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A B S T R A C T

Pyrazoles are potent medicinal scaffolds and exhibit a wide spectrum of biological activities, such as analgesic,
anti-inflammatory and antipyretic. In this paper we report on research we have performed with the aim of
continuing the biological evaluation of the regio-isomeric pyrazole compounds, LQFM-020 (fluorine, para po-
sition), LQFM-021 (fluorine, meta position), and LQFM-039 (fluorine, ortho position) in models of pain induced
by acidified saline, capsaicin, and formalin. We also investigated the mechanisms of action of these compounds
via electrophysiological analyses using the two-electrode voltage-clamp technique and heterologous expression
in Xenopus laevis oocytes. This enabled us to study different potassium channel subtypes: the ASIC-1α channel,
TRPV-1, and μMOR receptors. Our results indicate that LQFM-020, LQFM-021, and LQFM-039 (15, 30 or
60mg.kg−1) compounds inhibited the nociceptive response induced by acidified saline in a dose-dependent
manner. The dose of 30mg.kg−1 inhibited the nociceptive response induced by capsaicin by 53.3%, 51.4%, and
52.1%, respectively. In addition, we found that naloxone reverses the antinociceptive effect produced by the
compounds in both phases of the formalin test. In electrophysiological analyses, we observed that the LQFM-020,
LQFM-021, and LQFM-039 compounds did not modulate voltage-gated K+ channel subtypes. In contrast, all the
compounds tested inhibited the ASIC-1α channel at pH 4.5, with IC50-values of 96.1, 91.6, and 235.2 μM,
respectively. All compounds also inhibited the TRPV-1 channel with IC50-values of 139.1, 212.5, and 159.1 μM,
respectively. In contrast to the ASIC-1α and TRPV-1 targets, all compounds showed agonist activity on the μMOR
receptor with an EC50-value of 117.4, 98.9, and 86.3 μM, respectively. We thus conclude that the ASIC-1α,
TRPV-1, and μMOR channels are targets that are directly involved in the antinociceptive effect of LQFM-020,
LQFM-021, and LQFM-039. Furthermore, the modifications of the fluorine positions in the phenyl analogs do not
change the analgesic effect. However, LQFM-039 showed lower interaction with ASIC-1α channel.

1. Introduction

Pain is a complex phenomenon involving the transduction of nox-
ious environmental, cognitive, and emotional stimuli processed by the
brain [1]. The perception of the pain signal alerts us to dangers of

various natures and triggers appropriate protective responses [2].
Normally, polymodal nociceptors can be activated by various stimuli,
such as thermal, mechanical, and toxic molecules or inflammatory
mediators [3]. Several receptors and ion channels are expressed in
nociceptors, and these receptors/channels are vital for the detection of
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various noxious stimuli and the generation of action potentials [4].
Acid-sensing ion channels (ASICs) and the transient receptor po-

tential vanilloid-1 (TRPV-1) have been thoroughly studied to date. The
former is a proton-gated cation channel that is an important acid sensor
in primary afferent fibers contributing to acid-induced nociception
when an increase of protons affects peripheral tissues, and hence,
leading to acidification or low pH conditions sensed by the cells in those
tissues [5,6]. ASICs contribute to the excitation of primary sensory
neurons and are activated by extracellular acidosis (pH from 7 to 5) in
the periphery [7]. The later channel, TRPV-1, is a ligand-gated and
nonselective cation channel expressed in peripheral sensory neurons. It
plays a significant role in peripheral pain sensation [4]. This channel is
known as the heat transducer in sensory neurons because the channel is
activated at a temperature above 42 °C by acid and capsaicin. It is the
pungent substance found in hot chili peppers [8].

Despite important advances in the treatment of painful conditions,
opioids remain the most potent class of analgesic medications available
[9]. Opioids exert their pharmacological and physiological effects
through binding to their opioid receptors, generally classified in three
types: μ, κ, and δ [10,11]. Activation of these receptors produces in-
hibition of adenylyl cyclase, inhibition of voltage-dependent calcium
channels, and activation of an inwardly rectifying potassium channel,
which all together results in analgesia [12].

Another class of therapeutic agent widely used in treatment of pain
and inflammatory conditions are the non-steroidal anti-inflammatory
drugs (NSAIDs) [13]. It is well known that long-term use of NSAIDs
induces several negative health effects, especially involving the dama-
ging the gastrointestinal mucosa [14]. Hence, there is still a need for
better molecules synthesizing novel analgesic and anti-inflammatory
compounds with reduced side effects compared with the drugs cur-
rently in use [15].

Although a considerable amount of antinociceptive drugs are
available, it is important to search for new, more potent substances with
less adverse effects that could contribute to our current understanding
of the nociceptive signaling pathways to improve the treatment of
painful conditions. Pyrazole derivatives have attracted the attention of
organic chemists due to their biological and chemotherapeutic im-
portance [16].

Moreover, in recent years, the LQFM-021 pyrazole compound, 5-(1-
(3-fluorophenyl)-1H-pyrazol-4-yl)-2H-tetrazole, has been reported to
possess biological activities, such as vasorelaxant [17], analgesic [18],

and anti-inflammatory activities [19,20]. Similar effects were reported
for other analogous 5-[1-(4-fluorophenyl)-1H-pyrazol-4-yl]-2H-tetra-
zole [21]. In addition, this research suggested the involvement of per-
ipheral opioid receptors and the NO/cGMP/KATP pathway involved in
the antinociceptive effect displayed by these compounds.

Prompted by the variety of biological activities bestowed on these
pyrazole compounds, and the fact that LQFM-021 may be a good pro-
totype for the development of new analgesic and anti-inflammatory
drugs, our research has aimed to continue with the biological evalua-
tion of compounds LQFM-039, LQFM-020, and LQFM-021 in models of
pain induced by acidified saline and capsaicin. Additionally, the me-
chanisms of action of these compounds were investigated in detail via
electrophysiological characterization of different potassium channel
subtypes, the ASIC-1α channel, and TRPV-1 and μMOR receptors using
the two-electrode voltage-clamp technique.

2. Methods

2.1. Structure of the LQFMs

The compounds 5-[1-(4-fluorophenyl)-1H-pyrazol-4-yl]-2H-tetra-
zole (LQFM-020) (3), 5-(1-(3-fluorophenyl)-1H-pyrazol-4-yl)-2H-tetra-
zole (LQFM-021) (4), and 5-(1-(2-fluorophenyl)-1H-pyrazol-4-yl)-2H-
tetrazole (LQFM-039) (5) were synthesized by “Laboratório de Química
Farmacêutica Medicinal” (LQFM), Faculty of Pharmacy, Federal
University of Goias, according to the synthetic route described by
Martins et al. [17] and De Oliveira et al. [21], as well as Supporting
Information file. The molecular weight of the compounds is 230.07 and
the chemical structure is shown in Fig. 1.

2.2. Drugs and chemicals

Acetic acid (Synth, Brazil), DMSO (Sigma Chemical, USA),
amiloride (Sigma-Aldrich St. Louis, USA), capsaicin (Sigma-Aldrich St.
Louis, USA), capsazepine (Sigma-Aldrich St. Louis, USA), formaldehyde
(Synth, Brazil), gentamycin sulfate (Sigma Aldrich St. Louis, USA),
morphine sulphate (Dimorf®, Cristalia, Brazil), naloxone chloridrate
(Narcan®, Cristalia, Brazil). Other chemicals were obtained from Acros
Organics (Geel, Belgium) and Sigma-Aldrich (St. Louis, MO, USA)

Fig. 1. (A) Structural design concept of the pyrazole compounds
LQFM-020 (5), LQFM-021 (4), and LQFM-039 (3), from lead
compounds milrinone (1) and cilostazol (2). (B) Synthetic route
for the preparation of 5-(1-(2-fluorophenyl)-1H-pyrazol-4-yl)-1H-
tetrazole (3) – LQFM-039. The molecular weight these compounds
is 230.07 and the difference among these structures is the fluorine
position in the phenyl ring. LQFM-020: F-Para; LQFM-021: F-
Meta; LQFM-039: F-Ortho.

I.F. Florentino, et al. Biomedicine & Pharmacotherapy 115 (2019) 108915

2



2.3. Animals

All experiments were performed with adult male Swiss albino mice
(weighing 27–32 g) obtained from the Central Animal House of UFG.
The animals were kept at a controlled temperature (22° ± 2 °C) and
humidity between 50–55%, under a 12-h light/dark cycle with food and
water available ad libitum. Animal studies are reported in compliance
with the ARRIVE guidelines [22,23]. Mice were group-housed with a
maximum of 5 animals per cage in clear polypropylene cages
(41× 34×16 cm). The animals were acclimatized for seven days be-
fore the start of the experiments. For in vivo experiments, 8 mice per
experimental group were used. A total of 208 mice were used in this
study. We chose only males in order to reduce the number of animals.
All experiments were performed in accordance with national and in-
ternational standards (based on specific guidelines from the Brazilian
Council of Animal Experimentation and the U.S. Public Health Service’s
Policy on Humane Care and Use of Laboratory Animals-PHS Policy),
and under the ethical guidelines established for investigations of ex-
perimental pain in conscious animals [24] (Zimmermann, 1983). The
study was approved by the Ethics Committee in Research of the Federal
University of Goias (number 17/13).

To determine the size of each group of animals, we respected the
principle of the 3 R’s (replacement, reduction, and refinement).
Therefore, we estimated a group size of 8 mice for each experimental
group [18,25]. The number of animals and intensities of noxious stimuli
used in each experiment were the minimum needed to demonstrate the
consistent effects of the treatments. The animals employed in this study
were used only once. Allocation concealment was performed using a
randomization procedure. Behavioral evaluations were performed
blindly for drug administration and experiments were carried out be-
tween 08:00 and 17:00 h. These experiments were carried out by two
people: one administered treatments and injections, and the other
monitored behaviour.

The analgesic activity of the pyrazole compounds were evaluated in
animal models involving the following pain conditions: chemical no-
ciception including acidified saline, capsaicin, and formalin. These tests
were chosen based on the results of preliminary experiments. Male mice
were used for all studies, as this species is commonly used in pharma-
cological and pain behavioral research and is consistent with our pre-
vious studies [18,21,26].

For electrophysiological characterization, the use of the frogs was in
accordance with the license number LA1210239 with the approval of
Laboratory of Toxicology & Pharmacology, University of Leuven. All
animal care and experimental procedures agreed with the guidelines of
the European Convention for the Protection of Vertebrate Animals used
for Experimental and Other Scientific Purposes (Strasbourg,
18.III.1986). Animal studies are reported in compliance with the
ARRIVE guidelines [22,23]. Oocytes were surgically removed from the
ovarian tissue of Xenopus laevis, under conditions of anesthesia with
tricaine methane-sulfonate at neutral pH and cold anesthesia. The
whole animal was cooled down to 2–4 °C, and then a small part of the
ovary (˜200 oocytes) was removed through a small (less than 1 cm)
incision in the abdominal wall, which then was sewn with a single
stitch. For each animal, the interval between surgeries was at least 3
months. A total of 12 female X. laevis frogs were involved in this study
and were reused no more than 5 times each.

2.4. Pharmacological tests

2.4.1. Nociception induced by acidified saline or capsaicin
To verify whether ASIC and TRPV-1 channels are involved in the

antinociceptive activity of the pyrazole compounds, the effect in con-
nection with nociceptive responses elicited by specific activators of
each channel/receptor was tested. In the acidified saline test, animals
were treated with control (DMSO 10% (v/v), 10mL.kg−1, p.o.), LQFM-
020, LQFM-021 and LQFM-039 (15, 30 or 60mg.kg−1, p.o.), 1 h before

of the acidified saline injection. In the capsaicin test, animals were
treated with control (DMSO 10% (v/v), 10mL.kg−1, p.o.), LQFM-020,
LQFM-021 and LQFM-039 (30mg.kg−1, p.o.), 1 h before of the cap-
saicin injection. The positive control capsazepine (10mg.kg−1, i.p., a
TRPV1 antagonist) or amiloride (100mg.kg−1, i.p., an ASIC antagonist)
were administered 30min before of the phlogistic agent injection.
Then, following the treatments, mice received 20 μL intraplantar (i.pl.)
injection of either capsaicin (1.6 μg.paw−1) or acid saline (2% acetic
acid in 0.9% saline, pH 2.0) into the plantar surface of the right hind
paw. After the injection, the mice were placed into an acrylic box, and a
mirror was placed under this box and were observed for 7min (cap-
saicin), 20min (acid saline) in accord with previous study [26,27]. The
amount of time spent licking/biting the injected paw was recorded and
considered as indicative of nociceptive response. The acidified saline
test was performed in five days; The capsaicin test was performed in
one day, because of the number of animals.

2.4.2. Involvement of the opioid pathway in the antinociceptive effect of
pyrazoles compounds in formalin test

The possible participation of the opioid system in the anti-
nociceptive effect of LQFM-020, LQFM-021 and LQFM-039, was eval-
uated by using the formalin test in which the mice were pre-treated
(i.p.) with saline (10mL.kg−1) or naloxone (3mg.kg−1, i.p.) 15min
before the treatment with control, LQFM-020, LQFM-021 and LQFM-
039 (30mg.kg−1, p.o.) or morphine (5mg.kg−1, s.c.). Sixty minutes
after the oral treatment, or thirty minutes after the s.c. injection, the
animals received 20 μL intraplantar (i.pl.) of formalin (3%, v/v) and
were observed the licking time in first phase (0 to 5min.) and second
phase (15 to 30min.), as described previously by Costa et al. [25]. In
this experiment there are two controls groups, one group was pre-
treated with saline and other with naloxone. In the experimental
schedule, we made 10 animals a day; one animal from each group/day,
performing all experiment in eight days.

2.5. Electrophysiological evaluation

2.5.1. Expression in Xenopus oocytes
For the expression of the voltage-gated potassium channels (rKv1.1,

rKv1.2, hKv1.3, rKv1.4, rKv1.5, rKv1.6, Shaker IR, rKv10.1 and hERG),
rASIC-1α, rTRPV-1, and μhMOR in Xenopus oocytes, the linearized
plasmids were transcribed using the Ambion™ T7 or SP6 mMESSAGE-
mMACHINE transcription kit (Thermofisher, Houston, TX, USA). The
harvesting of stage V–VI oocytes from an anaesthetized female Xenopus
laevis frog was carried out as previously described by Liman et al. [28].
Oocytes were injected with 10–50 nL of cRNA at a concentration of
1 ng.nL−1 using a micro-injector (Drummond Scientific, Broomall, PA,
USA). The oocytes were incubated in a solution containing (in mM): 96
NaCl; 2 KCl; 1.8 CaCl2, 2 MgCl2,and 5 HEPES (pH 7.4), and supple-
mented with 50mg/L gentamycin sulfate.

2.5.2. Electrophysiological recordings
Two-electrode voltage-clamp recordings were performed at room

temperature (18–22 °C) using a GeneClamp 500 amplifier (Molecular
Devices, USA) controlled by a pClamp data-acquisition system (Axon
Instruments, USA). The resistances of both electrodes were kept be-
tween 0.8 and 1.5MΩ and were filled with 3M KCl. To eliminate the
effect of a voltage drop across the bath-grounding electrode, the bath
potential was actively controlled. The temperature of the perfusate was
kept at 22 °C and controlled using a SC-20 dual in-line heater/cooler
(Warner Instruments). The pH was kept at 7.4.

2.5.3. Potassium channels
Currents were measured in ND96 solution 1–2 days after injection.

The elicited currents were filtered at 1 kHz and sampled at 500 Hz using
a four-pole low-pass Bessel filter. Leak subtraction was performed using
a -P/4 protocol. Kv1.1–Kv1.6 and Shaker currents were evoked by
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500ms depolarizations to 0mV followed by a 500ms pulse to -50mV,
from a holding potential of -90mV. The elicited Kv10.1 currents were
filtered at 1 kHz and sampled at 2 kHz using a four-pole low-pass Bessel
filter. Kv10.1 currents were evoked by 2 s depolarizing pulses to 0mV
from a holding potential of −90mV. Current traces of hERG channels
were elicited by applying a + 40-mV prepulse for 2.5 s followed by a
step to −120mV for 2.5 s [29].

2.5.4. ASIC-1α channel
Currents were measured in ND96 solution (7.9, 7.4 and 4.5 pH) at a

holding potential of –70mV during 400 s, and the data were filtered at
20 Hz. Currents were measured 3–4 days after injection of the mRNA. A
gravity-controlled fast-perfusion system (Warner Instruments) was used
to ensure rapid solution exchanges. In each experiment, oocytes were

initially superfused with ND96 pH 7.9 solution. Next, the superfusion
was switched from ND96 pH 7.9 to ND96 pH 4.5 solution. Then, the
superfusion was switched back to ND96 pH 7.9 solution. Next, the
compounds LQFM-020, LQFM-021, or LQFM-039 were supplemented
with ND96 (7.9 and 7.4 pH). During application of increasing con-
centrations of the compounds, oocytes were superfused with ND96 pH
4.5. [30,31]. For determining the IC50 values, the percentage inhibition
was calculated assuming that zero current level corresponds to 100%
inhibition.

2.5.5. TRPV-1 receptor
Four days after injection, currents were measured in ND96 solution

at a holding potential of –70mV during 400 s. The recording chamber
was perfused at a rate of 2mL/min with a ND-96 solution (pH 7.4).

Fig. 2. Dose dependent effect of the oral administration of 15, 30, or 60mg.kg−1 of the pyrazole compounds LQFM-020, LQFM-021, and LQFM-039 on nociception
response caused by the intraplantar injection of acidified saline (ASIC activator, 2 A). Effect of the administration of 30mg.kg-1 these pyrazole compounds in
capsaicin induced-nociception (TRPV-1 activator, 2B) in mice. Grouped column scatter plot represent the mean ± SEM (n=8). Significance levels when compared
to the control group are indicated by ** P < 0.01; *** P < 0.001 (One-way ANOVA followed by Student-Newman–Keuls test).
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Capsaicin (2 μM) was used as an agonist and capsazepine (10 μM) as an
antagonist of TRPV-1. All experiments were carried out on at least three
different oocytes. LQFM-020, LQFM-021, and LQFM-039 were dis-
solved in ND96 and administered using the perfusion system [32]. For
determining the IC50 values, the percentage inhibition was calculated
assuming that zero current level corresponds to 100% inhibition.

2.5.6. Opioid μMOR receptor
Four days after injection, two electrode voltage-clamp recordings

were performed. Currents were measured in ND96 solution at a holding
potential of –90mV during 400 s. At the beginning and conclusion of
each experiment, oocytes were superfused with the ND-96 solution.
During application of increasing concentrations of the compounds,
oocytes were superfused with a high-potassium (HK) solution, with the
following composition (in Mm): KCl 96, NaCl2, MgCl2 1, CaCl2 1.8,
HEPES 5, and pH 7.5. In HK solution, the K+ equilibrium potential is
close to 0mV and enables K+ inward currents to flow through inwardly
rectifying K+ channels at negative holding potentials. A gravity-con-
trolled fast-perfusion system (Warner Instruments) was used to ensure
rapid solution exchanges. In each experiment, oocytes were clamped at
a holding potential of −70mV and superfused with ND96 solution.
Next, the superfusion was switched from ND96 to HK solution.
Subsequently, morphine (opioid receptor agonist – 1 μM) or defined
concentrations of LQFM-020, LQFM-021, and LQFM-039 were applied,
always in the presence of HK solution. Each concentration was applied
for as long as needed to achieve a steady-state GIRK1/GIRK2 current
activation. Each ligand concentration was washed out by superfusing
with HK solution. At the end of each experiment, the oocyte was su-
perfused with HK solution containing 300 μM BaCl2 causing the block
of the net GIRK1/GIRK2-gated inward current. Finally, the superfusion
was switched back to ND96 solution to confirm complete reversibility
[11,33]. The percentage-activated current was calculated using the
equation: percentage activation= activated current amplitude control
current amplitude × 100–100. Zero percent was taken as the control-
current level. Current percentages were then used for the calculation of
concentration–response curves using the Hill equation: I= Imax/[1 +
(EC50/A)nH], where I represents the current percentage, Imax the
maximal current percentage, EC50 the concentration of the agonist that
evokes the half-maximal response, A the concentration of agonist, and
nH the Hill coefficient.

2.6. Statistical analysis

The nociception data were analyzed statistically by one-way
ANOVA, if indicated significance, and a Student-Newman–Keuls test
was performed post-hoc. All the results are expressed as the
mean ± SEM. Electrophysiological data were representing at least
three independent experiments (n>3) and are presented as
mean ± SEM. Current percentages were used for the calculation of the
relative EC50 and IC50 value using the Hill equation. All statistical
analyses were carried out using Graph Pad Prism version 5.00. Values
of P ≤ 0.05 were considered significant.

3. Results

3.1. Effect of the pyrazole compounds on nociception induced by acidified
saline and capsaicin

The results in Fig. 2 shown the effect of LQFM-020, LQFM-021, and
LQFM-039 for the acidified saline and capsaicin tests. The data indicate
that when compared to the control group (228.6 ± 14.4) all treat-
ments reduced the nociceptive response in a dosage-dependent manner,
induced by i.pl. injection of acidified saline. The compound LQFM-020
(15, 30 and 60mg.kg-1) had an inhibition of 40.6% (P≤0.01), 40.1%
(P≤ 0.001), and 73.2% (P≤ 0.001), respectively. LQFM-021 (15, 30
and 60mg.kg-1) had an inhibition of 32.6% (P≤0.01), 43.9%

(P≤ 0.001), and 69.5% (P≤0.001) respectively. LQFM-039 (15, 30
and 60mg.kg-1) had an inhibition of 27.5% (P≤ 0.01), 36.4%
(P≤ 0.01), and 68.1% (P≤0.001) respectively. The positive control
amiloride 100mg.kg−1 was able to reduce the nociceptive response by
83.8% (P≤0.001), (Fig. 2A). In capsaicin-induced nociception, we also
observed that LQFM-020, LQFM-021, and LQFM-039 reduce the noci-
ceptive response by 53.3% (P≤0.001), 51.4% (P≤ 0.001), 52.1%
(P≤ 0.001), respectively, as compared to the control group
(52.50 ± 4.03). The positive control capsazepine 10mg.kg−1 was able
to reduce the nociceptive response by 48.8% (P≤0.001) (Fig. 2B).

3.2. Involvement of the opioidergic system in the antinociceptive effect of
pyrazole compounds in the formalin test

The administration of naloxone (nonselective antagonist at opioid
receptors, 3 mg.kg−1, i.p.), given 15min prior to formalin injection,
affects the antinociceptive activity produced by LQFM-020, LQFM-021,
and LQFM-039 in both phases of the formalin test. A similar effect was
observed with morphine (positive control). The saline-control group
showed response nociceptive of 60.63 ± 2.98 in the first phase and
184.6 ± 6.14 in the second phase. The naloxone-control group showed
the response nociceptive of 71.13 ± 2.97 in the first phase and
193.5 ± 7.20 in the second phase. The administration of naloxone, at
the dose tested, did not affect the nociceptive response in the both
phases the formalin test, when compare with saline-control (Fig. 3A–B).

3.3. Effect of the pyrazole compounds on the ASIC-1α channel

The effect of LQFM-020, LQFM-021, and LQFM-039 compounds on
the ASIC-1α channel expressed in Xenopus oocytes is shown in Fig. 4.
At pH 7.9, these compounds did not modulate the current. Interestingly,
the three compounds blocked the current through the ASIC-1α channel
at pH 4.5 (Fig. 4A, C, E, and G). The LQFM-020 and LQFM-021 com-
pounds showed similar relative IC50-values of 96.12 and 91.65 μM,
respectively. The compound LQFM-039 showed a relative IC50-value of
235.2 μM. Dose-response relationships and IC50-values are represented
in Fig. 4B, D, F, and H, respectively.

3.4. Effect of the pyrazole compounds on the TRPV-1 receptor

The effect of LQFM-020, LQFM-021, and LQFM-039 on the TRPV-1
receptor

expressed in Xenopus oocytes is shown in Fig. 5. Neither compounds
showed agonist activity on this channel. On the other hand, all the
compounds blocked the current through TRPV-1, when stimulated by
the capsaicin agonist, both when the channel was closed or already
previously opened by capsaicin (Fig. 5A, C, and E). The LQFM-020,
LQFM-021, and LQFM-039 compounds showed relative IC50-values of
139.1, 212.5, and 159.7 μM, respectively. Dose-response relationships
and IC50-values are represented in Fig. 5 B, D, and F, respectively.

3.5. Effect of the pyrazole compounds on the μMOR receptor

The μMOR receptor was co-expressed with GIRK1/GIRK2 channels
(these are inward-rectifying K channels) and RGS4 (these are cytosolic
regulators of G-protein signaling). In our study, we examined the effect
of LQFM-020, LQFM-021, and LQFM-039 (Fig. 6) on the opioid re-
ceptor, called hMOR. Representative current traces of agonist-gated
currents evoked in oocytes expressing hMOR by LQFM-020 (Fig. 6A),
LQFM-021 (Fig. 6C), and LQFM-039 (Fig. 6E), with relative EC50-values
of 117.4, 98.97, and 86.32 μM, respectively. Dose-response relation-
ships and relative EC50-values of these compounds are shown in Fig. 6B,
D, and F, respectively.
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3.6. Effect of the pyrazole compounds on Potassium Channels

LQFM-020, LQFM-021, and LQFM-039 were tested for their activity
against 9-voltage-gated potassium channel isoforms. The compounds,

tested at a concentration of 50 μM, were not able to inhibit or activate
the potassium currents generated through the mammalian Kv1.1,
Kv1.2, Kv1.3, Kv.1.4, Kv1.5, Kv1.6, Kv10.1, Shaker, and hERG po-
tassium channel subtypes (Fig. 7).

Fig. 3. Effect of the oral administration of 30mg.kg−1 of the pyrazole compounds LQFM-020, LQFM-021, and LQFM-039 on the nociception response caused by the
intraplantar injection of formalin. (3 A) represents the first phase (0–5min) and (3B) represents the second phase. Grouped column scatter plot represent
mean ± SEM of pain reaction time, in seconds (n=8). *** P < 0.001 (compared to control group, pre-treated with saline) and ### P≤0.001 (compared to
respectively treated group) according to One-way ANOVA followed by post-hoc Student-Newman–Keuls test. Abbreviations: Nal: Naloxone; Sal: Saline.
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4. Discussion

Pain and inflammatory conditions are significant health problem,
and there is a need for new drugs that provide safe and effective pain
management [34,35]. In this context, the search for new compounds
that could be applied in the therapy of painful conditions is important.
In the present study, we greatly extended our knowledge of previous
data in the literature on the biological effects of some pyrazole com-
pounds studied by our own group [17–21].

The present study demonstrates, for the first time, that the analgesic
effect of the compounds (LQFM-020, LQFM-021, and LQFM-039) may
be associated, at least in part, with their ability to directly reduce the
activation of nociceptors by blocking the current of ASIC-1α channels
and of TRPV-1 receptors. Furthermore, an agonist activity on the μMOR
receptor was observed. Alongside with the identification of these mo-
lecular targets, we have also demonstrated that these compounds show
analgesia in pain models induced by different chemical agents.

These pyrazole compounds were originally designed and synthe-
sized through molecular hybridization of the milrinone and cilostazol,

resulting in three compounds with fluorophenyl and tetrazole moieties
appended to a pyrazole ring. These compounds differ structurally by
modifications (para, meta, and ortho) of the fluorine positions in the
phenyl ring (i.e., they are isomers). The modifications of the fluorine
position maintained analgesic activity of the pyrazole derivatives;
however, LQFM-039 has a lower affinity for the ASIC-1α channel. Thus,
it is interesting to observe that there are isoform-specific modifications
that can be exploited and utilized as potent therapeutic agents in future.

The literature has demonstrated ample evidence showing that TRP
and ASIC channels play a key role in the detection of noxious stimuli
[27,36], and ASIC and TRPV-1 have complementary roles in the proton
sensitivity of sensory neurons [37]. As such, the development of
blockers of these ion channels may be of clinical interest for the control
of pain states.

This study demonstrated that LQFM-020, LQFM-021, and LQFM-
039 inhibit the nociceptive response induced by i.pl. injection of cap-
saicin and acidified saline, which activate TRPV-1 and ASIC channels,
respectively. Importantly, the nociceptive responses induced by acid-
ified saline and capsaicin also were inhibited by treatment with

Fig. 4. Activity profile of the pyrazole compounds LQFM-020, LQFM-021, and LQFM-039 on the ASIC-1α Channel. ASIC1a currents evoked by a rapid extracellular
pH change from 7.9 to 4.5. (A, C and E). Whole‐cell current traces in control (pH 4.5) and pyrazole compounds (in pH 7.9 and 4.5) conditions are shown. (B, D, and F)
Concentration–response curves for LQFM-020, LQFM-021, and LQFM-039, respectively on the ASIC-1α channel. All data represent the average of at least three
independent experiments (n ≥ 3) and are presented as mean ± SEM.
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amiloride and capsazepine, which are blockers of ASIC and TRPV-1
channels. These data are agreement with other studies reported in the
literature [27,38] that showed the antinociceptive effect of LQFM-020
and LQFM-021, in another model of pain [18,21].

Our research group has previously characterized LQFM-021 as an
analgesic opioid drug, since its analgesic activity, in the formalin test,
was prevented by the administration of naloxone, a nonselective opioid
antagonist [18]. On that basis, we decided to investigate and discern
whether other pyrazole compounds would act through the same me-
chanism.

Among the several experimental models for acute pain study, the
formalin test is the most useful tool to verify whether a compound has
antinociceptive activity. Injection of formalin into the hind paw induces
a biphasic pain response, neurogenic and inflammatory phases [39].
Since the pyrazole compounds could inhibit both phases, it is possible
to infer that it is able to inhibit the direct activation of nociceptors, as
well as to reduce the release of inflammatory mediators. Similar results
were reported by Florentino et al. [18] and De Oliveira et al. [21]. In
addition, we observed that the pretreatment with naloxone (a non-
selective antagonist of opioid receptor) reversed the antinociceptive
response of LQFM-020, LQFM-021, and LQFM-039, completely in the
first phase, and partly in the second phase of the formalin test. This
suggests that the antinociceptive action of these pyrazole compounds is
tightly involved with the opioid receptor and its modulation. When
compare with saline-control group, the administration of naloxone, per
se, did not increase the nociceptive response in both phases of the
formalin test. But, as expected, the pretreatment with naloxone re-
versed the antinociceptive effect of the classical agonist opioid, mor-
phine.

Although the tested compounds show an antinociceptive effect
mediated by the opioid system, oral administration of LQFM-021 did
not produce an antinociceptive effect in the tail-flick and hot-plate tests.

These results suggest that this compound does not act on the central
nervous system and that the opioid effect observed is most likely
mediated by peripheral opioid receptors. Our results are in accordance
with a study that showed that the opioid-induced antinociceptive effect
of pyrazole compounds may also be mediated by the activation of
opioid receptors located outside the central nervous system [35].

The next step in this work was to evaluate the possible mechanism
responsible for the compounds-induced antinociception by the two-
electrode voltage-clamp technique using heterologous expression of
targets in Xenopus laevis oocyte. This is a powerful method and a well-
known tool for investigating the functions and regulation of ion-
channel proteins and receptors [40]. It therefore provides a useful tool
for studying the mechanism of action of new drugs in development.
Firstly, we observed the effect of the compounds on a cell-viability test
for electrophysiological measurements. In this assay, none of the
compounds studied showed toxic effects that would impair electro-
physiological assessments or indicate false positive results in the other
tests. This data was relevant for the study's follow-up (data in supple-
mentary material). In agreement with the results of Martins et al. [17]
and De Oliverira et al. [21], our research showed that LQFM-021 and
LQFM-020 have low cytotoxicity, and the compounds also are well
tolerated when administered orally.

All compounds tested could block the ASIC1α channels at pH 4.5.
The compounds LQFM-020 and LQFM-021 showed similar relative IC50-
values (91.65 and 96.12 μM, respectively), suggesting that meta and
para fluorine position in the phenyl ring does not interfere with the
interaction this channel. On the other hand, LQFM-039 (ortho fluorine)
showed a relative IC50-value to inhibit the ASIC1α (235.5 μM) that is
higher than other pyrazole compounds, suggesting the importance of
the location of the fluorine substitution.

The literature reports that therapeutic concentrations of NSAIDs,
such as ibuprofen, aspirin®, and diclofenac also directly inhibit ASIC-1a

Fig. 5. Activity profile of the pyrazole com-
pounds LQFM-020, LQFM-021, and LQFM-039
on the TRPV-1 receptor. The result of one re-
presentative experiment is shown (A, C and E).
The lack of effect of pyrazole compounds in the
absence of capsaicin; the antagonistic effect of
LQFM-020, LQFM-021, or LQFM-039 (100 μM)
co‐applied with CAP (2 μM); CZP (10 μM). (B,
D, and F) Concentration–response curve for
LQFM-020, LQFM-021, and LQFM-039, re-
spectively on the TRPV1 receptor. All data re-
present the average of at least three in-
dependent experiments (n ≥ 3) and are
presented as mean ± SEM. CAP: capsaicin
(2 μM); CZP: capsazepine.
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with IC50-values between 92–350 μM [41]. In addition, amiloride has
been the first blocker known and inhibits ASIC channels in the micro-
molar concentration range (IC50-value ranging between 5 and 100 μM)
[42,43]. Thus, our results are in agreement with literature describing
other inhibitors. Such an inhibition could be especially relevant in
nociceptors where ASIC-1α is co-expressed with TRPV-1 [44,45].
TRPV-1 shares the property of H+ permeability with ASIC-1a, and
TRPV-1 activation could control ASIC-1a activity in nociceptors [46].

Several natural and synthetic compounds, as well as endogenous
ligands, have been identified for TRPV-1 [47]. The literature shows
more than 1.000 natural and synthetic compounds acting on TRPV-1 as
either an activator or blocker [48]. TRPV-1 is a multimodal sensor: its
sensitization by many pain pathways and the effects of inflammatory
mediators (protons, bradykinin, ATP, prostaglandins, lipoxygenases,
glutamate, and nerve-growth factor) on TRPV-1 have been extensively
studied [49–52]. Some studies have shown that TRPV-1 allows protons
to enter the cell in an acidic environment [7,53,54]. The conductance of
H+ through TRPV-1 maybe result in intracellular acidification, which
in turn may act on membrane channels that are sensitive to changes in
intracellular pH, such as, certain two-pore domain K+ channels [7].

The role of TRPV1 in pain can be counteracted both by true an-
tagonists as well as by desensitizing TRPV-1 agonists [7,48]. Consistent
with this, our data also show that LQFM-020, LQFM-021, and LQFM-
039 have no agonist activity on TRPV-1 receptors. However, in con-
trast, they possess similar and significant inhibitory effects on TRPV-1
when expressed in Xenopus oocytes. These results corroborate with the
analgesic effect observed in a capsaicin-induced pain model.

One of the relevant observations in our study was the pretreatment
with naloxone that reversed the analgesic effected the compounds
which were tested. Corroborating herewith, our electrophysiological
evaluations on the μMOR receptor has shown that LQFM-020, LQFM-
021, and LQFM-039 possess agonist activity on this receptor. Opioid
analgesics that target the μMOR-opioid receptor, such as morphine,
remain powerful analgesics for pain relief. The inhibitory modulation of
the opioid system is a point critical for of pain transmission [55]. The
three pyrazole compounds tested showed similar EC50-values, which
suggests that the modifications (para, meta, and ortho) of the fluorine
position in the phenyl ring does not play a role in modifying the re-
ceptor.

In this paper, we showed that pyrazole compounds can modulate

Fig. 6. Activity profile of the pyrazole compounds LQFM-020, LQFM-021, and LQFM-039 on the μMOR receptor. The result of one representative experiment is
shown (A, C, and E). Whole‐cell current traces for MOR with LQFM-020, LQFM-021, or LQFM-039 conditions are shown (A, C, and E). (B, D, and F)
Concentration–response curve for LQFM-020, LQFM-021, and LQFM-039, respectively, on the μMOR receptor. All data represent the average of at least three
independent experiments (n ≥ 3) and are presented as mean ± SEM. HK: High potassium solution; MOR: Morphine; Ba2+: Barium chloride.
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the activity of functionally active ASIC channels in a way similar to that
demonstrated by the literature that classical NSAIDs can modulate the
activity of functionally active ASIC homomers [41]. Importantly, all the
tested compounds in this study, which comprise the pyrazole group,
have very simple chemical structures. This structure differs of the
amiloride and other known modulators of acid-sensing ion channels.
However, the exact mechanism and sites of the binding of the pyrazole
compounds to inhibit ASICs and TRPV1 channels and to activate MOR
receptor require further research. The compounds can have a directly
ligand-binding inhibition effect, or an indirect effect. in vivo experi-
ment, we observed different effects and more experiments need to be
performed to arrive at the exact mechanism.

Recent studies have shown that voltage-gated potassium channels
(Kv) are potential therapeutic targets for several types of pain, such as
neuropathic and inflammatory pain [56,57]. Although previous results
suggest a possible involvement of ATP-sensitive K+ channels in

peripheral antinociception induced by LQFM-021 [18], and a vasor-
elaxant effect by LQFM-021 and LQFM-020 [17,21], our results show
that (up to 50 μM) neither compounds LQFM-020, LQFM-021, and
LQFM-039 changed the current carried through the different isoforms
of voltage-gated potassium channels (Kv1.1–Kv1.6, Shaker, Kv10.1, and
hERG), suggest that these compounds do not directly modulate the
activity potassium channels. But we cannot rule out an interaction in an
indirect way or the action on ATP-sensitive K+ channels.

5. Conclusion

Our findings not only confirm literature evidence, but also sig-
nificantly extend its insights in connection with the antinociceptive
profile of pyrazole compounds. In addition to antinociceptive effects
previously demonstrated, this study demonstrates for the first time that
LQFM-020, LQFM-021, and LQFM-039 are capable of modulating the

Fig. 7. Activity profile of the pyrazole compounds LQFM-020, LQFM-021, and LQFM-039 on the voltage-gated potassium channels. This figure shows that the dose of
50 μM the compounds tested no change in the ionic currents of the Kv1.1, Kv1.2, Kv1.3, Kv.1.4, Kv1.5, Kv1.6, Kv10.1, Shaker, and hERG potassium channel subtype.
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activation of nociceptors with the molecular targets being the ASIC-1α
channel, TRPV1, and μMOR receptors. Together, it is reasonable to
propose that these pyrazole compounds might be of potential interest in
the development of new clinically relevant drugs for the management of
different pain states.

Author contributions

Iziara F. Florentino designed and carried the pharmacological ana-
lyses, electrophysiological analyses and drafted the manuscript. Daiany
P.B. Silva and Carina Sofia Cardoso designed and carried the pharma-
cological analyses. Ricardo Menegatti (Head) conceived the study, de-
signed and carried synthesis of the LQFMs. Flávio S. de Carvalho and
Luciano M. Lião carried the synthesis of the LQFMs. Paulo M. Pinto
carried the electrophysiological analyses. Steve Peigneur carried the
electrophysiological analyses and drafted the manuscript. Elson A.
Costa (Head) and Jan Tytgat (Head) and supervised the research pro-
ject, carried the pharmacological analyses, electrophysiological ana-
lyses and drafted the manuscript. All authors have commented on the
initial and final drafts of the manuscript and are responsible for the
approval of the final version of the manuscript in all aspects.

Conflict of interest statement

The authors declare that they have no conflicts of interest.

Acknowledgments

The authors are grateful to Dr. Ekaterina A. F. B. Rivera, Lucas B. do
Nascimento and Taís Andrade Dias de Souza for ethical and technical
assistance, as well as the CNPq (140859/2014-4, 201177/2015-3) and
CAPES (2013NE003405) for financial support.

References

[1] D. Julius, A.I. Basbaum, Molecular mechanisms of nociception, Nature 413 (2001)
203–210, https://doi.org/10.1038/35093019.

[2] A.E. Dubin, A. Patapoutian, Nociceptors: the sensors of the pain pathway, J. Clin.
Invest. 120 (2010) 3760–3772, https://doi.org/10.1172/JCI42843.

[3] A.I. Basbaum, D.M. Bautista, G. Scherrer, D. Julius, Cellular and molecular me-
chanisms of pain, Cell 139 (2009) 267–284, https://doi.org/10.1016/j.cell.2009.
09.028.

[4] A.D. Mickle, A.J. Shepherd, D.P. Mohapatra, Nociceptive TRP channels: sensory
detectors and transducers in multiple pain pathologies, Pharm. Basel (Basel) 9
(2016) 1–26, https://doi.org/10.3390/ph9040072.

[5] S. Ugawa, T. Ueda, Y. Ishida, M. Nishigaki, Y. Shibata, S. Shimada, Amiloride-
blockable acid-sensing ion channels are leading acid sensors expressed in human
nociceptors, J. Clin. Invest. 110 (2002) 1185–1190, https://doi.org/10.1172/
JCI15709.

[6] E. Deval, X. Gasull, J. Noël, M. Salinas, A. Baron, S. Diochot, E. Lingueglia, Acid
sensing ion channels (ASICs): pharmacology and implication in pain, Pharmacol.
Ther. 128 (2010) 549–558, https://doi.org/10.1016/j.pharmthera.2010.08.006.

[7] P. Holzer, Acid-sensitive ion channels and receptors, Handb. Exp. Pharmacol. 194
(2009) 283–332, https://doi.org/10.1007/978-3-540-79090-79.

[8] E. Cuypers, S. Peigneur, S. Debaveye, K. Shiomi, J. Tytgat, TRPV1 channel as new
target for marine toxins: example of gigantoxin I, a sea anemone toxin acting via
modulation of the PLA2 pathway, Acta Chim. Slov. 58 (2011) 735–741.

[9] S.R. Savage, K.L. Kirsh, S.D. Passik, Challenges in using opioids to treat pain in
persons with substance use disorders, Addict. Sci. Clin. Pract. 4 (2008) 4–25 PMCID:
PMC2797112.

[10] M. Minami, M. Satoh, Molecular biology of the opioid receptors: structures, func-
tions and distributions, Neurosci. Res. 23 (1995) 121–145, https://doi.org/10.
1016/0168-0102(95)00933-K.

[11] J. Pil, J. Tytgat, Serine 329 of the mu-opioid receptor interacts differently with
agonists, J. Pharmacol. Exp. Ther. 304 (2003) 924–930, https://doi.org/10.1124/
jpet.102.040113.

[12] P.Y. Law, H.H. Loh, Regulation of opioid receptor activities, J. Pharmacol. Exp.
Ther. 289 (1999) 607–624 PMID: 10215631.

[13] J.C. Maroon, J.W. Bost, A. Maroon, Natural anti-inflammatory agents for pain relief,
Surg. Neurol. Int. 13 (2010) 1–80, https://doi.org/10.4103/2152-7806.73804.

[14] S.V. Bhandari, S.C. Dangre, K.G. Bothara, A.A. Patil, A.P. Sarkate, D.K. Lokwani,
S.T. Gore, B.J. Deshmane, V.T. Raparti, C.V. Khachane, Design, synthesis and
pharmacological screening of novel nitric oxide donors containing 1,5-diarylpyr-
azolin-3-one as nontoxic NSAIDs, Eur. J. Med. Chem. 44 (2009) 4622–4636,
https://doi.org/10.1016/j.ejmech.2009.06.035.

[15] S.P. Aytaç, B. Tozkoparan, F.B. Kaynak, G. Aktay, O. Göktaş, S. Unüvar, Synthesis of
3,6-disubstituted 7H-1,2,4-triazolo[3,4-b]-1,3,4-thiadiazines as novel analgesic/
anti-inflammatory compounds, Eur. J. Med. Chem. 44 (2009) 4528–4538, https://
doi.org/10.1016/j.ejmech.2009.06.026.

[16] T. El-Sayed Ali, Synthesis of some novel pyrazolo[3,4-b]pyridine and pyrazolo[3,4-
d]pyrimidine derivatives bearing 5,6-diphenyl-1,2,4-triazine moiety as potential
antimicrobial agents, Eur. J. Med. Chem. 44 (2009) 4385–4392, https://doi.org/10.
1016/j.ejmech.2009.05.031.

[17] D.R. Martins, F. Pazini, V.M. Alves, S.S. Moura, L.M. Lião, M.T.Q. Magalhães,
M.C. Valadares, C.H. Andrade, R. Menegatti, M.L. Rocha, Synthesis, docking stu-
dies, pharmacological activity and toxicity of a novel pyrazole derivative (LQFM
021)-possible effects on phosphodiesterase, Chem. Pharm. Bull. 61 (2013) 524–531,
https://doi.org/10.1248/cpb.c12-01016.

[18] I.F. Florentino, P.M. Galdino, L.P. Oliveira, D.P.B. Silva, F. Pazini, F.A. Vanderlinde,
L.M. Lião, R. Menegatti, E.A. Costa, Involvement of the NO/cGMP/KATP pathway
in the antinociceptive effect of the new pyrazole 5-(1-(3-fluorophenyl)-1H-pyrazol-
4-yl)-2H-tetrazole (LQFM-021), Nitric Oxide 47 (2015) 17–24, https://doi.org/10.
1016/j.niox.2015.02.146 Epub 2015 Mar 6.

[19] I.F. Florentino, D.P.B. Silva, J.L.R. Martins, T.S. Silva, F.C.A. Santos, C.R. Tonussi,
G.A. Vasconcelos, B.G. Vaz, L.M. Lião, R. Menegatti, E.A. Costa, Pharmacological
and toxicological evaluations of the new pyrazole compound (LQFM-021) as po-
tential analgesic and anti-inflammatory agentes, Inflammopharmacology 2016
(2016) 1–11, https://doi.org/10.1007/s10787-016-0282-3.

[20] I.F. Florentino, D.P.B. Silva, D.M. Silva, C.S. Cardoso, A.L.E. Moreira, C.L. Borges,
C.M.A. Soares, P.M. Galdino, L.M. Lião, P.C. Ghedini, R. Menegatti, E.A. Costa,
Potential anti-inflammatory effect of LQFM-021 in carrageenan-induced in-
flammation: the role of nitric oxide, Nitric Oxide 69 (2017) 35–44, https://doi.org/
10.1016/j.niox.2017.04.006.

[21] L.P. De Oliveira, D.P. da Silva, I.F. Florentino, J.O. Fajemiroye, T.S. de Oliveira,
R.I. de Ávila Marcelino, F. Pazini, L.M. Lião, P.C. Ghedini, S.S. de Moura,
M.C. Valadares, V.V. de Carvalho, B.G. Vaz, R. Menegatti, E.A. Costa, New pyrazole
derivative 5-[1-(4-fluorphenyl) -1H-pyrazol-4-yl]-2H-tetrazole: synthesis and as-
sessment of some biological activities, Chem. Biol. Drug Des. 89 (2017) 124–135,
https://doi.org/10.1111/cbdd.12838.

[22] C. Kilkenny, W. Browne, I.C. Cuthill, M. Emerson, D.G. Altman, Animal research:
reporting in vivo experiments: the ARRIVE guidelines, Br. J. Pharmacol. 160 (2010)
1577–1579.

[23] J.C. McGrath, E. Lilley, Implementing guidelines on reporting research using ani-
mals (ARRIVE etc.): new requirements for publication in BJP, Br. J. Pharmacol. 172
(2015) 3189–3193.

[24] M. Zimmermann, Ethical guidelines for investigations of experimental pain in
conscious animals, Pain 16 (1983) 109–110, https://doi.org/10.1016/0304-
3959(83)90201-4.

[25] E.A. Costa, R.C. Lino, M.N. Gomes, M.V.M. Nascimento, I.F. Florentino,
P.M. Galdino, C.H. Andrade, K.R. Rezende, L.O. Magalhães, R. Menegatti, Anti-
inflammatory and antinociceptive activities of LQFM002-A 4-nerolidylcatechol
derivative, Life Sci. 92 (2013) 237–244, https://doi.org/10.1016/j.lfs.2012.12.003.

[26] E.R. Rios, N.F. Rocha, A.M. Carvalho, L.F. Vasconcelos, M.L. Dias, D.P. de Sousa,
F.C. de Sousa, M.M. Fonteles, TRP and ASIC channels mediate the antinociceptive
effect of citronellyl acetate, Chem. Biol. Interact. 203 (2013) 573–579, https://doi.
org/10.1016/j.cbi.2013.03.014.

[27] R.R. Simões, I. Dos Santos Coelho, C.C. Do Espírito Santo, A.F. Morel, E.M. Zanchet,
A.R. Santos, Oral treatment with methanolic extract of the root bark ofCondalia
buxifolia Reissek alleviates acute pain and inflammation in mice: Potential interac-
tions with PGE2, TRPV1/ASIC and PKA signaling pathways, J. Ethnopharmacol.
185 (2016) 319–326, https://doi.org/10.1016/j.jep.2016.03.050.

[28] E.R. Liman, J. Tytgat, P. Hess, Subunit stoichiometry of a mammalian K+ channel
determined by construction of multimeric cDNAs, Neuron 9 (1992) 861–871,
https://doi.org/10.1016/0896-6273(92)90239-A.

[29] S. Peigneur, B. Billen, R. Derua, E. Waelkens, S. Debaveye, L. Béress, J. Tytgat, A
bifunctional sea anemone peptide with Kunitz type protease and potassium channel
inhibiting properties, Biochem. Pharmacol. 82 (2011) 81–90, https://doi.org/10.
1016/j.bcp.2011.03.023.

[30] P. Escoubas, J.R. De Weille, A. Lecoq, S. Diochot, R. Waldmann, G. Champigny,
D. Moinier, A. Ménez, M. Lazdunski, Isolation of a tarantula toxin specific for a class
of proton-gated Na+ channels, J. Biol. Chem. 275 (2000) 25116–25121, https://
doi.org/10.1074/jbc.M003643200.

[31] T.W. Sherwood, K.G. Lee, M.G. Gormley, C.C. Askwith, Heteromeric acid-sensing
ion channels (ASICs) composed of ASIC2b and ASIC1a display novel channel
properties and contribute to acidosis-induced neuronal death, J. Neurosci. 31
(2011) 9723–9734, https://doi.org/10.1523/JNEUROSCI.1665-11.2011.

[32] E. Cuypers, A. Yanagihara, J.D. Rainier, J. Tytgat, TRPV1 as a key determinant in
ciguatera and neurotoxic shellfish poisoning, Biochem. Biophys. Res. Commun. 361
(2007) 214–217, https://doi.org/10.1016/j.bbrc.2007.07.009.

[33] J. Pil, P. Van der Veken, G. Bal, K. Augustyns, A. Haemers, J. Tytgat, Synthesis and
electrophysiological characterization of cyclic morphiceptin analogues, Biochem.
Pharmacol. 67 (2004) 1887–1895, https://doi.org/10.1016/j.bcp.2004.02.011.

[34] M.E. Buyukokuroglu, Anti-inflammatory and antinociceptive properties of dan-
trolene sodium in rats and mice, Pharmacol. Res. 45 (2000) 455–459, https://doi.
org/10.1006/phrs.2002.0970.

[35] G. Trevisan, M.F. Rossato, C.I. Walker, S.M. Oliveira, F. Rosa, R. Tonello, C.R. Silva,
P. Machado, A.A. Boligon, M.A. Martins, N. Zanatta, H.G. Bonacorso, M.L. Athayde,
M.A. Rubin, J.B. Calixto, J. Ferreira, A novel, potent, oral active and safe anti-
nociceptive pyrazole targeting kappa opioid receptors, Neuropharmacology 73
(2013) 261–273, https://doi.org/10.1016/j.neuropharm.2013.06.011.

[36] M. Numazaki, M. Tominaga, Nociception and TRP channels, Curr. Drug Targets CNS

I.F. Florentino, et al. Biomedicine & Pharmacotherapy 115 (2019) 108915

11



Neurol. Disord. 3 (2004) 479–485 PMID: 15578965.
[37] C.H. Baggio, C.S. Freitas, R. Marcon, M.F. Werner, G.A. Rae, F.R. Smiderle,

G.L. Sassaki, M. Iacomini, M.C. Marques, A.R. Santos, Antinociception of β-D-
glucan from Pleurotus pulmonarius is possibly related to protein kinase C inhibi-
tion, Int. J. Biol. Macromol. 50 (2012) 872–877, https://doi.org/10.1016/j.
ijbiomac.2011.10.023.

[38] D.P. Montrucchio, M.M. Córdova, A.R. Santos, Plant derived aporphinic alkaloid S-
(+)-dicentrine induces antinociceptive effect in both acute and chronic in-
flammatory pain models: evidence for a role of TRPA1 channels, PLoS One 8 (2013)
1–9, https://doi.org/10.1371/journal.pone.0067730 e67730.

[39] C.R. McNamara, J. Mandel-Brehm, D.M. Bautista, J. Siemens, K.L. Deranian,
M. Zhao, N.J. Hayward, J.A. Chong, D. Julius, M.M. Moran, C.M. Fanger, TRPA1
mediates formalin-induced pain, Proc. Natl. Acad. Sci. U. S. A. 104 (2007)
13525–13530, https://doi.org/10.1073/pnas.0705924104.

[40] C. Wang, J. Zhang, J.I. Schroeder, Two-electrode voltage-clamp recordings in
Xenopus laevis Oocytes: reconstitution of abscisic acid activation of SLAC1 anion
channel via PYL9 ABA receptor, Bio. Protoc. 7 (2017) 1–9, https://doi.org/10.
21769/BioProtoc.2114.

[41] N. Voilley, J. de Weille, J. Mamet, M. Lazdunski, Nonsteroid anti-inflammatory
drugs inhibit both the activity and the inflammation-induced expression of acid-
sensing ion channels in nociceptors, J. Neurosci. 21 (2001) 8026–8033 PMID:
11588175.

[42] A.O. Korkushko, O.A. Kryshtal, B.I. Bessonov, M.D. Klyshta, Blocking by amiloride
of hydrogen ion-activated sodium permeability of sensory neuron membranes,
Vrach. Delo 3 (1984) 84–87 PMID: 6326385.

[43] E. Lingueglia, M. Lazdunski, Pharmacology of ASIC channels, Wiley Interdiscip.
Rev. Membr. Transp. Signal. 2 (2013) 155–171, https://doi.org/10.1002/wmts.88.

[44] T.H. Olson, M.S. Riedl, L. Vulchanova, X.R. Ortiz-Gonzalez, R. Elde, An acid sensing
ion channel (ASIC) localizes to small primary afferent neurons in rats, Neuroreport
9 (1998) 1109–1113 PMID: 9601677.

[45] S. Ugawa, T. Ueda, H. Yamamura, S. Shimada, In situ hybridization evidence for the
coexistence of ASIC and TRPV1 within rat single sensory neurons, Brain Res. Mol.
Brain Res. 136 (2005) 125–133, https://doi.org/10.1016/j.molbrainres.2005.01.
010.

[46] X. Chen, S. Gründer, Permeating protons contribute to tachyphylaxis of the acid-
sensing ion channel (ASIC)1a, J. Physiol. 579 (2007) 657–670, https://doi.org/10.
1113/jphysiol.2006.120733.

[47] H.Z. Hu, R. Xiao, C. Wang, N. Gao, C.K. Colton, J.D. Wood, M.X. Zhu, Potentiation
of TRPV3 channel function by unsaturated fatty acids, J. Cell. Physiol. 208 (2006)

201–212, https://doi.org/10.1002/jcp.20648.
[48] L.A. Gharat, A. Szallasi, Advances in the design and therapeutic use of capsaicin

receptor TRPV1 agonists and antagonists, Expert. Opin. Ther. Patents 18 (2008)
159–209, https://doi.org/10.1517/13543776.18.2.159.

[49] S. Hwang, H. Cho, J. Kwak, S. Lee, C. Kang, J. Jung, S. Cho, K.H. Min, Y. Suh,
D. Kim, U. Oh, Direct activation of capsaicin receptors by products of lipoxygenases:
Endogenous capsaicin-like substances, Proc. Natl. Acad. Sci. U. S. A. 97 (2000)
6155–6160 PMCID: PMC18574.

[50] H. Chuang, E. Prescott, H. Kong, S. Sheilds, S. Jordt, A. Basbaum, M.V. Chao,
D. Julius, Bradykinin and nerve growth factor release the capsaicin receptor from
PtdIns(4,5)P2-mediated inhibition, Nature 411 (2001) 957–962, https://doi.org/
10.1038/35082088.

[51] M. Tominaga, M. Wada, M. Masu, Potentiation of capsaicin receptor activity by
metabotropic ATP receptors as a possible mechanism for ATP-evoked pain and
hyperalgesia, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 6951–6956, https://doi.org/
10.1073/pnas.111025298.

[52] H. Hu, G. Bhave, R. Gereau, IV Prostaglandin and protein kinase A-dependent
modulation of vanilloid receptor function by metabotropic glutamate receptor 5:
Potential mechanism for thermal hyperalgesia, J. Neurosci. 22 (2002) 7444–7452.

[53] N. Hellwig, T.D. Plant, W. Janson, M. Schäfer, G. Schultz, M. Schaefer, TRPV1 acts
as proton channel to induce acidification in nociceptive neurons, J. Biol. Chem. 279
(2004) 34553–34561, https://doi.org/10.1074/jbc.M402966200.

[54] S.D. Vulcu, J.F. Liewald, C. Gillen, J. Rupp, H. Nawrath, Proton conductance of
human transient receptor potential-vanilloid type-1 expressed in oocytes of
Xenopus laevis and in Chinese hamster ovary cells, Neuroscience. 125 (2004)
861–866, https://doi.org/10.1016/j.neuroscience.2004.02.032.

[55] H.B. Wang, B. Zhao, Y.Q. Zhong, K.C. Li, Z.Y. Li, Q. Wang, Y.J. Lu, Z.N. Zhang,
S.Q. He, H.C. Zheng, S.X. Wu, T.G. Hökfelt, L. Bao, X. Zhang, Coexpression of delta-
and mu-opioid receptors in nociceptive sensory neurons, Proc. Natl. Acad. Sci. U. S.
A. 107 (2010) 13117–13122, https://doi.org/10.1073/pnas.1008382107.

[56] M. Takeda, M. Takahashi, S. Matsumoto, Inflammation enhanced brain-derived
neurotrophic factor-induced suppression of the voltage-gated potassium currents in
small-diameter trigeminal ganglion neurons projecting to the trigeminal nucleus
interpolaris/caudalis transition zone, Neuroscience 261 (2014) 223–231, https://
doi.org/10.1016/j.neuroscience.2013.12.048.

[57] F. Liu, X.W. Lu, Y.J. Zhang, L. Kou, N. Song, M.K. Wu, M. Wang, H. Wang, J.F. Shen,
Effects of chlorogenic acid on voltage-gated potassium channels of trigeminal
ganglion neurons in an inflammatory environment, Brain Res. Bull. 127 (2016)
119–125, https://doi.org/10.1016/j.brainresbull.2016.09.005.

I.F. Florentino, et al. Biomedicine & Pharmacotherapy 115 (2019) 108915

12


