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BACKGROUND AND PURPOSE
Most forms of human obesity are characterized by impaired leptin sensitivity and, therefore, the effectiveness of anti-obesity
leptin therapy in these leptin-resistant obese patients is marginal. Hence, the development of strategies to increase leptin
sensitivity is of high priority in the field of obesity research.

EXPERIMENTAL APPROACH
We first examined the effects of co-administration of leptin and meta-chlorophenylpiperazine (mCPP), an agonist of 5-HT2C

and 5-HT1B receptors, on energy balance in leptin-resistant diet-induced obese (DIO) mice. We further assessed leptin-induced
phosphorylation of the STAT-3 (pSTAT3) in various brain regions of DIO mice pretreated with mCPP or in mice genetically
lacking 5-HT2C receptors.

RESULTS
Co-administration of mCPP with leptin had an additive effect on reducing body weight in DIO mice. Furthermore, mCPP
pretreatment in DIO mice enhanced leptin-induced pSTAT3 in the arcuate nucleus, the ventromedial hypothalamic nucleus,
and the ventral premammillary nucleus. Finally, deletion of 5-HT2C receptors significantly blunted leptin-induced pSTAT3 in
these same hypothalamic regions.

CONCLUSIONS AND IMPLICATIONS
Our study provides evidence that drugs, which activate 5-HT2C receptors, could function as leptin sensitizers and be used in
combination with leptin to provide additional weight loss in DIO.

Abbreviations
AgRP, agouti-related peptide; ARC, arcuate nucleus; DIO, diet-induced obesity; DMH, dorsomedial hypothalamic
nucleus; LepRb, the long form of leptin receptors; mCPP, meta-chlorophenylpiperazine; NPY, neuropeptide Y; NTS,
nucleus of solitary tract; PMV, ventral premammillary nucleus; POMC, pro-opiomelanocortin; pSTAT3, phosphorylated
STAT-3; VMH, ventromedial hypothalamic nucleus
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Introduction

Obese individuals are at an increased risk of developing type
II diabetes, cardiovascular disease and cancer. Obesity is asso-
ciated with 300 000 premature deaths every year. These
figures highlight the urgent need to develop more effective
therapies to combat the disease.

Leptin, an adipocyte-derived hormone that mirrors the
body’s fat stores, plays an essential role in preventing obesity
(Halaas et al., 1995). Leptin initiates multiple intracellular
signalling cascades, including the JAK2/STAT-3 pathway
(Tartaglia, 1997). STAT3 has a critical role in mediating the
anti-obesity effects of leptin (Bates et al., 2003), and the phos-
phorylation of STAT3 (pSTAT3) after leptin administration
has been widely used to assess leptin sensitivity in animals
(Munzberg et al., 2003; 2004).

Leptin acts primarily through the long form of the leptin
receptor (LepRb) to suppress food intake, increase energy
expenditure and, therefore, decrease body weight (Tartaglia
et al., 1995). Various brain regions that express LepRb have
been identified as important sites for the ability of leptin to
produce anti-obesity effects. These include neurons in the
arcuate nucleus (ARC) expressing pro-opiomelanocortin
(POMC; Balthasar et al., 2004; Hill et al., 2010) or
co-expressing neuropeptide Y (NPY)/agouti-related peptide
(AgRP; van de Wall et al., 2008), neurons in the ventromedial
hypothalamic nucleus (VMH, also known as VMN; Dhillon
et al., 2006; Bingham et al., 2008), neurons in the ventral
premammillary nucleus (PMV; Leshan et al., 2012), and
neurons in the medial nucleus of solitary tract (NTS) and the
area postrema (Hayes et al., 2010).

Obesity caused by congenital leptin deficiency can be
completely cured by leptin replacement therapy (Farooqi
et al., 1999). However, most forms of human obesity are char-
acterized by hyperleptinaemia with leptin being ineffective, a
state referred to as leptin resistance (Myers et al., 2010). The
anti-obesity effects of leptin in these leptin-resistant obese
patients are minimal even at high doses. Thus, developing
strategies to increase leptin sensitivity has been a high prior-
ity in the field of obesity research. A few ‘leptin sensitizers’
have been identified, which can increase leptin sensitivity
and produce additive anti-obesity effects when combined
with leptin. For example, while leptin alone fails to reduce

body weight in rats with diet-induced obesity (DIO, an
animal model most commonly used to replicate human
obesity), the combination of leptin and the pancreatic
hormone amylin produces additional weight loss in DIO rats
(Roth et al., 2008). Importantly, the leptin-sensitizing effects
of amylin were also observed in obese patients (Roth et al.,
2008). Similarly, sibutramine also increases leptin sensitivity
in DIO rats, demonstrated by the additive effects on body
weight loss induced by the two reagents combined (Boozer
et al., 2001). Notably, sibutramine acts as a re-uptake
inhibitor to increase the levels of 5-HT, as well as noradrena-
line and dopamine (Heal et al., 1998). This raises the possi-
bility that drugs targeting the 5-HT system may serve as leptin
sensitizers.

In the current study, we first tested if co-administration of
leptin and meta-chlorophenylpiperazine (mCPP), an agonist
for both 5-HT2C and 5-HT1B receptors, can induce additional
body weight loss in mice with DIO. We then examined the
effects of mCPP on leptin-induced pSTAT3 in the brain of DIO
mice. Finally, we determined whether leptin-induced pSTAT3
was altered in 2C-null mice, which genetically lack 5-HT2C

receptors.

Methods

Mice
We have previously generated a 2C-null (loxTB-5-HT2C recep-
tor) mouse line (Xu et al., 2008). We verified that 2C-null
mice lack 5-HT2C receptors globally and phenotypically
resemble the conventional 5-HT2C receptor-knockout mice
(Tecott et al., 1995). We crossed male C57Bl6 mice with
female mice that were heterozygous for the 2C-null allele (Xu
et al., 2008). This cross-generated male wild type (WT) and
2C-null littermates. All the breeders had been backcrossed to
the C57Bl6 background for more than 12 generations. In
addition, some C57Bl6 mice were purchased from the mouse
facility of University of Texas Southwestern Medical Center or
of Baylor College of Medicine.

Mice were housed in a temperature-controlled environ-
ment at 22–24°C using a 12 h light/12 h dark cycle. The mice
were fed standard chow (6.5% fat, #2920, Harlan-Teklad,
Madison, WI, USA) or a high-fat diet (HFD, 40% fat;
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TD.95217, Harlan) as specified below. Water was provided ad
libitum. A total of 57 mice was used in this study. All mice
experiments were approved by the Institutional Animal Care
and Use Committee of University of Texas Southwestern
Medical Center at Dallas or of Baylor College of Medicine at
Houston. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010).

Additive effects of leptin and mCPP
Experiment 1. This experiment was performed at the Univer-
sity of Texas Southwestern Medical Center at Dallas. In order to
determine if leptin and mCPP can additively regulate energy
and glucose homeostasis in DIO mice, male C57Bl6 mice (at 8
weeks of age) were fed on HFD for 6 weeks to induce DIO and
leptin resistance (minimum body weight of 45 g). These DIO
mice were then anaesthetized with inhaled 2% isoflurane and
depth of anaesthesia was assessed by the absence of a toe-pinch
response. Alzet osmotic minipumps (#2002, DURECT Corpo-
ration, ALZET Osmotic Pumps, Cupertino, CA, USA) contain-
ing saline, leptin (0.5 mg·kg−1·day−1), mCPP (1.5 mg·kg−1·day−1)
or leptin (0.5 mg·kg−1·day−1) plus mCPP (1.5 mg·kg−1·day−1)
were implanted s.c. Eight mice were included in each treat-
ment group. Leptin (purchased from Dr E. Parlow, National
Institute of Diabetes and Digestive and Kidney Diseases and
The National Hormone and Pituitary Program), mCPP
(#125180, Sigma, St. Louis, MO, USA), or their combination
was dissolved in saline. The dose of leptin (0.5 mg·kg−1·day−1)
was chosen based on a previous report that this dose of leptin
alone does not reduce body weight in DIO rats (Boozer et al.,
2001), and we confirmed the lack of leptin response in DIO
mice. mCPP was administered at the dose of 1.5 mg·kg−1·day−1,
because our pilot studies showed that this dose alone did not
affect body weight and food intake in DIO mice.

Body weight, whole-body fat mass and lean mass [meas-
ured by use of quantitative magnetic resonance (QMR)] were
recorded before implantation of the minipumps, and these
data were used to ensure that mice subjected to different
treatments had comparable baseline body weight, fat mass and
lean mass. These mice were then housed singly and continued
to be fed a HFD. Daily body weight and food intake were
monitored for the entire 2 week treatment period. Whole body
fat mass and lean mass were measured again at the end of the
2 week treatment, and changes in fat mass and lean mass in
each mouse were calculated. Cumulative food intake was
calculated based on daily food intake, and feeding efficiency
was calculated as the ratio between the changes in body weight
and cumulative food intake over the same period.

At the end of the 2 week treatment, mice were briefly
deprived of food (fasted) from 08:00 h to 10:00 h to ensure
their stomachs were empty, and blood glucose was measured
using tail blood with the OneTouch Ultra glucometer (CVS
Pharmacy, Houston, TX, USA). Mice were then deeply anaes-
thetized and quickly killed. Trunk blood was collected and
processed to obtain serum. Serum insulin was measured using
the ELISA kit (#90080; Crystal Chem Inc., Owners Grove, IL,
USA), as described previously (Xu et al., 2010). In parallel,
hypothalami were quickly collected and stored at −80°C.
Total mRNAs from the hypothalami were extracted and
reverse-transcribed to cDNAs using SuperScript III First-

Strand cDNA Synthesis kit (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. Quantitative
real-time PCR assays were performed according to published
protocols (Bookout and Mangelsdorf, 2003). Tissue mRNA
levels were measured with an ABI 7900HT Sequence Detec-
tion System (Grand Island, NY, USA). We used pre-developed
Taqman assays purchased from Applied Biosystems for all
genes. Normalized mRNA levels were expressed in arbitrary
units, obtained by dividing the averaged, efficiency-corrected
values for sample mRNA expression by that for 18S RNA
expression for each sample. The results are expressed as fold
change above average control levels.

Leptin-induced pSTAT3
The following experiments were performed at the Baylor
College of Medicine at Houston.

Experiment 2. Male C57Bl6 mice (at 4 weeks of age) were fed
a HFD for 8 weeks to induce DIO and leptin resistance.
During the last 2 weeks of HFD feeding, mice were divided
into two groups to receive daily pretreatment of saline or
mCPP (1.5 mg·kg−1·day−1, i.p.). At the end of the pretreat-
ment, mice were deprived of food (fasted) overnight and then
received a single bolus injection of saline or leptin
(0.5 mg·kg−1, i.p.). Two hours after the bolus injections, mice
were anaesthetized with inhaled isoflurane, and quickly per-
fused with 10% formalin, and brain sections were cut at
25 μm. The brain sections were subjected to pSTAT3 immu-
nohistochemical staining as described below. Three or four
mice were included in each treatment group.

Experiment 3. Male WT and 2C-null littermates were weaned
on chow. At 12 weeks of age, WT and 2C-null littermates
showed comparable body weight as reported previously (Xu
et al., 2008). These mice were deprived of food (fasted) over-
night and then received a single bolus injection of saline or
leptin (0.5 mg·kg−1, i.p.). Two hours after the bolus injections,
mice were anaesthetized with inhaled isoflurane, and quickly
perfused with 10% formalin, and brain sections were cut at
25 μm. The brain sections were subjected to pSTAT3 immu-
nohistochemical staining as described below. Three mice
were included in each treatment group.

pSTAT3 immunohistochemistry. The brain sections were pre-
treated (1% H2O2, 1% NaOH, 0.3% glycine, 0.03% SDS),
blocked (3% goat-anti-rabbit serum for 1 h), incubated with
rabbit anti-pSTAT3 antibody (1:2000; #9145, Cell Signaling,
Danvers, MA, USA) on shaker at room temperature for 24 h
and then put in 4°C for 48 h, followed by biotinylated anti-
rabbit secondary antibody (1:1000; Vector Laboratories, Bur-
lingame, CA, USA) for 2 h. Sections were then incubated in
the avidin-biotin complex (1:500, ABC; Vector Elite Kit) and
incubated in 0.04% 3, 3′-diaminobenzidine and 0.01%
hydrogen peroxide. After dehydration through graded
ethanol, the slides were then immersed in xylene and cover-
slipped. Images were analysed using a brightfield Leica
microscope (Buffalo Grove, IL, USA).

Quantifications. The numbers of pSTAT3-positive neurons in
multiple brain regions were counted by blinded investigators.
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For each brain region [e.g. ARC, VMH, dorsomedial hypotha-
lamic nucleus (DMH), PMV or NTS], pSTAT3-positive neurons
were counted in 3–5 consecutive brain sections containing
that region from the same mouse, and the average was treated
as the value for that region of the mouse. Three to four mice
were included in each treatment group for statistical analyses.
Importantly, data from the WT mice (in experiment 3) were
also used as lean controls and compared to data from WT DIO
mice (in experiment 2), in order to determine if mCPP pre-
treatment in DIO mice can restore leptin-induced pSTAT3 to
the levels seen in lean mice. In the initial study, we found
that leptin-induced pSTAT3 levels in the DMH and NTS were
comparable between lean WT mice and WT DIO mice (after
the 8 week HFD feeding). These are consistent with previous
findings from DIO mice fed with HFD for 16 weeks
(Munzberg et al., 2004). Therefore, pSTAT3 levels in these two
regions were not quantified in later experiments.

Statistics
The data are presented as mean ± SEM. Statistical analyses
were performed using GraphPad Prism. Data were compared
by two-way ANOVA, followed by post hoc Newman–Keuls Stu-
dent’s tests. The number of animals in each group is specified
in the figure legends. P < 0.05 was considered to be statisti-
cally significant.

Results

Co-administration of sub-threshold doses of
leptin and mCPP additively decreased body
weight in DIO mice
We first examined if co-administration of leptin and mCPP
can produce additive benefits on energy and glucose balance
in leptin-resistant DIO mice. To this end, WT mice were first
fed a HFD to induce DIO and leptin resistance (minimum
body weight of 45 g). These DIO mice were implanted
with Alzet minipumps containing saline, leptin
(0.5 mg·kg−1·day−1), mCPP (1.5 mg·kg−1·day−1) or leptin
(0.5 mg·kg−1·day−1) plus mCPP (1.5 mg·kg−1·day−1). Body
weight changes and food intake were monitored daily for 2
weeks (Figure 1A). Consistent with a leptin-resistant state of
these DIO mice, we found that leptin alone failed to signifi-
cantly alter body weight compared with saline treatment
(Figure 1B). Similarly, mice treated with mCPP alone showed
comparable body weight changes to mice treated with saline
or leptin alone (Figure 1B). Interestingly, co-administration of
leptin and mCPP (at the same sub-threshold doses) signifi-
cantly reduced body weight compared with the saline-treated
mice at many time points (Figure 1B). In addition, body
weight-lowering effects after co-administration of the two

Figure 1
Effects of mCPP and leptin on energy balance in DIO mice. (A) Diagram of the schedule used for the experiments in Figures 1–3. Body
weight-matched WT DIO mice were implanted with minipumps containing saline, leptin (0.5 mg·kg−1·day−1), mCPP (1.5 mg·kg−1·day−1) or leptin
(0.5 mg·kg−1·day−1) plus mCPP (1.5 mg·kg−1·day−1). Baseline body weight and QMR were measured before minipump implantation; body weight
and food intake were monitored daily for 2 weeks after minipump implantation; QMR, serum glucose/insulin and qPCR were measured at the end
of the 2 week treatment. (B) Changes in body weight. (C) Changes in fat mass and lean mass. (D) Daily food intake. (E) Cumulative food intake.
(F) Feeding efficiency. Data are presented as mean ± SEM. n = 8 in each group. *P < 0.05 between saline versus leptin + mCPP; #P < 0.05 between
leptin versus leptin + mCPP; !P < 0.05 between mCPP versus leptin + mCPP; two-way ANOVA followed by the post hoc Newman–Keuls Student’s
tests.
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compounds were significantly greater than those of leptin
alone or mCPP alone, respectively, at the various time points
(Figure 1B). At the end of the 2 week treatment, mice
co-administered leptin and mCPP showed significantly
greater reductions in fat mass compared to mice treated with
saline, leptin alone or mCPP alone, respectively, while the
latter three groups had comparable fat mass (Figure 1C). No
significant difference in lean mass was observed among the
four groups (Figure 1C).

Co-administration of leptin and mCPP significantly sup-
pressed daily food intake as well as cumulative food intake
compared with saline, leptin alone or mCPP alone, at the
various time points (Figure 1D and 1E). Furthermore, feeding
efficiency (calculated as ratio of body weight changes over
cumulative food intake) was significantly reduced in mice
co-administered leptin and mCPP, when compared with mice
treated with leptin or mCPP alone (Figure 1F).

We also measured blood glucose and insulin levels at the
end of the 2 week treatment. Mice in all four groups showed
comparable blood glucose levels (Figure 2A). While leptin alone
did not alter insulin levels, mCPP alone significantly reduced
insulin levels compared to the saline group (Figure 2B). The
co-administration of leptin and mCPP trended to decrease
insulin levels compared to saline group, although these
responses did not reach statistical significance (Figure 2B).

We further examined the expression of relevant genes in
the hypothalamus after the 2 week treatment. We found that
mCPP alone tended to increase POMC mRNAs compared
with the saline group, while the co-administration of leptin
and mCPP significantly elevated POMC levels (Figure 3A). In
contrast, both mCPP alone and co-administration signifi-
cantly reduced AgRP mRNAs compared to the saline group
(Figure 3B). No significant changes in NPY expression was
observed among the four groups (Figure 3C). Interestingly,
we found that STAT3 mRNAs were significantly increased by
either mCPP alone or by the co-administration of leptin and
mCPP (Figure 3D).

mCPP enhanced leptin-induced pSTAT3 in
many hypothalamic regions in DIO mice
Since leptin and mCPP showed additive effects on body
weight balance in leptin-resistant DIO mice, we sought to
examine if mCPP can enhance leptin sensitivity (as meas-
ured by leptin-induced pSTAT3) in the brain (Figure 4A). To
this end, WT mice were first fed a HFD to induce DIO and
leptin resistance. These DIO mice were then randomly
divided into groups that received daily pretreatment of
either saline or mCPP (1.5 mg·kg−1·day−1, i.p.) for 2 weeks.
Similar to our earlier observations, pretreatment with mCPP
for 2 weeks did not significantly alter body weight in DIO
mice compared with saline-treated mice (data not shown).
These mice were further divided into groups that received a
single bolus injection of either saline or leptin (0.5 mg·kg−1,
i.p.), and pSTAT3 in the brain was examined by use of
immunohistochemistry. As a positive control, pSTAT3 was
also examined in a group of chow-fed lean mice that
received a single bolus injection of either saline or leptin
(0.5 mg·kg−1, i.p.).

We first quantified pSTAT3-postive neurons in the ARC.
After the single bolus injection of saline, a baseline level of
pSTAT3 staining in the ARC was observed in lean mice, DIO
+ saline mice and DIO + mCPP mice, and there was no
significant difference among these three groups (Figure 4B, D,
F and H). As expected, leptin significantly increased pSTAT3
levels in the ARC of lean mice (Figure 4B, C and H); in
contrast, leptin failed to increase pSTAT3 levels in DIO +
saline mice (Figure 4D, E and H). Importantly, leptin signifi-
cantly increased pSTAT3 levels in DIO + mCPP mice
(Figure 4F, 4G and 4H). In particular, the leptin-induced
pSTAT3 in DIO + mCPP mice was significantly higher than
that in DIO + saline mice (Figure 4E, 4G and 4H), but was still
significantly lower than that in lean mice (Figure 4C, 4G
and 4H).

We also quantified pSTAT3 levels in the VMH. After a
single injection of saline, no pSTAT3 staining was observed in

Figure 2
Effects of mCPP and leptin on glucose balance in DIO mice. (A) Blood glucose measured 2 weeks after treatment. (B) Blood insulin measured 2
weeks after treatment. Data are presented as mean ± SEM. n = 8 in each group. $P < 0.05 between saline versus mCPP; two way ANOVA followed
by the post hoc Newman–Keuls Student’s tests.
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the VMH of lean mice; minimal pSTAT3 staining was detected
in the VMH of DIO + saline mice and DIO + mCPP mice
(Figure 4B, D, F and I). Leptin significantly increased pSTAT3
levels in the VMH of lean, DIO + saline or DIO + mCPP mice
respectively (Figure 4B–G and I). However, leptin-induced
pSTAT3 in DIO + saline mice was significantly lower than
those in lean mice and in DIO + mCPP mice (Figure 4C, E, G
and I). No significant difference was observed in leptin-
induced pSTAT3 in lean mice and in DIO + mCPP mice
(Figure 4C, G and I).

We then quantified pSTAT3 staining in the PMV. After a
single injection of saline, no pSTAT3 staining was observed
in the PMV of lean mice; minimal pSTAT3 staining was
detected in the PMV of DIO + saline mice and DIO + mCPP
mice (Figure 5A, C, E and G). Leptin significantly increased
pSTAT3 levels in the PMV of lean, DIO + saline or DIO +
mCPP mice respectively (Figure 5A–F and G). In particular,
leptin-induced pSTAT3 in the PMV was significantly attenu-
ated in DIO + saline mice compared with those in lean mice
and in DIO + mCPP mice (Figure 5B, D, F and G). Interest-
ingly, leptin-induced pSTAT3 in DIO + mCPP mice was sig-
nificantly higher than that in lean mice (Figure 5B, F
and G).

Deletion of 5-HT2C receptors blunts
leptin-induced pSTAT3 in many
hypothalamic regions
Given that mCPP co-administration can enhance leptin sen-
sitivity and that mCPP has been shown to reduce food intake
at least partly through acting upon 5-HT2C receptors (Xu et al.,
2008; Berglund et al., 2013), we sought to test if 5-HT2C recep-
tors are involved in leptin’s actions. To this end, we compared
the leptin-induced pSTAT3 in the ARC, VMH and PMV of lean
WT mice and 2C-null mice, which genetically lack 5-HT2C

receptors (Xu et al., 2008; 2010; Figure 6A). In the ARC, leptin
significantly increased pSTAT3 levels in 2C-null mice, but this
leptin-induced pSTAT3 in 2C-null mice was significantly
lower than that in WT mice (Figure 6B–D). Similarly, in the
VMH, while leptin significantly increased pSTAT3 levels in
2C-null mice, this leptin-induced pSTAT3 in 2C-null mice
was significantly lower than that in WT mice (Figure 6B, C
and E). Most strikingly, while leptin strongly increased
pSTAT3 levels in the PMV of WT mice (Figure 5A, B and G),
this leptin-induced pSTAT3 was diminished in 2C-null mice
(Figure 7A–C). Interestingly, we also observed that the base-
line pSTAT3 level in the ARC of 2C-null mice (after saline
injection) was significantly lower than that of WT mice

Figure 3
Effects of mCPP and leptin on hypothalamic gene expression. Relative mRNA levels for POMC (A), AgRP (B), NPY (C) and STAT3 (D) in the
hypothalamus 2 weeks after various treatments. Data are presented as mean ± SEM. n = 4 in each group. $P < 0.05 between saline versus mCPP;
*P < 0.05 between leptin + mCPP versus saline; two-way ANOVA followed by the post hoc Newman–Keuls Student’s tests.
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(Figure 6B and D), whereas the baseline pSTAT3 levels in the
VMH and PMV were modestly increased in 2C-null mice
compared with WT mice (Figures 6B, E, 7A and C).

Discussion

Since leptin resistance is the hallmark of common forms of
human obesity, developing strategies to enhance leptin sen-

sitivity and/or overcome leptin resistance has been prioritized
in the field of obesity research. One important finding of our
study is that mCPP, an agonist of 5-HT2C and 5-HT1B receptors,
can enhance leptin sensitivity in leptin-resistant DIO mice.
Supporting this notion, we showed that co-administration of
leptin and mCPP, both at sub-threshold doses, lowered body
weight and body fat in DIO mice. Importantly, leptin or
mCPP alone, at the same doses, failed to reduce body weight
and body fat in DIO mice compared with saline treatment,

Figure 4
Effects of mCPP pretreatment on leptin-induced pSTAT3 in the ARC and VMH of DIO mice. (A) Diagram for the schedule used for experiments
in Figures 4 and 5. (B–C) Representative pSTAT3 immunohistochemical staining in the ARC and VMH of chow-fed lean WT mice receiving a single
bolus i.p. injection of saline (B) or 0.5 mg·kg−1 leptin (C). (D–E) Representative pSTAT3 immunohistochemical staining in the ARC and VMH of DIO
+ saline mice (8 weeks on a HFD and in the last 2 weeks given daily i.p. injections of saline), after receiving a single bolus i.p. injection of saline
(D) or 0.5 mg·kg−1 leptin (E). (F–G) Representative pSTAT3 immunohistochemical staining in the ARC and VMH of DIO + mCPP mice (8 weeks on
a HFD feeding and in the last 2 weeks given daily i.p. injections of 1.5 mg·kg−1·day−1 mCPP), after receiving a single bolus i.p. injection of saline
(F) or 0.5 mg·kg−1 leptin (G). (H–I) Number of pSTAT3-positive neurons in the ARC (H) and VMH (I) of the various groups. Data are presented as
mean ± SEM. n = 3–4 in each group. #P < 0.05 between saline and leptin within the same animal group; $P < 0.05 between Lean and DIO + saline
within the same injection group; *P < 0.05 between DIO + saline and DIO + mCPP within the same injection group; !P < 0.05 between Lean and
DIO + mCPP within the same injection group; two-way ANOVA followed by the post hoc Newman–Keuls Student’s tests.
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indicating that the anti-obesity benefits of co-administration
stem from the additive effects of these two regimens. The
anti-obesity effects of leptin and mCPP co-administration
were accompanied by reductions both in food intake
and in feeding efficiency. Thus, we suggest that both
decreased food intake and increased energy expenditure (as
demonstrated by decreased feeding efficiency) may contrib-
ute to the overall anti-obesity effects of leptin and mCPP
co-administration.

The additive effects of leptin and mCPP on body weight
balance could partly result from a sum of two independent
actions of leptin and mCPP. For example, both leptin (Duan
et al., 2007) and 5-HT2C receptor agonists (Zhou et al., 2007;
Lam et al., 2008) have been shown to stimulate the expres-
sion of the anorexigenic gene, POMC, in the hypothalamus.
Here we found that leptin alone failed to stimulate POMC
expression in DIO mice, presumably because of leptin resist-
ance; mCPP alone only tended to increase POMC expression
probably due to the sub-threshold dose we used. However,
the co-administration of leptin and mCPP significantly
elevated POMC expression by about twofold (compared with
the saline group). Given the well-characterized anorexigenic

effects of POMC gene products (Yaswen et al., 1999), it is
conceivable that the combined effects of leptin and mCPP on
POMC gene expression at least partly contribute to the
decreased body weight in mice co-treated with these two
compounds. Notably, mCPP significantly reduced AgRP
mRNAs in the hypothalamus, which may also contribute to
the reduction in body weight of DIO mice.

Another possibility is that mCPP may function as a ‘leptin
sensitizer’ to enhance the effects of leptin in otherwise leptin-
resistant DIO mice. Supporting this notion, we observed that
mCPP alone significantly increased STAT3 levels in the hypo-
thalamus of DIO mice. There is compelling evidence indicat-
ing that the STAT3-associated pathway mediates most of the
anti-obesity effects of leptin (Bates et al., 2003; Myers et al.,
2010). For example, a point mutation on the leptin receptor
(1138 tyrosine→serine) specifically disrupts the leptin-
induced STAT3 pathway and mice with this mutation repro-
duce the severe obesity seen in db/db mice (lacking the leptin
receptor; Bates et al., 2003). Similar massive obesity is caused
by deletion of STAT3 in the entire brain (Gao et al., 2004) or
only in leptin receptor-expressing neurons (Piper et al., 2008).
Thus, elevated STAT3 levels upon mCPP treatment may

Figure 5
Effects of mCPP pretreatment on leptin-induced pSTAT3 in the PMV of DIO mice. (A–B) Representative pSTAT3 immunohistochemical staining in
the PMV of chow-fed lean WT mice receiving a single bolus i.p. injection of saline (A) or 0.5 mg·kg−1 leptin (B). (C–D) Representative pSTAT3
immunohistochemical staining in the PMV of DIO + saline mice (8 weeks on a HFD and in the last 2 weeks given daily i.p. injections of saline),
after receiving a single bolus i.p. injection of saline (C) or 0.5 mg·kg−1 leptin (D). (E–F) Representative pSTAT3 immunohistochemical staining in
the PMV of DIO + mCPP mice (8 weeks on a HFD and in the last 2 weeks given daily i.p. injections of 1.5 mg·kg−1·day−1 mCPP), after receiving
a single bolus i.p. injection of saline (E) or 0.5 mg·kg−1 leptin (F). (G) Number of pSTAT3-positive neurons in the PMV of the various groups. Data
are presented as mean ± SEM. n = 3–4 in each group. #P < 0.05 between saline and leptin within the same animal group; $P < 0.05 between Lean
and DIO + saline within the same injection group; *P < 0.05 between DIO + saline and DIO + mCPP within the same injection group; !P < 0.05
between Lean and DIO + mCPP within the same injection group; two-way ANOVA followed by the post hoc Newman–Keuls Student’s tests.
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provide more ‘substrates’ for leptin’s actions and, therefore,
lead to enhanced leptin sensitivity.

Further supporting the leptin-sensitizing effects of mCPP,
we showed that leptin-induced pSTAT3 immunoreactivity
was enhanced in many brain regions in mCPP-pretreated DIO
mice. Neurons in the ARC, including POMC and NPY/AgRP
neurons, have been shown to lose their ability to respond to
leptin-induced pSTAT3 as early as 2 days–2 weeks after being
fed a HFD (Olofsson et al., 2013). Consistently, we found that
the leptin-induced pSTAT3 was completely blocked in the
ARC of DIO mice (after 8 weeks of a HFD). Interestingly,
pretreatment of DIO mice with mCPP enhanced leptin-
induced pSTAT3 in the ARC, although this enhancement did
not bring the pSTAT3 level to that seen in lean mice.

Compared with the ARC, other brain regions have been
shown to be more protected from leptin resistance in DIO

mice. For example, in DIO mice fed a HFD for 16 weeks a high
dose of leptin (5 mg·kg−1, i.p.) fails to induce pSTAT3 in the
ARC, whereas in the VMH, PMV, DMH and NTS leptin is still
able to increase pSTAT3 (Munzberg et al., 2004). Consistent
with this, we found in our DIO mice (fed a HFD for 8 weeks),
that leptin at a very low dose (0.5 mg·kg−1, i.p.) still signifi-
cantly induced pSTAT3 in the VMH and PMV, although the
ARC did not respond to leptin at all. However, we also found
that leptin-induced pSTAT3 in the VMH and PMV was sig-
nificantly weaker in DIO mice than that in lean mice, sug-
gesting the presence of modest leptin resistance in these two
regions. We speculate that the low leptin dose we used may
have allowed us to unmask a subtle leptin resistance in these
non-ARC regions. More importantly, we showed that pre-
treatment of DIO mice with mCPP enhanced leptin-induced
pSTAT3 in the VMH to the level seen in lean mice; the most

Figure 6
Leptin-induced pSTAT3 in the ARC and VMH of 2C-null mice. (A) Diagram of the schedule used for the experiments in Figures 6 and 7. (B–C)
Representative pSTAT3 immunohistochemical staining in the ARC and VMH of chow-fed 2C-null mice receiving a single bolus i.p. injection of saline
(B) or 0.5 mg·kg−1 leptin (C). Note that representative images from WT mice have been included as the ‘lean’ group (from Figure 3). (D–E)
Quantification of number of pSTAT3-positive neurons in the ARC (D) and VMH (E) of WT or 2C-null littermates. Data are presented as mean ± SEM.
n = 3 in each group. #P < 0.05 between saline and leptin within the same genotype; *P < 0.05 between WT and 2C-null within the same injection
groups; two-way ANOVA followed by the post hoc Newman–Keuls Student’s tests.
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robust enhancement was observed in the PMV, which even
exceeded the normal physiological leptin sensitivity
(observed in lean mice). Together, our results indicate that
DIO develop leptin resistance most severely in the ARC, and
to a lesser extent in the VMH and the PMV; importantly,
mCPP can partially restore leptin sensitivity in the ARC, and
fully restore leptin sensitivity in the VMH and PMV. Thus, the
enhanced leptin sensitivity in these hypothalamic regions
may have at least partly contributed to the additive effects of
leptin and mCPP on body weight balance in DIO mice.

Since mCPP is known to act partly though 5-HT2C recep-
tors to inhibit food intake (Xu et al., 2008; Berglund et al.,
2013), we further examined leptin sensitivity in 2C-null
mice, which generally lack 5-HT2C receptors. Interestingly, in
2C-null mice, we found that leptin-induced pSTAT3 was par-
tially suppressed in the ARC and VMH, and completely abol-
ished in the PMV. Importantly, it has been reported that mice
lacking 5-HT2C receptors are more sensitivity to HFD-induced
body weight gain and hyperleptinaemia (Nonogaki et al.,
1998; Xu et al., 2008). Furthermore, chow-fed 5-HT2C receptor
knockout mice demonstrate a partial resistance to leptin-
induced anorexia and body weight loss, although this resist-
ance can be overcome by higher doses of leptin (Nonogaki
et al., 1998). Together, these results indicate that 5-HT2C

receptors are required to maintain the full strength of leptin
signalling in the hypothalamus as well as leptin-induced anti-
obesity effects.

It is worth noting that deletion of 5-HT2C receptors leads
to an impairment in leptin-induced pSTAT3 primarily in the
PMV, and to a lesser extent in the ARC and VMH. However,
mCPP improved leptin-induced pSTAT3 most robustly in the
PMV and to a lesser extent in the ARC and VMH. This pattern
suggests that PMV neurons may be an important target where
both leptin and 5-HT2C receptor signals converge to regulate
energy homeostasis. Supporting this possibility, it has been
shown that deletion of LepRb in the PVM causes massive
obesity in male mice, which almost reproduces the severe
obesity seen in db/db mice (Leshan et al., 2012). However,
loss of LepRb in ARC neurons, including POMC neurons
(Balthasar et al., 2004; Hill et al., 2010) and/or NPY/AgRP
neurons (van de Wall et al., 2008), only produced modest
obesity in mice. Similarly, deletion of LepRb from VMH
neurons leads to modest obesity (Dhillon et al., 2006;
Bingham et al., 2008). 5-HT2C receptors are abundantly
expressed by various hypothalamic nuclei, including the
ARC, VMH and PVM (Hoffman and Mezey, 1989; Pasqualetti
et al., 1999). In particular, we have shown that 5-HT2C recep-
tors expressed by POMC neurons in the ARC play an impor-

Figure 7
Leptin-induced pSTAT3 in the PMV of 2C-null mice. (A–B) pSTAT3 immunohistochemical staining in the PMV of chow-fed 2C-null mice receiving
a single bolus i.p. injection of saline (A) or 0.5 mg·kg−1 leptin (B). Note that representative images from WT mice have been included as the ‘lean’
group (from Figure 4). (C) Quantification of number of pSTAT3-positive neurons in the PMV of WT or 2C-null littermates. Data are presented as
mean ± SEM. n = 3 in each group. #P < 0.05 between saline and leptin within the same genotype; *P < 0.05 between WT and 2C-null within the
same injection groups; two way ANOVA followed by the post hoc Newman–Keuls Student’s tests.
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tant role in regulating food intake and body weight (Xu et al.,
2008; Berglund et al., 2013). However, the physiological
importance of 5-HT2C receptors in PMV neurons as well as
VMH neurons remains unclear, and this warrants future
investigations.

Notably, a highly selective 5-HT2C receptor agonist,
namely lorcaserin, was approved by the FDA in 2012 for the
treatment of obesity. However, 1 year treatment with lorca-
serin, in combination with diet and exercise, only achieved
4.5–5.8% weight loss in obese patients (Smith et al., 2010;
Fidler et al., 2011; O’Neil et al., 2012). Thus, our results raise a
possibility that lorcaserin could be used as a leptin sensitizer
and be combined with leptin therapy to produce more robust
body weight loss in obese patients. While the potential addi-
tive efficacy of leptin and 5-HT2C receptor agonists (e.g. lor-
caserin) warrants further investigation, we cannot rule out
the possibility that the leptin-sensitizing effects of mCPP
could be attributed to other 5-HT receptors, including 5-HT1B

receptors. Indeed, it has been shown that mCPP acts partly
upon 5-HT1B receptors expressed by NPY/AgRP neurons to
suppress food intake (Heisler et al., 2006).

Another interesting finding is that mCPP alone signifi-
cantly decreased blood insulin levels in DIO mice, while it
had no effect on blood glucose, body weight, body fat and
food intake. These findings suggest that mCPP treatment can
also enhance the whole-body insulin sensitivity, indepen-
dently of its effects to suppress food intake and body weight.
Indeed, it has been reported that a slightly lower dose of
mCPP (1 mg·kg−1·day−1 for 2 weeks) decreases blood insulin,
increases glucose tolerance and improves insulin sensitivity
in DIO mice, effects that require brain melanocortin 4 recep-
tors (Zhou et al., 2007), the receptors for POMC gene prod-
ucts. Furthermore, we have shown that the ability of mCPP to
improve insulin sensitivity is blocked in mice lacking 5-HT2C

receptors only in POMC neurons (Berglund et al., 2013), but
can be restored in mice expressing 5-HT2C receptors only in
POMC neurons (Xu et al., 2010). Together, these findings
indicate that drugs acting upon 5-HT2C receptors on POMC
neurons can improve the whole-body insulin sensitivity and,
therefore, suggest that 5-HT2C receptor agonists, including
lorcaserin, could also be used to treat diabetic patients with
insulin resistance.

In summary, we showed that co-administration of leptin
and mCPP (an agonist of 5-HT2C and 5-HT1B receptors) can
provide an additive effect to reduce body weight in leptin-
resistant DIO mice. We demonstrated that mCPP enhances
leptin sensitivity in the ARC, VMH and PMV and that endog-
enous 5-HT2C receptor-mediated signals are required to main-
tain the full strength of leptin sensitivity in the same
hypothalamic regions. Thus, our study provides evidence
that 5-HT2C receptor agonists (e.g. lorcaserin) could function
as leptin sensitizers and be used in combination with leptin
to provide additional weight loss in obese patients.
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