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Abstract 
Amphetamine (AMPH), an appetite suppressant, alters expression levels of neuropeptide Y 
(NPY) and cocaine- and amphetamine-regulated transcript (CART) in the hypothalamus. This 
study explored the potential role of cJun-N-terminal kinases (JNK) in appetite control, medi- 
ated by reactive oxygen species (ROS) and activator protein-1 (AP-1) in AMPH-treated rats. Rats 
were given AMPH daily for 4 days. Changes in feeding behavior and expression levels of hypotha- 
lamic NPY, CART, cFos, cJun, phosphorylated JNK (pJNK), as well as those of anti-oxidative 
enzymes, including superoxide dismutase (SOD), glutathione peroxidase (GP) and glutathione 
S-transferase (GST), were examined and compared. Following AMPH treatment, food intake 
and NPY expression decreased, whereas the other proteins expression and AP-1/DNA binding 
activity increased. Both cerebral cJun inhibition and ROS inhibition attenuated AMPH anorexia 
and modified detected protein, revealing a crucial role for AP-1 and ROS in regulating AMPH- 
induced appetite control. Moreover, both pJNK/CART and SOD/CART activities detected by 
double immunofluorescent staining increased in hypothalamic arcuate nucleus in AMPH-treated 
rats. The results suggested that pJNK/AP-1 signaling and endogenous anti-oxidants participated 
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in regulating NPY/CART-mediated appetite control in rats treated with AMPH. These findings 
advance understanding of the molecular mechanism underlying the role of pJNK/AP-1 and 
oxidative stress in NPY/CART-mediated appetite suppression in AMPH-treated rats. 
© 2019 Elsevier B.V. and ECNP. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Reactive oxygen species (ROS) are typically produced in mi-
tochondria as electrons leak which react with oxygen to
form superoxide ( Sharma et al., 2004 ). Production of ROS
in the hypothalamus during fuel utilization is important in
regulating energy homeostasis ( Horvath et al., 2009; Jail-
lard et al., 2009; Thakur et al., 2017 ). Thus, suppressing the
production of ROS in the hypothalamus diminishes proopi-
omelanocortin (POMC) cell activation and promotes the ac-
tivity of neuropeptide Y (NPY) neuron and feeding, whereas
increasing the production of ROS activates POMC neurons
and reduces feeding ( Diano et al., 2011 ). Moreover, glucose-
utilizing POMC neurons are fired, which leads to the in-
creases in ROS levels in hypothalamic cells during positive
energy balance. By contrast, fatty acid-utilizing NPY neu-
rons are activated, but ROS levels are not increased in these
cells during negative energy balance ( Leloup et al., 2006;
Andrews et al., 2008 ). 

The anti-ROS-associated enzymes, such as superoxide dis-
mutase (SOD), catalase, glutathione peroxidase (GP), and
glutathione S-transferase (GST), are anti-oxidative enzymes
that function in the detoxification process and prevention
of ROS accumulation ( Shao et al., 2008; Rosenfeld et al.,
2017 ). Incomplete reduction of O 2 during respiration in mi-
tochondria produces superoxide anions, which are dismu-
tated by SOD to form H 2 O 2 . In turn, H 2 O 2 is decomposed
by catalase to form H 2 O and O 2 . Both SOD and catalase
are thought to play a role in the detoxification process in
the brain during anorectic drug treatment ( Kuo et al., 2009,
2011 ). GP prevents ROS accumulation in the brain by break-
ing down H 2 O 2 ( Ehrenbrink et al., 2006 ). GST catalyzes the
conjugation of oxidized products with the thiolate anion
of glutathione (GSH), the major antioxidant in the brain,
to form nontoxic products ( Johnson et al., 1993; Sharma
et al., 2004 ). Previous research showed that GST was
present a high concentration in the thalamus/hypothalamus
( Björk et al., 2006 ) and that it eliminated metabolites pro-
duced by dopamine (DA) oxidation ( Baez et al., 1997 ). There
are four main classes of cytosolic GSTs: α, μ, π, and θ.
Shao et al. (2008) demonstrated that GST α was expressed
in the brain and that it played an essential role in the func-
tion of neuroprotection against lithium-induced oxidative
stress. Previous research reported that SOD enzymes, in-
cluding CuZn-SOD (SOD-1) and Mn-SOD (SOD-2), played es-
sential roles in destroying oxygen-based radicals and that
they seemed to play a role in attenuation of DNA binding
effect of activator protein-1 (AP-1) in methamphetamine-
treated rats ( Sheng et al., 1996; Pinto and Moraes,
2014 ). 

Amphetamine (AMPH) is a well-known appetite suppres-
sant. In previous report, we revealed that a non-selective
DA D1/D2 receptor antagonist blocked approximately 90%
of AMPH-induced anorexia, implicating the central re-
lease of DA in regulating AMPH-mediated appetite control
( Chen et al., 2001; Hsieh et al., 2014 ). A previous study
showed that AMPH-induced release of DA was injurious
to neurons through DA auto-oxidation and the formation
of ROS in the brain ( Alagarsamy et al., 1997 ). Increased
oxidative stress appeared to influence the expression of
orexigenic neuropeptide Y (NPY) gene and anorxigenic
cocaine- and amphetamine-related transcript (CART) gene
in the hypothalamus ( Hsieh et al., 2015 ). A number of stud-
ies suggested that hypothalamic NPY and CART genes may
function reciprocally in the regulation of AMPH-induced
appetite suppression ( Chu et al., 2015; Yu et al., 2018 ). 

The c-Jun N-terminal kinase (JNK) is a member of
mitogen-activated protein kinase ( Chang and Karin, 2001 ).
Previous studies demonstrated the association of JNK with
central regulation of oxidative stress ( Turner et al., 1998 )
and activation of ROS ( Torres and Forman, 2003; McCubrey
et al., 2006 ). There are three JNK isoforms (JNK1, JNK2 and
JNK3), which are encoded by three different genes ( Ip and
Davis, 1998 ). JNK1 and JNK2 are ubiquitously expressed
and JNK3 is restricted to the brain, testis, and pancreatic
β-cells ( Solinas and Karin, 2010 ). Previous studies demon-
strated that JNK activated cJun, a member of the AP-1
transcription factors, and that AP-1 is potently induced in
response to cellular stress ( Chang and Karin, 2001; Hibi
et al., 1993 ). Previous research also showed that AP-1 and
anti-oxidative enzymes played a role in the modulation of
NPY gene expression in the brain ( Sheng et al., 1996; Ro-
driguez et al., 1999; Hsieh et al., 2006, 2008 ). In addition,
a recent study reported that phosphorylated JNK (pJNK)
activity within specific cellular contexts in specific stage
of type-2 diabetes may participate in the modulation of
obesity and metabolic stress ( Solinas and Becattini, 2016 ). 

The present study investigated whether pJNK/AP-1 sig-
naling and endogenous anti-oxidant in the hypothalamus
participated in reciprocal regulation of NPY/CART-mediated
appetite control in AMPH-treated rats. 

2. Experimental procedures 

2.1. Animal treatments 

Male Wistar rats weighing 200–300 g were obtained from the
National Laboratory Animal Center in Taiwan, ROC. The animals
were housed individually in cages and maintained at a temperature
of 22 ± 2 °C in a room with a normal 12-h light-dark cycle (light on
at 6:00 a.m.). 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 (6:00 p.m.). Water and chow
(LabDiet) were freely available throughout the experiment. All of
the procedures were performed in accordance with the Guide for
the Care and Use of Laboratory Animals as adopted by the Na-
tional Institutes of Health (8th edition, 2011). All animal surgeries
were performed under sodium pentobarbital (35–40 mg kg_1; i.p.)
anesthesia. An additional dose of half of the initial dose would be
administered if rats showed signs of feeling pain or consciousness.
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dro, CA, USA). 
very effort was made to minimize suffering in these animals. A
otal of 255 animals were used in the experiments described here. 

.2. Experimental procedures 

here were 5 experiments subdivided in this study. 
To investigate the effects of AMPH on feeding behavior and hy-

othalamic neuropeptide and antioxidants expression, rats ( N = 8
or each group) were i.p. injected with AMPH at a dose of 1, 2 or
 mg/kg for 4 days. AMPH was first injected at the end of Day 0
i.e., at 6:00 p.m.), which is also regarded as the beginning of Day
. The data for daily food intake were calculated with respect to
he food intake amount in the previous day. To determine the ef-
ect of AMPH treatment on the changes in hypothalamic NPY, CART
55–102), cFos, cJun, total JNK(tJNK), pJNK, and antioxidants (in- 
luding SOD-1, SOD-2, GST α, and GP) expression, rats ( N = 6) were
njected with AMPH (2 mg/kg; i.p.) once a day for 4 day. On the
acrifice day, rats received a treatment of AMPH 40 min before be-
ng sacrificed to enhance the effects of AMPH. The rats were anes-
hetized with pentobarbital and decapitated. Following decapita- 
ion, the hypothalamus was removed to determine the desired pro-
ein expression. The hypothalamus was removed immediately and 
ubjected to determinations of protein expression, or stored at –
0 °C until its use for analysis. 
To investigated the effect of AMPH on AP-1/DNA binding activ-

ty, rats ( N = 6) were daily given AMPH (2 mg/kg; i.p.) for 4 days. At
0–50 min after daily AMPH treatment (at 6:00 p.m.), the hypotha-
amus was removed to determine AP-1/DNA binding activity by a
echnique of electro-motility shift assay (EMSA). 
To explore the effects of JNK inhibitor/AMPH co-administration 

n changes of feeding behavior, hypothalamic neuropeptides and 
ntioxidants expression, rats were pretreated (intracerebroventric- 
larly, i.c.v.) with JNK inhibitor (SP600125) on the anorectic re-
ponse and the expression of NPY, CART, cFos, cJun, pJNK and an-
ioxidants in AMPH-treated rats, rats ( N = 8 per group) were given
NK inhibitor (10 μL in concentration of 1.5 μM; i.c.v.; the infusion
ate was 25 μL/h) one hour before AMPH (4 mg/kg; i.p.) treatment
nce a day for 4 days. The drug SP600125 is a selective JNK inhibitor
hich is effective in the inhibition of JNK expression ( Siddiqui
nd Reddy, 2010; Gehringer et al., 2015 ) and can completely
nhibit the expression of pJNK and cJun in AMPH-treated rats
 Shyu et al., 2004 ). Moreover, acute i.c.v. injection of SP600125 in
he region of hypothalamic ARC can ameliorate the JNK-mediated 
nergy metabolism ( Benzleret al., 2013 ). SP600125 (molecular 
eight = 220) is poorly soluble in water. Stock solution of 25 μM
P600125 is dissolved in 0.25% dimethyl sulfoxide (DMSO) solution
nd dilutes with aCSF to the desired concentration. On the sacrifice
ay, rats received JNK inhibitor and/or AMPH at 40 min prior to be-
ng anesthetized and then decapitated immediately to remove the 
ypothalamus. Following decapitation, the hypothalamus was re- 
oved to determine the desired protein expression. The hypotha-

amus was removed immediately and subjected to determinations 
f protein expression, or stored at –80 °C until its use for analysis. 
To investigate the effects of ROS scavenger/AMPH co- 

dministration on changes of feeding behavior, hypothalamic neu- 
opeptides (NPY, CART, cFos, cJun, pJNK) and antioxidants, rats 
 N = 8 for each group) were daily infused with N - acetyl- L -cysteine
NAC) (5 μL in concentration of 10 μg; i.c.v.; the infusion rate was
 μL/min) ( Koppen et al., 2014 ) 40 min before AMPH treatment
4 mg/kg; i.p.) for 4 days. NAC is an antioxidant which can increase
evels of glutathione and is widely used in the research of ROS.
AC results from its free radical scavenging property and was used
s an antioxidant through increasing intracellular GSH levels and 
hrough its thiol-disulfide exchange activity ( Zafarullah et al., 2003;
un, 2010 ). NAC was dissolved in artificial corticospinal fluid (aCSF)
ontaining 140 mM NaCl, 3.35 mM KCl, 1.15 mM MgCl 2 , 1.26 mM
aCl 2 , 1.2 mM Na 2 HPO 4 and 0.3 mM NaH 2 PO 4 ; pH 7.4. 
To examine the effect of AMPH treatment on immunofluorescent
ctivities of (1) pJNK/CART and (2) SOD/CART in hypothalamic ar-
uate nucleus (ARC), rats were given AMPH (4 mg/kg; N = 5) once a
ay for 2 days. Forty minutes after the second day of AMPH treat-
ent, rats were under ether anaesthesia and killed by transaortic
erfusion with a fixative solution, as described in the desired sec-
ion below. 

.3. AP-1/DNA binding assay 

olymerase chain reaction (PCR) amplifications of the AP-1 re-
ponse elements on the collagen promoter region were performed
sing the following primers: AP-1, 5 ′ -CCT AAG GCA TAG AGC AAT
AC-3 ′ (sense) and 5 ′ -GGT GAG AAA CAT GAC TAG GTG-3 ′ (anti-
ense). Electromobility shift assay (EMSA) was carried out using
he Lightshift kit. Briefly, 10 μg of nuclear protein was preincu-
ated with 10 mM Tris, 50 mM KC1, 1 mM DTT, 5 mM MgCl 2 , 2 μg poly
dI ×dC) and 2 pmol of oligonucleotide probe for 20 min at room
emperature. Specific binding was confirmed by using a 200-fold ex-
ess of unlabeled probes as specific competitor. Protein-DNA com-
lexes were separated by a 6% nondenaturing acrylamide gel elec-
rophoresis. Complexes were transferred to positively charged ny-
on membranes and UV-crosslinked in a crosslinker. Gel shifts were
isualized with a streptavidin-horseradish peroxidase followed by 
hemiluminescent detection ( Chen et al., 2006 ). 

.4. Lateral ventricular cannulation 

tereotaxic surgery (Kopf Model 900, Tujunga, CA, USA) was per-
ormed on each rat under pentobarbital anesthesia (30 mg/kg,
.p.). The target of cannulation was near the junction of the right
ateral ventricle and the third ventricle (coordinates: 0.8 mm poste-
ior to the Bregma, 1.5 mm from the midline, and 3.5–4.0 mm below
he dura). A 23-g stainless steel guide cannula was implanted and
ecured to the skull using stainless steel screws and dental cement.
he correct placement was confirmed by observing the transient
nd rapid inflow of the vehicle in polyethylene tubing connected
o a 28-g injector cannula. The cannula was then occluded with a
8-g stylet. For the infusion of antisense, the stylet was replaced
ith a 28-g injector cannula extending 0.5 mm below the tip of the
uide cannula. For all experiments, the cannula placement was ver-
fied by histochemistry of brain section and by the administration
f angiotensin II (100 ng/rat). Angiotensin II reliably induced wa-
er drinking in non-deprived rats when administered into the cere-
roventricles. Only data from rats that drank more than 10 ml of
ater in 30 min were included in this study. Behavioral testing of
rinking began about 1 week after the cannulation surgery and the
estoration of feeding behavior, and then angiotensin II was admin-
stered to confirm the cannula placement. It was about two days
fter the treatment of angiotensin II to confirm the restoration of
ormal drinking behavior, and then we started the experiment of
MPH treatment (Day 0). 

.5. Western blotting 

ypothalamus tissue extracts were subjected to electrophoresis. 
roteins were separated on a 12.5% polyacrylamide gel, transferred
nto a nitrocellulose membrane, and incubated with specific anti-
odies against NPY, CART (55–102), cFos, cJun, AP-1, SOD-1, GST α,
P, and β-actin. After incubation with horseradish peroxidase goat
nti-rabbit IgG, the color signal was developed using 4–chloro–1-
aphthol/3,3 ′ -diaminobenzidine and 0.9% (w/v) NaCl in Tris–HCl. 
he relative photographic density was quantified by scanning the
hotographic negative film on a Gel Documentation and Analysis
ystem (AlphaImager 2000, Alpha Innotech Corporation, San Lean-
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2.6. Immunofluorescent staining 

The rats were killed under ether anesthesia by transaortic perfu-
sion with 50 ml heparinized saline, and then treated with 250 ml of
fixative (4% paraformaldehyde in 0.1 M phosphate buffer; pH 7.4).
Brains were removed and immersed immediately in the fixative for
90 min, washed in 0.1 M phosphate buffer saline (PBS), and then
placed in 0.1 M PBS containing 30% sucrose at 4 °C for 48 h. Brains
were prepared as 7 μm coronal sections containing the third ventri-
cle of hypothalamus using Leica CM3050 S cryostat (Buffalo Grove,
IL, USA) at −20 °C. Sections were fixed with pre-cooling acetone for
10 min, and then washed with phosphate buffered saline (PBS) for
3 times. Immersed the slides into antigen retrieval buffer (10 mM
Sodium Citrate, 0.05% Tween 20, pH 6.0) and boiled for 10 min.
Slides were rinsed for 3 times in PBS. Sections were covered with
the blocking reagent (Innovex, Richmond, CA, USA) for 2 h at room
temperature. Slides were washed using tris buffered saline with
tween 20 (TBST) for 3 times. In the double staining procedure, sec-
tions were incubated at 4 °C for 24 h with both anti-CART (1:100
dilution) and anti-pJNK (1:50 dilution) or both anti-CART and anti-
SOD1 (1:200) primary antibodies. In the next day, all sections were
incubated at 37 °C for 1 h with corresponding secondary antibodies
(fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG
(1:50) for anti-pJNK and anti-SOD1 whereas rhodamine-conjugated
goat anti-rabbit IgG (1:50) for anti-CART) plus 4 ′ ,6-diamidino-2-
phenylindole (DAPI, 0.5 μg/ml) in the dark. Slides were rinsed with
TBST for a total 3 washes. Tissues were then covered with mounting
media (Vector Laboratories, Burlingame, CA, USA) and sealed with
cover slips. Images were visualized by upright fluorescent micro-
scope (ZEISS AXioskop2, Carl Zeiss Microscopy, Thornwood, NY, USA)
or observed under confocal microscope (ZEISS LSM 510 META). The
digitally results of fluorescence intensities were quantified by Im-
ageJ software (National Institute of Health, Bethesda, MD, USA). In
the procedure, Global calibration, Global scale and Threshold were
setting to remove the background and select the area for quan-
tification. Colocalization results of yellow color were analyzed by
using RGB method that converts pixel in brightness values. 

2.7. Drugs, chemicals, and reagents 

Chow (LabDiet) was purchased from PMI Nutrition International
(Brentwood, MO, USA). AMPH, angiotensin II, NAC, and Tris–HCl
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibod-
ies against NPY, cFos, SOD-1, SOD-2, JNK, pJNK, and β-actin were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Antibody against GST- α was purchased from Oxford Biomedical Re-
search (Oxford, MI, USA), those against AP-1 and c-Jun antibodies
were from Cell Signaling Technology, (Beverly, MA, USA), and those
against GP was from Gibco BRL, Life Technologies, Inc., (Rockville,
MD, USA). CART (55–102) antibody was from Phoenix Pharmaceu-
ticals, Inc. (Burlingame, CA, USA). SOD-1 antibody used in im-
munofluorescent staining was purchased from Novus, Inc., (Little-
ton, CO, USA). TRIZOL reagent (Life Technologies, Inc., Grand Is-
land, USA) was used in tissue homogenization. EMSA was carried
out using the Lightshift kit (Promega Life Science). 

2.8. 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 significance was set at

p < 0.05. 
3. Results 

3.1. Effects of AMPH on feeding and 

hypothalamic protein levels 

The change of feeding behavior in rats receiving AMPH (1,
2, 4 mg/kg; i.p.) treatment were shown in the left up-
per panel of Fig. 1 . Using statistical analysis with two-
way ANOVA followed by Dunnett’s test ( p < 0.05), to mea-
sure the effect of AMPH, results revealed a significant dose-
dependent [F(3,28) = 11.16, p < 0.05] and time-dependent
effect [F(4,35) = 6.27, p < 0.05], but it was not conclusive
of the interaction (Dose × Time) effect. Statistical results
revealed that AMPH (1 mg/kg) reduced the food intake on
Day 2, AMPH (2 mg/kg) reduced the food intake from Day
1 to Day 3, and that AMPH (4 mg/kg) reduced food intake
from Day 1 to Day 4 compared to the controls. Moreover,
the effect of 2 mg/kg AMPH on Day 4 was significant com-
pared to that on Day 2, revealing that 2 mg/kg AMPH could
induce gradually the tolerant effect to AMPH. However, with
a dose of 4 mg/kg AMPH, it produced a continuous anorectic
response during a 4-day period of drug treatment. 

Therefore, AMPH (2 mg/kg) was employed for the ex-
periments in hypothalamic neuropeptides and antioxidants
expression ( Figs. 1 and 2 ) and AP-1/DNA binding activity
( Fig. 3 ) because there was a reversion of food intake (tol-
erant effect of AMPH) during a 4-day period of AMPH treat-
ment. However, AMPH (4 mg/kg) was used for the experi-
ments in JNK inhibitor/AMPH co-administration ( Fig. 4 ), ROS
inhibitor/AMPH co-administration ( Fig. 5 ), and double im-
munofluorescent staining ( Figs. 6 and 7 ) because it could
exert a greater anorectic effect and neuropeptides expres-
sion, and was thus more suitable to study the inhibitory ef-
fect of AMPH. 

3.2. Effects of AMPH on NPY, CART, cFos, cJun, 
and pJNK/tJNK expression 

Results shown in Fig. 1 revealed that daily AMPH treatment
decreases NPY but increased CART (55–102), cFos, cJun,
and pJNK/tJNK expression during AMPH treatment. Using β-
actin as the internal standard, the ratio of detected proteins
over β-actin in each group was calculated and compared.
Analysis with one-way ANOVA revealed a decrease in NPY
from Day1 to Day 3 [F(4,25) = 5.56, p < 0.05], but revealed
the increases in CART (55–102) expression from Day 1 to Day
4 [F(4,25) = 6.68, p < 0.05], cFos expression from Day 1 to
Day 3 [F(4,25) = 3.61, p < 0.05], cJun expression from Day 1
to Day 3 [F(4,25) = 4.13, p < 0.05], and pJNK/tJNK expression
from Day 1 to Day 4 [F(4,25) = 5.42, p < 0.05]. 

Results shown in Fig. 2 revealed a significant effect on
antioxidants expression, which included SOD-1 expression
from Day 1 to Day 3 [F(4,25) = 4.22, p < 0.05], SOD-2 ex-
pression from Day 1 to Day 4 [F(4,25) = 6.32, p < 0.05], GP
expression from Day 1 to Day 3 [F(4,25) = 3.32, p < 0.05],
and GST α expression from Day 1 to Day 3 [F(4,25) = 4.45,
p < 0.05] compared to the control. These results revealed
that CART (55–102), cFos, cJun, and antioxidants expres-
sion were increased with maximum response on Day 2 during
AMPH treatment, which were expressed just opposite to the
expression of NPY with the biggest reduction on Day 2. 
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ctivity 

s shown in Fig. 3 , daily treatment with AMPH for four
ays could increase hypothalamic AP-1/DNA binding activ- 
ty. Analysis with one-way ANOVA revealed that AP-1/DNA 
inding activity was increased during the first 3 days of
MPH treatment [F(4,25) = 3.88, P < 0.05] compared to con-
rols. Moreover, the expressive pattern of AP-1/DNA binding 
ctivity was similar to that in pJNK expression during a 4-
ay period of AMPH treatment. 
.4. The effect of co-administration with JNK 

nhibitor/AMPH on food intake and hypothalamic 

rotein expression levels 

esults shown in the left upper panel of Fig. 4 revealed that
 pretreatment of JNK inhibitor (SP600125) in AMPH-treated 
ats could modify the anorectic response of AMPH, indi-
ating the involvement of JNK signaling in AMPH anorexia.
sing two-way ANOVA to analyze the effect of JNK in-
ibitor pretreatment on AMPH anorexia, it revealed sig- 
ificant dose-dependent [F(3,28) = 8.42, p < 0.05] and time-
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Fig. 2 The effect of daily AMPH (2 mg/kg; i.p.) on expression levels of anti-oxidants (SOD-1, SOD-2, GP, and GST α) and β-actin in 
the hypothalamus over a 4-day period. Results of column showed the relative densitometric value of Western Blots which were 
inserted with each figure. Bars were mean ± SEM. N = 6 each group. ∗P < 0.05 vs. control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

dependent effects [F(4,35) = 5.36, p < 0.05], but it was
not conclusive of the interaction effect. Moreover, results
shown in Fig. 4 also revealed that JNK inhibitor/AMPH co-
administration could change the expression levels of NPY,
CART (55–102), cFos, cJun, pJNK, and antioxidant expres-
sion compared to the control group during a 4-day period
of drug treatment. Using β-actin as the internal standard,
the ratios of detected proteins over β-actin in each group
were calculated and compared. Using one-way ANOVA fol-
lowed by Dunnett’s test ( P < 0.05), it revealed that sig-
nificant decrease in NPY [F(6,35) = 7.78, P < 0.05] and in-
creases in CART (55–102) [F(6,35) = 3.21, P < 0.05], cFos
[F(6,35) = 2.77, P < 0.05], cJun [F(6,35) = 2.98, P < 0.05], cJNK
[F(6,35) = 3.08, P < 0.05], SOD-1 [F(6,35) = 5.12, P < 0.05],
SOD-2 [F(6,35) = 4.38, P < 0.05], GP [F(6,35) = 3.85, P < 0.05],
and GST α [F(6,35) = 5.12, P < 0.05] could be observed in
pJNK inhibitor/AMPH co-administrated groups compared to
the control group. The feeding behavior shown in vehicle-
treated rats was similar to that in saline-treated rats
( Fig. 1 ). Moreover, the anorectic response in vehicle/AMPH-
treated rats ( Fig. 4 ) was not significantly changed com-
pared to that in AMPH-treated rats ( Fig. 1 ). These results
revealed the noninterference of vehicle treatment in this
study. Moreover, a treatment with pJNK inhibitor alone
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Fig. 3 The result of EMSA analyzing AP-1/DNA binding ability following daily AMPH treatment over a 4-day period. Columned figure 
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the control group. Inserted image: nuclear extracts in the hypothalamus were analyzed by EMSA assay with biotin labeled AP-1 
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control. Comp: competitive control. 
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ould change pJNK expression but didn’t change the expres- 
ion levels of other protein, indicating the specific effect of
JNK inhibitor on pJNK expression. 

.5. The effect of the pretreatment with NAC on 

MPH-induced food intake and hypothalamic 

rotein levels 

AC is a drug used to detect the effect of ROS scavenger
n AMPH-treated feeding behavior. Results shown in the 
pper panel of Fig. 5 revealed that daily pretreatment with
OS scavenger (NAC) could modify AMPH-induced anorec- 
ic response during a 4-day period. Statistical analysis 
ith two-way ANOVA revealed significant dose-dependent 
F(3,28) = 10.32, p < 0.05] and time-dependent effects 
F(4,35) = 7.58, p < 0.05]. Moreover, it revealed that co-
dministration with NAC/AMPH attenuated the decreases 
f food intake from Day1 to Day 4 compared to that in
MPH-treated group. The food intake in vehicle-treated 
ats was similar to that in saline-treated rats. Moreover, the
ood intake in NAC alone-treated rats remained unchanged 
ompared to that in vehicle-treated rats, revealing the 
oninterference of vehicle in this study. Results shown in 
he lower panel of Fig. 5 revealed that NAC/AMPH-treated 
o-administration resulted in partial restoration of detected 
roteins and antioxidants expression toward normal level 
uring the first day (24 h) of testing. By one-way ANOVA
ollowed by Dunnett’s test ( P < 0.05), it revealed that a
ignificant decrease in NPY [F(3,20) = 8.78, P < 0.05] but
ncreases in CART (55–102) [F(3,20) = 6.12, P < 0.05], cFos
F(3,20) = 4.38, P < 0.05], cJun [F(3,20) = 3.77, P < 0.05], cJNK
F(3,20) = 4.16, P < 0.05], SOD-1 [F(3,20) = 6.76, P < 0.05],
OD-2 [F(3,20) = 4.18, P < 0.05], GP [F(3,20) = 3.52, P < 0.05],
nd GST α [F(3,20) = 5.17, P < 0.05] in NAC/AMPH co-
dministrated groups compared to the control group. NAC 

reatment alone can slightly but not significantly decrease 
JNK expression and didn’t affect the expression levels of
ther hypothalamic proteins compared to the control group 
uring a 24-h of drug treatment. 

.6. The effect of AMPH treatment on 

ypothalamic pJNK, SOD-1, and cart (55–102) 
mmunofluorescent expression 

ig. 6 showed the results of immunofluorescent staining, 
hich indicated the significant influences of AMPH on the
uorescent intensity of pJNK, CART (55–102), and SOD-1 in
ypothalamic ARC area. The expression of pJNK, CART (55–
02) and SOD-1 positive cells appeared to be increased ap-
roximately 205%, 170%, and 180%, respectively, in rats re-
eiving 4 mg/kg AMPH compared to the control groups ( t -
est, P < 0.05). In Fig. 7 , results of double immunofluores-
ent staining, which indicated the co-localization of two 
etected protein, revealed that merged pJNK/CART and 
erged SOD-1/CART immunofluorescences (yellow color) 
ere increased about 208% and 135%, respectively, in AMPH-
reated group ( t -test, P < 0.05). 

. Discussion 

he primary findings in the present study were as fol-
ows: (1) In AMPH-treated rats, feeding behavior and NPY
ecreased, whereas CART (55–102), JNK, anti-oxidative 



1242 S.-C. Chu, P.-N. Chen and C.-H. Yu et al. 

C
A

R
T 

ex
pr

es
si

on
   

   
(%

co
nt

ro
l)

0

100

200

300

400

500

600

*

N
PY

 e
xp

re
ss

io
n

   
   

(%
co

nt
ro

l)

0

50

100

150

200

* *
*

* * #

cJ
un

 e
xp

re
ss

io
n

   
   

(%
co

nt
ro

l)

0

100

200

300

400

500

600

*
** * *

#

#

* * * *

# #

# #

# # # #

*

SO
D

-1
 e

xp
re

ss
io

n
   

   
 (%

co
nt

ro
l)

0

100

200

300

400

500

600

#

SO
D

-2
 e

xp
re

ss
io

n
   

   
 (%

co
nt

ro
l)

0

100

200

300

400

500

600

cF
os

 e
xp

re
ss

io
n

   
  (

%
co

nt
ro

l)

0

100

200

300

400

500

600

   
 G

S
T

(%
co

nt
ro

l)

0

100

200

300

400

500

600

*
* * * *
#

# # #

****

*

#
#

# #

****
*

# # # #

   
  G

P
 

(%
co

nt
ro

l) 
 

0

100

200

300

400

500

600

****
*

# # # #

****

*

# # # #

1   2    3    4 days

JNK inhibitor +
amphetamine

1   2    3    4 days

JNK inhibitor +
amphetamine

0 1 2 3 4

D
ai

ly
 F

oo
d 

in
ta

ke
 (g

/d
ay

)

10

15

20

25

30

35

40

45
Control (vehicle; i.c.v.)
Vehicle (i.c.v.)+AMPH (4 mg/kg; i.p.)
JNK inhibitor (i.c.v.)
JNK inhibitor + AMPH

** * *

# # #
#*

***

Daily Drug Co-administration
(days)

   
 p

JN
K

(%
co

nt
ro

l)

0

100

200

300

400

500

600

*

* * * *
# # # #

*

Fig. 4 Upper panel: the effect of daily JNK inhibitor (SP600125) pretreatment on AMPH-induced feeding behavior over a 4-day 
period. JNK inhibitor (1.5 μM; i.c.v.; 25 mL) was administered 60 min before receiving 4 mg/kg AMPH once a day for 4 days. ∗ p < 0.05 
vs. the vehicle-treated group of each treatment day. # p < 0.05 vs. the AMPH-treated groups of each treatment day. Bars are mean 
± SEM. N = 8 per group. Lower panel: the effect of JNK inhibitor/AMPH co-administration on expression levels of NPY, CART, cFos, 
cJun, pJNK, and antioxidants over a 4-day period. ∗ p < 0.05 vs. the control (vehicle) groups of each treatment day. # p < 0.05 vs. the 
AMPH-treated groups of each treatment day. Bars are the means ± SEM. N = 6 per group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

enzymes, and AP-1/DNA binding activity increased; (2) JNK
inhibition modified feeding behavior and expression levels
of CART (55–102), cFos/cJun, and anti-oxidative enzymes;
(3) central inhibition of ROS production modified the ex-
pression levels of NPY, CART (55–102), cFos/cJun, and JNK;
and (4) the results of double immunofluorescent staining
showed that both pJNK/CART and SOD/CART immunoflu-
orescent particles increased in hypothalamic ARC. These
results suggested that both the activation of pJNK/AP-1
signaling and the production of antioxidants in the hypotha-
lamus participated in the regulation of NPY/CART-mediated
appetite control in AMPH-treated rats. 

Our previous results ( Kuo et al., 2011 ) showed that both
NPY reduction and CART (55–102) elevation on Day 1 and Day
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(A)Feeding behavior during ROS scavenger/AMPH co-administration

(B) Hypothalamic protein expression levels during drug co-administration
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Fig. 5 Upper panel: results of Western blots showing the effect of NAC (a ROS scavenger) pretreatment on AMPH-induced anorexia 
during a 4-day period of drug treatment. Middle and Lower panel: results of Western blots showing the NAC/AMPH-induced changes 
of hypothalamic protein and the relative densitometric values for these protein during the first day (24 h) of AMPH (4 mg/kg; i.p.) 
treatment. Contents of NPY, CART (55–102), cFos, cJun, pJNK, antioxidants (including SOD-1, SOD-2, GP, and GST α) were indicated 
as the percentage of controls. ∗P < 0.05 vs. the control (vehicle-treated, i.c.v.) group. # P < 0.05 vs. the vehicle/AMPH-treated groups 
of each treatment day. Bars are mean ± SEM. N = 6–8 per group. NAC: N-acetyl- L -cysteine. Vehicle: aCSF solution. 
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 participated in the anorectic response of AMPH (anorectic 
ffect). This anorectic effect was associated with satiety or 
 positive energy balance. In contrast, the expression lev- 
ls of NPY and CART (55–102) were reversed back to normal
evels from Day 2 to Day 4 (tolerant effect). This tolerant
ffect was associated with hunger or a negative energy bal-
nce. These results implied that CART neurons might func-
ion in a manner reciprocal to that of NPY neurons during
he regulation of AMPH-evoked appetite suppression. 
To examine the functional role of JNK in the regulation

f NPY/CART-mediated appetite control, rats were pre- 
reated with a JNK inhibitor prior to AMPH treatment. JNK
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Fig. 6 Results of immunofluorescent staining showing CART (55–102), pJNK and SOD-1 immuno-reactivities in the hypothalamic 
ARC regions in rats receiving saline or AMPH (4 mg/kg; i.p.) treatment. Frontal sections through the level of median eminence were 
obtained. Upper panel (from A to L): photo images A–C and G–I show sections in control group, while photo images D–F and J–L show 

sections in AMPH-treated group. Blue color represented nucleus, red color stood for CART (55–102) and green color showed pJNK or 
SOD-1. Lower panel (M and N): results showed relative densitometric values of fluorescence intensity for CART (55–102) and pJNK 
(M) as well as CART and SOD-1 (N) in ARC regions compared to the control group in AMPH-treated rat ( N = 5). Each value represents 
mean ± SEM. ∗p < 0.05 vs. control. Cont: control. Scale bar: 20 μm (400X). 3rd V: the third ventricle. SOD-1 is the only antioxidants 
detected by immunofluorescent staining in this experiment. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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Fig. 7 Results of double immunofluorescent staining showing the co-localizations of either pJNK/CART or SOD-1/CART immunoflu- 
orescences in the ARC area in AMPH-treated rats. Under the analysis of confocal microscope, co-localization images were seen 
by merging of pJNK with CART (A) and (C) or SOD-1 with CART (B) and (D) immunofluorescent images, giving yellow color in the 
merged image panel (E). Quantification of co-localization images (shown in yellow color) by using RGB method that converts pixel 
in brightness values. Each value represents mean ± SEM. N = 5 per group. ∗P < 0.05 vs. control. # P < 0.05 between the two groups. 
Blue: nucleus. Scale bar: 20 μm. 3rd V: the third ventricle. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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nhibition modified NPY/CART, cFos/cJun, and antioxi- 
ants expression in rats co-administered with JNK in- 
ibitor/AMPH as compared with AMPH-treated rats. This 
esult provided evidence that JNK/AP-1 signaling in the 
ypothalamus participated in the regulation of antioxidants 
xpression and NPY/CART-mediated appetite control in 
MPH-treated rats. Similarly, pretreatment with NAC, a 
OS scavenger, modified NPY/CART, cFos/cJun, and JNK 
xpression in NAC/AMPH-treated rats as compared with 
MPH-treated rats. These results reveal that activations 
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of JNK/AP-1 signaling and endogenous antioxidants in the
hypothalamus may play a functional role in regulating
NPY/CART-mediated appetite control in AMPH-treated
rats. 

Current results revealed that NPY/CART-mediated ap-
petite suppression in AMPH-treated rats might be associ-
ated with the activation of anti-oxidants located in CART-
containing neurons in the hypothalamus. This is because
SOD-1, SOD-2, GP and GST α expression increased and
were expressed in a pattern similar to that of CART (55–
102) in AMPH-treated rats. This finding was in accordance
with a previous report indicating that forced swimming-
induced stress elicited region-specific changes in CART ex-
pression in areas of the brain involved in stress regulation
( Balkan et al., 2012 ). Our findings suggested that the ac-
tivation of anti-oxidative enzymes in CART-containing neu-
rons may possibly play a functional role in the prevention
of oxidative damage in the brain. In addition, as NPY ex-
pression level is associated with the prevention of oxidative
stress in the brain ( dos Santos et al., 2013 ), JNK inhibition
observed in the present study may thus reverse NPY levels
and decrease anti-oxidants and CART (55–102) during AMPH
treatment. 

Furthermore, in the present study, the inhibition of ROS
production in the brain modulated NPY, CART and GST α ex-
pression levels and modified AMPH-mediated appetite sup-
pression. This result is in accordance with a previous find-
ing indicating that central administration of ROS alone re-
duced feeding and increased the activity of POMC neurons
( Diano et al., 2011 ). Previous studies reported that AMPH
treatment induced DA oxidation, which produced metabo-
lites in the brain, and that these were eliminated by in-
creased activity of GST ( Baez et al., 1997 ). Research also
showed that GST conjugated GSH, the major antioxidant in
the brain, with a variety of oxidized products to form non-
toxic products ( Sharma et al., 2004 ). Thus, an increase in
GST α during AMPH treatment may have neuroprotective ef-
fects against oxidative stress in the brain. 

In addition, in the present study, the activities of SOD/GP
and CART increased in AMPH-treated rats, and their expres-
sion levels were similar, with a maximum response observed
on Day 2, pointing to a close relationship between SOD/GP
and CART-containing neurons. This result was consistent
with that of a previous report, which indicated that feed-
ing rodents with a palatable-diet decreased the activities of
anti-oxidants, including SOD, catalase, and GP, in the brain
as compared with those of rodents fed a normal-diet. Previ-
ous studies also provided evidence that endogenous antiox-
idants, including SOD and GP, were involved in the control
of NPY/CART-mediated feeding behavior induced by phenyl-
propanolamine, an AMPH-like anorectic drug ( Kuo et al.,
2011 , 2012 ). 

Taken together, current results revealed that the in-
creases in SOD-1, SOD-2, GST α and GP on Day 1 and Day
2 played functional roles in decreasing ROS production
and regulating NPY/CART-mediated appetite suppression. In
contrast, the return of SOD, GST α and GP to normal levels
from Day 2 to Day 4 indicated successful inhibition of oxida-
tive stress on Day 2 and gradual restoration of NPY/CART-
mediated appetite control. It is suggested that activations
of ROS and increased expression of endogenous antioxidants
during AMPH treatment may be involved in the regulation of
NPY/CART-mediated appetite control. 

In our previous reports, using single immunohistochemcal
staining, we found that both decreased NPY expression and
increased SOD expression in the hypothalamus participated
in AMPH-mediated appetite suppression. In the present
study, using double immunofluorescent staining, we fur-
ther demonstrated that both JNK/CART and SOD/CART im-
munofluorescent activities ( Fig. 7 , yellow color) increased
in hypothalamic ARC region in AMPH-treated rats. This re-
sult revealed that JNK, SOD, and CART were co-activated
and involved in NPY/CART-mediated appetite suppression in
AMPH-treated rats. 

The present results revealed that i.c.v. administration
of NAC, a ROS inhibitor, prior to AMPH treatment modified
the hypothalamic expression of JNK, NPY, anti-oxidants,
and CART (55–102). Previous evidence revealed that the
effect of low-dose repeated methamphetamine exposure
on the GSH-centered antioxidant system and oxidative
stress response in rat brain were regional specific. Brain
regions studied include thalamus, frontal cortex, striatum,
cerebellum and hippocampus. In accordance with our
previous reports, which revealed that pretreatment with
another ROS scavenger (glutathione ethyl-ester) modulated
hypothalamic GST and SOD expression ( Kuo et al., 2011 ,
and in turn altered NPY/CART expression and AMPH-induced
appetite suppression. 

Despite intensive efforts to develop JNK inhibitors, re-
searchers have failed to identify a compound that inhibits
JNK1 and JNK2 with selectivity against JNK3 ( Siddiqui and
Reddy, 2010; Gehringer et al., 2015 ). Therefore, it is rea-
sonable to propose that the activated JNK isoform in the
hypothalamus during AMPH treatment may be JNK3. In sup-
port of this idea, previous research demonstrated that (1)
JNK1/2 promote feeding efficiency and adiposity in ro-
dents, whereas JNK3 reduced food intake and adiposity
( Solinas and Becattini, 2016 ), and (2) JNK1/2 were ubiq-
uitously expressed, but JNK3 expression was restricted to
the brain, testis, and pancreatic β-cells ( Solinas, and Karin,
2010 ). 

A recent report raised safety concerns about anti-obesity
drugs and suggested that routine preclinical toxicology
studies should precede all studies of anti-obesity drugs
( dos Santos et al., 2013 ). The results of the present study
provide preclinical toxicology evidence that hypothalamic
anti-oxidants play a functional role in the anorectic effect
of AMPH. Although the molecular mechanisms of AMPH
appeared to be clear, AMPH may not prove to be an ideal
anti-obesity drug due to its neurotoxic effects. The risks of
AMPH are possibly related to the increase of ROS in injured
tissues. The finding of the present result that inhibition of
ROS production modulated the behavioral response of AMPH
pointed to the possible modulation of the ROS-sensitive
pathway under physiological conditions. The present find-
ings may enhance understanding of anorectic or anti-obesity
drugs and aid further development of such drugs. 

In summary, the results of the present study suggested
that both JNK/AP-1 signaling and endogenous antioxidants
in the hypothalamus participated in the regulation of
NPY/CART-mediated appetite control in AMPH-treated rats
( Fig. 8 ). 



Effect of JNK on NYP/CART-mediated appetite control 1247 

Fig. 8 Schematic diagram showing the putative mechanisms behind AMPH-induced decrease of food intake. AMPH treatment 
activates dopamine release in the brain, which may in turn increase the oxidative stress, activate hypothalamic CART expression, 
inhibit hypothalamic NPY expression, and finally decrease food intake. The activation of CART-containing neurons, which is partly 
due to the disinhibition of NPY-containing neurons, may result in the increased expression of pJNK, AP-1, CART, and anti-oxidants 
(including SOD-1, SOD-2, GP, and GST α). Finally, the decrease of NPY and the increase of CART and ROS may contribute to the 
reduction of food intake. The solid black arrow indicates the activation, the dotted arrows indicate the inhibition, and the dashed 
arrow represents the disinhibition (or activation). The upward and downward arrows in the squares indicate the responses of 
increase and decrease. 
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