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Abstract

Aim/hypothesis Lowering the body weight set point is a

prerequisite for the maintenance of reduced body weight.

In this context, obesity is known to be strongly linked to

leptin resistance, and it remains to be clarified whether

recovery from leptin resistance might lower the body

weight set point to allow sustained body weight loss.

Methods Obese IRS-2 knockout (IRS-2-/-) mice were

subjected to calorie restriction (CR) or b3-adrenergic re-

ceptor (AR) agonist treatment. The physiological effects of

leptin, hypothalamic leptin signaling, and alterations of the

body weight set point were evaluated.

Results In the CR mice, recovery from acquired leptin

resistance was observed, as shown by the restoration of the

suppressive effects of leptin on food intake and weight

gain, as well as the recovery of signal transducer and ac-

tivator of transcription 3 (STAT3) phosphorylation. Nev-

ertheless, the body weight quickly rebounded to the

original body weight after cessation of the CR, suggesting

that CR failed to overcome the primary defect in IRS-2/

phosphatidylinositol 3-kinase (PI3K) signaling. On the

other hand, after 2 weeks b3-AR agonist treatment, the

mice began to lose body weight, indicating that the treat-

ment was able to overcome the primary defect in IRS-2/

PI3K signaling and lower the body weight set point.

Conclusions/interpretation Recovery of acquired leptin

resistance does not lead to a resetting of the body weight

set point in obese IRS-2/PI3K-defective mice. b3-AR
agonist treatment may act on some pathways distal to or

independent of PI3K and/or STAT3, inducing resetting of

the body weight set point.
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Introduction

Maintenance of a reduced body weight is one of the most

critical issues in the treatment of obesity, because a con-

siderable number of obese patients suffer from rebound

obesity. This phenomenon can be explained by the so-

called ‘‘set point theory’’ [1, 2], which was proposed based

on animal studies, and proposes that the body has its own

body weight set point to maintain a specific level of adi-

posity by a proportional feedback system. The lipostat

model or the set point theory beautifully explains the

common phenomenon of weight regain after acute weight

loss and the failure of dieting to induce sustained weight

loss despite various trials to promote sustained weight loss

[3]. Currently, however, alternative models, including the

‘‘settling point theory’’ and the ‘‘dual intervention point

model’’, have been proposed to explain the obesity pan-

demic in our society [4].

Leptin is an adipocytokine that functions as the affer-

ent signal in a negative feedback loop regulating body

weight [5–8]. Leptin serves to maintain a relatively con-

stant weight in mammals, and has been regarded as a

central player in the lipostat system, which was recently

lent support by a mathematical model [9]. At their body

weight set point, an individual produces a given amount

of leptin in order to maintain a balanced state of energy

homeostasis by regulating food intake and energy ex-

penditure. Thus, the degree of leptin action, which is

determined by the amount of leptin secreted from the

adipocytes and the leptin sensitivity of the target tissues,

is one of the major factors that determines each indi-

vidual’s body weight set point [9]. In fact, the discovery

of individuals with loss-of-function mutations in the gene

encoding leptin [10] and mutations in other genes in the

neural pathways downstream of leptin have lent strong

support to the role of leptin in determining the body

weight set point [11].

In addition to genetic defects of the leptin signaling

molecules, acquired [12] or cellular leptin resistance [13]

has also been recognized, which refers to a diminished

response to the signaling or weight-reducing effect of

exogenous leptin associated with obesity [14–17]. It is

widely accepted that acquired leptin resistance augments

weight gain [13]. However, it remains unclear whether

acquired leptin resistance directly determines the body

weight set point or whether there are certain intermediary

factors that determine the body weight set point. Cur-

rently, hyperleptinemia, but not obesity per se, is re-

ported to be a major determinant of acquired leptin

resistance through its downregulation of signal transducer

and activator of transcription 3 (STAT3) phosphorylation

in the hypothalamus [18]. Importantly, this report also

demonstrated that a high fat diet (HFD)-induced upward

shift of the body weight set point is not affected by the

STAT3 phosphorylation levels in the hypothalamus. This

observation led us to investigate whether acquired leptin

resistance might actually affect the body weight set

point.

Obesity promotes a number of cellular processes that

attenuate leptin signaling and augment body weight gain.

STAT3 and phosphatidylinositol 3-kinase (PI3K) signaling

are the two major arms of leptin signaling [5, 19–22].

Although prolonged hyperleptinemia has been shown to

impair STAT3 phosphorylation in the hypothalamus [18],

obesity per se has been shown to hamper PI3K signaling

events [23]. To precisely understand the role of acquired

STAT3 phosphorylation defects in the development of

obesity and of recovered STAT3 signaling in reducing the

body weight set point, an animal model in which the role of

STAT3 can be analyzed independently of the primary

cause of obesity was desired, and IRS-2 knockout (IRS-

2-/-) mice were established as an ideal model for this

purpose. These mice show severely reduced leptin-s-

timulated PI3K activity, exhibit increased adiposity with

hyperleptinemia, and are resistant to peripherally admin-

istered leptin, without having any genetic defects in the

STAT3 signaling pathway [20, 24–28].

b3-adrenergic receptor (AR) agonists are known as anti-

diabetic and anti-obesity drugs because they induce lipo-

lysis in white adipose tissue (WAT) and thermogenesis in

brown adipose tissue (BAT) [29, 30]. In humans, they are

known to improve the insulin sensitivity by increasing fat

oxidation [31]. Notably, specific b3-AR agonists have also

been shown to ameliorate the hyperleptinemia associated

with increased adiposity in obese rodents. In fact, the b3-
AR agonist AJ-9677 has been shown to decrease the

mRNA expression level of leptin in the epididymal WAT

of KK-Ay/Ta mice [32]. However, it has not yet been

clarified whether b3-AR agonists can improve leptin re-

sistance, especially at the level of STAT3 phosphorylation.

It also remains to be clarified whether b3-AR agonists can

alter the body weight set point to allow sustained body

weight loss.

To compare the effect of calorie restriction (CR) and

b3-AR agonist treatment on the recovery of leptin sen-

sitivity, we established, for the first time, an animal sys-

tem of IRS-2-/- mice that serves as an ideal model for

differential analysis of the significance of STAT3 sig-

naling defects and PI3K signaling defects in the deter-

mination of the body weight set point [24, 27]. In the

present study, we showed that amelioration of acquired

leptin resistance per se is not sufficient to reduce an

elevated body weight set point in obese animals, and that

other pathways distal to or independent of PI3K and/or

STAT3 signaling events are crucial for the maintenance

of reduced body weight.
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Methods

Animals

Male IRS-2?/- mice on a C57BL/6J background were in-

tercrossed to obtain the IRS-2-/- and IRS-2?/? mice (wild-

type) used for this study. The mice were maintained under

a 12-h light/dark cycle and given regular chow (MF; Ori-

ental Yeast Co. Ltd., Tokyo, Japan) consisting of 22.8 %

(wt/wt) protein, 2.8 % fiber, 5.8 % ash, 55.2 % carbohy-

drates, 5.1 % fat, and 8.4 % water. Then, 12-week-old IRS-

2-/- mice were divided into two groups, as follows, for the

calorie restriction experiment: an ad libitum-fed group and

a calorie-restricted group. The calorie-restricted group was

given around 3.0 g/day of chow for 3 weeks to adjust their

body weight to that of the wild-type mice. For the b3-AR
agonist injection study, 12-week-old IRS-2-/- mice were

divided into treatment and vehicle groups. The treatment

group received intraperitoneal administration of CL-

316243, a b3-AR agonist (0.3 mg/kg body weight; Sigma–

Aldrich, St. Louis, MO, USA), while the vehicle-treated

group received physiological saline alone each morning.

The body weight and food intake were monitored at

09:00 h throughout the study period. The animal care

methods and experimental procedures employed were ap-

proved by the Animal Care Committee of the University of

Toyama.

Determination of the glucose, insulin, and leptin levels

Blood samples from the IRS-2-/- and wild-type mice were

collected between 09:00 and 11:00 h before and after

calorie restriction and b3-AR agonist treatment. The blood

glucose concentration was measured using an automatic

blood glucose meter (FreeStyle Sensor; NIPRO, Osaka,

Japan). The serum insulin levels were determined using the

Mouse Insulin ELISA kit (AKRIN-031; Shibayagi, Gun-

ma, Japan). The serum leptin levels were measured using

an enzyme-linked immunosorbent assay-based Quantikine

Mouse Leptin Immunoassay kit (R&D Systems, Min-

neapolis, MN, USA), according to the manufacturer’s

instructions.

Evaluation of the effects of leptin administration

Recombinant mouse leptin (PeproTech EC Ltd., Lon-

don, UK) was dissolved in distilled water, and leptin or

saline was injected intraperitoneally into the IRS-2-/-

and wild-type mice at 20:00 h. Food intake and body

weight gain were monitored from 20:00 to 08:00 h to

evaluate the responses of the two groups to the leptin

injection.

Immunoblotting

After food deprivation for 2–3 h, the IRS-2-/- andwild-type

mice were administered intraperitoneal injections of

recombinant leptin or saline. The hypothalamus was re-

moved at 4 h after the injection and immediately ho-

mogenized in ice-cold buffer A (25 mM Tris–HCl [pH7.4],

10 mM sodium orthovanadate, 10 mM sodium pyrophos-

phate, 100 mM sodium fluoride, 10 mM EDTA, 10 mM

EGTA, and 1 mM phenylmethyl sulfonyl fluoride) using a

Multi-Beads Shocker (Yasui-kikai, Osaka, Japan). Im-

munoblotting was performed as described previously [27].

The antibodies to STAT3 and phospho-STAT3 (Tyr705)

were purchased from Cell Signaling Technology (Beverly,

MA, USA).

Phosphatidylinositol 3-kinase (PI3K) assay

The hypothalamus was removed 1 h after the intraperi-

toneal injection of leptin and homogenized and centrifuged

at 15,000 rpm for 30 min in ice-cold buffer A. PI3K ac-

tivity was then measured as described previously [33].

Quantitative polymerase chain reaction with reverse

transcription (RT-PCR)

IRS-2-/- and wild-type mice were subjected to food de-

privation for 2–3 h and injected intraperitoneally with re-

combinant leptin or saline. The hypothalamus was then

removed. Following the extraction of total RNA and syn-

thesis of cDNA, RT-PCR was performed as described

previously [34]. The results were normalized against the

gene expression of 18S.

Data analysis

Statistical analyses were performed using Student’s t test or

ANOVA, followed by the Tukey–Kramer test. The results

are presented as the mean ± SEM.

Results

Calorie restriction effectively decreased the body

weight and fat mass, improved glucose metabolism,

and ameliorated hyperleptinemia in the IRS-2-/- mice

Consistent with our previous report [24], the body weight

of the IRS-2-/- mice was higher than that of the wild-

type mice from 8 weeks of age. When the IRS-2-/- mice

were subjected to calorie restriction for 3 weeks, their

body weight decreased to become almost comparable to

that of the wild-type mice (Fig. 1a). The calorie-restricted
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IRS-2-/- mice showed decreased epididymal WAT

weight, with smaller adipocytes (Fig. 1b–d). They also

showed improved glucose metabolism and lowered leptin

levels as compared to the ad libitum-fed IRS-2-/- mice

(Fig. 1e–g).

Calorie restriction ameliorated leptin resistance in the

IRS-2-/- mice

We next compared the physiological effects of leptin on the

food intake and body weight gain in the calorie-restricted
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Fig. 1 Calorie restriction decreased the body weight and fat mass

effectively, improved glucose metabolism, and decreased the serum

leptin levels in the IRS-2-/- mice. a Changes in the body weight of

the ad libitum-fed IRS-2-/- mice (squares), calorie-restricted IRS-

2-/- mice (triangles), and wild-type mice (circles) (n = 20–30).

b Weight ratios of the epididymal fat tissue per body weight in the

ad libitum-fed IRS-2-/- mice (IRS-2-/- ad lib), calorie-restricted

IRS-2-/- mice (IRS-2-/- CR), and wild-type mice (WT). c HE-stained
pictures of the epididymal WAT after 3 weeks of calorie restriction in

the ad libitum-fed IRS-2-/- mice (IRS-2-/- ad lib), calorie-restricted

IRS-2-/- mice (IRS-2-/- CR), and wild-type mice (WT). The scale for

the bar is 200 lm. d Statistical analysis of the adipocyte size. Data

are presented as a fraction of the number of adipocytes visible in a

field. The adipocytes were counted in three other fields in each mouse

(n = 3). The concentrations of e blood glucose (n = 30–40), f serum
insulin, and g leptin in the ad libitum-fed IRS-2-/- mice (IRS-2-/- ad

lib), calorie-restricted IRS-2-/- mice (IRS-2-/- CR), and wild-type

mice (WT) are shown (n = 5–10). White bars 12 weeks of age, black

bars 15 weeks of age. Data are presented as the mean ± SEM.

**p\ 0.01, *p\ 0.05. **p\ 0.01 in a, ad libitum-fed vs. calorie-

restricted IRS-2-/- mice
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and ad libitum-fed IRS-2-/- mice. Injection of leptin at a

dose of 20 mg/kg body weight, but not a dose of 10 mg/kg

body weight, significantly reduced the food intake and

body weight gain in the calorie-restricted IRS-2-/- mice as

compared with those in the ad libitum-fed IRS-2-/- mice

(Fig. 2). These results suggest that—at least in part—

calorie restriction ameliorated leptin resistance in the IRS-

2-/- mice, consistent with a previous report [35].

Calorie restriction restored the leptin-induced STAT3

phosphorylation defect and leptin-stimulated gene

expressions in the hypothalamus of the IRS-2-/- mice

To clarify the molecular mechanism of the partial ame-

lioration of leptin resistance in the calorie-restricted IRS-

2-/- mice, we investigated STAT3 phosphorylation and

the gene expressions of appetite-controlling neuropeptides.

Leptin signaling is known to induce the gene expression of

pro-opiomelanocortin (POMC), an anorexigenic neu-

ropeptide, and to reduce that of neuropeptide Y (NPY), an

orexigenic neuropeptide. We found a marked recovery of

STAT3 phosphorylation (Fig. 3a, b) associated with re-

covery of the effects of leptin on the expressions of POMC

and NPY (Fig. 4a, b) in the calorie-restricted IRS-2-/-

mice (almost comparable to the findings in the wild-type

mice) as compared with those in the ad libitum-fed IRS-

2-/- mice. This recovery occurred without improvement of

the severely impaired PI3K activity (Fig. 3c, d). Suppressor

of cytokine signaling 3 (SOCS3) is induced by activated

STAT3 and is a negative regulator of leptin signaling, so
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Fig. 2 Calorie restriction

improved leptin resistance in

IRS-2-/- mice. Changes in

a food intake and b body weight

during the 12-h period after

leptin (10 or 20 mg/kg body

weight) or saline injection in the

ad libitum-fed IRS-2-/- mice

(IRS-2-/- ad lib), calorie-

restricted IRS-2-/- mice (IRS-

2-/- CR), and wild-type mice

(WT) (n = 5–18). Data are

presented as the mean ± SEM.

**p\ 0.01
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that it occurs in the feedback loop in the leptin-induced Janus

kinase (JAK)2-STAT3 pathway. The basal gene expression

of SOCS3 was increased in the ad libitum-fed IRS-2-/-mice

as compared with that in the wild-type mice. In contrast,

calorie-restricted IRS-2-/- mice showed a reduction in the

basal SOCS3 gene expression relative to that in the ad libi-

tum-fed IRS-2-/- mice. In addition, the responsiveness of

leptin-induced SOCS3 gene expression was enhanced in the

calorie-restricted IRS-2-/- mice (Fig. 4c).

Calorie restriction could not lower the body weight set

point in the IRS-2-/- mice

To assess whether the calorie restriction-induced improve-

ment in leptin resistance could reset the bodyweight set point,

we next examined the body weight after releasing calorie

restriction. IRS-2-/- mice were subjected to calorie

restriction for 3 weeks; by the end of this period their body

weight had become almost comparable to that of the wild-

type mice (Fig. 5a). The IRS-2-/- mice were then released

from the calorie restriction and fed ad libitum. Food intakeper

day in the calorie-restricted IRS-2-/- mice significantly in-

creased during the first week after release from calorie re-

striction as comparedwith that in the ad libitum-fed IRS-2-/-

mice (Fig. 5b). The bodyweight of the calorie-restricted IRS-

2-/-mice immediately rebounded toward that of the ad libi-

tum-fed IRS-2-/- mice, with the body weights of the two

groups remaining similar during the latter course (Fig. 5a).

Effects of b3-AR agonist treatment on the body weight,

fat mass, hyperleptinemia, and glucose metabolism

We next addressed the effect of a b3-AR agonist—an al-

ternative treatment to calorie restriction for obesity—on the
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Fig. 3 Calorie restriction restored leptin-induced STAT3 phospho-

rylation but exerted no effect on the PI3K activity in the hypotha-

lamus of IRS-2-/- mice. a Immunoblotting of phospho- or non-

phospho-STAT3 in hypothalamus of ad libitum-fed IRS-2-/- mice

(IRS-2-/- ad lib), calorie-restricted IRS-2-/- mice (IRS-2-/- CR),

and wild-type mice (WT) after leptin injection. b Intensities of the

bands corresponding to phospho-specific STAT3 corrected for non-

phospho-STAT3 expression. c PI3K activity in the hypothalamus of

the wild-type mice (WT), ad libitum-fed IRS-2-/- mice (IRS-2-/- ad

lib) and calorie-restricted IRS-2-/- mice (IRS-2-/- CR). The PI3K

activity in insulin-stimulated HIRcB cells—the positive control—is

shown on the right side of the picture. d Bar graph showing the PI3K

activity in each group. Data are presented as the mean ± SEM of four

independent experiments. White bars saline injection, black bars

leptin injection. **p\ 0.01, *p\ 0.05
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body weight and leptin resistance. We administered the b3-
AR agonist CL-316243 by intraperitoneal injection. During

the first 2 weeks of CL-316243 treatment, the body weight

of the CL-316243-treated IRS-2-/- mice remained com-

parable to that of the vehicle-treated IRS-2-/- mice

(Fig. 6a), despite the increased average food intake of the
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injection. Data are presented as

the mean ± SEM. **p\ 0.01,
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CL-316243-treated IRS-2-/- mice as compared to the ve-

hicle-treated IRS-2-/- mice (Fig. 6e). It has been reported

that CL-316243 directly suppresses leptin production in the

adipocytes [36]. CL-316243 treatment significantly ame-

liorated the hyperleptinemia (Fig. 6f). A reduction in the

size of the adipocytes was observed (Fig. 6c, d), as previ-

ously reported [32], without any effect on the body weight

(Fig. 6a) or the epididymal WAT weight ratio relative to

the total body weight in the IRS-2-/- mice (Fig. 6b). CL-

316243 also improved the glucose metabolism in the IRS-

2-/- mice (Fig. 6g, h). After the mice had been treated

with CL-316243 for another 2 weeks, the body weight of

the mice began to drop significantly (Fig. 6a). Thus, we

performed the following analysis at day 14 of CL-316243

treatment, as this was the timepoint at which CL-316243

treatment was ameliorating hyperleptinemia but was not

affecting body weight.

Chronic b3-AR agonist treatment improved leptin

resistance in the IRS-2-/- mice

To assess the effect of b3-AR agonist treatment on leptin

resistance, we next examined the effects of leptin on the

food intake and body weight gain induced by b3-AR
agonist treatment in the IRS-2-/- mice. Injection of leptin

at a dose of 20 mg/kg body weight, but not at a dose of

5 mg/kg body weight, significantly reduced the food intake

and body weight gain in the CL-316243-treated IRS-2-/-

mice as compared with that in the vehicle-treated IRS-2-/-

mice (Fig. 7). These results indicate that—at least in part—

b3-AR agonist treatment ameliorated leptin resistance in

the IRS-2-/- mice.

Chronic b3-AR agonist treatment restored the leptin-

induced STAT3 phosphorylation defect and leptin-

stimulated gene expressions in the hypothalamus of the

IRS-2-/- mice

We next investigated the effect on STAT3 phosphorylation

and expression of the genes encoding the appetite-con-

trolling neuropeptides. We found a marked recovery of

STAT3 phosphorylation (Fig. 8a, b) associated with the

recovery of the effects of leptin on the expression of

POMC and NPY (Fig. 9a, b) in the CL-316243-treated

IRS-2-/- mice as compared with the findings in the vehi-

cle-treated IRS-2-/- mice. This recovery was not, however,

associated with an improvement in the severely impaired

PI3K activity (Fig. 8c).

We next tested the expression of SOCS3 in the hy-

pothalamus. The basal gene expression of SOCS3 was in-

creased in vehicle-treated IRS-2-/- mice as compared with

that in the wild-type mice. In contrast, CL-316243-treated

IRS-2-/- mice showed a reduction of the basal SOCS3

gene expression relative to that in the vehicle-treated IRS-

2-/- mice. In addition, the responsiveness of leptin-in-

duced SOCS3 gene expression was enhanced in the CL-

316243-treated IRS-2-/- mice (Fig. 9c).

Discussion

We demonstrated in this study that lowering the body

weight set point is crucial to overcoming genetically

aberrant hypothalamic leptin signaling and thus obtaining a

successful effect of dieting without incurring a rebound

increase in body weight. Our results on the effects of CR

and b3-AR agonist treatments deserve to be emphasized:

CR and b3-AR agonist treatments exert differential im-

pacts on dieting, although both induce recovery of STAT3

phosphorylation (Figs. 3a, b, 8a, b). We demonstrated that,

under the condition of ad libitum feeding, b3-AR agonist-

treated mice showed a sustained reduction in body weight

whereas CR mice failed to show a sustained reduction in

body weight and became obese again after the release of

CR (Fig. 5a). These experimental findings indicate that (1)

CR cannot be an efficacious measure for lowering of the

body weight set point and achieving ultimate resolution of

obesity, (2) strategies other than CR are required to prevent

a rebound increase in body weight after CR release, and (3)

b3-AR agonist treatment represents one effective way to

resolve obesity by overcoming the genetically aberrant

hypothalamic signaling, as seen in IRS-2-/- mice.

The involvement of leptin resistance in determining the

body weight set point has not yet been clarified. Leptin

resistance, defined as diminished intracellular responses in

the hypothalamus or inadequate weight reduction in

bFig. 6 b3-AR agonist treatment increased food intake while exerting

no effect on the body weight, improved glucose metabolism, and

decreased serum leptin levels in IRS-2-/- mice. a Changes in the

body weight of the IRS-2-/- mice treated with the b3-AR agonist CL-

316243 (triangles) or vehicle (squares) for 30 days (n = 5 per

group). b Weight ratios of the epididymal fat tissue per body weight

on day 14 in the vehicle-treated IRS-2-/- mice (IRS-2-/- vehicle),

b3-AR agonist-treated IRS-2-/- mice (IRS-2-/- CL-316243), and

wild-type mice (WT). c HE-stained pictures of the epididymal WAT

after 2 weeks of b3-AR agonist treatment in the vehicle-treated IRS-

2-/- mice (IRS-2-/- vehicle), b3-AR agonist-treated IRS-2-/- mice

(IRS-2-/- CL-316243), and wild-type mice (WT). The scale for the

bar is 200 lm. d Statistical analysis of the adipocyte size. The data

are presented as fractions of the number of adipocytes in a field. The

adipocytes were counted in three other fields in each mouse (n = 3).

e Average food intake (g/12 h) during b3-AR agonist or vehicle

treatment (n = 12–14 per group). Concentrations of f leptin, g blood

glucose, and h insulin in the vehicle-treated IRS-2-/- mice (IRS-2-/-

vehicle), b3-AR agonist-treated IRS-2-/- mice (IRS-2-/- CL-

316243), and wild-type mice (WT) (n = 15–20 per each group).

White bars before treatment, black bars after 14 days of treatment.

Data are presented as the mean ± SEM. **p\ 0.01
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response to leptin administration, exists in the majority of

obese individuals, including rodents and humans [15–17].

Leptin resistance is also considered both a consequence

and a cause of obesity [37]. Our data on IRS-2-/- mice

under CR showed two independent reasons for the devel-

opment of leptin resistance: first, a primary defect in hy-

pothalamic IRS-2/PI3K signaling; second, acquired leptin

resistance [12] or cellular leptin resistance [13], as repre-

sented by reduced STAT3 phosphorylation. The primary

genetic defect in IRS-2/PI3K signaling promotes a vicious

cycle of obesity, hyperleptinemia, and acquired leptin re-

sistance, causing the body weight set point to be reached.

Since the body weight of the mice rebounded rapidly after

CR release, it was concluded that the resolution of acquired

leptin resistance by CR did not affect the body weight set

point.

How can b3-AR agonist treatment successfully lower

the body weight set point? As b3-AR agonist treatment

increases energy expenditure [38–40] and lowers the serum

leptin levels [41], b3-AR agonists can serve as anti-obesity

drugs. During the first 2 weeks of b3-AR agonist treatment,

the adiposity of the IRS-2-/- mice in this study remained

unaltered despite the increased energy expenditure; a cer-

tain ‘‘body weight-maintaining’’ mechanism may have

been operating to promote food intake (Fig. 6e). This in-

creased food intake may be explained, at least in part, by

reduced circulating leptin levels (Fig. 6f). As previously

reported, the b3-AR agonist reduced leptin gene expression

in adipocytes and adipose tissue [32, 41–43]. This seems to

be a direct effect of b3-AR agonists. Since the improve-

ment in leptin sensitivity may have been canceled out by

the lower serum leptin concentration, the total amount of
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leptin activity may have been lower despite the recovery of

leptin sensitivity. That may have been why we observed

increased food intake by the b3-AR agonist-treated IRS-

2-/- mice despite the recovery from leptin resistance. The

increase in food intake is also explained by the central

responses to prevent fat store depletion triggered by the

increased energy expenditure, as proposed by the lipostat

hypothesis [2]. After 2 weeks of b3-AR agonist treatment,

the mice began to lose body weight, with partial restoration

of the suppressive effect of leptin on food intake and body

weight gain (Fig. 7). Although STAT3 phosphorylation

was fully restored in the b3-AR agonist-treated mice, this is

not sufficient to sustain the body weight reduction, as

evidenced by the body weight changes in CR mice. Thus, it

is highly possible that b3-AR agonist treatment improved

leptin resistance, not only at the hypothalamic STAT3

phosphorylation level, but also at the level of other path-

ways either lying downstream or independent of leptin

signaling in the hypothalamus, which may determine the

body weight set point. The b3-AR agonist-induced increase

in energy expenditure may work on those pathways, thus

lowering the body weight set point to achieve sustainable

body weight loss. Lowering the body weight set point is the

key to maintaining reduced body weight [1–4]. Since we

demonstrated that an improvement in leptin sensitivity it-

self does not affect the body weight set point (Figs. 2a, 5),

but an increase in energy expenditure can lower the body

weight set point (Figs. 6a, 7), we concluded that an in-

crease in energy expenditure is the key to lowering the

body weight set point and maintaining a reduced body

weight.

It is of interest that b3-AR agonist treatment and phy-

sical exercise share common pathways in the central ner-

vous system (CNS), as demonstrated in a previous study

[44]. What are the clinical implications of this finding? It is

possible that certain genetic backgrounds force obese

subjects to develop obesity as in the case of genetically

disordered IRS-2-/- mice, in which CR per se is not able to

lower the original body weight set point. Thus, treatments

to alter the body weight set point itself, including b3-AR
agonist administration and exercise, should be adminis-

tered for patients who have a genetic background strongly

predisposing them to obesity.

How does b3-AR agonist treatment increase energy

expenditure? The effect of b3-AR agonists is not limited to

BAT. The existence of beige cells, which reside in sub-

cutaneous white adipose tissue and begin to express BAT-

specific genes and exhibit a BAT-like phenotype after cold
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Fig. 8 b3-AR agonist treatment

restored leptin-induced STAT3

phosphorylation but exerted no

effect on the PI3K activity in

the hypothalamus of IRS-2-/-

mice. a Immunoblotting of

phospho- or non-phospho-

STAT3 in the hypothalamus of

vehicle-treated IRS-2-/- mice

(IRS-2-/- vehicle) and b3-AR
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STAT3 expression. c The bar

graph shows the PI3K activity
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injection, black bars leptin

injection. Data are presented as
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**p\ 0.01, *p\ 0.05
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stimulation, was recently reported [45–48]. In fact, the

administration of a b3-AR agonist has been reported to

induce beige cells in inguinal white adipose tissue [49–52].

These browning phenomena are also involved in the b3-AR
agonist-mediated increase in energy expenditure.

HFD administration is known to elevate the body weight

set point, independent of STAT3 phosphorylation [18]. It

would seem that HFD helps to elevate the body weight set

point by impairing leptin signaling, including by increasing

endoplasmic reticulum (ER) stress and inducing inflam-

mation in the hypothalamus [53]. In fact, the body weight

set point of HFD-fed ob/ob mice, in which the serum leptin

levels were clamped to the levels seen in normal chow-fed

wild-type mice, as a consequence of which the STAT3

phosphorylation level was also comparable to that in nor-

mal chow-fed wild-type mice, was similar to that in HFD-

fed wild-type mice [18]. These data suggest that HFD it-

self, and not the STAT3 phosphorylation level, was re-

sponsible for the elevated body weight set point. In

addition, the body weight of HFD-fed leptin-overexpress-

ing transgenic mice [54, 55] eventually caught up with the

body weight of HFD-fed wild-type mice. Thus, HFD di-

rectly transmits signals to upregulate the body weight set

point, independent of the serum leptin and hypothalamic

STAT3 phosphorylation levels. Attenuation of the feed-

back signal to defend the original adiposity associated with

HFD may be the basis of the ‘‘settling point theory’’ [4,

56].

What are the clinical implications of the amelioration

of acquired leptin resistance by CR? From the therapeutic

viewpoint, leptin administration should be recommended

after weight reduction is achieved, because leptin is more

effective in a calorie-restricted leaner state (Fig. 2). In

fact, Rosenbaum and Leibel have demonstrated in a series

of human studies that an enforced weight-reduced state is

regarded as a condition of relative leptin insufficiency,

and that low-dose leptin supplementation effectively

maintains the reduced body weight in weight-reduced

humans by reversing the skeletal muscle, autonomic, and

neuroendocrine adaptations [57, 58]. Leptin supplemen-

tation, however, was not so effective at reducing the body

weight set point in obese subjects, as previously reported

[59].

Acquired leptin resistance is largely explained by re-

duced STAT3 phosphorylation induced by hyperleptinemia

[18]. Although the CR-induced improvement of acquired

leptin resistance did not affect the body weight set point,

genetic defects of the genes involved in this feedback
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Fig. 9 Chronic b3-AR agonist

(CL-316243) treatment

increased POMC gene

expression, decreased NPY

gene expression, and restored

SOCS3 gene expression in the

hypothalamus of IRS-2-/- mice

after intraperitoneal leptin

administration. Gene expression

of a POMC, b NPY, and
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mice (IRS-2-/- vehicle), b3-AR
agonist-treated IRS-2-/- mice

(IRS-2-/- CL-316243), and

wild-type mice (WT) were

measured using quantitative

RT-PCR and normalized against

the gene expression of 18S

(n = 12–18 per group). Data are

presented as the mean ± SEM.

White bars saline injection,

black bars leptin injection.

**p\ 0.01, *p\ 0.05
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system affected the body weight set point, as seen in mice

deficient in SOCS3 [60, 61] and SOCS3/protein-tyrosine

phosphatase-1B (PTP1B) double mutants [62].

We evaluated the degree of leptin resistance by mea-

suring alterations in the food intake and body weight, as

well as by evaluating the STAT3 phosphorylation level and

neuropeptide expression status in the hypothalamus after

leptin administration. The leptin resistance measured by

this assay may be useful for evaluating the potential effi-

cacy of exogenously administered leptin. However, to

elucidate the molecular mechanisms of obesity, this assay

should be performed after body weight correction compa-

rable to that of the wild-type mice at the very least, because

genetic and acquired factors contribute to the development

of leptin resistance [13]. At the same time, the manner of

administration of leptin may need to be debated [14], be-

cause bolus administration and continuous infusion of

leptin may elicit distinct consequences. In our experiments,

leptin was injected as a single bolus daily, so the effect of

chronic administration of physiological concentrations of

leptin remains to be evaluated.

In conclusion, the recovery of leptin sensitivity by CR is

not sufficient to alter the body weight set point, as illus-

trated by the rebound increase in body weight after release

from the CR in the IRS-2-/- mice. This is considered to be

because CR can improve only ‘‘acquired’’ leptin resistance,

as reflected by the restored STAT3 phosphorylation, with

normalization of the hyperleptinemia. Resolution of ac-

quired leptin resistance per se cannot change the body

weight set point. In contrast, the b3-AR agonist effectively

lowered the body weight set point, with the reduced body

weight successfully maintained for as long as the drug was

administered. Interestingly, reduction of the body weight

set point was achieved even when the recovery of the

suppressive effects of leptin on food intake and body

weight gain was not complete in the b3-AR agonist-treated

mice (Fig. 7). These data indicate that the determination of

body weight set point is dissociated from the physiological

effects of exogenous leptin on food intake and body weight

gain as well as STAT3 phosphorylation and neuropeptide

gene expression.

Treatments that increase energy expenditure, including

b3-AR agonist administration and physical exercise, may

improve the leptin sensitivity in such a way that the body

weight set point is sufficiently lowered (as mediated by

pathways independent of STAT3), in part because of the

agonist’s effect on fat oxidation. Further investigations will

be required for a more detailed clarification of the

mechanisms involved.
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