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Abstract

Aim: Investigate, in healthy sedentary rats, the potential mechanisms

involved on the effects of beta hydroxy beta methylbutyrate (HMB) sup-

plementation upon the glycaemic homeostasis, by evaluating the insulin

sensitivity in liver, skeletal muscle, and white adipose tissue.
Methods: Rats were supplemented with either beta hydroxy beta meth-

ylbutyrate (320 mg kg�1 BW) or saline by gavage for 4 weeks. After the

experimental period, the animals were subjected to the glucose tolerance

test (GTT) and plasma non-esterified fatty acids (NEFA) concentration

measurements. The soleus skeletal muscle, liver and white adipose tissue

were removed for molecular (western blotting and RT-PCR) and histologi-

cal analysis.
Results: The beta hydroxy beta methylbutyrate supplemented rats pre-

sented: (i) higher ratio between the area under the curve (AUC) of insuli-

naemia and glycaemia during glucose tolerance test; (ii) impairment of

insulin sensitivity on liver and soleus skeletal muscle after insulin overload;

(iii) reduction of glucose transporter 4 (GLUT 4) total and plasma mem-

brane content on soleus; (iv) increased hormone-sensitive lipase (HSL)

mRNA and protein expression on white adipose tissue and plasma NEFA

levels and (v) reduction of fibre cross-sectional area of soleus muscle.
Conclusion: The data altogether indicate that beta hydroxy beta meth-

ylbutyrate supplementation impairs insulin sensitivity in healthy sedentary

rats, which, in the long-term, could lead to an increased risk of developing

type 2 diabetes.

Keywords beta hydroxy beta methylbutyrate, glucose transporter 4, gly-

cemic homeostasis, growth hormone, insulin resistance, non-esterified fatty

acids.

Nutritional supplements have been highly commercial-

ized and employed by the population in the last two

decades (Bernstein et al. 2003). More than 3 million

people in the USA use, or have used, ergogenic supple-

ments. Moreover, supplement use is widespread

among high school and college athletes as well as

non-athletes, particularly adolescents (Molinero &

M�arquez 2009), even though the possible side effects

caused by its chronic administration on intermediary

metabolism have not been investigated thoroughly

(Loud et al. 2003, Baxter et al. 2005).

In this context, beta hydroxy beta methylbutyrate

(HMB), a leucine metabolite, is one of the most used

products by athletes (Portal et al. 2011) and people
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engaged in physical activity or not, aiming to gain

lean mass and/or to lose fat mass (Payne et al. 2006).

Initial studies, proposed by (Nissen et al. 1996) dem-

onstrated that HMB supplementation (1, 5 or

3 g day�1) in association with resistance training pro-

tocol (90 min, 3 days per week, during 3 weeks) was

able to improve muscle strength and reduce exercise-

induced muscle proteolysis in sedentary young men.

However, the same results are not observed in resis-

tance trained athletes, possibly due to suppression of

protein breakdown induced by training adaptations,

which may blunt the HMB effects (Slater & Jenkins

2000). This metabolite has also been employed for

medical purposes, mainly in patients with muscle-

wasting diseases, to reduce protein degradation and/or

increase protein synthesis (Smith et al. 2005, Kuhls

et al. 2007, Wilson et al. 2008).

Although HMB has been extensively used, effects

of its chronic administration on glucose homeostasis

are still unknown and should be explored. Several

studies have hypothesized that chronic excess intake

of amino acids aiming to enhance protein synthesis,

could lead to inhibition of the first steps of insulin

signalling, which in turn could result in insulin resis-

tance status, a feature of type 2 diabetes (Promintzer

& Krebs 2006, Um et al. 2006, Tremblay et al.

2007). In this context, a recent study carried out in

our laboratory demonstrated that healthy sedentary

rats supplemented with HMB, which is an amino

acid derivative, presented hyperinsulinaemia and nor-

moglycaemia, suggesting the development of insulin

resistance status. Moreover, in the same study, the

HMB-supplemented rats presented increased somato-

trophic axis activity, demonstrated by increased

growth hormone (GH) mRNA and protein expres-

sion, liver insulin-like growth factor I (IGF-I) mRNA

expression and circulating levels (Gerlinger-Romero

et al. 2011).

Based on these facts, this study attempted to investi-

gate the effects of chronic supplementation of HMB

(320 mg kg�1 of BW day�1) upon glycaemic homeos-

tasis and peripheral insulin sensitivity in healthy sed-

entary rats, as well as the potential involvement of

GH.

Material and methods

Animals and procedures

Approximately 60 male Wistar rats of the same age

(3 months) and weighing approx. 250 g were

obtained from our own breeding colony. They were

maintained on a standard rat chow containing 22%

of protein (Nuvilab CR1; Nuvital Nutrientes S/A, Co-

lombo, Paran�a, Brazil) and tap water ad libitum

(Table S1). They were housed in a room kept at a

constant temperature (23 � 1 °C) and in a 12/12-h

light/dark cycle (lights on at 07:00 h).

Hydroxy beta methylbutyrate (calcium salt: Dyma-

tize Enterprises, Dallas, TX, USA) was administered

daily in a dose of 320 mg kg�1 of body weight (BW)

by gavage, diluted in 1 mL of saline (0.9%), for

4 weeks as described by Gerlinger-Romero et al.

(2011). The control animals (C group) received the

same volume of vehicle (saline), by the same way. The

rats were weighted throughout the experimental per-

iod, and the food intake was measured twice a week.

At the day of the sacrifice, they were subjected to a

4-h food restriction and subsequently killed. Part of

the animals were subjected to the glucose tolerance

test (GTT), and the remainder were subjected to tissue

collection and after that killed by decapitation. The

liver, soleus (SOL) skeletal muscle and white adipose

tissue (WAT) were removed to evaluate the molecular

parameters pointed below by western blotting and

RT-PCR. Blood samples were also collected, and

plasma was stored for later analysis of non-esterified

fatty acids (NEFA) concentrations, as described by

Chromy et al. (1977). Additionally, the morphological

analysis of SOL muscle was performed, using eosin–

haematoxylin staining protocol, as described by Har-

court et al. (2005). The experimental protocol is in

accordance with the ethical principles in animal

research adopted and approved by the Institute of Bio-

medical Sciences/University of S~ao Paulo – Ethical

Committee for Animal Research (001/42, book 2,

2007) and followed the National guidelines for ethical

use of animals in research.

Glucose tolerance test

The animals were anesthetized by i.p. injection of

thiopental (Thiopentax, Crist�alia, Itapira, SP, Brazil)

at the dose of 60 mg kg�1 of BW and subjected to

GTT. In this procedure, a cannula was inserted and

properly immobilized into the jugular vein for glucose

injection (0.75 g kg�1 of BW) and blood collection

before (0 min) and 4, 8, 16 and 30 min after the glu-

cose overload, as described by Campello et al. (2012).

The plasma was stored at �20 °C for further determi-

nation of glucose (glicose enzim�atica-CELM, S~ao

Paulo, Brazil) and insulin (Coat-a-Count� Insulin,

DPC, Los Angeles, CA, USA) concentrations. The area

under the curve of insulin and glucose plasma concen-

trations during the test was calculated, and the ratio

between these areas [area under the curve (AUC)

plasma insulin levels/AUC plasma glucose levels] indi-

cated the insulin sensitivity. The area under the curve

corresponds to the incremental area value, calculated

over the basal value (time zero).
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Evaluation of the insulin signalling pathway proteins (IR

and AKT) by western blotting

The SOL muscle, WAT and liver were removed before

and after insulin overload (10 U) into penian vein as

described by de Castro Barbosa et al. (2009). The tis-

sues were homogenized in a hot buffer containing Tri-

zma base 100 mM pH 7.5; EDTA 10 mM, 1% sodium

dodecyl sulphate, sodium fluoride 100 mM, sodium

pyrophosphate 10 mM, sodium orthovanadate 10 mM,

also described by de Castro Barbosa et al. (2009) and

centrifuged at 13.400 g for 40 min at 4 °C. Equal

amounts of protein (60 lg) were subjected to electro-

phoresis and immunoblotted using antibodies for anti-

phosphotyrosine (1 : 200; Cell Signaling Technology,

Beverly, MA, USA), anti-IR total (1 : 500; Cell Signal-

ing Technology), and antiphospho-Akt (Ser473)

(1 : 500; Cell Signaling Technology) in 8% BSA/PBS

solution. We used appropriated secondary peroxidase-

conjugated antibody for band detection (1 : 5.000;

Santa Cruz Biotechnology, Dallas, TX, USA) and

Enhanced Chemiluminescence (ECL) kit (Amersham

Biosciences, Buckinghamshire, UK). SCION IMAGE soft-

ware was used to analyse the intensity of blots (Scion

Corp., Frederick, MD, USA). The Ponceau-stained

nitrocellulose membrane was used for normalization,

and results were expressed as arbitrary units (AUs).

Evaluation of glucose transporter 4 protein expression

and percentage of translocation to plasma membrane

by western blotting

Soleus skeletal muscle muscle and WAT were

homogenized in 10 mM Trizma, 1 mM EDTA and

250 mM sucrose (pH 7.4) buffer. Plasma membrane

(PM) and microsome (M) fractions of glucose trans-

porter 4 (GLUT4) were separated by ultracentrifuga-

tion (de Castro Barbosa et al. 2009). The WAT

samples were submitted to a subcellular fractionation

according to Fabres-Machado & Saito (1995). Immu-

noblotting of the tissues protein extracts was per-

formed using anti-GLUT4 antiserum (1 : 3.000/

Polyclonal Rabbit Raised Anti-GLUT4, AB1346;

CHEMICON International, Temecula, CA, USA) in

8% BSA/PBS solution followed by the incubation

with appropriated secondary peroxidase-conjugated

antibody (1 : 5.000; Santa Cruz Biotechnology). The

band detection was performed as previously

described. The sum of the total protein yield of PM

and M was considered the total GLUT4 content (PM

and M). The percentage of total cellular GLUT4

present in the PM was then calculated as indicated:

(1009 PM GLUT4)/(PM GLUT4 + M GLUT4). The

Ponceau-stained nitrocellulose membrane was used

for a loading control.

Evaluation of SOCS3 and PEPCK protein expression on

liver by western blotting

A sample of the liver was removed and homogenized

in a buffer containing Trizma 100 mM pH 7.5; EDTA

10 mM, 1% sodium dodecyl sulphate, sodium fluoride

100 mM, sodium pyrophosphate 10 mM, sodium or-

thovanadate 10 mM as described by de Castro Barb-

osa et al. (2009) and centrifuged at 13.400 g for

40 min at 4 °C. Equal amounts of protein (30 lg)
were subjected to electrophoresis, and nitrocellulose

membranes were immunoblotted with anti-SOCS3

(1 : 1.000 ab16030; Abcam, Cambridge, UK) and

anti-PEPCK (1 : 1.000; Santa Cruz Biotechnology) in

8% BSA/PBS solution. We used appropriated second-

ary peroxidase-conjugated antibody for band detection

(1 : 5.000; Santa Cruz Biotechnology) and ECL kit

(Amersham Biosciences, Buckinghamshire, UK). SCION

IMAGE software was used to analyse the intensity of

blots (Scion Corp.). The Ponceau-stained nitrocellulose

membrane was used for normalization, and results

were expressed as AUs.

Evaluation of pY STAT5 protein expression on liver and

WAT by western blotting

We have evaluated the expression of this protein on

liver and WAT, using the same procedure described

above. However, the membrane immunoblotting was

performed using anti-pSTAT5 A/B (1 : 1.000; Cell

Signaling Technology).

Evaluation of hormone-sensitive lipase protein

expression by western blotting

White adipose tissue samples (0.05–0.3 g) were

homogenized in 1.0 mL extraction buffer containing

100 mM Trizma, pH 7.5, 10 mM EDTA, 1% sodium

dodecyl sulphate, 10 mM sodium pyrophosphate,

100 mM sodium fluoride, 10 mM sodium orthovana-

date, 2 mM phenylmethylsulfonyl fluoride and

0.25 mg aprotinin. The lysates were incubated with

10% Triton X-100 for 30 min and centrifuged at

13.400 g for 30 min at 4 °C (Fain et al. 2008). The

supernatant was collected, and the protein concentra-

tion was determined using the Bradford assay

(Bio-Rad Laboratories, Hercules, CA, USA). Immuno-

blotting was carried out using anti- hormone-sensitive

lipase (HSL) antibody (1 : 1.000; Santa Cruz Biotech-

nology) or GAPDH (1 : 3.000; Santa Cruz Biotechnol-

ogy) followed by the incubation with appropriated

secondary peroxidase-conjugated antibody. The band

detection was performed using enhanced chemilumi-

nescent detection (ECL Western Blotting Detection;

Amersham Pharmacia Biotech, Amersham, UK) and
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analysed by the SCION IMAGE software (ScionCorp.),

and the results were expressed as AUs.

Evaluation of HSL mRNA by real-time PCR

Hormone-sensitive lipase mRNA expression was analy-

sed by real-time PCR as previously described by Fain

et al. (2008). Total RNA was extracted from white adi-

pose tissue (0.4 g). Two micrograms of total RNA was

used to synthesize the first strand complementary DNA

(cDNA) using 10 mM of each oligo-dT primers and the

M-MLV reverse transcriptase kit (Promega, Madison,

WI, USA) according to the manufacturer’s recommen-

dations. Reverse transcription reaction was performed

at 70 °C for 10 min, followed by 42 °C for 60 min,

and 10 min at 95 °C. Real-time quantitative PCR

amplification was performed using the SYBR� Green

PCR master mix kit (Applied Biosystems, Foster City,

CA, USA) and the primers for HSL (Forward:

50TTTCCAC CCACGGCGCTCAA 30, Reverse: 50 TC
CAGAGCGCACGCCACAAG 30), or RPL19 (Forward:

50CCAAT GAAACCAACGAAATCG30, Reverse:

50TCAGGCCATCTTTGATCAGCT30), as internal

control. The reaction conditions consisted of two steps

at 50 °C for 2 min and 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. SYBR

Green-based real-time PCR analysis was carried out

with the ABI Prism 7300 sequence detector (Applied

Biosystems), according to the manufacturer’s instruc-

tions. The relative abundance of HSL and RPL19

mRNAs was calculated, using the 2�DDCt method, and

the results were expressed in arbitrary units (AU).

Evaluation of Non-esterified fatty acids concentration on

plasma

The NEFA plasma concentration levels of control and

HMB-supplemented rats were evaluated using the

same protocol described by Chromy et al. (1977).

Evaluation of fibre cross-sectional area

Transverse muscle sections (12 lm thick) were cut

from the mid-belly region of each muscle using a cryo-

stat (Jung Frigocut 2800N – Leica). After that, the

samples were stored during 1 h at 37 °C and then at

�80 °C until analysis. Sections were stained with Ha-

ematoxylin and Eosin for examination of fibre cross-

sectional area (CSA) (Harcourt et al. 2005). Sections

were imaged using an upright microscope at 59 mag-

nification (Leitz Aristoplan, Wetzlar, Germany)

equipped with a camera (Spot model 1.3.0; Diagnostic

Instruments, Sterling Heights, MI, USA), driven by

Spot Diagnostic software (version 2.1; Diagnostic

Instruments). Digitized images were analysed using

software IMAGE-PRO PLUS in a double-blinded manner.

The mean CSA was determined by measuring the cir-

cumference of no less than 800 adjacent fibres per ani-

mal, and five animals were analysed in each group.

Statistical analysis

All data were expressed as Mean � SEM, and the sig-

nificance level was set at 5%. The statistical analysis

was performed by unpaired Student’s t-test or two-way

ANOVA with Bonferroni post-test (PRISM GRAPHPAD,

Version: 5.0; GraphPad Software, San Diego, CA,

USA).

Results

Effect of the HMB supplementation on body weight

gain and food intake

The body weight gain (final – initial body weight)

(HMB: 80.5 � 6.4 vs. C: 71.3 � 5.5 g) and food

intake (HMB: 25.79 � 1.11 vs. C: 26.82 � 2.99 g

day�1) were the same between groups.

Effect of the HMB supplementation on the whole-body

insulin sensitivity

Results of the GTT are shown in Figure 1. The AUC of

variation of plasma glucose (1899.0 � 327.5 vs.

1317.0 � 419.8, P < 0.05) and insulin levels (1271.0 �
499.0 vs. 259.6 � 85.9, P < 0.05) was greater in the

HMB-supplemented rats when compared to the control

rats (Fig. 1a,b). Finally, the AUC plasma insulin levels/

AUC plasma glucose levels ratio was significantly higher

in the HMB-supplemented rats (0.523 � 0.117 vs.

0.198 � 0.013, P = 0.021) (Fig. 1c). The post-prandial

plasma glucose levels were the same between HMB-sup-

plemented and control rats (131.1 � 5.6 vs. 131.0 �
6.9 mg dL�1, P = 0.98).

Effect of the HMB supplementation on the

phosphorylation of insulin receptor (pY IR) and AKT (pS

AKT) in liver, SOL skeletal muscle and WAT

The results indicate that the liver of HMB-supplemented

rats presented a reduction on pY IR (approx. 23%) and

pS AKT (approx. 32%) in response to insulin overload

vs. control group (Fig. 2a). However, no differences

were detected on pY IR in the SOL, even though a reduc-

tion was detected on pS AKT (approx. 45%) in response

to insulin overload in HMB-supplemented group

(Fig. 2b). With regard to WAT, no differences were

observed on pY IR and pS AKT activity between the

HMB vs. control group after insulin overload (Fig. 2c).
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Effect of the HMB supplementation on GLUT4

translocation to plasma membrane, total and plasma

membrane GLUT4 content in SOL and WAT

No differences were detected on GLUT4 translocation

to plasma membrane in SOL between HMB-supple-

mented and control rats. However, both SOL total

and PM GLUT4 protein content were reduced by

HMB (approx. 45% and approx. 57% respectively)

(Fig. 3a). These parameters were not altered in WAT

after HMB supplementation (Fig. 3b).

Effect of HMB supplementation on SOCS3 and PEPCK

content in liver

No significant differences were detected on SOCS3

and PEPCK content in the liver of HMB-supplemented

vs. control rats (Fig. 4a and b respectively).

Effect of HMB supplementation on tyrosine

phosphorylation of STAT5 (pY STAT5) of liver and WAT

Even though we have not detected a significant alter-

ation on pY STAT5 content on liver and WAT

(Fig. 5a,b), it should be stressed that there is a statisti-

cal tendency of increase on pY STAT5 content in

WAT, considering that the P value was 0.1.

Effect of the HMB supplementation on HSL mRNA and

protein content on WAT and NEFA plasma levels

As seen in Figure 6, the HSL gene (a) and protein

expression (b) in WAT and plasma NEFA levels (c)

were increased in rats subjected to chronic HMB sup-

plementation (approx. 52, 88 and 293% respectively).

Effect of the HMB supplementation on CSA

The histological analysis of SOL skeletal muscle

revealed that chronic supplementation with HMB

reduces the fibres cross-sectional area (approx. 18%)

(Fig. 7).

Discussion

Previous studies of our laboratory have suggested an

association of HMB supplementation with insulin

resistance state in healthy sedentary rats. It was

detected in this condition an increased activity of the

GH/IGF-I axis (Gerlinger-Romero et al. 2011), which

is known to impair the insulin sensitivity (Smith et al.

1997, Cho et al. 2006).

In the present study, we have confirmed that HMB-

supplemented rats presented an insulin resistance

state. This was revealed by the GTT that showed a

threefold higher AUC glucose/AUC insulin ratio vs.

control rats, indicating that the relative intolerance to

glucose observed was due to peripheral insulin resis-

tance and not by lack of insulin secretion (Fig. 1).

Considering that insulin binds to its receptor and

promotes its phosphorylation and recruitment of insu-

lin receptor substrates (IRS), which are also positively

(a)

(b)

(c)

Figure 1 Glucose Tolerance Test (GTT). A glucose load

(0.75 g kg�1 BW) was injected into the jugular vein, and the

plasma levels of glucose and insulin were evaluated in

hydroxy beta methylbutyrate (HMB)-supplemented and con-

trol rats from 0 to 30 min. (a). shows the variation of plasma

glucose levels, and the insert shows the area under the curve

(AUC); (b). shows the variation of plasma insulin levels, and

the insert shows the AUC; (c). shows the ratio between the

AUC of insulin and glucose plasma levels (AUC ins/AUC

glu). Data are expressed as mean � SEM. *P < 0.05 vs. con-

trol (n = 6 animals per group).
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regulated when phosphorylated and trans-phosphory-

lated in tyrosine sites (Taniguchi et al. 2006), we

firstly evaluated the pY IR content in liver, SOL and

WAT.

In liver, it was observed a decreased pY IR content,

which indicates that insulin sensitivity is affected by

HMB supplementation at the receptor level. The eval-

uation of pS AKT content also showed that insulin

signalling is affected at post-receptor level, as a reduc-

tion of its content was observed in HMB-supple-

mented rats (Fig. 2a).

Taking into account that AKT/PKB is known to

suppress hepatic glucose production, by reducing the

expression of phosphoenolpyruvate carboxykinase

(PEPCK), a crucial enzyme of gluconeogenesis path-

way (Xing & Quinn 1993, Oakes et al. 1997), we

evaluated PEPCK protein content in liver. However,

even though pS AKT was shown to be reduced in this

tissue by HMB supplementation, we did not detect

any alterations in PEPCK content (Fig. 4b). This result

indicates that although liver insulin sensitivity is

impaired, as shown by the decreased pY IR and pS

AKT content, the expected repercussions on PEPCK

content were not established yet (Michael et al. 2000).

The evaluation of pS AKT content in SOL muscle

in response to insulin overload showed that insulin

sensitivity is also impaired in this tissue after HMB

supplementation period, but only at post-receptor

level, as no alterations were detected on pY IR con-

tent (Fig. 2b). The reduction of pS AKT in skeletal

muscle is observed in insulin resistance status and is

accompanied by downstream defects, because AKT

appears to be essential for regulation of AKT substrate

of 160 kDa (AS160) which is involved in GLUT4

translocation to the plasma membrane (van Dam

et al. 2005, Tonks et al. 2013).

In this context, we evaluated the GLUT4 transloca-

tion index from microsome (M) to PM, as well as,

GLUT4 total protein content, in SOL of rats subjected

to HMB supplementation. No significant alterations in

GLUT4 translocation index were observed, but a

reduction of SOL total GLUT4 content was detected

(a) (b) (c)

Figure 2 Western blotting analysis of total content of pY IR and pS AKT phosphorylation activity of liver (a); soleus skeletal

muscle (SOL) (b); and white adipose tissue (WAT) (c) from HMB-supplemented [hydroxy beta methylbutyrate (HMB)] and

control (C) rats, before (�) and after (+) insulin overload into penian vein. The data obtained in all experiments are represented

in the graphics and expressed as mean � SEM. At the bottom, typical autoradiograms of one experiment in a total of two are

shown. *P < 0.05 vs. control. (n = 9 animals per group). The Ponceau-stained nitrocellulose membrane was used as

housekeeping.
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in HMB-supplemented rats (Fig. 3a). These data indi-

cate that, even though the translocation index of

GLUT4 to PM was unaltered, less GLUT4 was avail-

able for glucose uptake, as shown by the reduced

GLUT4 protein content on PM (Fig. 3a). This might

explain the reduction of glucose plasma clearance and

higher insulin secretion observed in the HMB-supple-

mented rats, during GTT. In fact, the GLUT4 is the

isoform of glucose transporters most expressed in skel-

etal muscle and WAT (St€ockli et al. 2011), and its

overexpression was shown to enhance the glucose

uptake, ameliorating glucose homeostasis in vivo

(Wallberg-Henriksson & Zierath 2001). Likewise,

muscle GLUT4 KO mice develop insulin resistance

(Kim et al. 2001).

However, in WAT of HMB-supplemented rats, we

did not observe any alterations in insulin signalling,

GLUT4 total protein expression and GLUT4 translo-

cation index (Fig. 3b). On the other hand, it was

detected an increase of mRNA and protein expression

of HSL, which is known to enhance triacylglycerol

hydrolysis, leading to glycerol and free fatty acids

release to bloodstream (Lafontan & Langin 2009).

These findings led us to measure the plasma NEFA,

which was shown to be increased, indicating that

HMB supplementation enhanced the WAT lipolytic

activity (Fig. 6).

Previous studies of our group have pointed that

HMB supplementation to rats leads to an increased

activity of GH-IGF-I axis (Gerlinger-Romero et al.

2011). It is known that GH exerts a recognized lipo-

lytic effect, by stimulating the activity of HSL, and

enhancing NEFA plasma levels and fat oxidation (Ber-

gan et al. 2013). Therefore, the data presented may be

resultant of a direct effect of GH on WAT (Carrel &

Allen 2000, Fain et al. 2008).

Considering that STAT5 is involved in the GH

canonical signalling pathway, and it is also a crucial

(a)

(b)

Figure 3 Percentage of GLUT4 translocation to plasma membrane, total GLUT4 content [sum of plasma membrane (PM) and

microsome (M) fractions] and GLUT4 protein content in PM from HMB-supplemented [hydroxy beta methylbutyrate (HMB)]

and control (C) rats in SOL and white adipose tissue (WAT) are shown in (a) and (b) respectively. The data obtained in all

experiments are represented in the graphics and expressed as mean � SEM. The top shows the autoradiogram of one in a total

of three experiments. *P < 0.05 vs. control and **P < 0.01 vs. control (n = 9 animals per group). The Ponceau-stained nitrocel-

lulose membrane was used as housekeeping.
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protein involved in lipolysis (Fain et al. 2008), we

have evaluated its activity by measuring the pY

STAT5 content in WAT. We detected an increase of

pY STAT5 content in WAT after HMB supplementa-

tion period; however, it failed to reach statistical sig-

nificance (P = 0.1) (Fig. 5b). We cannot discard the

possibility that other proteins could mediate the GH

lipolytic effects. In fact, Bergan et al. (2013) have

shown that GH stimulates HSL expression, by activat-

ing phospholipase C (PLC)/protein kinase C (PKC)

and the MEK/ERK pathways, instead of the JAK/

STAT pathway. Moreover, we cannot discard a direct

action of HMB increasing the lipolytic activity on

WAT (Panton et al. 2000). The current findings may

explain previous reports of HMB-induced reduction of

WAT weight (Vukovich et al. 2001).

Taking into account that high circulating levels of

NEFA are known to impair insulin signalling, and

interfere with GLUT4 expression (Armoni et al. 2007,

Martins et al. 2012), and considering that we have

detected a reduction of total GLUT4 protein content

in SOL muscle, as well as a reduction of peripheral

insulin sensitivity, we could point out the increased

plasma NEFA levels as an additional mechanism for

the establishment of insulin resistance in HMB-supple-

mented rats, a point which is supported by several

studies (Kelley et al. 2002, Raz et al. 2005, Deng

et al. 2012). Indeed, type 2 diabetic patients present

an increased plasma NEFA levels which is associated

with accumulation of lipid inside the muscle cells,

compromising their glucose uptake (Phielix & Men-

sink 2008).

Moreover, the diabetogenic effect of long-term GH

exposition is well recognized (Vijayakumar et al.

2010). Impairment of insulin action has been observed

(a)

(b)

Figure 4 Total content of SOCS3 (a) and phosphoenolpyr-

uvate carboxykinase (PEPCK) (b) of liver from HMB-supple-

mented [hydroxy beta methylbutyrate (HMB)] and control

(C) rats. The data obtained in all experiments are represented

in the graphics and expressed as mean � SEM. The bottom

shows the autoradiogram of one in a total of two experi-

ments. *P < 0.05 vs. control (n = 9 animals per group). The

Ponceau-stained nitrocellulose membrane was used as house-

keeping.

(a)

(b)

Figure 5 Western blotting analysis of total content of pY

STAT5 phosphorylation activity in liver (a) and white adi-

pose tissue (WAT) (b) from hydroxy beta methylbutyrate

(HMB)-supplemented [hydroxy beta methylbutyrate (HMB)]

and control (C) rats. The data obtained in all experiments

are represented in the graphics and expressed as

mean � SEM. The bottom shows the autoradiogram of one

in a total of two experiments. *P < 0.05 vs. control (n = 9

animals per group). The Ponceau-stained nitrocellulose mem-

brane was used as housekeeping.
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in rats chronically supplemented with GH (Thirone

et al. 1997), in mice overexpressing human GH (Bo-

parai et al. 2010), and in acromegalic patients (Han-

sen et al. 1986, Kinoshita et al. 2011). Additionally,

increased GH levels by arginine supplementation in

healthy sedentary rats were able to reduce insulin sig-

nalling in liver, skeletal muscle and WAT, and total

GLUT4 content in SOL muscle (de Castro Barbosa

et al. 2009). In fact, it is well described that there is a

cross-talk between GH and insulin intracellular signal-

ling pathways, which leads to an impairment of insu-

lin action, mainly on liver, in conditions of high GH

levels (Dominici et al. 2005, Taniguchi et al. 2006).

This also might support the insulin resistance observed

in HMB-supplemented rats in the present study.

Growth hormone interacts with members of cyto-

kine receptors recruiting JAK2 which, in turn, phos-

phorylates tyrosine residues of GH receptor (GHR).

This event permits the phosphorylation and dimeriza-

tion of STATs which is translocated into the nucleus

enhancing the expression of several genes, as those

encoding SOCS protein which exerts a negative feed-

back loop in JAK/STAT signalling pathway (Rawlings

et al. 2004). In cases of chronic GH excess, an overex-

pression of SOCS3 is observed, which blocks the tyro-

sine phosphorylation sites of IR, impairing the insulin

signalling pathway (Dominici et al. 2005). Moreover,

the overexpression of SOCS1 and SOCS3 enhances pS

IR and IRS-1, increases proteasomal degradation of

IRS-1 and reduces the interaction between IR and IRS

(a) (b) (c)

Figure 6 Hormone-sensitive lipase (HSL) mRNA (a) and protein (b) expression in white adipose tissue (WAT), and plasma con-

centration of non-esterified fatty acids (NEFA) (c) from HMB-supplemented [hydroxy beta methylbutyrate (HMB)] and control

(C) rats. Data are expressed as mean � SEM. *P < 0.05/***P < 0.001 vs. control (n = 6 animals per group). In (b), the bottom

shows the autoradiogram of one in a total of two experiments. GAPDH and RPL-19 were used as internal control for protein

and mRNA normalization respectively.

(a) (b) (c)

Figure 7 Fibre Cross-sectional area

(CSA) analysis of soleus skeletal muscle

(SOL) from hydroxy beta methylbutyrate

(HMB)-supplemented (HMB) and con-

trol (C) rats. The figure illustrates trans-

verse muscle sections stained with

hematoxilin and eosin from SOL of con-

trol (a) and HMB-supplemented (b) rats.

Quantitative analysis of the CSA in lm²

is presented in (c). *P < 0.05 vs. control

(n = 5 animals per group).
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by blocking tyrosine residues which are classical

mechanisms associated with insulin resistance (Krebs

& Hilton 2003, Dominici et al. 2005).

Considering that, we also evaluated the JAK/STAT

signalling pathway on the liver of HMB-supplemented

animals. However, we did not observe any significant

alteration in SOCS3 and pY STAT5 content between

HMB-supplemented and control rats (Figs 4a and 5a

respectively), excluding the participation of both pro-

teins in the insulin resistant state detected.

It should be pointed that, besides the high NEFA

levels, the HMB-supplemented rats present hyperinsu-

linaemia, which is also known to contribute to the

development of insulin resistance (Thirone et al. 1997,

Zhande et al. 2002, DeFronzo 2004, Gerlinger-Ro-

mero et al. 2011). Furthermore, decreased total

GLUT4 protein content in muscle has also been asso-

ciated to chronic hyperinsulinaemia, partially explain-

ing our data (Machado et al. 1992, Papa et al. 1997,

de Carvalho Papa et al. 2002, Ledwig et al. 2002).

We also observed a reduction in CSA fibre of SOL

muscle. This event has also been described in insulin

resistant mice and related to a reduction of PI3-kinase

activity and pS AKT content, leading to increased acti-

vation of caspase-3 and ubiquitin-proteasome path-

way, both contributing to imbalanced proteogenic/

proteolytic activity (Wang et al. 2006, Chaudhary

et al. 2012). These reports corroborate our results,

which showed a reduction on pS AKT content on

SOL of HMB-supplemented rats (Fig. 2b), but seem

not to be in agreement with reports showing that

HMB increases muscle mass (Wilson et al. 2008).

However, most of these reports refer to conditions of

muscle wasting, like cancer and sepsis (Smith et al.

2005, Kuhls et al. 2007), in which proteolysis is

increased, and the energetic metabolism is seriously

impaired. Interestingly, HMB supplementation was

reported to activate S6K1 in Wistar rats carrying

tumour (Aversa et al. 2011), and the S6K1 is known

to phosphorylate the IRS1 in serine, thus inactivating

this substrate and impairing insulin signalling pathway

(Tremblay & Marette 2001). This could explain

the presently described insulin resistance, which, in

long-term, could impair the whole-body glucose

homeostasis.

Some investigations of HMB effects have been per-

formed in other animals than rats, aiming at commer-

cial profit by improving meat production. These

studies include swine, bovine, ovine and chicken, and

it is important to consider that: (i) improvement in

muscle development was clearly observed only in broi-

ler chicken breasts (Qiao et al. 2013); (ii) hyperinsuli-

naemia in response to food ingestion, a signal of

insulin resistance, was observed in lambs (Papet et al.

1997); and (iii) hyperthyroidism was clearly demon-

strated in chicken (Qiao et al. 2013).

In summary, the HMB effectiveness in humans

seems to be restricted to physical exercise or skeletal

muscle proteolytic conditions, and the absence of

adverse effects has been restricted to haematological

parameters (Baxter et al. 2005, Molfino et al. 2013,

Fuller et al. 2014). Furthermore, glycaemic homeosta-

sis and/or insulin sensitivity impairments have not

been investigated yet, and based on the present results,

this analysis should be initiated immediately in human

studies involving HMB supplementation.

Conclusions

This study showed that rats chronically supplemented

with HMB without engaged to physical exercise pro-

tocol or under conditions of severe muscle loss (cancer

and AIDS) presents decreased peripheral insulin sensi-

tivity detected mainly in liver and SOL skeletal mus-

cle, which in long-term could lead to an increased risk

of developing type 2 diabetes.
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Additional Supporting Information may be found in

the online version of this article:

Table S1. Diet Composition of control and HMB-

supplemented rats. The amount of each component

per Kg of ration.

Figure S1. (a) Ponceau image of pY IR (Liver) and

Ponceau image of pS AKT (Liver) (b) Ponceau image

of pY IR (SOL) and Ponceau image of pS AKT (SOL),

(c) Ponceau image of pY IR (WAT) and Ponceau

image of pS AKT (WAT).

Figure S2. (a) Ponceau image of GLUT4 (SOL).

Figure S3. (a) Ponceau image of PEPCK (Liver), (b)

Ponceau image of SOCS3 (Liver).

Figure S4. (a) Ponceau image of pY STAT5 (Liver),

(b) Ponceau image of pY STAT5 (WAT).
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