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in Western
countries, is primarily an imbalance between calorie intake and
energy expenditure (17). Increasing evidence suggests that
obesity and insulin resistance are associated with reduced
mitochondrial biogenesis and impaired mitochondrial function
(32), which can be triggered by adverse nutrition such as
increased fatty acid exposure resulting from high-fat diet
(HFD) or overfeeding. Impaired mitochondrial function leads
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to lipid accumulation in fat tissue, skeletal muscle, and liver,
impairing insulin signaling and glucose metabolism (3). Interventions to increase mitochondrial biogenesis and improve
mitochondrial function have been shown to correct insulin
signaling and metabolic abnormalities (35).
Traditionally, strategies for preventing obesity have focused
on dietary and lifestyle modifications such as caloric restriction
and increasing physical activity. Although short-term weight
loss can be achieved by various dietary approaches, sustainability of weight loss seems to be difficult (19, 22). Recently,
several studies have shown that dietary manipulation of essential amino acids, including leucine, arginine, and glutamine,
improves lipid and glucose metabolism (13, 31). Zhang et al.
(50) reported that increasing dietary leucine intake improves
glucose and cholesterol metabolism and prevents obesity in
mice subjected to a HFD. However, the effects of dietary
leucine on energy metabolism are controversial, because other
groups found that dietary supplementation of leucine had no
effects on those parameters (27) or found an increase in body
weight (28). In addition, leucine has been shown to improve
insulin signaling in adipose tissue (16). In other studies, however, administration of branched-chain amino acids (BCAA)
enhanced insulin resistance in rats maintained on HFD (28).
Thus, the effects of dietary leucine supplementation on energy
metabolism and its underlying mechanisms remain to be determined.
Sirtuin 1 (SIRT1), an NAD⫹-dependent deacetylase, has been
implicated in aging, metabolic regulation, and tolerance to
oxidative stress. Increasing evidence suggests that activation of
SIRT1 enhances glucose utilization, increases mitochondrial
fatty acid oxidation (FAO), and promotes insulin sensitivity
(18). In skeletal muscle, SIRT1 deacetylates peroxisome proliferator-activated receptor-␥ coactivator 1␣ (PGC1␣) to induce the expression of genes controlling mitochondrial biogenesis (23) and FAO to maintain energy homeostasis (14). In the
liver, SIRT1 stimulates gluconeogenesis through deacetylation
of PGC1␣ and forkhead box O1 (FoxO1) (12, 36) under calorie
restriction conditions. Moreover, activation of SIRT1 improves
mitochondrial function and protects against diet-induced obesity and insulin resistance (21), suggesting that activation of
SIRT1 may be an important mechanism to prevent metabolic
disorders. In the present study, we have examined the involvement of SIRT1 in dietary leucine-prevented obesity and insulin
resistance in HFD-induced obesity. Results from this study
show that supplementation of leucine is associated with activation of SIRT1 signaling, suppression of insulin resistance,
and prevention against metabolic disorders in a diet-induced
obesity animal model.
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Li H, Xu M, Lee J, He C, Xie Z. Leucine supplementation
increases SIRT1 expression and prevents mitochondrial dysfunction
and metabolic disorders in high-fat diet-induced obese mice. Am J
Physiol Endocrinol Metab 303: E1234 –E1244, 2012. First published
September 11, 2012; doi:10.1152/ajpendo.00198.2012.—Leucine supplementation has been shown to prevent high-fat diet (HFD)-induced
obesity, hyperglycemia, and dyslipidemia in animal models, but the
underlying mechanisms are not fully understood. Recent studies
suggest that activation of Sirtuin 1 (SIRT1) is an important mechanism to maintain energy and metabolic homeostasis. We therefore
examined the involvement of SIRT1 in leucine supplementationprevented obesity and insulin resistance. To accomplish this goal,
male C57BL/6J mice were fed normal diet or HFD, supplemented
with or without leucine. After 2 mo of treatment, alterations in SIRT1
expression, insulin signaling, and energy metabolism were analyzed.
Eight weeks of HFD induced obesity, fatty liver, mitochondrial
dysfunction, hyperglycemia, and insulin resistance in mice. Addition
of leucine to HFD correlated with increased expression of SIRT1 and
NAMPT (nicotinamide phosphoribosyltransferase) as well as higher
intracellular NAD⫹ levels, which decreased acetylation of peroxisome proliferator-activated receptor-␥ coactivator 1␣ (PGC1␣) and
forkhead box O1 (FoxO1). The deacetylation of PGC1␣ may contribute to upregulation of genes controlling mitochondrial biogenesis and
fatty acid oxidation, thereby improving mitochondrial function and
preventing HFD-induced obesity in mice. Moreover, decreased acetylation of FoxO1 was accompanied by decreased expression of
pseudokinase tribble 3 (TRB3) and reduced the association between
TRB3 and Akt, which enhanced insulin sensitivity and improved
glucose metabolism. Finally, transfection of dominant negative
AMPK prevented activation of SIRT1 signaling in HFD-Leu mice.
These data suggest that increased expression of SIRT1 after leucine
supplementation may lead to reduced acetylation of PGC1␣ and
FoxO1, which is associated with attenuation of HFD-induced mitochondrial dysfunction, insulin resistance, and obesity.
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Table 1. Primers used for PCR analysis
Gene

Forward Primer

Reverse Primer

PGC1␣
SIRT1
NRF1
Ndufs8
mTFA
CTP-1b
PPAR␣
MCAD

5=-ACTATGAATCAAGCCACTACAGAC-3=
5=-ACGGTATCTATGCTCGCCTTG-3=
5=-ACAGATAGTCCTGTCTGGGGAAA-3=
5=-TGGCGGCAACGTACAAGTAT-3=
5=-AAGACCTCGTTCAGCATATAACATT-3=
5=-GGCAACAGTTGGTTCCAACTACT-3=
5=-TCATACATGACATGGAGACCTTG-3=
5=-TGGCATATGGGTGTACAGGG-3=

5=-TTCATCCCTCTTGAGCCTTTCG-3=
5=-GACACAGAGACGGCTGGAAC-3=
5=-TGGT ACATGCTCACAGGGATCT-3=
5=-CCTCGGATGAGTTCTGTCCA-3=
5=-TTTTCCAAGCCTCATTTACAAGC-3=
5=-CAGGAAGCTTAGGCATGTACGTT-3=
5=-ACTGGCAGCAGTGGAAGAATC-3=
5=-CCAAATACTTCTTCTTCTGTTGATCA-3=

See text for definitions.
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Experimental animals. Male C57BL/6J mice from the Jackson
Laboratories (Bar Harbor, ME) were used in the experiments. The
mice were maintained on a 12:12-h light-dark cycle at 25°C and given
free access to water and normal diet (ND) before the experiment. The
animal protocol was reviewed and approved by the University of
Oklahoma Institutional Animal Care and Use Committee. At 12 wk of
age, the mice were fed ND (protein 20%, carbohydrate 70%, fat 10%;
D12450B, Research Diet, New Brunswick, NJ) or HFD (protein 20%,
carbohydrate 35%, fat 45%, total 5.7 kcal/g, D12451, Research Diet)
supplemented with or without L-leucine (Sigma, Atlanta, GA; 1.5
g/100 ml in drink water). After 2 mo of treatment, the animals were
euthanized, and the body weights were determined using an electronic
balance. Total white adipose tissue including subcutaneous and visceral fat (both gonadal and perirenal) in the mice were collected and
weighed using a balance. The livers, brown adipose tissues (BAT),
and gastrocnemius muscles were collected for morphological, biochemical, and molecular biological analyses. To determine whether
AMP-activated protein kinase (AMPK) mediates the effect of leucine
on SIRT1 signaling, after 4 wk of HFD treatment the mice were
randomly assigned to be transfected with adenovirus encoding GFP or
dominant negative AMPK (DN-AMPK) (8) for 4 wk. The SIRT1
signaling was evaluated after the treatment.
Hyperinsulinemic-euglycemic clamp and intraperitoneal glucose
tolerance test. Hyperinsulinemic-euglycemic clamps were performed
as described previously (42). Mice were anesthetized by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (20 mg/kg).
Heparin (200 U/ml) was intraperitoneally injected to prevent blood
clotting. A polyethylene catheter was inserted into the right jugular
vein for infusion of 20% glucose and insulin (200 mU/100 ml) in
normal saline using a peristaltic pump. The left carotid artery was
cannulated for blood sampling. Insulin (18 mU·kg⫺1·min⫺1) was
infused through the jugular vein catheter from 0 to 120 min. During
that period, blood glucose concentration was monitored every 5 min
with a glucometer and clamped at euglycemic levels (5.0 ⫾ 0.5
mmol/l) by a variable infusion of 20% glucose. Clamping was
achieved by 90 min and maintained for 30 min. The mean glucose
infusion rates (ml·min⫺1·kg⫺1) were calculated during the last 30 min
of the clamp. To determine blood glucose levels, mice were fasted
overnight and blood glucose was monitored by applying tail blood to
the glucometer. Following an overnight fast, a glucose tolerance test
was performed using an intraperitoneal injection of 1 g/kg body wt of
20% glucose in mice, and blood glucose levels were measured at 0,
30, 60, 90, and 120 min using the glucometer.
Measurement of cholesterol, triglyceride, and serum leucine concentration. Serum cholesterol and triglyceride levels were measured enzymatically using reagents from Cayman Chemical (Ann Arbor, MI)
according to the manufacturer’s instructions. To determine liver
triglycerides levels, liver lipids were extracted as described by Folch
et al. (11). Triglyceride contents in lipid extracts were assayed using
enzymatic kits (Cayman Chemical) according to the manufacturer’s
protocols. Serum leucine concentrations were analyzed by derivatiza-

tion with phenylisothiocyanate and HPLC analysis as described previously (24).
Western blot analysis and immunoprecipitation. Antibodies against
PGC1␣, Akt, phospho-Akt (Ser437), phospho-AMPK (Thr172),
AMPK, phospho-acetyl coenzyme A carboxylase at Ser79 (P-ACC),
TRB3, and FoxO1 were purchased from Cell Signaling Technology
(Danvers, MA). Antibodies against acetylated lysine and ␤-actin were
from Santa Cruz Biotechnology (Santa Cruz, CA). Antibody against
nicotinamide phosphoribosyltransferase (NAMPT) was from MBL
International (Woburn, MA). Tissue homogenates were subjected to
Western blot analysis as described previously (45, 46). The protein
content was assayed by BCA protein assay reagent (Pierce, Rockford,
IL). A total of 80 –100 g of protein was resolved by SDS-PAGE and
then transferred to nitrocellulose membrane. Membrane was incubated with a 1:1,000 dilution of primary antibodies followed by a
1:5,000 dilution of horseradish peroxidase-conjugated secondary antibodies. Protein bands were visualized by ECL (GE Healthcare). The
intensity of the individual bands on Western blots was measured by
densitometry (model GS-700, imaging densitometer, Bio-Rad) (47).
Immunoprecipitation was carried out using 0.5 mg of protein lysates,
1 g of specific antibody, and protein A/G agarose.
RNA extraction and real-time PCR. Total mRNA was extracted
from liver, BAT, and gastrocnemius muscle with TRIzol reagent
(Invitrogen). For reverse transcription, 1 g of the total mRNA was
converted to first-strand complementary DNA in 20-l reactions
using a cDNA synthesis kit (Promega). Quantitative RT-PCR reactions were performed as described (41). Calculations were performed
by a comparative method (2⫺⌬⌬CT) using GAPDH as an internal
control (33). The primers used for the PCR are listed in Table 1.
Histological analysis of liver and adipose tissue. Adipose and liver
tissues were fixed in 4% paraformaldehyde for 3 days and were then
paraffin embedded according to standard procedure. Adipose tissue
sections (5 m) were stained with hematoxylin and eosin as previously described (15). To detect lipid accumulation in the liver, a
portion of each liver was embedded in Tissue-Tek O.C.T. Compound
(Sakura Finetek USA, Torrance, CA), frozen on dry ice, and stored at
⫺80°C for future sectioning. Subsequently, serial 7-m-thick sections
were collected on poly-D-lysine-coated slides. Sections were stained
for 5 min with 0.5% Oil Red O in 60% aqueous triethylphosphate,
followed by counterstaining with hemotoxylin.
Measurement of mitochondrial biogenesis and function. Total DNA
was extracted from the liver and BAT. The content of mtDNA was
calculated using real-time PCR by measuring the threshold cycle ratio
(⌬CT) of a mitochondrial encoded gene (cytochrome c oxidase 1:
forward 5=-ACTATACTACTACTAACAGACCG-3=, reverse 5=-GGTTCTTTTTTTCCGGAGTA-3=) vs. nuclear-encoded gene (cyclophilin A: forward 5=-ACACGCCATAATGGCACTGG-3=, reverse 5=CAGTCTTGGCAGTGCAGAT-3=). The ATP content in the cells was
measured using the ATP determination kit from Molecular Probes
(Eugene, OR) as described (41). Citrate synthase activity was measured spectrophotometrically in tissue extracts and expressed as nano-
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Fig. 1. Leucine supplementation prevents high-fat diet (HFD)-induced obesity. Mice were fed normal diet (ND) or HFD, supplemented with/without leucine (Leu,
1.5 g/100 ml in drinking water) for 8 wk. A: leucine intake was calculated from the amount of drinking water in individually caged mice; n ⫽ 30 in each group.
*P ⬍ 0.05 vs. ND or HFD. B: serum leucine concentrations were analyzed as described in MATERIALS AND METHODS; n ⫽ 10 in each group. *P ⬍ 0.05 vs. ND
or HFD. C: daily caloric intake was calculated from the amount of ingested food in individually caged mice; n ⫽ 30 in each group. *P ⬍ 0.05 vs. ND or leucine.
D: body weights were monitored at weeks indicated; n ⫽ 30 in each group. *P ⬍ 0.05. E: subcutaneous and visceral fat was measured after 8 wk of treatment;
n ⫽ 10 in each group. *P ⬍ 0.05 vs. ND or Leu; †P ⬍ 0.05 HFD-Leu vs. HFD.
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Leucine supplementation prevents HFD-induced obesity in
mice. Male mice maintained on ND or HFD were supplemented with or without leucine via drinking water. The
amounts of water consumed were not different between the
mice supplemented with and without leucine. The leucinesupplemented mice ingested an additional ⬃45 mg of leucine
daily via water consumption, which nearly doubled the leucine
intake (Fig. 1A) and serum leucine concentrations (Fig. 1B).
Total caloric intake was increased by 17.6% in HFD mice
compared with the mice maintained on ND, but leucine sup-

plementation did not increase caloric intake in either ND or
HFD mice (Fig. 1C). The mice on HFD gained significantly
more weight, visceral fat, and subcutaneous fat than those fed
a normal diet (Fig. 1, D and E). The increase in weight gain,
visceral fat, and subcutaneous fat were significantly attenuated
by leucine supplementation (Fig. 1, D and E). However,
leucine supplementation had no effect on body weight and fat
mass in mice maintained on a normal diet (Fig. 1, D and E).
Effect of leucine supplementation on SIRT1 signaling in
liver. The facts that activation of SIRT1 enhances insulin
sensitivity, lowers plasma glucose, and increases mitochondrial
capacity in diet-induced obese mice (10, 21) prompted us to
investigate whether leucine supplementation regulates SIRT1
in an HFD-induced obesity mouse model. As shown in Fig. 2,
A and B, SIRT1 mRNA and protein levels were elevated in
mice treated with leucine under ND and HFD conditions. Since
SIRT1 deacetylation activity is driven by NAD⫹ levels, we
determined whether dietary leucine could affect NAD⫹ biosynthesis. As expected, expression of NAMPT, an essential
enzyme in regulation of NAD⫹ biosynthesis, was reduced in
HFD mice. Addition of leucine to HFD restored NAMPT

Daily food intake
(Kcal)

moles citrate produced per minute per milligram of protein, as
described (41).
NAD⫹/NADH measurements. Nicotinamide adenonine dinucleotide (NAD⫹) content was measured using the Enzymchrom NAD⫹/
NADH Assay Kit (Bioassay System) according to the manufacturer’s
protocol.
Statistics. Data are expressed as means ⫾ SE. Statistical analyses
were performed with Student’s t-test (2 groups) or one-way ANOVA
with the Bonferroni procedure for multiple comparison tests (ⱖ3
groups). P ⬍ 0.05 was considered statistically significant.
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Fig. 2. Dietary leucine regulates sirtuin 1 (SIRT1) signaling and NAD⫹ levels in liver. A: liver homogenates were subjected to Western blot (WB) analysis using
an anti-SIRT1 antibody (n ⫽ 5). *P ⬍ 0.05 vs. ND or HFD. B: real-time PCR analysis of SIRT1 mRNA in liver. C: liver homogenates were subjected to WB
analysis using an anti-NAMPT (nicotinamide phosphoribosyltransferase) antibody (n ⫽ 5). *P ⬍ 0.05 vs. ND; †P ⬍ 0.05 vs. HFD. D: NAD⫹/NADH ratio in
hepatic tissues was determined as described in MATERIALS AND METHODS. E and F: liver homogenates were immunoprecipitated (IP) by anti-PGC1␣ (PPAR␥
coactivator 1␣; E) or anti-FoxO1 (forkhead box O1; F) antibody, and acetylated lysine was detected by WB analysis (n ⫽ 5). *P ⬍ 0.05 vs. HFD.

expression (Fig. 2C). In addition, increased NAD⫹/NADH
ratio was observed in mice on HFD and leucine compared with
HFD mice (Fig. 2D). These data suggest that leucine supplementation may enhance SIRT1 deacetylation activity in leucine-treated animals. To test this hypothesis, we determined the
acetylation status of two well-known SIRT1 substrates,
PGC1␣ and FoxO1 (49). Compared with HFD mice, acetylation of PGC1␣ (Fig. 2E) and FoxO1 was reduced in mice
maintained on HFD and leucine (Fig. 2F), supporting that
dietary leucine stimulates SIRT1 activity in the liver.
Effects of leucine supplementation on mitochondrial biogenesis and lipid accumulation in liver. Reduced acetylation of
PGC1␣ by SIRT1 has been shown to activate PGC1␣ and
subsequently improve mitochondrial biogenesis and FAO (14).
In agreement with these findings, in mice maintained on HFD
and leucine there was an increase in expression of genes
controlling mitochondrial biogenesis, including PGC1␣, nuclear respiratory factor 1 (NRF1), mtDNA transcription factor
A (mTFA), and NADH dehydrogenase [ubiquinone] ironsulfur protein 8 (Ndufs8) (Fig. 3A). The elevated expression of
mitochondrial biogenesis genes was associated with an in-

crease in mtDNA content (Fig. 3B) and improvement of
mitochondrial function, as evidenced by enhanced CS activity
and ATP content (Fig. 3, C and D). Moreover, addition of
leucine to HFD showed a significant increase in mRNA levels
of PPAR␣, an important enzyme controlling fatty acid metabolism (Fig. 3E). The functional relevance of this induction
was validated by increased expression of two important
genes regulating FAO, including carnitine palmitoyltransferase-1b (CPT-1b) and medium-chain acyl-CoA dehydrogenase (MCAD) (Fig. 3E). Consistent with the increase in
genes regulating FAO, addition of leucine to HFD decreased
plasma levels of cholesterol (Fig. 3F) and triglyceride (Fig. 3G)
and reduced lipid accumulation in the liver, as reflected by lower
hepatic triglyceride levels (Fig. 3H) and fewer lipid droplets in the
liver (Fig. 3I). We further studied the effect of leucine supplementation on oxidative stress by detecting the formation of 3-nitrotyrosine, a footprint of oxidative stress. The immunostaining of
3-nitrotyrosine was significantly reduced in HFD-Leu mouse liver
compared with HFD liver (Fig. 3J). This result was consistent
with the improvement of mitochondrial function, which could
reduce the production of reactive oxygen species.
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Fig. 3. Effects of HFD and leucine on hepatic mitochondrial biogenesis and lipid accumulation. A: RNA was extracted from hepatic tissue, and mRNA levels
of PGC1␣, nuclear respiratory factor 1 (NRF1), NADH dehydrogenase [ubiquinone] iron-sulfur protein 8 (Ndufs8), and mitochondrial (mt)DNA transcription
factor A (mTFA) were analyzed by quantitative real-time PCR. B: mtDNA/nuclear DNA ratio in liver was determined by quantitative real-time PCR. C: liver
citrate synthase (CS) activity was assayed as described in MATERIALS AND METHODS. D: liver ATP levels. E: expression of mRNA controlling fatty acid oxidation
(FAO), including carnitine palmitoyltransferase-1b (CPT-1b), medium-chain acyl-CoA dehydrogenase (MCAD) and PPAR␣ in liver was measured by real-time
PCR. F and G: plasma cholesterol (F) and triglyceride (G) levels were measured after 16 h of fasting. H: liver lipids were extracted as described in MATERIALS
AND METHODS, and hepatic triglyceride levels were measured using a commercial kit; n ⫽ 5. *P ⬍ 0.05 vs. HFD. I: liver sample was embedded in Tissue-Tek
O.C.T. compound, and frozen sections were prepared for Oil red O staining. Three mouse livers per group were analyzed. J: immunohistochemical analysis of
3-nitrotyrosine formation in liver from HFD and HFD-Leu mice. Three mouse livers per group were analyzed.

Effects of leucine supplementation on SIRT1 expression, mitochondrial biogenesis, and FAO gene expression in BAT. We next
investigated whether dietary leucine regulates SIRT1 signaling
in BAT, because it is a major tissue where energy is dissipated
to maintain body temperature. Similar to alterations in liver,
the BAT collected from mice on HFD and leucine exhibited

increases in SIRT1 mRNA and protein (Fig. 4A) as well as
NAMPT protein (Fig. 4B). Concomitantly, there was a
reduction in acetylation of PGC1␣ (Fig. 4C) and FoxO1
(Fig. 4D) and an increase in expression of genes controlling
mitochondrial biogenesis, including PGC1␣, NRF1, mTFA,
and Ndufs8 (Fig. 4E). The increase in mitochondrial bio-
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Fig. 4. Effects of dietary leucine on SIRT1 signaling and mitochondrial biogenesis in brown adipose tissue (BAT). A: BAT homogenates were subjected to WB
analysis using an anti-SIRT1 antibody, total RNA was extracted from BAT, and mRNA levels of SIRT1 were analyzed by quantitative real-time PCR (n ⫽ 5).
*P ⬍ 0.05 vs. ND or HFD. B: BAT homogenates were subjected to WB analysis using an anti-NAMPT antibody (n ⫽ 5). *P ⬍ 0.05 vs. ND; †P ⬍ 0.05 vs.
HFD. C and D: PGC1␣ or FoxO1 was immunoprecipitated (IP), and WB was performed using indicated antibodies. E: expression of genes related to
mitochondrial biogenesis in BAT. F: mtDNA/nuclear DNA ratio in BAT was determined by quantitative real-time PCR. G: BAT CS activity. H: ATP levels
in BAT. I: expression of mRNA controlling FAO (n ⫽ 5). *P ⬍ 0.05 vs. HFD. J: BAT was formalin fixed and embedded in paraffin; sections were stained with
hematoxylin and eosin. Three samples in each group were analyzed and showed similar results.

genesis genes was associated with enhanced mtDNA content
(Fig. 4F) and improved mitochondrial function, e.g., increased CS activity (Fig. 4G) and ATP contents (Fig. 4H).
In addition, the expression of genes controlling FAO, in-

cluding PPAR␣, CPT-1b, and MCAD, was elevated in mice
subjected to HFD and leucine (Fig. 4I). Histological analysis revealed that HFD-Leu mice had smaller brown adipocytes (Fig. 4J).

AJP-Endocrinol Metab • doi:10.1152/ajpendo.00198.2012 • www.ajpendo.org

Downloaded from http://ajpendo.physiology.org/ by 10.220.33.4 on October 25, 2016

D

120

0.7

BAT Citrate synthase
activity (Fold change)

0

1

Ac-Lys/ PGC1α

150

†

180

BAT mtDNA relative
to nuclear DNA

300

*

2

NAMPT

SIRT1 protein

SIRT1 mRNA

*

450

E1240

DIETARY LEUCINE ACTIVATES SIRT1 SIGNALING

A

C

B
2

SIRT1

200

100

200
100

0

1

IP: PGC1α
WB: PGC1α

WB: FoxO1

Ac-Lys/ PGC1α

Ac-Lys/ FoxO1

IP: FoxO1
WB: Ac-Lys

0

*

0

F

WB: Ac-Lys

0.18

*

100

0

E

0.36

†

200

0

D

NAMPT
GAPDH

NAMPT

*

300

*

HFD
2.4

0.5

0.25

0

*

mRNA in muscle
(relative expression)

*

300

SIRT1 mRNA
(Relative expression)

SIRT1
β-actin

SIRT1
β-actin

SIRT1

treatment SIRT1 signaling in the liver was analyzed. Addition
of leucine to HFD increased the phosphorylation of AMPK
(Thr172) and its downstream molecule ACC (Ser79) in mice
transfected with GFP adenovirus. The increase in AMPK and
ACC phosphorylation was abolished in mice transfected with
adenovirus encoding DN-AMPK (Fig. 6A). At the same time,
increased expression of SIRT1 was observed in HFD-Leu mice
that were transfected with GFP adenovirus but not in HFD-Leu
mice transfected with DN-AMPK adenovirus (Fig. 6A). Furthermore, addition of leucine to HFD enhanced NAMPT
protein levels (Fig. 6B) and intracellular NAD⫹ levels (Fig.
6C) in mice transfected with GFP adenovirus, but these
effects were absent in mice transfected with DN-AMPK
adenovirus (Fig. 6, B and C). These results suggest that
dietary leucine stimulates SIRT1 signaling through activation of AMPK.
Leucine supplementation promotes insulin signaling in HFD
mice. Activation of FoxO1 has been demonstrated to increase
insulin sensitivity by repressing the pseudokinase TRB3 and
promoting Akt phosphorylation. We therefore studied whether

*
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*
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1.2

0

Fig. 5. Effects of HFD and leucine on SIRT1 signaling and expression of FAO genes in skeletal muscle. A: homogenates of gastrocnemius muscle were subjected
to WB analysis using an anti-SIRT1 antibody (n ⫽ 5). *P ⬍ 0.05 vs. ND or HFD. B: RNA was extracted from gastrocnemius muscle, and quantitative real-time
PCR was performed to determine SIRT1 mRNA levels. C: homogenates of gastrocnemius muscle were subjected to WB analysis to detect NAMPT expression
(n ⫽ 5). *P ⬍ 0.05 vs. ND; †P ⬍ 0.05 vs. HFD. D: PGC1␣ was immunoprecipitated and Western blotted with an acetylated lysine antibody. E: muscle
homogenates were immunoprecipitated by anti-FoxO1 antibody, and acetylated lysine was detected by WB analysis. F: relative mRNA expression levels of genes
related to FAO (n ⫽ 5 in each group). *P ⬍ 0.05 vs. HFD.
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Effect of dietary leucine on SIRT1 expression in skeletal
muscle. We further assessed the effects of leucine supplementation on SIRT1 and FAO gene expression in skeletal muscle.
In line with the findings in liver and BAT, expression of SIRT1
mRNA and protein (Fig. 5, A and B) as well as NAMPT protein
(Fig. 5C) was increased in gastrocnemius muscles isolated from
mice on HFD and leucine, which was accompanied by decreased
acetylation of PGC1␣ (Fig. 5D) and FoxO1 (Fig. 5E). Notably,
there was also a concomitant induction in genes controlling FAO,
such as PPAR␣, CPT-1b, and MCAD (Fig. 5F).
Inhibition of AMPK prevents dietary leucine-activated SIRT1
signaling. The AMP-activated protein kinase is an intracellular
energy sensor and plays an important role in maintaining
energy homeostasis (7). Activation of AMPK has been reported to increase SIRT1 protein levels in skeletal muscle (40)
and to activate NAMPT, thereby increasing intracellular
NAD⫹ levels (5). We therefore studied whether AMPK is
involved in regulation of SIRT1 signaling by leucine. The mice
subjected to 4 wk of HFD were assigned to be transfected with
adenovirus encoding GFP or DN-AMPK for 4 wk, after the
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leucine supplementation regulates TRB3 expression and insulin signaling. As shown in Fig. 7A, the protein levels of TRB3
were lower in HFD-Leu mice relative to those in HFD mice.
To determine the effect of dietary leucine on the interaction
between Akt and TRB3, liver homogenates were immunoprecipitated with anti-TRB3 antibody and then blotted with antiAkt antibody. Consistent with the lower protein levels of TRB3
in HFD-Leu mice, Akt/TRB3 association was significantly
decreased in these mice (Fig. 7B). We further analyzed the
effect of leucine on insulin-stimulated Akt phosphorylation in
the animal. In mice maintained on ND, insulin increased Akt
phosphorylation (Ser473). However, the effect of insulin on Akt
phosphorylation was significantly inhibited in mice maintained
on HFD (Fig. 7C). Addition of leucine to HFD restored
insulin-stimulated Akt phosphorylation (Fig. 7C).

Leucine supplementation enhances insulin sensitivity in HFD
mice. To validate that leucine supplementation promotes insulin signaling, we evaluated the effect of leucine on glucose
metabolism in HFD mice. As expected, leucine supplementation normalized fasting blood glucose in HFD mice, and this
effect persisted throughout the study period (Fig. 8A). Consistently, during the glucose tolerance test, there was a significant
increase in blood glucose levels in HFD mice. Addition of leucine
to the HFD reduced the blood glucose levels (Fig. 8B). The
increased glucose tolerance by leucine was also illustrated with
the area under the curve measurement (Fig. 8C), suggesting that
leucine enhances insulin sensitivity. We therefore performed a
hyperinsulinemic-euglycemic clamp study in these mice. In line
with the fact that diet-induced obesity inhibits insulin sensitivity,
a significant decrease in the glucose infusion rate was observed in
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Fig. 7. Leucine suppresses pseudokinase tribble 3 (TRB3) expression and improves insulin signaling in the liver. A: Expression of TRB3 in liver was analyzed
by WB using an anti-TRB3 antibody (n ⫽ 5 per group). *P ⬍ 0.05 vs. HFD. B: liver homogenates were immunoprecipitated with anti-TRB3 antibody and then
probed with an anti-Akt antibody by WB (n ⫽ 5 in each group). *P ⬍ 0.05 vs. HFD. C: liver homogenates were subjected to WB analysis to determine expression
of total and phospho-Akt (Ser437; n ⫽ 5 per group). *P ⬍ 0.05 vs. ND; #P ⬍ 0.05 vs. ND/Ins; †P ⬍ 0.05 vs. HFD/Ins.
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Fig. 6. Inhibition of AMPK prevents activation of SIRT1 signaling in HFD-Leu mice. Mice were fed HFD supplemented with or without leucine for 8 wk. After
4 wk of treatment, mice were randomly assigned to be transfected with adenovirus encoding GFP or dominant negative (DN)-AMPK. A: expressions of
phospho-AMPK (Thr172), phospho-ACC (Ser79), and SIRT1 in liver were analyzed by WB. B: liver homogenates were subjected to WB to detect expression of
NAMPT. C: NAD⫹/NADH ratio in hepatic tissues was determined as described in MATERIALS AND METHODS (n ⫽ 5 in each group). *P ⬍ 0.05 vs. HFD.
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Fig. 8. Leucine supplementation improves insulin sensitivity in mice subjected to HFD. A: fasting blood glucose levels were measured in tail vein blood sample
using a glucometer (n ⫽ 8 in each group). *P ⬍ 0.05 vs. ND; †P ⬍ 0.05 vs. HFD. B: an intraperitoneal glucose tolerance test was performed in mice after an
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HFD mice. Importantly, the glucose infusion rate in mice on HFD
and leucine was significantly higher than that in HFD mice,
indicating that dietary leucine enhances insulin sensitivity in a
diet-induced obesity model (Fig. 8, D and E).
DISCUSSION

The present study demonstrates that dietary leucine prevents
HFD-induced obesity, increases glucose infusion rate during a
clamp, and reduces lipid accumulation, which could be consistent
with elevated energy consumption. Addition of leucine to HFD
correlates with increased SIRT1 expression, decreased PGC1␣
acetylation, and improved mitochondrial function and biogenesis.
In addition, activation of SIRT1 leads to deacetylation of FoxO1,
which reduces TRB3 expression and prevents the interaction
between TRB3 and Akt, thereby enhancing insulin sensitivity.
Leucine has been implicated in the regulation of many cellular
processes such as protein synthesis, cell growth, and energy
metabolism through activation of the mammalian target of rapamycin (mTOR) (1). However, whether or not leucine alleviates

the metabolic syndrome remains unproven (27), and relevant
signaling mechanisms (39) are also incompletely understood. In
the present study, we demonstrated that mice on HFD and leucine
exhibited increases in expression of SIRT1 and NAMPT as well
as intracellular NAD⫹ levels, which are required for SIRT1 to
deacetylate lysine residues on target proteins (20). At the same
time, there was a reduction in acetylation of two well-known
SIRT1 substrates, PGC1␣ and FoxO1 (49). These data suggest an
increase in SIRT1 deacetylation activity in mice treated with HFD
and leucine. Since SIRT1 is a key regulator of energy and
metabolic homeostasis, activation of SIRT1 may be an important
mechanism by which leucine supplementation prevents HFDinduced obesity, insulin resistance, and metabolic disorders.
In addition, we have demonstrated that overexpression of
DN-AMPK prevents leucine-induced increases in SIRT1,
NAMPT, and NAD⫹, suggesting that leucine supplementation
may stimulate SIRT1 through activation of AMPK signaling.
Once activated, SIRT1 deacetylates and activates transcriptional factor PGC1␣ to induce genes regulating mitochondria
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leucine, and isoleucine (28), suggesting that increased serum
levels of valine and isoleucine may contribute to insulin resistance
in the HFD animal. In the current study, compared with HFD
mice there is a significant reduction in visceral fat in HFD-Leu
mice, which may contribute to the beneficial effects of leucine
supplementation in our model system because increased amount
of visceral fat is associated with insulin resistance, type 2 diabetes,
and dyslipidemia (6, 43, 44).
In summary, we have provided evidence that leucine supplementation correlates with increased expression of SIRT1
and deacetylation of PGC1␣ and FoxO1. These changes may
contribute to the prevention of mitochondrial dysfunction,
insulin resistance, and metabolic disorders in HFD mice. Our
results provide a rationale for further exploring the role of
leucine supplementation in the prevention and treatment of
obesity and type 2 diabetes.
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