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Abstract

Angiogenesis is an intrinsic physiological process involving the formation of new capillaries from existing ones.
Synthetic cannabinoids refer to a class of human-made chemicals that are primarily designed to mimic the effects
of delta-9-tetrahydrocannabinol, the primary psychoactive compound in cannabis. Studies investigating the
association between synthetic cannabinoids and cellular reactions are limited, and the available scientific evidence
is insufficient. Consequently, the primary goal was to examine the effects of the synthetic cannabinoid MDMB-
2201 on brain angiogenesis in vitro to provide a comprehensive analysis of MMB-2201's potential therapeutic or
adverse effects on vascular development and related health conditions. Human Cerebral Microvascular Endothelial
Cells (HBEC-5i) were incubated with MMB-2201, and their metabolic activity, migration rate, and tubular structure
formation were examined. Expression levels of several angiogenesis-related proteins such as vascular endothelial
growth factor (VEGF), Angiopoietin-1 (ANG-1), and Angiopoietin-2 (ANG-2) were assessed using western blot, ELISA,
and real-time PCR. Furthermore, the phosphorylation of glycogen synthase kinase 3 beta (GSK-33) at Ser9 induced
by MMB-2201 was evaluated. HBEC-5i cells showed a significant increase in metabolic rate, enhanced migration,
and sprouting of brain endothelial cells. Moreover, there was a noticeable increase in the mRNA and protein levels
of VEGF, ANG-1, and ANG-2, as well as in the phosphorylation rate of GSK-33 at Ser9. This study paves the way for

a novel pharmacological approach to addressing various angiogenesis-related diseases by targeting cannabinoid
receptor type-1. Further exploration using different antagonists or agonists of cannabinoid receptors, depending on
the specific characteristics of the disorders, may be necessary.
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Introduction

Angiogenesis is generally defined by the emergence of
new vascular capillaries through continuous growth and
expansion of pre-existing vascular structures (Adair and
Montani 2010). This complex and highly regulated pro-
cess involves several distinct steps (Adair and Montani
2010; Carmeliet and Jain 2011). Brain angiogenesis has
been implicated in several cognitive functions, such as
the learning and memory processes (Kerr et al. 2010).
Several angiogenesis-related proteins, including Vascular
Endothelial Growth Factor (VEGF), Fibroblast Growth
Factor (FGF), Angiopoietin-1 (ANG-1), and -2 (ANG-
2), and others, stimulate intracellular signaling pathways
in the endothelial cells, initiating angiogenesis. Conse-
quently, endothelial cells can transform into tip endo-
thelial cells that facilitate navigation through a series of
processes to enhance cell migration (Carmeliet and Jain
2011). Many studies have provided substantial evidence
supporting the efficacy of angiogenic-related proteins
in reducing neurological impairments and facilitating
stroke recovery through the promotion of angiogenesis
(Zhang et al. 2000). The serine/threonine kinase Glyco-
gen Synthase Kinase-3p (GSK-3p) has been identified and
investigated for its involvement in glycogen synthesis,
proliferation, and brain functions (Jaworski et al. 2019).
It is also strongly associated with the regulation of brain
plasticity, memory formation, and the behavioral patterns
stimulated by drug addiction (Barr and Unterwald 2020;
Marosi et al. 2022). Regulation of GSK-3f occurs through
the phosphorylation of specific amino acid residues. The
phosphorylation of Tyr216 activates it, whereas its inac-
tivation is attributed to Ser9 phosphorylation (Barr and
Unterwald 2020; Hur and Zhou 2010; Kim et al. 2002).
GSK-3p has also been shown to be a critical regulator
of angiogenesis, influencing migration and survival in
endothelial cells and modifying vessel formation (Kim
et al. 2002; Kobayashi et al. 2006). Furthermore, GSK-3f
inhibition results in a reduction in HIF-1a degradation.

Fig. 1 The chemical structure of the synthetic cannabinoid MMB-2201
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Increased levels of HIF-la stimulate VEGF secretion,
which triggers the initiation of the Wnt/p-catenin sig-
naling pathway and initiates angiogenesis (Holmes et al.
2008; Lee et al. 2009).

Synthetic Cannabinoids (SCs) are recently established
psychoactive chemicals designed to emulate the effects of
natural cannabis in pharmaceutical investigations (Sch-
urman et al. 2020; Tai and Fantegrossi 2014; Walsh and
Andersen 2020). They contribute directly to identifying
and characterizing the endocannabinoid system and its
two receptor types: cannabinoid receptor type-1 (CBR-
1), which is highly expressed in the brain, and type-2
(CBR-2), which is primarily distributed in immune sys-
tem cells(Mackie 2008; Zou and Kumar 2018). However,
misuse of SCs in some laboratories and institutions has
led to their recreational use (Le Boisselier et al. 2017).
SCs are highly addictive substances due to their elevated
affinity for both cannabinoid receptors compared to THC
(Cohen and Weinstein 2018). The synthetic cannabinoid
“MMB-2201" N-(1-(5-fluorophenyl)--1 H-indol-3-yl)
carbonyl)--L-valine, methyl ester, also referred to as
I-AMB, 5-fluoro MMB-PICA, and 5-fluoro AMB-PICA,
is classified as a potent compound with an indole-3-car-
boxamide structure (Fig. 1 (C,yH,,FN,O;). The U.S. Drug
Enforcement Administration (DEA) first documented
MMB-2201 in drug seizures in 2018 (Yin 2019). MMB-
2201 is an analog of the known CBR-1 agonist 5 F-AMB
(Shevyrin et al. 2015). MMB-2201 has been restricted
in several countries due to its high potency in causing
addiction without clear medical justification (Barceld et
al. 2017; Gaunitz 2022). The potential effects of MMB-
2201 on brain angiogenesis remain poorly understood,
particularly regarding endothelial cell viability, migra-
tion, and tube formation. Given the critical role of angio-
genesis in both physiological and pathological contexts,
this study aims to address this gap to examine the impact
of MMB-2201 on brain angiogenesis. Moreover, this
research seeks to elucidate the molecular mechanisms
underlying MMB-2201’s effects on key steps in angiogen-
esis, including endothelial cell viability, migration, and
tube formation. By focusing on these aspects, the study
aims to comprehensively analyze MMB-2201’s poten-
tial therapeutic or adverse effects on vascular develop-
ment and related health conditions by focusing on these
aspects.

Materials and methods

Cell line and MMB-2201 Preparation

Human cerebral microvascular endothelial cells (HBEC-
5i) (CRL-3245) were obtained by ATCC (ATCC; Manas-
sas, VA). These cells were cultured in DMEM/F12 media
(Euroclone S.p.A, Pero, Italy) supplemented with Micro-
vascular Endothelial Cell Growth Kit-BBE (PCS-110-
040; ATCC, Manassas, USA). This growth kit included



AL-Eitan et al. Journal of Cannabis Research (2024) 6:43

heparin sulfate, bovine brain extract, hydrocortisone,
ascorbic acid, rh-EGF, L-glutamine, 10% fetal bovine
serum, and 1% penicillin and streptomycin. The cells
were cultured in a 37 °C environment with a 5% CO, con-
centration. Cell passaging was performed at 1:4 when the
cells reached 80% confluence.

The synthetic cannabinoid MMB-2201 was purchased
from Cayman Chemical Company (Ann Arbor, Michi-
gan, USA). Dimethyl sulfoxide (DMSO) was used to
prepare MMB-2201 stock solution with a concentration
of 2 mg/mL. Consistent DMSO concentrations were
maintained throughout the study. Subsequently, serial
dilution was performed to create six distinct concentra-
tions from the stock solution, with final concentrations
of (0.0001, 0.001, 0.01, 0.1, and 1 uM. The control group
was prepared using serum-free media supplemented with
DMSO, which served as a baseline for evaluating the
effects of MMB-2201 on HBEC-5i. The final concentra-
tion of DMSO in the control group was 0.1%.

Assessing cellular metabolic activity

The metabolic rate of HBEC-5i cells was assessed using
the MTT colorimetric assay which measures enzymatic
activity leading to the formation of a purple formazan
product. Approximately 5000 HBEC-5i cells were seeded
per well in a 96-well plate and incubated for 24 h. Sub-
sequently, the cells were treated with MMB-2201 at vari-
ous concentrations (0.0001-1 uM), alongside a control
group. Following treatment, the HBEC-5i cells were then
to MTT stock solution (5 mg/ml), with 10 pl added to
each well containing 100 pL of culture media. The plate
was incubated for 4 h. Formazan crystals were solubilized
by adding DMSO, followed by 15 minutes of agitation.
Absorbance was measured at 570 nm using an ELISA
reader. Each concentration was tested in triplicate.

Endothelial cell migration assay

The ability of endothelial cell to migrate following treat-
ment with MMB-220 was evaluated using an Endothelial
cell migration assay. Briefly, HBEC-5i cells were seeded
in a 12-well plate and grown until they reached a conflu-
ence of 90—-100%. A wound approximately 1 mm wide
was created in the monolayer using a 1,000 uL pipette
tip. The detached cells resulting from the scratching
procedure were carefully washed away with PBS. Subse-
quently, the cells were treated with a range of MMB-2201
concentrations (0.0001-1 pM) and a control group for
24 hours. Four images of the wound area were captured
for each well at baseline and 24 h after treatment using
a camera mounted on an inverted microscope to moni-
tor the wound healing process. Image] software was used
to measure the wound area to quantify the migration at
the baseline (0 h) and after 24 h. The percentage reduc-
tion in wound area was determined by subtracting the
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total wound distance from the average exposure distance,
dividing it by the total wound area, and multiplying by
100%. Each concentration was tested in triplicate.

Capillary tube formation assay

The angiogenic capacity induced by MMB-2201 in
HBEC-5i cells was investigated using a Matrigel capillary
tube formation assay. A total of 2x10* HBEC-5i) cells
were seeded per well in a 96-well plate. The cells were
then treated with MMB-2201 in varying concentrations
(0.0001, 0.01, and 1 uM) for 24 h. The formation of tube-
like structures by endothelial cells was assessed using
microscopic images captured after 24 hours post-treat-
ment. The number of tubes, branching points, loops, and
total tube length were measured to quantify the angio-
genic response.

Immunoblotting

Immunoblotting was employed to quantify the phos-
phorylation of GSK-3p at Ser9 and the protein expres-
sion levels of VEGF, ANG-1, and ANG-2 in HBEC-5i.
HBEC-5i cells were treated with varying concentrations
of MMB-2201 for 24 h. Cell lysis was performed using
RIPA buffer mixed with mini tablets of protease-phos-
phatase inhibitors.Protein quantification was carried out
using a protein assay kit (Bio-Rad, Hercules, CA, USA),
following the manufacturer’s instructions. Approxi-
mately 20 pg of protein was loaded onto SDS-PAGE gel
and subsequently transferred to a PVDF membrane. The
membrane was incubated overnight at 4 °C with primary
antibodies listed in Supplementary Table 1. Afterward,
HRP-conjugated secondary antibodies were applied for 2
hours. Densitometric analysis of the blots was performed
using Image] software by measuring the area of individ-
ual bands.

Enzyme-linked immunosorbent assay (ELISA)
Furthermore, the concentrations of VEGF, ANG-1, and
ANG-2 released into the culture media were measured
using ELISA. The cultured media were collected and
centrifuged (10,000 rpm/10 minutes) after treating the
HBEC-5i cells with different concentrations of MMB-
2201 for 24 h. ELISA kits for VEGF (ab100662), ANG-1
(ab99972), and ANG-2 (ab99971) were obtained from
Abcam (Cambridge, MA) and used following the manu-
facturer’s recommendations. The cultured media were
diluted 5-fold before performing the ELISA assays.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from HBEC-5i cells, and the
purity and concentration of RNA were evaluated using a
Nanodrop ND-1000 device (Bio Drop, UK). All samples
exhibited acceptable levels of purified RNA. Reverse
transcription and amplification were performed using
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SOLIScript® 1-step SolisGreen® Kit (08-63-00250; Solis
BioDyne). Reverse-transcribed DNA amplification was
conducted under the conditions represented in Supple-
mentary Table 2. The expression levels of three genes
(VEGF, ANG-1, and ANG-2) were measured. The B-actin
gene was used as a reference gene. The primers used in
this method are listed in Supplementary Table 3.

Statistical analysis

The statistical analysis was conducted utilizing GraphPad
Prism (version 9.0.0). The statistical differences between
multiple groups were evaluated using a one-way ANOVA
followed by a post-hoc Tukey test. All data are presented
as the mean*standard error of means (L. N. Al-Eitan et
al. 2023). Differences were considered statistically sig-
nificant at p<0.05. The chemical structure (Fig. 1) was
drawn using the data provided by the supplier of the
compound, ensuring accuracy in representing the struc-
ture of MMB-2201.

Results

The regulation of cannabinoid receptor type 1 (CB1-R)
expression plays a critical role in the angiogenesis process
The investigation began by studying quiescent HBEC-5i
cells at time O to examine the changes of CBR-1 expres-
sion during angiogenesis. The cells were then treated
with proangiogenic media supplemented with bFGF (10
ng/mL) to induce proliferation. CBR-1 protein levels
were assessed at 24, 48, and 72 h. Remarkably, the pro-
tein expression of the CBR-1 receptor increased gradu-
ally across time, with significant differences observed at
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24 h (p=0.001), 48 h (p=0.0001), and 72 h (p< 0.0001)
(Fig. 2). These findings suggest an association between
the CBR-1 receptor and angiogenesis.

MMB-2201 enhanced the metabolic activity of brain
endothelial cells

The MTT assay was conducted to assess the impact of
MMB-2201 on the HBEC-5i cells. The metabolic activ-
ity of HBEC-5i was significantly enhanced in MMB-
2201-treated cells, with an increase observed at 0.001
uM (p=0.0001), 0.01 pM, 0.1 puM, and 1 uM MMB-
2201(p< 0.0001). No significant difference was found
at 0.0001 pM MMB-2201 (p=0.1242) compared to the
control (Fig. 3). These findings suggest that MMB-2201
enhances the proliferation rate without inducing toxicity,
potentially reducing the apoptosis rate of HBEC-5i cells.

MMB-2201 promoted the migration of endothelial cells in
vitro

To investigate the potential of MMB-2201 in promoting
endothelial cell migration, we conducted an endothelial
cell migration assay. HBEC-5i cells were exposed to dif-
ferent concentrations of MMB-2201(0.0001 to 1 pM)
after creating a scratch in the confluent monolayer of
endothelial cells (Fig. 4A). The treated groups showed
a significant increase in migration rate compared to
the untreated control group. Endothelial cell migration
was significantly enhanced at concentrations of 0.001
UM (p=0.0004), 0.01 uM, 0.1 pM, and 1 pM (p < 0.0001)
of MMB-2201 (Fig. 4B). These findings suggest that
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Fig. 2 Cannabinoid receptor type 1 (CBR-1) has been shown to increase during the stimulation of the angiogenesis process. HBEC-5i cells were cultured
in proangiogenic media supplemented with bFGF (10 ng/mL) for 24, 48, and 72 h. (A) Western blot images were obtained, and densitometric analysis of
the CBR-1 bands was conducted using ImageJ software. (B) Quantitative analysis of the CBR-1 expression rates. Data are presented as mean +SEM (n=3).

(**) indicates p<0.01. (***) indicates p <0.001. (****) indicates p < 0.0001
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Fig. 3 The synthetic cannabinoid MMB-2201 increased the metabolic
activity in endothelial cells. A total of 5000 HBEC-5i cells were counted
and seeded in a 96-well plate for 24 h. Different concentrations of MMB-
2201 were then incubated with the cells for 24 h. Subsequently, the media
containing MMB-2201 was discarded, and the cells were treated with MTT
solution and incubated for 4 h at 37 °C and 5% CO,. The formazan crystals
were then solubilized with DMSO, and absorbance was measured. The
treatment significantly enhanced cell viability at concentrations ranging
from 0.001 uM to 1 uM compared to the control. Data are presented as
mean + SEM (n=3). (¥) indicates p <0.05

MMB-2201 promotes the migration of HBEC-5i cells, a
critical step in angiogenesis.

MMB-2201 has induced the angiogenic capacity of HBEC-5i
cells

Since sprouting brain endothelial cells is crucial for brain
angiogenesis, we further examined the effects of MMB-
2201 on HBEC-5i cells in vitro. A matrigel endothelial
cell tube formation assay was used to assess whether
MMB-2201 could promote brain endothelial cell angio-
genesis. Four Angiogenic parameters were investi-
gated: the number of tubular structures, the number of
branches, the number of loops, and the total tube length.
HBEC-5i cells were incubated with three concentrations
of MMB-2201 (0.0001 uM, 0.01 uM, and 1 pM) (Fig. 5A).
As expected, significant differences were observed in
all angiogenic parameters at 0.01 uM and 1 uM. These
results indicate that MMB-2201 could promote brain
angiogenesis (Fig. 5B -E).

The expression of several angiogenesis-associated genes
was upregulated following treatment with MMB-2201
After confirming that MMB-2201 enhances endothelial
cell migration and sprouting, promoting brain angio-
genesis, we investigated its effects on the expression of
angiogenesis-related genes. The expression levels were
evaluated using RT-qPCR, ELISA, and immunoblot-
ting. RT-qPCR analysis showed a significant upregula-
tion of VEGF mRNA in MMB-2201-treated cells, with
an increases of 1.3-fold at 0.001 uM, 2.2-fold at 0.01 pM,
3.4-fold at 0.1 uM, and 4.3-fold at 1 pM (p< 0.0001).
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Similarly, ANG-1 mRNA was also upregulated, show-
ing increases of 1.2-fold at 0.001 pM, 1.8-fold at 0.01
uM, 2.4-fold at 0.1 pM, and 3.1-fold at 1 pM (p < 0.0001)
in HBEC-5i cells. Additionally, there was an increase in
ANG-2 mRNA expression following MMB-2201 treat-
ment, with increases of 1.3-fold at 0.01 pM, 1.6-fold at
0.1 uM, and 1.8-fold at 1 uM (p < 0.0001) (Fig. 6).

In addition, the secretion levels of VEGF, ANG-1,
and ANG-2 into the media were investigated using
ELISA. Stimulation VEGF, ANG-1, and ANG-2 secre-
tion by HBEC-5i cells was observed following treatment
with MMB-2201 (Fig. 7). Immunoblotting analysis was
also performed to assess the intracellular expression of
VEGEF, ANG-1, and ANG-2. Specific bands correspond-
ing to VEGF at approximately 27 kD were detected in
MMB-2201-treated HBEC-5i cells and the control group
(Fig. 8A). Significant upregulation of VEGF protein
expression was observed at concentrations of 0.0001 pM,
0.01 uM, and 1 pM of MMB-2201(p< 0.0001) (Fig. 8B).
Similarly, bands corresponding to ANG-1 and ANG-2
proteins at approximately 57 kD were detected in HBEC-
5i cells treated with various concentrations of MMB-
2201. Treatment with MMB-2201 resulted in a significant
upregulation of both ANG-1 and ANG-2 expression
(Fig. 8C, D).

The phosphorylation level of GSK-3p at the Ser9 residue
increased following MMB-2201 treatment

We examined whether MMB-2201 increases (the phos-
phorylation of GSK-3p at the Ser9 residue). Bands repre-
senting total and phosphorylated GSK-3f were observed
at approximately 46 kD in cells treated with MMB-2201
(Fig. 9A). In summary, there was a significant enhance-
ment in GSK-3p phosphorylation at the Ser9 residue rel-
ative to the total GSK-3p levels (Fig. 9B).

Discussion

Many studies have highlighted the significance of endo-
cannabinoid system receptors as therapeutic targets for
metastatic and angiogenic-related conditions and their
role in controlling disease development and progression
(Hinz 2022; Hohmann et al. 2019; Glogauer 2022). The
mechanism of these endocannabinoid-targeting drugs
varies based on the type of cancer and the receptor, CBR-
1, CBR-2, transient receptor potential vanilloid TRPV1
or TRPV2, and whether it is dependent or independent.
Previous studies have reported that blocking CBR-1 sig-
naling inhibits cancer growth in mantle cell lymphoma,
thyroid, colon, and breast cancers in vitro and in vivo
(Portella et al. 2003; Flygare 2005; Sarnataro et al. 2006;
Santoro 2009; Luo 2019; Faiz et al. 2024). Anti-angiogen-
esis therapies have recently been successfully introduced
into the clinic to treat common angiogenesis-related dis-
eases (Carmeliet 2005; Ferrara 2005; Annex 2021; Moriya
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Fig. 4 The synthetic cannabinoid MMB-2201 promoted the migration rate of endothelial cells. A wound was introduced in the confluent endothelial
monolayer in 12-well plates. Different concentrations of MMB-2201 were incubated with the cells for 24 h. (A) Microscopic images of migrated HBEC-5i
cells were captured at baseline (Zero time) and after 24 h. (B) Quantitative analysis of the migration data revealed a significant increase in cell migration
in cells treated with different concentrations of MMB-2201. Data are presented as mean+SEM (n=3). (***) indicates p <0.001. (****) indicates p < 0.0001

2017; Battaglin et al. 2018). Interestingly, these drugs
have been found to effectively inhibit tumor angiogen-
esis in vivo by acting on both CBR-1 and CBR-2, thereby
inhibiting cancer growth, particularly by suppressing
VEGF signaling via inducing endothelial cell apoptosis
(Casanova, 2003; Bldzquez, 2003; Portella 2003; Pisanti

2009; Grimaldi 2006; Sheik et al. 2023; Prateeksha et al.
2023; Faiz et al. 2024; Wang et al. 2019).

Synthetic cannabinoids (SCs) have been designed to
mimic the function of natural endocannabinoid system
receptor agonists such as anandamide and 2-arachidon-
oylglycerol (2-AG) (Justinovéd et al. 2011). Subsequent
investigations into these newly established chemicals



AL-Eitan et al. Journal of Cannabis Research (2024) 6:43 Page 7 of 15

24 Hours Control 0.0001 M

0.01 uM
B C
4000+ 150
—_ ] * kK K
X _— 4 * kK K
K= a -
= 3000 o
£ 5 2 1004
c ] 9
7} 52
- 2000 25 1
2 E '
] g S8
- 4 B 50—
g 1000+ E
- A 7
0- T 0- T
Control 0.0001 0.01 1 Control 0.0001 0.01 1
MMB-2201 [pM] MMB-2201 [pM]
D E
80+ i 100+
| — g J * ok ko
s 804
g 60 I
] - h
o J
- § 60
O 40 @ 1
.é | %S 40
2 20- g
E 20
=
| . ]
0- T 0-
Control 0.0001 0.01 1 Control 0.0001 0.01 1
MMB-2201 [uM] MMB-2201 [uM]

Fig. 5 The formation of angiogenic tubular structures was induced in endothelial cells after treatment with the synthetic cannabinoid MMB-2201. A
total of 20,000 HBEC-5i cells were seeded in a pre-cooled 96-well plate coated with basement membrane extract. (A) Microscopic images captured 24 h
after treatment with MMB-2201 illustrate the development of tubular structures. A quantitative analysis of the angiogenic parameters was conducted,
including (B) total tube length, (C) the number of tubular structures, (D) the number of loops, and (E) the number of branches. A significant increase was
observed at concentrations of 0.01 uM and 1 uM of MMB-2201. Data are presented as mean +SEM (n=3). (***¥) indicates p <0.0001
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Fig. 6 Effects of the synthetic cannabinoid MMB-2201 treatment on mRNA expression in endothelial cells. The results of gRT-PCR showed the upregula-
tion of several angiogenic genes, including VEGF, ANG-1, and ANG-2, at different concentrations of MMB-2201. Data are presented as mean+SEM (n=3).

(*) indicates p<0.05. (****) indicates p < 0.0001

have demonstrated their potential to interfere with dis-
ease treatment (Bogdanovi¢ et al. 2017; Kokona et al.
2016). MMB-2201 is categorized under the indole-based
family of synthetic cannabinoids whose chemical struc-
ture consists of an indole core with a substituted amino-
alkylindazole group. The restrictions put on MMB-2201
in several countries are due to its high potency to induce
addiction with no apparent medical justification (Barceld
et al. 2017; Gaunitz 2022). Excessive consumption and
long-term utilization of these substances can result in
adverse effects, such as changes in mental state, loss of
consciousness, and tachycardia (Barcel6 et al. 2017).
CBR-1 activation triggers a complex cascade of intra-
cellular signaling pathways, significantly influencing vari-
ous physiological processes. CBR-1, a G-protein-coupled
receptor (GPCR), undergoes a conformational change
upon ligand binding, activating associated Gi/o proteins
(Tuteja 2009). This activation usually leads to the inhibi-
tion of adenylyl cyclase, thereby decreasing cyclic AMP

(cAMP) levels within the cell (Howlett et al. 2010). The
reduction in cAMP levels affects several signaling path-
ways. One major pathway affected is the(MAPK/ERK)
pathway, which is crucial for cell proliferation and sur-
vival (Dillon et al. 2021). In endothelial cells, the activa-
tion of this pathway enhances their proliferation and
migration, both of which are essential steps in angiogen-
esis (Pisanti and Bifulco 2009).

Additionally, CBR-1 activation stimulates the PI3K/
AKT pathway (Howlett et al. 2010). While CBR-1 gen-
erally supports angiogenesis, it can also contribute to
pathological conditions like cancer, where excessive
angiogenesis can support tumor growth and metastasis.
Thus, the activation of CBR-1 and its downstream effects
are critical for both physiological and pathological angio-
genesis, highlighting its complex role in vascular biology
(Dudley and Griffioen 2023). A recent study involving in
vitro and in vivo experiments demonstrated that neuro-
nal cannabinoid CBR-1 receptors inhibit glutamatergic
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signaling, thereby suppressing the growth of melanoma
brain metastases (Costas-Insua et al. 2023). Martinez-
Martinez et al. analyzed the effect of CBR-2 receptor acti-
vation after treatment of the colonic epithelial tumor cell
line HT29 with the CBR-2 agonist JWH-133. They found
that CBR-2 was overexpressed and that activation corre-
lated with increased metastasis and disease progression,
suggesting that CBR-2 activation could be considered an
antitumor therapy (Martinez-Martinez et al. 2015).

In recent decades, several investigations have examined
the effects of SCs on various cultured human cell lines.
Jiang et al. (2005) investigated the induction of prolifera-
tion and migration of neural stem cells, both in vivo and
in vitro and they demonstrated an association between
cannabinoid receptors and the regulation of neurogenesis
(Jiang et al. 2005). On the other hand, the synthetic can-
nabinoid CB83 significantly reduced cell viability of the

HT-29 colorectal adenocarcinoma cell line, underscoring
the potential contribution of synthetic cannabinoids to
the cancer treatment (Cerretani et al. 2020). At the same
time, some researchers emphasize the future therapeutic
potential of synthetic cannabinoids; not all drugs exhibit
significant effects. For instance, JWH-018, a synthetic
cannabinoid, was tested on the human neuronal cell line
SH-SY5Y, but no significant effect on cell viability was
observed (Sezer et al. 2020).

The migration of endothelial cells plays a critical role
in both angiogenesis and cancer cell metastasis (Justus
et al. 2014). A study by Zhang et al. found that THC sig-
nificantly inhibited HEC-1B and An3ca cell proliferation
and migration (Zhang et al. 2018). Brain angiogenesis is
a tightly regulated process linked with neurogenesis and
vascular recruitment (Palmer et al. 2000). Enhancing
brain angiogenesis holds potential benefits for mitigating
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damage caused by neurological such as Parkinson’s dis-
ease and for improving recovery from ischemic stroke
injuries (Xue et al. 2021; Yuan et al. 2013). The activa-
tion of cannabinoid receptors has been demonstrated to
enhance angiogenesis by promoting migration, prolif-
eration, and the formation of tubular structures in endo-
thelial cells. Conversely, studies have reported that the

knockdown or inhibition of cannabinoid receptors using
antagonists impairs angiogenesis (Pisanti et al. 2011).

A previous study investigated the effect of CBR-1
receptor silencing using lentiviral shRNA vectors on
cell cycle progression, proliferation, migration, and
mitotic signal activation in human melanoma cells. Cells
transduced with CBR-1 lentiviral shRNAs exhibited a
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significant reduction in viability, colony-forming capabil-
ity, and cell migration compared to control cells (Carpi
et al. 2017). Several indazole-based synthetic chemicals,
including 5 F-MDMB-PICA, (R)-5 F ADB, and EMB-
FUBINACA, have demonstrated increased prolifera-
tive and angiogenic capacities in vitro (Al-Eitan 2023;
Al-Eitan 2024; Al-Eitan 2024; AL-Eitan 2023; AL-Eitan
2023; Al-Eitan 2024). Additionally, the synthetic canna-
binoid XLR-11, which acts as an agonist of cannabinoid
receptors, has also exhibited angiogenic effects in HBEC-
5i. This includes enhanced migration, the formation
of tube-like structures, and increased cell viability (Al-
Eitan et al. 2020). However, some synthetic cannabinoids
have shown anti-angiogenic properties. For instance,
WIN 55,212-2, an agonist of cannabinoid receptors
was found to decrease vascular formation and prolif-
eration of human endometriotic cells through MAPK/
Akt-mediated apoptotic signaling (Lingegowda et al.
2021). Another study used the MTT and invasion assay
to assess the inhibitory effect of WIN 55,212-2 and selec-
tive CBR-1 receptor antagonist AM251 on K562 cells, a
chronic myelogenous leukemia (CML) model. The study
revealed that WIN 55,212-2 effectively reduced cell pro-
liferation, while AM251 exhibited less efficacy (Gholiza-
deh et al. 2019). Similarly, URB447 has demonstrated
anti-metastatic and anti-cancer effects in colon can-
cer and melanoma (Benedicto et al. 2022). Against this
backdrop, we investigated the influence of MMB-2201
on both endothelial cell migration rates and angiogenic
capacity in HBEC-5i.

The current study investigated three important angio-
genic regulators: VEGF, ANG-1, and ANG-2. VEGF

signaling, through the activation of vascular endothelial
growth factor receptors (VEGFRs), promotes various
vascular activities, including the expansion and matura-
tion of the blood vessel lumen and the proliferation of
the endothelial cell. Furthermore, VEGF is a crucial fac-
tor in promoting and regulating the migration of endo-
thelial cells (Melincovici et al. 2018; Takahashi 2011).
Anti-VEGF drugs have emerged as cancer therapy tar-
gets due to their ability to inhibit VEGFR signaling.
Cannabinoid receptor activation has been hypothesized
to significantly decrease VEGF levels in various can-
cer cell lines (Blazquez et al. 2003). ANG-1 and ANG-2
are members of the Angiopoietin family and bind to the
tyrosine kinase Tie2 receptor (Melincovici et al. 2018).
While ANG-1 predominantly stimulates the formation
and stabilization of blood vessels, ANG-2 antagonizes
these actions and can impair angiogenesis (Brindle et al.
2006). ANG-2 can exert a proangiogenic effect by stimu-
lating endothelial cell proliferation, migration, and new
vascular branch formation through sprouting in the pres-
ence of VEGF (Moritz et al. 2017). XLR-11 and various
indazole-based synthetic chemicals have shown altered
angiogenic behaviors of HBEC-5i cells, influencing the
release of VEGE, ANG-1, and ANG-2. Moreover, ele-
vated phosphorylation rates of GSK-3p indicate its role
in blood vessel formation(AL-Eitan and Abu Kharmah
2023; Al-Eitan and Abusirdaneh 2024; Al-Eitan and
Alahmad 2023; Al-Eitan and Alkhawaldeh 2023; AL-
Eitan et al. 2023, 2024). In the current study, we revealed
that MMB-2201 significantly increased the production of
VEGEF, ANG-1, and ANG-2 in the HBEC-5i cells follow-
ing cannabinoid receptor activation. Our results suggest
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that VEGE, ANG-1, and ANG-2 may significantly pro-
mote angiogenesis in the brain induced by cannabinoid
receptor activation.

Glycogen synthase kinase-3p (GSK-3p) involves sev-
eral biological processes, such as angiogenesis, prolifera-
tion, and brain functions. Its activity is regulated through
phosphorylation at specific residues. Phosphorylation at
Ser9 keeps GSK-3p constitutively inactive, while activa-
tion occurs through phosphorylation at Tyr216 (Barr and
Unterwald 2020; Kim et al. 2002). For example, the syn-
thetic cannabinoid HU-210 has been demonstrated to
enhance cellular proliferation rates in cerebellar granule
cell precursors by activating CBR-1, which induces the
phosphorylation of AKT and Ser9-p-GSK-3p, thus dem-
onstrating the involvement of these signaling pathways in
regulating granule cell proliferation (Trazzi et al. 2010).
Similarly, the CBR-1 agonist Arachidonyl-2’-chloroethyl-
amide (ACEA) has been reported to reduce cerebral
ischemic damage through GSK-3p signaling. ACEA treat-
ment promotes the phosphorylation of GSK-3p, enhanc-
ing mitochondrial biogenesis and providing a protective
response to brain ischemia (Bai et al. 2017). GSK-3p
signaling is also proposed as a potential therapeutic tar-
get for regulating angiogenesis in human glioma cells
(Zhao et al. 2015). Suppression of GSK-3f activity via
Ser9 phosphorylation may stimulate endothelial cells
to produce proangiogenic proteins, thereby promoting
angiogenesis (Holmes et al.,, 2008). Our study observed
that treatment with MMB-2201 increased the levels of
phospho-Ser9-GSK-3p upon activation of cannabinoid
receptors. This finding indicates that GSK-3f is involved
in intracellular signaling pathways activated by cannabi-
noid receptors that may contribute to promoting brain
angiogenesis. This study demonstrates that direct expo-
sure to MMB-2201 enhances the proliferation, migration,
and angiogenic capability of HBEC-5i. MMB-2201 treat-
ment resulted in elevated VEGF, ANG-1, and ANG-2
expression levels, highlighting their role in promoting
angiogenesis. These findings underscore the association
between these proteins and the angiogenic process. How-
ever, further investigations are needed to fully under-
stand the mechanisms by which cannabinoids modulate
VEGF expression and their therapeutic implications for
cancer and other angiogenesis-related conditions. The
study presents several potential limitations, includ-
ing the off-target effects of MMB-2201, the challenge
of generalizing in vitro findings to in vivo systems, and
the long-term implications of synthetic cannabinoid use.
Moreover, future research should prioritize investigat-
ing various angiogenesis-related factors, such as Insulin-
like Growth Factors (IGFs) and Tumor Necrosis Factor
(TNF), to elucidate how MMB-2201 exposure may influ-
ence activity through extensive gene and protein analy-
sis. Additionally, it is crucial to identify other proteins
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associated with GSK-3p, including Akt and [-catenin, to
gain a more comprehensive understanding of the under-
lying molecular mechanisms.

Conclusion
This study demonstrates a notable increase in brain-asso-
ciated angiogenesis, evidenced by the enhanced prolif-
eration, migration, and angiogenic capability of HBEC5i
cells in vitro following direct exposure to MMB-2201.
This is the first study to explore the physiological effects
of MMB-2201, shedding light on its potential therapeu-
tic implications. Promoting angiogenesis is beneficial in
conditions such as myocardial ischemia, where enhanced
vascular growth can improve tissue repair and recov-
ery. Conversely, in diseases like cancer, where excessive
angiogenesis contributes to tumor growth, inhibition
of angiogenesis is critical. Our findings underscore the
potential of cannabinoid receptor modulators, includ-
ing antagonists and agonists, as pharmacotherapeutics
for managing angiogenesis-related diseases. However,
several limitations should be noted. The challenge is
translating these in vitro findings into clinical settings.
The controlled conditions of in vitro studies may not
fully reflect the complexity of human physiology, and
the effects observed in HBEC-5i may differ in vivo due
to numerous biological variables. Therefore, the effects
observed in vitro must be validated in vivo to understand
their therapeutic potential and safety profile fully.
Further investigation is required to explore the pre-
cise mechanisms through which MMB-2201 influences
angiogenesis and to assess its efficacy and safety in ani-
mal models. Furthermore, no clinical trials on MMB-
2201 regarding angiogenesis or related diseases have
been conducted. Therefore, future research should
include preclinical and clinical studies to confirm these
findings and evaluate the clinical relevance of MMB-2201
as a therapeutic agent. It is necessary to address these
challenges to translate these initial findings into safe and
effective clinical therapeutics.
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