
Leptin Signaling Is Required for Leucine Deprivation-
enhanced Energy Expenditure*

Received for publication, October 22, 2013, and in revised form, November 21, 2013 Published, JBC Papers in Press, December 3, 2013, DOI 10.1074/jbc.M113.528943

Qian Zhang, Bin Liu, Ying Cheng, Qingshu Meng, Tingting Xia, Lei Jiang, Shanghai Chen, Yong Liu1,
and Feifan Guo2

From the Key Laboratory of Nutrition and Metabolism, Institute for Nutritional Sciences, Shanghai Institutes for Biological Sciences,
Graduate School of the Chinese Academy of Sciences, University of Chinese Academy of Sciences, 320 Yueyang Road,
Shanghai 200031, China

Background: Leucine deprivation decreases fat mass via enhancing energy expenditure; the involvement of leptin signaling
is unknown.
Results: Leucine deprivation promoted leptin signaling, and the increased energy expenditure was blocked in leptin signaling-
disrupted mice.
Conclusion: Leptin signaling is required for leucine deprivation-increased energy expenditure.
Significance: Our studies reveal a physiological mechanism linking leptin signaling with leucine deprivation-enhanced energy
expenditure.

Leptin signaling in the hypothalamus is crucial in energy
homeostasis. We have previously shown that dietary depriva-
tion of the essential amino acid leucine in mice stimulates fat
loss by increasing energy expenditure. The involvement of lep-
tin signaling in this regulation, however, has not been reported.
Here, we show that leucine deprivation promotes leptin signal-
ing in mice maintained on an otherwise normal diet and restores
leptin responses in mice maintained on a high fat diet, a regimen
known to induce leptin resistance. In addition, we found that
leucine deprivation stimulated energy expenditure, and fat loss
was largely blocked in db/db mice homozygous for a mutation in
leptin receptor and a knock-in mouse line Y3F with abrogation
of leptin receptor Tyr1138-mediated signal transducer and acti-
vator transcript 3 signaling. Overall, our studies describe a novel
link between hypothalamic leptin signaling and stimulation of
energy expenditure under leucine deprivation.

Obesity is a complex chronic disease, and perturbed leptin
signaling in the hypothalamus, the major area in the brain reg-
ulating energy homeostasis, is known to contribute to its devel-
opment (1). Leptin, a peptide hormone secreted from white
adipose tissue, works through the leptin receptor (Ob-R), a
class 1 cytokine receptor (2). In mice, at least five forms of the
receptor have been reported to be produced from the Ob-R
gene, including four short isoforms (Ob-Ra, Ob-Rc, Ob-Rd, and
Ob-Re) and a long isoform (Ob-Rb) (3). Although Ob-Rb is

detectable in many tissues, it is only highly expressed in the
hypothalamus (4), specifically in the arcuate nucleus of hypo-
thalamus (ARC),3 ventromedial hypothalamus (VMH), and
dorsomedial hypothalamus (DMH), with lower levels in the
paraventricular nucleus of hypothalamus and the lateral hypo-
thalamic area (4 – 6). Binding of leptin to Ob-Rb stimulates the
phosphorylation of receptor Tyr1138, which activates the intra-
cellular Janus kinase (JAK)2/signal transducer and activator of
transcription (STAT) 3 pathway to reduce food intake and
increase energy expenditure (7, 8). Leptin resistance, which
blocks the anorexic and weight-reducing effects of leptin (9)
and reduces phosphorylation of STAT3 in the ARC (10), has
been observed in obese mice (11) and human (12) models.

Leptin signaling is transcriptionally regulated (13, 14) and
significantly affected by nutritional status. Both high fat diets
(HFD) and high fructose diets have been shown to cause leptin
resistance (15–19). In addition, dietary protein content also
influences leptin signaling (20, 21). Recent studies have demon-
strated that increased serum levels of amino acids are also
closely related to human obesity (22), which is usually associ-
ated with leptin resistance (23). These results indicate a possible
role of essential amino acids in leptin signaling.

Our laboratory has shown previously that dietary deprivation
of leucine stimulates fat loss largely via increasing energy
expenditure (24). Given the importance of leptin signaling in
the regulation of energy homeostasis, we speculated that hypo-
thalamic leptin signaling is required for the stimulation of
energy expenditure and fat loss during leucine deprivation. The
aim of this study was to investigate this possible link. In this
study, we show that leptin signaling is directly involved in the
regulation of energy expenditure and fat loss during leucine
deprivation, and the present evidence suggests that the signal-

* This work was supported in part by the Ministry of Science and Technology
of China 973 Program 2010CB912502 and 2009CB919001, National Natu-
ral Science Foundation Grants 81130076, 31271269, and 81100615, Key
Program of Shanghai Scientific and Technological Innovation Action Plan
Grant 13JC1409000, Knowledge Innovation Program of Chinese Academy
of Sciences Grant KSCX2-EW-R-09, Chinese Academy of Sciences Project
2011KIP307.

1 To whom correspondence may be addressed. Tel.: 0086-21-5492-0945; Fax:
0086-21-5492 0945; E-mail: luiy@sibs.ac.cn.

2 Supported by the One Hundred Talents Program of the Chinese Academy of
Sciences. To whom correspondence should be addressed. Tel.: 0086-21-
5492-0945; Fax: 0086-21-5492 0945; E-mail: ffguo@sibs.ac.cn.

3 The abbreviations used are: ARC, arcuate nucleus; HFD, high fat diet; VMH,
ventromedial hypothalamus; DMH, dorsomedial hypothalamus; ANOVA,
analysis of variance; SNK, Student-Newman-Keuls; HSL, hormone-sensitive
lipase; BAT, brown adipose tissue.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 3, pp. 1779 –1787, January 17, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

JANUARY 17, 2014 • VOLUME 289 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 1779



ing is mediated by the leptin receptor Tyr1138-mediated STAT3
pathway.

EXPERIMENTAL PROCEDURES

Animals and Diets—Male C57BL/6J mice and leptin recep-
tor-deficient (db/db) mice were obtained from Shanghai Labo-
ratory Animal Co., Ltd. (Shanghai, China). Y3F mice, with abro-
gated hypothalamic activation of STAT3 by leptin, were
described previously (25). Both db/db and Y3F mice are in the
C57BL/6J background. Mice were maintained on a 12-h light/
dark cycle at 25 °C. Control (nutritionally complete amino
acid), (�)leu (leucine-deficient), high fat diet (containing 60%
of calories as fat), and high fat diet without leucine diets were
obtained from Research Diets, Inc. (New Brunswick, NJ). Eight-
to-10-week-old WT, db/db, and Y3F mice were randomly
divided into control and (�)leu diet groups, with free access to
diets for 7 days. Four-week-old mice received high fat diet for 16
weeks to generate the leptin-resistant mouse model (26). At the
end of the experiments, animals were killed by CO2 inhalation.
Tissues were isolated, snap-frozen, and stored at �80 °C for
future analysis. These experiments were conducted in accord-
ance to the guidelines of the Institutional Animal Care and Use
Committee of the Institute for Nutritional Sciences, Shanghai
Institutes for Biological Sciences, and University of Chinese
Academy of Sciences.

Indirect Calorimetry—Mice were maintained in a comprehen-
sive laboratory animal monitoring system (CLAMS, Columbus
Instruments, Columbus, OH) for 20 h to allow them to adapt to
this environment, and the volume of O2 consumption and CO2
production was continuously recorded during the next 24 h
according to the manufacturer’s instructions.

Rectal Temperature Measurement—Rectal temperatures of
mice were measured at 3 p.m. (basal metabolic state) using a
rectal probe attached to a digital thermometer (Physitemp Inc.,
Clifton, NJ).

Leptin Sensitivity Assay in Vivo—Leptin was administered
after mice were maintained on a control or (�)leu diet for 7
days. For control and (�)leu-treated mice, mice were intraperi-
toneally (i.p.) injected with either PBS or leptin (2 or 3 mg/kg)
(27, 28). For HFD-fed mice, mice were i.p. injected with either
PBS or leptin (5 mg/kg) (29). Before each study day, mice were
fasted for 24 h, and leptin was administered at 9:00 a.m. Food
intake and body weight were measured at 1 and 4 h post-injec-
tion of leptin.

Real Time Quantitative Reverse Transcription-PCR (RT-PCR)—
RT-PCR was performed using RNA isolated from the hypothal-
amus of mice after i.p. injected with 2 mg/kg leptin or PBS for 45
min, as described previously (30). The sequences of primers
used in this study are available upon request.

Western Blot Analysis—After fasting for 24 h, mice were sub-
jected to i.p. injection with vehicle (PBS) or leptin (at 3 or 5
mg/kg) for 45 min before the hypothalami were removed for
analysis. Western blot analysis was performed as described pre-
viously (24). Primary antibodies phospho-STAT3, anti-total-
STAT3 (Cell Signaling Technology, Beverly, MA), and anti-ac-
tin antibody (Sigma) were incubated overnight at 4 °C, and specific
proteins were visualized by ECL (Amersham Biosciences).

Immunohistochemistry Staining—Immunohistochemistry stain-
ing was performed as described previously (16). Briefly, brain
coronal sections of 25 �m were cut using a frozen microtome
(Leica Microsystems, Germany), incubated with primary anti-
body anti-phospho-STAT3 (Tyr(P)705) (Cell Signaling Tech-
nology, Beverly, MA), and pictures were taken by using an
Olympus BX61 microscope (Olympus, Japan). Sections ranging
from Bregma �1.34 to �2.06 mm, which contain the ARC,
VMH, and DMH nuclei, were chosen for quantitative measure-
ment of STAT3 phosphorylation levels, with the third ventricle
used as the landmark. The intensity of pSTAT3-positive signals
was evaluated for each nucleus using the Image-Pro Plus soft-
ware program (Media Cybernetics, Inc.).

Statistical Analysis—All data are expressed as means � S.E.,
with the numbers of mice included in each group in each exper-
iment indicated. Significant differences were assessed by two-
tailed Student t test or one-way ANOVA followed by the Stu-
dent-Newman-Keuls (SNK) test. p � 0.05 was considered
statistically significant.

RESULTS

Leucine Deprivation Increases Leptin Signaling in Mice—To
investigate the effects of leucine deprivation on leptin signaling,
C57BL/6J wild-type (WT) mice were maintained on a leucine-
deficient diet or control diet for 7 days, as described in our
previous studies (24, 30, 31). Leucine deprivation significantly
decreased serum leptin levels compared with mice fed a control
diet (Fig. 1A). The effect of leucine deprivation on leptin signal-
ing was examined by measuring food intake and body weight
following i.p. injecting leptin (3 mg/kg) (28). Although food
intake was inhibited to a similar extent in both leucine-deprived
and control mice 1 h after leptin injection, it was significantly
decreased in leucine-deprived mice, but not in the control
group, 4 h following leptin injection (Fig. 1B). In contrast, body
weight was not significantly changed in either group following
leptin injection (Fig. 1C), which is possibly caused by the con-
tinuous water drinking during the treatment.

We next examined hypothalamic expression of several key neu-
ropeptides that regulate energy balance (27). These included
orexigenic neuropeptide Y, agouti-related peptide, anorexigenic
pro-opiomelanocortin, and cocaine and amphetamine-regu-
lated transcript, which have previously been shown to be inhib-
ited or stimulated, following i.p. administration of leptin (2
mg/kg) for 45 min (27). Leptin significantly inhibited hypotha-
lamic expression of Npy and Agrp in leucine-deprived mice but
not in control mice (Fig. 1D). We did not see the reported
changes in neuropeptide expression following leptin injection in
control mice; however, possibly due to the lower dose of leptin
used in our study, which varies among published experiments (27,
28). In addition, leptin increased Cart expression, but it had no
effect on Pomc expression in the hypothalamus of mice main-
tained on either control or leucine-deficient diets (Fig. 1D). Con-
sistent with a much stronger effect of leptin in leucine-deprived
mice, leptin produced a much more pronounced phosphorylation of
STAT3 (the “gold standard” marker of cellular leptin action
(10)) in the hypothalamus of these mice, especially in the ARC
area, compared with control mice as shown by immunohisto-
chemistry staining (Fig. 1, E–G).
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Leucine Deprivation Restores Leptin Signaling in Mice under
Conditions of Leptin Resistance Induced by Maintenance on
HFD—To test if leucine deprivation also stimulates leptin sig-
naling under conditions of leptin resistance, we examined its
effect in mice maintained on a HFD for 16 weeks, a regimen
known to induce leptin resistance (26). These mice were subse-
quently maintained on either a HFD or a leucine-deficient HFD
for 7 days before PBS or leptin injection. HFD increased serum
leptin levels compared with the control group, and this increase
was significantly reversed by leucine-deficient HFD (Fig. 2A).

Resistance to leptin in HFD-fed mice was demonstrated by the
loss of leptin-induced anorexia, corresponding to neuropeptide
changes in the hypothalamus and STAT3 phosphorylation in
the ARC compared with mice maintained on a control diet (Fig.
2, B and D–F). In contrast, leucine-deficient HFD largely
restored leptin’s ability to reverse the above markers of leptin
resistance (Fig. 2, B and D–F). Body weight was not obviously
decreased in control or HFD-fed mice, but it was significantly
reduced in mice maintained on a leucine-deficient HFD, fol-
lowing leptin injection for 1 and 4 h (Fig. 2C).

FIGURE 1. Leucine deprivation increases leptin signaling. Mice were fed a control (con) or leucine-deficient ((�)leu) diet for 7 days, followed by measuring
serum leptin levels in A; mice were fasted for 24 h prior to intraperitoneally injecting PBS (� leptin) or 3 mg/kg leptin (� leptin). This was followed by measuring
food intake and body weight 1 and 4 h post-injection in B and C or analyzing STAT3 phosphorylation 45 min post-injection in E and F, or mice were fasted for
24 h prior to i.p. injecting PBS (� leptin) or 2 mg/kg leptin (� leptin), followed by analyzing levels of mRNA 45 min post-injection in D. Data are mean � S.E. (n �
5– 6 for each group in A–E; n � 3 or 4 in F and G). Statistical significance was determined by Student’s t test. *, p � 0.05 for the effect of (�)leu versus control diet
for A and E, or by ANOVA followed by the SNK test. *, p � 0.05 for the effect of any group versus PBS treated-control mice. #, p � 0.05 for the effect of
leptin-treated (�)leu group versus PBS-treated (�)leu group. &, p � 0.05 for the effect of leptin-treated (�)leu group versus leptin-treated control group for B–D
and G. A, serum leptin levels; B, food intake; C, body weight change; D, hypothalamic neuropeptide changes; E, hypothalamic STAT3 proteins (upper panel,
Western blot; lower panel, quantitative measurements of p-STAT3 protein relative to total STAT3); F, immunohistochemistry staining for p-STAT3 in hypothal-
amus. 3V, third ventricle. Images shown are representative of several animals for each group. Scale bar, 500 and 200 �m. G, quantitation of the intensities of
positive p-STAT3 signals within the ARC, VMH, and DMH regions as marked in F. Relative signal intensities are quantified using Image-Pro Plus software from
sections at Bregma �1.34 to �2.06 mm for each indicated treatment group.
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Leptin Signaling Is Required for the Enhancement of Energy
Expenditure under Leucine Deprivation—We have previously
shown that leucine deprivation stimulates fat loss largely by

increasing energy expenditure (24). To investigate a possible
role of leptin signaling in the stimulation of energy expenditure
and fat loss during leucine deprivation, we fed WT mice and

FIGURE 2. Leucine deprivation restores leptin signaling in mice under conditions of leptin resistance induced by HFD. Mice were fed a control or HFD for
16 weeks, followed by feeding control diet (con), HFD (HF), or a HFD without leucine ((�)leu HF) for 7 days. These mice were measured by serum leptin levels
(A) or were fasted for 24 h prior to intraperitoneally injecting PBS (� leptin) or 5 mg/kg leptin (� leptin), followed by measuring food intake and body weight
1 and 4 h post-injection (B and C), or analyzing levels of mRNA and STAT3 phosphorylation for 45 min post-injection in D and E. Data are mean � S.E. (n � 5–7
for each group in A–D; n � 3 or 4 in E and F). Statistical significance was determined by ANOVA followed by the SNK test. *, p � 0.05 for the effect of HFD diet
versus control diet. #, p � 0.05 for the effect of leucine-deprived HFD versus HFD for A. *, p � 0.05 for the effect of leptin-treated group versus PBS-treated group
under the same diet. #, p � 0.05 for the effect of PBS-treated HFD versus PBS-treated control diet. &, p � 0.05 for the effect of PBS-treated (�)leu HFD versus
PBS-treated HFD for B–F. A, serum leptin levels; B, food intake; C, body weight change; D, hypothalamic neuropeptide changes; E, immunohistochemistry
staining for p-STAT3 in hypothalamus. 3V, third ventricle. Images shown are representative of several animals for each group. Scale bar, 500 and 200 �m. F,
quantitation of the intensities of positive p-STAT3 signals within the ARC, VMH, and DMH regions as marked in E. Relative signal intensities are quantified using
Image-Pro Plus software from sections at Bregma �1.34 to �2.06 mm for each indicated treatment group.
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mice homozygous for a mutated leptin receptor (db/db) a con-
trol or leucine-deficient diet for 7 days.

Consistent with our previous results (24), leucine deprivation
significantly decreased body weight and fat mass in WT mice,
but both of these effects were largely blocked in db/db mice
(Fig. 3, A and B). The absence of leucine deprivation-induced
fat loss in db/db mice could be the result of an increase in food
intake, a decrease in energy expenditure, or both. A similar
reduction in food intake, however, was observed in both WT
and db/db mice maintained on a leucine-deficient diet (Fig. 3C).
We therefore measured energy expenditure by indirect calo-
rimetry, rectal temperature, and physical activity. The total
energy expenditure (24 h O2 consumption, normalized to lean
body mass) was markedly increased, and the respiratory
exchange ratio (RER, VCO2/VO2) was low during both the dark
and light phases in WT mice maintained on a leucine-deficient

diet compared with WT mice maintained on a control diet (Fig.
3, D and E). By contrast, the effects of leucine deprivation on
energy expenditure and RER were absent in db/db mice (Fig. 3,
D and E). Consistent with changes in energy expenditure, the
increase in body temperature observed in WT mice following
leucine deprivation was significantly blocked in db/db mice
(Fig. 3F). We did not see significant differences in physical
activity between WT and db/db mice following leucine depri-
vation; however, basal activity in db/db mice was decreased
compared with WT mice (Fig. 3G).

Increased energy expenditure in leucine-deprived mice has pre-
viously been shown to correlate with an increase in uncoupling
protein (UCP)1 expression in brown adipose tissue (BAT) and
phosphorylation of protein kinase A (PKA) and the rate-limiting
lipase hormone-sensitive lipase (HSL) in white adipose tissue (24).
Here, we found that increases in UCP1 expression in BAT, as well

FIGURE 3. Leptin signaling is required for leucine deprivation-increased energy expenditure. Wild-type (WT) and db/db mice with leptin receptor
mutation (DB) were fed a control (con) or leucine-deficient ((�)leu) diet for 7 days. Energy expenditure was measured by indirect calorimetry. Data are mean �
S.E. (n � 5– 8 for each group). Statistical significance was determined by ANOVA followed by the SNK test. *, p � 0.05 for the effect of any group versus WT mice
with control diet. #, p � 0.05 for the effect of DB mice with (�)leu diet versus DB mice with control diet. &, p � 0.05 for the effect of DB mice with (�)leu diet versus
WT mice with (�)leu diet. A, body weight change; B, adipose tissue mass in proportion to body weight; C, daily food intake; D, 24 h oxygen consumption (VO2);
E, respiratory exchange ratio (RER); F, rectal temperature; G, physical activity; H, Ucp1 mRNA expression in BAT; I, UCP1 protein in BAT (upper panel, Western blot;
lower panel, quantitative measurements of UCP1 protein relative to actin); J, p-HSL and p-PKA substrate protein in white adipose tissue (upper panel, Western
blot; lower panel, quantitative measurements of p-HSL and p-PKA substrate protein relative to total HSL and actin, respectively).
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as phosphorylation of HSL and PKA substrate, were blocked in
db/db mice following leucine deprivation and that basal levels of
these mRNAs and proteins were lower in db/db mice (Fig. 3, H–J).

Ob-Rb Tyr1138-mediated STAT3 Signaling Is Required for
Increased Energy Expenditure during Leucine Deprivation—
One of the major pathways mediating the effects of leptin
depends on STAT3, as evidenced by the observation that neu-
ron-specific deletion of Stat3 recapitulates the obese phenotype
of db/db mice (32). To explore the possible role of hypotha-
lamic STAT3 signaling during leucine deprivation, we used
knock-in Y3F mice, in which hypothalamic activation of
STAT3 by leptin is prevented by a tyrosine-to-phenylalanine

substitution at Tyr1138 of Ob-Rb (25). Y3F and WT control mice
were maintained on a leucine-deficient or control diet for 7
days prior to examination of related metabolic parameters.
Phenotypically, the response to leucine deficiency in Y3F mice
closely matched that of db/db mice (Fig. 4, A–J). Although
UCP1 expression in BAT was slightly induced in Y3F mice fol-
lowing leucine deprivation, UCP1 levels were much lower com-
pared with those in leucine-deprived WT mice (Fig. 4, H and I).

DISCUSSION

In addition to transcriptional and/or translational regulation
of genes related to leptin signaling (13, 14), nutritional status

FIGURE 4. Hypothalamic Ob-Rb Tyr1138-mediated STAT3 is required for leucine deprivation-increased energy expenditure. Wild-type (WT) and knock-in
mouse line with abrogated leptin receptor Tyr1138-mediated STAT3 signaling (Y3F) were fed a control (con) or leucine-deficient ((�)leu) diet for 7 days. Energy
expenditure was measured by indirect calorimetry. Data are mean � S.E. (n � 5– 6 for each group). Statistical significance was determined by ANOVA followed
by the SNK test. *, p � 0.05 for the effect of any group versus WT mice with control diet. #, p � 0.05 for the effect of Y3F mice with (�)leu diet versus Y3F mice
with control diet. &, p � 0.05 for the effect of Y3F mice with (�)leu diet versus WT mice with (�)leu diet. A, body weight change; B, adipose tissue mass in
proportion to body weight; C, daily food intake; D, 24 h oxygen consumption (VO2); E, respiratory exchange ratio (RER); F, rectal temperature; G, physical activity;
H, Ucp1 mRNA expression in BAT; I, UCP1 protein in BAT (upper panel, Western blot; lower panel, quantitative measurements of UCP1 protein relative to actin);
J, p-HSL and p-PKA substrate protein in white adipose tissue (upper panel, Western blot; lower panel, quantitative measurements of p-HSL and p-PKA substrate
protein relative to total HSL and actin, respectively); K, working model.
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may also influence leptin signaling. It is well known that HFD
causes leptin resistance (15–17). Chronic fructose diets have
also been shown to be associated with increased plasma leptin
levels and to induce leptin resistance prior to the onset of obe-
sity (17–19). Moreover, fructose-free but high fat diets can
reverse high fructose/high fat diet-induced leptin resistance in
rats, suggesting that fructose in the diet is the bioactive ingre-
dient that causes leptin resistance (33).

Several lines of evidence suggest a relationship between
essential amino acids and leptin secretion and signaling. For
example, leucine activates leptin expression in rat adipose cells
(34) and increases satiety by stimulating leptin secretion in rats
(35). It has also been reported that leucine promotes leptin
receptor expression in mouse C2C12 myotubes (36). In addi-
tion, dietary supplementation of arginine or histidine has been
reported to suppress serum leptin levels (37, 38). A direct effect
of essential amino acids on leptin signaling, however, has not
previously been reported.

In this study, we show for the first time that dietary deficiency
of leucine has a significant effect on leptin signaling, as demon-
strated by decreased food intake, body weight, adiposity,
change of neuropeptide, and phosphorylation of STAT3 in
ARC area following leptin stimulation in mice maintained on a
leucine-deficient diet. In contrast to our observation that leu-
cine deprivation improves leptin signaling in mice, it has been
reported that a high protein diet decreases caloric intake in
humans, possibly mediated via increased leptin sensitivity (20),
and a low protein diet increases food intake and serum leptin
levels in rats, possibly reflecting a state of leptin resistance (21).
These results provide important information for understand-
ing the nutritional regulation of leptin signaling. However, the
effects of individual amino acids should not be equated with
high or low levels of proteins and deserve independent
investigation.

Leptin resistance has been identified as one of the major con-
tributing factors in obesity, based on observations in db/db
mice, HFD-fed mic, and fructose-fed mice (15–17, 19, 39). Var-
ious strategies have been proposed to promote leptin signaling,
including overexpression of Src homology-2B (13), inhibition
of protein-tyrosine phosphatase 1B expression (14), treatment
with drugs such as metformin (40), or feeding a fish-rich diet
(41). Here, we showed that dietary leucine deprivation can also
efficiently reverse the decreased leptin signaling in a leptin-
resistant mouse model. These results further indicate a role for
dietary amino acid content in leptin sensitivity and suggest that
manipulation of dietary amino acids may be an effective way to
improve leptin signaling and thereby decrease body weight.
Furthermore, because of the importance of amino acids in lep-
tin signaling, we speculate that the attenuated leptin signaling
in obese human patients might be caused by the increased
serum levels of amino acids such as leucine.

Our previous work has shown that leucine deprivation stim-
ulates fat loss largely via increasing energy expenditure (24). It is
known that leptin increases energy expenditure and promotes
fat metabolism in ob/ob mice, which are deficient in leptin
secretion (42). Furthermore, it has been shown that central
injection of leptin efficiently augments BAT UCP1 and pre-
vents weight gain in HFD-fed rats (43). In our study, a role for

leptin signaling in the regulation of energy expenditure during
leucine deprivation was confirmed by the observation of leu-
cine deprivation-mediated decreases in fat mass, and increases
in energy expenditure were blocked in db/db mice. Our obser-
vation that leptin levels are decreased in leucine-deprived mice,
compared with a control group, confirm that enhanced leptin
signaling is responsible for the stimulation of energy expendi-
ture during leucine deprivation. Lower leptin levels in leucine-
deprived mice could result from decreased fat mass or from a
direct effect of leucine deprivation on leptin secretion. Consis-
tent with the latter possibility, it has been reported that leucine
stimulates leptin secretion (34, 35).

Leptin functions by activating STAT3-dependent and -inde-
pendent intracellular signaling pathways (16, 25). Binding of
leptin to its membrane receptor Ob-Rb stimulates receptor
Tyr1138, Tyr985, and Tyr1077 phosphorylation (44). Phosphory-
lated Tyr1138 recruits STAT3 and activates the JAK2/STAT3
pathway, which modulates energy homeostasis (7, 8, 45). By
using Y3F mice with abrogated Tyr1138-mediated STAT3 sig-
naling (25), we provide evidence that hypothalamic STAT3
contributes to leptin-dependent regulation of energy expendi-
ture during leucine deprivation. Consistent with our results,
STAT3 signaling has been shown to be critical for leptin regu-
lation of UCP1 expression in BAT (8).

One of the downstream targets in mediating the effects of
hypothalamic STAT3 may be ribosomal protein S6 kinase 1
(S6K1), the downstream target of the mammalian target of
rapamycin kinase (46). Our previous study has shown that S6K1
activity is decreased in the hypothalamus and acts as a major
regulator of increased thermogenesis and fat loss during
leucine deprivation (31). By contrast, S6K1 activity is not
decreased in the hypothalamus of leucine-deprived db/db and
Y3F mice compared with control groups.4 In addition to the
Tyr1138-mediated STAT3-dependent pathway, intracellular
signaling pathways, including ERK, SOCS3, and STAT5, which
are regulated by phosphorylation of Ob-Rb at other tyrosine
sites, have been identified as important regulators of energy
homeostasis (47– 49). The possible role of these effectors in the
leucine and leptin-mediated regulation of energy homeostasis
need to be investigated in the future.

The mechanism by which leucine deprivation regulates lep-
tin signaling, however, is not yet understood. Previous studies
have indicated SH2B1, SOCS3, and protein-tyrosine phospha-
tase 1B as important regulators (13, 14, 50) for leptin signaling.
We did not, however, observe any changes in the hypothalamic
expression of Sh2b, Socs3, and Ptp1b by leucine deprivation
(data not shown). Recent studies have demonstrated that Rho
kinase (ROCK)1, in which the activity is influenced by nutri-
tional status (51, 52), increases phosphorylation of JAK2 and
downstream activation of STAT3 to regulate leptin action (45).
A possible role for ROCK1 in connecting leucine deprivation
with the leptin pathway will be studied in the future.

Taken together, our results show that leucine deprivation
promotes leptin signaling in mice maintained on an otherwise
normal diet and restores the responses to leptin under leptin-

4 Q. Zhang, B. Liu, Y. Cheng, Q. Meng, T. Xia, L. Jiang, S. Chen, Y. Liu, and F. Guo,
unpublished observations.
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resistant conditions in HFD-fed mice. In addition, we show that
leptin signaling is directly involved in the stimulation of energy
expenditure and fat loss under leucine deprivation and that this
effect is likely to be mediated by the STAT3-dependent path-
way (Fig. 4K). These results describe a novel link between hypo-
thalamic leptin/STAT3 signaling and stimulation of energy
expenditure under leucine deprivation, and they also provide a
new perspective for understanding the nutritional control of
leptin signaling and the role of leptin signaling in energy homeo-
stasis under deprivation of an essential amino acid. Future stud-
ies, however, will be required to elucidate mechanisms under-
lying leucine deprivation control of improved leptin signaling
in the hypothalamus and to identify specific STAT3-expressing
neuron responses for leucine deprivation-increased energy
expenditure.
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