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inflammatory hyperalgesia in the temporomandibular joint

Henrique Ballassini Abdallal, Marcelo Henrique Napimogal, Juliana Maia Teixeiral, Carlos
Anténio Trindade-da-Silval2, Victor Luis Pieronil, Fernanda Souto Aratjo?, Bruce D.
Hammock?, Juliana Trindade Clemente-Napimoga™!
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Abstract

Epoxyeicosatrienoic acids (EETs) are endogenous molecules that exerts effective antinociceptive
and resolutive actions. However, because of their rapid metabolism by the soluble epoxide
hydrolase (SEH) into a less active diol, EETs are unable to remain bioavailable. Thus,

SEH inhibition represents a valuable pharmacological tool to control inflammatory disorders.
Therefore, the aim of this study was to investigate whether local treatment with an sEH inhibitor
(TPPU) could prevent inflammatory hyperalgesia in the temporomandibular joint (TMJ) of rats.
For that, rats were pre-treated with an intra-TMJ injection of TPPU, followed by the noxious
stimulus (1.5% of formalin intra-articular) to evaluate nociceptive behavior. Histological analysis
was conducted to explore the inflammatory exudate and mast cell degranulation. Periarticular
tissue over the TMJ was used to measure inflammatory lipids and cytokines/chemokine by
Enzyme-Linked Immunosorbent Assay (ELISA). We demonstrated that peripheral pretreatment
with TPPU prevents formalin-induced inflammatory hyperalgesia in the TMJ, and this effect

is strictly local. Moreover, TPPU mitigate the leukocyte exudate in the TMJ, as well as
inflammatory lipids mediators. Mast cell number and degranulation was abrogated by TPPU, and
the inflammatory cytokine levels were decreased by TPPU. On the other hand, TPPU up-regulated
the release of interleukin 10 (IL-10), an anti-inflammatory cytokine. In summary, we provide
evidences that locally sSEH by intra-TMJ injection of TPPU produces an antinociceptive and
anti-inflammatory effect on rats’ TMJ.
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INTRODUCTION

Inflammation is described as a response to harmful stimuli of a chemical, biological or
physical nature. This event occurs in vascularized connective tissue, involving circulating
cells, blood vessels, sensory neurons, and cellular constituents of the tissue (Tracey, 2002).
During the development of the inflammatory response, several inflammatory mediators such
as histamine, bradykinin, serotonin, substance P, interleukins, and eicosanoids are involved
in this inflammatory looping (Vanderwall & Milligan 2019). These mediators, besides
changing tissue permeability inducing leukocyte migration, also sensitizes primary sensory
neurons. Consequently, inflammatory hyperalgesia, allodynia, and pain sensation are elicited
(Sherwood & Toliver-Kinsky, 2004; Julius & Basbaum, 2001). Regardless of pain in the
orofacial area, around 26% of the worldwide population will is affected (Macfarlane et

al., 2002). Specifically, the commonest chronic pain in the orofacial area is attributed to

a temporomandibular disorder (TMDs), and 49% will develop persistent pain conditions
(Ettlin et al., 2021).

Eicosanoids belong to a group of lipid mediators derived from the metabolism of
arachidonic acid (AA) by cyclooxygenases (COX), lipoxygenases (LOX), and cytochrome
P450 (CYP450) enzymes (Wagner et al., 2017). Epoxyeicosatrienoic acids (EETS) are
eicosanoids derived from the AA cascade, specifically by the CYP450 pathway. EETs

are essential bioactive lipids with powerful modulatory effects on pain and inflammation
(Wagner et al., 2017). However, due to their rapid metabolism, their properties are short and
limited. The enzyme soluble epoxide hydrolase (sEH) is responsible for the conversion of
EETs into dihydroxyeicosatrienoic acids (DHETS), losing their anti-inflammatory functions
(Kodani & Morisseau 2019).

In the last decade, some sEH inhibitors were developed. For instance, the TPPU (1-
trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea, has demonstrated remarkable
effects in a variety of models, including pain, inflammatory and autoimmune experimental
models, and has emerged as an established sEH inhibitor in the field (Zhang et al.,

2012; Harris et al., 2015; Bettaieb et al., 2015; Goswami et al., 2016, Trindade-da-Silva
et al., 2020, Teixeira et al., 2021). However, the impact of the local TPPU effect was
scarcely investigated and explored. Although TPPU’s actions as a transition state enzyme
inhibitor that increases levels of EET’s and other epoxy-fatty acids (EpFA) and decreases
pro-inflammatory diols is clear, how TPPU reduces pain and inflammation in the orofacial
area when local delivered, is notable sparse.

In this regard, this study aimed to explore whether peripheral TPPU administration leads to
an analgesic state in an inflammatory hypernociception model induced by formalin in the
rat’s temporomandibular joint (TMJ). We explore the impact of local TPPU administration
in the leukocyte migration and mast cell degranulation in the articular cavity and investigate
the ability to control the cytokine storm involved in the uncontrolled inflammation.

Inflammopharmacology. Author manuscript; available in PMC 2023 June 01.
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2. MATERIALS AND METHODS

2.1. Animals

2.2. Drugs

All animal procedures and experiments were performed under a protocol approved by the
Committee on Animal Research of Faculdade S&o Leopoldo Mandic (#2018/017) and are in
accordance with guideline of the National Council for Control of Animal Experimentation
(CONCEA, Brazil). Sixty-two male Wistar rats (6—8 weeks, Anilab, Brazil) were housed
three per cage in a climate-controlled environment with a 12h dark/light cycle, with food and
water ad libitum. Rats were randomly assigned to the different groups. As a note, each rat
was used only once. It is important to point out that females were not included in this study
due to the hormonal cycle, which represents an important bias to the behavioral response
evaluation (Clemente et al., 2004).

The following drugs were used: Formalin solution was prepared from commercially
available formalin further diluted in 0.9% NaCl to a final concentration of 1.5% (Sigma-
Aldrich, St. Louis, MO, USA); the selective soluble epoxide hydrolase (SEH) inhibitor,
1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea (TPPU, doses ng/TMJ) was
kindly provided by Dr. Bruce Hammock (University of California, Davis, California, USA)
and dissolved in polyethylene glycol (PEG400) (Teixeira et al., 2020; Trindade-da-Silva et
al., 2020). After dissolve TPPU in PEG400, the solution must be placed in sonification for
about 5 minutes until complete dilution.

2.3. Behavioral assessment

Behavioral assessment was conducted during the light phase (from 8:00 AM to 5:00 PM),
in a quiet room. Prior to any procedure, rats were kept in the test chamber for 15 minute

to minimize stress related to the new environment. The rats were submitted to handling
protocols for 7 days previously of the beginning of the nociceptive analysis. The protocol
consisted of holding and manipulate the animals for 3-5minutes daily, during a week. Also,
rats were placed into the test chamber for 10 minutes due to the habituation process for

the new environment. On the day test, rats were previously anesthetized by inhalation of
isoflurane and the intra-TMJ injection was performed as previously described (Clemente et
al., 2004). 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 45 minutes. This response was defined as the total number of seconds that the rat spent
rubbing the orofacial region asymmetrically with the ipsilateral fore or hind paw, plus the
number of head flinches counted during the observation period (Roveroni et al., 2001). The
recording time was divided into 9 blocks of 5 min each. At the end of each behavior test,
the rats were immediately euthanized by deeply anesthetizing and their periarticular tissue
was removed as described (Lamana et al., 2017). All the behaviors analysis was conducted
in a fashion where the treatments and injections are given were blinded for who analysis the
behavior response.

Inflammopharmacology. Author manuscript; available in PMC 2023 June 01.
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2.4. Experimental Design

To assess whether TPPU could prevent formalin-induced nociception, rats (n=5/per group)
were treated with an ipsilateral intra-TMJ injection of TPPU (0, 3, 10, 30, and 90 ng/15
pI/TMJ). Also, to investigate a possibly systemic effect, an intra-TMJ injection of TPPU (30
and 90 ng/15 pl/ TMJ) was performed contralateral. For both set of groups, after 15 minutes
of TPPU treatment, rats were challenged with an ipsilateral intra-TMJ injection of 1.5%
formalin (30 pI/TMJ). As a negative control, rats received an intra-TMJ injection of saline
solution (45 ul/TMJ). As a positive control, rats received an intra-TMJ injection of 1.5%
formalin (45 pl/TMJ). All rats received a total volume of 45 L of solutions into the TMJ.
The experimental design is summarized in Figure 1A.

2.5. Protein extraction from TMJ periarticular tissue

Samples of the periarticular tissues over the TMJ were dissected as described by Lamana
and collaborators (2017). Briefly, the standard sample size was 1 x 1 x 0.5 cm, which
includes temporalis, masseter, and pterygoideus externus muscles, articular cartilage, disc
fibrocartilage, and ligaments. Samples were stored at —80°C until processing. Tissues
samples were homogenized in 500 ul of the appropriate buffer containing protease inhibitors
(Ripa Lyses Buffer, Santa Cruz, Biotechnology, Dallas, Texas, USA) using a specific sample
homogenizer (BeadBlaster™ 24, Benchmark, Triple-Pure High Impact Zirconium Beads,
Beads, @: 1.0mm). After 4 cycles of 30 seconds with resting period of 40 seconds, the
samples were centrifuged for 10 min/10.000 rpm or 12298 RCF/ 4°C. The total amount of
extracted proteins was colorimetrically measured using the micro bicinchoninic acid (BCA)
protein assay kit (Thermo Scientific, Rockford, IL, USA). The supernatants were stored at
—20°C until further analysis.

2.6. Cytokine measurement in periarticular tissue

Proteins extracted from periarticular tissues were used to quantify cytokines/chemokines
and lipid mediators via Enzyme-linked immunosorbent assay (ELISA). The protein levels
of necrosis factor-alpha (TNF-a.), interleukin 1 beta (IL-1p), IL-6, 1L-10, IL-12, chemokine
(C-X-C motif) ligand 1 (CXCL1), and monocyte chemoattractant protein-1 (MCP-1) were
purchased from R&D System (Minneapolis, MN, USA). The Leukotriene B4 (LTB4) and
Prostaglandin E2 (PGE,) were purchased from RayBiotech Life, Inc. (GA, USA). The
assays were performed according to the manufacturer’s protocol.

2.7. Histological analysis

For histological analysis, another set of groups was required (n=3 per group). The
histological process was performed as previously described (Basting et al., 2021). Rats
were deeply anesthetized with an intraperitoneal injection of a-chloralose (50 mg/kg;
Sigma-Aldrich, St. Louis, MO, USA) and urethane (100 mg/kg; Sigma Aldrich, St. Louis,
MO, USA), followed by perfusion intracardially with heparinized saline and then perfusion
with 4% paraformaldehyde in phosphate-buffered saline (PBS; 0.1 M, pH 7.4, 4 °C). The
entire head of the rat was removed and fixed in 10% buffered neutral formalin for 48 hours.
The decalcification process was conducted in a solution of ethylenediaminetetraacetic acid
(EDTA) 10% for 3 months. After this decalcification period, the head was cut off in half.

Inflammopharmacology. Author manuscript; available in PMC 2023 June 01.
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The TMJ was removed in a block (1 x 1 x 0.5 cm). Samples were washed in running

tap water, dehydrated and embedded in paraffin wax. Longitudinal sections (5 pm) were
prepared and stained with hematoxylin and eosin (H&E) and toluidine blue. The sections
were examined blinded, using light microscopy. The inflammatory score was based on
leukocyte infiltration and a qualitative scale was applied of 0-5 as follow: 0 (absence of
inflammatory cells); 1 (1 — 10% of inflammatory cells); 2 (11 — 25% of inflammatory cells);
3 (26 — 50% of inflammatory cells); 4 (51 — 75% of inflammatory cells) and 5 (>75% of
inflammatory cells). The total number of degranulated or non-degranulated mast cell were
counted in 25 microscopic fields. Total mast cells were the sum of both groups (degranulated
and non-degranulated cells). Images were taken using 4x (smaller image) and 40x (bigger
image), respectively.

2.8. Statistical Analysis

The statistical analyses were performed using a software program (GraphPad Prism 9.1,

La Jolla, CA, USA). To determine if there were significant differences (p < 0.05) among
groups, the data were analyzed using the 1-way analysis of variance (ANOVA) with post
hoc contrasts using Tukey’s test. Data are presented in figures as mean + standard deviation
(SD).

3. RESULTS

3.1. The skEH inhibitor, TPPU, prevent formalin-induced inflammatory hyperalgesia in

T™MJ.

Initially, we assessed the antinociceptive effect of TPPU when directly injected into TMJ
(Figure 1). For that, titrated doses of TPPU (0, 3, 10, 30, and 90 ng/TMJ) were used.

We demonstrated here that intra-TMJ injection of 10, 30, and 90 nanograms of TPPU
diminished the formalin-induced inflammatory hyperalgesia (Figure 1B, p < 0.05, one-way
ANOVA, post hoc Tukey test). Interestingly, the doses of 30 and 90 nanograms revealed
a behavior response equal to a saline injection, remaining in baseline levels (Figure 1B,

p < 0.05, one-way ANOVA, post hoc Tukey test). We next investigate whether peripheral
TPPU treatment could induce a possible systemic effect due to the high dosages. For that,
contralateral (left TMJ) intra-TMJ injections were performed with 30 and 90 nanograms
per TMJ, followed by the formalin challenge into the ipsilateral TMJ (right TMJ) (Figure
1B). Herein, we demonstrated that both dosages were ineffective to prevent inflammatory
hyperalgesia induced by formalin (Figure 1B, p > 0.05, one-way ANOVA, post hoc
Tukey test). These results confirmed that TPPU in 30 and 90 nanograms act locally, not
systemically. For further experiments, we fixed the dosage to 30 nanograms per TMJ.

3.2. Peripheral soluble epoxide hydrolase inhibition blockade mast cell degranulation in

the TMJ.

Mast cells have a pivotal role in this formalin-induced pain model, especially in the
inflammatory phase (Parada et al., 2001). In this sense, we investigate whether TPPU

could affect mast cell degranulation, and consequently, the release of granules carrying
bioactive molecules (Figure 2). Histological sections with toluidine blue staining were made
in the TMJ (Figure 2A — D). Intense degranulation process of mast cell was observed in

Inflammopharmacology. Author manuscript; available in PMC 2023 June 01.
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formalin and vehicle (PEG400) group (indicated by the redhead arrows), while in the control
(saline) and TPPU-treated groups, fewer degranulated mast cells were found (indicated by
the blackhead arrows) (Figure 2A — D). Specifically, in terms of total mast cell counts
(Figure 2E), pretreatment with TPPU diminished the higher levels induced by formalin

(p < 0.05, one-way ANOVA, post hoc Tukey test). In addition, formalin increases the
number and percentage of mast cell degranulated (Figures 2F and G, p < 0.05, one-way
ANOVA, post hoc Tukey test), and TPPU blocked this inflammatory reaction of mast cell in
formalin-induced model (p < 0.05, one-way ANOVA, post hoc Tukey test), preventing the
release of bioactive molecules that exacerbates the inflammatory response.

3.3. TPPU mitigates leukocyte exudate in the TMJ and counteracts inflammatory
mediators’ release.

To further examine the impact of soluble epoxide hydrolase inhibition on the leukocyte
migration into the temporomandibular joint, histological sections stained with H&E were
performed (Figures 3A — D). Formalin enhances the leukocyte infiltration when compared

to saline injection (Figure 3E, p < 0.05, one-way ANOVA, post hoc Tukey test), and
peripheral pretreatment with TPPU mitigated the inflammatory exudate (Figure 3E, p <
0.05, one-way ANOVA, post hoc Tukey test). In addition, the onset of acute inflammation
cascade is accompanied by biosynthesis and the sequential release of several chemical
mediators (Buckley et al., 2014). Therefore, we quantify the lipids level of LTB, (Figure
3F), PGE; (Figure 3G), and the chemokine (C-X-C motif) ligand 1 (CXCL1) (Figure 3H). In
agreement with the histological findings, formalin increases LTB,4, PGE5,, and CXCL1 levels
(p < 0.05, one-way ANOVA, post hoc Tukey test), while pretreatment with TPPU abrogated
it down (p < 0.05, one-way ANOVA, post hoc Tukey test).

3.4. Soluble epoxide hydrolase inhibition regulates inflammatory cytokine storm in
formalin-induced model in TMJ.

Inflammation is a well-coordinated process characterized by the sequential release of
biochemical mediators, culminating in intense cellular leaking and inflammatory cytokine
storm. Intra-articular injection of 1.5% formalin statistically increases the cytokine levels of
TNF-a, IL-1B, IL-6, IL-12, and MCP-1/CCL2 (Figure 4A — E, p < 0.05, one-way ANOVA,
post hoc Tukey test) when compared to saline group. In contrast, peripheral pretreatment
with TPPU significantly decreases the formalin-induced cytokines levels (Figure 4A — E,

p < 0.05, one-way ANOVA, post hoc Tukey test). Moreover, pretreatment with TPPU
significantly increases IL-10, an essential cytokine for the inflammation resolution (Figure
4F, p < 0.05, one-way ANOVA, post hoc Tukey test).

4. DISCUSSION

Prevention and management of inflammatory pain, especially chronic pain, still is
challenging for clinicians and a burden for patients. Many efforts are being made to
develop a drug with effective analgesic action and immunomodulatory effects, which is
not immunosuppressive and ideally works locally. Here, we showed that locally delivered
of TPPU induces antinociceptive effects on rats TMJ. Mechanistically, we demonstrated
that peripheral TPPU mitigates leukocyte infiltration and inhibits mast cell degranulation.

Inflammopharmacology. Author manuscript; available in PMC 2023 June 01.
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Moreover, TPPU prevents the ongoing inflammatory cytokine storm, orchestrating the
inflammation process to their resolution.

It has been demonstrated in the literature that TPPU shown analgesic properties when orally
administrated (Wagner et al., 2017; Teixeira et al., 2020); here we investigated the peripheral
effects related to TPPU when locally delivered in the orofacial area, which remains not

fully understood. For that, a formalin model was employed to evoke pain. We demonstrated
that intra-TMJ injection of TPPU has antinociceptive activity, and this effect initiated with
10 nanograms per TMJ. As a comparative purpose, this dose is 1000-fold lower when
compared to systemic doses of different SEH inhibitors, including TPPU (Wagner et al.,
2017). Also, it is 50-fold lower when TPPU is compared to intra-TMJ injection of tramadol
(500 pg/ TMJ) (Lamana et al., 2017). Glucocorticoids and opioids are the gold standard
treatment to manage pain in TMJ (Romero-Reyes and Uyanik, 2014; Gil-Martinezet al.,
2018), however, multiple side effects are related to those treatments, such as addiction, a
decrease of bone density, adrenal suppression and induction of osteoclastogenic activity,
which makes prolonged-use questionable (Romero-Reyes and Uyanik, 2014; Borresen et al.,
2015; Gil-Martinezet al., 2018). Herein, by inhibiting the soluble epoxide hydrolase enzyme
and subsequently enhancing of endogenous EETS levels, TPPU prevents formalin-induced
inflammatory hyperalgesia, being considered a safe and effective candidate to manage
orofacial pain state.

Formalin-evoked pain is a well-known model to investigate analgesic and anti-inflammatory
properties due to the biphasic action when injected into the tissue. The nociceptive response
of formalin occurs firstly in an acute period, due to chemical damage; a second period
(inflammatory phase), often after a remission period, due to the release of inflammatory
mediators (Parada et al., 2001). It has been shown that histamine (H), serotonin (5-HT),
prostaglandins, and bradykinin are fundamental molecules involved in the induction of
nociception by formalin (Hong & Abbot 1994). Specifically, co-administration of pyrilamine
(a selective H1-receptor antagonist) inhibits both phases of formalin response (Parada et al.,
2001). In addition, specific antagonists for 5-HT 5 and 3 receptors decrease the nociception
induced by formalin (Fischer et al., 2016). In this scenario, mast cell represents the primary
source for both inflammatory mediators, and pretreatment with sodium cromoglycate (a
mast cell stabilizer) avoids mast cell degranulation and significantly reduces pain-evoked

by formalin (Parada et al., 2001). Thus, in agreement with the antinociceptive behavior,

we demonstrated that TPPU prevents mast cell degranulation and significantly decreases
total mast cells. This is an important finding since formalin leads to a neuroimmune
interaction between mast cells and primary sensory neurons. In addition, it is known

that inflammatory pain possesses an important sympathomimetic component, and TMJ
receives a rich innervation from this component (Parada et al., 2001). This is a reasonable
explanation for why non-steroidal anti-inflammatory drugs (NSAIDs) demonstrate less
efficacy in controlling pain in TMDs than other body regions (Chichorro et al., 2004).

For last, the initial nociception induced by formalin (first phase) results in a self-sustainable
mechanism activating TRPAL in neurons, which in turn release substance P (SP) in an
antidromic response (Fischer et al., 2016). Higher amounts of SP in tissue activate the NK1
(Neurokinin 1) receptor in mast cells inducing their degranulation (Fischer et al., 2016). This
event is pivotal to the inflammatory phase of formalin action. Therefore, our results suggest

Inflammopharmacology. Author manuscript; available in PMC 2023 June 01.
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that by avoiding mast cell degranulation, the soluble epoxide hydrolase inhibition prevents
the activation of the sympathetic component and nociception by consequence.

It is well known that inflammation response results in an influx of polymorphonuclear
leukocytes (PMNS) due to increased vascular permeability and blood flow to the wound
sites. In terms of pain behavior, it is accepted that pain sensation is closely related

to the neuroimmune interaction upon stimulation of immune cell-derived cytokines,

growth factors, lipids, and proteases (Pinho-Ribeiro et al., 2017). We demonstrated that
pretreatment with TPPU blockade the leukocyte migration induced by formalin in the TMJ,
resulting in less pain sensation as previously discussed. Moreover, this decreased leukocyte
infiltration is accompanied by the reduction of inflammatory lipids mediators and cytokine-
induced neutrophil chemoattractant 1 (CINC-1)/CXCL1 production induced by local TPPU
treatment.

For instance, in a carrageenan-induced inflammatory pain (Cunha et al., 2008) and
neuropathic model (Kiguchi et al., 2012), it was showed that neutrophils migrate into

the damaged tissue, maintaining the pain sensation via cytokines and PGE, production.
Formalin-model follows the same pattern; the neuronal inputs in the first phase are not
sufficient to maintain the second phase, indicating that endogenous inflammatory chemical
mediators and leukocyte migration must occur (Parada, 2001). Interestingly, unlike PGE,,
leukotrienes (LT) seems to not display an essential role in formalin-induced nociception
since inhibition of LT synthesis does not affect both phases of formalin behavior (Chichorro
et al., 2004). However, it is essential to mention that the authors did not measure

LTB,4 levels, and formalin was injected into the upper lip while we injected it into the

TMJ. Although LTB, does not directly induce pain, it is a well-known chemoattractant

of neutrophils, an important cell source of inflammatory mediators (Verri et al., 2006,
Kanashiro et al., 2020). Clinically, PGE, and LTB, are elevated in TMJ synovial liquid

of patients with arthritis, and PGE; is also linked with allodynia states (Kopp 2001).
Significantly, TPPU reduces both the lipid levels of PGE, and LTBy in the formalin-induced

group.

Cytokines are equally endogenous hyperalgesic mediators like prostaglandins, prostanoids,
and sympathomimetic amines and are released by immune cells (e.g., dendritic cells,
macrophages, lymphocytes, neutrophils, mast cell). Our results demonstrated that formalin
increases the protein levels of TNF-a, IL-1, IL-6, IL-12, and MCP1, and sEH inhibition
reduces these increased levels. The immune system can stimulate neuronal hyperexcitability
through cytokine releases by sensitizing the primary sensory neurons, resulting in pain
(Pinho-Ribeiro et al., 2017; Zanellato et al., 2018; Gomes et al., 2020; Abdalla et al., 2020).
In contrast, IL-10 was enhanced by TPPU. IL-10 was the first anti-inflammatory cytokine
described (Fiorentino et al., 1991) and plays a regulatory role in inflammatory diseases by
reducing inflammatory mediators release, cellular infiltrate, and joint disruption (Teixeira et
al., 2020). These findings point out that by inhibiting SEH, EETs became bioavailable in
tissue and regulates the inflammatory response by switching lipid mediator class, limiting
the exacerbated response, and driven to homeostasis. As a note, EETs and other lipids
mediators (e.g., epoxy fatty acids) stimulate the production of the SPMs (Specialized
pro-resolving mediators), which is associated with shifting the biochemical process of

Inflammopharmacology. Author manuscript; available in PMC 2023 June 01.
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inflammation from a massive inflammatory storm toward an active endogenous resolutive
pathway (Panigrahy et al., 2020; Hammock et al., 2020).

In summary, the present study provides evidence that local intra-TMJ injection of the

sEH inhibitor, TPPU, induces antinociceptive and anti-inflammatory effects in the TMJ.
Furthermore, the sEH inhibition prevents mast cell degranulation and leukocyte infiltration,
reinforcing the antinociceptive and anti-inflammatory properties. Likewise, inflammatory
lipids mediators, cytokines, and chemokines were also diminished, preventing primary
sensory neuronal hyperexcitability. Besides, an anti-inflammatory cytokine, IL-10, was
enhanced, which indicates the activation of resolving pathways of inflammation and the
resumption of hemostasis of the injured tissue. Therefore, local treatments with TPPU seems
to be an excellent pharmacological tool to manage TMJ’s inflammatory pain.
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Figure 1. Antinaociceptive effect of sEH inhibitor (TPPU) on the formalin-induced nociceptive
responsein the TMJ.

A) Experimental flowchart. B) Nociceptive behavior assessment. NaCl: animals received
an intra-TMJ injection of saline, but no formalin injection. 1.5% Formalin: animals were
challenged with an intra-TMJ injection of formalin, allowing nociceptive assessment. PEG:
animals were pretreated with an intra-TMJ injection of drug excipient without TPPU, and
challenged with formalin injection. TPPU groups: animals were treated with an intra-TMJ
injection of TPPU in different concentrations (3, 10, 30, 90 ng/ TMJ), and challenged with
formalin injection. TPPU ct: animals were treated with TPPU (30 and 90 ng/ TMJ) into the
contralateral TMJ, and challenged with formalin injection. The data are expressed as mean
+ S.D. of 5 animals per group. The symbol (*) indicates a nociceptive behavior significantly
higher than the saline control group (Intra TMJ saline) (p<0.05: ANOVA, Tukey’s test).
The symbol (#) indicates a nociceptive behavior significantly lower than the formalin group
(p<0.05: ANOVA, Tukey’s test).
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Figure 2. TPPU abrogated leukocyte infiltration and reduces inflammatory lipids and chemical

mediatorsin the TMJ.

Histological sections of TMJ-affected were staining with hematoxylin and eosin (H&E)
stain. Representative images of A) Saline (0,9% NaCl), B) 1.5% Formalin, C) drug

vehicle (PEG400), and D) sEH inhibitor (TPPU) were taken magnification of 10 and 40x,
respectively. Redhead arrows indicate exudate surrounding the condylar process in the
articular cavity. E) Histology score was based on the presence of leukocyte infiltration.
Inflammatory lipid mediators F) LTB4 and G) PGE2, and chemokine levels of H) CXCL1/
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CINC1 were evaluated in the periarticular tissue over the TMJ. *P < 0.05, **P < 0.01, ***P
< 0.001, ****P < 0.0001 (ANOVA, Tukey’s test). The data are expressed as mean + S.D.; n
= 3 animals per group for histological analysis and 5 for ELISA measurements.
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Figure 3. sEH inhibitor (TPPU) prevents mast cell degranulation.
A - D) Representative images. Histological sections of TMJ-affected were staining with

toluidine blue stain. Blackhead arrows indicate mast cells with no degranulation process.
Redhead arrows indicate mast cell degranulated, indicating their activity on the release of
inflammatory mediators. Images were taken in magnification of 10 and 40x, respectively.
E) Total mast cell counting, F) Mast cell degranulation, and G) Percentage of mast cell
degranulation were performed analyzing 25 microscopic fields. *P < 0.05, **P < 0.01, ***P
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<0.001, ****P < 0.0001 (ANOVA, Tukey’s test). The data are expressed as mean £ S.D.; n
= 3 animals per group.
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Figure 4. sEH inhibition regulates inflammatory cytokine storm whileimproves IL-10 releases.
Cytokines levels of A) TNF-a, B) IL-1B, C) IL-6, D) IL-12, E) MCP-1/CCL2, and F) IL-10
were quantitated in periarticular tissue over TMJ. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 (ANOVA, Tukey’s test). The data are expressed asmean = S.D.;n=5

animals per group.
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