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ABSTRACT

The anatomy of the hypothalamus includes many nuclei and a complex network of
neurocircuits. In this context, some hypothalamic nuclei reside closer to the blood-
brain barrier, allowing communication with the peripheral organs through some
molecules, such as leptin. Leptin is considered the main adipokine for energy homeo-
stasis control. Furthermore, leptin signalling in the hypothalamus can communicate
with insulin signalling through the activation of phosphoinositide 3-kinase (PI13k).
Previous data suggest that isoforms of PI3k are necessary to mediate insulin action in
the hypothalamus. However, obese animals show impairment in the central signalling
of these hormones. Thus, in the current study, we evaluated the role of acute exer-
cise in the leptin and insulin pathways in the hypothalamus, as well as in food intake
control in obese mice. Although acute physical exercise was not able to modulate
leptin signalling, this protocol suppressed the increase in the suppressor of cytokine
signalling 3 (SOCS3) protein levels. In addition, acute exercise increased the content
of PI3k-p110«a protein in the hypothalamus. The exercised animals showed a strong
tendency to reduction in cumulative food intake. For the first time, our results indi-
cate physical exercise can increase PI3k-p110a protein content in the hypothalamus

of obese mice and regulate food intake.
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energy metabolism (Haddad-Tévolli et al., 2017), is one of the main

hormones needed in the brain. Thus, understanding the role of leptin

Obesity is characterized by an imbalance in energy homeostasis and
is considered a public health problem worldwide (Araujo et al., 2016;
Gluckman et al., 2011). During the development of obesity, it was
observed that one of the first tissues impaired when exposed to a
diet rich in saturated fat is the hypothalamus (Thaler et al., 2012).
Anatomically located below the thalamus, the hypothalamus is close
to the blood-brain barrier, which is responsible for transporting nu-

trients and hormones into the brain. Leptin, an essential controller of

in the hypothalamus is essential to clarify the genesis and outcomes
associated with obesity.

Leptin is produced in white adipose tissue and plays a criti-
cal role in the control of food intake and energy expenditure
(Andermann & Lowell, 2017). In the hypothalamic arcuate nucleus
(ARC), there are predominantly two neural populations capable
of regulating food intake. One neuron population can express
the agouti-related peptide (AgRP), which is characterized by an
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appetite-stimulating signal, while the other neuron population can
express proopiomelanocortin (POMC), a vital appetite suppres-
sant which is sensitive to leptin stimulation (Rossi & Stuber, 2018).
Hypothalamic leptin signalling starts at the leptin receptor (LepR)
with subsequent activation of the protein Janus kinase 2 (JAK2).
When activated, JAK2 can activate the signal transducer and the
transcription activator 3 (STAT3), promoting the transcription of
the neuropeptide proopiomelanocortin (POMC) and reducing
food intake. In addition, the STAT3 in the nucleus transcribes the
suppressor of cytokine-3 signalling (SOCS3) gene, which is inhib-
ited via leptin by negative feedback in JAK2 (Reed et al., 2010;
Seoane-Collazo et al., 2020). Finally, leptin signalling is linked to
the insulin pathway through PI3k, which can control food intake
(Razolli et al., 2019).

Previous evidence showed PI3k activation by leptin signalling,
and the isoforms of PI3k are present in the hypothalamus (Al-Qassab
et al., 2009; Carvalheira et al., 2005; Tups et al., 2010). In addition,
the P13k isoforms are necessary to mediate insulin activation and re-
duce food intake (Tups et al., 2010). Moreover, it has been observed
that aerobic physical exercise can increase PI3k-p110«, and this
subunit is essential for mediating exercise-induced cardioprotection
(McMullen et al., 2007; Weeks et al., 2012). The hypothalamic in-
crease in PI3 K-p110a was related to reduced food intake in lean
exercised mice (Gaspar et al., 2019). Despite it, no evidence has been
described as the effects of exercise in PI3k-p110a hypothalamic in
obese conditions.

Even considering the beneficial properties of leptin, its use for
obesity treatment showed moderate results as obese patients are
usually leptin resistant (Izquierdo et al., 2019; Seoane-Collazo et al.,
2020). Diets containing high amounts of saturated fatty acids pro-
mote hypothalamic inflammation and, consequently, hypothalamic
leptin resistance (De Souza et al., 2005; Ozcan et al., 2009). On the
other hand, treatment using the association of leptin with other hor-
mones, leptin receptor agonists and amino acids has shown promis-
ing effects on energy homeostasis (Izquierdo et al., 2019).

In this scenario, physical exercise is considered a nonpharma-
cological strategy for obesity prevention and treatment. Although
physical exercise has been shown to attenuate hypothalamic leptin
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resistance (Laing et al., 2016; Ropelle et al., 2010), its molecular
mechanisms are not entirely understood. Therefore, the present
study verified the acute effects of physical exercise associated with
intraperitoneal leptin stimulation in the hypothalamus of obese
mice, as well as its impact on food intake. Based on previous stud-
ies (Gaspar et al., 2019; Ropelle et al., 2010), we hypothesized that
acute physical exercise improves leptin sensitivity and increases
PI3k-p110a after leptin stimulation.

2 | EXPERIMENTAL PROCEDURES

2.1 | Experimental animals

All the experimental protocols were approved by the Ethics
Committee on the use of Animals (CEUA) of the Institute of
Biological Sciences, UNICAMP - Campinas-SP, protocol n°. 3946-1.
Four-week-old male Swiss mice from the Multidisciplinary Center
for the Biological Investigation Laboratory of Animal Science
(CEMIB - UNICAMP) were divided into three groups: Control Group
(CTL) = animals that were fed with a commercial diet (NUVILAB®)
(n = 5), High-fat Diet Sedentary (HFD) = animals that were fed with a
high-fat diet and were not submitted to the physical exercise proto-
col (n = 10); High-fat Diet Exercised (HFD-EXE) = animals that were
fed with a high-fat diet and were subjected to an acute exercise pro-
tocol (n = 10) (Figure 1a).

2.2 | Diet composition

The HFD composition was adapted from a previous study performed
by our research group (Cintra et al., 2012) (Control Diet: 42.75%
Corn Starch, 20% Casein, 13.2% Sucrose, 10% Dextrinated Starch,
4% Soybean Qil, 5% Cellulose, 3.5% Mineral Mix, 1% Vitamin Mix,
0.3% L-Cysteine, 0.25% Choline; High-Fat Diet: 11.55% Corn Starch,
20% Casein, 13.2% Sucrose, 10% Dextrinated Starch, 4% Soybean
Qil, 31.2% Lard, 5% Cellulose, 3.5% Mineral Mix, 1% Vitamin Mix,
0.3% L-Cysteine, 0.25% Choline).
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FIGURE 1 Experimental design. (a) The Swiss mice were divided into three groups: control (CTL), fed a chow diet; HFD - fed a high-fat
diet for 8 weeks and HFD-EXE - fed a high-fat diet for 8 weeks and were subjected to an acute exercise protocol. (b) The HFD-EXE animals
underwent a treadmill adaptation period and then performed an incremental load test. Two days after the incremental test, the animals were
submitted to the acute physical exercise protocol, which consisted of three 45 min exercise sessions with 15 min intervals between each
session. After that, the mice were stimulated by leptin, and the food intake was analysed. Two days after the mice were exercised and the
tissue was collected after leptin stimulus [Colour figure can be viewed at wileyonlinelibrary.com]
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2.3 | Acute physical exercise protocol

After the treadmill adaptation (5 days, 10 min/day at a speed of 3 m/
min), mice were submitted to the incremental load test. The animals
ran with 0% inclination, and increments of 3 m/min every 3 min were
applied until exhaustion. The exhaustion velocity (EV) was used to
prescribe the intensity of the acute exercise protocol as previously
standardized (Gaspar et al., 2018). The intensity used was 60% of the
EV. Thus, the mice ran for a total f 2 h and 45 min, distributed into
three bouts of 45 min with a 15-min interval between them (Gaspar
et al., 2018) (Figure 1b).

2.4 | Blood collection and lactate analysis

During the incremental load test, blood samples (12.5 ul) were col-
lected before and 0, 3, 5, 7 and 9 min after the test using heparinized
capillary tubes. Subsequently, the blood samples were transferred to
microcentrifuge tubes containing trichloroacetic acid at 4% (200 pl).
The samples were centrifuged for 3 min (3000 rpm) at room tem-
perature and 50 pl of plasma was placed in a microplate. Next, the
glycine/EDTA, hydrazine hydrate 24%, lactate dehydrogenase and
beta-nicotinamide adenine dinucleotide were added. After 60 min
of incubation at room temperature, the absorbance was determined
at 340 nm using a spectrophotometer (BioTek®).

2.5 | Fasting blood glucose and glucose tolerance
test (GTT)

After 8 hours of fasting, a distal cut was made in the tail of the animals
for basal blood glucose dosage by glucometer (Roche Accu-Chek®).
The HFD-EXE group started the fasting concomitant to the physical
exercise protocol. After that, an intraperitoneal (IP) injection of glucose
solution (50%) in a dose of 2 g/kg body weight was applied. Blood sam-
ples were collected at 30, 60, and 120 min. The area under the curve
(AUC) was calculated for each experimental group.

2.6 | Leptin administration

After 7 h and 15 min of fasting, the animals received an intraperi-
toneal injection of leptin (BioVision® #4367) (2 mg/kg). The, 45 min
after leptin stimulation, the food intake was analysed and the ani-
mals were euthanized (Gaspar et al., 2018) (Figure 1b).

2.7 | Evaluation of food intake

The food intake of the HFD and HFD-EXE groups was measured at
5(7 p.m.), 12 (7 a.m.), and 24 hr (7 p.m.) after the exercise proto-
col and leptin injection. The weight measurement was taken using a
Gehaka® analytical scale (BK3000).
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2.8 | Tissue extraction

After completion of the physical exercise protocol and leptin intra-
peritoneal stimulation (previously described), the animals were euth-
anized with ketamine hydrochloride (100 mg/kg) and xylazine (5 mg/
kg). The hypothalamus was dissected according to the following ana-
tomical limits: anterior, optic chiasm, posterior, mammillary bodies,
lateral, optic tracts, and superior, the apex of the hypothalamic third
ventricle. The brain was removed, and the hypothalamus collected
(Gaspar et al., 2019; Ropelle et al., 2010). The adipose tissue was
collected and weighed on a Gehaka® analytical scale (BK3000). The
hypothalamus was homogenized in extraction buffer, and the ho-
mogenate was used for determination of the total protein content
according to a previous study from our research group (Munoz et al.,
2017).

2.9 | Western Blotting (WB)

After determination of the total protein content, equal amounts of
protein (70 pg/pl) were subjected to SDS-PAGE polyacrylamide gel
electrophoresis. Next, the membranes were incubated overnight at
4°C with the following primary antibodies (dilution 1:1000 ul): Cell
Signaling Technology: p-STAT3 ™79 [rabbit, 9145], STAT3 [rabbit,
12640], SOCS3 [rabbit, 2923s] and p-Actin [rabbit, 4967s]. Santa
Cruz Biotechnology: PI3-kinase p110a [goat, sc-1331]. Next, the
membranes were incubated for 1 h with the specific secondary an-
tibodies (dilution 1:2000 ul; Anti-rabbit IgG, HRP-linked Antibody
[Cell Signaling Technology #7074]; donkey anti-goat IgG-FITC sc-
2024 [Santa Cruz Biotechnology]), and the bands were visualized
with enhanced chemiluminescence (ECL) and quantified by densi-
tometry. Ponceau staining was applied to check membrane transfer
(Nakandakari et al., 2019).

2.10 | RNA extraction and RT-qPCR

Hypothalamic total RNA was isolated using the TRIzol reagent
(Invitrogen). A total of 2-ug of RNA was used as a template for the
synthesis of cDNA using the SuperScript® 11l First-Strand Synthesis
System (Invitrogen). The cDNA was subjected to a quantitative real-
time polymerase chain reaction (RT-qPCR) using the Tagman ampli-
fication protocol on the 7500 Fast Real-Time PCR System (Applied
Biosystems). The data were evaluated in the StepOne Software
program by calculating AACt. POMC (Mm00435874_m1), NPY
(Mm03048253_m1) and GAPDH (Mm99999915_g1) primers were
used (Nakandakari et al., 2019).

2.11 | Statistical analysis

This was a pre-clinical study. All results are expressed as median

and interquartile range (IQR). The Western blotting results were
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presented and quantified by densitometry using the Un-Scan-It Gel
6.1% program (Silk Scientific) and normalized by respective endogen
control, which was analysed Kruskal-Wallis nonparametric test.
For the GTT was used Friedman test. For food intake and RT-gPCR
experiments, the Wilcoxon rank sum test was used. Statistical sig-
nificance was set at p < 0.05. The program “GraphPad Prism 8.01
(GraphPad Software)” was used.

3 | RESULTS

3.1 | Incremental load test performance

The individual performance in the incremental load test was used to
set the exhaustion velocity (EV) as well as the intensity correspond-
ing to 60% of EV (Figure 2a). We reported the exhaustion velocity
(EV) as well as the 60% EV. The lactate concentration increased im-
mediately after the exercise to 5.01 mM and decreased over time
(3 min = 3.59; 5 min = 3.38; 7 min = 3.19; 9 min = 2.92), while the
mean basal lactate was 1.24 mM (Figure 2b).

3.2 | Acute physical exercise reduced fasting
glucose but did not change body weight

After establishing 60% of EV, we applied the acute exercise pro-
tocol and verified if the body weight changed. As expected, no
differences were observed compared to the initial body weight
(Figure 3a). The HFD group presented increased final body weight
compared to the CTL group, which was mirrored in the fat pad con-
tent of the epididymal adipose tissue (Figure 3b,c). No differences
were observed in the body weight and epididymal adipose mass be-
tween the HFD and HFD-EXE groups (Figure 3c). In addition, the
HFD group showed an increase in fasting glucose compared to the
CTL (Figure 3d). Besides, HFD-fed presented a glucose intolerance
compared with CTL mice (Figure 3e,f). However, no difference was
found in the glucose tolerance and AUC between HFD and HFD-
EXE groups (Figure 3e,f).
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3.3 | Exercise increased PI3k-p110a content in the
hypothalamus and decreased the food intake

In the molecular analysis, no difference was observed for the p-
STAT3 (Figure 4a). The HFD group presented increased SOCS3 pro-
tein content compared to the CTL group (Figure 4b). However, the
HFD-EXE mice were preserved from an increase in SOCS3 levels,
although without statistical significance (Figure 4b). On the other
hand, when we analysed the cross-talk with the insulin pathway,
we found that the physical exercise group exhibited higher PI3k-
p110a protein content than the HFD group (Figure 4c). No differ-
ence was observed between the CTL and HFD groups (Figure 4c).
We also measure the Akt phosphorylation and no difference was
found among the groups (Figure 4d). After that, food intake analysis
was performed between the HFD and HFD-EXE groups after leptin
stimulation. Thus, we identified that the exercised mice presented
strong tendency (p = 0.06) to reduced cumulative food intake during
the 24-h time point (Figure 4e,f). No changes were found in POMC
and NPY mRNA levels (Figure 4g).

4 | DISCUSSION

The hypothalamus is an essential tissue for food intake control.
As it is anatomically close to the blood-brain barrier, the hypo-
thalamus receives peripheral stimuli, making it an area sensitive to
obesity damage (Haddad-Tovolli et al., 2017). Leptin stimulates the
POMC neuron in the arcuate nucleus (Timper & Briining, 2017).
Once activated, POMC neurons activate secondary neurons in the
paraventricular nucleus (PVN) and inhibit the neurons in the lateral
hypothalamic area (LHA) (Cone, 2005). This mechanism results in
anorexigenic effects (food intake reduction and increased energy
expenditure) (Timper & Briining, 2017). In addition, leptin can inhibit
the orexigenic pathway (Andermann & Lowell, 2017). Therefore,
obesity is associated with leptin resistance and, consequently, hy-
perphagia. The high fat-fed induced the expression of inflammatory
pathways in the hypothalamus through the toll-like receptor 4 (TLR4)
(De Souza et al., 2005). Thus, the inflammatory molecules promote
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FIGURE 2 Exercise performance (n = 5). (a) Exhaustion velocity and intensity corresponding to 60% of EV for each mice. (b) Lactate
before (basal) and after the incremental load test (0, 3, 5, 7 and 9 min). The bar charts represent the median and IQR of each experimental

group [Colour figure can be viewed at wileyonlinelibrary.com]
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leptin resistance (Dragano, Haddad-Tovolli & Velloso, 2017). On the
other hand, physical exercise has been shown an important anti-
inflammatory hypothalamic effect and then increases leptin sensi-
tivity (Marinho et al., 2018; Ropelle et al., 2010). Herein, we found
that physical exercise can increase hypothalamic PI3k-p110a and
decrease food intake (Figure 5).

Among the effects of physical exercise on the obesity con-
dition, it is known that exercise reduces food intake (Laing
et al., 2016; Rodrigues et al., 2015). Recently, our research group
showed the prevention effects of exercise (Marinho et al., 2018).
Thus, a high-fat diet associated with physical training in mice pre-
vented inflammation and leptin hypothalamic resistance as well as
reducing neuron apoptosis compared with sedentary obese mice
(Marinho et al., 2018). Moreover, acute exercise can reduce food
intake in obese mice and improve leptin sensitivity (Marinho et al.,
2018; Ropelle et al., 2010). On the other hand, when the treatment
effects were analysed in obese mice, physical exercise and intra-
peritoneal leptin stimulation did not demonstrate hypothalamic
effects (Borg, Andrews & Watt, 2014). Additionally, Carvalho et al.
(2018) verified the hypothalamic effects of exercise without body
weight change and reported no differences in the leptin and insu-

lin signalling (Carvalho et al., 2018). Furthermore, in the present
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study, no difference was observed in STAT3 phosphorylation.
Therefore, the chronic effects of exercise on the hypothalamus
might be more effective for prevention during obesity develop-
ment rather than as a treatment.

Our current data show that the HFD group had higher SOCS3
levels than the control mice, while the exercised mice were pre-
served from the SOCS3 increase. SOCS3 is an important negative
feedback of the leptin signalling pathway, inhibiting LepR and JAK2
activation (Seoane-Collazo et al., 2020). In this context, previous
studies observed higher levels of SOCS3 in the hypothalamus of
obese mice (Kang, Kim & Shin, 2013; Marinho et al., 2018). However,
changes in lifestyle reduce the hypothalamic SOCS3 in obese condi-
tions. Obese rats submitted to exercise training led to a decrease in
hypothalamic SOCS3 (Kang, Kim & Shin, 2013).

Although we did not find a difference in the leptin pathway,
the exercised mice presented higher PI3k-p110a. Interestingly, a
previous investigation of our research group verified an increase
in hypothalamic PI3k-p110a, and a reduction in food intake in lean
mice after acute exercise (Gaspar et al., 2019). PI3k signalling is
crucial to mediate hypothalamic leptin and insulin action. In ad-
dition, it was verified that the pharmacological inhibition of PI3k

decreases acute leptin-induced neuronal activity (Williams et al.,
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FIGURE 3 Physiological parameters (CTLn =5, HFD n =5, HFD-EXE n = 5). (a) Initial body weight. (b) Final body weight. (c) Epididymal
fat mass. (d) Fasting glucose. (e) Glucose tolerance test. (f) AUC GTT. The bar charts represent the median and IQR of each experimental
group. *p < 0.05 HFD vs. CTL, #p < 0.05 HFD-EXE vs. HFD [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Schematic figure. POMC neurons in the
hypothalamic arcuate nucleus activate secondary neurons in the
paraventricular nucleus (PVN) and inhibit the neurons in the lateral
hypothalamic area (LHA), resulting in a reduction in food intake
and increasing energy expenditure. In contrast, in the resistance
leptin context, NPY increases food intake and reduces energy
expenditure. In this study, exercise increased the PI3k subunit

and POMC levels and decreased food intake [Colour figure can be
viewed at wileyonlinelibrary.com]

2011). Tups et al. (2010) suggested that PI3k isoforms are neces-
sary to mediate insulin action in the hypothalamus (Tups et al.,
2010).

Other mechanisms are associated with PI3k and food intake. Our
group showed that physical exercise increased the association be-
tween PI3k-p110a and the adaptor protein containing the pleckstrin
homology domain, phosphotyrosine-binding domain and leucine
zipper motif 1 (APPL1), a crucial protein for adiponectin signalling
(Gaspar et al., 2019). Acute exercise in lean mice increased PI3k-
p110a and APPL1 in the hypothalamic arcuate nucleus (Gaspar et al.,
2019). Moreover, obese mice presented a reduction in hypothalamic
APPL1 protein levels after leptin stimulation. However, exercise re-
verted this damage and reduced food intake (Gaspar et al., 2018).
Moreover, a positive correlation was observed between APPL1 and
P13k mRNA levels in human samples (Gaspar et al., 2019).

In obese humans, using magnetic resonance images, Thaler
et al. (2012) identified cerebral gliosis in the mediobasal hypothal-
amus (Thaler et al., 2012). In addition, using functional magnetic
resonance imaging (fMRI), obese individuals showed different hy-
pothalamic functional activity compared with lean individuals after
glucose consumption (Van De Sande-Lee et al., 2011). Obese chil-
dren were verified with hypothalamic gliosis, which was associated
with alterations in the glucose-stimulated hypothalamic functional
response (Sewaybricker et al., 2019). After bariatric surgery, changes
in hypothalamus activity after glucose intake were observed in fMRI
analysis, bringing these responses closer to the lean group (Van De
Sande-Lee et al., 2011). Furthermore, obese children who performed
high-intensity exercise (75%V0O2max) showed lower energy intake
during lunch and dinner than the sedentary and low-intensity exer-
cise group, as well as lower 24-h total energy intake. However, more

studies are necessary to understand the role of physical exercise on
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hypothalamic alterations and food intake in humans (Thivel et al.,
2012).

Altogether, our study shows for the first time that acute physical
exercise increases the PI3k-p110a protein content in the hypothal-
amus of obese mice and reduces food intake. Thus, these results
might aid understanding of how exercise can control food intake and
how exercise could be used in the improvement of obesity and hy-
pothalamic disorders.
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