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Skeletal muscle insulin resistance is a key component of the etiology of type 2 diabetes. Caloric restriction (CR) enhances
the sensitivity of skeletal muscle to insulin. However, the molecular signals within skeletal muscle linking CR to improved
insulin action remain largely unknown. Recently, the mammalian ortholog of Sir2, sirtuin 1 (Sirt1), has been identified as a
potential transducer of perturbations in cellular energy flux into subsequent metabolic adaptations, including modulation of
skeletal muscle insulin action. Here, we have demonstrated that CR increases Sirt1 deacetylase activity in skeletal
muscle in mice, in parallel with enhanced insulin-stimulated phosphoinositide 3-kinase (PI3K) signaling and glucose
uptake. These adaptations in skeletal muscle insulin action were completely abrogated in mice lacking Sirt1 deacetylase
activity. Mechanistically, Sirt1 was found to be required for the deacetylation and inactivation of the transcription factor
Stat3 during CR, which resulted in decreased gene and protein expression of the p55α/p50α subunits of PI3K, thereby
promoting more efficient PI3K signaling during insulin stimulation. Thus, these data demonstrate that Sirt1 is an integral
signaling node in skeletal muscle linking CR to improved insulin action, primarily via modulation of PI3K signaling.
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Skeletal	muscle	insulin	resistance	is	a	key	component	of	the	etiology	of	type	2	diabetes.	Caloric	restriction	(CR)	
enhances	the	sensitivity	of	skeletal	muscle	to	insulin.	However,	the	molecular	signals	within	skeletal	muscle	link-
ing	CR	to	improved	insulin	action	remain	largely	unknown.	Recently,	the	mammalian	ortholog	of	Sir2,	sirtuin	1		
(Sirt1),	has	been	identified	as	a	potential	transducer	of	perturbations	in	cellular	energy	flux	into	subsequent	
metabolic	adaptations,	including	modulation	of	skeletal	muscle	insulin	action.	Here,	we	have	demonstrated	
that	CR	increases	Sirt1	deacetylase	activity	in	skeletal	muscle	in	mice,	in	parallel	with	enhanced	insulin-stimulat-
ed	phosphoinositide	3-kinase	(PI3K)	signaling	and	glucose	uptake.	These	adaptations	in	skeletal	muscle	insulin	
action	were	completely	abrogated	in	mice	lacking	Sirt1	deacetylase	activity.	Mechanistically,	Sirt1	was	found	to	
be	required	for	the	deacetylation	and	inactivation	of	the	transcription	factor	Stat3	during	CR,	which	resulted	in	
decreased	gene	and	protein	expression	of	the	p55α/p50α	subunits	of	PI3K,	thereby	promoting	more	efficient	
PI3K	signaling	during	insulin	stimulation.	Thus,	these	data	demonstrate	that	Sirt1	is	an	integral	signaling	node	
in	skeletal	muscle	linking	CR	to	improved	insulin	action,	primarily	via	modulation	of	PI3K	signaling.

Introduction
Skeletal muscle insulin resistance is a common metabolic disor-
der in obese and aged individuals and a key contributor to the 
etiology of type 2 diabetes (1). Moderate caloric restriction (CR; 
a 10%–40% reduction below ad libitum [AL] intake) enhances 
skeletal muscle insulin sensitivity and reverses insulin resistance 
in aged and obese skeletal muscle (2–8). However, the molecular 
signals within skeletal muscle linking CR to improved insulin 
action are incompletely defined. CR-induced improvements in 
insulin-stimulated glucose uptake by skeletal muscle in response 
to a physiological  insulin concentration can be attributed to 
greater Glut4 recruitment to the cell surface (7). Complimenting 
this adaptation, a consistent finding is that CR augments Akt 
activation, particularly, Akt2 (3–5, 8, 9). Indeed, Akt2 is essential 
for the full effect of CR on skeletal muscle insulin sensitivity (3), 
and the phosphoinositide 3-kinase (PI3K) inhibitor, wortman-
nin, inhibits the ability of CR to increase skeletal muscle insulin 
sensitivity (6), which suggests that PI3K signaling contributes to 
improved insulin signaling after CR. However, most studies sug-
gest that insulin-stimulated PI3K activity is not enhanced after 
CR (6, 9–11). Regardless, the molecular convergence point linking 
CR to enhanced insulin-stimulated PI3K-Akt signaling in skeletal 
muscle remains to be determined.

In recent years, the mammalian ortholog of Sir2, sirtuin 1 (Sirt1), 
has received significant attention as a key signaling node, link-
ing perturbations in energy flux associated with CR (in particu-
lar, an increase in cellular NAD+ and the NAD+/NADH ratio) to 
subsequent cellular adaptations (12, 13). Sirt1 is a member of the 
conserved sirtuin family of NAD+-dependent deacetylases and is 
necessary for the longevity effects of CR in simple organisms and 
rodents (12–14). Similarly, mice with transgenic overexpression of 

Sirt1 demonstrate a metabolic profile resembling that of CR (15). 
Considering that Sirt1 is sensitive to changes in NAD+ and the 
NAD+/NADH ratio and activation of Sirt1 can enhance skeletal 
muscle insulin sensitivity, the objective of this study was to inves-
tigate whether Sirt1 is the putative signaling node linking CR to 
enhanced skeletal muscle insulin signaling and sensitivity.

Results
Mouse model. To address the role of Sirt1 deacetylase activity in 
the enhancement of skeletal muscle insulin sensitivity with CR, 
we studied mice with KO of Sirt1 deacetylase activity in skeletal 
muscle, which we recently generated (16). These mice are referred 
to as mKO mice herein, and in these mice, exon 4 of the Sirt1 gene, 
which encodes for the deacetylase domain of Sirt1, is deleted, and 
a shorter Sirt1 protein that is deacetylase inactive is expressed 
(refs. 16, 17, and Supplemental Figure 1A; supplemental material 
available online with this article; doi:10.1172/JCI58554DS1). For 
simplicity, we refer to the floxed mice (Sirt1FloxExon4 mice) used to 
generate the mKO mice as WT mice herein. Deletion of exon 4 was 
specific to skeletal muscle in mKO mice and was equally efficient 
across various skeletal muscles (Supplemental Figure 1B).

Sirt1 deacetylase activity is not increased in mKO skeletal muscle with CR. 
We measured the acetylation status of p53 (Ac-p53) and peroxi-
some proliferator-activated receptor γ coactivator 1α (Ac-Pgc1α), 
known targets of Sirt1 (17–21), in muscle from 4-month-old WT 
and mKO mice fed an AL or CR (60% of AL intake) diet for 20 days. 
In skeletal muscle, Ac-p53 (Figure 1A) and Ac-Pgc1α (Figure 1B) 
were markedly reduced (~40%) in WT mice fed a CR diet (WT-CR 
mice) compared with those in WT mice fed an AL diet (WT-AL 
mice), but this reduction did not occur in mKO mice fed a CR diet 
(mKO-CR mice), confirming that Sirt1 deacetylase activity was 
increased by CR in WT mice but was ablated in muscle of mKO 
mice. There was no effect of genotype or diet on total Pgc1α or p53 
abundance in skeletal muscle (Figure 1, A and B, bottom).
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Improved in vivo insulin sensitivity after CR is attenuated in mKO mice. In 
response to CR, body weight decreased as expected, and this reduction 
was equal in both genotypes (Supplemental Figure 1C). The glyce-
mic response to an oral glucose tolerance test (OGTT) was markedly 
reduced in WT-CR mice compared with that in WT-AL mice (Figure 1C),  
with an approximately 60% reduction in the AUC for the OGTT  
(Figure 1D). Glucose tolerance was also improved in the mKO-CR 
mice, although this improvement was attenuated as compared with 
that in WT-CR mice (Figure 1, C and D). In support of the OGTT 
data, the glucose infusion rate (GINF) during a hyperinsulinemic-
euglycemic clamp (insulin infusion rate, 4 mU/kg/min) was increased 
by approximately 60% in WT-CR mice compared with that in WT-AL  
mice (Figure 1E). This improvement was due to increased skeletal 
muscle, liver, and adipose tissue insulin sensitivity, as measured by the 
insulin-stimulated glucose disposal rate (IS-GDR; Figure 1F), percent-
age suppression of hepatic glucose production (HGP; Figure 1G and 
Supplemental Figure 2A), and percentage suppression of free fatty 
acid (FFA) concentration (Supplemental Figure 2, B and C), respec-
tively. In contrast, the CR-induced increase in GINF was markedly 
attenuated in mKO-CR mice (Figure 1E). This was solely due to an 
inability of CR to enhance IS-GDR (Figure 1F), as liver (Figure 1G and 
Supplemental Figure 2A) and adipose tissue (Supplemental Figure 2,  
B and C) insulin sensitivity were enhanced to the same degree as in 
WT-CR mice. Blood glucose and plasma insulin concentrations as 
well as the specific activity of 3H-glucose during the glucose clamp 
studies were similar among groups (Supplemental Figure 2, D–F).

Improved skeletal muscle insulin sensitivity with CR is completely abrogated 
in mKO mice. To confirm the muscle-specific phenotype, we measured 
ex vivo basal and insulin-stimulated glucose transport in isolated sole-

us and extensor digitorum longus (EDL) muscles as well as isolated 
primary adipocytes. In WT mice, CR significantly enhanced (~3 fold) 
insulin-stimulated 3H-2-deoxyglucose (2DOG) uptake (2DOGU; insu-
lin 2DOGU – basal 2DOGU) in EDL and soleus muscles in response 
to a physiological insulin concentration (60 μU/ml [0.36 nM]) in WT 
mice, but, remarkably, this enhancement was completely abrogated 
in mKO mice (Figure 2A and Supplemental Figure 3, A and B). There 
was no difference in soleus and EDL insulin sensitivity between WT-
AL mice and mKO mice fed an AL diet (mKO-AL mice) (Figure 2A 
and Supplemental Figure 3, A and B). Differences in insulin sensitiv-
ity were not due to changes in Glut4 expression, as we found no effect 
of diet or genotype on Glut4 gene or Glut4 protein expression (Sup-
plemental Figure 3, C and D). Thus, these results are fully consistent 
with the in vivo data from the OGTT and clamp studies. To verify the 
tissue-specific effect of loss of Sirt1 deacetylase activity, we measured 
basal and insulin-stimulated 2DOGU in primary adipocytes. Unlike 
the muscle 2DOGU data, adipocyte insulin sensitivity was enhanced 
equally by CR in mKO and WT mice, as compared with that in AL-fed  
mice (Figure 2B), again, consistent with the in vivo data showing pre-
served adipose tissue insulin sensitivity in mKO-CR mice.

Enhanced insulin-stimulated Akt and PI3K activation with CR is completely 
abrogated in mKO mice. Insulin-stimulated Akt-Ser473 phosphorylation 
(p-AktSer473) and Akt-Thr308 phosphorylation (p-AktThr308) in soleus 
muscle was increased approximately 4 to 5 fold in WT-CR mice, 
but this improvement was completely abrogated in mKO-CR mice 
(Figure 2C). Similarly, and in line with our Akt phosphorylation 
results, insulin-stimulated phosphorylation of As160 was enhanced 
in WT-CR mice but not in mKO-CR mice (Supplemental Figure 
3E). We found no effect of CR or genotype on phosphorylation of 

Figure 1
Skeletal muscle Sirt1 deacetylase activity modulates enhanced in vivo insulin action after CR. (A) Ac-p53 in skeletal muscle. p53 was 
immunoprecipitated from whole cell lysate (WCL) with anti-p53, and immunoprecipitates were immunoblotted with anti–acetyl lysine (Ac-Lys) 
and anti-p53. (B) Ac-Pgc1α in skeletal muscle. Acetylated proteins were immunoprecipitated from whole cell lysate with anti–acetyl lysine and 
immunoblotted for Pgc1α. Pgc1α was also measured in the whole cell lysate used for immunoprecipitation. (C) Blood glucose concentration and 
(D) area under the blood glucose curve (AUC) during an OGTT (1 g/kg). n = 8–10/group. (E) GINF, (F) IS-GDR, and (G) percentage suppres-
sion of HGP during a hyperinsulinemic-euglycemic clamp. n = 6–8/group. A 2-way ANOVA for main effects of diet and genotype was used for 
statistical analysis, with Tukey post-hoc test. *P < 0.05, within same genotype; #P < 0.05, within same diet group. Data are mean ± SEM.
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Ampk (p-AmpkThr172; Figure 2D). In addition, activation of Ampk, 
acetyl-CoA carboxylase (Acc), and 2DOGU in isolated EDL muscles 
by aminoimidazole carboxamide ribonucleotide (AICAR) was not 
different in WT mice versus mKO mice (Supplemental Figure 4, 
A–C). Since PI3K is a major upstream regulator of Akt, we focused 
on changes in PI3K function with CR. Similar to that in a recent CR 
study in rat skeletal muscle (5), p55α and p50α protein abundance 
was reduced approximately 30% in skeletal muscle of WT-CR mice, 
while p85α/β abundance was unchanged (Figure 3A). In contrast, 
no CR-induced reduction in p55α and p50α abundance occurred in 
mKO-CR muscle (Figure 3A). Consistent with the p-Akt and 2DOGU 
results, insulin-stimulated phosphotyrosine-associated PI3K activity 
was significantly enhanced in soleus muscle in WT-CR mice, but this 
enhancement was not observed in mKO-CR mice (Figure 3B).

Sirt1 modulates the expression of the p55α/p50α regulatory subunits of 
PI3K through deacetylation of Stat3. CR led to a significant (~40%) 
reduction in the acetylation status of Stat3 (Ac-Stat3) in skeletal 
muscle from WT mice, while this decrease did not occur in muscle 
from mKO-CR mice (Figure 3C). To further explore the effects of 
Ac-Stat3, we performed ChIP to quantify Stat3 binding to a con-
sensus sequence in the p55α and p50α promoter regions of the 
Pik3r1 gene, as previously described (22). Paralleling the Ac-Stat3 
findings, Stat3 binding to p55α and p50α promoter regions was 
reduced approximately 80% in muscle from WT-CR mice com-

pared with that from WT-AL mice, but this decrease did not occur 
in muscle from mKO-CR mice (Figure 3D). Assay background, as 
assessed by measuring binding to a nonspecific region in the p85a 
gene (upstream of the p50α promoter) was not different across 
groups (Figure 3D). Furthermore, input DNA for the ChIP analy-
sis was not different across groups (Figure 3E). Complementing 
the ChIP findings, p55a and p50a mRNA levels were significantly 
decreased in WT-CR mice and not in mKO-CR mice (Figure 3F). 
There was no effect of genotype or diet on p85a mRNA levels.

Discussion
Greater efficiency of insulin signaling underlies enhanced skeletal 
muscle insulin sensitivity after CR (2–8), although the molecular 
signals linking CR to improved insulin action are incompletely 
defined. In this study, we demonstrated that 20 days of CR enhanc-
es skeletal muscle insulin sensitivity, secondary to increased insu-
lin-stimulated PI3K activity, and that these adaptations occur in 
a Sirt1 deacetylase activity-dependent manner. Specifically, our 
results suggest that CR augments skeletal muscle PI3K signaling 
efficiency and insulin action via Sirt1-mediated deacetylation of 
Stat3, which modulates transcription of the p55α/p50α regulatory 
subunits of PI3K. Taken together, these results identify Sirt1 as a 
key molecular convergence point that links reduced nutrient intake 
during CR to improvements in skeletal muscle insulin sensitivity.

Figure 2
CR enhances ex vivo insulin-stimulated skeletal muscle glucose uptake and Akt phosphorylation in a Sirt1 deacetylase-dependent manner. (A) 
Insulin-stimulated (Insulin Stim.; 60 μU/ml) 2DOGU in isolated soleus and EDL muscles. Data are equal to insulin 2DOGU values minus basal 
2DOGU values. DPM, disintegrations per minute. n = 6–8/group. (B) Percentage increase in 2DOGU above basal after insulin stimulation in 
isolated adipocytes. n = 5/group. (C) Representative blot of basal (B) and insulin-stimulated (I) phosphorylation of Akt (p-AktThr308, p-AktSer473, 
and total Akt ) in isolated soleus muscles. Phosphorylation values are corrected for total Akt and are normalized to their respective basal value. 
Values are presented relative to WT-AL. n = 5/group. (D) Phosphorylation of Ampk (p-AmpkThr172 corrected for Ampkα1/α2) in soleus muscle.  
n = 5/group. A 2-way ANOVA for main effects of diet and genotype was used for statistical analysis, with a Tukey post-hoc test. *P < 0.05, within 
same genotype; #P < 0.05, within same diet group. Data are presented as mean ± SEM.
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Enhanced insulin-stimulated glucose uptake after brief CR 
is due to greater Glut4 recruitment to the cell surface (7) and 
is paralleled by changes in insulin signaling, particularly at the 
level of PI3K-Akt (3–5, 8, 9), and As160, a key downstream target 
of Akt (9). Indeed, studies using the PI3K inhibitor, wortmannin 
(6), and mice with KO of Akt2 (3), reveal that PI3K and Akt2 are 
essential for the ability of brief CR to enhance skeletal muscle 
insulin sensitivity. In contrast, CR does not appear to augment 
insulin action upstream of PI3K at the level of the IR or Irs1 
in response to submaximal insulin (9) but has been shown to 
enhance IR-Irs1 activation in response to supraphysiological 

insulin stimulation (8, 9, 11, 23), although this is not a univer-
sal finding (24, 25). In addition, mice with KO of Irs1 exhibit the 
expected increase in skeletal muscle insulin sensitivity after CR 
(26). In this study, CR augmented insulin-stimulated PI3K-Akt-
As160 signaling and 2DOGU in skeletal muscle from WT mice 
but not in that from mKO mice. However, increased insulin sen-
sitivity was observed in other important metabolic tissues, such 
as liver and adipose tissue, in both mKO and WT mice. Thus, our 
results and those of Davidson et al. (6) demonstrate that greater 
insulin-stimulated PI3K signaling is essential for the functional 
improvements in Akt-As160 activity and glucose transport in 

Figure 3
CR reduces the expression of the p55α/p50α regulatory subunits of PI3K and enhances insulin-stimulated PI3K activation in skeletal muscle via 
Sirt1-mediated Stat3 deacetylation. (A) Protein expression of the p85α/β, p55α, and p50α regulatory subunits of PI3K and Gapdh in soleus muscle.  
n = 5–6/group. (B) Basal and insulin-stimulated phosphotyrosine-associated (pY-associated) PI3K activity (n = 6–7/group) in soleus muscles. 
Note that in this image phosphoinositol 3-phopshate [PI(3)P] levels for insulin-stimulated KO AL muscle are less than those in the insulin-stimu-
lated WT AL muscle. However, when the data are averaged across all samples and statistical analysis is performed, the data are as presented. 
(C) Acetylated Stat3 (n = 5/group), (D) Stat3 binding to a nonspecific region of the p85a gene upstream of the p50α start site (background) and 
the p55α and p50α promoters in the p85a gene, as measured by ChIP (n = 4/group), (E) input DNA for ChIP analysis, and (F) mRNA levels of 
p85a, p55a, and p50a (n = 6–7/group) in skeletal muscle. A 2-way ANOVA for main effects of diet and genotype was used for statistical analy-
sis, with a Tukey post-hoc test. For PI3K activity, statistical analysis was conducted within the basal group only or within the insulin group only.  
*P < 0.05, within same genotype; #P < 0.05, within same diet group. Data are presented as mean ± SEM.
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skeletal muscle after CR. Furthermore, our studies identify Sirt1 
as a key orchestrator of these CR-mediated adaptations.

To date, the effects of CR on insulin-stimulated PI3K activity 
have been variable. Long-term (4 years) CR in cynomolgus monkeys 
enhanced insulin-stimulated PI3K activity under supraphysiologi-
cal insulin concentrations during a hyperinsulinemic-euglycemic 
clamp (8). Additionally, brief CR augmented insulin-stimulated 
Irs1-p110 association (which is indicative of increased PI3K func-
tion) in response to supraphysiological (500 μU/ml) insulin in 
rat skeletal muscle, although PI3K activity was not directly deter-
mined (5). In contrast, a number of rodent studies have found no 
effect of brief (6, 10, 11) or longer-term (9) CR on insulin-stimu-
lated PI3K activity in response to submaximal or maximal insulin 
stimulation. Our results clearly demonstrated that CR augments 
insulin-stimulated PI3K activity in response to a physiological 
insulin concentration (60 μU/ml) as well as Akt-As160 signaling 
and glucose transport. The discrepancy between our results and 
previous studies is likely due to the duration of insulin stimula-
tion. Since PI3K activity rapidly increases and returns toward pre-
stimulation levels after insulin (27), we measured PI3K activity in 
soleus muscles that were exposed to insulin for only 10 minutes. 
Other studies typically use 40–50 minutes (6, 9–11), and, therefore, 
peak insulin-stimulated PI3K activity may have been missed.

Based on our PI3K findings, we studied potential mechanisms for 
enhanced PI3K function. PI3K is a heterodimer comprising a p110α/β  
catalytic subunit bound to one of the PI3K regulatory subunits, 
p85α, p55α, p50α, or p85β (28). These regulatory subunits can bind 
as nonfunctional monomers to IRS proteins and attenuate insulin 
signaling, and, in line with this, a reduction in the abundance of 
any of the regulatory subunits improves insulin sensitivity (28–33), 
although complete loss of the regulatory subunits causes skeletal 
muscle insulin resistance (33). We found that the protein abundance 
of p55α/p50α in skeletal muscle was reduced by approximately 30% 
in WT mice after CR, which is comparable to a study in rat skeletal 
muscle (5). This reduction, however, did not occur in mKO mice after 
CR and, thus, provides a mechanism for the failure of CR to improve 
insulin-stimulated PI3K activity and skeletal muscle insulin sensi-
tivity in mKO mice. Notably, a previous study found that skeletal 
muscle insulin-stimulated PI3K activity was not augmented in mice 
with complete KO of p55α/p50α (32). This disparity is likely due to 
the fact that complete ablation of p55α and p50α would reduce the 
absolute number of functional (i.e., p110-bound) PI3K available, and 
at the maximal insulin concentration used by the authors, phospho-
tyrosine-associated PI3K activity would be reduced. However, at the 
physiological insulin dose used in our study, we hypothesize that the 
modest but significant decrease in p55α/p50α reduces the potential 
binding of inhibitory monomers to IRS proteins with insulin stimula-
tion, thus facilitating the binding of functional PI3K heterodimers.

Expression of the p55α and p50α transcripts of Pik3r1 is regu-
lated by the binding of Stat3 to the p55α and p50α promoters in the 
Pik3r1 gene in a mammary gland development model (22). Interest-
ingly, Stat3 acetylation regulates its ability to bind to the promoter 
regions of target genes, and Stat3 deacetylation is controlled by Sirt1 
(34). Our immunoprecipitation and ChIP studies in WT and mKO 
mice indicate that CR modulates the protein abundance of p55α 
and p50α, at least in part by Sirt1-mediated deacetylation of Stat3, 
and reduced binding of Stat3 to the p55α and p50α promoters. It 
is notable that we found larger differences in the degree of change 
of p55a/p50a mRNA levels compared with the degree of change of 
p55α/p50α protein abundance. While the mechanism for this is not 

readily apparent, it may be due to differences in translation efficien-
cy, protein stability, or protein degradation of p55α and p50α.

Mechanisms other  than Sirt1/Stat3-mediated regulation of 
p55α/p50α and PI3K may contribute to improved skeletal muscle 
insulin action with CR. For example, Stat3 can be an adaptor mol-
ecule for p85α and subsequent type I interferon receptor signal-
ing (35); however, another study suggests that IRS proteins, but 
not Stat3, are needed for activation of PI3K (36). Sirt1 may also 
mediate PI3K function during CR through binding to p85α (37) 
or insulin signaling via regulation of protein tyrosine phosphatase 
1B expression (38). In addition, CR increases the association of 
heat shock protein 90 with Akt in skeletal muscle (9), which may 
facilitate Akt phosphorylation by reducing dephosphorylation of 
Akt by protein phosphatase 2A (39). Interestingly, lysine acetyla-
tion of the PH domain of Akt was recently shown to regulate Akt 
activity, and Sirt1 was shown to deacetylate Akt and enhance Akt 
activation (40). Deacetylation of Akt in response to serum stimu-
lation also required PI3K (40), which perhaps suggests a model in 
which Sirt1 coordinately regulates PI3K and Akt during CR.

Interestingly, glucose tolerance and whole-body and muscle-specific 
insulin sensitivity were not impaired in mKO-AL mice compared with 
those in WT-AL mice, suggesting that loss of Sirt1 deacetylase activity 
in skeletal muscle is not detrimental to glucose homeostasis or mus-
cle insulin action in young mice. Several studies have demonstrated 
that overexpression of Sirt1 in skeletal muscle or in C2C12 muscle 
cells does not augment insulin-stimulated glucose uptake under nor-
mal conditions, despite increased Sirt1 activity (38, 41). Conversely, 
loss of Sirt1 deacetylase activity in 293 cells and L6 myoblasts impairs 
insulin-stimulated Akt phosphorylation, although whether this has 
functional effects on glucose transport was not assessed (37). Irre-
spective, our ex vivo studies demonstrate that loss of Sirt1 in skeletal 
muscle does not impair insulin-stimulated Akt activation or glucose 
transport in the AL-fed mice in response to a physiological insulin 
concentration. Since Sirt1 is sensitive to perturbations in NAD+, we 
hypothesize that in the AL-fed condition macronutrient supply to 
the myocyte is adequate, and thus the NAD+/NADH ratio is not per-
turbed, and Sirt1 is not activated. This is supported by the fact that 
Ac-p53 and Ac-Pgc1α are not increased in mKO-AL muscle.

Ampk is an important regulator of glucose uptake in skeletal 
muscle, and functional Ampk is required for the activation of Sirt1 
during energy depletion and in response to exercise, via modula-
tion of NAD+ metabolism (42, 43). Nevertheless, a number of stud-
ies have found that Ampk activity and downstream signaling are 
not augmented in skeletal muscle with CR (3, 9, 44), although this 
is not a universal finding (45). It should be noted that CR increases 
Ampk activity in other tissues, such as heart and liver (46–48), and 
these differences may represent tissue-specific effects of CR and 
Ampk. We also found no effect of CR on Ampk activation, and we 
recently demonstrated that exercise-induced activation of Ampk 
does not require functional Sirt1 deacetylase activity (16). More-
over, herein, we demonstrate that Ampk/AICAR-mediated glucose 
transport does not require functional Sirt1 deacetylase activity, 
although whether Ampk-mediated activation of glucose transport 
during CR requires Sirt1 deacetylase activity was not addressed.

In summary, herein we demonstrated that CR has systemic effects 
to improve insulin sensitivity in major insulin target tissues, but in 
the absence of functional Sirt1 deacetylase activity in skeletal muscle, 
the ability of CR to enhance skeletal muscle insulin sensitivity is lost. 
The cellular mechanisms involve an increase in the overall efficiency 
of insulin-stimulated PI3K signaling, secondary to Sirt1-mediated 
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deacetylation of Stat3 and a reduction in the expression of the p55α/
p50α regulatory subunits of PI3K. Taken together, these data illus-
trate a mechanism which we believe to be novel, whereby SIRT1 regu-
lates enhanced insulin-stimulated skeletal muscle glucose disposal in 
response to CR via its ability to detect changes in nutrient flux and 
transduce these signals into more efficient PI3K signaling.

Methods
Animals. Mice were on a C57BL/6 background, and all studies were conducted 
in male mice. Generation of the muscle-specific, Sirt1 deacetylase-inactive 
mice (mKO mice) has been described previously (16). Briefly, mice harbor-
ing loxP sites flanking exon 4 of the Sirt1 gene (Sirt1FloxExon4 mice) (17) (pro-
vided by Fred W. Alt [Howard Hughes Medical Institute and Harvard Medi-
cal School, Boston, Massachusetts, USA] and David S. Lombard [University 
of Michigan, Ann Arbor, Michigan, USA]), which encodes the deacetylase 
domain of Sirt1, were crossed with mice expressing Cre recombinase under 
the control of the muscle creatine kinase promoter. These mice are referred to 
as mKO mice. For simplicity, the SIRTFloxExon4 mice are referred to as WT mice 
and were used as the control (i.e., WT) mouse. For measurement of exon 4 in 
the various skeletal muscles, adipose tissue, and liver, a standard PCR proto-
col was used on a Bio-Rad MyCycler thermal cycler, and products were run on 
a 2% agarose gel and were then visualized. The following primers were used 
for PCR analysis: exon 3 of Sirt1 gene, 5′-GATGCTGTGAAGTTACTGCAG-
GAGTG-3′; exon 5 of Sirt1 gene, 5′-AATTTGTGACACAGAGACGGCTGG-3′. 
For major outcome measurements, different groups of mice were used for 
clamp and ex vivo insulin stimulation studies. All measurements were per-
formed between 1100 and 1300 hours. For these experiments, WT mice were 
fasted for 4 to 6 hours, while CR mice received their food at 1700 hours the 
previous day. Importantly, studies have demonstrated that the timing of feed-
ing before beginning the fast and duration of fast during CR do not effect 
measurement of skeletal muscle insulin sensitivity (49). Mice were housed on 
a 12 -hour-light/12-hour-dark cycle. All experiments were approved by and 
were conducted in accordance with the Animal Care Program at UCSD.

CR diet. Mice were group housed until 8 weeks of age and then were placed 
in individual housing. At 9 weeks of age, AL food intake of normal chow (Lab-
Diet no. 5001) diet was measured daily (at 1700 hours) for 7 days. At 10 weeks  
of age, mice (a) continued AL diet intake or (b) were switched to a CR (60% 
of AL intake) diet. Body weight and food intake were measured daily at 1700 
hours, and food was provided at this time for CR mice. Mice remained on 
AL or CR diet for an additional 20 days (~13 weeks of age).

OGTT. On day 15 after initiating CR or continuing AL diet, fasted (4 hours)  
mice were orally gavaged with 12.5% dextrose (1 g/kg; Hospira Inc.). Blood 
glucose was measured (OneTouch Ultra 2, Lifescan Inc.) at 0, 10, 20, 30, 60, 
75, 90, and 120 minutes after gavage.

Hyperinsulinemic-euglycemic clamps. Clamps were conducted in chronically 
cannulated, conscious, fasted (6 hours) mice as previously described (50). Can-
nulation was performed in anesthetized (ketamine [80 mg/kg], acepromazine 
[0.5 mg/kg], and xylazine [16 mg/kg]) mice 4–5 days before the clamp measure-
ment. For the clamp, the insulin (Humulin R, Eli Lilly and Company) infusion 
rate was 4 mU/kg/min. [3-3H] D-glucose (5 Ci/h; PerkinElmer) was infused 
in order to calculate HGP/insulin sensitivity and skeletal muscle insulin sen-
sitivity (IS-GDR). Blood glucose concentration was clamped at 120 mg/dl.  
In addition to blood collected for tracer analysis (15 μl in duplicate for each 
time point, i.e., 0, 110, and 120 minutes), blood (75 μl) was collected before 
and after the clamp for measurement of plasma insulin (Alpco Diagnostics) 
and FFA (Wako Pure Chemical Industries Ltd.) concentrations.

Isolated skeletal muscle insulin stimulation. Ex vivo muscle insulin sensitivity was 
measured by the 2DOGU technique (3). Fasted (4 hours) mice were anesthe-
tized (150 mg/kg Nembutal) via intraperitoneal injection. Paired soleus and 
EDL muscles were incubated at 35°C for 30 minutes in oxygenated (95% O2,  

5% CO2) flasks of Krebs-Henseleit buffer (KHB) containing 0.1% BSA, 2 mM 
Na-pyruvate, and 6 mM mannitol. For 2DOGU analysis, 1 muscle per pair 
was incubated in KHB without insulin, and the contralateral muscle was 
incubated in KHB with insulin (60 μU/ml [0.36 nM]; Humulin R, Eli Lilly and 
Company). After 30 minutes, muscles were transferred to a second flask and 
incubated at 35°C for 20 minutes in KHB plus 0.1% BSA, 9 mM [14C]-man-
nitol (0.053 mCi/mmol; PerkinElmer), and 1 mM [3H]-2DG (6 mCi/mmol; 
PerkinElmer), with the same insulin concentration as in the first incuba-
tion. Because PI3K activity peaks and returns to baseline readily after insulin 
stimulation (27), for samples used to assess phosphotyrosine-associated PI3K 
activity during the initial 30-minute incubation, in a separate group of mice, 
muscle pairs were incubated in the same incubation media, but no insulin 
was included with either pair. After 30 minutes, muscles were then incubated 
without or with (60 μU/ml) insulin for 10 minutes, and no radioactive tracer 
was used. After the second incubation phase, muscles were blotted on ice-
cold filter paper, trimmed, freeze-clamped, and then stored (−80°C). 2DOGU 
rate was calculated as previously described (3). The soleus muscles used for 
2DOGU measurements (i.e., 50 minutes without or with insulin stimulation) 
were used to measure phosphorylation of Akt (p-AktSer473, p-AktThr308), As160 
(phospho-Akt substrate–As160 [PAS-As160]), and p85α/p85β/p55α/p50α 
abundance, as described below (see As160 phosphorylation and SDS-PAGE).

Isolated adipocyte glucose uptake. In a subset of mice from skeletal muscle 
2DOGU studies, we isolated the epididymal fat pad to measure basal and 
insulin-stimulated glucose transport in isolated adipocytes, adapting the 
protocol of Karnieli et al. (51). Briefly, Krebs-Ringer bicarbonate-HEPES 
(KRBH) buffer, pH 7.4, containing 10 mM bicarbonate, 30 mM HEPES, 
200 nM adenosine, 2.5 mM glucose, and 1% fatty acid–free BSA was used as 
an incubation medium. In a 50-ml polycarbonate tube, the epididymal fat 
pads were mixed with 5 ml KRBH and 25 mg collagenase (type I) and gently 
rocked at 37°C. After 30 to 40 minutes, the digestion mixture was filtered 
through a nylon strainer and centrifuged at 400 g for 1 minute. The float-
ing fat cells were isolated and washed 3 times with warm KRBH. A 25%–30%  
(vol/vol) suspension of fat cells in glucose-free KRBH was then used to study 
basal and insulin-stimulated uptake of 3H-2DOG. For this, cells were pre-
treated with and without insulin for 20 minutes and incubated at 37°C with 
0.1 mM [3H]-2DOG (6 mCi/mmol; 0.4 mCi/ml; PerkinElmer) for 10 minutes.  
Immediately after incubation, the suspension was loaded on top of 0.2 ml 
silicon oil inside a long, narrow 0.4-ml polyethylene tube and centrifuged 
(10,000 g for 10 seconds). The fat cells were then isolated, and the level of 
radioactivity was counted. An aliquot of the suspension was used to deter-
mine cell number, and uptake was corrected for cell number.

AICAR studies. For AICAR studies, 2DOGU was measured in isolated EDL 
muscles from WT and mKO mice (13 weeks old) using the protocol described 
above for insulin stimulation, except insulin was not used. Briefly, paired 
EDL muscles were excised from fasted (4 hours) and anesthetized (150 mg/kg  
Nembutal) mice and were incubated at 35°C for 30 minutes in oxygenated 
(95% O2, 5% CO2) flasks of KHB containing 0.1% BSA, 2 mM Na-pyruvate, and 
6 mM mannitol. One muscle per pair was incubated in KHB without AICAR, 
and the contralateral muscle was incubated in KHB with AICAR (2 mM;  
EMD Chemicals Inc., catalog no. 123041). After 30 minutes, muscles were 
transferred to a second flask and incubated at 35°C for 20 minutes in KHB 
plus 0.1% BSA, 9 mM [14C]-mannitol (0.053 mCi/mmol; PerkinElmer), and 
1 mM [3H]-2DG (6 mCi/mmol; PerkinElmer) with the same AICAR con-
centration as in the first incubation. After the second incubation phase, 
muscles were blotted on ice-cold filter paper, trimmed, freeze-clamped, and 
then stored (−80°C). 2DOGU rate was calculated as previously described (3). 
Activation of Ampk and Acc was measured in the same muscles.

Measurement of protein acetylation. Protein acetylation was assessed in gastroc-
nemius muscle as previously described (16). Briefly, 200 μg of protein lysate was 
precleared with protein A and G agarose beads (Millipore, catalog no. 16-156 
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and 16-266), and protein was then rotated for 2 hours (4°C) with anti–Ac-Lys 
(Cell Signaling Technology, catalog no. 9441), anti-p53 (Santa Cruz Biotech-
nology, catalog no. 482), anti-Pgc1α (Millipore, AB3242), or anti-Stat3 (Santa 
Cruz Biotechnology, catalog no. 6243). Then, protein A and G agarose beads 
(Millipore, catalog no. 16-156 and 16-266) were added, and the samples were 
rotated overnight (4°C). The following morning agarose beads were washed  
6 times (3 times in buffer A, 1% NP-40 and 0.1 mM Na3VO4 in PBS, and 3 times 
in buffer B, 0.01 M Tris, pH 7.5, 1 mM EDTA, 0.1 M NaCl, and 0.1 mM Na3VO4 
in PBS). Antigens were eluted from the beads with 1x SDS buffer and were 
boiled for 5 minutes before separation using standard SDS-PAGE methods.

As160 phosphorylation. Lysate (125 μg) from basal and insulin-stimulated 
soleus muscles used for 2DOGU analysis was rotated with anti-As160 (gift 
from Graham Hardie, University of Dundee, Dundee, United Kingdom) for  
2 hours, and then protein A agarose beads (Millipore, catalog no. 16-156) were 
added, and the samples were rotated overnight (4°C). The following morning 
agarose beads were washed 6 times (3 times in buffer A and 3 times in buffer B; 
see above). Antigens were eluted from the beads with 1x SDS buffer and were 
boiled for 5 minutes before separation using standard SDS-PAGE methods.

SDS-PAGE. SDS-PAGE was performed on 7.5% tris-acetate gels using 
standard methods, as previously described (16). Primary antibodies used 
for immunoblotting were from Cell Signaling Technology (p-AmpkThr172, 
catalog no. 2531; p-AktSer473, catalog no. 9271; p-AktThr308, catalog no. 9275; 
Akt, catalog no. 9272; Ac-Lys, catalog no. 9441; p53, catalog no. 2524; PAS, 
catalog no. 9611; p-AccSer79, catalog no. 3661; Acc, catalog no. 3662), Mil-
lipore (Pgc1α, catalog no. AB3242; pan-p85, catalog no. 06-195), and Santa 
Cruz Biotechnology (Glut4, catalog no. 7938; Gapdh, catalog no. 20357). 
Antibodies for Ampk1/2 and As160 were provided by Graham Hardie.

PI3K activity. PI3K was immunoprecipitated from 300 μg of basal and insu-
lin-stimulated (10 minutes) soleus muscle protein by incubating overnight 
with a rabbit anti-phosphotyrosine antibody (Cell Signaling Technology, cata-
log no. 9411). The following morning samples were incubated for 2 hours with 
50 μl protein A agarose beads (Millipore, catalog no. 16-156) and were washed 
as previously described (52). The kinase reaction was initiated with the addition 
of 2 μg phosphatidylinositol and 20 μCi [γ-32P]-ATP and was allowed to pro-
ceed for 30 minutes. After termination of the reaction by the addition of 20 μl  
8 N HCL, the lipid products were separated from the remaining [γ-32P]-ATP 
with 2 successive chloroform extractions and then run for 2 hours on a thin-
layer chromatography plate. Separated PI(3)P was visualized on film.

ChIP assay. ChIP experiments were performed using a commercially available 
kit according to the manufacturer’s instructions (EZ-ChIP; Millipore, catalog 
no. 17-295). Briefly, 100 mg powdered gastrocnemius muscle was rotated end 
over end for 10 minutes in 10 ml ice-cold 1% high-grade formaldehyde/PBS 
solution. Cross-linking was stopped with the addition of 1 ml ice-cold glycine, 
and samples were left to stand on ice for 10 minutes. Cross-linked muscle was 
pelleted via centrifugation (5,000 g/4°C for 5 minutes) and washed 3 times 
with ice-cold PBS (5 ml). After the final wash, muscle samples were transferred 
to a 1.5-ml eppendorf tube and homogenized in 250 μl of 20% SDS lysis buffer 
containing protease inhibitor cocktail II (Sigma-Aldrich, catalog no. P5726), 
using a hand-held micro homogenizer (Bio-Gen PRO200). Homogenates were 
sonicated on ice (four 10-second pulses separated by 1 minute), and the pro-
tein content was measured via the DC protein assay (Bio-Rad). One mg DNA/
protein complex was suspended in 1 ml of dilution buffer and precleared with 
30 μl protein A sepharose beads for 1 hour at 4°C with rotation. Samples were 
then transferred to new tubes and immunoprecipitated overnight at 4°C with 
rotation using 8 μl anti-Stat3 antibody (Santa Cruz Biotechnology, catalog 
no. sc-482) or 8 μl rabbit IgG antibody as a control (Thermo Scientific, catalog 
no. 31430). The following day, DNA/protein complexes were washed 5 times, 
eluted from sepharose beads, and then reverse cross-linked overnight at 65°C. 
The next day, DNA was extracted using spin filter columns according to the kit 
instructions (EZ-ChIP; Millipore, catalog no. 17-295). Input and bound DNA 

was detected by real-time quantitative PCR (RT-qPCR) as previously described 
(22). Briefly, specific primers were used to amplify a 297-bp region (–244 bp to 
–541 bp) spanning the Stat3 binding site (–276 bp) in the mouse p50α pro-
moter or a 260-bp region (–375 bp to 635 bp) spanning the Stat3 binding site 
(–624 bp) in the mouse p55 promoter. Assay background was determined using 
primers to amplify a product of 146 bp in a nonspecific region of the p85a gene 
upstream of the p50α start site (–7,130 bp to –7,282 bp from p50α transcrip-
tion start site). The sequences used for RT-PCR analysis are as follows: p50α, 
5′-GTGGCCGAGGCAAGACTAAC-3′ and 5′-CTGCGGGGCTGACTGTG-3′; 
p55α, 5′-ATCAGATATCCCAAGGTCAAAACAAGA-3′ and 5′-ACCTTCCTTA-
AAGCAGCTAGCAATGAG-3′; background, 5′-GGCCACTCATCAGCTCT-
CACCCATAC-3′ and 5′-GCTCTCTCAAGCCTCCAGCAAAAACC-3′.

RT-qPCR analysis. RNA was extracted from skeletal muscle (gastrocnemius, 
soleus, plantaris, EDL), liver, or adipose tissue using the phenol/chloroform 
method as previously described (16). RNA was quantified using a NanoDrop 
1000 spectrophotometer (Thermo Scientific) at 260 and 280 nm. First-strand 
cDNA was synthesized (Bio-Rad) from 1 μg RNA using the Reverse Transcrip-
tion System (Promega) according to the manufacturer instructions. RT-qPCR 
was performed to measure relative mRNA expression using an Eppendorf 
LightCycler PCR machine, SYBR Green PCR plus reagents (Sigma-Aldrich), 
and custom designed primers. Ten μl PCR reactions were assayed in triplicate 
on a 96-well heat-sealed PCR plate (Thermo Scientific). Each reaction con-
tained 5 μl SYBR Green Taq Polymerase (Sigma-Aldrich, catalog no. S4438), 
1 μl of forward and reverse primers, and 3 μl cDNA (1:10 dilution). The tar-
get gene expression for each sample was calculated relative to GAPDH, and 
values are presented normalized to WT-AL values. Absolute CT for Gapdh 
was unchanged by any of the treatments. Primers for RT-PCR were designed 
to span exon-exon boundaries to avoid amplification of genomic DNA. The 
following primer sequences were used: p85a, 5′-AGGGAAGAGGTGAAT-
GAGAG-3′ and 5′-TTGGACACAGGGTAGAGAAG-3′; p55a, 5′-AGCAAAGC-
CAAGGAAACTG-3′ and 5′-GTGCTGGTGGATCCATTTCT-3′; p50a, 5′-GCT-
GGGACCACTTGGTAGAA-3′ and 5′-GGGCAGTGTTTGCAGGTTAT-3′; 
Glut4, 5′-ACTCTTGCCACACAGGCTCT-3′ and 5′-CCTTGCCCTGTCAGG-
TATGT-3′; Gapdh, 5′-TGGAAAGCTGTGGCGTGAT-3′ and 5′-TGCTTCAC-
CACCTTCTTGAT-3′.

Statistics. Statistical analyses were performed using SigmaPlot 11.2 (Sys-
tat Software Inc.). Data were analyzed by a 2-way ANOVA (with repeated 
measures when necessary) for main effects of diet and genotype, followed 
by a Tukey post-hoc analysis, with significant differences at P < 0.05. All 
data are expressed as mean SEM.
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