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Abstract
Endocannabinoid-based therapies constitute an emerging tool for the potential treatment of neurodegenerative disorders, 
requiring characterization at the experimental level. The effects of URB597, an inhibitor of the fatty acid amide hydrolase 
(FAAH), were tested against the quinolinic acid (QUIN)-induced early toxic effects in rat cortical slices, and compared with 
those effects exerted by the endocannabinoid anandamide (AEA). URB597 prevented the QUIN-induced loss of mitochon-
drial function/cell viability and lipid peroxidation, while reduced necrosis, and to a lesser extent, apoptosis. The protective 
effects of URB597 were mediated by activation of cannabinoid receptor 1 (CB1r), as evidenced by their inhibition by the 
selective CB1r antagonist AM281. Similar effects were observed when testing AEA against QUIN toxicity. Our findings 
demonstrate the neuroprotective properties of URB597 during the early stages of excitotoxic damage to cortical tissue, sug-
gesting that these properties are mediated by FAAH inhibition, and might be linked to the protective effects of AEA, or the 
combination of endocannabinoids.
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Introduction

The endocannabinoid system (ECS) comprises endogenous 
cannabinoids, receptors, and enzymes for the synthesis and 
degradation of endocannabinoids. Altogether, components 
of this complex regulate neuromodulatory functions such 
as neurotransmission, immune control, and cell signaling. 
Many of these effects are mediated by the activation of G 
protein-coupled type 1 (CB1r) and type 2 (CB2r) receptors, 
of which CB1r are present in high levels in several brain 
regions, while CB2r are present in both glial cells and nerve 
endings (Aymerich et al. 2018). Neuronal signaling linked 
to CB1r and glial signaling linked to CB2r have been studied 
with special emphasis on their modulatory mechanisms in 
the ECS on physiological and pathophysiological processes, 
the later including neuroinflammatory and neurodegenera-
tive diseases (Viscomi et al. 2010).

Endocannabinoids bind to both CB1r and CB2r and 
are recognized as regulators of the central and periph-
eral nervous systems. Endocannabinoids are released 
post-synaptically and act as retrograde signal modulators 
(Colín-González et  al. 2016). Neurochemical and neu-
roanatomical studies have demonstrated a link between 
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endogenous cannabinoids and the N-methyl-D-aspartate 
receptor (NMDAr), where CB1r activation produces glu-
tamatergic hypofunction by a mechanism involving the dis-
sociation and abduction of NR1 subunits (Sánchez-Blázquez 
et al. 2014). Modulation of the ECS can be explored through 
the use of several pharmacological tools, such as selective 
CB1r and CB2r agonists and antagonists. It has been sug-
gested that pharmacological inhibition of endocannabinoid 
degradative enzymes may afford therapeutic efficacy during 
brain injury by modulating cannabinoid signaling and reduc-
ing excessive excitability (Cravatt et al. 1996; Carloni et al. 
2012; Xu and Chen 2015; Fucich et al. 2020).

Fatty acid amide hydrolase (FAAH) is a membrane-
bond serine hydrolase abundantly expressed in the CNS. 
FAAH hydrolyzes N-acylethanolamides such as anandamide 
(AEA) and palmitoylethanolamide (PEA), fatty acid primary 
amides such as oleamide (ODA), N-acyl taurines, and fatty 
acid esters such as 2-arachidonoylglycerol (2-AG) (Petrosino 
and Di Marzo 2010; Piomelli 2003). FAAH inhibition leads 
to increased levels of AEA and other endocannabinoids. In 
turn, these fatty acid ethanolamides play important physio-
logical functions; so, their effects have been considered as an 
attractive therapeutic target for several disorders of the CNS 
(Mallet et al. 2016). Consequently, the FAAH pharmaco-
logical inactivation has been associated with analgesic, anti-
inflammatory, and anti-depressive effects without producing 
the side effects of several CB1r agonists (Bambibo et al. 
2009; Fowler et al. 2009; Naidu et al. 2010). These effects 
afford therapeutic potential in models of neurodegenerative 
disorders such as Alzheimer’s disease (AD), Huntington’s 
disease (HD), and neuroinflammation (Pascual et al. 2014; 
Maya-López et al. 2017; Kim et al. 2018; Nazıroğlu et al. 
2019).

Frontal cortex is a brain region controlling major motor, 
sensorial, and cognitive functions, including working mem-
ory, language, etc.; therefore, the use of cortical slices in 
experiments mimicking the acute and chronic toxic con-
ditions of neurodegenerative disorders provides a suitable 
model enriched in nerve connections, allowing dynamic 
functional studies linked to several brain disorders (Ting 
et al. 2018). In addition, it has been shown that the ECS 
modulates several functions in the prefrontal cortical area 
(Rea et al. 2019). Models involving complex cortical func-
tions have been shown to be positively regulated by FAAH 
inhibition; for instance, a toxic model mimicking the degen-
eration of the cortico-striatal circuitry observed in HD that 
was produced in rats by the mitochondrial toxin 3-nitropro-
pionic acid (3-NP) exhibited improvement in behavioral, 
morphological, and biochemical outcomes following FAAH 
inhibition (Maya-López et al. 2017).

Quinolinic acid (QUIN) is an endogenous glutamate ago-
nist commonly used as model to induce both excitotoxicity 
and oxidative stress in in vivo and in vitro studies. QUIN 

interacts with NMDAr preferentially at NR2A and NR2B 
subunits. The overactivation of this receptor (excitotoxic-
ity) produces an increase in intracellular Ca2+ levels and 
the subsequent activation of numerous enzymes (proteases, 
nitric oxide synthase, phospholipases, endonucleases, etc.) 
responsible for triggering a sequence of destructive events 
associated with neurodegenerative processes (Schwarcz 
et al. 2012). The short-term (minutes-hours) toxic effects 
elicited by QUIN in rat cortical slices have been described 
by our group (Colonnello et al. 2020; Maya-López et al. 
2020; Reyes-Soto et al. 2020; Soltesova Prnova et al. 2020) 
and involve early excitotoxic events, oxidative damage, mito-
chondrial dysfunction, cell signaling deregulation, and cell 
damage.

Cyclohexylcarbamic acid 3′-carbamoylbiphenyl-3-yl ester 
(URB597) is an irreversible inhibitor of FAAH with thera-
peutic potential. URB597 has shown protective effects in 
animals exposed to injections of mitochondrial and parkin-
sonian neurotoxins 3-NP, 6-hydroxydopamine (6-OHDA), 
and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 
(Escamilla-Ramírez et al. 2017; Maya-López et al. 2017), 
as well as in in vivo QUIN toxicity (Aguilera-Portillo et al. 
2019). In these models, URB597 prevented oxidative dam-
age to lipids, attenuated motor disturbances, and ameliorated 
neurochemical alterations induced by these toxins, and most 
of these effects may be attributed to its inhibitory action 
on FAAH activity and, consequently, to the increase in the 
intracellular levels of AEA and other endocannabinoids, 
then producing activation of CB1r and/or other protective 
signals. However, both the protective effect of URB597 and 
the active role of CB1r as a mediator of neuroprotection 
have yet to be demonstrated at different experimental levels. 
In this study, we investigated the protective properties of 
URB597 on early markers of QUIN-induced toxicity in rat 
cortical slices—a simple biological preparation comprising 
the whole cellular complexity of the brain—and evaluated 
the possible involvement of CB1r activation in this protec-
tive pattern using specific pharmacological approaches. The 
effects of URB597 were explored on the following toxic 
outcomes: mitochondrial function/dysfunction as an index 
of cell viability, oxidative damage to lipids as an index of 
oxidative stress, and the levels of apoptosis and necrosis 
as indexes of short-term programmed cell and abrupt cell 
membrane rupture, respectively.

Material and Methods

Reagents

URB597, AM281 (1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-
4-methyl-N-4-morpholinyl-1H-pyrazole-3-carboxamide), 
and JTE-907 (N-(1,3-benzodioxol-5-ylmethyl)-1,2-dihydro-
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7-methoxy-2-oxo-8-(pentyloxy)-3-quinolinecarboxamide) 
were purchased to Tocris Bioscience (Bristol, UK). AEA, 
thiobarbituric acid (TBA), and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were obtained from 
Sigma Chemical Co. (Sigma-Aldrich, St. Louis Missouri, 
USA). QUIN was purchased from Spectrum Chemical (New 
Brunswick, NJ, USA). Other reagents were obtained from 
other commercial sources.

Animals

Adult male Wistar rats (250–300 g; N = 12 (total number of 
animals used); n = 3 experiments per group; one rat repre-
senting one whole experiment) were used for the isolation of 
cortical slices. All animals were obtained from the vivarium 
of the Instituto Nacional de Neurología y Neurocirugía. Rats 
were housed at controlled room temperature (25 ± 3 °C), 
humidity (50%), and light-dark cycles (12:12 h). Food and 
water were available ad libitum. The experimental manipula-
tion was carried out in accordance with the National Insti-
tute of Health Guide for the Care and Use of Laboratory 
Animals (NIH Publications No. 80-23) revised 1996 and 
the local Ethical Committees. Formal approval to conduct 
the experiments described has been obtained from the ani-
mal subjects review board of the Instituto Nacional de Neu-
rología y Neurocirugía (Project number 126/17) and could 
be provided upon request. During the experiments, all efforts 
were made to minimize animal suffering.

Isolation of Cortical Slices and Treatments

Cortical slices were obtained according to a method pre-
viously described by us (Colín-González et  al. 2014). 
Animals were decapitated and the frontal cortices were 
collected and sectioned. Tissue slices (~ 250 µm) were 
obtained with a chopper and incubated in Krebs-Ringer 
modified buffer (NaCl 135 mM, KCl 5 mM, MgSO4 1 mM, 
K2HPO4 0.4 mM, glucose 5.5 mM, HEPES 20 mM, and 
CaCl2 20 mM) for 30 min at 37 °C in the presence of 5% 
CO2. Slices were collected from different animals and 
mixed for all experiments. Tissue samples were incubated 
with URB597 (1–25 nM) or AEA (500 nM) as pretreat-
ments for 30 min, and then co-added with QUIN (100 µM) 
and incubated for 60 min at 37  °C and 5% CO2. Some 
slices treated with URB597 + QUIN or AEA + QUIN 
also received a CB1r reverse agonist (AM281; 10 nM) or 
a selective CB2r agonist (JTE-907; 0.13 nM) for 30 min 
prior to URB597 or AEA incubation. Experimental groups 
are designed as follows: (a) control (an experimental condi-
tion with no drugs but only vehicles for drugs: H2O instead 
of AM281 or JTE-907; DMSO 1% instead of URB597 
or AEA; PBS instead of QUIN); (b) URB597 alone; 
(c) AEA alone; (d) QUIN alone; (e) URB597 + QUIN; 

(f) AEA + QUIN; (g) AM281 + URB597 + QUIN; (h) 
AM281 + AEA + QUIN; (i) JTE-907 + URB597 + QUIN; 
(j) JTE-907 + AEA + QUIN. The concentrations of can-
nabinoid agonists and antagonists used herein were obtained 
or calculated on the basis of previous reports describing bio-
logical activities of these agents (Gifford et al. 1997; Lan 
et al. 1999; Piomelli et al. 2006; Landucci et al. 2011; Gen-
tili et al. 2019; Zubeyir et al. 2020). All experiments were 
performed in a blind manner to avoid bias.

Mitochondrial Functional Assessment by MTT 
Reduction Assay

MTT reduction assay was performed to assess the functional 
status of mitochondrial function, according to a previous 
report (Colín-González et al. 2014). After being incubated 
with different treatments, slices were added to 300-µL 
Krebs’s buffer plus 15-µL MTT reagent (5 mg/mL) and 
incubated for 60 min at 37 °C. The content of formazan at 
570 nm was estimated with a Cytation 3 Imaging Reader 
(BioTek Instruments, Winooski, VT, USA). Results were 
expressed as the percentage of MTT reduction vs control 
values.

Assay of Lipid Peroxidation

Lipid peroxidation was assessed in cortical slices accord-
ing to a previous report (Colín-González et al. 2014). After 
being incubated with different treatments, slices were 
homogenized in lysis buffer, and 100-µL aliquots were added 
to 50 µL of TBA reagent (0.75 g TBA + 15 g trichloroacetic 
acid + 2.53 mL HCl) and incubated in a boiled water bath 
for 20 min. Then, samples were centrifuged at 3000g for 
10 min at 4 °C. The pink chromophore produced was indica-
tive of the amount of peroxidized lipid. The supernatants 
were collected and the absorbance was registered at 532 nm 
in a Cytation 3 Imagin Reader (BioTek). Results were 
expressed as nmols of TBA-reactive substances (TBARS) 
formed per mg of protein.

Flow Cytometry (Annexin/Propidium Iodide) Assay

The apoptotic/necrotic cell death detection assay was carried 
out by surface labeling with phosphatidylserine-binding pro-
tein annexin V and propidium iodide (Pierozan et al. 2018). 
After incubation, slices were mechanically disaggregated 
using fine needle aspirations in Krebs-Ringer modified 
buffer (NaCl 135 mM, KCl 5 mM, MgSO4 1 mM, K2HPO4 
0.4  mM, glucose 5.5  mM, HEPES 20  mM, and CaCl2 
20 mM), assisted with microscopy. Cells were collected 
using a disposable pipette and transferred into a processing 
tube. Samples were washed once with phosphate-buffered 
saline (PBS). Cells were then labeled by incubation with 
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annexin/propidium iodide (Annexin V-FLUOS Staining kit) 
for 15 min at room temperature in the dark, following manu-
facturer’s instructions. Stained cells were acquired (10,000 
events) on a FACS Calibur flow cytometer. Analysis was 
performed in the FlowJo Software. Results are presented as 
% cell positive to annexin and/or propidium iodide.

Statistical Analysis

Results represent independent experiments (one experiment 
per animal) expressed as mean values ± standard deviation 
of n = 4 experiments per group. Assays were performed 
minimally in quadruplicate and the mean was used for statis-
tical calculation. Results of mitochondrial function and lipid 
peroxidation were analyzed by one-way analysis of variance 
(ANOVA) followed by post hoc Duncan’s test. Data of the 

annexin/propidium iodide assay were statistically analyzed 
by two-way ANOVA followed by Bonferroni’s post hoc test 
(GraphPad, Scientific, San Diego, CA, USA). Values of 
P ≤ 0.05 were considered as statistically significant.

Results

URB597 Prevented the QUIN‑Induced Mitochondrial 
Dysfunction and Oxidative Damage to Lipids

Mitochondrial function/cell viability was estimated by the 
MTT assay to address whether QUIN-induced mitochondrial 
dysfunction could be attenuated by URB597 (Fig. 1a). First, 
cortical slices were incubated in the presence of increased 
concentrations of URB597 alone (1–25 nM). MTT reduction 

Fig. 1   Effect of URB597 on the 
quinolinic acid (QUIN)-induced 
mitochondrial dysfunction and 
lipid peroxidation in rat cortical 
slices. a Bars in the graph depict 
the percent of MTT reduction 
in cortical slices preconditioned 
for 30 min with URB597 
(1–20 nM) and later exposed for 
30 min to QUIN (100 µM). b 
Bars depict the levels of TBA-
reactive substances in slices pre-
treated with URB597 (5 nM) for 
30 min before QUIN (100 µM). 
Values are expressed as mean 
± SD of n = 4 experiments per 
group. *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001, different 
from the control; &p ≤ 0.05, 
&&&p ≤ 0.001, different from 
QUIN (for MTT reduction). 
One-way ANOVA followed by 
Duncan’s test.
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remained unchanged at 1–20 nM URB597, compared with 
the control (0 nM); however, at 25 nM, URB597 decreased 
this marker by 32% compared with the control (p ≤ 0.001). 
In the presence of 100 µM QUIN alone (concentration 
obtained from Rangel-López et al. 2015), mitochondrial 
function decreased 22% below the control (p ≤ 0.001, dif-
ferent from control). Then, cortical slices were incubated 
with increased concentrations of URB597 (1, 5, 10, and 
20 nM) as a pretreatment for 30 min prior to co-incubation 
with QUIN. While 1 and 20 nM URB597 did not prevent 
the effect of QUIN, incubation of slices with 5 and 10 nM 
resulted in a significant prevention of QUIN toxicity (22% 
and 13% above QUIN, respectively; p ≤ 0.001 and 0.05, 
different from QUIN, respectively).

Next, we explored whether the QUIN-induced oxidative 
damage to lipids—a major source of cell damage involving 

the toxic actions of reactive oxygen species (ROS)—can be 
prevented by URB597 (Fig. 1b). QUIN alone increased lipid 
peroxidation by 40% compared with the control (p ≤ 0.05). 
Pretreatment for 30 min with URB597 (5 nM, the concen-
tration exhibiting protective effects on mitochondrial func-
tion) reduced the QUIN-induced lipid peroxidation by 53% 
(p ≤ 0.01, different from QUIN alone). URB597 per se did 
not produce oxidative damage to lipids.

URB597 Decreased the QUIN‑Induced Necrotic 
and Apoptotic Cell Death

We also evaluated the role of URB597 on cell death pat-
terns triggered by QUIN in the slices taking advantage 
of the annexin-V/PI assay (Fig. 2). In Fig. 2a, flow cyto-
metric dot-plots show the distribution of cells toward the 

Fig. 2   Effect of URB597 on the 
quinolinic acid (QUIN)-induced 
apoptotic and necrotic cell 
death. Cell loss was estimated 
by the annexin V-FICT and PI 
assay. a Cytometrograms of 
control (CT), URB597 (URB), 
quinolinic acid (QUIN), and 
URB + QUIN are shown. b 
Their corresponding densito-
metric analyses are depicted. 
Cortical slices were pretreated 
for 30 min with URB597 
(5 nM) and further exposed 
for 30 min to QUIN (100 µM). 
Values are expressed as mean 
± SD of n = 4 experiments per 
group. *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001, different from the 
control; ###p ≤ 0.001, different 
from QUIN. Two-way ANOVA 
followed by Bonferroni’s test.
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quadrants, where Q4 represents living cells, Q3 and Q2 
cells in early and late apoptosis, respectively, and Q1 
cells in necrosis. Flow cytometric dot-plots also contain 
the percent of cells in each quadrant per treatment, which 
served to construct the graph shown in Fig. 2b. QUIN 
decreased the number of living cells compared with the 
control (15% below; p ≤ 0.01, different from the con-
trol), and increased the number of cells in apoptosis (56% 
above; p ≤ 0.05, different from the control) and necrosis 
(376% above; p ≤ 0.001, different from the control). The 
QUIN-induced increase in necrosis was significantly pre-
vented by pre-incubation with 5 nM URB597 (81% below 
QUIN; p ≤ 0.001), and apoptosis was also decreased, but 
did not attain statistical significance. It is noteworthy that 
slices incubated with URB597 alone showed an increase 
in necrotic cells (12% below QUIN; p ≤ 0.01, different 
from the control).

URB597 and AEA Ameliorated the QUIN‑Induced 
Loss of Mitochondrial Function in a CB1r‑Dependent 
Manner

To further investigate whether the protective effect of 
URB597 was mediated by CB1r and/or CB2r, we incubated 
slices with URB597 plus QUIN in the presence of a CB1r 
antagonist/inverse agonist (AM281; 10 nM) or a selective 
CB2r inverse agonist (JTE-907; 0.1 nM) for 30 min prior 
to URB597 (Fig. 3a). QUIN alone decreased the mitochon-
drial function/cell viability by 24% below of the control 
(p ≤ 0.001). Preconditioning of URB597 + QUIN-treated 
slices with AM281 partially recovered the QUIN-induced 
loss of cell viability by decreasing mitochondrial func-
tion compared with the URB597 + QUIN treatment (18% 
below; p ≤ 0.05, different from the URB597 + QUIN treat-
ment). In contrast, preconditioning of slices exposed to 
URB597 + QUIN with JTE-907 did not induce changes in 
the levels of cell viability observed with URB597 + QUIN. 
AM281 and JTE alone did not modify the basal mitochon-
drial function. Then, we conducted the next experiment to 
determine to what extent another substrate of FAAH, AEA, 
can prevent the QUIN-induced mitochondrial dysfunction.

At the concentration tested in this study, AEA (500 nM) 
partially prevented the QUIN-induced toxicity (10% above 
QUIN; p < 0.05, different from QUIN treatment), whereas 
preconditioning the slices exposed to AEA  +  QUIN-
treated partially recovered the effect of QUIN alone by 
decreasing mitochondrial function in 8% compared with 
the AEA + QUIN treatment (p ≤ 0.05, different from the 
AEA + QUIN treatment) (Fig. 3b). JTE-907 improved the 
effect of AEA by increasing the mitochondrial function in 
10% above the AEA + QUIN treatment (p ≤ 0.01, different 
from the AEA + QUIN treatment).

Discussion

This report supports the concept that activation of CB1r 
is involved in the neuroprotective actions of URB597. 
Herein, we explored the potential involvement of CB1r 
and CB2r on the protective pattern evoked by URB597 
against the early QUIN-induced toxicity. For these pur-
poses, we incubated cortical slices in the presence of 
QUIN to produce excitotoxicity. URB597, at 5 nM, was 
highly efficacious in attenuating the toxicity, and moder-
ate protection was noted at 10 nM, corroborating a previ-
ous report demonstrating neuroprotective effects of this 
compound on the neurotoxic effects elicited in the same 
toxic paradigm under in vivo conditions (Aguilera-Portillo 
et al. 2019). Indeed, the present study confirms the neu-
roprotective potential of FAAH inhibitors to counteract 
the deleterious actions of excitotoxic events and provides 
evidence that this protection can be attained at the early 
stages of toxicity via CB1r activation. In turn, the loss of 
basal cell viability/mitochondrial function produced by 
25 nM URB597 suggests that this compound has reached 
a toxic concentration in this biological preparation by 
saturation. Therefore, this concentration was not used in 
further experiments.

It has been suggested that URB597 might act through 
cannabinoid receptor-independent mechanisms, such as 
antioxidant and free radical superoxide radical scavenger 
(Pelição et al. 2016). However, we can discard that the 
neuroprotective and antioxidant effects of this compound 
might be due to intrinsic properties as a direct antioxidant 
or free radical scavenger since there is evidence in litera-
ture demonstrating that URB597 is unable to trap differ-
ent radicals under in vitro conditions per se (Elmazoglu 
et al. 2020); therefore, its neuroprotective role is likely to 
be related with the accumulation of AEA. In this regard, 
our results demonstrate that URB597, at the concentration 
tested, is capable of reducing the QUIN-induced oxidative 
damage to lipids, and these effects might correspond to the 
reported antioxidant properties of AEA, which have been 
shown to modulate the activity of antioxidant enzymes in 
a CB1r- and CB2r-dependent mechanism (Gallielli et al. 
2018). In addition, it has been demonstrated that FAAH 
inhibition by URB597, and the concomitant accumula-
tion of endogenous AEA, as well as the administration 
of exogenous AEA, may both lead to the expression of 
endogenous antioxidants likely related with transcription 
of Nrf2 and the expression of heme oxygenase-1 (Li et al. 
2013), though these effects were described in breast cancer 
cells. Therefore, whether URB597 protection is associated 
with changes in redox status and antioxidant signaling has 
yet to be demonstrated in neurons. It is also noteworthy 
that, though FAAH is the principal AEA hydrolase in 
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nervous tissue, the physiological actions of this and other 
N-acylethanolamides can also be terminated by alternative 
lipid amidases such as N-acylethanolamine acid amidase 
(NAAA) (Piomelli et al. 2020); therefore, further stud-
ies should include pharmacological strategies oriented to 
characterize the precise role of this enzyme in excitotoxic 
paradigms.

Inhibition of FAAH leading to accumulation of AEA 
and the subsequent activation of CB1r constitutes an axis 
that has been shown to prevent cell damage and apoptotic/
necrotic death in different experimental models, including 
traumatic brain injury (Katz et al. 2015), retinal damage 
after high intraocular pressure-induced ischemia (Nucci 
et al. 2007), an in vitro seizure model (Nazıroğlu et al. 

Fig. 3   Effects of URB597, 
anandamide (AEA), AM281 
(AM), and JTE-907 (JTE) on 
the quinolinic acid (QUIN)-
induced mitochondrial dysfunc-
tion in rat cortical slices. Bars 
in the graphs depict the percent 
of MTT reduction in slices pre-
treated for 30 min with URB597 
(5 nM) (a) or AEA (500 nM; 
b), and/or the CB1r and CB2r 
antagonists (10 nM AM281 and 
0.1 nM JTE-907, respectively; 
a, b) added 30 min before URB 
or AEA, and later exposed for 
30 min to QUIN (100 µM). 
Values are expressed as mean 
± SD of n = 4 experiments per 
group. ***p ≤ 0.001, different 
from the control; &p ≤ 0.05, 
&&&p ≤ 0.001, different from 
QUIN; #p ≤ 0.05, different from 
URB + QUIN or AEA + QUIN. 
Two-way ANOVA followed by 
Bonferroni’s test.
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2019), and striatal excitotoxic damage (Aguilera-Portillo 
et al. 2019). Altogether, this evidence supports the concept 
that this axis is responsible for triggering cascades of protec-
tive signals aimed to reduce necrosis and apoptosis. Accord-
ingly, in our study, in quantitative terms (percent of cells), 
the predominant type of cell death detected, at the basal 
level, was apoptosis, followed by necrosis, and this was due 
to the fact that early and late apoptotic events were added 
each other and considered together for graphical purposes. 
On the other hand, it is noteworthy that, under the experi-
mental conditions used in this report, QUIN exerted a more 
prominent effect on necrosis than apoptosis, and this makes 
sense when considering that our experiments attended the 
short-term phase of toxic events in the excitotoxic paradigm. 
Under this scenario, early necrotic cell death—a sudden and 
disorganized process—is expected to predominate over pro-
grammed apoptotic cell death, though both may take place 
in excitotoxic insults (Ferrer et al. 1995). In order to better 
appreciate the course of apoptosis in this paradigm, studies 
at longer times of exposure to QUIN should be considered 
(for instance, in organotypic cultures). In the interim, since 
our interest in this study was focused on exploring the early 
toxic events underlying the exposure of slices to an exci-
totoxic insult, this first approach describes initial necrotic 
cell damage over apoptosis. It is therefore not surprising at 
all that, despite URB597 slightly attenuated apoptosis, its 
more prominent effect was directed to ameliorate necrosis as 
the predominant early event in course, thus emphasizing its 
neuroprotective potential. Based on our findings, we suggest 
that the lack of protective effect of URB597 on the QUIN-
induced decrease in living cells might correspond to the lack 
of effect of this compound on the early toxic induction of 
apoptosis, since QUIN-induced necrosis was completely 
abolished by URB597. Moreover, since necrosis was more 
prominently induced by QUIN and prevented by URB597, 
it is likely that the inflammatory component of necrosis, but 
not apoptosis, might also be a primary target for this com-
pound, since it has been suggested that FAAH inhibition can 
reduce inflammatory outcomes in some models of brain cell 
damage (Elmazoglu et al. 2020) via inhibition of the pro-
inflammatory NF-κB pathway (Su et al. 2017).

We also evaluated whether CB1r and CB2r are involved 
in the actions of URB597. Based on our findings, we con-
clude that, under the experimental conditions applied herein, 
the effects of this compound involve the activation of CB1r. 
In a similar study, URB597 completely prevented the toxic 
effect of QUIN in cultured neuronal cells (Kotlar et al. 
2019). In addition, the effect of the CB1r antagonist AM281 
supports the concept that the protective effects of URB597 
could be explained by accumulation of AEA in combina-
tion with other bioactive amides after FAAH inhibition, and 
further activation of CB1r by endocannabinoids, as FAAH 
is the primary catabolic regulator of AEA and ODA (De 

Petrocellis et al. 2004). In further support of this concept, it 
has been demonstrated that the QUIN-induced excitotoxic 
damage is prevented by activation of CB1r specifically sit-
ting in glutamatergic terminals (Chiarlone et al. 2014). In 
this context, we suggest that CB1r activation might induce 
protection by five already reported mechanisms: (1) reduc-
tion of the NMDA receptor-mediated excitability through a 
mechanism linked to NR1 subunit abduction by the CB1r-
coupled protein HINT1 (Sánchez-Blázquez et al. 2014), (2) 
inhibition of glutamate release, (3) decreased intracellular 
Ca2+ levels, (4) regulation of ion channels, and (5) activa-
tion of MAPK and phosphatidylinositol-3-kinase pathways 
(van der Stelt and Di Marzo 2005). Together, these mecha-
nisms may exert protection against QUIN-induced toxicity 
by reducing NMDAr overactivation, regulation of gluta-
mate release, and mitochondrial energy metabolism, while 
decreasing the ensuing oxidative stress (Pintor et al. 2006; 
Bénard et al. 2012).

AEA partially prevented the loss of cell viability induced 
by QUIN, and we also investigated if this effect was medi-
ated by CB1r and/or CB2r. According to our results, the 
protective effect of AEA against QUIN toxicity is CB1r-
dependent, as previously demonstrated (Rangel-López et al. 
2015; Kotlar et al. 2019). Nonetheless, a participation of the 
CB2r in the toxic paradigm elicited by QUIN should not be 
discarded. Finally, our results also show that JTE-907 had 
no effect on the changes in mitochondrial function induced 
by the URB597 + QUIN and AEA + QUIN conditions, sug-
gesting that, at least under these experimental conditions, 
CB2r does not mediate the protective actions of URB597 
and AEA.

Concluding Remarks

In summary, the novel findings collected in this work dem-
onstrate that (1) the modulation of the ECS constitutes a 
potential tool to prevent the noxious effects of excitotoxic 
agents; (2) the use of URB597 represents a useful experi-
mental strategy capable of ameliorating the early excitotoxic 
effects of QUIN; (3) CB1r activation participates in the 
mechanism of protection induced by URB597 in the experi-
mental conditions tested; and (4) the neuroprotective effect 
of URB597 might involve the protective properties of AEA 
and other accumulated endocannabinoids. We therefore sug-
gest that the design of therapies against neurodegenerative 
disorders with excitotoxic components should consider the 
use of FAAH inhibitors.
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