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Abstract
Background L-Leu and its metabolite β-hydroxy-β-methylbutyrate (HMB) stimulate muscle protein synthesis enhancing the
phosphorylation of proteins that regulate anabolic signalling pathways. Alterations in these pathways are observed in many
catabolic diseases, and HMB and L-Leu have proven their anabolic effects in in vivo and in vitro models. The aim of this study
was to compare the anabolic effects of L-Leu and HMB in myotubes grown in the absence of any catabolic stimuli.
Methods Studies were conducted in vitro using rat L6 myotubes under normal growth conditions (non-involving L-Leudeprived conditions). Protein synthesis and mechanistic target of rapamycin signalling pathway were determined.
Results Only HMB was able to increase protein synthesis through a mechanism that involves the phosphorylation of the
mechanistic target of rapamycin as well as its downstream elements, pS6 kinase, 4E binding protein-1, and eIF4E. HMB was
signiﬁcantly more effective than L-Leu in promoting these effects through an activation of protein kinase B/Akt. Because
the conversion of L-Leu to HMB is limited in muscle, L6 cells were transfected with a plasmid that codes for α-keto isocaproate
dioxygenase, the key enzyme involved in the catabolic conversion of α-keto isocaproate into HMB. In these transfected cells,
L-Leu was able to promote protein synthesis and mechanistic target of rapamycin regulated pathway activation equally to
HMB. Additionally, these effects of leucine were reverted to a normal state by mesotrione, a speciﬁc inhibitor of α-keto
isocaproate dioxygenase.
Conclusion Our results suggest that HMB is an active L-Leu metabolite able to maximize protein synthesis in skeletal muscle
under conditions, in which no amino acid deprivation occurred. It may be proposed that supplementation with HMB may be
very useful to stimulate protein synthesis in wasting conditions associated with chronic diseases, such as cancer or chronic
heart failure.
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Introduction
Protein synthesis in mammalian cells is regulated by hormones, growth factors, amino acids, and carbohydrates
through well-known mechanisms.1 Phosphorylation of the kinase mechanistic target of rapamycin (mTOR) plays a central

role in the regulation of protein synthesis.2 Mechanistic target of rapamycin is activated through protein kinase B
(PKB/Akt)1 or extracellular signal-regulated kinase (ERK1/2)
pathways.3 4E binding protein-1 (4E-BP1) and p70 S6 kinase
(S6K1) are key regulatory proteins modulated by mTOR that
are involved in the initiation of mRNA translation.4,5 Once
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activated, mTOR phosphorylates 4E-BP1, which accelerates
the release of eukaryotic initiation factor 4E (eIF4E) from
4E-BP1 or directly activates S6K1.1,2
Amino acids, particularly branched chain amino acids, are
capable of increasing protein synthesis in skeletal muscle.6–9
Their mechanism of action is dual; they provide substrates required for polypeptide synthesis and modulate signalling
pathways responsible for translation initiation.10,11 Among
them, leucine is the most effective amino acid in stimulating
protein synthesis through a direct activation of mTOR. Phosphorylation of mTOR drives to a 4E-BP1 activation and an induction of S6K1 signalling.6,10–12 Most studies on the
beneﬁcial effects of leucine enhancing protein synthesis have
been carried out on leucine deﬁcient media6,7,13 in in vitro
studies or in models of muscle atrophy such as immobilization14 or experimental cachexia15,16 involving a limited food
intake period.
β-Hydroxy-β-methylbutyrate (HMB), a metabolite of leucine, has been proposed as partially responsible for the effects exerted by leucine on protein synthesis.17,18 Studies
suggest that HMB administration attenuates the loss of skeletal muscle mass by reducing protein degradation and increasing protein synthesis in models of muscle atrophy
induced by cachexia,17,19,20 ageing,21 or glucocorticoid treatment.22 Recently, it has been suggested that HMB could be
more effective than leucine in attenuating body weight loss
in an experimental model of cachexia.16
The aim of the present study was to compare the effects of L-Leu and HMB on protein synthesis using an
in vitro model of L6 rat myotubes under normal growth
conditions (non-involving L-Leu-deprived conditions). Our
results point out that HMB is more potent than L-Leu, increasing protein synthesis, and its signalling. In addition,
because the muscle has a limited capacity to produce
HMB from L-Leu,23 we over-expressed the enzyme α-keto
isocaproate dioxygenase (KICD) necessary for the conversion of HMB from L-Leu in L6 cells. Effectively, in these
transfected cells, L-Leu potentiated its effects on protein
synthesis. In conclusion, our results appear to indicate that
L-Leu has to be converted into HMB to achieve full effects
on protein synthesis in muscle under our experimental
setting.

Materials and methods
Materials
HMB free acid, D-Leu and L-Leu, LY294002, and PD98059 were
obtained from Sigma (St. Louis, MO, USA). Mesotrione
(2-(4-Mesyl-2-nitrobenzoyl)-1,3-cyclohexanedione)-Pestanal©,
catalogue no. 33855 was from Fluka (St. Louis, MO, USA). Tissue culture media and supplements were from Sigma and
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Invitrogen (Carlsbad, CA, USA). Foetal calf serum (FCS) was
from Cultek (Madrid, Spain). Antibodies against PKB/Akt,
phospho-PKB/Akt (Ser473), mTOR, phospho-mTOR (Ser2448),
4E-BP1, S6K1, and phospho-S6K1 (Thr389) were from Cell Signaling (Beverly, MA, USA). eIF4E and phospho-eIF4E (Ser209)
antibodies were from SAB Signalway Antibody (Pearland, TX,
USA). Horseradish peroxidase-conjugated secondary antibodies were from Sigma. 4-Hydroxyphenylpyruvate dioxygenase
antibody (H-300) was from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). This antibody has been used given that KICD
enzymatic activity is associated with this enzyme.24

Cell culture
The L6.C11 rat skeletal muscle myoblast line (European Collection of Cell Cultures no. 92102119) was grown in
Dulbecco’s Modiﬁed Eagle’s Medium supplemented with
10% (v/v) FCS, 2 mM glutamine, plus 100 units/mL penicillin,
and 0.1 mg/mL streptomycin and was maintained at subconﬂuent densities. This medium contains 0.8 mM L-Leu.
When the myoblasts reached about 80% conﬂuency, they
were differentiated into myotubes by exchanging the growth
medium with a differentiation medium Dulbecco’s Modiﬁed
Eagle’s Medium supplemented with 2% (v/v) FCS for
5–6 days. After differentiation, myotubes were starved in
FCS-free medium for 18 h prior to each treatment and the experiment was carried out in this starvation medium, except in
the measurement of protein synthesis. Ten millimolars of
L-Leu and 50 μM HMB were selected as appropriate concentrations for these experiments because their use has been
considered suitable to achieve the greatest stimulatory
effects.25,16

Determination of protein synthesis
Protein synthesis was measured as previously described26
with the following modiﬁcations. L6 cells were plated on 48well tissue culture plates, differentiated for 5 days, and then
starved 18–24 h in FCS free medium. Cells were treated with
10 mM L-Leu, 50 μM HMB, or 50 nM insulin for 2 h in media
with 10% FCS and 0.8 mM tyrosine. Ten micromolars
PD98059, an inhibitor of mitogen-activated protein kinase kinase activation, or 20 μM LY294002, a speciﬁc inhibitor of
PI3K, were added 30 min prior to incubation with effectors.
Cells were then spiked with 1 μCi/mL of L-[ring-3,5-3H]-tyrosine (Perkin Elmer, Waltham MA) and incubated for 1 h. Reaction was stopped by placing the plates on ice. Wells were
thoroughly washed two times with ice cold phosphatebuffered saline media containing 2 mM non-radioactive tyrosine, and cells were then lysed in 0.1 mM NaOH/0.1% sodium
deoxycholate. Proteins were precipitated adding cold 20% tricarboxylic acid cycle (Sigma). This mixture was then incubated
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at 4°C for 15 min. Following centrifugation (16 000 × g for
10 min), the pellet was thoroughly washed with cold 10% tricarboxylic acid cycle and then precipitated proteins were dissolved in 0.1 mL of 1 M NaOH. An aliquot (5 μL) of the NaOH
solubilized material was used for total protein quantiﬁcation,
and the remaining dissolved proteins were neutralized with
1 M HCl and mixed with ReadySafe scintillation ﬂuid (Beckman
Coulter, Brea CA). The radiolabel was determined with a scintillation counter (Beckman Coulter). Data were computed as
disintegrations per minute per microgram of proteins.

Analysis of protein phosphorylation
L6 myotubes were treated with 10 mM L-Leu or 50 μM HMB
in Dulbecco’s Modiﬁed Eagle’s Medium without FCS for
30 min. Following this treatment, plates were processed as
described.27,28 The protein concentration of the supernatants
was measured using a bicinchoninic acid method (Bio-Rad,
Madrid, Spain). Proteins (40 μg) were separated by sodium
dodecyl sulphate–polyacrylamide gel electrophoresis, transferred onto nitrocellulose membranes, and immunoblotted
with speciﬁc antibodies; the immunoblots were developed
by an enhanced chemiluminescence detection method. Antibodies against non-phosphorylated kinases were used to determine loading levels.

Cloning and eukaryotic expression of rat liver
α-keto isocaproate dioxygenase
The cDNA corresponding to the coding sequence of the rat
KICD gene (Genebank adhesion no. AF082834) was ampliﬁed
by reverse transcription polymerase chain reaction (RT-PCR)
from 5 μg of rat liver total RNA using a oligo-NotI (dT) primer
(First Strand Synthesis kit, GE Healthcare, Uppsala, Sweden).
Polymerase chain reaction ampliﬁcation was accomplished
using the primers KICD-F and KICD-R with introduced XhoI
and BamHI restriction endonuclease sites (shown in italics),
respectively: KICD-F - CTCGAG CT ATG ACA ACC TAC AGC
AAC AAA GG and KICD-R - GGATCC TTA CAT TCC GA CCT
CAC ACC G (sequences corresponding to the start and stop
codons are shown in bold). The DNA fragments were subcloned in pSTblue-1 (Novagen, Darmstadt, Germany), and
the sequence was veriﬁed by automated DNA sequencing.
To over-express the rat KICD in eukaryotic cells, the KICD coding sequence was cloned in a modiﬁed pEGFP-N3 plasmid
(Clontech, Palo Alto, CA), where the coding sequence for
the enhanced green ﬂuorescent protein gene was removed
in order to generate an mRNA coding for only the native KICD
under the control of the cytomegalovirus promoter.
For transfection experiments, L6 myoblasts were used
at 60–80% conﬂuence. The transfection was performed
using LipofectAMINE 2000 (Invitrogen) according to the

manufacturer’s instructions. Following removal of the transfection reagent, fresh medium was added to the cultures. Stably transfected cells were selected by addition of 700 μg/mL
geneticin (Invitrogen) to the normal growth medium, 48 h
after transfection. To differentiate transfected cultures,
differentiation medium was applied 24 h later and during
the next 5–6 days.

Reverse transcription polymerase chain reaction
Speciﬁc mRNA presence was assayed by RT-PCR. Total RNA
was isolated from the cells or tissues using a guanidinium
thiocyanate method.29 Five micrograms of total RNA was
used as a template to generate the cDNA by reverse transcription with the First-strand cDNA synthesis kit (GE
Helthcare Life Sciences, Uppsala, Sweden) using an oligodTNotI primer, according to the manufacturer’s instructions.
The reverse transcription products were ampliﬁed by
polymerase chain reaction using the primers described in
the preceding texts for the cloning of KICD. For the β-actin,
primers forward 5′-GGCCAACCGTGAAAAGATG-3′ and reverse
5′-GGATCTTCATGAGGTAGTCTGTC-3′ were used.

Statistical analysis
Results are expressed as mean ± SEM. Statistical analysis was
performed by one-way analysis of variance followed by the
Tukey test as appropriate. P < 0.05 was considered statistically signiﬁcant.

Results
L-Leu and HMB effects on protein synthesis and on
mTOR mediated signalling
L6 cells were grown, differentiated, and incubated in a medium with a basal concentration of 0.8 mM L-Leu. At no time
did the cells experience a restriction on the content of L-Leu
before or during the incubation in the absence (Control: C) or
presence of effectors: 10 mM L-Leu, 50 μM HMB, or 50 nM
insulin. HMB signiﬁcantly increased protein synthesis, while
L-Leu failed to increase it (Figure 1A). Furthermore, the effect
of HMB on protein synthesis was similar to that obtained
using insulin.
It has been suggested that HMB effects on muscle could be
mediated via the PI3K/Akt and mitogen-activated protein kinase kinase (MAPK)/ERK pathways.19,30 At the same time,
L-Leu effects on protein synthesis have been associated with
Akt independent routes.31,32 To test the involvement of
either PI3K/Akt or MAPK/ERK on the L-Leu and HMB effects,
L6 myotubes were pre-incubated with inhibitors of mitogenJournal of Cachexia, Sarcopenia and Muscle (2015)
DOI: 10.1002/jcsm.12032

4

activated protein kinase kinase phosphorylation (10 μM
PD98059) or PI3K (20 μM LY294002) prior to the treatment
with L-Leu or HMB (Figure 1B). While the inhibition of the
ERK1/2 signalling pathway did not change either L-Leu or
HMB effects on protein synthesis, the blockade of PI3K signalling signiﬁcantly diminished the effects of HMB.
Next, we assayed the effects of L-Leu and HMB on the
phosphorylation status of PKB/Akt. Analysis of the phosphorylation of PKB/Akt, showed that incubation with HMB increased the phosphorylation of PKB/Akt, while L-Leu failed
to exert any effects (Figure 2A).
Finally, the effects of L-Leu and HMB on the activation of
mTOR (Figure 2B) showed that only HMB was able to signiﬁcantly increase the phosphorylation of mTOR, results that
match those described for the protein synthesis.
Thereafter, the phosphorylation status of key elements
downstream of mTOR was assayed. As shown in Figure 2C,
addition of HMB to L6 myotubes increased S6K1 phosphorylation at Thr389. HMB augmented the slower migrating γ
band of 4E-BP1, indicating an increase in 4E-BP1 phosphorylation (Figure 2D).17,18 HMB supplementation also increased
the phosphorylation of eIF4E at Ser209 (Figure 2E). On the
contrary, the addition of L-Leu only produced an increase in
the activation of S6K1 without affecting the phosphorylation
status of 4E-BP1 and eIF4E. However, the increase of S6K1 in
response to L-Leu was signiﬁcantly lower compared with
HMB treated cells.
Figure 1 Effects of L-Leu and HMB on protein synthesis and mTOR
activation in L6 myotubes. Protein synthesis was measured following
2 h of 10 mM L-Leu, 50 μM HMB, or 50 nM insulin supplementation in
growth medium (A) and in the absence or presence of PD98059 and
LY294002 (B). Inhibitors were added 30 min prior to the L-Leu or HMB
addition. Obtained data were expressed as dpm/μg of proteins (n = 5).
a
Results are expressed as mean ± SEM. P < 0.05, when compared with
b
untreated control cells; P < 0.05 compared with leucine treated cells;
c
P < 0.05 compared with HMB treated cells.
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Over-expression of rat α-keto isocaproate
dioxygenase in L6 myotubes
HMB is a metabolite of L-Leu. It has been described that in
both humans and rats, blood circulating levels of HMB are
mainly because of the hepatic metabolism of leucine by the
KICD.33 On the contrary, in muscle, the main catabolic
pathway is regulated by the branched chain α-keto acid dehydrogenase complex34 to obtain isovaleryl-CoA, limiting the
conversion of L-Leu to HMB.
Considering the described organ distribution of L-Leu metabolism to HMB, a suggestive hypothesis is that the moderate effects of L-Leu on protein synthesis and mTOR
phosphorylation under our in vitro experimental conditions
would be because of the limited rate of conversion of L-Leu
to HMB in muscle, pointing to HMB as an active L-Leu
metabolite.
First, we assayed the expression of KICD on differentiated
L6 myotubes (Figure 3A). The expression proﬁle of the rat
KICD was probed with an anti-4-hydroxyphenylpyruvate
dioxygenase antibody23 as well as by RT-PCR. The results indicated that KICD is absent in L6 differentiated muscle cells.
Furthermore, we have conﬁrmed the distribution of the KICD
enzyme in rat tissues by western blot and RT-PCR (Figure 3B).
KICD was mainly expressed in the liver and kidney, while it
was below our detection limit in the brain, skeletal muscle
(soleus), and the diaphragm.
To analyse the effects of a higher rate of conversion of
L-Leu to HMB, an expression plasmid, termed pKICD coding
for the rat enzyme, was transfected in L6 muscle cells and
the expression of KICD was conﬁrmed by western blot and
RT-PCR (Figure 3A). pKICD L6 transfected cells showed higher
levels of KICD than untransfected cells.

Protein synthesis and mTOR activation in L6 muscle
cells over-expressing KICD
The effects of L-Leu or HMB supplementation on protein synthesis were assayed on L6 cells over-expressing KICD under
non-amino-acid deprivation. In these transfected cells, HMB
retains the capability to increase protein synthesis and mTOR
phosphorylation. Interestingly, incubations with 10 mM L-Leu,
but not 10 mM D-Leu, produced a signiﬁcant increase in protein synthesis (Figure 4A). This effect is remarkable considering that L-Leu addition to L6 non-transfected myotubes
promoted a signiﬁcantly lower effect compared with HMB
in protein synthesis (Figure 1A).
Following this, we assayed the effects of L-Leu or HMB
supplementation on mTOR phosphorylation (Figure 4B) in
the pKICD transfected cells. In these cells, while incubation with D-Leu did not change the phosphorylation status of the kinase, incubation of the cells with L-Leu
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Figure 2 Regulation of mTOR signalling by 10 mM L-Leu and 50 μM HMB in L6 myotubes. Phosphorylation of PKB/Akt (A), mTOR (B) S6K1 (C),
a
4E-BP1 (D), and eIF4E (E) was assayed by western blot. Results are expressed as mean ± SEM (n = 4). P < 0.05, when compared with untreated conb
trol cells; P < 0.05 compared with leucine treated cells.

produced an mTOR phosphorylation similar to those obtained with HMB.
In addition, while pre-incubation with mesotrione, a
speciﬁc KICD inhibitor,34 did not have any signiﬁcant effect

on the HMB-induced phosphorylation of the kinase, it
signiﬁcantly decreased the effects of L-Leu on mTOR phosphorylation to the levels obtained in the untransfected cells
(Figure 4C). To conﬁrm the importance of KICD on leucineJournal of Cachexia, Sarcopenia and Muscle (2015)
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Figure 3 Expression proﬁle of the rat KICD. (A) Expression of KICD in L6 myotubes (a) western blot corresponding to 20 μg of proteins from liver, L6
cells (L6) and L6 cells transfected with pKICD plasmid (L6-t). Protein loading amounts were normalized using a GAPDH antibody. (b) RT-PCR of KICD
from total RNA of non-transfected and transfected L6 myotubes is shown using β-actin as reference gene. (B) Expression of KICD in rat tissues. (a)
Western blot corresponding to 20 μg of proteins from the liver (L), kidney (K), brain (B), soleus muscle (M), or diaphragm (D) probed with an anti4HPPD antibody. Arrows in the ﬁgure mark the expected size band for the rat KICD and rat GADPH. (b) RT-PCR of KICD from total RNA of the same
tissues is shown using β-actin as a reference gene.

mediated effects, protein synthesis was measured in the absence and presence of 1 μM mesotrione in the L6-transfected
cells (Figure 4D). Pre-incubation with mesotrione blocked the
increase in protein synthesis because of L-Leu, while it has no
effect on HMB-treated cells.
Once the effects of L-Leu and HMB on the pKICD
transfected cells on mTOR phosphorylation were established,
the effects of both effectors on the related signalling pathway
were analysed in the KICD over-expressing cells. At this point,
supplementation with L-Leu or HMB produced a signiﬁcant
and similar increase in the phosphorylation of PKB/Akt
(Figure 5A). Finally, in the transfected cells, L-Leu increased
the phosphorylation of S6K1 (Figure 5B), 4E-BP1 (Figure 5C),
and eIF4E (Figure 5D) in a similar extent to HMB.

Discussion
L-Leu stimulates protein synthesis in muscle cells through at
least two distinct mechanisms: by stimulation of mRNA translation initiation machinery13,35 and by activation of intracellular signalling pathways linked to mTOR.6,36,37 The positive
effects of L-Leu supplementation on protein synthesis have
been widely studied in situations where the subjects were
either in deﬁcient or fasting conditions,8,11–15 and therefore
under a catabolic stimulus.
However, in catabolic diseases where circulating L-Leu
levels are restored by nutritional support, information on
whether additional supplementation of L-Leu could further
increase protein synthesis still remains elusive. Crozier
et al.12 showed that while administration of low doses of
L-Leu-stimulated protein synthesis in muscle in food-deprived
mature rats, further supplementation with L-Leu failed to

elicit an additional response. Verhoeven et al.37 also reported
that long-term supplementation of L-Leu in well-nourished
healthy elderly men did not improve muscular mass and
strength. Additionally, Dirk et al.38 concluded that dietary
protein supplementation did not reduce muscle loss during
a short-term period of disuse in healthy older men. Finally,
in a recent report25 using a C2C12 muscle cell line, L-Leu
was not shown to produce a dose–response curve in protein
synthesis nor in mTOR phosphorylation from 1.5 to 16.1 mM
range of concentration. These results raise additional questions on the effectiveness of L-Leu supplementation in the
absence of catabolic stimuli such as amino acid deprivation.
Several studies have proposed that L-Leu metabolite HMB
may be responsible for the effects of L-Leu on protein synthesis.23,39 HMB has positive effects promoting strength and lean
body mass in sport performance.40 Also, as a therapeutic supplement (especially in atrophic conditions), HMB stimulates
muscle protein synthesis and reduces protein degradation.9,17,18,21,41 The increase in protein synthesis by HMB
has been correlated with the activation of mTOR and two
of its substrates 4E-BP1 and S6K1, proteins involved in the
translation of mRNA and protein synthesis.14,40
In this work, to compare the effects of L-Leu and HMB supplementation on protein synthesis in the absence of any catabolic stimuli, we have used a rat differentiated L6 muscle
cell in culture. This well characterized in vitro muscle cell
line42 has allowed us to determine the muscle speciﬁc effects
of L-Leu and HMB supplementation avoiding any systemic interference inherent with the use of animal models, for example the need to rule out any effects because of increased
insulin secretion as a consequence of the administration of
L-Leu in animal models.43 Cells were maintained in a culture
media containing L-Leu concentration (0.8 mM) as described
previously.44 As effectors, we chose a concentration of 10 mM
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Figure 4 Effects of L-Leu and HMB on protein synthesis and mTOR phosphorylation in KICD L6 transfected myotubes. (A) Protein synthesis rates in
the presence of 10 mM D-Leu, 10 mM L-Leu, 50 μM HMB, or 50 nM insulin. Data were computed as dpm/μg of proteins (n = 8). (B) Phosphorylation
of mTOR by 10 mM D-Leu, 10 mM L-Leu, or 50 μM HMB. (C) Phosphorylation of mTOR and protein synthesis by 10 mM L-Leu and 50 μM HMB in (D)
a
the absence and presence of 1 μM mesotrione. Results are expressed as mean ± SEM (n = 4). P < 0.05, when compared with untreated control
b
transfected cells; P < 0.05, when compared with mesotrione treated control transfected cells.

L-Leu based on a recent report,25 in which a leucine threshold
has been demonstrated. A concentration of 50 μM HMB was
selected because it has been considered appropriate in different studies on induction of protein synthesis16–18 or prevention
of protein degradation.21,22
Under these conditions, the effects of L-Leu and HMB have
been compared with protein synthesis and mTOR signalling in
the L6 rat myotubes. L-Leu did not signiﬁcantly stimulate protein synthesis and mTOR phosphorylation. These results are in
agreement with those that demonstrate that supplementation
with L-Leu failed to elicit an additional response in rats12 or in

well-nourished healthy elderly men.37 Interestingly, our results
showed that HMB was a signiﬁcantly more active effector than
L-Leu under these conditions. HMB increased protein synthesis 1.5-fold and mTOR phosphorylation 1.6-fold. These results
are in agreement with other authors who have demonstrated
a similar increase in protein synthesis and mTOR phosphorylation in response to HMB in murine myotubes.15,21
The activation of mTOR, as a key element in protein synthesis, could be modulated by PI3K/Akt and MAPK/ERK1–3
signalling pathways. Therefore, we measured the effects of
L-Leu and HMB on protein synthesis in the presence of
Journal of Cachexia, Sarcopenia and Muscle (2015)
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Figure 5 Upstream and downstream signalling by L-Leu or HMB in KICD transfected L6 myotubes. Phosphorylation of PKB/Akt (A), S6K1 (B), 4E-BP1
a
(C), and eIF4E (D) by 10 mM L-Leu and 50 μM HMB was assayed by western-Blot. Results are expressed as mean ± SEM (n = 4). P < 0.05, when compared with untreated control transfected cells.

speciﬁc inhibitors of these pathways. Our results showed that
the blockade of PI3K/Akt signalling blunted the effects of
HMB to control levels; on the contrary, the inhibition of the
MAPK/ERK pathway had no signiﬁcant effects on protein synthesis in response to L-Leu or HMB.
A cornerstone of the PI3K-mediated signalling is PKB/Akt,
and therefore, we analysed the L-Leu and HMB effects on
PKB/Akt phosphorylation. Incubation with L-Leu did not

modify the phosphorylation status of PKB/Akt, a result in concordance with studies that propose a PKB/Akt independent
activation of the anabolic actions of L-Leu.2,31,32 In contrast,
HMB signiﬁcantly enhanced PKB/Akt phosphorylation, in
agreement with previous studies.19,21 Therefore, under our
experimental conditions, our results would support the idea
that HMB acts mainly via the class I PI3K/Akt pathway,19
whereas it is described that L-Leu exerts its action via the class
Journal of Cachexia, Sarcopenia and Muscle (2015)
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III PI3K2,31 that could mediate the activation of mTOR. In fact,
it has been described that branched amino acids stimulate directly mTOR through a mechanism involving Rag GTPases.45
This alternate pathway has been described under amino acid
deprivation,45 but during our experimental conditions without
leucine starvation, there was no increase in protein synthesis
nor in mTOR phosphorylation. Up to this point, under nonamino-acid deprivation, our results indicated HMB as a more
active inductor of protein synthesis. The higher HMB activity
might be because of its capacity to activate an mTOR pathway
in a dissimilar manner compared with L-Leu.
To further conﬁrm the higher HMB effects on mTOR signalling, kinases downstream of mTOR and directly involved in the
initiation of protein translation such as S6K1 and 4E-BP14,5
were analysed. HMB increased the phosphorylation of both
kinases while L-Leu only activated S6K1. S6K1 was activated
by L-Leu 1.2-fold compared with untreated cells. This result
is lower than that reported by Gran and Cameron11 in primary human myotubes and observed in rodent muscle
cells.6 This discrepancy could be attributed to their experimental design, in which muscle cells were amino acid
starved prior the addition of L-Leu. A recent study in
C2C12 cells has demonstrated that S6K1 is the only kinase
in the mTOR signalling pathway with capacity to be activated in a dose–response manner.25 HMB activated S6K1
1.6-fold, a value signiﬁcantly higher than the effect obtained
with L-Leu. These results were similar to those obtained by
Pimentel et al.46 and are in agreement with the main mechanism of action reported for HMB that involved the activation of mTOR and S6K1.
The translational repressor 4E-BP1 is bound to eIF4E
forming an inactive complex. The 4E-BP1 hyperphosphorylation by mTOR results in the release of eIF4E allowing
the initiation of translation.17,18 During sodium dodecyl
sulphate–polyacrylamide gel electrophoresis, 4E-BP1 was resolved into multiple electrophoretic bands, with the phosphorylated γ-form having the slowest electrophoretic
mobility. Also, in agreement with Wilkinson et al.,41 there
was a signiﬁcant difference in the γ-4E-BP1 band expression
in response to HMB compared with L-Leu or control cells.
The catabolism of leucine is very well described.40 Leucine
is transaminated in muscle by branched-chain aminotransferase to α-ketoisocaproate. Then, α-ketoisocaproate is decarboxylated to isovaleryl-CoA by the mitochondrial enzyme
branched-chain α-ketoacid dehydrogenase and ﬁnally acylCoA derivatives are formed and entered into the citric acid
cycle.36 The anticatabolic actions of L-Leu metabolites such
as α-ketoisocaproate have been known for 35 years.47
An alternative metabolic pathway for leucine has been
shown in the liver. The cytosolic enzyme α-ketoisocaproate
dioxygenase (or 4-hydroxyphenylpyruvate dioxygenase)48
produces HMB from L-Leu. KICD is mainly expressed in the
liver, kidney, and neurons, but it is absent in muscle tissues,49
although in a recent study,41 this enzyme has been shown to
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be expressed in skeletal muscle at low levels. This enzyme
provides a direct pathway for the synthesis of HMB, and this
pathway accounts for up to 5% of the L-Leu catabolism in
humans.23
Therefore, the use of this muscle cell line has allowed us to
differentiate between systemic and muscle speciﬁc L-Leu and
HMB effects. In addition, transfected L6 rat myotubes
expressing the enzyme KICD, needed to produce HMB from
Leu, have been used to analyse the function of L-Leu and
HMB in the regulation of protein synthesis. Because our
results indicate that HMB is a more efﬁcient effector to promote protein synthesis in non-deprived amino acid conditions, we have transfected L6 myotubes with a plasmid
pKICD to over-express this key enzyme for the conversion of
L-Leu to HMB. These transfected cells would allow us to conﬁrm the hypothesis that L-Leu conversion into HMB in muscle
cells is the limiting step in order to obtain a complete response on protein synthesis and mTOR signalling.
The over-expression of KICD in L6 myotubes played an important role in the potentiation of L-Leu effects because in
these transfected cells, L-Leu and HMB promoted protein
synthesis and the signalling pathways involved in the initiation of translation in a similar manner. These results could
be speciﬁcally associated with the conversion of L-Leu to
HMB; since ﬁrst, D-Leu failed to elicit any response, and
second, the effects on protein synthesis and mTOR phosphorylation obtained with L-Leu were blocked by the preincubation with mesotrione, a speciﬁc inhibitor of KICD.50
Furthermore, in the cells over-expressing KICD, L-Leu exerts
similar effects compared with HMB regarding protein synthesis and all its signalling pathways, PKB/Akt, mTOR, S6K1,
4E-BP1, and eIF4E. These results clearly support HMB as
the active leucine metabolite that regulates protein synthesis
and highlights the key role of KICD as an essential enzyme
mediating L-Leu action. Our ﬁndings could suggest that under pathological conditions, in which KICD activity may be
impaired, L-Leu action could not be effective enough to promote mTOR activation and protein synthesis to counteract
muscle loss.
In summary, our study points out that HMB is more active than L-Leu increasing protein synthesis and mTOR signalling in non-deprived amino acid conditions. The overexpression of KICD in L6 cells promotes L-Leu response
and highlights the relevance of L-Leu metabolism to HMB
in the increase of protein synthesis in muscle. These results
indicate that under our experimental conditions, efﬁcient
conversion of L-Leu into HMB is required for complete
mTOR phosphorylation through a straightforward PKB/Akt
activation. Bearing in mind the described effects of HMB
on protein synthesis, it may be suggested that HMB supplementation in patients suffering from wasting diseases—such
as cancer, chronic obstructive pulmonary disease, and
chronic heart failure—may be a good therapeutic strategy
to stimulate protein synthesis in order to counteract muscle
Journal of Cachexia, Sarcopenia and Muscle (2015)
DOI: 10.1002/jcsm.12032
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loss because of increased protein degradation, characteristic
of these pathological conditions.
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