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Abstract
Dietary proteins and amino acids are important modulators of glu-
cose metabolism and insulin sensitivity. Although high intake of di-
etary proteins has positive effects on energy homeostasis by inducing
satiety and possibly increasing energy expenditure, it has detrimen-
tal effects on glucose homeostasis by promoting insulin resistance
and increasing gluconeogenesis. Varying the quality rather than the
quantity of proteins has been shown to modulate insulin resistance
induced by Western diets and has revealed that proteins derived from
fish might have the most desirable effects on insulin sensitivity. In
vitro and in vivo data also support an important role of amino acids in
glucose homeostasis through modulation of insulin action on muscle
glucose transport and hepatic glucose production, secretion of in-
sulin and glucagon, as well as gene and protein expression in various
tissues. Moreover, amino acid signaling is integrated by mammalian
target of rapamycin, a nutrient sensor that operates a negative feed-
back loop toward insulin receptor substrate 1 signaling, promoting
insulin resistance for glucose metabolism. This integration suggests
that modulating dietary proteins and the flux of circulating amino
acids generated by their consumption and digestion might underlie
powerful new approaches to treat various metabolic diseases such as
obesity and diabetes.
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INTRODUCTION

Dietary intake of proteins is essential for nor-
mal growth and development. In Western
societies, protein consumption has increased
considerably during the past 50 years and is
now thought to exceed by ∼80% the recom-
mended dietary intake (43). Although our un-
derstanding of fat and carbohydrates as nutri-
ents affecting glucose and energy metabolism
has greatly increased in the past two decades,
the roles of proteins and amino acids in glu-
cose homeostasis and insulin resistance and
the mechanisms behind their effects are still
poorly characterized. In this review, we ex-
plore the mechanisms by which dietary pro-
teins and amino acids modulate glucose and
energy homeostasis in relationship to the
pathogenesis of insulin resistance.

DIETARY PROTEINS AND
INSULIN RESISTANCE

The popularity of high-protein diets (e.g.,
Atkins and Montignac) has created a renewed

interest in dietary interventions as effective
and relatively easy means to achieve signifi-
cant and sustained body weight loss. Further-
more, it is now well recognized that not only
glucose and lipid but also protein metabolism
are altered in diabetic states (98). However,
the long-term safety and efficacy of high-
protein diets are not well documented. This
underscores the need for rational and tai-
lored approaches in the clinical management
of body weight, as well as insulin resistance
and glycemic control in obese prediabetic or
diabetic individuals, that involve modulation
of both the quantity and quality of proteins
from the diet.

High-Protein Diets: Their Effects on
Energy Balance

Numerous studies have shown that an in-
creased consumption of dietary proteins re-
sults in greater body weight loss (reviewed
in 52, 66, 83). What is unclear at this point
is whether high-protein diets reduce body
weight by reducing energy intake through
satiety signal(s) or by increasing energy ex-
penditure. On one hand, some studies support
the concept that the consumption of a high-
protein diet decreases circulating ghrelin, an
orexigenic gut peptide, whereas it increases
the concentrations of the anorexic peptides
cholecystokinin and glucagon-like peptide 1
(16, 21, 142). On the other hand, however,
other studies suggest that the satiety induced
by high-protein diets is unrelated to changes
in circulating ghrelin (102, 155). Genetic ev-
idence also supports a role for the anorexic
peptide YY (Pyy) in protein-mediated reduc-
tion in food intake. Indeed, Pyy-null mice are
hyperphagic and display obesity in compari-
son with their wild-type littermates and are
insensitive to the satiating effect of dietary
proteins (9).

High-protein diets may also promote a
negative energy balance by increasing en-
ergy expenditure. This has been attributed to
the heightened thermal effect of dietary pro-
teins (23%–30%) as compared with that of
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carbohydrates (5%–10%) and lipids (2%–3%)
(106). Dietary proteins may also increase en-
ergy expenditure through up-regulation of
uncoupling proteins (UCPs) and facultative
thermogenesis. Indeed, high-protein intake
was recently found to increase UCP-2 in
the liver and UCP-1 in brown adipose tissue
(115). Changes in UCP-1 and UCP-2 expres-
sion were inversely correlated with feeding ef-
ficiency and positively correlated with energy
expenditure and oxygen consumption (115).

High-Protein Diets: Their Effects on
Insulin Resistance and Glycemic
Control

Varying the amount of protein not only af-
fects body weight maintenance and feeding
behavior, but also insulin secretion and ac-
tion, thereby regulating glucose homeostasis.
Short-term studies in normal or diabetic hu-
mans showed that dietary proteins stimulate
insulin secretion (2, 46, 114, 122, 138) and
reduce glycemia (75, 138). Importantly, con-
sumption of a high-protein diet for six months
in healthy nonobese individuals induced a
higher glucose-stimulated insulin secretion,
increased fasting glucose level, impaired sup-
pression of hepatic glucose output by insulin,
and enhanced gluconeogenesis (92). Further-
more, a one-year study in type 1 diabetic
patients revealed that consumption of a high-
protein diet decreased overall insulin sensi-
tivity while it increased glucose production
by the liver (91). Feeding rats with an in-
creasing amount of protein at the expense of
carbohydrates was also shown to increase fast-
ing glycemia and the basal rate of endoge-
nous glucose production (124). Furthermore,
the assessment of insulin action in these ani-
mals, using the euglycemic-hyperinsulinemic
clamp technique, revealed that a higher pro-
tein intake promotes a state of insulin re-
sistance in peripheral tissues (124). Another
study showed that rats fed a high-protein diet
for 12 months had lower glycemia but higher
insulin levels (136). Finally, it has been pro-
posed that an accelerated pancreas “fatigue”

or “failure” due to β-cell apoptosis might be
responsible for the higher incidence of dia-
betes in prediabetic animals fed a high-protein
diet (93, 126).

Dietary Proteins Sources and Insulin
Resistance

Although high-protein diets might have ben-
eficial effects on body weight and energy
homeostasis, their potential long-term con-
sequences on glycemic control, insulin resis-
tance, and renal function limit their appeal for
improving energy balance. Varying the source
rather than the amount of proteins might rep-
resent a safer approach to the treatment of
metabolic disorders.

Soy protein. Soy protein is well known for its
hypolipidemic and hypocholesterolemic ef-
fects in animals and in humans (3). In addi-
tion to its effect on serum lipids, soy protein
intake can also positively affect glucose home-
ostasis. For instance, consumption of soy pro-
tein, in comparison with casein, reduces fast-
ing insulin and glucose levels in animals (15,
139). Similarly, human studies revealed that
ingestion of a soy protein–based meal induces
a lower insulin response than that induced fol-
lowing a casein-based meal (67, 125). How-
ever, the differential hormonal response fol-
lowing consumption of casein or soy proteins
was not observed in another study (20). Incor-
poration of dietary soy protein was also shown
to improve glucose tolerance and insulin sen-
sitivity in rats fed a high-sucrose diet when
compared with those fed with casein (87). Al-
though the exact mechanism behind the bene-
ficial effect of soy proteins on glycemic control
is not known, it was proposed that a decrease
in serum glucagon levels might be involved
(87) since glucagon is known to promote hep-
atic glucose production. Soy protein may also
improve insulin sensitivity by increasing in-
sulin signaling in fat and liver since insulin
receptor mRNA expression was reported to
be increased in the liver and adipose tissues of
soy protein–fed rats (72).
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Fish protein. It has been known for years
that populations from Alaska and Greenland
that consume large amounts of fish have a low
incidence of type 2 diabetes (39, 84, 104, 105).
The beneficial effect of fish consumption was
first attributed to fish oil. Although a meta-
analysis revealed that intake of as much as 3 g
of fish oil per day has no beneficial effect on
glycemia in type 2 diabetes (44), consumption
of lean fish (24 g/day; providing only ∼140 mg
of ω-3 fatty acid) was inversely correlated with
the incidence of insulin resistance and type
2 diabetes (38). This latter finding was con-
sistent with the hypothesis that a constituent
other than lipid was responsible for the ben-
eficial effect of fish consumption on glu-
cose metabolism. Because protein is the most
abundant nutrient in lean fish, it was proposed
that fish protein could actually be responsible
for the beneficial metabolic effects of lean fish
consumption. This hypothesis was first tested
in rabbits fed purified diets containing as the
sole source of protein either casein, soy, or cod
protein (12–14). The results showed that con-
sumption of fish protein improved cholesterol
transport via high-density lipoprotein (HDL)
while reducing triglyceride-rich very-low-
density lipoprotein (12–14). Human studies
also demonstrated beneficial effects of cod
protein consumption on plasma lipid profile
by reducing plasma triglycerides in women
and increasing HDL2 cholesterol in men (47,
73, 86, 118).

In addition to their effect on plasma lipids,
proteins derived from fish were also shown to
affect glucose metabolism and insulin sensitiv-
ity. For instance, cod protein–fed rats in com-
parison to casein-fed animals are protected
against the development of insulin resistance
and glucose intolerance induced by diabeto-
genic diets rich in sucrose (87) or in saturated
fat (88). These studies further revealed that
soy protein can prevent insulin resistance in-
duced by a diet rich in sucrose (87), but it
had no beneficial effect on insulin sensitiv-
ity when the animals were fed a high-fat diet
(88). Prevention of diet-induced insulin resis-
tance by cod protein was related to enhanced

insulin-stimulated glucose uptake by skeletal
muscles but not by adipose tissues (88). In-
vestigation of the mechanisms behind the in-
sulin sensitization of skeletal muscles revealed
that cod protein restored the activation of the
phosphoinositide (PI) 3-kinase/Akt pathway
and selectively improved GLUT4 transloca-
tion to the T-tubules (148), a cell-surface do-
main thought to mediate the bulk of glu-
cose transport in response to insulin (145).
The beneficial effect of cod protein could be
recapitulated by incubating cultured skeletal
muscle cells with a mixture of amino acids as
found in the plasma of rats fed with the fish
proteins, indicating that cod protein–derived
amino acids can affect muscle insulin sensi-
tivity in a cell-autonomous fashion (88). Im-
portantly, human studies are compatible with
the proposition that cod protein exerts benefi-
cial effects on glycemic control. Indeed, it has
been reported that postmeal plasma insulin
concentrations increased significantly less in
six healthy males when they were consuming
a cod fillet meal compared with a beefsteak
meal (137), suggesting improved insulin sen-
sitivity in the former group. Moreover, a re-
cent study reported that during a test meal
in humans (119), cod protein induced a lower
insulin/glucose ratio at 120 min and a lower
area under the insulin curve as compared with
milk protein. The results from the two stud-
ies cited above suggest there are decreased in-
sulin secretion and/or higher insulin clearance
and sensitivity with lower insulin/glucose ra-
tio when humans are consuming cod protein
as compared with other animal sources.

AMINO ACIDS AND INSULIN
RESISTANCE

In pioneering studies published several
decades ago, Felig et al. (36, 37) were the first
to observe that amino acid levels are elevated
in the plasma of obese individuals. These
findings raised the possibility that amino
acids may be involved in the development of
obesity-linked and/or diet-induced insulin re-
sistance. Elevated amino acid concentrations
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have also been detected in the skeletal muscle
of diet-induced obese animals, but not in the
same tissue of genetically induced obese fa/fa
rats (61), a finding that suggests that dietary
modulation of insulin action in skeletal muscle
might directly implicate amino acids. Indeed,
the role of amino acids on multiple aspects
of glucose metabolism and insulin action has
become well recognized. (The various effects
of amino acids are schematically represented
in Figure 1; see text below for details and
explanations.)

Regulation of Insulin Action and
Glucose Metabolism

Studies performed in healthy humans have
shown that short-term elevations of plasma
amino acids lead to a decreased whole-body
glucose disposal under euglycemic and hy-
perinsulinemic conditions (40, 82, 118, 143).
This insulin-resistant state induced by amino
acids has been primarily attributed to a re-
duced peripheral glucose uptake (40, 82, 118).
In addition, infusion of the branched-chain
amino acid leucine alone was found to im-
pair glucose uptake in humans despite in-
ducing a significant rise in insulin levels (1).
The regulatory role of amino acids on skele-
tal muscle insulin sensitivity in vivo appears to
involve a direct action of amino acids on mus-
cle cells. Indeed, the rise of basal and insulin-
stimulated glucose transport in ex vivo mus-
cle preparations after prolonged incubation
could be prevented by amino acids (50). Fur-
thermore, amino acids acutely inhibit insulin-
stimulated glucose transport in muscle cells
in vitro (149). The negative effect of amino
acids on insulin action in muscle was shown
to be associated with inhibitory phosphory-
lation of insulin receptor substrate-1 (IRS-
1) on serine and/or threonine residues and
impaired activation of PI 3-kinase (149), a
key effector of insulin’s metabolic actions that
signals to the downstream effectors Akt and
atypical protein kinase C ζ/λ (PKC-ζ/λ) (145
and Figure 2). The negative modulatory ef-
fects of amino acids on insulin action have

also been demonstrated in cultured hepato-
cytes (111) and adipocytes (140), and this
was also shown to involve dysregulated IRS-
1-mediated signaling. Impaired muscle in-
sulin signaling as a consequence of increased
amino acid sufficiency was reported in ani-
mal and human studies. For instance, oral ad-
ministration of leucine was found to reduce
the duration of PI 3-kinase activation by in-
sulin in rat skeletal muscle (10). Furthermore,
a cross-over study in which human subjects
were studied twice showed that infusion of
amino acids under physiological hyperinsu-
linemia markedly increased the phosphory-
lation of IRS-1 on Ser312 and Ser636/639
and completely blunted the activation of PI 3-
kinase associated with IRS-1 in skeletal mus-
cle while leaving intact the stimulation of Akt
phosphorylation (147).

Another mechanism by which amino acids
can negatively affect insulin-stimulated glu-
cose transport was revealed by Traxinger &
Marshall (144), who showed that incubation
of adipocytes with amino acids under hy-
perglycemic and hyperinsulinemic conditions
promotes a state of insulin resistance. They
further found that among all amino acids, glu-
tamine was the most potent at reducing glu-
cose transport through its ability to activate
the hexosamine pathway (99). In agreement
with a potential role of hexosamine build-up
in amino acid–mediated insulin resistance, di-
rect activation of this pathway by glucosamine
infusion in animals also induces peripheral in-
sulin resistance and defective postreceptor in-
sulin signaling in muscle (59, 112).

Although amino acids are generally be-
lieved to interfere with insulin’s ability to
increase peripheral glucose uptake, most
notably in skeletal muscle, some studies sug-
gest that amino acids might actually be ben-
eficial for one aspect of glucose metabolism,
i.e., glycogen synthesis. Indeed, amino acids
stimulate glycogen synthesis in human skele-
tal muscle cells in vitro via phosphorylation
and inactivation of GSK-3 and activation of
glycogen synthase (5, 116). However, amino
acid infusion in humans did not result in the
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phosphorylation of GSK-3 or activation of
glycogen synthase (94). Interestingly, it was
recently found that under conditions in which
Akt is inhibited, S6K1 can phosphorylate and
inactivate GSK-3 (161). The branched-chain
amino acids leucine and isoleucine were found
to improve glucose tolerance and stimulate
glucose uptake in skeletal muscle by mech-
anisms that might involve enhanced glyco-
gen synthase activity and a greater translo-
cation of glucose transporters GLUT1 and
GLUT4 at the plasma membrane (33, 34,
108). This reported effect of leucine (108),
however, is at odds with other studies show-
ing a negative effect of leucine on insulin ac-
tion and muscle glucose uptake (1, 10). In
line with a positive role of amino acids in
glucose metabolism is the observation that
insulin-stimulated GLUT4 translocation in
3T3-L1 adipocytes is positively modulated by
the addition of amino acids to the incubation
medium (18). Finally, amino acids were also
shown to slightly enhance insulin-stimulated
Akt phosphorylation in the presence of the
PI 3-kinase inhibitor, wortmannin in freshly
isolated adipocyte, and in untreated adipose
tissue of obese db/db mice (62, 63). This lat-
ter effect of amino acids is still ill defined but
was proposed to be mediated by PDK-1 inde-
pendently from PI 3-kinase and required the
presence of glucose in the incubation medium
(63).

Amino acids also play a role in the modu-
lation of hepatic glucose production through
direct and indirect mechanisms (35, 80, 81).
By acting as substrates (35), amino acids
can contribute to gluconeogenesis, endoge-
nous glucose production, and the develop-
ment of hyperglycemia in humans under con-
ditions where insulin secretion is inhibited
by somatostatin (81). Amino acids, through
their ability to stimulate glucagon and in-
sulin secretion (41, 110) infused in the ab-
sence of somatostatin can directly and indi-
rectly affect gluconeogenesis, in which case
glycemia might not be affected because of
peripheral glucose uptake (81). Infusion of
amino acids can also interfere with the ability

of insulin to repress endogenous glucose pro-
duction when hyperinsulinemia is kept con-
stant (17, 40, 137, 147), although this obser-
vation remains controversial (82). In fact, it
appears that low peripheral, fasting-like in-
sulinemia is not sufficient to decrease amino
acid–induced endogenous glucose production
(147), whereas prandial-like hyperinsulinemia
is generally sufficient to completely blunt hep-
atic glucose output (82, 147). Importantly, it
has been recently shown that the contribution
of gluconeogenesis to hepatic glucose out-
put in obese nondiabetic subjects was associ-
ated with their increased postprandial protein
catabolism (28). This latter study suggests that
an increased flux of amino acids in obesity may
be involved in the increased gluconeogenesis
observed during the development of insulin
resistance with respect to protein metabolism
(28).

Amino Acids, Nutrient Sensing,
and Insulin Resistance

The notion that amino acids not only serve
as metabolic substrates but also are involved
in activating and/or modulating signaling
pathways has refined our understanding of
how proteins from the diet can affect in-
sulin action at the cellular and molecular
levels. Early evidence linking amino acids
to activation of intracellular signals came
from in vitro studies showing amino acid–
dependent phosphorylation of ribosomal pro-
tein S6 kinase 1 (S6K1) and eIF4E-binding
protein 1 (4E-BP1) (54, 111, 153, 158), two
effectors of mTOR involved in mRNA trans-
lation (60). These effects were found to be
fully reversible upon amino acid withdrawal or
by exposure to the specific mTOR inhibitor
rapamycin (54, 111, 153, 158). These stud-
ies were later extended to animals and hu-
mans (24, 78, 128, 147). It has been suggested
that amino acids activate the mTOR pathway
through activation of class III phosphatidyli-
nositol 3-kinase, hVps34 (25, 109). Interest-
ingly, amino acids and insulin act in con-
cert to promote phosphorylation of mTOR
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effectors (54, 111, 149). Insulin stimulates
the mTOR pathway in a PI 3-kinase/Akt-
dependent manner, which leads to phospho-
rylation and destabilization of the tuberous
sclerosis 1 and 2 (TSC1/2) complex and en-
ables Rheb-mediated activation of mTOR
(reviewed in 60, 90, 133; schematically rep-
resented in Figure 2). Alternatively, Akt was
reported to directly phosphorylate mTOR
in vitro (107, 127); however, recent data sug-
gest that S6K1 is responsible for this phos-
phorylation in cells (29, 64).

Temporal analysis of amino acid–mediated
inhibition of glucose transport and activa-
tion of the mTOR pathway revealed similar
kinetics suggesting that these events might
be linked together (149). This idea was first
tested in skeletal muscle cells in vitro, where
it was observed that amino acid–induced in-
hibition of insulin-stimulated glucose uptake
was completely reversed by the mTOR in-
hibitor rapamycin (149). It was further re-
vealed that activation of the mTOR pathway
by both insulin and amino acids causes insulin
resistance by inhibiting PI 3-kinase due to in-
creased serine/threonine phosphorylation of
IRS-1 (149), a process known to cause inhibi-
tion of downstream signaling (163). Admin-
istration of the branched-chain amino acid
leucine, a potent activator of mTOR, was
shown to decrease the duration of insulin-
induced IRS-1-associated PI 3-kinase in rat
skeletal muscle (10), whereas mTOR block-
ade by rapamycin injection had the opposite
effect in the mouse (49). This negative feed-
back loop mediated by the mTOR pathway
during amino acid sufficiency (mimicked by
leucine alone) was also found to be opera-
tive in murine and human adipocytes (58, 140,
147) and in hepatocytes (76).

Increased amino acid availability leads
to a rapamycin-sensitive phosphorylation of
IRS-1 on Ser307 and Ser636/639 in cul-
tured adipose and muscle cells (27, 146, 147).
In addition, overactivation of S6K1 was de-
tected in skeletal muscle biopsies obtained
from humans infused with amino acids, and
this was associated with increased phosphory-

lation of IRS-1 on Ser307 and Ser636/639 and
impaired PI 3-kinase activity (147). Genetic
evidence also supports the role of mTOR
and/or S6K1 in mediating inhibitory phos-
phorylation of IRS-1 on serine and the de-
velopment of insulin resistance. Deletion of
TSC1/2 in mouse embryonic fibroblasts was
found to dramatically increase the activation
of mTOR/S6K1, causing inhibition of in-
sulin signaling at the level of IRS-1/PI3K/Akt
(56, 131). In addition, S6K was found to di-
rectly phosphorylate IRS-1 at Ser302, an ef-
fect that was proposed to reduce the asso-
ciation of IRS-1 with the insulin receptor
(56). The physiological importance of the
mTOR/S6K1 pathway in insulin resistance
was further highlighted by the findings that its
activation was enhanced in obese animals (76,
152) and that S6K1 deficiency in mice pro-
tects against diet-induced insulin resistance by
preventing, at least in part, phosphorylation of
IRS-1 on serine residues and inhibition of Akt
phosphorylation (152).

The activation of mTOR by amino acids
may also modulate insulin action indepen-
dently from the negative feedback mechanism
toward IRS-1. For instance, modulation of
hypothalamic mTOR by leucine was shown
to reduce food intake in rats (31). Interest-
ingly, leptin also increased the phosphoryla-
tion of S6K1 (31), which suggests that the
anorexic effect of leptin might be mediated
via the mTOR pathway. Alternatively, the in-
hibitory effect of leptin on AMPK in the hy-
pothalamus (4, 101) might mediate the acti-
vation of S6K1 because AMPK is a negative
regulator of mTOR (19, 71, 132). If leptin is
able to control the activation of the mTOR
pathway in the brain, amino acids can stim-
ulate leptin secretion from white adipocytes
by activating the mTOR pathway (96, 123). It
should be noted that central sensing of amino
acids also occurred in the brain’s anterior pir-
iform cortex, where deficiency of essential
amino acids affects food selection and feed-
ing behavior (53, 79) in mice by a mechanism
that involves the phosphorylation of eukary-
otic initiation factor 2-α (eIF2α) by the eIF2α
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kinase general control nonderepressible 2
(48, 100).

The role of amino acids as regulators
of gene expression and protein synthesis is
well documented (reviewed in 74, 78). How-
ever, it is unclear how induction of certain
genes upon amino acid starvation or increased
mRNA translation following amino acid ex-
posure can modulate glucose metabolism and
insulin resistance. Of particular interest is the
observation that C/EBP homologous protein
(CHOP) gene expression is induced in re-
sponse to amino acid starvation, a process in-
volving the transcription factors ATF2 and
ATF4 (6, 23). Indeed, ATF2 and ATF4 can
bind to the amino acid response element lo-
cated in the CHOP promoter (22). CHOP
expression has been shown to be down-
regulated during adipogenesis while ectopic
expression of CHOP prevents the adipocytic
conversion of 3T3-L1 cells by interfering
with C/EBPα/β expression and function (8,
141). Signaling through the mTOR path-
way also plays a crucial role in adipoge-
nesis. Indeed, rapamycin treatment blocks
clonal expansion and terminal differentiation
of 3T3-L1 and human preadipocytes (11, 45,
159). In addition, mice lacking the mTOR
effector 4E-BP1 have reduced fat pad mass,
which suggests an important role for trans-
lational events in adipose tissue development
(150). Furthermore, amino acid–induced ac-
tivation of mTOR was reported to be im-
portant for peroxisome proliferator-activated
receptor γ (PPARγ) in 3T3-L1 adipocytes;
amino acid withdrawal or rapamycin de-
creased, whereas adding back amino acids re-
stored PPARγ transcriptional activity (77). In-
terestingly, the thiazolidinedione troglitazone
was shown to reverse the effect of rapamycin
or amino acid starvation on PPARγ activity
(77). mTOR has also been implicated in the
phosphorylation of lipin induced by insulin
and amino acids in rat adipocytes (68). Muta-
tion of the lipin gene has been shown to cause
lipodystrophy in fatty liver dystrophy mice
(113), which suggests an important role of
lipin in adipogenesis. Indeed, lipin deficiency

in mouse embryonic fibroblasts prevents lipid
accumulation and induction of PPARγ and
C/EBPα (117). Amino acids were also found
to participate in the three-dimensional orga-
nization of rat adipocytes into clusters in vitro
(42). These data suggest another set of mech-
anisms by which amino acids might modu-
late insulin sensitivity in vivo through adipose
tissue remodeling, brought about at least in
part by the modulation of key adipogenic tran-
scription factors.

Amino Acid Sensing via mTOR:
Linking Diabetes and Cancer

Much evidence points toward mTOR as an
important checkpoint hub involved in dia-
betes and cancer (reviewed in 97, 121, 133,
151, 157). Multiple signaling branches con-
verge at the level of mTOR, including LKB1/
AMPK, TSC1/2, and PI3K/PTEN/Akt (see
Figure 3). The LKB1/AMPK pathway senses
the energy status of the cells and is acti-
vated upon elevation of the AMP/ATP ra-
tio (55). Glucose starvation, exercise, and
the widely prescribed antidiabetic drug met-
formin activate LKB1/AMPK, which in turn
shuts down ATP-consuming processes such
as protein synthesis by inhibiting mTOR
activity (71, 132, 134). The LKB1/AMPK
signaling pathway is necessary for mediat-
ing the glucose-lowering effect of metformin
(135, 162) and was recently shown to medi-
ate inhibition of breast cancer cells in vitro
(160). These data suggest that inhibition of
mTOR via LKB1/AMPK might underlie, at
least in part, the beneficial effect of met-
formin on glucose homeostasis/insulin sen-
sitivity and tumor development. In a similar
fashion, the PI3K/PTEN/Akt pathway is in-
volved in both glucose homeostasis and tu-
mor development (32, 51, 89, 133). Muta-
tion of the tumor suppressor PTEN leads to
up-regulated Akt and mTOR activities (32,
51, 89, 133). Interestingly, cancer cells in
which the PTEN gene is mutated are partic-
ularly sensitive to the antiproliferative effect
of rapamycin (32, 51, 89, 133). Furthermore,
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selective deletion of PTEN in muscle or adi-
pose tissue in mice improves both glucose
metabolism and insulin sensitivity (85, 156),
whereas it was shown to cause hepatocellu-
lar carcinomas when selectively deleted from
mouse liver (65). The TSC1/TSC2 complex
is also involved in the modulation of cell pro-
liferation as well as in the control of insulin
action/sensitivity (57, 69, 129). Analysis of
mouse embryonic fibroblasts from TSC2−/−

mice showed dysregulated mTOR/S6K1 ac-
tivity as well as hyperphosphorylation and
degradation of IRS-1 (56, 130, 131). As
an upstream negative regulator of mTOR,
the TSC1/2 complex integrates signals from
both the LKB1/AMPK and PI3K/PTEN/
Akt pathways through phosphorylation events
(70, 71). AMPK-mediated phosphorylation of
TSC2 enhances its activity, which leads to
an effective repression of Rheb/mTOR (71),
whereas phosphorylation of TSC2 by Akt
destabilizes the complex, allowing for Rheb-
mediated activation of mTOR (70).

Because mTOR is exquisitely sensitive to
amino acid availability, exogenous as well as
endogenous supplies of amino acids are likely
to play an important role not only in glu-
cose homeostasis and insulin resistance as
described above, but also in tumor devel-
opment. Furthermore, the observations that
amino acids signal to mTOR independently
from TSC2 (25, 109) and in synergy with hor-
monal stimuli (54) strongly suggest that mod-
ulation of the quantity as well as the quality
of amino acids derived from dietary proteins
might have profound and significant effects
on chronic diseases associated with insulin re-
sistance and mTOR overactivation such as
diabetes, obesity, and cancer. Of significant
importance is the observation that through
increased protein catabolism in the postab-
sorptive state, plasma amino acid concentra-
tions are elevated in obese mice and human
subjects (28, 35, 37, 154). Recent studies have
shown that the mTOR/S6K1 pathway is over-
activated in the liver and muscle of high-fat-
fed obese rats despite the occurrence of insulin
resistance for PI3K/Akt activation (76). The

activation of both mTOR and S6K1 by insulin
was found to be accelerated in obese rats, in as-
sociation with increased inhibitory phospho-
rylation of IRS-1 on Ser636/639 (76). Inter-
estingly, the activities of both enzymes were
higher even in the absence of insulin adminis-
tration (76). One can hypothesize that mTOR
and S6K1 are chronically activated because
of the elevated and constant flux of amino
acids (which activate mTOR independently
from the insulin-signaling cascade), thereby
worsening their insulin resistance for glucose
metabolism, but also possibly promoting tu-
mor development. Indeed, obesity is associ-
ated with various forms of cancer in humans,
including breast and prostate cancer (26,
95, 120). Increased muscle wasting/cachexia
in cancer patients may also contribute to
mTOR activation through increased avail-
ability of amino acids upon protein catabolism
(7, 103). However, some studies indicate
that nutritional support of cancer patients
with branched-chain amino acids improves
nitrogen balance, increases skeletal muscle
protein synthesis, and reduces skeletal mus-
cle catabolism (30). Whether such treatment
also promotes mTOR-induced insulin resis-
tance in these patients remains unclear. Thus,
more work is needed to determine whether
amino acid–mediated modulation of mTOR
directly plays a role in tumor growth and
development.

CONCLUSION

Dietary proteins and amino acids have
emerged in recent years as potent modula-
tors of insulin action and glucose metabolism.
Amino acids are thought to play a signifi-
cant role in the pathogenesis of insulin re-
sistance by modulating the endocrine func-
tion of the pancreas, acting as gluconeogenic
precursors, stimulating hexosamine biosyn-
thesis, or activating the mTOR-signaling
pathway. Although activation of the mTOR
pathway is increased in liver of obese ani-
mals (76, 152) and in amino acid–induced in-
sulin resistance in humans (147), it remains
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to be determined whether overactivation of
mTOR is a common feature of human obe-
sity. How varying the amount or the source
of dietary proteins affects the activation of
mTOR/S6K1 and the phosphorylation status
of IRS-1 under acute and chronic settings is
clearly an area of investigation that deserves
more attention in relationship to both glu-

cose metabolism and tumor development. Fi-
nally, identification of mechanistic links be-
tween energy-signaling (LKB1/AMPK) and
hormonal-signaling (PI3K/PTEN/Akt) path-
ways in relationship to amino acid sensing via
hVps34 might help define novel nutritional
and/or pharmacological approaches for the
treatment of diabetes, obesity, and cancer.
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Figure 1

Effects of amino acid sufficiency (red) or deficiency (blue) on cell signaling and biological processes
involved in the pathogenesis of insulin resistance. (See Amino Acids and Insulin Resistance section for
details and explanations.)
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Figure 2

Feedback inhibition of IRS-1 signaling mediated by the mammalian target of rapamycin (mTOR).
Insulin binds and activates the insulin receptor (IR), which phosphorylates intracellular substrates such
as insulin receptor substrate-1 (IRS-1). Upon binding to tyrosyl-phosphorylated IRS-1, the activated
phosphatidylinositol 3-kinase (PI3K) relays the signal to both Akt and protein kinase C (PKC)-ζ/λ,
which are thought to be involved in glucose transporter 4 translocation and glucose transport stimulat-
ed by insulin. Akt can also phosphorylate and destabilize tuberous sclerosis complex (TSC)2, enabling
Rheb-mediated mTOR activation. Amino acids can also activate mTOR through hVps34. The
rapamycin-sensitive mTORC1 [composed of mTOR, raptor, and G protein β-subunit-like protein
(GβL)] requires both insulin and amino acids for mediating full activation of S6K1 and promoting
inhibitory phosphorylation of IRS-1 on serine residues. Heavily serine-phosphorylated IRS-1 causes
insulin resistance by blocking PI3K signaling.
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Figure 3

Interplay between energy-, hormonal-, and amino acid–sensitive signaling pathways in relationship to
the development of cancer and diabetes. LKB1/AMPK activates TSC2, whereas PI3K/PTEN/Akt
inhibits TSC2, resulting in the inhibition or activation of Rheb/mTOR, respectively. Amino acids can
also activate mTOR via hVps34 independently from the insulin-signaling pathway. Activation of the
mTOR pathway increases cellular proliferation and causes insulin resistance, events that are closely
linked to the development of cancer and diabetes, respectively. Obesity, which has been shown to be an
important risk factor for both cancer and diabetes, can maintain the mTOR pathway activation despite
insulin resistance by favoring a constant supply of amino acids via enhanced protein catabolism.
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