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Skeletal muscle
e (HMB), a leucine catabolite, has been shown to prevent exercise-induced
protein degradation and muscle damage. We hypothesized that HMB would directly regulate muscle-cell
proliferation and differentiation and would attenuate apoptosis, the latter presumably underlying satellite-
cell depletion during muscle degradation or atrophy. Adding various concentrations of HMB to serum-
starved myoblasts induced cell proliferation and MyoD expression as well as the phosphorylation of MAPK/
ERK. HMB induced differentiation-specific markers, increased IGF-I mRNA levels and accelerated cell fusion.
Its inhibition of serum-starvation- or staurosporine-induced apoptosis was reflected by less apoptotic cells,
reduced BAX expression and increased levels of Bcl-2 and Bcl-X. Annexin V staining and flow cytometry
analysis showed reduced staurosporine-induced apoptosis in human myoblasts in response to HMB. HMB
enhanced the association of the p85 subunit of PI3K with tyrosine-phosphorylated proteins. HMB elevated
Akt phosphorylation on Thr308 and Ser473 and this was inhibited by Wortmannin, suggesting that HMB acts
via Class I PI3K. Blocking of the PI3K/Akt pathway with specific inhibitors revealed its requirement in
mediating the promotive effects of HMB on muscle cell differentiation and fusion. These direct effects of HMB
on myoblast differentiation and survival resembling those of IGF-I, at least in culture, suggest its positive
influence in preventing muscle wasting.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Muscle growth in postnatal vertebrates is a highly regulated
process in which muscle progenitor cells (satellite cells) proliferate
and differentiate to form multinucleated myotubes which will
mature into new muscle fibers. In adults, the normally quiescent
satellite cells re-enter the myogenic program in response to
regenerative cues such as injury or exercise. This myogenic program
is governed, at least in part, by the muscle-specific basic helix–loop–
helix (bHLH) family of transcription factors [1,2]. Upon satellite cell
activation, the muscle-specific transcription factors are expressed in
a sequential pattern, with Myf5 and MyoD being expressed in the
proliferating progeny, followed by myogenin expression as the cells
enter differentiation [3–5]. Several signaling pathways have been
implicated in transducing growth factor effects on myoblast
proliferation, differentiation and survival. The mitogen-activated
protein kinase/extracellular signal-regulated protein kinase
(MAPK/ERK) pathway has been reported to inducing cell prolifera-
tion [6,7]. Conversely, the phosphoinositide 3′-kinase (PI3K)/Akt
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pathway has been reported to be play a major role in inducing cell
differentiation and hypertrophy [8,9]. In addition, Akt has been
previously shown to be involved in cell survival via inhibition of pro-
apoptotic proteins [10,11] and activation of anti-apoptotic proteins [12].

Although the number of satellite cells decreases to less than 5% in
mature adult skeletal muscle, they are the primary mediators of
muscle regeneration throughout life, implying that they can be
continuously renewed while maintaining the ability to generate
differentiated progeny and new myofibers [13–15]. Nevertheless, in
pathological conditions such as muscular dystrophies and cachexia, or
with age, there is a decline in the absolute number of satellite cells,
leading to muscle atrophy as well as a tremendous loss of myofibrillar
proteins from the skeletal muscle and decreased protein synthesis
[16–18]. Several reports have demonstrated that apoptosis is one of
the main reasons for satellite cell depletion in over exercised or aged
animals after injury [19,20], or during degeneration-regeneration
cycles in myopathies [21,22].

β-hydroxy β-methylbutyrate (HMB), a metabolite of the essential
branched-chain amino acid leucine, is produced endogenously in
small amounts and is one of the latest dietary supplements for the
promotion of gains in strength and lean body mass when associated
with resistance training [23–27]. Other studies have shown that HMB
is more beneficial in untrained individuals than in trained athletes
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[28–31]. The efficacy of HMB has also been demonstrated in
pathological conditions, where it has been reported to reduce muscle
wasting associated with muscular dystrophies, trauma and cancer
cachexia [30,32,33]. In the mdx mouse model of Duchenne muscular
dystrophy, HMB alone or in combinationwith corticosteroids has been
shown to improve muscle function and to decrease retroperitoneal
fat-pad deposition [32]. Nevertheless, HMB's mode of action, in
general and in muscle in particular, is still controversial. HMB may
provide a source of cytosolic HMG-CoA for cholesterol synthesis,
allowing a larger supply of cholesterol for cell membrane synthesis
and therefore, maintenance of sarcolemmal integrity [34]. Other
reports have shown that HMB reduces cancer-induced muscle weight
loss via attenuation of the ubiquitin–proteasome proteolytic pathway
[33,35,36], suggesting that HMB functions predominantly as an anti-
catabolic, rather than anabolic compound. However, a recent study
Fig. 1. Effect of HMB on labeled-thymidine incorporation into DNA in primary cultures of m
serum-starved for 40 h followed by addition of HMB at various concentrations for 17 h, after
replicates of three different experiments. (C) MyoD mRNA expression in response to variou
expression levels were evaluated by semi-quantitative RT-PCR analysis using 18S as an intern
Densitometry analyses for MyoD levels normalized to 18S (C, upper panel) or toα-tubulin (D
(E) and human (F) cultures was determined by Coulter counter after 24-hour incubation. V
has shown that in cultured mouse cachectic myotubes, HMB
stimulates protein synthesis via the mTOR pathway, in addition to
attenuating the depression in protein synthesis induced by the
proteolysis-inducing factor [37]. In other cell systems, HMB has been
shown to have direct effects on cell proliferation and function [38,39].
Together, these reports led us to hypothesize that HMB, in addition to
protecting the muscle from degradation, also has a direct promotive
effect on myogenesis in adult muscle.

HMB has been shown to reduce muscle atrophy and increase
muscle hypertrophy by inhibiting muscle degradation [27]. However,
its direct effect on myogenic processes has never been studied. Here
we examined the effect of HMB on proliferation, differentiation and
fusion, as well as on the survival of muscle cell cultures derived from
non-mammalian and mammalian species. We show that it induces
myoblast proliferation and that the MAPK/ERK pathway is required
yoblasts derived from 3-day-old chick (A) or in human CHQ myoblasts (B). Cells were
which [3H]thymidine was added for an additional 4 h. Results are means±s.e.m. of six
s concentrations of HMB in chicken myoblasts. Cells were treated as in (A) and mRNA
al control (lower panel). (D) MyoD protein expression in response to HMB in CHQ cells.
, upper panel) are presented as fold induction relative to control. Cell number in chicken
alues marked with different letters are significantly different (Pb0.05).



Fig. 2. HMB increases markers of myogenic differentiation. One-day primary cultures of
chicken (A) or human (CHQ) myoblasts (B) were incubated in the absence or presence
of HMB at various concentrations for 24 h, and protein expression levels of myogenin,
MEF2 and MHC were analyzed by western blot. α-tubulin bands represent quantity of
protein loaded. (C) Dose-dependent induction of IGF-I mRNA levels in response to HMB
in chicken myoblasts. Cells were treated as in (A) and mRNA expression levels were
evaluated by semi-quantitative RT-PCR analysis using 18S as an internal control (lower
panel) followed by densitometry analysis for IGF-I normalized to 18S (upper panel).
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for this effect. Moreover, HMB reduces muscle cell apoptosis triggered
by cell starvation or staurosporine. The HMB-induced PI3K-dependent
Akt phosphorylation is required for HMB's promotive effect on
differentiation of myoblasts and myotube fusion. HMB triggers the
synthesis of (insulin-like growth factor-I (IGF-I) mRNA, suggesting
that the initial effects of HMB are boosted later on by IGF-I. Taken
together, these data suggest that HMB has a beneficial effect on adult
skeletal muscle, both during normal growth and under stress
conditions.

2. Materials and methods

2.1. Materials

HMB was purchased from Metabolic Technologies Inc. Media and
sera were obtained from Invitrogen and Biological Industries,
respectively. Staurosporin was obtained from Sigma and UO126,
Wortmannin and Ly294002 were purchased from Calbiochem.

2.2. Cell preparation and maintenance

Human myoblasts (satellite cells) were isolated as described
previously [40] from the quadriceps muscle of a 5-d-old infant
(termed here CHQ) in accordance with the French legislation on
ethical rules and standards. Cells were grown in Ham's F10 medium
supplemented with 20% (v/v) fetal bovine serum (FBS). Chicken
myoblasts were isolated from the pectoralis muscle of 3-day-old
chicks as previously described [41], under the approval of the Animal
Welfare Committee of the Faculty of Agricultural, Food and Environ-
mental Quality Sciences at the Hebrew University of Jerusalem. Cells
were grown in DMEM containing 10% (v/v) horse serum. The mouse
myogenic cell line C2 [42] was grown in 20% FBS-containing DMEM.
All cells were maintained in 5% CO2. For cell proliferation assays, cells
were counted daily using a Coulter counter (Coulter Electronics).

2.3. Thymidine incorporation

DNA synthesis was assessed by [3H]thymidine incorporation as
previously described [41]. [3H]thymidine (New England Nuclear) was
added (2 μCi/well) for 4 h of incubation. Radioactivity in dissolved
precipitateswas counted using a Tri-Carb 1600CA scintillation counter
(Packard). Equal plating efficiency was verified by determining cell
numbers in parallel wells.

2.4. RNA preparation and RT-PCR

Total RNA was prepared using TRIzol™ Reagent (Invitrogen). Total
RNA (1 μg) was reverse-transcribed into cDNA using random primers
and SuperScript reverse transcriptase (Invitrogen). PCR was then
performed using Taq DNA polymerase (Fermentas) for the following
primers: 18S (F)—5′-CGA TGC TCT TAA CTGAGT GT-3′, 18S (R)—5′-TCA
GCT TTG CAA CCA TAC TC-3′ (419 bp), MyoD (F)—5′-CGT GAG CAG
GAG GAT GCA TA-3′, MyoD (R)—5′-GGG ACA TGT GGA GTT GTC TG-3′
(280 bp), IGF-I (F)—5′-GTA TGT GGA GAC AGA GGC TTC-3′, and IGF-I
(R)—5′-TTT GGC ATA TCA GTG TGG CGC-3′ (200 bp). Thirty-five cycles
(MyoD, IGF-I) or 20 cycles (18S) of amplification were performed,
each consisting of 1 min at 94 °C, 1 min at 55 °C, and 1 min at 72 °C,
followed by a final 10-minute extension at 72 °C. 18S was used as an
internal control to normalize the sample mRNA amounts. PCR
products were separated by electrophoresis and bands were visua-
lized by video camera (Dinco-Ranium).

2.5. Immunoprecipitation and western blot analysis

Cells were extracted with lysis buffer as described in [43] and
lysates were cleared by centrifugation. Equal amounts of proteinwere
immunoprecipitated withmonoclonal anti-phosphotyrosine antibody
(anti-pTyr, Upstate Biotechnology). The immunopellets were resus-
pended in SDS-PAGE sample buffer under reducing conditions and
subjected to electrophoresis and western blot analysis. Equal amounts
of protein were loaded and resolved by 7.5% (w/v) SDS-PAGE, then
transferred to nitrocellulose membranes (Biorad). After blocking, the
membranes were incubated with the following primary antibodies:
polyclonal anti-PI3K p85 pan (BD Biosciences), anti-phospho-MAPK/
ERK, anti-MAPK/ERK, anti-phospho-Akt and anti-Akt (Cell Signaling),
anti-MyoD, anti-MEF2 (Santa Cruz), monoclonal anti-myosin heavy
chain (MHC; MF20) (Hybridoma Bank), anti-Bcl-2, anti-BAX (BD
Pharmingen) and monoclonal anti-α-tubulin antibody (Oncogene).

2.6. Immunofluorescence analysis

Cells were fixed in 2% (w/v) paraformaldehyde for 15 min at room
temperature. After blocking in 5% (v/v) goat serum, cells were
incubated with the primary antibodies for 17 h at 4 °C, followed by
washes in PBS and incubationwith the secondary antibody for 30min.
The primary antibodies were: MF20 (1:10), rabbit anti-human Bcl-X
(1:50) and rabbit anti-human Bcl-2 (1:200) (Epitomics). Secondary
antibodies conjugated to either fluorescein-isothiocyanate (FITC)
(Jackson Immuno Research) or Alexa-594 (Molecular Probes) were
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used for labeling. Nuclei were counterstained with Hoechst 33258
(Sigma).

2.7. Fusion assays

Fusion was analyzed by nuclear number assays as described by
Horsley et al. [44]. The number of nuclei in individual myotubes was
counted for 600–700 myotubes and these were grouped into
categories of either expressing two to four, or five or more nuclei.
The percentage of myotubes in each category was calculated.

2.8. Flow cytometry analysis

Apoptosis was induced by adding 0.5 μM staurosporine (Sigma) to
the proliferation medium for 16 h. Cells were collected, stained with
Annexin-V-FITC (BD Pharmingen) and propidium iodide (PI, Mole-
cular Probes), and analyzed by flow cytometry using a FacsCalibur and
CellQuest software (Becton Dickinson). Percentage of apoptotic cells
was defined by Annexin-V+PI− gated cells (adapted from Vermes et
al. [45]). Annexin-V is a Ca2+-dependent, phospholipid-binding
protein that has a high affinity for phosphatidyl serine (PS) and
binds to cells with exposed PS [45].

2.9. Statistical analysis

Data were subjected to one-way ANOVA and to Student's t-test or
Tukey–Kramer test (for fusion analysis), using JMP® software [46].

3. Results

3.1. HMB promotes muscle cell proliferation

Chicken and human CHQ primary myoblast cell cultures, repre-
senting non-mammalian and mammalian species, were rendered
quiescent by placing them in serum-free medium for 40 or 48 h for
chick and human cells, respectively. We have previously shown that
this type of starvation does not induce myogenic differentiation and
that cells can be driven back into the cell cycle in the presence of
mitogens [42,47]. HMB was then added at various concentrations for
17 h, followed by thymidine labeling for an additional 4 h. In both cell
cultures, HMB increased the incorporation of thymidine into DNA by
more than 2.5-fold relative to untreated control cells (Fig. 1A, B). Its
effect was dose-dependent in chicken cells (Fig. 1A), whereas in the
CHQ cells, a sharp peak was observed at 50 μg/ml HMB (Fig. 1B)
(Pb0.05). The mRNA level of the muscle regulatory factor, MyoD,
which is upregulated in activated satellite cells, was elevated in
Fig. 3. Immunofluorescence staining for MHC expression in muscle cells treated with HMB. M
or without various concentrations of HMB or with IGF-I and immunostained for MHC. Contro
7.5 ng/ml IGF-I (F). Bar, 20 μM for A, B, C, 40 μM for D, E, F.
response to the addition of HMB in a dose-dependent manner in
chicken cells (Fig. 1C). In CHQ cells, the pattern of MyoD protein
accumulation in response to HMB paralleled that of thymidine
incorporation (Fig. 1D). Cell number increased dose-dependently
in response to HMB in both cell cultures after 24 h of incubation
(Fig. 1E, F). In CHQ cells, a significant reduction in cell number was
observed at 200 μg/ml HMB (Fig. 1F).

The effect of HMB on cell proliferation was tested in myoblasts
derived from 3-day-old chicks, in which proliferation activity is
highest, and 7-day-old chicks when most of the proliferating
myoblasts have undergone differentiation and myoblast proliferation
and number have markedly declined [41]. As expected (Fig. 1A), in 3-
day-old chicks, HMB affected thymidine incorporation in a dose–
response manner. However, in 7-day-old chicks, cells were more
sensitive to HMB and a maximal effect was observed at 5 μg/ml HMB
(1000±120 vs. 2600±400 CPM for 0 and 5 μg/ml HMB, respectively,
Pb0.05). Thymidine incorporation declined at higher concentrations
of HMB (data not shown).

3.2. HMB promotes cell differentiation and fusion

Addition of various concentrations of HMB to serum-starved
chicken primary myoblasts for 24 h enhanced the protein levels of
the muscle differentiation factors myogenin and MEF2 (Fig. 2A) in a
dose-responsive manner, with the highest levels being observed at
100 μg/ml HMB. Similarly, MHC protein levels were induced in
these cells as well as in CHQ myoblasts in response to HMB
addition (Fig. 2A, B). The mRNA expression levels of IGF-I were dose-
dependently inducedbyHMBup to nearly twofold compared to control
untreated cells (Fig. 2C). HMB's potential role in the initial events of cell
fusion was analyzed as early as 24 h of incubation by immunofluor-
escence analysis with an antibody against MHC in human CHQ cells, as
well as in themousemyogenic cell line, C2. In the case of C2,most of the
control cells that expressedMHCweremononuclear (84.3±0.03%, Fig.
3A). In the presence of higher concentrations of HMB, myotubes
containing two and more nuclei were observed (Fig. 3B, C). Quantita-
tion analysis of the number of nuclei in individual myotubes
revealed a significant elevation in the percentage of myotubes con-
taining two to four nuclei in response to HMB (11.6 ± 0.03%, 33.4±
0.02%, 30.6±0.01% for 0, 20, 50 μg/ml HMB, respectively, Pb0.05).
The number of myotubes containing five or more nuclei was highest
in the presence of 50 μg/ml HMB (6.1±0.02% vs. 38.4±0.03% for 20
and 50 μg/ml HMB, respectively, Pb0.05).

Control CHQ cells expressed MHC but remained small and
mononuclear (96.7±0.03%, Fig. 3D), while in the presence of
100 μg/ml HMB (Fig. 3E) or 7.5 ng/ml IGF-I (Fig. 3F), larger MHC-
ouse C2 cells (A–C) and human CHQ cells (D–F) were treated as described in Fig. 2 with
l, untreated cells (A, D), 20 μg/ml HMB (B), 50 μg/ml HMB (C), 100 μg/ml HMB (E) and



Fig. 4. HMB reduces muscle cell apoptosis. (A) C2 cells were serum-starved for 48 h, after which DMEMwas replaced with fresh medium in absence (a) or presence of 20 μg/ml (b)
and 50 μg/ml (c) HMB for an additional 24 h. DNA nuclei were stained with Hoechst dye. Note the fragmented/apoptotic nuclei (arrows) vs. the intact ones in control and HMB-
treated cells, respectively. (B) Apoptotic nuclei were counted and data are presented as a percentage of total nuclei. Values are expressed as means±s.e.m. of three independent
experiments in which more than 700 cells were examined. Values marked with different letters are significantly different (Pb0.05). (C) Human CHQ myoblasts were induced to
apoptosis with staurosporine (STP; 0.5 μM) in the absence or presence of HMB. After 6 h cells were stained with FITC-conjugated Annexin-V and PI. Percentage of Annexin-V/PI-
stained cells was determined by flow cytometry and this figure represents one of the HMB concentrations. The dot plot was divided into quadrants: necrotic cells (upper left), early
necrotic cells (upper right), living cells (lower left), and apoptotic cells (lower right). Graph demonstrates the number of apoptotic cells (lower right) in each treatment compared to
that of control cells treated with staurosporine alone (D). Values are expressed as means±s.e.m. of three independent experiments. ⁎Pb0.05 vs. control, untreated cells.
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expressing cells were observed, some of which fused into myotubes
containing two or more nuclei (2.9+0.01%, 9.9+0.01%, 10.4+0.02%
for 0, 100 μg/ml HMB and IGF-I, respectively, Pb0.05).

3.3. Effects of HMB on cell survival

One of the ways in which HMB may improve muscle growth and
more importantly, prevent muscle atrophy, is by enhancing muscle
cell survival and inhibiting apoptosis. To address this hypothesis,
apoptosis was induced by means of serum starvation or staurosporine
addition in C2 and CHQ cells, respectively. Previous studies have
shown the apoptotic effect of serum starvation in myoblasts [48,49].
C2 cells were serum-deprived for 48 h, after which HMB was or was
not added to the cells for an additional 24 h under the same
conditions. Cytochemical labeling of nuclei with Hoechst dye revealed
that HMB prevents the appearance of pycnotic nuclei (apoptotic
nuclei), the latter being observable only in the control serum-starved
cells (Fig. 4A). Quantitation analysis revealed that the percentage of
apoptosis, represented as the percent of pycnotic nuclei out of total
Fig. 5. Expression levels of pro- and anti-apoptotic proteins are affected by HMB inmuscle cel
and cells were treated with or without HMB (200 μg/ml). Bcl-2 and Bcl-X were analyzed by
analysis for Bcl-2 and BAX proteins in serum-starved C2 cells. Cells were serum-starved for 48
α-tubulin bands represent quantity of protein loaded.
nuclei (20.3±0.02% in control cells), was decreased byHMB in a dose-
responsive manner being almost threefold lower than controls at
50 μg/ml (Fig. 4B). Human CHQ cells were grown for 1 day in medium
containing 20% FBS after which HMB was added at various
concentrations for 10 h followed by the addition staurosporine
(0.5 μM) to induce apoptosis. Cells without the addition of
staurosporine served as controls. Cell death or apoptosis was
evaluated after 6-hour incubation by flow-cytometry analysis using
PI staining and an antibody to Annexin-V. Annexin-V conjugated to
fluorescein isothiocyanate (FITC) fluorochrome retains its high affinity
for PS and can therefore serve as a sensitive probe for the flow-
cytometric detection of cell death. A typical flow-cytometric plot of
CHQ cells labeled with Annexin and PI is shown in Fig. 4C. Four
different subpopulations of cells were detected: non-fluorescent
viable cells (Fig. 4C, lower left panels), apoptotic cells labeled with
Annexin-FITC, but not with PI (Fig. 4C, lower right panels), early
necrotic cells labeled with Annexin-FITC and PI (Fig. 4C, upper right
panels), and cells labeled with PI but not with Annexin-FITC,
representing fully necrotic cells (Fig. 4C, upper left panels). In Fig.
ls. Apoptosis was induced in CHQmyoblasts by staurosporine (STP) as described in Fig. 4
immunofluorescence analysis and nuclei were stained with DAPI (A). (B) Western blot
h (zero time) then treated with 10 or 20 μg/ml HMB for an additional 24 h (24 h time).



Fig. 6. The MAPK/ERK pathway mediates the HMB promoting effect on muscle cell proliferation. Serum-starved C2 cells (A) or CHQ myoblasts (B) were stimulated with various
concentrations of HMB for 12 min. Cell lysates were resolved by SDS-PAGE and subjected to immunoblotting with anti-phospho-ERK1/2 antibody. The specificity of this induction is
demonstrated in C2 cells by UO126 (UO, 10 μM) treatment 30 min prior to HMB (20 μg/ml) addition. Parallel membranes were probed with anti-total ERK1/2 and anti-total Akt
antibodies. Upper panels: representativewestern blot analysis of MAPK/ERK phosphorylation. Lower panels: bands were quantified by densitometry relative to total MAPK/ERK and
results are means±s.e.m. of three independent experiments. Data with different letters differ significantly (Pb0.05). Thymidine incorporation into DNA (D) and cell numbers (E) of
C2 cells were tested in the presence of 100 μg/ml HMB without or with 10 μM UO126 (+UO). Cells were treated as described in Fig. 1. Results are means±s.e.m. of six replicates of
three different experiments. Data with different letters differ significantly (Pb0.001).
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4D, the percentage of apoptotic CHQ cells treated with increasing
concentrations of HMB was normalized to that of cells treated with
staurosporine alone (0) representing 100% (calculations included cells
that were found in the lower right panels). The percentage of
apoptosis was reduced by HMB in a dose-dependent manner, by
more than 30% at 200 μg/ml HMB; however, higher concentrations of
this compound reversed the effect, with the percentage returning to
control levels.

Next, we evaluated the expression levels of the Bcl-family
members which play a role in the immediate events of the apoptotic
response. CHQ cells were either treated or not treated with 200 μg/ml
HMB for 24 h, after which the medium was replaced with fresh
medium containing HMB (200 μg/ml) in a similar manner for an
additional 4 h, followed by the addition of staurosporine (0.5 μM) to
all plates to induce apoptosis. After 4 h of incubation with
staurosporine, cells were subjected to immunofluorescence analysis
for Bcl-2 and Bcl-X. Both proteins were widely expressed in cells
incubated in the presence of staurosporine and HMB, whereas their
expression was low in the presence of staurosporine alone (Fig. 5A).
Quantitative analysis of two independent experiments revealed that
the percentage of cells expressing Bcl-2 or Bcl-X out of the total
number of cells increased from 22 to 49% and from 42.9 to 77.9%,
respectively, in the presence of HMB. A similar trend was observed in
serum-starved C2 cells: whereas Bcl-2 protein levels declined in the
untreated cells from 48 to 72 h of serum deprivation, 20 μg/ml HMB
prevented this decline (Fig. 5B, compare time zero and 24 h). A lower
level of HMB had no effect on Bcl-2 levels. Conversely, the level of BAX,
an apoptosis-promoting molecule, was lower in the HMB-treated cells
compared to controls (Fig. 5B).

3.4. The MAPK/ERK and PI3K/Akt signaling pathways are induced
by HMB

In view of our results, we sought to determine whether HMB
induces signaling pathways such as those of MAPK/ERK and PI3K/Akt.
Serum-starved cells were incubated with various concentrations of
HMB for 12 min followed by western blot analysis for phosphorylated
and total MAPK/ERK proteins. MAPK/ERK phosphorylation was dose-
dependently induced in the chicken (Fig. 6A) and C2 cells (Fig. 6B) and
this phosphorylation was abolished in the presence of a MEK-specific
inhibitor UO126 (Fig. 6B). Similarly in CHQ cells, MAPK/ERK
phosphorylation was induced by increasing concentrations of HMB,
peaking at 50 μg/ml (Fig. 6C). To test whether the ERK/MAPK
pathway mediates HMB's effects on muscle cell proliferation, serum-
starved C2 cell were treated with 100 μg/ml HMB with or without
UO126 that was added 30 min prior to HMB addition. Thymidine
incorporation into DNA (Fig. 6D) and number of cells (Fig. 6E) were
evaluated after 17 and 24 h, respectively. In both cases, addition of
UO126 to HMB-treated cells abolished the promoting effect of HMB on
cell proliferation.



Fig. 7. The PI3K/Akt pathway is induced by HMB. Akt phosphorylation of serum-starved C2 (A) and human myoblasts (B) in response to various concentrations of HMB for 12 min.
Akt phosphorylation was analyzed by western blot with an anti-phospho-Akt (Ser473) (S473P-Akt) antibody followed by densitometric analysis normalized to levels of α-tubulin.
Data with different letters differ significantly (Pb0.05). (C) Analysis of Akt phosphorylation at amino acid residues Thr308 (T308P-Akt) and Ser473 in C2 cells in the presence of
various concentrations of HMB, with or without Wortmannin (100 nM) for 12 min. (D) A western blot analysis for MHC in C2 cells treated for 24 h with 100 μg/ml HMB without
(HMB) or with Ly294002 (25 μM, Ly). C, control non-treated cells. (E) Recruitment of p85α and p85β isoforms of PI3K to tyrosine-phosphorylated proteins (p-Tyr) in response to
HMB (20 μg/ml). Serum-starved C2 cells were harvested with lysis buffer and subjected to immunoprecipitation (IP) with anti-pTyr antibody. Immunoprecipitates were resolved by
7.5% SDS-PAGE and subjected to immunoblotting with anti-p85 pan antibody. Protein quantity is represented by western blot for total Akt in cell lysates.
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In serum-starved C2 cells, Akt phosphorylation on amino acid
Ser473was upregulated after 12min of incubationwith HMB in a bell-
shaped manner, to approximately sixfold more than control levels at
20 μg/ml HMB (Fig. 7A). Akt phosphorylation was induced in CHQ
cells in a dose-dependent manner (Fig. 7B). HMB induced the
phosphorylation of Akt phosphorylation sites, Ser473 and Thr308,
both of which are required for full kinase activity (Fig. 7C) [50,51]. This
phosphorylation was completely abolished in the presence of the
specific PI3K inhibitor Wortmannin (100 ng/ml). To test whether Akt
phosphorylation is required for HMB's stimulatory effect on myoblast
differentiation and fusion initiation, C2 myoblasts or myotubes were
treated with 50 μg/ml HMB for 24 h with or without Ly294002, a
stable PI3K inhibitor, which was added 30 min prior to the HMB
addition. A western blot analysis for MHC revealed that Ly294002
addition prevented the HMB-induced MHC levels in C2 cells (Fig. 7D).
Quantitation analysis of the number of nuclei in individual myotubes
revealed that Ly29004 treatment prevents the elevation in the
percentage of myotubes containing two to four nuclei in response to
HMB (30.4±0.17% and 1.7±0.01% for 50 μg/ml HMB alone or with
Ly294002, respectively, Pb0.05), and more than 95% of the cells
remained in their mononuclear state.

To analyze whether HMB is involved in the activation of Class I
PI3K, C2 cells were treated with or without 20 μg/ml HMB for various
times and cell lysates were subjected to immunoprecipitation with
anti-pTyr antibody. Western blot analysis with anti-p85 pan antibody,
which reacts with all isoforms of endogenous p85, revealed that HMB
induces the association of both p85α and p85β isoforms with
tyrosine-phosphorylated proteins (Fig. 7E).

4. Discussion

HMB has been suggested to influence muscle strength via various
mechanisms, such as decreasing protein degradation [27] and
attenuating the proteosome–ubiquitin degradation pathway [35,36]
on the one hand, and increasing protein synthesis [37] on the other. In
this study, we provide the first report of HMB's positive influence on
muscle via the promotion of proliferation and differentiation, the
acceleration of fusion, and the reduction of apoptosis in adult
myoblast cultures.

Direct addition of HMB to primary cultures of chicken and human
muscle cells, revealed its ability to stimulate cell proliferation. In both
species, the expression levels of MyoD, a marker for activated satellite
cells [3–5], thymidine incorporation by DNA and cell numbers were
increased in response to HMB. This is in complete agreement with
previous reports describing the mitogenic effect of HMB in other cell
types [38,39]. Although our cells were derived from young chick and
human skeletal muscles, they were rendered quiescent in order to
mimic their state in adult skeletal muscle. Moreover, following HMB
treatment, we observed enhanced proliferation of chicken myoblasts
derived from older chicks, in which satellite cell activity was very low
[41,52]. Taken together, our findings suggest that, at least in culture,
HMB has the ability to drive quiescent adult myoblasts into the cell
cycle, thus acting as a mitogen in these cells, regardless of the animal's
age. The differential response of human and chicken cells to HMB
suggests this mitogen's species-specific effect.

In addition to its mitogenic effect, HMB promoted terminal
muscle-cell differentiation and fusion. HMB increased in a dose-
dependant manner the protein levels of myogenic regulatory factors,
MEF2 as well as of MHC, and accelerated the appearance of myotubes.
This was evident in myoblasts derived from both chick and human
primary cell cultures, as well as in the C2 mouse cell line. HMB's effect
on muscle cell differentiation has also been observed in in-vivo
studies: administration of HMB to chick embryos by in-ovo feeding
enhances the expression levels of myogenic regulatory factors
in muscles of posthatch chicks relative to untreated controls
(R. Kornasio, Z. Uni and O. Halevy, unpublished). The fact that HMB
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triggered increased expression of IGF-I mRNA in primary chick
myoblasts raises the possibility of its affecting myoblast differentia-
tion via locally expressed IGF-I induction; this would induce the
expression of interleukin-4 and interleukin-13 [53], thereby promot-
ing cell fusion. This muscle-produced isoform of IGF-I is known for its
induction of muscle cell differentiation and hypertrophy [54].

The finding that proliferation and differentiation are induced by
24-hour treatment with HMB has been reported for other factors, such
as Shh [47]. Our explanation for this phenomenon is that the 2-day
starvation of myoblasts causes their withdrawal from the cell cycle,
but in a reversible manner. At the same time, this starvation period
renders some of the cells more prone to differentiation cues (perhaps
the cells that initiated this process beforehand). This implies an
heterogeneous population of muscle cells, in particular in the case of
the primary ones. Previously, we reported that primary myoblasts
derived from chicks at various ages, differ in their capacity to
proliferate or differentiate [52,55] Because HMB stimulates both
processes, some cells will proliferate better, whereas others will start
to differentiate in response to this amino acid.

Apoptosis is considered to be one of the mechanisms involved in
satellite cell depletion in cases such as trauma and aging, or during
degeneration–regeneration cycles in myopathies [19–22], thereby
contributing to an impaired skeletal muscle regeneration response. In
this study, we demonstrate that HMB reduces staurosporine- or
starvation-induced apoptosis in cultured human myoblasts and
mouse C2 cells, respectively. The number of apoptotic cells was
reduced in the presence of HMB and these cells exhibited higher levels
of the anti-apoptotic proteins Bcl-2 and Bcl-X and lower levels of the
pro-apoptotic protein BAX. These proteins, all of which belong to the
Bcl-2 family, regulate apoptosis by controlling mitochondrial integ-
rity: the anti-apoptotic proteins sequester the pro-apoptotic ones,
thereby preventing permeabilization of the outer mitochondrial
membrane and subsequent activation of downstream caspases [56].
Taken together, the beneficial effect of HMB on muscle strength and
function in cases of muscle injury or wastage in trauma or cachexia
[32–36,57] might be explained in part by its protection of satellite cells
from depletion by apoptosis.

The signaling pathways via which HMB, a leucine catabolite, exerts
its effects are not fully understood. In this study, we demonstrate for
the first time the promotive effect of HMB on MAPK/ERK and Akt
phosphorylation and the requirement of these pathways to mediate
its effects, as demonstrated by employing specific inhibitors. Our
results suggest that the MAPK/ERK pathway mediates HMB's effects
on myoblast proliferation (Fig. 6D, E), in agreement with earlier
reports [6,7,47]. By blocking the PI3K/Akt pathway with specific
inhibitors, we demonstrate that this pathway is required in mediating
the promotive effects of HMB on both, muscle cell differentiation and
fusion acceleration. The crucial role of Akt in myogenic differentiation
and hypertrophy has been previously demonstrated [8,9]. Moreover,
Akt has been shown to phosphorylate pro-apoptotic proteins and to
activate Bcl-2 expression [10–12], thus preventing apoptosis.

Recently, HMB has been reported to induce protein synthesis in
C2C12 myotubes via the mTOR/p70S6k pathway [37], a feature that is
shared with leucine [58]. Recent studies have reported that a class III
PI3K, human vacuolar protein sorting-34 (hVps34), mediates the
amino acid activation of mammalian target of rapamycin (mTOR) and
its downstream molecules, which is distinct from the effect of insulin,
which acts through class I PI3K [59,60]; these findings led Drummond
and Rusmussen [61] to conclude that leucine acts via the class III and
not class I PI3K pathway. Yet, one study has demonstrated that leucine
phosphorylates class I PI3K although no effects on its downstream
target, Akt were observed [62]. Our findings indicate that HMB
transduces its signal via class I PI3K pathway: HMB enhances the
recruitment of p85, the regulatory subunit of class I PI3K, to tyrosine-
phosphorylated proteins and fully activates Akt by inducing phos-
phorylation on both, Thr307 and Ser473 [50,51]; this latter phosphor-
ylation is inhibited by Wortmannin, a specific PI3K inhibitor. This
distinction may give an additional explanation to the suggestion of
HMB being more potent than leucine in preventing muscle degrada-
tion [35–37]. We cannot rule out the possibility that HMB transduces
its signal also via hVps34 and activates the mTOR/p70S6k pathway in
a manner similar to other amino acids. However, due to the notion
that other amino acids signal directly to mTOR independent of the Akt
signaling pathway [59–62], we believe that HMB acts predominantly
via the class I PI3K/Akt pathway rather than the class III PI3K pathway.

The effects of HMB, at least in culture, on myoblast proliferation
and differentiation, as well as on apoptosis in adults, resemble those of
IGF-I. IGF-I has been reported to prevent muscle atrophy and wastage
[63], ameliorate muscle mass and force generation, and reduce
contraction-induced damage in muscles of dystrophic mdx mice
[64,65]. Although it is conceivable that HMB affects differentiation via
IGF-I, its effect is more likely to be direct. First, HMB's effect on cell
morphology and fusion was similar to that of IGF-I at the same time
point (Fig. 3F). Second, it had an immediate effect on Akt
phosphorylation (Fig. 7A, B) and on recruitment of p85 (Fig. 7E) but
not insulin receptor substrate-1 (IRS-1, data not shown) to Tyr-
phosphorylated proteins, suggesting the recruitment PI3K to some
other tyrosine-phosphorylated signaling complex. Because HMB
elevated IGF-I mRNA levels, we suggest that HMB has an immediate
direct effect on muscle cell differentiation and survival and that these
effect may be boosted later on via IGF-I secretion from these cells. Our
findings show a bell-shaped pattern for HMB's effects in all muscle
cells and in particular in humanmyoblasts. This resembles the activity
pattern of other growth factors, due to down-regulation and
internalization of their receptors. Although we do not know of any
specific receptor for HMB, we speculate that the bell-shaped activity
pattern indicates the existence of one.

In myopathies, the leading cause of satellite cell apoptosis as well
as muscle deterioration is continuous degeneration–regeneration
cycles in the damaged muscles [22,23]. Therefore, we believe that
the promotive effects shown here of HMB on muscle cell proliferation
and fusion, as well as on cell survival, together with its previously
demonstrated anti-catabolic effects [33,35,36], justify this supplement
as a therapeutic strategy to prevent muscle loss in myopathies as well
as in aging, trauma and cancer cachexia.
Acknowledgements

We thank Bruce Paterson for the anti-chicken myogenin antibody.
This study was supported by a grant from the EEU 6th Framework
Program Network of Excellence MYORES (contract 511978), the AFM
(Association Française contre les Myopathies), INSERM, University
Pierre et Marie Curie, the ARCUS Région Ile de France/Ministère des
Affaires Etrangères/UPMC, and the Capes-Cofecub and FIOCRUZ/
INSERM joint programs.
References

[1] F. Naya, E.N. Olson, Mef2: a transcriptional target for signaling pathways
controlling skeletal muscle growth and differentiation, Curr. Opin. Cell. Biol. 11
(1999) 683–688.

[2] H. Weintraub, The MyoD family and myogenesis: redundancy, networks, and
thresholds, Cell 75 (1993) 1214–1241.

[3] R.N. Cooper, S. Tajbakhsh, V. Mouly, G. Cossu, M. Buckingham, G.S. Butler-Browne,
In vivo satellite cell activation via Myf5 and MyoD in regenerating mouse skeletal
muscle, J. Cell. Sci. 112 (1999) 2895–2901.

[4] D.D.W. Cornelison, B. Wold, Single-cell analysis of regulatory gene expression in
quiescent and activated mouse skeletal muscle satellite cells, Dev. Biol. 191 (1997)
270–283.

[5] Z. Yablonka-Reuveni, B. Paterson, MyoD and myogenin expression patterns in
cultures of fetal and adult chicken myoblasts, J. Histochem. Cytochem. 49 (2001)
455–462.

[6] N.C. Jones, Y.V. Fedorov, R.S. Rosenthal, B.B. Olwin, ERK1/2 is required formyoblast
proliferation but is dispensable for muscle gene expression and cell fusion, J. Cell
Physiol. 186 (2001) 104–115.



763R. Kornasio et al. / Biochimica et Biophysica Acta 1793 (2009) 755–763
[7] S.A. Coolican, D.S. Samuel, D.Z. Ewton, F.J. McWade, J.R. Florini, The mitogenic and
myogenic actions of insulin-like growth factors utilize distinct signaling pathways,
J. Biol. Chem. 272 (1997) 6653–6662.

[8] B.H. Jiang, M. Aoki, J.Z. Zheng, Z. Li, P.K. Vogt, Myogenic signaling of
phosphatidylinositol 3-kinase requires the serine kinase Akt/protein kinase B,
Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 2077–2081.

[9] C. Rommel, S.C. Bodine, B.A. Clarke, R. Rossman, L.Nunez, T.N. Stitt, G.D. Yancopoulos,
D.J. Glass, Mediation of IGF-1-induced skeletal myotube hypertrophy by PI(3)K/
Akt/mTOR and PI(3)K/Akt/GSK3 pathways, Nat. Cell. Biol. 11 (2001) 1009–1013.

[10] M.H. Cardone, N. Roy, H.R. Stennicke, G.S. Salvesen, T.F. Franke, E. Stanbridge, S.
Frisch, G.C. Reed, Regulation of cell death protease caspase-9 by phosphorylation,
Science 282 (1998) 1318–1321.

[11] S.R. Datta, H.T.X. Dudek, X. Tao, S. Masters, H. Fu, Y. Gotoh, M.E. Greenberg, Akt
phosphorylation of BAD couples survival signals to the cell-intrinsic death
machinery, Cell 91 (1997) 231–241.

[12] S. Pugazhenthi, A. Nesterova, C. Sable, K.A. Heidenreich, L.M. Boxer, L.E. Heasley,
J.E. Reusch, Akt/protein kinase B up-regulates Bcl-2 expression through cAMP-
response element-binding protein, J. Biol. Chem. 275 (2000) 10761–10766.

[13] P.S. Zammit, L. Heslop, V. Hudon, J.D. Rosenblatt, S. Tajbakhsh, M.E. Buckingham,
J.R. Beauchamp, T.E. Partridge, Kinetics of myoblast proliferation show that
resident satellite cells are competent to fully regenerate skeletal muscle fibers,
Exp. Cell. Res. 281 (2002) 39–49.

[14] J. Dhawan, J.T.A. Rando, Stem cells in postnatal myogenesis: molecular mecha-
nisms of satellite cell quiescence, activation and replenishment, Trends Cell. Biol.
15 (2005) 666–673.

[15] X. Shi, D.J. Garry, Muscle stem cells in development, regeneration, and disease,
Genes Dev. 20 (2006) 1692–1708.

[16] A.M. Argilès, S. Busquets, A. Felipe, F.J. Lòpez-Soriano, Muscle wasting in cancer
and ageing: cachexia versus sarcopenia, Adv. Gerontol. 18 (2006) 39–54.

[17] S.A. Brack, H. Bildsoe, S.M. Hughe, Evidence that satellite cell decrement
contributes to preferential decline in nuclear number from large fibres during
murine age-related muscle atrophy, J. Cell. Sci. 118 (2005) 4813–4821.

[18] L. Heslop, J.E. Morgan, T.A. Partridge, Evidence for a myogenic stem cell that is
exhausted in dystrophic muscle, J. Cell. Sci. 113 (2000) 2299–2308.

[19] S.S. Jejurikar, E.A. Henkelman, P.S. Cederna, C.L. Marcelo, M.G. Urbanchek, W.M.
Kuzon, Aging increases the susceptibility of skeletal muscle derived satellite cells
to apoptosis, Exp. Gerontol. 41 (2006) 828–836.

[20] K. Krajnak, K.S. Waugh, R. Miller, B. Baker, A. Geronilla, S.E. Always, R.G. Cutlip,
Proapoptotic factor Bax is increased in satellite cells in the tibialis anterior muscles
of old rats, Muscle Nerve 34 (2006) 720–730.

[21] D.S. Tews, H.H. Goebel, DNA-fragmentation and expression of apoptosis-related
proteins inmuscular dystrophies, Neuropathol. Appl. Neurobiol. 23 (1997) 331–338.

[22] J.G. Tidball, D.E. Albrecht, B.E. Lokensgard, M.J. Spencer, Apoptosis precedes
necrosis of dystrophin-deficient muscle, J. Cell. Sci. 108 (1995) 2197–2204.

[23] L.B. Panton, J.A. Rathmacher, S. Baier, S. Nissen, Nutritional supplementation of the
leucine metabolite beta-hydroxy-beta-methylbutyrate (hmb) during resistance
training, Nutrition 9 (2000) 734–739.

[24] P.M. Gallanger, J.A. Carrithers, M.P. Godard, K.E. Schulze, S.W. Trappe, Beta-
hydroxy-beta-methylbutyrate ingestion. Part I: Effects on strength and fat free
mass, Med. Sci. Sports Exerc. 32 (2000) 2109–2115.

[25] A.E. Knitter, L. Panton, J.A. Rathmacher, A. Peterson, R. Sharp, Effects of beta-
hydroxy-beta-methylbutyrate on muscle damage after a prolonged run, J. Appl.
Physiol. 89 (2000) 1340–1344.

[26] S. Nissen, R. Sharp, M. Ray, D. Rathmacher, J.C. Rice, J.C. Fuller Jr., A.S. Conelly, N.
Abumrad, Effect of leucine metabolite beta-hydroxy-beta-methylbutyrate on
muscle metabolism during resistance exercise training, J. Appl. Physiol. 81 (1996)
2095–2104.

[27] G.J. Slater, D. Jenkins, β-hydroxy-β-methylbutyrate (HMB) supplementation and
the promotion of muscle growth and strength, Sport Med. 30 (2000) 105–116.

[28] J.R. Hoffman, J. Cooper, M. Wendell, J. Im, J. Kang, Effects of β-hydroxy
β-methylbutyrate on power performance and indices of muscle damage and
stress during high-intensity training, J. Strength Cond. Res. 18 (2004) 747–772.

[29] D.M. O'Conner, M.J. Crowe, Effects of six wk of beta-hydroxy-beta-methylbutyrate
(HMB) and HMB/creatine supplementation on strength, power, and anthro-
pometry of highly trained athletes, J. Strength Cond. Res. 21 (2007) 419–423.

[30] K. van Someren, A. Edwards, G. Howatson, Supplementation with beta-hydro-
xybeta-methylbutyrate (HMB) and alpha-ketoisocaproic acid (KIC) reduces signs
and symptoms of exercise-induced muscle damage in man, Int. J. Sport Nutr.
Exerc. Metab. 15 (2005) 413–424.

[31] G.J. Wilson, J.M. Wilson, A.H. Manninen, Effects of beta-hydroxy-beta-
methylbutyrate (HMB) on exercise performance and body composition across
varying levels of age, sex, and training experience: a review, Nutr. Metab. 5 (2008)
1–17.

[32] E.T. Payne, N. Yasuda, J.M. Bourgeois, M.C. Devries, M.C. Rodriguez, J. Yousuf, M.A.
Tarnopolsky, Nutritional therapy improves function and complements corticos-
teroid intervention in mdx mice, Muscle Nerve 33 (2006) 66–77.

[33] V.E. Baracos, Management of muscle wasting in cancer-associated cachexia,
Cancer 92 (2001) 1669–1677.

[34] S.L. Nissen, N. Abumrad, Nutritional role of the leucine metabolite β-hydroxy-
β-methylbutyrate (HMB), J. Nutr. Biochem. 8 (1997) 300–311.

[35] H.J. Smith, S.M. Wyke, M.J. Tisdale, Mechanism of the attenuation of proteolysis-
inducing factor stimulated protein degradation in muscle by β-hydroxy-
β-methylbutyrate, Cancer Res. 64 (2004) 8731–8735.

[36] H.J. Smith, P. Mukerji, M.J. Tisdale, Attenuation of proteasome-induced proteolysis
in skeletal muscle by β-hydroxy-β-methylbutyrate in cancer induced muscle loss,
Cancer Res. 65 (2005) 277–283.
[37] H.L. Eley, S.T. Russell, J.H. Baxter, P. Mukerji, M.J. Tisdale, M. Signaling pathways
initiated by β-hydroxy-β-methylbutyrate to attenuate the depression of protein
synthesis in skeletal muscle in response to cachectic stimuli, Am. J. Physiol.
Endocrinol. Metab. 293 (2007) E923–E931.

[38] A.L. Paterson, M.A. Qureshi, P.R. Ferket, J.C. Fuller Jr., In vitro exposure with
beta-hydroxy-beta-methylbutyrate enhances chicken macrophage growth and
function, Vet. Immunol. Immunopathol. 67 (1999) 67–78.

[39] A.K. Siwicki, J.C. Fuller Jr., S. Nissen, P. Ostaszwesky, M. Studnicka, In vitro effects of
beta-hydroxy-beta-methylbutyrate (HMB) on cell-mediated immunity in fish,
Vet. Immunol. Immunopathol. 76 (2000) 191–197.

[40] F. Edom, V. Mouly, J.P. Barbet, M.Y. Fiszman, G. Butler-Browne, G. Clones of human
satellite cells can express in vitro both fast and slow myosin heavy chains,
Dev. Biol. 164 (1994) 219–229.

[41] O. Halevy, A. Geyra, M. Barakm, Z. Uni, D. Sklan, Early posthatch starvation
decreases satellite cell proliferation and skeletal muscle growth in chicks, J. Nutr.
130 (2000) 858–864.

[42] D. Yaffe, O. Saxel, Serial passaging and differentiation of myogenic cells isolated
from dystrophic mouse muscle, Nature 270 (1977) 725–727.

[43] Y. Leshem, D.B. Spicer, R. Gal-Levi, O. Halevy, Hepatocyte growth factor (HGF)
inhibits skeletal muscle cell differentiation: a role for the bHLH protein twist and
the cdk inhibitor p27, J. Cell Physiol. 184 (2000) 101–109.

[44] V. Horsley, K. Jansen, S. Mills, G. Pavlath, IL-4 acts as a myoblast recruitment factor
during mammalian muscle growth, Cell 113 (2003) 483–494.

[45] I. Vermes, C. Haanen, H. Steffens-Nakken, C. Reutelingsperger, A novel assay for
apoptosis. Flow cytometric detection of phosphatidylserine expression on early
apoptotic cells using fluorescein labeled annexin V, J. Immunol. Meth. 184 (1995)
39–51.

[46] SAS, JMP®, Statistics and Graphic Guide. Version 4, SAS Institute Incorporation,
Cary, NC, 2002.

[47] D. Elia, D. Madhala, E. Ardon, R. Reshef, O. Halevy, Sonic hedgehog promotes
proliferation and differentiation of adult muscle cells: involvement of MAPK/ERK
and PI3K/Akt pathways, Biochim. Biophys. Acta Mol. Cell. Res. 1773 (2007)
1438–1446.

[48] R. Conejo, M. Lorenzo, Insulin signaling leading to proliferation, survival, and
membrane ruffling in C2C12 myoblasts, J. Cell Physiol. 187 (2001) 96–108.

[49] G. Shefer, T. Partridge, L. Heslop, J.G. Gross, U. Oron, O. Halevy, Low-energy laser
irradiation promotes the survival and cell-cycle entry of skeletal muscle satellite
cells, J. Cell. Sci. 115 (2002) 1461–1469.

[50] D.D. Sarbassov, D.A. Guertin, S.M. Ali, D.M. Sabatini, Phosphorylation and
regulation of Akt/PKB by the rictor–mTOR complex, Science 307 (2005)
1098–1101.

[51] M.A. Teitell, The TCL1 family of oncoproteins: co-activators of transformation,
Nat. Rev. Cancer 5 (2005) 640–648.

[52] O. Halevy, Y. Piestun, M.Z. Allouh, B. Rosser, Y. Rinkevitch, R. Reshef, I. Rozenboim,
M. Wleklinski, Z. Yablonka-Reuveni, The pattern of Pax7 expression during
myogenesis in the posthatch chicken establishes a model for satellite cell
differentiation and renewal, Dev. Dyn. 231 (2004) 489–502.

[53] V. Jacquemin, G. Butler-Browne, D. Furling, V. Mouly, IL-13 mediates the
recruitment of reserve cells for fusion during IGF-1-induced hypertrophy of
human myotubes, J. Cell. Sci. 120 (2007) 670–681.

[54] F. Mourkioti, N. Rosenthal, IGF-1, inflammation and stem cells: interactions during
muscle regeneration, Trends Immunol. 26 (2005) 535–542.

[55] O. Halevy, Y. Piestun, I. Rozenboim, Y. Yablonka-Reuveni, In-ovo exposure to
monochromatic green light promotes skeletal muscle cell proliferation and
synchronizes myofiber development in posthatch chicks, Am. J. Physiol. Reg.
Integr. Comp. 290 (2006) R1062–R1070.

[56] D.R. Green, Apoptotic pathways: ten minutes to dead, Cell 121 (2005) 671–674.
[57] D.A. Kuhls, J.A. Rathmacher, M.D. Musngi, D.A. Frisch, P.D.J. Nielson, A. Barber, A.D.

McIntyre, J.E. Coates, J.J. Fildes, Beta-hydroxy-beta-methylbutyrate supplementa-
tion in critically ill trauma patients, J. Trauma 262 (2007) 125–131.

[58] J.C. Anthony, F. Yoshiwaza, T.G. Anthony, T.C. Vary, L.S. Jefferson, S.R. Kimball,
Leucine stimulates translation initiation in skeletal muscle of post absorptive rats
via rapamycin-sensitive pathway, J. Nutr. 130 (2000) 2413–2419.

[59] T. Nobukuni, M. Joaquin, M. Roccio, G.D. Stephen, K. So Young, P. Gulati, M.P.
Byfield, J.M. Backer, F. Natt, J.L. Bos, F.J.T. Zwartkruis, G. Thomas, Amino acids
mediate mTOR/raptor signaling through activation of class 3 phosphatidylinositol
3OH-kinase, Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 14238–14243.

[60] M.P. Byfield, J.T. Murray, J.M. Backer, hVps34 is a nutrient-regulated lipid kinase
required for activation of p70 S6 kinase, J. Biol. Chem. 280 (2005) 33076–33082.

[61] M.J. Drummond, B.B. Rusmussen, Leucine-enriched nutrients and the regulation
of mammalian target of rapamycin signaling and human skeletal muscle protein
synthesis, Curr. Opin. Clin. Nutr. Meta. Care 11 (2008) 222–226.

[62] K. Peyrollier, E. Hajduch, A.S. Blair, R. Hyde, H.S. Hundal, L-Leucine availability
regulates phosphatidylinositol 3-kinase, p70 S6 kinase and glycogen synthase
kinase-3 activity in L6 muscle cells: evidence for the involvement of the
mammalian target of rapamycin (mTOR) pathway in the L-leucine-induced up-
regulation of System A amino acid transport, Biochem. J. 350 (2000) 361–368.

[63] M.B. Alzghoul, D. Gerrard, B.A.Watkins, K. Hannon, Ectopic expression of IGF-I and
Shh by skeletal muscle inhibits disuse-mediated skeletal muscle atrophy and bone
osteopenia in vivo, FASEB J. 18 (2004) 221–223.

[64] E.R. Barton, L. Morris, A. Musaro, N. Rosenthal, H.L. Sweeney, Muscle-specific
expression of insulin-like growth factor I counters muscle decline in mdx mice,
J. Cell Biol. 157 (2002) 137–148.

[65] J.D. Schertzer, J.G. Ryall, H. Amthor, Systemic administration of IGF-I enhances
oxidative status and reduces contraction-induced injury in skeletal muscles of
mdx dystrophic mice, Am. J. Physiol. Endocrinol. Metab. 291 (2006) E499–E505.


	β-hydroxy-β-methylbutyrate (HMB) stimulates myogenic cell proliferation, differentiation and su.....
	Introduction
	Materials and methods
	Materials
	Cell preparation and maintenance
	Thymidine incorporation
	RNA preparation and RT-PCR
	Immunoprecipitation and western blot analysis
	Immunofluorescence analysis
	Fusion assays
	Flow cytometry analysis
	Statistical analysis

	Results
	HMB promotes muscle cell proliferation
	HMB promotes cell differentiation and fusion
	Effects of HMB on cell survival
	The MAPK/ERK and PI3K/Akt signaling pathways are induced �by HMB

	Discussion
	Acknowledgements
	References




