs per treatment [half barrow and half gilt]) via the 
anterior vena cava puncture using ethylene diamine 
tetraacetie acid-containing tubes for plasma AA analysis. 
And then the pig which blood was collected underwent 

electrical shock euthanasia. Two segments of 5 to 8 cm 
section of the middle of the duodenum, the jejunum and the 
ileum were first rinsed with ice-cold normal saline solution 
(0.9% w/v). One was placed into 4% paraformaldehyde 
solution and the other was stored at –80°C until assay. 

 
Plasma free amino acids 

After collection, the blood samples were centrifuged at 
3,000 rotations per minute at 4°C for 15 min and the plasma 
samples were allocated and stored at –80°C until assay. 
Plasma FAA were determined by HPLC with precolumn 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate derivatization. 
Plasma was neutralized with 10% 2-hydroxybenzoic-5-
sulfonic acid, blending. And the solution was centrifuged at 
50,000 rotations per minute at 4°C for 15 min and the 
supernatant fluid was used to analyze the FAA (Sykam 
S433 AA analyzer, Munich, Germany). 

 
Intestinal histology and the number of lymph cells 

The preserved segments were treated using standard 
paraffin-embedding techniques. The intestinal samples were 
gradually dehydrated, sectioned at 5 μm and stained with 
haematoxylin and eosin. The intestinal morphology was 
tested according to Pluske et al. (1996). The villous height 
and crypt depth were taken based on 15 apparently intact 
villi from each section on the stained sections 
(10×objective) and the results were shown as mean villous 
height or crypt depth in μm. Villous height was measured 
from the cypth-villous junction to the tip. Crypt depth was 
measured from the crypt-villous junction to the base. The 
number of goblet cells and intra-epithelial lymphocytes 
(IELs) among 100 enterocytes in 15 different intestinal villi 
of each tissue was counted on the stained sections 
(40×objective) for the statistical analysis of the data. The 
targets were measured using the light microscope (BX51; 
Olympus, Osaka, Japan) fitted with an image analyser 
(Image-Pro Plus; Media Cybernetics, Sliver Spring, MD, 
USA). 

 
Intestinal immunoglobulins  

The levels of sIgA (lower limit 0.15 μg/mL), 
immunoglobulin A (IgA) (lower limit 0.146 μg/mL), 
immunoglobulin M (IgM) (lower limit 0.04 μg/mL) and 
immunoglobulin G (IgG) (lower limit 0.58 μg/mL) from 
small intestine were determined as described previously 
(Zhang et al., 2013) using commercially available sandwich 
enzyme-linked immunosorbent assay kit (Cusabio). 
Jejunum and ileum tissue were isolated and mixed in 5 mL 
phosphate buffer solution (PBS, 0.01 M) supplemented with 
1% protease inhibitor (Sigma-Aldrich Company, Louis, MO, 
USA). Homogenized samples were ultracentrifuged for 10 
min at 5,000 rotations per minute and the immunoglobulin 

Table 2. Analyzed chemical composition and amino acid content 
of experimental diets1 

Content CON2 PR BCAA

Crude protein (%) 20.90 17.06 17.85

Dry matter (%) 89.54 89.14 89.08

Moisture (%) 10.46 10.86 10.92

Ash (%) 6.38 5.47 5.66 

Calcium (%) 0.88 0.85 0.85 

Total phosphorus (%) 0.65 0.61 0.60 

Metabolic energy (ME), Kcal/kg2 3,280 3,280 3,280

Essential amino acid (%)    

Lysine 1.45 1.45 1.50 

Threonine 0.94 0.90 0.89 

Tryptophan 0.27 0.28 0.29 

Methionine 0.62 0.53 0.55 

Valine 0.97 0.74 1.11 

Isoleucine 0.84 0.60 0.80 

Leucine 1.61 1.26 1.38 

Phenylalanine 0.95 0.69 0.72 

Histidine 0.59 0.45 0.45 

Arginine 1.24 0.83 0.87 

Non-essential amino acid (%)    

Cystine 0.47 0.37 0.36 

Tyrosine 0.48 0.34 0.37 

Glycine 0.85 0.64 0.65 

Proline 1.05 0.84 0.85 

Methionine+cystine 1.09 0.77 0.91 

Alanine 1.05 0.86 0.86 

Serine 0.90 0.64 0.65 

Glutamate 3.53 2.56 2.62 

Aspartate 1.99 1.35 1.41 

CON, the corn-soybean based diet; PR, the protein restricted diet; BCAA,
the BCAA supplementation in PR diet. 
1 Values are adjusted to a dry matter content of 87.5%.  
2 The metabolic energy of diets is calculated. 



Ren et al. (2015) Asian Australas. J. Anim. Sci. 28:1742-1750 

 

1745

and total protein in the supernatant were measured by using 
kits. Add 50 μL standard or sample and 50 μL horseradish 
peroxidase-conjugate to a blank well. Mix well with the 
pipette or shake the plate. Then incubate for 40 min at 37°C. 
Aspirate each well and wash. Then all 90 μL 3,3’,5,5’-
tetramethyl-benzidine substrate to each well and incubate 
for 20 min at 37°C. Add stop solution and read the plate 
using a microplate reader (Bio-Rad, Hercules, CA, USA). 
The total protein concentration of each sample solution was 
determined by BCA protein assay (Pierce, Rockford, IL, 
USA) kit (test range 20 to 2,000 μg/mL) according to the 
supplier’s instructions. And the immunoglobulin data was 
collected as the immunoglobulin level to total protein 
concentration ratio of each pig sample.  

 
Statistical analysis 

The pen was used as the experimental unit for the 
analysis of growth performance, whereas individual piglet 
was used as experimental unit for analysis of other indexes. 
The data of growth performance and plasma AA 

concentration were analyzed by using general linear model 
procedure of SAS (Version 8.1; SAS Institute, Gary, NC, 
USA). The repeated measurements data on intestinal 
morphology, cell numbers, immunoglobulins across 
different locations of the small intestine were analyzed with 
repeat measure analysis. Differences among treatments 
were analyzed by Duncan’s multiple rang test. Probability 
values less than 0.05 were considered significance. 
Probability values between 0.1 to 0.05 were considered 
tendency. 

 
RESULTS 

 
Growth performance and concentrations of plasma free 
amino acid 

In results, final BW, ADG, ADFI, and G:F were greater 
(p<0.05) in pigs fed the CON and BCAA diets than pigs fed 
the PR diet (Table 3). In Table 4, the plasma urea 
concentration of pigs was declined (p<0.05) in the BCAA 
group than CON and PR groups (the plasma urea 

Table 4. Amino acid concentration in plasma of piglets with different diets (nmol/mL) 

Amino acids  CON PR BACC SEM p value 

Lysine 651.17 715.60 774.47 57.28 0.78 

Methionine 89.04a 151.21b 160.11b 13.04 0.04 

Cysteine 9.24 4.95 7.70 0.83 0.56 

Threonine 379.06a 517.30b 534.25b 36.84 0.03 

Tryptophan 81.06 98.02 85.17 5.40 0.43 

Isoleucine 173.81a 62.04b 194.10a 16.40 <0.01 

Leucine 268.42a 153.45b 203.52ab 15.17 <0.01 

Valine 163.95b 114.96c 367.09a 40.86 <0.01 

Proline 357.57 290.82 277.09 27.95 0.48 

Arginine 352.55a 119.34b 124.40b 32.79 <0.01 

Glycine 1,396.84 1,492.36 1,216.40 99.19 0.64 

Aspartate 228.52 185.15 159.42 25.06 0.39 

Serine 303.38 288.65 250.06 28.12 0.75 

Phenylalanine 114.84a 66.54b 68.72b 6.99 <0.01 

Histidine 93.70a 40.45b 24.45b 7.53 <0.01 

Alanine 1,038.81 1,327.71 1,239.62 121.03 0.85 

Glutamine 768.73 999.69 1,096.05 110.07 0.15 

Urea 348.14a 176.69b 98.22c 30.15 <0.01 

CON, the corn-soybean based diet; PR, the protein restricted diet; BCAA, the BCAA supplementation in PR diet; SEM, standard error of the mean. 
Values are presented as mean, n = 6 pigs per treatment. Different superscripts indicate significant difference (p<0.05). 

Table 3. Growth performance of weaned piglets in different diets 

Item  CON PR BACC SEM2 p value 

Initial weight (kg) 8.03 7.92 7.92 0.26 0.99 

Final weight (kg) 12.27a 10.36b 11.92a 0.41 <0.01 

ADG (g/d) 303a 174b 286a 16.84 <0.01 

ADFI (g/d) 366a 300b 383a 14.55 <0.01 

Feed:gian (g/g) 1.21a 1.73b 1.34a 0.07 <0.01 

CON, the corn-soybean based diet; PR, the protein restricted diet; BCAA, the BCAA supplementation in PR diet; SEM, standard error of the mean; ADG, 
average daily gain; ADFI, average daily feed intake. 
Values are presented as mea, n = 6 pen per treatment. Different superscripts indicate significant difference (p<0.05). 
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concentration of BCAA group was lowered 71.8% than that 
of the CON group, and lowered 44.4% than that of the PR 
group). The pigs fed the PR and BCAA diets had a higher 
plasma concentration of methionine and threonine than pigs 
fed the CON diet. Following the reduced protein content in 
diet, the level of some essential and functional AA (arginine, 
phenylalanine, histidine, isoleucine, valine, and leucine) in 
plasma of PR group was lower than that of the CON group 
(p<0.05). Compared to the PR group, the supplementation 
of BCAA increased plasma concentration of isoleucine, 
leucine and valine in the BCAA group (p<0.05). The level 
of valine in pigs fed BCAA diet was higher than pig fed the 
CON and PR diets (p<0.05). 

 
Intestinal morphology 

No effect of the CON, PR, and BCAA diets on villous 
height, crypt depth, and the ratio of villous height and crypt 
depth was observed in either jejunum or ileum of piglets 

(p>0.05) (Figure 1). However, compared with CON 
treatment, a lower on the villous height (p = 0.003) and the 
villous height:crypt depth ratio (p = 0.009) was observed in 
the duodenum in PR treatment. Pigs offered the BCAA diet 
had an increased villous height in the duodenum compared 
with pigs offered the PR diets (p<0.05). 

 
Intestinal immunoglobulin and intra-epithelial 
lymphocytes 

Pigs offered different diets had the same epithelial 
goblet cell number in whole intestine. The IELs number of 
PR group was observed more than that of CON and BCAA 
groups in the duodenum (p<0.01), the jejunum (p = 0.007) 
or the ileum (p = 0.07) (Figure 2). Compared with the CON 
and BCAA groups, a decline of sIgA (p = 0.03), IgA (p = 
0.04) and IgM (p = 0.08) was noticed in the jejunum of the 
PR group (Table 5). The expression of IgA (p = 0.01) and 
IgG (p = 0.08) in ileum of the PR group was also lower than 

Figure 1. The villous height (A), crypt depth (B) and villous height:crypt depth ratio (C) in small intestine of pigs offered three diets for
2 wk. From left to right, bars represent area of the intestine from duodenum to ileum. White bars, gray bars or black bars represent CON,
PR, or BCAA treatment, respectively. Values are presented as mean±SEM, n = 6 pigs per treatment. The “a” and “b” indicates mean
values with unlike letters were significantly different (p<0.05). CON, the corn-soybean based diet; PR, the protein restricted diet; BCAA,
the BCAA supplementation in PR diet; SEM, standard error of the mean. 
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that of CON and BCAA groups.  
 

DISCUSSION 
 
Weaning in pigs, associated with social, environmental 

and dietary stress, deteriorated the intestinal barrier and 
absorption function (McCracken et al., 1995). During the 
first two weeks of repairing period after weaning, the most 
important thing is to decrease the stress and the irritation of 
antigens from feed and provide nutrients which could be 
rapidly absorbed and utilized (Wijtten et al., 2011). The 
growth performance of weaned piglet directly reflects the 
health and recovery of intestine from weaning stress 
(Zijlstra et al., 1994). In the present study, the PR treatment 
had the lower ADG and ADFI indicated that supplementing 
four essential AA (lysing, methionine, threonine, and 
tryptophan) in low protein diet was insufficient to maintain 
growth of weaned pig. The reduced performance is mainly 

due to the deficient of protein and possibly indicates the 
dispensable AA are also very important for production. 
Nyachoti et al. (2006) got a similar result that compared 
with 23% CP, 21% CP, or 19% CP diet, weaned pigs offered 
the low CP diet (containing 17% CP and crystalline lysine, 
methionine, threonine, and tryptophan) had a significantly 
lower performance. We found that the supplementation of 
BCAA in PR diet improved all growth indexes. On the 
contrary, Heo et al. (2008) reported that the growth 
performance of pigs was not affected by dietary CP level 
when crystalline AA were applied. These discrepancies are 
due to differences in pig breed and weaning age, the 
duration of experiment, the ingredient of diet and the degree 
of dietary protein reduction.  

As a physical barrier to absorb nutrients and against 
pathogens, the small intestine exerts its function based on 
the villous and crypt hyperplasia to expand the secondary 
mucosal surface area in preparation for the nutrient load 

Table 5. The concentration of immunoglobulin in the small intestine of piglets with different diets 

Content CON PR BACC SEM p value 

Concentration/jejunal tissue (mg/g)      
sIgA 5.83a 4.86c 5.06b 0.19 0.03 
IgA 15.52a 13.10c 14.23b 0.46 0.04 
IgG 65.14 56.64 63.41 2.42 0.22 
IgM 13.05a 10.55b 11.91ab 0.47 0.08 

Concentration /ileal tissue (mg/g)      
sIgA 5.86 4.40 5.55 0.35 0.15 
IgA 16.91a 11.86b 15.58a 0.96 0.01 
IgG 74.05a 51.26b 68.94ab 5.33 0.08 
IgM 15.56 12.70 14.48 0.90 0.31 

CON, the corn-soybean based diet; PR, the protein restricted diet; BCAA, the BCAA supplementation in PR diet; SEM, standard error of the mean; sIgA, 
secretory immunoglobulin A; IgA, immunoglobulin A; IgG, immunoglobulin G; IgM, immunoglobulin M. 
Values are presented as mean, n = 6 pigs per treatment. Different superscripts indicate significant difference (p<0.05). 

Figure 2. The epithelial goblet cell number (A) and intra-epithelial lymphocyte (IELs) number (B) in small intestine of pigs offered three
diets for 2 wk. From left to right, bars represent area of the intestine from duodenum to ileum. White bars, gray bars or black bars
represent CON, PR, or BCAA treatment, respectively. Values are presented as mean±SEM, n = 6 pigs per treatment. The “a” and “b”
indicates mean values with unlike letters were significantly different (p<0.05). CON, the corn-soybean based diet; PR, the protein
restricted diet; BCAA, the BCAA supplementation in PR diet; SEM, standard error of the mean. 
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during weaning (Cummins and Thompson, 2002). Villous 
height is halved 5 days after weaning and crypt depth is 
further increased by weaning while the changes in gut 
morphology are primarily related to inadequate nutrients 
caused by the low feed intake and intestinal inflammation 
during weaning (Miller et al., 1986; Nabuurs et al., 1993; 
Pluske et al., 1996). The reduction in dietary protein levels 
tended to decrease intestinal villous height and the ratio of 
villous height:crypt depth in weaning piglets (Guay et al., 
2006), probably because of the severe lacking of nutrients, 
especially AA. Plasma concentration of AA is a dynamic 
process, which can be due to both of lower uptake of AA 
from PR diet and increased peripheral absorption of 
circulating AA. The methionine and threonine in plasma of 
pigs fed the PR and BCAA diet were higher than that of the 
CON group indicated that crystalline AA are absorbed 
easily and fast by intestine. Consistently, in this study, the 
plasma concentrations of many un-supplemented AA in the 
PR group, such as isoleucine, leucine, valine, arginine, 
phenylalanine, and histidine, were significantly lower than 
that in the control diet. The proper supplementation of 
BCAA possibly improved the intestinal morphology 
through the rapid absorption and utilization of crystalline 
AA (Stoll et al., 1998). In contrast with the control group, 
the BCAA group had a higher concentration of 
supplemented AA in plasma although plasma concentration 
of arginine, histidine, and phenylalanine in BCAA group 
was lower than the control group. BCAA supplementation 
might have beneficial for the utilization of dietary nitrogen 
and reduced nitrogen excretion (NRC, 2012). Plasma urea 
nitrogen is reduced linearly with the decrease in the protein 
content, while there was a positive correlation between the 
nitrogen excretion and plasma urea concentration (Figueroa 
et al., 2002; Kerr, 2003; Nyachoti et al., 2006; Lordelo et al., 
2008). Our study found that the plasma urea concentration 
of pigs fed the PR diet was decreased by 49.2% than that of 
pigs fed the control diet. Supplementation of BCAA in the 
protein restricted diet decreased the plasma urea 
concentration of pigs by 71.8% or 44.4% compared with the 
CON group or the PR group, respectively. The results 
indicated that reducing dietary protein levels possibly 
decline nitrogen excretion in weaned pig, meanwhile BCAA 
supplementation can make it further declining through 
balancing the limitation of dietary AA. 

Presently it has already become a consensus of modern 
nutrition and immunology that the layer of epithelial cells 
lining the small intestine not only digests and absorbs 
nutrients but also serves as a barrier against noxious 
antigens and pathogens in intestinal lumen (Oswald, 2006). 
The lymphocytes are recruited to the intestinal mucous, 
which induces an augment in IEL number during the post-
weaning period and illustrates a post-weaning activation of 
the immune system (Nofrarías et al., 2006). Meanwhile, 

immunoglobulin, inflammatory cytokines (Pié et al., 2004), 
antimicrobial peptides and other immune-related proteins 
(Pomorska-Mól and Markowska-Daniel, 2011) are 
produced and secreted into gut lumen to protect and repair 
the intestinal mucosa of weaned piglets. Early intestinal 
immune response and gut disorders in post-weaning piglets 
can be influenced by dietary nutrients (Wu, 1998). In the 
current study, reducing dietary protein level significantly 
increased the number of IELs in the whole gut and declined 
the concentration of sIgA, IgA, and IgM in the jejunum or 
IgA and IgG the ileum of pigs fed the PR diet. A large 
number of lymphocytes in the villous epithelium, IELs, are 
a striking feature of the small intestinal mucosa. These cells 
consist of several ontogenically and phenotypically distinct 
populations of T cells (Guy-Grand, 1998) and they are one 
of the immune cells in intestinal epithelium that are 
involved in the development of tolerance and adaptive 
response to lumenal antigens while IELs perform 
surveillance of the epithelium (Lundqvist et al., 1995). In 
some conditions of excessive antigenic stimulation of the 
IEL might be responsible for the characteristic small bowel 
lesions of villous atrophy and crypt hyperplasia (Guy-Grand 
et al., 1998). Immunoglobulin especially sIgA translocate 
across the IEC layer toward the lumen and are deposited in 
the intestinal mucus layer to strengthen the first layer of 
defense against bacteria (Wells et al., 2010). The presence 
of high concentrations of sIgA in the mucus layer restricts 
commensal microbes from gaining entry to the lamina 
propria (Kinnebrew, 2012). We have proved that lacking of 
AA is adverse to the immune response including the raising 
of IELs number and the reducing of immunoglobulin. In 
current study, lacking of AA impaired the intestinal immune 
response including the raising of IELs number and the 
reducing of immunoglobulin. In post-weaning pig intestine, 
the nutritional requirement (especially AA and glucose) of 
intestinal epithelium is increased by elevated rates of 
substrate metabolism in IELs and synthesis of immune 
related protein (Dugan et al., 1994; Lallès et al., 2007). 
Supplementation of AA and easily absorbed protein, e.g. 
arginine (Zhu et al., 2013), glutamine (Doppenberg and van 
der Aar, 2010), BCAA (current study) and spray-dried 
plasma proteins (Doppenberg and van der Aar, 2010), 
prevented the elevation of IELs numbers and the declining 
of immunoglobulin. The results, that the BCAA 
supplementation diet decreased IEL number and 
significantly increased the immunoglobulins expression in 
the intestine of pigs, attested above point. 

Epithelium absorbs a mass of AA from intestinal lumen 
to synthesize proteins related to immune and nutritional 
transport. Moreover AA can also provide energy to 
epithelium cells (Wu, 1998; Wu, 2009). The weaning stress 
and immune response intensifies the requirement of AA in 
gut of weaned pig (Li et al., 2007). Apart from reducing 
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nitrogen excretion, supplementation of BCAA in protein 
restricted diet improves the gut health. The reasons might 
be that: firstly, stimulus from dietary antigens was lower in 
small intestine for declining of soybean anti-nutritional 
protein; secondly, BCAA have higher efficiency to 
absorption and utilization than whole compound protein; 
lastly, BCAA ameliorate mucus immune function and 
protect intestinal villi from negative effect of restricted 
protein diet. However, more research is needed about the 
mechanisms of BCAA on intestinal immune system. For 
example, whether (IELs) or goblet cells or other epithelial 
cells can utilize BCAA to apply energy and synthesize 
immune protein and cytokines. How could BCAA improve 
the expression of sIgA and intestinal host defense proteins? 

In conclusion, the supplementation of BCAA was 
necessary in protein restricted diet to maintain growth 
performance and the gut health through improving 
immunity and synthesis of immunoglobulins in intestine. 
Our finding has an implication that BCAA may be used to 
reduce ameliorate growth stasis in weaned piglets. 
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