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Abstract: Background: Studies have shown that the chronic use of cannabis is associated with a
decrease in blood pressure. Our previous studies prove that activating the cannabinoid type 2 (CB2)
receptor in the brain can effectively reduce blood pressure in spontaneously hypertensive rats; how-
ever, the exact mechanism has not been clarified. The objective of this study is to demonstrate that
activation of microglial CB2 receptors can effectively reduce the levels of TNF-α, IL-1β, and IL-6 in the
paraventricular nucleus (PVN) through inhibiting aerobic glycolysis, thereby relieving hypertension.
Methods: AngiotensinII (AngII) was administered to BV2 cells and C57 mice to induce hypertension
and the release of proinflammatory cytokines. The mRNA and protein expression of the CB2 receptor,
TNF-α, IL-1β, IL-6, and the PFK and LDHa enzymes were detected using RT-qPCR and Western
blotting. The Seahorse XF Energy Metabolism Analyzer was used to measure the oxidative phospho-
rylation and aerobic glycolysis metabolic pathways in BV2 cells. The long-term effects of injecting
JWH133, a selective CB2 receptor agonist, intraperitoneally on blood pressure were ascertained.
ELISA was used to measure norepinephrine and lactic acid levels while immunofluorescence labeling
was used to locate the CB2 receptor and c-Fos. By injecting pAAV-F4/80-GFP-mir30shRNA (AAV2-r-
CB2shRNA) into the lateral cerebral ventricle, the CB2 receptor in microglia was specifically knocked
down. Results: Activation of CB2 receptors by the agonist JWH133 suppressed TNF-α, IL-1β, and
IL-6 by inhibiting PFK and LDHa enzymes involved in glycolysis, as well as lactic acid accumulation,
along with a reduction in glycoPER levels (marks of aerobic glycolysis) in AngII-treated BV2 cells. In
AngII-treated mice, the administration of JWH133 specifically activated CB2 receptors on microglia,
resulting in decreased expression levels of PFK, LDHa, TNF-α, IL-1β, and IL-6, subsequently leading
to a decrease in c-Fos protein expression within PVN neurons as well as reduced norepinephrine
levels in plasma, ultimately contributing to blood pressure reduction. Conclusion: The results suggest
that activation of the microglia CB2 receptor decreases the neuroinflammation to relieve hypertension;
the underlying mechanism is related to inhibiting aerobic glycolysis of microglia.

Keywords: cannabinoid type 2 receptor; microglia; aerobic glycolysis; neuroinflammation; hypertension

1. Introduction

Cannabinoids, both synthetic and endogenous, have physiological and pathological
regulatory effects. The described effects are mediated by G protein-coupled cannabinoid
(CB) receptors, specifically the CB1 receptor [1–3] and the CB2 receptor [4–6]. Cannabis has
well-documented effects on the nervous and immune systems, as well as the circulatory
system, causing significant hypotension [7–10]. Chronic cannabis use has been linked to a
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decrease in blood pressure [11–13]. Our previous study has demonstrated that long-term
injection of the CB2 receptor agonist JWH133 into the lateral ventricles of spontaneously
hypertensive rats effectively reduces blood pressure [14]. However, the mechanism linking
cannabinoid receptors and hypotension is not yet fully understood.

The sympathetic cardiovascular regulatory center is primarily composed of the rostral
ventrolateral medulla (RVLM) and hypothalamic paraventricular nucleus (PVN) areas.
Their activities regulate the heart and blood vessels, thereby affecting blood pressure.
Studies have shown that increased activity in these areas is involved in the pathophysiology
of hypertension [15–17]. Recent studies have shown that neuroinflammation mediated
by microglia enhances the activity of the sympathetic cardiovascular center, leading to an
increased excitability of sympathetic nerves [18,19].

Microglia are immune cells in the central nervous system that protect against pathogen
invasion. When activated, they release high concentrations of proinflammatory cytokines
(TNF-α, IL-1β, and IL-6), which can harm the neurological system [20]. Studies by Tan and
Wu et al. have shown that proinflammatory cytokines (IL-1β, TNF-α, IL-6) were increased
in the RVLM and PVN regions of spontaneous hypertensive rats and stressed hypertensive
rats [21,22]. Reducing the expression of proinflammatory cytokines effectively relieves
hypertension [14].

The cannabinoid receptor 2 (CB2) receptor exists in peripheral immune cells and the
central nervous system, and many reports indicate that the CB2 receptor is highly expressed
in activated microglia during neuroinflammation induced by cerebral ischemia and brain
injury [6], as well as neurodegenerative diseases [11]. Activating CB2 receptors on mi-
croglia significantly reduces neuroinflammation, relieving and treating these diseases [11].
Nevertheless, to date there have not been any studies performed that look into whether
specifically activating CB2 receptors on microglia can lower neuroinflammation and treat
hypertension. The underlying mechanism is even more elusive.

In this research, BV2 cells and C57 mice were treated with AngII to simulate a hyper-
tension environment. The relationship between the activation of CB2 receptors and the
metabolic reprogramming of microglia was investigated. This study reports the first evi-
dence that inhibiting aerobic glycolysis (glycolysis occurring in aerobic states) in microglia
via CB2 receptor activation leads to a reduction in proinflammatory cytokine production,
which helps alleviate hypertension.

2. Materials and Methods
2.1. Chemical and Drugs

A solution of 1 mg/mL was obtained by dissolving 1 milligram of lipopolysaccharide
(LPS, Cat. No. L2880, Sigma Aldrich, Shanghai, China) powder in 1 milliliter of sterile
normal saline. To create a 10 mg/mL AngII storage solution, 5 mg of L-isoleucyl-L-histidyl-
L-prolyl-L-phenylalanine and 2,2,2-trifluoroacetate (AngII, Cat. No. 24739, Cayman Chemi-
cal, Ann Arbor, MI, USA) powder were dissolved in 500 µL of sterile phosphate-buffered
saline (PBS, Cat. No. P1020, Beijing Solarbio Biotechnology Co., Ltd., Beijing, China).
Then, 5 mg powder of 3-(1,1-dimethylbutyl)-6aR,7,10,10aR-tetrahydro-6,6,9-trimethyl-6H-
dibenzo[b,d]pyran (JWH133, Cat. No. 259869-55-1, ApexBio Technology, Houston, TX,
USA) was dissolved in 800 µL of dimethyl sulfoxide (DMSO, Cat. No. D8371, Beijing
Solarbio Biotechnology Co., Ltd., Beijing, China). The mixture was heated at 37 ◦C in a
water bath to create a storage solution containing 20 mM JWH133. During the experiment,
the final concentration of DMSO was less than 0.1%.

2.2. Animal Methods
2.2.1. Animals

Adult male C57 mice (n = 30, 8–9 weeks old, weighing roughly 23 g) were bought
from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). They
were kept in a controlled environment with enough food and water (12:12 h light–dark;
temperature maintained at 20 ± 2 ◦C). All animal procedures were authorized by Hebei



Biomolecules 2024, 14, 333 3 of 16

Medical University’s Animal Care and Use Committee and followed the Chinese Animal
Care Committee’s requirements. The guidelines for the care and use of laboratory animals
(Life Sciences Council Laboratory Animal Resources Institute, 2011) were adhered to when
handling and feeding the mice.

2.2.2. Brain Stereotaxic Injection

The mice were anesthetized intraperitoneally with ketamine hydrochloride and xy-
lazine (Cat. No. PHR8715, Cat.No.X1126, Sigma-Aldrich, St. Louis, MO, USA) (66.6 and
1.3 mg/kg, respectively). A stereotaxic frame (RWD Life Science Inc., Shenzhen, China) was
used to hold the mice’s heads. A glass pipette with a tip diameter of 20–30 µm was inserted
into the lateral ventricle (LV) for the LV microinjections, as previously described [14]. This
was performed by boring a tiny hole in the dorsal surface of the skull at 0.48 mm caudal to
the bregma, 1.00 mm lateral to the midline, and 2.00 mm ventral to the dura. Each mouse
received 100,000 U/kg i.p. of penicillin G procaine (Cat. No. 1502552, Sigma-Aldrich, St.
Louis, MO, USA) and 0.05 mg/kg s.c. of buprenorphine (Cat. No. PHR8955, Sigma-Aldrich,
St. Louis, MO, USA) to alleviate discomfort. For the purpose of gene knockdown, 3 µL
pAAV-F4/80-GFP-mir30shRNA (AAV-CB2-shRNA; Weizhen Co., Ltd., Jinan, China; specif-
ically knock down of the CB2 receptor in microglia) or an AAV-control virus was injected
into the LV at a speed of 100 nL/min for 15 min. Any other surgeries were performed
ten days later.

2.2.3. Implant Osmotic Pump and Intraperitoneal Injection

An osmotic pump (RWD Life Science Inc., Shenzhen, China) was filled with AngII
(500 µg, 200 µL) or PBS (200 µL). Mice treated with the AAV were given the general
anesthesia indicated above, and the skin between their shoulder blades and subcutaneous
tissue was sliced. After the osmotic pump was inserted into the subcutaneous area, the skin
incision was sutured. For a duration of 28 days, the mice were consistently administered
AngII or PBS.

JWH133 (2 mg/kg) or control solvent were injected intraperitoneally into mice once a
day for 28 days, starting with the osmotic pump implantation.

2.2.4. Blood Pressure Measurement

In conscious mice, a noninvasive tail-cuff device, Rodent NIBP CODA® Monitor (AD
instrument, Bella Vista, NSW, Australia) was used to measure the mean arterial pressure
(MAP), diastolic blood pressure (DBP), and systolic blood pressure (SBP). The results were
obtained by averaging a minimum of six consecutive measurements.

In anesthetized mice, blood pressure (BP) was monitored, as previously described [14].
During the trial, mechanical ventilation was performed through tracheal cannulation
using a rodent ventilator (RWD407, Shenzhen, China) with 100% oxygen. Blood pressure
was constantly measured by surgically inserting a cannula into the left femoral artery.
Blood pressure readings were collected using the Labchart7 system and a power lab (AD
instrument, Bella Vista, NSW, Australia).

2.2.5. Measurement of Plasma Norepinephrine

After administering the previously mentioned anesthetic, using EDTA-Na2 (Cat. No.
03690, Sigma-Aldrich, St. Louis, MO, USA) as an anticoagulant, blood samples were taken
from the cannula that was inserted into the left femoral artery. The samples were separated
into plasma by centrifuging them at 1000 g for 15 min at 4 ◦C. The norepinephrine ELISA Kit
(Cat. No. EU2565, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) instructions
were followed for the collection and processing of the plasma. The following were added
in order: biotinylated antibody working solution, enzyme binding working solution, color
development substrate, and termination solution. The optical density (OD value) at 450 nm
wavelength was determined using a microplate reader (Molecular Devices, San Jose, CA,
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USA). Relying on the acquired standard curve, the plasma norepinephrine concentrations
in every group were computed.

2.2.6. Frozen Section and Immunofluorescence Staining

The mice were anesthetized as described above and infused with 4% paraformalde-
hyde (PFA, Cat. No. P1110, Beijing Solarbio Biotechnology Co., Ltd., Beijing, China)
through the left ventricle. The brains were successively placed in 4% PFA and then dehy-
drated in the 30% sucrose solution for 48 h. After cryoprotection, the frozen brain coronal
sections, including the PVN, were made into 20 µm thick sections using a freezing micro-
tome (CM1950, Leica Biosystems, Wetzlar, Germany); then, immunofluorescence staining
was performed.

The primary antibodies included CB2 antibody (Cat. No. DF8646, Affinity Biosciences,
Cincinnati, OH, USA) at 1:500, Iba1 antibody (Cat. No. ab153696, Abcam, Cambridge,
MA, USA) at 1:400, and c-Fos antibody (Cat. No. ab214672, Abcam, Cambridge, MA,
USA) at 1:1000. The appropriate proportion of primary antibody was added to 0.01 M PBS
(Cat. No. KGB5001, Kaiji, Nanjing, China) containing 5% BSA (Cat. No. SW3015, Beijing
Solarbio Biotechnology Co., Ltd., Beijing, China) and 0.25% Triton X 100 (Cat. No. T8200,
Beijing Solarbio Biotechnology Co., Ltd., Beijing, China), and was treated at 4 ◦C overnight
(16–18 h). The slices were then incubated in a mixture of fluorescent secondary antibodies
DyLight405/DyLight594-conjugated anti-mouse/anti-rabbit IgG (Report Biotechnology
Co., Ltd., Shijiazhuang, China) at 1:500 at room temperature for 2 h. All images were
obtained using fluorescence microscopy (DM600, Leica Biosystems, Wetzlar, Germany).

2.3. Cell Culture Methods
2.3.1. Cell Culture

The immortalized murine microglial cell line BV2 was purchased from Procell Life
Science and Technology Co., Ltd. BV2 cells were incubated in MEM complete medium (Cat.
No. PM150478, Procell Life Science and Technology Co., Ltd., Wuhan, China) at 37 ◦C with
5% CO2. Once the cell growth density reached about 80%, the subsequent experiment was
carried out.

To knockdown the CB2 receptor on BV2 cells, complete medium without penicillin-
streptomycin was supplemented with CB2-siRNA (GATCCCTAACGACTACCTA) (50 nM)
or control SiRNA (TGAGGTTGGCCAAGACTCT) and transfection reagent (riboFECTTMCP
Reagent, Cat.No.C10511-05, Ribobio Technology, Guangzhou, China) for 48 h. Then, the
complete media were replaced to carry out the next experiments.

The cells were treated for 36 h with either the control solvent or AngII (the final
concentration of 100 nM). Before AngII was administered to the cells for 12 h, the CB2
receptor agonist JWH133 (at a final concentration of 100 nM) or the control solvent was
added, so that the total action time of JWH133 was 48 h.

2.3.2. Cell Proliferation Activity and Cell Morphology

Cell Counting Kit-8 (CCK8, Cat. No. K1018, Apex Bio, Houston, TX, USA) was used
to measure the activity of cell proliferation. As directed by the manufacturer, BV2 cells
were cultivated in 96-well plates. After that, the CCK8 detection solution was added and
incubated for 30 min. A microplate reader (Molecular Devices, San Jose, CA, USA) was
used to measure the optical density at 450 nm.

BV2 cells were cultured in 6-well plates and subsequently observed under a microscope
(DMi8, Leica Biosystems, Wetzlar, Germany) to assess the morphological alterations within
each experimental group.

2.3.3. Lactic Acid Detection

The supernatant and cell lysate of the cell culture medium were collected. By using
the Lactic Acid Detection Kit (Cat. No. A019-2, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) protocol, six standard concentrations were prepared to create a standard
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curve, and the samples were diluted for measurement. The enzyme working liquid and
chromogenic agent were added to react in the 37 ◦C water bath for 10 min, and then an
appropriate volume of termination fluid was added to end the reaction. The OD value
was detected using a 530 nm microplate reader (Molecular Devices, San Jose, CA, USA).
Finally, the content of lactic acid in the sample was calculated using the formula for lactic
acid calculation.

2.3.4. Cell Aerobic Glycolysis Rate

The Seahorse XF Energy Metabolism Analyzer (Agilent, Santa Clara, CA, USA) was
utilized for real-time measurement of oxidative phosphorylation and aerobic glycolysis
metabolic pathways in the live cells to quantify cell metabolic phenotypes. The oxygen
consumption rate (OCR) reflected the mitochondrial function, and the extracellular acidi-
fication rate (ECAR) reflected the glycolysis function. To obtain the proton outflow rate
during glycolysis (glycoPER), the acidification rate contributed by CO2 was subtracted
from the total proton outflow rate (PER), resulting in glycoPER which was discharged
into the extracellular solution. As per the Seahorse XF Glycolytic Rate Assay Kit (Cat.
No. 103346-100, Agilent, Santa Clara, CA, USA), BV2 cells that had been pretreated with
CB2-siRNA, AngII, and JWH133 were seeded in poly-Lysine-coated XFe 96-well seahorse
culture microplates at a concentration of 50 × 104 cells per well. The plates were then incu-
bated overnight at 37 ◦C in 5% CO2 prior to the treatment. After following the prescribed
treatments for 24 h, 175 µL of pre-warmed bicarbonate-free DMEM (basal) assay medium
was added to the growing media, which was then aspirated and cleaned thrice. In order to
degas the plate, it was incubated for 45 min at 37 ◦C in a CO2-free environment. Following
incubation, OCR and ECAR were measured according to the manufacturer’s protocol with
the following chemicals present: 50 mM 2-DG and 0.5 µM Rot/AA.

2.4. Western Blot

The BV2 cells were removed from the original medium and washed with pancreatic
enzyme (Cat. No. T1350, Beijing Solarbio Science and Technology Co., Ltd., Beijing, China).
The cells were collected, and protein extraction was performed by adding lysate (Cat. No.
P0013, Beyotime Biotechnology Co., Ltd., Shanghai, China) and protease inhibitors (Cat.
No. P1005, Beyotime Biotechnology Co., Ltd., Shanghai, China). The mice were euthanized
via quick decapitation under deep anesthesia; the brains were dissected out, and the
PVN tissues were collected using the punch microdissection technique as described in the
previous report [14]. Punched tissue was kept at −80 ◦C in the lysis solution containing
protease inhibitors.

The protein concentrations in the samples were determined by using the BCA method
(Cat. No. RW0201, Report Biotechnology Co., Ltd., Shijiazhuang, China), and then the
protein samples were prepared. The proteins underwent electrophoresis in the 10% or
12% TRIS-HCL (Cat. No. RS0043, Report Biotechnology Co., Ltd., Shijiazhuang, China)
polyacrylamide gel. Following electrophoresis, the proteins were transferred onto PVDF
membranes (Millipore, Burlington, MA, USA). After the membrane transfer, the PVDF
membrane was put into the sealing solution containing pre-prepared 5% skim milk powder
(Cat. No. P0216, Beyotime Biotechnology Co., Ltd., Shanghai, China) and incubated at
room temperature for 1 h with agitation. Next, the membranes were exposed to diluted pri-
mary antibodies overnight at 4 ◦C: TNF-α antibody (Cat. No. AF7014, Affinity Biosciences,
Cincinnati, OH, USA) at 1:2000, IL-1β antibody (Cat. No. AF5103, Affinity Biosciences,
Cincinnati, OH, USA) at 1:1000, IL-6 antibody (Cat. No. DF6087, Affinity Biosciences,
Cincinnati, OH, USA) at 1:500, CB2 antibody (Cat.No.DF8646, Affinity Biosciences, Cincin-
nati, OH, USA) at 1:2000, PFK antibody (Cat.No.AF7562, Affinity Biosciences, Cincinnati,
OH, USA) at 1:500, LDHa antibody (Cat. No. DF6280, Affinity Biosciences, Cincinnati,
OH, USA) at 1:1000, β-actin antibody (Cat. No. AF0003, Beyotime Biotechnology Co., Ltd.,
Shanghai, China) at 1:500. Then, the members were incubated with secondary antibodies at
37 ◦C for 1 h, with goat anti-rabbit IgG (Cat. No. A0208, Beyotime Biotechnology Co., Ltd.,
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Shanghai, China) used at 1:10,000. Electrochemical luminescence (ECL, Cat. No. P0018S,
Beyotime Biotechnology Co., Ltd., Shanghai, China) was employed for signal development,
and ImageJ software (X64, V1.8.0) was used to analyze the gray values obtained from the
bands. The gray value of the target protein in each group was normalized to the gray value
of the internal parameter β-actin. The ratio of each group was further normalized by the
control group.

2.5. Total RNA Extraction and RT-qPCR

The cultured cells and the brain PVN tissues were collected just as described above.
According to the protocol, the total RNA was extracted using the Trizol Kit (Cat. No.
TR201-50, Beijing Tianmo Sci and Tech Development Co., Ltd., Beijing, China), followed
by reverse transcription of the total RNA into cDNA using pre-designed primers (TNFα,
IL-1β, IL-6, CB2, and GAPDH; the sequences are listed in the Supplementary Materials
and were purchased from Sangon Biotech Co., Ltd. (Shanghai, China) and the SYBR Green
PCR Kit (Cat. No. MQ10201, Monadbiotech Co., Ltd., Suzhou, China). The threshold cycle
number was determined by triplicate analysis of each sample. For normalization purposes,
GAPDH mRNA was utilized as an internal control. The relative expression levels were
calculated using the comparative 2−∆∆CT method and reported as fold changes relative to
the controls.

2.6. Statistical Analyses

The experimental results were analyzed using GraphPad Prism 8 statistical software.
The data are expressed as mean ± SEM. Two-way or one-way ANOVA were used for
data analysis. Tukey post hoc tests were conducted to investigate significant main and
interaction effects when appropriate. A statistically significant difference was indicated
by p < 0.05.

3. Results
3.1. In AngII-treated Mice, Activation of CB2 Receptors by JWH133 Decreased the Blood Pressure,
Plasma Norepinephrinein, c-Fos Expression, Proinflammatory Cytokine, and Enzyme Associated
with Glycolysis in the PVN

After 28 days of continuous AngII administration, the CB2 protein (3.29 ± 0.46) was
highly increased in the PVN. Moreover, the CB2 protein (dyed red) was found to be
expressed in microglia (Iba1 stained blue) by using immunofluorescence staining. AAV-
CB2-shRNA was used to target microglia specifically, and the resultant knockdown of the
CB2 receptor led to a significant decrease in CB2 receptor protein levels (0.21 ± 0.02) in the
PVN, as well as a reduction in CB2 receptors within microglia cells specifically (Figure 1a).

There was a notable rise in MAP in both conscious (138.01 ± 2.01 vs. 103.72 ± 2.44)
and anaesthetized (133.92 ± 1.65 vs. 112.23 ± 1.33) AngII-treated animals (Figure 1b).
Simultaneously, the plasma norepinephrine level increased (Figure 1c): 22.37 ± 1.35 in
AngII-treated vs. 5.41 ± 0.50 in Sham. The PVN of mice treated with AngII had higher
levels of TNF-α (2.28 ± 0.13), IL-1β (3.12 ± 0.25), and IL-6 (2.54 ± 0.13) (Figure 1d); the
glycolysis-related enzymes, PFK (2.35 ± 0.21) and LDHa (2.76 ± 0.20), were similarly
elevated (Figure 1e).

The CB2 receptor agonist JWH133 (2 mg/kg) was injected intraperitoneally for 28 days
into the AngII-treated mice. As a result, the MAP, norepinephrine, TNF-α, IL-1β, IL-6, PFK,
and LDHa levels in the AngII-treated mice were all decreased to that of the Sham group.
Knocking down the microglia CB2 receptor did not specifically relieve the enhancement
of MAP, norepinephrine, TNF-α, IL-1β, IL-6, PFK, and LDHa induced by AngII, but it
significantly reversed the inhibition effects caused by JWH133. (Figure 1b–e)



Biomolecules 2024, 14, 333 7 of 16

Figure 1. JWH133 (2 mg/kg, 28 days) activated the CB2 receptor on microglia to inhibit AngII-
induced hypertension by suppressing glycolytic enzymes and proinflammatory cytokines in the PVN.
(a) The expression of the CB2 receptor in microglia was upregulated in the PVN of AngII-induced
hypertension mice. Iba1 (blue) and CB2 receptor (red). Scale bar = 10 µm. JWH133 activation of the
CB2 receptor inhibited MAP (b), plasma norepinephrine levels (c), proinflammatory factors TNF-α,
IL-1β, and IL-6 production (d), glycolytic enzymes PFK and LDHa expression (e) in AngII-induced
hypertension mice. The results are expressed as mean ±SEM (n = 5 mice in each group, * p < 0.05,
** p < 0.01, *** p < 0.001). Original blot images can be found in Supplementary File S1.

In the PVN of AngII-treated mice, immunofluorescent staining demonstrated a signifi-
cant increase in the c-Fos protein expression (stained in red), indicating neuronal excitation.
After the administration of JWH133, the c-Fos levels in mice treated with AngII decreased.
Although knocking down the microglia CB2 receptor did not specifically alleviate the
enhancement of c-Fos induced by AngII, it did significantly reverse the inhibitory effects
caused by JWH133. Additionally, there was no alteration in Iba1-positive microglia (stained
in blue), and no colocalization between c-Fos and microglia was seen. (Figure 2).
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Figure 2. Immunofluorescent staining revealed the expression of the c-Fos protein, which is indicative
of neuronal excitation. Notably, no colocalization was observed between c-Fos (stained in red) and
microglia (stained in blue). Scale bar = 50 µm.

3.2. The BV2 Cells Treated with AngII Exhibited an Increase in Proinflammatory Cytokines

The cell viability was assessed, and the results showed that following 24 h of treat-
ment with 1 µg/mL LPS, the proliferation level of BV2 cells decreased from (1.00 ± 0.03) to
(0.90 ± 0.01) (p < 0.05). While the BV2 cells were treated with AngII (100 nM, 36 h), the prolif-
eration (1.22 ± 0.03) was higher than that in control group (1.00 ± 0.09) (p < 0.05) (Figure 3a).

Figure 3. Effect of LPS and AngII on proinflammatory cytokines (TNF-α, IL-1β, and IL-6), morphology,
and proliferation of BV2 cells. (a) The effects of LPS (1 µg/mL, 24 h) and AngII (100 nM, 36 h) on cell
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viability in BV2 cells; (b) the mRNA expression of TNF-α, IL-1β, and IL-6 in BV2 cells treated with
LPS and AngII; (c) the morphology of BV2 cells treated with LPS and AngII; (d) the original graph
and relative protein expression of TNF-α, IL-1β, and IL-6 in BV2 cells treated with AngII. The data
are expressed as the mean ± SEM (n = 6 times, * p < 0.05, ** p < 0.01, *** p < 0.001). Scale bar = 50 µm.
Original blot images can be found in Supplementary File S1.

The morphology of the BV2 cells was observed under a microscope. The control
cells were mostly fusiform or regular round, and the synapses were branching. After 24 h
treatment with 1 µg/mL LPS, the synapses of the BV2 cells became thicker and shorter,
from branching to amoebic, and the cell volume increased, which is the same morphology
change as the BV2 cells treated with 100 nM AngII for 36 h (Figure 3c).

The mRNA expressions of TNF-α (40.64 ± 0.80), IL-1β (726.87 ± 40.12), and IL-6
(60.07 ± 0.84) were all significantly increased in the BV2 cells treated with LPS (1 µg/mL,
24 h). Similarly, the mRNA expression of TNF-α (3.16 ± 0.03), IL-1β (13.56 ± 0.14), and
IL-6 (1.51 ± 0.08) were also all significantly increased in the BV2 cells treated with AngII
(100 nM, 36 h) (Figure 3b). At the same time, the protein levels of TNF-α (1.48 ± 0.06),
IL-1β (1.53 ± 0.04), and IL-6 (1.92 ± 0.12) were all significantly increased in the BV2 cells
treated with AngII (100 nM, 36 h) (Figure 3d).

3.3. An Increase in Proinflammatory Cytokines Caused by AngII in BV2 Cells Was Reduced by
Activating CB2 Receptors with the Agonist JWH133

Compared with the control group (1.00 ± 0.13), the protein expression of the CB2
receptor (3.29 ± 0.46) was significantly increased in the BV2 cells treated by AngII (100 nM,
36 h) (Figure 4a). Using CB2-siRNA (GATCCCTAACGACTACCTA, Rui Bo Biological Co.,
Ltd., Shanghai, China) (50 nM, 48 h) resulted in a 73% reduction in CB2 receptor protein
expression compared to the control group (Figure 4b). Activating the CB2 receptors in BV2
cells using the agonist JWH133 (100 nM, 48 h) inhibited the TNF-α, IL-1β, and IL-6 protein
elevations induced by AngII. Knocking down the CB2 receptors in BV2 cells promoted the
elevation of AngII-induced TNF-α, IL-1β, and IL-6, and reversed the inhibitory effects of
JWH133 (Figure 4c).

3.4. The Increase in Aerobic Glycolysis Produced by AngII in BV2 Cells Was Reduced by
Activating the CB2 Receptor with the Agonist JWH133

The lactic acid test results revealed that the lactic acid content in the BV2 cells treated
with AngII was significantly increased compared to the control group, both in the super-
natant (11.00 ± 0.12) and in cell lysate (0.60 ± 0.01), as opposed to the control group’s
supernatant of cell culture medium (5.10 ± 0.12) and cell lysate (0.51 ± 0.01). However,
when the CB2 receptors in BV2 cells were activated by JWH133 agonist treatment (100 nM,
48 h), it effectively inhibited the elevation of lactic acid content induced by AngII, both
in the supernatant (5.95 ± 0.13) and in the cell lysate (0.46 ± 0.00). On the other hand,
knocking down the CB2 receptors in BV2 cells further increased AngII-induced lactic acid
content in both the supernatant (14.39 ± 0.28) and cell lysate (0.71 ± 0.01) while also re-
versing JWH133’s inhibitory effects on lactic acid levels, as observed in the supernatant
(14.65 ± 0.33) and cell lysate (0.53 ± 0.03) (Figure 5a).

Enzymes associated with glycolysis (PFK and LDHa) were also observed. The protein
expressions of PFK and LDHa were significantly increased in the BV2 cells treated with
AngII. Activation of the CB2 receptors in BV2 cells by agonist JWH133 (100 nM, 48 h) inhib-
ited the PFK and LDHa elevations induced by AngII. Knocking down the CB2 receptors in
BV2 cells promoted the elevation of AngII-induced PFK and LDHa levels while reversing
the inhibitory effects of JWH133 on PFK and LDHa (Figure 5b).
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Figure 4. Activation of CB2 receptors by JWH133 inhibited AngII-induced proinflammatory cytokine
elevation in BV2 Cells. (a) The original graph and protein relative expression of CB2 receptors in
BV2 cells treated with AngII; (b) the original graph and protein relative expression of CB2 receptors
in BV2 cells treated with CB2-siRNA and control-siRNA; (c) the original graph and protein relative
expressions of TNF-α, IL-1β, and IL-6 in the BV2 cells treated with AngII along with knocking down
or activating the CB2 receptor. The data are expressed as the mean ± SEM (n = 6 times, * p < 0.05,
** p < 0.01, ns: p > 0.05). Original blot images can be found in Supplementary File S1.

The Seahorse XF Energy Metabolism Analyzer was utilized to quantitatively assess the
metabolic phenotypes of live cells by measuring real-time aerobic glycolysis metabolism.
The results showed that compared with the control group (35.10 ± 2.03), the glycoPER value
(69.21 ± 2.20) increased in the BV2 cells treated with AngII and subsequently decreased to
34.19 ± 1.11 after JWH133 treatment. Furthermore, knocking down CB2 receptors resulted
in a higher glycoPER value (154.30 ± 13.60) compared to the AngII group and reversed the
inhibitory effect of JWH133 on glycoPER (158.60 ± 6.90) (Figure 5c).
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Figure 5. Activation of the CB2 receptor by the agonist JWH133 inhibited AngII-induced aerobic
glycolysis augmentation in BV2 cells. (a) JWH133 (100 nM, 48 h) activated the CB2 receptor to inhibit
AngII-induced lactic acid content in BV2 cell supernatant and cell lysate; (b) JWH133 activated the
CB2 receptor to inhibit the elevation of PFK and LDHa protein in BV2 cells induced by AngII; (c) the
activation of the CB2 receptor by JWH133 inhibited the increases in OCR, ECAR, PER, and glycoPER
in BV2 cells induced by AngII. The results are expressed as the mean ± SEM (n = 5 times, * p < 0.05,
** p < 0.01). Original blot images can be found in Supplementary File S1.

3.5. CB2 Receptor Agonist JWH133 Reversed Proinflammatory Cytokine Increase through
Inhibiting Aerobic Glycolysis Enhancement Induced by AngII

In the same results as above, the lactic acid in the supernatant of the cell culture
medium and cell lysate increased significantly in the BV2 cells treated with AngII, while
JWH133 reversed the AngII-induced lactic acid increase (Figure 6a). Oligomycin, as an
ATP synthase inhibitor, greatly improved the glycolysis level of the cells [23]. The results
show that oligomycin (2.5 µg/mL, 48 h) further enhanced the lactic acid in the supernatant
(16.02 ± 0.25) and cell lysate (3.14 ± 0.45). Moreover, oligomycin effectively reversed the
inhibitory effect of JWH133 on AngII-induced lactic acid increase. Additionally, oligomycin
significantly increased the protein levels of TNF-α (2.50 ± 0.18), IL-1β (2.70 ± 0.24), and
IL-6 (2.45 ± 0.21). Furthermore, oligomycin effectively reversed the inhibitory effects of
JWH133 on TNF-α, IL-1β, and IL-6 increases induced by AngII (Figure 6b–d).
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Figure 6. ATP synthase inhibitor oligomycin reversed the inhibitory effects of JWH133 on lactic acid,
TNF-α, IL-1β, and IL-6 in BV2 cells treated with AngII. (a) Oligomycin effectively counteracted the
inhibition of JWH133 on AngII-induced lactic acid increase. Oligomycin effectively reversed the
JWH133-mediated inhibition on TNF-α (b), IL-1β (c), and IL-6 (d) protein increases induced by AngII.
The results are expressed as the mean ± SEM (n = 5 times, * p < 0.05, ** p < 0.01, *** p < 0.001). Original
blot images can be found in Supplementary File S1.

4. Discussion

This study provides evidence that glycolysis is significantly increased in PVN microglia
in AngII-induced hypertension. Activating CB2 receptors in microglia can suppress glycoly-
sis, which reduces inflammation in the cardiovascular center and lowers blood pressure.

Our study found that MAP and plasma norepinephrine levels were significantly
higher in Ang II-treated mice, which is consistent with previous research [24–26], indicating
successful hypertension modeling. Additionally, TNF-α, IL-1β, and IL-6 levels were
significantly elevated in the PVN, indicating neuronal activation and increased excitability.
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c-Fos protein expression was also elevated in the PVN. The results are consistent with the
previous study [18,19]. These findings support the idea that hypertension is accompanied
by extensive neuroinflammation in the cardiovascular center. The results of our cellular
experiments show that the BV2 cells treated with AngII released more TNF-α, IL-1β, and IL-
6, indicating that neuroinflammation associated with microglia accompanies hypertensive
PVN hyperactivity.

Microglia are the primary resident immune cells of the central nervous system (CNS).
They protrude and allow for real-time observation of the local microenvironment. Nor-
mally, they respond to neuronal damage and remove damaged cells by phagocytosis [27,28].
However, in many CNS diseases, such as infections, localized injuries, and hypertension,
microglia hyperactivation occurs. This leads to the secretion of more inflammatory media-
tors, inducing neuroinflammation [29–32]. How can microglia overactivation be inhibited?
Recent studies have shown that in neurological diseases associated with neuroinflamma-
tion, such as Alzheimer’s disease and multiple sclerosis, the expression level of the CB2
receptor in activated microglia is significantly elevated. Activation of the CB2 receptor can
inhibit microglia overactivation and reduce the release of pro-inflammatory cytokines [6,33].
Furthermore, our previous study shows that the activation of CB2 receptors by JWH133
resulted in a decrease in blood pressure, heart rate, and renal nerve discharge in SHR rats.
Additionally, it led to a decrease in TNF-α, IL-1β, and IL-6 in the RVLM [14]. The present
animal experimental findings are consistent with our previous studies. Additionally, our
present study used AAV-CB2-shRNA to specifically knock down microglial CB2 recep-
tors in Ang II-induced hypertensive mice. This confirmed that the specific activation of
microglial CB2 receptors reduces the expression of TNF-α, IL-1β, and IL-6 in the PVN. In
addition, our cellular experiments showed that using the agonist JWH133 to activate CB2
receptors inhibited TNF-α, IL-1β, and IL-6 in AngII-treated BV2 cells. The results of the
in vivo and in vitro experiments provide evidence to support the idea that the adminis-
tration of JWH133, which activates microglial CB2 receptors, reduces TNF-α, IL-1β, and
IL-6 levels, ultimately leading to a decrease in blood pressure in angiotensinII-induced
hypertensive mice.

What is the underlying mechanism of microglia CB2 receptors activation? Jaehong
Kim has reported that microglia activation is accompanied by the reprogramming of energy
metabolism [34]. In the normal physiological microenvironment, the metabolic pathway of
microglia is mitochondrial oxidative phosphorylation [35]. However, in diseases, activated
microglia use aerobic glycolysis, which enables them to produce ATP at a faster rate [36].
This results in rapid cell metabolism and the production of more cytokines and reactive
oxygen species [37]. Our current results indicate that in BV2 cells treated with AngII, the
glycolysis product lactic acid, as well as the glycolysis-related enzymes PFK and LDHa
and the metabolic indicators ECAR, PER, and glycoPER, all increased. These findings
suggest that aerobic glycolysis is the primary metabolic pathway in AngII-treated BV2 cells.
Additionally, our research demonstrates that the activation of CB2 receptors by JWH133
reduces aerobic glycolysis in AngII-treated BV2 cells. To investigate the relationship
between aerobic glycolysis and inflammatory factors, we used oligomycin, an ATP synthase
inhibitor known to enhance glycolytic activity [23]. Our results showed that oligomycin
reversed the inhibitory effects of JWH133 on lactic acid production, TNF-α, IL-1β, and IL-6
release in AngII-treated BV2 cells. Collectively, these findings suggest that targeting CB2
receptors is a promising strategy for suppressing proinflammatory microglial responses by
modulating aerobic glycolysis.

There are various restrictions in our investigation. Firstly, we only evaluated the
expression of the c-Fos protein in the PVN as a measure of elevated PVN excitability in
the cardiovascular central. If experimental conditions permit, it would be beneficial to
determine whether c-Fos is expressed in pre-sympathetic neurons and to measure renal
nerve discharge and PVN brain slice discharge. Secondly, while CB2 receptor knockdown
was performed in microglia throughout the brain, potential effects on other cardiovascular
brain regions cannot be ruled out. Additionally, the administration of JWH133 via systemic
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intraperitoneal injection does not exclude peripheral hypotensive effects. It is important
to note that only JWH133 was selected as the agonist in this experiment. To further prove
the effect of the CB2 receptor, additional CB2 agonists should be used. Finally, further
investigation is required to fully understand the mitochondrial oxidative phosphorylation
pathway. Additionally, the signal transduction between the CB2 receptor and aerobic
glycolysis enzymes is unclear.

Next, we will apply additional CB2 receptor agonists to activate the receptors and
confirm their inhibitory effect on aerobic glycolysis. We will also observe the correlation
between CB2 receptor activation and mitochondrial oxidative phosphorylation. Addition-
ally, we will investigate the signaling pathways involved in CB2 receptor activation and
observe the signaling molecules that can affect the transcription of enzymes related to
aerobic glycolysis. In conclusion, our findings offer new targets and ideas for the clinical
treatment of hypertension associated with neuroinflammation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom14030333/s1, Figure S1: In the cerebral cortex tissues, there was
no difference in the mRNA relative expression of TNFα, IL-1β, and IL-6 between the AngII-treated
animals and the Sham mice; Figure S2: In the cerebral cortex tissues, there was no difference in the
relative expression of CB2 receptor protein between AngII-treated and Sham-treated mice; Figure S3:
In the cerebral cortical tissues, there was no difference in the relative expression of PFK and LDHα
proteins between AngII-treated and Sham-treated mice; Figure S4: Immunofluorescent staining
showed that there was no difference in the expression of the c-Fos protein (red, indicating neuronal
excitation) between the Sham group, AngII+control-AAV, and AngII+ AAV-CB2-shRNA; Figure S5:
Blue dye was injected into the lateral ventricle; Figure S6: Typical brain slice PVN region under a
light microscope; Figure S7: Immunofluorescence staining showed that the green fluorescent-labeled
virus (green-stained) targets the brain’s microglial cells (Iba, blue-stained); Figure S8: In the BV2
cell experiments, the effects of 1µg/ml LPS for 24 h, 36 h and 48 h on the mRNA expression of
inflammation factors TNFα(A), IL-1β (B) and IL-6 (C) were observed; Figure S9: In the BV2 cell
experiments, the effects of 100nM and 1uM AngII for 24 h, 36 h and 48 h on TNF-α mRNA(A), IL-1β
mRNA(B) and IL-6 mRNA (C) in BV2 cells were observed; Table S1: Primers of genes were used in
RT-qPCR. File S1: Original Blot Images.

Author Contributions: R.S.: Investigation and Data analysis. Y.Z.: Investigation and Data analysis.
Y.S.: Resources. X.W. (Xiaowen Wang): Investigation. X.W. (Xueke Wang): Investigation. G.M.:
Writing—Review and Editing. Q.L.: Writing—Review and Editing and Funding acquisition. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (NO:
32271237), the central government guidance on local science and technology development funds of
Hebei Province (NO: 226Z7702G), Hebei Province college and middle school students scientific and
technological innovation ability cultivation special project (NO: 22E50064D).

Institutional Review Board Statement: The animal study protocol was approved by the Laboratory
Animal Ethical and Welfare Committee of HeBei Medical University (IACUC-Hebmu-P 2022094 on
9 March 2022).

Data Availability Statement: The data supporting this study are available from the corresponding
authors upon reasonable request.

Conflicts of Interest: There are no conflict of interest.

References
1. Gebremedhin, D.; Lange, A.R.; Campbell, W.B.; Hillard, C.J.; Harder, D.R. Cannabinoid CB1 receptor of cat cerebral arterial

muscle functions to inhibit L-type Ca2+ channel current. Am. J. Physiol. 1999, 276, H2085–H2093. [CrossRef] [PubMed]
2. Liu, J.; Gao, B.; Mirshahi, F.; Sanyal, A.J.; Khanolkar, A.D.; Makriyannis, A.; Kunos, G. Functional CB1 cannabinoid receptors in

human vascular endothelial cells. Biochem. J. 2000, 346 Pt 3, 835–840. [CrossRef]
3. Bonz, A.; Laser, M.; Kullmer, S.; Kniesch, S.; Babin-Ebell, J.; Popp, V.; Ertl, G.; Wagner, J.A. Cannabinoids acting on CB1 receptors

decrease contractile performance in human atrial muscle. J. Cardiovasc. Pharmacol. 2003, 41, 657–664. [CrossRef]

https://www.mdpi.com/article/10.3390/biom14030333/s1
https://www.mdpi.com/article/10.3390/biom14030333/s1
https://doi.org/10.1152/ajpheart.1999.276.6.H2085
https://www.ncbi.nlm.nih.gov/pubmed/10362691
https://doi.org/10.1042/bj3460835
https://doi.org/10.1097/00005344-200304000-00020


Biomolecules 2024, 14, 333 15 of 16

4. Matsuda, L.A.; Lolait, S.J.; Brownstein, M.J.; Young, A.C.; Bonner, T.I. Structure of a cannabinoid receptor and functional
expression of the cloned cDNA. Nature 1990, 346, 561–564. [CrossRef]

5. Munro, S.; Thomas, K.L.; Abu-Shaar, M. Molecular characterization of a peripheral receptor for cannabinoids. Nature 1993,
365, 61–65. [CrossRef] [PubMed]

6. Mecha, M.; Carrillo-Salinas, F.J.; Feliu, A.; Mestre, L.; Guaza, C. Microglia activation states and cannabinoid system: Therapeutic
implications. Pharmacol. Ther. 2016, 166, 40–55. [CrossRef] [PubMed]

7. Lake, K.D.; Compton, D.R.; Varga, K.; Martin, B.R.; Kunos, G. Cannabinoid-induced hypotension and bradycardia in rats
mediated by CB1-like cannabinoid receptors. J. Pharmacol. Exp. Ther. 1997, 281, 1030–1037.

8. Hillard, C.J. Endocannabinoids and vascular function. J. Pharmacol. Exp. Ther. 2000, 294, 27–32.
9. Kunos, G.; Batkai, S.; Offertaler, L.; Mo, F.; Liu, J.; Karcher, J.; Harvey-White, J. The quest for a vascular endothelial cannabinoid

receptor. Chem. Phys. Lipids 2002, 121, 45–56. [CrossRef]
10. Randall, M.D.; Harris, D.; Kendall, D.A.; Ralevic, V. Cardiovascular effects of cannabinoids. Pharmacol. Ther. 2002, 95, 191–202.

[CrossRef]
11. Pacher, P.; Bátkai, S.; Kunos, G. The Endocannabinoid System as an Emerging Target of Pharmacotherapy. Pharmacol. Rev. 2006,

58, 389–462. [CrossRef] [PubMed]
12. Vallée, A. Association between cannabis use and blood pressure levels according to comorbidities and socioeconomic status. Sci.

Rep. 2023, 13, 2069. [CrossRef] [PubMed]
13. Bátkai, S.; Pacher, P.; Osei-Hyiaman, D.; Radaeva, S.; Liu, J.; Harvey-White, J.; Offertáler, L.; Mackie, K.; Rudd, M.A.; Bukoski,

R.D.; et al. Endocannabinoids Acting at Cannabinoid-1 Receptors Regulate Cardiovascular Function in Hypertension. Circulation
2004, 110, 1996–2002. [CrossRef] [PubMed]

14. Shi, H.-K.; Guo, H.-C.; Liu, H.-Y.; Zhang, Z.-L.; Hu, M.-Y.; Zhang, Y.; Li, Q. Cannabinoid type 2 receptor agonist JWH133 decreases
blood pressure of spontaneously hypertensive rats through relieving inflammation in the rostral ventrolateral medulla of the
brain. J. Hypertens. 2020, 38, 886–895. [CrossRef] [PubMed]

15. Victor, R.G.; Shafiq, M.M. Sympathetic neural mechanisms in human hypertension. Curr. Hypertens. Rep. 2008, 10, 241–247.
[CrossRef] [PubMed]

16. Bourassa, E.A.; Sved, A.F.; Speth, R.C. Angiotensin modulation of rostral ventrolateral medulla (RVLM) in cardiovascular
regulation. Mol. Cell. Endocrinol. 2009, 302, 167–175. [CrossRef]

17. Takeda, K.; Nakata, T.; Takesako, T.; Itoh, H.; Hirata, M.; Kawasaki, S.; Hayashi, J.; Oguro, M.; Sasaki, S.; Nakagawa, M.
Sympathetic inhibition and attenuation of spontaneous hypertension by PVN lesions in rats. Brain Res. 1991, 543, 296–300.
[CrossRef]

18. Shi, P.; Diez-Freire, C.; Jun, J.Y.; Qi, Y.; Katovich, M.J.; Li, Q.; Sriramula, S.; Francis, J.; Sumners, C.; Raizada, M.K. Brain microglial
cytokines in neurogenic hypertension. Hypertension 2010, 56, 297–303. [CrossRef]

19. Shen, X.Z.; Li, Y.; Li, L.; Shah, K.H.; Bernstein, K.E.; Lyden, P.; Shi, P. Microglia participate in neurogenic regulation of hypertension.
Hypertension 2015, 66, 309–316. [CrossRef]

20. Orihuela, R.; McPherson, C.A.; Harry, G.J. Microglial M1/M2 polarization and metabolic states. Br. J. Pharmacol. 2016, 173, 649–665.
[CrossRef]

21. Tan, X.; Jiao, P.L.; Wang, Y.K.; Wu, Z.T.; Zeng, X.R.; Li, M.L.; Wang, W.Z. The phosphoinositide-3 kinase signaling is involved in
neuroinflammation in hypertensive rats. CNS Neurosci. Ther. 2017, 23, 350–359. [CrossRef] [PubMed]

22. Wu, K.L.; Chan, S.H.; Chan, J.Y. Neuroinflammation and oxidative stress in rostral ventrolateral medulla contribute to neurogenic
hypertension induced by systemic inflammation. J. Neuroinflamm. 2012, 9, 212. [CrossRef] [PubMed]

23. Li, Y.C.; Fung, K.P.; Kwok, T.T.; Lee, C.Y.; Suen, Y.K.; Kong, S.K. Mitochondria-targeting drug oligomycin blocked P-glycoprotein
activity and triggered apoptosis in doxorubicin-resistant HepG2 cells. Chemotherapy 2004, 50, 55–62. [CrossRef] [PubMed]

24. Li, D.P.; Pan, H.L. Glutamatergic Regulation of Hypothalamic Presympathetic Neurons in Hypertension. Curr. Hypertens. Rep.
2017, 19, 78. [CrossRef] [PubMed]

25. Cuadra, A.E.; Shan, Z.; Sumners, C.; Raizada, M.K. A current view of brain renin–angiotensin system: Is the (pro)renin receptor
the missing link? Pharmacol. Ther. 2009, 125, 27–38. [CrossRef]

26. Abegaz, B.; Davern, P.J.; Jackson, K.L.; Nguyen-Huu, T.P.; Bassi, J.K.; Connelly, A.; Choong, Y.T.; Allen, A.M.; Head, G.A.
Cardiovascular role of angiotensin type1A receptors in the nucleus of the solitary tract of mice. Cardiovasc. Res. 2013, 100, 181–191.
[CrossRef]

27. Fujita, Y.; Yamashita, T. Neuroprotective function of microglia in the developing brain. Neuronal Signal 2021, 5, NS20200024.
[CrossRef]

28. Kaur, C.; Rathnasamy, G.; Ling, E.A. Biology of Microglia in the Developing Brain. J. Neuropathol. Exp. Neurol. 2017, 76, 736–753.
[CrossRef]

29. Klawonn, A.M.; Fritz, M.; Castany, S.; Pignatelli, M.; Canal, C.; Simila, F.; Tejeda, H.A.; Levinsson, J.; Jaarola, M.; Jakobsson, J.; et al.
Microglial activation elicits a negative affective state through prostaglandin-mediated modulation of striatal neurons. Immunity
2021, 54, 225–234.6. [CrossRef]

30. Krasemann, S.; Madore, C.; Cialic, R.; Baufeld, C.; Calcagno, N.; El Fatimy, R.; Beckers, L.; O’Loughlin, E.; Xu, Y.; Fanek, Z.; et al.
The TREM2-APOE Pathway Drives the Transcriptional Phenotype of Dysfunctional Microglia in Neurodegenerative Diseases.
Immunity 2017, 47, 566–581.e9. [CrossRef]

https://doi.org/10.1038/346561a0
https://doi.org/10.1038/365061a0
https://www.ncbi.nlm.nih.gov/pubmed/7689702
https://doi.org/10.1016/j.pharmthera.2016.06.011
https://www.ncbi.nlm.nih.gov/pubmed/27373505
https://doi.org/10.1016/S0009-3084(02)00145-7
https://doi.org/10.1016/S0163-7258(02)00258-9
https://doi.org/10.1124/pr.58.3.2
https://www.ncbi.nlm.nih.gov/pubmed/16968947
https://doi.org/10.1038/s41598-022-22841-6
https://www.ncbi.nlm.nih.gov/pubmed/36740601
https://doi.org/10.1161/01.CIR.0000143230.23252.D2
https://www.ncbi.nlm.nih.gov/pubmed/15451779
https://doi.org/10.1097/HJH.0000000000002342
https://www.ncbi.nlm.nih.gov/pubmed/32238784
https://doi.org/10.1007/s11906-008-0045-7
https://www.ncbi.nlm.nih.gov/pubmed/18765097
https://doi.org/10.1016/j.mce.2008.10.039
https://doi.org/10.1016/0006-8993(91)90040-3
https://doi.org/10.1161/HYPERTENSIONAHA.110.150409
https://doi.org/10.1161/HYPERTENSIONAHA.115.05333
https://doi.org/10.1111/bph.13139
https://doi.org/10.1111/cns.12679
https://www.ncbi.nlm.nih.gov/pubmed/28191736
https://doi.org/10.1186/1742-2094-9-212
https://www.ncbi.nlm.nih.gov/pubmed/22958438
https://doi.org/10.1159/000077803
https://www.ncbi.nlm.nih.gov/pubmed/15211078
https://doi.org/10.1007/s11906-017-0776-4
https://www.ncbi.nlm.nih.gov/pubmed/28929331
https://doi.org/10.1016/j.pharmthera.2009.07.007
https://doi.org/10.1093/cvr/cvt183
https://doi.org/10.1042/NS20200024
https://doi.org/10.1093/jnen/nlx056
https://doi.org/10.1016/j.immuni.2020.12.016
https://doi.org/10.1016/j.immuni.2017.08.008


Biomolecules 2024, 14, 333 16 of 16

31. Werneburg, S.; Jung, J.; Kunjamma, R.B.; Ha, S.K.; Luciano, N.J.; Willis, C.M.; Gao, G.; Biscola, N.P.; Havton, L.A.;
Crocker, S.J.; et al. Targeted Complement Inhibition at Synapses Prevents Microglial Synaptic Engulfment and Synapse Loss in
Demyelinating Disease. Immunity 2020, 52, 167–182.e7. [CrossRef]

32. Calvillo, L.; Gironacci, M.M.; Crotti, L.; Meroni, P.L.; Parati, G. Neuroimmune crosstalk in the pathophysiology of hypertension.
Nat. Rev. Cardiol. 2019, 16, 476–490. [CrossRef] [PubMed]

33. Talarico, G.; Trebbastoni, A.; Bruno, G.; de Lena, C. Modulation of the Cannabinoid System: A New Perspective for the Treatment
of the Alzheimer’s Disease. Curr. Neuropharmacol. 2019, 17, 176–183. [CrossRef] [PubMed]

34. Kim, J. Regulation of Immune Cell Functions by Metabolic Reprogramming. J. Immunol. Res. 2018, 2018, 8605471. [CrossRef]
[PubMed]

35. Paolicelli, R.C.; Angiari, S. Microglia immunometabolism: From metabolic disorders to single cell metabolism. Semin. Cell Dev.
Biol. 2019, 94, 129–137. [CrossRef]

36. Stefan, S.; Daniel, B.; Philip, M.; Heiko, S.; Christoph, K. Mathematical models for explaining the Warburg effect: A review
focussed on ATP and biomass production. Biochem. Soc. Trans. 2015, 43, 1187–1194.

37. Bart, E.; Eyal, A.; Huang, S.C.; Smith, A.M.; Chang, C.H.; Lam, W.Y.; Veronika, R.; Freitas, T.C.; Julianna, B.; van der Windt, G.J.; et al.
TLR-driven early glycolytic reprogramming via the kinases TBK1-IKKε supports the anabolic demands of dendritic cell activation.
Nat. Immunol. 2014, 15, 323–332.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.immuni.2019.12.004
https://doi.org/10.1038/s41569-019-0178-1
https://www.ncbi.nlm.nih.gov/pubmed/30894678
https://doi.org/10.2174/1570159X16666180702144644
https://www.ncbi.nlm.nih.gov/pubmed/29962346
https://doi.org/10.1155/2018/8605471
https://www.ncbi.nlm.nih.gov/pubmed/29651445
https://doi.org/10.1016/j.semcdb.2019.03.012

	Introduction 
	Materials and Methods 
	Chemical and Drugs 
	Animal Methods 
	Animals 
	Brain Stereotaxic Injection 
	Implant Osmotic Pump and Intraperitoneal Injection 
	Blood Pressure Measurement 
	Measurement of Plasma Norepinephrine 
	Frozen Section and Immunofluorescence Staining 

	Cell Culture Methods 
	Cell Culture 
	Cell Proliferation Activity and Cell Morphology 
	Lactic Acid Detection 
	Cell Aerobic Glycolysis Rate 

	Western Blot 
	Total RNA Extraction and RT-qPCR 
	Statistical Analyses 

	Results 
	In AngII-treated Mice, Activation of CB2 Receptors by JWH133 Decreased the Blood Pressure, Plasma Norepinephrinein, c-Fos Expression, Proinflammatory Cytokine, and Enzyme Associated with Glycolysis in the PVN 
	The BV2 Cells Treated with AngII Exhibited an Increase in Proinflammatory Cytokines 
	An Increase in Proinflammatory Cytokines Caused by AngII in BV2 Cells Was Reduced by Activating CB2 Receptors with the Agonist JWH133 
	The Increase in Aerobic Glycolysis Produced by AngII in BV2 Cells Was Reduced by Activating the CB2 Receptor with the Agonist JWH133 
	CB2 Receptor Agonist JWH133 Reversed Proinflammatory Cytokine Increase through Inhibiting Aerobic Glycolysis Enhancement Induced by AngII 

	Discussion 
	References

