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   Key Points 

•     Excess consumption of a high fat diet is a major cause of obesity, which leads to lipid accumulation 
in fat tissue, skeletal muscle, and liver.  

•   High fat diet-induced obesity is associated with chronic metabolic disorders, including mitochondrial 
dysfunction, insulin resistance, and type 2 diabetes.  

•   Dietary leucine prevents high fat diet-induced obesity, mitochondrial dysfunction, and insulin 
resistance.  

•   Leucine supplementation ameliorates high fat diet-induced metabolic disorders through coordinate 
activation of mammalian target of rapamycin, AMP-activated protein kinase, and sirtuin1 signaling 
pathways.  

•   Dietary supplementation of leucine may provide an adjunct in the prevention and treatment of high 
fat diet-induced chronic metabolic disorders.    

    Abbreviations 

    AMPK    AMP-activated protein kinase   
  BACC    Branched chain amino acids   
  4EBP-1    4E binding protein 1   
  ER    Endoplasmic reticulum   
  FAO    Fatty acid oxidation   
  FoxO1    Forkhead box O1   
  HFD    High fat diet   
  IRS-1    Insulin receptor substrate 1   
  mTOR    Mammalian target of rapamycin   
  NAMPT    Nicotinamide phosphoribosyltransferase   
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  PGC1α    Peroxisome proliferator-activated receptor γ coactivator-1α   
  ROS    Reactive oxygen species   
  Sirt1    Sirtuin1   
  TRB3    Tribbles homolog 3   

       Introduction 

    Obesity, the most common nutritional disorders, affects the majority of adults in Western society. It has 
become a leading health concern due to its link to insulin resistance, diabetes, and cardiovascular 
disease [ 1 ]. Traditionally, prevention and treatment of obesity mainly depend on caloric restriction 
and increasing physical activity. Although short-term weight loss can be achieved by various dietary 
approaches, sustainability of weight loss seems to be diffi cult [ 2 ]. Recently, several studies have 
shown that dietary manipulation of essential amino acids, including leucine, arginine, and glutamine, 
improves lipid and glucose metabolism [ 3 ]. Specifi cally, dietary supplementation of leucine prevents 
HFD-induced obesity, mitochondrial dysfunction, and insulin resistance, suggesting the potential 
importance of dietary supplementation of leucine in the prevention of HFD-induced metabolic disorders 
[ 4 ]. In this article, we review the metabolic roles of leucine and explore the underlying mechanisms 
by which leucine supplementation ameliorates HFD-induced metabolic disorders.  

    High Fat Diet Induces Obesity 

 In industrial countries, excess consumption of a HFD plays an important role in the development of 
obesity because a HFD stimulates voluntary energy intake due to its high energy intensity and high 
palatability [ 5 ]. In addition, the excess consumption of diets rich in fatty acids does not stimulate FAO 
even when dietary fat is given in excess of energy expenditure. Thus, excess consumption of a HFD 
results in lipid accumulation in adipose tissue, muscle, and liver. Several studies have demonstrated 
that a HFD reliably produces obesity in rats, mice, dogs, and primates [ 6 ], while a low fat diet rarely 
induces obesity in animals, even when animals are maintained in small cages to limit physical activity. 
Moreover, switching rodents from a HFD to a low fat diet can ameliorate the HFD-induced obesity [ 7 ], 
suggesting a close correlation between the excess consumption of a HFD and the development of 
obesity. Observations in humans also suggest that a HFD promotes the development of obesity through 
increasing energy intake and reducing energy expenditure. In both lean and obese subjects, a HFD 
enhances fat intake much more than FAO, resulting in a positive fat balance. Furthermore, a HFD may 
disrupt the balance between the intake and oxidation of carbohydrate, making the obese individuals 
particularly prone to increase in body weight and fat mass. Thus, dietary fat plays an important role 
in the development of obesity. 

 The endoplasmic reticulum (ER) is a major organelle in maintaining lipid metabolic homeostasis. 
Excessive intake of nutrients may stimulate the ER stress response or the unfolded protein response 
through three ER membrane proteins; inositol-requiring enzyme-1, activating transcription factor, and 
protein kinase-like ER kinase. Deregulation of the ER stress response has been implicated in obesity 
[ 8 ]. In pancreatic β cells, the activation of protein kinase-like ER kinase and eukaryotic translation 
initiation factor 2 subunit alpha upregulates the expression of sterol-regulatory binding proteins, 
which are major regulators of cholesterol and fatty acid synthesis [ 9 ]. In mammary epithelial cells, 
the loss of protein kinase-like ER kinase reduces the sterol-regulatory binding protein activity and 
lipogenesis [ 10 ]. Moreover, in cultured hepatocellular carcinoma HepG2 cells, elevated palmitate 
levels, which mimics fatty acid overload conditions, increases ER stress markers, upregulates the 
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proteins related to fatty acid synthesis, and induces lipid accumulation. Similarly, feeding a HFD to 
mice stimulates the ER stress response, induces lipid accumulation, and reduces insulin sensitivity in 
mice. Importantly, inhibition of the unfolded protein response by pharmacological and genetic means 
prevents HFD-induced ER stress response and lipid accumulation. Thus, excess consumption of a 
HFD may induce obesity through stimulating the ER stress response.  

    HFD-Induced Obesity Is Associated with Mitochondrial Dysfunction 
and Insulin Resistance 

 The primary function of the mitochondria is to produce energy from carbohydrate, fat, and protein. 
As a major site of FAO, the mitochondria contain the enzymes essential for lipid metabolism. 
Excessive intake of dietary fat leads to mitochondrial dysfunction with consequential impaired lipid 
and glucose metabolism. Exposure of C2C12 myotubes to saturated free fatty acid impairs mitochon-
drial function as evidenced by decreases in both mitochondrial hyperpolarization and ATP generation. 
Meanwhile saturated free fatty acids reduce insulin-enhanced glycogen synthesis, glucose oxidation, and 
lactate production. The inhibition of mitochondrial respiration reduces FAO and increases triglyceride 
accumulation in 3T3L1 preadipocytes. These data suggest a close correlation among the consumption 
of a HFD, lipid accumulation, and mitochondrial dysfunction. 

 The excessive intake of dietary fat can also impair mitochondrial function through the inhibition of 
mitochondrial biogenesis. The genes encoding proteins involved in oxidative phosphorylation and 
mitochondrial biogenesis are downregulated in young men who consumed a HFD [ 11 ]. Likewise, 
reductions in the genes related to oxidative phosphorylation and mitochondrial biogenesis are also 
found in mouse models of HFD-induced obesity and insulin resistance [ 11 ]. Furthermore, exposure 
of rats to a HFD signifi cantly impaired mitochondrial function by rapidly reducing ATP synthesis. 
The defects in mitochondrial oxidative capacity may further promote the development of obesity 
because a defi ciency in β-oxidation and a lower oxidative metabolism led to lipid accumulation in 
non-adipose tissues. 

 The accumulation of fatty acids and their metabolites, including acyl-CoAs, ceramides, and 
diacylglycerol in non-adipose tissues, particularly in the muscle and liver, is closely associated with 
insulin resistance, because these “toxic” lipids can serve as signaling molecules that activate pro-
tein kinases such as protein kinase C, c-Jun N-terminal kinases, and the inhibitor of nuclear 
factor-κB kinase-β. These kinases, in turn, can phosphorylate IRS-1, leading to degradation of 
IRS-1 and impaired PI3K signaling. In addition, a HFD may upregulate TRB3 protein and promote 
the association between Akt and TRB3, which inhibits insulin-stimulated Akt phosphorylation 
(Ser473), leading to high blood glucose, impaired insulin tolerance, and low glucose infusion rate 
during a clamp [ 4 ]. 

 Mitochondrial dysfunction is considered a major factor contributing to the development of insulin 
resistance and type 2 diabetes. Compared to insulin-sensitive control subjects, type 2 diabetic patients 
and insulin-resistant individuals with impaired glucose tolerance have fewer mitochondria, lower lev-
els of mitochondrial oxidative enzymes, and lower ATP synthesis in their muscles [ 12 ]. The expres-
sion of genes related to PGC1-α and various mitochondrial constituents [ 13 ] is also lower in muscles 
from these patients. In addition, the number of mitochondria and the expression of the genes that regu-
late mitochondrial biogenesis are signifi cantly lower in adipocytes from type 2 diabetic patients and 
obese individuals. However, other groups reported that consumption of a HFD increases mitochon-
drial biogenesis and fatty acid oxidative capacity in skeletal muscle [ 14 ]. Recently, Hancock et al. [ 15 ] 
showed that insulin resistance can develop in animals maintained on a HFD, despite a signifi cant 
increase in the mitochondrial contents. Thus, the role of mitochondrial metabolism in the etiology of 
insulin resistance warrants further investigation.  
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    Leucine Supplementation Prevents HFD-Induced Metabolic Disorders 

 Leucine is an essential BCAA. In humans it cannot be produced by the body and has to be obtained from 
dietary source. In contrast to other essential amino acids that are mainly metabolized in the liver, leucine 
is primarily metabolized in peripheral tissues, such as muscle. Leucine serves not only as a building 
block for protein synthesis but also as a signal to activate mTOR kinase and its downstream targets [ 16 ] 
to regulate many cellular processes, including protein synthesis, cell growth, and metabolism. Like 
dietary protein, leucine supplementation has been implicated in the regulation of satiety, because leucine 
can directly stimulate mTOR signaling in the hypothalamus and induce the secretion of leptin [ 17 ], an 
important adipokine in regulating hunger and food consumption, leading to decreased food intake. 
Furthermore, increasing dietary intake of leucine has been shown to reduce body weight, plasma levels 
of cholesterol, and lipid accumulation in the mice subjected to a HFD [ 4 ,  18 ]. The benefi cial effects 
of leucine supplementation are associated with the upregulation of uncoupling protein 3 in brown and 
white adipose tissues and skeletal muscle, which can increase resting energy expenditure. 

 Dietary supplementation of leucine also increases mitochondrial biogenesis and improves 
mitochondrial function in the liver, brown adipose tissue, and muscle. Compared with normal chow 
diet- fed mice, HFD plus leucine-fed mice had greater expression of the genes related to mitochondrial 
biogenesis, such as PGC1-α, nuclear respiratory factor-1, mitochondrial DNA transcription factor A, 
and NADH dehydrogenase [ubiquinone] iron-sulfur protein 8. The high expression of mitochondrial 
biogenesis genes was associated with an increase in mitochondrial mass and an improvement of mito-
chondrial function, as determined by more citrate synthase activity and greater ATP content [ 4 ]. 
Moreover, addition of leucine to the HFD resulted in a signifi cantly higher mRNA level of PPARα, 
an important enzyme controlling fatty acid metabolism. The functional relevance of this induction 
was validated by detecting more expression of two important genes regulating FAO, including car-
nitine palmitoyltransferase-1b (CPT-1b) and medium-chain acyl CoA dehydrogenase, which may 
stimulate FAO. 

 The mitochondria are essential organelles responsible for processing oxygen and converting sub-
stances from the foods into energy for essential cellular functions. Meanwhile, they are also a major 
source of ROS, which are associated with a wide variety of infl ammatory and metabolic diseases [ 19 ]. 
The excessive intake of dietary fat may enhance the electron fl ow in the mitochondrial respiratory 
chain, which increases ROS generation, thereby inducing oxidative stress [ 20 ]. This may cause struc-
tural and functional damage to the liver, kidney, and heart. Thus, the improvement of mitochondrial 
biogenesis and function by leucine supplementation may also attenuate HFD-induced oxidative stress. 
As assessed by immunohistochemistry, the consumption of a HFD increased the formation of 
3- nitrotyrosine, a footprint of oxidative stress. The increase was diminished by addition of leucine to 
the HFD [ 4 ]. 

 Another benefi cial effect of leucine supplementation is improvement of insulin sensitivity and 
glucose metabolism. In normal diet-fed mice, insulin stimulated Akt phosphorylation at Ser473, but 
in HFD-fed mice insulin failed to stimulate the Akt phosphorylation. The consumption of additional 
leucine with a HFD recovered the effect of insulin-stimulated Akt phosphorylation. Consistent with 
the improvement of insulin sensitivity, leucine supplementation normalized blood glucose levels, 
improved glucose tolerance, and enhanced glucose infusion rate during a hyperinsulinemic–euglycemic 
clamp study in HFD-fed mice. 

 In addition to improvement of glucose and lipid metabolism in HFD-induced obese mouse model, 
chronic leucine supplementation improves glucose-insulin homeostasis in other mouse models of 
obesity and diabetes with different etiologies. In RCS10 mice [ 21 ], a polygenic model predisposed to 
beta cell failure and type 2 diabetes, chronic supplementation of leucine prevents the development 
of overt diabetes through increasing insulin secretion. In yellow agouti mice, which carry a mutation 
of the agouti gene in chromosome 2 and exhibit phenotypes of mild hyperphagia, hyper-metabolism 
and insulin resistance, dietary leucine improves insulin sensitivity as estimated by lower insulin levels 
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together with lower HbA1c and plasma glucose levels in leucine-treated yellow agouti mice [ 21 ]. 
Meanwhile, leucine also attenuates adipose tissue infl ammation, increases resting metabolic rate, and 
upregulates the genes related to mitochondrial function and energy metabolism in these mice. 

 The role of dietary leucine in the regulation of energy metabolism remains controversial in the 
literature because some groups reported that dietary supplementation of leucine had no effect on lipid 
metabolism and did not alter susceptibility to diet-induced obesity in mice. In the in vitro experi-
ments, incubation of extensor digitorum longus muscle with leucine reduces insulin-stimulated phos-
phorylation of Akt at Ser473 [ 22 ]. Moreover, supplemental BCAA worsens insulin resistance in 
HFD-fed rats even though the supplementation of BCAA reduces food intake and decreases body 
weight. Thus, further investigations are necessary for establishing the role of dietary leucine in energy 
metabolism.  

    Leucine and mTOR Signaling 

 The mammalian target of rapamycin, a coordinator between nutritional stress and cellular growth 
machinery, functions in an intracellular signaling pathway that senses the availability of amino acids. 
mTOR exists as two distinct protein complexes, mTOR complex1 and mTOR complex2 [ 23 ]. 
Activation of mTOR complex1 increased protein synthesis and ribosomal biogenesis, thereby playing 
a key role in coupling nutrients to protein synthesis [ 24 ]. 

 In skeletal muscle, an increase in the leucine concentration stimulates the mTOR signaling path-
way, which phosphorylates the inhibitory binding protein 4EBP-1, causing the binding protein to 
dissociate from the translational initiation factor, eukaryotic initiation factor-4E [ 25 ]. In addition, 
leucine-activated mTOR phosphorylates P70S6 kinase, leading to the phosphorylation of the S6 ribo-
somal protein [ 26 ]. P70S6 kinase and 4EBP-1 are two proteins essential in the regulation of protein 
synthesis. In adipose tissue, leucine-stimulated mTOR signaling regulates preadipocytes differentia-
tion, adipose tissue morphogenesis, and leptin secretion [ 27 ]. For example, a high concentration of 
leucine in primary cultures of rat adipocytes activates mTOR signaling, leading to preadipocyte dif-
ferentiation and adipogenesis [ 28 ]. 

 Activation of the mTOR/S6K1 pathway increases IRS-1 phosphorylation at Ser1101 while it 
inhibits IRS-1 phosphorylation at tyr612, resulting in the degradation of IRS-1 and the impairment of 
PI3K signaling [ 29 ], critical events in the development of insulin resistance [ 30 ]. In one study, long- 
term supplementation of BCAA including leucine, isoleucine, and valine, to HFD-fed mice induced 
insulin resistance that was accompanied by higher phosphorylation of mTOR and IRS-1 on Ser307, 
all of which were attenuated by administration of rapamycin, an inhibitor of mTOR. In contrast, 
administration of leucine diminished the insulin resistance caused by consuming a HFD even though 
leucine increased insulin-stimulated phosphorylation of P70S6K in the muscle, liver, and brown adi-
pose tissue [ 31 ]. Thus the role of leucine in insulin resistance needed to be further investigated.  

    Leucine and AMPK Signaling Pathway 

 AMPK is a heterotrimer comprising of α, β, and γ subunits [ 32 ]. The α subunit contains the catalytic 
domain. Increases in the ratio of AMP/ATP can activate AMPK through an allosteric effect and the 
inhibition of the dephosphorylation of Thr172 in the activation loop in the kinase domain [ 33 ]. To date, 
several upstream kinases have been identifi ed to phosphorylate AMPK; these include the tumor 
suppressor kinase LKB1 [ 34 ,  35 ] and two calmodulin-dependent protein kinase kinases, CaMKK-α 
and CaMKK-β. AMPK is a fuel gauge that senses the intracellular energy status [ 36 ] and plays an 
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important role in the regulation of glucose and lipid metabolism [ 37 ]. Activation of AMPK 
phosphorylates several target molecules, leading to the reduction of energy demands and an increase in 
energy supply [ 37 ]. In addition, activation of AMPK provides an important cellular protective response 
in various stress conditions, including hypoxia, oxidative stress, exercise, and starvation [ 38 ,  39 ]. 

 Recent evidence suggests that the inhibition of AMPK may also actively participate in the regulation 
of many cellular processes. In OVE26 mice, a transgenic model of severe early-onset type 1 diabetes, 
and streptozotocin-induced diabetic mice, both the AMPK activity and the phosphorylation at Thr172 
are signifi cantly reduced in the diabetic hearts, which is accompanied by the suppression of autoph-
agy and by impairment of cardiac structure and function [ 40 ,  41 ]. Feeding mice a HFD results in the 
dysregulation of AMPK, detected by both a reduction in AMPK protein expression and an inhibition 
of AMPK phosphorylation in skeletal muscle, heart, liver, aortic endothelium, and hypothalamus [ 42 ]. 
Incubation of endothelial cells in a medium containing palmitate to mimic fatty acid overload condi-
tions results in an increase in ceramide production and the inhibition of the phosphorylation of AMPK 
and its downstream molecule acetyl-CoA carboxylase through activation of protein phosphatase 2 
[ 43 ]. Similarly, feeding mice a HFD rich in palmitate also inhibits AMPK activity [ 43 ], suggesting that 
inhibition of AMPK activity may be an important mechanism underlying HFD- induced metabolic dis-
orders. The consumption of additional leucine with a HFD restored AMKP phosphorylation, which was 
associated with a decrease in body weight and fat mass, as well as an improvement of insulin sensitivity 
and glucose metabolism. The activation of AMPK also stimulated the SIRT1 signaling pathway through 
increasing the expression of SIRT1 and NAMPT, a rate-limiting enzyme responsible for NAD +  biosyn-
thesis [ 4 ]. These results suggest that dietary leucine can prevent HFD-induced metabolic disorders 
through coordinately regulating the AMPK and SIRT1 signaling pathways.  

    Leucine Activates SIRT1 Signaling 

 SIRT1, an NAD + -dependent deacetylase, can enhance glucose utilization, increase mitochondrial 
FAO, and improve insulin sensitivity [ 44 ]. In the mouse liver, SIRT1 is required for the activation of 
PGC1α and induction of gluconeogenic genes in response to fasting signals [ 45 ]. Under starvation 
conditions, knockdown of SIRT1 by transfection of siRNA results in mild hypoglycemia, increased 
glucose tolerance, improved insulin sensitivity, and decreased hepatic glucose production [ 46 ]. 
In addition, knockdown of SIRT1 positively regulates the nuclear receptor LXR (liver X receptor) 
proteins, leading to the accumulation of free fatty acids and cholesterol in the liver, which can be 
reversed by SIRT1 overexpression [ 46 ]. 

 The association between the low expression of SIRT1 protein and insulin resistance in skeletal 
muscle has been reported for obese and aged individuals and for type 2 diabetic patients [ 47 ]. Glucose 
restriction activates AMPK by transcriptional repression of the protein tyrosine phosphatase 1B [ 47 ], 
resulting in high expression of the NAMPT gene and activation of the SIRT1 signaling pathway, 
which in turn improves insulin sensitivity and glucose homeostasis. In addition, the activation of 
SIRT1 decreases acetylation of PGC1α and FoxO1, stimulating mitochondrial biogenesis, FAO [ 48 ], 
and gluconeogenesis [ 49 ]. Thus, activation of SIRT1 signaling is essential for the prevention of meta-
bolic disorders. 

 Leucine supplementation in HFD-fed mice activated SIRT1 signaling through AMPK-mediated 
upregulation of SIRT1 and NAMPT. The activation of SIRT1 reduced acetylation of PGC1α and 
FoxO1 [ 50 ], which increased the expression of genes related to mitochondria biogenesis, leading to 
enhanced mitochondrial contents and improved mitochondrial function. In addition, the reduction in 
acetylation of PGC1α was associated with upregulation of the genes related to FAO and activate the 
signaling pathway that controls FAO, thereby normalizing plasma lipid profi le, reducing subcutaneous 
and visceral fat mass, and preventing lipid accumulation [ 4 ]. 
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 FoxO1 was originally identifi ed as a negative regulator of insulin signaling [ 51 ], but recent evidence 
suggests that it can improve hepatic insulin sensitivity through upregulation of TRB3. TRB3 is an 
endogenous inhibitor of Akt, which is a critical regulator in insulin signaling [ 52 ]. The expression of 
TRB3 has been implicated in the regulation of insulin signaling and glucose metabolism. For instance, 
the expression of TRB3 at the mRNA and protein levels is higher in livers from mice with diabetes 
than in mice without diabetes [ 53 ]. In cultured hepatocytes isolated from HFD-fed mice, overexpres-
sion of TRB3 disrupts insulin signaling by directly binding to Akt and prevents Akt phosphorylation, 
resulting in hyperglycemia and glucose intolerance in the mice [ 52 ]. Moreover, in the individuals 
susceptible to type 2 diabetes, TRB3 contributes to the development of insulin resistance by interfer-
ing with Akt activation [ 54 ]. These data suggested that upregulation of TRB3 suppresses insulin sen-
sitivity via Akt inhibition. In support of this hypothesis, a recent study showed that the consumption 
of leucine to a HFD reduced the association of TRB3 and Akt and enhanced insulin- stimulated Akt 
phosphorylation, which was accompanied by lower blood glucose and increased glucose infusion rate 
during a clamp in HFD-fed mice. These studies suggest that leucine supplementation restores insulin 
sensitivity in HFD-fed mice through suppressing TRB3 expression and interfering with the interaction 
between TRB3 and Akt [ 4 ].  

    Conclusions 

 Leucine functions as a nutrient signal to coordinately regulate mTOR, AMPK, and SIRT1 signaling 
pathways in the liver, skeletal muscle, and adipose tissue. Dietary supplementation of leucine signifi -
cantly ameliorates the deleterious effects of consumption of a HFD, including obesity, hepatic lipid 
accumulation, mitochondrial dysfunction, and insulin resistance. Therefore, leucine supplementation 
may be benefi cial to obese individuals and type 2 diabetic patients. The metabolic benefi ts of leucine 
supplementation are associated with the upregulation of genes related to mitochondrial biogenesis 
and FAO, increases in metabolic rates, and suppression of infl ammation in adipose tissue. 
Understanding the molecular mechanism by which dietary supplementation of leucine improves glu-
cose and lipid metabolism may help to defi ne novel nutritional and pharmacological approaches for 
the treatment of obesity, insulin resistance, and type 2 diabetes. Thus, further investigations are needed 
to clearly defi ne the benefi cial effects of dietary leucine on energy metabolism in obese individuals 
and diabetic patients.     
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