
Received: April 12, 2023. Revised: July 25, 2023. Accepted: July 31, 2023
© The Author(s) 2023. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com

Toxicology Research, 2023, 12, 796–806

https://doi.org/10.1093/toxres/tfad068
Advance access publication date 23 August 2023

Paper

The synthetic cannabinoid 5F-MDMB-PICA enhances the
metabolic activity and angiogenesis in human brain
microvascular endothelial cells by upregulation of VEGF,
ANG-1, and ANG-2
Laith Naser AL-Eitan 1,*, Saif Zuhair Alahmad1, Mohd Fahmi Munib ElMotasem1, Mansour Abdullah Alghamdi2,3

1Department of Biotechnology and Genetic Engineering, Jordan University of Science and Technology, Irbid 22110, Jordan,
2Department of Anatomy, College of Medicine, King Khalid University, Abha 61421, Saudi Arabia,
3Genomics and Personalized Medicine Unit, College of Medicine, King Khalid University, Abha 61421, Saudi Arabia

*Corresponding author: Department of Biotechnology and Genetic Engineering, Jordan University of Science and Technology. P.O. Box 3030, Irbid 22110, Jordan.
Email: lneitan@just.edu.jo

Brain angiogenesis, the formation of new blood vessels from existing brain vasculature, has been previously associated with neural
plasticity and addictive behaviors related to substances. Synthetic cannabinoids (SCs) have become increasingly popular due to their
ability to mimic the effects of cannabis, offering high potency and easy accessibility. In the current study, we reveal that the SC 5F-
MDMB-PICA, the most common SC in the United States in 2019, increases cell metabolic activity and promotes angiogenesis in human
brain microvascular endothelial cells (HBMECs). First, we performed an MTT assay to evaluate the effects of 5F-MDMB-PICA treatment
at various concentrations (0.0001 μM, 0.001 μM, 0.01 μM, 0.1 μM, and 1 μM) on HBMECs metabolic activity. The results demonstrated
higher concentrations of the SC improved cell metabolic activity. Furthermore, 5F-MDMB-PICA treatment enhanced tube formation
and migration of HBMECs in a dosage-dependent manner. Additionally, the mRNA, secreted protein, and intracellular protein levels
of vascular endothelial growth factor, angiopoietin-1, and angiopoietin-2, which are involved in the regulation of angiogenesis, as
well as the protein levels of cannabinoid receptor type-1, were all increased following treatment with 5F-MDMB-PICA. Notably, the
phosphorylation levels at Serine 9 residue of glycogen synthase kinase-3β were also increased in the 5F-MDMB-PICA treated HBMECs.
Collectively, our findings demonstrate that 5F-MDMB-PICA can enhance angiogenesis in HBMECs, suggesting the significant role of
angiogenesis in the response to SCs. Manipulating this interaction may pave the way for innovative treatments targeting SC addiction
and angiogenesis-related conditions.
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1. Introduction
Angiogenesis is described as the process of new blood vessel
generation from pre-existing vessels. It is an important process
involved in nutrient supply, immune functions, and tissue
regeneration and growth.1 Angiogenesis is regulated by multiple
factors that work cooperatively to finely control the process.
Endothelial cells express surface oxygen sensors and hypoxia-
inducible factors (HIF-1 and HIF-2α), which enable them to sense
the hypoxic gradient during embryogenesis and tissue growth,
facilitating accurate direction and adjustment of vessel formation
to optimize blood flow.1,2 HIFs control vascular endothelial
growth factor (VEGF) secretion, often described as the main
regulatory molecule in angiogenesis, along with other regulatory
factors including angiopoietin-1 (ANG-1) and angiopoietin-2
(ANG-2).2,3 These secreted factors, in conjunction with matrix
metalloproteinases, transform a quiescent endothelial cell into
a tip cell that guides vessel growth through adhesion and
deadhesion, leading to cell migration. Moreover, stalk cells, which
surround the tip cells, are important for the formation of the
endothelial lumen where they constantly divide and extend
the stalk.1 Brain vascular formation begins in embryogenesis,

primitive angioblasts form the perineural vascular plexus through
invasion of the head region, eventually covering the entire neural
tube.4 Like other vasculature, angiogenesis in the brain begins
with the formation of the blood vessels, followed by stabilizing,
pruning, and specialization. Angiogenic factors play key roles in
these 4 steps. For instance, ANG-1 interacts with Tie receptors
(1 and 2) during the maturation and stabilization of the new
vessels.2,5

Glycogen synthase kinase-3β (GSK-3β) is a serine/threonine
kinase that was initially identified and studied for its role in
glycogenesis. It was later discovered to be a regulator of various
cellular functions including, proliferation, metabolism, embry-
onic development, and brain functions.6 Moreover, GSK-3β has
been implicated in regulation of behavioral patterns induced by
drug abuse and addiction by modulating neural plasticity and
memory formation.7,8 GSK-3β activity is controlled by the phos-
phorylation of specific target residues. Phosphorylation of Tyr216
renders GSK-3β constitutively active, while phosphorylation of
Ser9 leads to its inactivation.7,9,10 Furthermore, GSK-3β has been
identified as an important regulator of angiogenesis. By mediating
signalling pathways in endothelial cells, GSK-3β enables these
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cells to adjust vessel development by regulating both migration
and survival.9 Additionally, GSK-3β inhibition leads to a decrease
in the degradation of HIF-1α, where the accumulation of HIF-
1α stimulates the activation of Wnt/β-catenin signaling cascade
through the secretion of VEGF, which leads to the induction of
angiogenesis.2,3,11

Synthetic cannabinoids (SCs) are recently developed psy-
choactive substances developed to mimic the effects of the
phytocannabinoid (−)-trans-D9-tetrahydrocannabinol, a nat-
urally occurring compound found in the cannabis plant, in
pharmacological studies.12,13 Through the investigation of SC
use, researchers have characterized the endocannabinoid system,
which includes two receptors: cannabinoid receptor type-1
(CB1R), highly abundant in the nervous system, and cannabinoid
receptor type-2 (CB2R), primarily expressed by immune system
cells.14 However, malpractice in certain laboratories led to the
misuse of SCs for recreational usage.15 SCs are highly addictive
substances, as they exhibit a greater affinity to the CB1R and
CB2R compared to Tetrahydrocannabinol (THC).16 For instance,
SCs interact with CB1R to demonstrate its addictive properties on
its users by directly affecting the reward system and increasing
tonic dopamine levels through firing rate elevation of A10
dopamine neurons, as well as phasic dopamine events in the
ventral tegmental area.17 This interaction also inhibits the
activity of adenylyl cyclase, leading to decreased levels of cAMP
production, which is a known regulator of neural functions
such as neurotransmission, development, and plasticity.13

Moreover, the use of SCs poses significantly higher health risks
than compared to their natural counterpart. These risks most
probably stem from the higher potency of these drugs, along
with insufficient or sometimes absent safety regulations.18

Consequently, the occurrence of adverse and sometimes life-
threatening pharmacological and psychological side effects is
common. These side effects include increased blood pressure,
tremors, nausea, vomiting, fine motor skill impairment, kidney
injury, anxiety, agitation, psychosis, hallucinations, and violent
behavior along with an elevated mortality rate.12,13,19,20 The
SC 5F-MDMB-PICA [methyl-(S)-2-[1-(5-fluoropentyl)-1H-indole-
3-carboxamido]-3,3-dimethylbutanoate], also known as MDMB-
2201 or 5-fluoro MDMB-2201, belongs to the indole group
of SCs. It was initially discovered in the United States and
Europe in 2016 (Fig. 1; C21H29FN2O3).21 By 2019, it had become
the most common SC in the United States22 This SC highly
interacts with cannabinoid receptors in the body, particularly
CB1R receptors, and shares compositional similarities with
5F-MDMB-PINACA, where the shared fluoropentyl side chain
indicates its high affinity to CB1R.23,24 The physiological effects
of 5F-MDMB-PICA are not fully characterized. Nevertheless,
emerging evidence suggests that 5F-MDMB-PICA can affect
cellular cAMP levels, with results similar to previous studies
on the general effects of SCs.25 One study found that when
human embryonic kidney cells were exposed to 10 μM of 5F-
MDMB-PICA, the cell’s ability to stimulate or inhibit cAMP levels
based on whether they have been treated with pertussis toxin was
enhanced.26

In the present study, our hypothesis was that the SC 5F-MDMB-
PICA could influence the viability and angiogenesis in human
brain microvascular endothelial cells (HBMECs) in vitro. Addi-
tionally, we investigated the involvement of cellular pathways
by targeting GSK-3β, CB1R, and various pro-angiogenic factors,
such as VEGF, ANG-1, and ANG-2, to elucidate the relationship
between the receptors of the endocannabinoid system and brain
angiogenesis.

Fig. 1. The chemical structure of 5F-MDMB-PICA.

2. Materials and methods
2.1 Cell line
HBMECs (CRL-3245) acquired from American Type Culture Col-
lection (ATCC, Manassas, VA) were grown in Dulbecco’s Modi-
fied Eagle Serum mixed with F-12 (1:1) (DMEM/F12) (Euroclone
S.p.A, Pero, Italy), complemented with fetal bovine serum (10%),
penicillin and streptomycin (1%), and a Microvascular Endothe-
lial Cell Growth Kit-BBE (hydrocortisone, bovine brain extract, L-
glutamine, recombinant human epidermal growth factor (rhEGF),
heparin sulfate, fetal bovine serum, and ascorbic acid) (PCS-110-
040) (ATCC, Manassas, VA). Cultured cells were grown in 5% CO2

at 37 ◦C. Cell passage was conducted in a 1:4 ratio when cell
confluence reached 80%.

2.2 Synthetic cannabinoids treatment
5F-MDMB-PICA was obtained from Cayman Chemical (Ann Arbor,
Michigan) and solubilized in dimethyl sulfoxide (DMSO) to pro-
duce a stock solution (2 mg/ml). Afterward, 6 concentrations were
then prepared from the stock solution through serial dilution
(0.0001 μM, 0.001 μM, 0.01 μM, 0.1 μM, and 1 μM). The control
group functions as a baseline for assessing the impact of 5F-
MDMB-PICA on brain endothelial cells. The control group was
established using serum-free media and DMSO.

2.3 MTT assay
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay is a colorimetric method used to assess
the metabolic activity of cells by measuring the conversion of the
yellow tetrazolium salt into purple formazan crystals. A total of
5 x 103 HBMECs were seeded into each well of a 96-well plate
and incubated for 24 hours. After that, five concentrations of
5F-MDMB-PICA (ranging from 0.0001 μM to 1 μM) were added
into cells in triplicates for 24 hours. Thereafter, the medium
was exchanged for serum-free media (SFM) containing the MTT
solution (5 mg/ml) (ATCC, Manassas, VA) for 4 hours. Finally, DMSO
was added to the cells followed by shaking for 10 minutes to
solubilize the formazan crystals. An ELISA reader measuring at
an absorbance of 570 nm was used to quantify the cell viability
per well. MTT assay was repeated 3 times in triplicates.

2.4 Scratch healing assay
An in-vitro scratch-healing assay was performed to measure the
migration rates of the HBMECs. HBMECs were initially cultured
onto a 12-well plate and allowed to grow for 24 hours until reach-
ing an adequate level of confluence. Once the desired confluence
was achieved, the cell monolayer was “scratched” using a 1 ml
micro-pipette tip, followed by gentle washing with phosphate
buffer saline (PBS) for complete removal of detached cells. After
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Table 1. Primer sequences used in RT-qPCR.

Primer Forward sequence Reverse sequence

β-actin 5′-GGAGATTACTGCCCTGGCTCCTA-3′ 5′-GACTCATCGTACTCCTGCTTGCTG-3′

VEGF 5′-GCACGTTGGCTCACTTCCAG-3′ 5′-TGGTCGGAACCAGAATCTTTATCTC-3′

ANG-1 5′-ACCGTGAGGATGGAAGCCTAGA-3′ 5′-AATGAACTCGTTCCCAAGCCAATA-3′

ANG-2 5′-CTTCAAGTCAGGACTCACCACCA-3′ 5′-CCACCCATGTCCATGTCACAG-3′

that, SFM containing 5F-MDMB-PICA (0.0001 μM–1 μM) was added
to the cells in triplicates. Scratch recovery was measured by cap-
turing microscopic images at the moment of wounding (baseline)
and after 24 hours. Measurements were performed using the
ImageJ software. The wound recovery percentage was calculated
according to the formula: (total distance of wound – average
uncovered distance)/(total distance of wound) ∗ 100%.27 Scratch
healing assay was repeated three times in triplicates.

2.5 Tube formation assay
An in-vitro tube formation assay was performed to measure
the angiogenic capacity of HBMECs. First, basement membrane
extract (BME) (Trevigen, Gaithersburg, MD) was thawed at 4 ◦C
overnight. Then, 50 μl of BME was added to a pre-cooled 96-
well plate and allowed to polymerize at 37 ◦C for 30 minutes.
Subsequently, 2 x 104 HBMECs suspended in SFM mixed with 3
different doses of 5F-MDMB-PICA (0.0001 μM, 0.01 μM, and 1 μM)
were cultured on the BME-coated wells as well as the untreated
(control) cells for 24 hours. Microscopic images of closed tubes
originating from the cells were used to assess the tube-like struc-
ture formation capacity of the cells by direct measurement of
the number of these structures, along with counting the number
of loop structures, total tube length, and number of branching
points. Tube formation assay was repeated 3 times in triplicates.

2.6 RNA purification and RT-qPCR analysis
Total RNA was purified from HBMECs using the RNA purification
kit (PP-210 L) (Jena Bioscience, Munich, Germany). The procedure
was employed following the manufacturer’s recommendations.
Following RNA extraction, a gDNA removal kit (PP-219) (Jena
Bioscience, Jena, Germany) was used for further purification. Fol-
lowing purification, RNA purity and concentration were measured
by a Nano-drop device ND-1000 (Bio Drop, UK). The purified RNA
was then reverse-transcribed into cDNA and quantified by one-
step RT-qPCR using the kit SOLIscript 1-step SolisGreen (08-63-
00250) (Solis BioDyne, Tartu, Estonia). The primer sequences for
the 3 studied genes (VEGF, ANG-1, and ANG-2), as well as the
reference control gene (β-actin) are listed in Table 1. The RT-qPCR
protocol used is provided in section Appendix as Supplementary
Table S1. RT-qPCR was repeated 3 times in triplicates.

2.7 Western blot
Western blotting was used to measure the protein expression
level of VEGF, ANG-1, ANG-2, and the phosphorylation of
GSK-3β at Ser9 in HBMECs. Briefly, cell lysis was performed
using Radioimmunoprecipitation assay buffer (RIPA buffer)
supplemented with phosphate protease inhibitors. Next, the
protein concentration was quantified by a protein assay kit
(Bio-Rad, Hercules, CA, USA). The β-actin protein was used as
a baseline for the comparison of protein levels of proangiogenic
factors VEGF, ANG-1, and ANG-2 (provided as a ratio of expressed
protein/β-Actin). About 20 μg of protein from each sample

were loaded onto sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene
fluoride membrane. Membrane blocking was performed using 2%
bovine serum albumin (BSA). Then, the primary antibodies anti-
phospho-Ser9-GSK3β (9336S; 1:500; Cell Signaling Technology),
anti-Total-GSK3β (PA5-95845; 1:1,000, ThermoFisher), anti-VEGF
(ab46154; 1:500, Abcam), anti-ANG-1 (ab94684; 1:500, Abcam),
anti-ANG-2 (ab153934; 1:500, Abcam), anti-cannabinoid receptor
type 1 (ab259323; 1:1,000, Abcam) and anti-β-Actin (4967S;
1:1,000; Cell Signaling Technology) were incubated with the
membrane overnight at 4 ◦C. Finally, secondary antibodies
were incubated, and the fluorescent signal was detected with
enhanced chemiluminescence. The Western blot was repeated 2
times.

2.8 ELISA
An ELISA technique was performed to measure the concentration
of proteins secreted into the media. Conditioned media used in
the analysis was collected 24 hours after treatment with 5F-
MDMB-PICA and centrifuged at 10,000 RPM for 10 minutes. The
supernatant was kept at −80 ◦C until the analysis was performed.
All analysis was performed in 3 experiments with 3 triplicate
wells per concertation. The concentration of VEGF (ab100662),
ANG-1 (ab99972), and ANG-2 (ab99971) were measured using
commercially available kits acquired from Abcam (Abcam; Cam-
bridge, MA), and procedures were done in concordance with the
manufacturer’s recommendations.

2.9 Statistical analysis
We assessed the distribution of our data for normality, which
indicated that it followed a normal distribution. The assay results
were analyzed using a one-way ANOVA followed by a Turkey post-
hoc test using GraphPad Prism (version 9..0 GraphPad Software, La
Jolla, CA). Results with a P-value lower than 0.05 were considered
statistically significant.

3. Results
3.1 Cannabinoid receptor type 1 expression is
regulated during the process of angiogenesis
In order to evaluate the modulation of CB1R expression during
angiogenesis in HBMECs, the study was initiated by examining
quiescent HBMECs cells at time 0. Subsequently, cell proliferation
was induced by treating the cells with proangiogenic media sup-
plemented with fibroblast growth factors (bFGF; 10 ng/ml). CB1R
protein levels were evaluated at various time intervals, specifi-
cally at 24 hours, 48 hours, and 72 hours. Notably, the expression
of CB1R receptor protein demonstrated a gradual increase over
time, with significant differences observed at 24 hours (P = 0.021),
48 hours (P = 0.0003), and 72 hours (P < 0.0001) (Fig. 2a and b).
These findings indicate a correlation between the CB1R receptor
and angiogenesis.

https://academic.oup.com/toxres/article-lookup/doi/10.1093/toxres/tfad068#supplementary-data
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Fig. 2. The expression of CB1R has been observed to rise during
angiogenesis stimulation. HBMECs were cultured in proangiogenic
media supplemented with bFGF (10 ng/ml) for 24, 48, and 72 hours.
Subsequently, (a) western blot images were acquired, and CB1R bands
were analyzed using ImageJ software. The findings are presented in (b)
with a quantitative analysis of the CB1R expression rates. Data were
quantified and presented as mean ± SEM (n = 3). (∗∗) means P > 0.01,
(∗∗∗) means P > 0.0001, and (∗∗∗∗) means P > 0.0001.

Fig. 3. 5F-MDMB-PICA treatment improves HBMECs metabolic activity of
HBMECs. Cell metabolic activity rate was analyzed using an MTT assay
after treatment with 5F-MDMB-PICA. First, 5 × 103 HBMECs were seeded
in a 96-well plate for 24 hours. Five different concentrations of
5F-MDMB-PICA (0.0001 μM–1 μM) were incubated for 24 hours. After
that, the media containing 5F-MDMB-PICA was discarded and replaced
with MTT (5 mg/ml) and further incubated for 4 hours at 37 ◦C and 5%
CO2. Finally, the formazan crystals were dissolved using DMSO and the
absorbance was measured at 570 nm in an ELISA reader. The treatment
significantly enhanced cell viability in the concentrations
0.001 μM–1 μM when compared to the control. Data were quantified
and presented as mean ± SEM (n = 3). (∗∗) means P > 0.01 and
(∗∗∗∗) means P > 0.0001.

3.2 5F-MDMB-PICA treatment enhances HBMEC
metabolic activity
After performing the MTT assay on HBMECs treated with 5 differ-
ent 5F-MDMB-PICA doses (0.0001 μM–1 μM), it was observed that
concentrations ranging between 0.001 μM and 1 μM significantly
increased cell metabolism rate compared to the untreated group
(P = 0.0045 for 0.001 μM, P < 0.0001 for 0.01, 0.1, and 1 μM). The
increase in cell metabolism rate was positively correlated with
higher concentrations of 5F-MDMB-PICA. The highest increase,
reaching 1.3-fold, was observed with the 1 μM treatment (Fig. 3).

3.3 Treatment with 5F-MDMB-PICA promotes
the migration rates of HBMECs
Endothelial cell migration rates of HBMECs, a fundamental
process of angiogenesis, were exposed to 5 different 5F-MDMB-
PICA concentrations that were assayed using an in-vitro scratch-
healing assay. The results showed that cells treated with
5F-MDMB-PICA exhibited significantly higher migration rates
compared to the control group within the treatment range of
0.001 μM to 1 μM (Fig. 4a) (P = 0.0392 for 0.001 μM, P = 0.0002 for

0.01 μM, P < 0.0001 for 0.1 and 1 μM). A maximal increase was
observed in the 1 μM treatment group (Fig. 4b).

3.4 5F-MDMB-PICA treatment increases the
tubulogenic activity of HBMECs
An in-vitro tube formation assay was performed to assess the
angiogenic capacity of 5F-MDMB-PICA-treated HBMECs. The 5F-
MDMB-PICA treatments at 0.01 μM and 1 μM demonstrated
significantly higher angiogenic parameters. The tube numbers
(P < 0.0001 for 0.01 μM and 1 μM), total tube length (P < 0.0001
for 0.01 μM and 1 μM), number of loops (P < 0.0001 for 0.01 μM
and 1 μM), and number of branch points (P = 0.0008 for 0.01 μM
and P < 0.0001 for 1 μM) were all increased after 5F-MDMB-PICA
treatment (Fig. 5a–e).

3.5 5F-MDMB-PICA treatment upregulates
mRNA levels of proangiogenic factors VEGF,
ANG-1, and ANG-2
RT-qPCR was used to investigate the potential impact of 5F-
MDMB-PICA treatment on the mRNA expression of proangiogenic
factors in HBMECs. The results revealed a significant upregulation
of VEGF expression in the 0.01 μM, 0.1 μM, and 1 μM groups
(P < 0.0001) (Fig. 6a). Moreover, ANG-1 was significantly upregu-
lated in the 0.001 μM (P = 0.0433), 0.01 μM (P = 0.0031), 0.1 μM,
and 1 μM (P < 0.0001) groups compared to the untreated group
(Fig. 6b). mRNA levels of ANG-2 were also elevated at 0.01 μM
(P = 0.0014), 0.1 μM, and 1 μM (P < 0.0001) (Fig. 6c).

3.6 Treatment with 5F-MDMB-PICA upregulates
the intracellular protein expression of VEGF,
ANG-1, and ANG-2, while also increasing the
phosphorylation levels of GSK-3β at the Ser9
residue
The intracellular protein expression levels of the VEGF, ANG-1,
ANG-2, and phospho-Ser9-GSK-3β in the HBMECs cultured with
5F-MDMB-PICA. Specific bands of VEGF were detected at ∼27 kDa
in 5F-MDMB-PICA-treated HBMECs as well as the control. The
VEGF protein was significantly expressed at 0.0001 μM, 0.01 μM,
and 1 μM (P < 0.0001) (Fig. 7a and b). Both ANG-1 and ANG-2 bands
were detected at ∼57 kDa in 5F-MDMB-PICA-treated HBMECs at
different concentrations. ANG-1 protein was significantly upreg-
ulated at 0.0001 μM (P = 0.0011), 0.01 μM, and 1 μM (P < 0.0001),
whereas ANG-2 was significantly upregulated at 0.01 μM and
1 μM (P < 0.0001) (Fig. 7c and d). Furthermore, phospho-Ser9-GSK-
3β bands were observed at ∼46 kDa and detected at 0.0001 μM,
0.01 μM, and 1 μM (P < 0.0001) in the cells treated with 5F-MDMB-
PICA compared to control (Fig. 7e).

3.7 5F-MDMB-PICA treatment elevates levels of
secreted VEGF, ANG-1, and ANG-2
Serum levels of proangiogenic factors VEGF, ANG-1, and ANG-
2 secreted by cells treated with 5F-MDMB-PICA were measured
using ELISA. We detected a significant increase in the VEGF and
ANG-1 levels after treatment with 5F-MDMB-PICA at 0.001 μM,
0.01 μM, 0.1 μM, and 1 μM (P < 0.0001) (Fig. 8a and b). Furthermore,
the secretion of ANG-2 has increased at 0.01 μM, 0.1 μM, and 1 μM
(P < 0.0001) (Fig. 8c).

4. Discussion
Cannabinoid receptors have been recognized as potential ther-
apeutic targets for the treatment of various diseases, including
those related to angiogenesis. The endocannabinoid system,
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Fig. 4. 5F-MDMB-PICA treatment enhances cell migration in HBMECs. HBMECs were grown in a 12-well plate for 24 hours. Next, the cell monolayer
was scratched using a 1,000 μl pipette tip after the cells reached the appropriate confluency. (a) Microscopic images of HBMEC migration at baseline
(zero time) and at 24 hours after treatment with different doses of 5F-MDMB-PICA. (b) Quantitative analysis of the migration data. 5F-MDMB-PICA
doses (0.001 μM–1 μM demonstrated significantly higher migration rates compared to the control. Data were quantified from 3 experiments, where
each was done in duplicates and presented as mean ± SEM (n = 3). (∗∗) means P > 0.01 and (∗∗∗∗) means P > 0.0001.

which includes cannabinoid receptors, plays a crucial role in
regulating several physiological processes, including immune
responses, inflammation, and vascular function. As a result,
modulating cannabinoid receptors has shown promise in the
context of angiogenesis-related diseases. Previous research on
SCs has highlighted their potential as treatments for various
conditions, including cancer, neurodegenerative diseases, and
Retinal diseases.28–30 However, it is crucial to acknowledge that
SCs, including 5F-MDMB-PICA, have not been approved for
medical use and are classified as illicit drugs in many countries
due to their potential for abuse and harmful health effects.29

Despite the high affinity of 5F-MDMB-PICA to CB1R and its
potential addictive properties,23 to the best of our knowledge,
this is the only study aimed at investigating the effects of 5F-
MDMB-PICA on brain endothelial cells.

Recent studies have delved into the association between
the endocannabinoid system (ECS), specifically CB1R receptors,

and angiogenesis. Endocannabinoids like anandamide and 2-
arachidonoylglycerol (2-AG) activate CB1R, stimulating various
intracellular signaling cascades involved in angiogenesis. One
critical pathway influenced by CB1R activation is the mitogen-
activated protein kinase (MAPK) pathway, including the signaling
of extracellular signal-regulated kinase (ERK). It has been demon-
strated that CB1R-mediated activation of ERK signaling promotes
angiogenesis in endothelial cells.31 The current investigation was
initiated by observing that the expression of CB1R is relatively
low in quiescent endothelial cells but becomes induced during
the angiogenic process at the protein level. These findings are
consistent with previous studies demonstrating the upregulation
of CB1R expression during the angiogenic process in human
umbilical vein endothelial cells.32

It is essential to recognize that the effects of cannabi-
noid receptor activation on cell viability can vary depending
on factors such as cell type, concentration, and timing of
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Fig. 5. The tubulogenic activity of HBMECs is increased by 5F-MDMB-PICA treatment. A tube-formation assay was performed to measure the effects of
5F-MDMB-PICA on the angiogenic capacity. BME-coated plates were seeded with 2 × 104 HBMECs suspended in SFM treated with 5F-MDMB-PICA
(0.0001 μM, 0.01 μM, and 1 μM). (a) Microscopic images of tubular structures formed by HBMECs treated with 5F-MDMB-PICA after 24 hours of
treatment. Significant increases have been observed in all angiogenic measurements including (b) the number of tube-like structures, (c) loops,
(d) branch points, and (e) total tube lengths. Data presented as mean ± SEM (n = 3). (∗∗∗) means P > 0.001 and (∗∗∗∗) means P > 0.0001.
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Fig. 6. 5F-MDMB-PICA upregulates mRNA levels of proangiogenic factors VEGF, ANG-1, and ANG-2. RT-qPCR was performed on 5F-MDMB-PICA treated
cells (0.0001 μM–1 μM) to quantify the expression level of (a) VEGF, (b) ANG-1, and (c) ANG-2 on the mRNA level. Data presented as mean ± SEM
(n = 3). (∗) means P < 0.05, (∗∗) means P < 0.01, (∗∗∗) means P < 0.001, and (∗∗∗∗) means P < 0.0001.

cannabinoid exposure. While some studies indicate pro-survival
effects of cannabinoid receptor activation, others show pro-
apoptotic effects. Additionally, the activation of these receptors
may have different outcomes depending on the presence of
specific ligands, agonists, or antagonists. For instance, the
cannabinoid WIN 55,212-2 has been shown to enhance cell
viability and promote an anti-inflammatory response in cultured
astrocytes. WIN 55,212-2 increases the expression of the
antioxidant Cu/Zn SOD and can prevent inflammation induced
by Aβ1–42 in cultured astrocytes.33 Conditioned media derived
from breast cancer cells (MDA-MB-231) significantly reduced the
viability of osteoblast-like UMR-106 cells. Conversely, media from
MDA-MB-231 cells pre-treated with GW405833, a SC, improved
UMR-106 cell viability.34 In the brain, activation of CB1R receptors
has been linked to neuroprotection by promoting cell survival and
inhibiting apoptosis. Studies suggest that CB1R receptor activation
can reduce neuronal damage in various neurodegenerative
conditions, such as Alzheimer’s disease and ischemic stroke.35,36

We performed an MTT assay on HBMECs treated with 5F-MDMB-
PICA to determine its effect on cell metabolic assay. The results
suggest a low cytotoxic effect of the drug on HBMECs. These
findings are consistent with a previous study that demonstrated

the stimulatory effect of XLR-11, a SC, on metabolic rate while
exhibiting a decreased cytotoxic effect on HBMECs.27

Activation of cannabinoid receptors has been shown to pro-
mote cell migration and tube formation in endothelial cells. Inter-
estingly, The inactivation of CB1R receptors led to the inhibi-
tion of bFGF-induced endothelial migration and capillary-like
tube formation, affecting pro-survival and migratory pathways
involving ERK, Akt, FAK, JNK, Rho, and MMP-2.32 Moreover, the
migration rate and angiogenic capacity significantly increased in
the presence of various concentrations of XLR-11 compared to
the control.27 Our results suggest that 5F-MDMB-PICA treatment
increases the migration of cells and enhances the tube formation
capacity of HBMECs in vitro. VEGF is a key proangiogenic factor
and the most extensively studied growth factor in angiogenesis.
It is primarily secreted by cells experiencing low oxygen levels
(hypoxia) and activates signaling pathways in endothelial cells
to stimulate angiogenesis.37 VEGF induces endothelial cell migra-
tion, proliferation, and tube formation, crucial steps in the forma-
tion of new blood vessels. It also increases vascular permeability,
allowing the leakage of plasma proteins and immune cells to the
site of angiogenesis, which facilitates vessel growth.37 Angiopoi-
etins (ANG-1 and ANG-2) are growth factors that interact with
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Fig. 7. 5F-MDMB-PICA treatment increases proangiogenic factors VEGF, ANG-1, ANG-2, and p-Ser9-GSK-3β protein levels in HBMECs. (a) Western blot
bands images of GSK-3β, p-GSK-3β, VEGF, ANG-1, ANG-2, and β-actin isolated from HBMECs treated with 5F-MDMB-PICA. Western blot was performed
on 5F-MDMB-PICA treated HBMECs (0.0001 μM, 0.01 μM, and 1 μM) to measure protein levels of VEGF, ANG-1, ANG-2, GSK-3β, and p-GSK-3β in the
cells, while the reference protein used for the measurements was β-actin. Briefly, proteins were extracted using RIPA lysis buffer combined with
phosphate-protease inhibitors followed by measuring the protein concentration of each sample. Then, SDS-PAGE was used to load 20 μg of proteins
from each sample followed by blotting onto a polyvinylidene fluoride membrane. Blocking with 2% bovine serum albumin was performed before the
addition of primary antibodies against the target proteins and overnight incubation. Finally, HRP-conjugate secondary antibodies were incubated with
the membrane, and the signals were detected using enhanced chemiluminescence. Quantification of the expression rates of (b) VEGF, (c) ANG-1,
(d) ANG-2, and (e) phospho-Ser9-GSK-3β. Data presented as mean ± SEM (n = 2). (∗∗) means P < 0.01 and (∗∗∗∗) means P < 0.0001.
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Fig. 8. 5F-MDMB-PICA treatment increases serum levels of VEGF, ANG-1, and ANG-2. ELISA was performed on 5F-MDMB-PICA treated HBMECs
(0.0001 μM–1 μM) to measure secretion levels of proangiogenic factors VEGF, ANG-1, and ANG-2 in the media. Conditioned media from wells treated
with concentrations had significantly higher secreted angiogenic factor levels compared to the control (a-c). Data presented as mean ± SEM (n = 3).
(∗∗∗∗) means P < 0.0001.

endothelial cells through the Tie-2 receptor, which is expressed on
endothelial cell surfaces. ANG-1 is primarily responsible for vessel
maturation and stability. It promotes the recruitment of pericytes
and smooth muscle cells to the developing blood vessels, pro-
viding structural support and preventing vessel regression. ANG-
1/Tie-2 signaling also promotes the formation of tight and stable
cell-to-cell junctions in endothelial cells, essential for maintain-
ing the integrity of blood vessels.38 In contrast, ANG-2 functions
as a context-dependent antagonist or agonist of Tie-2 signaling. It
is produced in quiescent or destabilized vessels and can weaken
endothelial cell–cell junctions. ANG-2 allows for the loosening of
cell-to-cell connections, promoting endothelial cell responsive-
ness to other proangiogenic signals like VEGF. This loosening of
cell junctions is essential for the initiation of sprouting and new
vessel formation in response to proangiogenic signals.38 XLR-11
has been observed to increase the expression of VEGF, ANG-1,
and ANG-2 at the mRNA level, along with their release into the
media and intracellular expression in HBMECs.39 In the current
investigation, we discovered that 5F-MDMB-PICA administration
substantially increased the expression of VEGF, ANG-1, and ANG-
2 in HBMECs following cannabinoid receptor activation. These
findings imply that angiogenic-associated proteins, such as VEGF,
ANG-1, and ANG-2, could have a significant role in promoting the

angiogenesis associated with cannabinoid receptor activation in
the brain.

Activation of CB1R by cannabinoids, whether endocannabi-
noids or exogenous cannabinoids, leads to downstream sig-
naling events that can result in the inactivation of GSK-3β

through Ser9 phosphorylation. Inactivating the IGF-1R/AKT/GSK-
3β axis through the knockdown of CB1R and CB2 receptors
inhibits migration and invasion in MCF-7 cells and T47D cells
under chronic intermittent hypoxia conditions.40 Moreover,
electroacupuncture pretreatment provides protection against
cerebral ischemia/reperfusion injury through CB1R-mediated
phosphorylation of GSK-3β.41 Arachidonyl-2-chloroethylamide
induces mitochondrial biogenesis and improves mitochondrial
function at the onset of cerebral ischemia, leading to the allevia-
tion of cerebral ischemia injury. The phosphorylation of GSK-3β

may play a role in the regulation of mitochondrial biogenesis
induced by arachidonyl-2-chloroethylamide.42 Furthermore, XLR-
11 elevated the phosphorylation of GSK-3β at Ser9 in HBMECs.39

Our findings indicate that the treatment with 5F-MDMB-PICA
resulted in an increase in the phosphorylation of GSK-3β at
Ser9 in HBMECs. Understanding the intricate roles of GSK-3β in
angiogenesis may offer valuable insights into the development of
novel therapeutic approaches for angiogenesis-related disorders.
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5. Conclusion
Although there are many types of SCs, they are usually grouped
based on their chemical structure, and 5F-MDMB-PICA falls under
the indole group of SCs. Therefore, the results of this study could
apply to the broader indole group of SCs. To the best of our
knowledge, this is the first research conducted on 5F-MDMB-PICA
and its physiological effects. Treatment of HBMECs with the SC
5F-MDMB-PICA increases the metabolic activity and angiogenic
capacity of the HBMECs in vitro. These findings provide valu-
able insights into the effects of SCs on brain endothelial cells,
which could contribute to the development of new drugs and the
understanding of angiogenesis-related diseases. It is important
to acknowledge that angiogenesis is a complex process involving
numerous essential and regulatory molecules, some of which
were not examined in this study, such as platelet-derived growth
factors, FGF, and the NOTCH and WNT signaling pathways. The
use of cannabinoid receptor antagonists will indeed help advance
our understanding of the specific role these receptors play in
angiogenesis. Future investigations focusing on the effects of
other SCs in the indole group, as well as other groups, on various
physiological and pharmacological parameters, are also recom-
mended.
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21. Tokarczyk B, Jurczyk A, Krupińska J, Adamowicz P. Fatal intox-
ication with new synthetic cannabinoids 5F-MDMB-PICA and
4F-MDMB-BINACA-parent compounds and metabolite identifi-
cation in blood, urine and cerebrospinal fluid. Forensic Sci Med
Pathol. 2022:18(4):393–402.

22. Krotulski AJ, Mohr ALA, Logan BK. Emerging synthetic cannabi-
noids: development and validation of a novel liquid chromatog-
raphy quadrupole time-of-flight mass spectrometry assay for
real-time detection. J Anal Toxicol. 2019:44(3):207–217.

23. Truver MT, Watanabe S, Åstrand A, Vikingsson S, Green H,
Swortwood MJ, Kronstrand R. 5F-MDMB-PICA metabolite iden-
tification and cannabinoid receptor activity. Drug Test Anal.
2020:12(1):127–135.

24. Musa A, Simola N, Piras G, Caria F, Onaivi ES, De Luca MA.
Neurochemical and behavioral characterization after acute and
repeated exposure to novel synthetic cannabinoid agonist 5-
MDMB-PICA. Brain Sci. 2020:10(12):1011. https://doi.org/10.3390/
brainsci10121011.

25. Patel M, Manning JJ, Finlay DB, Javitch JA, Banister SD, Grimsey
NL, Glass M. Signalling profiles of a structurally diverse panel
of synthetic cannabinoid receptor agonists. Biochem Pharmacol.
2020:175:113871. https://doi.org/10.1016/j.bcp.2020.113871.

26. Sachdev S, Banister SD, Santiago M, Bladen C, Kassiou M, Connor
M. Differential activation of G protein-mediated signaling by
synthetic cannabinoid receptor agonists. Pharmacol Res Perspect.
2020:8(2):e00566. https://doi.org/10.1002/prp2.566.

27. Al-Eitan L, Alhusban A, Alahmad S. Effects of the synthetic
cannabinoid XLR-11 on the viability and migration rates of
human brain microvascular endothelial cells in a clinically-
relevant model. Pharmacol Rep. 2020:72(6):1717–1724.

28. Pagano C, Navarra G, Coppola L, Avilia G, Bifulco M, Laezza C.
Cannabinoids: therapeutic use in clinical practice. Int J Mol Sci.
2022:23(6):3344. https://doi.org/10.3390/ijms23063344.

29. Shah S, Gupta A, Kumar P. Emerging role of cannabinoids and
synthetic cannabinoid receptor 1/cannabinoid receptor 2 recep-
tor agonists in cancer treatment and chemotherapy-associated
cancer management. Rev Article J Cancer Res Ther. 2021:17(1):
1–9.

30. Kokona D, Georgiou PC, Kounenidakis M, Kiagiadaki F, Thermos
K. Endogenous and synthetic cannabinoids as therapeutics in
retinal disease. Neural Plast. 2016:2016:8373020.

31. Pisanti S, Bifulco M. Endocannabinoid system modulation in
cancer biology and therapy. Pharmacol Res. 2009:60(2):107–116.

32. Pisanti S, Picardi P, Prota L, Proto MC, Laezza C, McGuire PG,
Morbidelli L, Gazzerro P, Ziche M, das A, et al. Genetic and phar-
macologic inactivation of cannabinoid CB1 receptor inhibits
angiogenesis. Blood. 2011:117(20):5541–5550.

33. Aguirre-Rueda D, Guerra-Ojeda S, Aldasoro M, Iradi A, Obrador
E, Mauricio MD, Vila JM, Marchio P, Valles SL. WIN 55,212-2,
agonist of cannabinoid receptors, prevents amyloid β1-42 effects
on astrocytes in primary culture. PLoS One. 2015:10(4):e0122843.
https://doi.org/10.1371/journal.pone.0122843.

34. Khunluck T, Lertsuwan K, Chutoe C, Sooksawanwit S, Inson
I, Teerapornpuntakit J, Tohtong R, Charoenphandhu N. Activa-
tion of cannabinoid receptors in breast cancer cells improves
osteoblast viability in cancer-bone interaction model while
reducing breast cancer cell survival and migration. Sci Rep.
2022:12(1):7398.

35. Fernández-Ruiz J, Moro MA, Martínez-Orgado J. Cannabinoids
in neurodegenerative disorders and stroke/brain trauma: from
preclinical models to clinical applications. Neurotherapeutics.
2015:12(4):793–806.

36. England TJ, Hind WH, Rasid NA, O’Sullivan SE. Cannabinoids in
experimental stroke: a systematic review and meta-analysis. J
Cereb Blood Flow Metab. 2015:35(3):348–358.

37. Melincovici CS, Boşca AB, Şuşman S, Mărginean M, Mihu C,
Istrate M, Moldovan IM, Roman AL, Mihu CM. Vascular endothe-
lial growth factor (VEGF) - key factor in normal and pathological
angiogenesis. Romanian J Morphol Embryol. 2018:59(2):455–467.

38. Saharinen P, Eklund L, Alitalo K. Therapeutic targeting of the
angiopoietin-TIE pathway. Nat Rev Drug Discov. 2017:16(9):635–
661.

39. Al-Eitan L, Alahmad S. The expression analyses of GSK3B,
VEGF, ANG1, and ANG2 in human brain microvascular endothe-
lial cells treated with the synthetic cannabinoid XLR-11. Gene.
2023:878:147585. https://doi.org/10.1016/j.gene.2023.147585.

40. Li LT, Zhao FF, Jia ZM, Qi LQ, Zhang XZ, Zhang L, Li YY, Yang
JJ, Wang SJ, Lin H, et al. Cannabinoid receptors promote chronic
intermittent hypoxia-induced breast cancer metastasis via IGF-
1R/AKT/GSK-3β. Mol Ther Oncolytics. 2021:23:220–230.

41. Wei H, Yao X, Yang L, Wang S, Guo F, Zhou H, Marsicano
G, Wang Q, Xiong L. Glycogen synthase kinase-3β is involved
in electroacupuncture pretreatment via the cannabinoid CB1
receptor in ischemic stroke. Mol Neurobiol. 2014:49(1):326–336.

42. Bai F, Guo F, Jiang T, Wei H, Zhou H, Yin H, Zhong H, Xiong
L, Wang Q. Arachidonyl-2-chloroethylamide alleviates cerebral
ischemia injury through glycogen synthase kinase-3β-mediated
mitochondrial biogenesis and functional improvement. Mol Neu-
robiol. 2017:54(2):1240–1253.

https://doi.org/10.1016/j.ejphar.2021.174301
https://doi.org/10.1016/j.ejphar.2021.174301
https://doi.org/10.3390/brainsci10121011
https://doi.org/10.3390/brainsci10121011
https://doi.org/10.1016/j.bcp.2020.113871
https://doi.org/10.1002/prp2.566
https://doi.org/10.3390/ijms23063344
https://doi.org/10.1371/journal.pone.0122843
https://doi.org/10.1016/j.gene.2023.147585

	 The synthetic cannabinoid 5F-MDMB-PICA enhances the metabolic activity and angiogenesis in human brain microvascular endothelial cells by upregulation of VEGF, ANG-1, and ANG-2
	1. Introduction
	2. Materials and methods
	3. Results
	4. Discussion
	5. Conclusion
	 Acknowledgments
	 Author contributions
	 Supplementary material
	 Funding
	 Ethical approval
	 Data availability


