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Abstract
Epidemiological evidence points to increased dairy and 
meat consumption, staples of the Western diet, as 
major risk factors for the development of type 2 dia-
betes (T2D). This paper presents a new concept and 
comprehensive review of leucine-mediated cell signal-
ing explaining the pathogenesis of T2D and obesity by 
leucine-induced over-stimulation of mammalian target 
of rapamycin complex 1 (mTORC1). mTORC1, a pivotal 
nutrient-sensitive kinase, promotes growth and cell pro-
liferation in response to glucose, energy, growth factors 
and amino acids. Dairy proteins and meat stimulate 
insulin/insulin-like growth factor 1 signaling and provide 
high amounts of leucine, a primary and independent 
stimulator for mTORC1 activation. The downstream 
target of mTORC1, the kinase S6K1, induces insulin 
resistance by phosphorylation of insulin receptor sub-
strate-1, thereby increasing the metabolic burden of 
β-cells. Moreover, leucine-mediated mTORC1-S6K1-sig-
naling plays an important role in adipogenesis, thus in-
creasing the risk of obesity-mediated insulin resistance. 
High consumption of leucine-rich proteins explains 
exaggerated mTORC1-dependent insulin secretion, 
increased β-cell growth and β-cell proliferation promot-
ing an early onset of replicative β-cell senescence with 

subsequent β-cell apoptosis. Disturbances of β-cell 
mass regulation with increased β-cell proliferation and 
apoptosis as well as insulin resistance are hallmarks of 
T2D, which are all associated with hyperactivation of 
mTORC1. In contrast, the anti-diabetic drug metformin 
antagonizes leucine-mediated mTORC1 signaling. Plant-
derived polyphenols and flavonoids are identified as 
natural inhibitors of mTORC1 and exert anti-diabetic 
and anti-obesity effects. Furthermore, bariatric surgery 
in obesity reduces increased plasma levels of leucine 
and other branched-chain amino acids. Attenuation of 
leucine-mediated mTORC1 signaling by defining ap-
propriate upper limits of the daily intake of leucine-rich 
animal and dairy proteins may offer a great chance for 
the prevention of T2D and obesity, as well as other epi-
demic diseases of civilization with increased mTORC1 
signaling, especially cancer and neurodegenerative dis-
eases, which are frequently associated with T2D.
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INTRODUCTION
The prevalence of  diabetes mellitus is increasing world-
wide and the number is expected to reach 366 million by 
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2030[1]. Ninety percent of  patients with diabetes have type 
2 diabetes� �����������������������������     �������������  �����������������������������     ������������� (T2D). T2D and obesity are major features 
of  the metabolic syndrome, which significantly increases 
the risk of  coronary heart disease, cancer and neurode-
generative diseases. More than 11% of  US adults aged ≥ 
20 years have diabetes[2]. Although obesity and sedentary 
lifestyle account for much of  the increase in the preva-
lence of  T2D, dietary factors play an important role in the 
development of  T2D[3,4]. The protein-enriched “Western 
diet” has especially been associated with an increased risk 
of  T2D, confirmed by several cohort studies[5-18]. 

ANIMAL PROTEIN INTAKE AND T2D
During the last decades, the most attention has been paid 
to the role of  high fat and high glycemic load as dietary 
risk factors in the development of  T2D[4]. Although 
several studies[5,6,9,11-16,19] already pointed to an association 
between higher meat intake and increased risk of  T2D, 
the functional effects of  dietary proteins in the regulation 
of  β-cell homeostasis has not received appropriate medi-
cal attention. �����������������������������������������     Most Americans consume protein in excess 
of  their needs[20]. Protein intake averaged 56 ± 14 g/d in 
young children, increased to a high of  approximately 91 
± 22 g/d in adults aged 19-30 years, and decreased to 
approximately 66 ± 17 g/d in the elderly[20]. �������������� The nutrition 
transition in Asian countries to Westernized dietary pat-
terns has been associated with an increased prevalence of  
Western diseases, including T2D. In 1998, it was reported 
that secular trends in Japan exhibit a positive correlation 
between the intake of  animal protein and animal fat and 
the rate of  T2D among Japanese school children[17]. A 
higher animal protein intake also occurred in China and 
was associated with economic progress[18]. The total daily 
intake of  animal proteins (g/d) of  adult Chinese resi-
dents from 1998 to 2004 increased from 101 g/d to 161 
g/d, respectively[18]. The relative increases of  individual 
animal meat intake rose from 1998 to 2004 for pork by 
19.2%, for all processed meats by 200%, eggs and egg 
products by 136%, fish by 25% and milk and milk prod-
ucts by 500%, respectively[18].

The Hong Kong Dietary Survey investigated the re-
lationship between dietary intake and the development 
of  T2D in China and recently confirmed that a dietary 
pattern containing “more vegetables, fruits and fish” was 
associated with a 14% lower risk of  T2D, whereas the 
consumption of  “more meat and milk products” was 
associated with a 39% greater risk of  T2D[19]. The evalua-
tion of  3 cohorts of  U��������������������   ��������������� nited States��������  ���������������  adults (Health Profes-
sional Follow-Up Study, Nurses�� ������������� ’��������������   Health Study Ⅰ and Ⅱ) 
suggested that red meat consumption is associated with 
an increased risk of  T2D[21].

INCREASING TOTAL INTAKE OF LEUCINE
There is a worldwide increase in animal and dairy pro-
tein consumption, exemplified by the yearly increase of  
meat and cheese consumption per capita in the Federal 
Republic of  Germany from 1950 after World War Ⅱ to 

2008 (Table 1). The per capita total meat consumption per 
year increased from 26.3 kg in 1950 to 60.5 kg in 2010, 
respectively (Fig����� �������������������������������������     ure�� �������������������������������������      1). Furthermore, the total cheese per 
capita intake increased from 1950 to 2010 from 3.9 kg to 
22.8 kg, respectively (Fig����� ���������������������������    ure�� ���������������������������     2). Meat and dairy proteins 
(whey protein and casein) are rich sources of  leucine (Table 
2). The high leucine content of  meat and dairy proteins 
provided by the typical Western diet significantly differs 
from the low leucine intake of  vegetable- and fruit-based 
traditional Asian diets (Table 3). Thus, during the last 5 
decades there has been a steady increase in leucine intake, 
exemplified by total annual per capita leucine consump-
tion of  the German population (Table 4����������  ��,���������  �� Fig����� ��ure�� �� 3).
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Fig���� ��� ������� ���� ������� ������ ����� ������������ ����� ��� �������� �����ure� ��� ������� ���� ������� ������ ����� ������������ ����� ��� �������� ����� 1  ������� ���� ������� ������ ����� ������������ ����� ��� �������� �����Annual per capita total meat consumption (kg) in Germany from 
1950 to 2010�.

Table 1  Average animal product consumption (kg) per 
capita/y in Germany

Source of animal protein 1950/1951 1974/1975 2007/2008

Total meat (without fat 
and bones)

26.3 55.8 60.4

Egg/egg products   7.5 17.3 13.0
Fish   6.9   4.1    7.51

Cheese   3.9 11.7 22.3

1Fish filet weight approximated with 48% of given catch weight; Data 
source: Statistics of Ministry for Nutrition, Agriculture and Consumer 
Protection, Federal Republic of Germany.
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1935 to 2010�.



PRIMACY OF LEUCINE FOR ACTIVATION 
OF TORC1
Leucine, isoleucine and valine are essential branched-
chain amino acids (BCAAs) important for the regulation 
of  growth, protein biosynthesis and metabolism[22]. ���Si-
gnaling through ����������������������������������������   the nutrient-sensitive kinase mammalian 
target of  rapamycin complex 1 (mTORC1)��������������   is activated 
by amino acids, with the BCAA leucine playing a major 
role[23,24]. Since mTORC1 signaling positively regulates 
protein synthesis and ribosome biogenesis, both of  
which require amino acids, it makes physiological sense 
that mTORC1 signaling is regulated by amino acid availa-
bility. ��������������������������������������������������        Withdrawal of  leucine has been shown to be nearly 
as effective in down-regulation of  mTORC1 signaling as 
withdrawal of  all amino acids[24]. Moreover, the preemi-
nent effect of  leucine withdrawal has been consistently 
observed in a variety of  cell types, thus underlining the 
primacy of  leucine in amino acid-mediated mTORC1 
regulation[25]. Intriguingly, rat plasma levels of  leucine 
were linearly related to the intake of  gram protein diet 
regardless of  the dietary source[26]. In humans, highest 
postprandial leucine concentrations have been measured 
after a whey protein meal, followed by a milk meal and 
a cheese meal, respectively[27]. The strongest correlation 
between postprandial insulin responses and early incre-
ments in plasma amino acids was demonstrated for leu-
cine, valine, lysine and isoleucine. In comparison to other 
amino acids, leucine exhibited the highest insulinogenic 

index[27]. These observations emphasize the crucial role 
of  leucine in mTORC1 regulation, β-cell growth, β-cell 
proliferation and insulin secretion.

TORC1: CONVERGENCE POINT OF 
NUTRIENT SIGNALING
Recent discoveries in the field of  molecular biology have 
established the key role of  the nutrient-sensitive kinase 
mTORC1 in the regulation of  multiple central cell func-
tions, including gene transcription, translation, ribosome 
biogenesis, protein synthesis, cell growth, cell prolifera-
tion, lipid synthesis and suppression of  autophagy[28-33]. 
mTORC1 has been identified as the convergence point 
of  nutrient-derived signaling (Fig����� �������������������    ure�� �������������������     4). mTOR is a multi-
domain protein of  approximately 300 kDa exhibiting a 
protein kinase domain at its C-terminus related to phos-
phoinositol-3-kinases (PI3K). In mammalian cells, two 
functionally different mTOR complexes exist: mTORC1 
and mTORC2, respectively. Among other functional pro-
teins, mTORC1 contains the important partner protein 
Raptor, which interacts with substrates for mTORC1-
mediated phosphorylation. mTORC1 controls the G1/S 
transition and G2/M progression of  the cell cycle[30]. In 
contrast to mTORC2, which contains the partner protein 
Rictor, only mTORC1 plays a special role in sensing cellu-
lar nutrients, amino acid- and energy (ATP) levels impor-
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Table 2  Leucine-enriched animal-derived foods 

Food Leucine (mg/100 g food)

Tilsit cheese (30% fat) 2950
Semi-hard cheese (30% fat) 2503
Beef (rump steak) 2369
Gouda cheese (40% fat) 2356
Pork meat, lean, cooked 2101
Coalfish, cooked 1883
Broiler, cooked 1806
Curd cheese (20% fat) 1290
Yoghurt (3.5% fat)   410
Cow milk (1.5% fat)   381

Source: German Nutrient Database, BLS-version 3.01.

Table 3  Plant-derived foods with low leucine content

Food Leucine (mg/100 g food)

Corn (cooked) 394
Wheat (cooked) 274
Rice (cooked) 219
Broccoli (cooked) 193
Cauliflower (cooked) 185
Potato (cooked) 124
White cabbage (cooked)   56
Tomato   38
Apple   16

Source: German Nutrient Database, BLS-version 3.01.

Table 4  Animal protein-derived leucine per capita intake (g/y) 
in Germany

Animal protein 1950/1951 1974/1975 2007/2008

Total meat 
(approx. 21 g leucine/kg)

552 1172 1268

Egg/egg products 
(approx. 13 g leucine/kg)

  98   225   169

Fish 
(approx. 19 g leucine/kg)

131     78   143

Cheese 
(approx.25 g leucine/kg)

  96   293   558

Average total per capita 
leucine uptake (g/y)

877 (100%) 1768 (199%) 2138 (241%)
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Fig���� ��� ������� ���� ��������� ������ ������� ���� ��� ������� �����������  ������ure����  ������� ���� ��������� ������ ������� ���� ��� ������� �����������  ������ 3�� ������� ���� ��������� ������ ������� ���� ��� ������� �����������  ������  Annual per capita leucine uptake (g) of animal protein in Germa�
ny 1950 to 2008�.
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tant for cell growth and proliferation. Liver kinase B1 and 
AMP-activated protein kinase (AMPK) are critical regula-
tors of  mTORC1[34]. Most functions of  mTORC1 are 
inhibited by rapamycin, a triene macrolide antibiotic syn-
thesized by Streptomyces hygroscopicus[28,33]. mTORC1 has to 
be regarded as a key node in cell signaling because it inte-
grates many intra- and extracellular signals, such as growth 
factors [insulin, insulin-like growth factor 1 (IGF-1)], ener-
gy-sensing signals (glucose, the AMP/ATP-ratio regulating 
AMPK) and, most importantly, the availability of  amino 
acids, especially leucine for mTORC1 activation[25] (Fig����� ��ure�� �� 4).

LEUCINE-STIMULATED TORC1 
SIGNALING
Recent advances in cell biology have elucidated two paral-
lel mechanisms of  mTORC1 activation: �����������������  (����������������  1) the upstream 
activation of  the small GTPase Rheb (Ras homolog en-
riched in brain) by growth factor signals and high glucose 
levels�� ���� ������������������������������������������     ;�����  ������������������������������������������      and ������������������������������������������     (�����������������������������������������     2) the amino acid-mediated Rag GTPase-de-
pendent translocation of  inactive mTORC1 to active Rheb 
localized at late endosome or lysosome compartments[35-38] 
(Fig����� �������������������������������������������       ure�� �������������������������������������������        4). Moreover, it has been shown that mTORC1 
activity is regulated by Rab and Arf  family small GTPases, 
which stimulate mTORC1 activation by regulation of  
intracellular trafficking, particularly in response to amino 

acids[39]. ������������������������������������������������       Most recently, Raptor has been identified as an 
interacting partner of  the signaling adaptor p62, which is 
an integral part of  the mTORC1 complex and is necessary 
to mediate amino acid signaling for the activation of  S6K1 
and 4E-BP1[40]. p62 interacts in an amino acid-dependent 
manner with mTORC1 and Raptor and binds the Rag 
proteins and favors formation of  the active Rag hetero-
dimer that is further stabilized by Raptor. Interestingly, 
p62 co-localizes with Rags at the lysosomal compartment 
and is required for the interaction of  mTORC1 with Rag 
GTPases in vivo and for translocation of  the mTORC1 
complex to the lysosome, a crucial step for mTORC1 acti-
vation[23,40]. 

The activity of  Rheb is tightly regulated by the tuber-
ous sclerosis proteins TSC1 (hamartin) and TSC2 (tuberin), 
which form a functional heterodimeric complex. Intrigu-
ingly, loss-of-function mutations of  either the TSC1 or 
TSC2 gene cause the hamartoma syndrome tuberous 
sclerosis. TSC1 stabilizes TSC2 that possesses a GTPase-
activating protein, which hydrolyses GTP to GDP. The 
TSC1/TSC2 complex provides this function to Rheb, 
leading to inactivation of  Rheb. Insulin and IGF-1 both 
activate the kinase Akt (protein kinase B) as well as other 
growth-related kinases such as ERK and RSK phos-
phorylate TSC2, thereby inhibiting the function of  the 
TSC1/TSC2 complex. This inhibition leads to activation 
of  Rheb and finally activation of  mTORC1[41-43] (Fig����� ��ure�� �� 4).

Besides the important input of  growth factor signal-
ing on mTORC1 activation, AMPK, an essential energy 
sensor, plays a key role in energy-dependent mTORC1 
regulation. During states of  energy-deficient conditions 
like glucose deprivation, ATP levels fall and cAMP levels 
rise, resulting in AMPK activation. AMPK phosphorylates 
TSC2 and Raptor, thereby suppressing mTORC1 activ-
ity[34,44,45]. Moreover, the AMPK activator cAMP inhibits 
mTORC1 and mTORC2 activity[46]. Remarkably, cAMP 
inhibits insulin and amino acid-stimulated mTORC1 acti-
vation independently of  Rheb, Rag GTPases, TSC2, Akt, 
MAPK and AMPK, indicating that cAMP may act inde-
pendently of  known regulatory inputs into mTORC1[46]. 
Abundant cellular energy with low cAMP levels induced 
by the hypercaloric Western diet with high glycemic load 
thus reduces AMPK activity and cAMP levels and thus 
stimulates mTORC1 signaling.

There is convincing evidence that other important 
nutrient and growth factor-sensors, especially the FoxO 
transcription factors, modulate mTORC1 signaling[47]. 
Increased insulin/IGF-1 signaling and activation of  the 
PI3K/Akt-pathway results in Akt-mediated nuclear phos-
phorylation of  FoxO proteins, thereby promoting their 
extrusion from the nucleus into the cytoplasm. This FoxO 
shuttling mechanism functions as a molecular switch for 
FoxO-mediated gene regulation. Like mTORC1, FoxOs 
are involved in the regulation of  cell metabolism, pro-
liferation, apoptosis, anti-oxidative stress responses and 
autophagy[48]. Intriguingly, FoxOs have emerged as im-
portant rheostats that coordinate the activity of  Akt and 
mTORC1[47]. Activated FoxOs (FoxO1, FoxO3, FoxO4) 
induce the expression of  Sestrin3, which activates AMPK 
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Fig���� ��� ������������������ ����������������� ��� ������� ��� ��������ure ��� ������������������ ����������������� ��� ������� ��� ��������4  Nutrient-mediated over-stimulation of mTORC1 by leucine-
enriched Western diet. Leucine, insulin/insulin-like growth factor 1� �������� ���� (������� ����IGF-1�� ����)��� �� and 
glucose activate mammalian target of rapamycin complex 1� ���������� �������� (��������� ��������mTORC1��� ��������)�� ��������. Activat-
ed mTORC1 stimulates β-cell proliferation, increases insulin secretion and p70 
S6 kinase 1� ���������������� ������������������������������������������������      (��������������� ������������������������������������������������     S6K1����������� ������������������������������������������������     )���������� ������������������������������������������������     -mediated insulin resistance leading to early replicative β-cell 
senescence and apoptosis thus promoting the development of type 2 diabetes.� 
AAT: Amino acid transporter�� ���� ���������������� �� ������ �������������������� ; ���� ���������������� �� ������ �������������������� IR: Insulin receptor�� ������ �������������������� ; ������ �������������������� GLUT: Glucose transporter 
protein�� ������� ����������������������������   �� ������ ������������������������ ��; ������� ����������������������������   �� ������ ������������������������ ��IRS-1: Insulin receptor substrate 1�� ������ ������������������������ ��; ������ ������������������������ ��PI3K: Phosphoinositol-3 kinase��; 
Akt: Akt kinase ��� ���������������  �� �������� ������ ���������������������������  [�� ���������������  �� �������� ������ ���������������������������  = protein kinase B� �������� ������ ���������������������������   (������� ������ ���������������������������  PKB���� ������ ���������������������������  )]; ������ ���������������������������  TSC1: Tuberous sclerosis complex 
1 (hamartin); TSC2: Tuberous sclerosis complex 2 (tuberin)�� ������ ����������; ������ ����������AMPK: Adenosine 
monophosphate-activated protein kinase�� ������ ������������������������ �� �����; ������ ������������������������ �� �����EGCG: Epigallocatechin gallate�� �����; �����DIM: 
3,3’-diindolylmethane�� �������������������������������������������������������    ; �������������������������������������������������������    SREBP: Sterol regulatory element-binding transcription 
factor�.
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to inhibit mTORC1 in a TSC2-dependent manner[49]. 
Furthermore, AMPK has been shown to phosphorylate 
FoxO3 and facilitate its nuclear localization[50]. It has 
been demonstrated that Akt-phosphorylated cytoplasmic 
FoxO1 is able to associate with the C terminus of  TSC2, 
thereby dissociating the TSC1/TSC2 complex, leading to 
activation of  mTORC1[51].

AMINO ACID DEPLETION 
DOWNREGULATES TORC1
In response to amino acid depletion, mTORC1 activity is 
rapidly abolished[24]. Amino acid starvation impairs bind-
ing of  mTORC1 to Rheb[52,53]. From all essential amino 
acids, leucine exerts the greatest effects on mTORC1 
signaling[24,30,33]. Recent evidence has been provided that 
amino acids and especially leucine promote the cellular 
translocation of  inactive mTORC1 to lysosomal com-
partments enriched in activated Rheb[35-37]. This spatial 
regulation of  inactive mTORC1 by amino acids is medi-
ated by an active Rag heterodimer and is of  utmost bio-
logical importance as it explains the complete mechanism 
of  nutrient sensing of  mTORC1. Thus, mTORC1 inte-
grates not only growth factor/energy-derived signals to 
Rheb, but requires a parallel leucine-dependent signaling 
pathway for final mTORC1 activation by translocation 
of  inactive mTORC1 to cell compartments enriched in 
activated Rheb (Fig����� ���������������������������    ����ure�� ���������������������������    ���� 4). These two independent major 
pathways of  mTORC1 activation explain why either insu-
lin/IGF-1 signaling or amino acid signaling alone is not 
sufficient to reach maximal mTORC1 activation. Insulin 
is not able to activate the mTORC1 pathway when cells 
are deprived of  amino acids[53]. In fact, recent experimen-
tal evidence confirmed that both insulin and amino acid 
signaling are required for maximal mTORC1 activity in 
rat liver[54]. 

AMINO ACID-TORC1/S6K1-INDUCED 
INSULIN RESISTANCE
Insulin resistance and obesity, as well as obesity-related in-
sulin resistance, are major factors promoting the develop-
ment of  T2D. Insulin resistance of  muscle cells, adipose 
tissue and liver results in raised circulating glucose levels 
increasing the metabolic and secretory burden of  β-cells, 
which have to respond by increased insulin synthesis and 
secretion[55,56]. It is known that glucose robustly activates 
mTORC1 in an amino acid-dependent manner in rodent 
and human islets[57]. In pancreatic β-cells, leucine acutely 
stimulates insulin secretion by serving as both metabolic 
fuel and allosteric activator of  glutamate dehydrogenase 
(GDH) to enhance glutaminolysis. Moreover, leucine has 
been shown to regulate gene transcription and protein 
synthesis in pancreatic β-cells via mTORC1-dependent 
and -independent pathways[58].

Activated mTORC1 phosphorylates important sub-
strates involved in the regulation of  the translational ma-

chinery, the p70 S6 kinases (S6Ks), which phosphorylate 
ribosomal protein S6, and eukaryotic initiation factor (eIF) 
4E-binding proteins (4E-BPs), which control the activity 
of  the translation factor eIF4E that binds to the 5������’�����-cap 
structure of  eukaryotic mRNAs, thereby facilitating ribo-
some recruitment[25,28]. 

Phosphorylation of  insulin receptor substrate (IRS)-
proteins on serine residues has emerged as a key step to 
control insulin signaling. Among the growing list of  IRS 
kinases implicated in the development of  insulin resis-
tance, the mTORC1-activated downstream kinase S6K1 
plays a major role[59,60]. S6K1-induced phosphorylation of  
IRS-1 mediates an important feed back mechanism, which 
downregulates insulin/IGF-1 signaling and is the mo-
lecular basis for insulin resistance, a characteristic feature 
of  obesity and T2D[56,57]. mTORC1 and its downstream 
target S6K1 are thus critical regulators in mediating the 
nutrient effects on insulin resistance[61,62] (Fig����� �������� ure ��������� 4). S6K1 
negatively modulates insulin signaling by phosphorylating 
Ser-307 of  IRS-1[63]. Remarkably, absence of  S6K1 pro-
tected S6K1-/- mice against age- and high fat-diet induced 
obesity while enhancing insulin sensitivity, pointing to the 
crucial role of  the mTORC1-S6K1 pathway in the regu-
lation of  insulin signaling and induction of  nutrient-in-
duced insulin resistance due to hyper-activated mTORC1/
S6K1[64]. Recently, another S6K1 IRS-1 phosphorylation 
site, Ser-1101, has been identified in nutrient and obesity-
induced insulin resistance[65]. Insulin and IGF-1-stimulated 
PI3K/Akt-mediated nuclear extrusion of  FoxO1 has also 
been shown to increase insulin resistance. Cytoplasmic 
FoxO1 binds to TSC2, thereby dissociating the TSC1/
TSC2 complex, resulting in Rheb-mediated mTORC1-
S6K1 activation[51]. It has recently been shown in women 
with gestational diabetes that chronically increased S6K1 
in skeletal muscle is associated with impaired glucose tol-
erance postpartum[66]. The serine residues implicated in 
the negative feed back regulation of  S6K1 are located at 
the PTB domain in close proximity to Tyr-phosphorylated 
consensus motifs at the C-terminus of  IRS-1[63]. Such 
phosphorylations result in dissociation of  insulin recep-
tor/IRS-1 complexes concomitant with an inhibition of  
downstream effectors to dock and bind IRS-1, thereby 
downregulating insulin signaling[63]. 

Intriguingly, it has been shown in humans that insulin 
resistance was induced by infusion of  high concentra-
tions of  amino acids, whereas the mTORC1 inhibitor 
rapamycin improved insulin action[67]. Infusion of  an 
amino acid mixture to healthy men resulted in plasma 
amino acid elevation, hyperinsulinemia and marked ac-
tivation of  S6K1 with increased inhibitory IRS-1 phos-
phorylation at Ser-312 and Ser-636/639[68]. Amino acid 
infusion (containing 8.9 g/L leucine) impaired insulin-
mediated suppression of  glucose production and insulin-
stimulated glucose disposal in skeletal muscle. Incubation 
of  rat skeletal muscle with higher concentrations of  both 
leucine and glucose caused insulin resistance, which was 
associated with a decrease in AMPK activity[69]. 

Amino acid-mediated mTORC1- and S6K1-activation 
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plays a crucial role in the negative regulation of  IRS-1 
phosphorylation, resulting in amino acid-induced insulin 
resistance[68]. In accordance with these findings are feed-
ing studies of  rats with a high fat diet supplemented with 
BCAAs exhibiting chronic mTOR-mediated phosphory-
lation of  IRS-1 at Ser-307, which was reversed by rapa-
mycin treatment[70]. Moreover, the dietary pattern that 
includes high fat consumption accompanied with high 
amounts of  BCAAs appears to contribute to obesity-
associated insulin resistance[70].

S6K1- VS IKKβ-MEDIATED INSULIN 
RESISTANCE
Most patients with T2D are obese and the global epi-
demic of  obesity largely explains the dramatic increase in 
the incidence of  T2D over the past 20 years[71]. Obesity-
mediated insulin resistance is a major risk factor for the 
development of  T2D. Individuals with visceral obesity 
release increased levels of  tumor necrosis factor α 
(TNFα) into their systemic circulation produced by adi-
pose-tissue resident macrophages[72]. The TNFα/IKKβ 
pathway plays a pivotal role in TNFα-induced insulin 
resistance[17,73-75]. In addition to S6K1, Ser-307 has been 
implicated as the potential IKKβ phosphorylation site of  
IRS-1[75,76].

Intriguingly, IKKβ physically interacts with and phos-
phorylates TSC1, thereby suppressing TSC1, which results 
in mTORC1 activation[77]. TNFα/IKKβ/TSC1/Rheb-
mediated activation of  mTORC1 is thus a most conceiv-
able mechanism for obesity-mediated TNFα-mTORC1 
activation and signaling to pancreatic β-cells amplifying 
mTORC1-S6K1-mediated and IKKβ-mediated insulin 
resistance by phosphorylation of  IRS-1 Ser 307. Visceral 
obesity thus augments β-cell mTORC1 signaling, insulin 
secretion and contributes to insulin resistance.

LEUCINE-TORC1/S6K1-INDUCED 
ADIPOGENESIS
Adipose tissue like muscle is a major extrahepatic site 
of  leucine metabolism. Notably, leucine is a significant 
precursor of  fatty acid and cholesterol biosynthesis[78]. 
Furthermore, in adipocytes, leucine has been shown to 
be the main regulatory amino acid activating mTORC1, 
S6K1 and 4E-BP1[79,80]. mTORC1 plays important roles 
in adipocyte regulation, including hypertrophic growth, 
leptin secretion, protein synthesis and adipose tissue 
morphogenesis[80,81]. The mTORC1 antagonist rapamy-
cin has been shown to block adipocyte differentiation[82]. 
Rapamycin specifically disrupted the positive tran-
scriptional feedback loop between CCAAT/enhancer-
binding protein-α and peroxisome proliferator-activated 
receptor-γ (PPARγ), two key transcription factors in 
adipogenesis, by directly targeting the transactivation of  
PPARγ[83]. Remarkably, PPARγ activity was dependent 
on amino acid sufficiency, again linking amino acid status 
to adipogenesis[83]. In isolated adipocytes, amino acids, 

and primarily leucine, stimulated phosphorylation of  
4E-BP1 and S6K and induced multicellular clustering in 
adipocytes[84,85]. Intriguingly, it has recently been shown in 
S6K1-/- mice that lack of  S6K1 impaired the generation of  
de novo adipocytes when these mice were challenged with 
a high fat diet, consistent with a reduction in early adi-
pocyte progenitors[86]. Thus, leucine plays a fundamental 
functional and structural role in adipogenesis and serves 
as a pivotal amino acid-stimulator of  the mTORC1-S6K1 
pathway, which drives the S6K1-dependent commitment 
of  embryonic stem cells to early adipocyte progenitors, 
stimulates adipocyte differentiation via crosstalk with 
PPARγ and serves as a substrate for adipocyte lipid syn-
thesis[80-86]. The importance of  mTORC1-S6K1 signal-
ing in adipogenesis becomes apparent in S6K1-deficient 
mice, which are protected against age- and diet-induced 
obesity while enhancing insulin sensitivity[64]. 

It has recently been demonstrated that mTORC1 pro-
motes the function of  SREBP (sterol regulatory element 
binding transcription factor), a master regulator of  lipo- 
and sterologenic gene transcription. mTORC1 regulates 
SREBP by cont���������������������������������������������        r��������������������������������������������        olling the nuclear entry of  lipin 1, a phos-
phatidic acid phosphatase. Dephosphorylated, nuclear, 
catalytically active lipin 1 promotes nuclear remodeling 
and mediates the effects of  mTORC1 on SREBP target 
gene, SREBP promoter activity and nuclear SREBP pro-
tein abundance[87]. Hepatic triglycerides and SREBP-1 
mRNA concentrations increased significantly in rats fed a 
30% casein diet for 1 mo in comparison to a diet contain-
ing 30% soy protein or black bean protein[88].

OBESITY-ASSOCIATED ELEVATION OF 
PLASMA LEUCINE 
Elevations in BCAAs in human obesity were first report-
ed in 1969[89]. Recently, elevated BCAAs have been recog-
nized as a “metabolic signature” predicting insulin resis-
tance in human subjects[70]. Measurements of  leucine flux 
in rat tissues showed that adipose tissue is second only to 
skeletal muscle in its capacity to catabolize BCAAs and 
the capacities of  skeletal muscle and adipose tissue are 
6-7-fold larger than liver[78]. In obesity, adipose tissue ex-
hibits downregulation in BCAA uptake and metabolism, 
resulting in elevated levels of  circulating BCAAs[90,91]. In 
obesity and states of  insulin resistance, elevated BCAA 
levels have been associated with reduced expression of  
two adipose tissue BCAA catalytic enzymes: mitochon-
drial branched-chain aminotransferase 2 (BCAT2) and 
branched-chain α-keto acid dehydrogenase (BCKD E1α 
subunit) complex[90,92,93]. 

Obesity is related to increased synthesis of  glucocor-
ticoids[94]. It is now apparent that tissue-specific changes 
in cortisol metabolism are of  greater importance than 
altered blood cortisol levels in obese subjects[95]. Inactive 
cortisone from the blood is converted to active cortisol 
by the enzyme 11β-hydroxysteroid dehydrogenase type 1 
within obese adipose tissue[95]. Thus, local adipose-tissue 
specific elevations of  cortisol exist in obese subjects. Re-
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cently, BCAT2 has been recognized as an important player 
in the molecular crosstalk between glucocorticoids and 
mTORC1 signaling[96]. In skeletal muscle, the transcription 
factor Krüppel-like factor-15 (KLF15) has been identified 
as a direct target gene of  glucocorticoid receptor signal-
ing promoting muscle atrophy. KLF15 up-regulates gene 
expression of  BCAT2[97]. Thus, the glucocorticoid-driven 
KLF15-BCAT2 axis in obese adipose tissue may function 
as a negative feedback mechanism to decrease further adi-
pocyte BCAA uptake, thus attenuating leucine-mediated 
mTORC1 signaling.

PLASMA LEUCINE REDUCTION AFTER 
BARIATRIC SURGERY
Roux-en-Y gastric bypass (RYGB) surgery has become 
an accepted treatment for excessive obesity. RYGB sur-
gery is associated with weight loss, improved insulin 
sensitivity and glucose homeostasis, and a reduction in 
co-morbidities such as T2D and coronary heart disease. 
Metabolite profiling studies before and after RYGB sur-
gery demonstrated that the BCAAs decreased following 
weight loss after the surgical procedure[90,98]. Moreover, 
RYGB in obese individuals significantly improved insulin 
sensitivity[98-100]. Elevated leucine levels in obesity with 
increased insulin resistance in contrast to reduced leucine 
levels after RYGB with improved insulin sensitivity may 
thus reflect crucial functional changes of  either increased 
or mitigated leucine-driven mTORC1-S6K1-signaling. 

LEUCINE-TORC1-STIMULATED β-CELL 
PROLIFERATION
Degeneration of  pancreatic islet β-cells is increasingly 
ranked as a key disease mechanism in T2D. Pancreatic 
β-cell mass regulation is a matter of  proliferation and 
apoptosis. Over a lifetime, in T2D patients, β-cells ex-
hibit both an increased rate of  proliferation and apop-
tosis when compared with non-diabetic subjects[101,102]. 
mTORC1 plays a central role in β-cell proliferation and 
insulin secretion[58]. Leucine activates mTORC1 inde-
pendent of  insulin by a process formerly designated as 
nutrient signaling[57,103]. The pancreatic β-cells express a 
variety of  growth factor receptors like insulin receptor, 
IGF-1 receptor and glucose-dependent insulinotropic 
polypeptide (GIP) receptor, which all stimulate mTORC1, 
thereby promoting β-cell replication[104]. Insulin and IGFs, 
in concert with the nutrients leucine, glutamine and glu-
cose, modulate protein translation through mTORC1 in 
β-cells[57,103]. It has been shown that glucose robustly ac-
tivates mTORC1 in an amino-acid-dependent manner in 
rodent and human islets[57]. The mTORC1 inhibitor rapa-
mycin dose-dependently inhibited DNA synthesis of  rat 
islets exposed to elevated levels of  glucose[57]. mTORC1/
S6K1/4E-BP1-signaling is known to control cell size and 
proliferation by increasing mRNA translation and cell 
cycle progression[28,30,105]. A decade ago, leucine had already 

been demonstrated to activate the translational regulators, 
phosphorylated heat- and acid-stable protein regulated by 
insulin and S6K1, in an insulin-independent and rapamy-
cin-sensitive manner through mTORC1[106].

mTORC1 is not only a central regulator of  protein 
biosynthesis but also of  lipid biosynthesis by regulation 
of  SREBP1, the key transcription factor of  lipid syn-
thesizing enzymes[105]. mTORC1 regulates lipin 1 loca-
lization in the nucleus and thereby controls the SREBP 
pathway[87].��������������������������������������     Leucine-induced insulin secretion by β-cells 
involves increased mitochondrial metabolism by oxida-
tive decarboxylation and allosteric activation of  GDH. 
The same intra-mitochondrial events that generate signals 
for leucine-induced insulin exocytosis are required to 
activate the mTORC1 mitogenic signaling pathway by 
β-cells. These findings indicate that leucine at physiologi-
cal concentrations stimulates S6K1 phosphorylation via 
mTORC1, in part, by serving both as a mitochondrial 
fuel and as an allosteric activator of  GDH. It has been 
concluded that leucine is essential for activation of  pro-
tein translation through mTORC1 and contributes to 
enhanced β-cell function by stimulating growth-related 
protein synthesis and β-cell proliferation[106,107]. These 
observations fit very well to recent findings showing that 
mTORC1 activation in β-cells of  TSC2 deficient mice 
(βTSC2-/-) increased mitochondrial biogenesis and en-
hanced insulin secretion[108]. In contrast, S6K1-deficient 
mice display hypoinsulinemia, glucose intolerance and 
diminished β-cell size[109]. Thus, there is substantial 
evidence for the crucial role of  leucine in mTORC1-
mediated activation of  β-cell protein translation, insulin 
synthesis and secretion and β-cell proliferation[58,103,106,107]. 

LEUCINE-TORC1-STIMULATED β-CELL 
POLIFERATION AND EARLY β-CELL 
SENESCENCE
The Western diet provides ideal conditions for exagger-
ated mTORC1 activation. This hyperglycemic, insulino-
tropic and leucine-rich diet offers abundant glucose, insu-
linotropic dairy proteins with rising amounts of  leucine 
over the last decades by increased meat and dairy protein 
consumption (Figures 1-3). The simultaneous availability 
of  high levels of  glucose, insulin, IGF-1 and leucine es-
pecially result in maximal mTORC1 stimulation, leading 
to increased β-cell proliferation. However, persistently 
over-stimulated β-cell proliferation holds the risk of  early 
onset of  replicative β-cell senescence. The risk for T2D 
would be low when senescent or functionally impaired 
β-cells are replaced by stem cell-driven β-cell neogenesis. 
However, recent studies[110,111] in rodents clearly con-
firmed that adult β-cells are not replaced by stem cell-
driven neogenesis but by self-duplication of  differentiated 
β-cells. This finding is of  fundamental biological impor-
tance because the rate of  cell divisions limits the life and 
function of  a somatic cell by induction of  replicative cell 
senescence according to the Hayflick limit[112]. In fact, 
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both increased β-cell proliferation and β-cell apoptosis 
are characteristic hallmarks of  β-cell mass disturbance in 
T2D when compared with non-diabetic subjects[101,102]. 

There is recent experimental evidence for the proposed 
concept of  mTORC1-driven early β-cell senescence and 
apoptosis in T2D. Mice, specifically deficient in TSC2 in 
pancreatic β-cells (βTSC2-/- mice), exhibit hyperactivated 
mTORC1 signaling with increased IGF-1 dependent 
phosphorylation of  S6K1 and 4E-BP1[113]. At young ages 
(< 28 wk), these mice exhibit hypoglycemia and hyper-
insulinemia associated with increased islet cell mass and 
increased sizes of  individual β-cells. After 40 wk of  age, 
however, βTSC2-/- mice develop progressive hyperglyce-
mia and hypoinsulinemia accompanied by a reduction in 
islet mass due to a decrease in the number of  β-cells[113]. 
This intriguing animal model of  T2D strongly supports 
the concept of  early β-cell senescence and apoptosis due 
to increased activity of  mTORC1 in the induction phase 
of  T2D. Furthermore, this model provides an excellent 
explanation for the relationship between low birth weight 
and increased risk for T2D in adult life[114,115]. Accelerated 
or “catch-up” postnatal growth in response to small birth 
size is thought to presage disease years later. Recent stud-
ies in FASDEL (fatty acid synthase heterozygous) mice, a 
model of  intrauterine growth restriction, allowed the con-
clusion that increased β-cell mass developed in response to 
decreased body size[116]. FASDEL mice are born small yet 
have expanded β-cell mass and increased insulin secretion 
without insulin resistance. However, β-cell hyperfunction 
in early life resulted in β-cell failure with advanced age[116].

HYPER-ACTIVATED TORC1 AND 
ENDOPLASMIC RETICULUM STRESS
The endoplasmic reticulum (ER) is a cellular organelle 
responsible for multiple important cellular functions, 
including the biosynthesis and folding of  newly synthe-
sized proteins destined for secretion, such as insulin. The 
ER participates in all branches of  metabolism, linking 
nutrient sensing to cellular signaling. Leucine-mediated 
hyperactivation of  mTORC1 resulting in excessive pro-
tein (insulin, islet amyloid protein) synthesis and exag-
gerated mTORC1-SREBP-induced lipid synthesis may 
overload the functional capacity of  the ER resulting in 
ER stress[28,30,87,105,106]. ER stress triggers an adaptive signal-
ing cascade, called the unfolded protein response (UPR), 
to relieve this stress. The failure of  the UPR to resolve ER 
stress leads to pathological conditions such as β-cell dys-
function and death and T2D[117].

The Western diet with increased glucose-, insulin/
IGF-1- and leucine-mediated stimulation of  mTORC1 
may well explain the pathogenesis of  T2D. Increased and 
continued β-cell proliferation during the first decades 
of  life may thus result in β-cell failure with age. Pro-
proliferative signals of  the Western diet and especially the 
persistently increasing levels of  leucine may have a crucial 
impact on the functional capacity of  the ER and thus 
β-cell homeostasis. 

METFORMIN INHIBITS LEUCINE-
MEDIATED TORC1 ACTIVATION
There are intriguing new insights into the mode of  action 
of  the old anti-diabetic drug metformin. Metformin and 
its more hydrophobic biguanide analogue phenformin 
inhibit mitochondrial respiratory chain complex I, which 
reduces ATP production, thus resulting in the activation 
of  AMPK[118]. AMPK inhibits mTORC1 by direct phos-
phorylation of  TSC2 and Raptor[34,46,49,119]. The major 
action of  metformin in T2D is thought to depend on 
decreased hepatic glucose output and increased intestinal 
glycolytic lactate production as well as peripheral tissue 
insulin-dependent glucose uptake[120,121].

Recently, a further mode of  metformin-mediated 
attenuation of  mTORC1 signaling was demonstrated 
which interferes with leucine signaling. Both metformin 
and phenformin have been shown to inhibit amino acid-
dependent Rag GTPase-mediated mTORC1 signaling[122]. 
Metformin and phenformin interfere with leucine-
dependent Rag GTPases required for translocation of  in-
active mTORC1 to activated Rheb enriched in lysosomal 
membranes, thereby reducing mTORC1 activity[35-37]. 
Similar to the effect of  amino acid withdrawal, treatment 
of  cells growing in amino acid-rich media in the presence 
of  phenformin caused mTORC1 to leave the perinuclear 
intracellular compartment and to disperse throughout 
the cytoplasm without affecting amino acid steady state 
levels[122]. It is thus imaginable that metformin (C4H11N5; 
molar mass 129.1) functions as a competitive inhibitor 
of  leucine (C6H13NO2; molar mass 131.2) in the Rag 
GTPase-dependent process of  mTORC1 activation. No-
tably, the usual daily dose of  metformin (2 g/d) is in the 
range of  2 g leucine derived from daily consumption of  
100 g meat or cheese. Moreover, inhibition of  mTORC1-
mediated growth signaling by metformin explains met-
formin’s cancer-reducing activity[123-127].

PLANT-DERIVED TORC1 INHIBITORS 
ATTENUTE TORC1 SIGNALING 
mTORC1 activation by leucine-rich animal food may 
be attenuated by natural plant-derived inhibitors of  the 
mTORC1 signaling pathway. Increasing studies have dem-
onstrated that resveratrol, epigallocatechin gallate (EGCG), 
genistein, 3,3’-diindolylmethane (DIM), curcumin and 
caffeine may all inhibit mTORC1 signaling directly or indi-
rectly[128-143]. 

Resveratrol, a polyphenolic flavonoid from grapes 
and red wine, exerts potential anti-diabetic properties by 
downregulation of  PI3K/Akt/mTORC1 signaling[128,129]. 
Resveratrol inhibits PI3K by targeting the PI3K ATP-
binding site in a competitive and reversible fashion[133]. Res-
veratrol has been proposed to have beneficial effects in the 
treatment and prevention of  T2D[144,145], obesity[144,146-148] 
and metabolic syndrome[149]. EGCG, the specific green 
tea catechin, has been proven to function as an ATP-
competitive inhibitor of  both PI3K and mTORC1[135]. The 
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anti-obesity effects of  green tea catechins are supposed to 
be mediated by EGCG-induced inhibition of  the PI3K/
Akt/mTORC1 signaling[134,150]. Curcumin, a natural poly-
phenol product isolated from the rhizome of  the plant 
Curcuma longa, exerts anti-proliferative effects and may 
present another class of  mTORC1 inhibitors. Curcumin 
inhibited mTORC1-mediated signaling pathways in cancer 
cells and inhibited phosphorylation of  mTORC1 and its 
downstream targets, S6K1 and 4E-BP1[141-143,151]. Most re-
cently, it has been demonstrated that curcumin dissociated 
Raptor from mTORC1, thereby inhibiting mTORC1[136]. 
DIM is generated in the acidic environment of  the stom-
ach following dimerization of  indole-3-carbinol mono-
mers present in cruciferous vegetables such as broccoli, 
brussel sprouts, cauliflower and cabbage. DIM suppresses 
signaling through Akt/mTORC1 pathways resulting in cell 
cycle arrest[152]. DIM significantly inhibited both Akt and 
mTORC1 in PC3 PDGF-D cells[139]. Genistein, the soy-de-
rived isoflavone and phytoestrogen, inhibited PI3K/Akt/
mTORC1 signaling in cancer cells[153]. Genistein is a natural 
protein tyrosine kinase inhibitor, induces G2/M arrest and 
apoptosis and inhibits PI3K/Akt-cascades, resulting in 
downstream inhibition of  mTORC1[154,155]. Caffeine, the 
most commonly consumed neurostimulatory compound 
by humans, exhibits diabetes-preventive effects[156]. Caf-
feine has been reported to inhibit PI3K kinase, including 
mTORC1, and decreases the phosphorylation of  S6K, S6 
ribosomal protein, and 4E-BP1[157,158]. Caffeine-induced 
autophagy mainly depends on the PI3K/Akt/mTORC1 
pathway[159].

Taken together, the therapeutic and anti-diabetic ef-
fects of  natural plant-derived mTORC1 inhibitors appear 
to counterbalance up-regulated mTORC1 signaling pro-
moted by the Western diet rich in glucose, fat, insulino-
tropic and leucine-enriched animal and dairy proteins. 

HYPER-ACTIVATED TORC1 IN DIABETES-
ASSOCIATED DISEASES
T2D is closely associated with an increased risk of  other 
age-related diseases like obesity, cancer and neurodegen-
erative diseases. Activated mTORC1 signaling has already 
been implicated to play important roles in the develop-
ment of  Western diseases, especially insulin resistance, 
T2D, obesity, cancer and neurodegenerative diseas-
es[29,160-163]. Intriguingly, inhibition of  mTORC1 by rapa-
mycin abolished cognitive deficits and reduced amyloid-β 
levels in a mouse model of  Alzheimer’s disease[164]. A 
lower risk of  Alzheimer’s disease was characterized by 
higher intakes of  salad, nuts, fish, tomatoes, poultry, 
cruciferous vegetables, fruits and dark and green leafy 
vegetables and a lower intake of  high-fat dairy products, 
red meat, organ meat and butter[165]. Furthermore, the 
leucine-antagonizing mTORC1 inhibitor metformin has 
been shown to exert cancer-protective effects[123-128]. It is 
not surprising that natural plant-derived mTORC1 inhibi-
tors like resveratrol and EGCG exhibit beneficial effects, 
not only in treatment and prevention of  T2D, but also in 

obesity, cancer and neurodegenerative diseases, which all 
have hyper-activated mTORC1 signaling in common.

WESTERN DIET AND TORC1 OVER-
ACTIVATION
The Western diet up-regulates all three major path-
ways important for mTORC1 activation (Fig����� ��� ����ure�� ��� ���� 4): ����(���1) 
increased supply of  glucose, fat, alcohol (energy)�� ����;� ���� ����(���2) 
increased food-mediated insulin/IGF-signaling�� ���� ����;�����  ���� and ����(���3) 
abundance of  leucine which is supplied by meat and 
dairy proteins consumed in increasing amounts during 
the last decades (Fig����� ����������������������������������      ure�� ����������������������������������       3). High levels of  glucose and fat 
increase cellular energy (ATP) levels and thus suppress 
AMPK activity resulting in mTORC1 activation. Further-
more, high glycemic load with high glucose availability 
stimulates insulin signaling, which has been a matter 
of  concern for more than a decade[166]. Most important 
growth factor signals for activating mTORC1 are insulin 
and IGF-1. Plasma IGF-1 concentrations depend on the 
level of  dietary protein intake, with low protein diets be-
ing associated with reduced circulatory IGF-1 levels[167]. 
The liver is the major site secreting IGF-1 into the sys-
temic circulation. Remarkably, hepatic IGF-1 production 
has been shown to be dependent on the availability of  
amino acids[167]. IGF-1 is a crucial growth factor signal 
for mTORC1 activation in pancreatic β-cells[104]. Persis-
tent reduction of  pancreatic β-cell mass has been dem-
onstrated in young rats after a limited period of  protein-
energy malnutrition[168]. 

The high meat consumption of  the Western diet, which 
has more than doubled in Germany between 1950 and 
1975 and maintained its high value until today (Fig����� ���ure�� ��� 1), 
supplies plenty of  amino acids for high hepatic IGF-1 
synthesis as well as high amounts of  leucine for mTORC1 
activation. However, the highest source of  leucine is pro-
vided by milk proteins. In fact, mammalian milk is the 
physiological diet to mediate postnatal growth. It is thus 
conceivable that milk proteins significantly contribute to 
profound mTORC1 activation to ensure adequate β-cell 
growth as well as increased secretion of  the anabolic hor-
mone insulin. Milk has to be regarded as an endocrine 
signaling system that up-regulates mTORC1 activity by 
increasing insulin secretion, hepatic IGF-1 secretion and 
mTORC1-mediated β-cell growth and proliferation for 
neonatal growth requirements[169]. Milk consumption not 
only stimulates the somatotropic axis but also activates 
incretin signaling by enteral stimulation of  GIP[�������27,����170]. Cow 
milk’s excessive insulinotropic activity is characterized by 
milk’s high insulinemic index[17��1�]. Notably, increased daily 
intake of  milk but not meat significantly raised basal insu-
lin and IGF-1 serum levels and increased insulin resistance 
in 8 years old boys[17��2�]. Milk-induced insulin resistance can 
be well explained by increased mTORC1/S6K1-mediated 
IRS-1 phosphorylation. Moreover, epidemiological data in 
adults confirmed the correlation between increased dairy 
protein consumption and raised IGF-1 serum levels[17������3�����,17��4�]. 
Thus, dairy protein consumption significantly contributes 
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to exaggerated insulin/IGF-1-signaling and insulin resis-
tance promoted by the Western diet, appreciated risk fac-
tors involved in the development of  T2D and obesity[17��5�]. 
Remarkably, patients with Laron syndrome due to con-
genital IGF-1 deficiency exhibit short stature and lower 
incidence rates of  acne, T2D and cancer, which may be 
explained by reduced mTORC1 stimulation due to low 
insulin/IGF-1 signaling[17��5�].

Whey proteins have to be regarded as life starter proteins 
that contain the highest amount of  leucine (14%), fol-
lowed by casein (10%), the major protein constituent of  
cow milk and cheese[22] (Table 2). For comparison, 100 g 
of  rump steak contains approximately 2.4 g leucine com-
parable to 100 g of  Gouda cheese (2.4 g), which is in strong 
contrast to 100 g white cabbage (0.056 g), or 100 g apple 
(0.016 g) (Tables 2 and 3). To reach the leucine intake pro-
vided by 100 g Gouda cheese or 100 g steak, 4.2 kg white 
cabbage or 100 apples could be consumed. These calcula-
tions exemplify the extreme differences in leucine amounts 
provided by an animal meat/dairy protein-based diet in com-
parison to a vegetarian or vegan diet. Thus, the increased 
consumption of  meat and dairy proteins provide excessive 
amounts of  leucine for mTORC1 activation. In compari-
son to meat, milk proteins are unique as they provide two 
major activating signals for mTORC1 activation, i.e., high 
insulin/IGF-1 signals as well as high leucine availability[169] 
(Table 4). 

EXCESSIVE LEUCINE CONTENT OF 
INFANT FORMULA 
The average protein content of  human milk during the 
first 12 mo of  lactation has been determined as 1.2 g pro-
tein/100 mL of  whole milk[17��6�]. This is the lowest protein 
concentration found in the milk of  any mammalian spe-
cies in which this value has been measured. In compari-
son, cow milk contains 3.4 g protein/100 mL. It has been 
shown that the protein content of  mammalian milk of  
various species is inversely related to the rate of  growth 
of  the offspring[17��7�]. Human neonates receive the lowest 
protein content of  milk among mammalian species and 
require 180 d to double their birth weight in comparison 
to rat or rabbit with milk protein concentrations of  9 and 
10 g/100 mL, respectively, which already double their 
birth weight after 5 d. It is known that premature infants 
fed formula containing a higher protein concentration 
gain weight faster than those fed formulas with a protein 
concentration closer to that of  human milk[17������8�����,1���79�]. Re-
markably, the leucine amount per g milk protein appears 
to be a mammalian species-independent constant in the 
range of  100 mg leucine/g milk protein for man, vari-
ous primates and non-primate species, including cow[18��0�]. 
Thus, the total amount of  milk protein fed to infants is 
the critical determinant for the total leucine uptake, an 
important signal for mTORC1 activation. 

It is thus of  most serious concern that currently avail-
able cow milk-based infant formula, especially “hypoal-
lergenic” whey-based products, provide more than double 

the amounts of  leucine/feeding volume in comparison to 
the physiological leucine content of  human breast milk. 
Thus, artificial cow-milk-derived infant formula does 
not meet the physiological lower leucine signaling axis 
required for adequate mTORC1 regulation in the human 
newborn. These postnatal aberrations of  leucine-medi-
ated mTORC1 signaling explain the early protein hypothesis, 
which links high protein intake during the neonatal period 
to increased weight gain and childhood obesity. In fact, a 
higher protein content of  infant formula has been associ-
ated with a higher weight in 2 years old infants[18������1�����,18��2�]. The 
markedly higher protein and leucine intake with infant 
formula feeding, as compared with the protein supply 
in breastfed babies, may play the most important role in 
predisposing infants to an increased risk for obesity and 
T2D in later life[18������1�����,18��2�]. It has been recently confirmed that 
BCAAs, total IGF-1 as well as C-peptide, were signifi-
cantly higher in infants fed a high-protein formula (2.9 
and 4.4 g protein/100 kcal) in comparison to infants fed 
a low-protein formula (1.77 and 2.2 g protein/100 kcal) 
compared to breastfed infants[18��3�]. Median serum concen-
trations of  leucine at 6 mo of  age were lowest in breast-
fed infants (106 μmol/L) compared to infants either fed 
low-protein formula (120 μmol/L) or high protein formu-
la (165 μmol/L)[18��3�]. Moreover, this study showed a corre-
lation between total serum IGF-1 and growth (weight-for-
length) at 6 mo of  age. Furthermore, strong evidence for 
cow milk-induced linear growth comes from observational 
and intervention studies in developing countries and many 
observational studies from well-nourished populations[18��4�]. 
In an effort to match the protein quality of  human milk, 
cow-milk based infant formula currently contains almost 
50% higher protein content (2.1-2.2 g/100 kcal) than 
human milk[18��5�]. The appropriate supply of  protein and 
amino acids and especially leucine appears to be a most 
critical factor in the postnatal period, a phase of  metabolic 
programming. Early postnatal underfeeding and overfeed-
ing of  mice resulted in adult metabolic abnormalities. In 
adult life, underfed mice, which were restricted to mouse 
milk in the early postnatal period exhibited impaired insu-
lin secretion, whereas overfed mice, which received more 
milk protein and total leucine during the early postnatal 
period developed insulin resistance later in adult life[18��6�]. 

Taken together, these data clearly allow the conclu-
sion that increased dairy protein consumption during the 
neonatal period raised serum leucine and IGF-1 levels, 
which will have an impact on postnatal mTORC1 signal-
ing. Milk signaling via insulin, IGF-1, GIP and leucine 
promotes general growth, β-cell growth, β-cell prolifera-
tion, increased insulin secretion, as well as S6K1-medi-
ated early events in mesenchymal stem cell commitment 
increasing the number of  adipocytes, thus programming 
critical early steps in adipogenesis[84-86]. 

The increased risk for obesity in leucine-rich formula 
fed infants[18��3�] and the obesity-protective effects of  physi-
ological breastfeeding associated with lower leucine sup-
ply to the infant, may just reflect differences in leucine-
stimulated mTORC1 activity, which when persistently 
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over-activated promotes the pathogenesis of  obesity, 
insulin resistance and T2D. 

CONCLUSION
Accumulating evidence supports the role of  increased 
leucine-driven mTORC1 signaling in the pathogenesis 
of  T2D. Amino acids, especially leucine, significantly 
stimulate mTORC1 activity. Besides high fat and high 
glucose, critical attention has to be paid to the daily intake 
of  animal proteins, especially leucine-rich meat and dairy 
proteins. The anti-diabetic and cancer protective effects 
of  metformin may be related to metformin’s antago-
nistic effect on leucine-mediated mTORC1 activation. 
Diabetes-preventive effects of  plant-derived polyphenols 
and flavonoids may depend on their ability to attenuate 
mTORC1 signaling. Moreover, the therapeutic effects of  
bariatric surgery in obesity and T2D may be causally re-
lated to reduction of  BCAA levels and mitigated leucine-
driven mTORC1 activation. The excessive consumption 
of  cheese, a protein preparation conserving the potent 
endocrine signaling system of  Bos taurus, increased sixfold 
in Germany and other countries consuming a Western 
diet. Predominantly high meat and dairy intakes have ad-
ditive effects on the net increase of  leucine uptake per 
capita, which is still rising. Excessive leucine signaling 
towards mTORC1 may thus be the overlooked environ-
mental risk factor promoting increased β-cell prolifera-
tion and insulin secretion, leading to accelerated early 
β-cell senescence and apoptosis, which finally results in 
secretory deficiency of  β-cells. Unfortunately, in West-
ernized countries, exaggerated leucine-mediated stimula-
tion of  β-cell mTORC1 starts during pregnancy by high 
leucine-intake of  the pregnant woman and continues at 
the beginning of  postnatal life when infants are fed cow 
milk-based infant formula, providing excessive amounts 
of  leucine compared to human breast milk. 

The presented leucine/mTORC1-concept of  T2D is 
in accordance with recent epidemiological and biochemi-
cal data and needs to be validated by leucine-restricted 
placebo-controlled intervention studies. Future dietary 
strategies have to consider an adequate balance of  aver-
age daily leucine uptake to meet signaling requirements 
for optimized conditions of  pancreatic β-cell homeosta-
sis. Infant formula should not exceed the physiological 
daily amounts of  leucine provided by human breast milk. 
In general, lower leucine levels are only reached by re-
striction of  animal proteins. Current recommendations to 
further increase the daily protein intake “to provide some 
benefit in managing chronic diseases” such as obesity and 
T2D have to be challenged with respect to their poten-
tial long-term adverse effects of  exaggerated mTORC1 
signaling. The functional role of  leucine in regulating 
mTORC1 activity clearly favors a reduction of  total pro-
tein intake to levels between 8% ����������������������   and ������������������  12%, as suggested 
by T. Colin Campbell (Cornell University) in the ongo-
ing protein debate. However, the question “How much 
protein is needed?” will not satisfactorily characterize the 

effects of  protein-mediated signaling. More importantly, 
we have to consider “How much leucine intake is appro-
priate to maintain long-term mTORC1-regulated β-cell 
homeostasis?” An adequate regulation of  leucine uptake 
by limiting the amount of  animal protein/leucine intake 
and the implementation of  more plant and fruit con-
sumption, as accomplished by traditional Chinese diet, 
will provide a rational and most powerful tool for the 
prevention of  T2D, obesity and other mTORC1-driven 
diseases of  civilization like cancer and neurodegenerative 
diseases.

REFERENCES
1	 Wild S, Roglic G, Green A, Sicree R, King H. Global preva-

lence of diabetes: estimates for the year 2000 and projections 
for 2030. Diabetes Care 2004; 27: 1047-1053

2	 Centers for Disease Control and Prevention. National dia-
betes fact sheet: general information and national estimates 
on diabetes in the United States, 2011. Available from: URL: 
http://www.cdc.gov/diabetes/pubs/factsheet11.htm

3	 Hu FB, Manson JE, Stampfer MJ, Colditz G, Liu S, Solomon 
CG, Willett WC. Diet, lifestyle, and the risk of type 2 diabetes 
mellitus in women. N Engl J Med 2001; 345: 790-797

4	 Hu FB, van Dam RM, Liu S. Diet and risk of Type II diabe-
tes: the role of types of fat and carbohydrate. Diabetologia 
2001; 44: 805-817

5	 van Dam RM, Rimm EB, Willett WC, Stampfer MJ, Hu FB. 
Dietary patterns and risk for type 2 diabetes mellitus in U.S. 
men. Ann Intern Med 2002; 136: 201-209

6	 Schulze MB, Hoffmann K, Manson JE, Willett WC, Meigs 
JB, Weikert C, Heidemann C, Colditz GA, Hu FB. Dietary 
pattern, inflammation, and incidence of type 2 diabetes in 
women. Am J Clin Nutr 2005; 82: 675-684; quiz 714-715

7	 Hodge AM, English DR, O’Dea K, Giles GG. Dietary pat-
terns and diabetes incidence in the Melbourne Collaborative 
Cohort Study. Am J Epidemiol 2007; 165: 603-610

8	 Schulze MB, Manson JE, Willett WC, Hu FB. Processed 
meat intake and incidence of type 2 diabetes in younger and 
middle-aged women. Diabetologia 2003; 46: 1465-1473

9	 Fung TT, Schulze M, Manson JE, Willett WC, Hu FB. Di-
etary patterns, meat intake, and the risk of type 2 diabetes in 
women. Arch Intern Med 2004; 164: 2235-2240

10	 Song Y, Manson JE, Buring JE, Liu S. A prospective study of 
red meat consumption and type 2 diabetes in middle-aged 
and elderly women: the women’s health study. Diabetes Care 
2004; 27: 2108-2115

11	 Lee DH, Folsom AR, Jacobs DR. �����������������������������    Dietary iron intake and type 
2 diabetes incidence in postmenopausal women: the Iowa 
Women’s Health Study. Diabetologia 2004; 47: 185-194 

12	 Villegas R, Shu XO, Gao YT, Yang G, Cai H, Li H, Zheng W. 
The association of meat intake and the risk of type 2 diabe-
tes may be modified by body weight. Int J Med Sci 2006; 3: 
152-159

13	 Schulze MB, Hoffmann K, Boeing H, Linseisen J, Rohrmann 
S, Möhlig M, Pfeiffer AF, Spranger J, Thamer C, Häring HU, 
Fritsche A, Joost HG. An accurate risk score based on an-
thropometric, dietary, and lifestyle factors to predict the de-
velopment of type 2 diabetes. Diabetes Care 2007; 30: 510-515 

14	 Simmons RK, Harding AH, Wareham NJ, Griffin SJ. Do 
simple questions about diet and physical activity help to 
identify those at risk of type 2 diabetes? Diabet Med 2007; 24: 
830-835 

15	 Vang A, Singh PN, Lee JW, Haddad EH, Brinegar CH. 
Meats, processed meats, obesity, weight gain and occurrence 
of diabetes among adults: findings from Adventist Health 
Studies. Ann Nutr Metab 2008; 52: 96-104

Melnik BC. Leucine signaling in type 2 diabetes and obesity



49 March 15, 2012|Volume 3|Issue 3|WJD|www.wjgnet.com

16	 Nettleton JA, Steffen LM, Ni H, Liu K, Jacobs DR. ��������Dietary 
patterns and risk of incident type 2 diabetes in the Multi-
Ethnic Study of Atherosclerosis (MESA). Diabetes Care 2008; 
31: 1777-1782

17	 Kitagawa T, Owada M, Urakami T, Yamauchi K. Increased 
incidence of non-insulin dependent diabetes mellitus among 
Japanese schoolchildren correlates with an increased in-
take of animal protein and fat. Clin Pediatr (Phila) 1998; 37: 
111-115

18	 Zhai F, Wang H, Du S, He Y, Wang Z, Ge K, Popkin BM. 
Prospective study on nutrition transition in China. Nutr Rev 
2009; 67 Suppl 1: S56-S61 

19	 Yu R, Woo J, Chan R, Sham A, Ho S, Tso A, Cheung B, Lam 
TH, Lam K. Relationship between dietary intake and the 
development of type 2 diabetes in a Chinese population: the 
Hong Kong Dietary Survey. Public Health Nutr 2011; 1-9 

20	 Fulgoni VL. Current protein intake in America: analysis 
of the National Health and Nutrition Examination Survey, 
2003-2004. Am J Clin Nutr 2008; 87: 1554S-1557S

21	 Pan A, Sun Q, Bernstein AM, Schulze MB, Manson JE, Wil-
lett WC, Hu FB. Red meat consumption and risk of type 2 di-
abetes: 3 cohorts of US adults and an updated meta-analysis. 
Am J Clin Nutr 2011; 94: 1088-1096

22	 Millward DJ, Layman DK, Tomé D, Schaafsma G. Protein 
quality assessment: impact of expanding understanding of 
protein and amino acid needs for optimal health. Am J Clin 
Nutr 2008; 87: 1576S-1581S

23	 Duran A, Amanchy R, Linares JF, Joshi J, Abu-Baker S, Po-
rollo A, Hansen M, Moscat J, Diaz-Meco MT. p62 is a key 
regulator of nutrient sensing in the mTORC1 pathway. Mol 
Cell 2011; 44: 134-146

24	 Hara K, Yonezawa K, Weng QP, Kozlowski MT, Belham C, 
Avruch J. Amino acid sufficiency and mTOR regulate p70 S6 
kinase and eIF-4E BP1 through a common effector mecha-
nism. J Biol Chem 1998; 273: 14484-14494

25	 Avruch J, Long X, Ortiz-Vega S, Rapley J, Papageorgiou A, 
Dai N. Amino acid regulation of TOR complex 1. Am J Physi-
ol Endocrinol Metab 2009; 296: E592-E602

26	 Johnson DJ, Anderson GH. Prediction of plasma amino acid 
concentration from diet amino acid content. Am J Physiol 
1982; 243: R99-R103

27	 Nilsson M, Holst JJ, Björck IM. ���������������������������   Metabolic effects of amino 
acid mixtures and whey protein in healthy subjects: studies 
using glucose-equivalent drinks. Am J Clin Nutr 2007; 85: 
996-1004

28	 Inoki K, Ouyang H, Li Y, Guan KL. Signaling by target of 
rapamycin proteins in cell growth control. Microbiol Mol Biol 
Rev 2005; 69: 79-100

29	 Bhaskar PT, Hay N. The two TORCs and Akt. Dev Cell 2007; 
12: 487-502

30	 Wang X, Proud CG. Nutrient control of TORC1, a cell-cycle 
regulator. Trends Cell Biol 2009; 19: 260-267

31	 Sengupta S, Peterson TR, Sabatini DM. Regulation of the 
mTOR complex 1 pathway by nutrients, growth factors, and 
stress. Mol Cell 2010; 40: 310-322

32	 Suzuki T, Inoki K. Spatial regulation of the mTORC1 system 
in amino acids sensing pathway. Acta Biochim Biophys Sin 
(Shanghai) 2011; 43: 671-679

33	 Wang X, Proud CG. mTORC1 signaling: what we still don’t 
know. J Mol Cell Biol 2011; 3: 206-220

34	 Shaw RJ. LKB1 and AMP-activated protein kinase control 
of mTOR signalling and growth. Acta Physiol (Oxf) 2009; 196: 
65-80

35	 Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen 
CC, Bar-Peled L, Sabatini DM. The Rag GTPases bind raptor 
and mediate amino acid signaling to mTORC1. Science 2008; 
320: 1496-1501

36	 Kim E, Goraksha-Hicks P, Li L, Neufeld TP, Guan KL. Regu-
lation of TORC1 by Rag GTPases in nutrient response. Nat 
Cell Biol 2008; 10: 935-945

37	 Sancak Y, Bar-Peled L, Zoncu R, Markhard AL, Nada S, 
Sabatini DM. ����������������������������������������    Ragulator-Rag complex targets mTORC1 to 
the lysosomal surface and is necessary for its activation by 
amino acids. Cell 2010; 141: 290-303

38	 Goberdhan DC. Intracellular amino acid sensing and 
mTORC1-regulated growth: new ways to block an old tar-
get? Curr Opin Investig Drugs 2010; 11: 1360-1367

39	 Li L, Kim E, Yuan H, Inoki K, Goraksha-Hicks P, Schiesher 
RL, Neufeld TP, Guan KL. Regulation of mTORC1 by the 
Rab and Arf GTPases. J Biol Chem 2010; 285: 19705-19709 

40	 Proud CG. A new link in the chain from amino acids to 
mTORC1 activation. Mol Cell 2011; 44: 7-8

41	 Inoki K, Li Y, Zhu T, Wu J, Guan KL. TSC2 is phosphory-
lated and inhibited by Akt and suppresses mTOR signalling. 
Nat Cell Biol 2002; 4: 648-657

42	 Manning BD, Tee AR, Logsdon MN, Blenis J, Cantley LC. 
Identification of the tuberous sclerosis complex-2 tumor 
suppressor gene product tuberin as a target of the phos-
phoinositide 3-kinase/akt pathway. Mol Cell 2002; 10: 
151-162 

43	 Tee AR, Fingar DC, Manning BD, Kwiatkowski DJ, Cantley 
LC, Blenis J. Tuberous sclerosis complex-1 and -2 gene prod-
ucts function together to inhibit mammalian target of rapa-
mycin (mTOR)-mediated downstream signaling. Proc Natl 
Acad Sci USA 2002; 99: 13571-13576

44	 Inoki K, Zhu T, Guan KL. ������������������������������   TSC2 mediates cellular energy 
response to control cell growth and survival. Cell 2003; 115: 
577-590

45	 Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, 
Mery A, Vasquez DS, Turk BE, Shaw RJ. AMPK phosphory-
lation of raptor mediates a metabolic checkpoint. Mol Cell 
2008; 30: 214-226

46	 Xie J, Ponuwei GA, Moore CE, Willars GB, Tee AR, Herbert 
TP. cAMP inhibits mammalian target of rapamycin com-
plex-1 and -2 (mTORC1 and 2) by promoting complex disso-
ciation and inhibiting mTOR kinase activity. Cell Signal 2011; 
23: 1927-1935

47	 Hay N. Interplay between FOXO, TOR, and Akt. Biochim 
Biophys Acta 2011; 1813: 1965-1970

48	 Gross DN, Wan M, Birnbaum MJ. The role of FOXO in the 
regulation of metabolism. Curr Diab Rep 2009; 9: 208-214 

49	 Chen CC, Jeon SM, Bhaskar PT, Nogueira V, Sundararajan D, 
Tonic I, Park Y, Hay N. FoxOs inhibit mTORC1 and activate 
Akt by inducing the expression of Sestrin3 and Rictor. Dev 
Cell 2010; 18: 592-604

50	 Greer EL, Oskoui PR, Banko MR, Maniar JM, Gygi MP, Gygi 
SP, Brunet A. The energy sensor AMP-activated protein ki-
nase directly regulates the mammalian FOXO3 transcription 
factor. J Biol Chem 2007; 282: 30107-30119

51	 Cao Y, Kamioka Y, Yokoi N, Kobayashi T, Hino O, Onodera 
M, Mochizuki N, Nakae J. Interaction of FoxO1 and TSC2 
induces insulin resistance through activation of the mamma-
lian target of rapamycin/p70 S6K pathway. J Biol Chem 2006; 
281: 40242-40251

52	 Long X, Ortiz-Vega S, Lin Y, Avruch J. Rheb binding to 
mammalian target of rapamycin (mTOR) is regulated by 
amino acid sufficiency. J Biol Chem 2005; 280: 23433-23436 

53	 Nobukuni T, Joaquin M, Roccio M, Dann SG, Kim SY, Gu-
lati P, Byfield MP, Backer JM, Natt F, Bos JL, Zwartkruis FJ, 
Thomas G. Amino acids mediate mTOR/raptor signaling 
through activation of class 3 phosphatidylinositol 3OH-
kinase. Proc Natl Acad Sci USA 2005; 102: 14238-14243

54	 Dennis MD, Baum JI, Kimball SR, Jefferson LS. Mechanisms 
involved in the coordinate regulation of mTORC1 by insulin 
and amino acids. J Biol Chem 2011; 286: 8287-8296

55	 Taniguchi CM, Emanuelli B, Kahn CR. ������������������  Critical nodes in 
signalling pathways: insights into insulin action. Nat Rev Mol 
Cell Biol 2006; 7: 85-96

56	 Saini V. Molecular mechanisms of insulin resistance in type 
2 diabetes mellitus. World J Diabetes 2010; 1: 68-75

Melnik BC. Leucine signaling in type 2 diabetes and obesity



50 March 15, 2012|Volume 3|Issue 3|WJD|www.wjgnet.com

57	 Kwon G, Marshall CA, Pappan KL, Remedi MS, McDaniel 
ML. Signaling elements involved in the metabolic regulation 
of mTOR by nutrients, incretins, and growth factors in islets. 
Diabetes 2004; 53 Suppl 3: S225-S232

58	 Yang J, Chi Y, Burkhardt BR, Guan Y, Wolf BA. Leucine me-
tabolism in regulation of insulin secretion from pancreatic 
beta cells. Nutr Rev 2010; 68: 270-279

59	 Zick Y. Ser/Thr phosphorylation of IRS proteins: a molecu-
lar basis for insulin resistance. Sci STKE 2005; 2005: pe4 

60	 Boura-Halfon S, Zick Y. Phosphorylation of IRS proteins, 
insulin action, and insulin resistance. Am J Physiol Endocrinol 
Metab 2009; 296: E581-E591

61	 Carlson CJ, White MF, Rondinone CM. Mammalian target 
of rapamycin regulates IRS-1 serine 307 phosphorylation. 
Biochem Biophys Res Commun 2004; 316: 533-539

62	 Krebs M, Roden M. Nutrient-induced insulin resistance in 
human skeletal muscle. Curr Med Chem 2004; 11: 901-908 

63	 Um SH, D’Alessio D, Thomas G. Nutrient overload, insulin 
resistance, and ribosomal protein S6 kinase 1, S6K1. Cell 
Metab 2006; 3: 393-402

64	 Um SH, Frigerio F, Watanabe M, Picard F, Joaquin M, 
Sticker M, Fumagalli S, Allegrini PR, Kozma SC, Auwerx J, 
Thomas G. Absence of S6K1 protects against age- and diet-
induced obesity while enhancing insulin sensitivity. Nature 
2004; 431: 200-205

65	 Tremblay F, Brûlé S, Hee Um S, Li Y, Masuda K, Roden M, 
Sun XJ, Krebs M, Polakiewicz RD, Thomas G, Marette A. 
Identification of IRS-1 Ser-1101 as a target of S6K1 in nutri-
ent- and obesity-induced insulin resistance. Proc Natl Acad 
Sci USA 2007; 104: 14056-14061

66	 Barbour LA, McCurdy CE, Hernandez TL, Friedman JE. 
Chronically increased S6K1 is associated with impaired IRS1 
signaling in skeletal muscle of GDM women with impaired 
glucose tolerance postpartum. J Clin Endocrinol Metab 2011; 
96: 1431-1441

67	 Krebs M, Brunmair B, Brehm A, Artwohl M, Szendroedi J, 
Nowotny P, Roth E, Fürnsinn C, Promintzer M, Anderwald 
C, Bischof M, Roden M. The Mammalian target of rapamycin 
pathway regulates nutrient-sensitive glucose uptake in man. 
Diabetes 2007; 56: 1600-1607

68	 Tremblay F, Krebs M, Dombrowski L, Brehm A, Bernroider 
E, Roth E, Nowotny P, Waldhäusl W, Marette A, Roden M. 
Overactivation of S6 kinase 1 as a cause of human insulin 
resistance during increased amino acid availability. Diabetes 
2005; 54: 2674-2684 

69	 Saha AK, Xu XJ, Lawson E, Deoliveira R, Brandon AE, 
Kraegen EW, Ruderman NB. Downregulation of AMPK ac-
companies leucine- and glucose-induced increases in protein 
synthesis and insulin resistance in rat skeletal muscle. Diabe-
tes 2010; 59: 2426-2434 

70	 Newgard CB, An J, Bain JR, Muehlbauer MJ, Stevens RD, 
Lien LF, Haqq AM, Shah SH, Arlotto M, Slentz CA, Rochon 
J, Gallup D, Ilkayeva O, Wenner BR, Yancy WS, Eisenson H, 
Musante G, Surwit RS, Millington DS, Butler MD, Svetkey 
LP. A branched-chain amino acid-related metabolic signa-
ture that differentiates obese and lean humans and contrib-
utes to insulin resistance. Cell Metab 2009; 9: 311-326 

71	 Eckel RH, Kahn SE, Ferrannini E, Goldfine AB, Nathan DM, 
Schwartz MW, Smith RJ, Smith SR. Obesity and type 2 dia-
betes: what can be unified and what needs to be individual-
ized? Diabetes Care 2011; 34: 1424-1430

72	 Hamdy O, Porramatikul S, Al-Ozairi E. Metabolic obesity: 
the paradox between visceral and subcutaneous fat. Curr 
Diabetes Rev 2006; 2: 367-373

73	 Kim JK, Kim YJ, Fillmore JJ, Chen Y, Moore I, Lee J, Yuan 
M, Li ZW, Karin M, Perret P, Shoelson SE, Shulman GI. Pre-
vention of fat-induced insulin resistance by salicylate. J Clin 
Invest 2001; 108: 437-446

74	 Yuan M, Konstantopoulos N, Lee J, Hansen L, Li ZW, Karin 
M, Shoelson SE. Reversal of obesity- and diet-induced insu-

lin resistance with salicylates or targeted disruption of Ik-
kbeta. Science 2001; 293: 1673-1677

75	 de Alvaro C, Teruel T, Hernandez R, Lorenzo M. Tumor 
necrosis factor alpha produces insulin resistance in skel-
etal muscle by activation of inhibitor kappaB kinase in 
a p38 MAPK-dependent manner. J Biol Chem 2004; 279: 
17070-17078

76	 Gao Z, Hwang D, Bataille F, Lefevre M, York D, Quon MJ, 
Ye J. Serine phosphorylation of insulin receptor substrate 1 
by inhibitor kappa B kinase complex. J Biol Chem 2002; 277: 
48115-48121

77	 Lee DF, Kuo HP, Chen CT, Hsu JM, Chou CK, Wei Y, Sun 
HL, Li LY, Ping B, Huang WC, He X, Hung JY, Lai CC, Ding 
Q, Su JL, Yang JY, Sahin AA, Hortobagyi GN, Tsai FJ, Tsai 
CH, Hung MC. IKK beta suppression of TSC1 links inflam-
mation and tumor angiogenesis via the mTOR pathway. Cell 
2007; 130: 440-455

78	 Rosenthal J, Angel A, Farkas J. Metabolic fate of leucine: a 
significant sterol precursor in adipose tissue and muscle. Am 
J Physiol 1974; 226: 411-418

79	 Lynch CJ, Fox HL, Vary TC, Jefferson LS, Kimball SR. Regu-
lation of amino acid-sensitive TOR signaling by leucine ana-
logues in adipocytes. J Cell Biochem 2000; 77: 234-251

80	 Lynch CJ. Role of leucine in the regulation of mTOR by ami-
no acids: revelations from structure-activity studies. J Nutr 
2001; 131: 861S-865S

81	 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. Am J Physiol Endocrinol Metab 
2006; 291: E621-E630

82	 Pham PT, Heydrick SJ, Fox HL, Kimball SR, Jefferson LS, 
Lynch CJ. Assessment of cell-signaling pathways in the regu-
lation of mammalian target of rapamycin (mTOR) by amino 
acids in rat adipocytes. J Cell Biochem 2000; 79: 427-441

83	 Kim JE, Chen J. Regulation of peroxisome proliferator-
activated receptor-gamma activity by mammalian target of 
rapamycin and amino acids in adipogenesis. Diabetes 2004; 
53: 2748-2756

84	 Fox HL, Kimball SR, Jefferson LS, Lynch CJ. Amino acids 
stimulate phosphorylation of p70S6k and organization of rat 
adipocytes into multicellular clusters. Am J Physiol 1998; 274: 
C206-C213

85	 Fox HL, Pham PT, Kimball SR, Jefferson LS, Lynch CJ. 
Amino acid effects on translational repressor 4E-BP1 are 
mediated primarily by L-leucine in isolated adipocytes. Am J 
Physiol 1998; 275: C1232-C1238

86	 Carnevalli LS, Masuda K, Frigerio F, Le Bacquer O, Um SH, 
Gandin V, Topisirovic I, Sonenberg N, Thomas G, Kozma 
SC. S6K1 plays a critical role in early adipocyte differentia-
tion. Dev Cell 2010; 18: 763-774

87	 Peterson TR, Sengupta SS, Harris TE, Carmack AE, Kang 
SA, Balderas E, Guertin DA, Madden KL, Carpenter AE, 
Finck BN, Sabatini DM. mTOR complex 1 regulates lipin 1 
localization to control the SREBP pathway. Cell 2011; 146: 
408-420

88	 Tovar AR, Torres N. The role of dietary protein on lipotoxic-
ity. Biochim Biophys Acta 2010; 1801: 367-371

89	 Felig P, Marliss E, Cahill GF. �����������������������������    Plasma amino acid levels and 
insulin secretion in obesity. N Engl J Med 1969; 281: 811-816 

90	 She P, Van Horn C, Reid T, Hutson SM, Cooney RN, Lynch 
CJ. Obesity-related elevations in plasma leucine are associ-
ated with alterations in enzymes involved in branched-chain 
amino acid metabolism. Am J Physiol Endocrinol Metab 2007; 
293: E1552-E1563

91	 Herman MA, She P, Peroni OD, Lynch CJ, Kahn BB. Adi-
pose tissue branched chain amino acid (BCAA) metabolism 
modulates circulating BCAA levels. J Biol Chem 2010; 285: 
11348-11356

92	 She P, Reid TM, Bronson SK, Vary TC, Hajnal A, Lynch CJ, 
Hutson SM. Disruption of BCATm in mice leads to increased 

Melnik BC. Leucine signaling in type 2 diabetes and obesity



51 March 15, 2012|Volume 3|Issue 3|WJD|www.wjgnet.com

energy expenditure associated with the activation of a futile 
protein turnover cycle. Cell Metab 2007; 6: 181-194

93	 Pietiläinen KH, Naukkarinen J, Rissanen A, Saharinen J, El-
lonen P, Keränen H, Suomalainen A, Götz A, Suortti T, Yki-
Järvinen H, Oresic M, Kaprio J, Peltonen L. Global transcript 
profiles of fat in monozygotic twins discordant for BMI: 
pathways behind acquired obesity. PLoS Med 2008; 5: e51 

94	 Álvarez-Castro P, Sangiao-Alvarellos S, Brandón-Sandá I, 
Cordido F. Endocrine function in obesity. Endocrinol Nutr 
2011; 58: 422-432

95	 Morton NM. Obesity and corticosteroids: 11beta-hydroxys-
teroid type 1 as a cause and therapeutic target in metabolic 
disease. Mol Cell Endocrinol 2010; 316: 154-164

96	 Shimizu N, Yoshikawa N, Ito N, Maruyama T, Suzuki Y, 
Takeda S, Nakae J, Tagata Y, Nishitani S, Takehana K, Sano 
M, Fukuda K, Suematsu M, Morimoto C, Tanaka H. Cross-
talk between glucocorticoid receptor and nutritional sensor 
mTOR in skeletal muscle. Cell Metab 2011; 13: 170-182

97	 Gray S, Wang B, Orihuela Y, Hong EG, Fisch S, Haldar S, 
Cline GW, Kim JK, Peroni OD, Kahn BB, Jain MK. Regula-
tion of gluconeogenesis by Krüppel-like factor 15. Cell Metab 
2007; 5: 305-312

98	 Mutch DM, Fuhrmann JC, Rein D, Wiemer JC, Bouillot JL, 
Poitou C, Clément K. Metabolite profiling identifies candi-
date markers reflecting the clinical adaptations associated 
with Roux-en-Y gastric bypass surgery. PLoS One 2009; 4: 
e7905

99	 Gletsu N, Lin E, Khaitan L, Lynch SA, Ramshaw B, Raziano 
R, Torres WE, Ziegler TR, Papanicolaou DA, Smith CD. 
Changes in C-reactive protein predict insulin sensitivity in 
severely obese individuals after weight loss surgery. J Gas-
trointest Surg 2005; 9: 1119-1126; discussion 1127-1128

100	 Hansen EN, Tamboli RA, Isbell JM, Saliba J, Dunn JP, 
Marks-Shulman PA, Abumrad NN. Role of the foregut in the 
early improvement in glucose tolerance and insulin sensitiv-
ity following Roux-en-Y gastric bypass surgery. Am J Physiol 
Gastrointest Liver Physiol 2011; 300: G795-G802

101	 Rhodes CJ. Type 2 diabetes-a matter of beta-cell life and 
death? Science 2005; 307: 380-384 

102	 Ackermann AM, Gannon M. Molecular regulation of pan-
creatic beta-cell mass development, maintenance, and expan-
sion. J Mol Endocrinol 2007; 38: 193-206 

103	 McDaniel ML, Marshall CA, Pappan KL, Kwon G. Metabol-
ic and autocrine regulation of the mammalian target of rapa-
mycin by pancreatic beta-cells. Diabetes 2002; 51: 2877-2885 

104	 Vasavada RC, Gonzalez-Pertusa JA, Fujinaka Y, Fiaschi-
Taesch N, Cozar-Castellano I, Garcia-Ocaña A. Growth fac-
tors and beta cell replication. Int J Biochem Cell Biol 2006; 38: 
931-950

105	 Porstmann T, Santos CR, Lewis C, Griffiths B, Schulze A. A 
new player in the orchestra of cell growth: SREBP activity is 
regulated by mTORC1 and contributes to the regulation of 
cell and organ size. Biochem Soc Trans 2009; 37: 278-283 

106	 Xu G, Kwon G, Cruz WS, Marshall CA, McDaniel ML. Meta-
bolic regulation by leucine of translation initiation through 
the mTOR-signaling pathway by pancreatic beta-cells. Diabe-
tes 2001; 50: 353-360

107	 Xu G, Kwon G, Marshall CA, Lin TA, Lawrence JC, Mc-
Daniel ML. Branched-chain amino acids are essential in the 
regulation of PHAS-I and p70 S6 kinase by pancreatic beta-
cells. A possible role in protein translation and mitogenic 
signaling. J Biol Chem 1998; 273: 28178-28184

108	 Koyanagi M, Asahara S, Matsuda T, Hashimoto N, Shigeya-
ma Y, Shibutani Y, Kanno A, Fuchita M, Mikami T, Hosooka 
T, Inoue H, Matsumoto M, Koike M, Uchiyama Y, Noda 
T, Seino S, Kasuga M, Kido Y. Ablation of TSC2 enhances 
insulin secretion by increasing the number of mitochondria 
through activation of mTORC1. PLoS One 2011; 6: e23238 

109	 Pende M, Kozma SC, Jaquet M, Oorschot V, Burcelin R, Le 
Marchand-Brustel Y, Klumperman J, Thorens B, Thomas G. 

Hypoinsulinaemia, glucose intolerance and diminished beta-
cell size in S6K1-deficient mice. Nature 2000; 408: 994-997 

110	 Dor Y, Brown J, Martinez OI, Melton DA. Adult pancreatic 
beta-cells are formed by self-duplication rather than stem-
cell differentiation. Nature 2004; 429: 41-46

111	 Teta M, Rankin MM, Long SY, Stein GM, Kushner JA. 
Growth and regeneration of adult beta cells does not involve 
specialized progenitors. Dev Cell 2007; 12: 817-826

112	 Hayflick L. The limited in vitro lifetime of human diploid 
cell strains. Exp Cell Res 1965; 37: 614-636

113	 Shigeyama Y, Kobayashi T, Kido Y, Hashimoto N, Asahara 
S, Matsuda T, Takeda A, Inoue T, Shibutani Y, Koyanagi M, 
Uchida T, Inoue M, Hino O, Kasuga M, Noda T. Biphasic 
response of pancreatic beta-cell mass to ablation of tuberous 
sclerosis complex 2 in mice. Mol Cell Biol 2008; 28: 2971-2979 

114	 Gluckman PD, Hanson MA. Living with the past: evolu-
tion, development, and patterns of disease. Science 2004; 305: 
1733-1736

115	 Kajantie E, Osmond C, Barker DJ, Forsén T, Phillips DI, 
Eriksson JG. Size at birth as a predictor of mortality in adult-
hood: a follow-up of 350 000 person-years. Int J Epidemiol 
2005; 34: 655-663

116	 Chakravarthy MV, Zhu Y, Wice MB, Coleman T, Pappan 
KL, Marshall CA, McDaniel ML, Semenkovich CF. De-
creased fetal size is associated with beta-cell hyperfunction 
in early life and failure with age. Diabetes 2008; 57: 2698-2707 

117	 Karunakaran U, Kim HJ, Kim JY, Lee IK. Guards and cul-
prits in the endoplasmic reticulum: glucolipotoxicity and 
β-cell failure in type II diabetes. Exp Diabetes Res 2012; 2012: 
639762

118	 Hardie DG. Role of AMP-activated protein kinase in the 
metabolic syndrome and in heart disease. FEBS Lett 2008; 
582: 81-89

119	 Tzatsos A, Kandror KV. Nutrients suppress phosphati-
dylinositol 3-kinase/Akt signaling via raptor-dependent 
mTOR-mediated insulin receptor substrate 1 phosphoryla-
tion. Mol Cell Biol 2006; 26: 63-76

120	 Bailey CJ, Turner RC. Metformin. N Engl J Med 1996; 334: 
574-579

121	 Lee JO, Lee SK, Jung JH, Kim JH, You GY, Kim SJ, Park SH, 
Uhm KO, Kim HS. Metformin induces Rab4 through AMPK 
and modulates GLUT4 translocation in skeletal muscle cells. 
J Cell Physiol 2011; 226: 974-981

122	 Kalender A, Selvaraj A, Kim SY, Gulati P, Brûlé S, Viollet 
B, Kemp BE, Bardeesy N, Dennis P, Schlager JJ, Marette A, 
Kozma SC, Thomas G. Metformin, independent of AMPK, 
inhibits mTORC1 in a rag GTPase-dependent manner. Cell 
Metab 2010; 11: 390-401

123	 Dowling RJ, Zakikhani M, Fantus IG, Pollak M, Sonenberg 
N. Metformin inhibits mammalian target of rapamycin-
dependent translation initiation in breast cancer cells. Cancer 
Res 2007; 67: 10804-10812

124	 Yang Y. Metformin for cancer prevention. Front Med 2011; 5: 
115-117

125	 Li D. Metformin as an antitumor agent in cancer prevention 
and treatment. J Diabetes 2011; 3: 320-327

126	 McCarty MF. mTORC1 activity as a determinant of cancer 
risk--rationalizing the cancer-preventive effects of adiponec-
tin, metformin, rapamycin, and low-protein vegan diets. Med 
Hypotheses 2011; 77: 642-648

127	 Bo S, Ciccone G, Rosato R, Villois P, Appendino G, Ghigo E, 
Grassi G. Cancer mortality reduction and metformin: a ret-
rospective cohort study in type 2 diabetic patients. Diabetes 
Obes Metab 2012; 14: 23-29

128	 Marques FZ, Markus MA, Morris BJ. ���������������������� Resveratrol: cellular 
actions of a potent natural chemical that confers a diversity 
of health benefits. Int J Biochem Cell Biol 2009; 41: 2125-2128 

129	 Zhou H, Luo Y, Huang S. Updates of mTOR inhibitors. Anti-
cancer Agents Med Chem 2010; 10: 571-581

130	 Jiang H, Shang X, Wu H, Gautam SC, Al-Holou S, Li C, Kuo J, 

Melnik BC. Leucine signaling in type 2 diabetes and obesity



52 March 15, 2012|Volume 3|Issue 3|WJD|www.wjgnet.com

Zhang L, Chopp M. Resveratrol downregulates PI3K/Akt/
mTOR signaling pathways in human U251 glioma cells. J 
Exp Ther Oncol 2009; 8: 25-33

131	 Brito PM, Devillard R, Nègre-Salvayre A, Almeida LM, Dinis 
TC, Salvayre R, Augé N. Resveratrol inhibits the mTOR mi-
togenic signaling evoked by oxidized LDL in smooth muscle 
cells. Atherosclerosis 2009; 205: 126-134 

132	 Lin JN, Lin VC, Rau KM, Shieh PC, Kuo DH, Shieh JC, Chen 
WJ, Tsai SC, Way TD. Resveratrol modulates tumor cell 
proliferation and protein translation via SIRT1-dependent 
AMPK activation. J Agric Food Chem 2010; 58: 1584-1592 

133	 Fröjdö S, Cozzone D, Vidal H, Pirola L. Resveratrol is a class 
IA phosphoinositide 3-kinase inhibitor. Biochem J 2007; 406: 
511-518

134	 Zhang Q, Kelly AP, Wang L, French SW, Tang X, Duong HS, 
Messadi DV, Le AD. Green tea extract and (-)-epigallocat-
echin-3-gallate inhibit mast cell-stimulated type I collagen 
expression in keloid fibroblasts via blocking PI-3K/AkT sig-
naling pathways. J Invest Dermatol 2006; 126: 2607-2613 

135	 Van Aller GS, Carson JD, Tang W, Peng H, Zhao L, Co-
peland RA, Tummino PJ, Luo L. Epigallocatechin gallate 
(EGCG), a major component of green tea, is a dual phos-
phoinositide-3-kinase/mTOR inhibitor. Biochem Biophys Res 
Commun 2011; 406: 194-199

136	 Beevers CS, Chen L, Liu L, Luo Y, Webster NJ, Huang S. 
Curcumin disrupts the mammalian target of rapamycin-
raptor complex. Cancer Res 2009; 69: 1000-1008

137	 Anastasius N, Boston S, Lacey M, Storing N, Whitehead SA. 
Evidence that low-dose, long-term genistein treatment in-
hibits oestradiol-stimulated growth in MCF-7 cells by down-
regulation of the PI3-kinase/Akt signalling pathway. J Steroid 
Biochem Mol Biol 2009; 116: 50-55

138	 Nakamura Y, Yogosawa S, Izutani Y, Watanabe H, Otsuji E, 
Sakai T. A combination of indol-3-carbinol and genistein syn-
ergistically induces apoptosis in human colon cancer HT-29 
cells by inhibiting Akt phosphorylation and progression of 
autophagy. Mol Cancer 2009; 8: 100

139	 Kong D, Banerjee S, Huang W, Li Y, Wang Z, Kim HR, 
Sarkar FH. Mammalian target of rapamycin repression by 
3,3’-diindolylmethane inhibits invasion and angiogenesis in 
platelet-derived growth factor-D-overexpressing PC3 cells. 
Cancer Res 2008; 68: 1927-1934

140	 Reinke A, Chen JC, Aronova S, Powers T. Caffeine targets 
TOR complex I and provides evidence for a regulatory link 
between the FRB and kinase domains of Tor1p. J Biol Chem 
2006; 281: 31616-31626 

141	 Goel A, Kunnumakkara AB, Aggarwal BB. Curcumin as 
“Curecumin”: from kitchen to clinic. Biochem Pharmacol 2008; 
75: 787-809

142	 Johnson SM, Gulhati P, Arrieta I, Wang X, Uchida T, Gao T, 
Evers BM. Curcumin inhibits proliferation of colorectal car-
cinoma by modulating Akt/mTOR signaling. Anticancer Res 
2009; 29: 3185-3190

143	 Beevers CS, Li F, Liu L, Huang S. Curcumin inhibits the 
mammalian target of rapamycin-mediated signaling path-
ways in cancer cells. Int J Cancer 2006; 119: 757-764

144	 Szkudelska K, Szkudelski T. Resveratrol, obesity and diabe-
tes. Eur J Pharmacol 2010; 635: 1-8

145	 Szkudelski T, Szkudelska K. Anti-diabetic effects of resvera-
trol. Ann N Y Acad Sci 2011; 1215: 34-39

146	 Baile CA, Yang JY, Rayalam S, Hartzell DL, Lai CY, Anders-
en C, Della-Fera MA. Effect of resveratrol on fat mobilization. 
Ann N Y Acad Sci 2011; 1215: 40-47

147	 Yang JY, Della-Fera MA, Rayalam S, Ambati S, Hartzell DL, 
Park HJ, Baile CA. Enhanced inhibition of adipogenesis and 
induction of apoptosis in 3T3-L1 adipocytes with combina-
tions of resveratrol and quercetin. Life Sci 2008; 82: 1032-1039 

148	 Andersen C, Rayalam S, Della-Fera MA, Baile CA. ������Phyto-
chemicals and adipogenesis. Biofactors 2010; 36: 415-422 

149	 Beaudeux JL, Nivet-Antoine V, Giral P. Resveratrol: a rel-

evant pharmacological approach for the treatment of meta-
bolic syndrome? Curr Opin Clin Nutr Metab Care 2010; 13: 
729-736

150	 Rains TM, Agarwal S, Maki KC. Antiobesity effects of green 
tea catechins: a mechanistic review. J Nutr Biochem 2011; 22: 
1-7

151	 Wu JC, Lai CS, Badmaev V, Nagabhushanam K, Ho CT, Pan 
MH. Tetrahydrocurcumin, a major metabolite of curcumin, 
induced autophagic cell death through coordinative modu-
lation of PI3K/Akt-mTOR and MAPK signaling pathways 
in human leukemia HL-60 cells. Mol Nutr Food Res 2011; 55: 
1646-1654

152	 Banerjee S, Kong D, Wang Z, Bao B, Hillman GG, Sarkar FH. 
Attenuation of multi-targeted proliferation-linked signaling 
by 3,3’-diindolylmethane (DIM): from bench to clinic. Mutat 
Res 2011; 728: 47-66

153	 Eto I. Nutritional and chemopreventive anti-cancer agents 
up-regulate expression of p27Kip1, a cyclin-dependent kinase 
inhibitor, in mouse JB6 epidermal and human MCF7, MDA-
MB-321 and AU565 breast cancer cells. Cancer Cell Int 2006; 6: 
20

154	 Yan GR, Xiao CL, He GW, Yin XF, Chen NP, Cao Y, He QY. 
Global phosphoproteomic effects of natural tyrosine kinase 
inhibitor, genistein, on signaling pathways. Proteomics 2010; 
10: 976-986

155	 Puli S, Jain A, Lai JC, Bhushan A. Effect of combination treat-
ment of rapamycin and isoflavones on mTOR pathway in hu-
man glioblastoma (U87) cells. Neurochem Res 2010; 35: 986-993

156	 Butt MS, Sultan MT. Coffee and its consumption: benefits 
and risks. Crit Rev Food Sci Nutr 2011; 51: 363-373

157	 Foukas LC, Daniele N, Ktori C, Anderson KE, Jensen J, Shep-
herd PR. Direct effects of caffeine and theophylline on p110 
delta and other phosphoinositide 3-kinases. Differential ef-
fects on lipid kinase and protein kinase activities. J Biol Chem 
2002; 277: 37124-37130

158	 Kudchodkar SB, Yu Y, Maguire TG, Alwine JC. Human cy-
tomegalovirus infection alters the substrate specificities and 
rapamycin sensitivities of raptor- and rictor-containing com-
plexes. Proc Natl Acad Sci USA 2006; 103: 14182-14187

159	 Saiki S, Sasazawa Y, Imamichi Y, Kawajiri S, Fujimaki T, 
Tanida I, Kobayashi H, Sato F, Sato S, Ishikawa K, Imoto M, 
Hattori N. Caffeine induces apoptosis by enhancement of au-
tophagy via PI3K/Akt/mTOR/p70S6K inhibition. Autophagy 
2011; 7: 176-187

160	 Proud CG. mTOR Signalling in Health and Disease. Biochem 
Soc Trans 2011; 39: 431-436

161	 Mieulet V, Lamb RF. Tuberous sclerosis complex: linking 
cancer to metabolism. Trends Mol Med 2010; 16: 329-335 

162	 Dann SG, Selvaraj A, Thomas G. mTOR Complex1-S6K1 
signaling: at the crossroads of obesity, diabetes and cancer. 
Trends Mol Med 2007; 13: 252-259

163	 Shaw RJ, Cantley LC. Ras, PI(3)K and mTOR signalling con-
trols tumour cell growth. Nature 2006; 441: 424-430

164	 Spilman P, Podlutskaya N, Hart MJ, Debnath J, Gorostiza O, 
Bredesen D, Richardson A, Strong R, Galvan V. Inhibition of 
mTOR by rapamycin abolishes cognitive deficits and reduces 
amyloid-beta levels in a mouse model of Alzheimer’s disease. 
PLoS One 2010; 5: e9979

165	 Gu Y, Nieves JW, Stern Y, Luchsinger JA, Scarmeas N. Food 
combination and Alzheimer disease risk: a protective diet. 
Arch Neurol 2010; 67: 699-706

166	 Cordain L, Eades MR, Eades MD. Hyperinsulinemic diseases 
of civilization: more than just Syndrome X. Comp Biochem 
Physiol A Mol Integr Physiol 2003; 136: 95-112 

167	 Wheelhouse NM, Stubbs AK, Lomax MA, MacRae JC, Ha-
zlerigg DG. Growth hormone and amino acid supply interact 
synergistically to control insulin-like growth factor-I produc-
tion and gene expression in cultured ovine hepatocytes. J 
Endocrinol 1999; 163: 353-361

168	 Swenne I, Borg LA, Crace CJ, Schnell Landström A. Per-

Melnik BC. Leucine signaling in type 2 diabetes and obesity



53 March 15, 2012|Volume 3|Issue 3|WJD|www.wjgnet.com

sistent reduction of pancreatic beta-cell mass after a limited 
period of protein-energy malnutrition in the young rat. Dia-
betologia 1992; 35: 939-945

169	 Melnik BC. Milk signalling in the pathogenesis of type 2 dia-
betes. Med Hypotheses 2011; 76: 553-559

170	 Rich-Edwards JW, Ganmaa D, Pollak MN, Nakamoto EK, 
Kleinman K, Tserendolgor U, Willett WC, Frazier AL. Milk 
consumption and the prepubertal somatotropic axis. Nutr J 
2007; 6: 28

171	 Hoyt G, Hickey MS, Cordain L. Dissociation of the glycaemic 
and insulinaemic responses to whole and skimmed milk. Br J 
Nutr 2005; 93: 175-177

172	 Hoppe C, Mølgaard C, Vaag A, Barkholt V, Michaelsen KF. 
High intakes of milk, but not meat, increase s-insulin and 
insulin resistance in 8-year-old boys. Eur J Clin Nutr 2005; 59: 
393-398

173	 Norat T, Dossus L, Rinaldi S, Overvad K, Grønbaek H, Tjøn-
neland A, Olsen A, Clavel-Chapelon F, Boutron-Ruault MC, 
Boeing H, Lahmann PH, Linseisen J, Nagel G, Trichopoulou 
A, Trichopoulos D, Kalapothaki V, Sieri S, Palli D, Panico S, 
Tumino R, Sacerdote C, Bueno-de-Mesquita HB, Peeters PH, 
van Gils CH, Agudo A, Amiano P, Ardanoz E, Martinez C, 
Quirós R, Tormo MJ, Bingham S, Key TJ, Allen NE, Ferrari P, 
Slimani N, Riboli E, Kaaks R. Diet, serum insulin-like growth 
factor-I and IGF-binding protein-3 in European women. Eur J 
Clin Nutr 2007; 61: 91-98

174	 Crowe FL, Key TJ, Allen NE, Appleby PN, Roddam A, Over-
vad K, Grønbaek H, Tjønneland A, Halkjaer J, Dossus L, 
Boeing H, Kröger J, Trichopoulou A, Dilis V, Trichopoulos D, 
Boutron-Ruault MC, De Lauzon B, Clavel-Chapelon F, Palli 
D, Berrino F, Panico S, Tumino R, Sacerdote C, Bueno-de-
Mesquita HB, Vrieling A, van Gils CH, Peeters PH, Gram IT, 
Skeie G, Lund E, Rodríguez L, Jakszyn P, Molina-Montes E, 
Tormo MJ, Barricarte A, Larrañaga N, Khaw KT, Bingham S, 
Rinaldi S, Slimani N, Norat T, Gallo V, Riboli E, Kaaks R. The 
association between diet and serum concentrations of IGF-I, 
IGFBP-1, IGFBP-2, and IGFBP-3 in the European Prospective 
Investigation into Cancer and Nutrition. Cancer Epidemiol Bio-
markers Prev 2009; 18: 1333-1340

175	 Melnik BC, John SM, Schmitz G. Over-stimulation of insu-
lin/IGF-1 signaling by western diet may promote diseases of 
civilization: lessons learnt from Laron syndrome. Nutr Metab 
(Lond) 2011; 8: 41

176	 Nommsen LA, Lovelady CA, Heinig MJ, Lönnerdal B, Dew-
ey KG. Determinants of energy, protein, lipid, and lactose 
concentrations in human milk during the first 12 mo of lacta-
tion: the DARLING Study. Am J Clin Nutr 1991; 53: 457-465 

177	 Bounous G, Kongshavn PA, Taveroff A, Gold P. Evolution-
ary traits in human milk proteins. Med Hypotheses 1988; 27: 
133-140

178	 Gordon HH, Levine SZ, Mcnamara H. Feeding of premature 
infants; a comparison of human and cow’s milk. Am J Dis 
Child 1947; 73: 442-452

179	 Babson SG, Bramhall JL. Diet and growth in the premature 
infant. The effect of different dietary intakes of ash-electrolyte 
and protein on weight gain and linear growth. J Pediatr 1969; 
74: 890-900

180	 Davis TA, Nguyen HV, Garcia-Bravo R, Fiorotto ML, Jackson 
EM, Lewis DS, Lee DR, Reeds PJ. Amino acid composition of 
human milk is not unique. J Nutr 1994; 124: 1126-1132 

181	 Koletzko B, von Kries R, Closa R, Escribano J, Scaglioni S, 
Giovannini M, Beyer J, Demmelmair H, Gruszfeld D, Do-
brzanska A, Sengier A, Langhendries JP, Rolland Cachera 
MF, Grote V. Lower protein in infant formula is associated 
with lower weight up to age 2 y: a randomized clinical trial. 
Am J Clin Nutr 2009; 89: 1836-1845

182	 Koletzko B, von Kries R, Closa R, Escribano J, Scaglioni S, 
Giovannini M, Beyer J, Demmelmair H, Anton B, Gruszfeld D, 
Dobrzanska A, Sengier A, Langhendries JP, Rolland Cachera 
MF, Grote V. Can infant feeding choices modulate later obe-
sity risk? Am J Clin Nutr 2009; 89: 1502S-1508S 

183	 Socha P, Grote V, Gruszfeld D, Janas R, Demmelmair H, 
Closa-Monasterolo R, Subías JE, Scaglioni S, Verduci E, Dain 
E, Langhendries JP, Perrin E, Koletzko B. Milk protein intake, 
the metabolic-endocrine response, and growth in infancy: 
data from a randomized clinical trial. Am J Clin Nutr 2011; 94: 
1776S-1784S

184	 Hoppe C, Mølgaard C, Michaelsen KF. ����������������������   Cow’s milk and linear 
growth in industrialized and developing countries. Annu Rev 
Nutr 2006; 26: 131-173

185	 Martinez JA, Ballew MP. ����������������� Infant formulas. Pediatr Rev 2011; 
32: 179-189; quiz 189

186	 Kappeler L, De Magalhaes Filho C, Leneuve P, Xu J, Brunel N, 
Chatziantoniou C, Le Bouc Y, Holzenberger M. Early postnatal 
nutrition determines somatotropic function in mice. Endocri-
nology 2009; 150: 314-323

S- Editor  Wu X    L- Editor  Roemmele A    E- Editor  Zheng XM

Melnik BC. Leucine signaling in type 2 diabetes and obesity


