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Abstract: Many metabolic syndromes lead to energetic disturbs which ends to an intense catabolic state. The branched-chain amino acid leucine shows very

positive effects on muscle protein metabolism. However, it is still not clear how leucine acts improving the protein turnover. This study aimed to evaluate in vitro
the effects of leucine supplementation in minimising the signalling pathway of protein degradation when mTOR was inhibited. Our studies were conducted in
murine C,C,, myotubes exposed to 2mM leucine or 2mM isoleucine in control situation and compared to the inhibition of mTOR by rapamycin. Then, the expres-
sion of proteins related to protein synthesis and degradation signalling pathway was obtained by Western Blot. At this concentration, the leucine was sufficient to
maintain the expression of proteins evaluated as in control situation. However, when the cells were exposed to rapamycin (§80nM), leucine inhibited the expression
of SMAD and FoxO3a, showing that leucine was able to modulate the degradation pathway when protein synthesis is compromised. Furthermore, leucine had no
effect in modifying the expression of subunits of ubiquitin-proteasome system, showing that leucine had no direct effect in ubiquitin-proteasome system, but acted
leading to the phosphorylation of SMAD and FoxO3, which inhibited the activity of transcriptional of these proteins. No similar results were observed in cells ex-
posed to isoleucine under the same experimental protocol, likely showing that leucine has specific action over another branched-chain amino acids. In conclusion,
the present study shows that leucine can modulate degradation pathways even under inhibition of mTOR by rapamycin.

{ey words: Myotubes C,C,,; Cell culture; Leucine; Protein metabolism. /
Introduction mTOR, especially mTORCI1, which lead the protein
synthesis and growth, mainly in skeletal muscle (5-10),
The muscle mass is an important tissue as its homeo- the leucine has a special role in this feature. Although,
stasis should be guaranteed by the balance of normal the whole mechanisms by which amino acids influence
protein turnover, which should provide amino acids to protein synthesis and also protein degradation are still
the whole-body protein metabolism (1). In this way, unclear. Many studies suggest that protein synthesis is
when synthesis pathways signalling, mainly regulated increased when the availability of intracellular amino
by mTOR, are more stimulated than breakdown path- acids enhances (11,12). BCAAs also have inhibitory ac-
ways, the skeletal muscle gains mass, enhancing in size, tions on skeletal muscle proteolysis and can modulate
hypertrophying this tissue. This hypertrophy process is their rate in catabolic states, exerting negative feedback
mainly regulated by mTOR, which is activated by ca- control also in vivo (13). Leucine can play an impor-
loric or protein intake, and exercise, releasing insulin, tant role in skeletal muscle cell signalling, and this
GH, and IGF-1 (2,3). When breakdown signalling path- BCAA can increase protein synthesis and/or decrease
ways are more activated in muscle tissue than synthe- muscle proteolysis, independent of the other branched-
sis, it seems that an intense catabolic process is lead- chain amino acids, isoleucine and valine (14-16). On
ing mainly to protein degradation, decreasing the size the other hand, BCCAs supplementation modulated
of the muscle. Many signalling pathways that lead to the SMAD signalling in CCl4-induced liver fibrosis,
muscles protein degradation contribute to atrophy. The and other study showed that isolate leucine affected the
list of these signalling pathways includes AKT-FoxO SMAD signalling in skeletal muscle (17,18). Further-
(forkhead family transcription factor), IKK-NF-kB more, studies have shown that leucine decreased the ac-
((enzyme IxB kinase e nuclear factor-kappa B (NF-xB) tivation of FoxO3a of damaged muscle by cryolesion in
-activation), JAK-STAT3 (Janus kinase/signal trans- rats and also blocked the nuclear accumulation of Fox-
ducers and activators of transcription), and TGFB/My- O3a in skeletal muscle under immobilisation (19,20).
ostatin-SMAD2/3 (tumour/transforming growth factor In this way, the principal aim of the present study
B/ myostatin e protein SMAD pathway) (4), which are was to evaluate in vitro the effects of leucine supple-
directly related to ubiquitin-proteasome pathway. mentation in the signalling pathway of protein degrada-

Since amino acids can be potent regulators of tion when mTOR was inhibited.
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Materials and Methods

Reagents

DMEM High Glucose (catalogue number #BR30003-
05), fetal bovine serum (FBS, catalogue number #10-
bi0o500), horse serum (catalogue number #11-1270),
phosphate-buffered saline (PBS, catalogue number
#P4417), antibiotic solution (P/S, catalogue number#
BR30111-01), I-leucine (catalogue number #1.8912), 1-
isoleucine (catalogue number #12752) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Rapamycin
was purchased from Sigma-Aldrich (catalogue num-
ber #082M4018V, St. Louis, MO, USA). Anti-bodies
AKT and phospho-AKT®3%) total mTOR and phos-
pho-mTOR®*#%®) | p70S6K and phospho-p70S6K ™42/
5424 (Cell Signalling, USA) total SMAD2 and phos-
pho- SMAD 2/3 (Sigma-Aldrich, St Louis, USA), to-
tal FoxO3a and phospho-FoxO3a (Santa Cruz Biotech-
nology, EUA), 20S, 19S and 11S (Enzo Life Science,
USA). Other biochemical reagents are purchased from
Labsynth (Diadema, SP, Brasil); Millipore Corporation
(Jaffrey, NH, USA), Promega (Madison, WI, USA) and
Sigma-Aldrich (St Luis, MO, USA).

Cell culture and differentiation
C,C,, mouse myoblasts were maintained in DMEM
high glucose supplemented with 10% fetal bovine se-
rum, 1% penicillin and 1% glutamine. When cells
reached confluence, the medium was switched to
DMEM high glucose with 2% horse serum, 1% penicil-
lin and 1% glutamine. Cells were refreshed with new
differentiation medium every day, and by the 4™ day,
the C,C,, cells were fused into myotubes, which corre-
sponded to complete differentiation process (images not
shown). C,C , myotubes were then treated with 80 nM
rapamycin and/or 2mM leucine or isoleucine.

C,C,, myoblast cells differentiated into myotubes
were distributed into a control group (which will be re-
ferred as a non-treated cells)and the following experi-
mental groups: myotubes were treated only with 2mM
leucine for one hour (L) or treated with 2mM isoleucine
for one hour (I), group which received treatment with
80nM rapamycin for 2 hours (R), and additional groups
treated with rapamycin, during 2 hours, associated with
leucine or isoleucine for the last 1 hour of rapamycin
exposure (LR or IR)

Immunoblotting

C,C,, cells (10x10°) were seeded as a monolayer
on 6-well plates. After the treatment cells were washed
twice with phosphate-buffered saline (PBS) and har-
vested in lysis buffer (Millipore Lysis Buffer), and add 1
mM PMSF, 10 mM EDTA, 1 mM EGTA, and 0.002mg/
ml aprotinin, following denaturation in Laemmli sample
buffer 2x (5 min, 100 °C). The cell lysate was separated
by 10% or 12.5% SDS-PAGE electrophoresis (depend-
ing on the protein size) and transferred to nitrocellulose
membrane (BioRad, Germany) in 2 hours at a constant
voltage (120 V) at 4°C. The membranes were blocked in
5% non-fat milk in Tris-buffered saline (TBS) com 1%
de tween solution for 1 hour. The membranes were then
incubated overnight at 4 °C with antibodies against total
AKT and phospho-AKT™%, total mMTOR and phospho-
mTOR®*® p70S6K and phospho-p70SOKT2V5424) (-

luted 1:1000), total SMAD -2 and phospho- SMAD 2/3
(diluted 1:1000), total FoxO3a and phospho-FoXO3a
(diluted 1:500), 20S, 19S and 11S (Enzo Life Science,
USA). Immunoreactivity was detected by the sequen-
tial incubation of membranes with anti-rabbit secondary
antibody for 2 hours at room temperature, which was
visualised using a chemiluminescence detection system
UVITEC (UVItec Cambridge, United Kingdom). The
expressions of proteins listed above were estimated ver-
sus the constant level of the protein GAPDH (diluted
1:1000).

Activity of proteolysis systems

Measurement of proteasome activity was deter-
mined by measuring chymotrypsin-like enzyme activ-
ity, the one of the main proteolytic activity of the pro-
teasome [ subunits, according to the method of Orino
et al. (1991) (21). After collection of treated C,C,
myotubes, these cells were homogenised in cold 0.1M
TRIS, pH7.4, sonicated and centrifuged at 10,000xg for
15min at 4°C. The resulting supernatant was analysed
for total protein content (22). Aliquots of homogenate
supernatant were accessed, using fluorogenic substrate
succinyl-Leu-Leu-Val-Try-7-amino-4-methyl coumarin
(Suc LLVY-AMC). The results were expressed as units
of fluorescence/pg protein/min (23).

Statistical analysis

Comparison among groups, we used Two-way
ANOVA followed by Bonferroni post-test using Graph-
Pad Prism version 6.00 software (GraphPad, USA) and
results showed as mean + standard error (SEM). Signifi-
cance was defined as P < 0.05.

Results

Leucine maintained the AKT/mTOR/p70S6K path-
way activity

The role of leucine in stimulating protein synthesis
in myotubes cells is still unclear (24,25). In this way, we
studied whether leucine was capable of enhancing pro-
tein synthesis by mTOR, in myotubes pretreated with
rapamycin followed by leucine supplementation. In our
studied conditions, when the cells were treated only
with leucine, we did not observe increases in the mTOR
activation (referred by the p-mTOT/total mTOR ratio),
neither on p70S6K in non-treated cells (Figure 1B-C;
WB images 1D). Leucine accounted for approximately
9.0% of total variance (F=4.92; P-value = 0.0404) in
mTOR activation. Although, total protein content or
protein synthesis showed no difference among groups
(data not shown). Therefore, in the groups treated with
rapamycin, the ratio between phospho and total of both
mTOR and p70S6K decreased, showing that the inhibi-
tion with rapamycin was efficient. Rapamycin account-
ed for approximately 48.4% of total variance (F=26.3;
P value < 0.0001) in mTOR phosphorylation and 55.8%
of total variance (F=48.6; P value < 0.0001) in p70S6K
phosphorylation. The AKT activity (inferred by p-AKT/
total AKT ratio), as expected, was not altered; since it is
an upstream protein of mTOR pathway and is not acti-
vated by amino acids (Figure 1A) (26,27).
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Figure 1. Effects of leucine supplementation in the expression of
proteins involved in mTOR signalling pathway. A) AKT phospho-
rylation and total ratio. B) mTOR phosphorylation and total ratio.
C) p70S6K phosphorylation and total ratio. D-E) Representative
image from Western Blot analysis. All blots were representative of
three independent experiments in triplicates. Statistical difference
(a="P <0.05 versus control; b =P < 0.05 versus leucine) was ana-

lysed using Two-Way ANOVA followed by Bonferroni post-test.

Leucine inhibited SMAD 2 and FoxO3a and did not
affect the activity of ubiquitin-proteasome system in
cells treated with rapamycin

To evaluate whether leucine would be able to modu-
late degradation pathways and whether mTOR could af-
fect these results, we analysed both SMAD and FoxO3a
expressions, since these proteins are transcriptional fac-
tors that the activation by post-translational modifica-
tion was involved with breakdown protein. In our ex-
periments, leucine supplementation did not alter the ra-
tio between the phosphorylated and total expression of
both SMAD?2 and FoxO3 in cells that received no treat-
ment (Figure 2A, B, Western Blot images 3C). How-
ever, the treatment with rapamycin, independent of leu-
cine treatment, promoted a reduction in phosphorylation
of SMAD?2 (rapamycin and/or leucine association ac-
counted for significant effect leading to 39% and 8% of
the total variance respectively; P value < 0,0001; Figure
2A; Thus, under a t-test analysis, we found a significant
value (P=0.0495) comparing rapamycin versus rapamy-
cin plus leucine groups). In this same way, the leucine
treatment under mTOR inhibition was able to inactivate
FoxO3 (inferred by p-FoxO3/total FoxO3 ratio) by the
phosphorylation (leucine accounted for approximately
15.26% of total variance (F=4.83; P value=0.0412; Fig-
ure 2B). Moreover, it is interesting to note that mTOR
may be the key in the crosslink between synthesis and
degradation pathways. The leucine treatment associated
with rapamycin inhibited SMAD2, being able to inacti-
vate FoxO3 via phosphorylation. This result shows that
leucine may exert anti-proteolytic effects in the absence
of mTOR.

Besides that, to elucidate the role of leucine in pro-
tein metabolism in myotubes, we also evaluated the

proteolytic process through the expression of subunits
of the ubiquitin-proteasome system and the activity of
the chymotrypsin enzyme. In the results, under our ex-
perimental conditions, we did not find alteration in the
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Figure 2. Effects of leucine supplementation on the expression of
the proteins involved in degradation pathways. A) SMAD phos-
phorylation and total ratio. B) FoxO3a phosphorylation and total
ratio. C) Representative image from Western Blot analysis. All
blots were representative of three independent experiments in trip-
licates. Statistical difference (a=P <0.05 vs control; b=P <0.05 vs
leucine) was analysed using Two-Way ANOVA followed by Bon-
ferroni post-test; ¢ = P=0.0495 vs rapamycin after t-test analysis.
Besides that, to elucidate the role of leucine in protein metabolism
in myotubes, we also evaluated the proteolytic process through the
expression of subunits of the ubiquitin-proteasome system and the
activity of the chymotrypsin enzyme. In the results, under our ex-
perimental conditions, we did not find alteration in the expression
of 118, 19S and 20S proteins (Figure 3A-D, and Western Blot im-
ages 3E), nor on the enzyme chymotrypsin activity (Figure 3F).
This results showing that even FoxO3 and SMAD was inhibited, it
does not act in ubiquitin-proteasome system. Thus, other pathways
- as autophagy - should be studied.
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Figure 3. Effects of leucine supplementation in the expression of
subunits of the ubiquitin-proteasome system. A) 11S. B) 19S. C)
20S alpha. D) 20S beta. E) Representative image from Western
Blot analysis. F) Chymotrypsin activity. All blots were representa-

tive of three independent experiments in triplicates
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expression of 115, 19S and 20S proteins (Figure 3A-D,
and Western Blot images 3E), nor on the enzyme chy-
motrypsin activity (Figure 3F). This results showing
that even FoxO3 and SMAD was inhibited, it does not
act in ubiquitin-proteasome system. Thus, other path-
ways - as autophagy - should be studied.

Isoleucine had no effect as leucine acted on protein
metabolism

To evaluate if the found inhibitory effects were pro-
duced only by leucine supplementation or not, we re-
peated the experiments now treating the cells with iso-
leucine, and we analysed the expression of the proteins
above. The isoleucine supplementation did not alter the
expression of any proteins evaluated. Therefore, iso-
leucine had no effect as verified by leucine action (Fig-
ure 4). This results showed that our results were due to
the leucine supplementation and not found with other
BCAA.

Discussion

The muscle mass actively participates in the amino
acids balance, since no other organ can supply this de-
mand. Therefore, the spare offering amino acids can be
used as energetic substrates for the production of ATP
(2). Since our main research subject is the lean body
mass, we studied in this work whether, in adverse con-
ditions, especially related to catabolic process or ana-
bolic inhibition, the cells could respond better to leucine
treatment. Here, our results probably demonstrated that
C,C,, myotubes under inhibition of primary nucleus
of mTOR, the leucine treatment lonely could prevent
or minimise the catabolic process led by SMAD and
FoxO3 signalling.

The myotubes when in physiological homoeostasis
under anabolic and catabolic balance, the treatment with
leucine (in this case, working only one hour of leucine
exposure) these myotubes had no changes in cell signal-
ling related to synthesis process and even to catabolic
process. In an extensive review written by Saxton and
Sabatini, the mTOR signalling is the central core es-
sential to control cell metabolism related to basic cell
functions, such as protein synthesis, cell proliferation,
etc (28). mTOR (mechanistic or mammalian target of
rapamycin) is a serine/threonine kinase that controls
cell growth/activity in response to nutrients (in this
case referring especially to leucine), growth factors and
energy (9,29). Although there are several substrates of
mTORCI, evidence shows that 4EBP1 (eukaryotic initi-
ation factor 4E binding protein 1) and S6K 1 are the most
important substrates in promoting cell size increase, in-
ducing both cell growth/proliferation and protein syn-
thesis (30). Thus, phosphorylation of S6K (T389/S412)
in cells is routinely used as a reflex of the activity of this
mTORCI kinase (31). Many experiments have shown
that even leucine modulates mTOR phosphorylation,
that activation did not lead necessarily enhanced in pro-
tein synthesis (24,25). In our results, we did not find en-
hance in PI3K/AKT/mTOR by leucine supplementation
nor isoleucine in C,C , cells; these results were similar
to those found by Giron and colleagues (24). The au-
thors analysed myoblasts of rat skeletal muscles of the
L6.C11 lineage, which were treated with leucine, and
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Figure 4. Effects of isoleucine supplementation on protein expres-
sion involved in synthesis and degradation pathways. A) mTOR
phosphorylation and total ratio. B) p70S6K phosphorylation and
total ratio. C) SMAD2 phosphorylation and total ratio. D) FoxO3
phosphorylation and total ratio. E) Representative image from
Western Blot analysis. All blots were representative of three in-
dependent experiments in triplicates Statistical difference (a =P <
0.05 versus control; b = P < 0.05 versus isoleucine) was analysed
using Two-Way ANOVA followed by Bonferroni post-test.

verified that these myoblasts did not present a stimu-
lus for increased protein synthesis, attributing this fact
to the non-increased phosphorylation of AKT, mTOR
and 4EBP1. However, the authors found only increase
of p70S6K, as verified in this present work. Thus, even
modulating some signalling pathways, leucine did not
efficiently increase protein synthesis. Another study
demonstrated that 1.5 mM leucine, for 30 minutes, in-
creased the phosphorylation of mTOR, p70S6K and
4EBP1 in C,C,, under fetal-serum-free DMEM for 1
hour; and the authors verified no increase of phenyla-
lanine incorporation, revealing that phosphorylation of
these proteins was not sufficient to increase protein syn-
thesis (25).

In this way, we aimed to study whether leucine sup-
plementation could decrease the breakdown protein in
the mTOR-inhibited situation. For this, we observed
that the evaluation of expression of two transcriptional
proteins — SMAD and FoXO3 — showed some leucine
role in this process. FoxO3 is a transcription factor
phosphorylated by AKT, which inhibits its action. When
phosphorylated, FoxO3 is prevented from migrating to
the nucleus and therefore cannot activate protein degra-
dation (4,32). SMAD participates in the signalling path-
way of activin receptors (32). Again in control situation
(non-treated cells), the leucine appeared to maintain all
protein evaluated. However, when cells were treated
with rapamycin, both FoxO3 and SMAD were inhibited
when treated with leucine. Thus, it was possible to ob-
serve that the increase in the phosphorylation of FoxO3,
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due to the treatment with leucine and rapamycin, sug-
gests that leucine exerted an anti-proteolytic effect on
myotubes under the absence of mTOR. Although, in our
results, we observed no alteration in the subunits of the
ubiquitin-proteasome system. These results suggested
that even with decreased SMAD and FoxO, there was
no change in subunits of UPS but could affect any ubiq-
uitin ligases, such as MURF or atrogin or autophagy-
related genes.

To evaluate if the results were specific to leucine
supplementation, we repeated the all experiment now
treating the cells with isoleucine, another BCAA with
the same molar mass. The data showed no action of
this BCAA since we did not observe inhibition of the
SMAD and FoxO3a like as found under leucine sup-
plementation.

Taking all results together, we can conclude that leu-
cine could exert effects on protein degradation, when
under a stimulus (Figure 5). In a control situation,
leucine supplementation showed no effect on cellular
homoeostasis, maintaining proteins of cell signalling
under balance. When rapamycin inhibited the mTOR
in myotubes, it clearly altered the cell stability. When
dealing with a branched-chain amino acid, leucine, our
results indicated that leucine acted by shifting the cell
balance to a minimising the protein breakdown by inac-
tivating Foxo3a and SMAD pathway (Figure 5).

Thus, we believe that specifically, leucine can modu-
late signalling pathways related to protein synthesis and
also inhibition of protein degradation. Studies point out
that VPS34 can be involved in this process, as there is
a link between mTOR and VPS34 (20). Further studies
are now undergoing to find which protein is related to
inhibition of FoxO3a in parallel to the maintenance of
AKT or under modulation of the subunits of the ubiqui-
tin-proteasome pathway.
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