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Abstract Amino acids such as leucine and its metabolite
a-ketoisocaproate (KIC), are returning to be the focus of
studies, mainly because of their anti-catabolic properties,
through inhibition of muscle proteolysis and enhancement
of protein synthesis. It is clear that these effects may
counteract catabolic conditions, as well as enhance skeletal
muscle mass and strength in athletes. Moreover, beta-
hydroxy-beta-methylbutyrate (HMB) has been shown to
produce an important effect in reducing muscle damage
induced by mechanical stimuli of skeletal muscle. This
review aims to describe the general scientific evidence of
KIC and HMB supplementation clinical relevance, as well
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as their effects (e.g., increases in skeletal muscle mass and/
or strength), associated with resistance training or other
sports. Moreover, the possible mechanisms of cell signal-
ing regulation leading to increases and/or sparing (during
catabolic conditions) of skeletal muscle mass are discussed
in detail based on the recent literature.

Keywords HMB - Clinical effects -
Performance-related effects - Mechanisms

Introduction

The amino acid leucine and its metabolite o-ketoisocap-
roate (KIC) have been known to be potent anti-catabolic
compounds for more than 35 years (Hider et al. 1960;
Zanchi et al. 2008) and have recently been the focus of
several studies. Nissen et al. (1996) demonstrated that a
specific leucine-derived metabolite, beta-hydroxy-beta-
methylbutyrate (HMB), is of special interest, due to its
positive effects on sports performance and as a thera-
peutical supplement (mainly in atrophic conditions), since
the use of inhibitors of leucine transamination (the pro-
cess yielding HMB) suppresses the inhibition of protein
degradation (Slater and Jenkins 2000). Other branched-
chain amino acids (BCAAs), such as isoleucine and
valine, are not able to trigger these effects, reinforcing the
assumption that HMB or some other strictly related
metabolite is the key element eliciting the mentioned anti-
catabolic effect (Holecek et al. 2009). In addition, recent
studies show that HMB supplementation in cachexia
produces a dampening effect on skeletal muscle degra-
dation and reinforces protein synthesis through multiple
signaling pathways (Eley et al. 2007; Nunes et al. 2008;
Caperuto et al. 2007). Moreover, HMB has been shown to
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reduce muscle damage as induced by mechanical stimu-
lation associated with increases in skeletal muscle mass
(Nissen and Sharp 2003). These properties of HMB credit
its use not only in pathological conditions in which loss
of muscle mass is observed but also in sports. Therefore,
this review aims to describe the effects of HMB supple-
mentation from clinical to athletic performance. From this
discussion, we hope to shed light on how this supplement
is capable of exerting such divergent effects.

HMB metabolism

HMB is a metabolite of the amino acid leucine (Van
Koverin and Nissen 1992), an essential amino acid. The
first step in HMB metabolism is the reversible transami-
nation of leucine to o-KIC that occurs mainly extrahepat-
ically (Block and Buse 1990). Following this enzymatic
reaction, «-KIC may follow one of two pathways. In the
first, HMB is produced from o-KIC by the cytosolic
enzyme KIC dioxygenase (Sabourin and Bieber 1983). The
cytosolic dioxygenase has been characterized extensively
and differs from the mitochondrial form in that the diox-
ygenase enzyme is a cytosolic enzyme, whereas the
dehydrogenase enzyme is found exclusively in the mito-
chondrion (Sabourin and Bieber 1981, 1983). Importantly,
this route of HMB formation is direct and completely
dependent of liver KIC dioxygenase. Following this path-
way, HMB in the cytosol is first converted to cytosolic
p-hydroxy-f-methylglutaryl-CoA (HMG-CoA), which can
then be directed for cholesterol synthesis (Rudney 1957)
(Fig. 1). In fact, numerous biochemical studies have shown
that HMB is a precursor of cholesterol (Zabin and Bloch
1951; Nissen et al. 2000).

In the second pathway, after transamination, «-KIC in
liver generates isovaleryl-CoA through the enzymatic
action of branched-chain ketoacid dehydrogenase (BCKD)
and after several steps, there is production of HMG-CoA
through the enzyme HMG-CoA synthase (Fig. 1). Under
normal conditions the majority of KIC is converted into
isovaleryl-CoA, in which approximately 5% of leucine is
metabolized into HMB (Wilson et al. 2008; Van Koverin
and Nissen 1992). However, Nissen and Abumrad (1997)
provided evidence that the primary fate of HMB is prob-
ably conversion to HMG-CoA in the liver, for cholesterol
biosynthesis. The purposed hypotheses underlying HMB
action is that stressed or damaged muscle cells might not be
able to produce enough HMG-CoA as warranting proper
cellular function. One such pathway may be specially
important in the muscle, that relies on de novo synthesis of
cholesterol. However, as described here, this specific issue
may depend on the degree of damage of the muscle cell
provoked by exercise.
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HMB supplementation: effects on metabolism
and immune responses

Based on the contention that HMB can serve as a precursor
for cellular cholesterol synthesis, an important question
that arises is: Is this cholesterol pathway activated through
HMB supplementation capable of modulating circulating
cholesterol levels? In order to respond such important
issue, Nissen et al. (2000) analyzed data from nine studies
in which humans had been supplemented with 3 g/day of
HMB for three to 8 weeks. The results revealed an LDL
cholesterol reduction of 7.3% in individuals with hyper-
cholesterolemia (with no changes in HDL cholesterol),
especially when total cholesterol was increased compared
with the placebo group. In the same study, liver function
was unchanged compared to the endpoint function. In
summary, the authors concluded that the only definitive
effects of HMB were positive in nature, particularly
relating to lowering plasma cholesterol. These data
suggested that the popular use of supplemental HMB at
3 g/day as an ergogenic aid for exercise is well tolerated
and safe.

On the same line, Peterson et al. (1999) isolated
macrophages from an avian macrophage cell line
(MQ-NCSU) and supplemented those cells with increas-
ing concentrations of HMB, exposing cells to 0, 10, 20,
40, 80, and 100 pug of HMB per 5 x 10* cells in a 96-
well culture plate. When exposed to 40 pg of HMB, the
phagocytic potential of MQ-NCSU macrophages was
significantly higher (31.7%) than that of the controls.
These data demonstrate that HMB exposure induces
proliferation of macrophages in culture in addition to
enhancing macrophage effector functions, such as nitrite
production and phagocytosis. The findings of this study
imply that HMB might be used as a possible dietary
immunomodulator.

HMB Kkinetics and urinary excretion

Vukovich et al. (2001) determined the time course
kinetics of HMB in humans, and the influence of oral
glucose ingestion upon this parameter. Because Green
et al. (1996) have reported that carbohydrate intake alters
creatine retention, probably through the action of insu-
lin, the kinetics of HMB could also be affected by
macronutrient intake. In Study 1, eight male subjects
(32 £ 10 years) participated in two randomized trials:
(1) oral ingestion of 1 g of HMB in capsule form with
water (HMB), and (2) placebo. Blood samples were obtained
prior to ingestion of the capsules and at 30, 60, 90, 120,
150, and 180 min in order to measure plasma HMB. Two
hours after consumption of 1 g of HMB with 75 g of
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Fig. 1 HMB metabolism. Adapted from Nissen and Abumrad (1997) and Van Koverin and Nissen (1992)

glucose, an HMB peak of 120 nmol/mL was observed.
An increased plasma HMB response was observed after
consuming a mixture of 3 g HMB plus 75 g of glucose,
peaking at 352 nmol/mL. 2 h after HMB consumption.
Moreover, further analysis using the insulinemic clamp
technique indicated no major differences between con-
comitant glucose/HMB and HMB supplementation alone
(Vukovich et al. 2001). The only difference concerned the
interval required for the HMB concentration to peak, which
was significantly longer when HMB was consumed with
glucose; nevertheless, plasma half-life was enhanced.
When examining urinary excretion, it was observed that
when following the protocol of low doses (1 g of HMB),
approximately 14% (0.14 g) of the HMB was excreted in
the urine. In contrast, after the high dose protocol (3 g/day)
approximately 29% (0.87 g) of the ingested HMB excreted
in the urine following the ingestion of HMB and glucose or
glucose alone. At 1 g, HMB levels peaked faster than when
consumed at 3 g/day, as it was being retained in a way
independent of glucose consumption. Similar data about
safety of renal function was observed by Gallagher et al.
(2000b).

Leucine and HMB supplementation: similarities
and differences

As with HMB, it is not clear if leucine per se or one of its
metabolites signals the activation of its anti-catabolic
effects (e.g., inhibition of protein degradation or activation
of protein synthesis), because no receptors for leucine
(Lynch et al. 2002) or HMB have been identified to date.
When supplemented, the first step in leucine metabolism is
the reversible transamination of leucine to «-KIC, which is
catalyzed by the branched-chain amino transferase isoen-
zymes [mitochondrial (BCATm) and cytosolic (BCATc)]
(Lynch et al. 2002). The former enzyme is expressed
mainly in neural tissue (Hutson et al. 1995). Thus, among
BCAT enzymes, BCATm is of special interest because of
its specific expression in tissues where these supplements
present abundant effects. As previously mentioned, a-KIC
can follow distinct routes, because HMB synthesis through
BCAA transamination is responsible for endogenously
synthesized HMB. On the other hand, after leucine trans-
amination, branched-chain  ketoacid dehydrogenase
(BCKA dehydrogenase) appears to be the enzyme involved
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in completing the leucine signal (Lynch et al. 2002). The
implication of this hypothesis is that a single step in leu-
cine-KIC metabolism provides both the transduction of the
leucine signal and its termination, also controlling the
production of other products such as HMB (Xu et al. 2001).
This hypothesis may help to elucidate the mechanisms
leading to the finishing signals provided by HMB and
leucine supplementation. Unfortunately, little is known
about the action of BCKD on HMB in the liver and muscle.
Another limiting factor is associated with the lack of spe-
cific inhibitors of the first reversible step in leucine
metabolism, which produces o-KIC (Lynch et al. 2003).
The commonly adopted inhibitors, such as aminooxyacetic
acid, are non-specific and inhibit a number of transami-
nases in the cell in addition to the one of interest, the
mitochondrial BCAA transaminase (Lynch et al. 2003).
Thus, conclusions based on such inhibition need to be
carefully evaluated.

On the other hand, Nissen et al. (1996) suggested that
HMB or some other metabolite (since there is no specific
inhibitor to BCAT) is the main component responsible for
the anti-catabolic effects of HMB because when adopting
inhibitors of BCAA transamination, the only BCAA
capable of anti-proteolytic effects is leucine, which
undergoes a process capable of generating HMB (Slater
and Jenkins 2000). Such effects were not observed when
other BCAAs were tested (isoleucine and valine), sug-
gesting that HMB or some metabolite may be the key
element in promoting the effects mentioned above (Holecek
et al. 2009).

Corroborating that study, the effects of leucine supple-
mentation in low doses (3 g/day) were compared by
Wilson, Wilson and Manninen (2008) to the effects of a
protocol of high leucine supplementation (15 g/day) in a
similarly designed study. The authors concluded that the
highest leucine dose was more effective in generating some
metabolite (possibly HMB) that optimized leucine’s ergo-
genic effects. In addition, Tischler et al. (1982) observed
that the same concentrations of leucine and o-KIC showed
different anti-proteolytic effects in incubated diaphragm
muscles. At the same concentration (0.5 mM), «-KIC was
unable to stimulate protein synthesis when compared to
administration of leucine alone, while protein degradation
was inhibited by 7% compared to leucine. Moreover,
plasma concentrations of HMB normally range from 1 to
4 mmol/L but can increase five to tenfold after leucine is
taken orally (Nissen and Abumrad 1997). Although a tel-
eological relationship is still unknown, it is possible that
leucine supplementation acts as a precursor for o-KIC
favoring the route of metabolism; however, as mentioned
above, it remains unknown if an extracellular or intracel-
lular leucine receptor is responsible for such effects
(Hundal and Taylor 2009).
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Why use HMB as a supplement?

A person weighing 70 kg produces about 0.2-0.4 g of
HMB per day, depending on the content of leucine in the
diet. Based on the fact that all essential amino acids, such
as L-leucine (the precursor of HMB), are not synthesized by
the human body, this quantity is reached through the dietary
intake of protein. The main dietary sources of L-leucine are
protein sources, for example, meat. In a recent review,
Wilson et al. (2008) pointed out that an individual would
need to consume about 60 g of L-leucine to produce 3 g of
HMB, the usual supplemented dose in studies concerning
the effects of HMB (Wilson et al. 2008).

To achieve these levels, an individual would have to
consume larger quantities of all amino acids, including
leucine. Translating such quantities to the “real world”
(through food intake alone), achieving the recommended
amounts proposed by the studies cited above may be fea-
sible but is certainly beyond the dietary principles of a
balanced diet.

Main aims of HMB supplementation

The dietary supplement HMB has been shown to decrease
muscle proteolysis during the stress of exercise and disease
(Vukovich et al. 2001). Besides this direct effect, HMB
can markedly decrease muscle damage, which is evi-
denced by the diminished leakage of phosphorylcreatine
phosphokinase (CPK) out of muscle cells (Cheng et al.
1998; Nissen et al. 1996; Nissen and Abumrad 1997). Also
supporting this concept, there are several studies showing
that drugs inhibiting cholesterol synthesis in muscle carry
a potential risk for myopathy because HMG-CoA reduc-
tase inhibitors affect the electrical properties of the rat
skeletal muscle fiber membrane, leading to increased
muscle damage (Pierno et al. 1995) and even muscle cell
death (Mutoh et al. 1999). For these reasons, HMB sup-
plementation has been adopted as an alternative by those
practicing resistance exercise or weight training, by indi-
viduals under extreme muscular stress, by elderly indi-
viduals and by patients with diseases associated with
muscle wasting syndromes, such as cachexia (Smith et al.
2005).

Effects of HMB on strength and muscle mass

Although there is an intuitive idea that the increase in
protein intake associated with resistance training is neces-
sary to ensure maximum gains in strength and muscle
mass, there are many important questions to be answered
regarding the consumption of food supplements. In the
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recent years, the growing interest in HMB supplementation
has arisen from previous demonstrations of its anti-catabolic
properties (Nissen and Sharp 2003; Smith et al. 2005) and
speculations related to its mechanisms of action. In fact,
HMB supplementation may affect cellular receptors and
hormones, such as cortisol, testosterone, and insulin, or the
modulation of enzymes responsible for muscle catabolism
(Slater and Jenkins 2000). However, recent studies have
generated a more concrete basis regarding HMB mecha-
nisms of action (Eley et al. 2007).

The first studies addressing the effect of oral supple-
mentation with different doses of HMB on the regulation of
muscle mass in humans were carried out by Nissen et al.
(1996) in a resistance training study. In this study, the
authors adopted two experimental designs, in which sub-
jects were supplemented with 0, 1.5 and 3.0 g/day of HMB
while doing resistance training for 3 weeks. They observed
a significant decrease in exercise-associated muscle prote-
olysis during the first 2 weeks, as assessed by measurement
of urinary excretion of 3-methyl-histidine. They also found
a reduction in muscle damage indicators during the third
week, as indicated by the measurement of CPK and lactate
dehydrogenase (LDH) activity. When these authors per-
formed supplementation at doses of 0 and 3.0 g of HMB
per day associated with resistance training for 7 weeks,
they reported a significant increase in fat-free mass and
strength (Jowko et al. 2001). However, controversial
results have been found in studies with humans previously
trained or untrained when assessing the effects of oral
supplementation of HMB in conjunction with resistance
training (Nissen et al. 1996; Gallagher et al. 2000a; Slater
et al. 2001; Jowko et al. 2001; Vukovich et al. 2001;
Ransone et al. 2003; Hoffman et al. 2004).

There is evidence that adults new to physical training
exhibit lower levels of muscle damage markers induced by
resistance training, as assessed by CPK activity in blood,
when supplemented with 3.0 g/day of HMB (Panton et al.
2000; Gallagher et al. 2000a) or when supplemented with
creatine (Jowko et al. 2001). In distance runners, reductions
in muscle damage markers represented by serum CPK and
LDH were also found (Knitter et al. 2000). Other effects
involve significant increases in muscle strength during
resistance training along with HMB supplementation in a
manner that is independent of gender or training status
(Panton et al. 2000), or in conjunction with creatine sup-
plementation (Jowko et al. 2001). In addition, there are
data indicating that 8 weeks after consumption of 3.0 g of
HMB per day during resistance training there is an increase
of muscle mass (Gallagher et al. 2000a). However, in this
study, the authors found that doses of 6 g of HMB per day
did not elicit the same effect, and that doses higher than 3 g
did not exacerbate the effects in individuals who are
starting resistance training.

On the other hand, a number of studies failed to confirm
the results presented above. In adult beginners, resistance
training with HMB supplementation (3.0 g HMB per day)
did not change body composition, muscular strength levels
and biochemical markers of protein turnover and muscle
damage (Slater et al. 2001), elicit increased muscle mass
(Jowko et al. 2001) or alter the strength gain and fat-free
mass gain in elderly subjects (Vukovich et al. 2001). In
addition, in athletes conditioned to resistance training, the
same dose of HMB was unable to change the strength and
body composition of athletes involved in water polo,
rowing (Slater et al. 2001) or football (Ransone et al. 2003;
Kreider et al. 2000), and did not present effects on several
markers of muscle damage (CPK and LDH) as well as
speed between the groups (Kreider et al. 2000).

On the contrary, oral supplementation of HMB in
untrained individuals undergoing routine resistance train-
ing may contribute to the ergogenic effects of aspects of
strength and muscle mass because these effects appear to
be more prominent among those who are in the initial
phase of training. Furthermore, HMB consumption seems
to pose no risk because there are no records of negative
responses in, for instance, parameters of renal function,
hepatic and hematologic parameters after the intake of up
to 6 g of HMB per day (Gallagher et al. 2000a, b).

Some explanations for these conflicting results are
noteworthy. From the standpoint of gaining muscle mass, it
is believed that supplementation with HMB exerts signifi-
cant effects in conditions in which muscle proteolysis is
more pronounced, such as in sedentary individuals acutely
exposed to mechanical stimulation. In addition, the type of
contraction is also a factor to be considered, as eccentric
contractions promote more muscle tension, maximizing
muscle damage (Spiering et al. 2008; Zanchi and Lancha
2008). Table 1 summarizes some data presented in this
section and in the section below.

Therapeutic effects of supplementation

As said before, HMB has been adopted as an alternative
supplement by individuals under extreme muscular stress,
by elderly individuals, and by patients with diseases asso-
ciated with muscle wasting syndromes, such as cachexia
(Smith et al. 2005).

Although cachexia involves progressive wasting of
muscle and adipose tissue and is associated with increased
morbidity and mortality in cancer, chronic obstructive
pulmonary disease (COPD) and congestive heart failure
(CHF) patients, no single nutritional therapy is able to
revert it. The BCAA leucine, the leucine metabolite HMB,
arginine, glutamine, omega-3 long-chain fatty acids, con-
jugated linoleic acid, and polyphenols have demonstrated
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Table 1 Effects of supplementation of HMB in different protocols and different populations regarding muscle strength, muscle mass and muscle

damage

References Samples Methodology Results

Clark et al. Humans 3 g of HMB + 14 g 8 weeks In individuals with HIV, increased lean mass and improved
(2000) arginine + 14 g glutamine/ immune system function

day

Flakoll et al. Humans 2.0 g HMB + 50 g 12 weeks Gain in maximum strength and muscle mass
(2004) arginine + 1.5 g lysine/day

Gallagher et al. Humans 3.0 g HMB/day 8 weeks with RT Induced increases in muscle mass
(2000a)

Gallagher et al. Humans 6.0 g HMB/day 8 weeks with RT No response to supplementation
(2000a)

Gallagher et al. Humans 6.0 g HMB/day 8 weeks with RT No risk regarding renal and liver function or hematological
(2000a) parameters

Hoffman et al. Humans 3.0 g HMB/day 10 days® No gain in strength nor in muscle mass
(2004)

Jowko et al. Humans 3.0 g HMB/day 3 weeks with RT No changes in muscle mass
(2001)

Kreider et al. Humans 3.0 or 6.0 g HMB/day 4 weeks with RT No gain in strength, nor in muscle mass
(1999)

Lamboley et al. Humans 3.0 g HMB/day 5 weeks with aerobic Aerobic capacity enhancement with no alterations in body
(2007) exercise program composition

Nissen et al. Humans 1.5 or 3.0 g HMB/day 3 and 7 weeks with  Significant decrease in muscle proteolysis induced by
(1996) RT exercise

O’Connor and  Humans 3.0 g HMB/day 6 weeks® No gain in strength, nor in anthropometrical parameters
Crowe (2007)

Panton et al. Humans 3.0 g HMB/day 4 weeks with RT Lower levels of muscle damage markers
(2000)

Ransone et al.  Humans 3.0 g HMB/day 4 weeks” No gain in strength nor in muscle mass
(2003)

Slater et al. Humans 3.0 g HMB/day 6 weeks with RT No changes in body composition, muscular strength and
(2001) biochemical markers

Soares et al. Rats 0.002 ¢ HMB/day 7 days Decreased muscle damage and increased muscle fiber
(2001) diameter under hindlimb immobilization procedures

Thomson et al. Humans 3.0 g HMB/day 9 weeks with RT Increased lower-body strength with no effects on body
(2009) composition

Van Someren Humans 3.0 g HMB + 3.0 g KIC/day 2 weeks with RT Gain in maximum strength and increased skeletal muscle
et al. (2005) repair

Vukovich et al. Humans 3.0 g HMB/day 8 weeks with RT No effect on strength gain and fat-free mass gain in elderly

(2001)

subjects

RT Resistance training, HMB beta-hydroxy-beta-methylbutyrate, KIC alpha-keto isocaproate

4 Associated with specific exercise program for football players

® Associated with specific exercise program for rugby players

some efficacy in animal and human studies. Optimal
treatment for cachexia is aimed at maximizing muscle and
adipose synthesis while minimizing degradation (Siddiqui
et al. 1996).

Bearing this is mind, two main strategies have been
followed: (1) to reduce the proliferation and the size of
tumor cells and (2) to diminish muscle proteolysis while
increasing protein synthesis with nutritional supplementa-
tion of HMB and leucine (this topic will be discussed in
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more detail in the section on mechanisms of action). To
exemplify the first, the recent work of Nunes et al. (2008),
using adult Walker 256 tumor-bearing Wistar rats, dem-
onstrated that supplementation with 76 mg/kg body
weight/day of HMB for 8 weeks induced a lower tumor
weight and lower tumor cell proliferation with suppression
of the NF-xB signaling pathway. The anti-tumor and anti-
cachectic effects of HMB supplementation were accom-
panied by significant NF-xB inhibition (NF-xB alpha
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content) by 100% and suppression of NF-kB p65 subunit
content by 17% over untreated tumor-bearing animals.
Additionally, Caperuto et al. (2007), using the same animal
model, have shown that 320 mg/kg body weight/day of
HMB supplementation for 4 weeks increased the survival
time of tumor-bearing animals. Finally, in an elegant study
by Smith et al. (2005) in mice implanted with the MAC16
tumor, supplementation of HMB was found to be effective
in reducing weight loss induced by cancer, but only at doses
>0.125 g/kg body weight, which clearly indicates that
HMB effects appear to be dose-dependent.

Due to the encouraging results of HMB supplementation
in sports, HMB supplementation has been widely adopted
in clinical/pathological conditions and in experimental
models characterized by high muscle proteolytic rates.

For example, using the suspension model characterized
by robust muscle atrophy, Soares et al. (2001) showed
that supplementation of HMB during immobilization of
hindquarters of adult rats resulted in decreased muscle
damage and increased muscle fiber diameter (+6.9%),
compared with the non-supplemented group. Additionally,
Clark et al. (2000) observed that in individuals infected
with the HIV virus, after 8 weeks of supplementation with
a mixture of HMB, arginine and glutamine (3 g of
HMB + 14 g arginine 4+ 14 g glutamine) divided into
two daily doses, the subjects showed a significant gain in
lean body mass and an improvement of immune status.
This same mixture was tested in patients with cancer for a
period of 24 weeks. Within 4 weeks of supplementation,
individuals showed a significant gain in lean body mass,
which was sustained until the end of the study (May et al.
2002).

Thus, we conclude in accordance with Alon et al. (2002)
“the continuation of investigations of supplemental HMB
treatment of patients with advanced-stage can potentially
lead to discovery of methods to increase the resistance and
immunity and thus improve the chances of survival.”

Mechanisms of action: possible signaling pathways
involved in the control of skeletal muscle mass

Studies investigating the mechanisms by which HMB
promotes increases in strength and muscle hypertrophy are
relatively scarce and new. Based on these studies, it is
postulated that such supplementation would involve the
following mechanisms: (1) upregulation of IGF-I gene
expression in skeletal muscles, (2) stimulation of protein
synthesis by increasing the mTOR signaling pathway, and
(3) suppression of proteolysis by the inhibition of the
ubiquitin—proteasome system (Fig. 2). Moreover, some
studies have pointed out other possible mechanisms that
could be involved in HMB actions, as discussed below.

IGF-1 expression in skeletal muscles

In a recent chicken and human myoblasts cell culture
study, Kormasio et al. (2009) demonstrated that incuba-
tion with HMB (25-100 pg/mL) promoted an increase in
thymidine incorporation (an indicator of DNA synthesis)
that was 2.5 times greater than in controls. In parallel, the
mRNA expression of MyoD (a marker of cell prolifera-
tion), which is increased in activated satellite cells, was
also augmented, following a dose-response curve. More-
over, the addition of various concentrations of HMB (25—
100 pg/mL) to the culture medium for 24 h resulted in a
marked increase of myogenin and MEF2 expression
(markers of cell differentiation) in these cells, which was
also in a dose-dependent fashion. These are secondary
myogenic regulatory factors (MRFs) and are related to the
differentiation of satellite cells. As a result, there was a
significant increase in the number of cells, suggesting a
direct action of HMB upon the proliferation and differ-
entiation of myoblasts. The relevance of this action in the
whole animal (i.e., in vivo), however, remains to be
determined, but in the study of Kormasio et al. (2009),
the increase in IGF-1 expression was nearly twofold
compared to control untreated cells. In this context, sev-
eral explanations are possible. For example, transgenic
mice overexpressing IGF-1 in skeletal muscles show
pronounced muscle hypertrophy, attenuation of age-related
atrophy and improvement in strength (Barton-Davis et al.
1998; Fiorotto et al. 2003). Satellite cells were also
augmented, and consequently the number of myonuclei,
as evidenced by the increase in total DNA content
(Fiorotto et al. 2003).

Recent data also point out a stimulatory effect of HMB
on the production of hepatic IGF-1. Animals treated with
320 mg/kg body weight/day HMB for 4 weeks showed a
significant increase in IGF-1 mRNA expression and, con-
sequently, in serum levels of this hormone, which appears
to occur through GH action in the liver (F. Gerlinger-
Romero, L. Guimaraes-Ferreira, G. Giannocco, M. T. Nunes,
unpublished data). IGF-1 produced by both the liver and
muscle in response to treatment with HMB would then act
on the skeletal muscle in an endocrine, paracrine and
autocrine fashion. It is well established that IGF-1 exerts an
anabolic action in skeletal muscle, leading to hypertrophy
of muscle fibers (Barton-Davis et al. 1998; Fiorotto et al.
2003).

mTOR pathway
The enzyme known as mTOR (mammalian target of rap-

amycin) is a protein kinase responsive to mechanical,
hormonal and nutritional stimuli, with a central role in the
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Fig. 2 Mechanisms of action of
HMB in the processes of muscle
protein synthesis and
degradation. Data from:

Protein Synthesis
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control of cell growth, primarily by controlling mRNA
translation efficiency (Zanchi and Lancha 2008). In this
anabolic context, HMB appears to act upon the mTOR
pathway by yet unknown mechanisms, increasing the
phosphorylation of its protein substrates (4EBP-1 and
p70S6K) and resulting in increased myofibrillar protein
synthesis. In support of this argument, Eley et al. (2007)
observed that in cultures of skeletal muscle cells (C2C12
lineage), incubation with 50 mM of HMB significantly
stimulated muscle protein synthesis. This response was
positively correlated with an increase in phosphorylation of
mTOR and two important substrates of mTOR (4EBP-1
and p70S6K), proteins involved in the increased translation
of mRNA and protein synthesis in muscle. Importantly, this
stimulating effect was completely abolished in the presence
of rapamycin, an mTOR inhibitor. In practical terms, this
effect could contribute to the preservation of muscle mass
in catabolic situations. Moreover, when used in combina-
tion with strength training, HMB supplementation enhan-
ces the gain of muscle mass (Nissen et al. 1996). This
effect could be mediated through a direct action on the
mTOR pathway, and/or by a reduction in the appearance of
signs and symptoms associated with chronic muscle dam-
age (Van Someren et al. 2005).

Bodine et al. (2001) demonstrated that hypertrophy of
myotubes in vitro induced by IGF-1 was dependent on the
pathway initiated by PI3K and Akt, which leads to the
activation of mTOR. The targets of this protein are p70S6K
and 4E-BP1. Thus, this hormone could promote activation

@ Springer
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of protein synthesis by stimulating the process of initiation
of mRNA translation. Rapamycin, a selective inhibitor of
mTOR, blocked the hypertrophy in all experimental mod-
els tested, without causing atrophy in the control muscles
(Bodine et al. 2001). Thus, further studies are needed to
determine if activation of this signaling pathway by HMB
occurs as a result of increased expression of IGF-1, direct
stimulation of mTOR, leucine or other metabolites (Zanchi
et al. 2008).

Ubiquitin—proteasome system

The ubiquitin—proteasome system is a proteolytic system
dependent on energy (ATP) and degradation of intracel-
lular proteins whose activity are increased in conditions of
exacerbated muscle catabolism, such as fasting, hypo-
gravity, immobilization, bed rest and others (Lecker et al.
2006). Thus, inhibition of this proteolytic system, espe-
cially in atrophic situations, could explain the attenuation
of muscle protein losses observed during treatment with
HMB. In line with this hypothesis, Smith et al. (2005)
observed in mice implanted with the MAC16 tumor that
HMB supplementation was effective in reducing the mus-
cle proteolysis observed in cancer cachexia, which was
reflected in the attenuation of muscle mass loss (as mea-
sured in the soleus muscle). Importantly, this effect was
positively correlated with a decrease in the catalytic
activity of the proteasome.
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IGF-1 administration in fasted animals also stimulates
the phosphorylation of Akt/PKB, inhibiting the shuttling of
FOXO transcription factors to the cell nucleus. Such
inactivation inhibits genomic programs activated through
FOXO transcription factors in the nucleus, which include
decreased of E3 ligases, such as atrogin-1 protein expres-
sion (Zanchi et al. 2010). Such enzymes constitute an
important class of enzymes involved in the activation and
ubiquitination of proteins to be degraded by the proteasome
(Hoffman and Nader 2004; Dehoux et al. 2004; Latres et al.
2005). Additionally, the effects of E3 ligases activation
was markedly increased in non-treated animals when
compared to IGF-1-treated animals. Moreover, the addition
of this hormone also inhibited the expression of the ubiq-
uitin-ligase in culture muscle cells incubated with high
doses of glucocorticoids (Dehoux et al. 2004). However,
again, more studies are needed to determine whether the
actions of HMB are direct or mediated by an increased
expression of IGF-1. Summarizing, in addition to its ana-
bolic effects, this hormone also seems to play a role in the
inhibition of the process of protein degradation via the
ubiquitin—proteasome system.

Parallel mechanisms controlling skeletal muscle mass
mediated through HMB actions

A recent work by Eley et al. (2008) described a possible
new mechanism of action of HMB supplementation. HMB
could attenuate protein synthesis depression through
modulation of lipopolysaccharides, tumor necrosis factor
alpha (TNF-alpha) and angiotensin 2. These agents inhib-
ited protein synthesis through the activation of the protein
kinase PKR with subsequent phosphorylation of eukaryotic
initiation factor 2 (eIF2) in its alpha subunit, leading to
phosphorylation of eukaryotic elongation factor 2 (eEF2).
HMB attenuates phosphorylation of eEF2, possibly by
increasing the phosphorylation of mTOR as well by sup-
pressing the phosphorylation of elF2-alpha by preventing
activation of PKR. Thus, HMB supplementation could
prevent phosphorylation of the protein kinases responsible
for inhibiting the elongation step of mRNA translation.

Conclusions

1. Although a meta-analysis by Nissen and Sharp (2003)
has indicated that the effects of HMB on strength and
lean mass are statistically significant, this review has
received some criticism that must be taken into
account. The fact that it analyzed only nine studies
with HMB supplementation, which are conducted by
three distinct groups of researchers, may present a

significant bias to the conclusions proposed. Sub-
sequent studies should investigate the reason for the
heterogeneity observed in the literature.

2. Another crucial point to be considered is that the
proposed mechanisms of action of HMB involves
increased sarcolemmal integrity. The inconsistent
findings in athletes may be partly explained by the
lower degree of muscle damage caused by the exercise
stimulus in this population. Thus, considering this
aspect, training protocols that are sufficiently intense
and accrued should be established to test the effec-
tiveness of HMB on this variable.

3. The vast majority of studies have employed 3 g/day of
HMB, grounded in evidence that this dose produces
better results than 1.5 g/day and is equivalent to
6 g/day. Further studies are required to validate this
hypothesis by varying the dose given, the supplement
and the degree of catabolism and adopting different
training intensities.

4. The mechanisms of action of HMB must also be
explored. Although experiments in vitro and in animal
models provided a major breakthrough in this field,
human studies are lacking. Considering the great
spectrum of action of HMB in modifying the activity
and expression of various genes and proteins, deeper
use of molecular biology tools could provide new
insights into the mechanisms underlying the effects of
supplementation.

5. Finally, the therapeutic use of this supplement is quite
promising. Additional clinically controlled studies,
with important primary endpoints, must be conducted
in patients with AIDS, trauma, cancer, malnutrition,
and inflammation, among other frameworks of severe
catabolism. Likewise, studies should examine the
possibility that athletes could benefit from HMB in
periods of rehabilitation, during which the loss of lean
mass and strength are inevitable.

Studies addressing the efficacy of the combination of
supplementation of HMB with other nutrients, leading to
potentially increased strength and lean mass, are of great
value. In this context, Jowko et al. (2001) submitted
healthy volunteers to creatine supplementation, HMB, a
combination of these or a placebo. All subjects performed
strength training throughout the 3-week trial. The most
important findings were related to the higher gain in
strength and mass observed in the lean group supplemented
with creatine and HMB compared to the other groups.
Indicators of muscle damage and protein degradation, such
as CPK in serum and urinary urea, were reduced only in the
groups supplemented with HMB. These findings led the
authors to conclude that the combination of creatine sup-
plementation and HMB results in additive effects, with
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different mechanisms of action. From these data, we can
suggest that the employment of HMB in combination with
creatine is a promising strategy for allowing gains in lean
mass and strength. Future studies should examine the
effects of this combination in athletes and patients during
catabolic settings, to identify the best conditions and the
populations that would benefit from this strategy.

Acknowledgments Brazilian Funding Agency (FAPESP—Fun-
dagdo de Amparo a Pesquisa do Estado de Sao Paulo); Grant Number:
08/51090-1.

References

Alon T, Bagchi D, Preuss HG (2002) Supplementing with beta-
hydroxy-beta-methylbutyrate (HMB) to build and maintain
muscle mass: a review. Res Commun Mol Pathol Pharmacol
111:139-151

Barton-Davis E, Shoturma DI, Musaro A et al (1998) Viral mediated
expression of IGF-I blocks the aging-related loss of skeletal
muscle function. Proc Natl Acad Sci 95:15603

Block KP, Buse MG (1990) Glucocorticoid regulation of muscle
branched-chain amino acid metabolism. Med Sci Sports Exerc
22:316-324

Bodine SC, Stitt TN, Gonzalez M et al (2001) Akt/mTOR pathway is
a crucial regulator of skeletal muscle hypertrophy and can
prevent muscle atrophy in vivo. Nat Cell Biol 3:1014-1019

Caperuto EC, Tomatieli RV, Colquhoun A et al (2007) Beta-hydroxy-
beta-methylbutyrate supplementation affects Walker 256 tumor-
bearing rats in a time-dependent manner. Clin Nutr 26:117-122

Cheng W, Phillips B, Abumrad N (1998) Effect of HMB on fuel
utilization, membrane stability and creatine kinase content of
cultured muscle cells. FASEB J 12:A950 (abs.)

Clark RH, Feleke G, Din M et al (2000) Nutritional treatment for
acquired immunodeficiency virus-associated wasting using
beta-hydroxy beta-methylbutyrate, glutamine, and arginine: a
randomized, double-blind, placebo-controlled study. JPEN
J Parenter Enteral Nutr 24:133-139

Dehoux M, Van Beneden R, Pasko N (2004) Role of the insulin-like
growth factor I decline in the induction of atrogin-1/MAFbx
during fasting and diabetes. Endocrinology 145:4806-4812

Eley HL, Russel ST, Baxter JH et al (2007) Signaling pathways
initiated by beta-hydroxy-beta-methylbutyrate to attenuate the
depression of protein synthesis in skeletal muscle in response to
cachectic stimuli. Am J Physiol Endocrinol Metab 293:923-931

Eley HL, Russel ST, Tisdale MJ (2008) Attenuation of depression of
muscle protein synthesis induced by lipopolysaccharide, tumor
necrosis factor, and angiotensin II by beta-hydroxy-beta-
methylbutyrate. Am J Physiol Endo Metabol 295:1409-1416

Fiorotto ML, Schwartz RJ, Delaughter MC (2003) Persistent IGF-1
overexpression in skeletal muscle transiently enhances DNA
accretion and growth. FASEB J 17:59-60

Flakoll P, Sharp R, Baier S et al (2004) Effect of betahydroxy-beta-
methylbutyrate, arginine, and lysine supplementation on
strength, functionality, body composition, and protein metabo-
lism in elderly women. Nutrition 20:445-451

Gallagher PM, Carrithers JA, Godard MP et al (2000a) Beta-hydroxy-
beta-methylbutyrate ingestion, part I: effects on strength and fat
free mass. Med Sci Sports Exerc 32:2109-2115

Gallagher PM, Carrithers JA, Godard MP et al (2000b) Beta-hydroxy-
beta-methylbutyrate ingestion, part II: effects on hematology,
hepatic and renal function. Med Sci Sports Exerc 32:2116-2119

@ Springer

Green AL, Hultman E, Macdonald IA et al (1996) Carbohydrate
ingestion augments skeletal muscle creatine accumulation during
creatine supplementation in humans. Am J Physiol Endocrinol
Metab 271:821-826

Hider RC, Fern EB, London DR (1960) Relationship between
intracellular amino acids and protein synthesis in the extensor
digitorum longus muscle of rats. Biochem J 114:171-178

Hoffman PE, Nader GA (2004) Balancing muscle hypertrophy and
atrophy. Nat Med 10:584-585

Hoffman JR, Cooper J, Wendell M et al (2004) Effects of beta-
hydroxy beta-methylbutyrate on power performance and indices
of muscle damage and stress during high-intensity training.
J Strength Cond Res 18:747-752

Holecek M, Muthny T, Kovarik M et al (2009) Effect of beta-
hydroxy-beta-methylbutyrate (HMB) on protein metabolism in
whole body and in selected tissues. Food Chem Toxicol 47:255—
259

Hundal HS, Taylor PM (2009) Amino acid transceptors: gate keepers
of nutrient exchange and regulators of nutrient signaling. Am J
Physiol Endocrinol Metab 296:603-613

Hutson SM, Bledsoe RK, Hall TR et al (1995) Cloning and expression
of the mammalian cytosolic branched chain aminotransferase
isoenzyme. J Biol Chem 270:30344-30352

Jowko E, Ostaszewski P, Jank M (2001) Creatine and f-hydroxy-f-
methylbutyrate (HMB) additively increase lean body mass and
muscle strength during a weight-training program. Nutrition
17:558-566

Knitter AE, Panton L, Rathmacher JA et al (2000) Effects of beta-
hydroxy-beta-methylbutyrate on muscle damage after a pro-
longed run. J Appl Physiol 89:1340-1344

Kormasio R, Riederer I, Butler-Browne G et al (2009) Beta-hydroxy-
beta-methylbutyrate (HMB) stimulates myogenic cell prolifera-
tion, differentiation and survival via the MAPK/ERK and PI3K/
Akt pathways. Biochim Biophys Acta 1793:755-763

Kreider RB, Ferreira M, Wilson M et al (1999) Effects of calcium
beta-hydroxy-beta-methylbutyrate (HMB) supplementation dur-
ing resistance-training on markers of catabolism, body compo-
sition and strength. Int J Sports Med 20:503-509

Kreider RB, Ferreira M, Greenwod M et al (2000) Effects of calcium
f-HMB supplementation during training on markers of catabo-
lism, body composition, strength and sprint performance. JEP
3:48-59

Lamboley CR, Royer D, Dionne 1J (2007) Effects of beta-hydroxy-
beta-methylbutyrate on aerobic-performance components and
body composition in college students. Int J Sport Nutr Exerc
Metab 17:56-69

Latres E, Amini AR, Amini AA et al (2005) Insulin-like growth factor-1
(IGF-1) inversely regulates atrophy-induced genes via the
phosphatidylinositol 3-kinase/Akt/mammalian target of rapamy-
cin (PI3K/Akt/mTOR) pathway. J Biol Chem 280:2737-2744

Lecker SH, Goldberg AL, Mitch WE (2006) Protein degradation by
the ubiquitin-proteasome pathway in normal and disease states.
J Am Soc Nephrol 17:1807-1819

Lynch CJ, Hutson SM, Patson BJ et al (2002) Tissue-specific effects
of chronic dietary leucine and norleucine supplementation on
protein synthesis in rats. Am J Physiol Endocrinol Metab
283:824-835

Lynch CJ, Halle B, Fujii H et al (2003) Potential role of leucine
metabolism in the leucine-signaling pathway involving mTOR.
Am J Physiol Endocrinol Metab 285:854-863

May PE, Barber A, D’Olimpio JT et al (2002) Reversal of cancer-
related wasting using oral supplementation with a combination
of beta-hydroxy-beta-methylbutyrate, arginine, and glutamine.
Am J Surg 183:471-479

Mutoh T, Kumano T, Nakagawa H, Kuriyama M (1999) Role of
tyrosine phosphorylation of phospholipase C gammal in the



HMB supplementation

1025

signaling pathway of HMG-CoA reductase inhibitor-induced cell
death of L6 myoblasts. FEBS Lett 446:91-94

Nissen SL, Abumrad NN (1997) Nutritional role of the leucine
metabolite f-hydroxy-f-methylbutyrate (HMB). J Nutr Biochem
8:300-311

Nissen SL, Sharp RL (2003) Effect of dietary supplements on lean
mass and strength gains with resistance exercise: a meta-
analysis. J Appl Physiol 94(2):651-659

Nissen S, Sharp R, Rathmacher JA et al (1996) The effect of leucine
metabolite f-hydroxy f-methylbutyrate (HMf) on muscle
metabolism during resistance-exercise training. J Appl Physiol
81:2095-2104

Nissen S, Sharp RL, Panton L et al (2000) beta-hydroxy-beta-
methylbutyrate (HMB) supplementation in humans is safe and
may decrease cardiovascular risk factors. J Nutr 130:1937-1945

Nunes EA, Kuczera D, Brito GA et al (2008) Beta-hydroxy-beta-
methylbutyrate supplementation reduces tumor growth and
tumor cell proliferation ex vivo and prevents cachexia in Walker
256 tumor-bearing rats by modifying nuclear factor-kappaB
expression. Nutr Res 28:487-493

O’Connor DM, Crowe MJ (2007) Effects of six weeks of beta-
hydroxy-beta-methylbutyrate (HMB) and HMB/creatine supple-
mentation on strength, power, and anthropometry of highly
trained athletes. J Strength Cond Res 21:419-423

Panton LB, Rathmacher JA, Baier S et al (2000) Nutritional
supplementation of the leucine metabolite beta-hydroxy-beta-
methylbutyrate (hmb) during resistance training. Nutrition
16:734-739

Peterson AL, Qureshi MA, Ferket PR, Fuller JC Jr (1999) In vitro
exposure with beta-hydroxy-beta-methylbutyrate enhances
chicken macrophage growth and function. Vet Immunol Immu-
nopathol 67:67-78

Pierno S, De Luca A, Tricarico D et al (1995) Potential risk of
myopathy by HMG-CoA reductase inhibitors: a comparison of
pravastatin and simvastatin effects on membrane electrical
properties of rat skeletal muscle fibers. J Pharmacol Exp Ther
275:1490-1496

Ransone J, Neighbors K, Lefavi R et al (2003) The effect of beta-
hydroxy beta-methylbutyrate on muscular strength and body
composition in collegiate football players. J Strength Cond Res
17:34-39

Rudney H (1957) The biosynthesis of beta-hydroxy-beta-methylglu-
taric acid. J Biol Chem 227:363-377

Sabourin PJ, Bieber LL (1981) Subcellular distribution and partial
characterization of an alpha-ketoisocaproate oxidase of rat liver:
formation of beta-hydroxyisovaleric acid. Arch Biochem Bio-
phys 206:132-144

Sabourin PJ, Bieber LL (1983) Formation of f-hydroxyisovalerate by
an o-ketoisocaproate oxygenase in human liver. Metabolism
32:160-164

Siddiqui R, Pandya D, Harvey K, Zaloga GP (1996) Nutrition
modulation of cachexia/proteolysis. Nutr Clin Pract 21:155-167

Slater GJ, Jenkins D (2000) Beta-hydroxy-beta-methylbutyrate
(HMB) supplementation and the promotion of muscle growth
and strength. Sports Med 30:105-116

Slater GJ, Jenkins D, Longan P et al (2001) Beta-hydroxy-beta-
methylbutyrate (HMB) supplementation does not affect changes
in strength or body composition during resistance training in
trained men. Int J Sport Nutr Exerc Metab 11:384-396

Smith HJ, Mukerji P, Tisdale MJ (2005) Attenuation of proteasome-
induced proteolysis in skeletal muscle by {beta}-hydroxy-
{beta}-methylbutyrate in cancer-induced muscle loss. Cancer
Res 65:277-283

Soares JMC, Pévoas S, Neuparth MJ, Duarte JA (2001) The effects of
beta-hydroxy-beta-methylbutyrate (HMB) on muscle atrophy
induced by immobilization. Med Sci Sports Exerc 33:5140

Spiering BA, Kraemer WJ, Anderson JM et al (2008) Effects of
elevated circulating hormones on resistance exercise-induced
Akt signaling. Med Sci Sports Exerc 40:1039-1048

Thomson JS, Watson PE, Rowlands DS (2009) Effects of nine
weeks of beta-hydroxy-beta-methylbutyrate supplementation
on strength and body composition in resistance trained men.
J Strength Cond Res 23:827-835

Tischler ME, Desautels M, Goldberg AL (1982) Does leucine, leucyl-
tRNA, or some metabolite of leucine regulate protein synthesis
and degradation in skeletal and cardiac muscle? J Biol Chem
257:1613-1621

Van Koverin M, Nissen SL (1992) Oxidation of leucine and alpha-
ketoisocaproate to f-hydroxy-f-methylbutyrate in vivo. Am
J Physiol Endocrinol Metab 262:27

Van Someren KA, Edwards AJ, Howatson G (2005) Supplementation
with beta-hydroxy-beta-methylbutyrate (HMB) and alpha-keto-
isocaproic acid (KIC) reduce signs and symptoms of exercise-
induced muscle damage in man. Int J Sport Nutr Exerc Metabol
15:413-424

Vukovich MD, Slater G, Macchi MB et al (2001) beta-Hydroxy-beta-
methylbutyrate (HMB) kinetics and the influence of glucose
ingestion in humans. J Nutr Biochem 12:631-639

Wilson GJ, Wilson JM, Manninen AH (2008) 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 (Lond) 5:1

Xu G, Kwon G, Cruz WS et al (2001) Metabolic regulation by leucine
of translation initiation through the mTOR-signaling pathway by
pancreatic beta-cells. Diabetes 50:353-360

Zabin I, Bloch K (1951) Studies on the utilization of isovaleric acid in
cholesterol synthesis. J Biol Chem 192(1):267-273

Zanchi NE, Lancha AH Jr (2008) Mechanical stimuli of skeletal
muscle: implications on mTOR/p70s6k and protein synthesis.
Eur J App Physiol 102:253-263

Zanchi NE, Nicastro H, Lancha AH Jr (2008) Potential antiproteolytic
effects of L-leucine: observations of in vitro and in vivo studies.
Nutr Metab (Lond) 5:20

Zanchi NE, Filho MA, Felitti V, Nicastro H, Lorenzeti FM, Lancha
AH Jr (2010) Glucocorticoids: extensive physiological actions
modulated through multiple mechanisms of gene regulation.
J Cell Physiol 224:311-315

@ Springer



	HMB supplementation: clinical and athletic performance-related effects and mechanisms of action
	Abstract
	Introduction
	HMB metabolism
	HMB supplementation: effects on metabolism and immune responses
	HMB kinetics and urinary excretion
	Leucine and HMB supplementation: similarities and differences
	Why use HMB as a supplement?
	Main aims of HMB supplementation
	Effects of HMB on strength and muscle mass
	Therapeutic effects of supplementation
	Mechanisms of action: possible signaling pathways involved in the control of skeletal muscle mass
	IGF-1 expression in skeletal muscles
	mTOR pathway
	Ubiquitin--proteasome system
	Parallel mechanisms controlling skeletal muscle mass mediated through HMB actions
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


