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Abstract Beta-hydroxy-beta-methylbutyrate (HMB), a
leucine metabolite, enhances the gain of skeletal muscle
mass by increasing protein synthesis or attenuating protein
degradation or both. The aims of this study were to
investigate the effect of HMB on molecular factors con-
trolling skeletal muscle protein synthesis and degradation,
as well as muscle contractile function, in fed and fasted
conditions. Wistar rats were supplied daily with HMB
(320 mg/kg body weight diluted in NaCl-0.9%) or vehicle
only (control) by gavage for 28 days. After this period,
some of the animals were subjected to a 24-h fasting, while
others remained in the fed condition. The EDL muscle was
then removed, weighed and used to evaluate the genes and
proteins involved in protein synthesis (AKT/4E-BP1/S6)
and degradation (Fbxo32 and Trim63). A sub-set of rats
were used to measure in vivo muscle contractile function.
HMB supplementation increased AKT phosphorylation
during fasting (three-fold). In the fed condition, no
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differences were detected in atrogenes expression between
control and HMB supplemented group; however, HMB
supplementation did attenuate the fasting-induced increase
in their expression levels. Fasting animals receiving HMB
showed improved sustained tetanic contraction times (one-
fold) and an increased muscle to tibia length ratio (1.3-
fold), without any cross-sectional area changes. These
results suggest that HMB supplementation under fasting
conditions increases AKT phosphorylation and attenuates
the increased of atrogenes expression, followed by a
functional improvement and gain of skeletal muscle
weight, suggesting that HMB protects skeletal muscle
against the deleterious effects of fasting.
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Abbreviations

AIDS Acquired immune deficiency syndrome
ANOVA Analysis of variance

AU Arbitrary units

AUC Area under the curve

CSA Cross-sectional area

DEXA Dexametasone

ECL Enhanced chemiluminescence
EDL Extensor digitorum longus

FOXO Forkhead box O

HMB Beta-hydroxy-beta-methylbutyrate
HRT Half-relaxation time

LRT Late-relaxation time

mTOR Mammalian target of rapamycin
PMSF Phenylmethanesulfonylfluoride
TTP Time to peak tension

TSI Time of sustained isometric contraction
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Table 1 Time parameters and

. . Parameter (ms
acute fatigue index (ms)

Fed:control

Fed:HMB Fasting:control Fasting:HMB

TTP 43.106 + 6026 36.117 £ 3.816 48.435 + 7.142 37.973 £ 2.200
HRT 24.122 £+ 3.370 22.811 £+ 2.759 30.415 £ 2.645 24.622 £ 1.071
LRT 17.141 £+ 2.765 13.306 £ 1.579 20.608 £ 4.991 13.352 £+ 1.896
TSI 5.103 £ 0.613 5.231 £ 0.835 6.032 + 0.709* 9.373 + 1.334*°

Results are expressed as mean = SEM of 6 observations

TTP time to peak of contraction, HRT half-relaxation time, LRT late-relaxation time, 7SI time of sustained

isometric contraction
 Effects of fasting (p < 0.05)

b p < 0.05 vs. Fed:Control and Fed: HMB

Introduction

Among nutritional strategies aiming to preserve skeletal
muscle mass and contractile function, hydroxy-beta-
methylbutyrate (HMB), a leucine derivative metabolite, is
recognized as a compound that prevents skeletal muscle
atrophy [1-3] and improves muscle function [4]. HMB
supplementation in different models of skeletal muscle
atrophy prevents proteolysis, mainly through inhibition of
catabolic pathways [5, 6]. It also improves sports perfor-
mance [7, 8].

The skeletal muscle mass is maintained by the balance
between protein synthesis and degradation, which is con-
trolled by the interaction of several intracellular pathways
[9]. Many pathological and physiological conditions affect
the homeostasis of skeletal muscle mass leading to atrophy;
i.e. cancer, AIDS, diabetes, aging, fasting, and others
[9-11]. However, there is a lack of investigation relating
the skeletal muscle atrophy and contractile function.
Understanding the mechanisms maintaining skeletal mus-
cle mass and contractile function is important in develop-
ing effective strategies to combat and prevent skeletal
muscle wasting. These strategies will ameliorate the well
being of many patients with chronic diseases as well as
improve rehabilitation and training strategies for athletes
[3, 5, 8, 12-14].

Fasting is a condition characterized by a simultaneous
increase in protein degradation and decrease in protein
synthesis, resulting in a loss of skeletal muscle mass. As
there is a known positive relationship between skeletal
muscle mass and force production, fasting may also impair
muscle contractile properties [15, 16]. Since the effect of
HMB supplementation on force production and acute
fatigue index in fasting is unknown, it seems attractive to
investigate this possibility.

The skeletal muscle atrophy during fasting has been
ascribed to the increased expression of FBXO32 by
Forkhead box O (FOXO) and decreased activity of the
PI3K/AKT pathway [9]. However, there is evidence that
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suggests the involvement of nutrient-sensing pathways,
including reduced activation of the mammalian target of
rapamycin (mTOR) and, consequently, some of their
downstream proteins such as 4EBP1 and S6 [17].
Increased activation of the ubiquitin proteasome system is
seen in many skeletal muscle atrophy models. However,
there are studies pointing in the other direction [18].
Recently, Bodine et al. [19] showed that FBXO32 and
TRIM63 are two ubiquin E3 ligases that actively partic-
ipate in protein degradation; however, their role in the
regulation of skeletal muscle functional properties
remains unclear [20].

The present study aimed to investigate the effect of a
29-day HMB supplementation on the molecular mecha-
nisms involved in muscle protein synthesis and degra-
dation and associated contractile function in fed and
fasted rats.

Materials and methods

The experimental protocol (#93/02) was approved and
follows the ethical principles in animal research adopted by
the National Council for the Control of Animal Experi-
mentation of the Institute of Biomedical Sciences/Univer-
sity of Sdo Paulo.

Euthanasia

Fed l
29 days

0 Control HMB
/L ]
1/ 1
2843YS [4n Fasting |
Control || HMB
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Fig. 1 Experimental design
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Animals

Male Wistar rats, of the same age (3 months), weighing
200-250 g were obtained from our own breeding colony
provided by the Central Animal Breeding House of the
Institute of Biomedical Sciences of the University of Sdo
Paulo. The animals were maintained on rat chow, tap water
ad libitum and housed in a room kept at a constant tem-
perature (23 = 1 °C) and on a 12-h light, 12-h dark cycle
plan (lights on at 0700 hours).

Experimental design

Animals of the same age (3 months), weighing 200-250 g
(n = 5-14 animals/group) were supplemented for 29 days
with HMB at 320 mg/kg body weight/day (Fed:HMB
group) (calcium salt: Laboratory Metabolic Technologies,
IA, USA) or vehicle (NaCl 0.9%) (Fed:Control group) by
oral gavage, as described [4, 21]. One day before the rats
were culled (at day 28), a group of animals from each
supplementation group and were fasted for 24 h (Fast-
ing:HMB and Fasting:Control groups) as a stimulus for
muscle proteolysis [22]. The remaining rats were kept on
rat chow and tap water ad libitum. During the fasting
period, the gavage was performed for all groups (Fig. 1).

Tissue samples

The rats were anesthetized with thiopental (6 mg/kg body)
and killed by decapitation. The extensor digitorum longus
(EDL) muscles were rapidly removed and transversely cut
in half. The segment was immersed in cold isopentane for
30 s, cooled in liquid nitrogen and stored at —80 °C for
histochemistry, and subsequently morphological analysis
was performed, using the eosin—haematoxylin staining
protocol, as described [23]. The other segment was snap-
frozen in liquid nitrogen and stored at —80 °C for RNA
and protein expression analysis. After excision of the
muscles, the left tibia was removed and freed from con-
nective tissue. Maximal tibia length was measured to verify
the ratio of muscle weight and tibia length [24].

Total mRNA extraction and real-time PCR

Total RNA was extracted from the EDL as described previ-
ously [21]. Two micrograms of total RNA were used to syn-
thesize the first strand complementary DNA (cDNA) using
oligo-dT primers and the MMLYV reverse transcriptase kit
(Invitrogen, Carlsbad, CA, USA), according to the manufac-
turer’s recommendations. The reverse transcription reaction
was performed at 70 °C for 10 min, followed by 37 °C for
60 min, and 10 minat95 °C. Real-time quantitative PCR was
performed using the SYBR® Green PCR master mix kit

(Applied Biosystems, UK) and the primers for Fbxo32 (For-
ward: 5TACTAAGGAGCGCCATGGATACTé, Reverse:
5GTTGAATCTTCTGGAATCCAGGATé); Trim63 (For-
Ward:§TGACCAAGGAAAACAGCCACCAG§, Reverse:
5TCACTCCTTCTTCTCGTCCAGGATGGé) and Gapdh
(Forward: 5’GATGGGTGTGAACCACGAGAAA3', Rev-
erse: 5> ACGGATACATTGGGGGTAGGA3') as a reference
gene. The reaction conditions consisted of two steps at 50 °C
for2 minand 95 °C for 10 min, followed by 45 cycles of three
steps: 20 s denaturation at 95 °C, 60 s annealing at 58 °C and
20 s at 72 °C, as described [21]. The relative abundance of
Fbxo32, Trim63 and Gapdh mRNA was calculated, using the
244 method [25], and the results were expressed in arbitrary
units (AU).

Protein extraction and western blotting

EDL was homogenized in a buffer containing NaCl
137 mM, KCl 2.7 mM, MgCl, 1 mM, Tris pH 7.8 20 mM,
EDTA 1 mM, sodium pyrophosphate 5 mM, NaF 10 mM,
Triton X-100 1%,glycerol 10%, PMSF (phenylmethane-
sulfonylfluoride) 0.2 mM; Naz VO, (sodium orthovanadate)
0.5 mM and PIC 1:100 (Protease Inhibitor Cocktail), and
centrifuged at 13,400g for 40 min at 4 °C [26]. Equal
amounts of protein (35 pg) were subjected to elec-
trophoresis and immunoblotted using antibodies for anti-
phospho (Serd73) and total-AKT (1:1000; Cell Signaling
Technology, MA, USA), anti-phospho (Thr37/46) and total
4EBP1 (1:1000; Cell Signaling Technology) and anti-
phospho (Ser240/244) and total S6 (1:1000; Cell Signaling
Technology) in 5% BSA/basal solution (100 mM Trizma,
pH 7.5; 150 mM NaCl; e 0.05% Tween 20). We used
appropriated secondary peroxidase conjugated antibodies
for band detection (1:5000; Santa Cruz Biotechnology,
Dallas, TX, USA) and the Enhanced Chemiluminescence
(ECL) kit (Amersham Biosciences, Buckinghamshire,
UK). Scion Image software was used to analyze the
intensity of blots (Scion, Frederick, MD, USA). The Pon-
ceau-stained nitrocellulose membrane was used for nor-
malization, and the results were expressed as arbitrary units
(AU).

Analysis of fiber cross-sectional area (CSA)
The morphological analysis of the EDL muscle was per-
formed, using the eosin—haematoxylin staining protocol as

described [23, 27].

Analysis of skeletal muscle strength and contractile
properties

For this evaluation, both hindlimbs were removed and fixed
on an acrylic platform. The stimulated limb was placed on
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Fig. 2 Myogram representative images. Isotonic contractions were analyzed and are shown in Fig. 6 and time parameters (TTP, HRT, LRT) in
Table 1. Tetanic contractions were analyzed and shown in Fig. 7 and times of sustained isometric contraction (TSI) in Table 1

the platform with the hip and knee joint at a 60° angle. A
hook was placed under the Achilles tendon and connected
to an isometric force transducer (Grass Technologies, West
Warwick, RI, USA). The skin was excised and a platinum
electrode was placed at the sciatic nerve. The maximum
isotonic contractions (muscle twitches) and tetanic force
were induced by electrical stimulation at a low (1 Hz) and
high (100 Hz) stimulation frequency, respectively [4, 28]
(Fig. 2). The muscle strength and contractile properties
were analyzed using the AqAnalysis® software (v.4.16;
Lynx Tecnologia Eletronica, Sao Paulo, Brazil). The
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twitches time parameters such as time to peak tension
(TTP), half-relaxation time (HRT) and late-relaxation time
(LRT) were evaluated at 1 Hz as we have described pre-
viously [4].

Analysis of acute skeletal muscle fatigue

The acute muscle fatigue was evaluated using the curve
decline of the initial tetanic force (100%) during ten suc-
cessive tetanic contractions, and fatigue index was deter-
mined as the area under the muscle tension, as described by
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Pinheiro et al. [4]. The time of sustained isometric con-
traction (TSI) was considered as the maximum time (mil-
lisecond) to develop and sustain 100% of the tetanic force.

Statistical analysis

The results are presented as mean = SEM and analyzed
using GraphPad Prism 6.0 (GraphPad Software, San Diego,
CA, USA). Two-way ANOVA was used for comparison
between the groups, followed by Tukey’s post-test. Dif-
ferences between values were considered statistically sig-
nificant for p < 0.05.

Results
Effect of fasting on morphometric parameters

No differences were detected in muscle to tibia length ratio
in the fed condition (control vs. HMB) (Fig. 2). However,
as expected, fasting condition reduced the muscle mass
around 1.3-fold while HMB supplementation preserved it.

Effect of HMB supplementation on Fbxo032
and Trim63 gene expression

In the fed condition, no differences were detected in atro-
genes expression between the control and the HMB-sup-
plemented group. In the fasting condition, the Fbxo32 and
Trim63 gene expression of the control groups were
increased by approximately 4-fold and 3-fold, respectively.
The effect of fasting was attenuated in the HMB-treated
group, which presented a reduced expression of Fbxo32
(~50%) and Trim63 (~32%) versus the control group
(Fig. 3a, b).
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Fig. 3 Weight of EDL muscle; in white Fed:Control and Fast-
ing:Control and in black Fed:HMB and Fasting:tHMB; values are
mean + SEM (n = 9-14 animals/group); asterisk vs. Fed:HMB;
Control (p <0.0001) and FastinggHMB (p < 0.001); effect of
supplementation (p < 0.05); effect of fasting (p < 0.0001) and
interaction: supplementation and fasting (p < 0.001)

Effect of HMB supplementation on protein synthesis

In fed condition, no differences were observed in the
pAKT/tAKT ratio between control and HMB supple-
mented group. Fasting condition did not alter the pAKT/
tAKT ratio in control group. However, this ratio was
increased by 3-fold in HMB fasted group, as shown in
Fig. 4a. Regarding p4EBP-1/t4EBP-1 ratio, in the fed
condition no alterations were detected between HMB and
control group. However, in the fasting condition, a signif-
icant enhancement of p4AEBP-1/t4EBP-1 ratio was detected
and this effect was attenuated in HMB supplemented
group, as shown in Fig. 4b. Considering pS6/tS6 ratio, no
differences were observed among the experimental groups
(Fig. 4c¢).

Effect of HMB supplementation on CSA

No alterations in CSA were observed between groups in
fed and fasting conditions, and the HMB supplementation
did not change this, as shown in Fig. 5a, b.

Effect of HMB supplementation on contractile
muscle function

The absolute muscle twitch and tetanic forces (mN) did not
change between control and HMB groups in the alimentary
conditions studied (Fig. 6a, b). Likewise, the specific
muscle twitch and tetanic forces (mN/mmz) remained
unaltered (Fig. 6¢, d).An increase was detected in the
parameters studied in the HMB-fed group; however, it
failed to reach statistical significance. The resistance to the
fatigue index, shown by muscle tension development along
10 successive muscle tetanic contractions (Fig. 7a) and the
area under the curve (Fig. 7b)was not changed between
groups and alimentary states, even though a tendency to
increase was detected in the fasting:HMB-supplemented
group (p = 0.0878). Additional parameters of contractile
muscle function are illustrated in Table 1. No significant
changes were detected regarding the the twitch parameters
between fed and fasting conditions in all experimental
groups (TTP, HRT, LRT). There was a significant increase
in the time of sustained isometric contraction (TSI) in the
fasting:control (~ 1.2-fold) and in fasting:HMB groups
(~1.8-fold), in comparison to the fed:control condition
(Table 1).

Discussion
Skeletal muscle hypertrophy occurs when the rate of pro-

tein synthesis exceeds the rate of protein degradation,
whereas skeletal muscle atrophy occurs when protein
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Fig. 4 Real-time PCR analysis of Fbxo32 and Trim63 mRNA
expression, respectively, in EDL muscle normalized to Gapdh. Data
are expressed as mean = SEM (n = 8-10 animals/group), in arbi-
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Fig. 5 Western blotting analysis of AKT, 4EBPI and S6; content of
phosphorylation/total (a, b, ¢) for each protein, respectively. Quan-
titative representation obtained by densitometric analysis is shown.
Data are expressed as mean £ SEM (n = 6-9 animals/group), in

arbitrary units (AU). in white Fed:Control and Fasting:Control and in
black Fed:HMB and Fasting:HMB. Asterisk effect of supplementa-
tion (p = 0.0316) (a); hash interaction supplementation and fasting
(p = 0.0281) and asterisk effect of fasting (p = 0.0329) (b)

Fig. 6 Fiber cross-sectional -
area (CSA) analysis of EDL ta) 3 Control ®)
muscle. In white Fed:Control . HVB
and Fasting:Control and in 1000 ~ 3000
black Fed:HMB and - —_
Fasting:HMB. a Quantitative — 800 1 J__ NE
analysis of the CSA in pm?, "E S e
measuring the circumference of 3 600 Z
no less than 800 adjacent fibers : 480- 8
per animal (n = 5 ()] P
animals/group); b showing the o e === E=a=
distribution of CSAs 200+

0 T T °

Fed Fasting

@ Springer



J Physiol Sci (2018) 68:165-174

171

Fig. 7 Data of maximum (@) 1000- (c) ~ 200-
skeletal muscle strength - NE
production in EDL. Muscle % 800 - 3 Control 2 E 3 Control
twitch force was determined at - @l HmB § 2 1509 Em HMmB
1 Hz and tetanic force was at ‘§ § 600+ E E
100 Hz electrical stimulation g K<] % § 1001
frequency. a Muscle twitch & 4007 § K<
force; b muscle tetanic force; g 2004 & 5 50
¢ specific muscle twitch force 2 =
normalized per CSA (fed vs. 0 . . z o .
fasting, p = 0.07); d muscle Fed Fasting 9
tetanic force normalized per (b) (d) -
CSA. Results are expressed as — 40009 3 Control NE 1000+ 3 Control
mean + SEM (n = 6 % Em HMB 2 E good = HMB
animals/group); in white < 3000 Q2
Fed:Control and .8 § é £ 600
Fasting:Control and in black 8 O 20001 o 8
Fed:HMB and Fasting:HMB g0 T 8 4

c

s 1000+ g 2 2004

-

0 , , g o : :
Fed Fasting Fed Fasting

degradation exceeds synthesis. This can be observed in
numerous conditions, such as sarcopenia, cancer, AIDS,
immobilization, absolute rest and increase production/use
of glucocorticoids [9, 19]. Fasting condition simultane-
ously increases the rate of skeletal muscle protein degra-
dation and decreases protein synthesis [10, 29]. However,
this rate changes accordingly to muscle specificity and
contractile properties [10, 30].

HMB is a leucine metabolite and considered an impor-
tant muscle mass inducer [31, 32]. Here, we found out that
chronic HMB supplementation in fasting increased AKT
phosphorylation in EDL muscle and prevented the increase
of atrogenes expression (Fbxo32 and Trim63) usually
observed in this condition, thus preventing muscle weight
loss, as shown by Whitehouse et al. [33] and Lecker et al.
[34]. Fasting is known to induce a decline in IGF-I content,
which leads to a reduction in the PI3 K and AKT activity,
while the opposite is observed in muscle hypertrophy
[10, 35]. In this study, as pointed out, we detected a 3-fold
increase in pAKT content in animals subjected to fasting
plus HMB supplementation. In fact, previous data from our
group and others demonstrated that HMB supplementation
was able to activate the GH-IGF-I axis [21, 36], which
could justify the increased pAKT levels.

In this study, we hypothesize that the AKT activation
could exert two different actions: (1) an increase in protein
synthesis and/or improvement of intramuscular metabo-
lism, and (2) an increase in FoxO phosphorylation, which
decreases Fbxo32 and Trim63 expression.

Considering the first possibility, HMB supplementation
was shown to increase p70S6K1 and 4EBP1 phosphory-
lation which are related to an enhancement of protein
synthesis [12, 37]. However, in our study, we did not find

any alteration in these proteins. In contrast, fasting led to an
increase of p4AEBP1 content, which might be related to the
increased atrogenes expression [38]. Muscle atrophy is
characterized by a decrease in overall protein. On the other
hand, if even protein synthesis is reduced, the atrophy
program has to maintain or increase the expression of key
proteins [34].

Moreover, AKT activation could lead to the inactivation
of glycogen synthase kinase-3 (GSK-3), thereby increasing
glycogen synthase activity, which in turn increases the
intramuscular glycogen content [4, 39]. Indeed, a previous
study by our group showed that HMB supplementation
increased muscle glycogen content [4]. This could con-
tribute to explain the trend of an increasing acute fatigue
index (Fig. 7; p = 0.08) and the increase in skeletal muscle
time of development force (TDF) observed when fasted
rats were supplemented with HMB (Table 1). In fact, HMB
supplementation has been associated with reduced exer-
cise-induced muscle damage and increased resistance to
acute fatigue [7, 8]. Moreover, the fasting group supple-
mented with HMB presented an increased time of sustained
isometric contraction (TSI), supporting our evidence of
beneficial effects of HMB supplementation under muscle
atrophy situations. The second possible effect of AKT
activation involves the regulation of atrogenes expression
by FoxO phosphorylation. The phosphorylation of tran-
scription factors FoxO1 and FoxO3 prevents their migra-
tion to the nucleus, which in turn reduces atrogenes
expression [40]. As mentioned before, HMB supplemen-
tation attenuated the increase on the Fbxo32 and Trim63
expression in fasting muscle (Fig. 3a, b), which could
account for the maintenance of skeletal muscle mass.
Aversa et al. [41] demonstrated similar HMB effects in
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muscle cells incubated with dexametasone (DEXA), thus
indicating that HMB supplementation was able to attenuate
DEXA-induced increases in the atrogenes expression,
preventing protein degradation. Eley et al. [6] also
observed similar effects in a rodent model of sepsis. In a
classic study, Li and Goldberg [42] suggested that fast and
slow muscles exhibit different protein synthesis and
degradation rates. In the former, the rate of protein syn-
thesis and degradation is more affected than the latter under
acute fasting conditions. Corroborating these data, in the
present study, an increase in both atrogenes (Fbxo32 and
Trim63) was detected in EDL muscle, which suggests a rise
of proteolysis in the fasting model. The effects were less
expressive in the soleus muscle (data not shown). Addi-
tionally, our group has found that HMB supplementation in
animal models under normal nutritional conditions without
an imbalance between protein synthesis and degradation
has been able to stimulate an insulin resistance state in
soleus muscle [27]. These different effects in distinct
muscles could make it difficult to draw overall conclusions
about HMB effects in muscle (Fig. 8).

In the fasting condition, there was also a dramatic reduction
in the muscle weight in the rats, which was prevented by HMB
supplementation; however, this effect did not induce an
improvement in the specific twitch force. Consequently, this
effect might explain the weight muscle gain without any
changes in CSA (Fig. 5). This was the second study that used
HMB supplementation and in vivo electrical stimulation in
rats. The first study found similar effects of HMB supple-
mentation in muscle with mixed glycolytic and oxidative
fibers (gastrocnemius) showing improved effects in parame-
ters of isometric contractions [4]. The current study used EDL,
a glycolytic muscle that exhibits a distinct balance between
protein synthesis and degradation [10, 42] with chronic HMB
supplementation and fasting.

In conclusion, these findings and observations indicate
that HMB supplementation prevents the increase of atro-
genes expression following fasting, while at the same time
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improves muscle contractions performance, suggesting an
improvement of intramuscular metabolism. HMB supple-
mentation results in metabolic and skeletal muscle function
changes which may have a beneficial effect in patients with
diseases, as well as improving rehabilitation or athlete
performance. However, more investigations with HMB
supplementation are required to identify more details about
this strategy as well as possible different effects between
the muscles.

Acknowledgements F. Gerlinger-Romero and L. Guimaraes-Fer-
reira, for a research fellowship from Sdo Paulo Research Foundation,
CAPES (Coordenagdo de Aperfeicoamento de Pessoal de Nivel
Superior); C. Yogi Yonamine and R. Barrera Salgueiro, for a research
fellowship from FAPESP (Fundacdo de Amparo Pesquisa do Estado
de Sdo Paulo); and M. T. Nunes, for a fellowship from CNPq
(Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico).
The authors would like to thank Dr. John A. Rathmacher from
Metabolic Technologies, Inc. HMB-FA was formulated and supplied
by Metabolic Technologies, Inc. The late, for Adhemar Pettri Filho.

Compliance with ethical standards

Conflict of interest The authors declare they have no conflict of
interest.

References

1. Aversa Z, Bonetto A, Costelli P, Minero VG, Penna F, Baccino
FM, Lucia S, Rossi Fanelli F, Muscaritoli M (2011) B-Hydroxy-
B-methylbutyrate (HMB) attenuates muscle and body weight loss
in experimental cancer cachexia. Int J Oncol 38:713-720. doi:10.
3892/ij0.2010.885

. Noh KK, Chung KW, Choi YJ, Park MH, Jang EJ, Park CH,
Yoon C, Kim ND, Kim MK, Chung HY (2014) Beta-hydroxy
beta-methylbutyrate improves dexamethasone-induced muscle
atrophy by modulating the muscle degradation pathway in SD rat.
PLoS ONE 9:102947

. Zanchi NE, Gerlinger-Romero F, Guimaraes-Ferreira L, de
Siqueira Filho MA, Felitti V, Lira FS, Seelaender M, Lancha AH
(2011) HMB supplementation: clinical and athletic performance-
related effects and mechanisms of action. Amino Acids
40:1015-1025


http://dx.doi.org/10.3892/ijo.2010.885
http://dx.doi.org/10.3892/ijo.2010.885

J Physiol Sci (2018) 68:165-174

173

4.

10.

11.

12.

13.

15.

16.

18.

Pinheiro CH, Gerlinger-Romero F, Guimaraes-Ferreira L, de
Souza-Jr AL, Vitzel KF, Nachbar RT, Nunes MT, Curi R (2012)
Metabolic and functional effects of beta-hydroxy-beta-methyl-
butyrate (HMB) supplementation in skeletal muscle. Eur J Appl
Physiol 112:2531-2537

. Kovarik M, Muthny T, Sispera L, Holecek M (2010) Effects of -

hydroxy-p-methylbutyrate treatment in different types of skeletal
muscle of intact and septic rats. J Physiol Biochem 66:311-319

. Eley HL, Russell ST, Tisdale MJ (2008) Attenuation of depres-

sion of muscle protein synthesis induced by lipopolysaccharide,
tumor necrosis factor, and angiotensin II by beta-hydroxy-beta-
methylbutyrate. Am J Physiol Endocrinol Metab 295:E1409-
E1416

. Lowery RP, Joy JM, Rathmacher JA, Baier SM, Fuller J Jr,

Shelley MC 2nd, Jaeger R, Purpura M, Wilson SM, Wilson JM
(2014) Interaction of beta-hydroxy-beta-methylbutyrate free acid
(HMB-FA) and adenosine triphosphate (ATP) on muscle mass,
strength, and power in resistance trained individuals. J Strength
Cond Res 30(7):1843-1854

. Robinson EHT, Stout JR, Miramonti AA, Fukuda DH, Wang R,

Townsend JR, Mangine GT, Fragala MS, Hoffman JR (2014)
High-intensity interval training and beta-hydroxy-beta-methyl-
butyric free acid improves aerobic power and metabolic thresh-
olds. J Int Soc Sports Nutr 11:16

. Sandri M, Sandri C, Gilbert A, Skurk C, Calabria E, Picard A,

Walsh K, Schiaffino S, Lecker SH, Goldberg AL (2004) Foxo
transcription factors induce the atrophy-related ubiquitin ligase
atrogin-1 and cause skeletal muscle atrophy. Cell 117:399-412
Schiaffino S, Dyar KA, Ciciliot S, Blaauw B, Sandri M (2013)
Mechanisms regulating skeletal muscle growth and atrophy.
FEBS J 280(17):4294-4314

Fitschen PJ, Wilson GJ, Wilson JM, Wilund KR (2013) Efficacy
of beta-hydroxy-beta-methylbutyrate supplementation in elderly
and clinical populations. Nutrition 29:29-36

Eley HL, Russell ST, Baxter JH, Mukerji P, Tisdale MJ (2007)
Signaling pathways initiated by beta-hydroxy-beta-methylbu-
tyrate to attenuate the depression of protein synthesis in skeletal
muscle in response to cachectic stimuli. Am J Physiol Endocrinol
Metab 293:E923-E931

Lang CH, Pruznak A, Navaratnarajah M, Rankine KA, Deiter G,
Magne H, Offord EA, Breuille D (2013) Chronic alpha-hydrox-
yisocaproic acid treatment improves muscle recovery after
immobilization-induced atrophy. Am J Physiol Endocrinol Metab
305(3):E416-E428

. Miramonti AA, Stout JR, Fukuda DH, Robinson EHT, Wang R,

La Monica MB, Hoffman JR (2016) Effects of 4 weeks of high-
intensity interval training and beta-hydroxy-beta-methylbutyric
free acid supplementation on the onset of neuromuscular fatigue.
J Strength Cond Res 30:626-634

Russell DM, Atwood HL, Whittaker JS, Itakura T, Walker PM,
Mickle DA, Jeejeebhoy KN (1984) The effect of fasting and
hypocaloric diets on the functional and metabolic characteristics
of rat gastrocnemius muscle. Clin Sci (Lond) 67:185-194
Nishio ML, Madapallimattam AG, Jeejeebhoy KN (1992) Com-
parison of six methods for force normalization in muscles from
malnourished rats. Med Sci Sports Exerc 24:259-264

. Wijngaarden MA, Bakker LE, van der Zon GC, t Hoen PA, van

Dijk KW, Jazet IM, Pijl H, Guigas B (2014) Regulation of
skeletal muscle energy/nutrient-sensing pathways during meta-
bolic adaptation to fasting in healthy humans. Am J Physiol
Endocrinol Metab 307:E885-E895

Vendelbo MH, Moller AB, Christensen B, Nellemann B, Clasen
BF, Nair KS, Jorgensen JO, Jessen N, Moller N (2014) Fasting
increases human skeletal muscle net phenylalanine release and
this is associated with decreased mTOR signaling. PLoS ONE
9:¢102031

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

Bodine SC, Baehr LM (2014) Skeletal muscle atrophy and the E3
ubiquitin ligases MuRF1 and MAFbx/atrogin-1. Am J Physiol
Endocrinol Metab 307:E469-E484

Foletta VC, White LJ, Larsen AE, Leger B, Russell AP (2011)
The role and regulation of MAFbx/atrogin-1 and MuRF1 in
skeletal muscle atrophy. Pflug Arch 461:325-335
Gerlinger-Romero F, Guimaraes-Ferreira L, Giannocco G, Nunes
MT (2011) Chronic supplementation of beta-hydroxy-beta methyl-
butyrate (HMP) increases the activity of the GH/IGF-I axis and
induces hyperinsulinemia in rats. Growth Horm IGF Res 21:57-62
Busquets S, Alvarez B, Lopez-Soriano FJ, Argiles JM (2002)
Branched-chain amino acids: a role in skeletal muscle proteolysis
in catabolic states? J Cell Physiol 191:283-289

Harcourt L], Holmes AG, Gregorevic P, Schertzer JD, Stupka N,
Plant DR, Lynch GS (2005) Interleukin-15 administration
improves diaphragm muscle pathology and function in dystrophic
mdx mice. Am J Pathol 166:1131-1141

Farrell PA, Fedele MJ, Hernandez J, Fluckey JD, John L, lii M,
Lang CH, Vary TC, Kimball SR, Leonard S et al (1999)
Hypertrophy of skeletal muscle in diabetic rats in response to
chronic resistance exercise. J Appl Physiol 87(3):1075-1082
Livak KIJ, Schmittgen TD (2001) Analysis of relative gene
expression data using real-time quantitative PCR and the 2(-Delta
Delta C(T)) Method. Methods 25:402—408

Garfin DE (1990) One-dimensional gel electrophoresis. Methods
Enzymol 182:425-441

Yonamine CY, Teixeira SS, Campello RS, Gerlinger-Romero F,
Rodrigues CF Jr, Guimaraes-Ferreira L, Machado UF, Nunes MT
(2014) Beta hydroxy beta methylbutyrate supplementation
impairs peripheral insulin sensitivity in healthy sedentary Wistar
rats. Acta Physiol (Oxf) 212:62-74

Bassit RA, Pinheiro CH, Vitzel KF, Sproesser AJ, Silveira LR,
Curi R (2010) Effect of short-term creatine supplementation on
markers of skeletal muscle damage after strenuous contractile
activity. Eur J Appl Physiol 108:945-955

Schiaffino S, Sandri M, Murgia M (2007) Activity-dependent
signaling pathways controlling muscle diversity and plasticity.
Physiology (Bethesda, Md: 1985) 22:269-278

Goldberg AL, Goodman HM (1969) Relationship between cor-
tisone and muscle work in determining muscle size. J Physiol
200:667-675

Nissen S, Sharp R, Ray M, Rathmacher JA, Rice D, Fuller JC,
Connelly AS, Abumrad N (1996) Effect of leucine metabolite
beta-hydroxy-beta-methylbutyrate on muscle metabolism during
resistance-exercise training. J Appl Physiol (Bethesda, Md: 1985)
81:2095-2104

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

Whitehouse AS, Tisdale MJ (2001) Downregulation of ubiquitin-
dependent proteolysis by eicosapentaenoic acid in acute starva-
tion. Biochem Biophys Res Commun 285:598-602

Lecker SH, Jagoe RT, Gilbert A, Gomes M, Baracos V, Bailey J,
Price SR, Mitch WE, Goldberg AL (2004) Multiple types of
skeletal muscle atrophy involve a common program of changes in
gene expression. FASEB J 18:39-51

Bodine SC, Stitt TN, Gonzalez M, Kline WO, Stover GL,
Bauerlein R, Zlotchenko E, Scrimgeour A, Lawrence JC, Glass
DJ, Yancopoulos GD (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

Townsend JR, Hoffman JR, Gonzalez AM, Jajtner AR, Boone
CH, Robinson EH, Mangine GT, Wells AJ, Fragala MS, Fukuda
DH, Stout JR (2015) Effects of beta-hydroxy-beta-methylbutyrate
free acid ingestion and resistance exercise on the acute endocrine
response. Int J Endocrinol 2015:856708

@ Springer



174

J Physiol Sci (2018) 68:165-174

37.

38.

39.

Kornasio R, Riederer I, Butler-Browne G, Mouly V, Uni Z,
Halevy O (2009) Beta-hydroxy-beta-methylbutyrate (HMB)
stimulates myogenic cell proliferation, differentiation and sur-
vival via the MAPK/ERK and PI3K/AKT pathways. Biochim
Biophys Acta 1793:755-763

Jagoe RT, Lecker SH, Gomes M, Goldberg AL (2002) Patterns of
gene expression in atrophying skeletal muscles: response to food
deprivation. FASEB J 16:1697-1712

Bouskila M, Hirshman MF, Jensen J, Goodyear LJ, Sakamoto K
(2008) Insulin promotes glycogen synthesis in the absence of
GSK3 phosphorylation in skeletal muscle. Am J Physiol Endo-
crinol Metab 294:E28-E35

@ Springer

40.

41.

42.

Zhao J, Brault JJ, Schild A, Cao P, Sandri M, Schiaffino S,
Lecker SH, Goldberg AL (2007) FoxO3 coordinately activates
protein degradation by the autophagic/lysosomal and proteasomal
pathways in atrophying muscle cells. Cell Metab 6:472-483
Aversa Z, Alamdari N, Castillero E, Muscaritoli M, Rossi Fanelli
F, Hasselgren PO (2012) B-Hydroxy-B-methylbutyrate (HMB)
prevents dexamethasone-induced myotube atrophy. Biochem
Biophys Res Commun 423:739-743

Li JB, Goldberg AL (1976) Effects of food deprivation on protein
synthesis and degradation in rat skeletal muscles. Am J Physiol
231:441-448



	Effects of beta-hydroxy-beta-methylbutyrate (HMB) on the expression of ubiquitin ligases, protein synthesis pathways and contractile function in extensor digitorum longus (EDL) of fed and fasting rats
	Abstract
	Introduction
	Materials and methods
	Animals
	Experimental design
	Tissue samples
	Total mRNA extraction and real-time PCR
	Protein extraction and western blotting
	Analysis of fiber cross-sectional area (CSA)
	Analysis of skeletal muscle strength and contractile properties
	Analysis of acute skeletal muscle fatigue
	Statistical analysis

	Results
	Effect of fasting on morphometric parameters
	Effect of HMB supplementation on Fbxo32 and Trim63 gene expression
	Effect of HMB supplementation on protein synthesis
	Effect of HMB supplementation on CSA
	Effect of HMB supplementation on contractile muscle function

	Discussion
	Acknowledgements
	References




