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This experiment was conducted to investigate the effects of branched-chain amino acids (BCAA)
supplemented in protein-restricted diets on the growth performance and the expression profile of
amino acid transporters and energy metabolism related regulators in the white adipose tissue (WAT)
of different regional depots including dorsal subcutaneous adipose (DSA) and abdominal subcu-
taneous adipose (ASA). A total of 24 crossbred barrows (7.40 ± 0.70 kg) were randomly divided into 4
groups and were fed the following isocaloric diets for 33 days: 1) a recommended adequate protein
diet (AP, 20% CP, as a positive control); 2) a low protein diet (LP, 17% CP); 3) the LP diet supplemented
with BCAA (LP þ B, 17% CP) to reach the same level of the AP diet group; 4) the LP diet supplemented
with 2 times the amount of BCAA (LP þ 2B, 17% CP). The daily gain and daily feed intake of the LP diet
group were the lowest among all the treatments (P < 0.01). The feed conversion was improved
markedly in the group of LP þ B compared with the LP diet group (P < 0.05). No significant difference
was noted for the serum biochemical parameter concentrations of glucose, triglyceride, nonesterified
fatty acid and insulin among the groups (P > 0.05). Moreover, BCAA supplementation down-regulated
the expression levels of amino acid transporters including L-type amino acid transporter 1 and
sodium-coupled neutral amino acid transporter 2 in DSA, but up-regulated the expression level of L-
type amino acid transporter 4 in ASA (P < 0.05). Meanwhile, the energy sensor AMP-activated protein
kinase a was activated in the DSA of pigs fed LP diet and in the ASA of the pigs fed AP or LP þ 2B diets
(P < 0.05). The mRNA expression profile of the selected mitochondrial component and mitochondrial
biogenesis associated regulators in DSA and ASA also responded differently to dietary BCAA
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supplementation. These results suggested that the growth performance of growing pigs fed protein
restricted diets supplemented with BCAA could catch up to that of the pigs fed AP diets. The results
also partly demonstrated that the regulation mechanisms of BCAA are different in the adipose tissues
of different depots.
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by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the
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1. Introduction

The overall metabolic profile of pigs is similar to that of humans,
thus pigs may be an optimal animal model for investigating lipid
metabolism and metabolic disorders (Douglas, 1972; Spurlock and
NK, 2008). Currently, adipose tissue has been perceived predomi-
nantly as an active fuel reservoir in role of energy balance, instead of
a metabolism inertness depot in the last decade (Valenzuela and
Sanhueza, 2009). Sufficient in vitro and in vivo evidence has
pointed out that adipose tissue is capable of metabolizing signifi-
cant quantities of branch chain amino acids (BCAA), including
leucine, isoleucine and valine (Rosenthal et al., 1974; Tischler and
Goldberg, 1980; Layman, 2003; Herman et al., 2010). The critical
roles of BCAA in protein synthesis and turnover have been widely
documented, especially in skeletal muscle (Corporation HP, 2014).
Now, the potential relationship between BCAA function and energy
metabolism in adipose tissue is of great interest. It is beneficial for
us to know howenergymetabolism is regulated and coordinated by
BCAA in white adipose tissue (WAT). The oxidation of BCAA seems
to be advantageous to human metabolic health as their catabolism
increases fatty acid oxidation as well as controls obesity
(Corporation HP, 2014). Nishimura et al. (2010) have observed that
isoleucine supplementation leads to a decrease inweight gain and a
reduction in lipid mass. In a double-blind, placebo-control, cross-
over study on human volunteers, Gualano et al. (2011) noticed
that BCAA supplementation increases lipid oxidation during exer-
cise and helps to overcome fatigue. Qin et al. (2011) investigated on
middle aged healthy adults and found that there is an inverse
relation between BCAA intake and obesity. All of these findings
suggest that BCAA have a large influence on energy metabolism.

Energy metabolism and mitochondrial biogenesis are inextri-
cably linked. The AMP-activated protein kinase a (AMPKa) is a
crucial metabolic fuel gauge and a signal transducer for maintain-
ing energy homeostasis and regulating mitochondrial biogenesis.
Notably, the expression of multiple genes, such as peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-
1a) and silent information regulator 1 (SIRT1) involved in the
regulation of energy metabolism, appears to be associated with
mitochondrial biogenesis (Koves et al., 2005; Bastin et al., 2008).
The impact of BCAA on energy balance and mitochondrial function
in skeletal muscle has been widely studied (Scarpulla et al., 2012;
Liang et al., 2014), while only several in vitro experiments have
indicated that leucine mediates the energy metabolism of adipo-
cyte partly through mitochondrial biogenesis (Sun and Zemel,
2009). The BCAA-specific transporters play critical roles in this
process, which are present on membranes to sense amino acid
availability and relay nutrient signals to the cell interior (Hundal
and Taylor, 2009; Nicklin et al., 2009; Duan et al., 2015) Several
predominant transporters that are recently reported to be directly
or indirectly associatedwith BCAA have been studied (Evans, 2007).

In the present study, we attempted to address whether BCAA
affect the growth performance and the expression levels of selected
genes that are involved in AA transporters and energy metabolism
in WAT including dorsal subcutaneous adipose (DSA) tissue and
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abdominal subcutaneous adipose (ASA) tissue in vivo using the pig
as an animal model.

2. Materials and methods

2.1. Animals and experimental diets

All procedures outlined in this experiment were approved by
the Animal Care and Use Committee of the Chinese Academy of
Sciences (Fugui et al., 2010).

A total of 24 crossbred barrows (Landrace � Large White,
7.40 ± 0.70 kg BW) were randomly divided into 4 treatments. Each
treatment had 6 replicates (n¼ 6). Pigs were housed individually in
cages (Tan et al., 2011) and fed diets based on maize, soybean meal,
fish meal and whey powder (Table 1). The dietary treatments were
as follows: 1) a recommended adequate protein (AP) diet con-
taining 20% CP, considered as the positive control group; 2) a low
protein (LP) diet containing 17% CP, considered as the negative
control group; 3) the LP diet supplemented with BCAA (LP þ B) to
contain the same level as that of the AP diet; 4) the LP diet sup-
plemented with 2 times amount of the BCAA (LP þ 2B). All exper-
imental diets were formulated to be isocaloric, and the limiting AA,
including lysine, methionine, threonine and tryptophan, were all
designed to meet the National Research Council (NRC, 2012) rec-
ommendations. The pigs had ad libitum access to diets and drinking
water throughout the study (Tan et al., 2009). All pigs were
weighed at the start and the end of this 33-day experiment, and
feed intakes were recorded on a daily basis to calculate final body
weight (FBW), average daily gain (ADG), average daily feed intake
(ADFI) and feed conversion ratio (FCR) (Yin et al., 2010).

2.2. Sample collection

Blood samples (about 5 mL from each pig) were collected into
10-mL tubes and centrifuged at 3000 � g at 4 �C for 15 min. Then,
the supernatants (serum) were collected and stored at �20 �C until
required for analysis. Immediately after blood sampling, pigs were
electrically stunned (250 V, 0.5 A, 5 or 6 s), exsanguinated and
eviscerated in a slaughterhouse (Liu et al., 2012; Tan et al., 2011).
Adipose tissue samples including DSA and ASAwere rapidly excised
from the right side of the carcasses. Samples were immediately
frozen in liquid nitrogen and then stored at �80 �C until further
analysis (Liu et al., 2015).

2.3. Serum chemical parameters

We determined the serum concentrations of glucose (Glu) and
triacylglycerols (TG) using a Biochemical Analytical Instrument
(Beckman CX4) and commercial kits (Sino-German Beijing
Leadman Biotech Ltd., Beijing, China). We analyzed the nonesteri-
fied fatty acid (NEFA) concentration using colorimetric assays ac-
cording to themanufacturer's instructions of the NEFA detection kit
(Nanjing Jianchen Bioengineering Institute, China). Six samples of
each group were measured.
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Table 1
Ingredients and nutrient levels of the diets (as-fed basis).1

Item AP LP LP þ B LP þ 2B

Ingredient, %
Maize 59.86 70.09 70.09 70.09
Dehulled soybean meal 22.00 10.70 10.40 9.60
Whey powder 5.00 5.00 5.00 5.00
Fish meal 4.00 4.00 4.00 4.00
Concentrated soybean protein 5.00 5.00 5.00 5.00
Soybean oil 0.79 0.40 0.50 0.70
L-Lysine HCl 0.22 0.48 0.48 0.50
DL-Methionine 0.14 0.23 0.23 0.24
Threonine 0.08 0.22 0.23 0.24
Tryptophan 0.01 0.06 0.06 0.06
Isoleucine e e 0.17 0.34
Leucine e e 0.24 0.48
Valine e e 0.16 0.32
Alanine e 0.42 e e

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 e 0.20 0.24 0.23
Premix2 1.00 1.00 1.00 1.00
Total 100.00 100.00 100.00 100.00
Nutrient levels, %
NE, MJ/kg 10.37 10.38 10.38 10.37
CP 19.50 16.70 16.70 17.20
SID amino acid3

Lys 1.23 1.23 1.23 1.23
Met þ Cys 0.68 0.68 0.68 0.68
Thr 0.73 0.73 0.73 0.73
Trp 0.20 0.20 0.20 0.20
Leu 1.56 1.32 1.56 1.77
Ile 0.75 0.58 0.75 0.90
Val 0.84 0.68 0.84 0.98
His 0.47 0.39 0.38 0.38
Phe 1.09 0.93 0.92 0.91
Arg 1.11 0.84 0.83 0.81

SID ¼ standardized ileal digestible.
1 AP ¼ adequate protein diet; LP ¼ low protein diet; LP þ B ¼ LP diet supple-

mentedwith BCAAs to contain the same level as that of the AP diet; LPþ 2B¼ LP diet
supplemented with two times amount of BCAAs.

2 Supplied per kilogram of diet: CuSO4$5H2O 19.8 mg; KI 0.20 mg; FeSO4$7H2O
400 mg; NaSeO3 0.56 mg; ZnSO4$7H2O 359 mg; MnSO4$H2O 10.2 mg; Vitamin K
(menadione) 5 mg; Vitamin B1 2 mg; Vitamin B2 15 mg; Vitamin B12 30 mg; Vitamin
A 5400 IU; Vitamin D3 110 IU; Vitamin E 18 IU; Choline chloride 80mg; Antioxidants
20 mg; Fungicide 100 mg.

3 Calculated nutrient levels.
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2.4. RNA extraction and cDNA synthesis

We isolated the total RNA from DSA and ASA using the TRIZOL
reagent (100 mg tissue per 1 mL Trizol; Invitrogen, Carlsbad, USA).
The integrity of RNAwas checked by 1% agarose gel electrophoresis,
stained with 10 mg/mL ethidium bromide. We determined the
quality and quantity of RNA by ultraviolet spectroscopy using a
spectrophotometer (NanoDrop ND-1000; Thermo Fisher Scientific,
DE, USA). The RNA was treated with DNase I (Invitrogen, CA, USA)
according to the manufacturer's instructions. Thereafter, about
1.0 mg of total RNA was incubated with DNase I (Fermentas, WI,
USA). Later we synthesized cDNA using the First-Strand cDNA
Synthesis Kit (Fermentas) according to themanufacturer's protocol.
The cDNAwas synthesized with Oligo dT and superscript II reverse-
transcriptase. The cDNA were stored at �80 �C before further
processing (Huang et al., 2016).

2.5. Quantitative real-time PCR analysis

We previously determined the changes in the mRNA expression
of the selected genes using real-time PCR (Li et al., 2014a, 2014b).
The primer sequences for selected genes are listed in Table 2. We
performed real-time PCR for each cDNA sample in duplicate, using
Please cite this article in press as: Li Y, et al., Supplementation of bra
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SYBR Green I as PCR core reagents in a final volume of 10 mL. Po-
lymerase chain reaction conditions were as follows: incubation for
10 min at 95 �C, followed by 40 cycles of denaturation for 15 s at
95 �C, annealing and extension for 60 s at (56 to 64 �C). We acquired
the target genes mRNA expression levels in arbitrary units from the
value of the threshold cycle (Ct) of the real-time PCR as related to
that of b-actin using the comparative Ct method through the for-
mula 2�DDCt [DDCt ¼ (Ct gene of interest � Ct b-actin)treat � (Ct gene of

interest � Ct b-actin)untreat] (Pfaffl, 2001). We used b-actin house-
keeping gene as an internal control to normalize the expression
of target genes (Zhang et al., 2013a).

2.6. Western blotting analysis

Western blot analysis was conducted according to previous
studies (Li et al., 2014a, 2014b). Briefly, about 30 to 50 mg of the
total protein extracted from DSA and ASA was separated by a
reducing SDS-PAGE electrophoresis (Wu et al., 2013b). After
blocking with 5% nonfat milk, the blots were incubated overnight
at 4 �C with gentle agitation in dilutions of primary antibodies.
The following antibodies were used: rabbit anti-phospho (P)-
AMPKa (Thr172) (Cell Signaling Technology, MA, USA, 1:1000);
anti-L-type amino acid transporter 1 (LAT1) (Santa Cruz
Biotechnology, CA, USA, 1:200), L-type amino acid transporter 4
(LAT4) (Santa Cruz Biotechnology, CA, USA, 1:200) and sodium-
coupled neutral amino acid transporter 2 (SNAT2) (Santa Cruz
Biotechnology, CA, USA, 1:200). The membranes were then rinsed
in Tris-buffered saline containing 0.1% Tween 20 and incubated
with second antibody peroxidase-conjugated anti-rabbit or anti-
goat IgG (Santa Cruz) for 1 h at a dilution of 1:5000. Mouse
anti-b-actin (Santa Cruz), or rabbit anti-AMPKa (Cell Signaling)
diluted at 1:1000 were used as an internal control. The bands of
the protein were visualized with a chemiluminescent reagent
(Pierce, Rockford, IL, USA) by a digital luminescent image analyzer
LAS-1000 (Fujifilm, Japan). We quantified the resultant signals
using Alpha Imager 2200 software (Alpha Innotech Corporation,
San Leandro, CA, USA).

2.7. Statistical analysis

We analyzed all obtained data using one-way analysis of vari-
ance (ANOVA) with the aid of SAS 8.2 software package (SAS
Institute Inc, North Carolina, USA). We separated differences be-
tween significant mean values using Duncan's multiple range tests
and considered it to be statistically significant at P < 0.05.

3. Results

3.1. Growth performance of the pigs

The growth performance of the pigs fed the different diets is
presented in Fig. 1. The LP diet group resulted in an approximate
15% reduction in FBWand 25% reduction in ADG comparedwith the
AP diet group (positive control) (Fig. 1A and B). Consistent with the
rapid weight loss, ADFI were also significantly decreased over 20%
in the LP diet group compared with the AP diet group (Fig. 1C).
Furthermore, when the LP diet supplemented with BCAAs (the
LP þ B or LP þ 2B group), FBW, ADG and ADFI were all significantly
improved compared with the LP diet group catching up to the
growth parameters of the AP diet group. Notably, the LP þ B diet
group had higher FCR in comparison with the AP diet group, and it
had even slightly higher FCR than the LP þ 2B diet group, whereas
the LP diet group showed about a 2.5% reduction in FCR relative to
the AP diet group (Fig. 1D).
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Table 2
Primers used for real-time PCR analysis.

Target genes Primer sequences (50e30) Products, bp Genbank accession no.

LAT1/SLC7A7 F: TTTGTTATGCGGAACTGG 155 NM_001110421
R: AAAGGTGATGGCAATGAC

LAT4/SLC43A2 F: ACGGAGCAAGTAACCCCAGC 235 XM_003358191
R: GCCACGAGGATGACGATGAA

SNAT2/SLC38A2 F: TACTTGGTTCTGCTGGTGTCC 212 XM_003126626
R: GTTGTGGGCTGTGTAAAGGTG

AMPKa F: CAGACAGCCCTAAAGCAAGA 311 NM_214266
R: CTCCAGCACCTCATCATCAA

PGC-1a F: GCCCAGTCTGCGGCTATTT 265 GU991077
R: GTTCAGCTCGGCTCGGATTT

SIRT1 F: GGTTTGAAGAATGTTGCCTG 114 NM_001145750
R: CCGTTTACTAATCTGCTCCT

Cyt c F: CTGCGAGTGGTGGATTGT 222 NM_001129970
R: ATGCCTTTGTTCTTGTTGG

ATPase 6 F: CTATTCCCAACACCCAAACG 196 AJN90987
R: TGGGTGTGAATGAGTGTGGT

UCP2 F: CACCAAGGGCTCTGAGCATG 387 XM_005667098
R: TCTACAGGGGAGGCGATGAC

UCP3 F: GACGTGGTGAAGGTTCGATT 330 DQ530368
R: CGAGTTCATGTACCGGGTCT

NRF-1 F: TGTGTTGAATGTGTCCCCCAA 136 AY496013
R: CTCCCAAAGGGCAACAATGC

TFAM F: GACTACTGCGTCTGCACCTT 116 NM_001130211
R: GCAACTCTTCAGACCTCGCT

b-actin F: TGCGGGACATCAAGGAGAAG 216 XM_003357928.2
R: AGTTGAAGGTGGTCTCGTGG

Fig. 1. Protein-restricted diets supplemented with BCAA affected the growth performance of the growing pigs. The pigs were fed an adequate protein (AP) diet, a low protein (LP)
diet, a LP diet supplemented with BCAA (LP þ B) diet, and a LP diet supplemented with 2 times amount of BCAAs (LP þ 2B). Data were calculated based on the values of the LP,
LP þ B, LP þ 2B diet groups versus the AP diet group (positive control). Data are means ± SE (n ¼ 6). A: Final body weight (FBW) change; B: Average daily gain (ADG) change; C:
Average daily feed intake (ADFI) change; D: Feed conversion ratio (FCR) change.
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3.2. Serum concentrations of the biochemical parameters

The serum concentrations of the biochemical parameters are
shown in Table 3. No significant differences in serum GLU, TG, NEFA
and insulin concentrations among the 4 diet groups were noted.
Table 3
Serum concentrations of the biochemical parameters.

Item AP LP

GLU, mmol/L 5.63 ± 0.39 4.44 ± 0.25
TG, mmol/L 0.64 ± 0.07 0.85 ± 0.09
NEFA, mmol/L 1.34 ± 0.15 1.13 ± 0.12
Insulin, mIU/mL 9.10 ± 1.03 10.30 ± 1.23

GLU ¼ glucose; TG ¼ triglyceride; NEFA ¼ nonesterified fatty acid.
Data are expressed as means ± SEM, n ¼ 6.
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3.3. Effects of dietary BCAAs on the expression levels of genes
involved in BCAA transporters in different adipose depots

The mRNA and protein expression levels of LAT1, LAT4 and
SNAT2 in DSA and ASA tissues of the pigs are shown in Fig. 2. In DSA
LP þ BCAA LP þ 2BCAA P-value

5.04 ± 0.67 5.79 ± 0.83 0.34
0.70 ± 0.13 0.67 ± 0.07 0.44
1.11 ± 0.14 1.42 ± 0.15 0.41

10.38 ± 1.33 10.15 ± 1.44 0.87

nched-chain amino acids in protein-restricted diets modulates the
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Fig. 2. The gene transcript (A) and protein expression (B) levels of amino acid transporters (LAT1, LAT4 and SNAT2) regulated by dietary BCAA in DSA and ASA tissues of the growing
pigs. We used b-actin as an internal control. Data were represented as means ± SE (n ¼ 6); bars with different letters (a, b, c) are considered as significant difference (P < 0.05).
DSA ¼ dorsal subcutaneous adipose; ASA ¼ abdominal subcutaneous adipose; AP ¼ adequate protein diet; LP ¼ low protein diet; LP þ B ¼ LP diet supplemented with BCAAs;
LP þ 2B ¼ LP diet supplemented with two times amount of BCAAs.
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tissue, the mRNA expression levels of LAT1 and SNAT2 significantly
increased in the pigs fed the LP diet (P < 0.05) compared with the
other 3 treatments. In ASA tissue, the mRNA expression level of
LAT4 in the pigs fed the LP diet was the lowest among the groups;
however, no differences were detected in the mRNA expression
levels of LAT1 and SNAT2 among the 4 treatments (P > 0.05).

As shown in Fig. 2B, the analysis of DSA tissue revealed a pro-
nounced promotion in LAT1, LAT4 and SNAT2 protein expression
levels in the pigs fed the LP diet relative to the other 3 treatments
(P < 0.05), and the protein-restricted diet supplemented with BCAA
markedly reduced the value (P < 0.05). This effect was further
promoted by adding double amounts of BCAA, themagnitude of the
reduction was greater, and the protein expression levels of the
BCAA transporters were even significantly lower than those of the
AP diet group (P < 0.05); however in the ASA tissue, the LAT1
protein expression level was the lowest in the LP diet group but the
highest in the LP þ 2B group (P < 0.05). The LP and LP þ B diets
suppressed the value of LAT4 and SNAT2, and the LP þ 2B diet
Please cite this article in press as: Li Y, et al., Supplementation of bra
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restored the protein expression levels of the transporters compared
with the AP diet group (P < 0.05).

3.4. Effects of dietary BCAA on the expression levels of energy
metabolism related regulators in different adipose depots

As shown in Fig. 3A, in DSA tissue, themRNA expression levels of
AMPKa and PGC-1awere the highest in the pigs fed the LP diet, and
their values were decreased in the pigs fed the BCAA supplemen-
tation diets compared with that of the LP diet group (P < 0.05). The
mRNA expression level of SIRT1 was decreased in the LPþ 2B group
relative to that of the LP diet group (P < 0.05). However, in ASA
tissue, the trend of expression profile was almost reverse. The
mRNA expression level of AMPKawas decreased in the pigs fed the
LP diet relative to that of the AP diet group, and the value of SIRT1
was increased in the pigs fed the LPþ 2B diet comparedwith that of
the pigs fed the LP diet or LPþ B diet (P < 0.05). Furthermore, the LP
diet decreased the mRNA expression level of PGC-1a compared
nched-chain amino acids in protein-restricted diets modulates the
ssociated regulators in the adipose tissue of growing pigs, Animal



Fig. 3. The gene transcript (A) and protein expression (B) levels of energy metabolism related factors (AMPKa, SIRT1 and PGC-1a) regulated by dietary BCAAs in DSA and ASA tissues
of the growing pigs. We used b-actin as an internal control. Data were represented as mean ± SE (n ¼ 6); Values with different letters (a, b, c) are considered as significant difference
(P < 0.05). DSA ¼ dorsal subcutaneous adipose; ASA¼ abdominal subcutaneous adipose; AP ¼ adequate protein diet; LP ¼ low protein diet; LP þ B ¼ the LP diet supplemented with
BCAAs; LP þ 2B ¼ the LP diet supplemented with two times amount of BCAAs.
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with that of the AP diet group, but BCAAs supplementation restored
the value (P < 0.05).

As shown in Fig. 3B, the phosphorylation level of AMPKa in DSA
of pigs was promoted in the LP diet group relative to the AP diet
group, but the value was then decreased with the supplementation
of BCAA (P < 0.05). In contrast, in ASA, the phosphorylation level of
AMPKawas reduced in the LP diet group comparedwith the AP diet
group, but then gradually increased with the supplementation of
BCAA, and there were no difference among the AP, LP þ B and
LP þ 2B diets (P > 0.05).
3.5. Effects of dietary BCAA on the transcript levels of the genes
involved in mitochondrial function

As shown in Fig. 4A, in DSA tissue, the LP þ 2B diet group
showed lower cytochrome c (Cyt c) mRNA expression level than the
other treatments (P < 0.05). For ATPase 6, uncoupling protein 2
(UCP2), uncoupling protein 3 (UCP3) and nuclear respiratory
factors-1 (NRF-1), the gene transcripts were the highest in the LP
diet group, and the value was decreased after adding BCAA. The
mRNA expression level of mitochondrial transcription factor A
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(TFAM) was higher in the AP and LP diet groups than that in the
LP þ 2B diet group (P < 0.05).

In contrast, in ASA tissue, gene transcripts of the above
mentioned genes including Cyt c, ATPase 6, UCP2, UCP3, and TFAM
were slightly or significantly reduced in the LP diet group compared
with the AP diet group (P < 0.05), but the values of Cyt c, ATPase 6,
and TFAMwere increased in the BCAA supplementation groups. The
expression level of NRF-1 in the LPþ 2B diet group was higher than
the other 3 treatments (Fig. 4B).
4. Discussion

Adipose tissue is not a homogeneous organ, and in mammals it
develops in diverse sites throughout the body and generally occurs
in subcutaneous layers between muscle and dermis. Regional de-
pots of adipose tissue are different in structural organization,
cellular size and biological function (Kim et al., 2011). Few in-
vestigations have assessed the role of dietary BCAAs in regulating
energymetabolism in adipose tissue in vivo. Thus, we compared the
response of the two depots of WAT, including DSA and ASA, to di-
etary BCAA supplementation in protein-restricted diets. Our study
nched-chain amino acids in protein-restricted diets modulates the
ssociated regulators in the adipose tissue of growing pigs, Animal



Fig. 4. The gene transcript levels of mitochondrial component (Cyt c, ATPase6, UCP2 and UCP3) and mitochondrial biogenesis (NRF-1 and TFAM) related factors regulated by dietary
BCAA in DSA (A) and ASA (B) tissues of the growing pigs. We used b-actin as an internal control. Data were represented as means ± SE (n ¼ 6); bars with different letters (a, b, c) are
considered as significant difference (P < 0.05). DSA ¼ dorsal subcutaneous adipose; ASA ¼ abdominal subcutaneous adipose; AP ¼ adequate protein diet; LP ¼ low protein diet;
LP þ B ¼ LP diet supplemented with BCAAs; LP þ 2B ¼ LP diet supplemented with two times amount of BCAAs.
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confirmed previous findings that supplementation of BCAA to the
LP diet (17% CP) obtained improved growth response and feed
conversion efficiency to a level that was similar to pigs fed the AP
diet (Lordelo et al., 2008; Figueroa et al., 2003; Zhang et al., 2013b;
Liu et al., 2014). However, dietary BCAA did not influence the serum
concentration of the biochemical parameters including GLU, TG,
NEFA and insulin in the present study.

Branched-chain amino acids are substrates for tissue protein
synthesis. An increasing volume of data supports that BCAA play
vital roles as nutrient signals and energy sources in the physio-
logical functions regulating metabolism and maintaining homeo-
stasis (Nair and Short, 2005; Kim et al., 2007; Herman et al., 2010;
Hou et al., 2015; Wu et al., 2007, 2009, 2013a). Interest in the
contribution of adipose tissues to sense extracellular BCAA levels
and modulate cellular metabolism has been renewed within recent
observations. Some studies indicate that doubled dietary leucine
intake results in a decrease in adiposity, also reverse many of the
metabolite abnormalities caused by a high-fat diet (Macotela et al.,
2011). This immediately sparked the speculation that adipose tissue
could respond to the leucine content in diets. But there is another
report demonstrates that mice maintained on a leucine-deficient
diet experienced a dramatic reduction in abdominal fat mass, and
similar data are obtained after isoleucine or valine-deprivation,
suggesting that WAT can sense the change of BCAA content and
then elicit lipolysis in response to BCAA deprivation. However,
based on the above studies, the BCAA sensing mechanisms in adi-
pose tissue are complex and the results reported are controversial.
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In this experiment, we attempted to determine the relationship
between the expression profiles of lipid metabolism related regu-
lators of adipose tissue and dietary BCAA in vivo.

Amino acid transporters, which are ubiquitously present in
membranes of many cell types including adipocyte, are gatekeepers
of the cells (Hundal and Taylor, 2009; Duan et al., 2015). The L-type
amino acid transporter (LAT) family is responsible for signal
perception and transmitting of the majority of cellular BCAA, and
launching a series of cascade responses. The widely-known one is
the LAT1 (SLC7A5), which is form heteromeric complexes with the
heavy chain of 4F2 antigen (Kanai et al., 1998; Wang and Holst,
2015). As a newly identified LAT, LAT4 (SLC43A2), does not
appear to require a binding partner (Bodoy et al., 2005). Another
class of BCAA-associated transporter is the system A-type including
the sodium-coupled neutral AA transporters (i.e., SNAT2/SLC38A2).
The increased activity of AA transporters is mainly due to their up-
regulation of respective expression levels (Hundal and Taylor,
2009). In this study, we noticed that all of the selected genes
encoding for BCAA transporters exhibited greater protein expres-
sion levels in the DSA of pigs fed the LP diet than other groups,
partly suggesting higher transmitting capacity of the transporters.
The mRNA and protein expression levels of LAT1 and SNAT2 in the
DSA of pigs fed the LP þ B diet were not different from those of the
pigs fed the AP diet. Moreover, the reduction in the protein
expression levels of LAT1 and SNAT2 was greater in the LP þ 2B
group compared with that of the LP þ B diet group. The LP diet
decreased feed intake, which resulted in AA deprivation. Several
nched-chain amino acids in protein-restricted diets modulates the
ssociated regulators in the adipose tissue of growing pigs, Animal
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studies have found that some of the transporters gene expression
levels were increased following AA deprivation (e.g., starvation,
feed-restriction) in cells (Palii et al., 2009) of rats (Ihara et al., 2000),
chickens (Chen et al., 2005), and humans (Palii et al., 2004).
Therefore, compared with AP, LP þ B or LP þ 2B diet groups which
have adequate or excess BCAAs in diet, the LP diet group with AA
deprivation may lead to an increase in LAT1, SNAT2 mRNA and
protein expression levels to efficiently sense and transport BCAAs
in adipocytes of DSA tissue. The result is in agreement with the
previous study demonstrating that the bioavailability of dietary
amino acids is higher in animals fed a LP diet compared with those
given an AP diet (Rezaei et al., 2013). Another possibility is that
elevating transporter expression may be a mechanism to transport
more AA out of cells for body survival when AA are deprived (Bode,
2001). However, we found that the expression levels of LAT1, LAT4
and SNAT2 changed differently in response of the dietary BCAA
intake in ASA. It was convinced that BCAAmightmediate important
and different regulators through affecting the expression of AA
transporters in different depots of WAT to maintain metabolism
homeostasis.

It is well known that a higher expression of LAT1, LAT4 and
SNAT2 contributed to absorb BCAA resulted in activation of the
protein synthesis signaling pathway (Peyrollier et al., 2000;
Durante et al., 2004; Baird et al., 2009; Wang and Holst, 2015).
Protein synthesis is also an energy-consuming process. As a crucial
cellular energy sensor, AMPKa, is activated by ATP production and
it transduces signals for maintaining energy homeostasis (Gwinn
et al., 2008). As the protein expression level of transporters is
described above, P-AMPKa exhibited the highest phosphorylation
level in the DSA of the pigs fed the LP diet, but the addition of
BCAAs to the LP diet markedly inhibited P-AMPKa activity, an ef-
fect which wasmore pronounce in BCAA excess diets (LPþ 2B) to a
level that was similar to that of the AP diet group. It is in agree-
ment with a previous study where dietary leucine supplementa-
tion suppressed AMPK phosphorylation in rat skeletal muscle (Shi
et al., 2012).

Another metabolic sensor is SIRT1 (Chan and Arany, 2014), an
important upstream regulator of PGC-1a, well recognized to stim-
ulate the expression of mitochondrial biogenesis genes in WAT,
such as NRF-1, and TFAM (Scarpulla et al., 2012). Studies observed
that the SIRT1 mRNA level is obviously correlated with PGC-1a,
NRF-1, TFAM gene expression (Larsson et al., 1998; Tcherepanova
et al., 2000; Jarno et al., 2010). Both mitochondrial biogenesis and
mitochondrial component associated genes are the indicators of
mitochondrial function (Sun and Zemel, 2009). As per previous
studies, we also noticed that it was characterized by an increased
transcript level of SIRT1, PGC-1a, ATPase 6, UCP2, UCP3 and NRF-1 in
the DSA of the pigs fed the LP diet relative to that of the pigs fed the
AP diet. It was indicated that BCAA deprivation provoked mito-
chondrial biogenesis capacity and fatty acid oxidation in DSA tissue
and tended to restitute andmaintain the energy homeostasis of the
body. In contrast, the addition of BCAA to the LP diet attenuated
these effects. This may aid in explaining the concept that excess
BCAA are stored in the form of lipid by stimulating the lipogenic
response (Felig et al., 1969). Of note, the mRNA expression alter-
ations of the genes associated with mitochondrial function were
consistent with P-AMPKa protein expression level change. Thus we
speculated that BCAAs might have an indirect effect in mediating
energy metabolism in DSA through their roles in mitochondrial
function.

It should also be noted that unlike in DSA, the transcript levels of
most selected marker genes of mitochondrial function and energy
metabolism were the lowest in the ASA of pigs fed the LP diet.
However, the supplementation of BCAA to the LP diet, especially the
diet of LP þ 2B, distinctly promoted the transcript levels of those
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above-mentioned genes except for UCP2 and UCP3. It appears that
the LP þ 2B diet was likely benefit for the function of mitochondria
and the activation of cellular energy metabolism in ASA. There are
other reports supporting that leucine is a key amino acid that can
increase mitochondrial biogenesis and fatty acid oxidation in both
muscle cells and adipose cells (Sun and Zemel, 2009). Moreover,
BCAA aremore energy efficient than Glu. The complete oxidation of
leucine in muscle produces more energy than that of Glu in the
form of ATP. It is possible that in ASA, the oxidation of excess BCAA
increases to meet some special energy demands of body, for
example, to support the acceleration of protein synthesis
(Corporation HP, 2014). Canto and Auwerx (2009) reported that
AMPKa, SIRT1 and PGC-1a are all tightly interconnected and might
act as an orchestrated network to improve metabolic fitness and
mitochondrial flexibility, indicating the activation of an energy
sensing pathway in the ASA of pigs fed the LP diet supplemented
with BCAA. The sense and transmit of AA including BCAA are an
extremely complicated physiological process influenced by multi-
ple factors (Hundal and Taylor, 2009). It is not surprising that adi-
pose tissue is exquisitely designed to respond to acute or chronic
changes in nutritional cues. Typically, different WAT depots ordi-
narily exhibit different alterations in the molecular levels of factors
responding to nutritional (e.g., BCAA) stimulation.

5. Conclusions

This study demonstrated that a low protein (17% CP) diet sup-
plementedwith BCAAs could enable growing pigs to catch up to the
growth performance of the pigs fed adequate dietary protein (20%)
diets. Dietary BCAAs differently regulated the AA transporters
including LAT1, LAT4 and SNAT2 in DSA and ASA tissues accom-
panied by the activation of AMPKa, and the mitochondrial
biogenesis and component related regulators were also involved.
The findings provided novel insight into the expression profile of
energy homeostasis and mitochondrial function associated factors
in different adipose depots of growing pigs fed protein-restricted
diets supplemented with BCAA. Primary Cells isolated from DSA
and ASA will be cultured in our following studies to further
determine the exact function of BCAAs in energy metabolism of
porcine adipocyte.
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