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Abstract 

Leucine metabolites β-hydroxy-β-methylbutyrate (calcium, HMB-Ca and free 

acid, HMB-FA) and α-hydroxyisocaproic acid (α-HICA) have been proposed to enhance 

performance (muscle power and strength), body composition (muscle thickness, fat-free 

mass [FFM], fat mass [FM] and bone mineral content [BMC]) and to modulate training-

induced hormonal (testosterone, cortisol, insulin-like growth factor-1 [IGF-1] and growth 

hormone [GH]), inflammatory (tumor necrosis factor α [TNF-α], interleukine 6 [IL6] and 

high-sensitivity C-reactive protein [hsCRP]) and muscle damage responses (creatine 

kinase [CK]), in healthy young resistance trained individuals. Additionally, some leucine 

metabolites have also been proposed to improve functionality and body composition in 

elderly populations and/or under clinical settings. The present dissertation is comprised 

of four research studies conducted to further elucidate  the effects of these compounds in 

both young resistance trained men and an older type 1 diabetic individual. Three studies 

were conducted in 40 young resistance trained men, directly comparing these leucine 

metabolites with placebo, over 8 weeks of a supervised resistance exercise training, 

regarding changes in muscle thickness, body composition, several hormones, 

inflammation and proxy markers of muscle damage. One clinical case study was also 

conducted in a type 1 diabetic patient to assess the effects of α-HICA on body 

composition, isometric strength and full hematologic measures, over 120 days without 

any exercise. No leucine metabolite resulted in any ergogenic effects on any outcome 

variable in young resistance-trained men, during the 8 weeks of the resistance training, 

while in the clinical case study a body mass increase was detected due to an increase in 

trunk FFM. Small increases regarding handgrip strength and bone mineral density were 

also noted in this clinical case study, albeit of unknown clinical significance. Leucine 

metabolites are not an effective strategy to improve muscle strength or body composition 

in young resistance-trained men. More research is warranted regarding α-HICA in 

diseased populations, particularly to compare different leucine metabolites.  

Key-words: β-hydroxy-β-methylbutyrate free acid, β-hydroxy-β-methylbutyrate 

calcium, α-hydroxyisocaproic acid, body composition, performance. 
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Resumo 

Os metabolitos da leucina (LM) β-hidroxi-β-metilbutirato (cálcico, HMB-Ca e 

livre, HMB-FA) e ácido hidroxiisocapróico (α-HICA) têm sido propostos na melhoria do 

desempenho (potência e força muscular), composição corporal (espessuras musculares, 

massa isenta de gordura [FFM], massa gorda [FM], conteúdo mineral ósseo [BMC]) e 

modulação hormonal induzida pelo exercício (testosterona, cortisol, factor de 

crescimento semelhante à insulina [IGF-1] e hormona do crescimento [GH], inflamação 

(factor de necrose tumoral α [TNF-α], interleucina 6 [IL-6] e proteína C-reactiva de alta 

sensibilidade [hsCRP]) e marcadores de dano muscular (creatina cinase [CK]), em 

indivíduos jovens, saudáveis e com experiência no treino da força. Adicionalmente, 

alguns LM também foram propostos na melhoria da mobilidade e composição corporal 

de populações idosas e/ou em contextos clínicos. A presente dissertação é composta por 

quatro estudos, conduzidos de forma a fornecer mais evidência em relação aos efeitos 

destes compostos em homens jovens, treinados e num indivíduo diabético tipo 1. Três 

estudos foram conduzidos em 40 jovens treinados, comparando directamente estes LM 

com um placebo, durante 8 semanas de treino da força supervisionado, em relação a 

alterações na espessura muscular, composição corporal, hormonas, inflamação e dano 

muscular. Um estudo de caso foi realizado num diabético tipo 1 para avaliar os efeitos do 

α-HICA na composição corporal, força e parâmetros hematológicos, durante 120 dias, na 

ausência de exercício. Nenhum LM resultou em quaisquer efeitos ergogénicos, no que 

diz respeito a qualquer variável estudada, em homens treinados, durante as 8 semanas do 

protocolo de treino da força, enquanto no estudo de caso, foi detectado um aumento na 

FFM do tronco. Pequenos incrementos em relação à força de preensão manual e à 

densidade mineral óssea também foram observados neste estudo de caso, embora de 

significado clínico desconhecido. Suplementar com metabolitos da leucina não é uma 

estratégia eficaz para melhorar a força muscular ou a composição corporal em homens 

jovens treinados. São necessários mais estudos em relação ao α-HICA, em populações 

clínicas, que comparem de forma directa os diversos metabolitos da leucina. 

Palavras-chave: β-hidroxi-β-metilbutirato livre, β-hidroxi-β-metilbutirato cálcico, 

ácido hidroxiisocapróico, composição corporal, desempenho. 
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1.1 Dissertation Structure 

The study of leucine metabolites on performance, body composition and several 

biochemical markers has been thoroughly investigated for over two decades. β-hydroxy-

β-methylbutyrate (HMB), the deaminated and decarboxylated form of leucine, has been 

the most studied compound with over 50 peer reviewed published publications. The 

evidence pertaining leucic acid or α-hydroxy-isocaproic acid (α-HICA) is scant, with only 

one research study being published to date. The present dissertation, entitled “The effects 

of leucine metabolites on performance, body composition and biochemical markers of 

muscle damage and inflamamation”, aimed to clarify whether supplementing with these 

leucine metabolites may, in fact, be an effective strategy to enhance performance, 

improve body composition and ameliorate biochemical markers of muscle damage and 

inflammation.  

In order to contextualize this investigation, that led to the publication of four 

research studies in peer-review journals with an established ISI Impact Factor or 

SCImago journal rank, a literature review was performed (Chapter 2), and a general 

discussion (Chapter 8), providing a summary and some insights regarding the main 

findings from these studies (Chapters 4-7). This dissertation is organized as follows: 

Chapter 2 includes an extensive literature review regarding leucine and its 

metabolism: action on muscle and energy metabolism, glucose homeostasis, 

immunomodulation and inflammation. A brief review on its effects in humans was also 

performed. Additionally HMB was also reviewed pertaining its metabolism, differences 

in bioavailability between different forms of HMB (HMB-Ca, HMB-FA), safety, duration 

of supplementation, dose and timing. Proposed mechanisms of action were also reviewed, 

as well as HMB’s actions in humans regarding improvements in body composition, 

performance and biochemical markers (both in young and elderly subjects). Bearing this 

in mind, we reviewed the current literature regarding leucine metabolites (HMB and α-

HICA), along with their main limitations and recommended future prospects.  

The four studies included a generalized description of the methods used in each 

particular investigation, however a detailed and more specific description of all 

methodologies used is described in Chapter 3.  
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Chapters 4 to 7 correspond to the four studies that were conducted to answer the 

research goals that were described in Chapter 2. 

Chapter 8 corresponds to a general discussion, further discussing the main 

findings, limitations and futures prospects from the research from these four studies 

(chapters 4-7). General conclusions, bearing in mind the main findings of this 

investigation, were crafted at the end of this section. 

The bibliographic references were presented in the end of each section, adopting 

a number format. 

 

1.2 List of articles and conference abstracts as first author 

As a result of the complementary work that occurred as a significant part of the 

doctoral research program, publications in international journals and communications 

(oral/poster) in international congresses were made as first author: 

PEER-REVIEWED ARTICLES PUBLISHED, IN PRESS OR SUBMITTED FROM THE 

DISSERTATION: 

Teixeira FJ, Matias CN, Monteiro CP, Valamatos MJ, Reis JF, Tavares F, Batista A, 

Domingos C, Alves F, Sardinha LB, Phillips SM. Leucine Metabolites Do Not Enhance 

Training-induced Performance or Muscle Thickness. Medicine & Science in Sports 

& Exercise. 2019;51(1):56-64. 

 

Teixeira FJ, Matias CN, Monteiro CP, Valamatos MJ, Reis JF, Batista A, Oliveira AC, 

Alves F, Sardinha LB, Phillips SM. No effect of HMB or α-HICA supplementation on 

training-induced changes in body composition. European Journal of Sport Science. 

2018:1-9. 

 

Teixeira FJ, Matias CN, Monteiro CP, Valamatos MJ, Reis JF, Morton RW, Alves F, 

Sardinha LB, Phillips SM. Leucine metabolites do not attenuate training induced 
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inflammation in young resistance trained men. Journal of Sport Sciences (under 

review). 

  

Teixeira FJ, Matias CN, Monteiro CP, Kones R. Effects of Alpha-hydroxy-isocaproic 

acid upon Body Composition in a Type I Diabetic Patient with Muscle Atrophy - A 

Case Study. The Yale journal of biology and medicine. 2018;91(2):161-71. 

ABSTRACTS AND POSTERS THAT ARE RELATED WITH THE DISSERTATION: 

Teixeira FJ, Matias CN, Monteiro CP, Valamatos MJ, Reis JF, Tavares F, Batista A, 

Domingos C, Alves F, Sardinha LB, Phillips SM. No effect of HMB or α-HICA on 

training-induced changes in performance or body composition.  World Congress on 

the Basic Science of Muscle Hypertrophy and Atrophy - American College of Sports 

Medicine; Minneapolis 2018.  

 

Teixeira FJ, Matias CN, Monteiro CP, Valamatos MJ, Reis JF, Tavares F, Batista A, 

Domingos C, Alves F, Sardinha LB, Phillips SM. No Effect Of Hmb Or α-hica On 

Training-induced Changes In Performance Or Body Composition: 503 Board #1. 

Medicine & Science in Sports & Exercise. 2018;50(5S). 

OTHER PEER-REVIEWED ARTICLES PUBLISHED DURING THE COMPLETION OF THE 

DISSERTATION: 

Batista A, Monteiro CP, Borrego R, Matias CN, Teixeira FJ, Valamatos MJ, Oliveira 

AC, Reis JF, Mendes L, Sardinha LB. Association between whey protein, regional fat 

mass, and strength in resistance-trained men: a cross-sectional study. Applied 

Physiology Nutrition, and Metabolism. 2019;44(1):7-12.  

 

Santos HO, Teixeira FJ. Use of medicinal doses of zinc as a safe and efficient 

coadjutant in  the treatment of male hypogonadism. The Aging Male: The Official 
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Journal of The International Society for the Study of Aging Male. 2019;15:1.10. doi: 

10.1080/13685538.2019.1573220  

 

Santos HO, Howell S, Teixeira FJ. Beyond tribulus (Tribulus terrestris L.): The 

effects of phytotherapics on testosterone, sperm and prostate parameters. Journal of 

Ethnopharmacology. 2019;pii:S0378-8741. doi: 10.1016/j.jep.2019.02.033   
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Amino acids are more than precursors for de novo protein synthesis, in fact they 

also exert important roles in molecular signalling and regulation of several metabolic 

processes such as: energy regulation, insulin homeostasis and immunomodulation (1).  

Moreover, leucine has been proposed as a potent activator of protein synthesis and 

simultaneously as an inhibitor of muscle proteolysis, which may lead to an increased 

expression of the anabolic phenotype (2). Leucine seems to regulate an important 

evolutionary pool of kinases, referred as mechanistic target of rapamycin complex or 

mTORC1, with the former purportedly regulating protein synthesis (3). How exactly 

leucine may influence muscle protein synthesis and proteolysis is presently unclear, 

although Dodd & Tee (2) have proposed several mechanisms. 

It should however be noted, that research in vivo regarding body composition and 

performance with leucine has exerted equivocal results (2). Conversely, the 

supplementation with leucine metabolites, namely β-hydroxy-β-methylbutyrate (HMB) 

and leucic acid (α-HICA) has displayed noteworthy results (4-7). Bearing this in mind, 

the evidence regarding leucine and its metabolites: HMB and α-HICA, will be reviewed 

during this chapter. 

2.1 Leucine 

Leucine (C6H13NO2), also known as 2-amino-4-methylpentanoic acid is an 

indispensable amino acid with a primary role in haemoglobin formation (8). Due to its 

arrangement of carbon atoms, leucine is one of the three branched-chain amino acids 

(BCAAs), with the other two being valine and isoleucine. This amino acid is present in 

all proteins (9) specially in high-quality foods (10) displaying a singular signalling role 

in several types of cells (11). Main dietary sources of leucine are animal foods, specially 

dairy, with vegetable sources as maize displaying also significant concentrations of this 

amino acid (12).  

Leucine is important in several biochemical pathways, that mediate both protein 

synthesis and glucose homeostasis, activating molecules like phosphoinositide  

3-kinase/protein kinase B and mTOR (13, 14). Unlike other indispensable amino acids, 

BCAAs are initially metabolized in extrahepatic tissues by branched-chain amino acid 

aminotransferases (BCAT) and branched-chain α-keto acid dehydrogenase enzyme 
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complex (BCKDC) (15). Additionally, leucine may improve lipid flux into the muscle 

tissue, further supporting the high demand of energy required for protein synthesis (16).  

Metabolism 

Leucine is transported by the system L transporters (LAT) which include several 

sodium independent isoforms (1 to 4). Leucine transport is dependent on glutamine which 

is carried into the cells by the Na+-dependent alanine-serine-cysteine-preferring 

transporter 2 (ASCT2) and then is transported outside the cells by LAT1. The former uses 

intracellular glutamine as an efflux substrate to uptake extracellular leucine into the cells 

(17, 18). Since leucine may also increase gene expression of some amino acid transporters 

(i.e. ASCT2) it is reasonable that it may also regulate the transport of other neutral and 

cationic amino acids (19).     

Once inside the cells, leucine is metabolized by reversible transamination to form 

α-ketoisocaproate (α-KIC) resulting in the production of glutamate by the enzyme  BCAT 

(20). The later enzyme is highly expressed in the myocytes (21) but not in the liver (22, 

23). This biochemical feature explains, at least partially, why leucine is primarily oxidized 

in the muscle and not in the liver.  

The oxidation of leucine in the skeletal muscle depends on BCKDC, which 

presents a low level of activity at rest (5-8%) but may be further stimulated by exercise 

up to 20-25% (24, 25). This complex is activated at the onset of exercise by 

dephosphorylation, in response to high concentrations BCAAs inside the muscle fiber, 

low levels of glycogen, low pH and also a decreased ATP/ADP ratio (26). Thus, an 

increase in leucine oxidation is only detected when either abundant exogenous amounts 

are provided, muscle glycogen stores significantly decrease or the levels of energy in the 

muscle fibre drop (27). A decrease in glycogen degradation in both the muscle and the 

liver are noted, after leucine supplementation (28, 29). 

One of the resulting products of leucine transamination is glutamate, which may 

either be amidinated with ammonia to form glutamine or react with pyruvate forming 

alanine and oxoglutarate (30). Eventually, all BCAAs may be transaminated and 

decarboxylated into end products that enter the tricarboxylic acid cycle (TCA) (figure 1).  
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Figure 1. Simplified main steps of BCAAs catabolism adapted from (18). In the first step a conversion into 
their keto acids occurs in extrahepatic tissues (muscle), while in the liver they are irreversibly 
decarboxylated (second step). In the third and last step their downstream metabolites will enter into the 
adenosine triphosphate synthesis process.    

 

The tissue supply of leucine depends on both exogenous (dietary) or endogenous 

(protein breakdown) supply (31). Since leucine can surpass transamination processes in 

the liver, feeding provides a sharp rise in plasma concentrations (32). After leucine is 

converted into α-KIC, this metabolite is further oxidized or re-synthesised back to leucine 

by extrahepatic tissues. At the muscle site, leucine is mainly used for protein synthesis or 

interconverted to alanine and glutamine (33).  

After being formed from leucine by reversible transamination, α-KIC undergoes 

a second step of irreversible oxidative decarboxylation by BCKDC in the liver 

mitochondrion to form isovaleryl CoA (IVA-CoA). Approximately 90% of all α-KIC is 

oxidized to IVA-CoA and downstream metabolites acetoacetate and acetyl-CoA. At the 

liver cytosol, the remaining α-KIC is converted to β-hydroxy-β-methylbutyrate (HMB) 

by α-KIC dioxygenase (KICD) (figure 2) (31). Thus, conversion into HMB is 
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simultaneously a route of elimination by the kidney (34-36) and a pathway for cholesterol 

synthesis – via β-Hydroxy-β-methylglutaryl-CoA (HMG-CoA) (37). 

 

Figure 2. Leucine metabolism in animals adapted from (38). 

Abbreviations: α-KG: α-ketoglutarate; α-KIC: α-ketoisocaproate; BCAT: Branched-chain amino acid aminotransferases; BCKD: 

Branched-chain α-keto acid dehydrogenase; Glu: glutamine; HMG-CoA: β-Hydroxy-β-methylglutaryl-CoA; IVA-CoA: Isovaleryl 

CoA; KICD: α-KIC dioxygenase.  

 

Many of the anticatabolic and anabolic actions of leucine have been attributed to 

the leucine metabolites α-KIC, HMB and α-HICA (6, 39). However the amount required 

to induce an effect cannot be consumed within a normal diet (40). Approximately 80% of 

leucine is used for protein synthesis with the remainder being converted to α-KIC and 

only 5% to HMB (38). Thus, within a normal diet, only 0.2-0.4 g HMB.day-1 is 

synthesized from leucine in a 70 kg individual (36, 41). Since the lower amount that 

exerted performance and body composition enhancement was 1.5 g.day-1 (42), this 

amount is deemed insufficient. To attain such a high intake of HMB, ≈60 g of leucine 

would have to be consumed daily, which is beyond the intake of a regular diet (43) and 

above the current recommended dietary allowances ([RDA] - 42 mg/kg.day-1) (39). 

Although other BCAAs (isoleucine and valine) have also been proposed to induce similar 

effects, the current body of evidence does not support a similar metabolic action for these 

amino acids (37). 
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Action on muscle protein synthesis 

Leucine actions upon muscle protein synthesis (MPS) have been researched for 

over four decades (44-46), yet the involved mechanisms remain unclear to date. It has 

been proposed that its downstream metabolites are, at least in part, responsible for this 

anabolic action (47-49). However, earlier studies proposed that leucine could influence 

MPS (50) without being converted to α-KIC (51). Consequently, leucine was thoroughly 

investigated regarding MPS (52-54).  

Leucine exerts a double action, both as substrate and as a signalling molecule for 

the initiation of MPS (55, 56). Several reviews have proposed numerous possible 

mechanisms, albeit a consensus has not been reached (10, 38, 57-60). As proposed by 

Duan et al (38), it is likely that after an increase in intracellular concentrations of leucine, 

Ras-related guanosine triphosphatases (61), human vacuolar sorting protein-34 (62) and 

mitogen activated protein kinase 3 (61) are activated causing the translocation of 

mTORC1 to the surface of late endosomes and lysosomes, where it is directly activated 

by Ras homolog enriched in brain (RHEB) at the lysosome’s surface. Further mTORC1 

activation will lead to the downstream phosphorylation and activation of proteins that will 

regulate both translation initiation and elongation steps (figure 3). However, although 

leucine might increase insulin secretion via phosphoinositide 3-kinase (PI3K) activity, 

this does not seem important regarding mTORC1 stimulation (63, 64). Any insulin release 

by leucine, or its metabolites, is only permissive towards the muscle protein synthetic 

response and not the main driving factor for MPS to occur (38).  

More recently this concept has been challenged, with some leucine metabolites – 

HMB and α-KIC – being touted has possessing direct anabolic properties and being 

responsible for the anabolic actions of leucine (20). Recent research, has further proposed 

a novel form of HMB (HMB free acid) and α-HICA to exert both anabolic and anti-

catabolic properties (5-7). Please refer to chapter 2.2 for a more detailed discussion on 

these leucine metabolites.  
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Figure 3. Leucine pathways that may influence MPS (65, 66). 

 

Action on muscle protein degradation 

When low levels of amino acids or energy are sensed by the cells, MPS is hindered 

while the muscle protein breakdown (MPB) response is enhanced (degradation pathway) 

(67). Several mechanisms have been proposed, mainly from animal or in vitro studies, 

regarding the leucine effect on proteolysis although no consensus seems to exist so far. 

Some authors have proposed mTOR signalling, excluding an upstream kinase PI3K 

activation (68); while others have suggested the  involvement of both PI3K and protein 

kinase C (PKC) (69).  

It should also be noted, that the concentration of leucine used in some of these in 

vitro studies (10 mM) is ≈ 50 fold the plasma concentration found in vivo, therefore it is 

highly questionable that these levels may be attainable through dietary intake (38). Albeit 

some studies have suggested that protein inhibition with leucine might be mediated by 
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some of its metabolites (22,84,85), in particular HMB (70, 71), more recent research has 

displayed equivocal evidence (72). Definitely more research is commended to provide 

further mechanistical insights, regarding the suppression of proteolysis by leucine and 

also pertaining its downstream metabolites. 

Energy metabolism  

Leucine may also influence energy metabolism, since protein synthesis and 

energy are closely related through mTORC1 and AMP-activated protein kinase (AMPK) 

(57). In fact, leucine goes far beyond protein synthesis, since downstream regulatory 

proteins from the mTORC pool of kinases also promote mitochondrial biogenesis, further 

enhancing cellular respiration and energy partitioning (16, 73). It has been proposed, from 

observations in animal research,  that by ameliorating cellular metabolism both fatty acid 

oxidation and lean tissue gains may be enhanced (57).  

Some research has suggested that some positive effects regarding mitochondrial 

biogenesis and fatty acid oxidation, leading to an increase in energy expenditure, are the 

result of AMPK and silent information regulator transcript 1 (SIRT1) activation by 

leucine (73). Whether leucine mediates energy metabolism directly or through its 

metabolites, is unclear to date (38). Several proteins, that are under the influence of 

leucine or its metabolites, are involved in the regulation of both oxidative 

phosphorylation, glycolysis activation and fatty acid β-oxidation (74), with also the nitric 

oxide pathway probably being involved (75, 76).  

Glucose homeostasis 

Insulin may translocate the glucose transporter 4 to the plasma membrane of both 

muscle cells and adipocytes promoting glucose uptake (77). This process is mediated by 

intracellular signaling involving mTOR and PI3K. It has been shown that leucine may 

improve satiety and glucose metabolism using complex peripheral and central pathways 

(32, 53). Unlike insulin, leucine may activate protein kinase C and not B, thus promoting 

glucose uptake by a different pathway (78). Moreover, leucine may induce glucose 

uptake, for short periods of time, in a dose-dependent manner via mTORC1 and 2 (79). 
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It seems that this short-term glucose uptake (up to 45 min) (78), is likely due to the 

negative feedback resulting from the continuous mTOR stimulation (80). This small 

effect, in glucose uptake, is likely irrelevant, since research measuring in vivo net glucose 

transport, has failed to detect any effect of this amino acid (81). Albeit the stimulation of 

mTOR is deemed important in the insulin signaling process, an excessive activation may 

conversely lead to impaired insulin sensitivity (79).  

Leucine may also stimulate insulin secretion from pancreatic β cells via two 

different mechanisms (82). It may serve as metabolic fuel for β cells or exert its action as 

an allosteric activator of glutamate dehydrogenase (GDH) (83), which may in turn 

promote insulin release from the pancreatic islets (84). It seems that both leucine or its 

transaminated product α-KIC, may act upon insulin secretion by direct inhibition of the 

ATP-regulated potassium channels (85).  Both compounds regulate these channels, by 

increasing Ca2+ in the β cell’s cytosol, which would ultimately lead to the exocytosis of 

insulin secretory granules, probably via both protein phosphorylation and acylation 

mechanisms (86, 87). Other described mechanisms that may regulate β cell metabolism 

and insulin secretion, with leucine, are related with an increase in protein synthesis and 

gene expression (82).  

Summarizing, leucine is able to acutely stimulate insulin secretion in β-cells, via 

ATP production and ATP-regulated potassium channels and also GDH activation. 

Moreover, acute effects and chronic effects have been described via increased protein 

synthesis and gene expression in β cells. It should however be noted, that most of the 

aforementioned mechanisms are the result of in vitro studies, with in vivo research failing 

to detect meaningful effects of leucine in glucose transport (81).   

Immunomodulatory role 

Few studies have investigated the role of leucine pertaining inflammation and 

immune cells (18). Immune cells have indeed high BCAT and BCKD activity levels, 

using also leucine among other BCAAs throughout the S phase of the cell cycle (88). 

During enhanced mitogenesis, it has been estimated that the BCAAs transport may be 

increased by ≈ 300%, while transamination and oxidation are increased by ≈ 200% and ≈ 

130%, respectively (89).  
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When T cells (cluster of differentiation 4 [CD4+]) are activated, their requirements 

for amino acids increase. This is likely related with augmented protein synthesis 

requirements, which are mandatory for proper T cell function (18) and proliferation. The 

activated cells decrease the decarboxylation of pyruvate, yielding higher lactate levels 

that may supply nicotinamide adenine dinucleotide (NAD+). Indeed, in vitro studies have 

shown, that BCAAs may activate T cells  (90). Furthermore, a BCAT increase in immune 

cells, is  positively correlated with both leucine transamination and mTOR activation, 

with the former being a critical regulator of T cell activation, differentiation, and 

metabolism (90). Albeit leucine has been implicated as an important amino acid 

pertaining lymphocyte activation, other BCAAs may also play an important role in this 

regard (91). 

Although animal studies have shown promising results regarding leucine and its 

immunomodulatory role (92-95), few studies have been performed in humans (96). It 

seems indisputable, that leucine is both oxidized by immune cells and incorporated as a 

precursor for the synthesis of new cells (97). However, albeit promising, the effect of 

leucine or BCAAs regarding a possible positive role in immunity, should be further 

investigated in humans, definitely requiring further confirmatory research.  

Role in inflammation 

Inflammation plays an important role in tissue regeneration and protection (98) 

with the translocation of nuclear factor kappa B (NF-κB) to the cell nucleus long being 

implicated in the cell’s inflammatory response. Mechanisms that allow for this 

translocation to occur seem related with a plethora of stimuli, i.e. increases in 

inflammatory markers (Tumor necrosis factor α [TNF-α] and interleukin 1 [IL-1]), 

lipopolysaccharides (LPS), heat shock proteins (HSP) and several T-cell activators (99). 

After being translocated, NF-κB will upregulate the expression of several immune-

mediated factors at the cell nucleus, namely cyclooxygenase 2 (COX-2) and several 

inflammatory cytokines, that will ultimately aid on the eradication of several infectious 

agents (100, 101). Albeit inflammation is necessary for tissue regeneration and protection, 

overstimulating NF-κB may lead to life-threatening outcomes (18). More recently, it has 
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been suggested that NF-κB inhibition may inhibit apoptosis and reduce vascular 

endothelial growth factor (VEGF) (102-104). 

Moreover, mTOR and NF-κB seem related (105). Indeed, the stimulus of NF-κB 

under certain oncological contexts, seems to contribute to cell proliferation, growth and 

angiogenesis (albeit this seems to be dependent on other factors like TNF-α) (106). 

Although inflammation may increase the mTOR response, it may paradoxically impair 

protein synthesis (107) and thus hinder the anabolic response to amino acids, especially 

leucine (108). Albeit a theoretical advantage could exist by supplementing with leucine 

in inflammatory diseases to hinder protein degradation, animal studies do not show 

advantages regarding supplementation, even with high doses of leucine or other BCAAs 

(107). This is likely due to the reduction of intramuscular glutamine from inflammatory 

diseases that may impair leucine transport to the muscle, since the transport of leucine is 

dependent on the intracellular concentration of glutamine (109, 110). 

Few studies have investigated BCAAs or leucine regarding inflammation in 

humans. Recently, Nicastro et al. (111) evaluated both the supplementation with BCAAs, 

leucine or placebo (PLA) 15, 30, 60, 90 and 120 minutes after intake, in the absence of 

any exercise protocol. The authors reported no differences between groups insofar as 

TNF-α is concerned, however serum interleukin 6 (IL-6) decreased, while interleukin 10 

(IL-10) significantly increased 60 min after, in the leucine group only. However, in this 

crossover controlled trial (n=8 participants) volunteers were refrained to perform 

resistance exercise 24 h prior to the supplementation protocol and blood collection, which 

precludes any extrapolation to a post-exercise context. Although statistically significant, 

these actions from leucine in the absence of an inflammatory stimulus, seem of minor 

importance regarding diseased populations or athletes. 

Human research on performance and body composition  

Leucine ingestion positively correlates with MPS in middle aged men, with a 

strong direct correlation being reported between peak plasma leucine concentrations and 

the postprandial muscle leucine accretion as evaluated by the postprandial muscle protein 

fractional synthetic rate (FSR) (112). Bearing this in mind, when aiming to induce 

maximal hypertrophic outcomes, some protein rich foodstuffs have been purported as 
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superior due to a higher leucine content and a faster digestion rate (113). Albeit leucine 

has been deemed important to initiate MPS (114), other essential amino acids are also 

necessary (115). Some research has suggested that administering leucine alone might 

rescue the FSR, when lower amounts of essential amino acids (EAAs) are present (116). 

Conversely, administering leucine with isoleucine and valine (other BCAAs), with 

limited amounts of other EAAs, might reduce the MPS response likely due to competition 

for the same gut transporter, which may decrease plasma leucine concentrations (115). In 

fact, a recent review suggests an absolute intake of 20-40 g of protein/meal (10-12 g of 

EAAs, 1-3 g of leucine) or 0.25 g/kg in young individuals, with higher doses being 

recommended for elderly individuals (≈40 g/meal), to maximize the MPS (117).  

Few studies have investigated the effects of leucine in young healthy individuals. 

Some research has shown that leucine supplementation may increase strength, not 

improving body composition (i.e. not decreasing fat mass [FM] nor increasing fat free 

mass [FFM]) (118), with other research studies further confirming this evidence while 

failing to show improvements in  body composition or muscle strength gains (119). A 

study by Crowe et al. (120), in young competitive canoeists, investigated the effects of 

45 mg.kg-1.d-1 of leucine or placebo for six weeks. Although leucine concentrations 

increased in the blood and some improvements in endurance performance were reported, 

no effects on body mass (BM) or percentage body fat were found between groups. This 

was in agreement with a review by Balage et al. (121), stating that leucine-rich amino 

acid mixtures or proteins (providing sufficient EAAs) appear more efficient than leucine 

alone to improve muscle mass and performance, suggesting that the efficacy of leucine 

depends on the presence of other EAAs.  Additionally, a review by Yao et al.  (122) has 

proposed leucine as a promising nutritional tool to fight obesity, with several mechanisms 

being proposed (figure 4). However, most of the described pathways in this review are 

the result of animal studies, with few research studies being performed in humans (only 

2 out of 14 studies).  
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Figure 4. Proposed mechanisms for a beneficial effect of leucine on obesity/metabolic syndrome (122). 

 

Insofar as maintaining FFM, while undergoing food restriction, few studies have 

been performed in humans (younger or older individuals) with the majority being 

performed in animal models (123-127).  Albeit some reviews have suggested an 

important role of leucine in preventing FFM losses, most seem unanimous on claiming 

that this amino acid requires other essential amino acids to be effective in preventing lean 

mass losses (1, 121). The current body of evidence pertaining leucine supplementation 

(alone), to prevent FFM while in caloric restriction is scant, with more human research 

being mandatory at this point.  

Studies regarding leucine alone in elderly populations are also limited. 

Interestingly Ispoglou et al. (128) showed benefits with 6 g of leucine daily in addition to 

other essential amino acids. Elderly participants (n=36, 65-75 years old) displayed 

improvements regarding functional status and FFM, after 3 months of supplementation 

with a mixture of essential amino acids enriched with leucine. The authors proposed that 

leucine and BCAAs might be interesting to improve functionality and lean mass retention 

in older individuals, albeit reinforcing that leucine alone would not offer any additional 

benefits and that longer term studies are required. Some reviews have also suggested that 

leucine supplementation might be a promising strategy to prevent muscle mass loses with 

aging and to improve postprandial glycemic control in patients with type 2 diabetes (129). 

Still, authors state that there is insufficient evidence to recommend dietary 

supplementation with leucine to augment muscle mass, strength or improve glycemic 
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control. In fact, not all research supports a positive effect of leucine supplementation on 

muscle mass or strength, at least in healthy elderly men (130). 

Although safe up to 1250 mg.kg-1.d-1 (131), studies performed in elderly 

populations have similar outcomes to their younger counterparts. Moreover, adding 

leucine to lower amounts of essential amino acids may pose as an effective strategy to 

stimulate muscle anabolism both at rest and after exercise (132). Murphy et al. (133) have 

further confirmed, that leucine co-ingestion with lower daily protein intakes (0.8 g.kg-1.d-

1) will augment muscle protein synthesis. Since older individuals do not typically ingest 

sufficient protein to optimally stimulate MPS (0.4 g.kg-1.meal-1) due to age-related issues 

(134-136) or as imposed to slow the progression of certain chronic diseases (137), leucine 

supplementation along with meals may be an effective strategy to attenuate muscle loss. 

Additionally, combining leucine with other dietary supplements (i.e. vitamin D or whey), 

might also be promising to prevent sarcopenia in older persons and has been proposed in 

a recent review (138).    

Altogether, it is plausible that leucine rich protein supplements might exert 

beneficial effects on body weight, body mass index and FFM in older persons prone to 

sarcopenia, but not muscle strength (albeit an elevated heterogenicity was detected 

between trials in the meta-analysis performed by Komar et al.) (139). A more recent meta-

analysis by Xu et al. (140) confirmed that leucine significantly increases MPS, albeit 

failing to show a significant effect on FFM. Increases in MPS may be important to prevent 

skeletal muscle losses with aging, however supplementing with leucine alone might not 

be the best strategy, since to maximize MPS all essential amino acids are required (1).      

 

2.2 Leucine metabolites 

2.2.1 β-hydroxy-β-methylbutyrate (HMB) 

For decades, leucine metabolites have been thoroughly studied regarding their 

anabolic or anticatabolic potential (141). Several studies have been performed towards 

one particular metabolite, HMB (the deaminated and decarboxylated metabolite of 
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leucine). This was the result of an early study by Nissen et al. (42) that displayed 

interesting results regarding both body composition and performance outcomes and 

shifted the focus towards the inhibition of leucine transamination to spare muscle protein, 

via HMB (48). Since metabolites from other BCAAs lacked the same effect, the focus 

was placed towards leucine and its derivatives (37). As previously stated, nearly 60 g of 

leucine is required to produce 3 g of HMB (49). Such high amount, definitely requires a 

supplementation strategy with HMB, to elicit higher protein synthesis rates and minimize 

protein breakdown (142).  

Several research studies have been performed to date with HMB (both HMB-Ca 

and HMB-FA), additionally several systematic reviews/meta-analysis (41, 143-150) and 

narrative reviews (43, 151-164) were also performed. Currently, it has been estimated 

that ≈2% of college athletes consume HMB (165). Although a considerable amount of 

evidence is available, some aspects of HMB remain controversial, with more research in 

some areas being commended. 

 

METABOLISM 

HMB is a natural biologically active compound present in many foods such as: 

catfish, alfalfa, asparagus, avocado, cauliflower and grapefruit (166). In animals and 

humans, HMB is mostly produced from leucine (167) in the liver from an extrahepatically 

derived metabolite (168). After leucine is converted to α-KIC in the muscle by BCAT, 

this α-ketoacid undergoes two pathways in the liver: a) the conversion to HMB in the 

cytosol by KICD (169) or b) the conversion to IVA-CoA by BCKDC in the mitochondria 

(31, 166).  The main route for HMB synthesis is via KICD, albeit the enzyme enol-CoA 

hydrase (ECoAH) might also convert β-methyl-crotonyl-CoA (MC-CoA) produced from 

IVA-CoA to HMB when biotin is deficient. HMB undergoes conversion to HMG-CoA 

via a CO2 dependent pathway, being ultimately converted to either cholesterol via HMG-

CoA reductase (170) or acetoacetyl-CoA via HMG-CoA synthase (figure 5) (43). It seems 

undisputable, at this point, that HMB is in fact a precursor of cholesterol (171, 172). 

When following the biochemical pathway of α-KIC to IVA-CoA via BCKDC, 

HMG-CoA will also be formed (figure 5). Under normal conditions most α-KIC is 

converted to IVA-CoA, with only 5% being converted to HMB (36, 49). Nissen and 
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Abumrad (173)  have previously described that the main purpose of HMB is the 

conversion to HMG-CoA in the liver, to provide substrate for cholesterol synthesis. 

Bearing this in mind, it has been proposed that HMB supplementation might be important 

to assure proper cellular function, working as a substrate for HMG-CoA synthesis (43). 

Since the muscle seems to rely on de novo synthesis of cholesterol and the former is 

important for proper cell function, the role of HMB has been highlighted in this regard, 

albeit dependent on the degree of cell damage (43). 

 

Figure 5. HMB metabolism adapted from Nissen and Abumrad (31) and Zanchi et al. (43). 

 

BIOAVAILABILITY BETWEEN DIFFERENT COMMERCIAL FORMS OF HMB 

Since it has been commercially available, HMB has been available in the mono-

hydrated calcium salt form (HMB-Ca) with the following empirical formula: Ca (HMB)2-

H2O (151). Several factors have been described to influence its rate and magnitude of 

appearance in the blood. The amount of HMB consumed and the co-ingestion with other 

nutrients seems to influence the HMB kinetics (174). For example it has been well 

documented that one g of HMB-Ca will peak HMB blood levels 120 min after ingestion, 
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while 3 g may speed the absorption kinetics to only 60 min, leading to higher plasma 

concentrations  (487 vs 120 nmol/mL) (174).  

It should also be noted that this faster and higher increase in the blood with the 3 

g dose, will lead inevitably to higher HMB losses in urine (+14%) (174). Furthermore, 

adding glucose to HMB may also influence the rate and magnitude of its appearance, with 

75 g of glucose delaying peak HMB levels in plasma by one hour and significantly 

lowering peak levels in the blood (352 vs 487 nmol/mL) (151). Thus, it was hypothesized 

that glucose might have both slowed gastric emptying and increased HMB clearance from 

circulation (151). 

   More recently a new form of HMB has been made commercially available, the 

free acid form of HMB (HMB-FA) (175). This type of HMB was associated with a gel 

containing a buffer (potassium carbonate – K2CO3) to raise pH to 4.5, which was though 

to stabilize HMB not hindering the absorption kinetics. In the initial commercially 

available form, the addition of Ca to HMB was thought to dissociate swiftly (15 min) in 

the gut and increase its solubility (176). However Fuller et al. (175, 177) showed that 

when comparing equivalent amounts of HMB from both HMB-Ca and HMB-FA, the 

former resulted in a two fold increase in peak plasma levels in just one fourth of the time 

(30 min vs. 120 min – figure 6) (175).  

Additionally, the area under the curve analysis over three hours of ingestion was 

≈97% higher with HMB-FA. The half-life time of both forms was similar, with a slightly 

higher time being reported for HMB-FA (3 h vs. 2,5 h) (175). Moreover, albeit HMB-FA 

leads to greater plasma concentrations, urinary losses were not different between both 

forms. Interestingly, the tissue uptake and utilization was also 25% higher with the free 

acid form, which was seen as promising towards amplifying HMB’s action within the 

cell. Albeit, some issues were raised towards the HMB-FA bioavailability in rats (178), 

more recent research in humans (177) confirmed the previous findings (175), towards a 

superior bioavailability of HMB-FA in humans, with better bioavailability through liquid-

filled caps when comparing with gel format.       
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Figure 6. Different absorption kinetics after 1 g of either HMB-Ca or HMB-FA (151). 

 

SAFETY 

HMB has been thoroughly studied in humans (31, 172, 179, 180) and deemed to 

be safe. Human research has showed that 6 g of HMB-Ca daily for one month had no 

effect on cholesterol, haemoglobin, white blood cells, blood glucose, and liver and kidney 

function (181). Meta-analysis have also confirmed the high safety profile of HMB in 

humans (both young, old, diseased or healthy individuals) even when supplemented with 

amino acids (41, 172, 180). Furthermore, Baier et al. also confirmed the safety profile of 

HMB (2-3 g daily) for a longer period of time (one year) in elderly individuals, with no 

adverse effects being reported in blood or urine markers of hepatic or renal function (179). 

Also no detrimental effects were found towards blood lipids.  The longer study performed 

to date with HMB-Ca, showed no adverse effects in an elderly population, consuming 3 

g daily for 24 weeks (182).  

Pertaining HMB-FA, data confirms its safety in humans, at doses of 402 and 459 

mg/kg bodyweight.day-1 for men and women, respectively (183). Human research up to 

12 weeks has found no adverse effects with HMB-FA (5, 7, 184). Some issues have been 

raised towards the safety of HMB in rats, due to a possible negative effect on plasma 

insulin, which was found increased after 320 mg/ kg body weight.day-1 for one month 

(185). This may suggest, in fact, a possible decrease in insulin sensitivity, albeit no 
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research in humans has confirmed these results. Conversely, another recent research in 

rats shows protective effects of HMB upon insulin resistance, induced by a high-fructose 

diet (186). It may be prudent to conduct further research on the effects of HMB upon 

insulin sensitivity in humans, to clarify this issue.  

Another issue that has been raised, is related with the low availability of amino 

acids, specially glutamine, observed after HMB administration to rats (187). The 

importance of glutamine for proper gut and immune cell function has been shown, thus 

low availability to visceral organs might be an issue (155), especially in individuals 

exhibiting symptoms of critical illness (188, 189). In addition,  low levels of glutamine 

may itself directly impair MPS (189, 190). However, HMB seems to increase MPS (20), 

thus reduced glutamine levels may be of minor (if any) importance.  

Although safety issues have been raised towards reduced insulin sensitivity and 

lower glutamine levels, research reviews in humans have suggested HMB to be safe both 

in critically ill patients and healthy individuals (43, 152, 153, 164, 191). 

  

DURATION OF SUPPLEMENTATION, DOSE AND TIMING 

It is unfeasible to consume HMB from foods to attain the 3 g daily dose. To put 

this in perspective, it would require 600 g of high quality protein (to supply ≈60 g of 

leucine) in order to obtain 3 g of HMB (49). The minimal effective dose reported, with 

resistance exercise, is 1.5 g/day - with 3 g per day offering some benefits regarding FFM 

gains - while a 6 g daily dose does not seem more effective (192). This was previously 

shown by Slater & Jenkins (48) and Wilson et al. (193), again with resistance exercise, 

when these authors observed that 3 g were superior to 1.5 g daily, in ameliorating both 

body composition, strength and indirect markers of muscle damage.  

To further improve HMB retention, splitting the 3 g daily dose into three doses of 

1 gram is recommended (typically at breakfast, lunch and dinner) (174). Most studies 

using HMB-Ca have in fact used 3 g daily doses (4, 35, 39, 182, 194-217) while some 

have compared different dosing protocols (42, 218). This led most studies to apply the 

same supplementation protocol, while using HMB-FA - 3 g daily, typically split in three 

daily doses of 1 g (5, 7, 20, 184, 219-234). From all the reviewed literature it seems that 
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3 g would be sufficient to improve body composition, performance, biochemical markers 

of muscle damage and inflammation (151, 162, 164). Although it has been suggested by 

Wilson et al. that 3 g of HMB-Ca should be taken, at least 60 min prior to intense exercise 

(if consumed with glucose - 120 min prior to exercise), HMB-FA should be taken 30-60 

min prior to exercise (purportedly due to the different absorption kinetics - figure 6) (151). 

Altogether, the current body of evidence suggests that the total amount, not the timing, 

are of primary importance regarding HMB effects. 

Insofar as the duration of the supplementation protocol is concerned, this seems 

dependent on the level of training of each individual. Young untrained subjects and the 

elderly, typically require only 3-6 weeks to increase 0.5-1 kg greater then controls (35, 

42, 48, 49, 174, 181, 192), while trained subjects require a longer time of 

supplementation, usually 6-12 weeks (5, 7, 210, 212, 215, 217). This seems true for both 

forms of HMB and intense RE seems mandatory to elicit these results (164). 

  

PROPOSED MECHANISMS OF ACTION  

HMB might influence skeletal muscle mass by affecting: a) Protein metabolism 

(proteolysis inhibition, attenuating depression in protein synthesis, promoting protein 

synthesis); b) Cholesterol synthesis; c) GH/IGF-1 axis expression; d) Myogenic cell 

proliferation; e) apoptosis inhibition (figure 7). Most of these mechanisms have been 

described in animal models and/or in vitro research, with few confirmative studies being 

performed in humans. These mechanisms will be briefly reviewed, with information from 

human research studies, when available.   
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Figure 7. Proposed mechanisms of action for HMB adapted from (166). 

 

Protein metabolism 

Some research studies have proposed that HMB might enhance MPS via mTOR 

(142). This was shown by increased phosphorylation of downstream proteins of the 

mTOR pool of kinases (p70S6K and 4E-BP1), which were completely attenuated by the 

mTOR inhibitor rapamycin (142). Albeit other researchers have confirmed this pathway 

(235, 236), in humans, these mechanisms have never been fully explored. It is thought 

that HMB might act upon mTOR through common pathways to leucine or growth factors 

(figure 8). However, not all research showed increased protein synthesis with HMB. 

Kovarik et al. and Holecek et al. failed to demonstrate any effect on protein synthesis of 

both muscle and visceral organs of rats (187, 237).  

In humans, HMB-FA has been shown to elevate MPS similarly to leucine (20), 

with no differences between both forms of HMB (228). It is unclear at this point if HMB 

stimulates mTOR directly, via increased expression of insulin-like growth factor 1  (IGF-
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1) or other leucine metabolite (43). In addition to stimulate MPS, HMB might inhibit the 

depression of MPS. In vitro research has shown that when stimulating RNA-dependent 

protein kinase (PKR) either by administering proteolysis inducing factor (142), TNF-α, 

angiotensin II or lipopolysaccharides (70, 71), an increased phosphorylation of eukaryotic 

initiation factor 2 α (eIF2α) occurred, which impaired translational efficiency and protein 

synthesis. However, when administering HMB, the phosphorylation of eIF2α or the 

response to PKR was attenuated (70, 71, 142).  This led some authors to suggest a possible 

positive action of HMB on several catabolic conditions and clinical populations (70, 71, 

142, 238), with this being further proposed by several reviews and meta-analysis 

performed in humans (41, 146, 152-157, 159, 191).   

 

 

Figure 8. Possible mechanisms regarding HMB and increased protein synthesis adapted from (166) 

 

Both TNF-α and angiotensin II may phosphorylate PKR through caspase-8 and 

caspase-3 enzymes. After being phosphorylated, PKR will enhance reactive oxygen 

species (ROS) production via P38 mitogen-activated protein kinases (P38 MAPK) which 
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will increase the expression of NF-κB and increase protein degradation via the ubiquitin 

proteasome pathway (UPP). Simultaneously, the auto phosphorylation of PKR may lead 

to the phosphorylation of eIF2α, which will hinder protein synthesis (reducing 

translational efficiency) (figure 9). It has been shown that HMB may decrease the activity 

of caspase-8 and 3, thus decreasing the protein degradation pathway (71). It seems that 

HMB prevents the depression of protein synthesis as a result of increases in 

lipopolysaccharides, TNF-α and angiotensin II (70). However, although earlier human 

research studies and reviews have suggested that HMB might inhibit protein degradation 

(42, 43, 151), more recent research studies have questioned these findings (5, 7, 234). 

 

 

Figure 9. Positive actions of HMB by inhibiting PKR on protein degradation and synthesis adapted from 
(166) 

 

Additionally, it has also been suggested that HMB might prevent muscle atrophy 

(235) since  in vitro treatment of cultured L6 myotubes with HMB supressed the 

expression of ubiquitin ligases atrogin-1 and MuRF-1, while increasing the 

phosphorylation of P38 MAPK, PI3K and mTOR (235). Further in vivo research studies 

are commended to clarify if HMB might in fact prevent muscle atrophy. From a 
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mechanistical stand point (mainly derived from in vitro and animal model studies), HMB 

might affect protein metabolism. However, few studies have been performed in humans 

to confirm these mechanisms. 

Cholesterol synthesis 

As previously stated, the cell sarcolemma relies on de novo synthesis of 

cholesterol. It has been postulated that under stressful situations the muscle may lack the 

capacity to properly synthesise cholesterol (166). This may be of primary importance 

since cholesterol is essential for proper cell function. Since 1954, HMB has been proposed 

to be the main precursor of cholesterol synthesis, donating its carbon structure to the 

cholesterol molecule (239-241). One hypothesis that was raised, is that HMB might offer 

advantages for proper cholesterol production in the muscle fibre, further stabilizing the 

sarcolemma (31).  

Since in some studies, HMB decreased the post-exercise levels of proxy markers 

of muscle damage (i.e. CK, lactate dehydrogenase [LDH]), some authors have postulated 

that this may be the result of enhanced muscle cell membrane function. Both human 

studies (4, 5, 7, 35, 39, 42, 195, 198, 219, 220, 222, 242) and animal studies as reviewed 

by Szczesniak et al. (166),  seem to suggest that HMB might reduce these proxy markers 

of muscle damage, although not all research confirms this action in humans (193, 194, 

199, 202, 210, 211, 215, 217, 218, 223). The effect of HMB on stabilizing the cell 

membrane, possibly reducing muscle damage, seems of minor importance, since its 

effects on protein metabolism (as previously described) are likely more significant, at 

least in animal research studies (166).  

GH/IGF-1 axis expression 

HMB has been proposed to influence the GH/IGF-1 axis in humans and animals 

(43, 166). These two hormones contribute to the somatotrophic axis and may influence 

metabolism and growth (243). This has been shown in animals receiving HMB during 

pregnancy (243, 244).  Increases in pituitary and hepatic mRNA for GH and IGF-1 have 

been further noticed in rats (40). Albeit some animal studies have shown increased levels 

for these hormones, with HMB supplementation, others have failed to observe significant 

changes in broiler chickens (166, 245).  
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Although some in vitro studies have been performed with HMB and human cells 

(myoblasts) (246), the current body of evidence for experimental in vivo human studies 

is equivocal, since some studies have detected increases in both hormones with HMB 

supplementation and resistance exercise training (RET) (4, 247), while others have failed 

to observe any significant changes (39, 217, 230).     

Myogenic cell proliferation 

The evidence regarding the possible role of HMB upon myogenic regulatory 

factors, as previously described by some reviews (43, 151), results from in vitro or in vivo 

animal studies (246, 248-251). In fact, Kornasio et al. (246) showed, in chicken myoblast 

cultures, an elevation of mRNA for myogenic differentiation factor (myoD), which is 

commonly accepted as a marker of activated satellite cells. In the same study, myosin 

heavy chain was also increased and more nucleus were incorporated in the myotubes. 

Additionally, in rats, these results were confirmed after 14 days of hindlimb 

suspension, from the  analysis of explanted muscle (248). This in vivo work, also 

confirmed an increase in MyoD/Myogenin-positive nuclei in rat muscle. Whether this 

enhancement in satellite cell mitotic activity is the result of an increase in GH/IGF-1 

expression from HMB (252), or the result of other direct unknown mechanism upon 

satellite cells, remains unclear at this point. 

 

IMPROVEMENTS IN BODY COMPOSITION, STRENGTH, POWER AND BLOOD MARKERS 

Untrained subjects 

In the seminal work by Nissen et al. (42), the effect of supplementing with several 

doses of HMB was assessed for three weeks in untrained subjects, while performing a 

RET protocol. Albeit no results were found regarding body composition, a dose 

dependent increase of HMB in plasma was noted (+5% with 1.5 g daily, +10.4% with 3 

g daily, when comparing with the placebo group). Moreover, HMB also significantly 

decreased the 3-methylhistidine (3-MH) levels at weeks 1 and 2 of the study, suggesting 

a lower protein catabolism in the supplemented groups. The authors proposed that this 
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decrease might have been the result of a reduction in proxy markers of muscle damage 

(CK, LDH).   

Gallagher et al. (253), in a subsequent study, administered different amounts of 

HMB (38 mg/kg.day-1 vs 76 mg.kg.day-1) to untrained subjects for eight weeks, 

introduced to RET. No differences were found between groups regarding 1 repetition 

maximum (1RM) strength, albeit the HMB groups increased ≈12% their strength levels 

when comparing with the placebo group. Interestingly, only the 38 mg/kg.day-1 increased 

FFM (+1.9 kg) while no changes were noted in the higher intake group. Jowko et al. (198) 

further provided evidence for the benefits of 3 weeks supplementation with 3 g daily, in 

untrained subjects. However, it should be noted that albeit a trend towards an increase in 

FFM was noted with HMB, only the combination of HMB+creatine significantly 

increased FFM. Interestingly, an attenuation in the increase of CK was noted with HMB 

in this study, in line with the previous work from Nissen et al. (42). A previous study by 

Panton et al. (35), had already shown that improvements in strength and body composition 

were more common in untrained individuals when comparing with trained individuals. 

Still, it should be noted that improvements in body composition were only noted when 

combining men and women evaluated by underwater weighting ([UWW)] - FM decrease 

and FFM increase), since no differences were noted using skinfolds (SKF). 

 Insofar as markers of muscle damage and inflammation are concerned, Wilson et 

al. (193) failed to find any significant differences, between groups, when supplementing 

untrained subjects with HMB, after an acute protocol (72 h) of muscle damage. No 

differences were found for muscle soreness, maximum voluntary contraction, CK or LDH 

(although HMB might prevent an increase post-exercise). Conversely, in a longer 

duration study (12 weeks - under a resistance training protocol), Kraemer et al. (208), 

found a significant decrease, in untrained subjects, regarding interferon gamma (IFN-γ), 

IL-10 and interleukin 1 beta (IL-1β), with HMB supplementation.   

More recently, two studies with HMB-FA, have further added to the current body 

of literature regarding untrained subjects (230, 233). Albeit with different assessments, 

both works are seemingly from the same cohort of subjects. Asadi et al. (230), showed 

that after six weeks of RET and 3 g of HMB daily, higher increases in VJ power output, 

1RM leg press and body mass were noted when comparing with the placebo group. 
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Regarding blood markers, a significant reduction was noted regarding 

adrenocorticotrophic hormone (ACTH) and cortisol after the RET program (48 h after the 

last training session), with no differences being observed, between groups, for anabolic 

hormones (IGF-1, testosterone and GH). Additionally, in the same group of subjects, 

Arazi et al. found no differences between groups pertaining malondialdehyde, 8-

hydroxy2-deoxyguanosine, protein carbonyls, ALT, AST, ALP or white blood cells 

(233). A possible action of HMB upon markers of muscle damage and inflammation 

seems unclear at this point, definitely warranting further research. 

Recreationally active subjects 

Few studies have investigated the effects of HMB on recreationally active 

subjects. Kraemer et al. (4) presented the most extraordinary results to date, regarding 

body composition and performance, following 12 weeks of supplementation with HMB 

and other amino acids (3 g HMB + 14 g arginine + 14 g glutamine daily). These authors 

reported increases of 40% FFM, 85% muscle power, 40% muscle strength, while 

simultaneously reporting decreases of 40% FM after these 12 weeks of supplementation 

under a non-linear periodized RET protocol. To put these findings in perspective, the 

HMB supplemented group gained ≈9.3 kg of FFM while losing FM simultaneously. 

Additional findings in this study were related with increases in testosterone and GH, and 

decreases in cortisol, CK and malondialdehyde.  

More recently, Shirato et al. (211) also studied 18 recreationally active male 

subjects, while supplementing with 36.6 g whey and 3 g HMB-Ca daily. No statistically 

significant differences were found between groups (Whey + HMB; HMB or Whey 

groups) regarding variations in isometric strength, muscle soreness or proxy markers of 

muscle damage (CK, LDH), albeit the HMB group displayed a significant increase in 

handgrip strength and muscle density. It should however be noted that the Shirato et al. 

study (211) had a shorter duration (11 days), a different RET protocol (only eccentric 

exercise) and did not control participants’ dietary intake. 

Trained and competitive athletes 

The first study to display interesting results regarding trained athletes was 

published by Nissen et al. in 1996 (42). After seven weeks of 3 g of HMB-Ca daily, 32 
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trained male football players significantly decreased protein catabolism (3-MH) and CK, 

while increasing weight and FFM. Later, Kreider et al. performed two studies (194, 218) 

with trained subjects using 3 or 6 g of HMB-Ca daily for 28 days. In both studies, HMB-

Ca was not superior to placebo regarding 1RM performance, body composition (218), 

sprint performance, lifting volume, creatinine, urea N, urea N/creatinine, uric acid, CK, 

LDH, ALT or AST (194). Additionally, 6 g daily were not superior to 3 g daily, which 

led to the use of the 3 g daily dose in almost all subsequent studies, with few exceptions 

(254, 255). 

Elite male rugby players and college football players were further investigated 

when supplementing with 3 g HMB daily for six weeks and four weeks, respectively (201, 

203). O’Connor & Crowe (203), in professional rugby league players (minimum four 

years RET experience), administered either HMB (3 g daily) or HMB+creatine (3 g each 

daily). Athletes were subject to a full body RET protocol (three days per week), one 

speed/power session, and four condition/skill session, during six weeks. No difference on 

any parameter compared with presupplementation measures or the control group were 

found pertaining muscular strength (3RM bench or deadlift), muscular endurance (pull-

ups to failure) or body composition. These results are similar to previous research 

investigations in competitive college football players (28 days protocol), as previously 

described (194, 218) with  further research by Ransone et al. (201), also failing to find 

any significant findings insofar as strength (1RM bench press, squats and power cleans) 

and body composition (body mass and body fat). Since these were trained athletes, it was 

postulated by some reviews, that periods longer than six weeks would be required to 

detect significant findings in body composition or performance (151, 162, 164), since 

trained athletes usually plateau their performance shortly after off-season (256). In fact, 

the majority of studies performed under six weeks with trained athletes, using both HMB-

Ca (199, 200, 202, 242, 257) or HMB-FA (226, 229), did not seem to find significant 

results.  

Longer duration studies (>6 weeks) tended to find significant changes in body 

composition and performance. This seems confirmed by studies using HMB-Ca in 

resistance trained athletes (206), combat sport athletes and rowers (210, 215, 258) and 

also in HMB-FA studies on resistance trained athletes (5, 7, 184). Recently, Durkalec-

Michalski et al. (215), showed in competitive combat athletes an increase in FFM and a 
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decrease in FM with HMB-Ca. This is in line with other research studies, performed in 

female judo athletes (although no increase in FFM was noted with HMB-Ca, only a 

decrease in FM) (259).  

  Wilson et al. (7) reported some of the most extraordinary findings with HMB-

FA supplementation to date, in resistance trained athletes. He randomly assigned 20 

young resistance trained men, using the same supplementation protocol and training 

protocol as a previous paper (222) but for a longer period (12 weeks). Several biochemical 

markers, body composition, and peak power markers were assessed. All subjects 

underwent 12 weeks of periodized RET. The supplemented group increased more total 

strength (bench press, squat, and deadlift combined) and vertical jump over the 12 week 

period, when comparing with the placebo group, as expected from previous research. 

However, the most controversial results are related to the magnitude of increase in FFM, 

with 7.4 ± 4.2 kg being reported to the HMB-FA group vs only 2.1 ± 6.1 kg in the placebo 

group. The supplement also reduced more body fat (-5.4 ± 1.6 kg vs -1.7 ± 2.7 kg in the 

placebo group). Cortisol and CK increases were also attenuated in the supplemented 

group during the overreaching phase (weeks 9 and 10), when comparing with the placebo 

group. HMB-FA also further improved the participants’ perceived recovery from the 

previous bouts of exercise, when comparing with the placebo group. One possible 

mechanism that might explain this anabolic effect reported by Wilson et al. (7) with 

HMB-FA is the increase in GH levels, when combined with high volume resistance 

training, as reported by Townsend et al. (247), however this hormone was not assessed in 

this study.  

More recently, Lowery et al. (5) also reported extraordinary results in regards to 

increases of FFM. This protocol used HMB-FA in the same fashion as the previous work 

by Wilson et al. (7) but included 400 mg of ATP per 1 g of HMB-FA. In the HMB-

FA+ATP group, muscle power was enhanced as per the results elicited by the Wingate 

and vertical jump tests (23.7 % and 21.5 % respectively). During the overreaching phase 

of the periodized RET protocol, strength and power declined in the placebo group (4.3-

5.7 %), whereas supplementation with HMB-FA+ATP resulted in continued strength 

gains (1.3 %). After 12 weeks of this RET protocol, HMB-FA+ATP increased FFM by 

8.5 ± 0.8 kg vs 2.1 ± 0.5 kg in the placebo group and reduced FM by 8.5% vs 2.4% in the 

placebo group. From this study, the authors also concluded that HMB-FA can alone 
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decrease CK after the overreaching cycle, albeit not showing significant effects in urinary 

3-MH levels. Improved perceived recovery was also reported in the HMB-FA+ATP 

group throughout the study (at weeks 1, 4, 9, 10, 12). 

The increases in FFM over 12 weeks, reported by Lowery et al. (5) and the Wilson 

et al. (7) studies, even with periodized RET, are virtually unprecedented in the literature 

with just HMB or any other supplement, with the possible exception of results reported 

by Kraemer et al. in recreationally active individuals (208) by combining HMB-Ca with 

other supplements like glutamine, arginine and taurine. Recent letters to the editor have 

questioned some methodological aspects of these research studies, encouraging their 

replication due to inconsistencies from the data previously published from other 

laboratories (260-262). 

 As previously mentioned, studies in trained athletes require longer duration 

protocols (typically > 6 weeks) (43, 151, 164). However, even with these experimental 

conditions some studies have failed to detect significant differences between HMB and 

placebo groups. This has been reported in both resistance trained athletes over nine weeks 

(205) and in elite rugby players over 11 weeks (214). Thomson et al. (205), failed to detect 

any body composition improvements (using bioelectrical impedance [BIA] and SKF) in 

resistance trained men, after nine weeks of a RET protocol (only lower body increases in 

strength were detected). Similar results were reported by McIntosh et al. (214) in elite 

rugby players, during pre-season preparation, with no differences regarding body 

composition (except for a small significant increase in body mass) or strength (bench 

press, cleans, squat and weighted pull ups) being detected. Surprisingly, the HMB 

supplemented group displayed hindered performance on the Yo-Yo performance test. 

A recent study by Jakubowski et al. (217), compared HMB to leucine with the 

addition of 25 g whey protein, over 12 weeks. No differences were found between HMB 

and leucine,  pertaining body composition (dual-energy X-ray absorptiometry [DXA], 

ultrasound [US], muscle cross-sectional area [CSA], total body water [TBW]), 1RM, 

Wingate power, markers of muscle damage (CK, LDH) or hormones (cortisol, IGF-1, 

GH, testosterone). Importantly, this well designed study, used the same RET protocol as 

previously used by Wilson et al. (7), Lowery et al (5) and Kraemer et al. (4), with each 

group gaining only 2.3 and 2.6 kg of lean soft tissue (LST), respectively.  
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Due to the extraordinary results reported with both HMB-Ca (4) and HMB-FA (5, 

7), regarding body composition and performance, and also due to the equivocal results 

regarding proxy markers of muscle damage and inflammation (4, 5, 7, 42, 193, 194, 199, 

202, 206, 208, 211, 215, 217-223, 226, 229, 230, 234, 242, 247, 258), direct comparative 

studies between both forms of HMB, in resistance trained individuals, are commendable. 

Currently meta-analysis and systematic reviews, also display mixed results insofar 

as HMB supplementation is concerned. Some have pointed towards positive results 

(performance and body composition enhancement, attenuation of markers of muscle 

damage) in untrained and trained individuals (143, 148, 150) while others show no benefit 

(144, 149). This contrasts with the optimism of most narrative reviews (43, 155, 163, 164, 

222), albeit some have labeled as implausible the drug-like actions of HMB-FA (160). 

Also, most of these meta-analysis have been strongly driven by the previously mentioned 

research studies with extraordinary results (4, 5, 7).  

Recently, one meta-analysis suggested that HMB could significantly reduce proxy 

markers of muscle damage (CK an LDH) and that periods superior to six weeks are 

required to reduce exercise-induced muscle damage (EIMD) (150). This meta-analysis is 

in agreement with a previous systematic review by Silva et al. (148). Another narrative 

review has suggested HMB as containing anti-inflammatory and antioxidant actions 

(233). Again, in our view, and as previously mentioned, these results require further 

confirmatory research.  

For clarity, table 1 and table 2 encompasses studies performed in humans, using 

HMB-Ca and HMB-FA, in young healthy individuals. 

 

Table 1. Experimental studies with HMB-Ca in young healthy individuals 

Reference Subjects 
Duration/

Dose 

Exercise 

Protocol 
Assessments  

Main Findings vs 

Placebo or other 

group 

Nissen et al. 

1996 (42) 

32 Trained 

male football 

players 

7 wks, 3 g 

HMB daily 

Monitored 

progressive 

RET 

TOBEC, bench press, 

squat, urine, blood 

↓ 3-MH, CK 

↑ Weight load (study1) 

↑ FFM 

↓ FM 

Nissen et al. 

1996 (42) 

41 Untrained 

college-aged 

males 

3 wks, 1.5 

or 3 g 

HMB daily 

Monitored 

progressive 

RT 

TOBEC, average 

weight lifted 

↑ Strength 

↑ FFM 

= FM 
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Reference Subjects 
Duration/

Dose 

Exercise 

Protocol 
Assessments  

Main Findings vs 

Placebo or other 

group 

Kreider et 

al. 1999 

(218) 

40 

experienced 

resistance-

trained males 

28 d, 3 or 6 

g HMB 

daily 

RET, not 

controlled 

DXA, blood, urine, 

bench press and leg 

press 

= Creatinine, urea N, 

urea N/creatinine, uric 

acid, CK, LDH, ALT, 

AST 

= 1RM 

= FBFM, FM, FM% 

Kreider et 

al. 2000 

(194) 

28 NCAA 

football 

players 

28 d, 3 g 

HMB daily 

Resistance 

and agility 

training 

DXA, BIA, blood, 

sprint performance, 

bench press, squat, 

power cleans 

= Creatinine, urea N, 

urea N/creatinine, uric 

acid, CK, LDH, ALT, 

AST 

= Body composition 

= Sprint performance 

= Lifting volume 

Gallagher et 

al. 2000 

(192) 

37 untrained, 

college-aged 

men 

8 wks, 3 g 

or 6 g daily 

Supervised 

RET 

Isometric strength, 

SKF, blood, RM 

= 1RM 

↑ Peak Isometric 

strength 

= fatigue evaluation 

↓ CK (first 48 h) 

↑ FFM (3 g daily not 6 

g daily) 

Knitter et al. 

2000 (195) 

 

16 trained 

subjects 

(males and 

females) 

 

6 wks, 3 g 

HMB daily 

Running 

48h/wk 
Blood collection 

↓ CK, LDH 

= FFM, FM 

Panton et al. 

2000 (35) 

84 (43 men, 

41 women) 

trained and 

untrained  

4 wks, 3 g 

HMB daily 

Supervised 

RET 

bench press (both 

genders), leg press 

(men), leg extension 

(women) 

Men: 

= Strength gains 

↑ Upper body strength 

Women: 

=Strength gains 

↑ Upper body strength 

Combined: 

↑ Upper body strength 

 

Vukovich et 

al. 2001 

(196) 

8 cyclists 
6 wks, 3 g 

HMB daily 

Cycling 

training 

Graded exercise test, 

UWW 

= VO2peak, lactate 

↑ Time to reach VO2peak 

↑ OBLA 

Jówko et al. 

2001 (198) 

40 males 

untrained 

3 wks, 3 g 

HMB daily 

vs Cr 

Progressive 

RET 
SKF, DXA, CT 

↓ CK, Urine urea 

nitrogen, Plasma urea 

↑ FFM when combined 

with Cr, HMB alone 

only displays a trend 

towards an increase of 

FFM 

Slater et al. 

2001 (199) 

17 (water 

polo squad) + 

10 (national 

level male 

rowers)  

6 wks, 3 g 

HMB daily 

Regular 

training 

routine 

3 RM (bench press, 

leg press), chin-ups, 

blood, urine, DXA 

= FFM, FM, BM, 

= Strength 

= CK, LDH, 

testosterone, cortisol, 

serum urea, creatinine, 

urea N/creatinine, 3-

MH 
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Reference Subjects 
Duration/

Dose 

Exercise 

Protocol 
Assessments  

Main Findings vs 

Placebo or other 

group 

O’Connor & 

Crowe 2003 

(200) 

27 Elite male 

rugby players 

6 wks, 3 g 

HMB daily 

Progressive 

RET 

Multistage test to 

assess aerobic power, 

60 s maximal cycle for 

anaerobic capacity 

= aerobic and anaerobic 

capacity 

= Peak lactate 

Ransone et 

al. 2003 

(201) 

35 College 

football 

players 

4 wks, 3g 

HMB daily 

Progressive 

RET and 

endurance 

exercise 

1RM (bench press, 

power cleans, squat), 

12 x 6 s sprint 

= Bench press, squats, 

and power cleans 

= Body composition 

(BM, FM) 

Hoffman et 

al. 2004 

(202) 

26 male 

football 

players 

10 days, 3 

g HMB 

daily 

Regular 

training 

routine 

Subjective perception 

questionnaire, blood, 

Wingate test 

= Anaerobic power 

= Subjective perception 

(soreness) 

= Testosterone, cortisol, 

CK, myoglobin 

O’Connor & 

Crowe 2007 

(203) 

30 Trained 

rugby players 

6 wks, 3 g 

HMB daily 

Progressive 

RET 

SKF, 1RM (squat, 

bench press and 

deadlift), Wingate  

= Muscular strength 

= Endurance 

= Body composition 

Lamboley et 

al. 2007 

(204) 

16 active 

college 

students 

5 wks, 3 g 

HMB daily 

Interval 

training on a 

treadmill 3 x 

week 

Incremental test to 

exhaustion, DXA 

↑ VO2max 

↑ RCP 

= Body composition 

Kraemer et 

al. 2009 (4) 

17 

recreationally 

active, 

college-aged 

males 

12 wks, 3 

g daily 

HMB 

Non-linear 

Periodized 

RET 

DXA, limb 

circumference, 1RM 

(squat and bench 

press), vertical jump, 

blood 

↑ Muscle power (85% 

increase) 

↑ Muscle strength (≈40 

increase) 

↑ FFM 

↓ FM 

↑ Testosterone, GH 

↓ Cortisol, CK, 

malondialdehyde 

Thomson et 

al. 2009 

(205) 

22 resistance 

trained men 

9 wks, 3 g 

HMB daily 

RET 

protocol 
1 RM, BIA, SKF 

↑ Lower body strength 

= Body composition 

Wilson et al. 

2009 (193) 

16 untrained 

men 

72 h, 3 g 

HMB 

before and 

after 

exercise 

2 x 55 

maximal 

eccentric 

knee flexion 

and 

extension 

Blood, MVC 

= Muscle soreness 

= MVC 

= CK, LDH (might 

prevent post-exercise 

increase) 

Portal et al. 

2011 (206) 

29 adolescent 

volleyball 

players 

7 wks, 3 g 

HMB daily 

Regular 

training 

routine 

SKF, 6 RM, isokinetic 

force, Wingate, 20 

min shuttle run test 

↑ FFM 

↑ Isokinetic force 

↑ Peak and mean power 

= fatigue index 

= aerobic capacity 

= GH, IGF-1, cortisol, 

IL-6, IL-1 

Kraemer et 

al. 2014 

(208) 

17 healthy, 

college-aged 

men 

12 wks, 3 

g HMB 

daily 

Non-linear 

periodized 

RET 

Blood  

↓ IFN-γ 

↓ IL-10 

↓ IL-1β 

Kraemer et 

al. 2015 

(242) 

13 resistance 

trained young 

men 

3 wks, 3 g 

HMB daly 

Heavy RET 

+ metabolic 

RET 

Blood, vertical jump 

↑ Vertical jump power 

↓ Muscle soreness 

↓ CK, IL-6 
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Reference Subjects 
Duration/

Dose 

Exercise 

Protocol 
Assessments  

Main Findings vs 

Placebo or other 

group 

Durkalec-

Michalski & 

Jeszka 2015 

(210) 

16 elite male 

rowers 

12 wks, 3 

g HMB 

daily 

Rowing 

preparation 

Blood, progressive test 

for VO2 max 

assessment, Wingate 

↑ VO2max 

↓ FM 

↑ Time to attain VT 

↑ Progressive test 

(maximum load) 

= CK, LDH, 

testosterone, cortisol, 

T/C 

Shirato et al. 

2016 (211) 

18 

recreationally 

active male 

subjects 

11 days, 3 

g HMB 

daily 

Eccentric 

exercise 

Isometric muscle 

strength, VAS, blood 

= Isometric strength 

= Muscle soreness 

↑ Handgrip strength and 

endurance 

↑ Muscle density 

Michalski & 

Jeszka 2016 

(258) 

58 young 

highly trained 

martial arts 

and rowing 

athletes 

12 wks, 3 

g HMB 

daily 

Training 

routine of 

each sport 

Progressive test for 

VO2 max assessment, 

BIA, blood 

↑ Time to attain VT 

↑ FFM 

↓ FM 

↑ Testosterone, cortisol 

McIntosh et 

al. 2016 

(214) 

27 elite rugby 

players 

11 wks, 3 

g HMB 

daily 

Regular 

training 

routine 

Strength assessments, 

SKF, Yo-Yo 

intermittent recovery 

test 

↑ BM 

= Body composition 

=Bench press, cleans, 

squat, weighted pull ups 

↓ Yo-Yo test 

Michalski & 

Jeszka 2017 

(215) 

42 trained 

combat sports 

males 

12 wks, 3 

g HMB 

daily 

Training 

routine of 

each sport 

Progressive test for 

VO2 max assessment, 

Wingate, blood 

↑ Time to attain VT 

↑ Anaerobic power 

↑ Average power 

↑ FFM 

↓ FM 

= CK, LDH, 

testosterone, lactate 

Abad-Colil 

et al. 2017 

(257) 

16 male 

soccer players 

4 wks, 3 g 

HMB daily 

Intensified 

period of in-

season 

soccer 

training 

Anthropometric 

measures, Squat jump, 

CMJ, drop jump, Yo-

Yo test 

= CMJ, drop jump, 

squat jump 

= Yo-Yo test 

= Anthropometric 

measures 

Jakubowski 

et al. 2018 

(217) 

23 resistance 

trained men 

12 wks, 3 

g HMB 

daily vs 3 

g leucine 

Periodized 

RET 

1RM, skeletal muscle 

biopsies (CSA), DXA, 

US, blood 

= 1RM 

= Wingate power 

= TBW, MT, FM. 

FBFM 

= CSA 

= CK, cortisol, IGF-1, 

GH, testosterone 
Abbreviations: 1RM: 1 repetition maximum; 3-MH: 3-methylhistidine; ALT: alanine aminotransferase; AST: aspartate 
aminotransferase; BIA: bioelectrical impedance analysis; BM: body mass; CK: creatine kinase; CMJ: 
countermovement jump; Cr: creatine; CSA: cross-sectional area; CT: computed tomography;  DXA: dual-energy x-ray 
absorptiometry; FBFM: fat-bone free mass FFM: fat-free mass; FM: fat mass; GH: growth hormone; HMB: β-hydroxy-
β-methylbutyrate; IFN-γ: interferon gamma; IGF-1: insulin-like growth factor 1; IL: interleukin; LDH: lactate 
dehydrogenase; MT: muscle thickness; MVC: maximum voluntary contraction; OBLA; onset of blood lactate 
accumulation; RCP: respiratory compensation point; RET: resistance exercise training; SKF: skinfolds; TBW: total body 
water; T/C: testosterone to cortisol ratio; TOBEC: total body electrical conductivity; US: ultrasound UWW: underwater 
weighting; VT: ventilatory threshold; wks: weeks        

 



THE EFFECTS OF LEUCINE METABOLITES IN PERFORMANCE, BODY COMPOSITION AND BIOCHEMICAL MARKERS OF 

MUSCLE DAMAGE AND INFLAMMATION 

64 

Table 2. Experimental studies with HMB-FA in young healthy individuals 

Reference Subjects 
Duration/

Dose 

Exercise 

Protocol 
Assessments 

Main Findings vs 

Placebo or other 

group 

Dunsmore et 

al. 2012 

(184) 

20 young 

trained men 

12 wks, 3 

g HMB 

daily 

Full body 

periodized 

RET 

Total strength (squat, 

bench press, deadlift), 

Wingate, US, urine, 

blood 

↑ Total strength 

↑ Peak power 

↑ MT 

Sikorski et 

al. 2012 

(219) 

20 young 

trained men 

48 h, 3 g 

HMB daily 

High volume 

RET 
Blood, PRS 

↓ CK 

↓ Perceived exertion 

= Testosterone, cortisol 

Davis et al. 

2012 (220) 

20 young 

trained men 

2 wks, 3 g 

HMB daily   

High volume 

RET 

Blood, Wingate, 1RM 

(bench press, squat 

and deadlift) 

↓ CK 

= Strength and power 

↓ Cortisol (wks 1 and 

wks 2) 

= Cortisol 

Townsend et 

al. 2013 

(221) 

40 young 

trained men 

48 h (4 

sessions), 

3 g HMB 

daily 

Acute RET Blood 

Attenuated TNF-α 

(after training) 

Attenuated TNFR-1 

(recovery period) 

Wilkinson et 

al. 2013 (20) 

15 young 

healthy men 

5 h, 3.42 g 

HMB or 

leucine 

None 
Blood, muscle 

biopsies 

↓ MPS vs leucine 

↓ mTOR pool of 

kinases 

↓ MPB (independently 

of insulin) 

Wilson et al. 

2013 (222) 

20 resistance 

trained men  

48 h, 3 g 

HMB daily 

High volume 

RET 
Blood, urine, PRS 

↓ CK 

↓ Perceived exertion 

= 3-MH 

= Testosterone, fT, 

Cortisol, CRP 

Wilson et al. 

2014 (7) 

20 trained 

men 

12 wks, 3 

g HMB 

daily   

Non-linear-

periodized 

RET 

DXA, blood, urine, 

US, 1RM, Wingate, 

VJ, PRS 

↑ Total strength, VJ 

↑ Wingate Peak Power  

↑ FFM, Quad MT 

↓ FM 

↓ CK, cortisol 

↓ Perceived exertion 

Gonzalez et 

al. 2014 

(224) 

39 young 

trained men 

48 h, 3 g 

HMB daily 

+ CWI 

RET 
Blood, Maximal 

strength test 

30 min after: HMB = 

CWI 

48 h after: ↑ CR3 in 

monocytes 

= recovery and 

performance 

Gonzalez et 

al. 2014 

(223) 

40 young 

trained men 

48 h, 3 g 

HMB daily 

+ CWI 

RET 
PRS, performance 

measures (strength) 

= CK 

↓ CRP 

↑ Performance (only 

HMB + CWI) 

Robinson et 

al. 2014 

(225) 

34 young 

untrained 

individuals 

4 wks, 3 g 

HMB daily 
HIIT 

Incremental test to 

volitional exhaustion, 

DXA 

↑ VO2peak 

↑ VT 

= RCP, Time to 

exhaustion 

= FBFM, FM 
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Reference Subjects 
Duration/

Dose 

Exercise 

Protocol 
Assessments 

Main Findings vs 

Placebo or other 

group 

Townsend et 

al. 2015 

(247) 

20 young 

trained men 

30 min, 1 g 

HMB 

Progressive 

RET 
Blood  

↑ GH, IGF-1 

= Testosterone, insulin 

Lowery et al. 

2016 (5) 

17 trained 

young men 

12 wks, 3 

g HMB 

daily + 400 

ATP 

Non-linear-

periodized 

RET 

DXA, blood, US, 

1RM, Wingate, VJ, 

PRS  

↑ Total strength 

↑ Vertical jump 

↑ Wingate Peak power  

↑ FFM, Quad MT 

↓ FM 

↓ CK, cortisol 

=3-MH, fT, testosterone 

↓ Perceived exertion 

Hoffman et 

al. 2016 

(226) 

13 military 

commandos 

23 days, 3 

g HMB 

daily 

Intense 

military 

training 

Blood, MRI 
= Muscle mass 

↓ TNF-α 

Miramonti 

et al. 2016 

37 healthy 

untrained 

individuals 

4 wks, 3 g 

HMB daily 
HIIT PWCFT ↑ PWCFT 

Wilkinson et 

al. 2017 

(228) 

8 healthy 

young males 

5 h, 3.42 g 

HMB-Ca 

vs HMB-

FA 

None 
Blood, muscle 

biopsies 

≠ bioavailability 

= MPS, MPB, mTOR 

stimulus 

Redd et al. 

2017 (229) 

13 military 

commandos 

23 days, 3 

g HMB 

daily 

Intense 

military 

training 

Blood 

= IGF-1, IGFBP-1, 

IGFBP-2, IGF-BP3, 

IGF-BP4, IGF-BP5, 

IGF-BP6 

↓ IGF-BP7 

Asadi et al. 

2017 (230) 

16 healthy, 

untrained  

men 

6 wks, 3 g 

HMB daily 
RET 

1 RM (bench press, 

leg press), VJ, blood, 

anthropometric 

measures 

↑ VJ power 

↑ 1RM leg press 

↓ ACTH, cortisol 

= GH, IGF-1, 

Testosterone 

Correia et 

al. 2018 

(231) 

23 trained 

young males 

72 h, one 

single dose 

of 3 g 

HMB 

Muscle 

damaged 

protocol  

US, CMJ, MVIT, WC 

↑ WC 

= Muscle swelling 

= MVIT 

= CMJ 

Arazi et al. 

2018 (233) 

16 healthy, 

untrained  

men 

6 wks, 3 g 

HMB 

dailyy 

RET 
Anthropometric 

measures, blood  

= Malondialdehyde, 8-

hydroxy-2-

deoxyguanosine, 

protein carbonyl, ALT, 

AST, ALP, WBC 

population   

Tinsley et al. 

2018 (234) 
11 individuals 

3 days + 

fasting, 3 g 

HMB daily 

None 
Urine, saliva and 

blood  

=3-MH/CR (= MPB) 

↓ Cortisol (30-45 min 

post-awakening) 

↓ T:C 

Abbreviations: 1RM: 1 repetition maximum; 3-MH: 3-methylhistidine; ACTH: adrenocorticotropic hormone; ALP: 

alkaline phosphatase; ALT: alanine aminotransferase; AST: aspartate aminotransferase; CK: creatine kinase; CMJ: 
countermovement jump; CR: creatinine; CR3: complement receptor 3; CRP: C-reactive protein; CWI: Cold water 
immersion;  DXA: dual-energy x-ray absorptiometry; FBFM: fat-bone free mass; FFM: fat-free mass; FM: fat mass; fT: 
free testosterone; GH: growth hormone; HMB: β-hydroxy-β-methylbutyrate; HMB-Ca: β-hydroxy-β-methylbutyrate 
calcium salt; HMB-FA: β-hydroxy-β-methylbutyrate free acid; IGF: insulin-like growth factor; IGFBP: insulin-like 
growth factor binding protein; MPB: muscle protein breakdown; MPS: muscle protein synthesis; MRI: magnetic 
resonance imaging; MT: muscle thickness; mTOR: mammalian target of rapamycin; MVIT: maximal voluntary 
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isometric torque; PRS: perceived recovery status scale; PWCFT: physical working capacity at the onset of 
neuromuscular fatigue;  RCP: respiratory compensation point; RET: resistance exercise training; T/C: testosterone to 
cortisol ratio; TNF-α: tumor necrosis factor alpha; TNFR-1: tumor necrosis factor receptor 1; US: ultrasound; VJ: 
vertical jump; VT: ventilatory threshold; WBC: white blood cells; WC: work capacity; wks: weeks  

      

OLDER AND DISEASED POPULATIONS 

Some studies have shown, that an acute intake (≈3 g) of either form of HMB are 

able to increase MPS and reduce MPB, to a similar extent than leucine (20, 228). 

Furthermore, HMB was able to reduce MPB independently of insulin (20, 228). While 

decreasing MPB has not been recommended in healthy individuals, since the process is 

essential to promote regeneration of contractile proteins (turnover of 1-2% daily) (263, 

264), it has been suggested that excessive protein breakdown, in diseased populations 

may lead to muscle loss (157, 265, 266). In this regard, a process named anabolic 

resistance seems responsible, to a certain extent, for muscle loss in elderly populations 

(267). Interestingly, not only age increases anabolic resistance but also obesity and 

inactivity (268). This is in agreement with recent findings from Moro et al. (269), where 

no anabolic resistance was detected in healthy highly active older adults. 

Importantly, HMB-Ca, when added to a high protein nutritional supplement has a 

greater area under the blood concentration-time curve (i.e., net exposure; figure 10) than 

leucine. It has been proposed that HMB-Ca would have a more sustained effect in 

stimulating whole-body protein synthesis (WBPS) and decreasing whole-body protein 

breakdown (WBPB). Furthermore, it has been recently shown that different absorption 

kinetics exist in older versus younger adults insofar as amino acids and HMB are 

concerned (270). It should be noted, however, that WBPS is not the same as MPS as the 

latter accounts for only ≈25% of WBPS (271, 272). Currently, there are no direct studies 

comparing leucine with HMB, which means the question remains unanswered. 

Deutz et al. (207), showed that when HMB was administered for 10 days in bed 

rest older adults, an attenuation in FFM loss was observed, albeit no differences were 

found regarding functional parameters. Conversely, when a mixture of EAAs (high in 

leucine) was administered in a similar design study, no effects on FFM were observed, 

only functional outcomes (273). However, in another bed rest study, with middle-aged 

adults by English et al. (274), leucine was protective of whole-body lean mass losses, 

after seven days of supplementation. From the current body of evidence, regarding bed 
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rest studies, it is plausible that both compounds may inhibit FFM losses. If any advantages 

do exist with HMB over leucine, they are likely only detectable in longer term studies, 

due to the apparent longer half-life of HMB. 

 

 

Figure 10. Changes in plasma concentrations after ingesting a high protein supplement and either 3 g of 
leucine of 1.5 g of HMB-Ca (157) 

 

One of the first human studies with HMB in older adults, was performed by 

Vukovich et al. (197), in 31 men and women (70 years old), over eight weeks of either 

HMB or placebo, while performing a progressive RET protocol. Albeit not statistically 

significant, the HMB supplemented group showed a trend towards an increase in FFM, 

while a significant decrease in FM percentage was detected. In a subsequent study in 50 

elderly women (254), a mixture of HMB (2 g daily)+arginine+lysine over 12 weeks 

without any training regimen displayed interesting results. Improvements were detected 

on functionality tests, limb circumference, leg strength, handgrip strength and WBPS. 

Prolonged HMB-Ca also improved strength, body composition, functionality and muscle 

quality, with and without exercise (182). Longer duration studies also found positive 

results, when supplementing HMB-Ca with other ingredients, in preventing mild to 

moderate sarcopenia in older men and women (275). 
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When looking into the whole body of evidence (table 3), it seems that no study 

with exercise rehabilitation or RET displays FFM losses after 10 days and that after eight 

weeks, an increase in FFM is usually detected. At eight weeks, positive results are already 

found, even in healthy older women after a mild fitness program, with improvements in 

some strength assessments but not FFM (255). In diseased populations benefits range 

from 50% lower mortality in older malnourished hospitalized patients (213), improved 

muscle strength, FFM and functionality in bronchiectasis patients (especially when 

combined with pulmonary rehabilitation) (276) to amelioration in postoperatively hip 

fractures in older women (277) and preserved quadriceps muscle strength after knee 

osteoarthritis surgery (278). It should also be noted, that not all studies with HMB in 

diseased populations show positive results (279) and that some limitations have been 

pointed out to some research (213, 280, 281). 

When looking into several meta-analysis and systematic reviews, it seems clear 

that the evidence is equivocal. While some have found that HMB contributes to the 

preservation of muscle mass in older adults (145), others have reported inconsistent 

results for muscle strength and physical performance, with small increments being 

detected in leg lean mass but not total lean body mass (147). Only one systematic review 

assessed HMB in clinical settings, suggesting a combination with arginine and glutamine, 

while reporting that more studies are required to draw more accurate conclusions. Again 

this is in stark contrast with several narrative reviews pointing out positive results with 

HMB in both diseased and older populations (152, 155-159, 161, 191). More research 

studies in diseased populations (i.e. diabetics) are commendable, to further clarify 

whether HMB or other leucine metabolite might be effective to improve body 

composition, functionality or reduce mortality in these populations. Also, studies 

comparing leucine with HMB or other leucine metabolites are warranted.     

 

Table 3. Experimental studies with HMB-Ca and HMB-FA in older and diseased populations 

Reference Subjects 
Duration/

Dose 

Exercise or 

rehabilitation 

Protocol 
Assessments Primary result 

Vukovich et 

al. 2001 

31 older man 

and women 

8 wks, 3 g 

HMB-Ca 

daily 

RET SKF, DXA, CT 
= FFM (tendency to ↑) 

↓ % FM 
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Reference Subjects 
Duration/

Dose 

Exercise or 

rehabilitation 

Protocol 
Assessments Primary result 

Flakoll et al. 

2004 

50 elderly 

women 

12 wks, 2 

g HMB-Ca 

daily 

None 
“get-up-and-go” test, 

BIA, blood and urine  

↑ Functionality test 

↑ Limb circumference 

↑ Leg strength 

↑ Handgrip strength 

↑ WBPS 

Stout et al. 

2013 

54 older men 

and women 

24 wks, 3 

g HMB-Ca 

With and 

without RET 

Isokinetic leg 

extension, handgrip 

strength, “get-up-and-

go” test, DXA, muscle 

quality 

↑ Isokinetic leg 

extension (RET group) 

↑ Muscle quality leg 

(RET group) 

↑ FFM and leg FFM 

(RET group) 

↓ FM (RET group - 

week 24) 

Stout et al. 

2015 
48 older man 

12 wks, 3 

g HMB-Ca 

+ 8 g CHO 

RET DXA 
↓ Abdominal fat mass 

(RET group) 

Berton et al. 

2015 

80 healthy 

older women 

mildly active 

8 wks, 1.5 

g HMB-Ca 

day 

Mild fitness 

program  

SPPB, isometric and 

isokinetic strength, 6-

min walk test, 

handgrip, DXA, CT, 

=SPPB 

↑handgrip strength 

=DXA 

↑Isokinetic flexion and 

extension 

Nishizaki et 

al. 2015 

23 patients 

undergoing 

arthroplasty 

5 days 

before and 

28 days 

after 

surgery 

RET, ROM, 

Walking 
Strength assessment 

No loss of muscle 

strength 

Deutz et al. 

2016 

652 older 

inpatient, 

malnourished 

individuals 

with several 

comorbidities 

Death or 

nonelective 

readmission 

(90 days) 
and/or 30-60 

day 

readmission 
or death, 3 g 

HMB-Ca 

daily 

None 

90-day post discharge 

incidence, death or 

nonelective 

readmission, LOS, 

BM, (ADL) 

= 90 post-discharge 

↓ 90 mortality 

= LOS 

= ADL 

↑ BM 

 

Ekinci et al. 

2016 

75 older 

women with 

hip fracture 

30 days, 3g 

HMB-Ca 

daily with 

Vit D3 and 

protein 

None 

Anthropometry, blood, 

wound-healing, 

immobilization period, 

muscle strength 

↓ Wound period 

↑ muscle strength 

↑ ambulatory and 

mobilization 

Cramer et 

al. 2016 

330 men and 

women 

malnourished 

and 

sarcopenic 

24 wks, 

whey, Vit 

D3, 1.5 g 

HMB-Ca 

None 
Isokinetic force, 

strength  

↑ leg muscle strength 

and quality in mild-

moderate but not severe 

sarcopenia 

Olveira et al. 

2016 

30 patients 

with 

bronchiectasis   

12 wks, 

1.5 g 

HMB-Ca + 

protein + 

prebiotic 

fiber 

Pulmonary 

reabilitation 

DXA, arm 

circumference, BIA, 

quality of life, 

handgrip strength, 

blood  

↑ Bone density, 

handgrip strength, arm 

circumference, physical 

functioning, quality of 

life 
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Reference Subjects 
Duration/

Dose 

Exercise or 

rehabilitation 

Protocol 
Assessments Primary result 

Fitschen et 

al. 2017 

33 

hemodialysis 

patients 

6 months, 

3 g HMB-

Ca 

None 

Body composition, 

bone density, strength, 

Physical function, fall 

risk, quality of life, 

blood 

No differences in any 

parameter 

Din et al. 

2018 

16 healthy 

older men 

6 wks, 3 g 

HMB-FA 

day 

Unilateral 

progressive 

RET 

D2O, muscle biopsies, 

DXA, US, ID, 1RM 

= 1RM 

= ID 

= VL thickness 

↑ Thigh lean mass 

(DXA) 

= MPS 

= Gene expression 

Ellis et al. 

2018 

31 older 

community-

dwelling man 

and women 

6 months, 

3 g HMB-

Ca daily 

Non-linear-

periodized 

RET 

4C (DXA, ADP), 

MRI, physical 

function tests 

↑ Time stair climb 

↑ FFM (DXA, ADP) 

= MRI (quadriceps) 

Abbreviations: 1RM: 1 repetition maximum; 4C: 4-compartment model; ADL: activities of daily living; ADP: air 
displacement plethysmography; BIA: bioelectrical impedance analysis; BM: body mass CHO: carbohydrate; CT: 
computed tomography; D2O: deuterium oxide; DXA: dual-energy x-ray absorptiometry; FFM: fat-free mass; FM: fat 
mass; HMB-Ca: β-hydroxy-β-methylbutyrate calcium salt; HMB-FA: β-hydroxy-β-methylbutyrate free acid; ID: 
isokinetic dynamometry; LOS: length of stay; MPS: muscle protein synthesis MRI: magnetic resonance imaging RET: 
resistance exercise training; ROM: range of motion; SKF: skinfolds; SPPB: short physical performance battery; US: 
ultrasound; VL: vastus lateralis; WBPS: whole-body protein synthesis; wks: weeks        

2.2.2 Leucic acid (α-HICA) 

OVERVIEW 

α-HICA, is the hydrogenated metabolite of α-KIC. This by-product of leucine 

catabolism was initially patented by The John Hopkins University in 1979 (282), being 

more recently re-patented by Finnish researchers to be used as a food supplement (283). 

This metabolite has been found in both muscle and connective tissue, within small 

amounts, not bound to proteins (284, 285). α-HICA has also been described as the result 

of leucine fermentation in certain foods like cheese, wine and soy (6, 286, 287). After 

leucine is converted to α-KIC this may be further converted to α-HICA by hydrogenation 

(figure 11) (287). It has been suggested that the aminotransferase enzyme that oxidizes 

leucine to α-KIC, might also convert leucine to α-HICA, albeit conditions that determine 
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the fate of leucine are not clear to date, they seem to be influenced by the oxidoreduction 

equilibrium (288, 289).  

 

Figure 11. Simplified catabolism of leucine during dairy fermentation by various microorganisms (287) 

  

It has been proposed, from in vitro studies, that this compound might present 

anticatabolic activity, via inhibition of metalloproteinases that may enhance protein 

degradation in several tissues (6). Moreover, both in vitro and animal studies suggest that 

α-HICA might be anticatabolic (290, 291). Few research has been conducted in humans, 

some exceptions are the work from Mero et al. (6) and some data mentioned in the patent 

file, which was not subject to peer review.       

HUMAN RESEARCH STUDIES 

There is a paucity of studies in humans with α-HICA. Earlier data from the patent 

file, assessed the effects of ≈500 mg thrice daily, in wrestlers (n=7) after intensive training 

sessions for six weeks (283). These were top level athletes with at least 10 training 

sessions per week of 1.5 to 2.5 h. A small increase in mean BM was noted (0.84 ± 1.0 kg) 

without changes in bone mineral content (BMC), however LST increased significantly. 

Also, it was importantly noted that delayed onset muscle soreness (DOMS) was reduced 

when using α-HICA. No changes were observed pertaining blood pressure, heart rate or 

laboratory blood values, which suggests α-HICA is safe. Major limitations of these data 
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are related with the absence of peer review and to the small sample used (only seven 

athletes).  

Bearing this in mind, the same group of researchers designed another study, with 

15 male soccer players, for four weeks in a double-blinded fashion. The α-HICA group 

(n=8) received 500 mg α-HICA mixed with liquid thrice daily, while the placebo group 

(n=7) received 650 mg maltodextrin also thrice daily in the same schedule. No differences 

between groups were found regarding nutrition, training, blood markers or performance. 

Insofar as body composition is concerned, a significant increase in BM and FFM was 

observed in the α-HICA group, with the latter being driven by an increase of 0.4 kg in the 

lower extremities, while the placebo group decreased FFM in the same body region by 

0.1 kg. It was hypothesized, that this increase in the lower extremities was due to the sport 

(soccer) the subjects were engaged. Importantly, α-HICA supplementation also decreased 

significantly the whole body DOMS after the 4th week of supplementation, when 

compared to placebo.  

Albeit promising, the data on α-HICA is scant. More research should be 

performed to assess its alleged effects on preserving FFM, especially in resistance trained 

men, older and/or diseased populations.        

OTHER LEUCINE METABOLITES 

One leucine metabolite that has also been studied is α-KIC. As previously 

described α-KIC is produced from leucine by KICD (43). Albeit studies in chick cells 

have shown that it may supress proteolysis (292), human studies have been disappointing 

(293). Yarrow et al. (293), observed that when acutely supplementing RET men with 

either 1.5 or 9.0 g of α-KIC, no ergogenic effects were observed when comparing to 

placebo. A previous work, that combined a small amount (0.3 g) of α-KIC to 3 g HMB-

Ca, showed reduced signs and symptoms of muscle damage, assessed by DOMS (39). 

However, when analysing other similar studies, it seems that this action is not driven by 

α-KIC. Nunan et al (294) also supplemented with 3 g HMB + 0.3 g α-KIC, during 14 

days and assessed its action after a single 40 min downhill run, failing to detect any 

positive effects on CK, DOMS, range of motion, mid-thigh girth, isometric and concentric 

force. 
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Albeit combining α-KIC with other compounds, like glycine and arginine 

(GAKIC) has shown interesting results in some (295), but not all (296) studies, it is 

unclear whether these actions are due to α-KIC. It is unlikely that α-KIC may present any 

additional benefits when comparing to HMB or α-HICA.   

 

2.3 Aim of the investigation 

The present dissertation aimed to clarify and directly compare the effects of three 

off-the-shelf leucine metabolites, namely HMB (both as a calcium salt or as a free acid 

form) and α-HICA, in performance, body composition and biochemical markers of 

muscle damage, when consumed during a RET program.  

Study 1 (Chapter 4) was performed to clarify, if supplementation with either 

leucine metabolite along with RET for 8 weeks in resistance trained males offered 

superior results towards training-induced effects on strength and power performance 

(1RM for bench press and squat, CMJ and Wingate test), muscle thickness (a proxy 

marker of skeletal muscle hypertrophy), circulating hormones (total testosterone, GH, 

IGF-1 and cortisol) and a proxy markers of muscle damage (CK). . 

Study 2 (Chapter 5) aimed to clarify if the same supplementation protocol offers 

benefits over the RET program, between each leucine metabolite, on either regional and 

whole-body body composition outcomes, as well as the effect on TBW, intracellular 

water (ICW) and extracellular water (ECW).  

Study 3 (Chapter 6) was designed to clarify whether any of the previously studied 

off-the-shelf leucine metabolites would be advantageous in preventing training-induced 

changes in several inflammatory markers (IL-6, hsCRP and TNF-α).  

Study 4 (Chapter 7) aimed to assess the effects of supplementation with α-HICA 

in a type 1 diabetic patient with serious mobility limitations regarding body composition, 

handgrip strength, maximal knee extension strength, and blood-sampled health 

assessments. 

 



THE EFFECTS OF LEUCINE METABOLITES IN PERFORMANCE, BODY COMPOSITION AND BIOCHEMICAL MARKERS OF 

MUSCLE DAMAGE AND INFLAMMATION 

74 

2.4 References 

1. Van Loon LJC. Leucine as a pharmaconutrient in health and disease. Current Opinion in Clinical 

Nutrition and Metabolic Care. 2012;15(1):71-7. 

2. Dodd KM, Tee AR. Leucine and mTORC1: a complex relationship. Am J Physiol Endocrinol 

Metab. 2012;302:E1329-E42. 

3. Dreyer HC, Drummond MJ, Pennings B, Fujita S, Glynn EL, Chinkes DL, et al. Leucine-enriched 

essential amino acid and carbohydrate ingestion following resistance exercise enhances mTOR signaling 

and protein synthesis in human muscle. American Journal of Physiology-Endocrinology and Metabolism. 

2008;294(2):E392-E400. 

4. Kraemer WJ, Hatfield DL, Volek JS, Fragala MS, Vingren JL, Anderson JM, et al. Effects of 

amino acids supplement on physiological adaptations to resistance training. Medicine and science in sports 

and exercise2009. p. 1111-21. 

5. Lowery RP, Joy JM, Rathmacher JA, Baier SM, Fuller JC, Shelley Ii MC, et al. Interaction of 

Beta-Hydroxy-Beta-Methylbutyrate free acid and adenosine triphosphate on muscle mass, strength, and 

power in resistance trained individuals. J Strength Cond Res. 2016;30(7):1843-54. 

6. Mero AA, Ojala T, Hulmi JJ, Puurtinen R, Karila TA, Seppala T. Effects of alfa-hydroxy-

isocaproic acid on body composition, DOMS and performance in athletes. J Int Soc Sports Nutr. 

2010;7(1):1. 

7. Wilson JM, Lowery RP, Joy JM, Andersen JC, Wilson SMC, Stout JR, et al. The effects of 12 

weeks of beta-hydroxy-beta-methylbutyrate free acid supplementation on muscle mass, strength, and power 

in resistance-trained individuals: a randomized, double-blind, placebo-controlled study. European journal 

of applied physiology. 2014;114(6):1217-27. 

8. Pubchem. Leucine. 2018. 

9. Wu G. Amino acids: Biochemistry and nutrition. Boca Raton: CRC Press; 2013. 

10. Li F, Yin Y, Tan B, Kong X, Wu G. Leucine nutrition in animals and humans: mTOR signaling 

and beyond. Amino Acids. 2011;41(5):1185-93. 

11. Kim SW, Mateo RD, Yin Y-L, Wu G. Functional Amino Acids and Fatty Acids for Enhancing 

Production Performance of Sows and Piglets. Asian-Australasian Journal of Animal Sciences. 

2006;20(2):295-306. 

12. van Vliet S, Burd NA, van Loon LJC. The Skeletal Muscle Anabolic Response to Plant- versus 

Animal-Based Protein Consumption. The Journal of Nutrition. 2015;145(9):1981-91. 

13. Jewell JL, Russell RC, Guan K-L. Amino acid signalling upstream of mTOR. Nature Reviews 

Molecular Cell Biology. 2013;14(3):133-9. 

14. Lynch CJ, Adams SH. Branched-chain amino acids in metabolic signalling and insulin resistance. 

Nature Reviews Endocrinology. 2014;10(12):723-36. 

15. Nie C, He T, Zhang W, Zhang G, Ma X. Branched chain amino acids: Beyond nutrition 

metabolism. International Journal of Molecular Sciences. 2018;19(4). 

16. Sun X, Zemel MB. Leucine and Calcium Regulate Fat Metabolism and Energy Partitioning in 

Murine Adipocytes and Muscle Cells. Lipids. 2007;42(4):297-305. 

17. Nicklin P, Bergman P, Zhang B, Triantafellow E, Wang H, Nyfeler B, et al. Bidirectional transport 

of amino acids regulates mTOR and autophagy. Cell. 2009;136(3):521-34. 

18. Bonvini A, Coqueiro AY, Tirapegui J, Calder PC, Rogero MM. Immunomodulatory role of 

branched-chain amino acids. Nutr Rev. 2018. 

19. Zhang S, Ren M, Zeng X, He P, Ma X, Qiao S. Leucine stimulates ASCT2 amino acid transporter 

expression in porcine jejunal epithelial cell line (IPEC-J2) through PI3K/Akt/mTOR and ERK signaling 

pathways. Amino Acids. 2014;46(12):2633-42. 



  CHAPTER 2:  LITERATURE REVIEW 

75 

20. Wilkinson, Hossain T, Hill DS, Phillips BE, Crossland H, Williams J, et al. Effects of leucine and 

its metabolite β-hydroxy-β-methylbutyrate on human skeletal muscle protein metabolism. The Journal of 

physiology. 2013;591(Pt 11):2911-23. 

21. Su Y, Lam TKT, He W, Pocai A, Bryan J, Aguilar-Bryan L, et al. Hypothalamic leucine 

metabolism regulates liver glucose production. Diabetes. 2012;61(1):85-93. 

22. Hall TR, Wallin R, Reinhart GD, Hutson SM. Branched chain aminotransferase isoenzymes. 

Purification and characterization of the rat brain isoenzyme. The Journal of biological chemistry. 

1993;268(5):3092-8. 

23. Hutson SM, Wallin R, Hall TR. Identification of mitochondrial branched chain aminotransferase 

and its isoforms in rat tissues. The Journal of biological chemistry. 1992;267(22):15681-6. 

24. McKenzie S, Phillips SM, Carter SL, Lowther S, Gibala MJ, Tarnopolsky MA. Endurance exercise 

training attenuates leucine oxidation and BCOAD activation during exercise in humans. Am J Physiol 

Endocrinol Metab. 2000;278(4):E580-7. 

25. Xu M, Nagasaki M, Obayashi M, Sato Y, Tamura T, Shimomura Y. Mechanism of activation of 

branched-chain alpha-keto acid dehydrogenase complex by exercise. Biochem Biophys Res Commun. 

2001;287(3):752-6. 

26. Tarnopolsky M. Protein requirements for endurance athletes. Nutrition. 2004;20(7-8):662-8. 

27. Kim DH, Kim SH, Jeong WS, Lee HY. Effect of BCAA intake during endurance exercises on 

fatigue substances, muscle damage substances, and energy metabolism substances. Journal of exercise 

nutrition & biochemistry. 2013;17(4):169-80. 

28. Gualano AB, Bozza T, Lopes De Campos P, Roschel H, Dos Santos Costa A, Luiz Marquezi M, 

et al. Branched-chain amino acids supplementation enhances exercise capacity and lipid oxidation during 

endurance exercise after muscle glycogen depletion. J Sports Med Phys Fitness. 2011;51(1):82-8. 

29. de Araujo JA, Jr., Falavigna G, Rogero MM, Pires IS, Pedrosa RG, Castro IA, et al. Effect of 

chronic supplementation with branched-chain amino acids on the performance and hepatic and muscle 

glycogen content in trained rats. Life Sci. 2006;79(14):1343-8. 

30. Wu G, Thompson JR, Sedgwick GW, Drury M. Formation of alanine and glutamine in chick 

(Gallus domesticus) skeletal muscle. Comparative Biochemistry and Physiology Part B: Comparative 

Biochemistry. 1989;93(3):609-13. 

31. Nissen SL, Abumrad NN. Nutritional role of the leucine metabolite β-hydroxy β-methylbutyrate 

(HMB). The Journal of Nutritional Biochemistry. 1997;8(6):300-11. 

32. Lynch CJ, Gern B, Lloyd C, Hutson SM, Eicher R, Vary TC. Leucine in food mediates some of 

the postprandial rise in plasma leptin concentrations. American Journal of Physiology-Endocrinology and 

Metabolism. 2006;291(3):E621-E30. 

33. Holecek M. Relation between glutamine, branched-chain amino acids, and protein metabolism. 

Nutrition (Burbank, Los Angeles County, Calif). 2002;18(2):130-3. 

34. Kovarik M, Muthny T, Sispera L, Holecek M. Effects of β-hydroxy-β-methylbutyrate treatment in 

different types of skeletal muscle of intact and septic rats. Journal of Physiology and Biochemistry. 

2010;66(4):311-9. 

35. Panton LB, Rathmacher JA, Baier S, Nissen S. Nutritional supplementation of the leucine 

metabolite beta-hydroxy-beta-methylbutyrate (hmb) during resistance training. Nutrition (Burbank, Los 

Angeles County, Calif). 2000;16(9):734-9. 

36. Van Koevering M, Nissen S. Oxidation of leucine and alpha-ketoisocaproate to beta-hydroxy-

beta-methylbutyrate in vivo. The American journal of physiology. 1992;262(1 Pt 1):E27-31. 

37. Holecek M, Muthny T, Kovarik M, Sispera L. Effect of beta-hydroxy-beta-methylbutyrate (HMB) 

on protein metabolism in whole body and in selected tissues. Food and chemical toxicology : an 

international journal published for the British Industrial Biological Research Association. 2009;47(1):255-

9. 



THE EFFECTS OF LEUCINE METABOLITES IN PERFORMANCE, BODY COMPOSITION AND BIOCHEMICAL MARKERS OF 

MUSCLE DAMAGE AND INFLAMMATION 

76 

38. Duan Y, Li F, Li Y, Tang Y, Kong X, Feng Z, et al. The role of leucine and its metabolites in 

protein and energy metabolism. Amino Acids. 2016;48(1):41-51. 

39. van Someren Ka, Edwards AJ, Howatson G. Supplementation with beta-hydroxy-beta-

methylbutyrate (HMB) and alpha-ketoisocaproic acid (KIC) reduces signs and symptoms of exercise-

induced muscle damage in man. International journal of sport nutrition and exercise metabolism. 

2005;15(4):413-24. 

40. Gerlinger-Romero F, Guimarães-Ferreira L, Giannocco G, Nunes MT. Chronic supplementation 

of beta-hydroxy-beta methylbutyrate (HMβ) increases the activity of the GH/IGF-I axis and induces 

hyperinsulinemia in rats. Growth Hormone & IGF Research. 2011;21(2):57-62. 

41. Molfino A, Gioia G, Rossi Fanelli F, Muscaritoli M. Beta-hydroxy-beta-methylbutyrate 

supplementation in health and disease: A systematic review of randomized trials. Amino Acids. 

2013;45(6):1273-92. 

42. Nissen S, Sharp R, Ray M, Rathmacher JA, Rice D, Fuller JC, et al. Effect of leucine metabolite 

beta-hydroxy-beta-methylbutyrate on muscle metabolism during resistance-exercise training. Journal of 

applied physiology (Bethesda, Md : 1985). 1996;81(5):2095-104. 

43. Zanchi NE, Gerlinger-Romero F, Guimarães-Ferreira L, de Siqueira Filho MA, Felitti V, Lira FS, 

et al. HMB supplementation: clinical and athletic performance-related effects and mechanisms of action. 

Amino acids. 2011;40(4):1015-25. 

44. Anthony JC, Anthony TG, Kimball SR, Jefferson LS. Symposium : Leucine as a Nutritional Signal 

Signaling Pathways Involved in Translational Control of Protein Synthesis in Skeletal Muscle by Leucine. 

The Journal Of Nutrition. 2001;131:856S-60S. 

45. Anthony JC, Anthony TG, Kimball SR, Vary TC, Jefferson LS. Orally Administered Leucine 

Stimulates Protein Synthesis in Skeletal Muscle of Postabsorptive Rats in Association with Increased eIF4F 

Formation. The Journal of Nutrition. 2000;130(2):139-45. 

46. Buse MG, Reid SS. Leucine. A possible regulator of protein turnover in muscle. The Journal of 

clinical investigation. 1975;56(5):1250-61. 

47. Pinheiro CHdJ, Gerlinger-Romero F, Guimarães-Ferreira L, de Souza-Jr AL, Vitzel KF, Nachbar 

RT, et al. Metabolic and functional effects of beta-hydroxy-beta-methylbutyrate (HMB) supplementation 

in skeletal muscle. European journal of applied physiology. 2012;112(7):2531-7. 

48. Slater GJ, Jenkins D. Beta-hydroxy-beta-methylbutyrate (HMB) supplementation and the 

promotion of muscle growth and strength. Sports medicine (Auckland, NZ). 2000;30(2):105-16. 

49. 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. Nutrition & metabolism. 2008;5(1):1-. 

50. Mitch WE, Clark AS. Specificity of the effects of leucine and its metabolites on protein 

degradation in skeletal muscle. The Biochemical journal. 1984;222(3):579-86. 

51. Tischler ME, Desautels M, Goldberg AL. Does leucine, leucyl-tRNA, or some metabolite of 

leucine regulate protein synthesis and degradation in skeletal and cardiac muscle? The Journal of biological 

chemistry. 1982;257(4):1613-21. 

52. Garlick PJ. The Role of Leucine in the Regulation of Protein Metabolism. The Journal of Nutrition. 

2005;135(6):1553S-6S. 

53. Lynch CJ, Patson BJ, Anthony J, Vaval A, Jefferson LS, Vary TC. Leucine is a direct-acting 

nutrient signal that regulates protein synthesis in adipose tissue. American Journal of Physiology-

Endocrinology and Metabolism. 2002;283(3):E503-E13. 

54. Lynch CJ, Halle B, Fujii H, Vary TC, Wallin R, Damuni Z, et al. Potential role of leucine 

metabolism in the leucine-signaling pathway involving mTOR. American Journal of Physiology-

Endocrinology and Metabolism. 2003;285(4):E854-E63. 

55. Atherton PJ, Smith K, Etheridge T, Rankin D, Rennie MJ. Distinct anabolic signalling responses 

to amino acids in C2C12 skeletal muscle cells. Amino Acids. 2010;38(5):1533-9. 



  CHAPTER 2:  LITERATURE REVIEW 

77 

56. Columbus DA, Fiorotto ML, Davis TA. Leucine is a major regulator of muscle protein synthesis 

in neonates. Amino Acids. 2015;47(2):259-70. 

57. Duan Y, Li F, Liu H, Li Y, Liu Y, Kong X, et al. Nutritional and regulatory roles of leucine in 

muscle growth and fat reduction. Frontiers in bioscience (Landmark edition). 2015;20:796-813. 

58. Kim HJ, Chang E-J, Kim H-M, Lee SB, Kim H-D, Su Kim G, et al. Antioxidant alpha-lipoic acid 

inhibits osteoclast differentiation by reducing nuclear factor-kappaB DNA binding and prevents in vivo 

bone resorption induced by receptor activator of nuclear factor-kappaB ligand and tumor necrosis factor-

alpha. Free radical biology & medicine. 2006;40(9):1483-93. 

59. Yao K, Yin Y, Li X, Xi P, Wang J, Lei J, et al. Alpha-ketoglutarate inhibits glutamine degradation 

and enhances protein synthesis in intestinal porcine epithelial cells. Amino Acids. 2012;42(6):2491-500. 

60. Yin Y, Yao K, Liu Z, Gong M, Ruan Z, Deng D, et al. Supplementing l-leucine to a low-protein 

diet increases tissue protein synthesis in weanling pigs. Amino Acids. 2010;39(5):1477-86. 

61. Suzuki T, Inoki K. Spatial regulation of the mTORC1 system in amino acids sensing pathway. 

Acta biochimica et biophysica Sinica. 2011;43(9):671-9. 

62. Nobukuni T, Joaquin M, Roccio M, Dann SG, Kim SY, Gulati P, et al. Amino acids mediate 

mTOR/raptor signaling through activation of class 3 phosphatidylinositol 3OH-kinase. Proceedings of the 

National Academy of Sciences. 2005;102(40):14238-43. 

63. Bolster DR, Vary TC, Kimball SR, Jefferson LS. Leucine Regulates Translation Initiation in Rat 

Skeletal Muscle Via Enhanced eIF4G Phosphorylation. The Journal of Nutrition. 2004;134(7):1704-10. 

64. O'Connor PMJ, Kimball SR, Suryawan A, Bush JA, Nguyen HV, Jefferson LS, et al. Regulation 

of translation initiation by insulin and amino acids in skeletal muscle of neonatal pigs. American Journal 

of Physiology-Endocrinology and Metabolism. 2003;285(1):E40-E53. 

65. Norton LE, Layman DK. Leucine Regulates Translation Initiation of Protein Synthesis in Skeletal 

Muscle after Exercise. The Journal of Nutrition. 2006;136(2):533S-7S. 

66. Wilson GJ, Layman DK, Moulton CJ, Norton LE, Anthony TG, Proud CG, et al. Leucine or 

carbohydrate supplementation reduces AMPK and eEF2 phosphorylation and extends postprandial muscle 

protein synthesis in rats. American journal of physiology Endocrinology and metabolism. 

2011;301(6):E1236-42. 

67. Talvas Jrm, Obled A, Fafournoux P, Mordier S. Regulation of Protein Synthesis by Leucine 

Starvation Involves Distinct Mechanisms in Mouse C2C12 Myoblasts and Myotubes. The Journal of 

Nutrition. 2006;136(6):1466-71. 

68. Mitchell JC, Evenson AR, Tawa NE. Leucine inhibits proteolysis by the mTOR kinase signaling 

pathway in skeletal muscle. Journal of Surgical Research. 2004;121(2):311-. 

69. Nakashima K, Ishida A, Yamazaki M, Abe H. Leucine suppresses myofibrillar proteolysis by 

down-regulating ubiquitin–proteasome pathway in chick skeletal muscles. Biochemical and Biophysical 

Research Communications. 2005;336(2):660-6. 

70. Eley HL, Russell ST, Tisdale MJ. Attenuation of depression of muscle protein synthesis induced 

by lipopolysaccharide, tumor necrosis factor, and angiotensin II by beta-hydroxy-beta-methylbutyrate. 

American journal of physiology Endocrinology and metabolism. 2008;295(6):E1409-16. 

71. Eley HL, Russell ST, Tisdale MJ. Mechanism of attenuation of muscle protein degradation 

induced by tumor necrosis factor-α and angiotensin II by β-hydroxy-β-methylbutyrate. American Journal 

of Physiology-Endocrinology and Metabolism. 2008;295(6):E1417-E26. 

72. Baptista IL, Silva WJ, Artioli GG, Guilherme JPLF, Leal ML, Aoki MS, et al. Leucine and HMB 

Differentially Modulate Proteasome System in Skeletal Muscle under Different Sarcopenic Conditions. 

PLoS ONE. 2013;8(10):e76752-e. 

73. Liang C, Curry BJ, Brown PL, Zemel MB. Leucine Modulates Mitochondrial Biogenesis and 

SIRT1-AMPK Signaling in C2C12 Myotubes. Journal of nutrition and metabolism. 2014;2014:239750-. 



THE EFFECTS OF LEUCINE METABOLITES IN PERFORMANCE, BODY COMPOSITION AND BIOCHEMICAL MARKERS OF 

MUSCLE DAMAGE AND INFLAMMATION 

78 

74. Fan Q, Long B, Yan G, Wang Z, Shi M, Bao X, et al. Dietary leucine supplementation alters 

energy metabolism and induces slow-to-fast transitions in longissimus dorsi muscle of weanling piglets. 

British Journal of Nutrition. 2017;117(09):1222-34. 

75. Dai Z, Wu Z, Yang Y, Wang J, Satterfield MC, Meininger CJ, et al. Nitric oxide and energy 

metabolism in mammals. BioFactors. 2013;39(4):383-91. 

76. Yang Y, Wu Z, Meininger CJ, Wu G. l-Leucine and NO-mediated cardiovascular function. Amino 

Acids. 2015;47(3):435-47. 

77. Kleinert M, Liao YH, Nelson JL, Bernard JR, Wang W, Ivy JL. An amino acid mixture enhances 

insulin-stimulated glucose uptake in isolated rat epitrochlearis muscle. J Appl Physiol (1985). 

2011;111(1):163-9. 

78. Nishitani S, Matsumura T, Fujitani S, Sonaka I, Miura Y, Yagasaki K. Leucine promotes glucose 

uptake in skeletal muscles of rats. Biochem Biophys Res Commun. 2002;299(5):693-6. 

79. Liu H, Liu R, Xiong Y, Li X, Wang X, Ma Y, et al. Leucine facilitates the insulin-stimulated 

glucose uptake and insulin signaling in skeletal muscle cells: involving mTORC1 and mTORC2. Amino 

Acids. 2014;46(8):1971-9. 

80. Zhang Y, Guo K, LeBlanc RE, Loh D, Schwartz GJ, Yu Y-H. Increasing Dietary Leucine Intake 

Reduces Diet-Induced Obesity and Improves Glucose and Cholesterol Metabolism in Mice via 

Multimechanisms. Diabetes. 2007;56(6):1647-54. 

81. Baum JI, O'Connor JC, Seyler JE, Anthony TG, Freund GG, Layman DK. Leucine reduces the 

duration of insulin-induced PI 3-kinase activity in rat skeletal muscle. Am J Physiol Endocrinol Metab. 

2005;288(1):E86-91. 

82. Yang J, Chi Y, Burkhardt BR, Guan Y, Wolf BA. Leucine metabolism in regulation of insulin 

secretion from pancreatic beta cells. Nutr Rev. 2010;68(5):270-9. 

83. Stanley CA. Hyperinsulinism/hyperammonemia syndrome: insights into the regulatory role of 

glutamate dehydrogenase in ammonia metabolism. Mol Genet Metab. 2004;81 Suppl 1:S45-51. 

84. Fahien LA, Macdonald MJ. The complex mechanism of glutamate dehydrogenase in insulin 

secretion. Diabetes. 2011;60(10):2450-4. 

85. Branstrom R, Efendic S, Berggren PO, Larsson O. Direct inhibition of the pancreatic beta-cell 

ATP-regulated potassium channel by alpha-ketoisocaproate. J Biol Chem. 1998;273(23):14113-8. 

86. Henquin JC, Gembal M, Detimary P, Gao ZY, Warnotte C, Gilon P. Multisite control of insulin 

release by glucose. Diabete & metabolisme. 1994;20(2):132-7. 

87. Straub SG, Sharp GW. Inhibition of insulin secretion by cerulenin might be due to impaired 

glucose metabolism. Diabetes/metabolism research and reviews. 2007;23(2):146-51. 

88. Li P, Yin YL, Li D, Kim SW, Wu G. Amino acids and immune function. Br J Nutr. 

2007;98(2):237-52. 

89. Calder PC. Branched-chain amino acids and immunity. J Nutr. 2006;136(1 Suppl):288s-93s. 

90. Ananieva EA, Patel CH, Drake CH, Powell JD, Hutson SM. Cytosolic branched chain 

aminotransferase (BCATc) regulates mTORC1 signaling and glycolytic metabolism in CD4+ T cells. J 

Biol Chem. 2014;289(27):18793-804. 

91. Tsukishiro T, Shimizu Y, Higuchi K, Watanabe A. Effect of branched-chain amino acids on the 

composition and cytolytic activity of liver-associated lymphocytes in rats. J Gastroenterol Hepatol. 

2000;15(8):849-59. 

92. Rudar M, Huber LA, Zhu CL, de Lange CFM. Effects of dietary leucine supplementation and 

immune system stimulation on plasma amino acid concentrations and tissue protein synthesis in starter 

pigs. J Anim Sci. 2018. 

93. Liu T, Zuo B, Wang W, Wang S, Wang J. Dietary Supplementation of Leucine in Premating Diet 

Improves the Within-Litter Birth Weight Uniformity, Antioxidative Capability, and Immune Function of 

Primiparous SD Rats. 2018;2018:1523147. 



  CHAPTER 2:  LITERATURE REVIEW 

79 

94. Liang H, Mokrani A, Ji K, Ge X, Ren M, Xie J, et al. Dietary leucine modulates growth 

performance, Nrf2 antioxidant signaling pathway and immune response of juvenile blunt snout bream 

(Megalobrama amblycephala). Fish & shellfish immunology. 2018;73:57-65. 

95. Wu C, Chen L, Lu Z, Gao J, Chu Y, Li L, et al. The effects of dietary leucine on the growth 

performances, body composition, metabolic abilities and innate immune responses in black carp 

Mylopharyngodon piceus. Fish & shellfish immunology. 2017;67:419-28. 

96. Zhang S, Zeng X, Ren M, Mao X, Qiao S. Novel metabolic and physiological functions of 

branched chain amino acids: a review. Journal of animal science and biotechnology. 2017;8:10-. 

97. Negro M, Giardina S, Marzani B, Marzatico F. Branched-chain amino acid supplementation does 

not enhance athletic performance but affects muscle recovery and the immune system. J Sports Med Phys 

Fitness. 2008;48(3):347-51. 

98. Dan HC, Baldwin AS. Differential involvement of IkappaB kinases alpha and beta in cytokine- 

and insulin-induced mammalian target of rapamycin activation determined by Akt. J Immunol. 

2008;180(11):7582-9. 

99. Lawrence T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb Perspect 

Biol. 2009;1(6):a001651. 

100. Dan HC, Cooper MJ, Cogswell PC, Duncan JA, Ting JP, Baldwin AS. Akt-dependent regulation 

of NF-{kappa}B is controlled by mTOR and Raptor in association with IKK. Genes & development. 

2008;22(11):1490-500. 

101. Temiz-Resitoglu M, Kucukkavruk SP, Guden DS, Cecen P, Sari AN, Tunctan B, et al. Activation 

of mTOR/IkappaB-alpha/NF-kappaB pathway contributes to LPS-induced hypotension and inflammation 

in rats. Eur J Pharmacol. 2017;802:7-19. 

102. Tamanna N, Mahmood N. Emerging Roles of Branched-Chain Amino Acid Supplementation in 

Human Diseases. International scholarly research notices. 2014;2014:235619. 

103. Hagiwara A, Nishiyama M, Ishizaki S. Branched-chain amino acids prevent insulin-induced 

hepatic tumor cell proliferation by inducing apoptosis through mTORC1 and mTORC2-dependent 

mechanisms. J Cell Physiol. 2012;227(5):2097-105. 

104. Angelo LS, Kurzrock R. Vascular endothelial growth factor and its relationship to inflammatory 

mediators. Clin Cancer Res. 2007;13(10):2825-30. 

105. Saemann MD, Haidinger M, Hecking M, Horl WH, Weichhart T. The multifunctional role of 

mTOR in innate immunity: implications for transplant immunity. Am J Transplant. 2009;9(12):2655-61. 

106. Lee DF, Hung MC. All roads lead to mTOR: integrating inflammation and tumor angiogenesis. 

Cell cycle (Georgetown, Tex). 2007;6(24):3011-4. 

107. Lang CH, Frost RA, Vary TC. Regulation of muscle protein synthesis during sepsis and 

inflammation. Am J Physiol Endocrinol Metab. 2007;293(2):E453-9. 

108. Lang CH, Frost RA. Endotoxin disrupts the leucine-signaling pathway involving phosphorylation 

of mTOR, 4E-BP1, and S6K1 in skeletal muscle. J Cell Physiol. 2005;203(1):144-55. 

109. Frost RA, Lang CH. mTor signaling in skeletal muscle during sepsis and inflammation: where 

does it all go wrong? Physiology (Bethesda). 2011;26(2):83-96. 

110. Laufenberg LJ, Pruznak AM, Navaratnarajah M, Lang CH. Sepsis-induced changes in amino acid 

transporters and leucine signaling via mTOR in skeletal muscle. Amino Acids. 2014;46(12):2787-98. 

111. SL Nutrition and Metabolism. 2017. Leucine Supplementation: A Possible Anti-Inflammatory 

Strategy Evidences from a Pilot Study; p. 114. 

112. Pennings B, Boirie Y, Senden JM, Gijsen AP, Kuipers H, van Loon LJ. Whey protein stimulates 

postprandial muscle protein accretion more effectively than do casein and casein hydrolysate in older men. 

Am J Clin Nutr. 2011;93(5):997-1005. 

113. Devries MC, Phillips SM. Supplemental protein in support of muscle mass and health: advantage 

whey. J Food Sci. 2015;80 Suppl 1:A8-a15. 



THE EFFECTS OF LEUCINE METABOLITES IN PERFORMANCE, BODY COMPOSITION AND BIOCHEMICAL MARKERS OF 

MUSCLE DAMAGE AND INFLAMMATION 

80 

114. Moberg M, Apro W, Ohlsson I, Ponten M, Villanueva A, Ekblom B, et al. Absence of leucine in 

an essential amino acid supplement reduces activation of mTORC1 signalling following resistance exercise 

in young females. Appl Physiol Nutr Metab. 2014;39(2):183-94. 

115. Churchward-Venne TA, Breen L, Di Donato DM, Hector AJ, Mitchell CJ, Moore DR, et al. 

Leucine supplementation of a low-protein mixed macronutrient beverage enhances myofibrillar protein 

synthesis in young men: A double-blind, randomized trial1-3. American Journal of Clinical Nutrition. 

2014;99(2):276-86. 

116. Churchward-Venne Ta, Burd Na, Mitchell CJ, West DWD, Philp A, Marcotte GR, et al. 

Supplementation of a suboptimal protein dose with leucine or essential amino acids: effects on myofibrillar 

protein synthesis at rest and following resistance exercise in men. The Journal of physiology. 2012;590(Pt 

11):2751-65. 

117. Jager R, Kerksick CM, Campbell BI, Cribb PJ, Wells SD, Skwiat TM, et al. International Society 

of Sports Nutrition Position Stand: protein and exercise. 2017;14:20. 

118. Ispoglou T, King RFGJ, Polman RCJ, Zanker C. Daily L-leucine supplementation in novice 

trainees during a 12-week weight training program. International journal of sports physiology and 

performance. 2011;6(1):38-50. 

119. Aguiar AF, Grala AP, da Silva RA, Soares-Caldeira LF, Pacagnelli FL, Ribeiro AS, et al. Free 

leucine supplementation during an 8-week resistance training program does not increase muscle mass and 

strength in untrained young adult subjects. Amino Acids. 2017;49(7):1255-62. 

120. Crowe MJ, Weatherson JN, Bowden BF. Effects of dietary leucine supplementation on exercise 

performance. Eur J Appl Physiol. 2006;97(6):664-72. 

121. Balage M, Dardevet D. Long-term effects of leucine supplementation on body composition. 

Current Opinion in Clinical Nutrition and Metabolic Care. 2010;13(3):265-70. 

122. Yao K, Duan Y, Li F, Tan B, Hou Y, Wu G, et al. Leucine in Obesity: Therapeutic Prospects. 

Trends Pharmacol Sci. 2016;37(8):714-27. 

123. Donato J, Jr., Pedrosa RG, Cruzat VF, Pires IS, Tirapegui J. Effects of leucine supplementation on 

the body composition and protein status of rats submitted to food restriction. Nutrition. 2006;22(5):520-7. 

124. Donato J, Jr., Pedrosa RG, de Araujo JA, Jr., Pires IS, Tirapegui J. Effects of leucine and 

phenylalanine supplementation during intermittent periods of food restriction and refeeding in adult rats. 

Life Sci. 2007;81(1):31-9. 

125. Sugawara T, Ito Y, Nishizawa N, Nagasawa T. Supplementation with dietary leucine to a protein-

deficient diet suppresses myofibrillar protein degradation in rats. J Nutr Sci Vitaminol (Tokyo). 

2007;53(6):552-5. 

126. Sugawara T, Ito Y, Nishizawa N, Nagasawa T. Regulation of muscle protein degradation, not 

synthesis, by dietary leucine in rats fed a protein-deficient diet. Amino Acids. 2009;37(4):609-16. 

127. Ventrucci G, Ramos Silva LG, Roston Mello MA, Gomes Marcondes MC. Effects of a leucine-

rich diet on body composition during nutritional recovery in rats. Nutrition. 2004;20(2):213-7. 

128. Ispoglou T, White H, Preston T, McElhone S, McKenna J, Hind K. Double-blind, placebo-

controlled pilot trial of L-Leucine-enriched amino-acid mixtures on body composition and physical 

performance in men and women aged 65-75 years. Eur J Clin Nutr. 2016;70(2):182-8. 

129. Leenders M, van Loon LJ. Leucine as a pharmaconutrient to prevent and treat sarcopenia and type 

2 diabetes. Nutrition Reviews. 2011;69(11):675-89. 

130. Verhoeven S, Vanschoonbeek K, Verdijk LB, Koopman R, Wodzig WK, Dendale P, et al. Long-

term leucine supplementation does not increase muscle mass or strength in healthy elderly men. American 

Journal of Clinical Nutrition. 2009;89(5):1468-75. 

131. Borack MS, Volpi E. Efficacy and Safety of Leucine Supplementation in the Elderly. Journal of 

Nutrition. 2016;146(12):2625S-9S. 

132. Bukhari SSI, Phillips BE, Wilkinson DJ, Limb MC, Rankin D, Mitchell WK, et al. Intake of low-

dose leucine-rich essential amino acids stimulates muscle anabolism equivalently to bolus whey protein in 



  CHAPTER 2:  LITERATURE REVIEW 

81 

older women at rest and after exercise. American Journal of Physiology - Endocrinology And Metabolism. 

2015;308(12):E1056-E65. 

133. Murphy CH, Saddler NI, Devries MC, McGlory C, Baker SK, Phillips SM. Leucine 

supplementation enhances integrative myofibrillar protein synthesis in free-living older men consuming 

lower- and higher-protein diets: a parallel-group crossover study. American Journal of Clinical Nutrition. 

2016;104(6):1594-606. 

134. Bauer J, Biolo G, Cederholm T, Cesari M, Cruz-Jentoft AJ, Morley JE, et al. Evidence-based 

recommendations for optimal dietary protein intake in older people: a position paper from the PROT-AGE 

Study Group. J Am Med Dir Assoc. 2013;14(8):542-59. 

135. Deutz NE, Bauer JM, Barazzoni R, Biolo G, Boirie Y, Bosy-Westphal A, et al. Protein intake and 

exercise for optimal muscle function with aging: recommendations from the ESPEN Expert Group. Clin 

Nutr. 2014;33(6):929-36. 

136. Tieland M, Borgonjen-Van den Berg KJ, van Loon LJ, de Groot LC. Dietary protein intake in 

community-dwelling, frail, and institutionalized elderly people: scope for improvement. Eur J Nutr. 

2012;51(2):173-9. 

137. Foundation NK. K/DOQI clinical practice guidelines for chronic kidney disease: evaluation, 

classification, and stratification. Am J Kidney Dis. 2002;39(2 Suppl 1):S1-266. 

138. Traylor DA, Gorissen SHM, Phillips SM. Perspective: Protein Requirements and Optimal Intakes 

in Aging: Are We Ready to Recommend More Than the Recommended Daily Allowance? Adv Nutr. 

2018;9(3):171-82. 

139. Komar B, Schwingshackl L, Hoffmann G. Effects of leucine-rich protein supplements on 

anthropometric parameter and muscle strength in the elderly: a systematic review and meta-analysis. J Nutr 

Health Aging. 2015;19(4):437-46. 

140. Xu Z-r, Tan Z-j, Zhang Q, Gui Q-f, Yang Y-m. The effectiveness of leucine on muscle protein 

synthesis, lean body mass and leg lean mass accretion in older people: a systematic review and meta-

analysis. British Journal of Nutrition. 2015;113(01):25-34. 

141. Hider RC, Fern EB, London DR. Relationship between intracellular amino acids and protein 

synthesis in the extensor digitorum longus muscle of rats. The Biochemical journal. 1969;114(2):171-8. 

142. Eley HL, Russell ST, Baxter JH, Mukerji P, Tisdale MJ. Signaling pathways initiated by beta-

hydroxy-beta-methylbutyrate to attenuate the depression of protein synthesis in skeletal muscle in response 

to cachectic stimuli. American journal of physiology Endocrinology and metabolism. 2007;293(4):E923-

31. 

143. Nissen SL, Sharp RL. Effect of dietary supplements on lean mass and strength gains with 

resistance exercise: a meta-analysis. Journal of applied physiology (Bethesda, Md : 1985). 2003;94(2):651-

9. 

144. Rowlands DS, Thomson JS. Effects of beta-hydroxy-beta-methylbutyrate supplementation during 

resistance training on strength, body composition, and muscle damage in trained and untrained young men: 

a meta-analysis. Journal of strength and conditioning research. 2009;23(27):836-46. 

145. Wu H, Xia Y, Jiang J, Du H, Guo X, Liu X, et al. Effect of beta-hydroxy-beta-methylbutyrate 

supplementation on muscle loss in older adults: A systematic review and meta-analysis. Archives of 

Gerontology and Geriatrics. 2015;61(2):168-75. 

146. Mochamat, Cuhls H, Marinova M, Kaasa S, Stieber C, Conrad R, et al. A systematic review on 

the role of vitamins, minerals, proteins, and other supplements for the treatment of cachexia in cancer: a 

European Palliative Care Research Centre cachexia project. Journal of cachexia, sarcopenia and muscle. 

2017;8(1):25-39. 

147. Beaudart C, Rabenda V, Simmons M, Geerinck A, Araujo de Carvalho I, Reginster JY, et al. 

Effects of protein, essential amino acids, B-hydroxy B-methylbutyrate, creatine, dehydroepiandrosterone 

and fatty acid supplementation on muscle mass, muscle strength and physical performance in older people 

aged 60 years and over. A systematic review of. The journal of nutrition, health & aging. 2017:1-14. 



THE EFFECTS OF LEUCINE METABOLITES IN PERFORMANCE, BODY COMPOSITION AND BIOCHEMICAL MARKERS OF 

MUSCLE DAMAGE AND INFLAMMATION 

82 

148. Silva VR, Belozo FL, Micheletti TO, Conrado M, Stout JR, Pimentel GD, et al. Β-Hydroxy-Β-

Methylbutyrate Free Acid Supplementation May Improve Recovery and Muscle Adaptations After 

Resistance Training: a Systematic Review. Nutrition Research. 2017;45:1-9. 

149. Sanchez-Martinez J, Santos-Lozano A, Garcia-Hermoso A, Sadarangani KP, Cristi-Montero C. 

Effects of beta-hydroxy-beta-methylbutyrate supplementation on strength and body composition in trained 

and competitive athletes: A meta-analysis of randomized controlled trials. Journal of Science and Medicine 

in Sport. 2017;S1440-2440(7):727-35. 

150. Rahimi MH, Mohammadi H, Eshaghi H, Askari G, Miraghajani M. The Effects of Beta-Hydroxy-

Beta-Methylbutyrate Supplementation on Recovery Following Exercise-Induced Muscle Damage: A 

Systematic Review and Meta-Analysis. J Am Coll Nutr. 2018;37(7):640-9. 

151. Wilson JM, Pj F, Campbell B, Wilson GJ, Zanchi N, Taylor L, et al. International Society of Sports 

Nutrition Position Stand: beta-hydroxy-beta-methylbutyrate (HMB). JISSN. 2013;10(1):6-. 

152. Fitschen PJ, Wilson GJ, Wilson JM, Wilund KR. Efficacy of beta-hydroxy-beta-methylbutyrate 

supplementation in elderly and clinical populations. Nutrition. 2013;29(1):29-36. 

153. Rahman A, Wilund K, Fitschen PJ, Jeejeebhoy K, Agarwala R, Drover JW, et al. Elderly persons 

with ICU-acquired weakness: the potential role for beta-hydroxy-beta-methylbutyrate (HMB) 

supplementation? JPEN J Parenter Enteral Nutr. 2014;38(5):567-75. 

154. Hickson M. Nutritional interventions in sarcopenia: a critical review. Proc Nutr Soc. 

2015;74(4):378-86. 

155. Holeček M. Beta-hydroxy-beta-methylbutyrate supplementation and skeletal muscle in healthy 

and muscle-wasting conditions. Journal of cachexia, sarcopenia and muscle. 2017;8(4):529-41. 

156. Rossi AP, D’Introno A, Rubele S, Caliari C, Gattazzo S, Zoico E, et al. The Potential of β-

Hydroxy-β-Methylbutyrate as a New Strategy for the Management of Sarcopenia and Sarcopenic Obesity. 

Drugs & Aging. 2017. 

157. Engelen M, Deutz NEP. Is beta-hydroxy beta-methylbutyrate an effective anabolic agent to 

improve outcome in older diseased populations? Curr Opin Clin Nutr Metab Care. 2018;21(3):207-13. 

158. Ballesteros-Pomar MD, Martinez Llinas D, Goates S, Sanz Barriuso R, Sanz-Paris A. Cost-

Effectiveness of a Specialized Oral Nutritional Supplementation for Malnourished Older Adult Patients in 

Spain. Nutrients. 2018;10(2). 

159. Sanz-Paris A, Camprubi-Robles M, Lopez-Pedrosa JM, Pereira SL, Rueda R, Ballesteros-Pomar 

MD, et al. Role of Oral Nutritional Supplements Enriched with beta-Hydroxy-beta-Methylbutyrate in 

Maintaining Muscle Function and Improving Clinical Outcomes in Various Clinical Settings. J Nutr Health 

Aging. 2018;22(6):664-75. 

160. Rawson ES, Miles MP, Larson-Meyer DE. Dietary Supplements for Health, Adaptation, and 

Recovery in Athletes. Int J Sport Nutr Exerc Metab. 2018;28(2):188-99. 

161. Woo J. Nutritional interventions in sarcopenia: where do we stand? Curr Opin Clin Nutr Metab 

Care. 2018;21(1):19-23. 

162. Gepner Y, Varanoske AN, Boffey D, Hoffman JR. Benefits of beta-hydroxy-beta-methylbutyrate 

supplementation in trained and untrained individuals. Research in sports medicine (Print). 2018:1-15. 

163. Arazi H, Taati B, Suzuki K. A Review of the Effects of Leucine Metabolite (beta-Hydroxy-beta-

methylbutyrate) Supplementation and Resistance Training on Inflammatory Markers: A New Approach to 

Oxidative Stress and Cardiovascular Risk Factors. Antioxidants (Basel, Switzerland). 2018;7(10):pii: E148. 

164. Kerksick CM, Wilborn CD, Roberts MD, Smith-Ryan A, Kleiner SM, Jäger R, et al. ISSN exercise 

& sports nutrition review update: research & recommendations. Journal of the International Society of 

Sports Nutrition. 2018;15(1):38-. 

165. Momaya A, Fawal M, Estes R. Performance-enhancing substances in sports: a review of the 

literature. Sports Med. 2015;45(4):517-31. 



  CHAPTER 2:  LITERATURE REVIEW 

83 

166. Szczesniak KA, Ostaszewski P, Fuller JC, Jr., Ciecierska A, Sadkowski T. Dietary 

supplementation of beta-hydroxy-beta-methylbutyrate in animals - a review. J Anim Physiol Anim Nutr 

(Berl). 2015;99(3):405-17. 

167. Van Koevering MT, Dolezal HG, Gill DR, Owens FN, Strasia CA, Buchanan DS, et al. Effects of 

beta-hydroxy-beta-methyl butyrate on performance and carcass quality of feedlot steers. J Anim Sci. 

1994;72(8):1927-35. 

168. Block KP, Buse MG. Glucocorticoid regulation of muscle branched-chain amino acid metabolism. 

Med Sci Sports Exerc. 1990;22(3):316-24. 

169. Sabourin PJ, Bieber LL. Formation of beta-hydroxyisovalerate by an alpha-ketoisocaproate 

oxygenase in human liver. Metabolism. 1983;32(2):160-4. 

170. Rudney H. The biosynthesis of beta-hydroxy-beta-methylglutaric acid. The Journal of biological 

chemistry. 1957;227(1):363-77. 

171. Zabin I, Bloch K. Studies on the utilization of isovaleric acid in cholesterol synthesis. The Journal 

of biological chemistry. 1951;192(1):267-73. 

172. Nissen S, Sharp RL, Panton L, Vukovich M, Trappe S, Fuller JC. beta-hydroxy-beta-

methylbutyrate (HMB) supplementation in humans is safe and may decrease cardiovascular risk factors. 

The Journal of nutrition. 2000;130(8):1937-45. 

173. Nissen SL, Abumrad NN. Effect of leucine metabolite beta-hydroxy-beta-methylbutyrate on 

muscle metabolism during resistance-exercise training. Journal of Nutritional Biochemistry. 

1997;8(6):300-11. 

174. Vukovich MD, Slater G, Macchi MB, Turner MJ, Fallon K, Boston T, et al. Beta-hydroxy-beta-

methylbutyrate (HMB) kinetics and the influence of glucose ingestion in humans. Journal of Nutritional 

Biochemistry. 2001;12(11):631-9. 

175. Fuller JC, Sharp RL, Angus HF, Baier SM, Rathmacher JA. Free acid gel form of β-hydroxy-β-

methylbutyrate (HMB) improves HMB clearance from plasma in human subjects compared with the 

calcium HMB salt. The British journal of nutrition. 2011;105(3):367-72. 

176. Baxter JH, Phillips RR, Dowlati L, Goehring KC, Johns PW. Direct Determination of β-Hydroxy-

β-Methylbutyrate (HMB) in Liquid Nutritional Products. Food Analytical Methods. 2010;4(3):341-6. 

177. Fuller JC, Sharp RL, Angus HF, Khoo PY, Rathmacher JA. Comparison of availability and plasma 

clearance rates of β-hydroxy-β-methylbutyrate delivery in the free acid and calcium salt forms. The British 

journal of nutrition. 2015;114(9):1403-9. 

178. Shreeram S, Johns PW, Subramaniam S, Ramesh S, Vaidyanathan V, Puthan JK, et al. The relative 

bioavailability of the calcium salt of beta-hydroxy-beta-methylbutyrate is greater than that of the free fatty 

acid form in rats. J Nutr. 2014;144(10):1549-55. 

179. Baier S, Johannsen D, Abumrad N, Rathmacher JA, Nissen S, Flakoll P. Year-long changes in 

protein metabolism in elderly men and women supplemented with a nutrition cocktail of beta-hydroxy-

beta-methylbutyrate (HMB), L-arginine, and L-lysine. JPEN J Parenter Enteral Nutr. 2009;33(1):71-82. 

180. Rathmacher JA, Nissen S, Panton L, Clark RH, Eubanks May P, Barber AE, et al. Supplementation 

with a combination of beta-hydroxy-beta-methylbutyrate (HMB), arginine, and glutamine is safe and could 

improve hematological parameters. JPEN Journal of parenteral and enteral nutrition. 2004;28(2):65-75. 

181. Gallagher PM, Carrithers JA, Godard MP, Schulze KE, Trappe SW. Beta-hydroxy-beta-

methylbutyrate ingestion, part II: effects on hematology, hepatic and renal function. Medicine and science 

in sports and exercise. 2000;32(12):2116-9. 

182. Stout JR, Smith-Ryan AE, Fukuda DH, Kendall KL, Moon JR, Hoffman JR, et al. Effect of 

calcium beta-hydroxy-beta-methylbutyrate (CaHMB) with and without resistance training in men and 

women 65+yrs: A randomized, double-blind pilot trial. Experimental Gerontology. 2013;48(11):1303-10. 

183. Fuller JC, Jr., Arp LH, Diehl LM, Landin KL, Baier SM, Rathmacher JA. Subchronic toxicity 

study of beta-hydroxy-beta-methylbutyric free acid in Sprague-Dawley rats. Food Chem Toxicol. 

2014;67:145-53. 



THE EFFECTS OF LEUCINE METABOLITES IN PERFORMANCE, BODY COMPOSITION AND BIOCHEMICAL MARKERS OF 

MUSCLE DAMAGE AND INFLAMMATION 

84 

184. Dunsmore KA, Lowery RP, Duncan NM, Davis GS, Rathmacher JA, Baier SM, et al. Effects of 

12 weeks of beta-hydroxy-betamethylbutyrate free acid gel supplementation on muscle mass, strength, and 

power in resistance trained individuals. Journal of the International Society of Sports Nutrition. 

2012;9(Suppl 1):1-2. 

185. Yonamine CY, Teixeira SS, Campello RS, Gerlinger-Romero F, Rodrigues CF, Jr., Guimaraes-

Ferreira L, et al. Beta hydroxy beta methylbutyrate supplementation impairs peripheral insulin sensitivity 

in healthy sedentary Wistar rats. Acta physiologica. 2014;212(1):62-74. 

186. Sharawy MH, El-Awady MS, Megahed N, Gameil NM. The ergogenic supplement beta-hydroxy-

beta-methylbutyrate (HMB) attenuates insulin resistance through suppressing GLUT-2 in rat liver. Can J 

Physiol Pharmacol. 2016;94(5):488-97. 

187. Holecek M, Muthny T, Kovarik M, Sispera L. Effect of beta-hydroxy-beta-methylbutyrate (HMB) 

on protein metabolism in whole body and in selected tissues. Food Chem Toxicol. 2009;47(1):255-9. 

188. Keast D, Arstein D, Harper W, Fry RW, Morton AR. Depression of plasma glutamine 

concentration after exercise stress and its possible influence on the immune system. The Medical journal 

of Australia. 1995;162(1):15-8. 

189. Holecek M, Sispera L. Glutamine deficiency in extracellular fluid exerts adverse effects on protein 

and amino acid metabolism in skeletal muscle of healthy, laparotomized, and septic rats. Amino Acids. 

2014;46(5):1377-84. 

190. Elia M, Lunn PG. The use of glutamine in the treatment of gastrointestinal disorders in man. 

Nutrition. 1997;13(7-8):743-7. 

191. Landi F, Calvani R, Picca A, Marzetti E. Beta-hydroxy-beta-methylbutyrate and sarcopenia: from 

biological plausibility to clinical evidence. Curr Opin Clin Nutr Metab Care. 2019;22(1):37-43. 

192. Gallagher PM, Carrithers JA, Godard MP, Schulze KE, Trappe SW. Beta-hydroxy-beta-

methylbutyrate ingestion, Part I: effects on strength and fat free mass. Medicine and science in sports and 

exercise. 2000;32(12):2109-15. 

193. Wilson JM, Kim JS, Lee SR, Rathmacher JA, Dalmau B, Kingsley JD, et al. Acute and timing 

effects of beta-hydroxy-beta-methylbutyrate (HMB) on indirect markers of skeletal muscle damage. Nutr 

Metab (Lond). 2009;6:6. 

194. Kreider RB, Ferreira M, Greenwood M, Wilson M, Grindstaff P, Plisk S, et al. Effects of calcium 

β-HMB supplementation during training on markers of catabolism, body composition, strength and sprint 

performance. Journal of Exercise Physiology Online. 2000;3(4):48-59. 

195. Knitter AE, Panton L, Rathmacher JA, Petersen A, Sharp R. Effects of beta-hydroxy-beta-

methylbutyrate on muscle damage after a prolonged run. Journal of applied physiology (Bethesda, Md : 

1985). 2000;89(4):1340-4. 

196. Vukovich MD, Dreifort GD. Effect of beta-hydroxy beta-methylbutyrate on the onset of blood 

lactate accumulation and V(O)(2) peak in endurance-trained cyclists. J Strength Cond Res. 2001;15(4):491-

7. 

197. Vukovich MD, Stubbs NB, Bohlken RM. Body composition in 70-year-old adults responds to 

dietary beta-hydroxy-beta-methylbutyrate similarly to that of young adults. J Nutr. 2001;131(7):2049-52. 

198. Jówko E, Ostaszewski P, Jank M, Sacharuk J, Zieniewicz A, Wilczak J, et al. Creatine and β-

hydroxy-β-methylbutyrate (HMB) additively increase lean body mass and muscle strength during a weight-

training program. Nutrition. 2001;17(7-8):558-66. 

199. Slater G, Jenkins D, Logan P, Lee H, Vukovich M, Rathmacher JA, et al. Beta-hydroxy-beta-

methylbutyrate (HMB) supplementation does not affect changes in strength or body composition during 

resistance training in trained men. International journal of sport nutrition and exercise metabolism. 

2001;11(3):384-96. 

200. O'Connor DM, Crowe MJ. Effects of beta-hydroxy-beta-methylbutyrate and creatine monohydrate 

supplementation on the aerobic and anaerobic capacity of highly trained athletes. J Sports Med Phys 

Fitness. 2003;43(1):64-8. 



  CHAPTER 2:  LITERATURE REVIEW 

85 

201. Ransone J, Neighbors K, Lefavi R, Chromiak J. The effect of beta-hydroxy beta-methylbutyrate 

on muscular strength and body composition in collegiate football players. Journal of strength and 

conditioning research / National Strength & Conditioning Association. 2003;17(1):34-9. 

202. Hoffman J, Cooper J, Wendell M, Im J, Kang JIE. Effects of beta-hydroxy beta-methylbutyrate on 

power performance and indices of muscle damage and stress during high-intensity training. Journal of 

Strength & Conditioning Research. 2004;18(4):747-52. 

203. O'Connor DM, Crowe MJ. Effects of six weeks of beta-hydroxy-beta-methylbutyrate (HMB) and 

HMB/creatine supplementation on strength, power, and anthropometry of highly trained athletes. Journal 

of strength and conditioning research / National Strength & Conditioning Association. 2007;21(2):419-23. 

204. Lamboley CRH, Royer D, Dionne IJ. Effects of beta-hydroxy-beta-methylbutyrate on aerobic-

performance components and body composition in college students. International journal of sport nutrition 

and exercise metabolism. 2007;17(1):56-69. 

205. Thomson JS, Watson PE, Rowlands DS. Effects of nine weeks of beta-hydroxy-beta- 

methylbutyrate supplementation on strength and body composition in resistance trained men. Journal of 

strength and conditioning research / National Strength & Conditioning Association. 2009;23(3):827-35. 

206. Portal S, Zadik Z, Rabinowitz J, Pilz-Burstein R, Adler-Portal D, Meckel Y, et al. The effect of 

HMB supplementation on body composition, fitness, hormonal and inflammatory mediators in elite 

adolescent volleyball players: a prospective randomized, double-blind, placebo-controlled study. Eur J 

Appl Physiol. 2011;111(9):2261-9. 

207. Deutz NEP, Pereira SL, Hays NP, Oliver JS, Edens NK, Evans CM, et al. Effect of β-hydroxy-β-

methylbutyrate (HMB) on lean body mass during 10 days of bed rest in older adults. Clinical Nutrition. 

2013;32(5):704-12. 

208. Kraemer WJ, Hatfield DL, Comstock Ba, Fragala MS, Davitt PM, Cortis C, et al. Influence of 

HMB Supplementation and Resistance Training on Cytokine Responses to Resistance Exercise. Journal of 

the American College of Nutrition. 2014;33(4):247-55. 

209. Stout JR, Fukuda DH, Kendall KL, Smith-Ryan AE, Moon JR, Hoffman JR. β-Hydroxy-β-

methylbutyrate (HMB) supplementation and resistance exercise significantly reduce abdominal adiposity 

in healthy elderly men. Experimental Gerontology. 2015;64:33-4. 

210. Durkalec-Michalski K, Jeszka J. The efficacy of a β-hydroxy-β-methylbutyrate supplementation 

on physical capacity, body composition and biochemical markers in elite rowers: a randomised, double-

blind, placebo-controlled crossover study. Journal of the International Society of Sports Nutrition. 

2015;12(31):1-11. 

211. Shirato M, Tsuchiya Y, Sato T, Hamano S, Gushiken T, Kimura N, et al. Effects of combined β-

hydroxy-β-methylbutyrate (HMB) and whey protein ingestion on symptoms of eccentric exercise-induced 

muscle damage. Journal of the International Society of Sports Nutrition. 2016;13(1):7-. 

212. Durkalec-Michalski K, Jeszka J. The Effect of beta-Hydroxy-beta-Methylbutyrate on Aerobic 

Capacity and Body Composition in Trained Athletes. J Strength Cond Res. 2016;30(9):2617-26. 

213. Deutz NE, Matheson EM, Matarese LE, Luo M, Baggs GE, Nelson JL, et al. Readmission and 

mortality in malnourished, older, hospitalized adults treated with a specialized oral nutritional supplement: 

A randomized clinical trial. Clin Nutr. 2016;35(1):18-26. 

214. McIntosh ND, Love TD, Haszard J, Osborne H, Black KE. β-hydroxy β-methylbutyrate (HMB) 

supplementation effects on body mass and performance in elite male rugby union players. Journal of 

Strength and Conditioning Research. 2016:1-. 

215. Durkalec-Michalski K, Jeszka J, Podgorski T. The Effect of a 12-Week Beta-hydroxy-beta-

methylbutyrate (HMB) Supplementation on Highly-Trained Combat Sports Athletes: A Randomised, 

Double-Blind, Placebo-Controlled Crossover Study. Nutrients. 2017;9(7). 

216. Ellis AC, Hunter GR, Goss AM, Gower BA. Oral Supplementation with Beta-Hydroxy-Beta-

Methylbutyrate, Arginine, and Glutamine Improves Lean Body Mass in Healthy Older Adults. Journal of 

dietary supplements. 2018:1-13. 



THE EFFECTS OF LEUCINE METABOLITES IN PERFORMANCE, BODY COMPOSITION AND BIOCHEMICAL MARKERS OF 

MUSCLE DAMAGE AND INFLAMMATION 

86 

217. Jakubowski JS, Wong EPT, Nunes EA, Noguchi KS, Vandeweerd JK, Murphy KT, et al. 

Equivalent Hypertrophy and Strength Gains in HMB- or Leucine-supplemented Men. Medicine & Science 

in Sports & Exercise. 2018:1-. 

218. Kreider RB, Ferreira M, Wilson M, Almada AL. Effects of Calcium β-Hydroxy-β-methylbutyrate 

(HMB) Supplementation During Resistance-Training on Markers of Catabolism, Body Composition and 

Strength. International journal of sports medicine. 1999;20(8):503-9. 

219. Sikorski EM, Wilson JM, Lowery RP, Duncan NM, Davis GS, Rathmacher Ja, et al. The acute 

effects of a free acid beta-hydoxy-beta- methyl butyrate supplement on muscle damage following resistance 

training : a randomized , double-blind , placebo-controlled study. Journal of the International Society of 

Sports Nutrition. 2012;9(Suppl 1):P27-P. 

220. Davis G, Lowery RP, Duncan N, Sikorski E, Rathmacher J, Baier S, et al. The effects of beta-

hydoxy-beta-methylbutyrate free acid supplementation on muscle damage, hormonal status, and 

performance following a high volume 2-week overreaching cycle. Journal of the International Society of 

Sports Nutrition. 2012;9(1):P4. 

221. Townsend JR, Fragala MS, Jajtner AR, Gonzalez AM, Wells AJ, Mangine GT, et al. β-Hydroxy-

β-methylbutyrate (HMB)-free acid attenuates circulating TNF-α and TNFR1 expression postresistance 

exercise. Journal of applied physiology (Bethesda, Md : 1985). 2013;115(8):1173-82. 

222. Wilson JM, Lowery RP, Joy JM, Walters JA, Baier SM, Fuller JC, et al. β-Hydroxy-β-

methylbutyrate free acid reduces markers of exercise-induced muscle damage and improves recovery in 

resistance-trained men. The British journal of nutrition. 2013;110(3):538-44. 

223. Gonzalez AM, Stout JR, Jajtner AR, Townsend JR, Wells AJ, Beyer KS, et al. Effects of beta-

hydroxy-beta-methylbutyrate free acid and cold water immersion on post-exercise markers of muscle 

damage. Amino Acids. 2014;46(6):1501-11. 

224. Gonzalez AM, Fragala MR, Jajtner AR, Townsend JR, Wells AJ, Beyer KS, et al. Effects of beta-

hydroxy-beta-methylbutyrate free acid and cold water immersion on expression of CR3 and MIP-1B 

following resistance exercise. Am J Physiol Regul Integr Comp Physiol. 2014;306:R483-R9. 

225. Robinson EHt, Stout JR, Miramonti AA, Fukuda DH, Wang R, Townsend JR, et al. High-intensity 

interval training and beta-hydroxy-beta-methylbutyric free acid improves aerobic power and metabolic 

thresholds. J Int Soc Sports Nutr. 2014;11:16. 

226. Hoffman JR, Gepner Y, Stout JR, Hoffman MW, Ben-Dov D, Funk S, et al. HMB attenuates the 

cytokine response during sustained military training. Nutrition Research. 2016;[Ahead(of Print]). 

227. Miramonti AA, Stout JR, Fukuda DH, Robinson EH, Wang R, La Monica MB, et al. Effects of 4 

Weeks of High-Intensity Interval Training and β-Hydroxy-β-Methylbutyric Free Acid Supplementation on 

the Onset of Neuromuscular Fatigue. Journal of strength and conditioning research / National Strength & 

Conditioning Association. 2016;30(3):626-34. 

228. Wilkinson DJ, Hossain T, Limb MC, Phillips BE, Lund J, Williams JP, et al. Impact of the calcium 

form of β-hydroxy-β-methylbutyrate upon human skeletal muscle protein metabolism. Clinical Nutrition. 

2017:1-8. 

229. Redd MJ, Hoffman JR, Gepner Y, Stout JR, Hoffman MW, Ben-Dov D, et al. The effect of HMB 

ingestion on the IGF-I and IGF binding protein response to high intensity military training. Growth 

hormone & IGF research : official journal of the Growth Hormone Research Society and the International 

IGF Research Society. 2017;32:55-9. 

230. Asadi A, Arazi H, Suzuki K. Effects of β-hydroxy-β-methylbutyrate-free acid supplementation on 

strength, power and hormonal adaptations following resistance training. Nutrients. 2017;9(12). 

231. Correia ALM, de Lima FD, Bottaro M, Vieira A, da Fonseca AC, Lima RM. Pre-exercise beta-

hydroxy-beta-methylbutyrate free-acid supplementation improves work capacity recovery: a randomized, 

double-blinded, placebo-controlled study. Appl Physiol Nutr Metab. 2018;43(7):691-6. 

232. Din USU, Brook MS, Selby A, Quinlan J, Boereboom C, Abdullah H, et al. A double-blind placebo 

controlled trial into the impacts of HMB supplementation and exercise on free-living muscle protein 

synthesis, muscle mass and function, in older adults. Clin Nutr. 2018. 



  CHAPTER 2:  LITERATURE REVIEW 

87 

233. Arazi H, Asadi A, Suzuki K. The Effects of Beta-Hydroxy-Beta-Methylbutyrate-Free Acid 

Supplementation and Resistance Training on Oxidative Stress Markers: A Randomized, Double-Blind, 

Placebo-Controlled Study. Antioxidants 2018;7(76):1-10. 

234. Tinsley GM, Givan AH, Graybeal AJ, Villarreal MI, Cross AG. beta-Hydroxy beta-methylbutyrate 

free acid alters cortisol responses, but not myofibrillar proteolysis, during a 24-h fast. Br J Nutr. 

2018;119(5):517-26. 

235. Aversa Z, Alamdari N, Castillero E, Muscaritoli M, Rossi Fanelli F, Hasselgren PO. beta-

Hydroxy-beta-methylbutyrate (HMB) prevents dexamethasone-induced myotube atrophy. Biochem 

Biophys Res Commun. 2012;423(4):739-43. 

236. Pimentel GD, Rosa JC, Lira FS, Zanchi NE, Ropelle ER, Oyama LM, et al. beta-Hydroxy-beta-

methylbutyrate (HMbeta) supplementation stimulates skeletal muscle hypertrophy in rats via the mTOR 

pathway. Nutr Metab (Lond). 2011;8(1):11. 

237. Kovarik M, Muthny T, Sispera L, Holecek M. Effects of beta-hydroxy-beta-methylbutyrate 

treatment in different types of skeletal muscle of intact and septic rats. J Physiol Biochem. 2010;66(4):311-

9. 

238. Russell ST, Tisdale MJ. Mechanism of attenuation by β-hydroxy-β-methylbutyrate of muscle 

protein degradation induced by lipopolysaccharide. Molecular and Cellular Biochemistry. 2009;330(1-

2):171-9. 

239. Bachhawat BK, Robinson WG, Coon MJ. The enzymatic cleavage of beta-hydroxy-beta-

methylglutaryl coenzyme A to acetoacetate and acetyl coenzyme A. J Biol Chem. 1955;216(2):727-36. 

240. Bloch K, Clark LC, Harary I. Utilization of branched chain acids in cholesterol synthesis. J Biol 

Chem. 1954;211(2):687-99. 

241. Adamson LF, Greenberg DM. Separation of the acid precursors of cholesterol by column 

chromatography. Biochim Biophys Acta. 1955;18(4):516-8. 

242. Kraemer WJ, Hooper DR, Szivak TK, Kupchak BR, Dunn-Lewis C, Comstock BA, et al. The 

addition of beta-hydroxy-beta-methylbutyrate and isomaltulose to whey protein improves recovery from 

highly demanding resistance exercise. Journal of the American College of Nutrition. 2015;34(2):91-9. 

243. Tatara MR, Sliwa E, Krupski W. Prenatal programming of skeletal development in the offspring: 

effects of maternal treatment with beta-hydroxy-beta-methylbutyrate (HMB) on femur properties in pigs at 

slaughter age. Bone. 2007;40(6):1615-22. 

244. Tatara MR. Neonatal programming of skeletal development in sheep is mediated by somatotrophic 

axis function. Exp Physiol. 2008;93(6):763-72. 

245. Qiao X, Zhang HJ, Wu SG, Yue HY, Zuo JJ, Feng DY, et al. Effect of beta-hydroxy-beta-

methylbutyrate calcium on growth, blood parameters, and carcass qualities of broiler chickens. Poult Sci. 

2013;92(3):753-9. 

246. Kornasio R, Riederer I, Butler-Browne G, Mouly V, Uni Z, Halevy O. Beta-hydroxy-beta-

methylbutyrate (HMB) stimulates myogenic cell proliferation, differentiation and survival via the 

MAPK/ERK and PI3K/Akt pathways. Biochimica et biophysica acta. 2009;1793(5):755-63. 

247. Townsend JR, Hoffman JR, Gonzalez AM, Jajtner AR, Boone CH, Robinson EH, et al. Effects of 

beta-hydroxy-beta-methylbutyrate free acid ingestion and resistance exercise on the acute endocrine 

response. International Journal of Endocrinology. 2015;2015:856708-. 

248. Alway SE, Pereira SL, Edens NK, Hao Y, Bennett BT. beta-Hydroxy-beta-methylbutyrate (HMB) 

enhances the proliferation of satellite cells in fast muscles of aged rats during recovery from disuse atrophy. 

Exp Gerontol. 2013;48(9):973-84. 

249. Peterson AL, Qureshi MA, Ferket PR, Fuller JC, Jr. In vitro exposure with beta-hydroxy-beta-

methylbutyrate enhances chicken macrophage growth and function. Vet Immunol Immunopathol. 

1999;67(1):67-78. 



THE EFFECTS OF LEUCINE METABOLITES IN PERFORMANCE, BODY COMPOSITION AND BIOCHEMICAL MARKERS OF 

MUSCLE DAMAGE AND INFLAMMATION 

88 

250. Siwicki AK, Fuller JC, Jr., Nissen S, Ostaszewski P, Studnicka M. In vitro effects of beta-hydroxy-

beta-methylbutyrate (HMB) on cell-mediated immunity in fish. Vet Immunol Immunopathol. 2000;76(3-

4):191-7. 

251. Moore DT, Ferket PR, Mozdziak PE. The effect of early nutrition on satellite cell dynamics in the 

young turkey. Poult Sci. 2005;84(5):748-56. 

252. Fiorotto ML, Schwartz RJ, Delaughter MC. Persistent IGF-I overexpression in skeletal muscle 

transiently enhances DNA accretion and growth. FASEB journal : official publication of the Federation of 

American Societies for Experimental Biology. 2003;17(1):59-60. 

253. Gallagher PM, Carrithers JA, Godard MP, Schulze KE, Trappe SW. Beta-hydroxy-beta-

methylbutyrate ingestion, Part I: effects on strength and fat free mass. Med Sci Sports Exerc. 

2000;32(12):2109-15. 

254. Flakoll P, Sharp R, Baier S, Levenhagen DDK, Carr C, Nissen SSL, et al. Effect of beta-hydroxy-

beta-methylbutyrate, arginine, and lysine supplementation on strength, functionality, body composition, 

and protein metabolism in elderly women. Nutrition. 2004;20(5):445-51. 

255. Berton L, Bano G, Carraro S, Veronese N, Pizzato S, Bolzetta F, et al. Effect of Oral Beta-

Hydroxy-Beta-Methylbutyrate (HMB) Supplementation on Physical Performance in Healthy Old Women 

Over 65 Years: An Open Label Randomized Controlled Trial. PloS one. 2015;10(11):e0141757-e. 

256. Hoffman JR, Ratamess NA, Klatt M, Faigenbaum AD, Ross RE, Tranchina NM, et al. Comparison 

between different off-season resistance training programs in Division III American college football players. 

J Strength Cond Res. 2009;23(1):11-9. 

257. Abad-colil F, Ramirez-campillo R, Alvarez C, Castro M, Silva S, Izquierdo M. Effects of beta-

hydroxy-beta-methylbutyrate supplementation on physical performance of young players during and 

intensified soccer-training period: a short report. Human Movement. 2017;18(5):91-6. 

258. Durkalec-Michalski K, Jeszka J. The Effect Of Hmb On Aerobic Capacity And Body Composition 

In Trained Athletes. Journal of strength and conditioning research / National Strength & Conditioning 

Association. 2016;30(9):2617-26. 

259. Hung W, Liu T-H, Chen C-Y, Chang C-K. Effect of β-hydroxy-β-methylbutyrate Supplementation 

During Energy Restriction in Female Judo Athletes. Journal of Exercise Science & Fitness. 2010;8(1):50-

3. 

260. Gentles JA, Phillips SM. Discrepancies in publications related to HMB-FA and ATP 

supplementation. Nutrition & Metabolism. 2017;14(1):42-. 

261. Phillips SM, Aragon AA, Arciero PJ, Arent SM, Close GL, Hamilton DL, et al. Changes in Body 

Composition and Performance With Supplemental HMB‐FA+ATP. Journal of Strength and Conditioning 

Research. 2017;31(5):e71-e2. 

262. Hyde PN, Kendall KL, LaFountain RA. Letter to the editor: Interaction of Beta-hydroxy-Beta-

methylbutyrate free acid and adenosine triphosphate on muscle mass, strength, and power in resistance-

trained individuals. Journal of Strength & Conditioning Research. 2016;30(10):e10-e4. 

263. Wolfe RR. Branched-chain amino acids and muscle protein synthesis in humans: myth or reality? 

Journal of the International Society of Sports Nutrition. 2017;14(1):30. 

264. Tipton KD, Hamilton DL, Gallagher IJ. Assessing the Role of Muscle Protein Breakdown in 

Response to Nutrition and Exercise in Humans. Sports Med. 2018;48(Suppl 1):53-64. 

265. Sakuma K, Aoi W, Yamaguchi A. Molecular mechanism of sarcopenia and cachexia: recent 

research advances. Pflugers Arch. 2017;469(5-6):573-91. 

266. Reinstein E, Ciechanover A. Narrative review: protein degradation and human diseases: the 

ubiquitin connection. Ann Intern Med. 2006;145(9):676-84. 

267. Fry CS, Rasmussen BB. Skeletal muscle protein balance and metabolism in the elderly. Current 

aging science. 2011;4(3):260-8. 



  CHAPTER 2:  LITERATURE REVIEW 

89 

268. Smeuninx B, McKendry J, Wilson D, Martin U, Breen L. Age-Related Anabolic Resistance of 

Myofibrillar Protein Synthesis Is Exacerbated in Obese Inactive Individuals. The Journal of Clinical 

Endocrinology & Metabolism. 2017;102(9):3535-45. 

269. Moro T, Brightwell CR, Deer RR, Graber TG, Galvan E, Fry CS, et al. Muscle Protein Anabolic 

Resistance to Essential Amino Acids Does Not Occur in Healthy Older Adults Before or After Resistance 

Exercise Training. J Nutr. 2018;148(6):900-9. 

270. Deutz NEP, Thaden JJ, Ten Have GAM, Walker DK, Engelen M. Metabolic phenotyping using 

kinetic measurements in young and older healthy adults. Metabolism. 2018;78:167-78. 

271. Kim IY, Schutzler S, Schrader A, Spencer HJ, Azhar G, Ferrando AA, et al. The anabolic response 

to a meal containing different amounts of protein is not limited by the maximal stimulation of protein 

synthesis in healthy young adults. Am J Physiol Endocrinol Metab. 2016;310(1):E73-80. 

272. Nair KS. Muscle protein turnover: methodological issues and the effect of aging. J Gerontol A 

Biol Sci Med Sci. 1995;50 Spec No:107-12. 

273. Ferrando AA, Paddon-Jones D, Hays NP, Kortebein P, Ronsen O, Williams RH, et al. EAA 

supplementation to increase nitrogen intake improves muscle function during bed rest in the elderly. Clin 

Nutr. 2010;29(1):18-23. 

274. English KL, Mettler JA, Ellison JB, Mamerow MM, Arentson-Lantz E, Pattarini JM, et al. Leucine 

partially protects muscle mass and function during bed rest in middle-aged adults. Am J Clin Nutr. 

2016;103(2):465-73. 

275. Cramer JT, Cruz-Jentoft AJ, Landi F, Hickson M, Zamboni M, Pereira SL, et al. Impacts of High-

Protein Oral Nutritional Supplements Among Malnourished Men and Women with Sarcopenia: A 

Multicenter, Randomized, Double-Blinded, Controlled Trial. J Am Med Dir Assoc. 2016;17(11):1044-55. 

276. Olveira G, Olveira C, Dona E, Palenque FJ, Porras N, Dorado A, et al. Oral supplement enriched 

in HMB combined with pulmonary rehabilitation improves body composition and health related quality of 

life in patients with bronchiectasis (Prospective, Randomised Study). Clin Nutr. 2016;35(5):1015-22. 

277. Ekinci O, Yanik S, Terzioglu Bebitoglu B, Yilmaz Akyuz E, Dokuyucu A, Erdem S. Effect of 

Calcium beta-Hydroxy-beta-Methylbutyrate (CaHMB), Vitamin D, and Protein Supplementation on 

Postoperative Immobilization in Malnourished Older Adult Patients With Hip Fracture: A Randomized 

Controlled Study. Nutr Clin Pract. 2016;31(6):829-35. 

278. Nishizaki K, Ikegami H, Tanaka Y, Imai R, Matsumura H. Effects of supplementation with a 

combination of beta-hydroxy-beta-methyl butyrate, L-arginine, and L-glutamine on postoperative recovery 

of quadriceps muscle strength after total knee arthroplasty. Asia Pac J Clin Nutr. 2015;24(3):412-20. 

279. Fitschen PJ, Biruete A, Jeong J, Wilund KR. Efficacy of beta-hydroxy-beta-methylbutyrate 

supplementation in maintenance hemodialysis patients. Hemodialysis international International 

Symposium on Home Hemodialysis. 2017;21(1):107-16. 

280. Nunes EA, Phillips SM. Supplemental protein and energy likely account for multi-ingredient 

supplementation in mitigating morbidity and mortality in compromised elderly malnourished patients. Clin 

Nutr. 2016;35(4):976. 

281. de Brito-Ashurst I, van Zanten ARH. In response to "Supplemental protein and energy likely 

account for multi-ingredient supplementation in mitigating morbidity and mortality in compromised elderly 

malnourished patients". Clin Nutr. 2016;35(6):1578. 

282. Walser M, inventorComposition for promotion of protein synthesis and suppression of urea 

formation in the body utilizing alpha-hydroxy-acid analogs of amoni acids. USA1978. 

283. Hietala P, Karilla T, Seppala K, inventorsNutrient supplement and use of the same. USA2008. 

284. Hoffer LJ, Taveroff A, Robitaille L, Mamer OA, Reimer ML. Alpha-keto and alpha-hydroxy 

branched-chain acid interrelationships in normal humans. J Nutr. 1993;123(9):1513-21. 

285. Holecek M. Relation between glutamine, branched-chain amino acids, and protein metabolism. 

Nutrition. 2002;18(2):130-3. 



THE EFFECTS OF LEUCINE METABOLITES IN PERFORMANCE, BODY COMPOSITION AND BIOCHEMICAL MARKERS OF 

MUSCLE DAMAGE AND INFLAMMATION 

90 

286. Van Wyk CJ, Kepner RE, Webb AD. Some Volatile Components of Vitis Vinifera Variety White 

Riesling. 2. Organic Acids Extracted from Wine. Journal of Food Science. 1967;32(6):664-8. 

287. Smit BA, Engels WJ, Wouters JT, Smit G. Diversity of L-leucine catabolism in various 

microorganisms involved in dairy fermentations, and identification of the rate-controlling step in the 

formation of the potent flavour component 3-methylbutanal. Appl Microbiol Biotechnol. 2004;64(3):396-

402. 

288. Blanchard M, Green DE, et al. l-Hydroxy acid oxidase. J Biol Chem. 1946;163:137-44. 

289. Suryawan A, Hawes JW, Harris RA, Shimomura Y, Jenkins AE, Hutson SM. A molecular model 

of human branched-chain amino acid metabolism. Am J Clin Nutr. 1998;68(1):72-81. 

290. Boebel KP, Baker DH. Comparative utilization of the alpha-keto and D- and L-alpha-hydroxy 

analogs of leucine, isoleucine and valine by chicks and rats. J Nutr. 1982;112(10):1929-39. 

291. Tischler ME, Desautels M, Goldberg AL. Does leucine, leucyl-tRNA, or some metabolite of 

leucine regulate protein synthesis and degradation in skeletal and cardiac muscle? J Biol Chem. 

1982;257(4):1613-21. 

292. Nakashima K, Yakabe Y, Ishida A, Yamazaki M, Abe H. Suppression of myofibrillar proteolysis 

in chick skeletal muscles by alpha-ketoisocaproate. Amino Acids. 2007;33(3):499-503. 

293. Yarrow JF, Parr JJ, White LJ, Borsa PA, Stevens BR. The effects of short-term alpha-

ketoisocaproic acid supplementation on exercise performance: a randomized controlled trial. J Int Soc 

Sports Nutr. 2007;4:2. 

294. Nunan D, Howatson G, van Someren KA. Exercise-induced muscle damage is not attenuated by 

beta-hydroxy-beta-methylbutyrate and alpha-ketoisocaproic acid supplementation. J Strength Cond Res. 

2010;24(2):531-7. 

295. Wax B, Kavazis AN, Brown SP, Hilton L. Effects of supplemental GAKIC ingestion on resistance 

training performance in trained men. Res Q Exerc Sport. 2013;84(2):245-51. 

296. Beis L, Mohammad Y, Easton C, Pitsiladis YP. Failure of glycine-arginine-alpha-ketoisocaproic 

acid to improve high-intensity exercise performance in trained cyclists. Int J Sport Nutr Exerc Metab. 

2011;21(1):33-9. 

 

 

 

 

 

 

 

 

 

 

 



 

 

  
  

   

CHAPTER 3 

 

 

 

 

 

 

 

 

Methodology 

 

  



 

 

 



  CHAPTER 3: METHODOLOGY 

 

  93
  

  

   

A brief description of the cohort will be provided in this chapter, followed by a 

description of all methods and procedures used throughout the investigation.  

3.1 Study design and sampling 

Ethics and general study design 

This investigation was approved by the Institutional Review Board of the Faculty 

of Human Kinetics (approval number 15/2017), thus conforming with all requirements as 

per the declaration of Helsinki (1). Additionally, the trial was registered at 

clinicaltrials.gov with the number NCT03511092. Studies 1, 2 and 3 (Chapters 4, 5 and 

6, respectively) emerged from a randomized double-blinded, placebo-controlled trial, 

while study 4 (Chapter 7) was a clinical case study investigation. 

STUDY 1, 2 AND 3 (CHAPTERS 4, 5 AND 6) 

Participants were between the ages of 18 and 45 years old and were recruited from 

social networks and local gyms. Before engaging in any procedures, subjects were 

informed pertaining the purpose, design and data collection methodologies of the studies. 

Before written and verbal consent was given, all potential risks and benefits were 

thoroughly explained to the participants. In these studies, individuals were subjected to 

supervised RET and randomly allocated to groups supplementing with either α-HICA, 

HMB-FA, HMB-FA or PLA. Performance (1RM, CMJ and Wingate test), body 

composition (DXA, US), self-reported dietary intake and blood collection assessments 

were all performed at baseline, end of week 4 and week 8 (Figure 15). 

Participants received supplements with instructions in a double-blinded fashion. 

Supplementation compliance was assessed when participants delivered their empty 

supplement bags at the end of every 2 weeks. Performance was assessed in a fed state 

after the ingestion of a meal replacement bar, after muscle thickness assessments (by US), 

while body composition by DXA and bioimpedance spectroscopy (BIS) were performed 

after a 12 h fast, without prior exercise and refraining from the consumption of alcohol. 
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STUDY 4 (CHAPTER 7)  

The participant was followed under supervised physician care. Before engaging 

in the research  procedures, the subject was informed of all procedures, risks and benefits 

according to the principles set out by the declaration of Helsinki (1). The subject was 

evaluated at baseline and after 120 days, pertaining blood markers (prescribed by his 

physician), strength and body composition (DXA). Body composition measures and 

blood collection were performed after a 12 h fast, while a meal replacement bar war 

provided prior to the strength tests. No exercise protocol was prescribed (due to his 

mobility limitations), and the subject was instructed not to change his physical activity 

during the intervention. The α-HICA containing supplement was administered throughout 

the study, 500 mg thrice daily with main meals. Additionally, the diet was assessed at 

baseline and after 120 days, under the supervision of a registered dietitian. 

Participants 

STUDY 1, 2 AND 3 (CHAPTER 4, 5 AND 6) 

Fifty-three participants were elected to participate in these studies based on two 

questionnaires and an interview. The first questionnaire had several questions regarding 

training (including training status) and dietary supplement intake. The second 

questionnaire was the PAR Q – Physical Activity Readiness Questionnaire to assess 

cardiovascular risk. Supplements were only allowed if they did not influence body 

composition or performance (only protein supplements and multivitamins were allowed). 

Volunteers undertaking any medications were automatically excluded from the study. 

Participants were healthy men between 18 and 45 years old, engaged in resistance training 

at least 3 times per week for at least 1 year.  

All participants were non-smokers and free from clinical conditions that might 

have compromised their tolerance to the supplements, training program, or influence 

body composition and performance. In order to avoid obesity as a confounding factor, 

participants above 25% body fat were also excluded, since this is the cutoff value for 

obesity in men (2). Although 53 participants were initially engaged in the study, only 40 
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were able to complete it. Please refer to the CONSORT flow diagram for more details 

regarding dropouts (Figure 16). 
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Table 4. Baseline characteristics of the participants (n = 40)  

 

Abbreviations: α-HICA: leucic acid; FFM: fat-free mass; FM: fat mass; HMB-Ca: β-hydroxy-β-methylbutyrate calcium 
salt; HMB-FA: β-hydroxy-β-methylbutyrate free acid; PLA: placebo 

 

STUDY 4 (CHAPTER 7) 

The volunteer was a type 1 diabetic patient (diagnosed for over 30 years) with 59 

years old, non-smoking male, that was referenced to our lab and gave permission to access 

his medical records. According to his medical file, he was unable to engage in any type 

of training due to serious mobility limitations. A grand mal seizure (15 years before) led 

to permanent damage on his right hip, eventually requiring hip replacement surgery. The 

patient also presented a long history of serious hypoglycemic crises, one associated with 

cardiac arrest. According to the primary care physician, both the impaired ambulation and 

the disease were the cause for the loss of body mass, especially in the lower limbs. 

The subject also used several medicines including: ≈25 IU slow acting insulin 

(Lantus®-Generis Farmacêutica SA, Amadora, Portugal) upon awakening and ≈3 UI fast 

acting insulin (Humalog®-Lilly Portugal, Lisboa, Portugal), approximately one hour after 

meals. The insulin administration was dependent on the glycemic values. Additional 

medications included pregabalin 100 mg twice daily (Lyrica® Pfizer Ltda, Freiburg, 

Germany) for the treatment of peripheral pain and 75 mg clopidogrel (KRKA, Cuxhaven, 

Germany) before sleep to prevent arterial thrombosis. Due to his mobility and medical 

limitations, he was always accompanied by his care taker during all assessments. 
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3.2 Supplementation and diet control 

The assignment of the participants to the groups of supplementation was 

performed according to a randomly generated list and was blocked in varying block sizes 

according to grip strength, age and FFM. No statistically significant differences existed 

between groups, for these variables, at baseline (Table 4). This type of block 

randomization had already been performed in previous works with HMB (3-5) and has 

been shown to reduce bias (6).  

Since several research studies have expressed concerns regarding supplements 

meeting the label claims (7-9), we externally assessed the supplements used, pertaining 

their content. All supplements, α-HICA (Onsalesit, SA, Funchal, Portugal), HMB-FA 

(Beta-TOR, Body Attack, Hamburg, Germany) and HMB-Ca (HMB Mega Caps 1250, 

Olimp Labs, Pustynia, Poland), met the label claims. According to the third party analysis 

using HPLC-UV (Labs-Mart Inc. Edmonton, AB – Reports: 70496-1, 70496-2 and 

70496-3) the supplements contained 97 ± 2.9% of the α-HICA, 95 ± 2.3% of the HMB-

FA and 96 ± 2.1 of the HMB-Ca reported. The placebo group consisted on magnesium 

stearate, being ordered specifically from a local manufacturer in white unlabeled 

capsules. Magnesium stearate is an inactive substance widely used for many decades in 

the food industry - mainly as an emulsifier in food supplements and herbs, spices and 

chewing gums (10). It also displays low genotoxic potential (10) and is categorized by 

the U. S. Food & Drug Administration as generally recognized as safe (GRAS) (11). 

Furthermore, it does not reduce other substances’ bioavailability (12) and is used in 

clinical research as placebo (13). Each capsule had a small amount of the compound and 

all doses were well inside the safety limits.  

In studies 1, 2 and 3 (chapter, 4, 5 and 6) HMB supplements were consumed 1 g 

prior to training and 1 g on every other 2 meals (total 3 x 1 g daily). On rest days HMB 

was consumed 1 g per main meal (total: 3 x 1 g a day). This was performed according to 

previous research (3, 5). The only α-HICA study performed in humans to date, used 500 

mg 3 x daily with main meals (14). In order to guarantee blinding, we decided to use the 

same supplementation protocol with both α-HICA and HMB, since it was unlikely that 

the timing of ingestion would have influenced results. Different timing protocols have 

been investigated with leucine derivatives and no differences were reported (15-18). In 
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study 4 (chapter 7), since no RET was involved, α-HICA was administered 500 mg thrice 

daily with main meals according to Mero et al. (14). Compliance was assessed in all 

studies, when participants’ returned their supplement empty bags during counselling 

(every 2 weeks - studies 1, 2, 3; every week - study 4). 

Since energy intake might influence performance and body composition (19), in 

study 1, 2 and 3 (chapters 4, 5 and 6) the participants were individually instructed by a 

licensed and trained dieticians to consume sufficient energy and protein in order to allow 

for training-induced gains of FFM. Thus, participants self-reported 3-day dietary intake 

through dietary logs (3 non-consecutive days, one being a weekend day), according to 

Yang et al. (20), at the beginning of the study and at the end of weeks 4 and 8. Food logs 

were analyzed by Food Processor 10.12 (ESHA Research Inc., Salem, Oregon USA) for 

energy and macronutrients. Before the beginning of the study, if participants were not 

ingesting at least 1.6 g of protein per kg/body weight.day-1, according to the most recent 

recommendations for muscle hypertrophy development (21), and at least 45 kcal per kg 

of FFM, according to the upper range for an estimated positive energy balance in athletes 

(19), a registered dietitian would provide dietary counselling in order to adjust the protein 

and/or energy intake. Eleven participants required protein adjustments, which were 

normalized to ≈2.2 g of protein per kg/body weight.day-1 (using protein supplements or 

food, depending on individual’s convenience). This consequently raised daily mean 

protein intakes into a high protein approach in both groups.  These strategies were used 

to assure that participants were in an estimated positive energy balance and that protein 

ingestion allowed for muscle hypertrophy development. 

In study 4 (chapter 7), the volunteer followed a diet designed by a Registered 

Dietitian from a previous hospital admission, which was deemed adequate. He was further 

instructed not to change his dietary habits during the study. The diet was comprised of 

2200 kcal (138 g protein ≈25% TDEE, 303 g carbohydrates ≈55% TDEE, and 49 g fat ≈ 

20% TDEE) with its composition being assessed from baseline every 30 days in the same 

fashion as studies 1, 2 and 3 (chapters 4, 5 and 6) using certified software (Food Processor, 

Esha Research, Inc, Salem, Oregon, USA). Weekly Nutrition counselling was provided 

by a Registered Dietitian to enhance compliance with the hospital diet.   
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3.3 Training Protocol 

Only the participants in studies 1, 2 and 3 (chapters 4, 5 and 6) were engaged in a 

RET protocol. The RET protocol was designed according to the guidelines for 

hypertrophy type of resistance training for intermediate-trained individuals and consisted 

of 3 sessions per week during an 8-week period, with a minimum of 48 hours interval 

between sessions (22-24). The following exercises were performed in the described order 

during each resistance training session: barbell back squat, deadlift, machine leg 

extension, barbell flat bench press, dumbbell military press, lat pull-down, seated cable 

row. During the first three weeks, participants performed three (weeks one and two) or 

four (week three) sets of 12 repetitions with 60-s of rest between sets and exercises. In 

weeks four, five and six, participants performed three (week four) or four (weeks five and 

six) sets of 10 repetitions with 90-s between sets and exercises. During the last two weeks 

(weeks seven and eight), participants performed four sets of eight repetitions with 120-s 

between sets and exercises (table 5). 

 

Table 5. Characteristics of the training protocol 

 

Each repetition was performed in a controlled manner for 2-s during the eccentric 

phase and 1-s in the concentric phase.  Given that athletes had a resistance training 

background of at least 1 year, sets were carried to the point of concentric muscle failure 

while maintaining proper exercise form. All exercises were performed according to the 
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NSCA guidelines (25) and under the direct 1:1 supervision of an experienced strength 

and conditioning coach. 

3.4 Muscle strength and power assessments  

Before each assessment the participants were familiarized with the specific 

strength test. In all studies, a meal replacement bar (Matrix Bar, Olimp Labs, Pustynia, 

Poland) was provided prior to strength and power assessments, to both standardize dietary 

intake prior to tests and to guarantee participants were not in a fasted state. This bar was 

comprised of 26.2 g protein, 20.5 g carbohydrate, and 8 g fat.   

Maximal isometric forearm strength 

In all studies, handgrip strength was assessed. In studies 1, 2 and 3 (Chapters 4, 5 

and 6) participants’ handgrip strength was assessed at study entry and at the end of weeks 

4 and 8. In study 4 (Chapter 7) this parameter was assessed at baseline and at the end of 

the study (after 120 days). The same procedures were enforced in all studies. 

Maximal isometric forearm strength was determined using a hydraulic hand 

dynamometer model 5030J1 (Jamar, Sammons Preston, Inc, Bolingbrook, IL, U.S.A.) 

with visual feedback (26). The dynamometer was adjusted to the subject's dominant hand 

with each trial lasting approximately 5-seconds. The best of three maximal trials was 

recorded to the nearest 2 kg (19.61 N). The same adjustment of the dynamometer was 

used for all tests. This test was included since it has been suggested as a reliable indicator 

pertaining favorable prognosis in health-related events in older and diseased populations 

(26, 27) and also as an indicator of general strength in younger healthy adults (28). 

Maximal isometric leg Strength 

This assessment was only performed in study 4 (chapter 7). Since the participant 

presented serious mobility limitations, for safety reasons and following medical advice 

1RM tests were precluded. The evaluation of the maximal lower strength was made 

performing 3 rapid maximal voluntary isometric contractions (MVC’s). The evaluation 

of the maximal knee extension strength was performed on a custom-made horizontal leg 
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press device (Model 4090E; HBP Exclusive Line) instrumented with an aluminum 

platform equipped with 4 load cells (Shear Beam Load Cell - Flintec BK2). During the 

test, the patient was positioned with the hip and knee joints at angles of 100˚ and 110˚, 

respectively. The volunteer was then instructed to produce maximal force as quickly as 

possible, sustaining the effort for 3 seconds (29, 30). The force signal was A/D converted 

(MP100 – Biopac Systems Inc, 16 bits) with a sample rate of 1 KHz. AcqKnowledge 

software (Biopac Systems Inc) was used to analyze the highest value across the 3 MVC’s 

to the nearest 2.0 N/mV. The same equipment adjustment was used in all assessments. 

This test has been proposed to have particular relevance in geriatric and rehabilitation 

environments, since it represents a practical and inexpensive alternative for the 

assessment of muscular strength and power (30).  

Countermovement jump, 1 repetition maximum and 

Wingate test  

These tests have been thoroughly used to evaluate muscle strength and power in 

both, young trained (3, 4) and recreationally active individuals (5), when evaluating the 

effects of some leucine metabolites. As explained previously, these tests were only used 

in studies 1, 2 and 3 (Chapters 4, 5 and 6). Before any assessments were performed, after 

initial familiarization with tests procedures, the subjects performed five minutes of 

moderate-intensity aerobic exercise (29).  

Countermovement jump was assessed on a contact platform controlled by an 

open-source hardware and software model (Chronojump, Barcelona, Spain), which 

computed and stored flight time with a temporal resolution of 1 ms. The displacement of 

the center of gravity (jump height h) during flight was estimated by means of flight time 

through a standardized kinematic equation ℎ = 𝑡2. 𝑔/8 , where g is the gravity 

acceleration (9.81 m/s2). The software automatically generated jump height (cm) and 

power (W), from the computed data. The best attempt out of 3 attempts was considered 

for analysis (31).  

The evaluation of maximum strength was obtained from 1RM testing of the back 

squat and bench press exercises on a Multipower machine (model-M953, Technogym, 
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Cesena, Italy) at the strength laboratory at baseline and at the end of weeks 4 and 8. The 

determination of 1RM from these exercises was conducted according to the NSCA 

guidelines and supervised by a NSCA certified strength and conditioning specialist (25). 

In summary, the subjects performed 3 warmup sets before attempting the 1RM load. A 

3-minute recovery was allowed between the last warmup set and the 1RM attempt. An 

increase or decrease of 2.5-5 kg on the bench press exercise and 5-10 kg on the squat 

exercise occurred in case the attempt to move the 1RM load was successful or failed. The 

order of the 1RM exercise determination was: bench press and back squat; and was 

maintained for the three test sessions.  

Peak anaerobic power and mean anaerobic power were assessed by the Wingate 

anaerobic test. After initial familiarization and individual adjustment on the cycle 

ergometer (Monark ergomedic 894 E, Monark Exercise AB, Vansbro, Sweden), subjects 

performed three to five minutes of light cycling. At the end of each minute of the warm-

up, the subject performed approximately five seconds of sprinting. The test was initiated 

with the subject pedaling at maximal cadence against no load. A verbal command 

provided the auditory cue to begin pedaling. Once the subject attains maximal cadence, 

an external load (7.5% body weight) was applied for the 30 s all-out test. The subjects 

remained seated during the entire test (30 s). The test was terminated after 30 s of all-out 

work, with participants engaging in a 2-5 min cool-down period before dismounting the 

cycle ergometer. Peak and average power were calculated according to the 

manufacturer’s anaerobic test software from: 𝑃𝑒𝑎𝑘 𝑃𝑜𝑤𝑒𝑟 =

(𝑓𝑙𝑦𝑤ℎ𝑒𝑒𝑙 𝑟𝑝𝑚 𝑓𝑜𝑟 𝑡ℎ𝑒 ℎ𝑖𝑔ℎ𝑒𝑠𝑡 𝑓𝑖𝑣𝑒 𝑠𝑒𝑐𝑜𝑛𝑑 𝑝𝑒𝑟𝑖𝑜𝑑 𝑋 1.615 𝑚) 𝑋 (𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑘𝑔) 𝑋 9.8);  

𝑀𝑒𝑎𝑛 𝑃𝑜𝑤𝑒𝑟 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑎𝑙𝑙 𝑓𝑖𝑣𝑒 𝑠𝑒𝑐𝑜𝑛𝑑 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑠 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑒𝑛𝑡𝑖𝑟𝑒 30 𝑠 𝑡𝑒𝑠𝑡  

 These tests were used due to their high reliability regarding muscle power and 

strength. 1RM tests have been recommended to assess lower body and upper body 

strength, while the 30 s Wingate anaerobic test has been used as a surrogate for anaerobic 

endurance, capacity and fatigue (29). Insofar as jump performance is concerned, CMJ 

was used instead of squat jump, since the former seems superior to assess athletic 

performance (32). 
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3.5 Body composition measurements 

Anthropometry 

All subjects were measured to the nearest 0.1 cm with a stadiometer (Seca, 

Hamburg, Germany), using standardized procedures (33). Body mass was assessed to the 

nearest 0.1 kg using a weight scale (Seca, Hamburg, Germany). Participants in studies 1, 

2 and 3 (Chapters 4, 5 and 6) were assessed at baseline and after weeks 4 and 8. The 

participant in study 4 (chapter 7), was assessed at baseline and after 120 days.  

Bioelectrical impedance spectroscopy 

BIS was used in study 2 (Chapter 5) to assess TBW from ECW and ICW. The 

ECW and ICW compartments were determined by whole body resistance (R) and 

reactance (Xc) and TBW calculated as their sum, using BIS model 4200 from Xitron 

Technologies (San Diego, CA, USA).  

Participants were evaluated in a supine position with their arms and legs abducted 

at an angle of 45º. After the skin was cleaned with alcohol, four electrodes were placed 

on the dorsal surfaces of the right hand and foot. The source electrodes were placed on 

the hand, in the middle of the dorsal surface proximal to the metacarpal-phalangeal joint, 

and on the foot, in the middle of the dorsal surface proximal to the metatarsal-phalangeal 

joint. The detector electrodes were placed on the wrist at the midline between the distal 

prominences of the radius and ulna and in the ankle joint at the line between the malleoli. 

Before each testing session, the analyser was calibrated with a calibration circuit 

simulator.   

Assessments were performed after a 10-minute rest period (34). The software 

performed biophysical modelling according to the impedance data (from R and Xc). 

Extracellular water and intracellular water were calculated individually using the 

equipment’s prediction equations. Total body water was assumed as the sum of ECW and 

ICW. This method has been previously validated to estimate total body water and its 

compartments in athletes (34). 
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Dual-Energy X-Ray Absorptiometry 

In all studies, participants underwent a whole-body DXA scan on a Hologic 

Explorer-W, fan-beam densitometer (Hologic, Waltham, MA) according to the 

procedures recommended by the manufacturer. Studies 2 and 4 (Chapters 5 and 7) 

analyzed whole-body and regional body composition. Study 2 analyzed the changes 

between baseline and weeks 4 or 8, while study 4 performed the same analysis between 

baseline and day 120 (end of the study). Whole-body FFM, FM and BMC were analyzed 

only at baseline in studies 1 and 3, to allow block randomization. 

The DXA equipment measures the attenuation of X-rays pulsed between 70 and 

140 kV synchronously with the line frequency for each pixel of the scanned image. A 

step phantom with six fields of acrylic and aluminum of varying thickness and known 

absorptive properties was used as an external standard calibrator for the analysis of 

different tissue components.  

Although the software automatically generates regions (i.e. arms, legs and trunk), 

those were adjusted manually by the technician. Specifically, trunk region was separated 

from the legs by a horizontal line right above the iliac crest (lower boundary) and from 

the head by neck cut (upper boundary) (35). The trunk region includes the neck, chest,  

abdominal and pelvic areas except the gluteal area that was included into legs (36).  

 The same technician positioned the participant, performed the scan, and executed 

the analyses (software QDR for Windows version 12.4; Hologic) according to the 

operators manual using the standard analysis protocol. Analysis provided total FM, FFM 

and BMC from whole-body and different subregions. The coefficients of variation in our 

laboratory, based on 10 young active adults (five males and five females), is 1.6% for 

bone mineral content, 1.7% for FM, and 0.8% for FFM (37). This method was used due 

to its good precision and low radiation dose (38), although changes in hydration may be 

a concern (39, 40). Additionally, DXA offers regional body analysis and is presently 

considered the gold standard for BMC assessment (38-41). 
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Muscle Thickness 

Muscle thickness was only assessed at baseline and at the end of weeks 4 and 8 in 

studies 1 and 3 (Chapters 4 and 6). Muscle thickness of the vastus lateralis (VL) and the 

rectus femoris (RF) was assessed at rest using B-mode ultrasound imaging with a 9-cm-

long 10-MHz linear-array transducer (model EUB-7500; Hitachi Medical Corporation, 

Tokyo, Japan). Longitudinal and transversal scans were taken from the muscles mid-belly 

corresponding to 39% (VL) and 56% (RF) of the distance from the proximal edge of the 

patella to the anterior superior iliac spine, according to Blazevich et al. (42).  

Participants were positioned in a seated position with their knee flexed at 10° (0° 

being full extension), participant’s legs were supported during the scan and their muscles 

relaxed. To ensure that repeated scans (weeks 4 and 8) were taken from the same site, 

scanning locations were mapped with a malleable transparent plastic sheet at the baseline 

measurement, along with other distinguishing surface landmarks (e.g., border of patella, 

tattoos, scars, moles). We defined MT as the perpendicular distance between the 

subcutaneous adipose tissue-muscle interface and intermuscular interface, and quantified 

three times from the ultrasound scans using the image analysis software, IMAGEJ 1.42q 

(National Institutes of Health, Bethesda, MD). Averaged values were considered for 

further analysis. All measures were collected and digitally analyzed by the same operator 

with an intra-rater coefficient of variation of 0.5% for VL and 0.6% for RF.  

This method has been used as a proxy marker to assess skeletal muscle 

hypertrophy in previous studies (3, 4) and has been shown to correlate well against more 

robust and direct measures of muscle mass (43, 44). 

3.6 Blood markers  

Hormones and proxy markers of muscle damage  

Hormones and proxy markers of muscle damage were evaluated in study 1 

(Chapter 4). Blood samples were collected by standard procedures into 

ethylenediaminetetraacetic acid (EDTA) tubes, centrifuged at 500 g at 4 °C for 15 min, 

and plasma was frozen at -80 °C.  Plasma samples were then analyzed for GH, total 
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testosterone, IGF-1 and cortisol at the Core Laboratory of McMaster University Medical 

Centre using solid-phase, two site chemiluminescence immunometric assays (Immulite; 

Intermedico, Holliston, MA).  

All intra-assay coefficients of variation for these markers were below 5% and all 

assays included external and internal standards and daily quality controls. Plasma creatine 

kinase (CK) was determined by a kit according to the manufacturers specifications 

(Sigma Aldrich, St. Louis, MO). The intra-assay coefficient of variation (CV) for CK was 

below 8%. Hemoglobin was analyzed by photometry (Beckman, DU68) by the Drabkin 

method (45) and hematocrit by capillary microcentrifugation (Sigma Aldrich, St. Louis, 

MO). These markers have been used previously in several studies, with leucine 

metabolites, to evaluate both endocrine and muscle damage effects of these compounds 

(3, 15, 46-48).  

Inflammatory markers 

Inflammatory markers were only assessed in study 3 (Chapter 6). Blood collection 

was performed within the same standards as for hormones and proxy markers of muscle 

damage. Plasma was then further analysed for IL-6, high-sensitivity C-reactive protein 

(hsCRP) and TNF-α concentrations also at the core Laboratory of McMaster University 

Medical Centre. IL-6 and TNF-α were analysed using a Bio-Plex reagent Kit and a Bio-

Plex reader (Bio-Rad Laboratories, Hercules, CA) by enzyme-linked immunosorbent 

assay (ELISA), while hsCRP was analysed using a commercially available high-

sensitivity CRP-Latex Kit (Pulse Scientific, Burlington, ON, CA) and an Express Plus 

autoanalyzer (Chiron Diagnostics Co, Walpole, MA). Intra-assay coefficients of variation 

reported for the lab are <6%, <4.5% and <3.5%, for IL-6, TNF-α and hsCRP, respectively. 

At weeks 4 and 8, concentrations of hormones, inflammatory and muscle damage 

markers, were corrected for plasma volume variation with hemoglobin concentration and 

hematocrit, according to Dill & Costill (49) (studies 1 and 3). 
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Blood markers requested under physician care 

In study 4 (Chapter 7), several biomedical markers were requested under 

physician order due to safety reasons. These included: Hemoglobin, Erythrocytes, 

Hematocrit, Mean Corpuscular Volume, Red Cell Distribution Width, Platelet Count, 

Ferritin, Transferrin, Serum Iron, Glucose, Glycated Hemoglobin, Median Glucose, 

Insulin, Total Cholesterol, low-density lipoprotein cholesterol (LDL), high-density 

lipoprotein cholesterol (HDL), Triglycerides, Albumin, C Reactive Protein, Uricemia, 

Creatinine, Aspartate Aminotransferase, Alanine Aminotransferase, Gamma-glutamyl 

Transpeptidase, Alkaline Phosphatase, Sodium, Potassium, Chlorine and Free 

Testosterone. Blood samples were taken at a local hospital (CUF/José de Mello Saúde, 

Sintra, Portugal) and processed onsite in a certified laboratory.   

3.7 Statistical analysis 

Data analysis was performed using the IBM SPSS Statistics (SPSS Inc., an IBM 

Company, Chicago, Illinois, USA) version 22.0 for studies 1, 2 and 3 (Chapters 4, 5 and 

6). Sample sizes for studies 1 to 3 were calculated through an a priori power analysis 

(G*Power Version 3.1.9.2, Heinrich Heine Universitat Dusseldorf, Germany), based on 

FFM changes from previous studies (4) and power of 0.80 and alpha of 0.05. No statistical 

analysis was performed in study 4 (Chapter 7) since this was a single case study (n = 1).  

The statistical procedures common to all studies (Chapter 4 to 6) are presented 

below: 

• Descriptive statistics including means, standard deviation and confidence interval 

were performed for all outcome measurements. The normality of the distribution 

of variables was tested by the Shapiro–Wilk test.  

• Baseline values between groups and delta values were analysed by one-way 

ANOVA, since normality was observed. 

•  Time and time-by-group interactions were evaluated by repeated-measures 

ANOVA (Baseline, weeks 4 and 8). 

• Post-hoc analysis using the Bonferroni test were used, when appropriate. 
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• The equality of the matrix of variance and sphericity were explored with the 

Levene F test and Mauchly’s test, respectively. 

• Overall significance level for α was set at P ≤ 0.05.  

Additionally in study 3 (Chapter 6), backwards elimination regression equations were 

generated in effort to elucidate if a combination of inflammatory markers shared variance 

with any primary outcomes (Δ% combined 1RM, Δ% VL MT, and Δ% RF MT) or 

baseline values (combined 1RM, VL MT, and RF MT), initial, late and total % changes. 

The probability of F was used as our stepwise criteria with entry at 0.05 and removal at 

0.06. Scatter plots with *ZRESID plotted against *ZPRED were used to assess linearity 

and heteroscedasticity when one or more independent variables were retained in the 

model. 

The specific procedures and details may be found in each chapter. 
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Leucine Metabolites Do Not Enhance Training-induced 

Performance or Muscle Thickness 

Filipe J. Teixeira, Catarina N. Matias, Cristina P. Monteiro, Maria J. Valamatos, Joana F. 

Reis, Francisco Tavares, Ana Batista, Christophe Domingos, Francisco Alves, Luís B. 

Sardinha and Stuart M. Phillips 

Abstract 

Leucine metabolites, α-hydroxyisocaproic acid (α-HICA) and β-hydroxy-β-

methylbutyrate (calcium, HMB-Ca and free acid, HMB-FA), have been proposed to 

augment resistance training-induced changes in body composition and performance. 

PURPOSE: We aimed to conduct a double-blind randomized controlled pragmatic trial 

to evaluate the effects of off-the-shelf leucine metabolite supplements of α-HICA, HMB-

FA and HMB-Ca, on resistance training-induced changes in muscle thickness, and 

performance. METHODS: Forty men were randomly assigned to receive α-HICA (n=10, 

fat-free mass [FFM]=62.0 ± 7.1 kg), HMB-FA (n=11, FFM=62.7 ± 10.5 kg), HMB-Ca 

(n=9, FFM=65.6 ± 10.1 kg), or placebo (PLA; n=10, FFM=64.2 ± 5.7 kg). The training 

program consisted of whole body thrice weekly resistance training for 8wk (7 

exercises/session, 3-4 sets per session, at 70-80% 1RM). Skeletal muscle thickness by 

ultrasound, performance measures, and blood measures (creatine kinase [CK], insulin-

like growth factor 1 [IGF-1], growth hormone [GH], cortisol and total testosterone) were 

evaluated at baseline and at the end of weeks 4 and 8. RESULTS: Time-dependent 

changes were observed for muscle thickness (p < 0.001), 1RM bench press and squat (p 

< 0.001), Wingate peak power (p = 0.02), countermovement jump height (p = 0.03), 

power (p = 0.006), CK, IGF-1, GH, and cortisol (all p <0.001). No significant between-

group or time-by-group interactions were observed. CONCLUSION: No leucine 

metabolite resulted in any ergogenic effects on any outcome variable. Supplementation 

with leucine metabolites – α-HICA, HMB-FA, or HMB-Ca – is not a supplementation 

strategy that improves muscle growth and strength development in young adult men. 

Keywords: resistance training; hypertrophy; strength; β-hydroxy β-methylbutyrate, α-

hydroxyisocaproic acid 
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4.1 Introduction 

Leucine is an essential branched-chain amino acid present in a number of protein-

containing foods (1). Leucine metabolites such as α-hydroxyisocaproic acid (α-HICA) 

and β-hydroxy-β-methylbutyrate (HMB) have been proposed to promote changes in body 

composition, performance and reduce indirect markers of muscle damage (2, 3). A 

product of leucine metabolism, α-HICA (leucic acid) is formed in many human tissues 

(4). Research on α-HICA is scarce, with only one study (3) in male soccer players. Based 

on this single investigation (3), it has been suggested that α-HICA may exert an anti-

catabolic action.   

Supplementation with the leucine metabolite β-hydroxy-β-methylbutyrate (HMB) 

in  the calcium form, HMB-Ca, has shown positive effects on performance and body 

composition (5-8) while other studies report no effect (9-11).  The suggestions have been 

that the most effective use of HMB would be in older adults, untrained individuals, and 

injured or energy-restricted athletes (12). A free acid (FA) form of HMB (HMB-FA) has 

a higher bioavailability when comparing with HMB-Ca (13); however, there is no 

difference between HMB-Ca and HMB-FA in their ability to enhance MPS in young men 

(14).  A recent systematic review suggested that HMB-FA, in conjunction with resistance 

training, may attenuate markers of muscle damage, augment acute endocrine responses, 

and enhance training-induced increases in muscle mass and strength (2). However, the 

reported effects on muscle mass and strength in that review are strongly driven by two 

research studies, which contained extraordinary results (15, 16) that have been questioned 

due to extensive limitations (17). Thus, it is unclear at this time as to the true efficacy of 

HMB-FA in promoting changes in body composition.  

Meta-analyses indicate small effects of HMB on markers of muscle damage, 

endocrine responses and training induced changes in muscle mass and strength (2), while 

other analyses do not support this conclusion (18, 19). To our knowledge, there has been 

no randomized trial to investigate the effects of commercially available forms of these 

compounds on muscle thickness and selected performance outcomes. This is, in our view, 

exceptionally important as consumers are taking these supplements direct ‘from the shelf’ 

often based on claims stemming from research. Thus, we undertook a pragmatic 

controlled, double-blind randomized trial to compare commercially available 
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supplements, HMB-FA, α-HICA and HMB-Ca, on resistance training-induced changes 

in muscle thickness and performance. Our working hypothesis was that so long as 

participants adhered to a diet containing adequate energy and dietary protein that there 

would be no differences between those receiving the leucine metabolites – HMB-FA, α-

HICA and HMB-Ca – when compared to a placebo consuming group. 

 

4.2 Methods 

ETHICS AND GENERAL STUDY DESIGN 

This investigation was approved by the Faculty of Human Kinetics Institutional 

Review Board (approval number 15/2017) and conformed to all standards of human 

research set out in the declaration of Helsinki. The trial was registered at clinicaltrials.gov 

as NCT03511092. Prior to engaging in any of the study procedures, the purpose and 

design of the study, the data collection methodologies and all potential risks and benefits 

were explained to potential research participants. All participants gave their verbal and 

written informed consent before enrolling. Fifty-three men were recruited according to 

the eligibility criteria with forty completing the investigation. Participants were between 

the ages of 18 and 45 y and were recruited from social networks and local gyms. 

Participants were randomly assigned to one of the four groups: α-HICA; HMB-FA; 

HMB-Ca; Placebo (PLA). For details, please refer to the CONSORT flow diagram 

(Figure 17). 
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Figure 14. CONSORT diagram of the randomization and flow of participants through the study. 

 

All supplements were generously donated directly from shelf-stock from a local 

supplement store. All brands presented a certificate of analysis regarding the content of 

each supplements. Third party testing (Labs-Mart Inc. Edmonton, AB) of the same 

supplements (reports 70496-1, 70496-2 and 70496-3) for α-HICA, HMB-FA and HMB-

Ca (using HPLC-UV) indicated the supplements contained 97 ± 2.9% of the α-HICA, 95 

± 2.3% of the HMB-FA and 96 ± 2.1 of the HMB-Ca reported. Placebo consisted on 

magnesium stearate.  Assignment was according to a randomly generated list and was 

blocked in varying block sizes with participants matched for grip strength, age and DXA-

measured fat-free mass (FFM). Thus, at baseline there were no statistically significant 

differences between groups for handgrip strength, age or FFM (Table 6). Participants 

received packaged supplements and instructions in a double blinded fashion. 

Supplementation compliance was assessed by having the participants hand their empty 

supplement packets back to the researchers at the end of each two-week block of training. 

The training protocol consisted on whole body hypertrophy-type resistance training 

routine for intermediate-trained individuals and consisted of 3 training sessions per week 

for 8 weeks. 
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Evaluations of strength, skeletal muscle and performance took place at baseline 

and weeks 4 and 8. In addition, each subject had a blood sample collected in the same 

time in the morning by the same technician and were repeated at the end of week 4 and 8 

of the study. All evaluations of the eligible participants and blood samples collection were 

performed early in the morning after a 12-h fast and without prior exercise, or 

consumption of alcohol, or caffeine/stimulant beverages. Muscle strength and power were 

assessed in a fed state after the ingestion of a meal replacement bar (Matrix Bar, Olimp 

Labs, Pustynia, Poland:  comprised of 26.2 g protein, 20.5 g carbohydrate, and 8 g fat.  

PARTICIPANTS 

Participants were healthy men between 18 and 45 years old, currently engaged in 

resistance training for at least 1 year and at least 3 times per week. Sample size was 

calculated from previous studies (please refer to statistics section for more details). 

Participants taking any type of medication or supplements aimed at enhancing body 

composition or performance prior to the research, were excluded (only protein 

supplements and multivitamins were allowed). All participants were non-smokers and 

free from clinical conditions that might have compromised their tolerance of the 

supplements, training program, or influence body composition and performance. 

Participants with more than 25% body fat were also excluded. 

 

Table 6. Baseline characteristics of the participants. 

 

BODY COMPOSITION  

Body composition was determined at baseline by dual-energy x-ray 

absorptiometry (DXA) and muscle thickness by ultrasonography. Participants underwent 

a whole-body DXA scan according to the procedures recommended by the manufacturer 

on a Hologic Explorer-W, fan-beam densitometer (Hologic, Waltham, Massachusetts, 

USA).  The equipment measures the attenuation of X-rays pulsed between 70 and 140 kV 

synchronously with the line frequency for each pixel of the scanned image. A step 

phantom with six fields of acrylic and aluminum of varying thickness and known 
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absorptive properties was used as an external standard calibrator for the analysis of 

different tissue components. The same technician positioned the patient, performed the 

scan, and executed the analyses (software QDR for Windows version 12.4, Hologic, 

Waltham, Massachusetts, USA) according to the operator’s manual using the standard 

analysis protocol. The coefficients of variation in our laboratory, based on 10 young 

active adults (five males and five females), is 1.6% for BMC, 1.7% for FM, and 0.8% for 

FFM (20). 

MUSCLE THICKNESS 

Muscle thickness (MT) of the vastus lateralis (VL) and the rectus femoris (RF) 

was assessed at rest using B-mode ultrasound imaging with a 9-cm-long 10 MHz linear-

array transducer (model EUB-7500, Hitachi Medical Corporation, Tokyo, Japan). 

Longitudinal and transversal scans were taken from the muscles mid-belly corresponding 

to 39% (VL) and 56% (RF) of the distance from the proximal edge of the patella to the 

anterior superior iliac spine, according to Blazevich et al. (21). Participants were 

positioned in a seated position with their knee flexed at 10° (0° being full extension), 

participant’s legs were supported during the scan and their muscles relaxed.  To ensure 

that repeated scans (weeks 4 and 8) were taken from the same site, scanning locations 

were mapped with a malleable transparent plastic sheet at the baseline measurement, 

along with other distinguishing surface landmarks (e.g., border of patella, tattoos, scars, 

moles). We defined MT as the perpendicular distance between the subcutaneous adipose 

tissue-muscle interface and intermuscular interface, and quantified three times from the 

ultrasound scans using the image analysis software, IMAGEJ 1.42q (National Institutes 

of Health, Bethesda, MD). Averaged values were considered for further analysis. All 

measures were collected and digitally analyzed by the same operator with an intra-rater 

coefficient of variation (CV) of 0.5% for VL and 0.6% for RF. 

BLOOD MARKERS 

Blood samples were collected by standard procedures into EDTA tubes, 

centrifuged at 500 g at 4 °C for 15 min, and plasma was frozen at -80 °C.  Plasma samples 

were then analyzed for growth hormone (GH), total testosterone, insulin-like growth 

factor 1 (IGF-1) and cortisol at the Core Laboratory of McMaster University Medical 

Centre using solid-phase, two site chemiluminescence immunometric assays (Immulite; 
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Intermedico, Holliston, MA). All intra-assay coefficients of variation for these markers 

were below 5% and all assays included external and internal standards and daily quality 

controls. Plasma creatine kinase (CK) was determined by a kit according to the 

manufacturers specifications (Sigma Aldrich, St. Louis, MO). The intra-assay CV for CK 

was below 8%. Hemoglobin was analyzed by photometry (Beckman, DU68) by the 

Drabkin method and hematocrit by capillary microcentrifugation (Sigma Aldrich, St. 

Louis, MO). Concentrations of hormones and metabolites were corrected for plasma 

volume variation with hemoglobin concentration and hematocrit. 

MUSCLE STRENGTH AND POWER 

Muscle strength was assessed at study entry by evaluating grip strength and 1 

repetition maximum (1 RM) of the back squat and bench press at baseline and at the end 

of weeks 4 and 8. Maximal isometric forearm strength was determined using a handgrip 

dynamometer (Jamar, Sammons Preston, Inc, Bolingbrook, IL). The evaluation of 

maximum strength during the protocol was obtained from 1-RM testing of the back squat 

and bench press exercises on a Multipower machine (model-M953, Technogym, Cesena, 

Italy). The determination of 1-RM from these exercises was conducted according to the 

National Strength and Conditioning Association (NSCA) guidelines and supervised by 

an NSCA-certified strength and conditioning specialist.  

Muscle power was assessed with a supramaximal cycling test (Wingate) and a 

countermovement jump (CMJ). During the Wingate test (using a cycle ergometer – 

Monark ergomedic 894 E, Monark Exercise AB, Vansbro, Sweden), volunteers were 

instructed to cycle against a predetermined resistance (7.5% body weight) as fast as 

possible for 30 seconds (22). Peak power and average power were calculated. 

Countermovement jump was assessed on a contact platform controlled by an open-source 

hardware and software model (Chronojump, Barcelona, Spain), which computed and 

stored flight time with a temporal resolution of 1 ms. The best attempt out of 3 was 

considered for analysis (23). 

SUPPLEMENTATION AND DIET CONTROL 

Each participant received a commercial form of either α-HICA (HICA, Onsalesit, 

SA, Funchal, Portugal), HMB-FA (Beta-TOR, Body Attack, Hamburg, Germany), HMB-

Ca (HMB Mega Caps 1250, Olimp Labs, Pustynia, Poland), or placebo (magnesium 
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stearate, EightJuice, Seixal, Portugal). Participants were only aware that these were 

leucine derivatives and that a placebo group existed. Compounds were distributed in a 

double-blind manner. The investigator responsible for the sample randomization and 

compound distribution was not directly involved in participants’ eligibility interview or 

data collection. Individuals ingested supplements or placebo three times daily, alongside 

with meals or prior to training, according with previous research: 3 x 500 mg for -HICA 

(3) and 3 x 1 g for HMB-FA (16), HMB-Ca (24) or placebo.  

Participants were individually instructed by licensed and trained dieticians to 

consume sufficient energy and protein in order to allow for training-induced gains of lean 

mass.   Participants self-reported three-day dietary intake through dietary logs at the 

beginning, fourth and last week of the study. Food logs were analyzed by Food Processor 

10.12 (ESHA Research Inc., Salem, Oregon USA) for energy and macronutrients. Before 

the beginning of the study, if participants were not ingesting at least 1.6 g.kg-1.d-1 protein 

per body weight (25) and at least 45 kcal.kg-1 of FFM a day (26), a registered dietitian 

would provide counselling on foods to consume in order to adjust the protein and/or 

energy intake (Table 7). Eleven participants required protein adjustments, which were 

normalized to ≈2.2 g of protein per kg/body weight.day-1 (using protein supplements or 

food, depending on individual’s convenience). This consequently raised daily mean 

protein intakes into a high protein approach in all groups.  These strategies were used to 

assure that participants were in an estimated positive 

 

Table 7. Baseline participants’ reported dietary intakes. 

 

TRAINING AND EXERCISE PROTOCOLS 

The resistance training protocol was designed according to the guidelines for 

hypertrophy type of resistance training for intermediate-trained individuals and consisted 

of 3 sessions per week during an 8-week period, with a minimum of 48 hours interval 

between sessions (27). The following exercises were performed in the described order 

during each resistance training session: barbell back squat, deadlift, machine leg 
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extension, barbell flat bench press, dumbbell military press, lat pull-down, seated cable 

row. During the first three weeks, participants performed three (weeks one and two) or 

four (week three) sets of 12 repetitions with 60-s of rest between sets and exercises. In 

weeks four, five and six, participants performed three (week four) or four (weeks five and 

six) sets of 10 repetitions with 90-s between sets and exercises. During the last two weeks 

(weeks seven and eight), participants performed four sets of eight repetitions with 120-s 

between sets and exercises.  

Each repetition was performed in a controlled manner for 2-s during the eccentric 

phase and 1-s in the concentric phase.  Given that athletes had a resistance training 

background of at least 1 year, sets were carried to the point of concentric muscle failure 

while maintaining proper exercise form. All exercises were performed according to the 

NSCA guidelines and under the direct 1:1 supervision of an experienced strength and 

conditioning coach. 

STATISTICS 

Sample size was calculated through an a priori power analysis (G*Power Version 

3.1.9.2, Heinrich Heine Universitat Dusseldorf, Germany), based on FFM changes from 

previous studies (15) and power of 0.80 and alpha of 0.05. Statistical analysis was 

performed using IBM SPSS statistics version 22.0 (IBM, Chicago, Illinois, USA). 

Normality of the distribution of variables was tested by Shapiro-Wilk test. Baseline 

characteristics between groups and delta from baseline to week 8 for MT of both VL and 

RF were analyzed by a 1-way analysis of variance (ANOVA), since normality was 

observed. Time and time-by-group interactions were evaluated by repeated-measures 

ANOVA. The equality of the matrix of variance and sphericity were explored with the 

Levene F test and Mauchlys test, respectively. Overall significance level for α was set at 

p ≤ 0.05. 

4.3 Results 

According to food records, there were no differences between groups at baseline 

and no differences occurred from baseline to the end of the study in dietary intake. 

Participants were compliant with the supplementation, taking 84 ± 1% of supplements 

with no adverse effects being reported at the end of the 4th or 8th week of the study. 
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Participants completed 94 ± 5% (α-HICA: 96 ± 4%; HMB-FA: 92 ± 5%; HMB-Ca: 96 ± 

5%; PLA: 95 ± 6%) of the prescribed training sessions during the study. 

BODY COMPOSITION 

Muscle thickness increased for VL by 8% (95% CI: 2.5-13.6; α-HICA), 6% (95% 

CI: 3.5-8.6; HMB-FA), 9% (95% CI: 1.7-15.8; HMB-Ca) and 8% (95% CI: 2.17-13.1; 

PLA) and for RF by 3% (95% CI: -3.1-8.9; α-HICA), 4% (95% CI: 1.7-6.1; HMB-FA), 

6% (95% CI: 1.0-10.3; HMB-Ca) and 8% (95% CI: 3.2-13.4; PLA), from baseline to 

week 4 (VL and RF: p < 0.001) and from week 4 to week 8 (VL: p = 0.009; RF: p = 

0.018), with no difference between groups regarding delta changes from baseline to week 

8 (Figure 18). 

BLOOD MARKERS 

Plasma CK, IGF-1, total cortisol and GH increased from baseline to week 4 (p < 

0.001) with no differences from week 4 to week 8 (Figure 19). There was no change in 

total testosterone. 

MUSCLE STRENGTH AND POWER 

A time effect was found for Wingate peak power (p = 0.018), CMJ height (p = 

0.028), CMJ power (p = 0.006), and 1 RM back squat and bench press (p < 0.001). 

Wingate peak power decreased from baseline to week 4 (p = 0.007) returning to baseline 

values at the end of week 8; both CMJ height and power increased from baseline to week 

8 (CMJ height: p = 0.043; CMJ power: p = 0.007); and 1RM back squat and bench press 

increased from baseline to week 4 (p < 0.001) and remained elevated at week 8 in both 

exercises (p < 0.001 and p = 0.001, respectively) (Table 8). There were no differences in 

these outcomes by group. 
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Figure 15. Changes in MT during the 8 week training protocol. Panel A, Δ baseline-week 8 for MT (RF); 
Panel B, Δ baseline-week 8 MT (VL). Data are shown as box and whisker plots were whiskers are the 
maximum and minimum and the box represents the interquartile range, the line the group median. Dots 
represent outliers. *Significantly different (P < 0.05) from baseline . 
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Figure 16. Serum hormone concentrations and creatine kinase activity during the protocol. (A) Cortisol 
concentration; (B) CK activity; (C) GH concentration; and (D) IGF-1 concentration. *Significantly different 
(P < 0.05) from baseline. 

4.4 Discussion 

Our study is the first to directly compare the efficacy off-the-shelf commercially 

available forms of the leucine metabolites α-HICA, HMB-Ca, HMB-FA versus a placebo 

on resistance training-induced adaptations in performance and muscle thickness in young 

men consuming a balanced diet with sufficient protein intake. No differences were 

observed between supplements and placebo in anthropometric measures, muscle 

thickness, blood markers, or muscle strength and power. We observed training-induced 

effects for all performance-related variables, including muscle thickness, that was 

comparable to investigations of similar duration and with a similar group of trainees (10, 

11, 28, 29). 

Our results of a lack of effect of HMB-Ca are in broad agreement with a variety 

of other investigations in which HMB-Ca supplementation did not influence resistance 

training-induced outcomes (11, 29-31). We lack robust data for a comparison of an effect 
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of α-HICA (3); however, our data provide no support for the concept that α-HICA is 

anabolic over and above normal protein and energy intake. Limited data exist on HMB-

FA, but our data are in direct and sharp contrast to the few studies that have used this 

supplement (15, 16). 

 

Table 8. Power and strength measures throughout the protocol. 

 

We failed to reproduce the results of Kraemer et al. (24) in recreationally active 

participants who reported an increase in FFM in young men taking the same dose of 

HMB-Ca of ~9 kg in 12wk as well as substantially greater increases in CMJ power and 

1RM for squat and bench press. However, the supplement used by Kraemer et al. included 

other dietary ingredients (glutamine, arginine and taurine) which would preclude direct 

attribution of any changes seen specifically to HMB-Ca; however, we can find no 

compelling evidence why these other metabolites would be anabolic (32, 33). We also 

note that there are no meaningful differences in MPS when leucine and HMB in either 
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calcium or free acid form are compared (14, 34). An obvious difference between our work 

and that of Kraemer et al. (24) is the training program; however, recent evidence (35) 

shows that when leucine and HMB-Ca were compared, using the identical training 

program as that of Kraemer et al., that there were no differences between groups. 

Moreover, in this work (35) gains in FFM were in-line with recent systematic reviews 

(25). Meta-analyses show that HMB-Ca modestly augments training-induced increases 

in FFM in untrained participants and to some extent in elderly populations (6, 19) or older 

persons in bed rest (5). Regarding HMB-FA, our findings are in stark contrast with 

previously reported results by Wilson et al. (16) and Lowery et al.(15). However, these 

studies have been subject to considerable scientific scrutiny and have inherent 

methodological limitations (17).  

Insofar as protein intake is concerned, our study has displayed a mean intake 3.1 

± 0.5 g protein per kg/body weight.day-1 which we believe is the highest intake reported 

with leucine metabolites to date. Other previous studies with HMB-Ca, which are in broad 

agreement with our results, reported intakes ranging from 1.9 to 2.4 g protein per kg/body 

weight.day-1 (29, 36, 37). These amounts are deemed sufficient according to the latest 

body of evidence (25). Our higher protein intake is the result of the dietary intervention 

correcting intakes below 1.6 g protein per kg/body weight.day-1 to 2.2 g protein per 

kg/body weight.day1 as suggested by Morton et al. (25). Studies reporting extraordinary 

body composition outcomes with HMB, have failed to provide absolute energy and 

protein intakes (15, 16, 24).  Thus, whether they were consuming sufficient protein and 

in an estimated positive energy balance cannot be determined, which poses a serious 

limitation.    

As far as α-HICA is concerned, our findings are in contrast to the FFM increase 

reported by Mero et al. (3). The participants in this investigation were younger soccer 

players with no experience in resistance training. Whether α-HICA can improve training-

induced changes in body composition or recovery in different populations requires further 

clarification. Nonetheless, our data provide no support for the contention that α-HICA is 

anabolic. 

Changes in blood markers did not reveal any effect of the leucine metabolites or 

training protocol on total testosterone. These results do not align with those of some 
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previous investigations (24, 38) and are in agreement with others (15, 19). The current 

body of evidence, in addition to our findings, does not support the concept that HMB can 

increase testosterone levels. As would be expected, training raised both CK, cortisol, IGF-

1 and GH.  Unlike previous investigations, our findings did not support any reduction in 

CK activity (2). While circulating CK is a weak proxy marker of muscle damage, it is 

often used (39). Based on our results, we did not see that either form of HMB or α-HICA 

was able to prevent exercise induced muscle damage when compared to placebo. It has 

been questioned, however, whether compounds that are proposed to suppress damage and 

proteolysis would be effective treatment tools as protein removal is needed to promote 

clearance of damaged proteins (40).  

Cortisol was also elevated during our training protocol, with no effect of any 

supplement when compared to placebo. Supplementation with HMB has been touted to 

suppress cortisol elevation to resistance training (16, 24), while others failed to detect 

significant differences (6, 38). We observed a small but significant rise in GH over time, 

but with no effect of any supplement. Some reported elevations for GH with HMB (24, 

41) while others reported no change with similar protocols (6). In our study we did not 

detect a change in IGF-1 with any supplement which is in line with some studies (42) but 

not with others (41, 43). Although IGF-1, GH and testosterone are commonly described 

as anabolic hormones, current evidence suggests that acute elevations of these hormones 

does not correlate with resistance training-induced changes in FFM, or strength (44).  

None of the leucine metabolites we studied augmented training-induced changes 

in any index of performance or muscle thickness. Our participants were, according to diet 

records, in a positive energy balance and consuming a high protein diet. Our results are, 

at least from a mechanistic perspective, not surprising. It is known that leucine and HMB-

FA exert similar effects on protein turnover in humans (14). In addition, there is no 

apparent anabolic advantage of HMB-FA over HMB-Ca in terms of stimulating protein 

synthesis (34), despite an apparent difference in bioavailability (34). An important 

question is how much more efficacious a metabolite of leucine could be than leucine itself 

in stimulating anabolism and/or suppressing catabolism to affect hypertrophy? We 

propose that it is unlikely that a metabolite of the same compound would be that much 

more effective that it could account for the type of growth many have reported (15, 16). 

This bears particular consideration as leucine and its metabolites share the same canonical 
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signaling mechanisms leading to stimulation of anabolism and suppression of catabolism 

(14). 

Some of the strengths of the following pragmatic trial are the applicability of this 

research. While most research uses supplements directly supplied from manufacturers, 

this was not the case in our trial since all supplements were obtained directly from a 

supplement store, with no interference from manufacturers. Here we present a tightly 

controlled pragmatic randomized, double-blinded controlled trial where three 

commercially available supplements were directly evaluated and compared to placebo. 

We propose that our findings present a relevant contribution to the current body of 

evidence regarding these compounds and that our results are noteworthy.  

Some weaknesses of our trial include the fact of supplements were presented in 

capsules and tablets that did not allow for a truly equivalent placebo form. Another 

limitation is related with the fact that α-HICA was administered in a different fashion 

than previous research by Mero et al. (3). However, it is unlikely that timing of ingestion 

of the α-HICA might have influenced results, since different timing protocols have been 

used with leucine derivatives and no differences were reported (11, 28). 

We conclude that when consuming a high protein diet and in an estimated positive 

energy balance, none of the investigated leucine metabolites resulted in an ergogenic 

effect on any outcome variable, in young moderately trained men.  Our trial represents a 

true pragmatic trial with supplements that were commercially available as they would be 

to consumers. Our findings do not support the use of leucine metabolites as 

supplementation strategy to augment training-induced gains in performance or body 

composition in young men.  
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No Effect Of HMB or α-HICA Supplementation on Training-

Induced Changes In Body Composition 

Filipe J. Teixeira, Catarina N. Matias, Cristina P. Monteiro, Maria J. Valamatos, Joana F. 

Reis, Ana Batista, Ana C. Oliveira, Francisco Alves, Luís B. Sardinha and Stuart M. 

Phillips 

Abstract 

β-hydroxy-β-methylbutyrate (calcium: HMB-Ca and free acid: HMB-FA) and α-

hydroxyisocaproic acid (α-HICA) are leucine metabolites that have been proposed 

to improve body composition and strength when combined with resistance exercise 

training (RET). In this double-blind randomized controlled pragmatic trial, we 

evaluated the effects of off-the-shelf supplements: α-HICA, HMB-FA and HMB-

Ca, on RET-induced changes in body composition, and performance. Forty men 

were block randomized to receive α-HICA (n=10, Fat-free mass [FFM]=62.0 ± 7.1 

kg), HMB-FA (n=11, FFM=62.7 ± 10.5 kg), HMB-Ca (n=9, FFM=65.6 ± 10.1 kg), 

or placebo (PLA; n=10, FFM=64.2 ± 5.7 kg). The training protocol consisted of a 

whole-body resistance training routine, thrice weekly for 8 weeks. Body 

composition was assessed by dual-energy x-ray absorptiometry (DXA) and total 

body water (TBW) by whole body bioimpedance spectroscopy (BIS), both at 

baseline and at the end of weeks 4 and 8. Time-dependent changes were observed 

for increases in trunk FFM (p < 0.05). No statistically significant between-group or 

group-by-time interactions were observed. Supplementation with HMB (FA and 

Ca) or α-HICA failed to enhance body composition to a greater extent than placebo. 

We do not recommend these leucine metabolites for improving body composition 

changes with RET in young adult resistance trained men. 

Key Words: resistance training, fat-free mass, leucine metabolites 
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5.1 Introduction 

Leucine is the primary amino acid agonist, as well as a substrate, for stimulating 

muscle protein synthesis (1-3) and is a key driver of anabolism (4). It is therefore 

unsurprising that metabolites of leucine such as β-hydroxy-β-methylbutyrate (HMB) (5, 

6) and α-hydroxyisocaproic acid (α-HICA) (7) have been suggested to increase fat-bone-

free (i.e., lean) body mass and improve performance. Research on HMB (a deaminated 

and decarboxylated metabolite of leucine) (8) and its effects on fat-free mass increases in 

(FFM) and performance enhancement with resistance exercise training (RET) is 

extensive, but evidence-based analysis of these effects shows trivial enhancement (5) or 

no positive impact on either RET-induced body composition or performance (6). The 

deaminated form of leucine, α-HICA, is a far less well studied compound, with only two 

investigations being performed in humans (7, 9) and a case study in a type I diabetic 

patient (10). 

There are reports of considerable RET-induced gains in muscle mass and 

concurrent reductions in fat mass (FM) with resistance exercise training (RET) and HMB 

supplementation (11-13). However, several of these investigations (12, 13) have been 

challenged on study design and the plausibility of the upper limits of muscle growth (14, 

15). Despite equivocal evidence-based reviews on the effectiveness of HMB in promotion 

of RET-induced gains in FFM and performance (5, 6, 8) in both novice and experienced 

athletes, a recent update and recommendation placed HMB in a category of supplements 

for which there was strong evidence to support efficacy and apparently safe (16). While 

the safety of HMB is established (5, 6, 8) its efficacy is questionable, at least based on 

results of several meta-analyses (5, 6, 8).  

We have previously reported that RET-induced gains in muscle thickness, a valid 

proxy of hypertrophy, and performance, were not different between placebo or HMB-Ca 

(calcium salt) and FA (free acid) or α-HICA-supplemented groups in an 8 weeks RET 

study (9).  Following up on our previous investigation (9) we report here further results 

that add to our understanding of the impact, or lack thereof, of the leucine metabolites 

HMB and α-HICA in body composition. Since more than six weeks of supplementation 

has been proposed as a limit to obtain positive benefits with HMB (17), our trial was 8 

weeks in duration. Based on previous reports (11-13), our hypothesis was that 
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participants, in an estimated positive energy balance consuming sufficient protein, would 

benefit from supplementation with leucine metabolites – HMB-FA, α-HICA and HMB-

Ca to improve body composition during a program of RET. 

 

5.2 Methods 

ETHICS 

All procedures were approved by the Faculty of Human Kinetics Institutional 

Review Board (approval number 15/2017), following all the guidelines regarding human 

research set out in the declaration of Helsinki. The trial was registered at clinicaltrials.gov 

as NCT03511092. Prior to engaging in any of the study procedures, the purpose and 

design of the study, the data collection methodologies and all potential risks and benefits 

were explained to potential research participants. All selected participants gave their 

verbal and written informed consent before enrolling. 

GENERAL STUDY DESIGN 

As previously reported (9), fifty-three men were initially recruited according to 

the eligibility criteria, with forty completing the investigation. Participants were between 

the ages of 18 and 45 y and were recruited from social networks and local gyms. For 

further details, please refer to our previous work (9). 

Supplements were freely donated from shelf-stock from a local supplement store 

and although brands presented a certificate of analysis (COA), supplements were 

additionally analyzed by a third party certified and accredited laboratory to confirm 

compliance with the brand’s package COA. All supplements presented similar 

concentrations with the brand’s COA, as previously reported (9). An inert and safe 

substance was used as placebo (magnesium stearate). 

Assignment of subjects to groups was performed according to a randomly 

generated list and blocked in varying block sizes with participants matched for baseline 

grip strength, age and DXA-measured FFM. No baseline statistically significant 
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differences existed among groups for (handgrip strength, age, FM or FFM as previously 

described (9) (Table 9). 

 

Table 9. Baseline characteristics of the participants. 

 

 

The training protocol consisted on whole body hypertrophy-type resistance 

training routine for intermediate-trained individuals and consisted of 3 training sessions 

per week for 8 weeks (Table 10). Evaluations of strength, body composition and 

performance took place at baseline and weeks 4 and 8. 

 

Table 10. Characteristics of the training protocol during the study. 

 

 

PARTICIPANTS 

The sample was comprised of healthy men between 18 and 45 years old, currently 

engaged in resistance training for at least 1 year and at least 3 times per week. Sample 

size was calculated from previous investigations aiming to demonstrate similar adaptive 

responses between conditions, with inclusion and exclusion criteria as previously 

reported (9).  
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BODY COMPOSITION 

Body composition was determined at baseline, week 4 and 8 by dual-energy x-ray 

absorptiometry (DXA) and bioimpedance spectroscopy (BIS). Participants underwent a 

DXA scan according to the procedures recommended by the manufacturer on a Hologic 

Explorer-W, fan-beam densitometer (Hologic, Waltham, Massachusetts, USA) as 

described by our group previously (9). Analyses provided total, fat-free and fat masses 

from whole body and different subregions.  

Although software automatically generates regions (i.e. arms, legs and trunk), 

those were adjusted manually by the technician. Specifically, trunk region was separated 

from the legs by a horizontal line right above the iliac crest (lower boundary) and from 

the head by neck cut (upper boundary) (18). The trunk region includes the neck, chest, 

abdominal and pelvic areas except the gluteal area that was included into legs (19).  The 

coefficients of variation in our laboratory, based on 10 young active adults (five males 

and five females), is 1.6% for BMC, 1.7% for  FM, and 0.8% for FFM (20). 

Total body water (TBW) and both the extracellular and intracellular water were 

determined by whole body resistance and reactance using BIS model 4200 (Xitron 

Technologies, San Diego, CA, USA) after a 10-minute rest period in a supine position. 

Four electrodes were placed on the dorsal surfaces of the right hand and foot (21). The 

software performed biophysical modelling according to the impedance data. Extracellular 

water and intracellular water were calculated individually. Total body water was 

calculated as the sum of extracellular and intracellular water. 

SUPPLEMENTATION AND DIET CONTROL 

Each participant received a supplement containing either α-HICA (HICA, 

Onsalesit, SA, Funchal, Portugal), HMB-FA (Beta-TOR, Body Attack, Hamburg, 

Germany), HMB-Ca (HMB Mega Caps 1250, Olimp Labs, Pustynia, Poland), or placebo 

(magnesium stearate, EightJuice, Seixal, Portugal). Detailed procedures regarding 

double-blinding, samples and randomization have been already described by our group 

previously (9). Participants’ ingested supplements or placebo thrice daily, alongside with 

meals or prior to training, according with previous research: 3 x 500 mg for -HICA (7) 

and 3 x 1 g for HMB-FA (13), HMB-Ca (11) or placebo.  
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Dietary counselling was provided by trained dieticians to assure sufficient energy 

and protein in order to allow for training-induced gains of lean mass. Participants self-

reported three-day dietary intake through dietary logs at the baseline and at the end of 

week 4 and 8. Before the beginning of the study, if participants were not ingesting at least 

1.6 g of protein per kg/body weight.day-1 (22) and at least 45 kcal per kg of FFM (23), a 

registered dietitian would provide counselling on foods to consume in order to adjust the 

protein and/or energy intake. A more detailed description regarding the dietary 

counselling, diet composition and compliance with supplement intake, is available from 

our previous work (9). 

TRAINING AND EXERCISE PROTOCOLS   

The resistance training protocol was designed according to the guidelines for 

hypertrophy type of resistance training for intermediate-trained individuals and consisted 

of 3 sessions per week during an 8-week period (70-80% 1RM), with a minimum of 48 

hours interval between sessions (24). A detailed description of the training methodology 

may be consulted according to our previous work (9) with further training protocol details 

being provided in table 10. 

STATISTICS 

Sample size was calculated through an a priori power analysis (G*Power Version 

3.1.9.2, Heinrich Heine Universitat Dusseldorf, Germany), based on FFM changes from 

previous investigations (12) and power of 0.80 and alpha of 0.05. Statistical analysis was 

performed using IBM SPSS statistics version 22.0 (IBM, Chicago, Illinois, USA). 

Normality of the distribution of variables was tested by Shapiro-Wilk test. Between 

groups baseline characteristics and Δ baseline-week 8 assessments, were analyzed by a 

1-way analysis of variance (ANOVA), since normality was observed. Time and time-by-

group interactions were evaluated by repeated-measures ANOVA. Overall significance 

level for α was set at p ≤ 0.05. 
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5.3 Results 

No differences (p > 0.05) were found for dietary intake throughout the study. As 

previously described, high compliance levels were reported among participants regarding 

both supplement intake and training sessions (9).   

 No differences between groups were observed (p > 0.05) for body weight or TBW 

from baseline to week 4 and 8. No time or time by group interactions were found (p > 

0.05) for whole-body FFM (Δ: α-HICA -0.1 ± 1.0 kg; HMB-FA 0.1 ± 1.5 kg; HMB-Ca 

0.6 ± 2.0 kg; PLA 0.6 ± 0.8 kg), and FM (Δ: α-HICA -0.1 ± 1.0 kg; HMB-FA -0.2 ± 1.4 

kg; HMB-Ca 0.0 ± 1.6 kg; PLA: -0.3 ± 0.9 kg) (figure 20). 

 

 

Figure 17. Changes in whole-body FFM and FM during the 8-week training protocol. Panel A: Δ Baseline-
week 8 for FFM; Panel B: Δ Baseline-week 8 for FM. Data are shown as box and whisker plots where 
whiskers are the maximum and minimum and the box represents the interquartile range, the line the 
group median and the dashed line the group mean. Dots represent high and low responders. *Different 
from baseline (p < 0.05) 
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Additional regional body composition analysis showed a time effect (p < 0.05) 

from baseline to week 8 for trunk FFM only (Δ: α-HICA 0.2 ± 0.6 kg; HMB-FA 0.2 ± 

0.8 kg; HMB-Ca 0.8 ± 1.2 kg; PLA: 0.5 ± 0.7 kg, p < 0.001) (figure 21), with no further 

effect on legs, arms or appendicular FM or FFM being found. No differences between 

groups (p > 0.05) were found for any whole-body or regional body composition outcome 

variable. 

 

 

Figure 18. Changes in trunk FFM and FM during the 8-week training protocol. Panel A: Δ Baseline-week 8 
for trunk FFM; Panel B: Δ Baseline-week 8 for trunk FM.  Data are shown as box and whisker plots where 
whiskers are the maximum and minimum and the box represents the interquartile range, the line the 
group median and the dashed line the group mean. Dots represent high and low responders. *Different 
from baseline (p < 0.05) 

5.4 Discussion 

This is the first, placebo-controlled research study, that directly compared several 

leucine metabolites (HMB-Ca, HMB-FA, and α-HICA) and their effects on RET-induced 
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changes in body composition. No differences were found between groups with either 

supplement or placebo for RRT-induced increases in FFM or decreases in FM, with only 

a small increase in trunk FFM being reported, due to training. We propose that our results 

are a valuable contribution to this field and further align with other recent findings (25) 

and are in broad agreement with previous reviews (5, 6) showing a lack of marked effect 

of HMB on hypertrophy. Our results do, however, differ from previously reported 

extraordinary results (11-13) which have led more recent reviews to recommend HMB as 

an effective strategy to enhance FFM gains (16, 26).   

Kraemer et al. (2009) observed that recreationally active individuals 

supplemented with HMB-Ca gained ~9.3 kg FFM and decreased their FM by ~4.9% over 

12 weeks. Wilson et al. (2014), in trained men reported gains of 7.4 kg FFM, over 12 

weeks, and a FM reduction of 5.4 kg. In a study from the same subjects, Lowery al. 

(2016), reported FFM gains, over the same time period, of 8.5 kg and a FM reduction of 

8.5%. These body composition results are surprising and are of a similar magnitude to 

those seen with RET and weekly administration of 300 mg of testosterone enanthate (27) 

in terms of FFM gains. Regarding FM, we note that the reductions seen in these 

investigations (11-13) exceed those induced with orlistat or sibutramine  in active duty 

soldiers and obese individuals, respectively (28, 29). 

Some limitations should be pointed out regarding previous research investigations 

(11-13). First, none reported absolute values for energy or macronutrient intake and 

neither Wilson et al. (2014) nor Lowery et al. (2016) appeared to have controlled for 

variations in TBW, which may confound DXA assessments (30). The lack of absolute 

values for dietary intake (energy and macronutrients), does not allow us to assess whether 

participants in these investigations (11-13) were in an estimated positive energy balance 

or consuming sufficient protein. It has been shown, that free leucine supplementation (3.0 

g/day) fails to increase muscle mass and strength when sufficient protein and energy are 

provided (31), thus supplementing with these derivatives, under different dietary contexts 

could lead to different outcomes.  

We have previously shown, in the same group of trainees, that when consuming 

sufficient protein and energy, we saw no advantage with any leucine metabolite with 

respect to increases in skeletal muscle thickness (9). Similarly, Jakubowski et al. (25) 
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reported no differences when the same amount of either leucine or HMB-Ca were 

consumed, over 12 weeks, using the same training protocol reported to be used in 

previous works (11-13). These results are not surprising, at least from a mechanistic 

perspective, since leucine metabolites share the same biochemical signaling pathways as 

leucine and previous research showed no difference between leucine and HMB insofar as 

stimulation of muscle protein synthesis (MPS) is concerned (32). 

It has been suggested that a possible action for HMB to reduce BF may be through  

Sirt1 and 3 (Silent information transcripts 1 and 3) and AMPK (adenosine 

monophosphate kinase) – a mechanism that has also been reported with leucine (13) – 

however, these mechanisms are derived from in vitro and/or animal investigations (33, 

34), while human investigations for 12 weeks, in novice trainees, show no effect of 

leucine in reducing BF (35). Another argument used to support previously reported 

extraordinary results (11, 13), is the addition of other ostensibly ergogenic amino acids 

(arginine, glutamine and taurine) or ATP. However, an extensive literature search reveals 

no reason why these compounds would be anabolic when sufficient energy and protein 

are consumed (15, 36, 37). 

Insofar as α-HICA is concerned, only two investigations analyzed its efficacy in 

humans - one in young soccer players (7) and other in a type I diabetes case study (10). 

Research in young resistance trained participants is therefore lacking, with our results not 

providing support that α-HICA is anabolic over and above sufficient energy and protein 

intake in this group of trainees. 

Some of the strengths of our investigation are related with its applicability since 

the supplements were acquired off the shelf and our study was conducted without 

influence of industrial sponsorship. Additionally, the participants’ diets were controlled 

and sufficient energy and protein intake were assured. No differences regarding dietary 

intake were detected, which is in our view important, since a glycogen increase from a 

higher carbohydrate intake might have confounded the body composition results (38, 39). 

We accounted for variation in TBW throughout the intervention, with no significant 

changes being detected. Small increases in trunk FFM were observed due to training. 

These gains are not by surprising, since the majority of the training protocol targeted 
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muscles in this region (i.e., back and chest), which probably led to a local hypertrophic 

outcome (40). 

We have previously shown that hypertrophy occurred in the quadriceps muscle 

and that proxy markers of muscle damage increased with this training protocol, our study 

failed to detect statistically significant gains in whole-body (DXA-measured) FFM, 

although HMB groups and placebo showed non-significant increases after 8 weeks (9). 

Considering similar investigations (Jakubowski et al., 2018), we hypothesize that if our 

trial was extended for four more weeks a training effect would have been reported. 

In conclusion, after a whole-body resistance training together with a high protein 

diet and an estimated positive energy balance, none of either HMB-Ca, HMB-FA, or α-

HICA resulted in an ergogenic effect on FM and FFM. Our findings do not support the 

use of any leucine metabolite to improve body composition or performance in young adult 

men. 
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Leucine Metabolites Do Not Attenuate Training Induced 

Inflammation In Young Resistance Trained Men 

Filipe J. Teixeira, Catarina N. Matias, Cristina P. Monteiro, Maria J. Valamatos, Joana F. 

Reis, Robert W. Morton, F. Alves, Francisco, Luís B. Sardinha and Stuart M. Phillips 

 

Abstract 

Some leucine-derived metabolites have been proposed to reduce training-induced 

inflammation after exercise, however, there is scant evidence for this assertion. We 

conducted  a double-blind randomized controlled pragmatic trial where 40 male 

participants were allocated into 4 groups: α-hydroxyisocaproic acid group ([α-HICA], 

n=10, Fat-free mass [FFM]=62.0 ± 7.1 kg), β-hydroxy-β-methylbutyrate free acid group 

([HMB-FA], n=11, FFM=62.7 ± 10.5 kg), calcium β-hydroxy-β-methylbutyrate group 

([HMB-Ca], n=9, FFM=65.6 ± 10.1 kg), or placebo group ([PLA]; n=10, FFM=64.2 ± 

5.7 kg). An 8-week whole-body resistance training routine (3 training sessions per week) 

was employed to induce gains in skeletal-muscle thickness. Skeletal muscle thickness 

(MT), one repetition maximum (1RM), interleukin-6 (IL-6), high-sensitivity C-reactive 

protein (hsCRP) and tumor necrosis factor alpha (TNF-α) were assessed at baseline and 

at the end of weeks 4 and 8. Time dependent changes were detected from baseline to week 

8 for MT (vastus lateralis: p =0.009; rectus femoris: p = 0.018), 1RM (back squat and 

bench press: p < 0.001), IL-6, hsCRP (both p < 0.001) and TNF-α (p = 0.045). No 

differences were found between groups at any time point such that no leucine metabolite 

attenuated inflammation during training. In addition, using backwards elimination 

regressions, no circulating inflammatory marker consistently shared variance with the 

change in any outcome (MT or 1RM). Lastly, changes in circulating inflammatory 

markers were not correlated with changes in muscle hypertrophy or strength in young, 

resistance trained individuals. 

Key words: inflammation; leucine metabolites; hypertrophy; strength 
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6.1 Introduction 

Inflammation is a hallmark of several muscle wasting conditions (1). In disease states, 

skeletal muscle loss is associated with increased production of proinflammatory cytokines 

such as tumor necrosis factor alpha (TNF-α) and interleukin 6 (IL-6), and acute phase 

protein release (2), which may result in an increase in resting energy expenditure and 

augment muscle protein breakdown (MPB) (3).  

It should however be noted, that muscle-derived IL-6 acts in a different fashion 

than macrophage or adipocyte released IL-6, since it serves to augment hepatic glucose 

and adipose tissue fatty acid release to provide sufficient fuel to meet the extra metabolic 

demand from exercise and also exerts local anti-inflammatory action through the 

inhibition of TNF-α and interleukin 1 β (IL-1β) release (4). Chronic inflammation might 

negatively impair skeletal muscle homeostasis, especially when linked to disease states, 

inflammation is deemed vital for muscle adaptations from resistance exercise (RE), 

further promoting skeletal muscle increases (5). 

Leucine metabolites β-hydroxy methylbutyrate (HMB), in both the calcium salt 

form (HMB-Ca) and free acid form (HMB-FA), have been proposed to prevent exercise 

induced increases in inflammatory markers TNF-α, IL-6 and C-reactive protein (CRP) 

(6-8) while data regarding α-hydroxy isocaproic acid (α-HICA) is currently lacking.  It 

has been suggested that these inflammatory modulation properties attributed to HMB may 

be the result of decreased muscle damage, direct action upon T-lymphocytes (9) and/or 

the inhibition of the production of reactive oxygen species (ROS) via TNF-α inhibition 

(7).  

Since the attenuation of IL-6, TNF-α and CRP were reported with formulas 

containing more ingredients besides HMB (6) and as a result of acute bouts of RE (7) or 

in combination with cold water immersion (CWI) (8), further research should be 

conducted to clarify whether these compounds may in fact attenuate inflammatory 

markers and influence skeletal muscle accretion. Since longer duration trials, in trained 

subjects, have failed to display any influence of some leucine metabolites regarding these 

biomarkers (10-12), further research is warranted.  
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We have previously reported that RE-induced gains in muscle thickness, 

performance and action upon anabolic/catabolic hormones (insulin-like growth factor 1 

[IGF-1], testosterone, human growth hormone [GH] and cortisol) or proxy markers of 

muscle damage (creatine kinase [CK]) were not different between placebo, HMB-Ca, 

HMB-FA and α-HICA-supplemented groups, after 8 weeks of a RE protocol (13).  

Following up on our previous investigation, we report further results regarding IL-6, 

TNF-α and CRP that may be important for the understanding of the impact of these 

leucine metabolites regarding exercise induced inflammation. To our knowledge, no 

investigation has directly compared these leucine metabolites on RE-induced 

inflammation. Our working hypothesis, based on previous results (6-8), was that young 

resistance trained participants consuming sufficient protein and in an estimated positive 

energy balance would benefit from these supplements by their ability to attenuate 

inflammation. 

  

6.2 Methods 

ETHICS 

This double-blind, randomized, placebo-controlled trial received ethics approval 

from the Faculty of Human Kinetics’ ethics committee (approval number 15/2017) and 

conformed to all standards of human research set out in the declaration of Helsinki. The 

trial was further registered at clinicaltrials.org as NCT03511092. Before engaging in any 

experimental procedure, a verbal and written explanation of the study procedures was 

provided to all participants before enrolling and they signed an informed consent. 

STUDY DESIGN 

Participants were recruited according to previously described eligibility criteria 

(13) from local gyms and social networks. As previously reported, supplements were 

donated from shelf-stock from a local supplement store and subject to a third-party 

analysis to confirm content compliance (13). All supplements, according to the third-

party analysis, contained similar concentrations of either HMB-Ca, HMB-FA and α-

HICA (13). Magnesium stearate was used as a placebo due to its lack of biological activity 

and safety. The RE protocol was a whole-body hypertrophy-type resistance training 
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routine that was comprised of 3 training sessions per week. The supplementation and 

training protocol were sustained throughout the entire study duration (8 weeks), with 

muscle thickness (MT), strength measurements and inflammatory markers being assessed 

at baseline and end of week 4 and 8. For a more detailed view regarding the study design 

please refer to figure 22.  

 

 

Figure 19. Study design. 

SAMPLE SELECTION 

Fifty-three healthy men between 18 and 45 years old, currently engaged in RE for 

at least 1 year (3 training sessions per week) were recruited. The inclusion and exclusion 

criteria were applied has previously described (13). Forty subjects completed the 

investigation with the dropout reasons being mentioned in our previous work (13). 

BODY COMPOSITION 

Dual x-ray absorptiometry (DXA) was used to assess baseline body composition. 

Participants underwent a DXA scan according to the procedures recommended by the 

manufacturer on a Hologic Explorer-W, fan-beam densitometer (Hologic, Waltham, 

Massachusetts, USA). Analyses provided whole body fat-free and fat masses. 
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 Muscle thickness (MT) of the vastus lateralis (VL) and rectus femoris (RF) was 

assessed at rest using B-mode ultrasound imaging with a 9-cm-long 10 MHz linear-array 

transducer (model EUB-7500, Hitachi Medical Corporation, Tokyo, Japan). Scans were 

performed according to previous studies (14) from the mid-belly corresponding to 39% 

(VL) and 56% (RF) of the distance from the proximal edge of the patella to the anterior 

superior iliac spine. 

MUSCLE STRENGTH 

Muscle strength was assessed at baseline by one repetition maximum (1RM) of 

the back squat and bench press. These assessments were repeated at the end of week 4 

and 8 (figure 22). The evaluation of 1RM was obtained from the back squat and bench 

press exercises on a Multipower machine (Model-M953; Technogym, Cesena, Italy). All 

assessments were conducted according to the National Strength and Conditioning 

Association (NSCA) and supervised by an NSCA-certified strength and conditioning 

specialist. 

SUPPLEMENTATION AND DIET CONTROL 

Randomly generated groups received either α-HICA (HICA, Onsalesit SA, 

Funchal, Portugal), HMB-FA (Beta-TOR, Body Attack, Hamburg, Germany), HMB-Ca 

(HMB Mega Caps 1250, Olimp Labs, Pustynia, Poland) or placebo (magnesium stearate, 

EightJuice, Seixal, Portugal). All procedures (double-blinding, sample distribution and 

randomization) have already been described in our previous work (13). Supplements were 

ingested thrice daily: α-HICA (3 x 500 mg) (15), HMB both FA and Ca forms (3 x 1 g) 

(10, 16) or placebo. 

 To provide optimal hypertrophic outcomes, trained dieticians provided 

counselling throughout the study. All participants had to ingest at least 1.6 g of protein 

per kg/body weight.day-1 (17) and a minimum of 45 kcal per kg of FFM.day-1 (18). A 

thoroughly detailed description  regarding self-reported dietary intakes, dietary 

counselling, diet composition and compliance may be consulted in our previous work 

(13). 

TRAINING PROTOCOL 

The RE protocol was designed to induce hypertrophy in intermediate-trained 
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individuals and consisted of 3 weekly sessions, for 8 weeks, between 70 and 80% 1RM 

(19). A minimum of 48 hours interval between sessions was implemented to assure proper 

recovery. For a more detailed description regarding the training program, please refer to 

our previously published work (13). 

BLOOD MARKERS 

Blood samples were collected at baseline and at the end of week 4 and 8 into 

ethylenediaminetetraacetic acid (EDTA) tubes, then centrifuged at 500 g at 4 ºC for 15 

min, with plasma being thawed at -80 ºC. Plasma was further analysed for IL-6, high-

sensitivity C-reactive protein (hsCRP) and TNF-α concentrations at the core Laboratory 

of McMaster University Medical Centre. IL-6 and TNF-α were analysed using a Bio-Plex 

reagent Kit and a Bio-Plex reader (Bio-Rad Laboratories, Hercules, CA) by enzyme-

linked immunosorbent assay (ELISA), while high-sensitivity C-reactive protein (hsCRP) 

was analysed using a commercially available high-sensitivity CRP-Latex Kit (Pulse 

Scientific, Burlington, ON, CA) and an Express Plus autoanalyzer (Chiron Diagnostics 

Co, Walpole, MA). Intra-assay coefficients of variation reported from our lab are <6%, 

<4.5% and <3.5%, for IL-6, TNF-α and hsCRP, respectively. Concentrations of these 

inflammatory markers at weeks 4 and 8 were corrected for plasma volume variation with 

haemoglobin concentration and haematocrit according to Dill and Costill (20). 

STATISTICAL ANALYSIS 

Sample size was calculated through an a priori power analysis (G*Power Version 

3.1.9.2, Heinrich Heine Universitat Dusseldorf, Germany), based on FFM changes from 

previous investigations (11) and power of 0.80 and alpha of 0.05. Statistical analysis was 

performed using IBM SPSS statistics version 22.0 (IBM, Chicago, Illinois, USA). 

Normality of the distribution of variables was tested by Shapiro-Wilk test. Between 

groups baseline characteristics and Δ baseline-week 8 assessments were analyzed by a 1-

way analysis of variance (ANOVA), since normality was observed. Time and time-by-

group interactions were evaluated by repeated-measures ANOVA. Overall significance 

level for α was set at p ≤ 0.05.  

Additionally, backwards elimination regression equations were generated in effort 

to elucidate if a combination of inflammatory markers shared variance with any primary 

outcomes (Δ% combined 1RM, Δ% VL MT, and Δ% RF MT) or baseline values 
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(combined 1RM, VL MT, and RF MT). The probability of F was used as our stepwise 

criteria with entry at 0.05 and removal at 0.06. Scatter plots with *ZRESID plotted against 

*ZPRED were used to assess linearity and heteroscedasticity when one or more 

independent variables were retained in the model. 

  

6.3 Results 

As previously reported (13) muscle strength increased from baseline to week 8 (p 

< 0.001) for 1RM back squat (α-HICA: 18.5% ± 18.9%; HMB-FA: 23.2% ± 16%; HMB-

Ca: 10.5% ± 13.8%; PLA: 19.7% ± 9%) and  1RM bench press (α-HICA: 13.8% ± 19.1%; 

HMB-FA: 15.5% ± 9.3%; HMB-Ca: 10% ± 10.4%; PLA: 14.4% ± 11.3%). Also, MT 

increased for VL (α-HICA: 2.9 mm ± 1.3 mm; HMB-FA: 2.3 mm ± 2.3 mm; HMB-Ca: 

3.7 mm ± 2 mm; PLA: 2.5 mm ± 1.7 mm) and RF (α-HICA: 1.4 mm ± 1.6 mm; HMB-

FA: 2 mm ± 1.8 mm; HMB-Ca: 2.3 mm ± 2 mm; PLA: 2.3 mm ± 1.8 mm) from baseline 

to week 8 (VL: p = 0.009; RF: p = 0.018). 

Inflammatory markers (IL,6, hsCRP and TNF-α) increased from baseline to week 

8, with no differences between groups (figure 23). According to backwards elimination 

regression equations, no circulating inflammatory marker consistently shared variance 

with the percent change in any outcome (i.e., no independent variable shared a significant 

amount of variance with multiple outcomes and/or at multiple times of measurement). 

The coefficients of determination (i.e., R2) values were low (<0.25) for all outcomes at 

each time of measurement, indicating that little of the variation seen in any outcome can 

be explained by any model fitted here (table 11 and 12). 



LEUCINE METABOLITES AND INFLAMMATION 

 

160 

 

Figure 20. Inflammatory markers assessments during the 8-week training protocol. Panel A: IL-6; Panel B: 
hsCRP; Panel C: TNF-α. Data are shown as box and whisker plots where whiskers are the maximum and 
minimum and the box represents the interquartile range, the line the group median and the dashed line 
the group mean. Dots represent high and low responders. *significantly different from baseline. 
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Table 11. Backwards elimination regression final output between resting inflammatory markers and % 
changes in strength and MT. 

 

 

 

 

Table 12. Backwards elimination regression final output between initial, late and total changes in 
inflammatory markers in strength and MT. 

 

 

6.4 Discussion 

We found no differences between groups regarding IL-6, hsCRP and TNF-α, after 8 

weeks of a RE protocol. Furthermore, no inflammatory marker shared a significant 

amount of variance with changes in strength or MT. These results are in agreement with 
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our previous results (13), with these leucine metabolites displaying no effect insofar as 

reducing creatine kinase, a proxy marker of muscle damage. Previous research studies 

observed that HMB-Ca might attenuate increases in IL-6 (6) while others have failed to 

confirm those results (8, 9, 21).   

The few studies in which  C-reactive protein was assessed (not using a high 

sensitivity assay) have failed to observe any significant outcomes with HMB-FA (8, 11, 

12) which is in agreement with our findings. Insofar as TNF-α is concerned, both acute 

supplementation (few hours post-exercise) and a 23 day intervention protocol, might 

reduce this biomarker (7, 21), with no longer duration studies so far as we are aware. No 

research studies regarding inflammatory markers and α-HICA have been performed to 

date, therefore our results are novel and present a valuable contribution to the current 

body of evidence. 

 A recent review has suggested that acute HMB supplementation might attenuate 

the pro-inflammatory response following an intense bout of RE in athletes (22). In fact, 

when longer duration studies are conducted (i.e. seven weeks), no effect of HMB was 

found upon several inflammatory markers (23), which is again in agreement with the data 

reported herein.  

Previous hypotheses regarding the inhibition of ROS (7) with HMB and some 

research in humans has also observed positive effects upon complement receptor 3 (CR3) 

expression in monocytes (24) and/or changes in leucocyte binding and adhesion (21). 

Some studies have reported an attenuation in inflammatory markers, this did not translate 

into improved recovery or performance (7). Our results do not support an attenuation in 

any inflammatory marker with either leucine metabolite when comparing to placebo. 

Furthermore, this did not seem to impair training induced skeletal muscle thickness. Thus, 

previous hypothesis proposing that increased inflammation might stimulate muscle 

proteolysis and modulate protein turnover (25), seem unjustified at this point, at least in 

healthy subjects. 

Our results are in direct and sharp contrast with previous research conducted for 

12 weeks (9). However, this research study measured cytokines acutely (immediately post 

exercise and 30 min into recovery) and used a supplement containing other compounds 

besides HMB-Ca (i.e. glutamine, arginine, etc.) which might have confounded the results, 
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while cytokines in our study were measured after a 12-hour rest, using a supplement that 

only contained one of the aforementioned leucine metabolites. These differences might 

have contributed to some of these discrepancies and strengthen the hypothesis that acute 

cytokine elevation is likely the result of strenuous exercise-induced tissue damage (26). 

Recent research has reported an important action of myokines regarding skeletal 

muscle adaptation from RE (27). In fact, inhibiting these molecules might impair muscle 

hypertrophy and strength gains in response to chronic RE in young individuals (28). It 

seems indisputable that both exercise induced muscle damage (29), enhanced ROS 

production (30) and inflammation (2) are part of a complex system resulting in skeletal 

muscle growth. Conversely, chronic excessive inflammation might lead to muscle 

atrophy, especially under certain disease states (2). There is wide discrepancy in the 

quantification of these molecules induced by exercise, possibly due to timing of sample 

collection, sample processing, calculation and other factors (31).  

Here we present data regarding leucine metabolites and inflammatory responses 

to RE. Due to the lack of research pertaining these metabolites and inflammation, we 

propose that our findings are noteworthy. No leucine metabolite attenuated the elevation 

of inflammatory markers IL-6, hs-CRP and TNF-α in response to RE. Additionally, 

changes in circulating inflammatory markers are not related to changes in muscle 

hypertrophy or strength, in young resistance trained individuals. 
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Effects of Alpha-hydroxy-isocaproic Acid Upon Body 

Composition in a Type I Diabetic Patient With Muscle Atrophy 

Filipe J. Teixeira, Catarina N. Matias, Cristina P. Monteiro, Scott L. Howell and Richard 

Kones 

 

Abstract 

Research involving dietary supplement interventions for sarcopenia and 

osteopenia in type 1 diabetes patients is scarce. Here we present a case study of a type 1 

diabetic patient that was treated with supplemental α-hydroxy-isocaproic acid (α-HICA) 

for 120 days. Several measures of body composition by dual x-ray absorptiometry, blood 

markers, and maximum voluntary contraction parameters were assessed at baseline and 

after 120 days. The patient’s baseline weight was 73.2 kg, which increased to 75.2 kg by 

the 120-day assessment. Salient mass distribution changes included increases of trunk fat 

mass (+0.4 kg), trunk fat free mass (+2.3 kg), total trunk mass (+2.7 kg), and a decrease 

of 0.8% in trunk fat mass contribution. Handgrip strength increased by 58.84 N, whereas 

isometric force in the leg press decreased by 347.15 N. Amelioration of BMD Z-scores 

from -0.7 to 0.5 and T-scores from -1.0 to -0.9 were noted. Importantly, full hematologic 

measures and weekly nutritional counselling assessments revealed no signs of adverse 

effects with α-HICA supplementation. Due to the imperative of maintaining FFM, 

strength and bone mass in these patients, additional research is necessary to confirm these 

promising results and to clarify whether leucine and/or one of its derivatives might be 

clinically useful.  

Key Words: alpha-hica, diabetes, body composition, strength, leucine, 

intervention 
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7.1 Introduction 

Diabetes mellitus (DM) is global pandemic of chronic hyperglycemia 

characterized by diminished insulin secretion and/or low sensitivity in target cells, and an 

increase in hepatic glucose production (1). Worldwide, the prevalence of DM is currently 

estimated at 415 million, or 8.3% of the global population (2). The current trajectory 

predicts this burden will increase to 642 million people with the disease by 2040 (3). Type 

1 diabetes represents 5-10% of all DM cases, a figure that is progressively rising so that 

it too is regarded as an emerging epidemic in several countries (4). This form of the 

disease is typically expressed during adolescence, but also occurs in older adults (5). One 

of the severe consequences of DM is myopathy, associated with loss of both skeletal 

muscle mass and physical capacity (6). Due to the important anticatabolic action of 

insulin in the ubiquitin proteasome pathway (UPP), both types of diabetes influence 

skeletal muscle mass (SMM), but differently, with type I resulting in greater SMM loss 

(7). Interest in DM-associated skeletal muscle mass loss is high for two major reasons: 1) 

SMM is the major reservoir of post-prandial glucose uptake targeted by insulin and 2) 

loss of SMM leads to a dramatic reduction in global protein, which might impair mobility 

and response to critical illness (6, 8).  

Leucine metabolites are thought to decrease muscle protein breakdown by 

inhibiting the UPP (9). α-hydroxy-isocaproic acid (α-HICA) is an end product of leucine 

metabolism in human tissues (10) with natural occurrence in several foods (11). It has 

been regarded as an anti-catabolic substance in both in vitro and animal research (12, 13). 

In vitro research suggests that a possible mechanism for this effect is the inhibition of 

metalloprotein enzymes (13). However, human α-HICA research is scarce, with only one 

double-blind human study performed involving 15 young Finnish male soccer players 

(14). In this work, the researchers reported that administration of 500 mg of α-HICA, 3 

times a day, over 4 weeks, led to a significant increase in body weight and whole body 

lean mass, while fat mass (FM) remained constant. Theoretically, several mechanisms 

could explain how both leucine or its downstream metabolites might be beneficial to 

individuals bearing DM (7, 9). Without additional confirmatory research, no definitive 

statement can be made. Fortunately, the safety of leucine and its derivatives is well 

established, even in elderly individuals, which permits further research with this 



  CHAPTER 7: STUDY 4 

 

171 

compound in diabetic patients (15). Within this context, we present a case study of a 

patient with type I diabetes, in which, α-HICA presented favourable changes in fat free 

skeletal mass.  

 

7.2 Case Presentation 

A 59-year old, nonsmoking man diagnosed with type 1 diabetes for 30 years by 

his primary care physician, presented to our lab. The subject is sedentary with minimal 

physical activity due to serious mobility limitations which precluded any type of training 

or exercise on his daily routine. Medical records showed loss of body weight and 

presumably muscle mass for over one year. The patient had a long history of successive 

hypoglycemic crises, one associated with cardiac arrest. Fifteen years before, the patient 

suffered a grand mal seizure that caused permanent damage to the right hip, eventually 

requiring a complete hip replacement. The primary care physician believed that the 

combination of impaired ambulation and type 1 diabetes was the primary cause for the 

patient’s more recent insidious muscle loss, especially in the lower limbs.  

The patient used slow action insulin (Lantus®-Generis Farmacêutica SA, 

Amadora, Portugal) ≈25 IU upon awakening depending on glycemic values and fast 

acting insulin (Humalog®-Lilly Portugal, Lisboa, Portugal) ≈3 IU one hour after meals, 

also depending on glycemic values. The patient had a flash glucose monitoring system 

which was alternated between the right and the left arm. Additional medications included 

pregabalin 100 mg twice a day Lyrica® (Pfizer Ltda, Freiburg, Germany) for peripheral 

pain and the antiplatelet drug clopidogrel (KRKA, Cuxhaven, Germany) 75 mg before 

sleep to prevent arterial thrombosis. 
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Figure 21. DXA Baseline vs. 120 days 

 

7.3 Measurements 

The subject was evaluated at baseline and after 120 days of supplementation with 

alfa-HICA (from April to August 2017). Evaluations included blood analysis and body 

composition, and strength measures. All body composition measurements were made 

after a 12 h fast. A meal replacement bar (Matrix Bar, Olimp Labs, Pustynia, Poland) was 

provided prior to the strength tests, comprised of 258 kcal (energy) = 26.2 g (protein) + 

20.5 g (carbohydrates) + 8 g (fat). During the whole intervention the subject received 

guidance from his doctor and a registered dietitian. Subject was instructed not to change 

his physical activity during the intervention, maintaining only his professional daily 

activity as an administrative assistant. 
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ANTHROPOMETRY 

Height was measured to the nearest 0.1 cm with a stadiometer (Seca, Hamburg, 

Germany), using standardized procedures (16). Body mass was assessed to the nearest 

0.1 kg using a weight scale (Seca, Hamburg, Germany). 

 

Table 13. Body composition characteristics: Baseline vs. 120 days. 

 

 

DUAL X RAY ABSORPTIOMETRY (DXA)  

The patient underwent a whole-body DXA scan on a Hologic Explorer-W, fan-

beam densitometer (Hologic, Waltham, Massachusetts, USA) according to the 

manufacturer guidelines (17). The DXA scan included whole body measurements of bone 

mineral content (BMC), bone mineral density (BMD), absolute and relative FM, and fat 

free mass (FFM). The equipment measures the attenuation of X-rays pulsed between 70 

and 140 kV synchronously with the line frequency for each pixel of the scanned image. 

A step phantom with six fields of acrylic and aluminum of varying thickness and known 

absorptive properties was scanned to serve as an external standard calibrator for the 

analysis of different tissue components. The same technician positioned the patient, 

performed the scan, and executed the analyses (software QDR for Windows version 12.4, 

Hologic, Waltham, Massachusetts, USA) according to the operator’s manual using the 

standard analysis protocol. The coefficients of variation in our laboratory, based on 10 

young active adults (five males and five females), is 1.6% for BMC, 1.7% for FM, and 

0.8% for FFM (18).  
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STRENGTH 

Before each assessment the participant was familiarized with the specific strength 

test. Maximal isometric forearm strength was determined using a hydraulic hand 

dynamometer model 5030J1(Jamar, Sammons Preston, Inc, Bolingbrook, IL, U.S.A.) 

with visual feedback (19). The dynamometer was adjusted to the subject's dominant hand 

with each trial lasting approximately 5 seconds. The best of three maximal trials was 

recorded to the nearest 2 kg (19.61 N). The same adjustment of the dynamometer was 

used for all tests. The evaluation of the maximal lower strength was made performing 

three rapid maximal voluntary isometric contractions (MVC’s).  

 

Table 14. BMD T and Z scores: Baseline vs. 120 days. 

 

 

Table 15. Strength measures: Baseline vs. 120 days. 

 

 

The evaluation of the maximal knee extension strength was performed on a 

custom-made horizontal leg press device (Model 4090E; HBP Exclusive Line) 

instrumented with an aluminum platform equipped with 4 load cells (Shear Beam Load 

Cell - Flintec BK2). During the test, the patient was positioned with the hip and knee 

joints at angles of 100˚ and 110˚, respectively. He was then instructed to produce the 

maximal force as quickly as possible and sustain the effort for 3 seconds. The force signal 

was A/D converted (MP100 – Biopac Systems Inc, 16 bits) with a sample rate of 1 KHz. 

AcqKnowledge software (Biopac Systems Inc) was used to analyze the highest value 

across the 3 MVC’s to the nearest 2.0 N/mV. All strength measures were performed in a 

fed state (a meal replacement bar was provided to the patient 30 minutes prior to testing). 
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DIET 

The patient followed a diet designed by a registered dietitian from a previous 

hospital admission. The diet comprised 2200 kcal (138 g protein ≈25% TDEE, 303 g 

carbohydrates ≈55% TDEE, and 49 g fat ≈ 20% TDEE) and composition was assessed 

from baseline every 30 days through three-day food records (20) (three non-consecutive 

days, one being a weekend day) using certified software (Food Processor, Esha Research, 

Inc, Salem, Oregon, USA). Weekly Nutrition counselling was provided by a registered 

dietitian to enhance compliance with the hospital diet. 

SUPPLEMENTATION PROTOCOL 

The supplement consisted of 500 mg α-HICA per tablet (HICA, Onsalesit, SA, 

Funchal, Portugal). The patient was instructed to take 1 tablet (500 mg) each day at 

breakfast, lunch, and dinner, with a liquid beverage, as indicated by Mero et al. (14). The 

daily dosage was provided in individual bags (three tablets per bag). Compliance was 

assessed when the patient returned empty bags to the dietitian during the weekly nutrition 

counselling session. 

BLOOD ANALYSIS 

Blood samples were taken under physician order at a local hospital and processed 

onsite in a certified laboratory. Venous blood was withdrawn from the antecubital vein 

after a 12 h fast and analyzed with automated equipment according to standard 

procedures. 

 

7.4 Results 

The patient achieved 98.4% compliance with the supplementation protocol during 

the 120-day treatment period. At baseline, the patient’s weight was 73.2 kg, which 

increased to 75.2 kg by the 120-day assessment (figure 24). Table 13 depicts regional 

body composition changes comparing baseline and 120 days. During that same period, 

the absolute FM, FFM, and total mass increased by 588, 1209, and 1797 g, respectively, 

along with a 0.2 percent increase in fat. Salient mass distribution changes included 
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increases in trunk FM of +428 g, trunk FFM of +2259 g, total trunk mass of +2687 g, 

with a decrease of 0.8 percent in trunk fat contribution.  

Absolute change in total bone area decreased by 67.78 cm², whereas absolute 

change in BMC and BMD increased by 1.38 g and 0.036 g/cm², respectively. Thoracic 

spine area decreased 34.08 cm², while lumbar spine area increased 19.76 cm². Right leg 

BMC decreased 24.39 g, while the BMC increased 21.21 g and 18.86 g in the pelvis and 

lumbar spine, respectively.  BMD decreased 0.520 g/cm² and 0.117 g/cm², but increased 

in all other areas. 

Redistribution of BMC in all areas lead to a slight amelioration of BMD Z-scores 

from -0.7 to -0.5, with T-scores following this trend changing from -1.0 to -0.9.  

Table 14 lists the change in T- and Z-scores from baseline to 120 days. Handgrip 

strength increased by 58.84 N, whereas isometric force in the leg press decreased by 

347.15 N (Table 15). Blood markers changes from baseline to 120 days are presented in 

Table 16.  No salient changes in blood markers were noted. Estimated dietary intake from 

baseline to 120 days is presented below (Table 17). A slight increase in energy was noted 

(+340 kcal) mainly due to an increase in fat intake (+27 g). 

Table 16. Blood composition changes baseline vs. 120 days. 
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Table 17. Estimated dietary intake from baseline to 120 days. 

 

 

7.5 Discussion 

BODY COMPOSITION 

Relevant changes associated with α-HICA administration, in both body weight 

and FFM, have been previously reported in the literature in 15 healthy young soccer 

players (14). However, these changes were of small magnitude (+0.3 kg) for both body 

weight and absolute FFM) in the α-HICA group. The significant increase in FFM was 

attributed to a variation in the lower extremities (0.4 kg). Our patient increased body 

weight by 2 kg and total FFM by 1.2 kg, which is almost 4-fold the previous reported 

values. In our patient, the main contributor to absolute FFM increase was the trunk area 

(+2.2 kg), whereas in the previous study lower extremities accounted for the significant 

differences. In our patient, the trunk also contributed to a major increase in FM (+0.4 kg), 

which was 0.2 percent higher than at baseline. Differences between our patient and the 

previously reported study (14) can be attributed to the fact that our patient was older and 

had a diagnosed metabolic disease, but also to the duration of our study (120 days vs 4 

weeks).  

The incremented FFM in lower extremities in the previous study may be attributed 

to participation in soccer with primary use of the lower body as a muscular stimulus. 

Since our subject was sedentary and substantially limited in the lower body from previous 

hip replacement surgery, it is plausible that the upper body was more stimulated than the 

lower body, thus leading to greater muscle mass preservation. Although changes in FM 

were detected, they were not clinically relevant given the duration of the study. 

BONE MINERAL DENSITY 

Bone mineral density is an expression of BMC/area (g/cm2) in which values are 

typically expressed in relative values: T-scores (standard deviations) and Z-scores (%, 

age matched) (21). In our patient, only trivial changes in BMD were detected per area, 
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however changes in Z-score and T-score were noted. Our patient had an initial T-score of 

osteopenia (-1.0) and after 120 days this value was ameliorated to normal BMD (0.9) 

(21). The Z-score also followed this trend but did not reach the reference value expected 

for age (>2) (22). Notwithstanding clinical relevance cannot be established from these 

changes regarding both Z-score and T-score, due to the short duration of the study. Gains 

in BMD are important for bone strength; however, they need to be sustained over time. 

The follow-up schedule after initiation of a new therapy is usually superior to six months, 

typically 1 year (23).  Although the interaction between FFM increase and BMC is well 

supported from both animal (24) and human studies (25), longer trials are required to 

establish clinical relevance between α-HICA supplementation and bone health. 

Nevertheless, plausible mechanisms will be further discussed in the mechanisms section. 

STRENGTH 

Grip-strength is a practical and informative measure of muscle strength in middle-

aged and elderly individuals due to the relationship between grip strength and favorable 

prognosis in health-related events (19, 26). Key health-related prognostic factors are 

functional limitation, functional decline, daily living disability (DLD), and mortality (19). 

Muscle weakness is expected in type 1 diabetics due to FFM loss and neuropathy (27). 

Our patient increased grip strength by 58.84 N in his dominant side (right-handed), which 

is quite substantial when compared to the baseline value and healthy population of the 

same age (28). Due to the importance of strength in DLD, comorbidities and mortality 

we find these results extremely encouraging, certainly warranting further investigation. 

Our subject’s lower body strength, measured through maximal voluntary isometric 

contractions, declined -347.15 N, which was expected due to mobility limitations and 

deficient lower body stimulation. Given the circumstances, whether a strength increase 

would be noted in the absence of mobility limitations could not be established. 

BLOOD MARKERS 

No salient changes in blood markers were observed after 120 days of α-HICA 

supplementation, except for a slight decrease in free testosterone and glycated 

hemoglobin. A drop in free testosterone (>20%) was observed in our patient (albeit within 

the laboratory reference range), however this did not seem to negatively impact FFM 

gains. Adult men with type 1 diabetes have a tendency to hypogonadism, however do not 
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present different total testosterone levels or impaired pituitary-gonadal axis, only slightly 

non statistically significant lower free testosterone levels, when comparing with healthy 

control subjects (29). This is further confirmed in larger studies, with type 1 diabetes 

patients presenting total testosterone, free testosterone, calculated free testosterone and 

bioavailable testosterone values in the middle of the normal range (29). Since fluctuations 

within a normal physiological range do not influence muscle protein synthesis (30, 31), 

we conclude that this decrease has small clinical relevance in which concerns body 

composition or strength.  

Albeit a slight decrease in glycated hemoglobin (-0.3%) was detected with 

supplementation, it seems unlikely that this might have significantly influenced strength 

and body composition. In fact some rodent model studies have suggested that leucine and 

its downstream metabolites might improve insulin sensitivity (29), however studies in 

humans also suggest the direct supply of amino acids as one of the main pathways 

involved (32). Conversely, research in younger subjects with type 1 diabetes mellitus has 

suggested that leucine supplementation might lead to hyperglycemia with higher 

exogenous insulin administration being required for glycemic control (33). Since glycated 

hemoglobin is influenced by small dietary changes (particularly in the last 30 days prior 

to assessment) (34), seasonal variations (35) and other factors (36), we cannot directly 

attribute body composition or strength outcomes to this blood marker.  

Altogether, α-HICA did not adversely influence blood markers. This finding is 

consistent with recent studies of leucine and leucine-derivatives (α-HICA included) 

administered safely to elderly populations (15, 37, 38). Administration of α-HICA for 120 

days was well tolerated and produced no adverse effects upon our patient. Our findings 

confirm the marked safety profile noted in the literature (15, 37, 38); hence, α-HICA may 

be used in this population with confidence. 

DIET 

A small energy increase was noted from baseline to day 120. According to food 

records, this increase was mainly due to an increased fat intake (+27 g), while protein and 

carbohydrate displayed only minor changes. There is no compelling evidence to support 

fat intake alone regarding these body composition and strength outcomes, however while 

ingesting sufficient protein, an energy increase might have contributed to some of the 
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results reported herein. Notwithstanding some research with leucine derivatives, shows 

improvements in body composition and strength with no significant increase in energy or 

macronutrients, both in healthy and muscle-wasting conditions (39). Therefore, the 

relevance of this 340 kcal increase while supplementing with α-HICA, requires further 

investigation. 

PLAUSIBLE MECHANISMS 

In “brittle” type 1 diabetes patients with rapidly changing insulin and glucose 

levels, protein degradation is enhanced, leading to a highly catabolic state reflected by 

accelerated muscle mass loss (6, 40). Such enhanced protein degradation contrasts with 

augmented splanchnic protein synthesis (41), likely attributable to increased availability 

of amino acids from skeletal muscle protein breakdown (7). Both protein synthesis and 

degradation require high amounts of energy (41), and in the presence of chronically high 

circulating levels of glucagon and enhanced hepatic gluconeogenesis (42), a negative 

energy balance is easily attained, followed by weight loss. Insulinopenic animal models 

show an increase in UPP activity (43), phenotypically resembling type I diabetics. 

Therefore, it is reasonable to suspect that inhibiting UPP may lead to higher FFM 

retention. Both leucine and its downstream metabolites have shown the ability to inhibit 

muscle protein degradation (9). In fact, recent research indicates that one leucine 

derivative (β-hydroxy-β-methylbutyrate) might slow protein degradation through an 

alternative pathway to insulin (44). One possible mechanism for the protective effect of 

α-HICA upon muscle mass is through insulin-like growth factors (IGF-1), since leucine 

metabolites have displayed the capacity to enhance IGF-1 expression in skeletal muscle 

(9), although the evidence is equivocal (33). Patients with type 1 diabetes may also 

experience reduced expression of IGF-1 (45), which attenuates anabolism, since this 

factor is involved in the regulation of skeletal muscle mass (46). Another possible 

mechanism for α-HICA-related muscle mass preservation is cortisol modulation, given 

the frequent elevation of this hormone in type 1 diabetics. Leucine metabolites have 

displayed promising effects in both reducing (47) and modulating cortisol (48). This 

catabolic hormone is linked with increased protein degradation in animal models of type 

1 diabetes (49).  
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Another plausible mechanism is the modulation of inflammatory cytokines by 

both leucine and downstream metabolites. Leucine has displayed, in tumor-bearing rats, 

the ability to modulate interleukin-6 (IL-6) levels, leading to protein preservation (50), 

while other leucine derivatives have exerted promising effects in modulating other 

inflammatory markers (51). Coincidentally, IL-6 levels are upregulated in several type 1 

diabetic subjects (49) and are associated with muscle wasting, presumably due to 

enhanced myostatin expression (52). Rodent models suggest that elevated levels of IL-6 

might induce muscle atrophy from both downregulation of growth factor-mediated 

intracellular signaling (53) and through IL-6 ligands such as signal transducer and 

activator 3 (STAT3), since phosphorylation of this signal transducer is elevated in the 

presence of high levels of IL-6 (54). Cachexic conditions observed in diabetes mellitus 

(DM) are complicated by the fact that chronic elevation of inflammatory markers such as 

C-reactive protein (CRP) and IL-6 are not only influenced by skeletal muscle (53), but 

also by the level of physical activity (55). Acute phase response elevations in CRP and 

IL-6 follow a downward trend after exercise in healthy individuals (56), whereas in DM, 

CRP and cytokine levels remain largely unchanged (57).  

In wasting conditions, the pattern of immunomodulation of inflammatory 

mediators and regeneration of muscle tissue differs from acute phase responses to chronic 

responses (58). Subsequently, some researchers have focused solely on 

immunomodulation to attenuate inflammation in DM (55). Evidence from clinical trials 

using interleukin antagonists reinforces the need to focus on methods of controlling 

inflammatory pathways outside of physical activity, such as dietary, nutraceutical or 

pharmaceutical interventions, as part of an overall immunomodulatory strategy in 

managing DM (55).    

The changes observed in BMD were intriguing and worthy of further attention. A 

direct mechanism to explain the influence of α-HICA on BMD is presently unknown. 

Some amino acids have been linked with bone health but not with leucine or its 

derivatives (59). In fact, research with leucine metabolites shows no effect in bone mass 

of healthy young individuals (60). Studies using leucine derivatives in populations with 

type 1 diabetes are insufficient in the literature. One possible mechanism that might 

explain amelioration of bone health by α-HICA involves IGF-1. With aging and certain 

disease states, bone remodeling and formation tends to be seriously impaired due to low 
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production of growth factors like growth hormone (GH) and IGF-1 (25). Since GH and 

IGF-I are necessary for osteoblast differentiation and function, decreased systemic and 

local skeletal production of IGF-I as well as increased levels of growth factor binding 

proteins might down-regulate bone modeling in older individuals which is not adequate 

to maintain BMD (61). Given that both aging and type1 diabetes reduce IGF-1 expression, 

it is possible that α-HICA might present favorable effects through the expression of IGF-

1. A positive protein balance could also enhance skeleton health (62).  

It has been observed that essential amino acids might improve bone matrix 

collagen protein (63). In this regard, some amino acids like leucine or its downstream 

metabolites might present actions through their anabolic properties (64). It is estimated 

that one-third of bone volume is 50% protein, which is involved in the synthesis of type 

I collagen through post-translational modifications of several amino acids (65). Another 

factor that might influence bone health and strength is vitamin D. Albeit not being 

assessed in this case-study, a recent cross-sectional study suggests that in the Portuguese 

population the median 25(OH)D is 35.9 nmol/L (66). This value is deemed insufficient 

and inadequate according to the Endocrine Society and the Institute of Medicine, 

respectively (67). Hence, it is unlikely that a vitamin D increase might have improved 

BMD. In which concerns strength, improvements in elderly populations have been 

reported with serum values ranging between 24.7 nmol/L and 74.9 nmol/L (68), therefore 

it is not clear whether a seasonal increase in vitamin D would have influenced strength 

results. 

 Given that, in some studies, leucine exerted a greater capacity to stimulate muscle 

protein synthesis and elicited a similar capacity to modulate muscle protein breakdown 

(69), it is unclear whether the effect of α-HICA would be superior to leucine or to any 

other downstream leucine metabolite. In fact, some research indicates that a leucine rich 

diet might be beneficial in reducing protein degradation in adolescents with type 1 

diabetes (33). Further research should seek to clarify whether supplementing α-HICA or 

leucine itself produces any benefit in skeletal muscle mass preservation in patients with 

type 1 diabetes. To further explore this issue, double blind, placebo-controlled 

randomized trials are necessary, since this study is obviously a limited one case clinical 

study. 
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7.6 Limitations 

Due to the long duration of this case study (120 days), intermediate measures for 

body composition, strength and blood markers should have been performed for additional 

control, perhaps every 30 days. To establish clinical relevance for BMD gains, longer 

duration studies are mandatory. This study pertains to a single patient clinical case study; 

therefore, any conclusions should be drawn with extreme caution recognizing its inherent 

limitations. 

7.7 Conclusion 

To our knowledge, this is the first reported case in which a type 1 diabetic patient 

with documented loss in muscle mass has been studied before and after supplementation 

with a leucine metabolite. Importantly, in this patient a full panel of blood biomarkers 

and weekly visits for nutritional counselling revealed no signal of an adverse effect. 

Salient increases in FFM, especially in the trunk area, hand grip strength, and BMD were 

noted. Due to the imperative of maintaining FFM and strength in these patients, additional 

research is necessary to clarify whether leucine and/or one of its derivatives might be 

clinically useful. 
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Leucine metabolites, especially HMB, have been surrounded by controversy (1, 

2) with this controversy being, at least partially, related with recently reported increases 

in FFM and reductions of FM (3, 4). Due to the importance of enhancing performance 

(sporting context) (1) and FFM (sporting and also clinical context) (1, 5), further research 

is required to investigate these leucine metabolites in both sports and clinical settings. 

Systematic reviews and meta-analysis are broadly considered the top of evidence 

hierarchy, however they are the reflection only of the quality and quantity of the current 

body of evidence (1). Thus prospective, randomized, controlled scientific trials (RCT) are 

considered the “gold standard” to investigate potential effects of dietary supplements. 

According to Maughan et al. (1) the following guidelines are proposed when designing 

RCT that could be relevant to athletes or used in a sporting context: 

1. To perform an a priori power analysis, guaranteeing an adequate sample size to 

allow the results to have statistical power. 

2. To mimic real-life competition, thus adopting a pragmatic approach regarding 

the trials. 

3. To ensure standardized procedures regarding variables that might influence the 

results. This might conflict, to a certain extent, with the desired pragmatism 

previously mentioned and reduce real-life application. 

4. To use proper supplementation protocols to optimize any effects (dose and 

timing of intake). 

5. To enforce independent verification of the contents to ensure that the supplement 

complies with label claims. 

6. To assess supplement intake by implementing compliance protocols. 

7. To apply a performance protocol that is valid and sufficiently reliable to detect 

small but potentially meaningful differences. 

8. To interpret the results in light of the limitations of the study and the change that 

would be meaningful to real-life sport. 

 

Having considered these guidelines, we performed two intervention trials giving 

rise to four research papers, the goal of which was to further investigate several aspects 

of the leucine metabolites, HMB (both Ca and FA forms) and α-HICA. These leucine 
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derivatives were directly compared, in young healthy resistance trained men, in three 

pragmatic, randomized, double-blinded, controlled trials (study 1, 2 and 3 – chapters 4, 5 

and 6, respectively). In study 1 (chapter 4), HMB, α-HICA and placebo were directly 

compared pertaining skeletal muscle thickness (a valid proxy marker of muscle mass), 

several hormones and a proxy marker of muscle damage (CK). Additional analysis 

regarding body composition (regional and whole-body FFM and FM) was performed in 

study 2 (chapter 5), while study 3 (chapter 6) assessed several inflammatory markers (IL-

6, TNF-α and hsCRP). Study 4 was performed to assess α-HICA’s safety (several blood 

markers under physician order) and also to further elucidate its effect on strength 

(isometric strength) and body composition (assessed by DXA) in a type 1 diabetic patient.  

Our main research findings, limitations and future prospects are considered in the 

next sections. A brief discussion in the light of the current body of the literature will also 

be provided regarding each finding.  

  

8.1 Main research findings and discussion 

Early works by Nissen et al. observed promising results regarding the effects of 

HMB on performance (6), however, these data have been recently questioned in some (1, 

2), albeit not all reviews of HMB (7). Some of the extraordinary results with respect to 

changes in body composition reported by some groups are unprecedented in the literature 

(3, 4, 8), which warrants a critical in-depth analysis. Our investigation is unique, since we 

directly compared the efficacy of off-the-shelf commercially available forms of these 

metabolites versus a placebo on resistance trained young men, pertaining muscle 

thickness, performance, body composition, circulating hormones, muscle damage and 

inflammation. Additionally, we investigated the effects of α-HICA on a diabetic type 1 

patient, further providing evidence regarding these metabolites in clinical populations 

(where there is a paucity of evidence). We propose that our findings are noteworthy and 

critically add important new information to the current body of the literature regarding 

these metabolites. 
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PERFORMANCE 

As reported in studies 1, 2 and 3 (chapters 4, 5 and 6), no differences regarding 

muscle strength were noted, between subjects consuming leucine metabolites or placebo. 

Only a training effect was found regarding Wingate peak power, CMJ height and power, 

1RM back squat and bench press (chapter 4). Our findings of no effect of these leucine 

metabolites on strength are congruent with some (9-13) albeit not all (3, 4, 8) previous 

works using these metabolites. One argument that has been used, was that longer duration 

studies would be required to detect an effect with HMB (14, 15). Albeit our RET protocol 

was similar (not identical) to previous works (3, 4, 8) and longer than six week in duration, 

which has been suggested by Wilson et al. (14), as a reason why we may have been unable 

to reproduce their findings regarding superior results with HMB-Ca or FA versus placebo.  

To put our findings in perspective, Wilson et al. (4) reported gains favouring 

HMB-FA supplementation over and above a placebo of  +9 kg and +13.9 kg for 1 RM 

bench press and squat, respectively. Similar results were presented by Lowery et al. (3) 

and Kraemer et al. (8) using both HMB-FA and HMB-Ca. Although the magnitude of 

performance improvements reported in our investigations (study 1, chapter 4) is similar 

to the strength increments observed in these studies (3, 4, 8), we observed no differences 

between groups. Recently, Jakubowski et al. (16), using a protocol that exactly 

reproduced the previously discussed RET protocols (3, 4, 8), found no differences 

between equivalent amounts of either leucine or HMB. Moreover, the reported gains in 

strength (16) were also in line with our findings. Accordingly, with the data reported 

herein 1, 2 and 3 (chapters 4, 5 and 6), it seems unlikely that any performance benefits 

would be noted by supplementing with either leucine metabolite, in resistance trained 

men, when consuming sufficient protein and in an estimated positive energy balance.  

It should be noted that previous works failed to report absolute values for energy 

intake and macronutrients (3, 4, 8), which does not allow assessment of whether the 

participants were in a positive energy balance and consuming sufficient protein. This 

bears particular interest, since some research as shown that when sufficient energy and 

protein is consumed, no increments in strength gains are found when supplementing with 

leucine (17). In summary, our findings are in agreement with some meta-analysis (18, 19) 

but not with some systematic narrative reviews (20); however, the conclusions of the 
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former review (20) is strongly driven by three research studies with extraordinary results, 

which have been questioned (21-23). 

Insofar as α-HICA is concerned the evidence is scarce (24). According to our 

findings, it does not seem plausible that this leucine metabolite (the natural product of the 

transamination of leucine) might improve performance above sufficient energy and 

adequate macronutrient intake, at least in healthy resistance trained men. In the clinical 

case study (study 4, chapter 7), our participant displayed an increase in handgrip strength 

with no differences in lower body strength. Albeit strength increases are important in 

elderly and clinical populations, further randomized controlled trials (RCT) should be 

performed to confirm this increase and its clinical and functional relevance.  

As previously discussed in chapter 2, no studies have compared HMB (Ca or FA) 

to leucine. Also, some studies suggesting positive effects with HMB in elderly 

populations have been questioned (25). Furthermore, a recent well conducted systematic 

review suggests that it is highly unlikely that any benefits would be seen with HMB 

supplementation (26) or leucine in the absence of resistance training. If any effects are 

seen with leucine or its metabolites, it is likely that those are trivial and likely only seen 

in bed rest patients or clinical populations (2). Regarding α-HICA, no studies had been 

performed to date with this leucine metabolite in clinical populations, which warrant 

further investigation. Additionally, it remains to be elucidated whether α-HICA would 

present superior results to HMB (either form) or leucine. It has been reported that leucine 

supplementation might be beneficial in elderly or clinical populations (27), only when 

insufficient protein or energy are ingested. In our clinical case study the participant 

ingested the recommended amounts of energy and protein, albeit in lower amounts than 

seen in healthy subjects in studies 1, 2 and 3. This further strengthens the notion that if 

any benefits are seen with leucine or any of its metabolites, they are limited to elderly or 

clinical populations were lower energy and protein intakes are observed. Also, it remains 

to be elucidated whether α-HICA or other leucine metabolites may outperform leucine 

regarding functionality, over and above a well-balanced diet, since there is a paucity of 

studies regarding these compounds. It cannot be inferred, from a single clinical case study 

trial (with no comparison to a placebo), that α-HICA might outperform leucine or other 

leucine metabolites. Further well-designed RCT are warranted to clarify these actions in 

clinical populations.  
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BODY COMPOSITION 

In studies 1 and study 2 (chapters 4 and 5), we observed no differences between 

groups regarding whole body composition (DXA) or muscle indices (US), albeit small 

increases in MT and trunk FFM were detected as a result of the training protocol. Our 

results are again in agreement with some (9-13, 28, 29) but not all previous studies (3, 4, 

8, 30-36) in which HMB metabolites have been studied. When considering the entire 

body of literature pertaining to HMB, it seems that this metabolite might lead to increases 

of 0.5-1 kg of FFM when comparing to placebo, especially among untrained subjects 

(15). However, these results are influenced largely by the  previously discussed results of 

three studies that obtained extraordinary results when comparing to placebo (3, 4, 8). In 

fact, these results presented in trained or recreationally active subjects are virtually 

unprecedented in the literature with these metabolites (increases of ≈7.4. to 9.3 kg FFM 

while losing ≈5.4 kg of FM) and exceed those reported regarding testosterone 

administration (to increase FFM) and orlistat and sibutramine (37-39). Thus, these results 

seem implausible and have not been reproduced by other laboratories (16). Possible 

limitations regarding these studies and others in which changes in lean body mass have 

been ascribed to HMB or its metabolites include the following:  

• In the studies from Wilson et al. (4) and Lowery et al. (3) (using the same control 

group in each study) there was no control for variations in TBW, which have been 

shown to affect DXA-measured results of lean body mass (40, 41). To prevent 

hydration issues we undertook standardization procedures pertaining all DXA 

assessments, also controlling for TBW using BIS throughout the study. 

• Some studies have assessed body composition using bioimpedance (8, 34-36). 

This method has limitations due to hydration issues, with errors being reported 

versus the  gold-standard 4-compartment model of ≈8-10%, when detecting 

variations over time (42-44). A letter to the editor (23) questioned the 

standardization procedures of both DXA and US assessments in the Lowery et al. 

study (3). Inappropriate standardization procedures increase technical errors 

during DXA assessments, thus being of the utmost importance (45).  
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• Some studies (3, 4, 8) did not report absolute intakes for energy or macronutrients, 

which precludes an objective assessment regarding energy and protein 

sufficiency.  

•  Wilson et al. (4) presents a standard deviation regarding FFM for the placebo 

group that is almost three times the reported effect, suggesting significant 

variability in the outcome. Additionally, the same standard deviations are 

presented, for all variables studied (strength, body composition and blood 

markers) throughout their entire research protocol (12 weeks) - intragroup (albeit 

values were adjusted to the least square mean), which is quite atypical. 

• Mechanisms proposed regarding a possible effect of HMB in reducing FM are 

derived from in vitro or animal studies (46, 47), with research in humans not 

displaying any effects of leucine over 12 weeks in novice trainees (48). Thus, in 

trained subjects and without a caloric deficit being reported, no plausible 

biological mechanism can support the magnitude of FM loss reported in these 

investigations (4, 8, 49). The control group for the studies by Wilson et al. (4) and 

Lowery et al. (3) and from a third study (50)  derive, per the record of their clinical 

trial, from the same cohort (albeit not disclosed by the authors) (21). 

• Additionally, as a minor point, no rationale seems to support any benefits from 

other compounds added to HMB in both the Lowery et al. (3) and the Kraemer et 

al (8) studies (22, 51, 52). Thus, it is unlikely that the addition of these compounds 

might have offered any benefit or amplified any body composition changes. 

 

Regarding α-HICA, we observed no benefits regarding body composition in 

young healthy resistance trained individuals. The previous research conducted by Mero 

et al. (24) observed small gains in the lower extremities in soccer players, who were not 

performing resistance training and thus are not easily comparable to the participants in 

our studies.  

We detected interesting increases in trunk FFM in our clinical case study (study 

4, chapter 7). Since our data are from a case study in an elderly individual with type 1 

diabetes, in the absence of any exercise training protocol, with  lower, although adequate, 

energy and protein intake, it remains to be elucidated whether similar results would be 

obtained with leucine or other leucine metabolite. Regarding bone mineral density, we 
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also detected promising improvements, however longer duration studies are mandatory 

to confirm their clinical relevance. Importantly, no adverse effects were reported with this 

leucine metabolite; thus, our work suggests that this leucine metabolite might be useful 

in this population.     

MUSCLE DAMAGE, HORMONES AND INFLAMMATION 

We failed to observe any action of any leucine metabolite regarding plasma 

measures of hormones, markers of muscle damage or inflammatory markers (Studies 1 

and 3, chapters 4 and 6). Increases in several hormones were detected regarding the 

training protocol, but with no differences between groups. These findings are again in 

agreement with some (3, 10, 16, 33, 34, 36, 53-55)  but not all previous studies (8, 35, 56, 

57). It is important to note that any changes of the magnitude we observed, were well 

within the normal physiological range of these hormones and would have had minor, if 

any, relevance regarding performance or body composition (58-60). In fact, recent 

research observed that no correlation seems to exists between the concentration of some 

anabolic hormones, both in circulation and intramuscularly, and the hypertrophic 

outcomes to resistance training (61). The changes in hormones concentration in study 1, 

are likely due to the training protocol and are well within the normal physiological range 

for these hormones with no relevant physiological significance, at least insofar as body 

composition is concerned.   

Our results, finding no effect of either metabolite on training-induced muscle 

damage are in stark contrast with a recent meta-analysis by Rahimi et al. (62), suggesting 

that studies involving HMB supplementation over six weeks duration would find positive 

effects regarding CK and exercise-induced muscle damage. It has been questioned, 

however, if muscle damage and muscle proteolysis should be suppressed, since this is an 

essential tool to remove damaged proteins and promote training adaptations (63). 

Insofar as inflammation is concerned, most studies that found an effect of leucine 

metabolites on inflammation, measured inflammatory markers acutely (64, 65) albeit 

some studies performed chronic assessments (66). Bearing in mind the current body of 

literature, it seems that HMB might reduce acute inflammation (in the immediate or first 

few minutes after exercise); however, in longer duration studies (> 7 weeks) when 

measured at rest and after an overnight fast, as it was the case of our study, no effect is 
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observed (3, 4, 33), which is in agreement with our results. It is possible, however,  that 

reducing inflammation post-exercise might not be beneficial to maximize hypertrophy 

gains (67), while reducing chronic inflammation may be important (68). As plasma 

volume adaptations to long term training are frequent (69), one limitation regarding most 

studies performed with several leucine metabolites, is related with the absence of plasma 

volume variation corrections, which might be misleading regarding the interpretation of 

some reported values (70). 

      

8.2 Limitations and future prospects 

It is important that the main limitations regarding our investigation are 

acknowledged and that future research directions are discussed. 

 

Main limitations: 

• In an effort to design a pragmatic research trial we had supplements that looked 

different (i.e., liquid capsules versus tablets). Since HMB-FA is presented in 

liquid capsules and HMB-Ca mainly in powdered form, differences existed 

between both capsules. Additionally, α-HICA was only available in 

commercialized tablets. Still, we believe this did not compromise the double-

blinding assessment, since both capsules and tablets were unmarked and the 

participants were only aware that these were leucine metabolites. Additionally, 

we had to change the supplementation timing protocol in α-HICA to guarantee 

blinding (studies 1, 2 and 3, chapters 4, 5 and 6).  

• Although an a priori power analysis was performed (studies 1, 2 and 3, chapters 

4, 5 and 6), it should be noted that slightly different methodologies and protocols 

(i.e. study duration) were used in the studies that we used in deriving our study 

power.  

• In study 4 (chapter 7), due to the long duration of the case study (120 days), 

intermediate measures of body composition, strength and blood markers should 

have been performed, perhaps every 30 days. To establish clinical relevance 
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regarding bone mineral density gains, longer duration studies in this patient group 

are clearly needed. 

 

Future directions: 

• More longer duration studies (> 12 weeks) would be useful at this point to further 

investigate these leucine metabolites in trained subjects. 

• More studies are recommended to investigate these leucine metabolites in elderly 

and clinical populations. These studies should involve direct comparisons 

between leucine metabolites and leucine. 

• Further research should be performed to investigate intramuscular concentrations 

of HMB and also possible inflammatory and hormonal responses to this leucine 

metabolite.  

• The possible antioxidant effects of HMB, as claimed by some reviews (71), 

definitely warrants further investigation. 

• Studies using the same dosing protocol (i.e. daily ingested amount) between α-

HICA and HMB, are required to provide and unbiased assessment of these 

compounds. Whether higher doses of α-HICA would be more effective and safe, 

cannot be established due to the paucity of studies regarding this leucine 

derivative. 

 

8.3 Conclusions 

An extensive review of the literature (chapter 2) was performed to address main 

research limitations and directions. No studies were reported in the literature directly 

assessing comparisons of several leucine metabolites, thus four robust research studies 

were performed to further contribute to the current body of knowledge in this area. These 

studies are, in our view, well designed, robust pragmatic controlled trials but with 

limitations that we acknowledge. Study 1 assessed muscle hypertrophy development, 

strength/muscle power, several hormones and muscle damage markers. Study 2 further 

assessed salient changes in FFM and FM. Study 3 further contributed by investigating 

possible effects of these leucine metabolites regarding chronic inflammation. Lastly, 
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study 4 assessed the effects of α-HICA, in a type 1 diabetic patient, regarding body 

composition, strength and several safety biomarkers under physician care.  Results from 

these trials, do not allow us to recommend any of these leucine metabolites in young 

healthy resistance trained individuals, while consuming sufficient protein and energy, to 

improve strength/power, body composition, hormonal markers, modulate inflammation 

or muscle damage. Albeit encouraging, the results obtained in the type 1 diabetic patient 

further require well designed RCT to provide further confirmatory data.   
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