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Abstract
The aim of this study was to investigate whether supplementing branched-chain amino acids (AA) (BCAA) along with a reduced-protein diet
increases piglet growth, and whether elevated feed intake and muscle growth-promoting effect contribute to this improvement. In Expt 1,
twenty-eight weanling piglets were randomly fed one of the following four diets: a positive control (PC) diet, a reduced-protein negative
control (NC) diet, an NC diet supplemented with BCAA to the same levels as in the PC diet (test 1 (T1)) and an NC diet supplemented with a
2-fold dose of BCAA in T1 diet (test 2 (T2)) for 28 d. In Expt 2, twenty-one weanling piglets were randomly assigned to NC, T1 and pair-fed T1
(P) groups. NC and T1 diets were the same as in Expt 1, whereas piglets in the P group were individually pair-fed with the NC group. In Expt 1,
the NC group had reduced piglet growth and feed intake compared with the PC group, which were restored in T1 and T2 groups, but no
differences were detected between T1 and T2 groups. In Expt 2, T1 and P groups showed increases in growth and mass of some muscles
compared with the NC group. Increased feed intake after BCAA supplementation was associated with increased mRNA expressions of agouti-
related peptide and co-express neuropeptide Y (NPY) and phosphorylation of mammalian target of rapamycin (mTOR) and ribosomal protein
S6 kinase 1 (S6K1), as well as decreased mRNA expressions of melanocortin-4 receptor and cocaine- and amphetamine-regulated transcript
and phosphorylation of eukaryotic initiation factor 2α in the hypothalamus. No differences were observed among PC, T1 and T2 groups
except for higher NPY mRNA expression in the T2 group than in the PC group (Expt 1). Phosphorylation of mTOR and S6K1 in muscle was
enhanced after BCAA supplementation, which was independent of change in feed intake (Expt 2). In conclusion, supplementing BCAA to
reduced-protein diets increases feed intake and muscle mass, and contributes to better growth performance in piglets.
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Post-weaning diarrhoea is a major problem in pig production(1,2),
which can cause considerable loss due to mortality or production
of non-marketable pigs(3). As an effective strategy to solve this
problem, reducing dietary protein level has been found to reduce
the incidence of diarrhoea and the severity of digestive problems
in piglets(4–6). Recent studies have shown that reducing dietary
protein intake could improve gastrointestinal health and function
after weaning(7,8). However, impairment of piglet growth begins
to occur when crude protein (CP) content is reduced from the
level recommended by the National Research Council (NRC)(9) to
17%, balanced with the first four limiting amino acids (AA)
(lysine, methionine, threonine and tryptophan)(10–12). Thus,
identifying the next-limiting AA that can maintain the growth

performance of piglets fed reduced-protein diets is of enormous
nutritional importance.

Numerous studies have suggested that branched-chain AA
(BCAA), particularly valine and isoleucine, are the next-limiting
AA for growth of piglets, and supplementation with these AA
makes it possible to maintain growth performance of piglets fed
reduced-protein diets(10,12,13). Moreover, it has been demon-
strated that dietary deficiency of AA causes a rapid decline in
animal feed intake, which is particularly the case for BCAA in
pigs(14–16) and mice(17). In pigs, the suppressive effect of valine
deficiency on feed intake is aggravated by an excess supply of
leucine due to the shared enzymes in their catabolic pathways,
which thereby increases the catabolism of valine(18). However,

Abbreviations: AA, amino acids; ADFI, average daily feed intake; ADG, average daily gain; BCAA, branched-chain AA; BW, body weight; CART, cocaine- and
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when valine and isoleucine requirement is fulfilled in the diet,
an excess supply of leucine does not affect feed intake any
more(19,20), but can act as a signalling molecule to increase
muscle protein synthesis and growth performance in
piglets(20–22). In addition, as leucine is the most effective single
AA in promoting muscle protein synthesis via stimulating
mammalian target of rapamycin (mTOR) pathway activity,
addition of leucine to a reduced-protein diet to regulate animal
growth has been the focus of many previous studies(23,24). Thus
far, little has been reported regarding the enhancing effect of
supplementation of all the three BCAA to reduced-protein diets
on the growth performance of piglets.
Several AA have been known to act as signal molecules in

regulating feed intake of rodents(25–27). However, the molecular
mechanisms by which AA regulate the feed intake of pigs remain
unknown. Hypothalamic neurons that express appetite-
regulatory neuropeptides are considered as critical regulators of
feeding behaviour and body weight (BW). Agouti-related peptide
(Agrp) and co-express neuropeptide Y (NPY) stimulate feed
intake, whereas pro-opiomelanocortin (POMC), melanocortin-4
receptor (MC4R) and cocaine- and amphetamine-regulated tran-
script (CART) inhibit feed intake(28). Recently, two evolutionarily
conserved signal transduction pathways, general AA control
(GAAC) pathway in anterior piriform cortex (APC) and hypo-
thalamus and mTOR pathway in hypothalamus, have been
shown contribute to the regulation of feed intake in response to
dietary AA changes(25–27).
Taken together, we hypothesised that supplementation of

BCAA to reduced-protein diets might increase feed intake and
skeletal muscle mass in piglets, and these improvements are
associated with changes in activities of related AA signalling
pathways. Therefore, the aim of this study was to evaluate the
effect of dietary BCAA supplementation on growth performance,
feed intake and muscle mass in piglets fed reduced-protein diets
with a CP content of 17%. All diets were fortified with lysine,
methionine, threonine and tryptophan to satisfy the standardised
ileal digestible (SID) AA requirement. We further elucidated the
roles of hypothalamic GAAC and mTOR signalling pathways in
feed intake regulation as well as the role of mTOR signalling
pathway involved in the control of muscle protein synthesis after
dietary supplementation with BCAA.

Methods

Two experiments were conducted, and Huazhong Agriculture
University Animal Care and Use Committee reviewed and
approved the protocols for each experiment.

Animals and diets

In Expt 1, twenty-eight Large White× Landrace barrows weaned
at 26 d of age were individually housed in metabolism cages
(1·5× 0·75m) with ad libitum access to feed and water. The
piglets continued to receive the same commercial starter diet
they had received since weaning for a 7-d adaptation period.
Piglets were assigned to one of four treatments in a completely
randomised design based on BW and ancestry seven per group.

Between 8 and 12 d after weaning, the starter diet was gradually
replaced by the experimental diets, so that from 13 d after
weaning piglets were fed the experimental diets only. The
experiment began 13 d after weaning (a mean initial BW of 8·45
(SD 0·62) kg) and lasted for 28 d. Room temperature was initially
set at 28°C and progressively decreased by 1°C/week. Piglets
were weighed individually at the beginning and at the end of
each week after an overnight fast. Feed intake was determined
daily. Feed samples were collected weekly and pooled at the
end of the experimental period for chemical analysis.

Four experimental diets based on maize and soyabean meal
were formulated to differ in CP and BCAA contents (Table 1).
Piglets were assigned randomly into one of the four diets,
including a positive control (PC) diet, a reduced-protein nega-
tive control (NC) diet, a test 1 (T1) diet and a test 2 (T2) diet
with CP contents of 19·5, 16·7, 16·7 and 17·2%, respectively.
The NC diet was formulated without considering SID valine,
leucine or isoleucine concentrations, but was supplemented
with 0·42% Ala (isonitrogenous amount), and thus was deficient
in valine and isoleucine compared with the recommendation by
the NRC(29). The T1 diet was supplemented with 0·17%
isoleucine, 0·24% leucine and 0·16% valine to provide SID AA
equal to the levels in the PC diet. The T2 diet was supplemented
with a 2-fold dose of each BCAA in T1 diet. All diets were
fortified with lysine, methionine, threonine and tryptophan to
satisfy the SID AA requirement as recommended by the NRC(29).

One piglet from the PC group and one from the NC group
were excluded because of death due to acute respiratory dis-
ease during the period of gradual replacement of the starter
diet. At the end of the experiment, six pigs were selected ran-
domly from each group to be humanely euthanised by electrical
stunning, coupled with exsanguination after 12 h of feed
deprivation. The hypothalamus was extracted from the brain
within 5–10min, and subsequently the hypothalamus samples
were rapidly removed, wrapped in foil and frozen in liquid N2

to be stored at −80°C until analyses.
In Expt 2, twenty-one Large White× Landrace barrows

weaned at 28 d of age were individually housed in metabolism
cages (1·5× 0·75m) with ad libitum access to water and were
fed a commercial diet for a 3-d adaptation period. Subse-
quently, the piglets were assigned randomly to one of the three
groups in a completely randomised design based on BW and
ancestry seven per group, including NC, T1 and pair-fed T1 (P)
groups. Gradual replacement of the starter diet by the experi-
mental diets lasted for 5 d. The experiment began 9 d after
weaning when the piglets obtained a mean initial BW of 9·21
(SD 0·70) kg, and were fed the experimental diets, which lasted
for 28 d. NC and T1 diets were the same as in Expt 1 (Table 1).
Piglets in the P group fed diet T1 were individually pair-fed with
the piglets in the NC group as described by Swamy et al.(30). In
brief, piglets in the NC group had free access to feed, whereas
piglets in the P group were provided with the same amount of
feed consumed by the NC group piglets on the previous day.
Piglets were weighed individually at the beginning and at the
end of the experiment, and the feed intake was determined
daily. One piglet from the NC group was excluded because
of sudden death due to unknown causes at the beginning of
week 1. At the end of the experiment, all pigs were humanely
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slaughtered by electrical stunning, coupled with exsanguination
after 12 h of feed deprivation. In all, twenty-three major skeletal
muscles from the forequarter, midquarter and hindquarter of
the left carcass side were separated entirely and weighed
(Table 5). The longissimus dorsi (LD) muscle samples between
the 10th and the last rib on the right carcass side were rapidly
removed, wrapped in foil and frozen in liquid N2 to be stored at
–80°C until analyses.

Chemical analyses

All diets were analysed for DM, CP (N× 6·25), diethyl ether
extract and crude fibre according to Association of Official
Analytical Chemists(31) procedures. Dietary AA contents
were determined by ion-exchange chromatography using an
Automatic Amino Acid Analyzer (Hitachi L-8800 Amino Acid
Analyzer; Hitachi), and tryptophan content was analysed with
an Agilent 1200 HPLC (Agilent Technologies) system using a
C18 (4·6× 150mm) column after alkaline hydrolysis at 110°C for
20 h as previously described(32). Feed samples were hydrolysed
in 6 N-HCl at 110°C for 24 h under reflux, whereas sulphur AA
content was measured after performic acid oxidation before
acid hydrolysis.

Quantitative PCR

Tissue samples of the hypothalamus in Expt 1 were homo-
genised and total RNA (tRNA) was isolated and purified using
TRIzol Reagent (100mg tissue/1ml Trizol; Life Technologies)
according to the specifications of the manufacturer. The integrity
of RNA was checked by 1% agarose gel electrophoresis stained
with 1 μg/ml of ethidium bromide. The RNA concentration and
quality were determined using the Nanodrop 2000 spectro-
photometer (NanoDrop Technologies). A sample of 2 μg of tRNA
was reverse transcribed to synthesise complementary DNA
(cDNA) for real-time PCR after treatment with TURBO™ DNase
(2U/μl; Life Technologies) for 50min at 37°C to remove con-
taminating genomic DNA. The primers used for the real-time PCR
detection of selected genes are listed in Table 2. Real-time
quantitative PCR analyses were performed (CFX ConnectTM

Real-time PCR Detection System; Bio-Rad) with a total volume of
10μl containing 5 ng of cDNA, 5 μl iTaq™ Universal SYBR Green
Supermix (Bio-Rad) and 0·3 μl of each of forward and reverse
primers. The relative qualification of gene expression for each
sample was adjusted with the control gene β-actin using the
2�ΔΔCT method(33) and normalised to the PC group.

Western blotting

The hypothalamus samples were used to detect the levels of
p-mTOR, mTOR, p-ribosomal protein S6 kinase 1 (S6K1), S6K1,
p-eukaryotic initiation factor 2α (eIF2α) and eIF2α proteins. The
skeletal muscle samples were used to detect the levels of
p-mTOR, mTOR, p-S6K1 and S6K1 proteins.

The frozen tissues samples were powdered under liquid N2,
and the powdered tissue (100mg) was dissolved in 1ml protein
lysis buffer containing 50mM-Tris-HCl (pH 7·4), 150mM-NaCl,
1% Triton X-100, 1% sodium deoxycholate, 0·1% SDS and

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

Treatments*

Items PC NC T1 T2

Ingredients (%)
Maize (7·4% CP) 59·86 70·09 70·09 70·09
Soyabean meal (42·2% CP) 22·00 10·70 10·40 9·60
Whey powder (4·0% CP) 5·00 5·00 5·00 5·00
Fishmeal (62·2% CP) 4·00 4·00 4·00 4·00
Concentrated soyabean protein
(64·0% CP)

5·00 5·00 5·00 5·00

Soyabean oil 0·79 0·40 0·50 0·70
L-Lys·HCl 0·22 0·48 0·48 0·50
DL-Met 0·14 0·23 0·23 0·24
L-Thr 0·08 0·22 0·23 0·24
L-Trp 0·01 0·06 0·06 0·06
L-Ile – – 0·17 0·34
L-Leu – – 0·24 0·48
L-Val – – 0·16 0·32
L-Ala – 0·42 – –

Dicalcium phosphate 1·00 1·30 1·30 1·30
Limestone 0·60 0·60 0·60 0·60
Salt 0·30 0·30 0·30 0·30
Bentonite – 0·20 0·24 0·23
Premix† 1·00 1·00 1·00 1·00

Analysed composition (%)
CP 19·5 16·7 16·7 17·2
Diethyl ether extract 8·94 8·48 8·95 8·94
Crude fibre 2·77 2·34 2·54 2·36
Lys 1·33 1·32 1·34 1·33
Met +Cys 0·89 0·88 0·88 0·91
Thr 0·90 0·87 0·92 0·90
Trp 0·22 0·21 0·22 0·22
Ile 0·81 0·60 0·81 0·91
Leu 1·80 1·45 1·83 1·98
Val 0·96 0·76 0·95 1·05
His 0·93 0·74 0·77 0·73
Phe 0·51 0·42 0·44 0·41
Arg 1·32 1·02 1·02 0·94

Calculated SID AA concentration
and NE value (%)‡
NE (MJ/kg) 10·37 10·38 10·38 10·37
Total Ca 0·74 0·77 0·77 0·76
Available P 0·38 0·41 0·41 0·41
SID Lys 1·23 1·23 1·23 1·23
SID Met +Cys 0·68 0·68 0·68 0·68
SID Thr 0·73 0·73 0·73 0·73
SID Trp 0·20 0·20 0·20 0·20
SID Ile 0·75 0·58 0·75 0·90
SID Leu 1·56 1·32 1·56 1·77
SID Val 0·84 0·68 0·84 0·98

SID AA ratio
(Met +Cys):Lys 0·55 0·55 0·55 0·55
Thr:Lys 0·59 0·59 0·59 0·59
Trp:Lys 0·16 0·16 0·16 0·16
Ile:Lys 0·61 0·47 0·61 0·73
Leu:Lys 1·27 1·07 1·27 1·44
Val:Lys 0·68 0·55 0·68 0·80

PC, positive control; NC, reduced-protein negative control; T1, test 1; T2, test 2; CP,
crude protein; SID, standardised ileal digestible; AA, amino acids; NE, net energy;
BCAA, branched-chain AA; V, vitamin.

* PC diet and NC diet without considering SID Val, Leu or Ile concentration; T1 diet
was formulated by adding 0·17% Ile, 0 24% Leu and 0·16% Val to the NC diet to
achieve the levels in the PC group. T2 diet was supplemented with a 2-fold dose of
each BCAA in the T1 diet.

† Provided per kg of diet (as-fed basis): VA, 15000 IU (4500 μg); VD3, 1500 IU
(37.5 μg); VE, 30mg; VB1, 3·2mg; VB2, 8mg; VB6, 4mg; VB12, 0·03mg; VK3,
3·2mg; niacin, 34mg; folate, 1·6mg; pantothenic acid, 18mg; biotin, 0·2mg;
choline chloride, 500mg; Cu, 150mg; Fe, 120mg; Mn, 45mg; Zn, 90mg; I, 0·6mg;
Se, 0·3mg; Co, 0·3mg; chlortetracycline, 35mg; tiamulin 12mg.

‡ Values for SID AA concentration and NE were calculated according to the National
Research Council(29).
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1mM-phenylmethylsulphonyl fluoride plus a 10 μl phosphatase
inhibitors mixture (P1260; Applygen Technologies Inc.). After
centrifugation at 10 000 g and 4°C for 15min, the protein
concentration in the supernatant fluid was determined by
bicinchoninic acid assay (Beyotime Biotechnology) according
to the manufacturer’s instructions. All the samples were adjus-
ted to an equal protein concentration and then diluted with 5×
loading buffer (1·25ml of 1 M-Tris-HCl (pH 6·8), 2·5ml glycerol,
0·5 g SDS, 0·25ml β-mercaptoethanol, 25mg bromophenol blue
and 1ml water to a final volume of 5ml) to a final volume of
1ml. The samples were boiled for 10min and cooled on ice

before being used for Western blot analysis. Aliquots of samples
(50 μg protein) were separated by electrophoresis on a 10%
(S6K1), 12% (eIF2α) or 8% (mTOR) SDS-PAGE, and electro-
transferred to poly vinylidene fluoride membranes (Millipore).
The membranes were blocked in 5% fat-free milk in
Tris-buffered saline containing 0·1% Tween-20 (TBST) for 3 h
and then incubated with the following primary antibodies at 4°C
overnight with gentle rocking: anti-S6K1 (1:1000; Santa Cruz
Biotechnology), anti-p-S6K1 (1:500; Affinity Biosciences), anti-
eIF2α (1:500; Affinity Biosciences), anti-p-eIF2α (1:1000; Cell
Signaling Technology), anti-mTOR (1:1000; Cell Signaling
Technology), anti-p-mTOR (1:1000; Cell Signaling Technology)
and anti-β-actin (1:1000; Santa Cruz Biotechnology). After being
washed three times with TBST, the membranes were incubated
at room temperature for 3 h with horseradish peroxidase-linked
secondary antibodies diluted 1:20 000 in 1% bovine serum
albumin TBST. Finally, the membranes were washed three
times with TBST and three times with TBS, followed by
development using the SuperSignal West Pico Chemilumines-
cent Substrate according to the manufacturer’s instructions
(Pierce). Images were quantified using the Gel Logic Pro 2200
system (Carestream Molecular Imaging) and Image J software.

Table 2. Primers used for real-time PCR analysis

Genes Accession no. Direction Sequences (5'–3') Size

AgRP NM_001011693 Forward CGTCGCTGCGTAAGGCT 99
Reverse GCAGAAGGCGTTGAAGAAA

NPY NM_001256367 Forward CGTACCCCTCCAAGCCCGACAAC 176
Reverse AACATTTTCCGTGCCTTCTCT

POMC NM_213858 Forward TCCGAGAAGAGCCAGACG 126
Reverse GGCTTTGGGGTCGGCTTC

MC4R NM_214173 Forward CCCAGAATCCATACTGTGT 130
Reverse TCTTTGAAGGTTTTCCTCAG

CART NM_001099925 Forward CCGCCCTGCTGCTGCTGCTAC 200
Reverse AGGGACTTGGCCATACTTCTTCTC

β-Actin AY550069 Forward CCAGGTCATCACCATCGG 158
Reverse CCGTGTTGGCGTAGAGGT

AgRP, agouti-related peptide; NPY, co-express neuropeptide Y; POMC, pro-opiomelanocortin; MC4R, melanocortin-4 receptor; CART, cocaine- and
amphetamine-regulated transcript.

Table 3. Effect of supplementing branched-chain amino acids (BCAA) to
reduced-protein diets on growth performance of piglets (Expt 1)
(Mean values with their pooled standard errors, n 6–7/group)

Treatments*

Items PC NC T1 T2 SEM P

Initial BW (kg) 8·50 8·36 8·54 8·38 0·56 0·952
Final BW (kg) 20·31a 17·37b 21·11a 21·05a 1·45 0·005
ADFI (g/d)

Week 1 559a 375b 519a 493a 52 0·001
Week 2 592a 406b 545a 574a 63 0·002
Week 3 725a 618b 727a 753a 56 0·015
Week 4 979a 835b 1038a 1063a 93 0·009
Overall 714a 558b 707a 721a 60 0·003

ADG (g/d)
Week 1 350a 189b 346a 325a 51 0·001
Week 2 324a 223b 309a 322a 43 0·010
Week 3 419a,b 368b 465a 464a 46 0·019
Week 4 543a,b 481b 627a 653a 73 0·012
Overall 422a 322b 449a 452a 44 0·001

G:F
Week 1 0·63a 0·49b 0·66a 0·65a 0·06 0·004
Week 2 0·55 0·56 0·57 0·57 0·08 0·966
Week 3 0·58 0·60 0·64 0·62 0·05 0·326
Week 4 0·56 0·58 0·60 0·61 0·04 0·250
Overall 0·59a,b 0·58b 0·63a 0·63a 0·03 0·046

PC, positive control; NC, reduced-protein negative control; T1, test 1; T2, test 2;
BW, body weight; ADFI, average daily feed intake; ADG, average daily gain;
G:F, gain:feed intake; SID, standardised ileal digestible.

a,b Mean values within a row with unlike superscript letters were significantly different
(P<0·05).

* PC diet and NC diet without considering SID Val, Leu or Ile concentrations; T1 diet
was formulated by adding 0·17% Ile, 0·24% Leu and 0·16% Val to the NC diet to
achieve the levels in the PC group. T2 diet was supplemented with a 2-fold dose of
each BCAA in the T1 diet.

Table 4. Effect of supplementing branched-chain amino acids (BCAA) to
reduced-protein diets on growth performance of piglets fed ad libitum or at
a similar level in the group without supplemental BCAA (Expt 2)
(Mean values with their pooled standard errors, n 6–7/group)

Treatments*

Items NC T1 P SEM P

Initial BW (kg) 9·32 9·35 9·11 0·44 0·766
Final BW (kg) 17·39b 22·17a 18·49b 1·45 0·003
ADFI (g/d) 529b 743a 519b 76 0·004
ADG (g/d) 288c 476a 335b 39 <0·001
G:F 0·55b 0·65a 0·65a 0·03 0·002

NC, reduced-protein negative control; T1, test 1; P, pair-fed T1 group; BW, body
weight; ADFI, average daily feed intake; ADG, average daily gain; G:F, gain:feed
intake; SID, standardised ileal digestible.

a,b,c Mean values within a row with unlike superscript letters were significantly different
(P<0·05).

* NC diet without considering SID Val, Leu or Ile concentrations; T1= test 1 diet,
which was formulated by adding 0·17% Ile, 0·24% Leu and 0·16% Val to the NC
diet; P, pair-fed T1 group, in which piglets fed the T1 diet were provided with the
same amount of feed consumed by the NC group piglets.
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Statistical analyses

For all data analyses, the individual piglet was used as the
experimental unit. The data were analysed by ANOVA according
to a randomised complete block design using general linear
model procedures. Significant ANOVA effects were further
examined using Duncan’s multiple range test. Simple linear and
quadratic relationships between feed intake and hypothalamic
appetite regulatory gene expressions were determined using
regression procedures. All analyses were performed using SAS
8.0. Results are presented as means with their standard errors.
Probabilities <0·05 were considered as significant.

Results

Growth performance

The growth performance of piglets in Expt 1 is presented in Table 3.
Compared with the PC group, the NC group showed a decrease
(P<0·05) in final BW, average daily gain (ADG) during weeks 1–2,
overall ADG (d 0–28) and gain:feed intake (G:F) during week 1.

No differences in piglet growth were detected among PC, T1 and T2
groups, but final BW, ADG for all experimental periods, G:F during
week 1 and overall G:F were higher (P<0·05) in T1 and T2 groups
compared with the NC group. Interestingly, average daily feed
intake (ADFI) for all experimental periods was decreased (P<0·05)
in the NC group, whereas in T1 and T2 groups it was restored to the
levels of the PC group. Thus, we conducted a pair-feeding
experiment (Expt 2) to ensure similar feed intake among piglets
between NC and P groups. In Expt 2, ADFI was higher (P<0·05) in
the T1 group than in the NC group, which is consistent with the
results of Expt 1. T1 and P groups had significantly higher (P<0·05)
ADG and G:F compared with the NC group (Table 4).

Skeletal muscle mass

In total, twenty-three major skeletal muscles of piglets in NC, T1
and P groups were separated entirely and weighed in Expt 2.
The results showed that the absolute (Table 5) and relative
(expressed as a percentage of the BW) (Table 6) weights of
skeletal muscles in piglets were affected by the treatments.
Compared with the NC group, the absolute weights of most

Table 5. Effect of supplementing branched-chain amino acids (BCAA)
to reduced-protein diets on the absolute skeletal muscle mass of piglets
fed ad libitum or at a similar level in the group without supplemental
BCAA (Expt 2)
(Mean values with their pooled standard errors, n 6–7/group)

Treatments*

Items NC T1 P SEM P

Muscle mass in the forequarter (g)
Trapezius 24·7b 36·1a 33·5a 3·8 0·006
Supraspinatus 117·2b 140·4a 131·2a 6·9 0·002
Infraspinatus 47·6 51·4 51·8 7·9 0·784
Teres major 27·9 32·7 30·01 3·0 0·160
Deltoids 16·1c 22·8a 19·7b 1·7 0·001
Subscapularis 28·3b 38·4a 30·8b 3·4 0·005
Tricepsbrachii 176·3b 218·7a 194·3a,b 17·0 0·021
Tensor fasciae antebrachii 11·9b 16·4a 13·3a,b 2·2 0·065
Biceps 30·6b 37·7a 32·8b 2·8 0·016
Brachii 26·4 30·4 27·7 2·6 0·187

Muscle mass in the midquarter (g)
Latissimus dorsi 113·4b 150·7a 143·9a 17·4 0·031
Pectoralis profundus 134·4b 166·6a 155·7a,b 17·8 0·097
Longissimus dorsi 478·5c 679·1a 573·6b 43·5 <0·001
Psoas major 76·6 97·6 87·1 10·7 0·113

Muscle mass in the hindquarter (g)
Glutaeus superficialis 160·1 180·9 168·0 16·2 0·298
Gluteus medius 33·5 40·7 38·8 4·4 0·129
Biceps femoris 290·2b 371·1a 328·3a,b 26·2 0·009
Semitendinosus 89·1b 109·9a 93·3b 7·5 0·007
Semembranosus 71·9 84·1 72·5 10·9 0·309
Tensor fascia latae 44·2 53·8 46·5 6·0 0·153
Gracilis 61·4 73·7 65·8 8·2 0·203
Adductor 161·1 191·4 177·8 24·6 0·318
Quadriceps femoris 243·2b 296·0a 266·8a,b 22·7 0·031

NC, reduced-protein negative control; T1, test 1; P, pair-fed T1 group; SID,
standardised ileal digestible.

a,b,c Mean values within a row with unlike superscript letters were significantly different
(P< 0·05).

* NC diet without considering SID Val, Leu or Ile concentration; T1 was formulated by
adding 0·17% Ile, 0·24% Leu and 0·16% Val to NC diet; P-fed T1 group, in which
piglets fed the T1 diet were provided with the same amount of feed consumed by
the NC group piglets.

Table 6. Effect of supplementing branched-chain amino acids (BCAA) to
reduced-protein diets on relative skeletal muscle mass of piglets fed ad libitum
or at a similar level in the group without supplemental BCAA (Expt 2)
(Mean values with their pooled standard errors, n 6–7/group)

Treatments*

Items NC T1 P SEM P

Relative muscle mass in the forequarter (%)†
Trapezius 0·137b 0·163a,b 0·182a 0·018 0·029
Supraspinatus 0·647 0·643 0·710 0·045 0·187
Infraspinatus 0·263 0·231 0·281 0·036 0·262
Teres major 0·153 0·148 0·162 0·012 0·351
Deltoids 0·091b 0·105a 0·106a 0·007 0·033
Subscapularis 0·156 0·176 0·167 0·019 0·428
Tricepsbrachii 0·970 0·993 1·052 0·077 0·431
Tensor fasciae antebrachii 0·066 0·074 0·072 0·010 0·563
Biceps 0·168 0·171 0·178 0·011 0·533
Brachii 0·145 0·137 0·150 0·010 0·294

Relative muscle mass in the midquarter (%)†
Latissimus dorsi 0·620b 0·681a,b 0·780a 0·076 0·043
Pectoralis profundus 0·738b 0·751a,b 0·837a 0·056 0·089
Longissimus dorsi 2·652b 3·090a 3·102a 0·229 0·044
Psoas major 0·419 0·441 0·472 0·043 0·372

Relative muscle mass in the hindquarter (%)†
Glutaeus superficialis 0·878 0·824 0·910 0·074 0·376
Gluteus medius 0·185 0·184 0·210 0·020 0·227
Biceps femoris 1·597b 1·683a,b 1·775a 0·104 0·115
Semitendinosus 0·493 0·499 0·506 0·038 0·913
Semembranosus 0·400 0·381 0·391 0·058 0·920
Tensor fascia latae 0·242 0·242 0·251 0·023 0·857
Gracilis 0·342 0·332 0·356 0·037 0·759
Adductor 0·877 0·873 0·965 0·121 0·586
Quadriceps femoris 1·344 1·342 1·447 0·107 0·413

NC, reduced-protein negative control; T1, test 1; P, pair-fed T1 group; SID,
standardised ileal digestible.

a,b Mean values within a row with unlike superscript letters were significantly different
(P<0·05).

* NC diet without considering SID Val, Leu or Ile concentrations; T1 was formulated
by adding 0·17% Ile, 0·24% Leu and 0·16% Val to NC diet; P-fed T1 group, in
which piglets fed T1 diet were provided with the same amount of feed consumed by
NC group piglets.

† Relative muscle mass is expressed as a percentage of the body weight.
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muscles in the forequarter and midquarter were enhanced
(P< 0·05) in the T1 group, except for infraspinatus, teres major,
brachii and psoas major muscles. Moreover, the absolute
weights of three muscles with large mass (biceps femoris,
semitendinosus and quadriceps femoris muscles) in the hind-
quarter were also increased (P< 0·05) in the T1 group. When
the piglets were provided with the same amount of feed, the
P group had increased (P< 0·05) weights of LD, trapezius,
supraspinatus, deltoids and latissimus dorsi muscles compared
with the NC group, particularly LD muscle.
The P group showed higher (P< 0·05) relative weights of

trapezius, deltoids, latissimus dorsi, pectoralis profundus, LD
and biceps femoris muscles compared with the NC group. The
relative weights of these muscles in the T1 group were inter-
mediate between those in the other two groups, but only two
muscles (deltoids and LD) showed statistically different weights
(P< 0·05) compared with the NC group. There were no differ-
ences in the relative weights of other muscles among all the
three groups.

mRNA expressions of appetite regulatory genes in the
hypothalamus

Agrp and NPY are classified as orexigenic genes, but POMC,
MC4R and CART are classified as anorexigenic genes. We
detected the mRNA expressions of these appetite regulatory
genes in the hypothalamus in Expt 1, and the results are shown
in Fig. 1. Hypothalamic Agrp and NPY mRNA levels were higher
(P<0·05) in the T2 group compared with the NC group (Fig. 1(A)),
whereas MC4R mRNA level in the T2 group and CART mRNA
level in the T1 group were lower (P< 0·05) compared with the
NC group (Fig. 1(B)). However, POMC mRNA level showed no
differences among the four groups. Interestingly, there were no
differences in hypothalamic Agrp, NPY, MC4R and CART mRNA
levels among T1, T2 and PC groups, except for the higher
(P< 0·05) NPY mRNA level in the T2 group compared with the
PC group. Further regression analysis showed that ADFI was
positively (P< 0·05) associated with NPY mRNA levels ranging
from 0·32 to 2·94, whereas it was not affected by further
increase in NPY mRNA levels (Fig. 2(a)). ADFI linearly

decreased (P< 0·05) with an increase in MC4R mRNA levels
(Fig. 2(b)), whereas there were no significant quadratic or linear
relationships between ADFI and the mRNA levels of Agrp and
CART (data not shown).

Protein abundance of general amino acids control signalling
pathway in the hypothalamus

Stimulation of the GAAC pathway in the hypothalamus has
been shown to inhibit feed intake of animals. We detected the
abundance of phosphorylated and total eIF2α protein in the
hypothalamus in Expt 1 by Western blotting. Compared with
the PC group, the NC group had increased (P< 0·05) abun-
dance of phosphorylated eIF2α protein (expressed as a ratio to
total eIF2α or β-actin), which was restored to the that of the PC
group in T1 and T2 groups (Fig. 3). The changes in the abun-
dance of phosphorylated eIF2α protein were opposite to the
changes in feed intake. However, there was no difference in the
abundance of total eIF2α protein among the four groups.

Protein abundance of mammalian target of rapamycin
signalling pathway in the hypothalamus

The protein abundance of mTOR signalling pathway in the
hypothalamus in Expt 1 is shown in Fig. 4. The abundance of
total S6K1 and mTOR proteins was not different among the four
groups. However, compared with the NC group, PC, T1 and T2
groups had enhanced (P< 0·05) abundance of phosphorylated
S6K1 protein (expressed as a ratio to total S6K1 or β-actin)
(Fig. 4(A)). Moreover, the amount of phosphorylated mTOR
protein (expressed as a ratio to total mTOR) was higher in the
T1 group (P< 0·05) than in the NC group (Fig. 4(B)). There
were no differences in the abundance of phosphorylated S6K1
and mTOR proteins among PC, T1 and T2 groups.

Protein abundance of mammalian target of rapamycin
signalling pathway in longissimus dorsi muscle

In Expt 2, compared with T1 and P groups, the NC group
had reduced (P< 0·05) abundance of phosphorylated S6K1
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Fig. 1. mRNA levels of (A) orexigenic genes (agouti-related peptide (AgRP) and co-express neuropeptide Y (NPY)) and (B) anorectic genes (pro-opiomelanocortin
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(Fig. 5(A)) and mTOR (Fig. 5(B)) proteins in LD muscle,
whereas no differences were detected between T1 and
P groups. Besides, the abundance of total S6K1 and mTOR
proteins was not different among the three groups.

Discussion

The results of the present study showed that reducing CP
content from 19·5 to 16·7% without balancing the BCAA levels
impaired piglet growth, which was restored to the level of the
PC group after supplementation with BCAA. However, the
reduced-protein diet supplemented with a 2-fold dose of each
BCAA did not further increase piglet growth. The positive effect

of dietary BCAA supplementation on growth of piglets fed
reduced-protein diets was also previously observed(11). A novel
and important finding of this study is that the increased feed
intake of piglets is associated with the enhanced mTOR and
reduced GAAC pathway activities in the hypothalamus after
BCAA supplementation. Furthermore, we also indicate that
BCAA may act as signalling molecules to increase local mTOR
pathway activity, which is independent of change in feed
intake, and thus might partly contribute to the elevated muscle
mass after the supplementation of BCAA to the reduced-
protein diet.

Dietary branched-chain amino acids supplementation
increases feed intake of piglets fed reduced-protein diets

There are growing evidences showing that many species are
able to sense a dietary AA imbalance and respond to it by
reducing feed intake(26). In growing pigs, the suppressive effect
on growth after valine- or tryptophan-deficiency treatment is
mainly associated with a reduction in feed intake(14–16,34).
Recent studies with mice have shown that dietary deficiency in
isoleucine, valine and leucine causes the most dramatic
decrease in feed intake(17). In this study, we reported that the
deficiency of valine and isoleucine in diet (NC group) for
4 weeks reduced the feed intake of piglets, which was restored
to the level of the PC group after dietary supplementation with
BCAA (Tables 3 and 4). In contrast, intracerebroventricular
administration of leucine inhibited feed intake(25,35). This
paradoxical effect of leucine on feed intake is likely due to an
extremely higher treatment level than the level under physio-
logical conditions, which may lead to an imbalance among
BCAA in the brain. Noteworthily, dietary BCAA imbalance
(deficiency of valine and excess supply of leucine) results in
subsequent reduction of feed intake in pigs(14–16,18).

There have been a number of speculations about the
mechanism responsible for the effect of dietary AA imbalance
on the inhibition of feed intake in animals. In mice and rats, an
AA imbalance is detected by the APC and the hypothalamus to
inhibit feed intake(27,36,37). AA deficiency stimulates the GAAC
pathway via an accumulation of its uncharged tRNA, which
induces phosphorylation of eIF2α via the general control
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nonderepressible kinase 2 (GCN2). In addition, mTOR is a
cellular fuel and AA sensor (leucine particularly), whose hypo-
thalamic activity is directly related to the regulation of feed intake.
A previous study showed that intracerebroventricular adminis-
tration of leucine decreased the feed intake of rats by stimulating
the mTOR pathway activity(25). In contrast, central ghrelin
administration promoted feed intake by stimulating hypothalamic
mTOR pathway activity(38). Further studies are needed to explain
this seemingly paradoxical role of hypothalamic mTOR.
However, the roles of hypothalamic GAAC and mTOR sig-

nalling pathways, which are involved in the feed intake reg-
ulation by dietary AA, have not been identified in pigs. In our
study, we reported for the first time that the increase in feed
intake of piglets after dietary BCAA supplementation is related
to the elevation/reduction of hypothalamic mTOR/GAAC

pathway activity, which supports the speculation that the mTOR
or GAAC pathway may play an important role in the positive
effect of BCAA on the feed intake of piglets. Moreover, the
expressions of hypothalamic appetite regulatory genes (Agrp
and NPY) that stimulate feed intake were up-regulated, but that
of the genes inhibiting feed intake (MC4R and CART) were
down-regulated after dietary BCAA supplementation (Fig. 1).
Further assessment of the correlation between feed intake and
expression of these appetite regulatory genes (Fig. 2) indicates
that the expressions of NPY and MC4R genes appear to be more
responsive to BCAA supplementation compared with the other
two genes. In addition, it has been demonstrated that hypo-
thalamic mTOR plays an important role in regulating the
expressions of appetite regulatory genes(25,38). Morrison
et al.(39) suggested that AA can act within the brain to inhibit
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feed intake of rats and that the direct mTOR-dependent inhi-
bition of Agrp gene expression may contribute to this effect.
These observations indicate that mTOR or GAAC may function
as an AA sensor to regulate the expressions of hypothalamic
appetite regulatory genes and feed intake in piglets. However,
dietary supplementation with a 2-fold dose of each BCAA in the
present study did not further increase the feed intake of piglets
(Table 3). As no changes in hypothalamic GAAC and mTOR
pathway activities were observed between T1 and T2 groups
(Fig. 3 & 4), it is possible that supplementing a 1-fold dose of
BCAA to the reduced-protein diet is sufficient to activate these
hypothalamic appetite regulatory signalling pathways.

Dietary branched-chain amino acids supplementation
increases muscle growth of piglets fed reduced-protein
diets

Skeletal muscle accounts for approximately 50% of the body
mass. In the present study, the absolute weights of nearly half of
the muscles (Table 5) and relative weights of some muscles
(Table 6) were greater in both BCAA-supplemented T1 and
P groups compared with the NC group. The increased muscle
growth in response to BCAA supplementation may be due to, at
least in part, the activation of translation initiation factors, which
is supported by the stimulation of mTOR signalling pathway
activity in LD muscle, independent of change in feed intake
after dietary BCAA supplementation observed in the present
study (Fig. 5). mTOR has been known to stimulate the activa-
tion of translation initiation factors induced by AA(40,41). The
effect of triggering the activation of translation initiation factors
appears to be unique to BCAA, especially leucine, both
in vivo(23,24) and in intro(42,43). It has been shown that sup-
plementing excess leucine to reduced-protein diets increases
the muscle protein synthesis of piglets by activating the mTOR
signalling pathway to stimulate translation initiation(20–22).
On the other hand, even though BCAA-supplemented T1 and

P groups had similar muscular mTOR activity, the absolute
weight of LD muscle in the P group did not reach the level of
the T1 group (Table 5). Interestingly, a previous study has
reported that protein synthesis in skeletal muscle was not sti-
mulated by infusion of leucine for 2 h despite the continuous
activation of translation initiation signals(23). These results
indicate that stimulation of muscle protein synthesis needs both
the availability of sufficient substrates for synthesis and the
activation of translation initiation factors.
In conclusion, the present study shows that supplementing

BCAA to reduced-protein diets can increase growth perfor-
mance of piglets, and the increase in feed intake and direct
skeletal muscle growth-promoting effect contribute to this
improvement. Our results for the first time indicate the possible
important role of hypothalamic GAAC or mTOR pathway in the
feed intake regulation of piglets after dietary BCAA supple-
mentation. The muscle growth-promoting effect induced by
BCAA supplementation may be mediated by the mTOR sig-
nalling pathway. However, supplementing a 2-fold dose of
each BCAA to the reduced-protein diet in the present study did
not further increase growth performance. Thus, further studies

are needed to reveal the appropriate dose of each BCAA to be
supplemented to the reduced-protein diet for maximum growth
in piglets.
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