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Abstract: Low-grade inflammation of the hypothalamus is associated with the disturbance of energy
balance. The endocannabinoid system has been implicated in the development and maintenance
of obesity as well as in the control of immune responses. The type 2 cannabinoid receptor (CB2)
signaling has been associated with anti-inflammatory effects. Therefore, in high fat diet (HFD)-
induced obese mice, we modulated CB2 signaling and investigated its effects on energy homeostasis
and hypothalamic microgliosis/astrogliosis. We observed no effect on caloric intake and body weight
gain in control diet-fed animals that received prolonged icv infusion of the CB2 receptor agonist
HU308. Interestingly, we observed a decrease in glucose tolerance in HFD-fed animals treated with
HU308. Prolonged icv infusion of HU308 increases astrogliosis in the ventromedial nucleus (VMH)
of obese animals and reduced HFD-induced microgliosis in the hypothalamic arcuate (ARC) but
not in the paraventricular (PVN) or VMH nuclei. These data indicate that central CB2 signaling
modulates glucose homeostasis and glial reactivity in obesogenic conditions, irrespective of changes
in body weight.

Keywords: obesity; CB2 signaling; hypothalamic gliosis; glycaemia

1. Introduction

Obesity is a chronic disease that has been reported to reduce the life expectancy and
quality of life of affected individuals [1]. This disease is associated with the development of
several comorbidities, such as type 2 diabetes mellitus, fatty liver disease, hypertension,
myocardial infarction, stroke, Alzheimer’s disease and depression [2]. Obesity is primarily
caused by an energy imbalance between calories consumed and energy expenditure [3].
Over the last 2–3 decades, studies have concentrated on identifying the areas of the central
nervous system and mechanisms/circuits involved in the regulation of food intake and
energy balance.

The hypothalamus is a key area of the brain for controlling energy homeostasis [4].
In particular, several studies have investigated the role of the hypothalamic ventromedial
(VMH), arcuate (ARC) and paraventricular (PVN) nuclei in the control of food intake,
energy expenditure and glucose homeostasis [4,5]. Initial studies in this area that used
targeted electrolytic lesions indicated that the VMH is an important anorexigenic site [6].
However, recently, the role of the VMH in the control of energy and glucose homeostasis
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has been investigated using newer and more specific techniques of neuronal modulation
and heterogeneous neuronal cell types and their responsivity to peripheral signals that are
involved in the control of energy homeostasis have been reported [7]. Regarding the ARC,
although transcriptome studies have revealed the existence of different cell clusters [8],
the ARC nucleus is still classically defined as expressing two important groups of neurons.
One group expresses the anorexigenic precursor proopiomelanocortin (POMC) and the
other group coexpresses the orexigenic agouti-related protein (AgRP) and neuropeptide Y
(NPY) [4,9]. Changes in the activity of ARC neurons have a profound impact on glucose
and energy homeostasis [4,5]. The ARC neurons directly project to the PVN and exert their
metabolic and behavioral effects, in part, through changes in the activity of PVN neurons
expressing melanocortin receptor 3/4 [9,10]. The PVN is essential to the control of the
endocrine axis, which is involved in the control of growth and development, metabolism
and response to stress [11–13].

It is well known that the consumption of a high-fat diet (HFD) impairs the activity of
hypothalamic neurons, especially ARC neurons. This diet causes insensitivity to peripheral
signals that are related to changes in the peripheral energy stores that in turn can lead to
different metabolic diseases [14]. HFD-induced obesity is associated with the development
of low-grade inflammation in the hypothalamus [15]. Interestingly, a previous study
reported that low-grade inflammation of the hypothalamus occurs before changes in
peripheral energy stores [16]. The increased expression of cytokines in the hypothalamus
is associated with microgliosis and astrogliosis [17]. In fact, a study in HFD-fed animals
suggested that astrocytes and microglia initially inhibited hypothalamic inflammatory
signaling. However, prolonged exposure activated glial cells and eventually induced
a neurotoxic phenotype [16].

Considering hypothalamic low-grade inflammation is an important event that is
associated with the development of obesity, several groups have investigated different
molecules with pro/anti-inflammatory properties as potential targets to treat obesity. In
this sense, in addition to its classical function as an orexigenic factor that is mediated
by cannabinoid type 1 receptor (CB1) signaling [18], endocannabinoids have been asso-
ciated with important effects on inflammation through the modulation of cannabinoid
type 2 receptor (CB2) signaling. The high expression of the CB2 receptor in brain im-
mune cells reinforces the involvement of the endocannabinoid system in the control of
the inflammatory response [19,20]. Indeed, tetrahydrocannabinol or anandamide reduces
lipopolysaccharide-induced interleukin 6 (IL-6) and tumor necrosis alpha (TNF-α) secretion
in macrophage/microglia cell culture [21,22]. In addition, the increase in proinflammatory
cytokines in the prefrontal cortex of mice exposed to immobilization stress can be prevented
by specific CB2 agonism [23].

Modulation of CB2 signaling can also affect energy and glucose homeostasis. It was
reported by Verty and colleagues (2015) [24] reduced food intake in lean and obese animals
after the administration of JWH-015, which is a CB2 agonist. Regarding the modulating
effects of CB2 signaling on glycemia, acute activation of the CB2 receptor has been shown
to improve glucose tolerance in lean animals [25]. However, an increase in HFD-induced
insulin resistance was also observed after the administration of a CB2 agonist [26]. Despite
the existence of some contradictory results, these studies demonstrate the role of CB2
signaling in the modulation of food intake and glucose homeostasis. However, it is still not
clear whether the central nervous system is involved in these responses.

Therefore, in the present study, we aimed to investigate the effects of the prolonged
intracerebroventricular (icv) modulation of CB2 receptor signaling with HU308 on HFD-
induced hypothalamic micro/astrogliosis and its consequence on energy and glucose
homeostasis.
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2. Materials and Methods
2.1. Animals

All procedures were approved by the Ethical Committee for Animal Use of the Ribeirao
Preto Medical School (140/2012). Male C57BL mice (7–8 weeks of age) were obtained from
the Central Animal Facility of the University of Sao Paulo-Ribeirao Preto Campus. The
animals were housed in groups under controlled light (12:12 h light-dark cycle; lights off
at 6:00 PM) and temperature conditions (23 ± 2 ◦C), with free access to water and food,
unless otherwise stated.

2.2. Experimental Procedures

Mice were assigned to 4 groups (n = 6–8/group): (1) control diet + vehicle, (2) control
diet + HU308, (3) HFD + vehicle and (4) HFD + HU308. Animals were fed a control diet or
HFD for approximately 56 days. Two weeks before the end of the experiment, mice were
subjected to subcutaneous minipump (Model 1002, ALZET, San Diego, CA, USA) + brain
infusion Kit (Brain Infusion Kit 3, ALZET) implantation for continuous icv infusion of
a vehicle or HU308 (5 ug/day—rate of 208.3 ng/h) [27]. The brain infusion cannula was
implanted into the lateral ventricle (coordinates—AP: 0.1 mm, lateral: 1.0 mm and DV:
2.6 mm from the bregma) of the animals. HU308, a potent and selective CB2 receptor agonist
(Hanus et al. 1999), was acquired from Tocris (Bristol, UK). It was initially resuspended in
1:1 ethanol and cremophor EL and later diluted to 1:50 in 0.9% saline.

During the first and second weeks of continuous icv infusion of the drugs, we mea-
sured body weight changes and food intake. Ten days after the cannula was implanted,
a glucose tolerance test (GTT) was performed. On the day after the last body weight and
food intake measurements, the animals were anaesthetized and perfused (10:00 AM to
12:00 AM) for brain collection for immunochemistry studies.

2.3. Assessment of Food/Caloric Intake, Body Weight Gain, the Food Efficiency Ratio and the
Glucose Tolerance Test

Before implanting the osmotic minipumps, the animals were kept in individual
cages and handled weekly for adaptation to the experimental procedures for food in-
take and body weight gain measurements. The animals were fed a control diet (3.85 kcal/g;
10% kcal fat, 20% kcal protein and 70% kcal carbohydrate) or HFD (Research Diets—
5.24 kcal/g; 60% kcal fat, 20% kcal protein and 20% kcal carbohydrate; D12492; Research
Diets Inc., New Brunswick, NJ, USA) throughout the experimental period, which was
approximately 56 days. Two weeks before the end of the experiment, the animals under-
went stereotaxic surgery for osmotic minipump implantation. The locomotor activity, food
intake, urine and feces output, hydration, pain (measured during cage changes) and the
surgery area were monitored during the 2 weeks post-surgical to assess the welfare of
the animals.

After surgery, we assessed the body weight changes and the average weekly food
intake. Body weight and food intake measurements were performed between 08:00 AM
and 12:00 AM. The GTT was performed 10 days after the initiation of brain infusion from
12:00 AM to 2:00 PM. Food was removed at 08:00 AM and the animals were placed in
a clean cage. Then, they received an intraperitoneal (ip) administration of glucose (2 mg/g)
and their glycemia was measured at 0, 15, 30 60, 90 and 120 min from a drop of blood
obtained from a small incision in their tail.

The caloric intake was determined based on the caloric value (kcal/g) of each diet and
the food efficiency ratio during the first and second weeks of treatment was calculated by
applying the following equation: [body weight gain (mg)/food intake (kcal) × 100].

2.4. Transcardiac Perfusion, Tissue Collection and Immunostaining

Two weeks after the surgery, the animals were deeply anaesthetized with a mix-
ture of ketamine and xylazine (ketamine 45 mg/kg body weight and xylazine 5 mg/kg
body weight) and perfused with a transcardiac infusion of 0.9% phosphate-buffered
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saline (PBS 1X) followed by 10% neutral buffered formalin solution (Sigma–Aldrich,
Taufkirchen, Germany). At the end of the perfusion, the brain was removed. It was
postfixed in the same fixative for 4 h and equilibrated in 30% sucrose. Then, 30 µm coronal
sections were obtained in a cryostat.

The brain sections were used to perform single immunostaining for ionized cal-
cium binding adaptor molecule 1 (Iba1-microglia), glial fibrillary acidic protein (GFAP-
astrocytes), phospho-signal transducer and activator of transcription 3 (pSTAT3-leptin
signaling) and phospho-extracellular signal-regulated kinase (pERK). The brain sec-
tions were rinsed with 1X PBS and incubated in 5% normal donkey serum (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA) and 0.3% Triton for 1 h.
The slices were then incubated overnight at room temperature with rabbit anti-Iba1
(1:1000, WAKO, Richmond, VA, USA), rabbit anti-GFAP (1:1000, ZYMED/Thermo Fisher
Scientific, Waltham, MA, USA) or rabbit anti-pERK (1:1000, Cell Signaling Technolo-
gies, Danvers, MA, USA), or they were incubated for 48 h at 4 ◦C with rabbit anti-
pSTAT3 (1:500, Cell Signaling Technologies). After rinsing, the sections were incubated
with the secondary biotinylated antibody donkey anti-rabbit (1:400, Vector Laboratories,
Burlingame, CA, USA) and processed using the Vectastain Elite avidin-biotin (ABC) im-
munoperoxidase method (Vector Laboratories). We used the DAB-Peroxidase substrate kit
(Vector Laboratories) to reveal the immunostaining. Finally, the sections were mounted on
slides, air-dried overnight, cleared in xylene and placed under a coverslip with Entellan.

Immunopositive cells were identified in hypothalamic regions according to the fol-
lowing coordinates from the atlas of Franklin and Paxinos (2008) [28]: PVN: −0.92 mm to
−2.12 mm from bregma; ARC and VMH: −2.3 mm to −3.5 mm from bregma. Photomi-
crographs were captured with a Leica microscope equipped with a DC 200 digital camera,
attached to a contrast enhancement device. Two or three images from each animal were
quantified using the software FIJI (version 1.5; WS Rasband, National Institute of Health,
Bethesda, MD, USA). A region of interest (ROI) (images of 20× magnification) in the PVN,
ARC and VMH was delimited according to its cytoarchitecture, allowing for the quantifica-
tion of a constant area in all samples. For the analysis of Iba1+ microglia, the number of
somata was quantified. The average pixel intensity (inch2) of the ROI was used to quantify
GFAP immunostaining. The number of immunoreactive-positive cells for pSTAT3 or pERK
was obtained by counting the black (nuclear) staining. All immunostaining analyses were
performed in a blinded fashion with no access to the group/number of the animals or other
data previously obtained.

2.5. Statistical Analysis

The data are expressed as the mean ± SEM. Samples were tested for a regular distribution
using the Shapiro–Wilk normality test (Prism 9.0-GraphPad software, San Diego, CA, USA)
and for the presence of outliers (Grubb’s test). The AUC of GTT study were analyzed
through an unpaired t test. For the other results, we used two-way ANOVA followed by
Šídák (only for GTT) or Tukey’s post-hoc tests to detect statistical significance. Differences
were accepted as significant at p < 0.05.t

3. Results
3.1. Glucose Tolerance Is Reduced in HFD-Fed Animals during the Prolonged Brain CB2 Receptor
Activation

We examined the body weight, caloric intake, food efficiency ratio and glucose toler-
ance in control diet-fed or HFD-fed animals treated with icv infusion of a vehicle or HU308
for two weeks. The body weight of mice fed a HFD was increased compared to the body
weight of mice fed the control diet (Figure 1A, * p < 0.05). We observed no difference in
body weight gain between control diet-fed and HFD-fed mice after the first week of icv
treatment (Figure 1B). However, two-way ANOVA showed significant effects of the diet
(p = 0.03) on body weight gain after the second week of vehicle or drug infusion (Figure 1C).
Two-way ANOVA also revealed a significant effect of the diet on caloric intake (p < 0.001)
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only in the first week of treatment. The calorie consumption was increased in animals
fed a regular diet compared with animals fed a HFD (Figure 1D,E). A main effect of diet
that was indicated by the two-way ANOVA was the effect on the food efficiency ratio
(p = 0.03) in the second week of treatment. The food efficiency ratio in animals fed a HFD
was increased compared with the animals fed a control diet (Figure 1G).

Figure 1. Effect of prolonged icv infusion of vehicle or HU308 for 2 weeks on the body weight, caloric
intake, food efficiency ratio and GTT in animals fed a control diet or high-fat diet (HFD). Body weight
curve in control diet-fed or HFD-fed animals before surgical procedure (A). The body weight gain (g)
(B,C), caloric intake (Kcal) (D,E) and food efficiency (mg/Kcal) (F,G) after 1 or 2 weeks of icv vehicle
or HU308 infusion in control diet-fed or HFD-fed animals. Plasma glucose levels (mg/dL) after
glucose overload in control diet-fed (H) or HFD-fed (J) animals during prolonged infusion of vehicle
or AM630. AUG of GTT in control diet-fed (I) or HFD-fed (K) animals treated with vehicle or AM630.
One sample from HFD + vehicle group in the GTT study were not used because of problems with
glucose overload injection. The data are expressed as the mean ± SEM; n = 5–8 per group. Data were
analyzed by unpaired t test (I,K) or two-way ANOVA followed by Tukey’s (B–G) or Šídák’s (H,J)
post-hoc test. @ p < 0.02 (effect of diet), * p = 0.05 (effect of HU308).

Regarding the glucose tolerance test, we observed no difference in the GTT (Figure 1H)
or in the AUC of the GTT (Figure 1I) between control diet-fed animals treated with vehicle
or HU308. Intriguingly, we observed that HU308 administration reduced the glucose
tolerance of HFD-fed animals (60 min: p = 0.001, 90 min: p = 0.002) (Figure 1J,K).

3.2. The Prolonged Brain Activation of CB2 Receptor Reduced Microgliosis in the ARC of
HFD-Fed Mice

We also investigated the effects of HU308 infusion on microgliosis in the hypothalamus
of animals fed a control diet or HFD.



Int. J. Mol. Sci. 2022, 23, 5527 6 of 15

Regarding microglial immunostaining, we observed an effect of diet on the number of
Iba1+ cells in the PVN (Figure 2A). There was a higher number of Iba1+ cells (p = 0.007) in
HFD-fed animals compared to the control diet-fed animals. In the ARC, two-way ANOVA
revealed an effect of diet (p < 0.0001), treatment (p = 0.01) and, an interaction (p = 0.001)
between the groups on the number of Iba1+ cells. Interestingly, the post-test indicated that
the continuous infusion of HU308 in HFD-fed animals reduced (p < 0.001) the number of
Iba1+ positive cells in the ARC compared to HFD-fed animals treated with the vehicle
(Figure 2B). We also observed an effect of treatment (p < 0.001) according two-way, with
increased number of Iba1+ cells in the VMH (p = 0.005) of the HFD-HU308 group compared
to the HFD-vehicle group (Figure 2C).

Figure 2. Effect of prolonged icv infusion of vehicle or HU308 for 2 weeks on the number of Iba-1+
cells in the paraventricular (PVN), arcuate (ARC) and ventromedial (VMH) nuclei in animals fed
a control diet or high-fat diet (HFD). Number of Iba-1+ cells in the PVN (A), ARC (B) and VMH
(C) nuclei in animals fed a control diet or HFD that received icv injection of vehicle or HU308.
The data are expressed as the mean ± SEM; n = 6 per group. Data were analyzed by two-way
ANOVA followed by Tukey’s post-hoc test. @ p < 0.05 (effect of diet), + p = 0.01 (effect of treatment),
* p < 0.001 vs HFD+vehicle and & p < 0.001 vs control diet+vehicle. Bottom panel: Representative
photomicrographs of Iba1 immunostaining in the PVN (superior panel), ARC (central panel) and
VMH (inferior panel) of control diet-fed or HFD-fed animals treated with vehicle or HU308.
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3.3. The Prolonged CB2 Receptor Activation Increased Astrogliosis in the VMH of HFD-Fed Mice

Considering the effects of CB2 signaling on inflammatory responses and the role of
astrocytes in the control of extracellular homeostasis, we evaluated the effects of HU308
infusion on astrogliosis in the hypothalamus of animals fed a control diet or HFD.

We observed no difference in GFAP expression in the PVN (Figure 3A) and ARC
(Figure 3B) between the groups. In addition, we observed an effect of diet (p < 0.001),
treatment (p = 0.002) and, an interaction (p = 0.02) between the groups on GFAP expression
in the VMH. The post-test revealed increased GFAP staining in the VMH of HFD-fed
animals treated with HU308 when compared to control diet-fed animals treated with
HU308 (p < 0.001) and HFD-fed animals treated with the vehicle (p = 0.002) (Figure 3C).

Figure 3. Effect of prolonged icv infusion of vehicle or HU308 for 2 weeks on the GFAP-stained
area (inch2) in the paraventricular (PVN), arcuate (ARC) and ventromedial (VMH) nuclei in animals
fed a control diet or high-fat diet (HFD). The GFAP-stained area (inch2) in the PVN (A), ARC (B)
and VMH (C) nuclei in animals fed a control diet or HFD that received icv injection of vehicle
or HU308. The data are expressed as the mean ± SEM; n = 6 per group. Data were analyzed by
two-way ANOVA followed by Tukey’s post-hoc test. @ p < 0.001 (effect of diet), & p < 0.001 vs control
diet+HU308 and, * p < 0.001 vs HFD+vehicle. Bottom panel: Representative photomicrographs of
GFAP immunostaining in the PVN (superior panel), ARC (central panel) and VMH (inferior panel) of
control diet-fed or HFD-fed animals treated with vehicle or HU308.
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3.4. The Absence of the Effects of Prolonged Brain CB2 Receptor Activation on STAT3 and
ERK Signaling

The energy homeostasis control and inflammatory signaling processes recruit different
intracellular signaling pathways, including STAT3 and ERK phosphorylation. Animals
with diet-induced obesity have reduced STAT3 phosphorylation in the ARC in response
to exogenous leptin administration or inflammatory stimuli and increased basal pSTAT3
in the ARC and VMH [14,29]. Increased ERK phosphorylation is involved in the thermo-
genic leptin effects and is also recruited after CB2 receptor activation [30,31]. Therefore,
considering the role of both proteins in energy and glucose homeostasis control and their
recruitment during the inflammatory process, we also investigated whether the modulation
of CB2 signaling could modulate STAT3 and ERK phosphorylation in hypothalamic nuclei
in lean and obese mice.

The two-way ANOVA revealed a significant effect of the diet on pSTAT3 expression in
the PVN (p = 0.02), ARC (p = 0.001) and, VMH (p < 0.001) (Figure 4A–C, respectively), with
increased pSTAT3 in HFD-fed animals compared to control diet group. The continuous
infusion of HU308 induced no change in STAT3 phosphorylation in the PVN, ARC or VMH.

Additionally, we observed no difference in the pERK immunostaining in the PVN,
ARC or VMH among all the groups (Figure 5A–C).

Figure 4. Cont.
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Figure 4. Effect of prolonged icv infusion of vehicle or HU308 for 2 weeks on the number of pSTAT3+
cells in the paraventricular (PVN), arcuate (ARC) and ventromedial (VMH) nuclei in animals fed
a control diet or high-fat diet (HFD). Number of pSTAT3+ cells in the PVN (A), ARC (B) and VMH
(C) nuclei in animals fed a control diet or HFD that received icv injection of vehicle (white bars) or
HU308 (dark grey bars). The data are expressed as the mean ± SEM, n = 5–6 per group. One sample
from control diet + HU308 group were missed during the pSTAT3 immunostaining protocol. Data
were analyzed by two-way ANOVA followed by Tukey’s post-hoc test. @ p < 0.05 (effect of diet)
Bottom panel: Representative photomicrographs of pSTAT3 immunostaining in the PVN (superior
panel), ARC (central panel) and VMH (inferior panel) of control diet-fed or HFD-fed animals treated
with vehicle or HU308.

Figure 5. Effect of prolonged icv infusion of vehicle or HU308 for 2 weeks on the number of pERK+
cells in the paraventricular (PVN), arcuate (ARC) and ventromedial (VMH) nuclei in animals fed
a control diet or high-fat diet (HFD). Number of pERK+ cells in the PVN (A), ARC (B) and VMH (C)
nuclei in animals fed a control diet or HFD that received icv injection of vehicle or HU308. The data
are expressed as the mean ± SEM, n = 6 per group. Data were analyzed by two-way ANOVA followed
by Tukey’s post-hoc test. Bottom panel: Representative photomicrographs of pERK immunostaining
in the PVN (superior panel), ARC (central panel) and VMH (inferior panel) of control diet-fed or
HFD-fed animals treated with vehicle or HU308.
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4. Discussion

Previous studies that have investigated the consequences of CB2 receptor signaling
modulation have preferentially used the intraperitoneal route for drug administration or
a global CB2 receptor knockout mice. However, these approaches preclude the analysis of
whether the effects of CB2 receptor signaling modulation on energy and glucose homeosta-
sis are mediated by central or peripheral actions. Therefore, to overcome this limitation,
we used minipumps to deliver the CB2 receptor agonist HU308 directly to the brain. The
main finding of our study was the reduction in microgliosis in the ARC and the increase in
astrogliosis of HFD-fed animals that received a continuous infusion of HU308. However,
we observed no effect of prolonged icv infusion of HU308 on body weight gain or caloric
intake in either the control or HFD groups. Interestingly, the continuous infusion of this
drug reduced glucose tolerance in HFD-fed mice.

It was also reported that deletion of the CB2 receptor gene reduced HFD-induced
weight gain and it reduced the adipose and liver inflammation associated with obesity [26].
However, overexpression of CB2 receptors in the brain was also associated with decreased
food intake and a lean phenotype [32] and the deletion of the CB2 receptor gene increased
body weight [33,34]. CB2 receptor deletion in age-related obesity is associated with the
proinflammatory polarization of immune cells in adipocytes and the liver and high mortal-
ity [34]. Despite these contradictory results on the association between energy homeostasis
and CB2 receptor deletion or overexpression, these studies strongly suggest that CB2 signal-
ing is involved in the regulation of food consumption and body weight and that changes in
inflammatory response underlie these effects.

Pharmacological studies also support the involvement of CB2 signaling in energy
homeostasis control. We observed no effect of the central modulation of CB2 signaling
with HU308 treatment on body weight and caloric intake. However, it was reported that
the peripheral administration of AM630, an inverse-agonist of CB2 receptor, can inhibit
nocturnal food intake, but it also reduces hyperphagia after fasting [35]. In another study
using peripheral AM630 administration, no change in body weight was observed in obese
ob/ob animals, but there was reduced inflammation in the adipose tissue [26]. Furthermore,
the use of the CB2 agonist HU308 for three months as drug-enriched pellets induced no
effect on HFD-induced obesity, except for reduced macrophage polarization in the liver
and adipose tissue [34]. The peripheral administration of a CB2 agonist (JWH-133) also
induced no effect on body weight but potentiated white adipose tissue inflammation [26].
Importantly, low-grade inflammation in the periphery and brain is associated with obe-
sity [15,36]. The existence of several contradictory results about the role of CB2 signaling on
energy homeostasis and obesity-associated inflammation can be associated with the use of
CB2 receptor-deleted animals, as well as to the existence of several differences between the
experimental protocols performed by the different researchers. However, we must consider
that several studies in the literature have reported an important anti-inflammatory function
of CB2 signaling activation via agonists, inverse agonists and the use of transgenic animals
with hyperexpression see reviews [37,38]. Therefore, more studies are needed to better
understand the endocannabinoid function of CB2 signaling on energy homeostasis during
inflammation caused by HFD consumption.

The modulation of CB2 receptor signaling also affects glucose metabolism. Interest-
ingly, in our study, we observed reduced glucose tolerance in HFD-fed animals that received
prolonged icv infusion of HU308. Similar to our results, a previous study reported that ip
administration of JWH-133 for 15 days potentiated HFD-induced insulin resistance [26].
Furthermore, they demonstrated that the deletion of the CB2 receptor improved insulin
sensitivity in HFD-fed animals [26]. Additionally, it was shown that the glycemia of mice
with CB2 receptor gene deletion that were fed a regular diet was normal and that the
hypoglycemia during ITT was more pronounced in these animals [33]. However, under
a HFD regimen, the insulin sensitivity and plasma glucose levels were similar between
CB2 receptor knockout mice control mice [33]. The overexpression of the CB2 receptor in
the central nervous system also disturbs glucose homeostasis. Reduced glucose tolerance
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and prolonged fasting hyperglycemia were observed in 18- and 24-week-old animals with
CB2 receptor overexpression in the brain [32]. However, after a single ip administration of
JWH133, the same group demonstrated decreased glucose intolerance in wild type animals.
Our findings are consistent with studies of global CB2 receptor gene deletion and the pe-
ripheral administration of drugs that modulate CB2 signaling that show that CB2 receptor
activation promotes an imbalance in glucose homeostasis, leading to increased glycemia.

As expected, we observed that a HFD increased microgliosis in the ARC [16] and
PVN. Similarly, increased microgliosis in the PVN and subfornical organ (SFO) was also
reported in animals fed a HFD for 8 weeks [39]. These areas are important to the control
of the neuroendocrine axis and autonomic nervous system and can contribute to the
cardiovascular and glycemic changes observed in obesity. Nevertheless, the reduced
microgliosis in the ARC of HU308-treated animals had no effect on the obesity induced
by HFD intake. This result is interesting since some studies suggest that inflammation of
the hypothalamus precedes the onset of obesity [40]. Several studies have indicated that
hypothalamic inflammation favors the accumulation of fat associated with resistance to
leptin actions [16,41,42]. Thus, it would be reasonable to suppose that with the reduced
microgliosis in the ARC, leptin signaling would be restored and that the increased leptin
tone would favor weight loss. However, leptin signaling in the PVN, ARC and VMH was
not changed, as observed by the preserved STAT3 phosphorylation after CB2 modulation.

In mice with HFD-induced obesity, a reduction in hypothalamic inflammation was
associated with improved glycemia [14,43]. Specifically, the reduced ARC inflammation
by ARC-restricted TLR4 knockdown protects HFD-fed animals from impaired glucose
homeostasis and peripheral insulin resistance [44]. Remarkably, we observed a worsening
in glucose tolerance in animals with reduced microgliosis in the ARC that was induced
by the icv infusion of HU308. An increase in basal glycemia as well as during GTT
was also observed in mice with increased CB2 expression in the ARC and VMH [32].
Interestingly, we observed increased microgliosis in the VMH of lean and obese mice treated
with HU308. The VMH is essential to the control of the counterregulatory response to
hypoglycemia [45]. Recently, it was reported that mice with genetic disruption of glutamate
release from steroidogenic factor neurons (SF1) in the VMH have attenuated recovery
from hypoglycemia induced by insulin treatment [46] and, chemogenetic activation of
this neuronal subpopulation induces hyperglycemia and enhances the counterregulatory
response to glucopenia [47]. Taking this information into account, the activation of VMH
could be involved in the increase in hyperglycemia that was observed in the HFD-HU308
group. Finally, the preserved control of glucose homeostasis (e.g., insulin action and
secretion) could be underly the appropriated GTT response observed in control diet group
treated with HU308.

Some studies have observed increased reactive astrocyte gliosis (activation and re-
cruitment) in response to high-fat diet consumption [16,48]. The increase in the number
of astrocytes due to the consumption of a HFD seems to be dependent on the duration of
diet exposure. Thus, consumption of a HFD for up to 2 weeks increases recruitment and
promotes changes in the morphology of ARC astrocytes [16]. Buckman and colleagues
(2013) observed hypertrophy and hyperplasia of astrocytes in the hypothalamus after
20 weeks of HFD consumption [48]. However, Thaler et al. 2012 observed a transitory
quiescence of the astrocytic process of gliosis after 3 weeks of HFD consumption and the
restart of this process again after the 8th month of HFD consumption. Considering the
neuroprotective role played by astrocytes during the inflammatory responses [49,50], brain
damage (e.g., evidenced by neuronal death) and deficits in synaptic plasticity caused by
HFD [16,51], we expected to observe astrogliosis in the hypothalamus. Therefore, absence
of changes in astrogliosis may be due to the temporal window of the quiescent activity of
astrocytes during prolonged HFD consumption.

Interestingly, we also observed that the CB2 receptor agonism with HU308 increases
astrogliosis in the VMH only in obese animals. The effects of HU308 on astrocyte activity
are similar to other results that have been reported in the literature [52,53]. As previously
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described, VMH is critical for the control of glucose homeostasis. Interestingly, astrocytes
are important to the maintenance of the extracellular homeostasis and are involved in the
regulation of synaptic transmission [54] and consequently in the modulation of neuronal
activity. Indeed, activation of astrocytes induces long-term potentiation and memory
acquisition [55]. Furthermore, the effects of astrocytes on neuronal activity are associated, at
least in part, with synthesis and release of vasoactive substances [56], which can change local
microvascular diameters and, as a result, modulate blood flow [57]. However, additional
studies aimed to investigate the synthesis/secretion of inflammatory/vasoactive substances
must be performed to clarify the role of CB2 receptor signaling in the control of astrocytic
activity in the VMH, particularly in obese animals.

CB2 receptor signaling, leptin and inflammatory stimuli can activate the ERK path-
way [20,30,58]. Although hypothalamic ERK signaling has an important effect on energy
and glucose homeostasis [31,59], no evident effect of ERK phosphorylation was observed
in the different hypothalamic nuclei after the modulation of CB2 receptor signaling. It is
important to highlight that the immunostaining for pERK performed by us clearly indi-
cated the recruitment of this pathway in neurons and not in immune cells, as there was
clear staining in the bodies of neurons and not punctual glial staining. Some previous
studies have indicated that there is CB2 receptor expression on neurons and other studies
have indicated that it is expressed on glial cells [35,60–62]. However, the data of ERK
phosphorylation described in our study suggest that the recruitment of this pathway in the
PVN, ARC and VMH is not involved in the responses observed by us.

5. Conclusions

Given the close association between hypothalamic inflammation and obesity, as well
as the anti-inflammatory CB2 receptor properties, as evidenced by the reduced microgliosis
in the ARC, we cannot rule out the possibility that continuous infusion of CB2 receptor
ligands for a longer period of time, longer than the one used in our study, could improve
obesity caused by HFD intake. Moreover, our data indicate that central CB2 signaling
modulates glucose homeostasis and glial reactivity in obesogenic conditions, irrespective
of changes in body weight.
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