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Abstract Leucine (Leu) is a nutritionally essential
branched-chain amino acid (BCAA) in animal nutrition. It
is usually one of the most abundant amino acids in high-
quality protein foods. Leu increases protein synthesis
through activation of the mammalian target of rapamycin
(mTOR) signaling pathway in skeletal muscle, adipose tis-
sue and placental cells. Leu promotes energy metabolism
(glucose uptake, mitochondrial biogenesis, and fatty acid
oxidation) to provide energy for protein synthesis, while
inhibiting protein degradation. Approximately 80 % of Leu
is normally used for protein synthesis, while the remainder
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is converted to a-ketoisocaproate (a-KIC) and p-hydroxy-
B-methylbutyrate (HMB) in skeletal muscle. Therefore, it
has been hypothesized that some of the functions of Leu
are modulated by its metabolites. Both a-KIC and HMB
have recently received considerable attention as nutritional
supplements used to increase protein synthesis, inhibit pro-
tein degradation, and regulate energy homeostasis in a vari-
ety of in vitro and in vivo models. Leu and its metabolites
hold great promise to enhance the growth and health of ani-
mals (including humans, birds and fish).
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Abbreviations

a-KG a-Ketoglutarate

a-KIC a-Ketoisocaproate

4E-BP1 4E-binding protein 1

AMPK AMP-activated protein kinase

ATP Adenosine triphosphate

BCAA Branched-chain amino acid

BCAT Branched-chain amino-acid aminotransferase
BCKD Branched-chain a-keto acid dehydrogenase
elF2a Eukaryotic initiation factor 2a

elFAE Eukaryotic initiation factor 4E

elF4G Eukaryotic initiation factor-4G

FFA Free fatty acid

GDH Glutamate dehydrogenase

HMB B-Hydroxy-g-methylbutyrate

HMG-CoA B-Hydroxy-B-methylglutaryl-CoA

IGF-1 Insulin-like growth factor I

IVA-CoA Isovaleryl CoA

KICD KIC dioxygenase

KICSIS KIC-stimulated insulin secretion
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LSIS Leucine-stimulated insulin secretion
MAFbx Muscle atrophy F-box

MAPK Mitogen-activated protein kinase
mTOR Mammalian target of rapamycin
mTORC1  Mammalian target of rapamycin complex 1
MuRF1 Muscle ring finger 1

NF-«B Nuclear factor-kB

PI3K Phosphoinositide-3-OH kinase

PKC Protein kinase C

ROS Reactive oxygen species

S6K1 p70 ribosomal protein S6 kinase

SIRT1 Silent information regulator transcript 1
Introduction

Leucine (Leu) is present in all proteins (Wu 2013a) and is
one of the most abundant amino acids in high-quality pro-
tein foods (Li et al. 2011b). Leucine plays a unique sign-
aling role in skeletal muscle and adipose tissue (Li et al.
2011a), as well as other cell types, including placental cells
(Kim 2007; Kim et al. 2011a, b; Li et al. 2007), mammary
epithelial cells (Lei et al. 2012a), and enterocytes (Rhoads
and Wu 2009). In those tissues, Leu promotes protein
synthesis via activating the mammalian target of rapamy-
cin (mTOR) signaling pathway, and also enhances energy
homeostasis through augmenting mitochondrial biogen-
esis and fatty acid oxidation (Filhiol 2012). Moreover, Leu
provides skeletal muscles with an increased flux of lipids,
supplying energy substrates to support protein synthesis
(Sun and Zemel 2009). However, when skeletal muscle
is exposed to physiological concentrations of fatty acids
in vivo, oxidation of leucine as a significant source of ATP
is likely limited (Jobgen et al. 2006; Wu et al. 2014) pri-
marily because the activity of branched-chain a-keto acid
dehydrogenase activity (BCKD) is relatively low in this tis-
sue (Wu and Thompson 1987).

The activation of AMP-activated protein kinase (AMPK)
and silent information regulator transcript 1 (SIRT1) by
Leu is the major event that mediates fatty acid oxidation
and mitochondrial biogenesis in skeletal muscle (Liang
et al. 2014). Protein degradation and synthesis are equally
important processes, but little is known about the mecha-
nisms of Leu-regulated proteolysis (Nakashima et al.
2005). The key metabolites of Leu are a-ketoisocaproate
(a-KIC) and PB-hydroxy-p-methylbutyrate (HMB). Both
are nutritional supplements that are nitrogen-free and ben-
eficial to the environment. It remains elusive whether the
varied physiological roles in protein metabolism, insulin
secretion, glucose homeostasis, fatty acid oxidation, and
mitochondrial function are mediated by Leu alone, or in
concert with one of Leu’s unique metabolites. Therefore,
this review aims to discuss the metabolic impact of Leu
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Fig. 1 Pathways of leucine metabolism in animals. Leucine metabo-
lism in the body can be divided into two steps. The first step is revers-
ible transamination to form a-KIC with concomitant production of
Glu from a-KG. This step occurs mainly in extrahepatic tissues. The
second step is irreversible oxidative decarboxylation of a-KIC cata-
lyzed by the mitochondrial BCKD complex and KICD. In the liver
mitochondria, approximately 90 % of produced o-KIC is oxidized to
IVA-CoA, leading to the formation of HMG-CoA and final metabo-
lites (acetoacetate and acetyl-CoA). Within the liver cytosol, the
remaining a-KIC (~5 %) is oxidized to HMB by the enzyme KICD

and its metabolites a-KIC and HMB on protein and energy
metabolism.

Overview of Leu metabolism

Leu metabolism in the body can be divided into two steps.
The first step is the reversible transamination of Leu to
form a-KIC, with the concomitant production of gluta-
mate from a-ketoglutarate (a-KG) (Fig. 1). This reaction is
catalyzed by branched-chain amino-acid aminotransferase
(BCAT) (Wilkinson et al. 2013), which is highly expressed
in muscle tissue (Su et al. 2012). There are two mammalian
BCAT isoenzymes: a cytosolic (BCATc) and mitochondrial
(BCATm) form. BCATc is present in the placenta, ovary,
and brain (Suryawan et al. 1998) as well as mammary tis-
sue and small intestine (Lei et al. 2012b, 2013; Li et al.
2009), whereas BCATm is expressed in most peripheral tis-
sues except the liver (Zhou et al. 2010). Glutamate, a prod-
uct of branched-chain amino acid (BCAA) transamination,
is either amidinated with ammonia to form glutamine or
transaminated with pyruvate to generate alanine in multiple
tissues, including skeletal muscle (Wu et al. 1989), placenta
(Self et al. 2004) and mammary tissue (Lei et al. 2012a).
Interestingly, there is no BCAT isoenzyme in the liver (Hut-
son et al. 1992; Hall et al. 1993). The tissue supply of Leu
depends on either exogenous (dietary) or endogenous (pro-
tein degradation) provision (Nissen and Abumrad 1997).
Leu from dietary protein can bypass first metabolism in
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the liver, which results in a sharp rise of plasma Leu levels
and the activation of Leu signaling in peripheral tissues in
response to a meal (Lynch et al. 2006). The subsequently
produced o-KIC is released into the bloodstream and taken
up by different tissues where it can be oxidized or used for
re-synthesis of Leu. The Leu released from the liver to the
bloodstream may be used in skeletal muscle to synthesize
protein or alanine and glutamine (Holecek 2002). Collec-
tively, in extrahepatic tissues, Leu is converted to a-KIC,
and then a-KIC can be re-synthesized into Leu or be fur-
ther oxidized.

The second step in Leu catabolism is the irreversible
oxidative decarboxylation of a-KIC, which is catalyzed by
BCKD complex located within the mitochondrion (Fig. 1).
As noted previously, the BCKD complex has a low activ-
ity in skeletal muscle, but is highly active in the liver,
and shows intermediate activity in the heart and kidney
(Suryawan et al. 1998). Therefore, the majority of a-KIC
oxidation occurs in the liver. Within the liver mitochon-
dria, approximately 90 % of all produced a-KIC is oxi-
dized to isovaleryl CoA (IVA-CoA), leading to the for-
mation of B-hydroxy-p-methylglutaryl-CoA (HMG-CoA)
and the final metabolites acetoacetate and acetyl-CoA.
Within the liver cytosol, the remaining a-KIC is oxidized
to HMB by the enzyme o-KIC dioxygenase (KICD) (Nis-
sen and Abumrad 1997). Subsequently, HMB, generated
exclusively from Leu, is either eliminated by the kidneys
or metabolized to HMG-CoA (Van Koevering and Nissen
1992; Panton 2000; Kovarik et al. 2010), which is the pre-
cursor for cholesterol synthesis (Rudney 1957; Holecek
et al. 2009). Therefore, the second catabolic step commits
the Leu carbon skeleton to the degradation pathway (She
et al. 2013).

However, the amount of endogenously generated HMB
is quantitatively small. About 80 % of Leu is normally used
for protein synthesis while the remainder is converted to
a-KIC, and only a small proportion of Leu (about 5 %) is
eventually converted into HMB (Van Koevering and Nis-
sen 1992; Molfino et al. 2013). The recommended dose
of HMB is 3 g/day for adult humans. A 70-kg individual
generates about 0.2-0.4 g HMB/day, depending on the
Leu content in the diet (Nissen 1997). Although HMB can
also be found in nature, the quantities required to increase
protein synthesis and to decrease proteolysis cannot be
consumed within a normal diet (Gerlinger-Romero et al.
2011). To achieve HMB’s beneficial effects, 60 g of Leu
is required, but it is beyond the amount of a balanced diet
(Zanchi et al. 2011). Thus, supplementation of HMB has
been employed as an effective alternative nutrition strategy,
as the majority of supplemental HMB is retained by the
body (Fitschen et al. 2013). We will not only discuss the
positive effects of Leu on protein metabolism but also those
of the major Leu metabolites.

The role of Leu and its metabolites in protein
metabolism

Although the role of Leu in protein synthesis has been
known for decades (Buse and Reid 1975; Anthony et al.
2000a, b), the functions of Leu metabolites in protein
metabolism remain elusive. Numerous studies demonstrate
that these metabolites may be partly responsible for the pos-
itive effects of Leu (Slater and Jenkins 2000; Wilson et al.
2008; Pinheiro et al. 2012). Other BCAAs, including isoleu-
cine and valine, cannot trigger the same metabolic effects,
reinforcing the supposition that Leu metabolites are critical
for the anti-catabolic function of Leu (Holecek et al. 2009).

Protein synthesis

Amino acids, especially Leu, function not only as a sub-
strate for newly synthesized protein, but also as a “trigger”
(signaling molecule) for the initiation of protein synthesis
(Atherton et al. 2010; Columbus et al. 2014). The modula-
tion of protein synthesis by Leu in skeletal muscle has been
reviewed extensively (Kim et al. 2007; Yin et al. 2010; Li
et al. 2011a; Yao et al. 2012; Duan et al. 2015a, b). Dur-
ing protein synthesis in skeletal muscle, the efflux of glu-
tamine is accompanied with the uptake of Leu via amino
acid transporters, more specifically solute carrier family 1
member 5 and solute carrier family 7 member 5/SLC3A2
(Nicklin et al. 2009). The intracellular Leu concentra-
tion is detected by amino acid sensors (Han et al. 2012),
which activate mediators such as Ras-related guanosine
triphosphatases (Suzuki and Inoki 2011), human vacuolar
sorting protein-34 (Nobukuni et al. 2005), and mitogen-
activated protein kinase kinase kinase kinase-3 (Suzuki
and Inoki 2011). These mediators trigger the translocation
of the mTOR complex 1 (mTORCI) to the surface of late
endosomes and lysosomes where it is directly activated by
Ras homolog enriched in brain, which resides on the sur-
face of the lysosome. Once mTORCI is activated, it regu-
lates the phosphorylation and activation of downstream
proteins that modulate the initiation and/or elongation steps
in translation. The main targets include 4E binding protein
1 (4E-BP1), ribosomal S6 kinases (S6K1), and eukaryotic
initiation factor 2 (eIF2a) (Talvas et al. 2006). Leu can also
induce protein synthesis through directly activating the
eukaryotic initiation factor 4G (eIF4G) in an mTOR-inde-
pendent manner (Bolster et al. 2004b).

More than 30 years ago, it was reported that o-KIC did
not influence the rate of protein synthesis in skeletal muscle
(Tischler 1982), and that Leu can still stimulate protein syn-
thesis when transamination is suppressed (Mitch and Clark
1984). Based on these findings, Leu, rather than its metab-
olites, has been suggested as a direct nutrient signal for
protein synthesis (Lynch et al. 2002, 2003; Garlick 2005).
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However, this idea has been challenged by an increasing
amount of studies. Modification of the a-amino group (i.e.,
methylation) partly eliminates the ability of Leu to activate
mTOR signaling in H4-EIl hepatoma cells (Shigemitsu
et al. 1999). In BCATm ™~ mice, Leu-induced activation
of mTOR is almost inhibited in perfused liver and heart,
isolated adipocytes as well as in cultured primary fibro-
blasts (Zhou et al. 2010). Based on these observations, it is
speculated that Leu metabolites (mainly a-KIC and HMB),
rather than Leu itself, possess direct anabolic properties
(Wilkinson et al. 2013). However, direct evidence in sup-
port of this view is still lacking.

As a dietary substitute for Leu, a-KIC’s ability to stimu-
late protein synthesis in a catabolic state has been examined
for more than 30 years (Kang et al. 1986). At the same con-
centration (initiated with 148 pM/kg for 10 min and fol-
lowed by 400 wM/kg/h), Leu and o-KIC enhance 4E-BP1
phosphorylation and formation of the active elF4E-eIF4G
complex. Moreover, both Leu and a-KIC stimulate mus-
cle protein synthesis to the same extent in neonatal pigs
(Escobar et al. 2010). However, whether transamination of
a-KIC to form Leu is involved in a-KIC-induced protein
synthesis remains controversial. An early study showed
that a-KIC increases protein synthesis and reduces prote-
olysis in rat heart muscle without enhancing intracellular
concentrations of Leu (Chua et al. 1979). In the presence
or absence of an inhibitor of Leu transaminase, incuba-
tion of muscle tissue with Leu leads to the same increase
in protein synthesis (Tischler 1982). A study showed that
a-KIC is as effective as Leu in stimulating 4E-BP1 and
S6K1 hyper-phosphorylation, although the rapid revers-
ible transamination of a-KIC to Leu could also regulate
this effect (Yoshizawa 2004). Indeed, infusion of a-KIC
causes an increase in plasma Leu concentration, indicat-
ing that o-KIC is markedly converted to Leu and might not
directly account for the increase in protein synthesis (Esco-
bar et al. 2010). It is possible that transamination of Leu
to a-KIC is not required for the regulatory ability of Leu,
whereas the effects of a-KIC might be regulated by its con-
version to Leu (Yoshizawa 2004). However, using o-KIC to
increase protein synthesis is still an alternative strategy in
those situations in which decreased dietary protein intake
is desirable since no additional nitrogen is provided with
a-KIC (Columbus et al. 2014). Overall, the role of a-KIC
in stimulating protein synthesis might be an mTOR-regu-
lated action, and reversible transamination of a-KIC to Leu
might be required for the effect.

Intriguingly, HMB as a dietary substitute for Leu is
better tolerated by oral administration and has no adverse
effects (Baxter et al. 2005). The dosage required to stim-
ulate protein synthesis is much lower for HMB than for
Leu (Eley et al. 2007; Fuller et al. 2011). Unlike a-KIC,
the metabolism of Leu to HMB is irreversible and thus the
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Fig. 2 Possible mechanisms for HMB to stimulate protein synthe-
sis in skeletal muscle. HMB increases protein synthesis in the mus-
cle through MAPK/ERK signaling, IGF-1 axis, PI3K/Akt pathway,
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production of Leu cannot be responsible for any observed
responses to HMB (Columbus et al. 2014). As with a-KIC,
HMB has the potential to be used as a viable alternative to
promote protein anabolism when reduced dietary protein
is required. Intravenous infusion of HMB with increasing
doses in neonatal piglets for 1 h leads to mTOR activa-
tion and an increase in muscle protein synthesis (Wheatley
et al. 2014). The greatest response is observed for a plasma
HMB concentration of 90 M, whereas higher doses either
reduce the anabolic effect or fail to induce protein synthesis
above the fasting baseline level. Furthermore, HMB-stimu-
lated protein synthesis through the mTOR pathway occurs
to a similar degree as for Leu (Eley et al. 2007; Wilkinson
et al. 2013). These observations suggest that mTOR signal-
ing is also involved in HMB-stimulated protein synthesis.
Additionally, HMB can enhance muscle protein synthe-
sis under both normal and catabolic conditions (such as
elevated lipopolysaccharide or cytokines levels) through
multiple mechanisms (Fig. 2): (1) by increasing the activity
of the growth hormone/insulin-like growth factor I (IGF-I)
axis in skeletal muscle (the expression of IGF-I is induced
by HMB in a dose-dependent manner) (Kornasio et al.
2009; Gerlinger-Romero et al. 2011; Zanchi et al. 2011);
(2) by down-regulation of elF2a and up-regulation of the
mTOR/S6K1 pathway (Eley et al. 2007, 2008; Pimentel
et al. 2011), or (3) by promoting myogenesis via the mito-
gen-activated protein kinase/extracellular signal-regulated
protein kinase (MAPK/ERK) and phosphoinositide-3-OH
kinase (PI3K)/Akt pathway, which is boosted by IGF-I.
Although HMB has an immediate influence on Akt phos-
phorylation, it does not affect insulin receptor substrate-1
(Kornasio et al. 2009). Many of these mechanisms are also
shared with Leu. Thus, HMB can be viewed as an alterna-
tive to Leu to increase muscle protein synthesis (May 2002;
Smith 2005; Holecek et al. 2009; Liu et al. 2014).
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Circulating insulin has been suggested to promote pro-
tein synthesis (Anthony et al. 2002), so it is speculated
that Leu-induced protein synthesis is attributed in part to
insulin. However, supplementation with physiological lev-
els of Leu promotes the small-intestinal development and
whole-body growth in sow-reared piglets without affect-
ing the plasma level of insulin, growth hormone or IGF-I
(Sun et al. 2015). Leu and a-KIC are important nutrient sig-
nals that increase insulin secretion in islet cells (Zhou et al.
2010), while HMB consumption does not lead to a change
in plasma insulin concentration (Wilkinson et al. 2013) (dis-
cussed below). Inhibiting insulin signaling via PI3K activ-
ity does not suppress stimulation of the mTORC1 pathway
to induce protein synthesis by Leu or other essential amino
acids (O’Connor et al. 2003; Bolster et al. 2004a). Neither
Leu administration nor rapamycin treatment influences the
phosphorylation of insulin regulators such as Akt, tuber-
ous sclerosis complex 2, or AMPK (Suryawan et al. 2008).
Taken together, insulin might facilitate, but is not required
for, protein synthesis induced by Leu or its metabolites.

Protein degradation

Muscle protein degradation requires the proteasome and
the enhanced expression of two ubiquitin ligases (E3):
muscle ring finger 1 (MuRF1) (Bodine et al. 2001) and
muscle atrophy F-box (MAFbx), also named atrogin-1
(Gomes et al. 2001). Expression of the proteasome subu-
nits and MuRF1 is regulated via activation of the transcrip-
tion factor nuclear factor-k B (NF-kB), while forkhead box
O transcription factors are required for the expression of
MAFbx (Russell and Tisdale 2009). In response to amino
acid or energy deficiency, cells simultaneously reduce their
rates of protein synthesis and switch to protein degradation
(Talvas et al. 2006). The suppression of protein degrada-
tion by Leu requires its transamination, and depends on
the stimulation of protein degradation by host- or tumor-
derived regulators (Tischler 1982; Mitch and Clark 1984;
Baracos and Mackenziey 2006). For example, incubation
of muscle cells from healthy rats in medium containing Leu
decreases the rate of protein degradation, whereas muscle
cells from tumor-bearing rats do not respond to Leu (Bus-
quets et al. 2002). However, the exact mechanism by which
Leu inhibits protein degradation remains unclear. Leu and
its metabolites might prevent skeletal muscle proteoly-
sis via mTOR signaling. Unlike for insulin, the upstream
kinase PI3K might not be required (Mitchell et al. 2004).
Other researchers disagree with this assumption, and show
that inhibition of proteolysis by Leu is not through mTOR
signaling in mouse C2CI12 myotubes and isolated rat
hepatocytes (Mordier et al. 2000; Kanazawa et al. 2004),
but through PI3K and protein kinase C (PKC) signaling,
which inhibits myofibrillar proteolysis (Nakashima et al.

2005). Additionally, Leu (10 mM) can inhibit proteolysis in
skeletal muscle by serving as a negative-feedback media-
tor of the lysosomal proteolytic system and reducing gene
expression of ATP-ubiquitin-dependent proteolytic play-
ers (Busquets et al. 2000). However, a-KIC is much more
effective in suppressing proteolytic-related genes resulting
in a decrease in myofibrillar proteolysis of skeletal muscle
tissue (Nakashima et al. 2007). It should be borne in mind
that the use of 10 mM Leu in the study, which is about 50
times its plasma concentration, is highly unphysiological
and the nutritional relevance of the results is questionable.

Similarly, HMB supplementation might also positively
affect the inhibition of protein degradation (Smith 2004; Van
Someren et al. 2005; Holecek et al. 2009; Russell and Tis-
dale 2009; Gerlinger-Romero et al. 2011; Noh et al. 2014).
HMB (50 uM) completely attenuates total protein degrada-
tion induced by angiotensin II and tumor necrosis factor-o/
interferon-y in murine myotubes. It also attenuates the increase
of reactive oxygen species (ROS) formation via activation of
p38 MAPK and the activity of both caspase-3 and -8. These
results suggest that HMB plays a critical role in protein degra-
dation and muscle damage (Eley et al. 2008). Thus, HMB as
a nutritional supplement has been used to effectively reduce
muscle loss (Caperuto et al. 2007; Hao 2011; Alway et al.
2013; Fitschen et al. 2013; Hasselgren 2014). Contrary to pre-
vious supposition, one recent study provides evidence that the
effect of Leu on protein degradation is not regulated by HMB
(Baptista et al. 2013), which might be more potent than Leu
in inhibiting muscle protein degradation, especially in tumor-
bearing animals (Baracos and Mackenziey 2006). Unlike Leu,
which acts via the class IIT PI3K pathway, HMB transduces its
signal through the class I PI3K pathway (Drummond and Ras-
mussen 2008). Overall, HMB attenuates protein degradation
through multiple mechanisms (Fig. 3). First, HMB suppresses
PKC signaling, which in turn attenuates the ubiquitin—proteo-
some proteolytic pathway (Smith 2004, 2005); second, HMB
reduces the activity of mitochondrial-associated caspases and
the subsequent production of ROS. These actions lead to sup-
pression of myonuclear apoptosis (Hao 2011). Third, HMB
increases cell membrane integrity through cholesterol synthesis
(circulating cholesterol does not increase), which is assumed,
but not confirmed, to decrease tissue damage-induced proteoly-
sis (Nissen and Abumrad 1997; Stancliffe 2012). Finally, it is
possible that HMB serves as a structural component within the
cell membrane (Nissen et al. 1996), but how this may impact
protein turnover is not clear.

The role of Leu and its metabolites in energy
metabolism

Protein and energy metabolism are tightly coupled, and
protein synthesis is inhibited when there are insufficient
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Fig. 3 Possible mechanisms for HMB to inhibit protein degradation
in skeletal muscle. HMB inhibits protein degradation through multi-
ple mechanisms, including suppressing ubiquitin—proteasome system
and enhancing cell membrane integrity

energy substrates. mMTORC1, AMPK, and myokines are
involved in the regulation of Leu and the cross-talk between
protein and energy metabolism (Duan et al. 2015a). Leu
plays a key role in energy metabolism apart from its pivotal
function in protein turnover (Liang et al. 2014). It can pro-
mote energy partition from adipocytes to myocytes, caus-
ing reduced lipid storage in adipocytes and enhanced fatty
acids utilization in muscle cells (Sun and Zemel 2007).
Activation of AMPK and SIRT1 by Leu is the major event
that mediates fatty acid oxidation and mitochondrial bio-
genesis leading to increased energy expenditure in skel-
etal muscle cells (Liang et al. 2014). However, it remains
unclear whether energy metabolism is mediated directly by
Leu itself, or if its metabolites a-KIC and/or HMB contrib-
ute to the observed effects. Another possible mechanism
for Leu to regulate energy metabolism is through the mod-
ulation of synthesis of nitric oxide (Dai et al. 2013; Yang
et al. 2015). The following section will focus on the regu-
latory role of Leu and its metabolites in insulin secretion,
glucose homeostasis, fatty acid oxidation, and mitochon-
dria biosynthesis.

Insulin secretion

As mentioned above, Leu and a-KIC are insulin secreta-
gogues, whereas HMB is not (Zhou et al. 2010; Wilkin-
son et al. 2013). The key questions are (1) whether Leu
and o-KIC catabolism are required for the stimulation of
insulin secretion, and (2) what underlying mechanisms are
responsible for Leu- and a-KIC-stimulated insulin secre-
tion (LSIS and KICSIS, respectively).

@ Springer

Short chain acyl-CoAs (generated by Leu catabolism)
and o-KG (produced from Leu-activated glutamate oxida-
tion) are required for the promotion of insulin secretion
(MacDonald et al. 2005; MacDonald 2007). Mevalonate
derived from Leu catabolism might be a signal for insu-
lin secretion by interacting with succinate (Fahien and
MacDonald 2002). These observations and previous stud-
ies all indicate that Leu and a-KIC metabolism is essen-
tial for these nutrients to stimulate insulin secretion (Hut-
ton et al. 1979, 1980; MacDonald et al. 2005; MacDonald
2007). However, there are conflicting observations that
noted no impact of Leu on insulin secretion in BCATm ™/~
islets (Zhou et al. 2010). Leu-induced glutamate dehydro-
genase (GDH) activation contributes to LSIS. GDH can
oxidize glutamate to o-KG, which is accompanied by the
production of NADPH, an intracellular signal for insu-
lin secretion (Sener and Malaisse 1980; Rabaglia et al.
2005). Interestingly, Leu serves as the allosteric activator
of GDH. However, insulin secretion stimulated by Leu
and o-KIC involves distinct mechanisms. The metabolites
of Leu and/or a-KIC (such as acetoacetate) might stimu-
late the insulinotropic effect of a-KIC, and a-KIC oxida-
tion increased the ratios of ATP/ADP, NADH/NAD™, and
NADPH/NADP™ to promote insulin secretion. Amino-oxy-
acetic acid (an aminotransferase inhibitor) prevents KIC-
SIS but promotes LSIS, implicating a possibly important
role for a-KG, while loss of a-KIC/glutamate transami-
nation to Leu/a-KG inhibits KICSIS (Zhou et al. 2010).
Thus, transamination might play a crucial role in KICSIS,
whereas activation of GDH is more important for LSIS.

Glucose homeostasis

Circulating insulin binds and activates its specific receptors,
which in turn initiates a series of intracellular signaling cas-
cades (mainly mTOR and PI3K signaling), resulting in pro-
tein synthesis and translocation of the glucose transporter
4 from the cytosol to the plasma membrane. This process
promotes glucose uptake into skeletal muscle cells or adi-
pocytes (Kleinert et al. 2011). Leu mediates satiety and
modulates glucose metabolism through peripheral and cen-
tral mechanisms (Lynch et al. 2002, 2006; Nishitani et al.
2002; Zhou et al. 2010; Su et al. 2012). It acts via PKC
rather than protein kinase B, which is activated by insulin
(Nishitani et al. 2002). However, one recent study provides
new mechanistic insights into the facilitation of insulin-
induced glucose uptake and insulin signaling by Leu in a
dose-dependent manner via both mTORC1 and mTORC?2,
and demonstrated that Leu alone cannot affect glucose
uptake (Liu et al. 2014). Leu (2 mM) stimulates glu-
cose uptake in the muscle for 15-45 min, whereas longer
(>60 min) stimulation leads to loss of stimulatory action.
Lower concentrations have little or no impact (Nishitani
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et al. 2002). One potential mechanism may be that Leu
feedback suppresses insulin signaling and reduces glu-
cose utilization in skeletal muscle by activation of mTOR
signaling (Zhang et al. 2007). It raises the possibility that
appropriate mTOR activity is required for the full activa-
tion of insulin signaling, while too much activation results
in insulin resistance (Liu et al. 2014). However, Leu has no
impact on the stability of blood glucose concentrations and
net glucose transport in skeletal muscle (Baum et al. 2005).
The decrease in ATP levels caused by reduced glucose
availability is only about twofold, thus glucose is unlikely
the major energy donor for protein synthesis (Dennis et al.
2001; Hay and Sonenberg 2004). To provide energy for
protein synthesis, Leu may function to promote fat loss
(Zhang et al. 2007). Furthermore, the ability of a-KIC to
stimulate glucose uptake is weaker than Leu at the same
concentration (2 mM), and transamination of a-KIC to Leu
cannot be ruled out (Nishitani et al. 2002).

Fatty acid oxidation

Skeletal muscle plays a crucial role in energy homeosta-
sis by clearing serum free fatty acid (FFA), whole-body
FA oxidation, and lipid utilization. Numerous studies have
shown that Leu can mediate adipocyte lipid metabolism to
provide skeletal muscle with an increased flux of FFA, sup-
plying energy substrates to support protein synthesis (Sun
and Zemel 2007, 2009). However, it is hypothesized that
Leu metabolites such as HMB may contribute to the effect.
HMB might also regulate lipid metabolism apart from pro-
tein metabolism (Hasselgren 2014). HMB caused a greater
decrease in body fat (—1.1 vs. —0.5 %), and a greater
increase in lean body mass (1.4 vs. 0.9 kg) compared with
a placebo (Panton et al. 2000), and increased oxidation of
the FA palmitate by 30 % (Ransone et al. 2003). It also
increases lipolysis and decreases the content of adipose tis-
sue with no change in body mass, leading to an increase
of lipid availability and plasma FFA concentration (Ger-
linger-Romero et al. 2011; Pinheiro et al. 2012). In addi-
tion, increased FFA oxidation decreases glucose utilization
(Turner et al. 2007; Pinheiro et al. 2012), and increased
muscle mass can effectively enhance fat oxidation (Wilson
et al. 2008). The success of increasing fat loss is related
with increased mitochondrial content and size (Toledo et al.
2006). Therefore, we will discuss the role of Leu and its
metabolites in mitochondria biosynthesis in more detail.

Mitochondrial biogenesis

When mitochondrial function is impaired in obese or dia-
betic animals, the concentrations of BCAA in the plasma
are markedly elevated (Fu et al. 2005; Jobgen et al.
2006, Tekwe et al. 2013; Wu et al. 2007a, b). In contrast,

improvements in mitochondrial function prevents such as
increase in BCAA in obese or diabetic subjects (Tekwe
et al. 2013, Yang et al. 2015). Furthermore, mitochondria
play a key role in mediating adipocyte lipid metabolism and
cellular energy metabolism (Vankoningsloo et al. 2005).
Thus, mitochondrial dysfunction leads to a decreased
mitochondrial number and oxidative capacity, resulting
in enhanced free radical production and subsequent oxi-
dative stress (Stancliffe et al. 2011; Stancliffe and Zemel
2012). As a functional amino acid (Wu et al. 2013b), Leu
is a key element that can increase mitochondrial biogenesis
and fatty acid oxidation in muscle cells. Leu (0.5 mM) can
promote mitochondrial biogenesis in both C2C12 myocytes
and 3T3-L1 adipocytes, and modulates skeletal muscle
energy metabolism by regulating peroxisome prolifera-
tor-activated receptor gamma coactivator la and SIRT-1
expression levels (Sun and Zemel 2009). C2C12 myotubes
were treated with physiologically relevant concentrations
of Leu, a-KIC, or HMB to investigate the direct role of
Leu versus its metabolites in mitochondrial biogenesis and
fatty acid oxidation (Stancliffe 2012). The results show that
both o-KIC and HMB increase mitochondrial biogenesis
and fatty acid oxidation to a similar extent as Leu. Leu and
HMB also promoted mitochondrial biogenesis of the myo-
tubes by about 50 %, and induced expression of mitochon-
drial regulatory and component genes. Given the vast func-
tional overlap between Leu and HMB, it is speculated that
HMB has a similar function to Leu (Wilson et al. 2008). To
confirm this, BCAT, BCKD, or KICD siRNA were trans-
fected to murine myoblasts to examine the role of intact
Leu versus HMB on myoblast mitochondrial abundance
(Stancliffe 2012). Leu-stimulated mitochondrial mass and
expression of mitochondrial genes were inhibited upon
BCAT and KICD knockdown. These observations indicate
that the effects of Leu on muscle mitochondrial biogen-
esis and fatty acid oxidation are actually regulated by the
metabolite HMB.

Summary and perspectives

Our basic knowledge of the regulation of protein and
energy metabolism by Leu and its metabolites has been
greatly expanded over the past years. Understanding the
important relationship of Leu and its metabolites in protein
synthesis and energy balance may provide new strategies to
enhance body composition in animals and humans. Impor-
tantly, both a-KIC and HMB can be used as efficient nitro-
gen-free stimulators of protein and energy metabolism in
skeletal muscle and adipose tissues, and both may act as a
viable alternative to Leu. Nonetheless, some key questions
remain unanswered. First, how do a-KIC and HMB enter
the cell? Are they taken up through the same amino acid
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transporters as Leu or transporters for ketoacids? Second,
are there sensors in the cytosol unique to a-KIC and HMB?
Or how can they activate mTOR signaling? Third, among
Leu, a-KIC, and HMB, which is most effective at increas-
ing protein synthesis under normal and catabolic condi-
tions? Finally, although recent studies focus on the needs
of BCAA and their nitrogenous metabolites by animals
(Wu et al. 2009, 2013a, b, 2014), what are optimal require-
ments of dietary Leu and related amino acids to enhance
growth, development, and survival of mammals, birds and
fish? Further studies are essential to clearly address these
questions.
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