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High levels of glucocorticoids result in muscle wasting and weakness. B-hydroxy-p-methylbutyrate (HMB)
attenuates the loss of muscle mass in various catabolic conditions but the influence of HMB on glucocor-
ticoid-induced muscle atrophy is not known. We tested the hypothesis that HMB prevents dexametha-
sone-induced atrophy in cultured myotubes. Treatment of cultured L6 myotubes with dexamethasone
resulted in increased protein degradation and expression of atrogin-1 and MuRF1, decreased protein
synthesis and reduced myotube size. All of these effects of dexamethasone were attenuated by HMB.
Additional experiments provided evidence that the inhibitory effects of HMB on dexamethasone-induced
increase in protein degradation and decrease in protein synthesis were regulated by p38/MAPK- and PI3K/
Akt-dependent cell signaling, respectively. The present results suggest that glucocorticoid-induced muscle
wasting can be prevented by HMB.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

High levels of glucocorticoids caused by cortisol producing adre-
nal tumors (Cushing’s syndrome) or by treatment with steroids for
inflammatory conditions, such as asthma and rheumatoid arthritis,
are associated with muscle wasting and weakness [1-4]. The impor-
tant role of glucocorticoids in the regulation of muscle mass is
further illustrated by the fact that various catabolic conditions,
including sepsis [5-7] and burn injury [8], cause muscle wasting
at least in part through glucocorticoid-dependent mechanisms.
Treatment of cultured muscle cells in vitro with dexamethasone
results in increased protein degradation and expression of the
ubiquitin ligases atrogin-1 and MuRF1 [9], metabolic changes that
resemble the situation in skeletal muscle in multiple catabolic
conditions [10]. In addition, treatment of cultured muscle cells with
dexamethasone results in inhibited protein synthesis, further
aggravating the catabolic effects of glucocorticoids [9,11]. Because
of these effects of glucocorticoids, treatments that prevent
glucocorticoid-induced muscle wasting have important clinical
implications.

Previous studies suggest that B-hydroxy-B-methylbutyrate
(HMB), a metabolite of the branched-chain amino acid leucine,
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may attenuate the loss of muscle mass caused by cancer cachexia
[12-14], AIDS [15], endotoxemia [16,17], and aging [18] and that
this effect of HMB reflects inhibited protein degradation and/or
stimulated protein synthesis. Other reports suggest that the MAP
kinase and PI3K/Akt signaling pathways are involved in the bene-
ficial effects of HMB in skeletal muscle [17,19-21]. In contrast,
the influence of HMB on glucocorticoid-regulated muscle wasting
and the potential role of MAP kinase and PI3K/Akt signaling in this
effect of HMB are not known. In addition, the influence of HMB on
the expression of atrogin-1 and MuRF1 in glucocorticoid-induced
muscle atrophy (or any other type of muscle wasting) has not been
reported.

Here, we tested the hypothesis that HMB reduces protein deg-
radation and stimulates protein synthesis in dexamethasone-trea-
ted myotubes through MAP kinase- and PI3K/Akt-dependent
mechanisms. In addition, we examined the effect of HMB on the
expression of atrogin-1 and MuRF1 in myotubes treated with
dexamethasone.

2. Materials and methods
2.1. Cell culture

L6 muscle cells, a rat skeletal muscle cell line (American Type
Culture Collection, Manassas, VA), were maintained and cultured
as described in detail recently [9,22,23]. Differentiated myotubes
were treated for 24 h with 1 uM dexamethasone (Sigma Aldrich,
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St. Louis, MO), 50 uM HMB (Alpha Aesar, Ward Hill, MA), or both
drugs in combination. The concentrations of dexamethasone and
HMB used here were based on previous studies [9,19,20,22-25].
Control myotubes were treated with the corresponding volume
of vehicle (0.1% ethanol). In some experiments, myotubes were
treated with 50 uM of the p38/MAPK inhibitor SB202190 (Sigma
Aldrich), 50 uM of the Erk 1/2 inhibitor PD98059 (Calbiochem,
EMD Chemicals Inc., San Diego, CA), 25 nM of the PI3K/Akt inhibi-
tor LY29004 (Calbiochem, EMD Chemicals Inc.), or 100 nM of the
mTOR inhibitor rapamycin (Calbiochem, EMD Chemicals Inc.).
The inhibitors were added to the culture medium 1 h before the
addition of dexamethasone and HMB.

2.2. Preparation of cell lysates

Cell lysates were prepared by harvesting the myotubes in buffer
(50 mM Tris-HCl, 150 mM Nacl, 0.5% sodium deoxycholate, 0.1%
SDS, and 1% Nonidet P-40) containing Protease Inhibitor Cocktail
Tablets (Roche Applied Science, Indianapolis, IN). The myotubes
were sonicated using a Sonic Dismembrator (Fisher Scientific,
Model 100) followed by centrifugation at 14,000 x g for 10 min
at 4 °C. Protein concentration was determined by using the Brad-
ford Protein Assay Reagent Kit with bovine serum albumin as stan-
dard. Cell lysates were stored at —80 °C until analyzed.

2.3. Western blotting

Western blotting was performed as described in detail recently
[9,22,23] using the following primary antibodies: a rabbit
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Fig. 1. HMB attenuates dexamethasone-induced atrophy of cultured myotubes. L6
myotubes were treated for 24 h with 1 uM dexamethasone in the absence or
presence of 50 uM HMB. (A) Myotube morphology and (B) diameter were
determined as described in Section 2. Results in (B) are means + SEM with n=6
per group. *p < 0.05 vs corresponding control group; *p < 0.05 vs Vehicle/Dex by
ANOVA.

polyclonal anti-mouse atrogin-1 antibody (kindly supplied by Dr.
Stewart Lecker, Harvard Medical School); a rabbit polyclonal
anti-mouse MuRF1 antibody (kindly supplied by Regeneron
Pharmaceuticals, NY). A mouse monoclonal anti-rat o-tubulin anti-
body (Sigma Aldrich) was used for loading control. Immunoreac-
tive protein bands were detected by using the Western Lighting
kit for enhanced chemiluminescence detection (Perkin-Elmer Inc,
Waltham, MA) and analyzed using the public domain Image ] pro-
gram (http://rsb.info.nih.gov/ij/index.html). The bands were quan-
tified by densitometry and normalized to loading controls.

2.4. Real-time PCR

mRNA levels for atrogin-1 and MuRF1 were determined by real-
time PCR as described in detail recently [9,22,23]. The sequences of
the forward, reverse, and double-labeled oligonucleotides for atro-
gin-1 and MuRF1 used here were described recently [9,22,23].

2.5. Protein degradation and synthesis

Protein degradation rates were determined by measuring the
release of trichloroacetic acid-soluble radioactivity during 24 h
from proteins prelabeled with [3H]-tyrosine as described in detail
previously [9,22,23]. Protein degradation rates were expressed as
%/24 h. Protein synthesis rates were determined by measuring
the incorporation of [3H]-tyrosine into cellular proteins as
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Fig. 2. HMB prevents dexamethasone-induced increase in protein degradation and
decrease in protein synthesis in cultured myotubes. L6 myotubes were treated with
dexamethasone in the absence or presence of HMB as described in Fig. 1. (A) Protein
degradation and (B) protein synthesis rates were measured as described in Section
2. Results are means + SEM with n=6 per group. *p < 0.05 vs control; *p <0.05 vs
Vehicle/Dex by ANOVA.
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Fig. 3. HMB attenuates dexamethasone-induced expression of atrogin-1 and MuRF1 in cultured myotubes. L6 myotubes were treated with dexamethasone in the absence or
presence of HMB as described in Fig. 1. mRNA levels for (A) atrogin-1 and (B) MuRF1 and protein levels for (C) atrogin-1 and (D) MuRF1 were determined as described in
Section 2. Representative Western blots are shown in the upper panels and quantifications of the Western blots are shown in the lower panels of C and D. a-tubulin levels
were determined for loading control. Results are means + SEM with n =6 per group. *p < 0.05 vs control; *p < 0.05 vs Vehicle/Dex by ANOVA.

described previously [9,22,23,26] and were expressed as per cent
of control.

2.6. Myotube diameter

For measurement of myotube diameter, myotube cultures were
photographed under a phase contrast microscope at 100X magnifi-
cation. The diameters were measured as described in detail previ-
ously [22,23] and with the investigator being unaware of from
which experimental group the myotubes originated. Results were
expressed as per cent of control.

2.7. Statistics
Results are reported as means + SEM. Statistical analysis was

performed by using one-way ANOVA followed by Tukey’s post
hoc test. p < 0.05 was considered statistically significant.

3. Results

In previous reports, treatment of cultured muscle cells with
dexamethasone resulted in myotube atrophy [9,22,23]. A similar

response was seen in the present study with an approximately
40% reduction of myotube diameter during dexamethasone
treatment (Fig. 1A and B). The dexamethasone-induced myotube
atrophy was significantly attenuated, although not completely
prevented, by HMB.

Myotube atrophy may reflect increased protein degradation and/
or reduced protein synthesis. Previous reports suggest that HMB
protects skeletal muscle by inhibiting protein degradation and by
stimulating protein synthesis during muscle wasting caused by
cancer, endotoxin, TNFa, or angiotensin II [13,17,19,20,24,25]. In
contrast, the influence of HMB on glucocorticoid-induced changes
in muscle protein turnover rates is not known. Here, we found that
treatment of myotubes with HMB prevented both the dexametha-
sone-induced increase in protein degradation and the dexametha-
sone-induced inhibition of protein synthesis (Fig. 2A and B).
Together, the results in Fig. 1 and 2 suggest that HMB can prevent
glucocorticoid-induced muscle atrophy by inhibiting protein degra-
dation and stimulating protein synthesis.

In multiple previous reports, the expression of the muscle
atrophy-related ubiquitin ligases atrogin-1 and MuRF1 was upreg-
ulated in catabolic muscle [10,27,28]. Here, we found that both
mRNA and protein levels of atrogin-1 and MuRF1 were increased
in dexamethasone-treated myotubes (Fig. 3). Importantly, the
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Fig. 4. HMB prevents dexamethasone-induced increase in protein degradation and
dexamethasone-induced decrease in protein synthesis through p38/MAPK- and
PI3K/Akt-dependent mechanisms, respectively. Cultured L6 myotubes were treated
with dexamethasone in the absence or presence of HMB as described in Fig. 1. In
some of the experiments, myotubes were exposed to PD98059 (PD98), SB202190
(SB20), LY294002, or rapamycin as described in Section 2. (A) Protein degradation
and (B) synthesis rates were determined as described in Section 2. Results are
means + SEM with n =6 per group. *p < 0.05 vs control; *p < 0.05 vs corresponding
vehicle group by ANOVA.

dexamethasone-induced increase in atrogin-1 and MuRF1 expres-
sion was attenuated by HMB (Fig. 3). Interestingly, HMB reduced ba-
sal atrogin-1 (but not MuRF1) mRNA levels but did not influence the
corresponding protein levels, suggesting that HMB may regulate
atrogin-1 protein levels by both transcriptional and post-transcrip-
tional mechanisms.

In a recent study, inhibition of protein degradation by HMB was
suggested to reflect a p38/MAPK-dependent mechanism [17]. We
tested whether a similar mechanism may be involved in the protec-
tive effects of HMB in dexamethasone-treated myotubes. The inhi-
bition of dexamethasone-induced protein degradation by HMB
was abolished by the p38/MAPK-specific inhibitor SB202190
(Fig. 4A), suggesting that the protective effect of HMB was p38/
MAPK-dependent. In contrast, the protective effect of HMB on
protein degradation in dexamethasone-treated myotubes was
maintained in the presence of the p42/44 MAPK inhibitor PD98
059, suggesting that the effects of HMB on protein degradation in
dexamethasone-treated myotubes was not related to p42/44 MAPK
signaling.

Other studies suggest that PI3K/Akt and/or mTOR signaling may
be involved in the HMB-mediated stimulation of protein synthesis
in catabolic muscle [20,21]. Here, we tested the involvement of
these pathways in HMB-induced stimulation of protein synthesis
by treating the myotubes with the PI3K/Akt inhibitor LY29004 or
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the mTOR inhibitor rapamycin. As expected, both drugs reduced
basal protein synthesis rates. Importantly, the prevention by
HMB of the dexamethasone-induced decrease in protein synthesis
was abolished by LY29004 but not by rapamycin (Fig. 4B). Taken
together, the results in Fig. 4 suggest that HMB prevents dexa-
methasone-induced increase in protein degradation and dexa-
methasone-induced inhibition of protein synthesis through p38/
MAPK- and PI3K/Akt-dependent mechanisms, respectively.

4. Discussion

The present study provides evidence that HMB can prevent
glucocorticoid-induced muscle atrophy. The observation is impor-
tant from a clinical standpoint because high glucocorticoid levels,
as seen for example in patients with Cushing’s syndrome and in
patients treated with corticosteroids for asthma and rheumatoid
arthritis, are associated with muscle wasting and weakness
[1-4]. In addition, loss of muscle mass in different catabolic condi-
tions, including sepsis and burn injury, is mediated by glucocorti-
coids [5-8]. Thus, the present results suggest that multiple patient
groups suffering from glucocorticoid-dependent muscle wasting
may benefit from treatment with HMB.

Although HMB may protect skeletal muscle from the catabolic
effects of cancer cachexia [12-14], AIDS [15], aging [18], muscular
dystrophy [29], endotoxemia [16,17], and glucocorticoids (present
study), the protective effects of HMB are not universal. For exam-
ple, in a controlled clinical trial, HMB (in combination with gluta-
mine and arginine) did not prevent muscle wasting in patients
with rheumatoid arthritis [30]. Therefore, it is important to specif-
ically test the influence of HMB on muscle protein balance during
muscle wasting caused by different conditions and mechanisms.

In several studies, HMB attenuated muscle wasting by inhibiting
protein breakdown and stimulating protein synthesis [13,17,19,20,
24,25]. In endotoxemic rats, however, only the increase in protein
degradation was improved by HMB whereas the reduction of pro-
tein synthesis was not influenced [16]. In light of the present study
and previous reports suggesting that sepsis- and endotoxemia-in-
duced muscle wasting is at least in part mediated by glucocorticoids
[5-7], the results reported in endotoxemic rats [16] may seem sur-
prising. It is possible, however, that the role of glucocorticoids in the
regulation of muscle protein synthesis during endotoxemia is less
prominent than their role in the regulation of protein degradation.
Furthermore, other mechanisms (not sensitive to HMB) may regu-
late muscle protein synthesis during endotoxemia.

Previous observations [17,19-21] and the present study suggest
that the p38/MAPK and PI3K/Akt signaling pathways are involved
in the beneficial effects of HMB in skeletal muscle. In addition to
these mechanisms, multiple other mechanisms have been pro-
posed to be involved in the protective effects of HMB in skeletal
muscle, including activation of RNA-dependent protein kinase
[17,19,20], inhibition of NF-kB activity [23], stimulation of muscle
cell proliferation and differentiation [21], inhibition of ubiquitin-
proteasome-dependent protein degradation [13], inhibition of cas-
pase 3 and 8 [17,19], prevention of p38-dependent production of
oxygen radicals [19], and stabilization of the sarcolemma [31,32].
It will be important in future studies to determine if any of these
mechanisms is involved in the protective effects of HMB in gluco-
corticoid-induced muscle wasting.

A limitation of the present study is the fact that experiments
were performed in vitro in dexamethasone-treated myotubes and
it is not known if treatment with HMB in vivo can prevent gluco-
corticoid-induced muscle atrophy. Previous reports suggest, how-
ever, that dexamethasone-induced changes in protein turnover
rates are similar in cultured muscle cells and in vivo [5-7,9,26]
and that HMB can exert beneficial effects both in cultured muscle
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cells and in skeletal muscle in vivo [12-14,19,20,24,25]. It is there-
fore reasonable to assume that the present results are predictive of
a protective effect of HMB on glucocorticoid-induced muscle
atrophy in vivo.
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