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Abstract

The hyperpolarization of neuronal membranes through the activation of potassium and chloride channels
is a significant mechanism involved in the antinociceptive effects of various drugs. Thus, in this study,
we aimed to determine whether potassium or chloride channels mediate the peripheral antinociceptive
effects of epoxyeicosatrienoic acids (EETs). The mechanical paw pressure test was utilized as an algesimetric
method. Hyperalgesia was induced by intraplantar injection of prostaglandin E2. The EETs (5,6-, 8,9-,
11,12-, and 14,15-EET) and the channel blockers were administered intraplantar in male Swiss mice (n=4).
Statistical analysis was performed using ANOVA followed by Bonferroni post-test. Glibenclamide (Glib;
80 pg/paw), a blocker of ATP-sensitive K+ channels; tetraethylammonium (TEA; 30 pg/paw), a blocker of
voltage-gated K* channels; dequalinium (DQ; 50 ug/paw), a blocker of small conductance Ca2*-activated
K* channels; and paxilline (Pax; 20 pg/paw), a blocker of high-conductance Ca2*-activated K+ channels,
did not alter the peripheral antinociception induced by 5,6-, 8,9-, 11,12-, and 14,15-EET. All blockers,
when administered alone, did not change the nociceptive threshold of the animals. Niflumic acid (Nifl.
Ac.; 32 ug/paw), a selective calcium-activated chloride channels blocker, did not reverse the peripheral
antinociceptive effect of 5,6-, 8,9-, 11,12-, and 14,15-EET. In conclusion, these results suggest that the
peripheral antinociceptive effects of 5,6-, 8,9-,11,12-, and 14,15-EET do not appear to be related to the
opening of potassium or chloride channels.
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Introduction

Hyperpolarization occurs when the membrane potential
becomes more negative at a specific location. This event takes place
when ion channels regulate the movement of certain ions into or out
of the cell, altering the electrical field of the biological membrane
across various systems. For instance, the efflux of K* through K*
channels and the influx of CI through the Ca*"-activated chloride
channels (CaCCs) can lead to hyperpolarization [1].

K* channels are the most common and diverse class of ion
channels in neurons [2]. When activated, K* channels facilitate
an extremely rapid efflux of K* across the membrane, influencing
the threshold, waveform, and frequency of the electrical signal
in the neuronal membrane, leading to repolarization and even
hyperpolarization. Moreover, applying K* channel activators
peripherally can reduce the excitability of free nerve endings (FNE)
and dorsal root ganglion (DRG), while K* channel blockers can
enhance firing [2-5]. The literature describes the involvement of K*
channels in the peripheral antinociception of hydrogen peroxide [6]
and cannabidiol [7].

CaCCs are present in various areas associated with pain
management, including the DRG, the spinal cord, and neurons
in the autonomic system. This family of channels also contributes
to regulating membrane excitability, generating after-polarizations,
and affecting membrane oscillatory behavior [8]. Our group
demonstrated the involvement of CaCCs in the CB, cannabinoid
receptors-induced peripheral analgesia [9].

A majoritarian of epoxyeicosatrienoic acids (EETs) signaling
is linked to its K* channel activation capacity. In smooth vascular
muscle, this mechanism causes hyperpolarization and relaxation
[10]. Furthermore, although there is no data regarding the possible
activation of CaCCs induced by EETs, it has been noted that
EETs inhibit volume-activated chloride channels (VACCs) in rat
mesenteric arterial smooth muscle cells through a cGMP-dependent
pathway [11].

Theliterature indicates that molecules inducing hyperpolarization
of the neuronal membrane can reduce excitatory transmission,
primarily mediated by nociceptive afferent fibers, thereby enhancing
neural inhibitory transmission by decreasing nociceptive signaling
[12].

In this study, we aimed to describe the final activator of the
antinociceptive pathway of EETs and to determine whether their
effects depend on the activation of K* and CaCCs.

Methods
Animals

Male Swiss mice weighing between 30 and 40 g were housed
at the Bioterism Center of the Federal University of Minas Gerais
(CEBIO-ICB/UEMG) with free access to food and water. They
were maintained under a light/dark cycle of 12 hours (6:00-18:00
h) and at a controlled temperature of 24 + 2°C. After the tests, the
animals were euthanized with a high-dose intraperitoneal injection
of an anesthetic mixture (300 mg/kg ketamine hydrochloride and
15 mg/kg xylazine hydrochloride, both Sigma-Aldrich, USA). The
Ethics Committee on Animal Experimentation (CEUA-UFMG)
approved the project, which included calculations for sample size,
the algesimetric method, euthanasia, and all procedures involving

experimental animals under protocol 75/2017. Our study
strictly followed the ARRIVE (Animal Research: Reporting of /n
Vivo Experiments) guidelines.

Drugs
Prostaglandin E2 (PGE2; Sigma-Aldrich, USA) was diluted in

2% ethanol in a sterile aqueous solution of sodium chloride (NaCl)
0.9% (sterile saline solution). 5,6-epoxieicosatrienoic acid (5,6-
EET) (Cayman Chemical, EUA) was dissolved in methyl acetate
in saline solution. 8,9-epoxicicosatrienoic acid (8,9-EET) (Cayman
Chemical, EUA) and 11,12-epoxieicosatrienoic acid (11,12-EET)
(Cayman Chemical, EUA) were dissolved in 6.4% ethanol in saline
solution. 14,15-epoxicicosatrienoic acid (14,15-EET) (Cayman
Chemical, EUA) was dissolved in 25.6% ethanol in saline solution.
Glibenclamide (Tocris Bioscience), an ATP-dependent K* channel
(KATP) blocker, was dissolved in 1% Tween20 in saline solution;
tetraethylammonium chloride (Sigma-Aldrich), a voltage-dependent
K* channel blocker, dequalinium dichloride (Tocris Bioscience),
a selective blocker of the small conductance Ca?*activated K*
channel, and paxilline (Tocris Bioscience), a potent blocker of high-
conductance Ca* activated K* channels, were dissolved in isotonic
saline. All the drugs were injected via intra-plantar (i.pl.) in a volume
of 20 pl.

Measurement of nociceptive threshold

Hyperalgesia was induced using prostaglandin E2 (PGE2; 2 pg)
via an intraplantar injection in the right hind paw. 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 previously described in rats [13] and mice [14].
The test utilizes a cone-shaped paw presser with a rounded tip that
applies a linearly increasing force to the hind paw. The weight in
grams needed to elicit the nociceptive response of paw withdrawal
was identified as the nociceptive threshold. A cutoff value of 150 g
was set to minimize the risk of paw damage.

The nociceptive threshold of the right paw was measured as
the average of three consecutive trials recorded before and 180
minutes after the PGE2 injection. Hyperalgesia was calculated as the
difference between these two averages (A of nociceptive threshold).

Experimental protocol

The basal threshold was measured before the experiments,
indicating no drug effects (Figure 1). Subsequently, PGE2 was
administered at the onset (zero minutes). To assess whether K+ and
CaCC blockers can reverse the antinociceptive effect of EETS, either
EETs or their vehicle were injected at 175 minutes. Selective blockers
of voltage-gated potassium channels, ATP-sensitive potassium
channels, and large and small conductance calcium-activated
potassium channels were administered at 170 minutes. The Ca*-
activated Cl channel blocker or vehicle was injected at 110 minutes.
The timing of drug injections is based on the peak action of each
antagonist or inhibitor, aligning with the peak effect of all during
the evaluation of the nociceptive threshold (180 minutes after PGE2
injection in the hind paw).

Data and statistical analysis

All results are presented in the graphics as the mean + standard
error of the mean (S.E.M.). Statistical analysis was performed using
GraphPad Prism 8.0.2 software, and the data underwent a one-way
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Figure 1. Experimental protocol for evaluating the involvement of ion channels in the antinociceptive effect of EETs. Prostaglandin E2 (PGE2)
and EETs were administered into the right hind paw at 0 and 175 minutes, respectively. All potassium channel blockers, including glibenclamide (Gli),
Tetraethylammonium (TEA), dequalinium (DQ), and paxilline (Pax), were administered at 170 minutes, while the chloride channel blocker niflumic
acid was given at 110 minutes. All measurements (M) were taken before drug administration (Basal) and at 180 minutes.

analysis of variance (ANOVA), followed by a Bonferroni post-test
for multiple comparisons. Only p-values less than 0.01 (p<0.01)
were considered statistically significant.

Results

Study on the participation of K* channels in the peripheral
antinociceptive effect of EETs

Selective blockers for different K* channels were utilized: (I)
glibenclamide (Glib; 80 pg/paw), a blocker of ATP-sensitive K*
channels; (II) tetracthylammonium (TEA; 30 pg/paw), a blocker
of voltage-gated K* channels; (III) dequalinium (DQ; 50 pg/paw),
a blocker of small conductance calcium-activated K* channels; and
(IV) paxilline (Pax; 20 pg/paw), a blocker of high-conductance Ca?*-
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activated K* channels. Glib (Figure 2), TEA (Figure 3), DQ (Figure
4), and Pax (Figure 5) did not affect the peripheral antinociception
induced by 5,6-, 8,9-, 11,12- and 14,15-EET. When administered
individually, none of the blockers altered the nociceptive threshold
of the animals.

Study on the participation of Ca**-activated Cl channels in the
peripheral antinociceptive effect of EETs

Niflumic acid (Nifl. Ac; 32 pg/paw), a selective blocker of
CaCCs, could not reverse the peripheral antinociceptive effect of
5,6-, 8,9-, 11,12-, and 14,15-EET (Figure 6). Furthermore, when
administered alone, Niflumic acid did not affect the response to
PGE2 or the vehicle.
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Figure 2. Effect of glibenclamide on the peripheral antinociception of EETs. Each column represents the mean + SEM of the A of nociceptive
threshold in grams (g). n=4 mice/group. * indicates a significant difference (P<0.01) compared to PGE2 + Veh + Veh (ANOVA with Bonferroni post-
test). V1 (vehicle 1) = 1% tween 20; V2 (vehicle 2) = 6.4% methyl acetate; V3 (vehicle 3) = 6.4% ethanol; V4 (vehicle 4) = 25.6% ethanol.
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Figure 3. Effect of tetraethylammonium on the peripheral antinociception of EETs. Each column represents the mean + SEM of the A of nociceptive
threshold measured in grams (g). n=4 mice/group. * indicates a significant difference (P<0.01) when compared with PGE2 + Veh + Veh (ANOVA with
Bonferroni post test). V1 (vehicle 1) = saline; V2 (vehicle 2) = methyl acetate 6.4%; V3 (vehicle 3) = ethanol 6.4%; V4 (vehicle 4) = ethanol 25.6%.
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Figure 4. Effect of dequalinium on the peripheral antinociception of EETs. Each column represents the mean + SEM of A nociceptive thresholds
in grams (g). n=4 mice/group. * indicates a significant difference (P<0.01) compared to PGE2 + Veh + Veh (ANOVA with Bonferroni post-test). V1
(vehicle 1) = saline; V2 (vehicle 2) = methyl acetate 6.4%; V3 (vehicle 3) = ethanol 6.4%; V4 (vehicle 4) = ethanol 25.6%.
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Figure 5. Effect of paxilline on the peripheral antinociception of EETs. Each column represents the mean + SEM of the A of nociceptive threshold
measured in grams (g). n=4 mice per group. * indicates a significant difference (P<0.01) when compared to PGE2 + Veh + Veh (ANOVA with Bonferroni
post-test). V1 (vehicle 1) = saline; V2 (vehicle 2) = methyl acetate 6.4%; V3 (vehicle 3) = ethanol 6.4%; V4 (vehicle 4) = ethanol 25.6%.
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Figure 6. Effect of niflumic acid on the peripheral antinociception of EETs. Each column represents the mean + SEM of the A of nociceptive
threshold measured in grams (g). n=4 mice per group. * indicates a significant difference (P<0.01) compared to PGE2 + Veh + Veh (ANOVA with
Bonferroni post-test). V1 (vehicle 1) = 3.2% acetone; V2 (vehicle 2) = 6.4% methyl acetate; V3 (vehicle 3) = 6.4% ethanol; V4 (vehicle 4) = 25.6% ethanol.
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Discussion

In previous work, our group described the antinociceptive
effects of the four regioisomeric forms of EETs against a PGE2 acute
pain model, utilizing the paw pressure test to assess the mechanical
nociceptive threshold, as previously mentioned [14]. The maximal
analgesic effects were observed at a dose of 128 ng for the 5-6, 8-9,
and 11-12 EETs, and at 512 ng for the 14-15 EET. Sub-maximal
antinociceptive effect doses were identified at 32 ng for the 5-6, 8-9,
and 11-12 EETs, and at 256 ng for the 14-15 EET [15]. Therefore,
both of these doses were used in the tests of the present work to
examine the role of potassium (K*) and CaCCs in the antinociceptive
mechanism of EETs.

Therefore, to determine whether the antinociceptive effect
of EETs arises from the opening of these channels, we utilized
selective blockers from various potassium channels: ATP-sensitive
(Glib), voltage-dependent (TEA), and those activated by small
(DQ) and large (Pax) conductance calcium-activated K* channels.
However, none of these blockers were able to alter the EETs-induced
antinociception, indicating that K* channels are not involved in
this process. It is important to note that the doses used in these
experiments have previously been tested with positive results
by our research group, demonstrating that EETs can produce
antinociception and that this Glib dose could reverse the peripheral
antinociceptive effect of ketamine [16], palmitoylethanolamine
[17], and dipyrone [18]. Similarly, the same dose of TEA reversed
the peripheral antinociception induced by Baclofen [19], while the
doses of DQ and Pax reversed the peripheral antinociceptive effects
of dopamine and hydrogen peroxide [6,20].

Literature indicates that EETs can be considered as endothelium-
derived hyperpolarizing factors (EDHF) because they induce
hyperpolarization and subsequent relaxation of vascular smooth
muscle cells by opening high-conductance calcium-activated
potassium channels [21-24]. It has been shown that 11,12-EET
stimulates the activation of the KCa channel in small bovine coronary
arteries, suggesting that the increased activity of the KCa channel
results from the activation of a guanosine triphosphate (GTP)
binding protein, likely following the activation of a GS protein-
coupled receptor [25]. Furthermore, it has been demonstrated that
the effect of EETs enhances the open probability of Ca**-activated
K* channels in organ-cultured human bronchi, generally resulting in
membrane hyperpolarization [26].

Although EETshave demonstrated this function in the vasculature
mediated by potassium channels, none of the potassium channels
assessed in our model seem to be involved in the antinociceptive
effect exhibited by these substances. Following the experiments
conducted by our group, K* channels were not implicated in the
peripheral antinociception of bremazocin, a k-opioid agonist [27].
However, this drug activates opioid receptors and the NO/cGMP
pathway, typically resulting in the activation of K* channels [28,29].
Furthermore, the literature highlights the role of other channels
associated with antinociception mechanisms.

Previous studies have shown that activating opioid [30,31]
and cannabinoid receptors [9] induces antinociception that relies
on CaCCs. A distinct expression pattern has also been observed
in CaCCs within the nociceptive pathway [32]. Therefore, we use
a CaCC blocker, niflumic acid, to assess its role in the peripheral
antinociception of EETs. However, blocking these channels does

not affect the peripheral antinociceptive effect induced by EETs,
suggesting that CaCCs are not involved in this mechanism.

In addition to the hyperpolarization-induced antinociceptive
mechanisms mediated by K* and CaCCs, several studies have
demonstrated that calcium channels also play a critical role in
modulating nociceptive transmission [33,34]. Research shows that
blocking N- and P-type voltage-sensitive calcium channels, but not
L-type, inhibits formalin-induced nociception in rats [35]. Similarly,
it has been suggested that the antinociceptive effects of resveratrol are
due to the blockage of calcium channels [36]. The k-opioid agonist
U69,593 induces antinociception that depends on the inhibition of
L-type calcium channels [37]. Furthermore, it has been shown that
EETs can also regulate L-type calcium channels in the heart [38,39].
While Ca?*-activated K* channels play a central role in mediating
many of EETS effects in vascular tissue, other molecular targets for
EETs may also exist. Transient receptor potential (TRP) channels
serve as key transducers of external noxious and thermal stimuli at
the peripheral terminals of sensory neurons [40].

EETs, including 5,6-EET and 8,9-EET, act as direct TRPV4
agonists [41]. TRPV4 is a Ca*-permeable cation channel that is
widely expressed in the vanilloid subfamily of transient receptor
potential (TRP) channels [42]. It activates in response to various
stimuli, including warm temperatures. Additionally, TRPV4
transduces hypo-osmotic stimuli in primary afferent nociceptors
[43]. TRPV4 forms a novel Ca* signaling complex with ryanodine
receptors and BKCa channels, leading to smooth muscle
hyperpolarization and arterial dilation through Ca®*-induced Ca?
release in response to an endothelial-derived factor [44]. 5,6-EET
potently induces a calcium flux (100 nm) in cultured DRG neurons,
which is completely abolished when TRPAL is deleted or inhibited
[45].

Conclusion

This manuscript investigates the role of potassium and chloride
ion channels in the peripheral antinociceptive effects of EETs using
a mouse model. The research employed pharmacological blockers
of these channels and a reliable mechanical nociceptive assessment
(paw pressure test) to determine whether the analgesic properties
of EETs are mediated by ATP-sensitive K* channels, voltage-gated
K* channels, calcium-activated K* channels (both small and large
conductance), or CaCCs. The results suggest that the peripheral
antinociceptive effects of EETs do not appear to be related to
the opening of potassium or chloride channels, as the blockers
could not alter the effect. This approach, which relies solely on
pharmacological methodology, has limitations that subsequent
complementary experiments can address. Further research could
explore the relationship between EETs-induced antinociception,
calcium channels, and TRP.
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