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ABSTRACT This study investigated the hypothesis
that dietary supplementation of leucine (Leu) above ac-
tual recommendations activates protein synthesis and
inhibits protein degradation pathways on the molecu-
lar level and supports higher muscle growth in broilers.
Day-old male Cobb-500 broilers (n = 180) were allot-
ted to 3 groups and phase-fed 3 different corn-wheat-
soybean meal-based basal diets during periods 1 to 10,
11 to 21, and 22 to 35 D. The control group (L0) re-
ceived the basal diet which met the broiler’s require-
ments of nutrients and amino acids for maintenance
and growth. Groups L1 and L2 received basal diets sup-
plemented with Leu to exceed recommendations by 35
and 60%, respectively, and isoleucine (Ile) and valine
(Val) were supplemented to keep Leu: Ile and Leu: Val
ratios fixed. Samples of liver and breast muscle and
pancreas were collected on days 10, 21, and 35. The
gene expression and abundance of total and phosphory-
lated proteins involved in the mammalian target of ra-
pamycin pathway of protein synthesis, in the ubiquitin-
proteasome pathway and autophagy-lysosomal pathway

of protein degradation, in the general control nondere-
pressible 2/eukaryotic translation initiation factor 2A
pathway involved in the inhibition of protein synthe-
sis, and in the myostatin–Smad2/3 pathway involved in
myogenesis were evaluated in the muscle, as well as ex-
pression of genes involved in the growth hormone axis.
Growth performance, feed intake, the feed conversion
ratio, and carcass weights did not differ between the 3
groups (P > 0.05). Plasma concentrations of Leu, Ile,
and Val and of their keto acids, and the activity of
the branched-chain α-keto acid dehydrogenase in the
pancreas increased dose dependently with increasing
dietary Leu concentrations. In the breast muscle, rel-
ative mRNA abundances of genes and phosphorylation
of selected proteins involved in all investigated path-
ways were largely uninfluenced by dietary Leu supple-
mentation (P > 0.05). In summary, these data indicate
that excess dietary Leu concentrations do not influence
protein synthesis or degradation pathways, and subse-
quently do not increase muscle growth in broilers at
fixed ratios to Ile and Val.
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INTRODUCTION

The intake of nutrients accelerates protein syn-
thesis by promoting translation initiation (Wilson
et al., 2009). Amino acids are substrates for protein
synthesis, but also act as signaling molecules and
regulators of body protein turnover (Yoshizawa et al.,
2013; Mitchell et al., 2016). After oral intake, the
branched-chain amino acids (BCAA) bypass the liver,
which is reflected in increased plasma concentrations
of BCAA, and which allows direct action on metabolic
pathways in extrahepatic tissues like the muscle
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(Wilson et al., 2009; Mattick et al., 2013). Among
the BCAA, leucine (Leu) is unique in its capacity to
stimulate protein synthesis via the mammalian target
of rapamycin (mTOR) pathway as shown in skeletal
muscle cells (Atherton et al., 2010). Importantly,
Leu only increases protein synthesis when the avail-
ability of all other amino acids (AA) is not limiting
(Wilson et al., 2010, 2011) and the sensitivity of the
muscle is higher than that of the liver (Yoshizawa
et al., 2013). In fasted neonatal pigs, infusion of Leu or
of the Leu metabolite α-keto isocaproic acid (KICA)
influenced the mTOR signaling pathway and stimu-
lated muscle protein synthesis compared to the fasted
state (Escobar et al., 2005, 2010). Likewise, parenteral
administration of Leu 50% above requirements in
continuously fed neonatal pigs stimulated protein
synthesis (Boutry et al., 2013).
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Another important determinant of muscle growth is
the balance between protein synthesis and degrada-
tion. Only when protein synthesis rates exceed those
of protein degradation muscle mass can be increased
(Schiaffino et al., 2013). Protein synthesis and degra-
dation pathways are also interlinked; protein kinase
B/Akt positively regulates mTOR and negatively regu-
lates the forkhead box protein O1 (FOXO1) transcrip-
tion factor, which induces protein degradation (Glass,
2010). It has been observed that protein degrada-
tion may be lowered by Leu as well, and this may
be mediated by downregulating either the autophagy-
lysosome system (Boutry et al., 2013) or the ubiquitin-
proteasome system (UPS) (Nakashima et al., 2005).

In addition, it is known that AA deprivation
activates the general control nonderepressible 2
(GCN2)/eukaryotic translation initiation factor 2A
(eIF2a) pathway which inhibits the mTOR path-
way (Métayer et al., 2008) and stimulates au-
tophagy (He and Klionsky, 2009). Potentially, also
the myostatin–Smad2/3 pathway, which impairs pro-
tein synthesis by a downregulation of myogenic factors
(Schiaffino et al., 2013), could be affected, but this has
not yet been investigated in growing animals. Likewise,
Leu is known to stimulate insulin secretion (Fahien and
Macdonald, 2011), especially in combination with glu-
cose (Kalogeropoulou et al., 2008) via both mTOR-
dependent and independent pathways (Yang et al.,
2010, 2012). It has been shown in malnourished rats
that Leu supplementation increased skeletal muscle
masses as well as serum insulin-like growth factor 1
(IGF1) and hepatic growth hormone receptor (GHR)
levels (Gao et al., 2015). A Leu-enriched essential amino
acid (EAA) preparation plus sucrose increased serum
IGF1 concentration in man (Foster et al., 2012).

However, in growing farm animals, data on the effects
of Leu supplementation are scarce. In 21-day-old wean-
ling pigs, supplementing Leu to a diet with protein and
AA concentrations below requirements increased phos-
phorylation of the mTOR downstream effectors riboso-
mal protein S6 kinase (S6K1) and eukaryotic initiation
factor 4E binding protein 1 (4EBP1), protein synthe-
sis, and daily weight gains (Yin et al., 2010). A first
study in chicken has shown that dietary Leu supplemen-
tation exceeding requirements in broilers aged 3, 7, and
14 D increased phosphorylation of mTOR, S6K1, and
4EBP1 in the breast muscle, but growth performance
was not reported (Deng et al., 2014). Additionally, it
has been shown that the effects of Leu are attenuated
with age (Deng et al., 2014) and it is unclear whether
Leu supplementation is effective to increase protein syn-
thesis and growth performance during a 35-D growing
period in broilers.

Therefore, we have investigated the effects of dietary
Leu supplementation above requirements in comparison
to a low-protein diet with Leu concentrations close to
those recommended by the breeder in broilers aged 11,
22, and 36 D. Because excess Leu stimulates catabolism
of all BCAA (Wiltafsky et al., 2010), and we wanted to

avoid effects on growth performance due to a secondary
deficiency of valine (Val) and isoleucine (Ile), we fixed
the Leu: Ile and Leu: Val ratios by supplementing ad-
ditionally Val and Ile to the diet. We hypothesized that
dietary supplementation of Leu together with the other
BCAA increases mTOR signaling and decreases prote-
olysis via the UPS or the autophagy-lysosomal system
and thereby increases growth performance in broilers.

MATERIALS AND METHODS

Animals and Experimental Design

A total of 180-day-old male broiler chickens (Cobb
500, Cobb, Wiedemar, Germany) were allotted to 3 ex-
perimental groups for a 5-wk feeding trial. Due to the
limitation in number of cages (15), the experiment was
performed in 2 successive runs with 120 broilers in run
1 (8 birds per cage) and 60 broilers in run 2 (4 birds
per cage). The birds were kept on cardboards in cages
of 2.1 m2 equipped with nipple drinkers and automatic
feeders. The broilers had free access to feed and wa-
ter throughout the experiment. The mean initial body
weight (41.4 ± 3.6 g; mean ± SD) was similar among
experimental groups. The room temperature decreased
from 27–28◦C to 22–23◦C during 5 wk and mean rela-
tive humidity was 63%. During the first 6 D, infrared
lamps were used as additional heat sources. Light in-
tensity was constantly at 40 lux. Close to what is rec-
ommended in the breeder guidelines, the light regime
was 24 h:0 h 23 h:1 h, 22 h:2 h, 21 h:3 h, 20 h:4 h, 19
h:5 h (light: dark) at days 1, 2, 3, 4, 5, 6, and 18 h:6 h
from the seventh day on.

The broilers were fed with 3 different basal diets dur-
ing the starter (day 1 to 10), grower (day 11 to 21),
and finisher phase (day 22 to 35). The control group
(group L0) received the basal diet (Table 1) which
met or exceeded the broiler’s requirements for nutri-
ents and AA for maintenance and growth according to
the breeder’s recommendations (Cobb-Vantress, 2015).
Because the breeder guidelines do not specify Leu re-
quirements, we ensured that dietary AA concentrations
also met the recommendations specified in AMINODat
5.0 (Evonik GmbH, Hanau-Wolfgang, Germany). Leu
concentrations in the basal diets reflected the natural
Leu concentrations of the dietary ingredients, and were
about 4% higher than those recommended in AMIN-
ODat 5.0. To the basal diets, Ile and Val were sup-
plemented to keep Leu: Ile and Leu: Val ratios close
to those recommended in AMINODat 5.0. Groups L1
and L2 received the basal diets supplemented with L-
leucine (98.5%), L-isoleucine (99%), and L-valine (98%)
to exceed AMINODat 5.0 recommendations by approx-
imately 35 and 60%, respectively (Table 2). The Leu
dosages had been chosen based on literature data where
an activation of the mTOR pathway in 3- to 14-day-
old broiler chickens had been shown with 1.73 and
2.03% Leu in the diet (10 and 30% above the breeder’s
recommendation) compared to a control diet which
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Table 1. Ingredient and nutrient composition of the basal diet
fed during the starter (day 1 to 10), grower (day 11 to 21), and
finisher (day 22 to 35) period.1

Starter Grower Finisher

Ingredient [%]
Corn 24.4 29.2 23.2
Soybean meal 32.0 22.0 19.7
Wheat 3.98 9.95 10.95
Barley 6.87 0.87 9.95
Peas 9.95 9.95 9.95
Soybean oil 5.97 5.97 6.97
Corn starch 6.61 7.96 7.96
Sunflower cake 4.05 7.96 5.97
Mineral and vitamin mix2 1.00 1.00 1.00
Monocalciumphosphate 1.70 1.48 1.36
Limestone (calcium carbonate) 1.55 1.31 1.02
Sodium bicarbonate 0.11 0.12 0.00
Salt (NaCl) 0.30 0.29 0.49
Choline chloride 50% 0.11 0.11 0.12
L-Lysine (54.6%) 0.60 1.00 0.75
DL-Methionine (99.0%) 0.43 0.35 0.32
L-Threonine (98.5%) 0.18 0.16 0.14
L-Valine (98.0%) 0.16 0.13 0.11
L-Isoleucine (99.0%) 0.12 0.12 0.11
Nutrient composition, % as is3

Dry matter 89.5 (89.1) 89.4 (89.0) 89.5 (87.1)
Crude ash 7.73 (6.66) 6.94 (5.86) 6.47 (5.32)
Crude fiber 4.16 (4.35) 4.25 (4.76) 4.05 (4.55)
Crude fat 7.87 (7.79) 7.91 (7.69) 8.79 (8.69)
Crude protein 21.9 (21.9) 19.5 (19.0) 18.0 (17.1)
SID Lysine 1.28 (1.37) 1.30 (1.41) 1.12 (1.16)
SID Methionine 0.68 (0.68) 0.59 (0.58) 0.54 (0.50)
SID Methionine + Cysteine 0.93 (0.93) 0.82 (0.81) 0.76 (0.72)
SID Threonine 0.82 (0.82) 0.71 (0.71) 0.65 (0.62)
SID Tryptophan 0.24 0.20 0.18
SID Leucine 1.41 (1.41) 1.23 (1.24) 1.13 (1.10)
SID Isoleucine 0.88 (0.92) 0.77 (0.79) 0.71 (0.69)
SID Valine 1.01 (1.00) 0.88 (0.88) 0.80 (0.75)
AMEn, MJ/kg 12.63 12.94 13.23

1Starter and grower diets contained an anticoccidiostatic drug (Max-
iban, 0.375 g/kg; on top).

2The mineral and vitamin mix supplied per kg diet: Ca, 3 g; Cl, 0.1 g;
vitamin A, 12,000 IU; vitamin D3, 4,000 IU; vitamin E, 50 mg; vitamin
K3, 3.33 mg; biotin, 250 μg; folic acid, 1.67 mg; vitamin B1, 3.33 mg;
vitamin B2, 8 mg; vitamin B6, 4.17 mg; vitamin B12, 25 μg; nicotinamide,
69.1 mg; calcium pantothenate, 20 mg; choline chloride, 400 mg; Fe,
50 mg; Cu, 15 mg; Mn, 100 mg; Zn, 70 mg; I, 1.56 mg; Se, 0.25 mg.

3Values show calculated values based on AMINODat 5.0, and values
in parentheses show analyzed values. SID = standardized ileal digestible.
Analyzed SID AA were calculated from analyzed AA concentrations with
the help of AA digestibility values from AMINODat 5.0. The metaboliz-
able energy content of the diet was calculated based on crude nutrient
analyses of the dietary ingredients according to GfE (1999).

contained Leu equivalent to about 10% below breeder’s
recommendations (Deng et al., 2014). In addition, data
from pig studies suggest an activation of the mTOR
pathway when dietary Leu concentrations exceed NRC
recommendations for swine (NRC, 2012) by about 40%
(Yin et al., 2010) and 50% (Boutry et al., 2013).

Body weight (individually) and feed consumption
(per cage) were determined on days 10, 21, and 35.
All experimental procedures were in accordance with
the Appendix A of European Convention for the Pro-
tection of Vertebrate Animals used for Experimental
and other Scientific Purposes (ETS NO. 123). The an-
imals were humanely killed for scientific purposes in
accordance with Article 4 par. 3 of the German Ani-
mal Welfare Law, which was approved by the Animal

Welfare Officer of the Justus-Liebig-University, JLU
No. 580 M.

Sample Collection

At slaughter (days 10, 21, and 35), weight of car-
cass, liver, thighs, and breast muscle have been recorded
from each 18 birds (day 10 and 21) or 22 birds (day 35)
per experimental group. Samples for laboratory analy-
ses were collected exclusively during experimental run 1
from 13 birds per group and slaughter day. Plasma sam-
ples were collected and stored at –20◦C for later analysis
of concentrations of BCAA and their keto acids. Liver,
breast muscle, and pancreas tissue were collected, snap-
frozen in liquid nitrogen, and stored at –80◦C for further
analysis. Feed samples were stored at –20◦C.

Biochemical Analyses

In lyophilized plasma, free AA concentrations were
determined by Evonik via ion exchange chromatogra-
phy using a Biochrom 20 amino acid analyzer, lithium
column, and lithium buffers, and the protein in the sam-
ples was precipitated with aqueous sulphosalicylic acid
(Sadri et al., 2017).

The plasma concentrations of the keto-acids of
Leu, Ile, and Val, KICA, α-keto-β-methylvalerate
(KMVA), and α-keto isovalerate (KIVA) were de-
termined according to Li et al. (2016) via high-
performance liquid chromatography (HPLC)-mass
spectrometry (MS), and the method was slightly mod-
ified. In brief, plasma was thawed and centrifuged (600
U/min, 5 min, 4◦C (Heraeus Fresco 21 Microcentrifuge,
Thermo Fisher Scientific, Darmstadt, Germany)), and
50 μL of centrifuged plasma or standard (α-keto iso-
valeric acid sodium salt, 2-keto-3-methylvaleric acid
sodium salt, and α-keto isocaproic acid; Sigma-Aldrich,
Darmstadt, Germany) was combined with 10 μL of
internal standard (α-keto isocaproic acid sodium salt
(methyl-D3, 98%; Cambridge Isotope Laboratories,
Tewksbury, MA; 10.3 μg/mL in 50:50 methanol: wa-
ter), and with 200 μL acetonitrile, and kept on ice for
5 min to ensure proper protein precipitation. The pre-
cipitated protein was then separated by centrifugation
(15,000 × g, 5 min, 4◦C), and 100 μL of the super-
natant was evaporated by vacuum drying at 45◦C (Con-
centrator plus, Eppendorf, Hamburg, Germany). The
residue was resuspended in 50 μL of water: methanol
(90:10, v/v). After centrifugation (15,000 x g, 5 min,
4◦C), the supernatant was transferred to an autosam-
pler vial for analysis or stored at –20◦C until analy-
sis. An aliquot of the solution (8 μL) was injected into
the LC–MS/MS system for analysis. The HPLC sys-
tem was a Hitachi LaChromUltra system (Darmstadt,
Germany) consisting of the L-2160 U solvent delivery
modules, an L-2200U autosampler, an L-2300 column
oven, and a system controller. Separation of analytes
was achieved on an Agilent Zorbax SB-C18 column



LEUCINE AND PROTEIN SYNTHESIS AND DEGRADATION 6775

Table 2. Dietary concentrations of leucine (Leu), isoleucine (Ile), and valine (Val) in the
basal diet (L0) and in diets supplemented with moderate (L1) and high (L2) Leu, Ile and
Val concentrations (% as is).1

Dietary concentration, %

Phase Treatments Leu Ile Val Ratio Leu:Ile:Val

Starter (1 to 10 D) L0 1.41 (1.41) 0.88 (0.92) 1.01 (1.00) 100:62:72 (100:65:71)
L1 1.86 (1.81) 1.19 (1.19) 1.38 (1.30) 100:66:71 (100:66:72)
L2 2.23 (2.19) 1.43 (1.43) 1.65 (1.58) 100:68:70 (100:65:72)

Grower (11 to 21 D) L0 1.23 (1.24) 0.77 (0.79) 0.88 (0.88) 100:62:71 (100:64:71)
L1 1.61 (1.61) 1.04 (1.06) 1.19 (1.17) 100:67:71 (100:66:73)
L2 1.93 (1.90) 1.25 (1.22) 1.42 (1.35) 100:68:70 (100:64:71)

Finisher (22 to 35 D) L0 1.13 (1.10) 0.71 (0.69) 0.80 (0.75) 100:62:70 (100:62:68)
L1 1.45 (1.40) 0.96 (0.92) 1.08 (1.00) 100:68:72 (100:66:72)
L2 1.73 (1.64) 1.15 (1.07) 1.29 (1.17) 100:69:72 (100:65:71)

1Values show calculated standardized ileal digestible (SID) AA concentrations based on AMINODat
5.0, and values in parentheses show analyzed SID AA concentrations. Analyzed SID AA were calculated
from analyzed AA concentrations with the help of AA digestibility values from AMINODat 5.0. L-Leu
(98.5%) supplementation level on top of the diet in groups L1 and L2 was 0.51 and 0.93% (starter),
0.43 and 0.78% (grower), and 0.36 and 0.68% (finisher). L-Ile (99%) supplementation in groups L1 and
L2 was 0.35 and 0.62% (starter), 0.31 and 0.54% (grower), and 0.28 and 0.50% (finisher). L-Val (98%)
supplementation in groups L1 and L2 was 0.41 and 0.71% (starter), 0.35 and 0.62% (grower), and 0.32
and 0.56% (finisher).

(100 × 3 mm, 3.5 μm) (Agilent, MA) fitted with a
Phenomenx RP18 guard column (particle size 3 μm,
4 × 3 mm; Phenomenex, Aschaffenburg) and tem-
perature controlled at 45◦C. The linear gradient pro-
gram was set as follows with mobile phase (A)
0.05% formic acid solution and phase (B) methanol
with 0.05% formic acid: 0 min, 15% B; 3 min, 30%
B; 4.5 min, 30% B; 5 min, 15% B; 7 min, 15%
B. The flow rate was 0.5 mL/min. Detection was
achieved by coupling the HPLC to an API 3200 triple-
quadrupole mass spectrometer (3200 QTrap, AB Sciex
Germany GmbH, Darmstadt, Germany) using an elec-
trospray ionization in negative mode. The mass spec-
trometer was correlatively optimized for declustering
potential (–25), entrance potential (–7.5 for KIVA,
–4.5 for KMVA, KICA, and KICA-D3), collision cell en-
trance potential (–16 for KIVA, –17 for KMVA, KICA,
and KICA-D3), collision energy (–5), and collision cell
exit potential (–1). Mass transitions were m/z 114.8–
114.9 for KIVA, 129.1–129.1 for KMVA and KICA, and
132.1–132.1 for KICA-D3. Other parameters were as
follows: collision gas, curtain gas, gas 1 and gas 2 (all
nitrogen) medium, 25, 60, and 35 psi, respectively; dwell
time 250 ms; IonSpray voltage 3,500 V; source tempera-
ture 450◦C. One multiple reaction monitoring transition
was recorded for each compound. For instrument con-
trol and analysis of the chromatographic data, the pro-
gram Analyst 1.5.1 (AB Sciex Germany GmbH, Darm-
stadt, Germany) was used. The total runtime was 7 min
and the elution of KIVA, KMVA, KICA, and internal
standard (KICA-D3) occurred at 2.3, 4.4, and 4.8 min,
respectively. The used standard curves were found to
be linear in the range of 0.21 to 6.65 μg/mL for KIVA,
0.21 to 6.7 μg/mL for KMVA, and 0.25 to 7.8 μg/mL
for KICA with a mean correlation coefficient of 0.999
for each analyte. The detection limit was 0.05 μg/mL

for KIVA and 0.02 μg/mL for KMVA and KICA. The
precision, estimated by analyzing 5 replicates of rat
plasma, was 3.9% for KIVA, 2.1% for KMVA, and 1.9%
for KICA. The coefficient of variation of one sample an-
alyzed 6 times was 3.9, 2.1, and 1.9% for KIVA, KMVA,
and KICA and recovery was between 95 and 105%.

The basal or actual activity of the branched-chain
α-keto acid dehydrogenase (BCKDH) has been de-
termined photometrically in pancreas tissue based on
Nakai et al. (2000) with modifications according to
Wiltafsky et al. (2010). Pancreas tissue has been cho-
sen because i) pretests with chicken liver tissue have
shown that BCKDH activity was too low to be quan-
tified, ii) it has been shown that the BCKDH ac-
tivity in pancreas tissue was twice of that in liver,
and iii) the increase due to BCAA supplementation
in pancreas tissue paralleled that in the liver in pigs
(Wessels et al., 2016). For preparation of the tissue ex-
tract, 0.15 g of pancreas tissue, 2 stainless steel beads
(5 mm, Cat. No. 69,989; Qiagen, Hilden, Germany),
and 1 mL of ice-cold extraction buffer were combined
into a 2-mL cup. The extraction buffer was prepared
1 D before first use and was stored at 4◦C up to 5 D.
Different from Nakai et al. (2000), 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid in the extraction and
suspension buffers was replaced by potassium phos-
phate (Ono et al., 2001). The samples were homoge-
nized with a Tissue Lyzer (Qiagen) for 8 min to ensure
homogenization and at 17.5 Hz to avoid foam develop-
ment which occurred at higher frequency. The samples
were centrifuged for 5 min at 20,000 x g at 4◦C, 800 μL
of the supernatant were transferred to a new cup and
400 μL of polyethylene glycol (27%) were added, the
samples were mixed, incubated one ice for 20 min, and
centrifuged at 12,000 x g for 10 min at 4◦C. The su-
pernatant was decanted, 500 μL of ice-cold suspension
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buffer was added, and the pellet was dissolved by flush-
ing with a pipet carefully to avoid air inclusion and
foam development. The tissue extract was placed on
ice until BCKDH activity measurement at the same
day. For that, 0.15 mL of tissue extract (mix before
pipetting), 0.33 mL distilled water (30◦C), and 0.5 mL
of assay buffer (30◦C) were combined into a 1-mL
polystyrol cuvette (Ref. 67.742, Sarstedt, Nümbrecht,
Germany), and equilibrated within a Cary 50 Bio
UV Visible spectrophotometer (Varian, Darmstadt,
Germany) for 15 to 30 s, before 20 μL of substrate
(50 mM α-keto isovalerate) was added. The samples
were carefully mixed, and the absorption increase was
measured at 340 nm for 20 min. Different from Nakai
et al. (2000), pig heart dihydrolipoamide dehydroge-
nase was omitted in the assay buffer. Each sample was
prepared in duplicate and for each sample, a substrate
blind was prepared which contained the substrate but
not the tissue extract. All samples which were statis-
tically compared have been prepared and measured on
the same day, i.e., samples from the starter, grower,
and finisher phase, respectively, were each analyzed on
one single day. The BCKDH activity was given as nmol
NADH produced per min per g tissue (nmol/min/g),
and was calculated with the help of the enzyme activity
formula U/L = [ΔE/min x Vg x V]/[ε x v x d], where U
= Units, ΔE/min = ΔE/min sample – ΔE/min blind,
V = dilution of tissue extract, Vg = total volume in the
cuvette, ε = molar extinction coefficient of NADH at
340 nm (0.00622 L/μmol x cm), v = sample volume, d
= cuvette depth (1 cm). The first 2 min of measurement
was excluded from the calculation of ΔE/min.

Total RNA Isolation and mRNA
Quantification

RNA isolation, cDNA synthesis, and quantitative
PCR (qPCR) were performed according to Zeitz
et al. (2016). In brief, total RNA was isolated from 25
to 30 mg of liver and muscle tissue using Trizol reagent
(Thermo Fisher Scientific/Invitrogen, Schwerte, Ger-
many) according to the manufacturer’s protocol. The
RNA concentration and purity were estimated from the
optical density at 260 and 280 nm, respectively, using
an Infinite 200 M microplate reader and a NanoQuant
Plate (both from Tecan, Männedorf, Switzerland) and
RNA was stored at –80◦C. The cDNA was synthesized
from 2.4 μg of total RNA using 100 pmol dT18 primer
(Eurofins MWG Operon, Ebersberg, Germany), 1.25
μL 10 mmol/L dNTP mix (GeneCraft, Lüdinghausen,
Germany), 5 μL buffer (Fermentas, St. Leon-Rot,
Deutschland), and 60 units M-MuLV Reverse Tran-
scriptase (MBI Fermentas, St. Leon-Rot, Germany) at
42◦C for 60 min, and a final inactivating step at 70◦C for
10 min in Biometra ThermalCycler (Whatman Biome-
traW, Göttingen, Germany). The cDNA was diluted 1:2
with DNase/RNase-free water and stored at −20◦C.

The qPCR was carried out on a Rotorgene 2000 sys-
tem (Corbett Research, Mortlake, Australia) using 2 μL
cDNA combined with 8 μL of a mixture composed of
5 μL KAPA SYBR FAST qPCR Universal Mastermix
(Peqlab, Erlangen, Germany), 0.2 μL each of 10 μM
forward and reverse primers, and 2.6 μL DNase/RNase-
free water in 0.1 mL tubes (Ltf Labortechnik, Wasser-
burg, Germany). Gene-specific primer pairs were de-
signed using PRIMER3 and BLAST and obtained
from Eurofins MWG Operon (Ebersberg, Germany)
(Table 3). The amplification of a single product of the
expected size was approved using 2% agarose gel elec-
trophoresis stained with GelRed nucleic acid gel stain
(Biotium Inc., Hayward, CA). The Ct values of tar-
get and reference genes were obtained using Rotor-
gene Software 5.0 (Corbett Research). All Ct values
were transformed into relative quantification data us-
ing the 2−ΔCt equation (Livak and Schmittgen 2001),
but the efficiencies of the reference and target genes
were determined and used for the calculations instead
of using an efficiency of 2. The highest relative quanti-
ties for each gene were set to 1. These expression val-
ues of target genes were normalized using the GeNorm
normalization factor (Vandesompele et al., 2002). Us-
ing the Microsoft Excel-based application GeNorm, the
GeNorm normalization factor was calculated as the
geometric mean of expression data (relative quanti-
ties) of the 3 most stable [liver: beta-actin (ACTB),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
succinate dehydrogenase complex flavoprotein subunit
A (SDHA); muscle: ACTB, ribosomal protein L32
(RPL32), SDHA] out of 4 tested potential reference
genes (ACTB, GAPDH, RPL32, SDHA). M and V val-
ues were below the threshold level of 1.5 and 0.15, re-
spectively (Vandesompele et al., 2002). In liver, M val-
ues were ≤0.56 for all selected reference genes, V2/V3
values were 0.16, 0.15, and 0.13, and V3/V4 values were
0.09, 0.13, and 0.13 for the starter, grower, and finisher
data sets, respectively. In muscle, M values were ≤0.56
for all selected reference genes, V2/V3 values were 0.23,
0.18, and 0.21, and V3/V4 values were 0.11, 0.11, and
0.14 for the starter, grower, and finisher data sets, re-
spectively. The normalized expression values data set
was corrected for outliers. Means and SE were calcu-
lated from normalized expression data for samples of
the same experimental group. The mean of the control
group was set to 1, and the means and SE of the treat-
ment groups were scaled proportionally.

Protein Immunoblot Analysis

For western blot analyses, approximately 300 mg
of frozen muscle tissue was homogenized in RIPA
buffer (50 mM Tris, 150 mM NaCl, 10% glycerol, 0.1%
SDS, 10% Triton X-100, 1 mM EDTA, 0.5% deoxy-
cholate, pH 7.5) which included a protease inhibitor
cocktail (1:200; Sigma-Aldrich, Steinheim, Germany)
and a phosphatase inhibitor solution (1 mM sodium
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Table 3. Characteristics of the primer pairs.1

Gene

Forward primer (from 5′ to
3′) Reverse primer (from 5′

to 3′)
PCR product

size, bp
Annealing

temperature,◦C
PCR

efficiency NCBI GenBank

Reference genes

ATGAAGCCCAGAGCAAAAGA
ACTB

GGGGTGTTGAAGGTCTCAAA
223 60 1.93 NM 205518.1

ACTGTCAAGGCTGAGAACGG
GAPDH

AGCTGAGGGAGCTGAGATGA
204 60 1.93 NM 204305.1

ATGGGAGCAACAAGAAGACG
RPL32

TTGGAAGACACGTTGTGAGC
139 58 1.84 NM 001252255.1

ATTCCCGTTTTGCCTACGGT
SDHA

GGGAGTTTGCTCCAAGACGA
172 60 1.83 XM 419054.3

Target genes

TTGATGCCCTGTTAGGTATGGAA
ATF4

GGTATGAGTGGAGGTTCTTTGTTGT
139 60 2.06 NM 204880.2

GGCACCGACCGATTTAGT
ATG5

GCTGATGGGTTTGCTTTT
167 60 2.04 NM 001006409.1

CCGCTATGAGACAAGGGACGAG
ATG9A

CCGCAGGCAGATGATGAGGA
115 62 2.02 AM085507.1

CGACTGGAGCAGGAAGAAG
BECN1

TCTGAGCATAACGCATCTGG
115 60 2.15 NM 001006332.1

GCGAATGTAGGTGAAGAAGAGC
4EBP1

GGCTGGTGGGAATCCTCAAA
108 61.5 1.91 XM 424384.4

TGCCAGCTACAAGGCCGCGCAG
FBXO32

TGCTTGGCCAACGGAGGGGA
296 64 1.81 NM 001030956.1

CATAACCAGCCAACACCTGC
FOXO1

AATTCCCACCCTTCCGTAGC
198 60 1.92 NM 204328.1

TATGGATCTTCGGCATCTGCT
GHR

CCAGTCTTCATCACTCCTTTTCA
208 61.5 1.85 NM 001001293.1

CTTGAAGGTGAAGATGCACAC
IGF1

GCAGCAGCAGAACTGGTTA
88 60 1.87 NM 0,010,04384.2

GGACACAGAGGAGCTTGACC
IGF1R

TGTCAGTGGGTTGGAGGGTA
83 60 1.85 NM 205032.1

CCCAACTGTGACAAGCATGG
IGFBP2

TGCTCATGGGCTGTGTAGAAG
170 61.5 1.82 NM 205359.1

ACTCCCCAAAGTGGAGATCC
Myf5

CGCCATCACATCGGAGCA
154 60 1.86 NM 001030363.1

AGGAAACCTGAGTGACAGTGGA
Myo D

GCTTGGCTGAACGGAGCAA
164 60 1.89 NM 204214.2

CGGGGTGGGATGGTGATG
Myo G

TGGAGAGGAGTGGGAAAGGA
112 60 1.92 D90157.1

AGTGAGAGTGATGCGGAGAG
mTOR

GAAACCTTGGACAGCGGG
120 58 1.88 XM 417614.4
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Table 3. continued.

Gene

Forward primer (from 5′ to
3′) Reverse primer (from 5′

to 3′)
PCR product

size, bp
Annealing

temperature,◦C
PCR

efficiency NCBI GenBank

CTGCGAGGGTAAAGGCATCC
SQSTM1

CAGGGGAAGGGTGGAACAC
132 60 2.12 XM 001233248.4

GGTGGAGTTTGGGGGCATTA
S6K1

GAAGAACGGGTGAGCCTAA
230 60 1.83 NM 001030721.1

GAACCTGCTGGTGGGAGAACA
TRIM63

GTGCTCCCCCTTCTTGAGTG
76 61.5 1.84 XM 424369.4

1ACTB, beta-actin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RPL32, ribosomal protein L32; SDHA, succinate dehydrogenase complex
flavoprotein subunit A; ATF4, activating transcription factor 4; ATG5, autophagy related 5; ATG9A, autophagy related 9A; FBXO32, F-box only
protein 32 (Atrogin-1); BECN1, beclin 1 (ATG6); 4EBP-1, eukaryotic translation initiation factor 4E-binding protein 1; FOXO1, forkhead box protein
O1; GHR, growth hormone receptor; IGF-1, insulin-like growth factor 1; IGF-1R, insulin-like growth factor 1 receptor; IGFBP-2, insulin-like growth
factor-binding protein 2; Myf5, myogenic factor 5; Myg, myogenein; MyoD, class I myosin; mTOR, mammalian target of rapamycin; S6K1, ribosomal
p70 S6 Kinase; SQSTM1, sequestosome 1 (p62); TRIM63, tripartite motif containing 63 (MURF1, muscle RING-finger protein-1).

orthovanadate, 5 mM NaF; Sigma-Aldrich) at 30 Hz
for 3 min in the Tissue Lyzer (Qiagen) and immedi-
ately put on ice afterwards. The samples were then cen-
trifuged (16,200 × g, 4◦C, 15 min), and the supernatant
was stored at –20◦C. Protein concentrations in the ho-
mogenates were determined by the bicinchoninic acid
protein assay kit (UP40840A, Interchim, Montluçon,
France) with bovine serum albumen (BSA) as stan-
dard. From each homogenate, 20, 30, 40, or 70 μg pro-
tein for later detection of Akt and FOXO1, rpS6 and
eIF2α, mTOR, or S6K1, respectively, was separated on
SDS-PAGE using a 6% stacking and 10% running SDS-
gel, and electrotransferred to a nitrocellulose membrane
(Pall, Pensacola, FL) using a blotting buffer with 20%
methanol for 1.5 h or, for mTOR detection, with 5%
methanol for 3 h. In each SDS-PAGE, a 10 to 250
kDA molecular weight marker (Pageruler prestained
protein ladder; Thermo Scientific, Dreieich, Germany)
was separated in order to evaluate the size of detected
proteins. Loading of equal amounts of protein in each
line was verified by Ponceau S (Carl Roth, Karlsruhe,
Germany) staining, and the membranes were washed
3 × 5 min in 1 x Tris-buffered saline with Tween20
(TBST). Before choosing the protein load per lane, it
had been verified that loading higher amounts of pro-
tein increased fluorescence intensity of bands and that
the amount of protein selected for loading was within
the linear range. Blocking was done in 5% skimmed
milk powder in TBST for 1 h at room temperature or,
for mTOR detection, in 5% BSA at 4◦C overnight. Af-
terwards, membranes were washed 3 × 5 min in 1 x
TBST. The membranes were incubated with primary
antibodies against total and phosphorylated Akt (Cat.
4685 and 4051, CST, Danvers, MA), FOXO1 (Cat. 9454
and 9461, CST), eIF2α (Cat. 9722 and 9721, CST),
mTOR (Cat. 2972 and 2971, CST), S6 ribosomal pro-
tein (rpS6) (Cat. 2217 and 2211, CST), and S6K1 (Cat.
9202 and 9234, CST), at a dilution of 1:1000 in 5%
skimmed milk powder in 1 x TBST for phosphorylated

Akt and in 5% BSA in 1 x TBST for the other an-
tibodies at 4◦C overnight. Additionally, the total pro-
tein amount of the membranes has been quantified us-
ing the Ponceau S stained membranes, and has been
used for total protein normalization (Aldridge et al.,
2008; Eaton et al., 2013). The membranes were washed
3 times for 10 min in 1 x TBST, and then incubated at
room temperature (25◦C) with a horseradish peroxidase
conjugated secondary polyclonal rabbit anti-mouse IgG
antibody for phospho-Akt (ab6728; Abcam) for 1.5 h at
a dilution of 1:40,000 in 1 x TBST, and with a poly-
clonal goat anti-rabbit IgG antibody (A0545; Sigma)
for the other primary antibodies at room temperature
for 1.5 h at a dilution of 1:10,000 in 1 x TBST. Washing
was 3 × 10 min in 1 x TBST. Afterwards, blots were
developed by ECL Select Western Blotting Detection
Reagent (GE Healthcare, Munich, Germany) for 5 min
at 25◦C, and the intensities of the specific bands were
detected with a Bio-Imaging system (G: BOX, Syngene,
Cambridge, UK) after an exposure time of 0.25 to 1 min
or 1 to 3 min for mTOR detection, and quantified by
Syngene Gene Tools software (nonlinear dynamics).

Calculations and Statistical Analysis

The data set has been tested for normal distribution
of the residuals. Cage was used as the experimental unit
for performance parameters. Bird was the experimen-
tal unit for carcass evaluation, and for biochemical and
molecular data evaluation. The performance data were
subjected to 2-way analysis of variance (ANOVA) con-
sidering diet, experimental run, and their interaction.
Probability of error P < 0.05 was considered significant.
Because the samples for laboratory analyses were only
collected in one experimental run, the statistical anal-
ysis in these cases considered only experimental treat-
ment as fixed factor. The Tukey test was used as post
hoc test. Probability of error P < 0.05 was considered
significant.
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Table 4. Performance and carcass characteristics of broilers fed either control diets (L0) or diets supplemented with moderate (L1)
or high (L2) concentrations of leucine (Leu) at fixed ratios of leucine: isoleucine and leucine: valine during the 35 D growth period.1

P value

L0 L1 L2 SEM group run group∗run

Performance
Whole period (day 1 to 35)
Initial body weight, g 41.2 41.7 41.3 0.27 0.42 <0.001 0.45
Final body weight, g 2,394 2,447 2,340 40.1 0.18 0.24 0.54
Body weight gain, g 2,352 2,405 2,299 40.3 0.18 0.24 0.54
Feed intake, g 3,379 3,344 3,268 48.6 0.25 0.82 0.33
Feed: gain ratio, g/g 1.42 1.41 1.40 0.009 0.73 0.14 0.92
Day 1 to 10
Body weight gain, g 241 243 234 4.0 0.20 0.06 0.60
Feed intake, g 274 266 260 5.1 0.20 0.04 0.67
Feed: gain ratio, g/g 1.14a 1.09b 1.10a,b 0.011 0.036 0.09 0.30
Day 11 to 21
Body weight gain, g 677b 725a 696a,b 12.0 0.031 0.23 0.60
Feed intake, g 891 926 889 18.8 0.37 0.99 0.87
Feed: gain ratio, g/g 1.31 1.29 1.27 0.016 0.33 0.73 1.00
Day 22 to 35
Body weight gain, g 1,415 1,421 1,364 32.3 0.40 0.32 0.38
Feed intake, g 2,215 2,151 2,119 40.5 0.19 0.98 0.13
Feed: gain ratio, g/g 1.53 1.54 1.53 0.016 0.80 0.43 0.52
Carcass characteristics
Day 10
Eviscerated carcass weight, g 171 171 170 5.5 0.99 0.59 0.79
Dressing percentage, % 60.8 60.0 61.5 1.08 0.36 0.62 0.23
Thighs, % of live weight2 17.8 17.5 17.6 0.26 0.89 0.35 0.92
Breast muscle, % of live weight 11.9 11.4 11.5 0.31 0.32 0.98 0.45
Day 21
Eviscerated carcass weight, g 653 701 642 21.6 0.24 0.44 0.27
Dressing percentage, % 69.0 69.6 67.3 0.65 0.45 0.62 0.29
Thighs, % of live weight2 19.2 19.4 19.0 0.22 0.69 0.009 0.05
Breast muscle, % of live weight 18.2a 18.3a 16.5b 0.37 0.005 0.16 0.31
Day 35
Eviscerated carcass weight, g 1,724 1,744 1,688 37.8 0.50 0.79 0.43
Dressing percentage, % 72.2 72.5 71.7 0.39 0.26 0.14 0.35
Thighs, % of live weight2 19.6 19.0 19.6 0.24 0.11 0.52 0.85
Breast muscle, % of live weight 22.3a 22.6a 21.2b 0.36 0.024 0.37 0.30

1The data set was analyzed by 2-way ANOVA with Leu concentration, experimental run, and their interaction as fixed factors. The Tukey test was
used as post-hoc test. The experimental unit was the cage for performance data (n = 10) and was the individual animal for carcass characteristics
(n = 13).

a,bValues with superscripts with no common letter differ at P <P < 0.05.
2Thighs including skin and bones.

RESULTS

Growth Performance and Carcass
Characteristics

During the whole 35-D growth period, the perfor-
mance of broilers (body weight gains, feed intake, feed:
gain ratio) did not significantly differ between the
3 groups (P > 0.05, Table 4). During the starter pe-
riod (day 1 to 10), the feed: gain ratio was significantly
lower in group L1 than in group L0 (P < 0.05); dur-
ing the grower period (day 11 to 21), weight gain of the
broilers was significantly higher in group L1 than group
L0 (P < 0.05, Table 4).

Carcass weights, dressing percentage, and thigh
weights in relation to the live weight at days 10, 21,
and 35 did not significantly differ between the 3 groups
of broilers (P > 0.05, Table 4). However, the relative
breast muscle weight at day 21 was significantly lower

in group L2 than in groups L0 and L1 (P < 0.05,
Table 4); the relative breast muscle weight at day 35
was significantly lower in group L2 than in group L1
(P < 0.05, Table 4).

Effects of Dietary Leu Supplementation on
BCAA Metabolism at Fixed Leu: Ile and Leu:
Val Ratios

Principally, higher dietary concentrations of BCAA
in broilers fed BCAA-supplemented diets were reflected
in higher plasma concentrations of BCAA and their
keto acids (Figures 1 and 2). At day 10, Val plasma
concentrations were significantly higher in groups L1
and L2 than in group L0 (P < 0.05, Figure 1). At day
21, Leu, Ile, and Val plasma concentrations were signif-
icantly higher in group L2 than in groups L0 and L1
(P < 0.05, Figure 1). At day 35, Leu and Val plasma
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Figure 1. Concentrations of leucine (Leu), isoleucine (Ile), and
valine (Val) in the plasma of broilers fed either control diets (L0) or
diets supplemented with moderate (L1) or high (L2) concentrations
of leucine at fixed ratios of leucine: isoleucine and leucine: valine at
days 10, 21, and 35 (mean ± SE). The data set was analyzed by 1-way
ANOVA with leucine concentration as fixed factor and the Tukey test
was used as post hoc test. The experimental unit was the individual
animal (n = 13). a,bColumns with no common letter differ significantly
at P < 0.05 within broiler age.

Figure 2. Concentrations of α-keto isocaproate (KICA, keto acid
of leucine), keto β-methylvalerate (KMVA, keto acid of isoleucine),
and α-keto isovalerate (KIVA, α-keto acid of valine) in the plasma
of broilers fed either control diets (L0) or diets supplemented with
moderate (L1) or high (L2) concentrations of leucine at fixed ratios
of leucine: isoleucine and leucine: valine at days 10, 21, and 35 (mean
± SE). The data set was analyzed by 1-way ANOVA with leucine
concentration as fixed factor and the Tukey test was used as post
hoc test. The experimental unit was the individual animal (n = 13).
a,bColumns with no common letter differ significantly at P < 0.05
within broiler age.

concentrations were significantly higher in group L2
than in L0 (P < 0.05, Figure 1). The plasma concen-
trations of KICA, KIVA, and KMVA at day 10 were
significantly higher in groups L2 and L1 than in group
L0 (P < 0.05, Figure 2). The plasma concentrations of
KICA, KIVA, and KMVA at day 21 were significantly
higher in group L2 than in groups L0 and L1 (P < 0.05,
Figure 2). Plasma concentrations of KICA and KIVA
at day 35 concentrations were significantly higher in
group L2 than in group L0 (P < 0.05); the concen-
tration of KMVA at day 35 did not significantly differ
between the 3 groups of broilers (Figure 2). The activ-
ity of the BCKDH in the pancreas increased by Leu
supplementation in a dose-dependent manner, and it
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Figure 3. Activity of branched-chain α-keto acid dehydrogenase
(BCKDH) in pancreas of broilers fed either control diets (L0) or di-
ets supplemented with moderate (L1) or high (L2) concentrations of
leucine at fixed ratios of leucine: isoleucine and leucine: valine at days
10, 21, and 35 (mean ± SE). The data set was analyzed by 1-way
ANOVA with leucine concentration as fixed factor and the Tukey test
was used as post hoc test. The experimental unit was the individual
animal (n = 13). a,bColumns with no common letter differ significantly
at P < 0.05 within broiler age.

was higher in group L2 than in group L0 at days 21
and 35 (P < 0.05, Figure 3).

Effects of Dietary Leu Supplementation on
the Expression of Genes Involved in the
Somatotropic Axis in Liver and Muscle at
Fixed Leu: Ile and Leu: Val Ratios

As indicators of the somatotropic axis in the liver,
relative mRNA abundances of GHR, IGF1, insulin-
like growth factor binding protein 2 (IGFBP2), and
insulin-like growth factor receptor (IGFR) were deter-
mined. Overall, the expression of these genes was only
slightly affected by BCAA supplementation, and the
few effects observed were not consistent within the 3
different ages (days 10, 21, 35) considered. At day 10,
the mRNA abundances of IGF1, IGFBP2, and IGFR
in the liver were not significantly different between the
3 groups (P > 0.05, data not shown); the relative
mRNA abundance of GHR was significantly higher
(P < 0.05) in group L1 than in group L2 (L0: 1.00 ±
0.04; L1: 1.16 ± 0.08; L2: 0.92 ± 0.07, means ± SE). At
day 21, the mRNA abundances of GHR, IGFBP2, and
IGFR in the liver were not significantly different be-
tween the 3 groups (P > 0.05, data not shown); the rel-
ative mRNA abundance of IGF1 was significantly lower
(P < 0.05) in group L2 than in group L0 (L0: 1.00 ±
0.10; L1: 0.80 ± 0.07; L2: 0.63 ± 0.08, means ± SE). At
day 35, relative mRNA abundances of GHR and IGF1
in the liver were significantly higher in group L1 than in
group L0 (P < 0.05, Figure 4), and the relative mRNA
abundance of IGF1R was significantly lower in group
L2 than in group L1 (P < 0.05, Figure 4). Relative
mRNA concentration of IGFBP2 in the liver did not
significantly differ between the 3 groups at day 35
(P > 0.05, Figure 4).
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Figure 4. Relative mRNA abundances (fold of L0) of genes in-
volved in the GH axis in the liver of broilers fed control diets (L0) or
diets supplemented with moderate (L1) or high (L2) concentrations of
leucine at fixed ratios of leucine: isoleucine and leucine: valine at day
35 (mean ± SE). The data set was analyzed by 1-way ANOVA with
leucine concentration as fixed factor. The Tukey test was used as post
hoc test. The experimental unit was the individual animal (n = 13).
a,bValues with superscripts with no common letter differ at P < 0.05.

In the muscle, mRNA abundances of the IFGR and
IGFBP2 at day 10 were significantly higher (P < 0.05)
in group L2 than in group L0 (IFGR: L0: 1.00 ± 0.05;
L1: 1.04 ± 0.06; L2: 1.26 ± 0.09; IGFBP2: L0: 1.00 ±
0.13; L1: 1.02 ± 0.09; L2: 1.53 ± 0.19; means ± SE).
However, the mRNA abundances of GHR and IGF1
in the muscle at day 10 and those of GHR, IGF1,
IFGBP2, and IGFR at days 21 and 35 did not signifi-
cantly differ between the 3 groups (P > 0.05, data not
shown).

Effects of Dietary Leu Supplementation on
Genes Involved in Molecular Pathways of
Protein Synthesis and Protein Degradation
in the Muscle of Broilers at Fixed Leu: Ile
and Leu: Val Ratios

In general, the investigation of molecular pathways
of protein synthesis and degradation in the muscles of
broilers revealed that those pathways remained largely
unaffected by Leu supplementation. At day 10, relative
mRNA abundances of the genes involved in the mTOR
pathway (mTOR, 4EBP1, S6K1) and in the GCN2
pathway [activating transcription factor 4 (ATF4), se-
questosome 1 (SQSTM1)] were not significantly differ-
ent between the 3 groups (P > 0.05, data not shown).
Relative mRNA abundances of class I myosin (MyoD)
and myogenin (MyoG), 2 genes involved in myogene-
sis, were also not significantly different between the 3
groups of broilers at day 10 (P > 0.05, data not shown).
In contrast, the relative mRNA abundance of myogenic
factor 5 (Myf5) at day 10 was significantly higher (P <
0.05) in group L2 than in groups L0 and L1 (L0: 1.00 ±
0.10; L1: 1.18 ± 0.15; L2: 1.86 ± 0.12; means ± SE). At
day 21, relative mRNA abundances of all the genes in-
volved in the mTOR pathway, the GCN2 pathway, and
myogenesis were not significantly different between the
3 groups of broilers (P > 0.05, data not shown). At day

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

mTOR 4EBP1 S6K1 ATF4 SQSTM1 MyoD Myf5 MyoG

R
el

at
iv

e 
m

R
N

A 
ab

un
da

nc
e

L0 L1 L2

a
ab

b

Figure 5. Relative mRNA abundances (fold of L0) of genes involved
in the mTOR pathway (mTOR, 4EBP1, S6K1), the GCN2 pathway
(ATF4, SQSTM1), and myogenesis (MyoD, Myf5, MyoG) in muscle
of broilers fed control diets (L0) or diets supplemented with moderate
(L1) or high (L2) concentrations of leucine at fixed ratios of leucine:
isoleucine and leucine: valine at day 35 (mean ± SE). The data set was
analyzed by 1-way ANOVA with leucine concentration as fixed factor.
The Tukey test was used as post hoc test. The experimental unit was
the individual animal (n = 13). a,bValues with superscripts with no
common letter differ at P < 0.05.

35, relative mRNA abundances of the genes involved in
the mTOR pathway and the GCN2 pathway as well
as mRNA abundances of Myf5 and MyoD were not
significantly different between the 3 groups of broilers
(P > 0.05, Figure 5); the mRNA abundance of MyoD
was significantly lower in group L2 than in group L0
(P < 0.05, Figure 5).

Within the group of genes involved in the UPS
pathway [FOXO1, F-box only protein 32 (FBXO32),
tripartite motif containing 63 (TRIM63)], and au-
tophagy [autophagy related 5 (ATG5), autophagy re-
lated 9A (ATG9), beclin 1 (BECN1)], there were no
significant differences in mRNA abundances between
the 3 groups at days 10 and 21 (P > 0.05, data not
shown). At day 35, relative mRNA abundances of genes
involved in the UPS pathway and relative mRNA abun-
dances of ATG9A and BECN1 were not significantly
different between the 3 groups of broilers (P > 0.05,
Figure 6); the mRNA abundance of ATG5 was signif-
icantly higher in group L1 than in groups L0 and L2
(P < 0.05, Figure 6).

As most of the proteins involved in the mTOR path-
way of protein synthesis and of the FOXO1/Akt path-
way are regulated by phosphorylation, we also deter-
mined phosphorylation levels (phosphorylated to total
protein) of proteins involved in those pathways in the
muscle of the broilers. At days 10, 21, and 35, relative
phosphorylation levels of mTOR and the downstream
targets S6K1 and rpS6 did not significantly differ be-
tween the 3 groups (P > 0.05, Figure 7A-C). At day
35, there was however a tendency towards a reduced
relative phosphorylation of mTOR in groups L1 and
L2 compared to group L0 (P < 0.10, Figure 7A). At
days 10, 21, and 35, relative phosphorylation levels of
Akt, FOXO1, and eIF2α also did not significantly differ
between 3 groups (P > 0.05, Figure 8A-C).
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Figure 6. Relative mRNA abundances (fold of L0) of genes involved
in the ubiquitine proteasome system (FOXO1, FBOX32, TRIM63)
and autophagy (ATG5, ATG9A, BECN1) in muscle of broilers fed
control diets (L0) or diets supplemented with moderate (L1) or high
(L2) concentrations of leucine at fixed ratios of leucine: isoleucine and
leucine: valine at day 35 (mean ± SE). The data set was analyzed by 1-
way ANOVA with leucine concentration as fixed factor. The Tukey test
was used as post hoc test. The experimental unit was the individual
animal (n = 13). a,bValues with superscripts with no common letter
differ at P < 0.05.

DISCUSSION

In the present study, we found that dietary Leu sup-
plementation at fixed ratios to Ile and Val had over-
all minimum effects on growth performance in broilers.
The only effects on growth performance observed were
an increase of body weight gains in the L1 group in
comparison to the L0 group in the starter period (day
1 to 10) and an increased body weight gain in L1 group
in comparison to the L0 group in the grower period (day
11 to 21). Body weight gains, feed intake, and the gain:
feed ratio during the whole period were not different
between the 3 groups. The finding that an excess of di-
etary Leu (up to 60% above requirement) has no effect
on growth performance agrees with a recent study in
broilers in which Leu was supplied to the diets without
adjusting the ratios to Ile and Val (Zeitz et al., 2019).
The present study shows that high dietary Leu con-
centrations moderately reduce the breast muscle per-
centage in the broilers. Interestingly, such an effect was
not observed in the recent study by Zeitz et al. (2019),
in which Leu was supplemented at a similar level as in
the present study, however, without supplementation of
Ile and Val. The contradictory results of these 2 studies
suggest that an adverse effect on breast muscle percent-
age could be induced by high dietary concentrations
of BCAA in total but not by high Leu concentrations
alone.

The findings of Leu supplementation on growth per-
formance of broilers in this study are in contrast to
data reported in weaning piglets where growth was en-
hanced by Leu supplementation (Yin et al., 2010). It
has to be considered, though, that the basal diet in
Yin et al. (2010) did not meet recommendations for
some AA like lysine and methionine + cysteine, and
dietary Leu concentrations in the Leu-supplemented
groups were not more than 25 and 40% above those
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Figure 7. Relative phosphorylation levels (fold of L0) of mTOR
(A), S6K1 (B), and rpS6 (C) in the breast muscle of broilers fed either
control diets (L0) or diets supplemented with moderate (L1) or high
(L2) concentrations of leucine at fixed ratios of leucine: isoleucine and
leucine: valine at days 10, 21, and 35 (mean ± SE). Relative phospho-
rylation levels were calculated as the amount of protein detected by
the phosphorylated antibody divided by that detected by the antibody
for detection of total protein level of the respective protein. mTOR,
mammalian target of rapamycin; S6K1, ribosomal protein S6 kinase
beta-1, rpS6, ribosomal protein S6. The data set was analyzed by 1-
way ANOVA with leucine concentration as fixed factor and the Tukey
test was used as post hoc test. The experimental unit was the individ-
ual animal (n = 4–5). There were no significant (P < 0.05) differences
between experimental groups. Representative blots for one animal of
each group at day 35 are shown.

recommended by NRC (2012). In addition, it has been
reported that excess Leu supplementation decreases
performance in chicken (Smith and Austic, 1978) and
pigs (Gatnau et al., 1995), which can be explained by
increased catabolism of all BCAA (Wiltafsky et al.,
2010). We have also shown that BCAA supplementa-
tion increased plasma concentrations of their keto acids
which indicates that the first step of BCAA catabolism,
the reversible transamination catalyzed by the BCAA
transaminase in muscle tissues (Harper et al., 1984;
Suryawan et al., 1998), was stimulated by Leu supple-
mentation. Likewise, as indicated by higher activity of
the BCKDH in the pancreas, a tissue with high BCKDH
activity (Wessels et al., 2016), the second step of BCAA
catabolism has also been stimulated by BCAA supple-
mentation. We had supplemented Val and Ile in ad-
dition to Leu to avoid negative effects on growth in
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Figure 8. Relative phosphorylation levels (fold of L0) of Akt (A),
FOXO1 (B), and eIF2α (C) in the breast muscle of broilers fed either
control diets (L0) or diets supplemented with moderate (L1) or high
(L2) concentrations of leucine at fixed ratios of leucine: isoleucine and
leucine: valine at days 10, 21, and 35 (mean ± SE). Relative phos-
phorylation levels were calculated as the amount of protein detected
by the phosphorylated antibody divided by that detected by the anti-
body for detection of total protein level of the respective protein. Akt,
protein kinase B; FOXO1, forkhead box protein O1; eIF2α, eukaryotic
translation initiation factor 2A. The data set was analyzed by 1-way
ANOVA with BCAA concentration as fixed factor and the Tukey test
was used as post hoc test. The experimental unit was the individual
animal (n = 4–5). There were no significant (P < 0.05) differences
between experimental groups. Representative blots for one animal of
each group at day 21 are shown.

our study, and despite stimulated BCAA catabolism,
plasma BCAA concentrations in fact increased after
BCAA supplementation which proved that a secondary
deficiency of Val and Ile was avoided. In addition, it
is also verified that Leu availability increased and thus
that Leu could have the potential to influence protein
synthesis positively and protein degradation in the mus-
cle as hypothesized. It was therefore unexpected that
we found even decreases in breast muscle percentage in
group L2.

An increase in muscle mass occurs when protein
synthesis rates exceed those of protein degradation
(Schiaffino et al., 2013). Potentially, several molecular
pathways could be altered when muscle growth is af-
fected. Therefore, we had measured effects of Leu on 2
major pathways of protein synthesis: the IGF1-PI3K-
Akt-mTOR pathway, as a positive regulator, and the
myostatin–Smad2/3 pathway, as a negative regulator

of protein synthesis (Schiaffino et al., 2013). Upon ac-
tivation, Akt/PKB will promote anabolic processes via
the mTOR pathway, and impede catabolic processes,
e.g., by inhibiting proteasome- and autophagy-related
protein degradation (Fan et al. 2016) which are the 2
most important pathways of skeletal muscle proteoly-
sis (Pasiakos and Carbone, 2014). The mTOR pathway
is influenced by AA (Dann and Thomas, 2006), and
(re)feeding of AA accelerates the rate of protein syn-
thesis (Vary and Lynch, 2007). Leu has been shown
to stimulate protein synthesis in murine skeletal mus-
cle cells (Atherton et al., 2010), in fasted neonatal
pigs (Escobar et al., 2005, 2010), in elderly humans
(Katsanos et al. 2006), and even in weaned pigs (Yin
et al. 2010) and young, up to 14-day-old broilers (Deng
et al., 2014). Changes in the GH/IGF1 axis which are
related to growth in broilers as shown for serum IGF1
and breast muscle IGF1 expression (Xiao et al., 2017)
may go along with changes in protein synthesis. For
example, a Leu-rich mixture of EAA increased serum
free IGF1 levels and activated the mTOR pathway in a
rat model (Xia et al., 2013). Also, when rats which had
been subjected to 50% food restriction for 4 wk prior to
the experiment were fed Leu-supplemented diets, hep-
atic mRNA expression of GHR and IGF1 was increased,
and the mTOR pathway activated when compared to a
control group (Gao et al., 2015). In the present study,
however, as mRNA abundances of genes involved in
the GH/IGF1 axis were hardly and not consistently af-
fected by Leu supplementation, and proteins involved
in the mTOR pathway were not affected as well, this
indicates that protein synthesis was similar between the
3 groups. The findings of this study are in agreement
with a recent study in broilers in which dietary Leu
was supplemented without adjustment of the ratios to
Ile and Val. In that study, Leu supplementation also
did not influence expression of genes involved in the
GH/IGF1 and mTOR pathways as well as phosphory-
lation of proteins involved in the mTOR pathway (Zeitz
et al., 2019).

The mTOR pathway also negatively regulates au-
tophagy which refers to processes leading to elimina-
tion, or rather recycling, of cytoplasmic components
(He and Klionsky, 2009; Boya et al., 2013). In addi-
tion, the protein kinase GCN2 is involved in autophagy
and the mTOR pathway; the GCN2/eIF2α pathway is,
besides the mTOR pathway, one major pathway how
AA presence or absence is sensed (Battu et al., 2017).
Amino acid deprivation activates the GCN2/eIF2α-
pathway in order to inhibit mTOR (Métayer et al.,
2008) and to stimulate autophagy (He and Klionsky,
2009). Similarly, lack of insulin or EAA generally ac-
celerates protein degradation (Lecker et al., 2006). For
example, in chick skeletal muscles, Leu inhibited the
UPS as determined by gene expression analysis, an
effect which was mediated through phosphoinositide
3-kinase (PI3K) and protein kinase C (PKC), whereas
the mTOR pathway remained unaffected (Nakashima
et al. 2005). The autophagy-lysosome system was also
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down-regulated when Leu was infused in formula-fed
9-day-old piglets equivalent to a dosage of 50% above
requirements compared to control piglets (Boutry et al.,
2013). Likewise, Leu decreased the activity of lysoso-
mal proteases and decreased the expression of genes
involved in proteasomal proteolysis when isolated rat
muscles were incubated in a medium with 10 mM
Leu and 5 mM glucose compared with glucose alone
(Busquets et al., 2000). Notably, however, such high Leu
concentrations are an order of magnitude higher than
those measured in the plasma. In C2C12 myotubes,
Leu starvation induced autophagy, and the data suggest
that protein sequestration to the lysosome was affected
(Mordier et al. 2000). We had therefore hypothesized
that autophagy might be affected by Leu and consid-
ered mRNA expression of ATG5, beclin1, and ATG9
genes which are involved in phagophore biogenesis and
expansion, the first step of autophagosome formation
before its fusion with the lysosome which then com-
plete the breakdown by hydrolases (Boya et al., 2013).
However, neither the UPS nor the autophagy-lysosomal
system was affected by supplementing Leu in concentra-
tions above those generally recommended for growing
broilers.

It should be also noted that the proteins involved
in the mTOR signaling pathway are mainly regu-
lated by post-translational mechanisms and that pro-
tein synthesis will be initiated after phosphorylation
of proteins like Akt, S6K1, 4E-BP1, and rpS6 (Vary
and Lynch 2007). The FOXO1 transcription factor,
which induces protein degradation by increasing the
expression of TRIM63 [also called Muscle RING-finger
protein-1 (MURF1)] and FBXO32 (also called atrogin-
1) involved in the UPS pathway, and which is required
for autophagy induction, is inactivated due to phos-
phorylation by Akt (Glass, 2010; Zhao et al., 2010).
Likewise, eIF2α, phosphorylated by GCN2, is regulated
by post-translational mechanisms (He and Klionsky,
2009). However, in the present study, Leu supplemen-
tation did not influence phosphorylation of proteins in-
volved in the mTOR pathway, UPS and autophagy, and
GCN2/eIF2α signaling pathways indicating again that
neither protein synthesis nor degradation was affected
by Leu supplementation. Myostatin, which is involved
in myogenesis and myoblast differentiation (Langley et
al., 2002), activates the UPS and autophagy (Wang
et al., 2015). Although it was reported that the myo-
statin/Smad2/3 pathway was not affected by a BCAA
supplement in patients experiencing alcoholic cirrhosis
as measured by myostatin phosphorylation (Tsien et
al., 2015), we also investigated gene expression of the
Smad2/3 target genes MyoG, MyoD, and Myf5. The
finding that mRNA abundances of these genes in mus-
cle remained unchanged confirmed that Leu supplemen-
tation did not affect this pathway.

A secondary deficiency of Ile and Val can be excluded
as discussed above. Also, a scarcity of the other AA,
which could be one reason that BCAA supplementa-
tion did not affect the mentioned pathways (Wilson

et al. 2010; Wilson et al. 2011), can be excluded, be-
cause we fed diets which met or exceeded the recom-
mended dietary levels. In addition, plasma concentra-
tions of the other EAA except the BCAA were largely
unaffected (data not shown) which also corroborates
the view that AA uptake into tissues and their uti-
lization for protein synthesis was not increased due to
Leu supplementation which could have been expected
in case of increased muscle protein synthesis.

Possible reasons why we did not find the effects of
Leu on pathways of muscle protein synthesis and degra-
dation may be related to the animal age or to the
metabolic state of the animals which may affect their
response to anabolic and anti-catabolic stimuli. For ex-
ample, Deng et al. (2014) have shown that gene expres-
sion and relative phosphorylation of mTOR and S6K1
were increased by Leu supplementation in the muscle of
broilers aged 3 or 7 D, but after 14 D, the effect was at-
tenuated and failed to reach significance for mTOR. It
is possible that we failed to detect differences because
we have investigated broilers aged 11, 22, and 36 D,
thus of higher age than in Deng et al. (2014). It is also
worthy to note that broilers are not only in an anabolic
state per se, but that the growth rate of broilers, includ-
ing Cobb broilers used in this study, is extremely high
and daily weight gains are, in relation to body weight,
higher than in piglets, and dramatically higher than in
humans. Interestingly, many studies which found that
Leu supplementation stimulates muscle protein synthe-
sis have used animals or humans in a catabolic state,
like fasted piglets (Davis et al., 2008; Escobar et al.,
2010), food-deprived rats (Anthony et al., 2000), or el-
derly humans (Katsanos et al., 2006; Rieu et al., 2006).
In addition, Katsanos et al. (2006) have shown that the
response in fractional rate of protein synthesis to inges-
tion of an EAA mix was lower in elderly than in young
subjects and that an extra high proportion of Leu (41%)
in the EAA mix further stimulated fractional protein
synthesis rate only in the elderly indicating that Leu
can reverse an attenuated response of protein synthe-
sis. It has been suggested that Leu supplementation is
only effective in cases where a decreased sensitivity of
protein anabolism to Leu—like in the elderly—is prob-
able (Balage and Dardevet, 2010) or in cases of clear
catabolic states like fasting, as mentioned above. This,
however, may also indicate that Leu does not stimulate
protein synthesis via the mTOR pathway in young fast-
growing animals like broilers which are fed according
to AA requirements. Protein synthesis and inhibition
of proteolysis in growing broilers may be already at its
maximum under such conditions. This view is corrobo-
rated by the observation that maximal activation of the
mTOR pathway seems to be reached at Leu concentra-
tions which are at or slightly above physiological levels
(Yoshizawa et al., 2013).

In conclusion, the data indicate that diets supple-
mented with Leu 60% above levels recommended in
AMINODat 5.0 at fixed Leu: Ile and Leu: Val ratios do
not or hardly influence molecular pathways of protein
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synthesis and degradation and do not affect perfor-
mance in fast-growing broilers during a 35-D growth
period.
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