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β-Hydroxy-β-methylbutyrate (HMB) prevents deleterious muscle responses under
pathological conditions, including tumor- and chronic steroid therapy–related muscle
losses. Here, we investigated the hypothesis that HMB may modulate the balance between
protein synthesis and degradation in the PI3K/Akt-mediated mammalian target of
rapamycin (mTOR) and FoxO1/FoxO3a-dependent mechanisms in differentiated C2C12
muscle cells. We also tested the effect of HMB on the expression of MuRF-1 and atrogin-1 in
response to the inflammatory stress. β-Hydroxy-β-methylbutyrate up-regulated
phosphorylation of Akt and mTOR, and these effects were completely abolished in the
presence of PI3K inhibitor LY294002. β-Hydroxy-β-methylbutyrate also up-regulated FoxO1
and FoxO3a phosphorylation, and these changes were inhibited by LY294002. Although,
unexpectedly, HMB failed to reduce the expressions of atrophy-related atrogin-1 messenger
RNA and the protein response to the proinflammatory cytokines tumor necrosis factor α
plus interferon γ, HMB did attenuate the MuRF-1 expression. Thus, HMB appears to restore
the balance between intracellular protein synthesis and proteolysis, likely via activation of
the PI3K/Akt-dependent mTOR and FoxO1/FoxO3a signaling pathway and the reduction of
tumor necrosis factor α/interferon γ–induced MuRF-1 expression, thereby ameliorating
aging-related muscle atrophy.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Muscle atrophy is characterized by a decrease of protein
synthesis and an increase of protein degradation and is a
debilitating phenomenon found in a variety of catabolic
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conditions such as aging, pyaemia, diabetes, and starvation
[1–4]. Accumulating evidence suggests that the phosphatidy-
linositol 3-kinase (PI3K)/Akt-dependent mammalian target of
rapamycin (mTOR) signaling pathway plays an important role
in protein synthesis [5,6]. Akt activation has also been shown
ethylbutyrate; IFN-γ, interferon γ; mTOR, mammalian target of
linositol 3-kinase; TNF-α, tumor necrosis factor-α.
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to result in the phosphorylation of FoxO transcription factors,
leading to the exclusion of phosphorylated FoxO proteins
from the nucleus and suppression of their transcriptional
functions [7]. Previous studies have reported that branched-
chain amino acids, especially leucine, provoke mTOR phos-
phorylation, which, in turn, enhances eukaryotic initiation
factor 4E-binding protein 1 and ribosomal protein S6 kinase, a
key molecule in protein synthesis, and ultimately increases
protein synthesis [8]. On the basis of these findings and past
reports that FoxO family members are implicated in protea-
some-related intracellular protein ubiquitination by the
regulation of target gene expressions in response to stress
[6,9,10], we hypothesize that the administration of β-hydroxy-β-
methylbutyrate (HMB), a major metabolite of leucine,
restores the balance between intracellular protein synthe-
sis and metabolism in the muscle system through activa-
tion of the PI3K/Akt-dependent mTOR and FoxO1/FoxO3a
signaling transduction.

Recent studies indicate that the ubiquitin-proteasome–
mediated proteolysis pathway is a specific pathway for
selective degradation of muscle intracellular proteins under
all of those catabolic conditions [6,11,12]. It is well known that
atrogin-1 andmuscle RING-finger protein-1 (MuRF-1) are 2 key
muscle-specific F-box type E3 ligases in protein ubiquitination
[6]. Atrogin-1 has been shown to be highly expressed during
muscle atrophy [13,14]. Atrogin-1 and MuRF-1 have been
identified as likely targets of drug therapy for muscle atrophy
[15]. Furthermore, genetic deletion of atrogin-1 (MaFbx−/−) or
MuRF-1 (MuRF-1−/−) was shown to prevent muscle atrophy in
mice [13]. In addition, proinflammatory cytokines such as
tumor necrosis factor α (TNF-α) and interferon γ (IFN-γ) have
been shown to play a critical role in muscle atrophy [11,12].
Previous studies reported that catabolic status with muscle
loss increased circulating levels of TNF-α and IFN-γ [16,17].
Administration of TNF-α and IFN-γ has been shown to
accelerate muscle loss [18,19]. Moreover, muscle atrophy has
also been accelerated in TNF-α transgenic animals and
animals bearing TNF-α–producing tumors [18,20,21]. Recent
evidence highlighted the activation of inflammation-related
proteasome-mediated protein ubiquitination in various mus-
clemass losses [12]. Previous studies tested the impact of HMB
supplementation on aging-, tumor- and steroid therapy–
related myotube atrophy [22–24]; however, the mechanisms
by which HMB administration alleviates the loss of aging-
related muscle mass remain largely undefined.

Here, we tested the hypothesis that HMB may modulate
the balance between protein synthesis and degradation in the
PI3K/Akt-mediated mTOR and FoxO1/FoxO3a-dependent
mechanisms in differentiated C2C12 muscle cells. In addition,
we examined the effect of HMB on the expression of MuRF-1
and atrogin-1 in response to the inflammatory stress.
2. Methods and materials

2.1. Cell culture

C2C12 mouse myoblasts obtained from the American Type
Culture Collection (Manassas, VA, USA) were grown in
Dulbecco modified Eagle medium (DMEM; GIBCO Life Tech-
Please cite this article as: Kimura K, et al, β-Hydroxy-β-methylb
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nologies, Grand Island, NY, USA) containing 10% (vol/vol) fetal
bovine serum and antibiotics at 37°C with 5% CO2. At
confluence, myoblasts were induced to fuse by changing the
medium to medium containing 2% horse serum (GIBCO, Life
Technologies, Auckland, New Zealand; hereinafter the differ-
entiation medium), as described previously by Herningtyas et al
[8]. After 4 to 5 days of differentiation, when the myoblasts
had lengthened, fused, and become multinucleated myo-
tubes, the differentiated C2C12 cells were cultured with
serum-free DMEM for 12 hours, and then were treated with
50 μM HMB or the other indicated agents in serum-free basal
medium. For the specific inhibitor experiments, after pre-
treatmentwith the PI3K inhibitor LY294002 (Calbiochem,Merk
Bioscience, Darmstadt, Germany) at 25 μmol/L for 30 minutes,
the cells were cultured in serum-free medium in the presence
or absence of 50 μM HMB for the indicated time points. In
addition, following culture in serum-free medium for 12
hours, differentiated C2C12 cells were also induced with
TNF-α (20 ng/mL) plus IFN-γ (400 U/mL) in the presence or
absence of HMB at the indicated concentrations.

2.2. Quantitation of gene expression

Total RNA was extracted from the cell extracts using an
RNeasy Mini Kit (QIAGEN, Venlo, the Netherlands) according
to the manufacturer's instructions. Messenger RNA (mRNA)
was reverse transcribed to complementary DNA with a
PrimeScript RT reagent Kit (TaKaRa, Tokyo, Japan) as de-
scribed previously by Cheng et al [25]. Quantitative gene
expression was studied by using an ABI 7300 Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA) with
SYBRTM Green dye (Applied Biosystems), as previously
described by Cheng et al [26]. All experiments were performed
in triplicate. Targeted gene transcriptions were normalized to
the corresponding controlmRNA (18s). Specifically, the primer
and probe sequences were 5′-ATGCACACTGGTGCAGAGAG-3′
(forward) and 5′-TGTAAGCACACAGGCAGGTC-3′ (reverse) for
mouse atrogin-1, and 5′-TGAGGTGCCTACTTGCTCCT-3′ (for-
ward) and 5′-TCACCTGGTGGCTATTCTCC-3′ (reverse) for
mouse MuRF-1.

2.3. Western blotting

The protein concentration for each sample was determined
using a protein assay system according to the manufacturer's
instructions (Bio-Rad Dc; Bio-Rad Laboratories, Hercules, CA,
USA). Equal amounts of total protein were separated on 10%
sodium dodecyl sulfate–polyacrylamide gel and transferred to
polyvinylidene difluoridemembranes, and then blocked for 60
minutes with 5% skim milk, as previously described by Cheng
et al [27]. After reaction with primary antibodies against Akt,
phospho-Akt Ser473 (p-Akt), mTOR, phospho-mTOR (p-
mTOR), FoxO1, phospho-FoxO1 Ser256 (p-FoxO1), FoxO3a,
phospho-FoxO3a Ser294 (p-FoxO3a) (all from Cell Signaling,
Beverly, MA, USA), atrogin-1, and MuRF-1 (Novus Biologicals,
LLC, Littleton, CO, USA), the membranes were treated with
peroxidase-linked antirabbit IgG (Cell Signaling), antimouse
IgG (Amersham Biosciences, Buckinghamshire, UK), or rabbit
antigoat IgG (Invitrogen, Frederick, MD, USA), respectively.
Protein bands were developed by the chemiluminescence
utyrate facilitates PI3K/Akt-dependent mammalian target of
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method (ECL Prime; Amersham) and detected using an
LAS3000 digital imaging system (LAS3000 Imager; Fujifilm,
Tokyo, Japan).

2.4. Statistical analyses

All data included in this articlewere considered to be normally
distributed and are presented asmeans ± SD, unless indicated
otherwise. One-way analysis of variance (ANOVA) followed
by the post hoc test was used for the statistical analysis.
A P value less than .05 was considered to indicate statistical
significance.
3. Results

3.1. HMB-induced phosphorylation of PI3K-dependent Akt
and mTOR in C2C12 myotubes

After differentiated C2C12 cells were cultured in serum-free
DMEM for 12 hours, the cells were treated with 50 μM of HMB
at various time points (0, 10, 30, and 60 minutes and 24 hours)
for the Western blotting assay of targeted protein phosphor-
ylations. β-Hydroxy-β-methylbutyrate treatment resulted in a
marked increase in Akt phosphorylation in the extracts of the
cultured C2C12 cells (Fig. 1). Changes in cellular Akt phos-
phorylation appeared as early as 10 minutes and reached a 3-
fold peak at 30 minutes, but had fallen by 60 minutes after the
intervention. PI3K inhibition by LY294002 completely abol-
ished this HMB-induced phosphorylation at the indicated
time points (Figs. 1 and 2A). In the same way, HMB also up-
regulated the phosphorylation of mTOR, a downstream
Fig. 1 – Time course of HMB-induced Akt phosphorylation in
cultured C2C12 cells. After differentiation for 5 days, the
C2C12 cells were cultured with serum-free basal medium for
12 hours. Then, the cells were treated with 50 μMHMB in the
presence or absence of a PI3K inhibitor andwere collected 10
30, and 60 minutes and 24 hours later for the analyses of Ak
phosphorylation at Ser473 byWestern blotting. TheWestern
blotting results are shown using representative images, and
the ratio of the p-Akt to the t-Akt levels at various time points
is shown using combined quantitative data. Results are
means ± SD (n = 4 for each group). *P < 0.05, **P < 0.01, and
***P < 0.001 by ANOVA and Tukey post hoc tests.
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molecule of Akt, and LY294002 blocked it with or without HMB
induction (Fig. 2B).We also observed that LY294002 had effects
on the levels of both p-Akt and p-mTOR at baseline, and there
was no difference in p-Akt or p-mTOR between the treated
and nontreated C2C12 cells.

3.2. HMB stimulated FoxO1 and FoxO3a phosphorylation
via the PI3K/Akt signaling pathway

The FoxO transcription factor has been shown to be a key
regulator for protein degradation [7]. To determine whether
HMB affects FoxO transcription factor phosphorylation, cells
were stimulated with HMB at 50 μM for 30 minutes and were
evaluated for the levels of p-FoxO1 and p-FoxO3a in the
extracts. Phosphorylation of both FoxO1 and FoxO3a was
induced by treatment with HMB (Fig. 3). We used an inhibitor
of PI3K to explore the cross-talk between FoxO transcription
factor phosphorylation and the PI3K/Akt signaling pathway.
As anticipated, LY294002 significantly impaired both phos-
phorylations induced by HMB (Fig. 3), indicating that the HMB-
mediated FoxO1 and FoxO3a phosphorylations may be due to
PI3K/Akt signaling pathway activation. In addition, LY294002
affected the levels of both p-FoxO1 and p-FoxO3a at baseline.
There was also no difference in the p-FoxO1 or p-FoxO3a
levels between treated and nontreated C2C12 cells.

3.3. Effects of HMB on atrogin-1 and MuRF-1 expressions

To further explore the possible mechanism of the beneficial
effects mediated by HMB, we evaluated the effects of HMB on
the expressions of ubiquitin ligases such as atrogin-1 and
MuRF-1 in C2C12 cells. Quantitative data showed that HMB
had no effects on the expression of atrogin-1 and MuRF-1 at
either the gene level or the protein level (Figs. 4 and 5). PI3K
inhibition enhanced the levels of both the genes and proteins,
and these effects were not influenced by treatment with HMB
at 50 μM for 12 hours.

3.4. HMB attenuated the MuRF-1 protein expression
induced by TNF-α/IFN-γ

To investigate whether HMB affected the atrogin-1 and MuRF-
1 expression induced by proinflammatory cytokines, C2C12
cells were treated with the combination of TNF-α and IFN-γ.
As expected, quantitative data revealed increased levels
of atrogin-1 and MuRF-1 proteins after 12 hours of treatment
(Fig. 6). β-Hydroxy-β-methylbutyrate had a significant inhibi-
tory effect on the increased expression of MuRF-1 protein in
response to TNF-α/IFN-γ, but not on the increased atrogin-1
protein expression.
4. Discussion

Several important observations can be made on the basis of
these results. First, the administration of HMB to the
differentiated C2C12muscle cells promoted phosphorylations
of FoxO1 and FoxO3a, a subgroup of the forkhead family of
transcription factors, and mTOR, concomitant with an in-
crease in PI3K/Akt signaling activation in the protein synthetic
utyrate facilitates PI3K/Akt-dependent mammalian target of
Res (2014), http://dx.doi.org/10.1016/j.nutres.2014.02.003
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Fig. 2 – Effect of HMB on the Akt (A) andmTOR (B) phosphorylations in cultured C2C12 cells. After culturing in serum-free basal
medium for 12 hours, the cells were incubated in the presence of 50 μM HMB or LY294002 or both. LY294002 was added
30 minutes prior to the HMB addition. The lysates were collected 30 minutes after the addition of HMB for Western blotting
analysis. The Western blotting results are shown using representative images, and the ratios of the p-Akt to the t-Akt and
the p-mTOR to the t-mTOR levels are shown using combined quantitative data. Results are means ± SD (n = 4 for each group).
*P < 0.05, **P < 0.01, and ***P < 0.001 by ANOVA and Tukey post hoc tests.
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process. Second, HMB suppressed the protein ubiquitination-
related MuRF-1 ligase expression induced by inflammatory
cytokines (TNF-α and IFN-γ) in differentiated C2C12myotubes.
Thus, the present findings suggest that HMB supplementation
may be beneficial for aging-related muscle wasting and
muscle atrophy through amelioration of the imbalance
Fig. 3 – Effect of HMB on the FoxO1 (A) and FoxO3a (B) phosphory
the presence of 50 μM HMB or LY294002 or both. LY294002 was a
collected 30 minutes after the addition of HMB for Western blott
representative images, and the ratios of the p-FoxO1 to the t-Fox
combined quantitative data. Results aremeans ± SD of 4 experime
post hoc tests.
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between protein synthesis and ubiquitin-proteasome–
mediated proteolysis.

It is well established that the PI3K/Akt signaling pathway is
involved in translation initiation and protein synthesis in
skeletal muscle [5,6]. Activation of Akt promotes smooth
muscle hypertrophy through an enhancement of mTOR
lations in cultured C2C12 cells. C2C12 cells were incubated in
dded 30 minutes prior to addition of HMB. The lysates were
ing analysis. The Western blotting results are shown using
O1 and the p-FoxO3a to the t-FoxO3a levels are shown using
nts. *P < 0.05, **P < 0.01, and ***P < 0.001 by ANOVA and Tukey
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Fig. 4 – The effects of HMB on atrogin-1 (A) and MuRF-1 (B) protein expressions in cultured C2C12 cells. C2C12 cells were
incubated in the presence of 50 μM HMB or LY294002 or both. LY294002 was added 30 minutes prior to addition of HMB.
Sampleswere collected at 12 hours after addition of HMB forWestern blotting analysis. TheWestern blotting results are shown
using representative images, and the levels of the atrogin-1 and MuRF-1 protein are shown using combined quantitative data.
Results are means ± SD of 4 experiments.*P < 0.05, **P < 0.01, and ***P < 0.001 by ANOVA and Tukey post hoc tests.
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signaling [6]. We have shown that HMB enhanced the
phosphorylation of Akt and mTOR and that these effects
were significantly abolished by PI3K inhibition with LY294002.
A previous study demonstrated that branched-chain amino
acids induced Akt/mTOR signaling pathway activation in the
C2C12 cell line [8]. Aversa et al [22] reported that HMB
preserved protein synthesis in a dexamethasone-induced
myotube atrophy model via the mTOR pathway. Thus, HMB
appears to promote protein synthesis in muscle through
activation of the PI3K/Akt-mediatedmTOR signaling pathway.

In addition, activation of the PI3K/Akt pathway also results
in phosphorylation of the FoxO proteins [28]. FoxO family
Fig. 5 – The effects of HMB on the expressions of atrogin-1 (A) an
treated with 50 μMHMB for 4 hours with or without LY294002, w
cellular RNAwas analyzed by quantitative real-time reverse tran
percentage of the corresponding control mRNA (18s) levels. Resu
*P < 0.05, **P < 0.01, and ***P < 0.001 by ANOVA and Tukey post h
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members have been implicated in the regulation of target
genes involved in metabolism, apoptosis, and cell cycle
progression [6,9,10,28]. As early as 1999, Brunet et al [29] clearly
demonstrated that Akt phosphorylates FoxO transcription
factors at multiple sites, leading to the exclusion of phosphor-
ylated FoxO proteins from the nucleus and the suppression of
their transcriptional functions. Akt-dependent regulation of
the FoxO protein has been shown to play a critical role in
ubiquitin-proteasome–related proteolysis [30]. Our observa-
tions here show that HMB induced phosphorylation of both
FoxO1 and FoxO3a and that these effects were suppressed by
PI3K inhibition. Collectively, these results indicate that the
d MuRF-1 (B) mRNA in cultured C2C12 cells. C2C12 cells were
hich was added 30 minutes prior to the HMB addition. Total
scriptase polymerase chain reaction. Data are expressed as a
lts are means ± SD of 3 experiments performed in duplicate.
oc tests.
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Fig. 6 – The effects of HMB on the TNF-α/IFN-γ–induced expressions of atrogin-1 (A) and MuRF-1 protein (B) in cultured C2C12
cells. C2C12 cells were incubated in the presence of 50 μM HMB or TNF-α/IFN-γ, or both. β-Hydroxy-β-methylbutyrate was
added 30 minutes prior to the TNF-α/IFN-γ addition. The lysates were collected at 12 hours after the addition of HMB for
Western blotting analysis. TheWestern blotting results are shown using representative images, and the levels of the atrogin-1
andMuRF-1 protein are shown using combined quantitative data. Results aremeans ± SD of 4 experiments. *P < 0.05, **P < 0.01,
and ***P < 0.001 by ANOVA and Tukey post hoc tests.
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beneficial effects ofHMBmay includenot only theactivationof
mTOR and the regulation of PI3K/Akt-dependent FoxO1/
FoxO3a phosphorylations, but also an antiproteolysis effect
that could prevent muscle atrophy. However, it should be
noted that HMB failed to inhibit the expression of FoxO
downstream molecules such as the MuRF-1 and atrogin-1
gene and protein regardless of PI3K inhibition. This observa-
tionmakes it unlikely that theHMB-mediated protection of the
myotubes was due to attenuations of MuRF-1 and atrogin-1
expression-induced PI3K/Akt-dependent FoxO1/FoxO3a phos-
phorylation under our experimental conditions. Further
studies will be needed to investigate this issue.

Interventions with TNF-α and IFN-γ have been shown to
accelerate the loss ofmusclemass [18,19]. Animalswith TNF-α
overexpression exhibit severe cardiac muscle atrophy [20]. In
vitro experiments have shown that TNF-α and IFN-γ induced
early activation of atrogin-1 gene expression in C2C12
myotubes [12]. We have observed that C2C12 myotubes
treated with a mixture of TNF-α and IFN-γ resulted in
increased MuRF-1 protein expression, and this change was
improved by HMB treatment. Recently, Aversa and colleagues
reported that HMB prevented dexamethasone-induced myo-
tube atrophy via a reduction of atrogin-1 and MuRF-1
expression [22]. Thus, the attenuation of MuRF-1 expression
by HMB could represent a common mechanism in the
protection of muscle tissue against inflammatory stress.
However, it should be pointed out that, in our study, HMB
failed to reverse the expression of atrogin-1 caused by TNF-α/
IFN-γ. It has been reported that dexamethasone-induced
MuRF-1 and atrogin-1 expressions were targeted by HMB
treatment [22]. This discrepancy might be due to many
factors, especially the differences in cell species (C2C12 for
the former, L6 for the latter) and stimulating factors (inflam-
matory factor for the former, steroid hormone for the latter).
Further studies will also be needed to explore this issue.
Please cite this article as: Kimura K, et al, β-Hydroxy-β-methylb
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Several limitations of the present work should be pointed
out. First, this study was not designed to examine whether
there is a transporter or receptor for HMB on the plasma
membrane to regulate intracellular signaling pathway activa-
tion in muscle cells. Second, we also presented no evidence
regarding whether HMB influences intracellular protein
synthesis and proteolysis in vivo and ex vivo. Further studies
will be needed to investigate these issues as well.

The results of the present studymay have clinical relevance
from 2 perspectives. First and most directly, our findings have
implications in terms of the molecular mechanism underlying
the ability of HMB supplementation to prevent muscle atrophy
in humans [24]. The ability of HMB to regulate PI3K/Akt-
dependent mTOR and FoxO1/FoxO3a signaling pathway acti-
vation in theprotein synthesis of C2C12myotubes suggests that
it may be effective in countering the loss of muscle mass.
Second, when considered together with other research regard-
ing antitumor growth and antisteroid therapy [22,23], the
present study has implications for our general understanding
of HMB-mediated anti-inflammatory effects onmuscle wasting
and weakness. Our results using the present cell inflammation
model show that the inhibitory effect of HMB on MuRF-1
expressionmaybe responsible for thepreventionofmuscle loss
due to inflammatory stress. It would be of great interest to
examine in prospective clinical studies whether HMB supple-
mentation protects skeletalmuscle from the catabolic effects of
cancer cachexia, acquired immune deficiency syndrome, aging,
muscular dystrophy, endotoxemia, and glucocorticoids.
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