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ARTICLE INFO ABSTRACT

Keywords: Objective: Herein, we investigate the potential analgesic effect of a newly synthesized chalcone-derived apocynin
Apocynin in a neurogenic pain model.

Chalcone

Methods: Molecular docking was used to foretell the apocynin binding features and dynamics with the TRPV1
channel, and the activity was tested in vitro, using transfected HEK 293T cells with the rat TRPV1 receptor. The
analgesic effect of apocynin was investigated using a capsaicin-induced pain model. The expression of TRPV1,
TRPA1, TRPMS, and MAPKs was assessed by electrophoresis, and immunosorbent assays were performed to
quantify the neurotransmitters Substance P, Glutamate, and CGRP. A survival assay using Galleria mellonella was
carried out to determine the toxicity.

Results: We observed that apocynin exhibits greater thermodynamic stability. Upon apocynin ligand binding, it
changes the electrostatic potential for a predominantly electronegative state in the interior and neutral in its
external vanilloid pocket. Treatment of apocynin induces antinociceptive effects against the noxious challenge of
capsaicin. Histologically, apocynin decreased the number of TRPV1" immunopositive cells. Electrophoresis
showed reduced phosphorylation of p44/42 (ERK1/2) and decreased protein levels of substance P, and CGRP. In
the survival assay, apocynin showed low toxicity.

Conclusions: In conclusion, we provide proof-of-principles that the newly synthesized apocynin compound
effectively prevented nociception in a neurogenic model of orofacial pain.
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1. Introduction

According to the International Classification of Orofacial Pain
(ICOP), orofacial pain is defined as "pain caused by diseases, injuries or
abnormal functioning of the tooth pulp, periodontium, gingiva (e), oral
mucosa, salivary glands or jaw bone tissue, or by normal functioning of
the tooth pulp signalling risk of tooth damage" (ICOP, 2020). The pri-
mary sensory neurons that innervate the orofacial regions are located in
the trigeminal ganglion and recognize the external stimulus, taking the
nociceptive information to higher centers where pain is processed and
perceived (Liu et al., 2022). Additionally, immune cells (i.e., macro-
phages, neutrophils, satellite glial cells, etc.) play crucial roles in noci-
ceptive signal transmission by increasing cytokines and neuropeptides
release, activating intracellular pathways, leading to a facilitation of
action potential transmission (Abdalla et al., 2022a,b; Mecklenburg
et al., 2023).

Particularly, neurogenic inflammation is a complex process initiated
by the activation of sensory nerves, particularly trigeminal afferents,
which release neuropeptides such as calcitonin gene-related peptide
(CGRP) and substance P (SP). These neuropeptides play a key role in the
inflammatory response by promoting vasodilation, which increases
blood flow to the affected area (Biscetti et al., 2023). Additionally, the
release of these neuropeptides induces mast cell degranulation, a pro-
cess that further amplifies the inflammatory cascade by releasing his-
tamine and other pro-inflammatory mediators. This combination of
increased vascular permeability, immune cell activation, and the
recruitment of inflammatory molecules underpins the pathophysiology
of neurogenic inflammation, contributing to pain and tissue sensitivity
often observed in conditions such as migraine, arthritis, and chronic
pain syndromes (Kilinc et al., 2024)

Given this framework and considering the multi-complexity associ-
ated with painful states in the orofacial area (e.g., genetics, environ-
ment, behavior, medication, psychological stress, anxiety, obsessive-
compulsive feelings, pain-coping strategies, and sleep quality), man-
agement of these conditions is challenging (Ettlin et al., 2021), espe-
cially regarding pharmacotherapy. Cases of acute pain episodes are
usually managed with nonsteroidal anti-inflammatory drugs (NSAIDs)
and other over-the-counter medications (ibuprofen, acetaminophen,
corticoids), aside from additional non-pharmaceutical treatments
(physical therapy, occlusal splint), and pain sensation is controlled
(Harper et al., 2016; Ghurye and McMillan, 2017). On the other hand,
chronic pain like trigeminal neuropathies is demanding. Antidepres-
sants, anticonvulsants, and opioids are commonly prescribed with low
rates of effectiveness. In addition, depending on how long and the
dosage used, side effects may occur as neurological side effects, hypo-
natremia, blood disorders, weight gain, addiction, constipation, mood
changes, and sexual dysfunction (Harper et al., 2016; Ghurye and
McMillan, 2017).

Transient receptor potential vanilloid 1 (TRPV1), also known as
capsaicin receptor, is activated by heat, voltage, and specific ligands. In
peripheral nerve fibers, it serves as a thermal and chemical sensor in
nociceptive paths. TRPV1 receptor is a nonselective cation channel.
Activation leads to the generation of the action potential through the
inflow of both Na™ and Ca®" ions (Liang et al., 2023). In this regard,
TRPV1 has been associated with pain sensation in several circumstances
(e.g., neuropathic, itch, inflammatory), being considered a promising
therapeutic target in the management of pain (Davis et al., 2000; Liang
et al., 2023). Apocynin is a new chalcone derivate with interesting
pharmacological effects and it can be isolated from many plant or
chemically synthesized (Klees et al., 2006). Furthermore, chalcone is a
derived-natural product with proven anti-inflammatory, antimicrobial,
and antifungal properties, and serves as an inhibitor of nociception,
partially justified by its modulatory effects on the TRPV1 receptor
(Benso et al., 2019). Considering this, our research group has synthe-
sized a newly chalcone derivative of apocynin, 1-(4-hydrox-
y-3-methoxyphenyl)-3-(4-nitrophenyl)-2- propenone (Moreno 2020;
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Bustos et al., 2023).

Therefore, in the present manuscript, we explore the potential
analgesic effects of the new apocynin compound using a neurogenic
model induced by capsaicin. We investigate their capacity to counteract
the TRPV1 receptor in the trigeminal ganglion and inhibit neurotrans-
mitter release. For last, we carried out a survival assay to determine
toxicity.

2. Material and methods
2.1. Chemistry

The synthesis of apocynin was carried out by applying the Claisen-
Smith reaction both by means of alkaline or acid catalysis. The details
about the procedures of synthesis as well as spectroscopic character-
ization are previously described (Moreno 2020).

2.2. Invitro screening and biological evaluation

The activity of apocynin was evaluated on capsaicin and
temperature-induced TRPV1 activation. Both responses were measured
into transfected HEK 293T cells (ATCC CRL-3216™) with rat TRPV1
receptor and were determined using a high throughput calcium influx
assay in which Fluo-4 AM fluorescence was followed in a real-time PCR
thermocycler (Luo et al., 2011) allowing us to follow multiple conditions
simultaneously during a temperature ramp.

2.3. Computational Methodology

The 3D structure of the TRPV1 channel in mammals, with the Protein
Data Bank (PDB) identifier 7ZLRO (Nadezhdin et al., 2021), served as the
foundational structure for our study. We employed an ensemble docking
approach to investigate the binding of the apocynin (Apo) ligand. To
prepare the protein structure and its co-crystallized ligand capsaicin
(CAP), we utilized the Maestro/Schrodinger software suite (Release,
2021-1 - Schrodinger, Inc. [Maestro, 2020]). Protonation states were
assigned with Propka (Olsson et al., 2011) based on physiological pH
conditions. Subsequently, the system underwent energy minimization,
with the optimization limited to hydrogen atoms to preserve the initial
structure. Next, we embedded the TRPV1-CAP complex within a lipid
membrane composed of 1-Palmitoyl-2-oleoyl-phosphatidylcholine
(POPC). Additionally, the system was solvated within a periodic box
containing Single Point Charge (SPC) water molecules, and an ionic
concentration of 150 mM NaCl was added to mimic physiological con-
ditions. The prepared system was subjected to an extensive 0.5 ps mo-
lecular dynamics simulation (MDs) using the OPLS3e force field (Roos
et al., 2019) within the Desmond simulation package of Maes-
tro/Schrodinger suite (Maestro, 2020). The simulation was conducted
under NPT (constant Number of particles, Pressure, and Temperature)
conditions with a pressure (P) of 1 atm and a temperature (T) of 300 K.
No energy restraints was applied during the simulation. Upon comple-
tion of the MDs, we exported 2000 frames of the protein, excluding the
CAP ligand from the vanilloid binding site. Each frame represented a
time interval of 0.25 ns during the simulations. These frames were uti-
lized as input data for constructing a dendrogram based on Root Mean
Square Deviation (RMSD) using the Bio3D library (Grant et al., 2021).
Subsequently, we identified 10 distinct clusters within the dendrogram,
each representing a conformational state explored by the protein during
the simulation. These representative frames from each cluster were
employed for molecular ensemble-docking of the Apo compound. To
facilitate this, we generated a total of 40 grids, one for each represen-
tative frame of the cluster, and for each of the four monomers consti-
tuting the channel. Each grid was sufficiently large to encompass the
reported modulation sites within the channel, including the vanilloid
site and the regions above and below the selectivity filter. The Apo
ligand was prepared for docking using the Maestro/Schrodinger
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2D-sketcher module, followed by geometric optimization. Protonation
states were assigned using the Epik module (Shelley et al., 2007) under
physiological pH conditions. Docking simulations were performed uti-
lizing the Glide program (Halgren et al., 2004) within the same molec-
ular suite, employing the SP scoring function. For each docked Apo
ligand, a maximum of 10 docking poses were generated in a single run.
Subsequently, all data were exported into a data frame in the R pro-
cessing language v.4.3.1 for further analysis. We then identified the
conformational state in each of the four monomers of the channel that
exhibited the most energetically favorable binding poses for the Apo
ligand. To validate our findings and for comparative analysis, we per-
formed a 0.5 ps simulation of the TRPV1-Apo complex in its four binding
sites, utilizing the same simulation conditions as employed for the pre-
viously mentioned TRPV1-CAP complex. Furthermore, we conducted an
analogous simulation with the inhibitory molecule capsazepine (CZP)
using the crystal structure TRPV1-CZP (PDB id: 5ISO [Gao et al., 2016]).
Following the completion of the three MDs, we conducted a compre-
hensive evaluation of the binding interactions between three ligands,
namely CAP, CZP, and Apo, and the TRPV1 channel in its four binding
sites. This evaluation encompassed energetic, thermodynamic, and
geometric aspects.

2.3.1. Thermodynamic analysis

We initiated our analysis by examining the thermodynamic stability
of both the protein and the ligands over the course of the simulations.
This assessment was carried out by calculating the RMSD values.

2.3.2. Geometric analysis

Subsequently, we performed a geometric analysis of the electrostatic
potential surface within the vanilloid binding site following the binding
of each ligand. For this, the adaptive Poisson-Boltzmann Solver (APBS)
software (Baker et al., 2001) was used to compute the surface as an
average over the entire trajectory and visual molecular dynamics (VMD)
for its visualization (Humphrey et al., 1996). This analysis allowed us to
gain insights into the spatial distribution of electrostatic charges within
the binding site and its significance in ligand binding. Additionally, we
investigated the intermolecular interactions that govern the affinity of
the protein-ligand complex in each case.

2.3.3. Affinity energy calculation

To quantify the binding affinity of each complex, we exported 200
frames from each simulation, representing time intervals of 2.5 ns
throughout the trajectory. These frames were used to calculate the
binding affinity energy of each complex using the Molecular Mechanics-
Generalized Born Surface Area (MM-GBSA) method. This calculation
was performed within the Prime module (Jacobson et al., 2004) of the
Maestro/Schrodinger suite.

2.4. Animals

Male Wistar rats (total number of animals = 44) were bought from
Anilab (Paulinia — Sao Paulo, Brazil) and maintained in pathogen-free
conditions at 24° + 0.5 °C, with a light/dark cycle of 12:12 h, with
food and water ad libitum. Animals were randomly assigned to con-
ventional plastic cages containing aspen wood as bedding material and
environmental enrichment. All experiments were approved by the
Committee on Animal Research of Faculdade Sao Leopoldo Mandic
(2022/33) and are reported in compliance with the ARRIVE guidelines
(Kilkenny et al., 2010). The number of animals used was 5 per group and
each animal was used once. The number of animals used was the min-
imum necessary to reach statistical power and based on previously
published studies (Abdalla et al., 2021, 2022; Mazuqueli Pereira et al.,
2021). The sample size of each experimental group is described in each
figure legend.
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2.5. Nociceptive assessment

The nociceptive assessment was performed during the light phase
(from 8:00 a.m. to 5:00 p.m.) in a quiet room. Preliminary to any pro-
cedure, rats were kept in the test chamber for 15 min to minimize stress
related to the new environment. The rats were submitted to handling
protocols for 7 days before the beginning of the nociceptive analysis. The
protocol consisted of holding and manipulating the animals for 3-5 min
daily for a week. Also, rats were placed into the test chamber for 10 min
due to the habituation process for the new environment. On the day test,
rats were previously anesthetized by inhalation of isoflurane, and the
intra-temporomandibular joint (TMJ) injection was performed as pre-
viously described (Abdalla et al., 2022a,b). In order to induce neuro-
genic pain in the temporomandibular joint (TMJ), a 1.5% capsaicin
solution was intra-articular injected unilaterally, following previous
publications (Pelissier et al., 2002; Rocha-Neto et al., 2019). The
capsaicin solution was prepared using 10% capsaicin in a mixture of
ethanol, Tween 80, and sterile saline in a 1:1:8 ratio by volume, as
outlined by Lam et al. (2005). Rats were placed back to the test chamber
to completely regain consciousness (30-60s after discontinuing the
anesthesia), and then the nociceptive response was evaluated over 30
min. The term "response" referred to the total number of seconds the
animal spent rubbing the orofacial region with the fore or hind paw and
the number of head flinches observed during the study period. Each
head flinch was counted as 1 s. Therefore, the sum of the two behaviors
was used as a nociceptive response. (Lamana et al., 2017). The recording
time was divided into 10 blocks of 3 min each. At the end of each
behavior test, the rats were immediately euthanized by deep anesthe-
tizing, and their trigeminal ganglion was removed. All the behavior
analyses were conducted in a fashion where the treatments and in-
jections given were blinded to who analyzed the behavior response.

2.6. Rat Grimace Scale (RGS)

The nociceptive behavior was recorded in a manner that permitted a
complete view of each animal. Rats were continually recorded during
their behavioral responses, split across three blocks of 5 min with a 4-
min interval between each block (0-5, 9-14', and 18-23"). After that,
the videos were examined by a blinder experimenter. A 0-2 score (0 =
not present, 1 = moderate, and 2 = obvious pain) was appointed to each
facial parameter (orbital tightening, nose/cheek flattening, ear changes,
and whisker changes) observed in each 5-min block, as earlier defined
(Sotocinal et al., 2011). The mean of the scores was considered the total
RGS score.

2.7. Experimental design
The experimental designs are summarized in Fig. 2A and E.

2.7.1. Effect of Apo on capsaicin challenge in TMJ

To assess whether apocynin could prevent neurogenic nociception
induced by capsaicin in TMJ, groups of rats (n = 5) were pre-treated
with an intra-TMJ injection of apocynin (0, 1, 10, 100, and 200 ng/
15ul/TMJ). Control group received an intra-articular injection of saline
solution (0,9%/30pl/TMJ). After 15 min, animals were challenged with
an intra-TMJ injection of capsaicin (1.5%,/30ul/TMJ). The nociceptive
behavioral response was quantified over 30 min (Rocha-Neto et al.,
2019). Immediately at the end of the nociceptive testing, animals were
euthanized, and their trigeminal ganglion was removed and stored.

2.7.2. Evaluation of the systemic or local effect of apocynin on capsaicin
challenge in TMJ

To verify whether apocynin was inducing antinociception peripher-
ally or systemically, a group of rats (n = 5) was pre-treated with a
contralateral intra-TMJ injection of Apo (200ng/15ul/TMJ) 15 min
before the noxious challenge. Then, animals were challenged with an
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ipsilateral intra-TMJ injection of capsaicin (1.5%/30ul/TMJ), and the
nociceptive behavioral response was quantified over 30 min.

2.8. Sample preparation for protein extraction

For trigeminal ganglion collection, the neurocranium was opened,
and the entire brain was removed. The trigeminal ganglion was visual-
ized in Meckel’s cave in the dura mater close to the apex of the petrous
part of the temporal bone (Rocha-Neto et al., 2019). The trigeminal
ganglion was carefully removed, and the samples were stored in a
—80 °C freezer until processing. Samples were homogenized in 300 pL of
RIPA lysis and extraction buffer (Santa Cruz) containing protease (Pro-
tease Inhibitor Cocktail 100X #Cell Signaling 5871S; 1:1000) and
phosphatase inhibitor (Phosphatase Inhibitor Cocktail 100X #Cell
Signaling 5870S; 1:1000). Samples were homogenized using a
high-speed benchtop homogenizer, followed by centrifugation for 10
min at 10,000g and 4 °C and the supernatants collected and stored at
—20 °C. Total protein was measured with the Micro BCA Protein Assay
Kit (Thermo Scientific).

2.9. Engyme-linked immunosorbent assay (ELISA)

Supernatants of trigeminal ganglia were used to measure protein
levels of neuropeptides substance P (EIAR-SP-2; RayBiotech), calcitonin
gene-related peptide (CGRP) (EIAR-CGRP-2; RayBiotech), and gluta-
mate (MBS756400; MyBioSource) through enzyme-linked immunosor-
bent assay. The assays were performed according to the manufacturer’s
protocol.

2.10. Western blotting

Protein lysates from trigeminal ganglion samples for western blotting
reactions were performed as previously described (Abdalla et al., 2022a,
b). Thirty micrograms of each protein lysate were probed with primary
antibodies against anti-TRPV1 (1:500; Alomone Labs), anti-transient
receptor potential ankyrin 1 (TRPA1) (1:500; Alomone Labs),
anti-transient receptor potential melastin 8 (TRPMS8) (1:250; Alomone
Labs), p38 MAPK (1:1.000; Cell Signaling), p44/42 MAPK (1:1.000; Cell
Signaling), SAPK/JNK (1:1.000; Cell Signaling), Phospho-p38 MAPK
(Thr180/Tyr182; 1:1.000; Cell Signaling), Phospho-p44/42 MAPK
(Erk1/2; 1:1000, Cell Signaling), Phospho-SAPK/JNK (Thr183/Tyr185;
1:1000, Cell Signaling), and GAPDH (1:1.000, Cell Signaling). Protein
bands were visualized using SuperSignal® West Pico Chemiluminescent
Substrate (Thermo Fisher Scientific) and ImageQuantTM LAS 4000 mini
gel documentation (GE Healthcare). Densitometric analysis of bands
was performed with the ImageJ software (National Institutes of Health).

2.11. Immunohistochemistry

For the immunohistochemistry, another set of experiments was
conducted. The trigeminal ganglion was carefully removed and fixed in
10% formaldehyde for three days. Then, trigeminal ganglions were
dehydrated and paraffin-embedded and cut into 3 pm sections. After
that, the sections were deparaffinized and hydrated, and three immer-
sions of the slides quenched endogenous peroxidase activity in 3%
hydrogen peroxide for 5 min each. The blocking was made with 5% non-
fat dry milk for 30 min. The antigen retrieval was assembled in a steamer
with citrate buffer (pH 6.0) for 20 min at 97 °C and 10 min at room
temperature. The trigeminal ganglion (TG) section was then incubated
overnight at 4 °C with a primary antibody for anti-TRPV1 (1:250; Alo-
mone Labs). After primary antibodies incubation, the sections were then
incubated with secondary antibody Advance HRP Detection System
(Dako Corp), treated with DAB (3,30-diam-inobenzidine tetrahydro-
chloride Dako Corp) for 10 min and counter-stained with Mayer’s He-
matoxylin for 5 min at room temperature. Images were obtained using
an optical microscope using a Zeiss Axioskop 2 Plus microscopy (Zeiss).
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The images were taken from the mandibular branch of the trigeminal
ganglion. Three blinded experimenters quantified the positive immune
cells. The counting was carried out in 4 different fields of each section (n
= 3 per group).

2.12. In vivo toxicity in Galleria mellonella

To determine the in vivo toxicity of apocynin, we carried out a sur-
vival assay on Galleria mellonella larvae model, as previously described
with modifications (Megaw et al., 2015; Rochelle et al., 2016). The
Larvae source was the Biochemistry and Instrumental Analysis Labora-
tory (ESALQ/USP). Larvae were grown at 28 °C, and those weighing
200-300 mg, were randomly selected (n = 15/group). Each larva
received 10 pL of apocynin in one of seven groups, with concentrations
ranging from 0.1 mg/kg to 1000 mg/kg, or mineral water (control
group), administered into the hemocoel via the last left proleg. All
groups were incubated at 28 °C, and survival was monitored at 24 h for
up to 72 h. Larvae showing high melanization and absence of move-
ments upon touch were counted as dead (Rochelle et al., 2016).

2.13. Statistical analysis

Results were expressed as the mean + standard deviation (SD). An-
imal’s findings were analyzed per one-way analysis of variance
(ANOVA) and post hoc Tukey test, with significance set at P < 0.05. The
percent survival of Galleria mellonella larvae was compared using the
log-rank Mantel—Cox test. The data were analyzed in GraphPad Prism,
version 10.2 for Windows (GraphPad Software)

3. Results
3.1. Standardization of apocynin features and dynamics

We assessed the thermodynamic stability of the protein through
RMSD measurements. Our analysis reveals that the TRPV1-CZP and
TRPV1-Apo complexes exhibit greater stability compared to TRPV1-
CAP, the latter displaying a more fluctuating profile throughout the
simulation. The observed differences in thermodynamic stability, as
reflected in the RMSD profiles (Fig. 1A), can be attributed primarily to
the dynamics of specific helices. Helices 1 and 2 display an extended
conformation relative to helices 3 and 4, contributing to the observed
fluctuations. Remarkably, despite these subtle movements, the position
of CAP within the vanilloid site remains remarkably stable. This pattern
is consistent across all three systems, as evident in the RMSD profiles of
the ligands (Fig. 1B). Particularly noteworthy is the relatively higher
instability observed for the apocynin ligand within the vanilloid site
when compared to the other two ligands. However, it’s essential to
emphasize that a thorough visual inspection of the trajectories
confirmed that none of the ligands exited their respective binding sites
during the simulation.

Our electrostatic potential analyses, as depicted in Fig. 1C, reveal a
pronounced reconfiguration of charge distributions within the vanilloid
pocket upon apocynin ligand binding, in stark contrast to the binding of
CAP and CZP. Notably, in the presence of the apocynin ligand, the
binding site undergoes a significant shift towards a predominantly
electronegative state on its interior, while externally it exhibits a
comparatively more electroneutral character than what is observed
following the binding of CAP or CZP. This altered electronegativity
within the site may offer valuable insights into the RMSD profiles
observed for the apocynin ligand.

The comprehensive energetic analysis of the complexes over the
entire trajectory (Fig. 1D) unveiled notable differences among them.
Specifically, the TRPV1-Apo complex exhibited a comparatively lower
level of energetically favorable interactions, whereas the TRPV1-CZP
complex displayed the highest favorability. Notably, none of the three
complexes demonstrated abrupt changes in their energy profiles
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Fig. 2. Local antinociceptive effect of apocynin in neurogenic model. (A) Nociceptive behavior design. A dose titration was performed to achieve the best dose
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throughout the 0.5 ps of simulation, indicating the binding site’s ca-
pacity to maintain ligand stability in a favorable manner over extended
periods. A statistical analysis (Fig. 1E) revealed that apocynin exhibits
an energy difference of approximately 9 kcal/mol (median energy:
—58.71 kcal/mol) compared to CAP (median energy: —67.59 kcal/mol)
and a nearly 15 kcal/mol difference relative to CZP (median energy:
—73.48) over the course of 200 sampled frames.

Finally, our in vitro assay depicts the positive allosteric activity of
apocynin on the vanilloid receptor TRPV1. Data showed that the half
maximal inhibitory concentration (ICs) for apocynin is 2.3 nM, whereas
the antagonist of TRPV1 channel BCTC is 3.6 nM, representing a 1.56-
fold reduction (Table 1).

3.2. Intra-TMJ injection of apocynin inhibited capsaicin-induced
nociception

Here, we utilize capsaicin as a harmful agent to elicit pain. Initially,
we performed a dose-response curve of apocynin administrated locally
in the TMJ. For that, different dosages were injected intra-TMJ, followed
by capsaicin challenge (Fig. 2). Our results demonstrated that 100 and
200 ng doses per TMJ hinder capsaicin-induced nociception (Fig. 2B).
Furthermore, 200 ng per TMJ reversed the nociception and returned it to
the homeostatic stages since no differences were observed compared to
the control group. In the RGS, where facial expressions were used to
assess pain (Fig. 2C), apocynin (200ng/15ul/TMJ) reduced the overall
score (Fig. 2D). Lastly, in attempting to clarify whether this effect was
exclusively peripheral or if the dosage was high enough to reach sys-
temic circulation, apocynin was injected contralateral from the capsa-
icin challenge (Fig. 2E). Our findings showed that intra-TMJ injection of
apocynin contralaterally did not reverse the capsaicin-induced noci-
ception (Fig. 2F), confirming that the effect of apocynin (200 ng) was
strictly peripheral.

3.3. Reduced numbers of TRPV1" cells post-apocynin treatment in
capsaicin-induced nociception

As previously demonstrated, the apocynin molecule showed a great
binding affinity with the TRPV1 receptor (Fig. 1). It is known that
capsaicin induces pain by stimulating nociceptive neurons through
TRPV1 activation and, consequently, depolarization (Wood et al., 1988;
Oh et al., 1996). Thus, our immunohistochemistry revealed an increased
number of TRPV1 ™" neurons in TG (Fig. 3A), and the apocynin decreased
the number of TPRV1™ positive cells (Fig. 3B). Representative images
are shown in Fig. 3C. 3.4. The impact of apocynin on MAPK activation
and neurotransmitter release in TG.

Subsequently, we further investigate the mechanism implicated in
the antinociceptive effect of apocynin. Previous literature has demon-
strated that TRPV1 and TRPA1 form a complex of channel heteromers
and functionally interact in sensory neurons (Spahn et al., 2014), lead-
ing to mitogen-activated protein kinase (MAPK) activation and neuro-
transmitter release (e.g., substance P and CGRP) (Fattori et al., 2016).
Initially, as shown in Fig. 4A, we quantified the protein expression of

Table 1

Allosteric activity of apocynin compound on
the vanilloid receptor TRPV1. Values were ob-
tained in three independent experiments and
expressed average as mean + SD (n = 3). Capsa-
icin was used at 20 nM.

Compound ICsp (nM)
Apocynin 23+1.8
BCTC 3.6 £0.51

ICsp: half maximal inhibitory concentration;
BCTC: transient receptor potential vanilloid 1
(TRPV1) antagonist.
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TRPV1 (Fig. 4B) and TRPA1 (Fig. 4C) in the TG, and we found that
intra-TMJ injection of apocynin significantly increased the expression of
TRPA1 but not TRPV1. Furthermore, 1 out of 3 MAPK seems to be
involved in capsaicin algic effects (Fig. 4D, E and F). The expression of
extracellular signal-regulated kinases (ERKs) (Fig. 4D) was increased by
capsaicin and downregulated by intra-TMJ injection of apocynin. At the
same time, p38 mitogen-activated protein kinases (p38) and (c-Jun
N-terminal kinases) JNK did not change among the groups (Fig. 4E and
F). Finally, we quantify the amount of two essential neuropeptides
associated with pain signaling (substance P and CGRP) and the neuro-
transmitter glutamate (Fig. 4G, H, and I) in the whole ganglion. Our
results show that intra-TMJ injection of apocynin reduces the higher
levels of substance P and CGRP (Fig. 4G and H), while no differences
were observed in the levels of glutamate among the groups (Fig. 4I).

3.4. In vivo toxicity in Galleria mellonella

The toxicity of apocynin was evaluated at different doses using
Galleria mellonella larvae (Fig. 5A). According to the results (Fig. 5B), it
was found that the administration of apocynin at a dose equal to or
greater than 600 mg/kg was capable of causing the mortality of 100% of
Galleria mellonella larvae within 24 h. On the other hand, the adminis-
tration of apocynin at doses of 0.1 mg/kg to 100 mg/kg did not present
toxicity to Galleria mellonella larvae in the 24, 48 and 72 h of observa-
tion. The median lethal dose (LD50) for apocynin was experimentally
determined to be approximately 460 mg/kg. According to the Canadian
Centre for Occupational Health and Safety (CCOHS, 2018), the LD50
result classifies apocynin as a slightly toxic compound. This category
encompasses values ranging from 350 to 2810 mg/kg.

4. Discussion

The present study applied molecular docking to foretell the more
promising chalcone-derived apocynin with greater stability, geometric,
and energetic profiles for TRPV1-ligand complexes. In vitro studies using
primary cell culture of trigeminal ganglion were carried out to analyze
apocynin’s capacity to counteract TRPV1 activation by capsaicin.
Furthermore, an in vivo model of neurogenic pain elicited by capsaicin
was conducted to explore the therapeutic potential of apocynin in oro-
facial pain in rodents and the mechanism behind its effects. Lastly, in
vivo toxicity of apocynin was performed in a survival assay on the
Galleria mellonella larvae model. Herein, we demonstrated that apocynin
has outstanding pharmacokinetics and binding properties against
TRPV1 receptors and ultimately hindered trigeminal neuron activation
upon the capsaicin challenge. In vivo, apocynin showed antinociceptive
peripheral effects, decreasing the number of immunopositive TRPV1™
cells in the trigeminal ganglion, reducing extracellular signal-regulated
kinase 1/2 (ERK1/2) phosphorylation, and reducing substance P and
CGRP release. In addition, the apocynin demonstrated a slightly toxic
compound in the Galleria mellonela model. Overall, we provide proof of
principles that apocynin can be elected as a potential pharmacological
alternative to manage orofacial pain, particularly those of a neuropathic
nature. However, clinical tests must be carried out to prove its effec-
tiveness in orofacial pain.

The results of molecular docking for the apocynin ligand indicate its
placement within the vanilloid pocket, a well-known binding site pre-
viously characterized for modulators like CAP and CZP. Given the
vanilloid-like nature of the apocynin ligand, particularly when
compared to the head region of CAP and CZP, it is reasonable to presume
its localization within this binding site. Previous research has also
indicated that compounds sharing this vanilloid anchoring region tend
to occupy this specific site (Bustos et al., 2023). This higher RMSD
profile observed for the apocynin ligand within the binding site may be
attributed to a potential discrepancy in its initial spatial configuration
originating from the molecular docking process. This effect was not
observed when utilizing the CAP and CZP conformations obtained from
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structures derived from Cryo-Electron Microscopy methods. It is crucial
to note that the TRPV1 channel complexes employed in this study,
specifically TRPV1-CAP and TRPV1-Apo, originate from Ictidomys tri-
decemlineatus, a mammalian species. In contrast, the TRPV1-CZP com-
plex originates from Rattus norvegicus. This distinction results in a shift in
residue numbering within the vanilloid binding site. Regarding the
intermolecular interactions between each ligand and the binding site in
TRPV1, we observed that the Apo ligand maintains the same interactions
previously reported for the vanilloid head of CAP and CZP. These in-
teractions include hydrogen bonds (HBs) with TYR513 and GLU572
(TYR511 and GLU570 in TRPV1-CZP). Additionally, TYR513 forms n-n
interactions with Apo, akin to what was found with CAP. Notably, the

residue ILE571 forms HBs with Apo, in contrast to the interactions
observed with the other two ligands. The remaining interactions that
anchor Apo within the binding site are predominantly hydrophobic in
nature.

The discovery that capsaicin could be used as a harmful agent in a
pain model was a landmark in the pain and pharmacology field (Wood
etal., 1988; Oh et al., 1996). It was also through this discovery that other
studies were conducted to comprehend the involvement of TRPV1 re-
ceptors in this process (Sluka and Willis, 1997). One of the first pieces of
evidence on the mechanism of action of capsaicin revealed that it low-
ered the thermal threshold in rats and humans (Caterina et al., 1997,
1999, 2000). Furthermore, evidence was presented regarding the
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involvement of MAPKs and the neurotransmitter CGRP in this pain
process (Sun et al., 2003; Sweitzer et al., 2004). In this sense, we opted
for capsaicin as the noxious challenge to investigate the potential
analgesic role of apocynin. Herein, we treated the rats with a dose
titration of intra-articular injection of apocynin, and we found that the
analgesic effect started at a dosage of 100 ng. However, only with 200
ng, the nociceptive score was equivalent to that of the negative control
group (intra-articular saline injection). Moreover, we demonstrated that
apocynin’s antinociceptive effect was exclusively local, which could
prevent any side effect or first-pass metabolism that could shrink their
therapeutic properties. By way of comparison, tramadol (an opioid used
worldwide) induces antinociception ranging from 90 to 500 pg when
injected into the temporomandibular joint (Abdalla et al., 2019; Lamana
et al., 2017), which is 450 - 2500-fold more heightened, respectively.

TRPV1 is a receptor capable of transducing noxious (thermal) stim-
ulus into nociceptor depolarization, mainly expressed in primary neu-
rons, including TG (Caterina et al., 1997; Tominaga et al., 1998). For
instance, mice with genetic deletion of TRPV1 show lower nociceptive
reactions against heat and capsaicin challenges (Caterina et al., 2000).
Furthermore, in thermal hyperalgesia induced by carrageenan, the
disruption of TRPV1 counteracts the inflammatory pain mouse model of
dry eye disease, where local inflammation triggers TRPV1, consequently
causing corneal nerve damage (Pizzano et al., 2024). Therefore, inhi-
bition of TRPV1 has been tested in distinct pain modalities with prom-
ising findings.

Transient receptor potential (TRP) ion channels, including members
of the vanilloid TRP (TRPV), melastatin TRP (TRPM), canonical TRP
(TRPC), and ankyrin TRP (TRPA) families, have drawn attention for
their roles in myriad sensory functions (Fernandes et al., 2012). Both
TRPV1 and TRPAL1 play a critical role in inflammation and tissue dam-
age and therefore have great potential as drug targets (Liang et al.,
2023). We observed that intra-TMJ injection of apocynin significantly
increased the expression of TRPA1, but not TRPV1. TRPALI is widely
expressed in neuronal and non-neuronal cells and has been proposed as
a nociceptor mediating acute and inflammatory pain (Bautista et al.,
2006; Kwan et al., 2006) through studies that demonstrated suppression
of sensitivity to mechanical and cold stimuli and induced hyperalgesia in
transgenic TRPA1-deficient mice (Obata et al., 2005; Kwan et al., 2006;
Karashima et al., 2009). Interestingly, growing evidence has reported
that activation of TRPV1 and TRPA1 causes increased intestinal motility
and protective effects against gastrointestinal injury via neurotrans-
mitter stimulation (Kojima et al., 2014; Liu et al., 2023). NADPH oxidase
(NOX) inhibitors, as such the apocynin family, have been shown to
activate TRPA1 in human embryonic kidney cells and human
fibroblast-like synoviocytes (Suzuki et al., 2014). Herein, although
TRPA1 is associated with painful sensations, including in the trigeminal
system (e.g., migraine) (Iannone et al., 2022), we demonstrated that the
antinociceptive effects produced by apocynin were not changed, despite
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the boost in TRPA1 expression (Fischer et al., 2014). We speculate that:
First, neurogenic inflammation is reduced, as shown by the low levels of
Substance P and CGRP. Second, when treated with apocynin, the ani-
mals do not exhibit nociceptive behavior, supporting the antinociceptive
role of apocynin in regulating neurogenic inflammation. Third, the
literature indicates that these receptors may interact with each other by
forming a TRPV1:TRPA1 heterotetramer. They regulate each other
through compensatory and cross-sensitization mechanisms between
these two sensory channels (Fischer et al., 2014; Patil et al., 2010; Salas
et al., 2009). Therefore, the overexpression of TRPA1, while associated
with nociceptive response in some models, does not change the anti-
nociceptive outcome obtained here. Lastly, although there has been
increased expression of TRPAI, it does not necessarily mean it is acti-
vated (e.g., Ca2+ influx) (Fernandes et al., 2012).

We also found that apocynin-mediated inhibition of TRPV1 de-
creases the expression of ERKs and reduces the levels of substance P and
CGRP. As mentioned previously, TRPV1 activation leads to the release of
substance P and CGRP, which are neuropeptides widely distributed in
areas of the central and peripheral nervous systems, playing an impor-
tant role in pain neurotransmission (Fattori et al., 2016). TRPV1 has
been shown to co-localize with substance P and CGRP in a dextran
sulfate sodium-induced colitis model (Lapointe et al., 2015). Indeed,
pharmacological blockage of TRPV1 inhibited capsaicin-induced sub-
stance P release in cultured dorsal root ganglion (DRG) neurons (Tang
et al., 2008). Additionally, it was reported that Maresin-2 (MaR2), a
specialized pro-resolution lipid mediator (SPM), inhibits the activation
of TRPV1 and TRPA1, as well as reducing the release of CGRP and de-
creases pain and inflammation in a model of pain in lipopolysaccharide
(LPS)-induced mice (Fattori et al., 2022).

X’Neurogenic inflammation is initiated by the release of neuropep-
tides such as SP and CGRP, and neurokinin A from sensory nerve endings
in response to noxious stimuli (Iannone et al., 2022). These neuropep-
tides interact with immune cells, endothelial cells, and fibroblasts,
leading to vasodilation, increased vascular permeability, and immune
cell recruitment, which amplifies the inflammatory response through
the release of cytokines and prostaglandins (Koyuncu et al., 2019; Kilinc
et al., 2024). Inhibition of the TRPV1 channel can reduce neurogenic
inflammation by preventing the activation of sensory neurons that
release these pro-inflammatory neuropeptides (Caterina et al., 1999;
Caterina and Julius, 2001). TRPV1, which responds to heat, acid, and
capsaicin, facilitates the release of neuropeptides that sustain inflam-
mation (Caterina et al., 1999; Caterina and Julius, 2001). By blocking
TRPV1, as performed by apocynin, the release of SP and CGRP is limited,
ultimately alleviating neurogenic inflammation and associated pain.

In conclusion, we provide proof-of-principles that the newly syn-
thesized apocynin compound effectively prevented nociception in a
neurogenic model of orofacial pain. Mechanistically, the treatment with
apocynin reduced the number of TRPV1' immunopositive cells,
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decreased the release of substance P and CGRP, reduced the phosphor-
ylation of ERK in the trigeminal ganglion, and demonstrated low
toxicity.
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