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b-Hydroxy-b-methylbutyrate (HMb)
supplementation stimulates skeletal muscle
hypertrophy in rats via the mTOR pathway
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Abstract

b-Hydroxy-b-methylbutyrate (HMb) supplementation is used to treat cancer, sepsis and exercise-induced muscle
damage. However, its effects on animal and human health and the consequences of this treatment in other tissues
(e.g., fat and liver) have not been examined. The purpose of this study was to evaluate the effects of HMb
supplementation on skeletal muscle hypertrophy and the expression of proteins involved in insulin signalling. Rats were
treated with HMb (320 mg/kg body weight) or saline for one month. The skeletal muscle hypertrophy and insulin
signalling were evaluated by western blotting, and hormonal concentrations were evaluated using ELISAs. HMb
supplementation induced muscle hypertrophy in the extensor digitorum longus (EDL) and soleus muscles and
increased serum insulin levels, the expression of the mammalian target of rapamycin (mTOR) and phosphorylation of
p70S6K in the EDL muscle. Expression of the insulin receptor was increased only in liver. Thus, our results suggest that
HMb supplementation can be used to increase muscle mass without adverse health effects.

Introduction
The amino acid leucine has been shown to stimulate
skeletal muscle protein synthesis and attenuate muscle
proteolysis. Some of these benefits have been attributed
to the conversion of leucine to its metabolite b-hydroxy-
b-methylbutyrate (HMb) [1-4], which has been shown to
be anti-catabolic and effective at attenuating muscle
atrophy during exercise stress [2,5,6] and in models of
cancer [4,7], congestive heart failure, sepsis, and HIV
[8,9]. According to a review published by Nelo et al.
[10], the dose of HMb supplementation used in the
majority of the previous studies to achieve these effects
was 3 g/day of HMb; use of this dose is based on evi-
dence that it produces better results than 1.5 g/day.
HMb is produced by the transamination of

a-ketoisocaproate (KIC), which is metabolised to isova-
leryl-CoA by the enzyme KIC dioxygenase. The cytosolic
dioxygenase enzyme differs from the mitochondrial KIC
dehydrogenase enzyme in several ways. KIC dioxygenase

produces free HMb in the cytosol, whereas the dehydro-
genase enzyme produces the CoA derivative of isovaleric
acid in the mitochondria [11,12]. Quantitatively, it is
estimated that approximately 5% of all L-leucine oxi-
dised in the human body is converted to HMb. There-
fore, a subject weighing 70 kg produces approximately
0.2 - 0.4 g HMb/day, depending on the content of leu-
cine in the diet. Because leucine, like all essential amino
acids, is not synthesised in the human body, HMb is
produced from dietary protein [13].
The results of trials evaluating the effect of HMb sup-

plementation on reversing cachexia associated with
rheumatoid arthritis [14], HIV [8], and muscle damage
[15,16] are performed merely with biochemical markers.
Additionally, most of the available studies concerning
the effects of HMb are related to effects on skeletal
muscle, with an absence of relevant information con-
cerning consequences in other peripheral tissues (e.g.,
adipose tissue and liver).
Recently, Holecek et al. [17] demonstrated increases in

protein synthesis in the liver upon HMb supplementation.
However, the authors did not describe the mechanisms
involved in this increase. Moreover, descriptions of the
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effects of HMb alone (i.e., in normal situations without
exercise or excess catabolism) are scarce.
Taking this into consideration, we aimed to examine

the effect of HMb supplementation on skeletal muscle
hypertrophy in healthy and sedentary rats. The expres-
sion of the mammalian target of rapamycin (mTOR)
and other proteins involved in insulin signalling were
investigated to better understand HMb-stimulated skele-
tal muscle hypertrophy.

Methods
Animals
The Experimental Research Committee of the Federal
University of São Paulo approved all procedures for the
care of the animals used in this study. A total of 14
male Wistar rats ranging in age from 8-9 wks and
weighing between 200 and 250 g were used. They were
housed four per cage, with a chow diet (NUVILAB) and
water ad libitum, in an animal room with a 12 h light-
dark cycle at 22 ± 1°C and 60 ± 5% humidity. The
experiments were carried out after an acclimation period
of one week.

HMb supplementation
Supplementation was carried out by intragastric admin-
istration (gavage) of 320 mg/kg body weight of HMb
(Dymatize Enterprises Inc, Dallas, TX, USA) diluted in
1.0 ml of water. HMb was given daily at the same time
(during the light period) for one month (at 3-4 months
of age). This dose of supplementation was previously
described by our group [4]. The control group was not
submitted to the supplementation protocol and was
treated with water by gavage.

Blood glucose and lipidic profile measurements
Approximately 15-18 hours after HMb oral gavage and
after a 12 hour fast, the animals were euthanised by
decapitation, blood was collected, and serum samples
were collected after allowing the blood to clot on ice.
Serum was stored frozen at -80°C for analysis. Labtest®

kits were used to assess fasting blood glucose, total cho-
lesterol, high-density lipoprotein (HDL-c) and triacylgly-
cerol (TG) levels. The samples were analysed using an
enzymatic method. LDL-c and VLDL-c were calculated
according to the Friedwald equation ((LDL-c = total
cholesterol-(HDL-c)-(TG/5) and (VLDL = TG/5)) [18],
and LDL-c subclass, which is a good predictive factor
for oxidised-LDL-c, was calculated using the equation
LDL-c = TG/HDL-c [19].

Serum hormone levels
Serum fasting insulin, testosterone and corticosterone
levels were quantified using enzyme-linked immunosor-
bent assay (ELISA). The insulin ELISA kit was obtained

from Millipore Corp. (Bedford, MA, USA), and the tes-
tosterone and corticosterone kits were from Assay
Designs, Inc. (Ann Arbor, MI, USA).

Hepatic content of total lipids
The liver lipids were extracted according to the method
of Folch [20].

Protein analysis by western blotting
After euthanasia, the extensor digitorum longus muscle
(EDL), retroperitoneal adipose tissue (RPAT), and liver
tissues were rapidly removed and homogenised in
1.5 ml extraction buffer (100 mM Trizma, 1% SDS,
100 mM sodium pyrophosphate, 100 mM sodium fluor-
ide, 10 mM EDTA and 10 mM sodium vanadate) and
boiled for 10 min. The extracts were then centrifuged at
12,000 rpm at 4°C for 40 min to remove insoluble mate-
rial. Supernatant protein concentration was determined
using the Bradford dye method with a Bio-Rad reagent
(Bio-Rad Laboratories, Hercules, CA, USA). The pro-
teins were added to Laemmli sample buffer containing
dithiothreitol and boiled for 5 min before loading onto
10% SDS-PAGE gels in a Bio-Rad miniature slab gel
apparatus. Electrotransfer of proteins from the gel to
nitrocellulose was performed for ~1 h at 15 V (constant)
in a Bio-Rad semi-dry transfer apparatus. Nonspecific
protein binding to the nitrocellulose was reduced by
preincubation for 2 h at 22°C in blocking buffer (5%
nonfat dry milk, 10 mM Tris, 150 mM NaCl and 0.02%
Tween 20). The nitrocellulose membranes were sepa-
rately incubated overnight at 4°C with antibodies against
phospho-p70S6K, phospho-Akt, mTOR, GLUT-4, and
Akt/PKB (Cell Signaling Technology® (Danvers, MA,
USA)) or AMPK, p70S6K, IR (insulin receptor) and
alpha-tubulin antibodies, which were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA),
diluted in blocking buffer added with 1% bovine serum
album (BSA) and then washed for 30 min in blocking
buffer without BSA. The blots were subsequently incu-
bated with peroxidase-conjugated secondary antibody
for 1 h.
For evaluation of protein loading, membranes were

stripped and reblotted with an anti-alpha-tubulin anti-
body. Specific bands were detected by chemilumines-
cence, and visualisation/capture was performed by
exposure of the membranes to RX films. Band intensi-
ties were quantified by optical densitometry of devel-
oped autoradiographs (Scion Image software-Scion
Corporation, Frederick, Md., USA).

Statistical analysis
The statistical analysis was performed using the Graph-
Pad Prism statistics software package version 5.0 for
Windows (GraphPad Software, San Diego, CA, USA).
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The data are expressed as the means ± SEM. Implemen-
tation of the Kolmogorov-Smirnov test revealed that the
results of experiments were distributed normally. The
data were analysed using Student’s t-test for comparison
between two groups. A value of P < 0.05 was considered
statistically significant.

Results
Body mass
HMb treatment induced a significant increase in weight
of the EDL and soleus muscles but did not change the
total body weight, food intake, or fat and liver weight
(Table 1).

Glucose levels, lipidic profile, serum hormone levels and
hepatic total lipid content
HMb supplementation induced a significant increase in
fasting insulin (+245%) and decreases in fasting glucose
(-6%) and corticosterone (-48.7%). There were no differ-
ences in testosterone, lipidic profile, or hepatic total
lipid content. Furthermore, an elevated (+65%) testoster-
one/corticosterone ratio was found in the HMb group
(Table 2).

Muscle protein synthesis (EDL)
HMb supplementation induced a significant increase in
mTOR expression (429.2%) (Figure 1A) and in phos-
phorylation of p70S6K (470%) (Figure 1B). However,
p70S6K expression was not altered (Figure 1C).

Protein expression involved in glucose uptake and insulin
signalling
AMPK and GLUT-4 levels were not altered with HMb
supplementation (Figure 2A and 2B, respectively). The fol-
lowing indicators of insulin signalling were evaluated: IR
expression in the EDL muscle, RPAT and liver; as well as

phosphorylation and expression of Akt/PKB in the EDL
muscle. We observed that HMb supplementation induced
an increase in expression of IR only in the liver (272%)
(Figure 3C). The relative expression levels of IR and Akt/
PKB in the EDL muscle and in the RPAT were not altered
(Figure 3A, B and 3E); the phosphorylation of Akt/PKB in
the EDL muscle was also unchanged (Figure 3D).

Discussion
The present study sought to evaluate the impact of
HMb supplementation on the expression of proteins
involved in skeletal muscle hypertrophy in healthy and
sedentary rats and proteins involved in insulin signalling.
Our results show that HMb supplementation increased
mTOR expression and phosphorylation of p70S6K in
the EDL muscle while increasing fasting insulin levels
and testosterone/corticosterone ratios and decreasing
fasting glucose and corticosterone levels in the serum.
As previously described, HMb is a widely studied

metabolite of leucine. Several reports have shown that
branched-chain amino acids (BCAA), isolated leucine
and HMb can stimulate skeletal muscle protein synth-
esis and activate the mTOR pathway in skeletal muscle
[9,21] as well as in primary hepatocytes [22].
In the present study, we observed that, relative to the

control group, the supplemented group demonstrated
an increase in mTOR protein levels and activation of
p70S6K, which are linked to increased skeletal muscle
mass in the EDL muscle. Our findings are supported by
a recent study by Lang’s group [23] showing that gastro-
cnemius mass and protein synthesis were robustly
decreased in mTOR heterozygous mice compared to
wild type mice. Based on this information, we conclude
that not only the activity but also the level of mTOR is
an important regulator of skeletal muscle mass.
Contrary to what was observed in the present study,

Ostaszewski et al. [24] and Holecek et al. [17] did not
observe increased protein synthesis in the EDL and
soleus muscles after HMb supplementation but measured
consistently decreased protein degradation, as estimated
by the net release of tyrosine from incubated muscles.
In the present study, we analysed the expression of

AMPK, which is known to be an important regulator of
muscle protein synthesis [25,26], but we found no differ-
ences between the groups.
In the present study, we found no alterations in the

Akt/PKB pathway in the EDL muscle. Thus, we suggest
that increased skeletal muscle protein mass by HMb
supplementation was induced directly via increased
mTOR expression and activation of p70S6K and not via
phosphorylation of Akt/PKB. However, as previously
shown in several studies, constitutive activation of Akt/
PKB is capable of inducing skeletal muscle hypertrophy
[27-29], although we did not observe this effect in our

Table 1 Body mass, food intake, and tissues weight of
studied groups

Variables Control (n = 7)
ME ± SEM

HMb (n = 7)
ME ± SEM

P Value

Weight (g) -

Initial 306.10 ± 6.24 307.40 ± 3.65 -

Final 393.80 ± 11.98 409.60 ± 9.81 -

Variation (g) 87.70 102.20 0.163

Food intake (g) 22.01 ± 2.31 22.89 ± 2.43 0.402

EDL (g) 0.156 ± 0.002 0.162 ± 0.001 0.022*

Soleus (g) 0.177 ± 0.006 0.205 ± 0.011 0.024*

RPAT (g) 5.744 ± 0.870 4.624 ± 0.438 0.136

MEAT (g) 2.474 ± 0.225 2.207 ± 0.104 0.151

Liver (g) 11.56 ± 0.13 12.25 ± 0.41 0.110

EDL: extensor digitorum longus muscle, RPAT: retroperitoneal adipose tissue,
MEAT: mesenteric adipose tissue.

*p < 0.05 vs. Control group.
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study. Moreover, as the molecular analyses were per-
formed 15-18 hours after HMb oral gavage, we suggest
that the activation of the mTOR/p70S6K pathway per-
sists for many hours after supplementation. However,
Laymans group has shown that peak mTOR and insulin
signaling responses occur shortly after consumption of a
meal (i.e. 1-3 hrs) [30]; considering that our measures
were taken 15-18 hrs after the HMb gavage, and after
an overnight fast, it is possible that we missed certain
signals. Therefore, the acute (1-3 hrs post gavage) effects
of HMB on translation initiation and elongation factors,
as well as insulin signaling warrant further investigation.
In the current study, we investigated the intracellular

signalling pathways involved in increased protein synth-
esis induced by HMB; however, it is important to
remember that potent hormones are secreted in
response to nutrients and might exert robust increases
in protein synthesis and metabolism in several tissues
[31-33]. In the present study, we observed that increased
insulin levels may have resulted in increased mTOR
levels and phosphorylation of p70S6K; however, we have
no data that directly address this idea, and previous

studies [30,34] do not support the idea that typical fast-
ing insulin concentrations (above basal levels) can sti-
mulate the mTOR/p70S6K pathway.
As discussed above, several studies [16,22,26] have

been performed to determine the main mechanism of
action of HMb. Based on the results of this study, we
have outlined the main mechanisms of HMb action as
being related to increases in mTOR/p70S6K pathway
signalling and most likely leading to improved protein
synthesis and muscle hypertrophy. However, it is impor-
tant to note that protein synthesis pathways are extre-
mely redundant, and other important proteins not
evaluated in our study, such as the eukaryotic transla-
tion initiation factor 4E (eIF4E/2B), might play a role in
the observed final response (i.e., muscle hypertrophy).
In accordance with this idea, hormones control anabolic/

catabolic pathways that can favour (insulin, testosterone)
or antagonise (glucocorticoid hormones) [35,36] anabolism
in skeletal muscle. In fact, we observed low serum corticos-
terone levels and high testosterone/corticosterone ratios
after HMb supplementation, which could contribute to
skeletal muscle hypertrophy. Likewise, Olza et al. [37]

Table 2 Hormones, serum, and hepatic content of total lipids parameters of control and HMb groups

Variables Control (n = 7) ME ± SEM HMb (n = 7) ME ± SEM P Value

Glucose (mg/dL) 148.9 ± 4.15 139.8 ± 2.36 0.047*

Insulin (ng/mL) 1.94 ± 0.85 4.75 ± 0.27 0.004*

Testosterone (ng/mL) 6.81 ± 0.38 7.14 ± 0.99 0.380

Corticosterone (ng/mL) 72.75 ± 5.15 37.32 ± 13.00 0.044*

Testosterone/corticosterone ratio 0.093 ± 0.014 0.154 ± 0.065 0.045*

Cholesterol (mg/dL) 177.3 ± 27.37 142.0 ± 13.69 0.166

Triacylglycerols (mg/dL) 169.0 ± 17.36 158.9 ± 8.24 0.327

HDL-c (mg/dL) 35.15 ± 6.18 45.22 ± 5.53 0.253

LDL-c (mg/dL) 152.00 ± 18.30 136.8 ± 12.48 0.265

VLDL (mg/dL) 33.80 ± 3.47 31.79 ± 1.64 0.327

Liver lipid (mg/dL 100 mg tissue) 72.56 ± 2.58 77.90 ± 3.80 0.578

TG/HDL-c ratio 5.64 ± 1.28 4.43 ± 0.12 0.209

HDL-c: high-density lipoprotein, LDL-c: low-density lipoprotein, VLDL-c: very-low-density lipoprotein, TG/HDL ratio: triacylglycerols/high-density lipoprotein ratio.

*p < 0.05 vs. Control group.

Figure 1 The expression of mTOR (289 kDa) (A), phosphorylation of p70S6K (70 kDa) (B) and p70S6K (70 kDa) (C) proteins in the
extensor digitorum longus (EDL) muscle after HMb supplementation and control group by Western blotting. N = 5 for all groups.
Values are Mean ± SEM. * p < 0.05 vs. control.
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observed that in elderly patients, a protein-enriched diet
was able to increase protein synthesis and reduce protein
degradation. Moreover, the reduction in corticosterone and
increase in insulin levels may have favoured the reduction
in fasting blood glucose after HMb supplementation.
Recently, Guo et al. [38] also found improvements in glu-
cose homeostasis after leucine supplementation.

Hepatic lipid levels were not altered, as shown in
Table 2. These results are consistent with the lack of
change in serum lipid levels. Several studies [3,17] have
shown that HMb is metabolised to HMG-CoA and used
for de novo synthesis of cholesterol in certain tissues,
including the liver. However, this conclusion is debata-
ble; Holecek et al. [17] showed increases in serum

Figure 2 The expression of AMPK (63 kDa) (A) and GLUT-4 (45 kDa) (B) proteins in the extensor digitorum longus (EDL) muscle after
HMb supplementation and control group by Western blotting. N = 5 for all groups. Values are Mean ± SEM.

Figure 3 The expression of IR (95 kDa) protein in the extensor digitorum longus (EDL) muscle (A), retroperitoneal adipose tissue
(RPAT) (B) and liver (C), phosphorylation of Akt (60 kDa) (D) and Akt (E) after HMb supplementation and control group by Western
blotting. N = 6 for all groups. Values are Mean ± SEM. * p < 0.05 vs. control.
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cholesterol levels after HMb administration, while Nis-
sen and Abumrad [3] showed decreases in LDL-c.
In the present study, we also demonstrated an increase

in skeletal muscle weight (EDL and soleus) in the
absence of changes in total body mass, fat mass or liver
weight. However, is suggesting that other body measures
of body fat, such as the size of different fat deposits, e.g.,
epididymal fat, may have changed.
As stated previously, the effects of HMb supplementa-

tion in peripheral tissues have not been intensely inves-
tigated. In accordance with this, Pedrosa et al. [39]
showed that leucine supplementation increased liver
protein content. However, in this study, we thoroughly
investigated HMb’s effects on proteins involved in insu-
lin signalling, starting with the insulin receptor (IR), and
showed that HMb supplementation stimulated IR
expression in the liver, likely due to mTOR activation.
However, the effects of long-term HMb supplementa-
tion on this outcome are as yet unknown.
In summary, HMb treatment leads to skeletal muscle

hypertrophy via increases in mTOR expression and
decreases in serum corticosterone concentrations. In
addition, HMb supplementation increases IR expression
in the liver compared to control group. Thus, our
results suggest that HMb supplementation can be used
to increase muscle mass without adverse health effects.

Acknowledgements
We would like to thank funding sources: 2008/03533-1 from the FAPESP/
Brazil.

Author details
1Department of Physiology of Nutrition, Federal University of São Paulo
(UNIFESP), São Paulo, SP - Brazil. 2Department of Internal Medicine, FCM,
State University of Campinas (UNICAMP), Campinas, SP - Brazil. 3Department
of Cell Biology and Development, Molecular Cell Biology Study Group -
Institute o Biomedical Sciences I, University of São Paulo (USP), São Paulo,
SP-Brazil. 4Faculty of Applied Sciences, State University of Campinas
(UNICAMP), Limeira, SP - Brazil. 5Psychobiology & Biosciences, Federal
University of São Paulo (UNIFESP), São Paulo, SP - Brazil. 6Department of
Bioscience, Federal University of São Paulo (UNIFESP), Baixada Santista
Campus, São Paulo, SP - Brazil.

Authors’ contributions
GDP, JCR and FSL participated of sample collected, assess samples, design of
the study and performed the statistical analysis, and writing of paper, NEZ
and ERR helped carry out design of the study, LMO, CMON, MTM, ST and
RVTS helped in design of the study and discussion of paper. All authors read
and approved the final manuscript.

Conflicts of interests
The authors declare that they have no competing interests.

Received: 30 November 2010 Accepted: 23 February 2011
Published: 23 February 2011

References
1. Hider RC, Fern EB, London DR: Relationship between intracellular amino

acids and protein synthesis in the extensor digitorum longus muscle of
rats. Biochem J 1969, 114:171-8.

2. Nissen S, Sharp R, Ray M, et al: Effect of leucine metabolite β-hydroxy-β-
methylbutyrate on muscle metabolism during resistance-exercise
training. J Appl Physiol 1996, 81:2095-2104.

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

4. Caperuto EC, Tomatieli RV, Colquhoun A, et al: β-Hydoxy-b-methylbutyrate
supplementation affects Walker 256 tumor-bearing rats in a time-
dependent manner. Clin Nutr 2007, 26:117-122.

5. Panton LB, Rathmacher JA, Baier S, et al: Nutritional supplementation of
the leucine metabolite β-Hydroxy-β-Methylbutyrate (HMB) during
resistance training. Nutrition 2000, 16:734-739.

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

7. Nunes EA, Kuczera D, Brito GA, et al: 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 2008, 28:487-493.

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

9. Eley HL, Russel ST, Tisdale MJ: Attenuation of depression of muscle
protein synthesis induced by lipopolysaccharide, tumor necrosis factor,
and angiotensin II by β-hydroxy-β-methylbutyrate. Am J Physiol
Endocrinol Metab 2008, 295:1409-1416.

10. Zanchi NE, Gerlinger-Romero F, Guimarães-Ferreira F, et al: HMB
supplementation: clinical and athletic performance-related effects and
mechanisms of action. Amino Acids 2010.

11. Sabourin PJ, Bieber LL: Formation of b-hydroxyisovalerate by an a-
ketoisocaproate oxygenase in human liver. Metabolism 1983, 32:160-164.

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

13. Wilson GJ, Wilson JM, Manninen AH: 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 2008, 5:1.

14. Marcora S, Lemmey A, Maddison P: Dietary treatment of rheumatoid
cachexia with β-hydroxyβ-methylbutyrate, glutamine and arginine: A
randomised controlled trial. Clin Nutr 2005, 24:442-454.

15. Paddon-Jones D, Keech A, Jenkins D: Short-term beta-hydroxy-beta-
methylbutyrate supplementation does not reduce symptoms of
eccentric muscle damage. Int J Sport Nutr Exerc Metab 2001, 11:442-450.

16. Wilson JM, Kim JS, Lee SR, et al: Acute and timing effects of beta-
hydroxy-beta-methylbutyrate (HMB) on indirect markers of skeletal
muscle damage. Nutr Metab 2009, 4:6-6.

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

18. Friedewald T, Levy RI, Frederickson DS: Estimation of the concentration of
low-density lipoprotein cholesterol in plasma, without use of the
preparative ultracentrifuge. Clin Chem 1972, 18:499-502.

19. Tsimihodimos V, Gazi I, Kostara C, et al: Plasma lipoproteins and
triacylglycerol are predictors of small, dense LDL particles. Lipids 2007,
42:403-409.

20. Folch J, Lees M, Sloane Stanley GH: A simple method for the isolation and
purification of total lipides from animal tissues. J Biol Chem 1957,
226:497-509.

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

22. Chotechuang N, Azzout-Marniche D, Bos C, et al: mTOR, AMPK, and GCN2
coordinate the adaptation of hepatic energy metabolic pathways in
response to protein intake in the rat. Am J Physiol Endocrinol Metab 2009,
297:1313-1323.

23. Lang CH, Frost RA, Bronson SK, et al: Skeletal muscle protein balance in
mTOR heterozygous mice in response to inflammation and leucine. Am
J Physiol Endocrinol Metab 2010, 298:1283-1294.

24. Ostaszewski P, Kostiuk S, Balasinska B, et al: The leucine metabolite 3-
hydroxy-3-methylbutyrate (HMB) modifies protein turnover in muscles

Pimentel et al. Nutrition & Metabolism 2011, 8:11
http://www.nutritionandmetabolism.com/content/8/1/11

Page 6 of 7

http://www.ncbi.nlm.nih.gov/pubmed/5822066?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/5822066?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/5822066?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8941534?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8941534?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8941534?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17011676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17011676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17011676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10978853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10978853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10978853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11448573?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11448573?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11448573?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19083450?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19083450?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19083450?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19083450?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20607321?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20607321?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20607321?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6827986?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6827986?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15896432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15896432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15896432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11915779?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11915779?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11915779?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19056452?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19056452?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19056452?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4337382?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4337382?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4337382?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17426995?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17426995?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13428781?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13428781?dopt=Abstract


of laboratory rats and domestic chickens in vitro. J Animal Physiol Animal
Nutr 2000, 84:1-8.

25. Bolster DR, Crozier SJ, Kimball SR, et al: AMP-activated protein kinase
suppresses protein synthesis in rat skeletal muscle through down-
regulated mammalian target of rapamycin (mTOR) signaling. J Biol Chem
2002, 277:23977-23980.

26. Atherton PJ, Babraj J, Smith K, et al: Selective activation of AMPK-PGC-
1alpha or PKB-TSC2-mTOR signaling can explain specific adaptive
responses to endurance or resistance training-like electrical muscle
stimulation. FASEB J 2005, 19:786-788.

27. Lai KM, Gonzalez M, Poueymirou WT, et al: Conditional activation of akt in
adult skeletal muscle induces rapid hypertrophy. Mol Cell Biol 2004,
24:9295-9304.

28. Takahashi A, Kureishi Y, Yang J, et al: Myogenic Akt signaling regulates
blood vessel recruitment during myofiber growth. Mol Cell Biol 2002,
22:4803-4814.

29. Izumiya Y, Hopkins T, Morris C, et al: Fast/glycolytic muscle fiber growth
reduces fat mass and improves metabolic parameters in obese mice.
Cell Metabolism 2008, 7:159-172.

30. Norton LE, Layman DK, Bunpo P, et al: The leucine content of a complete
meal directs peak activation but not duration of skeletal muscle protein
synthesis and mammalian target of rapamycin signaling in rats. J Nutr
2009, 582:1103-1109.

31. Fujita S, Dreyer HC, Drummond MJ, et al: Nutrient signalling in the
regulation of human muscle protein synthesis. J Physiol 2007,
582:813-823.

32. Norton LE, Layman DK: Leucine regulates translation initiation of protein
synthesis in skeletal muscle after exercise. J Nutr 2006, 136:533-537.

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

34. Anthony TG, Anthony JC: AMPing down leucine action in skeletal muscle.
J Nutr 2008, 138:1887-1894.

35. Zanchi NE, Lancha AH Jr: Mechanical stimuli of skeletal muscle:
implications on mTOR/p70s6k and protein synthesis. Eur J Appl Physiol
2008, 102:253-63.

36. Zanchi NE, Filho MA, Felitti V, et al: Glucocorticoids: extensive
physiological actions modulated through multiple mechanisms of gene
regulation. J Cell Physiol 2010, 224:311-5.

37. Olza J, Mesa MD, Poyatos RM, et al: A specific protein-enriched enteral
formula decreases cortisolemia and improves plasma albumin and
amino acid concentrations in elderly patients. Nutr Metab 2010, 7:58.

38. Guo K, Yu YH, Hou J, et al: Chronic leucine supplementation improves
glycemic control in etiologically distinct mouse models of obesity and
diabetes mellitus. Nutr Metab 2010, 7:57.

39. Pedrosa RG, Donato J, Pires IS, et al: Leucine supplementation favors liver
protein status but does not reduce body fat in rats during 1 week of
food restriction. Appl Physiol Nutr Metab 2010, 35:180-183.

doi:10.1186/1743-7075-8-11
Cite this article as: Pimentel et al.: b-Hydroxy-b-methylbutyrate (HMb)
supplementation stimulates skeletal muscle hypertrophy in rats via the
mTOR pathway. Nutrition & Metabolism 2011 8:11.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Pimentel et al. Nutrition & Metabolism 2011, 8:11
http://www.nutritionandmetabolism.com/content/8/1/11

Page 7 of 7

http://www.ncbi.nlm.nih.gov/pubmed/11997383?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11997383?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11997383?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15716393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15716393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15716393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15716393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15485899?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15485899?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12052887?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12052887?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18249175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18249175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17478528?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17478528?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19211028?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19211028?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19211028?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18806097?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17940791?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17940791?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20432441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20432441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20432441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20383228?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20383228?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20383228?dopt=Abstract

	Abstract
	Introduction
	Methods
	Animals
	HMβ supplementation
	Blood glucose and lipidic profile measurements
	Serum hormone levels
	Hepatic content of total lipids
	Protein analysis by western blotting
	Statistical analysis

	Results
	Body mass
	Glucose levels, lipidic profile, serum hormone levels and hepatic total lipid content
	Muscle protein synthesis (EDL)
	Protein expression involved in glucose uptake and insulin signalling

	Discussion
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /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 true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


