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Potential nutritional healthy-aging strategy:
enhanced protein metabolism by balancing
branched-chain amino acids in a finishing pig
model
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Branched-chain amino acids (BCAAs) have key physiological roles in the regulation of protein synthesis,

metabolism, food intake and aging. This study aimed to investigate the protective effect of balanced

BCAAs on healthy aging by increasing skeletal muscle mass and muscle fiber composition in a finishing

pig model. A balanced BCAA ratio (Leu : Ile : Val = 2 : 2 : 1) significantly activated the mTOR pathway and

upregulated the expression of amino acid transporters, such as ASCT2, SNAT2, LAT1, PAT1, and SLC38A9,

simultaneously modulating mitochondrial function and muscle fiber composition, thereby inhibiting

inflammatory cytokines, such as IL-6 and TNF-α, regulating amino acid metabolism, and ultimately

increasing skeletal muscle mass. Overall, our results suggest that a BCAA ratio around 2 : 2 : 1 may be a

promising candidate for healthy aging in humans and animals.

1. Introduction

Aging is an inevitable, universal, multifactorial and complex
process, which is defined as complicated by the occurrence of
various diseases that modify body functions and tissue struc-
tures, associated with vulnerable injuries and cardiovascular,
neural, immune and hormonal diseases.1 It is presumed that
the global population aged 60 or over is projected to grow by
16% and more than 21% in 2030 and 2050, respectively.2

Despite the growing elderly population, healthy aging is key to
longevity and avoiding aging-related diseases.3

Of interest, sarcopenia of aging is noted in humans, which
is a condition characterized by age-related and gradual loss of
skeletal muscle mass.4,5 Meanwhile, an age-related decline in
the synthesis rate of skeletal muscle myosin heavy chain
(MyHC) has been reported in humans, leading to a decline in
locomotor function in elderly life, as MyHC is a key contractile

protein.6 It is reported that fiber type distribution changed
towards a decrease in the percentage of MyHC II fibers in the
elderly, where the MyHC II fiber ratio was inversely related to
MyHC I fibers.4,7 Both the declined total number of muscle
fibers and the specifically atrophic MyHC II fibers contribute
to the loss of skeletal muscle mass, resulting in a reduced pro-
portion of MyHC II muscle fibers in the skeletal muscle tissue
in the elderly.8 Therefore, healthy-aging strategies would focus
on how to reverse the lower muscle mass, as well as to
promote the composition of MyHC II in skeletal muscle.

The maintenance of skeletal muscle mass is a dynamic and
complex equilibrium between muscle protein synthesis and
deposition. The influx of amino acids (AAs) and the resulting
increasing protein synthesis associated with the intake of
dietary proteins or AAs counteracts the efflux of AAs from
muscle protein breakdown that occurs during daily and exer-
cise consumption.9 AAs not only constitute protein, but they
are also important nutrients as signaling molecules, which are
able to trigger anabolic pathways and affect protein synthesis
and deposition in skeletal muscle.10 It is also reported that,
except for strengthening exercise, increasing the dietary
protein intake, especially the intake of essential AAs (EAAs), is
very important for maintaining the muscle mass of the
elderly.11 Of all the EAAs, branched-chain amino acids
(BCAAs), leucine (Leu), isoleucine (Ile), and valine (Val),
accounting for almost 50% of muscle protein EAAs, are
emphasized as critical regulators of metabolic health,
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especially for skeletal muscle mass. It has been widely
accepted that BCAAs, in particular Leu,12 act as activators of
protein synthesis via the mammalian target of rapamycin
(mTOR) signaling, increasing skeletal muscle mass in
turn.13,14 Besides, the transport of BCAAs requires the aid of
AA transporters such as sodium-dependent neutral AA trans-
porter 2 (SNAT2), L-type AA transporter 1 (LAT1), and proton-
assisted amino acid transporter 1 (PAT1).15,16 These transpor-
ters exhibit a dual transporter and receptor function, sensing
BCAA availability, relaying nutrient signals to the cell interior,
regulating the uptake and efflux of BCAAs, and regulating the
dynamic balance of protein synthesis and deposition in
mammals, subsequently affecting the growth of muscle fibers,
increasing skeletal muscle mass, and ultimately playing the
role of anti-aging agents in skeletal muscles.

In addition to aiming at increasing skeletal muscle mass,
changing the muscle fiber composition may be another target
of a healthy-aging nutritional strategy. In fact, oxidative fibers
(MyHC I) have slower contraction rates, while glycolytic fibers
(MyHC II) have fast contraction speeds and high strength.
Generally, muscles with higher proportions of glycolytic fibers
generally have greater amounts of glycogen, as well as higher
glycolytic enzyme activity, such as that of hexokinase (HK) and
lactate dehydrogenase (LDH). As aging is a process that
reduces the proportion of MyHC II muscle fibers in the skel-
etal muscle tissue, healthy-aging may also be related to the
increase in the glycolytic fibers with higher abundance of gly-
colytic enzymes.17 Dietary BCAAs, especially Leu, have been
reported to promote mitochondrial function through mTOR
signaling,18,19 which may alter muscle fiber composition,
increase bone metabolism and contractile function, and ulti-
mately achieving the goal of our nutritional strategy: healthy
aging in elderly.20

There have been increasing applications of BCAAs as a
potential source of functional food ingredients for health pro-
motion in recent years,21–23 as BCAAs are particularly impor-
tant for protein metabolism in muscle tissues, and are essen-
tial substrates and important regulators for protein
synthesis.24,25 Many studies report the relationships between
dietary manipulation of BCAAs with age-related changes in
body composition, sarcopenia, obesity, insulin and glucose
metabolism, and aging biology itself.3,26,27 However, there are
few studies of the relationship between the ratios of balanced
intake of BCAAs and the healthy-aging process. It is worth
noting that the balance of BCAAs plays a pivotal role in skeletal
muscle health and maintains the normal physiological func-
tions of mammals, as antagonism between BCAAs might
happen if one of the BCAAs is excessive. Indeed, three BCAAs
share the same two key enzymes in the first step of BCAA cata-
bolism, namely BCAA aminotransferase (BCAT) and branched
chain α-keto acid dehydrogenase (BCKD);26 thus the three
BCAAs may compete for the two enzymes or the same AA trans-
porter, which further verified the fundamentality of control-
ling the balance of BCAAs. Although BCAAs are powerful nutri-
tional factors for increasing protein metabolism and muscle
growth,28 it remains unclear as to how to balance BCAAs to

avoid the subsequent antagonism caused by the imbalance of
BCAAs and to affect protein metabolism efficiently.

In addition, a number of studies have shown that pigs and
humans have many similarities in physiological structure and
function, including eating mode, metabolic mode, kidney
structure and function, pulmonary vascular structure, aging
trends, respiratory rate and behavior.29,30 Secondly, pigs have
great similarities with humans in nutrition and physiological
metabolism,31 and the genome of pigs is highly consistent
with humans.32 Therefore, finishing pigs are the closest model
animals to humans, and are used to research healthy ageing
strategies in this study.

In order to dig deeper into the above issues, this study
focuses on balanced BCAAs and protein metabolism, and is
part of a series of experiments to investigate the optimal ratio
of BCAAs in a finishing pig model (60–100 kg body weight). We
previously reported that protein-restricted diets supplemented
with a balanced BCAA ratio (Leu : Ile : Val = 2 : 1 : 1–2 : 1 : 2) con-
tribute to reduce lipid deposition while improving growth per-
formance.26 We thus hypothesized that balanced BCAAs could
simultaneously modulate protein metabolism in skeletal
muscles, which could be a potential nutritional strategy to
resist aging.

2. Materials and methods
2.1. Animals, experimental design and sample collection

Complied with the Chinese guidelines on experimental proto-
cols and animal welfare, a total of 160 Duroc × Landrace × Large
White castrated male pigs were fed a corn and soybean meal-
basal diet (Table 1), which met the NRC nutritional require-
ments (2012). Before the beginning of the experiment, all pigs
were fed the same diet for 1 week, and then the pigs with an
average initial body weight of 59.11 ± 0.46 kg (mean ± standard
error of mean, SEM) were randomly assigned to one of five treat-
ments (8 pens per treatment, 4 pigs per pen): a basal 16% crude
protein (CP) diet (positive control), a restricted 12% CP diet
(negative control) and three experimental groups were fed a
restricted 12% CP diet supplemented with BCAAs to the ratio
(Leu : Ile : Val) 2 : 1 : 1, 2 : 2 : 1, and 2 : 1 : 2. The total amount of
BCAAs in the three experimental groups was equal. The pigs
were housed in pens (3.5 × 2.8 m) equipped with feed intake
recording equipment, thus pigs had ad libitum access to the
feed and water. The pigs were labeled with individual electronic
ear markers. The experiment lasted for 43 days until the average
final body weight of pigs was 95 kg, and was approved by the
Animal Protection Committee of the Institute of Subtropical
Agriculture, Chinese Academy of Sciences.

At the end of the feeding trial, the diets were removed 12 h
before slaughter. Blood samples were obtained from the
jugular vein using 10 mL centrifuge tubes containing sodium
heparin, centrifuged at 3000g and 4 °C for 15 min to recover
plasma, and then stored at −20 °C. After collection of blood
samples, pigs were slaughtered under commercial conditions
using electrical stunning (120 V, 200 Hz) and exsanguination.
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Approximately 10 g of longissimus dorsi muscle (LDM)
between the 6–7th ribs on the right side of each carcass was
snap-frozen in liquid nitrogen and stored at −80 °C.

2.2. Carcass characteristics

After slaughter, carcass weight was analyzed using slaughter
segmentation and recorded immediately. The loin eye area was
measured via a transverse cut at the sixth and seventh rib
regions of the loin from the right side of each carcass by
tracing the area and subsequently measuring using a vernier
scale. Thus, it was estimated according to the equation: loin
eye height and width (loin eye area (cm2) = loin eye height (cm)
× width (cm) × 0.7). Fat-free lean weight was estimated accord-
ing to the equation: fat-free lean weight = 0.95 × [7.231 +
(carcass weight, pound) × 0.437] + (loin eye area, square inch)
× 3 (NRC, 1998). The lean mass index is obtained by dividing
the lean weight by the body weight.

2.3. Muscle histology

Samples of the LDM were embedded in paraffin and cut into
5 μm serial sections after being cut into 3.0 × 0.5 × 0.5 cm3 cubes,

and tissue samples were stained with hematoxylin–eosin (H&E)
for identification. The muscle fiber numbers and area of the LDM
were measured using a light microscope (CK-40; Olympus, Tokyo,
Japan) at ×200 magnification and analyzed using an Olympus
BX43 microscope with an Olympus SC30 color camera attachment
and Olympus cellSens software. Approximately 50 fibers were eval-
uated per sample. The means of these measurements were calcu-
lated to yield a single value per animal.

2.4. Blood biochemical assessments

Blood samples were harvested from the anterior vena cava and
sera were separated after centrifugation at 300 rpm for 10 min
at 4 °C. The concentrations of serum creatinine (CREA), aspar-
tate aminotransferase (AST), alanine aminotransferase (ALT),
alkaline phosphatase (ALP), and glucose (GLU) were analyzed
using commercial kits (Leadman Biotech Limited, Beijing,
China) and biochemical analytical instruments (Beckman
CX4; Beckman Coulter, Germany). The concentrations of
serum interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α)
were measured using commercial porcine ELISA kits (Cusabio
Life Science, Inc., Wuhan, China).

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

Itema 16% CP 12% CP

12% CP

BCAA2 : 1 : 1 BCAA2 : 2 : 1 BCAA2 : 1 : 2

Ingredient (%)
Corn 66.88 80.84 81.18 81.18 81.18
Soybean meal 23.90 11.75 9.80 9.80 9.80
Wheat bran 6.00 3.00 3.00 3.00 3.00
Soybean oil 0.88 1.44 2.20 2.20 2.20
Lysine — 0.37 0.42 0.42 0.42
Methionine — 0.03 0.05 0.05 0.05
Threonine — 0.11 0.13 0.13 0.13
Tryptophan — 0.03 0.03 0.03 0.03
Leucine — — 0.29 0.02 0.02
Isoleucine — — 0.26 0.65 0.14
Valine — — 0.20 0.08 0.59
CaHPO4 0.50 0.60 0.60 0.60 0.60
Limestone 0.54 0.53 0.54 0.53 0.54
Salt 0.30 0.30 0.30 0.30 0.30
Premixb 1.00 1.00 1.00 1.00 1.00
Total 100.00 100.00 100.00 100.00 100.00
Nutrient content (%)
Digestible energy (MJ kg−1) 14.21 14.23 14.22 14.22 14.22
Crude protein 16.04 12.03 12.07 12.07 12.07
SID Lys 0.73 0.73 0.73 0.73 0.73
SID Met + Cys 0.51 0.42 0.42 0.42 0.42
SID Thr 0.52 0.47 0.46 0.46 0.46
SID Trp 0.17 0.13 0.13 0.13 0.13
SID Leu 1.30 1.04 1.27 1.00 1.00
SID Ile 0.59 0.40 0.62 1.00 0.50
SID Val 0.63 0.46 0.62 0.51 1.00
Total Cac 0.51 0.50 0.50 0.50 0.50
Total Pc 0.45 0.40 0.39 0.39 0.39
Available P 0.20 0.20 0.19 0.19 0.19

aDiet treatment: 16% CP, 16% crude protein level diet (NRC, 2012); 12% CP, 12% crude protein level diet; BCAA2 : 1 : 1, 12% CP diet sup-
plemented with BCAAs to the ratio (Leu : Ile : Val) 2 : 1 : 1; BCAA2 :2 : 1, 12% CP diet supplemented with BCAAs to the ratio 2 : 2 : 1; BCAA2 :1 : 2,
12% CP diet supplemented with BCAAs to the ratio 2 : 1 : 2. b Supplied per kg of diet: vitamin A, 10 800 IU; vitamin D3, 4000 IU; vitamin E, 40 IU;
vitamin K3, 4 mg; vitamin B1, 6 mg; vitamin B2, 12 mg; vitamin B6, 6 mg; vitamin B12, 0.05 mg; biotin, 0.2 mg; folic acid, 2 mg; niacin, 50 mg;
D-calcium pantothenate, 25 mg; Cu (as copper sulfate), 150 mg; Fe (as ferrous sulfate), 100 mg; Mn (as manganese oxide), 40 mg; Zn (as zinc
oxide), 100 mg; I (as potassium iodide), 0.5 mg; and Se (as sodium selenite), 0.3 mg. cMeasured values.
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2.5. Muscle biochemical assessments

The concentrations of muscle glycogen (MG), hexokinase (HK),
lactate dehydrogenase (LDH) and citrate synthase (CS) were
analyzed using commercial kits (Jiancheng, Nanjing, China).
Total protein concentrations were determined using the BCA
assay (Jiancheng, Nanjing, China). All experiments were per-
formed according to the manufacturer’s instructions. The
values obtained were normalized to the total cellular protein
content and were expressed as micromoles per gram of
protein.

2.6. Muscle crude protein content analysis

Chemical analysis of the crude protein content was measured
to detect the physicochemical properties of the LDM, accord-
ing to the methods of the Association of Official Analytical
Chemists (AOAC, 2007). Experiments were performed for all
the LDM samples in triplicate to reduce the experimental and
manual errors.

2.7. Serum and muscle free amino acid profile

Blood samples were harvested from the anterior vena cava and
sera were separated after centrifugation at 300 rpm for 10 min
at 4 °C. 0.5 g of muscle samples was homogenized with 5 ml
of 0.01 M hydrochloric acid and centrifuged at 5000 rpm for
5 min, and then 0.5 ml of supernatants was mixed with 8%
salicylsulfonic acid for one night at 4 °C. The mixtures were
further centrifuged at 12 000 rpm for 10 min twice. The final
supernatants were used for amino acid analysis using a High-
speed Amino Acid Analyzer L-8900 (Japan).

2.8. RNA extraction and quantitative real-time PCR

Total RNA was extracted from the LDM (approximately 50 mg
of each) using TRIzol™ reagent (Life Technologies, Carlsbad,
CA, USA), according to the manufacturer’s instructions. An
ND-1000 NanoDrop® (Thermo Fisher Scientific, Wilmington,
DE, USA) was used to measure the 260/280 nm ratios of the
samples, which were between 1.8 and 2.0, and the RNA integ-
rity was determined by 1% agarose gel electrophoresis. All the
samples used in this study were complete RNA samples, as the
agarose gels clearly showed the 5S, 18S, and 28S rRNA bands.
A 20 μL reaction volume containing 1 μg of RNA was used for
cDNA synthesis, using the PrimeScript® first-strand cDNA syn-
thesis kit (Takara, Osaka, Japan) according to the manufac-
turer’s instructions. The cDNA was then stored at −80 °C until
further analysis.

Gene-specific primers used for PCR analyses are listed in
Table 2. A regular PCR was performed to test primer specificity
and verify the amplified products for the selected genes. Total
reaction volumes (10 μL) contained 2 μL cDNA template, 5 μL
SYBR® Green PCR master mix (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), 2.2 μL ddH2O, and 0.4 μL of each primer.
The relative expression of each target gene was determined by
real-time (RT)-PCR using an ABI 7900HT system (Applied
Biosystems, Carlsbad, CA, USA) with three replicates per bio-
logical sample. The RT-PCR conditions were: 10 min incu-

bation at 95 °C, followed by 40 cycles of denaturation at 95 °C
for 15 s, and annealing and extension at 60 °C for 20 s. A
melting curve program (60–99 °C with a heating rate of 0.1 °C
s−1) and fluorescence measurements were performed to gene-
rate melting curves for each sample, and to verify primer speci-
ficity and ensure PCR product purity. The housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
to normalize the mRNA levels of the selected genes. The rela-
tive mRNA expression levels were calculated according to the
following formula: R = 2−ΔΔCt, as previously described.26

2.9. Immunoblotting analysis

Total protein extracted from the LDM was used to measure the
relative protein levels of system ASC amino acid transporter 2
(ASCT2) (5345S, Cell Signaling Technology, USA), MYHC1
(67299-1-Ig, Proteintech, USA), MYH4 (20140-1-AP, Proteintech,
USA), MYH2 (SC-71632, Santa Cruz, USA), MYH7 (SC-53089,
Santa Cruz, USA), P-4EBP1 (9451S, Cell Signaling Technology,
USA), 4EBP1 (9452S, Cell Signaling Technology, USA),
P-P70S6K1 (9208S, Cell Signaling Technology, USA), P70S6K1
(14485-1-AP, Proteintech, USA), P-mTOR (5536S, Cell Signaling
Technology, USA), and mTOR (2983S, Cell Signaling
Technology, USA) using the western blotting technique as pre-
viously described.26 Briefly, about 50 μg of protein of each

Table 2 Real-time PCR primer sequences

Genes Primer sequences (5′–3′) Size (bp)

ASCT F: GATTGTGGAGATGGAGGATGTGG 128
R: TGCGAGTGAAGAGGAAGTAGATGA

CAT1 F: TGCCCATACTTCCCGTCC 192
R: GGTCCAGGTTACCGTCAG

PAT1 F: TGTGGACTTCTTCCTGATTGTC 125
R: CGTTGTTGTGGCAGTTGTTGGT

SNAT2 F: TGAAGAAGACCGAAATGGGA 96
R: TGGTGGGGTATGAGTAGTTG

SLC38A9 F: CTTTGGGCAGTGGTCGAGTCTTC 190
R: CTTTGGGCAGTGGTCGAGTCTTC

TAT1 F: GCCCATTGCCTTCGAGTTAG 154
R: AGCGAGGTAGAATGCCACAT

LAT1 F: TTTGTTATGCGGAACTGG 155
R: AAAGGTGATGGCAATGAC

MSTN F: GTCCCGTGGATCTGAATG 293
R: TTCCGTCGTAGCGTGATA

MuRF1 F: AGCACGAAGACGAGAAAATC 150
R: TGCGGTTACTCAGCTCAGTC

MEF2a F: TGAATACCCAGAGGATAAGCAGTT 133
R: TAATCGGTGTTGTAGGCGG

MyoG F: AGGCTACGAGCGGACTGA 230
R: GCAGGGTGCTCCTCTTCA

IL-6 F: TGCAATGAGAAAGGAGATGTGTG 121
R: CCCAGATTGGAAGCATCCGT

TNF-α F: AACCTCAGATAAGCCCGTCG 129
R: ACCACCAGCTGGTTGTCTTT

OPA1 F: GATGGTGCTTGTTGACTTAC 274
R: TTGCTGAATCCTGCTTGG

MFN2 F: CATCGCCATATAGAGGAAGG 193
R: CACAGTTGAGGTCGTAGC

PCG-1α F: GCCCAGTCTGCGGCTATTT 265
R: GTTCAGCTCGGCTCGGATTT

GAPDH F: CAAAGTGGACATTGTCGCCATCA 123
R: AGCTTCCCATTCTCAGCCTTGACT
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samples, with a pre-stained protein ladder (Thermo Fisher
Scientific, Rockford, IL, USA), was used for sodium dodecyl
sulfate polyacrylamide gel electrophoresis. Subsequently, the
protein was electrotransferred to a polyvinylidene fluoride
membrane and blocked in 5% (w/v) bovine serum albumin at
room temperature for 1 hour and the membranes were incu-
bated with the corresponding primary antibodies at 4 °C over-
night. The primary antibodies were diluted to 1 : 1000. After
three washes, the membranes were incubated with DyLight
800-labeled secondary antibodies (HRP goat anti-mouse IgG/
HRP goat anti-rabbit IgG, SA00001-1/SA00001-2, Proteintech,
USA) and diluted to 1 : 5000, respectively. And tubulin (2146S,
Cell Signaling Technology, USA) diluted at 1 : 1000 was used as
an internal control, to explore the alteration of protein
metabolism.

2.10. Statistical analysis

Data were analyzed by one-way ANOVA using SAS 9.2 software
(SAS Institute, Inc., Cary, NC, USA). Duncan’s multiple-range
test for homogeneity of variance was used to determine the
effects of the treatments. GraphPad Prism 8.0 (San Diego, CA,
USA) was used to plot the images. The results were expressed
as means and differences between means were considered stat-
istically significant at P < 0.05.

3. Results
3.1. Stimulative effect of BCAAs on skeletal muscle carcass
characteristics, fiber size and crude protein content

Our previous studies have shown that low protein caused a
decrease in protein deposition.28 To assess the role of BCAAs
in protein deposition, we set up a negative control group (12%
CP) to verify whether BCAAs mitigate the low protein-induced
effects. At the same time, on the basis of low protein (12%
CP), we added BCAAs to reach three different ratios
(Leu : Ile : Val = 2 : 1 : 1/2 : 2 : 1/2 : 1 : 2), and explored which
balanced BCAA ratio achieved the best performance, even
exceeding the positive control group (16% CP).

As shown in Fig. 1, loin eye area, lean weight, and lean
mass ratio in the 12% CP group were lower than those in the
16% CP group, while the three BCAA groups showed varying
degrees of improvement. Compared to the 12% CP group, loin
eye area, lean weight, and lean mass ratio were simultaneously
significantly decreased (P < 0.05) in the BCAA supplemented
group, indicating that in terms of carcass traits, a balanced
BCAA ratio enhanced skeletal muscle mass.

In addition, the slices of skeletal muscle stained with H&E
could verify whether the morphology of muscle fibers is con-
sistent with the results of carcass traits. For the growth of
muscle fibers, the cross-sectional area and total number of
skeletal muscle fibers are of great significance. As shown in
Fig. 1D, compared to the 12% CP group, muscle fiber area of
the BCAA groups was increased, while their fiber number was
decreased, which is consistent with the results of carcass

traits. In particular, muscle fiber area increased in all three
BCAA groups compared to the 12% CP group.

The amount of muscle tissue is consistent with the crude
protein content present in the skeletal muscle. As shown in
Fig. 1F, muscle crude protein content in the three BCAA ratios
were completely higher than those in the 12% CP group,
especially the ratio of 2 : 2 : 1 and 2 : 1 : 2 (P < 0.05). Overall,
together with the results of carcass traits and H&E slices, it can
be seen that BCAAs do increase muscle deposition, thus we
wanted to explore which ratio is more appropriate and investi-
gate its mechanism further.

3.2. BCAAs enhanced serum biochemical enzyme activity and
inhibited low protein-induced inflammatory effects on
cytokines

Changes in serum biochemical indicators can reflect the
impact of dietary nutrition on energy metabolism. As shown in
Fig. 2, compared to the 16% CP group, 12% CP group reduced
the levels of serum creatinine (CREA), aspartate transaminase
(ALT), and alkaline phosphatase (ALP) to varying degrees.
Surprisingly, all three BCAA groups ameliorated this downward
trend and enhanced the activities of these enzymes, reflecting
that BCAAs could improve amino acid metabolism, thus
enhancing the synthesis and decomposition of proteins.

In addition, we tested two serum cytokines associated with
inflammation, interleukin-6 (IL-6) and tumor necrosis factor-α
(TNF-α). As shown in Fig. 2F and G, compared to the 16% CP
group, IL-6 and TNF-α were significantly higher in the 12% CP
group, indicating that a low protein diet may enhance inflam-
mation. In the current study, compared to the 12% CP group,
all three BCAA groups decreased the abundance of IL-6 and
TNF-α. Then we further detected TNF-α expression in the LDM;
the results also showed that compared to the 12% CP group,
all three BCAA groups significantly reduced (P < 0.05) the
expression level of TNF-α (Fig. 2H), which is consistent with
the above-mentioned ELISA results.

3.3. Effects of BCAAs on serum and muscle amino acid
composition

Based on the results of serum biochemical enzymes, we sus-
pected that BCAAs increased muscle deposition by affecting AA
metabolism. Thus, we further detected the composition of
serum and muscle free AAs. The results regarding the serum
free AA profile of the LDM are revealed in Table 3. The concen-
trations of most serum AAs were strongly influenced by the
dietary BCAAs. Specifically, relative to the negative control
(12% CP), BCAA groups increased the concentrations of lysine
(Lys), alanine (Ala), arginine (Arg), and proline (Pro) (P < 0.05).
Similarly, compared to the 12% CP group, the concentrations
of leucine (Leu) and threonine (Thr) (P = 0.05) tended to
change in the BCAA groups. Diet treatments had no effect on
other AAs. Meanwhile, the concentrations of valine (Val), total
EAAs, and total AAs in the BCAA 2 : 1 : 2 group were signifi-
cantly higher than those of the control (P < 0.01).

The concentration of free AAs in skeletal muscle can
directly reflect the physiological condition and the nutritional
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level. As shown in Table 4, in the LDM, compared with the
12% CP group, most AA levels (especially for histidine, Ile, Lys,
tryptophan, Val, Arg, glutamic acid, glycine, and Pro) increased
(P < 0.05). Similarly, compared to the 12% CP group, the con-
centrations of Leu (P = 0.10), Thr (P = 0.19), aspartic acid (Asp)
(P = 0.17), and methionine (Met) (P = 0.06) tended to change in
the BCAA groups. However, no significant change in response
to diet treatments was detected in other AAs.

3.4. BCAAs enhanced the expression of skeletal muscle
amino acid transporters, growth factors, and the mTOR
pathway to promote protein deposition

Our results showed that BCAAs significantly affected the com-
position of AAs in serum and muscle, thus we suspected that
the direct cause may be changes in the capacity of muscle cells
for sensing and the intake of AAs. Moreover, the intake of AAs

Fig. 1 Stimulative role of BCAAs on skeletal muscle carcass characteristics, fiber size and crude protein content. Carcass traits for loin eye area (A),
lean weight (B), and the lean mass ratio (C) in finishing pigs offered five diets; analysis of hematoxylin and eosin slices of longissimus dorsi muscle in
finishing pigs offered five diets (D), and the area (E) of fibers in the muscle slices of finishing pigs; and muscle crude protein content of longissimus
dorsi muscle in finishing pigs offered five diets (F). 16% CP, 16% crude protein level diet (NRC, 2012); 12% CP, 12% crude protein level diet;
BCAA2 : 1 : 1, 12% CP diet supplemented with branched-chain amino acids to the ratio (Leu/Ile/Val) 2 : 1 : 1; BCAA2 : 2 : 1, 12% CP diet supplemented
with branched-chain amino acids to the ratio 2 : 2 : 1; BCAA2 : 1 : 2, 12% CP diet supplemented with branched-chain amino acids to the ratio 2 : 1 : 2.
Values with different letters (a and b) indicate a significant difference among different treatments (P < 0.05). Values are the mean ± SEM (n = 8).
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is closely related to the physiological function of the corres-
ponding transporters. In fact, AA transporters not only have
the transport function, but also serve as receptors to send the
signal to downstream molecules, especially the mTOR
pathway. Therefore, we measured the expression of AA trans-
porters and the mTOR pathway in the LDM. As shown in
Fig. 3, compared to the 12% CP group, BCAAs significantly
improved the expression of ASCT, CAT1, PAT1, SNAT2, LAT1,
and SLC38A9 (P < 0.5). Among the three BCAA groups, BCAA
2 : 2 : 1 group performed the best, and the protein expression
result of ASCT is consistent with it. To expand the understand-
ing of low-protein diets with BCAA supplementation on
muscle mass, we measured the mRNA expression levels of the
muscle growth-related genes (MyoG, MEF2a, and MSTN) and

muscle protein degradation-related gene (MuRF1). Compared
to the 12% CP group, the BCAA2 : 2 : 1 group significantly
improved the expression of MyoG and MEF2a (P < 0.5), while it
significantly decreased the expression of MSTN and MuRF1 (P
< 0.5). In terms of the mTOR pathway, we surprisingly found
that, compared to the negative control (12% CP group), both
BCAA2 : 2 : 1 and BCAA2 : 1 : 2 groups significantly increased
the expression of P-4EBP1/4EBP1, P-P70S6K1/P70S6K1, and
P-mTOR/mTOR (P < 0.5), even exceeding the positive control
(16% CP group).

In the aging process, the aerobic ability of skeletal muscle
is weakened, which is mainly manifested by a decrease in
mitochondrial function in skeletal muscle.33 Meanwhile, it is
reported that mTOR is a central sensor for the regulation of

Fig. 2 BCAAs enhanced serum biochemical enzyme activity and inhibited low protein-induced inflammatory effects on cytokines. Activities of
serum biochemical indicators for creatinine (A), glucose (B), alanine transaminase (C), aspartate transaminase (D), and alkaline phosphatase (E), and
serum cytokines for interleukin 6 (F) and tumor necrosis factor alpha (G) in finishing pigs offered five diets, and the relative mRNA levels of tumor
necrosis factor alpha in the longissimus dorsi muscle of finishing pigs offered five diets (H). 16% CP, 16% crude protein level diet (NRC, 2012); 12%
CP, 12% crude protein level diet; BCAA2 : 1 : 1, 12% CP diet supplemented with branched-chain amino acids to the ratio (Leu/Ile/Val) 2 : 1 : 1;
BCAA2 : 2 : 1, 12% CP diet supplemented with branched-chain amino acids to the ratio 2 : 2 : 1; BCAA2 : 1 : 2, 12% CP diet supplemented with
branched-chain amino acids to the ratio 2 : 1 : 2. Values with different letters (a–c) indicate a significant difference among different treatments (P <
0.05). Values are the mean ± SEM (n = 8).
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Table 3 Serum amino acid content of finishing pigs fed 12% CP diets supplemented with branched-chain amino acidsa,b

Amino acids (AA) (%) 16% CP 12% CP

12% CP

SEM PBCAA2 : 1 : 1 BCAA2 : 2 : 1 BCAA2 : 1 : 2

Essential AAs
Histidine 11.23ab 9.79bc 9.56c 11.50a 9.31c 0.28 0.02
Isoleucine 16.53 15.69 15.99 18.84 18.13 0.50 0.20
Leucine 27.49ab 25.33b 28.44ab 27.70ab 31.31a 0.67 0.05
Lysine 37.65ab 32.49b 38.27ab 33.36b 43.24a 1.01 <0.01
Methionine 5.06 4.91 5.33 5.65 5.38 0.15 0.56
Phenylalanine 15.30 15.52 14.69 16.63 15.45 0.33 0.49
Threonine 19.69ab 18.79b 18.04b 22.77a 19.67ab 0.53 0.05
Tryptophan 10.87 10.13 8.86 10.52 10.32 0.36 0.47
Valine 34.21b 34.03b 34.45b 35.89b 53.58a 1.54 <0.001
Total EAAs 175.69b 170.50b 172.02b 181.53b 204.62a 3.59 <0.01
Nonessential AAs
Alanine 44.84a 31.97b 39.39a 41.92a 38.98a 1.12 <0.01
Arginine 35.52bc 33.30c 34.90bc 37.73ab 41.23a 0.74 <0.01
Aspartic acid 2.61 3.03 2.64 3.01 2.12 0.15 0.32
Cysteine 5.91 4.80 5.92 5.55 6.15 0.24 0.43
Glutamic acid 39.46 37.18 39.88 42.07 36.37 1.26 0.65
Glycine 61.03 62.06 67.36 73.57 72.59 2.77 0.50
Proline 25.37ab 23.14b 25.05ab 26.60a 26.28a 0.38 0.03
Serine 12.29 12.10 12.79 13.22 13.15 0.23 0.45
Tyrosine 16.24 15.99 15.54 15.99 16.29 0.31 0.95
Total NEAAs 243.26ab 218.12b 249.45a 264.24a 255.74a 4.97 0.05
Total AAs 418.95c 394.48bc 415.48bc 440.76ab 457.18a 5.67 <0.01

aDifferent letters (a , b and c) within a row indicate the significant difference among different treatments (P < 0.05), n = 8. bDiet treatment: 16%
CP, 16% crude protein level diet in 2012 NRC; 12% CP, 12% crude protein level diet; BCAA2 : 1 : 1, 12% CP diet supplemented with branched-
chain amino acids to the ratio (Leu : Ile : Val) 2 : 1 : 1; BCAA2 : 2 : 1, 12% CP diet supplemented with branched-chain amino acids to the ratio
2 : 2 : 1; BCAA2 : 1 : 2, 12% CP diet supplemented with branched-chain amino acids to the ratio 2 : 1 : 2.

Table 4 Muscle amino acid content of finishing pigs fed 12% CP diets supplemented with branched-chain amino acidsab

Amino acids (AA) (%) 16% CP 12% CP

12% CP

SEM PBCAA2 : 1 : 1 BCAA2 : 2 : 1 BCAA2 : 1 : 2

Essential AAs
Histidine 15.00a 10.39b 14.75a 13.56ab 12.60ab 0.54 0.03
Isoleucine 17.30a 12.07b 16.10ab 17.62a 17.93a 0.73 0.04
Leucine 38.93ab 32.24b 42.64ab 46.91a 46.06a 1.99 0.10
Lysine 34.78a 21.62b 33.09ab 37.63a 38.70a 2.08 0.04
Methionine 18.25abc 14.85c 15.97bc 20.79ab 21.78a 0.92 0.06
Phenylalanine 29.13 23.53 31.47 33.08 34.20 1.57 0.18
Threonine 46.12ab 40.58b 49.67a 46.40ab 48.71ab 1.20 0.19
Tryptophan 4.84ab 3.44b 4.74ab 5.33a 5.97a 0.26 0.04
Valine 32.85b 25.59c 33.41b 30.66b 38.46a 1.03 <0.01
Nonessential AAs
Alanine 146.79 138.50 156.81 148.78 144.95 3.44 0.59
Arginine 54.45bc 47.99c 59.27ab 55.47bc 66.15a 1.71 0.01
Aspartic acid 3.53ab 1.38b 4.64ab 4.94ab 5.79a 0.55 0.17
Cysteine 5.25 4.95 6.95 5.05 4.98 0.53 0.71
Glutamic acid 51.98ab 40.53b 51.56ab 58.32a 60.58a 2.28 0.04
Glycine 67.96ab 55.81b 71.33ab 70.41ab 85.96a 3.25 0.02
Proline 35.62ab 31.95b 38.52a 35.52ab 40.53a 0.93 0.03
Serine 35.03 31.70 33.31 32.91 31.96 1.37 0.95
Tyrosine 29.22 29.90 27.61 30.74 30.20 0.88 0.85

aDifferent letters (a, b and c) within a row indicate the significant difference among different treatments (P < 0.05), n = 8. bDiet treatment: 16%
CP, 16% crude protein level diet in 2012 NRC; 12% CP, 12% crude protein level diet; BCAA2 : 1 : 1, 12% CP diet supplemented with branched-
chain amino acids to the ratio (Leu : Ile : Val) 2 : 1 : 1; BCAA2 : 2 : 1, 12% CP diet supplemented with branched-chain amino acids to the ratio
2 : 2 : 1; BCAA2 : 1 : 2, 12% CP diet supplemented with branched-chain amino acids to the ratio 2 : 1 : 2.
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energy metabolism,34 and multiple signaling pathways associ-
ated with it are involved in regulating mitochondrial func-
tion.35 Therefore, the mitochondrial function-related genes
(OPA1, MFN2, and PGC-1α) were analysed. As shown in Fig. 4G,
compared to the negative control, the BCAA 2 : 2 : 1 group sig-
nificantly improved the expression of OPA1, MFN2, and PGC-1α
(P < 0.5), even more than the 16% CP group.

3.5. Protective effects of BCAAs on the composition of fiber
types in skeletal muscle

In the skeletal muscle slices stained with H&E, we found that
different BCAA ratios improved muscle fiber cross-sectional
area to varying degrees. As the cross-sectional area of muscle
fiber is associated with the muscle fiber types, therefore, we

further explored the expression of muscle fiber type in the
LDM.

Specifically, the cross-sectional area of glycolytic muscle
fibers is larger than that of oxidized muscle fibers. Since glyco-
lytic fibers contain a larger number of glycogen (MG) and gly-
colytic enzymes, such as lactate dehydrogenase (LDH) and hex-
okinase (HK), and rely more on glycolysis to generate ATP than
do oxidative fibers, which prefer oxidative phosphorylation, we
detected the content of glycogen and activity of biochemical
enzymes in the LDM. As shown in Fig. 4, compared to the 12%
CP group, the BCAA 2 : 2 : 1 group significantly increased the
abundance of MG, HK, and LDH (P < 0.5), even exceeding the
16% CP group. On the other hand, we detected citrate synthase
(CS) in the LDM, which is abundant in oxidative fibers. The
results showed that compared to the positive control, the

Fig. 3 BCAAs enhanced the expression of skeletal muscle amino acid transporters, growth factors, and the mTOR pathway to promote protein
deposition. Relative mRNA levels of amino acid transporters (A) and muscle growth factors (C), and the relative protein levels of ASCT2 (B) and the
mTOR pathway (D and E) in the longissimus dorsi muscle of finishing pigs offered five diets. 16% CP, 16% crude protein level diet (NRC, 2012); 12%
CP, 12% crude protein level diet; BCAA2 : 1 : 1, 12% CP diet supplemented with branched-chain amino acids to the ratio (Leu/Ile/Val) 2 : 1 : 1;
BCAA2 : 2 : 1, 12% CP diet supplemented with branched-chain amino acids to the ratio 2 : 2 : 1; BCAA2 : 1 : 2, 12% CP diet supplemented with
branched-chain amino acids to the ratio 2 : 1 : 2. Values with different letters (a–c) indicate a significant difference among different treatments (P <
0.05). Values are the mean ± SEM (n = 8).
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BCAA 2 : 2 : 1 group also decreased the abundance of CS sig-
nificantly (P < 0.5).

Then we further detected the protein expression of MyHC I,
MyHC IIa, MyHC IIx, and MyHC IIb by western blotting; the
results showed that compared to the 12% CP group, the three
BCAA groups significantly increased the expression of four
muscle fiber types (P < 0.5). Among them, compared to the 12%
CP group, BCAA 2 : 1 : 2 significantly increased the expression of
MyHC I the most, while BCAA 2 : 2 : 1 significantly increased the
expression of MyHC IIb the most, even similar to the 16% CP
group (Fig. 4E). Moreover, we calculated the ratio of expression
of MyHC IIb to MyHC I. Among the five groups, the ratio of
BCAA 2 : 2 : 1 was the highest (Fig. 4F), wherein the ratio varied
the most for the composition of muscle fibers.

4. Discussion

In the present study, we found that, through activating the
mTOR pathway, balanced BCAAs, especially the ratio of 2 : 2 : 1,
upregulate the expression of AA transporters and muscle
growth factors, simultaneously modulating mitochondrial
function and muscle fiber type composition, thereby inhibit-
ing inflammation, regulating amino acid metabolism, increas-
ing skeletal muscle deposition, and ultimately combating
aging effectively.

BCAA supplementation significantly reversed limited loin
eye areas, lean weight, and the lean mass ratio caused by low
protein diet, indicating that BCAAs benefit a higher skeletal
muscle mass. Not only the carcass traits, skeletal muscle his-

Fig. 4 Protective effects of BCAAs on the composition of fiber types and mitochondrial function in skeletal muscle. Activities of muscle biochemi-
cal indicators for muscle glycogen (A), hexokinase (B), lactate dehydrogenase (C), and citrate synthase (D), and the relative protein levels of muscle
fiber types (E), the ratio of the relative protein level of MyHC IIb to the relative protein level of MyHC I (F), and the relative mRNA levels of mitochon-
drial function-related genes (G) in the longissimus dorsi muscle of finishing pigs offered five diets. 16% CP, 16% crude protein level diet (NRC, 2012);
12% CP, 12% crude protein level diet; BCAA2 : 1 : 1, 12% CP diet supplemented with branched-chain amino acids to the ratio (Leu/Ile/Val) 2 : 1 : 1;
BCAA2 : 2 : 1, 12% CP diet supplemented with branched-chain amino acids to the ratio 2 : 2 : 1; BCAA2 : 1 : 2, 12% CP diet supplemented with
branched-chain amino acids to the ratio 2 : 1 : 2. Values with different letters (a–d) indicate a significant difference among different treatments (P <
0.05). Values are the mean ± SEM (n = 8).
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tology and crude protein content showed the same trend. In
terms of muscle histology, the determination of the number of
muscle fibers mainly occurs during the pregnancy of the
mother, thus the total number of muscle fibers changes
slightly after birth. Correspondingly, the cross-sectional area of
muscle fibers is basically unchanged during pregnancy, but it
will increase rapidly after birth, regulated by the nutrition.
Therefore, for the growth of muscle fibers, the regulation of
the cross-sectional area of skeletal muscle fibers is of great sig-
nificance. The increase in the cross-sectional area of muscle
fibers is directly related to the increase in protein deposition,
both of which can be regulated by the BCAA intake.

The impact of dietary nutrition on energy metabolism is
directly reflected in the changes of serum biochemical indi-
cators. Serum CREA is a breakdown product of creatine phos-
phate derived from skeletal muscle, which is usually produced
at a relatively constant rate by the body depending on the
absolute amount of muscle mass,36 thus it can ubiquitously
serve as a well-established biomarker of skeletal muscle mass
in human subjects.37 Our results showed that dietary BCAAs
enhanced the activity of CREA, indicating a higher muscle
mass, which is consistent with the result of the carcass traits.
ALP is an important indicator of calcium and phosphorus
metabolism in osteoblasts, whose activity can reflect the active
state of osteoblasts. Our study found that the serum ALP
activity of BCAAs was higher than that in the control group,
suggesting that dietary BCAAs promoted the activity of osteo-
blasts, strengthened the bone formation process, and resisted
the symptoms of osteoporosis during the aging process.
Another two important serum metabolites, AST and ALT, play
important roles in transamination, reflecting the synthesis
and decomposition of proteins. Our results showed that
dietary BCAAs enhanced the activity of ALT, thereby improving
amino acid metabolism.

The decline in the immune system is one of the signs of
aging, and maintaining optimal immune activation is the best
way to delay the aging process. During the aging process, there
will be a chronic inflammatory state, that is, inflamm-aging.38

It is usually accompanied by an abnormal increase in the sys-
temic specific inflammatory response and a decrease in anti-
inflammatory response ability, and is closely associated with
the occurrence and development of many age-related diseases,
such as Alzheimer’s disease, atherosclerosis, Parkinson’s
disease, and osteoporosis. It is found that pro-inflammatory
cytokines play a central role in the inflammatory senescence
induced by chronic and imbalanced inflammation.39 IL-6 is
considered to be the inflammatory response factor most
strongly associated with senile diseases and physical disability,
and its serum level can be used as a predictor of inflamma-
ging.40 TNF-α is also an important pro-inflammatory factor
that can promote local and systemic inflammatory
responses.41 The elevated serum levels of IL-6 and TNF-α in
the elderly are related to disease, disability and mortality.
Surprisingly, though low-protein diets increased the serum
IL-6 and TNF-α, BCAA supplementation reversed it. Besides,
TNF-α also has an important effect on muscle protein syn-

thesis, which may impair muscle protein synthesis by inacti-
vating protein phosphorylation in the intracellular signal
transduction pathway of mTOR. Thus, low abundance of TNF-
α in BCAA supplementation may contribute to protein
deposition.

Protein metabolism is regulated by the concentration of
muscle free AAs, which can reflect the nutritional status, and
is closely related to the biological function of tissues. On the
other hand, the distribution of free AAs in serum reflects the
total metabolic flow of nutrients and their metabolites from
all tissues and organs.42 The composition of serum AAs is
affected by a variety of factors, including the synthesis and
degradation of protein, as well as the transport and metab-
olism of amino acids. Our results showed that serum free AA
levels of BCAAs supplemented to a low protein diet (12% CP)
were similar to those of the positive control (16% CP), which
is consistent with the result of the carcass traits and muscle
histology. That is to say, dietary BCAAs regulated protein
metabolism in the muscle tissue. The possible mechanism is
based on a change in the composition of AAs available in the
serum, which acts as a signal to initiate the protein synthesis
process in muscles. Among the three BCAAs, leucine is the
main nitrogen source for glutamine synthesis in muscle
tissues. It is reported that a low protein diet may lead to a
deficiency of BCAAs, especially Ile and Val.28 In this experi-
ment, the content of most AAs in the muscles under a low-
protein diet was detected to have decreased, while balanced
BCAA supplementation, especially the ratio of 2 : 2 : 1, and
2 : 1 : 2, reversed most of the reduction trend, which
suggested that an appropriate BCAA ratio compensated for
the deficiency of Ile or Val, thus promoting the synthesis of
proteins and affecting the growth and development of muscle
deposition.

The concentration of free AAs in skeletal muscles is associ-
ated with the level of the AA transporters. Before playing a
protein regulatory role, BCAAs must first enter the cell under
the activity of the coordinated AA transporters. At the same
time, as ‘transceptors’, they sense the availability of AAs, trans-
mit nutritional signals, and control the absorption and
outflow of AAs, thus triggering a series of cascading responses
that display dual transmitter and receptor functions in protein
metabolism.28 The expression of AA transporters in skeletal
muscle is related to the interaction between cell growth regu-
lation and AA availability. Indeed, ASCT2 (also known as
SLC1A5), CAT1 (also known as SLC7A1), SNAT2 (also known as
SLC38A2), LAT1 (also known as SLC7A5), PAT1 (also known as
SLC36A1), and SLC38A9 have been reported to exhibit the
characteristic of transceptors and participate in the activation
of mTOR complex 1 (mTORC1).43–45 In the current study,
BCAAs are absorbed by AA transporters, thus the expression
levels of AA transporters are increased apparently by a dietary
balanced BCAA ratio of 2 : 2 : 1. This indicated that an appro-
priate ratio of dietary BCAAs may increase its bioavailability by
increasing the activity of those amino acid transporters. In
addition, the altered trend of AA transporter abundances was
almost similar to that of free AAs in skeletal muscles, which
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reaffirms that an appropriate BCAA ratio can compensate for
the deficiency of Ile or Val. Therefore, a BCAA ratio of 2 : 2 : 1
in low-protein diets appear to enhance the activity of AA trans-
porters, thereby promoting protein metabolism and skeletal
muscle mass.

High abundances of AA transporters are involved with the
overactivation of the nutrient sensing signaling pathway,
mTOR.46 Indeed, BCAAs are not only the substrate of protein
synthesis, but also participate as a signaling molecule in the
regulation of mTOR, which can be activated by certain AAs to
stimulate protein synthesis. In addition, mTOR activation
also inhibits proteolysis and autophagy, preventing the break-
down of muscle protein that is being synthesized. In general,
the effects of dietary BCAAs on protein synthesis were attribu-
ted to the direct regulation of the AA dependent mTOR sig-
naling pathway. The mTOR signaling pathway can sense
changes in upstream amino acids, growth factors, energy and
environmental pressure, activating the downstream effectors
P70S6K1 and 4EBP1, thereby regulating protein metabolism
and muscle growth. In the present study, the expressions of
mTOR and its two key downstream effectors (P70S6K1 and
4EBP1) in muscle were affected by dietary protein levels and
the supplementation of a balanced BCAA ratio, where the
ratios of 2 : 2 : 1 and 2 : 1 : 2 performed the best. Collectively,
supplementation of balanced BCAAs substantially activated
the mTOR pathway, thus increasing muscle deposition and
resisting the aging process, which seemed to be linked with
the higher abundances of AAs and AA transporters in skeletal
muscle.

Meanwhile, the expression of myogenic regulatory
factors, including MyoG, MEF2a, MSTN, and MuRF1, indi-
cate the growth and development of muscle fibers. The
synergies between MyoG and MEF2a exert a major role in
processing myogenesis, whose expression levels have been
viewed as an indicator of muscle development. In contrast,
MSTN is a negative mediator of skeletal muscle mass.
Recent high-profile studies have reported MSTN regulated
muscle regeneration effects and may play a regulatory role in
aging.47 Besides, MuRF1 play a crucial role in muscle
protein degradation, which may be a key factor in the nega-
tive modulation of muscle mass. In the present study, the
altered trend in muscle growth factor expression was similar
to the change in the abundances of free AA compositions,
AA transporters, and mTOR signal activation. Therefore, we
surmise that low-protein diets supplemented with balanced
BCAAs may increase muscle fiber growth and decrease
muscle protein degradation, which was in accordance with
the activation of the mTOR pathway, even exerting an anti-
aging role.

Not only increasing skeletal muscle mass, our healthy-
aging strategies also considered the composition of muscle
fiber types in skeletal muscles. The structural changes in the
aging process not only include a reduction in muscle mass
and muscle fibers, but also a shift of muscle fibers toward
MyHC I fibers.6 Therefore, the nutritional strategy of MyHC
plasticity also exerts a key role in the healthy-aging of skeletal

muscle. Different skeletal muscle fiber types preferentially
rely on different metabolic pathways to meet their energy
requirements, thus showing signs of oxidative or glycolytic
metabolism, the two main energy metabolism pathways in
skeletal muscle to obtain ATP.48 Indeed, skeletal muscle com-
prises a spectrum of fast-twitch glycolytic fibers (MyHC IIb),
which use glycogen as the main source of energy for anaero-
bic metabolism to fuel short and intense activity, and slow-
twitch oxidative fibers (MyHC I), which are used for pro-
longed low-intensity activity driven primarily by fuels such as
blood glucose and fatty acids. Glycolytic fibers contain a
larger number of glycogen (MG) and glycolytic enzymes, and
rely more on glycolysis to generate ATP than do oxidative
fibers, which prefer oxidative phosphorylation. In mammals,
MG is utilized locally to help fuel muscular activity, while
over-accumulation of skeletal muscle glycogen affects oxi-
dative metabolism, leading to functional impairment and
metabolic rearrangement.49 In addition, the remodeling of
diverse muscle fiber types is essential for muscular energy
metabolism and activities of glycolytic enzymes, such as LDH
and HK, which can indirectly alter the muscle fiber type com-
position.50 Besides, it is reported that slow-twitch oxidative
muscle fibers have higher oxidative enzyme activity, such as
CS, the first enzyme in the tricarboxylic acid cycle, and plays
a key role in energy metabolism. In the current study, we
found that though low-protein diets decreased the activity of
glycolytic enzymes, BCAA supplementation reversed it,
especially the ratio of 2 : 2 : 1, which seemed like to be a
balanced ratio. In addition, our western blotting results
showed a similar trend, where the dietary BCAA ratio of
2 : 2 : 1 showed a high expression of glycolytic fibers, and
seemed to help with healthy-aging.

The mitochondrion also plays a crucial and proactive role
in healthy-aging.33 To further understand the molecular basis
of how healthy-aging effects induced by BCAAs were activated,
the mitochondrial function-related genes (OPA1, MFN2, and
PGC-1α) were analyzed. It was reported that the expression of
OPA1 and MFN2 in skeletal muscle decreased in elderly skel-
etal muscle,51,52 and can be rescued by increasing mitochon-
drial mass through overexpression of the mitochondrial bio-
genesis activator PGC-1α.20 Combined with a previous study,
we suggest that BCAA supplementation increased the
expression of mitochondrial function-related genes,
especially the ratio of 2 : 2 : 1, consequently exerting an anti-
aging role. Since the trend in mitochondrial expression is
consistent with that of muscle fiber composition, we specu-
lated that a balanced BCAA ratio modulated the composition
of muscle fiber through the regulation of mitochondrial func-
tion, which may be regulated by the mTOR signaling
pathway53 and required further study. Overall, although both
BCAA 2 : 2 : 1 and 2 : 1 : 2 ratios showed the advantage of
increasing skeletal muscle mass, the ratio of 2 : 2 : 1 signifi-
cantly promoted the expression of glycolytic fibers, which
may be more beneficial for anti-aging. Therefore, it is rec-
ommended to balance BCAA at 2 : 2 : 1 as a potential nutri-
tional strategy for healthy aging.
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5. Conclusion

In conclusion, a balanced BCAA ratio (Leu : Ile : Val = 2 : 2 : 1)
activates the mTOR pathway to upregulate the expression of AA
transporters, resulting in increasing skeletal muscle mass, as
well as contributing to the composition of glycolytic muscle
fibers, exerting healthy-aging roles in skeletal muscles, which
may be linked with higher mitochondrial function (Fig. 5).
Therefore, our results suggest that a BCAA ratio around 2 : 2 : 1
could potentially be used for healthy aging.
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