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Abstract: The regulation and metabolism of the endocannabinoid system has received extensive attention
for their potential neuroprotective effect in neurodegenerative diseases such as Alzheimer’s disease
(AD), which is characterized by amyloid β (Aβ) -induced cell toxicity, inflammation, and oxidative stress.
Using in vitro techniques and two cell lines, the mouse hippocampus-derived HT22 cells and Chinese
hamster ovary (CHO) cells expressing human cannabinoid receptor type 1 (CB1), we investigated the
ability of endocannabinoids to inhibit Aβ aggregation and protect cells against Aβ toxicity. The present
study provides evidence that endocannabinoids N-arachidonoyl ethanol amide (AEA), noladin and
O-arachidonoyl ethanolamine (OAE) inhibit Aβ42 aggregation. They were able to provide protection
against Aβ42 induced cytotoxicity via receptor-mediated and non-receptor-mediated mechanisms in
CB1-CHO and HT22 cells, respectively. The aggregation kinetic experiments demonstrate the anti-Aβ

aggregation activity of some endocannabinoids (AEA, noladin). These data demonstrate the potential
role and application of endocannabinoids in AD pathology and treatment.

Keywords: endocannabinoids; Aβ42-induced cell toxicity; Alzheimer’s disease; neuroprotection;
CB1 receptor

1. Introduction

The endocannabinoid system is an endogenous signaling system with complex roles,
consisting of ligands known as endocannabinoids (ECs) and cannabinoid receptors such as
CB1 and CB2 receptors [1–3]. Endocannabinoids are lipophilic molecules that are able to
bind and activate cannabinoid receptors. Cannabinoid receptors are G-protein-coupled re-
ceptors (GPCRs) found throughout the body, including the central and peripheral nervous
systems [4,5]. Endocannabinoids, as a class of signaling lipids, contain amides and esters
with a long chain of polyunsaturated fatty acids [6]. N-Arachidonoyl ethanol amide (AEA),
also known as anandamide, and 2-arachidonoyl glycerol (2-AG) are the most well-studied
and best-characterized endogenous cannabinoid ligands [7]. 2-AG is the natural ligand
at the CB1 receptor in the central nervous system and is found at concentrations about
100 times higher than anandamide [8]. Both anandamide and 2-AG are glycerophospho-
lipids derived from arachidonic acid (AA), formed locally from membrane phospholipids
and released from the cells in response to increases in cellular calcium [9]. Additional AA
derivatives have also been identified as endogenous cannabinoids, including arachidonoyl
dopamine (NADA), 2-arachidonoyl glyceryl ether (noladin or noladin ether or 2-AGE), and
O-arachidonoyl ethanolamine (OAE, virodhamine) [3].

Endocannabinoids play a critical role in the central nervous system, including Alzheimer’s
disease (AD), which involves the progressive degeneration of cortical and hippocampal neu-
rons [10–12]. The complex pathogenesis of AD involves amyloid plaques, mitochondrial
dysfunction, phosphorylation of tau protein, neurotransmitter pathway disruption, oxidative
stress, and inflammation [8,10–14]. Among the biochemical hallmarks of AD, amyloid-β
(Aβ) peptides are considered as one of the major putative pathological causes of AD [15].
Major Aβ peptides contain either 40 or 42 amino acids, and Aβ42 in particular forms toxic
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amyloid oligomers and plaques [13]. The pathological accumulation of Aβ begins with small
numbers of monomers first aggregating into oligomers intraneuronally, which then continue
to aggregate into fibrils and ultimately amyloid plaques [13,16]. Preventing oligomerization
has long been a goal of preventative or therapeutic treatments for AD [8,13,14,17].

There is preliminary evidence that endocannabinoids may play a role in AD pathol-
ogy by providing neuroprotection against excitotoxicity via their role in inhibiting pre-
synaptic glutamate release [18,19]. Endocannabinoids act as a retrograde messenger to
inhibit neurotransmitter release upon activating pre-synaptic CB1 receptors [20]. In AD,
aberrant retrograde 2-AG signaling could cause synaptic dysfunction and contribute to
ongoing pathology and cognitive impairment [21]. Another putative role for the en-
docannabinoid system is targeting inflammatory neurodegenerative processes [22]. Mi-
croglial cells and macrophages around amyloid plaques have been considered as criti-
cal elements of the inflammatory response [23]. CB2 receptors can potentially suppress
microglial activation and reduce their production of pro-inflammatory molecules [24].
Additionally, it has been reported that cells lacking CB receptors are more susceptible
to neurodegeneration [8,13,14,17,25]. Endocannabinoids also possess antioxidant activity
and scavenge reactive oxygen species (ROS), and reduce lipid peroxidation, which could
contribute to a reduction in Aβ-induced neuronal cell death [26].

This research aimed to evaluate the endocannabinoids AEA, 2-AG, NADA, noladin, and
OAE for their ability to inhibit Aβ42 aggregation and to protect cells against Aβ42-induced
toxicity. The anti-Aβ42 inhibition activity of endocannabinoids was investigated in vitro via
thioflavin T (ThT) based fluorescence aggregation kinetics assay, and the neuroprotection of
endocannabinoids was assessed in Aβ42-induced cytotoxicity in mouse hippocampal neu-
ronal HT22 cell line. The role of CB1 receptors in endocannabinoid mediated neuroprotection
was evaluated using Chinese hamster ovary (CHO) cells expressing CB1 receptors. Our
results demonstrate that some endocannabinoids (e.g.,: AEA and noladin) were able to exhibit
significant inhibition in Aβ42 aggregation and can also reduce Aβ42-induced cytotoxicity via
CB1 receptor-mediated and non-receptor-mediated mechanisms.

2. Results
2.1. Effect of Endocannabinoids on Aβ42 Aggregation and Inhibition by ThT Fluorescence

The inhibition percentage of endocannabinoids (1, 5, 10 µM) on Aβ42 (5 µM) in
aggregation kinetic assay is shown in Table 1 and Figure 1. AEA, noladin, and AA showed
maximum inhibition of 93.3%, 72.9%, and 94.5%, respectively, at the highest concentration
tested (10 µM) (Figure 1a–c). Other endocannabinoids, including 2-AG, NADA, and OAE
exhibited much less inhibition of aggregation (Table S1). The aggregation kinetic study of
arachidonic acid (AA), which is a precursor and metabolite of endocannabinoids in vivo,
demonstrates the excellent inhibition of Aβ42 aggregation (25%, 86%, 94% inhibition,
respectively, at 1, 5, 10 µM) (Figure 1c).

Table 1. Shows the inhibition percentage of ThT-monitored 24 h aggregation kinetics of Aβ42 (5 µM)
in the presence of 1, 5, 10 µM of AEA, noladin and AA at pH 7.4, 37 ◦C in phosphate buffer at 24 h time
point. Aggregation kinetics were monitored by ThT fluorescence spectroscopy (excitation = 440 nm,
emission = 490 nm). Results are average ± SD of three technical replicates.

Compounds AEA Noladin AA

Inhibition Percentage (10 µM) 93.5 ± 1% 72.9 ± 15% 94.5 ± 0.6%

Inhibition Percentage (5 µM) 14.5 ± 4.3% 14.6 ± 6.8% 86 ± 5.3%

Inhibition Percentage (1 µM) 29.0 ± 8.3% 19 ± 9.2% 25.3 ± 7.5%
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Figure 1. ThT-monitored 24 h aggregation kinetics of Aβ42 (5 µM) in the presence of 1, 5, 10 µM
of AEA (a) Noladin (b), and AA (c). Aggregation kinetics were monitored by ThT-fluorescence
spectroscopy (excitation = 440 nm, emission = 490 nm) at pH 7.4, 37 ◦C in phosphate buffer. Results
are the average ± SD of three replicates.

2.2. Effect of Endocannabinoids Aβ42-Induced Decreases in Cell Viability

We used two cell lines to investigate the effect of the endocannabinoids against
Aβ42-induced toxicity. We hypothesized that CB1 receptors might be involved in the
endocannabinoid-induced neuroprotection against Aβ42 toxicity. Although HT22 cells
are reported to express CB1 receptors, we were unable to detect receptor expressions via
Western blot; thus, either the HT22 cells grown under our conditions do not express the re-
ceptor or do so at a level that is below detection by Western blot [27–30]. We also used CHO
cells transfected with human CB1 receptors and the CB1 antagonist (AM251 at 5 µM) to
further evaluate whether the effects of the endocannabinoids were CB1 receptor-dependent.
All endocannabinoids were evaluated alone to see whether they exhibited any toxicity
and were found to be non-toxic at the concentrations used in subsequent experiments in
both cell lines. In both HT22 and CHO cells, Aβ42 (5 µM) was able to induce significant
cytotoxicity (p < 0.0001, ****, Figures 2 and 3). In HT22 cells, the protective effects of 2-AG
and NADA at all concentrations tested against Aβ42-induced toxicity were small and not
statistically significant. However, AEA (10 µM) was able to increase the cell viability of
HT22 cells significantly (p < 0.05 *, Figure 2a). The CB1 antagonist (AM251) at 5 µM did not
reverse the protective effects of AEA in HT22 cells (Figure S1a).

Noladin also increased the cell viability significantly (p < 0.05 *) in HT22 cells at 10 µM
(Figure 2b), and again AM251 as a CB1 antagonist could not reverse this protection in HT22
cells (Figure S1b). Additionally, OAE was able to inhibit Aβ42 aggregation significantly
at (1, 10 µM) in HT22 cells (p < 0.05 *) (Figure 2c), and AM251 could not reverse this pro-
tection (Figure S1c). AA, a common metabolite and also a precursor of endocannabinoids,
showed a significant protective effect toward Aβ42-induced toxicity in HT22 cells at 5, 10 µM
(p < 0.05, *, p < 0.01, **, respectively, Figure 2d). However, AM251 could not reverse this effect
(Figure S1d). Since we could not detect the expression of CB1 in HT22 cells, we repeated
the experiments in CB1 overexpressing the CHO cell line in order to determine the role of
CB1 in Aβ42-induced cytotoxicity. The protective effects of 2-AG, AEA, NADA at 1, 5, 10 µM
against Aβ42-induced toxicity on the CB1-CHO cell were not significant in this cell line.
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Figure 2. Effect of at 1, 5, 10 µM endocannabinoids and AA, against Aβ42 (5 µM) toxicity on HT22 cells.
Cells were treated with Aβ42 in the absence or presence of AEA (a), Noladin (b), OAE (c), and AA (d),
compared to the untreated Control group. Cell viability was determined via MTT assay. A one-way
ANOVA with Dunnett’s multiple comparisons performed to establish significance between groups
(α = 0.05 *, 0.01 **, 0.001 ***, 0.0001 ****). The results are shown as the average ± standard error of the
mean (SEM). The data is representative 4 independent experiments, each with 4 technical replicates.
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AA (e), compared to the untreated Control group. The CB1 receptor antagonist, AM251 (5 µM),
was used in panels (b,d,f). Cell viability was determined via MTT assay. A one-way ANOVA with
Dunnett’s multiple comparisons performed to establish significance between groups (α = 0.05 *,
0.01 **, 0.001 ***, 0.0001 ****). The results are shown as the average ± standard error of the mean
(SEM). The data is representative 4 independent experiments, each with 4 technical replicates.

Noladin did increase cell viability significantly (p < 0.05 *) in CB1-CHO cells at the
highest concentration (Figure 3a), and AM251, as a CB1 antagonist, blocked this protective
effect (p < 0.05 *, Figure 3b). OAE, at all the concentrations tested (1, 5, 10 µM), also
increased the cell viability significantly in CHO cells (p < 0.05 *), and AM251 reversed this
effect as well (p < 0.05 *, Figure 3c,d). Similarly, AA at all tested concentrations (1, 5, 10 µM)
was able to increase the cell viability of CHO cells treated with Aβ42 (5 µM), and AM251
was able to reverse this protection (Figure 3e,f).

3. Discussion

This study aimed to evaluate and compare the ability of endocannabinoids to inhibit
Aβ42 aggregation and toxicity using in vitro fluorescence and cell culture studies. The
ThT-based fluorescence aggregation study results show that the endocannabinoids AEA
and noladin exhibit excellent inhibition of Aβ42 aggregation (93% and 73% inhibition,
respectively, at 10 µM), which suggests that these two endocannabinoids can directly in-
teract and prevent Aβ42 self-assembly into higher order structures. In the previous study,
these endocannabinoids also showed direct interaction with the Aβ42 peptide [31]. All
endocannabinoids, as well as arachidonic acid, were tested under all protocols. In some
cases, there is a consistency between amyloid aggregation and cell viability. However, in
other cases, endocannabinoids like OAE are able to provide protective effects without ap-
parent effects on amyloid aggregation, possibly via receptor-mediated effects or additional,
unknown effects. In the HT22 hippocampal neuronal cells, both AEA and noladin were
able to offer significant protection against Aβ42-induced cytotoxicity at 10 µM (p < 0.05,
Figure 2), as well as OAE that was able to demonstrate neuroprotection at both 1 and 10 µM
(Figure 2). In addition, the CB1 receptor antagonist, AM251, inconsistently blocked the
protective effects of specific endocannabinoids.

Since oxidative stress is involved in Aβ42 toxicity, the beneficial properties of these
compounds (AEA, noladin, OAE, AA) might result from reducing oxidative damage di-
rectly or activating anti-apoptotic pathways as a response [31,32]. However, other receptor-
mediated and receptor-independent mechanisms should be considered [33]. AEA, noladin,
and OAE have shown anti-inflammatory, antioxidant capacity, neuroprotective effects, and
oxidative stress inhibition via receptor-independent pathways [34].

Amyloid aggregation contributes to the dysfunctional properties of neurons through
other conditions, such as disrupted neurotransmission signalling and impaired endosomal-
lysosomal pathways [35]. Endocannabinoids also were found to protect HT22 cells against
Aβ42 neurotoxicity by upregulating PKC expression within their membranes, which indi-
cated that PKC might play a role in the neuroprotective properties [36]. Previous evidence
reported that the effects of some endocannabinoids, e.g., AEA, may involve effects not
mediated by the CB1 receptor [2,34,37]. Since endocannabinoids can affect the stability of
several lipid rafts, these non-CB-mediated actions could occur independently of cannabi-
noid receptors due to the lipophilic structure of these molecules [8,32,38]. Since AM251, a
CB1 antagonist, could not reverse the effects of all endocannabinoids, our result suggests
the protective effects of AEA, noladin, OAE, and AA on the HT22 could be CB1 receptor-
independent. The role of endocannabinoids via non-CB receptor-mediated actions in the
present study is similar to previously reported evidence and may partially involve other
GPCR effects, transient receptor potential (TRP) receptors regulation, endocannabinoid
metabolism via COX-2 into other biologically active compounds, as well as neuroprotective
activity at PPARa receptors [39,40].

The next step in this study was looking for endocannabinoids’ impact on CHO cells
expressing the human CB1 receptors, as well as using AM251, a CB1 receptor antagonist as
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a means to evaluate the impact of the pharmacological role of the CB1 receptor in protection
against Aβ-induced toxicity. AM251 was able to inhibit the protective effects of some,
but not all, endocannabinoids in CB1-CHO cells. AM251, as a CB1 antagonist, reversed
the endocannabinoid protective effects of noladin, OAE, and AA, Aβ42 treated cells. The
results of this study on CB1-CHO cells are consistent with several studies that reported
CB1 receptor-dependent neuroprotective actions of endocannabinoids in the extraneuronal
cells [41,42]. It should be noted that AA has been reported to have agonist activity for the
CB1 receptor [43].

Additionally, CB1 and CB2 receptors activated in glia and microglia are also demon-
strated to suppress elevated ERK/p38MAPK phosphorylation and COX-2 expression
induced by Aβ42 [16,44]. Previously was shown that endocannabinoids such as AEA
and noladin (at nanomolar concentrations) prevent Aβ peptide-induced neurotoxicity
through CB1 receptors and mitogen-activated protein kinase-dependent mechanisms that
can be reversed by CB1 antagonists [31]. Moreover, studies have demonstrated that the
CB1Rs activation or endocannabinoid-degrading enzymes inhibition (FAAH, MAGL, and
alpha/beta-hydrolase domain-containing) may enhance Aβ clearance across the blood–
brain barrier by increasing the expression of the low-density lipoprotein receptor-related
protein 1 (LRP1) [45]. CB1 activation in a previous transitional study showed PPARc sig-
nalling up-regulation that improves neuroinflammation, neurodegeneration, and spatial
memory impairment induced by the Aβ peptide [46]. Additionally, in vivo and in vitro
studies reported the neuroprotective effects of certain endocannabinoids (e.g., noladin,
OAE) via CB1 receptors, may also prevent tau hyperphosphorylation [31,47].

4. Materials and Methods
4.1. Amyloid Aggregation Kinetic Assay

The endocannabinoids (AEA, 2-AG, NADA, noladin, and OAE) and arachidonic acid
(AA) were obtained from Cayman Chemical Company, Ann Arbor, MI, USA and were
>98% pure. The Aβ42 (>97%) was obtained from rPeptide, Bogart, GA, USA. The ThT
fluorescence assay was performed in Costar, black, clear-bottom 384-well plates using
Aβ42 in the absence or presence of endocannabinoids. The readings were recorded as
fluorescence intensity units, obtained by measuring ThT excitation and emission at 440 nm
and 490 nm, respectively. The change in excitation-emission is related to the conformational
change of ThT, which is detected upon the interaction of ThT with the β-sheet formation
of Aβ42 oligomers and fibrils. The data was collected every 5 min using a BioTek syn-
ergy H1 microplate reader (Agilent, Santa Clara, CA, USA) with continuous shaking at
730 cycles per minute (cpm) for 30 s, with the temperature maintained at 37 ◦C for 24 h.
Methylene blue (MB), resveratrol, and orange G (Sigma-Aldrich, St. Louis, MO, USA,
known Aβ42 aggregation inhibitors) were used as reference compounds. The assay was
conducted in triplicate, and the results were expressed as percentage inhibition of Aβ42
aggregation. All compounds were prepared fresh in DMSO and diluted in Na2HPO4·7H2O
in UPW (Cayman Chemical Company, Ann Arbor, MI, USA), adjusted to pH 7.4, with
endocannabinoid concentrations of 1, 5, and 10 µM concentrations. The Aβ42 was prepared
as peptide stock solutions by dissolving in 10% NH4OH, and further sonicated to ensure
homogeneity to the final concentration of 5 µM. A 15 µM ThT stock solution was prepared
using 50 mM glycine and sodium hydroxide (NaOH) buffer (adjusted to pH 7.4). The
mentioned procedure and protocols adapted from Tin and coworkers [48].

4.2. Cell Culture & MTT Cell Viability Assay

HT22 cells (mouse hippocampal cell, a gift from Dr. Robert Cumming, PhD, University
of Western, London, ON, Canada) and CB1-CHO cells (Chinese hamster ovary cells that
express human CB1r, a gift from Dr. Robert Laprairie, PhD, University of Saskatchewan,
Saskatoon, SK, Canada) were used in this study. The ability of endocannabinoids and
arachidonic acid (>98%, Cayman Chemical Company, Ann Arbor, MI, USA) to display a
reduction against Aβ42 (>97%, rPeptide company, Bogart, GA, USA) mediated neurotoxic-
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ity was determined by performing a cell viability assay. CB1 antagonist (AM251) (>98%,
Cayman Chemical Company, Ann Arbor, MI, USA) was added to block CB1 receptors. Cells
were cultured in DMEM and HAM’s F12 (1:1) (Thermo Fisher Scientific #SH20361, Ottawa,
ON, Canada), 10% fetal bovine serum, 100 µg/mL streptomycin, and 100 U/mL penicillin.
Cells were maintained in a humidified atmosphere of 95% air and 5% CO2 at a temperature
of 37 ◦C and grew to 80% confluency (20–22 h). The complete growth media was changed
every 2–5 days by trypsinizing with 0.25% trypsin/0.1% EDTA. For the MTT assay, cells
were serum-starved overnight before drug treatments; then, media was exchanged for
treatment media, including different compounds concentrations (1, 5, 10 µM, co-incubated
with Aβ42 (5 µM) for 24 h at 37 ◦C). We selected 5 µM of Aβ42 and prepared oligomers
based on our previous work in hippocampal neurons [17,49,50]. After endocannabinoid
treatments, media was changed to serum-free, phenol red-free DMEM/F12 containing 10%
MTT (thiazolyl blue tetrazolium bromide: 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide). Plates were returned to the incubator for 2–4 h for the reaction to
occur. Then, cells were lysed, and crystals dissolved in solubilization buffer (0.1 M HCl,
10% Triton X-100 in propane-2-ol). A Molecular Devices™ plate reader (Agilent, Santa
Clara, CA, USA) was used to determine light absorption at wavelengths of 570 nm and
690 nm. The results are calculated as the percent cell viability compared to controls.

4.3. Western Blot

Western blots were performed as previously described to detect the CB1 recep-
tors in CHO-CB1 cells as well as in HT22 cells [51]. Cells were scraped, sheared using
26 gauge needles, and centrifuged at 14,000× g for 20 min at 4 ◦C. Pellets were washed
with phosphate-buffered saline (PBS) and lysed in chilled lysis buffer (20 mM Tris-HCl at
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 30 mM sodium pyrophosphate, 1 mM β-
glycerophosphate, 1 mM sodium orthovanadate, and 1% Triton X-100; and 1% Halt Protease
and Phosphatase Inhibitor (Thermo Fisher, Markham, ON, Canada) prior to measuring
total protein using the BCA protein assay (Thermo Fisher Scientific, Ottawa, ON, Canada).
Samples were heated in 3x loading buffer (240 mM Tris-HCl at pH 6.8, 6% w/v SDS, 30%
v/v glycerol, 0.02% w/v bromophenol blue, 50 mM DTT, and 5% v/v β-mercaptoethanol)
for 15 min at 75 ◦C and 5–20 µg total protein was loaded into polyacrylamide gel wells.
Proteins were separated by SDS-PAGE using electrophoresis buffer (25 mM Tris base,
190 mM glycine, 3.5 mM 44 sodium dodecyl sulfate), followed by transfer of proteins to a
nitrocellulose membrane using transfer buffer (25 mM Tris base, 190 mM glycine, 20% v/v
methanol). Membranes were blocked with 5% non-fat milk in Tris-buffered saline (20 mM
Tris base, 150 mM NaCl, pH 7.6) plus 0.1% Tween (TBS-T) for 1 h at room temperature or
overnight at 4 ◦C. Membranes were incubated with primary antibody (added to blocking
buffer) overnight at 4 ◦C. Membranes were washed three times with TBS-T and then in-
cubated with a secondary antibody (horseradish peroxidase-conjugated) in the blocking
buffer for 1 h at room temperature. Membranes were washed three additional times with
TBS-T. Luminata substrate was used to visualize proteins on the Invitrogen iBright 1500F
imaging station (Thermo Fisher Scientific, Ottawa, ON, Canada). After imaging, mem-
branes were probed with the primary antibody against β-actin and human CB1 receptor
(Cayman Chemical Company, Ann Arbor, MI, USA). Anti-mouse (1:5000) and anti-rabbit
(1:500) horseradish peroxidase (HRP) enzyme-conjugated IgG secondary antibodies were
used. Western blot analysis of cell lysates of CHO cells detected the presence of a major
CB1 immunoreactive bond using Fisher BioReagents™ EZ-Run™ Prestained Rec Protein
Ladder, Fisher BioReagents (Catalog No. BP3603500), which was close to the expected
molecular mass of the CB1 receptor (approximately 43 kDa) (Figure S2). We were unable to
detect CB1 receptor expressions in HT22 cells via Western blot; thus, either the HT22 cells
do not express the receptor or do so at a level that is below detection by Western blot.
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4.4. Statistical Analysis

To assess the effects of Aβ42 (5 µM) alone or Aβ42 mixed with each endocannabinoid
(1, 5, 10 µM) and Aβ42 with endocannabinoids (mentioned concentrations) mixed with AM251
(5 µM) on cell viability, a one-way ANOVA with Dunnett’s multiple comparisons test was
performed to establish statistical significance between compound groups and vehicle-treated
control (α = 0.05). The results are shown as the average ± standard error of the mean (SEM).
The data is representative of quadruplicates samples for n = 4 independent experiments.

5. Conclusions

Our studies demonstrate that endocannabinoids AEA and noladin prevent Aβ42
aggregation, whereas, in the HT22 hippocampal neuronal cells, AEA, noladin, and OAE
were able to rescue cells from Aβ42-induced cytotoxicity. Results from the CB1 expressing
CHO cells show that the neuroprotective effects demonstrated by endocannabinoids are
mediated via CB1 receptors. Further experimental studies will be necessary to directly ad-
dress the question of whether endocannabinoids are able to induce neuroprotection effects
via CB1 receptor and non-receptor pathways. Nevertheless, our current findings will have
implications in understanding the molecule mechanisms of CB1 mediated neuroprotection
in AD and in the development of novel endocannabinoid derived therapies for AD.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms24020911/s1.

Author Contributions: M.K., P.P.N.R. and M.A.B. conceived the project and designed experiments.
M.K. performed experiments. M.K., P.P.N.R. and M.A.B. analyzed and interpreted results. M.K.,
P.P.N.R. and M.A.B. wrote and revised the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Natural Sciences and Engineering Research Council of Canada
(NSERC) grants (RGPIN-2019-04177 to M.A.B and RGPIN-2020-05066 to P.P.N.R.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Beazely, Mike, 2023, “Data for “Differential Effects of Endocanna-
binoids on Amyloid-Beta Aggregation and Toxicity””, https://doi.org/10.5683/SP3/RC5QLF, Bore-
alis, V1, UNF:6:r4buwsUPArwsM2qPHEA4vg== [fileUNF].

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Noonan, J. Endocannabinoids and Neuroprotection in an In Vitro Model of Alzheimer’s Disease. Available online: http://hdl.handle.

net/2262/79278 (accessed on 8 February 2017).
2. Maccarrone, M. CB2 receptors in reproduction. Br. J. Pharmacol. 2008, 153, 189–198. [CrossRef] [PubMed]
3. Nazia Maroof. The Role of Endocannabinoids in Alzheimer’s Disease. Available online: https://core.ac.uk/download/pdf/3357

4931.pdf (accessed on 1 April 2022).
4. Rapaka, D.; Bitra, V.R.; Challa, S.R.; Adiukwu, P.C. Potentiation of microglial endocannabinoid signaling alleviates neuroinflam-

mation in Alzheimer’s disease. Neuropeptides 2021, 90, 102196. [CrossRef] [PubMed]
5. Wright, K.L.; Duncan, M.; Sharkey, K.A. Cannabinoid CB2 receptors in the gastrointestinal tract: A regulatory system in states of

inflammation. Br. J. Pharmacol. 2008, 153, 263–270. [CrossRef] [PubMed]
6. Oz, M. Receptor-independent actions of cannabinoids on cell membranes: Focus on endocannabinoids. Pharmacol. Ther. 2006, 111, 114–144.

[CrossRef]
7. Fezza, F.; Bari, M.; Florio, R.; Talamonti, E.; Feole, M.; Maccarrone, M. Endocannabinoids, related compounds and their metabolic

routes. Molecules 2014, 19, 17078–17106. [CrossRef]
8. Mustonen, K.L. Endocannabinoid System in the Planarian Model. Available online: https://digital.library.unt.edu/ark:/67531

/metadc33188/ (accessed on 1 April 2022).
9. Gorzkiewicz, A.; Szemraj, J. Brain endocannabinoid signaling exhibits remarkable complexity. Brain Res. Bull. 2018, 142, 33–46.

[CrossRef]

https://www.mdpi.com/article/10.3390/ijms24020911/s1
https://www.mdpi.com/article/10.3390/ijms24020911/s1
https://doi.org/10.5683/SP3/RC5QLF
http://hdl.handle.net/2262/79278
http://hdl.handle.net/2262/79278
http://doi.org/10.1038/sj.bjp.0707444
http://www.ncbi.nlm.nih.gov/pubmed/17828289
https://core.ac.uk/download/pdf/33574931.pdf
https://core.ac.uk/download/pdf/33574931.pdf
http://doi.org/10.1016/j.npep.2021.102196
http://www.ncbi.nlm.nih.gov/pubmed/34508923
http://doi.org/10.1038/sj.bjp.0707486
http://www.ncbi.nlm.nih.gov/pubmed/17906675
http://doi.org/10.1016/j.pharmthera.2005.09.009
http://doi.org/10.3390/molecules191117078
https://digital.library.unt.edu/ark:/67531/metadc33188/
https://digital.library.unt.edu/ark:/67531/metadc33188/
http://doi.org/10.1016/j.brainresbull.2018.06.012


Int. J. Mol. Sci. 2023, 24, 911 9 of 10

10. Mechoulam, R.; Shohami, E. Endocannabinoids and traumatic brain injury. Mol. Neurobiol. 2007, 36, 68–74. [CrossRef]
11. Kano, M.; Ohno-Shosaku, T.; Hashimotodani, Y.; Uchigashima, M.; Watanabe, M. Endocannabinoid-mediated control of synaptic

transmission. Physiol. Rev. 2009, 89, 309–380. [CrossRef]
12. Castillo, P.E.; Younts, T.J.; Chávez, A.E.; Hashimotodani, Y. Endocannabinoid signaling and synaptic function. Neuron 2012, 76, 70–81.

[CrossRef]
13. Kuller, L.H.; Lopez, O.L. Dementia and Alzheimer’s disease: A new direction. The 2010 Jay L. Foster memorial lecture. Alzheimer’s

Dement. 2011, 7, 540–550. [CrossRef]
14. Gandy, S.; DeKosky, S.T. Toward the treatment and prevention of Alzheimer’s disease: Rational strategies and recent progress.

Annu. Rev. Med. 2013, 64, 367–383. [CrossRef] [PubMed]
15. Drummond, E.; Wisniewski, T. Alzheimer’s disease: Experimental models and reality. Acta Neuropathol. 2017, 133, 155–175.

[CrossRef] [PubMed]
16. Rolland, Y.; van Kan, G.A.; Vellas, B. Physical activity and Alzheimer’s disease: From prevention to therapeutic perspectives.

JAMD 2008, 9, 390–405. [CrossRef] [PubMed]
17. Robinson, M.; Lou, J.; Mehrazma, B.; Rauk, A.; Beazely, M.; Leonenko, Z. Pseudopeptide Amyloid Aggregation Inhibitors: In

Silico, Single Molecule and Cell Viability Studies. Int. J. Mol. Sci. 2021, 22, 1051. [CrossRef] [PubMed]
18. 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]
19. Morris, G.; Walder, K.; Kloiber, S.; Amminger, P.; Berk, M.; Bortolasci, C.C.; Maes, M.; Puri, B.K.; Carvalho, A.F. The endocannabi-

noidome in neuropsychiatry: Opportunities and potential risks. Pharmacol. Res. 2021, 170, 105729. [CrossRef]
20. Kaczocha, M.; Haj-Dahmane, S. Mechanisms of endocannabinoid transport in the brain. Br. J. Pharmacol. 2021, 179, 4300–4310.

[CrossRef]
21. Alexandre, J.; Carmo, H.; Carvalho, F.; Silva, J.P. Synthetic cannabinoids and their impact on neurodevelopmental processes.

Addict. Biol. 2020, 25, e12824. [CrossRef]
22. Cooray, R.; Gupta, V.; Suphioglu, C. Current aspects of the endocannabinoid system and targeted THC and CBD phytocannabi-

noids as potential therapeutics for Parkinson’s and Alzheimer’s diseases: A review. Mol. Neurobiol. 2020, 57, 4878–4890.
[CrossRef]

23. Duffy, S.S.; Hayes, J.P.; Fiore, N.T.; Moalem-Taylor, G. The cannabinoid system and microglia in health and disease.
Neuropharmacology 2021, 190, 108555. [CrossRef]

24. Ashton, J.C.; Glass, M. The cannabinoid CB2 receptor as a target for inflammation-dependent neurodegeneration. Curr.
Neuropharmacol. 2007, 5, 73–80. [CrossRef] [PubMed]

25. Marsicano, G.; Goodenough, S.; Monory, K.; Hermann, H.; Eder, M.; Cannich, A.; Azad, S.C.; Cascio, M.G.; Gutiérrez, S.O.; van
der Stelt, M.; et al. CB1 cannabinoid receptors and on-demand defense against excitotoxicity. Science 2003, 302, 84–88. [CrossRef]
[PubMed]

26. Gallelli, C.A.; Calcagnini, S.; Romano, A.; Koczwara, J.B.; de Ceglia, M.; Dante, D.; Villani, R.; Giudetti, A.M.; Cassano, T.; Gaetani, S.
Modulation of the oxidative stress and lipid peroxidation by endocannabinoids and their lipid analogues. Antioxidants 2018, 7, 93.
[CrossRef] [PubMed]

27. Wu, M.; Jia, J.; Lei, C.; Ji, L.; Chen, X.; Sang, H.; Xiong, L. Cannabinoid receptor CB1 is involved in nicotine-induced protection
against Aβ1–42 neurotoxicity in HT22 Cells. J. Mol. Neurosci. 2015, 55, 778–787. [CrossRef] [PubMed]

28. Galán-Ganga, M.; Del Río, R.; Jiménez-Moreno, N.; Díaz-Guerra, M.; Lastres-Becker, I. Cannabinoid CB2 receptor modulation by
the transcription factor NRF2 is specific in microglial cells. Cell. Mol. Neurobiol. 2020, 40, 167–177. [CrossRef] [PubMed]

29. Olianas, M.C.; Dedoni, S.; Onali, P. Cannabinoid CB1 and CB2 receptors differentially regulate TNF-α-induced apoptosis and
LPA1-mediated pro-survival signaling in HT22 hippocampal cells. Life Sci. 2021, 276, 119407. [CrossRef] [PubMed]

30. Yang, S.; Hu, B.; Wang, Z.; Zhang, C.; Jiao, H.; Mao, Z.; Wei, L.; Jia, J.; Zhao, J. Cannabinoid CB1 receptor agonist ACEA alleviates
brain ischemia/reperfusion injury via CB1–Drp1 pathway. Cell Death Discov. 2020, 6, 102. [CrossRef]

31. Milton, N.G. Anandamide and noladin ether prevent neurotoxicity of the human amyloid-β peptide. Neurosci. Lett. 2002, 332, 127–130.
[CrossRef]

32. Wojtalla, A.; Herweck, F.; Granzow, M.; Klein, S.; Trebicka, J.; Huss, S.; Lerner, R.; Lutz, B.; Schildberg, F.A.; Knolle, P.A.; et al. The
endocannabinoid N-arachidonoyl dopamine (NADA) selectively induces oxidative stress-mediated cell death in hepatic stellate
cells but not in hepatocytes. Am. J. Physiol. Gastrointest. Liver Physiol. 2012, 302, G873–G887. [CrossRef]

33. Elmazoglu, Z.; Rangel-López, E.; Medina-Campos, O.N.; Pedraza-Chaverri, J.; Túnez, I.; Aschner, M.; Santamaría, A.; Karasu, Ç.
Cannabinoid-profiled agents improve cell survival via reduction of oxidative stress and inflammation, and Nrf2 activation in a
toxic model combining hyperglycemia Aβ1-42 peptide in rat hippocampal neurons. Neurochem. Int. 2020, 140, 104817. [CrossRef]

34. Harvey, B.S.; Ohlsson, K.S.; Maag, J.L.; Musgrave, I.F.; Smid, S.D. Contrasting protective effects of cannabinoids against oxidative
stress and amyloid-β evoked neurotoxicity in vitro. Neurotoxicology 2012, 33, 138–146. [CrossRef]

35. Marshall, K.E.; Vadukul, D.M.; Staras, K.; Serpell, L.C. Misfolded amyloid-β-42 impairs the endosomal–lysosomal pathway. Cell.
Mol. Life Sci. 2020, 77, 5031–5043. [CrossRef]

36. Stumpf, A.; Parthier, D.; Sammons, R.P.; Stempel, A.V.; Breustedt, J.; Rost, B.R.; Schmitz, D. Cannabinoid type 2 receptors mediate
a cell type-specific self-inhibition in cortical neurons. Neuropharmacology 2018, 139, 217–225. [CrossRef]

http://doi.org/10.1007/s12035-007-8008-6
http://doi.org/10.1152/physrev.00019.2008
http://doi.org/10.1016/j.neuron.2012.09.020
http://doi.org/10.1016/j.jalz.2011.05.901
http://doi.org/10.1146/annurev-med-092611-084441
http://www.ncbi.nlm.nih.gov/pubmed/23327526
http://doi.org/10.1007/s00401-016-1662-x
http://www.ncbi.nlm.nih.gov/pubmed/28025715
http://doi.org/10.1016/j.jamda.2008.02.007
http://www.ncbi.nlm.nih.gov/pubmed/18585641
http://doi.org/10.3390/ijms22031051
http://www.ncbi.nlm.nih.gov/pubmed/33494369
http://doi.org/10.2174/1570159X16666180702144644
http://doi.org/10.1016/j.phrs.2021.105729
http://doi.org/10.1111/bph.15469
http://doi.org/10.1111/adb.12824
http://doi.org/10.1007/s12035-020-02054-6
http://doi.org/10.1016/j.neuropharm.2021.108555
http://doi.org/10.2174/157015907780866884
http://www.ncbi.nlm.nih.gov/pubmed/18615177
http://doi.org/10.1126/science.1088208
http://www.ncbi.nlm.nih.gov/pubmed/14526074
http://doi.org/10.3390/antiox7070093
http://www.ncbi.nlm.nih.gov/pubmed/30021985
http://doi.org/10.1007/s12031-014-0422-4
http://www.ncbi.nlm.nih.gov/pubmed/25262246
http://doi.org/10.1007/s10571-019-00719-y
http://www.ncbi.nlm.nih.gov/pubmed/31385133
http://doi.org/10.1016/j.lfs.2021.119407
http://www.ncbi.nlm.nih.gov/pubmed/33794254
http://doi.org/10.1038/s41420-020-00338-3
http://doi.org/10.1016/S0304-3940(02)00936-9
http://doi.org/10.1152/ajpgi.00241.2011
http://doi.org/10.1016/j.neuint.2020.104817
http://doi.org/10.1016/j.neuro.2011.12.015
http://doi.org/10.1007/s00018-020-03464-4
http://doi.org/10.1016/j.neuropharm.2018.07.020


Int. J. Mol. Sci. 2023, 24, 911 10 of 10

37. Sarker, K.P.; Maruyama, I. Anandamide induces cell death independently of cannabinoid receptors or vanilloid receptor 1:
Possible involvement of lipid rafts. Cell. Mol. Life Sci. 2003, 60, 1200–1208. [CrossRef]

38. Elphick, M.R.; Egertova, M. The neurobiology and evolution of cannabinoid signalling. Philos. Trans. R. Soc. B Biol. Sci. 2001, 356, 381–408.
[CrossRef]

39. Sun, Y.; Bennett, A. Cannabinoids: A New Group of Agonists of PPARs. PPAR Res. 2007, 1, 23513–23517. [CrossRef] [PubMed]
40. De Petrocellis, L.; Di Marzo, V. Non-CB1, non-CB2 receptors for endocannabinoids, plant cannabinoids, and synthetic

cannabimimetics: Focus on G-protein-coupled receptors and transient receptor potential channels. J. Neuroimmune Pharmacol.
2010, 5, 103–121. [CrossRef]

41. Carrier, E.J.; Kearn, C.S.; Barkmeier, A.J.; Breese, N.M.; Yang, W.; Nithipatikom, K.; Pfister, S.L.; Campbell, W.B.; Hillard, C.J.
Cultured rat microglial cells synthesize the endocannabinoid 2-arachidonylglycerol, which increases proliferation via a CB2
receptor-dependent mechanism. Mol. Pharmacol. 2004, 65, 999–1007. [CrossRef] [PubMed]

42. Facchinetti, F.; Del Giudice, E.; Furegato, S.; Passarotto, M.; Leon, A. Cannabinoids ablate release of TNFα in rat microglial cells
stimulated with lypopolysaccharide. Glia 2003, 41, 161–168. [CrossRef]

43. Pinto, J.C.; Potié, F.; Rice, K.C.; Boring, D.; Johnson, M.R.; Evans, D.M.; Wilken, G.H.; Cantrell, C.H.; Howlett, A.C. Cannabinoid
receptor binding and agonist activity of amides and esters of arachidonic acid. Mol. Pharmacol. 1994, 46, 516–522. [PubMed]

44. Piomelli, D. The molecular logic of endocannabinoid signalling. Nat. Rev. Neurosci. 2003, 4, 873–884. [CrossRef] [PubMed]
45. Press, D.; Buss, S.S. Treatment of Alzheimer Disease, 2022nd ed.; DeKosky, S.T., Schmader, K.E., Yaffe, K., Wilterdink, J.L., Eds.;

UpToDate: Waltham, MA, USA, 2021.
46. US Food and Drug Administration. FDA Grants Accelerated Approval for Alzheimer’s Drug. 2021. Available online: https://www.fda.

gov/news-events/press-announcements/fda-grants-accelerated-approval-alzheimers-drug (accessed on 1 April 2022).
47. Liu, Y.; Liu, H.-Y.; Li, S.-H.; Ma, W.; Wu, D.-T.; Li, H.-B.; Xiao, A.-P.; Liu, L.-L.; Zhu, F.; Gan, R.-Y. Cannabis sativa bioactive

compounds and their extraction, separation, purification, and identification technologies: An updated review. TrAC Trends Anal.
Chem. 2022, 149, 116554. [CrossRef]

48. Tin, G.; Mohamed, T.; Shakeri, A.; Pham, A.T.; Rao, P.P.N. Interactions of selective serotonin reuptake inhibitors with β-amyloid.
ACS Chem. Neurosci. 2018, 10, 226–234. [CrossRef] [PubMed]

49. Liu, H.; Saffi, G.T.; Vasefi, M.S.; Choi, Y.; Kruk, J.S.; Ahmed, N.; Gondora, N.; Mielke, J.; Leonenko, Z.; Beazely, M.A. Amyloid-β
inhibits PDGFβ receptor activation and prevents PDGF-BB-induced neuroprotection. Curr. Alzheimer Res. 2018, 15, 618–627.
[CrossRef]

50. Stine, W.B.; Jungbauer, L.; Yu, C.; LaDu, M.J. Preparing Synthetic Aβ in Different Aggregation States. In Alzheimer’s Disease and
Frontotemporal Dementia; Humana Press: Totowa, NJ, USA, 2010; pp. 13–32.

51. Gondora, N.; Pople, C.B.; Tandon, G.; Robinson, M.; Solomon, E.; Beazely, M.A.; Mielke, J.G. Chronic early-life social isolation
affects NMDA and TrkB receptor expression in a sex-specific manner. Neurosci. Lett. 2021, 760, 136016. [CrossRef]

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.

http://doi.org/10.1007/s00018-003-3055-2
http://doi.org/10.1098/rstb.2000.0787
http://doi.org/10.1155/2007/23513
http://www.ncbi.nlm.nih.gov/pubmed/18288264
http://doi.org/10.1007/s11481-009-9177-z
http://doi.org/10.1124/mol.65.4.999
http://www.ncbi.nlm.nih.gov/pubmed/15044630
http://doi.org/10.1002/glia.10177
http://www.ncbi.nlm.nih.gov/pubmed/7935333
http://doi.org/10.1038/nrn1247
http://www.ncbi.nlm.nih.gov/pubmed/14595399
https://www.fda.gov/news-events/press-announcements/fda-grants-accelerated-approval-alzheimers-drug
https://www.fda.gov/news-events/press-announcements/fda-grants-accelerated-approval-alzheimers-drug
http://doi.org/10.1016/j.trac.2022.116554
http://doi.org/10.1021/acschemneuro.8b00160
http://www.ncbi.nlm.nih.gov/pubmed/30157623
http://doi.org/10.2174/1567205015666180110110321
http://doi.org/10.1016/j.neulet.2021.136016

	Introduction 
	Results 
	Effect of Endocannabinoids on A42 Aggregation and Inhibition by ThT Fluorescence 
	Effect of Endocannabinoids A42-Induced Decreases in Cell Viability 

	Discussion 
	Materials and Methods 
	Amyloid Aggregation Kinetic Assay 
	Cell Culture & MTT Cell Viability Assay 
	Western Blot 
	Statistical Analysis 

	Conclusions 
	References

