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BACKGROUND AND PURPOSE
Appetite suppression induced by amphetamine has been attributed to its inhibition of neuropeptide Y (NPY) neurons and
activation of pro-opiomelanocortin (POMC) neurons in the hypothalamus. This study examined whether STAT3 was involved
in these actions of amphetamine.

EXPERIMENTAL APPROACH
Rats were given amphetamine daily for 4 days. Changes in the expression of NPY, POMC, melanocortin MC3 receptors, PI3K
and STAT3 in the hypothalamus were assessed by RT-PCR and Western blotting. Antisense oligonucleotides to STAT3 were also
used.

KEY RESULTS
Expression of NPY decreased with a maximum effect day 2 of amphetamine treatment. Expression of POMC, MC3 receptors,
PI3K and STAT3 increased with a maximum response on day 2. Moreover, phosphorylation of STAT3 and its DNA binding
activity increased and was expressed in a similar pattern. Infusion (i.c.v.) of STAT3 antisense at 60 min before amphetamine
treatment, partly blocked amphetamine-induced anorexia and modulated expression of NPY, POMC, MC3 receptors and PI3K,
indicating the involvement of STAT3 in amphetamine-treated rats.

CONCLUSIONS AND IMPLICATIONS
Hypothalamic PI3K–STAT3 signalling participated in the regulation of NPY- and POMC-mediated appetite suppression. These
findings may contribute to a better understanding of anorectic drugs.

Abbreviations
aCSF, artificial corticospinal fluid; DEPC, diethyl pyrocarbonate; MC3R, melanocortin receptor 3; NPY, neuropeptide Y;
ODN, oligodeoxynucleotides; POMC, pro-opiomelanocortin; RT-PCR, reverse transcription-PCR; S-ODN,
phosphorothioate ODN
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Introduction
The mechanism underlying the response of appetite suppres-
sion in amphetamine-treated rats is relevant to the action of
dopamine in the brain. Dopamine regulates feeding via hypo-
thalamic circuits in the brain and dopaminergic neurons
project to the arcuate nucleus and to the median eminence in
the hypothalamus. These neurons may influence the func-
tion of neuropeptide Y (NPY) and pro-opiomelanocortin
(POMC) neurons involved in ingestive behaviours (Kuo,
2006; Kim et al., 2010; nomenclature follows Alexander et al.,
2013). Dopamine may decrease NPY but increase POMC in
the hypothalamus, resulting in decreased food intake in
amphetamine-treated rats (Chen et al., 2001; Kuo et al., 2011;
2012a). Hypothalamic NPY is a highly conserved neuropep-
tide that regulates feeding behaviour, energy balance (Mercer
et al., 2011) and stress response (Morales-Medina et al., 2010).
POMC neurons are essential regulators of food intake, energy
expenditure and glucose homeostasis. Thus, POMC neurons
integrate several key metabolic signals that include neuro-
transmitters and hormones, such as 5-HT, NPY, leptin and
insulin (Sohn and Williams, 2012).

STAT3 was first identified and cloned from mouse liver
cDNA library in the study of IL-6 signalling (Zhong et al.,
1994). Of all the STAT family members, STAT3 seems to be
specifically linked to neuronal survival during development
and after injury, as STAT3 mediates a wide variety of biologi-
cal functions in the central and peripheral nervous systems;
therefore, injury to neural tissue induces STAT3 activation
and STAT3 is increasingly recognized as having a role in
neuronal survival (Dziennis and Alkayed, 2008; Rajan, 2011).
STAT3 in NPY neurons is required for normal energy homeo-
stasis (Gong et al., 2008) and mice without STAT3 in NPY
neurons are mildly hyperphagic, and brain-specific depletion
of STAT3 in NPY neurons results in increased expression of
NPY mRNA, which leads to comparable obese phenotypes.
STAT3 activation requires phosphorylation of a critical tyros-
ine residue (Tyr705), which mediates its dimerization, essential
for its entry into the nucleus and DNA binding (Zhong et al.,
1994). The phosphorylation of STAT3 (pSTAT3) at Tyr705 is
most commonly mediated by JAKs, especially JAK2, but its
activity is also subject to fine-tuning by other mechanisms,
including serine (Ser727) phosphorylation (Wen et al., 1995).
As amphetamine treatment in rats could modulate NPY and
endogenous antioxidant expression (Kuo et al., 2012a), we
hypothesized that pSTAT3 (Tyr705), pSTAT3 (Ser727) and
pSTAT3/DNA binding activity might be involved in regulat-
ing NPY-mediated appetite control in amphetamine-treated
rats.

The signalling kinase, PI3K, appears to play a role in the
regulation of food intake and energy balance through hypo-
thalamic neurons as pretreatment with PI3K inhibitors blunt
the anorectic effect of i.c.v. administered leptin (Niswender
et al., 2001; Sahu, 2011). Earlier work had revealed that the
fasted rats showed increased expression of NPY and decreased
expression of PI3K in the arcuate nucleus of the hypothala-
mus (Schwartz, 2006) and that pretreatment with a PI3K
inhibitor blunted leptin-mediated inhibition of hypotha-
lamic NPY gene expression (Morrison et al., 2005). These
results revealed the close relationship between NPY and PI3K
in the regulation of food intake. The PI3K activates down-

stream targets, such as Akt, which in turn may convey and
coordinate the STAT3 to induce NPY or POMC gene expres-
sion (Roman et al., 2010; Sahu, 2011). Thus, we tested the
prediction that PI3K–STAT3 signalling was involved in regu-
lating the NPY- and POMC-mediated appetite suppression in
amphetamine-treated rats.

Methods

Animal treatments
All animal care and experimental procedures complied with
the Guide for the Care and Use of Laboratory Animals as
adopted by the National Institutes of Health and were
approved and reviewed by the National Science Council,
Taiwan, Republic of China. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). A total of 250 animals were used
in the experiments described here.

Male Wistar rats weighing 200–300 g were obtained from
the National Laboratory Animal Center (Taipei, Taiwan). The
animals were housed individually in cages and maintained at
a temperature of 22 ± 2°C in a room with a 12 h light–dark
cycle (light on at 0600 h). The rats were also habituated to
frequent handling. Drugs were administered and food intake
was determined every day at the beginning of the dark phase
(1800 h). Water and chow (LabDiet; PMI Nutrition Interna-
tional, Brentwood, MO, USA) were freely available through-
out the experiment. Food intake data points above 35 g·day–1

were discarded because they indicated food spillage.

Experimental procedures
To examine the effect of amphetamine on feeding behaviour
and on the expression of NPY, POMC, PI3K and STAT3 mRNA
levels, rats (N = 8 for each group) were injected i.p. with
amphetamine at a dose of 2 or 4 mg·kg–1 daily for 4 days.
Amphetamine was first injected at the end of day 0 (i.e. at
1800 h or at the beginning of day 1), and the daily food
intake data were calculated with respect to the food amount
in the cage, that is, the food amount on the measuring day
minus the food amount on the previous day. Rats were anaes-
thetized (pentobarbital, 30–40 mg·kg–1, i.p.) and decapitated.
The hypothalamus was immediately removed from the brain
and used for determinations of mRNA levels or stored at
−80°C until its use for other analyses.

To determine the effect of amphetamine (2 mg·kg–1, i.p.)
on changes in hypothalamic expression of NPY, melanocor-
tin MC3 receptors, PI3K, total STAT3 (t-STAT3), pSTAT3
(Tyr705) and pSTAT3 (Ser727), rats were injected with ampheta-
mine (at 1800 h) once a day for 1, 2, 3 or 4 days, depending
on the group. On the last rats received a treatment of
2 mg·kg–1 amphetamine 40 min before being killed to
enhance the effects of the drug. It is because amphetamine-
induced anorexia showed marked response in the first 6 h
and a gradual restoration over the subsequent 18 h over a
24 h testing period (Kuo, 2005).

To examine the effect of amphetamine on STAT3 and
DNA binding activity, rats were given amphetamine
(2 mg·kg–1, i.p.; N = 6 per group) daily for four consecutive
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days. At 40 min after the last daily treatment, the rats were
killed and the hypothalamus was removed to determine the
STAT3 and DNA binding activity by an EMSA.

To assess the effect of pretreatment with STAT3 antisense
oligodeoxynucleotides (ODN) on the anorectic response to
amphetamine, rats (N = 8 per group) were given i.c.v. STAT3
antisense ODN (20 μg in 10 μL vehicle), 1 h before ampheta-
mine (4 mg·kg–1, i.p.) treatment daily for 1, 2, 3 or 4 days,
depending on the group. Before amphetamine treatment, rats
were given a similar dose of STAT3 antisense (or missense)
i.c.v. daily for 2–3 days until the feeding response was slightly
reduced. This regimen was chosen because either continuous
or repeated i.c.v. injections of antisense may be necessary to
maximize behavioural effects and importantly to block the
synthesis of a constitutively active gene product (Zhang and
Creese, 1993; Ogawa and Pfaff, 1998). A full description of the
i.c.v. cannulation and of the antisense is given below.

A further experiment was designed to determine the effect
of pretreatment with STAT3 antisense (or missense) before
daily amphetamine on NPY, POMC, PI3K and STAT3 mRNA
levels. Before starting amphetamine treatment, rats (N = 6–8
per group) were infused daily with antisense or missense
(20 μg in a 10 μL vehicle, i.c.v.) daily for 2–3 days until the
feeding behaviour response was reduced slightly in the anti-
sense group, as above. Then the same dose of antisense ODN
was givne i.c.v. 1 h before amphetamine (4 mg·kg–1, i.p.)
injections for 4 days. At 40 min after the last amphetamine
treatment, rats were anaesthetized and the hypothalamus of
each rat was removed and their NPY, POMC, PI3K and STAT3
mRNA levels were determined by RT-PCR. Similar experi-
ments were undertaken to determine the effect of pretreat-
ment with STAT3 antisense (or missense) before daily
amphetamine on the expression of pSTAT3 (Tyr705) and
pSTAT3 (Ser727). by Western blot.

RNA extraction
Hypothalamic NPY, POMC, PI3K and STAT3 mRNA were
extracted in a block of mediobasal hypothalamic tissue as
described previously (Magni and Barnea, 1992). In brief,
total RNA was isolated from this block using the modi-
fied guanidinium thiocyanate-phenol-chloroform method
(Chomczynski and Sacchi, 1987). Each hypothalamic block
was homogenized in 1 mL of TRIZOL reagent (Life Technolo-
gies, Inc.) using an Ultrasonic Processor (Vibra Cell, Model
CV17; Sonics & Materials, Inc., Danbury, CT, USA). After
incubation at 22°C for 5 min, 0.2 mL of chloroform was
added to each sample, shaken vigorously for 15 s, incubated
at 22°C for 3 min and then centrifuged at 12 000× g for
15 min at 4°C. After removal of the aqueous phase and pre-
cipitation with 0.5 mL isopropanol, samples were incubated
at 22°C for 10 min and centrifuged at 12 000× g for 15 min at
4°C. The gel-like RNA pellets were washed with 75% ethanol
by vortexing and centrifugation at 7500× g for 5 min at 4°C.
Thereafter, RNA pellets were dried briefly, dissolved in RNase-
free water and stored at −80°C. The content of RNA was
determined spectrophotometrically at 260 nm (Hitachi
U-3210, Tokyo, Japan).

RT-PCR
Using the First Strand cDNA Synthesis Kit (Boehringer Man-
nheim GmbH, D-6800 Mannheim, Germany), RNA was

reversely transcribed into single-stranded cDNA. For each
sample, 8 μL of sterile diethyl pyrocarbonate (DEPC) water
containing 2 μg of RNA was added to oligo-p(dT)15 primer
(0.8 μg·μL–1) followed by heating at 65°C for 15 min, cooling
at 25°C for 10 min and then adding to a reaction mixture
consisting of 10× reaction buffer (100 mM Tris, 500 mM KCl;
pH 8.3), deoxynucleotide mix (10 mM each), MgCl2

(25 mM), RNase inhibitor (40 U·μL–1) and AMV reverse tran-
scriptase (25 U·μL–1). Reaction mixtures were incubated at
42°C for 2 h and then brought to 95°C for 5 min to terminate
the reaction followed by soaking at 16°C. PCR was subse-
quently carried out by mixing 3 μL of cDNA product with
mastermix solution consisting of DEPC water, 10× reaction
buffer, MgCl2 (25 mM), deoxynucleotide mix (10 mM each),
P1 and P2 primers (1 μg·μL–1 each), and Taq polymerase
(5 U·μL–1). GAPDH was used as the internal standard calibra-
tor. PCRs for NPY were carried out on a PCR thermocycler
(Perkin-Elmer GeneAmp 2400, Applied Biosystem, Foster
City, CA, USA) for 28 cycles with the following steps: 91°C for
1 min (denaturing), 60°C for 1 min (annealing) and 72°C for
30 s (extension), followed by a final elongation step at 72°C
for 7 min, and finally the PCR products were soaked at 16°C.
PCR reactions for other molecules analysed were carried out
in steps similar to those described above except the changes
of two steps (annealing and cycles) that were described as
follows: POMC (55°C, 25 cycles), PI3K (52°C, 25 cycles),
STAT3 (55°C, 25 cycles) and GAPDH (52°C, 25 cycles). The
sequences of primers used in RT-PCR are shown in Table 1.

Gel electrophoresis
At the completion of RT-PCR, 8 μL of each PCR product was
subsequently separated by flat bed gel electrophoresis on
a 3% agarose gel. Gels stained with ethidium bromide
(0.5 μg·mL–1, Sigma-Aldrich) were visualized under UV light,
photographed and then scanned densitometrically. Ratios of
NPY and GAPDH mRNA were calculated to determine relative
NPY mRNA levels. Contents of NPY mRNA in Amphetamine-
treated group were indicated as the percentage of control
group. The ratio of NPY/GAPDH mRNA was measured by
digital densitometry (Hoefer, San Francisco, CA, USA). Similar
steps were used to determine the levels of POMC, PI3K and
STAT3 mRNA.

STAT3/DNA binding assay
Binding of STAT3 to DNA in nuclear extracts was assessed by
EMSA with double-stranded deoxyoligonucleotides specific
for STAT3 consensus sequence 5′-GATCCTTCTGGGAATTCC
TAGATC-3′, which was labelled on the 3′ end with biotin (Ju
et al., 2011). EMSA was carried out using the Lightshift kit
(Thermo Fisher Scientific Inc., Rockford City, IL, USA). Briefly,
10 μg of nuclear protein was preincubated with 10 mM Tris,
50 mM KC1, 1 mM DTT, 5 mM MgCl2, 2 μg poly (dI × dC)
and 2 pmol of oligonucleotide probe for 20 min at room
temperature. Specific binding was confirmed using a 200-fold
excess of unlabelled probes as specific competitor. Protein–
DNA complexes were separated by a 6% non-denaturing acry-
lamide gel electrophoresis. Complexes were transferred to
positively charged nylon membranes and UV cross-linked in
a cross-linker. Gel shifts were visualized with a streptavidin–
HRP followed by chemiluminescent detection (Chen et al.,
2006).
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Lateral ventricular cannulation
Stereotaxic surgery (Kopf Model 900, Tujunga, CA, USA) was
performed on each rat under pentobarbital anaesthesia
(30 mg·kg–1, i.p.). The target of cannulation was near the
junction of the right lateral ventricle and the third ventricle
(coordinates: 0.8 mm posterior to the Bregma, 1.5 mm from
the midline and 3.5–4.0 mm below the dura) (Paxinos and
Watson, 1986). A stainless steel guide cannula (23G) was
implanted and secured to the skull using stainless steel screws
and dental cement. The correct placement was confirmed by
observing the transient and rapid inflow of the vehicle in
polyethylene tubing connected to a injector cannula (28G).
The cannula was then occluded with a 28 G stylet. For the
infusion of antisense, the stylet was replaced with a 28 G
injector cannula extending 0.5 mm below the tip of the guide
cannula. For all experiments, the cannula placement was
verified by histochemistry of brain section and by the admin-
istration of angiotensin II (100 ng per rat). Angiotensin II
reliably induced water drinking in non-deprived rats when
administered into the cerebral ventricles (Ritter et al., 1981).
Only data from rats that drank more than 10 mL of water in
30 min were included in this study. Behavioural testing of
drinking began about 1 week after the cannulation surgery
and the restoration of feeding behaviour, and then angioten-
sin II was administered to confirm the cannula placement.
About 2 days after the treatment with angiotensin II normal
drinking behaviour was restored and then we started the
amphetamine treatment (day 0).

i.c.v. administration of STAT3 antisense ODN
The sequence of the STAT3 antisense ODN was directed
against the rat STAT3 transcript corresponding to base pair
61–78: 5′-GCCAGGAACTGCCGCAGC-3′. Control (missense)
ODN consisted of a randomized sequence of a similar nucleo-
tide composition: 5′-AGTCCAGGCCCAGGTCCG-3′. This
STAT3 antisense ODN has been used to inhibit STAT3 expres-
sion in astroglial cells (Aberg et al., 2001). The missense
sequence did not show significant matches in the database.
We used ODNs that were phosphorothioate-modified

(S-ODNs) only on the three terminal bases of both the 5′ and
3′ ends, because these S-ODNs can improve hybridization
affinity and nuclease resistance and were regarded as a well-
established agent in several vertebrate systems (Ogawa and
Pfaff, 1998) and rat brain (Kuo et al., 2012b). Both antisense
and missense S-ODNs were dissolved in aCSF containing
140 mM NaCl, 3.35 mM KCl, 1.15 mM MgCl2, 1.26 mM
CaCl2, 1.2 mM Na2HPO4 and 0.3 mM NaH2PO4; pH 7.4.

Western blotting
Hypothalamus tissue extracts were analysed by electrophore-
sis. Proteins were separated on a 12.5% polyacrylamide gel,
transferred onto a nitrocellulose membrane and incubated
with specific antibodies against NPY, PI3K, MC3 receptors,
STAT3 and β-actin. After incubation with HRP goat anti-
rabbit IgG, the colour signal was developed using 4-chloro-
1-naphthol/3,3′-diaminobenzidine and 0.9% (w/v) NaCl in
Tris-HCl. The relative photographic density was quantified by
scanning the photographic negative film on a Gel Documen-
tation and Analysis System (AlphaImager 2000; Alpha
Innotech Corporation, San Leandro, CA, USA).

Statistical analysis
Data are presented as the means ± SEM. A two-way or one-
way ANOVA followed by Dunnett’s test was used to detect
significant differences between the groups. Statistical signifi-
cance was set at P < 0.05.

Materials
Chow (LabDiet) was purchased from PMI Nutrition Interna-
tional. d-amphetamine sodium salt, angiotensin II, pentobar-
bital sodium salt and Tris-HCl were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Antibodies against NPY, STAT3,
C23 and β-actin were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). MC3 receptor antibody was from
Gibco BRL, Life Technologies, Inc. (Rockville, MD, USA),
p-STAT3 (Ser 727) and p-STAT3 (Tyr705) antibodies were from
Cell Signaling Technology (Dancers, MA), and PI3K antibody
was from BD Biosciences (Bedford, MA, USA). Semi-

Table 1
Summary of the RT-PCR primer sequences

Genes
GenBank
accession no. Primer Sequence 5′→3′

Size of product
(base pairs)

NPY NM_012614 Forward GGGCTGTGTGGACTGACC 264

Reverse GGAAGGGTCTTCAAGCCT

POMC NM_139326 Forward GAGATTCTGCTACAGTCGCTC 678

Reverse TTGATGATGGCGTTCTTGAA

PI3K NM_133399 Forward TAGGGAAATTCTGGGCTCGC 471

Reverse AGATGGGTGTGCAATGAGGG

STAT3 NM_012747 Forward ATCCTAAGCACAAAGCCCCC 491

Reverse TCCATGTCAAACGTGAGCGA

GAPDH NM_017008 Forward TCCCTCAAGATTGTCAGCAA 309

Reverse AGATCCACAACGGATACATT

BJP S-C Chu et al.

3226 British Journal of Pharmacology (2014) 171 3223–3233



quantitative real-time PCR analysis was performed using a
Taqman one-step PCR Master Mix (Applied Biosystems, Foster
City, CA, USA). TRIZOL reagent (Life Technologies, Inc.,
Grand Island, NY, USA) was used in tissue homogenization.
Antisense and DNA primer were synthesized by Proligo Sin-
gapore Pty Ltd. (Singapore, Singapore). d-Amphetamine and
pentobarbital were dissolved in water, and angiotensin II and
the STAT3 antisense ODN were dissolved in artificial cerebro-
spinal fluid (aCSF).

Results

The effect of amphetamine and/or STAT3
antisense on feeding behaviour
Changes of feeding behaviour in rats receiving amphetamine
(2, 4 mg·kg–1, i.p.) treatment and/or pretreatment with STAT3
antisense are shown in the upper panel of Figure 1. Results
revealed a significant dose-dependent [F(2,20) = 4.15] and
time-dependent effect [F(4,35) = 5.17], but no significant
interaction. Amphetamine (2 mg·kg–1) reduced the food
intake from day 1 to day 3, and the higher dose (4 mg·kg–1)
reduced food intake from day 1 to day 4, compared with the
controls. Moreover, the effect of 2 mg·kg–1 amphetamine on
day 4 was significantly higher than that on day 2, revealing
that tolerance to amphetamine was induced in response to
this dose. The daily changes of body weight during the 4 days
of amphetamine treatment were similar to those of daily food
intake, as described in our previous report (Kuo et al., 2012a).
Therefore, amphetamine at dose of 2 mg·kg–1 was employed
for most of the subsequent experiments as, after 2 days, there
was a restoration of food intake, while the higher dose of
4 mg·kg–1 amphetamine was used for STAT3 antisense studies
as this exerted a greater anorexic effect and was more
appropriate for assessing examine the attenuation of
amphetamine-induced anorexia by antisense pretreatment.

As shown in the lower panel of Figure 1, pretreatment
with STAT3 antisense partly blocked the anorectic response to
amphetamine, indicating the involvement of STAT3 signal-
ling in amphetamine anorexia. There was significant dose-
dependency [F(3,28) = 4.55] and time-dependency [F(4,35) =
5.78], but no interaction, in the effects of STAT3 antisense on
amphetamine-induced anorexia. Food intake was signifi-
cantly different between STAT3 antisense/amphetamine-
treated and amphetamine-treated groups, from day 1 to day
4. There was also a significant difference was also observed
from day 1 to day 4 between STAT3 antisense/ amphetamine-
treated and missense-treated (control) groups. The feeding
response in missense-treated rats was similar to that in saline-
treated rats over the 4 day period. Moreover, the anorectic
response in missense/ amphetamine-treated rats (lower panel
of Figure 1) was not significantly changed compared with
that in amphetamine-treated rats (upper panel of Figure 1).
These results indicated that inhibition of STAT3 could partly
reverse the feeding responses to repeated amphetamine
treatments.

The effect of amphetamine on NPY, POMC,
PI3K and STAT3 mRNA levels
Daily treatment with amphetamine (Figure 2) decreased NPY
mRNA levels from day 1 to day 3 [F(4,25) = 2.75], but

increased POMC mRNA from day 1 to day 3 [F(4,25) = 3.18],
increased PI3K mRNA from day 1 to day 4 [F(4,25) = 2.77] and
increased in STAT3 mRNA from day 1 to day 3 [F(4,25) =
3.53], compared with the control values. Moreover, these
experiments also revealed that the maximum response of
POMC, PI3K and STAT3 mRNA levels was observed on day 2
of amphetamine treatment.

Figure 1
Upper panel: the effect of daily amphetamine on food intake over a
4 day period. Amphetamine (AMPH; 2 or 4 mg·kg–1) was given i.p. to
rats at 1800 h. The first injection of amphetamine was made at the
end of day 0. Each point represents the mean ± SEM of eight rats. *P
< 0.05 versus control group of each treatment day. #P < 0.05 versus
the 2 mg·kg–1 amphetamine-treated group on day 2. Lower panel:
the effect of STAT3 antisense (or missense) pretreatment on daily
amphetamine-mediated food intake over a 4 day period. Daily mis-
sense or antisense treatment (20 μg per 10 μL·day–1, i.c.v.) was
administered 1 h before daily amphetamine treatment. *P < 0.05
versus the missense groups of each treatment day. Data shown are
the means ± SEM. N = 8 per group. #P < 0.05 versus the ampheta-
mine -treated groups of each treatment day.

BJPThe role of STAT3 in AMPH-mediated appetite control

British Journal of Pharmacology (2014) 171 3223–3233 3227



The effect of amphetamine on the expression
of NPY, MC3 receptors and PI3K
As shown in Figure 3, daily amphetamine treatment
decreased NPY from day 1 to day 3 [F(4,25) = 3.12], but
increased MC3 receptor expression from day 1 to day 3
[F(4,25) = 3.25], PI3K expression from day 1 to day 4 [F(4,25)

Figure 2
The effect of amphetamine (AMPH; 2 mg·kg–1, i.p.) on changes of
NPY, POMC, PI3K and STAT3 mRNA levels. Results showed the
relative densitometric value for RT-PCR products. Inserted images:
the results of mRNA levels in stained gels. Contents of mRNA were
assessed relative to that of GAPDH and are shown as the percentage
of the control group. Data shown are means ± SEM. N = 6 each
group. *P < 0.05 versus control.

Figure 3
The effect of daily amphetamine (AMPH) on the expression of NPY,
MC3 receptors, PI3K and t-STAT3 over a 4 day period. Results showed
the relative densitometric values for Western blots inamphetamine-
and saline-treated groups. β-Actin was used as an internal standard.
Content of NPY, MC3 receptors, PI3K and t-STAT3 in the 2 mg·kg–1

amphetamine-treated group was indicated as the percentage of the
control (day 0). Inserted images: results of Western blot analysing
hypothalamic protein levels. Data shown are means ± SEM. N = 6
each group. *P < 0.05 versus control.
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= 2.85] and STAT3 expression from day 1 to day 4 [F(4,25) =
3.69], compared with the control. The maximum response of
MC3 receptor and PI3K expression occurred on day 2 of
amphetamine treatment.

Effects of amphetamine on pSTAT3
expression and pSTAT3/DNA binding activity
Results in the upper panel of Figure 4 showed that daily
amphetamine treatment increased pSTAT3 (Tyr705) [F(4,25) =
3.42] and pSTAT3 (Ser727) [F(4,25) = 3.86] from day 1 to day 3,
compared with the control. The maximum responses were
observed on day 2. As shown in the lower panel of Figure 4,
daily treatment with amphetamine also increased hypotha-
lamic STAT3/DNA binding activity [F(4,25) = 3.89, P < 0.05],
with the maximum response on day 2, a finding was consist-
ent with the patterns of response for pSTAT3, PI3K and MC3

receptors during amphetamine treatment.

The effect of pretreatment with STAT3
antisense on hypothalamic mRNA levels
Pretreatment with STAT3 antisense (Figure 5) partly reversed
the effects of amphetamine. Thus, in amphetamine-treated
rats, the levels of mRNAs for NPY, POMC, PI3K and STAT3
were returned towards normal by 40-60%, following STAT3
knockdown. Note that changes in STAT3 mRNA induced by
amphetamine treatment were totally blocked after STAT3
knockdown.

The effect of pretreatment with STAT3
antisense on pSTAT3 expression
As shown in Figure 6, rats given daily amphetamine had
increased expression of both pSTAT3 (Tyr705) [F(6,35) = 4.49]
and pSTAT3 (Ser727) [F(6,35) = 5.12], compared with the
control. However, pretreatment with the STAT3 antisense of
these rats reduced both pSTAT3 (Tyr705) and pSTAT3 (Ser727)
expression by about 50%.

Discussion

The main findings of the present study are that hypothalamic
PI3K–STAT3 signalling participates in the regulation of NPY-
and POMC-mediated appetite control in amphetamine-
treated rats. The current results showed that NPY decreased
but POMC increased during amphetamine treatment. Addi-
tionally, PI3K, STAT3 and MC3 receptors increased with a time
course comparable to that of the increase of POMC, with the
maximum increase on day 2. This pattern, however, con-
trasted with that of changes in NPY which decreased and
show its maximal fall also on day 2 of amphetamine treat-
ment. This result implies that the increase in PI3K and STAT3
expression is likely to occur in POMC-containing neurons,
but this result needs to be confirmed by showing the
co-localization of PI3K and p-STAT3 in POMC neurons.
However, a further experiment supported this finding where

Figure 4
Upper panel: the effect of daily amphetamine (AMPH) on pSTAT3 expression over a 4 day period. Results show the relative densitometric values
for Western blots in pSTAT3 (Tyr705) and pSTAT3 (Ser727) expression in amphetamine-treated rats. C23 is a nuclear protein used as an internal
standard. Contents of pSTAT3 were indicated as the percentage of the control group. Lower panel: the effect of daily amphetamine on STAT3/DNA
binding ability over a 4 day period. Results show the relative densitometric values for EMSA assay. Contents of STAT3/DNA binding ability were
indicated as the percentage of the control group. Lane 6 represented nuclear extracts incubated with unlabelled ODN (competitive control;
Comp) to confirm the specificity of binding. Data shown are means ± SEM. N = 6 each group. *P < 0.05 versus control.
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pretreatment with STAT3 antisense (i.e. STAT3 knockdown)
in amphetamine-treated rats modulated the feeding behav-
iour, attenuated the NPY decrease and partly reversed the
changes in expression of MC3 receptors and PI3K. These
results suggest that PI3K–STAT3 signalling plays a functional
role in the control of NPY- and POMC-mediated appetite
control in amphetamine-treated rats.

In accordance with an earlier report (Kuo et al., 2009), the
present results showed that the alteration in feeding behav-
iour during amphetamine treatment was consistent with the
change in NPY expression, revealing that NPY was involved
in the regulation of both amphetamine-induced anorexia (on
day 1 and day 2) and amphetamine tolerance (from day 2 to
day 4). Moreover, the changes in POMC (or MC3 receptor)
expression were opposite to those in NPY expression, suggest-
ing that POMC and NPY could function reciprocally in regu-
lating anorexia and tolerance to amphetamine (Kuo et al.,
2011). In the present study, STAT3 expression was consistent

Figure 5
Effects of pretreatment with STAT3 antisense (or missense; i.c.v.) on
the expression of NPY, POMC, PI3K and STAT3 mRNA levels in
amphetamine (AMPH)-treated rats. Results show the relative densi-
tometric values for RT-PCR in antisense STAT3- and/or amphetamine-
treated groups. Expression of hypothalamic mRNA levels in the
2 mg·kg–1 amphetamine-treated group was indicated as the percent-
age of the control (day 0). Inserted images: the results of mRNA
levels in stained gels. Data shown are means ± SEM. N = 6 per group.
*P < 0.05 versus control (missense treated); the statistical data shown
in control-, antisense- and amphetamine-treated groups were ana-
lysed from the samples on day 1.

Figure 6
Effects of STAT3 antisense (or missense) pretreatment on the expres-
sion of pSTAT3 (Tyr705) and pSTAT3 (Ser727) in amphetamine (AMPH)-
treated rats. Results show the relative densitometric values for
Western blots in antisense STAT3- and/or amphetamine-treated
groups. Content of pSTAT3 (Tyr705) and pSTAT3 (Ser727) in the
2 mg·kg–1 amphetamine-treated group was indicated as the percent-
age of the control (day 0). Inserted images: results of Western blot
analysing hypothalamic protein levels. Data shown are means ± SEM.
N = 6 each group. *P < 0.05 versus control (missense treated; i.c.v.).
#P < 0.05 versus the amphetamine-treated groups; the statistical data
shown in control-, antisense- and amphetamine-treated groups were
analysed from the samples on day 1.

BJP S-C Chu et al.

3230 British Journal of Pharmacology (2014) 171 3223–3233



with POMC expression but opposite that of NPY during
amphetamine treatment, implying that STAT3 could play a
functional role in the inhibition of NPY and the activation of
POMC expression. The reciprocal expression of NPY and
POMC reflects inhibition by NPY of POMC-containing
neurons, via unidirectional input from NPY to POMC
neurons (Horvath et al., 1992; Chee et al., 2010). Several
reports have revealed that STAT3 was involved in regulating
hypothalamic NPY and POMC gene expression. For example,
depletion of STAT3 in NPY neurons increased expression of
NPY mRNA, leading to mild hyperphagia and a comparable
obese phenotype (Gong et al., 2008). STAT3 activation in
hypothalamic POMC-expressing neurons plays an important
role in the maintenance of energy homeostasis (Xu et al.,
2007). Additionally, enhanced STAT3 activation in POMC
neurons may provoke a negative feedback inhibition of leptin
and insulin signalling in obese animals (Ernst et al., 2009).
Thus, we suggest that STAT3 activation in hypothalamic
POMC neurons played a functional role in regulating the
amphetamine-induced anorectic response. Our findings are
in accord with an earlier report that bacterial endotoxin LPS-
induced anorexia is linked with the activation of intracellular
STAT3 signalling. Moreover, tolerance to LPS-induced ano-
rexia is accompanied by a blunted STAT3 phosphorylation in
the hypothalamic arcuate nucleus (Riediger et al., 2010).

As described previously, the decrease of NPY following
amphetamine treatment is located in hypothalamic arcuate
nucleus and paraventricular nucleus (Hsieh et al., 2004;
2005). Thus, the activation of PI3K signalling during
amphetamine treatment might be located in hypothalamic
POMC-containing neurons. This is because PI3K was
increased and expressed in a pattern similar to POMC expres-
sion during amphetamine treatment. Previous evidence
revealed that hypothalamic PI3K signalling participates in
the control of energy balance and may be regarded as a
mediator of leptin’s effects of on hypothalamic neurons
(Donato et al., 2010). Moreover, PI3K signalling in hypotha-
lamic POMC neurons is essential for leptin-induced activa-
tion and insulin-induced inhibition in those neurons (Hill
et al., 2008). Thus, PI3K–Akt signalling may activate down-
stream targets through pSTAT3 in NPY- or POMC-containing
neurons (Sahu, 2011). The interaction between the dopamin-
ergic system and leptin signalling in the hypothalamus is
important in the control of energy homeostasis and treat-
ment with dopamine D2 receptor agonists and antagonists
modulated leptin-induced food intake, STAT3 phosphoryla-
tion and nuclear trans-localization of pSTAT3 in the
hypothalamus (Kim et al., 2010). In the present study,
amphetamine, which is known to release dopamine,
increased PI3K and pSTAT3 expression, a result similar to the
action of leptin (Sahu, 2011). It is suggested that the hypo-
thalamic PI3K–STAT3 pathway is involved in the regulation
of dopamine-evoked anorexia via the modulation of POMC
neurons.

Most of the currently available STAT3 inhibitors target the
conventional STAT3 pathway (i.e. STAT3 tyrosine phosphor-
ylation, dimerization and DNA binding). Use of the STAT3
antisense ODN markedly reduced STAT3 protein amounts
and inhibited cell proliferation in rodents (Li et al., 2006; He
and Karin, 2011). The present results showed that daily pre-
treatment with STAT3 antisense before and during ampheta-

mine treatment reversed pSTAT3 expression to almost normal
levels in the hypothalamus. However, the same treatment
only partly (45–60%) reversed expression of NPY, PI3K and
POMC . This result implies that PI3K–STAT3 signalling might
not be the only pathway regulating NPY and POMC expres-
sion in amphetamine-treated rats. Several other signal path-
ways, such as c-fos/c-jun signalling (Hsieh et al., 2006), PKA
signalling (Hsieh et al., 2007) and PKCλ signalling (Hsieh
et al., 2011), are also involved in regulating NPY and POMC
gene expression.

Moreover, in addition to STAT3, the transcription factor
NF-κB might also be a downstream regulator of PI3K–Akt
signalling, and participate in the control of NPY and POMC
gene expression (Morrison et al., 2005). Our previous report
revealed that NF-κB participated in regulating NPY and
POMC gene expression in amphetamine-treated rats (Kuo
et al., 2012b; Hsieh et al., 2013). The current results showed
that the increase of PI3K–STAT3 signalling was expressed in a
pattern consistent with that of NF-κB with the maximum
increase on day 2 during a 4 day period of amphetamine
treatment. STAT3 may be co-activated with NF-κB to prevent
neurotoxicity in the brain (Kuo et al., 2012b). Moreover, pre-
vious reports reveal that PI3K–Akt signalling mediates the
neuroprotective effect against methamphetamine-induced
damage in the rat brain (Rau et al., 2011). Furthermore,
the NF-κB pathway was involved in the reduction of
methamphetamine-mediated increase of oxidative stress in
the brain (Lee et al., 2002; Kuo et al., 2012b). Thus, we suggest
that the hypothalamic PI3K/STAT3 and PI3K/NF-κB pathways
might be co-activated to regulate NPY and POMC gene
expression in amphetamine-treated rats.

In the present study, changes of food intake during daily
amphetamine treatment were associated with the changes in
hypothalamic NPY, but showed less strong association with
the effect of amphetamine-induced hyperlocomotion. Previ-
ous reports indicated that daily amphetamine can induce
hyperlocomotion during an 8 day testing period, which was
related to increased dopamine release and activation of dopa-
mine transporters (Carboni et al., 2001; Spielewoy et al.,
2001). Thus, if amphetamine-induced hyperlocomotion
played a major role in the decrease of food intake, then daily
amphetamine (from day 2 to day 4) would not induce a
reversal of food intake and of hypothalamic NPY expression
to baseline level.

The therapeutic potential of compounds targeted at the
PI3K/STAT3 pathway has recently attracted attention. In the
CNS, STAT3 is a potential target in the prevention and
the treatment of medulloblastoma (Ajeawung et al., 2012)
and glioblastoma multiforme, the most common and aggres-
sive primary brain tumour (Luwor et al., 2013). STAT3 inhi-
bition also prevents ischaemic brain injury and has a
therapeutic potential for ischaemic strokes (Yu et al., 2013).
Additionally, the PI3K inhibitor blocked the effect of
amphetamine psychosis and reversed schizophrenia-related
phenotypes (Law et al., 2012). In spite of these advances in
the clinical uses of PI3K and STAT3 inhibitors, little is known
about the possible role of PI3K–STAT3 signalling in the regu-
lation of amphetamine-induced anorexia. The present study
provides evidence that PI3K–STAT3 signalling plays an essen-
tial role in the control of dopamine-, NPY- and POMC-
mediated appetite suppression in amphetamine-treated rats.
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These data may be helpful for the improvement of anorectic
and anti-obesity drugs. Moreover, as the activation of hypo-
thalamic POMC contributes to the protection of brain against
oxidative stress, as described in our previous reports (Hsieh
et al., 2011; Kuo et al., 2011) and STAT3 is sensitive to redox
stress and is a logical candidate for redox modification by
oxidants and antioxidants (Zgheib et al., 2012), compounds
that could activate POMC and PI3K/STAT3 signalling might
be applied, as therapeutic agents, to the improvement of
oxidative damage induced by amphetamine.

In conclusion, our present results suggest that the hypo-
thalamic PI3K–STAT3 signal pathway is involved in regulat-
ing NPY- and POMC-mediated appetite suppression in
amphetamine-treated rats. These results may add to our
understanding of the molecular mechanisms responsible for
the appetite-suppressing effect of amphetamine.
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