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Abstract

Epoxyeicosatrienoic acids (EETs) are cytochrome P450-epoxygenase-derived metabolites of arachidonic acid that act as
endogenous signaling molecules in multiple biological systems, including their controversial effects on nociception. The EETs
and the endocannabinoids anandamide (AEA) and 2-arachidonoylglycerol (2-AG) originate from the same precursor, arachidonic
acid, and share similar structural characteristics. Different isomers of EETs were described as capable of binding in cannabinoid
receptors in rats’ brains. To verify whether the peripheral antinociceptive effect of EETs depends on the mechanisms of the
cannabinoid system. The mechanical paw pressure test was used to induce hyperalgesia by intraplantar injection of prostaglandin
E2, evaluating the effect of exogenous EET administration and its interaction with the antagonism of CB,/CB, receptors and the
modulation of endocannabinoids. The EETs (5,6-, 8,9-, 11,12-, and 14,15-EET) and the drugs of the cannabinoid system were
administered intraplantarly to male Swiss mice (n = 4). Statistical analysis was performed using ANOVA and the Bonferroni post
hoc test. The selective CB, cannabinoid receptor antagonist, AM251, reversed the antinociceptive effect of EETs in a dose-dependent
manner. Otherwise, the selective CB, cannabinoid receptor antagonist, AM630, did not reverse the antinociceptive effect of EETs.
Furthermore, an endocannabinoid reuptake inhibitor (VDM11) and an enzyme inhibitor responsible for anandamide degradation
(MAFP) potentiated the antinociceptive effect of low doses of EETs. On the other hand, an inhibitor of the enzyme responsible for the
diacylglycerol lipase hydrolysis (JZL184) did not potentiate this effect. Our findings showed that the peripheral antinociceptive effect
of 5,6-,8,9-,11,12-, and 14,15-EET could be due to the release of the endocannabinoid anandamide and subsequent activation of the
CB, receptor, but not the CB, receptor, at the peripheral level, thereby inhibiting PGE,-induced hyperalgesia.
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Introduction

The action of select isozymes of cytochrome P450 (CYP) on arachidonic acid (AA) results in the synthesis of metabolites known as
epoxyeicosatrienoic acids (EETs) [1]. These molecules are widely distributed in the brain and periphery [2,3]. In the nervous system,
EETs are shown to be considerable modulators of cerebral blood flow regulation, axonal growth, and neuronal survival [4], while in the

periphery, effects such as vasodilatation and immunomodulation were described in the literature [2,3,5].
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Beyond these effects, EETs have demonstrated their potential to modulate nociception [6,7]. This is evidenced by a thermal hyperalgesia
test showing that EETs are antinociceptive in LPS-treated rats and pro-nociceptive in LPS-naive animals. EETs have also shown
antinociceptive action when administered directly into the ventrolateral periaqueductal gray area of the mesencephalon, suggesting a

central mechanism of analgesia [8].

Endocannabinoids, one of the classical nociceptive modulators, are similar to eicosanoids, which act as lipid signal messengers
that affect nociception [9]. The cannabinoid system is capable of endogenous modulation of nociception by decreasing the excitability
of nociceptors through the activation of cannabinoid receptors, CB, and/or CB,, which is mediated mainly by the endocannabinoids

anandamide (AEA) and 2-arachidonoylglycerol (2-AG), respectively [10-12].

The EETS and the endocannabinoids AEA and 2-AG come from the same precursor, AA, and share similar structural characteristics [9].
The EETs can directly act on the CB, receptor [13]. The 5,6-EET-EA is derived from the oxidation of AEA by the CYP enzymes [14] and can
act as an agonist of CB, receptors, exhibiting a binding affinity that exceeds that of the parent anandamide 1000-fold and demonstrating
greater stability [15]. A different isomer, 14,15-EET-EA, was described as capable of binding to CB1 receptors in rats’ brains, although
weaker than AEA.

Material and Methods
Animals

Male Swiss mice weighing between 30 and 40g, with free access to food and water, in a light/dark cycle of 12h (6:00-18:00h), kept
at a controlled temperature room (24 + 2°C) were used at the Bioterism Center of the Federal University of Minas Gerais (CEBIO-ICB/
UFMG). After the tests, the animals were euthanized by high-dose intraperitoneal injection of an anesthetic mixture (300 mg/kg ketamine
hydrochloride and 15 mg/kg of xylazine hydrochloride, both Sigma-Aldrich, USA). The Ethics Committee on Animal Experimentation
approved the project under protocol 75/2017.

Drugs
Prostaglandin E, (PGE,; Sigma-Aldrich, USA) was diluted in a 2% ethanol solution in a sterile 0.9% sodium chloride (NaCl)

aqueous solution. 5,6-epoxieicosatrienoic acid (5,6-EET) (Cayman Chemical, EUA) was dissolved in methyl acetate in a saline solution.
8,9-Epoxyeicosatrienoic acid (8,9-EET) (Cayman Chemical, USA) and 11,12-Epoxyeicosatrienoic acid (11,12-EET) (Cayman Chemical,
USA) were dissolved in a 6.4% ethanol solution in saline. 14,15-Epoxieicosatrienoic acid (14,15-EET) (Cayman Chemical, USA) was
dissolved in a 25.6% ethanol solution in saline. The cannabinoid CB, and CB, receptor antagonists, AM251 (Tocris, USA) and AM630
(Tocris, USA), respectively, were dissolved in 10% dimethyl sulfoxide (DMSO) in saline. JZL 184 (Tocris, EUA), an inhibitor of the enzyme
(monoacylglycerol lipase; MAGL) that catalyzes the endocannabinoid 2-arachidonoylglycerol (2-AG), and VDM11 (Tocris, EUA), an
inhibitor of the membrane transporter of the endocannabinoid anandamide (AEA), were dissolved in 1% DMSO in saline solution. MAFP
(Tocris, EUA), an inhibitor of the FAAH enzyme that degrades AEA, was dissolved in 1% methyl acetate (AC) in a saline solution. All the

drugs were injected via intra-plantar (i.pl.) in a volume of 20 pl.

Measurement of nociceptive threshold

Hyperalgesia was induced by an intraplantar injection of prostaglandin E2 (PGE2) into the right hind paw (2 pg). The mechanical
nociceptive threshold was expressed in grams (g) and assessed by measuring the response to a paw pressure test (Ugo-Basile; SRL,
Varese, Italy), as described in rats [16] and in mice [17]. The test consists of a cone-shaped paw-presser with a rounded tip, which
applies a linearly increasing force in the hind paw. The weight in grams required to elicit the nociceptive response of paw withdrawal was

determined as the nociceptive threshold. A cutoff value of 150g was used to minimize the risk of paw damage.
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The nociceptive threshold was measured in the right paw and determined as the average of three consecutive trials recorded before

and 180 minutes after PGE, injection. Hyperalgesia was calculated as the difference between these 2 averages (A of nociceptive threshold).

Experimental protocol

The basal threshold was measured immediately before the experiments, with no drug effects. Posteriorly, PGE, was administered
immediately (0 minutes). EETS, or their vehicle, were injected 175 minutes prior. The selective CB, and CB, cannabinoid receptor
antagonists, AM251 and AM630, respectively, were administered over 165 minutes. The non-selective FAAH inhibitor (MAFP), the
selective MAGL inhibitor (JZL184), and the anandamide cellular reuptake inhibitor (VDM11) were administered at a time point of 165
minutes. The protocols concerning the dose and the injection time of each drug used in this study were based on previous studies from
our research group and literature data [18-21]. The drug injection periods are timed to coincide with the peak of action of each EET,

antagonist, or inhibitor, ensuring that all are active when assessing the nociceptive threshold (180 minutes after PGE, injection in the hind

paw).

Data and statistical analysis

All results are presented in the graphics with the mean * standard error of the mean (S.E.M.). Statistical analysis was carried out using
Graph Prism 8.0.2 software, and the data were submitted to one-way variance analysis (ANOVA) followed by Bonferroni post-test. Only

p-values lower than 0.05 (p < 0.05) were considered statistically significant.

Results
Study on the participation of CB, cannabinoid receptors in the peripheral antinociceptive effect of EETs

The selective cannabinoid receptor antagonist CB, (AM 251, 20, 40, and 80 pug/paw) reversed the dose-dependent antinociceptive
effect of 5,6-, 8,9-, 11,12-, and 14,15-EET (128, 128, 128, and 512 ng/paw, respectively) (Figure 1).
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Figure 1: Administration of a CB, receptor antagonist blocks 5,6- (A), 8,9- (B), 11,12- (C) and 14,15-EET (D)-induced
peripheral antinociception in hyperalgesic paws. Each column represents the mean + SEM (n = 4). * and # indicates a

significant difference (P < 0.05) compared with PGE2 + Veh and PGEZ2 + EET, respectively. ANOVA with Bonferroni post test.
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Study on the participation of CB, cannabinoid receptors in the peripheral antinociceptive effect of EETs

The selective cannabinoid receptor antagonist CB, (AM630, 100 ug/paw) did not reverse the antinociceptive effect of 5,6-, 8,9-, 11,12-,
and 14,15-EET (128, 128, 128, and 512 ng/paw) (Figure 2).
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Figure 2: Administration of a CB, receptor antagonist did not block 5,6- (A), 8,9- (B), 11,12- (C), and 14,15-EET (D) -induced

peripheral antinociception in hyperalgesic paws. Each column represents the mean * SEM (n = 4). * and # indicates a

significant difference (P < 0.05) compared with PGE2 + Veh and PGE2 + EET, respectively. ANOVA with Bonferroni post test.

Study on the participation of endocannabinoids in the peripheral antinociceptive effect of EETs

Anonselective inhibitor of the enzyme that catalyzes anandamide hydrolysis, FAAH (MAFP 0.5 pg/paw), potentiated the antinociceptive
effect of lower doses of EETS, partially in 8,9- and 11,12-EET, and completely in 5,6- and 14,15-EET (Figure 3). The anandamide cellular
reuptake inhibitor (VDM 11, 2.5 pg/paw) potentiated the antinociceptive effect of lower doses of EETs, partially in 8,9- and 11,12-EET, and

completely in 5,6- and 14,15-EET (Figure 4).
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Figure 3: Potentiation by MAFP of a lower dose of 5,6- (A), 8,9- (B), 11,12- (C), and 14,15-EET (D) -induced peripheral antino-

ciception in hyperalgesic paws. Each column represents the mean + SEM (n = 4). * and # indicates a significant difference (P <

0.05) compared with PGE2 + Veh and PGE2 + EET, respectively. ANOVA with Bonferroni post test.
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Figure 4: Potentiation by VDM11 of a lower dose of 5,6- (A), 8,9- (B), 11,12- (C), and 14,15-EET (D) -induced peripheral anti-
nociception in hyperalgesic paws. Each column represents the mean + SEM (n = 4). * and # indicates a significant difference

(P < 0.05) compared with PGE2 + Veh and PGE2 + EET, respectively. ANOVA with Bonferroni post test.
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Figure 5: The treatment with JZL184 did not potentiate a lower doses of 5,6- (A), 8,9- (B), 11,12- (C), and 14,15-EET (D)

-induced peripheral antinociception in hyperalgesic paws. Each column represents the mean + SEM (n = 4). * and # indicates

a significant difference (P < 0.05) compared with PGEZ2 + Veh and PGEZ2 + EET, respectively. ANOVA with Bonferroni post test.
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Neither the antagonists, inhibitors, nor its vehicles could alter the nociceptive threshold alone.

Discussion

The potential of EETs acting as antinociceptive molecules or modulators of nociceptive transmission has been explored in different
ways and applications. Thenceforth, the capacity of topical EETs to cause a significant reversal of LPS-induced thermal hyperalgesia was
assessed using a commercial Hargreaves apparatus, which measures thermal hind paw withdrawal latencies. Mechanical hyperalgesia

was assessed by measuring mechanical hind paw withdrawal thresholds using von Frey filaments with graded bending forces [6].

Soluble epoxide hydrolase inhibitors administered topically were also tested, and thermal hyperalgesia was significantly attenuated
against LPS-treated rats [9]. The central administration of EETs has also shown antinociceptive action. It was demonstrated that
administering the drug directly into the ventrolateral periaqueductal gray area of the mesencephalon increased the latency time of the
elicited response in the tail-flick test, which was applied by radiant heat to the dorsal surface of the tail, suggesting a central mechanism
of analgesia for EETs [8].

Our group first describes the peripheral antinociceptive effects of the four regioisomeric forms of EETs in a PGE2-induced acute pain
model, measuring mechanical nociceptive threshold using a paw pressure test, as described in rats [16] and in mice [17]. The maximal
analgesic effects were observed at doses of 128 ng for 5,6-, 8-, 9-, and 11,12-EETs, and 512 ng for 14,15-EET. The sub-maximal analgesic
effect doses were 32 ng for 5,6-, 8-, 9-, and 11,12-EETs, and 256 ng for 14,15-EET. Both of the described doses were used in the present

work to test the participation of the cannabinoid system in the antinociceptive mechanism of EETs [22].

The cannabinoid system is one of the most important mechanisms by which the organisms lead to pain [23]. After the receptor is
activated, intracellular signaling pathways propagate the ligand stimulus throughout the cell. Several studies demonstrate that the
activation of cannabinoid receptors triggers the NO/cGMP/KATP signaling pathway through Gi protein-coupled receptors, and this
activation can be observed with both cannabinoid substances and other exogenous substances [24,25]. The complete idea of activating
the NO/cGMP pathway to K

afferent of peripheral stimuli, has already been summarized in the literature [26-28].

L @ final effector of the path that causes hyperpolarization of the nociceptive terminal and hinders the

Besides the endogenous activation of the pathway during pain regulation within one’s system, our group has shown that several
drugs act through the receptors and mediators of that system. These studies have shown the capacity of the antagonists of cannabinoid
receptors CB, and CB, and inhibitors of reuptake and hydrolysis endocannabinoid molecules AEA and 2-AG to modulate the analgesic
activities of exogenous drugs that use that system as a pathway of its analgesia [18-21]. The participation of the cannabinoid system in
EETs’ antinociception has been poorly explored, despite the importance of that pathway in the context of pain and the proximity between

EETs and other activators of the system [9].

It was demonstrated that the P450-mediated epoxidation of anandamide to synthesize 5,6-EET-EA represents a mechanism for
endocannabinoid signaling, which may affect microglial activity during neuroinflammation. This study also demonstrates that 5,6-EET-
EA can be a potent and selective agonist of cannabinoid receptor type 2 [15]. Unlike this study, in the present study, the antagonism of
CB, receptors with AM251 (20, 40, and 80 pg/paw) reversed the analgesia of the four isomeric forms of EET. Interestingly, although the
authors had described the 5,6-EET-EA as a CB, agonist, in our model of peripheral antinociception mediated by EETs, the antagonism of

CB, receptors with AM630 did not reverse the analgesia of any of the four isomeric forms of EETs.

Similarly, the test was performed to describe if a CB, or CB, antagonist would block sEHI-mediated antihyperalgesia [9]. This study
found that the mixture combined with the four isomeric EETs could displace the CB, agonist WIN 55212-2 but not the CB, agonist CP
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55940 in radioligand displacement assays. It was also noted that this activity is primarily mediated by the 5,6-EET isomer, corroborating
the previous results [15]. Thus, the authors considered predictably that CB, but not CB, antagonists blocked the sEHI anti-hyperalgesia.

Additionally, our study demonstrated that inhibiting the enzyme that catalyzes anandamide hydrolysis (FAAH) and anandamide
cellular reuptake potentiated the partial antinociceptive effects of the submaximal dose of EETs. However, the inhibitory of the enzyme

that catalyzes 2-AG hydrolysis (MAGL) did not modify the antinociceptive effects of a submaximal dose of any EETs.

Literature data have described the presence of either CB, or CB, receptors in keratinocytes and immune system cells, which supports
the idea that peripheral cells could regulate these analgesic systems and mechanisms after an endogenous or exogenous modulation
through the release of endocannabinoids such as AEA and 2-AG [29-33].

Compared to other bioactive lipids, such as endocannabinoids, epoxy fatty acids exhibit unique mechanisms in nociception. Even as
endocannabinoids, ETTs can freely diffuse through the cell membranes of neurons that do not fit the classification of neurotransmitters,
as they are not stored in vesicles or released from them. In contrast to neurotransmitters, the classification of ETTs and other fatty acids

in bioactive metabolites points to a synthesis and/or release from membrane bilayers upon cell stimulation [34].

It is well known that both 2-AG and AEA are substrates for CYP2]2 epoxygenase metabolism. This process utilizes AEA to form four
AEA epoxyeicosatrienoic acids, whereas incubations with 2-AG yield detectable levels of two 2-AG epoxides. Nevertheless, the literature

has not explored the relationship between the synthesis of EETs and the release of endocannabinoids [33].

Thus, our data on the cannabinoid system first demonstrated that the antinociceptive effect presented by exogenous administration of
5,6-,8,9-,11,12- and 14,15-EETs may be due to the release of the endocannabinoid AEA, with subsequent activation of receptors CB,, but
not CB, receptors, at the periphery, inhibiting PGE,-induced hyperalgesia.

Conclusion

In the present work, our findings showed that the peripheral antinociceptive effect of 5,6-, 8,9-, 11,12-, and 14,15-EET could be due to
the release of the endocannabinoid anandamide and subsequent activation of the CB1 receptor, but not the CB2 receptor, at the peripheral

level, thereby inhibiting PGE,-induced hyperalgesia.
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