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It has long been known that excesses 
of glucose and branched chain amino 

acids, such as leucine, lead to insulin 
resistance in skeletal muscle. A recent 
study in incubated rat muscle suggests 
that both molecules may do so by vir-
tue of their ability to downregulate the 
fuel sensing and signaling enzyme AMP-
activated protein kinase (AMPK) and 
activate mTOR/p70S6 kinase (p70S6K) 
signaling. The results also demonstrated 
that inhibition of mTOR/p70S6K with 
rapamycin prevented the development 
of insulin resistance but had no effect on 
AMPK activity (Thr172 phosphoryla-
tion of its catalytic subunit). In contrast, 
activation of AMPK by both AICAR 
and α-lipoic acid led to the phosphory-
lation of specific molecules that dimin-
ished both mTOR/p70S6K signaling 
and insulin resistance. These findings 
suggest that downregulation of AMPK 
precedes mTOR/p70S6K activation in 
mediating glucose and leucine-induced 
insulin resistance, although the mecha-
nism by which it does so remains to be 
determined. Also requiring study is how 
an excess of the two nutrients leads to 
AMPK downregulation.

It has long been appreciated that nutrient 
excess leads to insulin resistance in many 
tissues. This has perhaps best been illus-
trated in rodent skeletal muscle. Thus, 
prior incubation with either an elevated 
concentration of glucose,1 or leucine added 
to a normal glucose medium,2 decreases 
the ability of insulin to activate Akt and 
stimulate glucose uptake and/or its incor-
poration into glycogen. In the case of 
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leucine, this effect has been attributed to 
activation of mTOR/p70S6K, which, in 
turn, leads to the phosphorylation of ser-
ine residues on IRS1 (S307, S635) 2,3 that 
impair insulin signaling. In contrast, the 
inhibitory effect of high glucose has been 
attributed to IRS phosphorylation caused 
by activation of one or more protein 
kinase C (PKC) isoforms.1,4 The latter, 
in turn, has been attributed to a decrease 
in the fuel-sensing enzyme AMPK5 that 
leads to impaired fatty acid oxidation and 
increases in the concentration of the PKC 
activator diacylglycerol.6 Implicit in these 
explanations is that high glucose and leu-
cine initiate insulin resistance by different 
mechanisms, but with serine phosphoryla-
tion of IRS1 a likely terminal occurrence.

In a recent paper,7 we compared the 
events associated with insulin resistance 
in rat extensor digitorum longus (EDL) 
muscles preincubated with a high con-
centration of glucose (25 vs. 5 mM) or a 
medium containing 5 mM glucose ± 100 
or 200 μM leucine for 30–60 min. The 
results strongly suggested that glucose 
and leucine initiate insulin resistance by 
a common mechanism. Thus, both mol-
ecules increased mTOR/p70S6 kinase 
phosphorylation, and rapamycin inhib-
ited these changes as well as the insulin 
resistance. Likewise, they each decreased 
AMPK activity, and coincubation with 
two distinct AMPK activators, AICAR 
and α-lipoic acid, prevented the insulin 
resistance and increase in mTOR/p70S6K 
phosphorylation. Finally, both glucose 
and leucine increased the release of lactate 
and pyruvate from the muscle as well as 
the lactate/pyruvate ratio, suggesting that 



3448	 Cell Cycle	V olume 10 Issue 20

it.24,25 Whether such phosphorylation and 
inhibition of AMPK occurs in muscle 
incubated with an excess of glucose or leu-
cine also has not been studied.

Many questions remain about these 
studies in incubated muscle. One of them 
is their physiological relevance. With 
respect to glucose, it has clearly been 
shown that prolonged (3–8 h) hypergly-
cemia (ca 13 mM), produced by infusing 
glucose into a rat, downregulates AMPK 
activity and subsequently causes insulin 
resistance in its liver, muscle and adi-
pose tissue (ref. 9 and 26 and Gauthier 
MS, unpublished). Also, where exam-
ined these changes have been associated 
with increases in mTOR/p70S6K, DAG 
content, PKC activity and impaired Akt 
activation by insulin.26 Whether they are 
also associated with changes in sirtuins or 
kinases and phosphatases that alter AMPK 
activity has not been reported. Studies in 
humans are even more limited. Excess 
calorie ingestion for 30 d leads to a sus-
tained weight gain and insulin resistance 
in muscle of human volunteers;27 however, 
the relative roles of excesses of glucose and 
amino acids were not specifically studied. 
On the other hand, insulin resistance has 
been demonstrated in humans follow-
ing a 68 h glucose infusion at a rate suf-
ficient to maintain plasma glucose levels 
at 12.6  mM.28 In neither, this nor the 
earlier 30 d study were AMPK activity or 
mTOR/p70S6K measured.

Whether an excess of leucine or 
branched chain amino acids (BCAA) 
can similarly cause insulin resistance in 
vivo is less clear. It has long been known 
that increased levels of BCAA in humans 
accompany insulin resistance and obe-
sity,29 and more recently, they have been 
associated with a predisposition to diabe-
tes.30 Whether high levels of BCAA were a 
causal factor or the result of insulin resis-
tance was not examined in either study, 
nor were mTOR/p70S6K and AMPK 
evaluated. On the other hand, infusion of 
an amino acid mixture (25% BCAA) into 
normal human volunteers has been shown 
acutely to cause insulin resistance and 
elevate S6 kinase in skeletal muscle.31 To 
our knowledge, AMPK activity was not 
measured in these subjects. Likewise, in 
a chronic study, in which branched chain 
amino acids were administered to Wistar 

explanation, since it suggests more ATP 
was generated in the cytosol by glycoly-
sis. This, as well as a decrease in AMP, 
could have been missed in whole tissue 
measurements.

A second possibility is that increases 
in the redox state of the cell diminished 
AMPK activity by decreasing the activity 
of the NAD+-dependent histone/protein 
deactylase SIRT1, an enzyme that has 
been shown to activate the AMPK kinase 
LKB1, and, secondarily, AMPK, in other 
cells.14-16 In keeping with this notion, we 
have found that incubation with both high 
glucose and glucose plus leucine results in 
an increase in the lactate/pyruvate ratio 
(Saha, Diabetes, 2010) and a decrease in 
the activity of the rate-limiting enzyme 
for SIRT1 activation, nicotinamide phos-
phoribosyltransferase (NAMPT). On 
the other hand, the decrease in NAMPT 
appeared to follow rather than precede the 
decrease in AMPK activity, suggesting, if 
anything, that it is the result rather than 
the cause of AMPK downregulation (Saha 
et al., unpublished).

With respect to the potential role of 
phosphatases in regulating AMPK activ-
ity, both PP2A and PP2C have been 
shown to dephosphorylate and deactivate 
AMPK in vitro.17,18 In addition, it has 
been demonstrated that TNFα suppresses 
AMPK activity by transcriptionally upreg-
ulating PP2C when it causes insulin resis-
tance in rodent skeletal muscle in vivo,19 
and elevating plasma palmitate has been 
shown to have similar effects on PP2A and 
AMPK activity in rat aorta.20 Likewise 
incubation of pancreatic β cells in a high-
glucose medium has been demonstrated to 
decrease AMPK phosphorylation by acti-
vating both PP2A21 and PP1, the latter by 
phosphorylating its regulatory subunit.22 
Whether glucose has similar effects in 
muscle and other tissues is not known nor 
has the effect of leucine on phosphatases 
been examined.

Finally, increased phosphorylation of 
AMPK at Ser485/491 of its α subunit has 
been shown to correlate with inhibition of 
AMPK activity during both insulin and 
cAMP-mediated signaling.23 It has been 
hypothesized that phosphorylation of 
AMPKα1/α2 at these sites diminishes its 
interactions with upstream kinases, such 
as LKB1, that phosphorylate and activate 

they had also enhanced the generation of 
ATP by glycolysis and the NADH/NAD 
ratio in the cytosol.

A logical next question is how do the 
above-mentioned events, altered by glu-
cose and leucine, interact to cause insulin 
resistance. One possibility is that they do 
so by decreasing AMPK activity, which, in 
turn, increased the activation of mTOR/
p70S6K. In keeping with this notion, 
AMPK activation has been demonstrated 
to phosphorylate TSC2 (Ser1387) and 
mTOR (Ser 2448),8 leading to inhibition 
of mTOR/p70S6K signaling, and both of 
the AMPK activators used in this study 
increased phosphorylation at these sites. 
Furthermore, decreased AMPK is associ-
ated with insulin resistance in numerous 
situations in vivo,9,10 and AMPK activa-
tion has been shown to enhance insulin 
sensitivity by effects on multiple factors, 
including DAG/PKC, ceramide, inflam-
mation, ER stress and mitochondrial 
function as well as mTOR/p70S6K.11-13 
Against this notion, we did not find 
diminished phosphorylation of TSC2 
(Ser1387) and mTOR (Ser 2448) in mus-
cle incubated with high glucose or leucine 
despite the decrease in AMPK activity. On 
the other hand, the low baseline levels of 
phosphorylation of these molecules could 
have caused us to miss a small decrease. 
Thus, the question of whether AMPK 
downregulation is responsible for, or at 
least a major contributor to, mTOR/
p70S6K activation by high glucose or leu-
cine is still open.

Irrespective of whether the decrease 
in AMPK is a proximal event in leucine- 
as well as glucose-induced insulin resis-
tance, an intriguing question is how do 
incubations of muscle with excesses of 
either fuel lead to a decrease in AMPK 
activity? One possibility is that they do 
so by increasing the energy state of the 
cell and another that they alter its redox 
state and, secondarily, SIRT1. In addi-
tion, they could have diminished AMPK 
by effects on specific phosphatases or 
kinases. Against the notion that glucose 
and leucine increase the muscle’s energy 
state, no decreases in the AMP/ATP ratio 
or increases in creatine-PO4 were found 
in the EDL. On the other hand, the 
finding that lactate and pyruvate release 
were elevated is compatible with such an 
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ceramide accumulation or mitochondrial 
dysfunction, contribute to the insulin 
resistance observed here, whether or they 
do so after longer periods of nutrient 
excess, remains to be determined.

It must be emphasized that the impli-
cations of these findings go well beyond 
skeletal muscle. Fuel-sensing mecha-
nisms involving glucose and leucine are 
also present in pancreatic β cells35,36 and 
selected regions of the hypothalamus.37,38 
Furthermore, where studied, they appear 
to involve mTOR36,37 and AMPK.35,38 In 
the case of the hypothalamus, excesses of 
glucose and leucine decrease AMPK activ-
ity, leading to diminished food intake38,39 

A schematic depiction of the hypo-
thetical mechanisms by which nutrient 
excess (glucose or leucine) rapidly leads 
to decreased AMPK activity and, second-
arily, mTOR/p70S6K activation and insu-
lin resistance in incubated rat extensor 
digitorum longus muscle is presented in 
Figure 1. Multiple aspects of this schema 
have yet to be clarified. On the other 
hand, it is clear that mTOR/p70S6K acti-
vation mediates insulin resistance, and 
that it is associated with decreased AMPK 
activity and is prevented by AMPK acti-
vation. Whether other events attribut-
able to decreased AMPK activity, such as 
increased DAG/PKC and JNK signaling,34 

rats fed a high-fat diet, insulin resistance 
accompanied by chronic phosphorylation 
of mTOR and of IRS1 on Ser307, all of 
which were reversed by rapamycin, was 
observed.32 In contrast, in a study per-
formed on C57Bl6 mice, insulin resis-
tance caused by ingesting a high-fat diet 
was diminished by doubling dietary leu-
cine intake.33 Interestingly, leucine did so 
despite the fact that it caused an increase 
in insulin-stimulated phosphorylation 
of p70S6K in muscle, liver and perigo-
nadal fat, although it did increase AMPK 
phosphorylation on T172 (activation) in 
muscle, the only tissue in which it was 
measured.

Figure 1. Hypothetical mechanisms by which excess glucose or leucine lead to decreased AMPK activity and, secondarily, mTOR/p70S6K activation. 
High glucose and leucine modulate several regulatory factors that could downregulate AMPK, including cellular energy and redox state. In addition, 
they could activate phosphatases and kinases that lead to decreased AMPK activity. Activation of mTOR/p70S6K can lead to insulin resistance by sev-
eral mechanisms, including serine phosphorylation of key sites on IRS-1, activation of genes regulating glycolysis that could alter cellular energy and 
redox state, increased lipid synthesis47,48 and oxidative stress. The inhibition of insulin resistance by rapamycin strongly suggests that in the time frame 
studied here, changes in mTOR/p70S6K are likely the key factor responsible for insulin resistance. Finally, for reasons described in the text, we believe 
that decreased AMPK activity, is a major factor responsible for the activation of mTOR/p70S6K by nutrient excess; however, definitive proof of this is 
still lacking.
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and hepatic glucose production,40 effects 
that would theoretically counter the direct 
actions of a fuels excess on muscle, pancre-
atic β cells and, presumably, other tissues.

Finally of relevance to this review, an 
excess of other fuel’s (e.g., FFA, high-fat 
diet) has been shown to impair insu-
lin action41 and other processes regu-
lated by AMPK, including autophagy.42 
Conversely, the potential ability of 
caloric restriction to delay aging has 
been linked both to activation of SIRT1 
43 and AMPK44 and downregulation of 
mTOR.45,46 Future studies are needed to 
define the interrelation of these observa-
tions to those described here.
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