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Abstract

Rheumatoid arthritis (RA) is characterized by chronic inflammation of the synovial tissue, joint 

dysfunction, and damage. Epoxyeicosatrienoic acids (EETs) are endogenous anti-inflammatory 

compounds, which are quickly converted by the soluble epoxide hydrolase (sEH) enzyme into a 

less active form with decreased biological effects. The inhibition of the sEH enzyme has been used 

as a strategy to lower nociception and inflammation. The goal of this study was to investigate 

whether the peripheral treatment with the sEH enzyme inhibitor 1-trifluoromethoxyphenyl-3-(1-

propionylpiperidin-4-yl) urea (TPPU) could prevent the hypernociception and inflammation in the 

albumin-induced arthritis model in rats’ temporomandibular joint (TMJ). After the induction of 

experimental arthritis, animals were assessed for nociceptive behavior test, leukocyte infiltration 

counts and histologic analysis, ELISA to quantify several cytokines and Western blotting. The 

peripheral pretreatment with TPPU inhibited the arthritis-induced TMJ hypernociception and 

leukocyte migration. Moreover, the local concentrations of proinflammatory cytokines were 

diminished by TPPU, while the anti-inflammatory cytokine interleukin-10 was up-regulated in the 

TMJ tissue. Finally, TPPU significantly decreased protein expression of iNOS, while did not alter 

the expression of MRC1. This study provides evidence that the peripheral administration of TPPU 

reduces hypernociception and inflammation in TMJ experimental arthritis.
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1. Introduction

Rheumatoid arthritis (RA) is an autoimmune systemic and inflammatory disease, which can 

cause damage to different organs and tissues, but predominantly affects the joints [1,2]. RA 

is characterized by activation of resident synovial inflammatory cells, mainly macrophages, 

leukocyte infiltration in the synovium and joint cavity, and the production of an 

inflammatory milieu consisting of proinflammatory cytokines and chemokines, which in 

turn contribute to synovial membrane hyperplasia, characterizing the rheumatoid pannus 
[1,2]. The involvement of the temporomandibular joint (TMJ) in patients with RA has a 

prevalence ranging from 65 to 92% [3,4] and the commonly reported symptoms include pain 

in the TMJ region and masticatory muscles, joint stiffness and limited function [5]. Severe 

RA disease stages in the TMJ may lead to sequelae and disabilities; therefore, the early 

diagnosis and appropriate treatment and management are warranted [6].

Epoxyeicosatrienoic acids (EETs) are eicosanoids derived from the metabolism of 

arachidonic acid by cytochrome P450 (CYP450) enzymes. Arachidonic Acid is metabolized 

to four biologically active EET regioisomers, the 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-

EET [7]. All EETs are then further metabolized into Jess active dihydroxy-eicosatrienoic 

acids (DHETs) by the enzyme soluble epoxide hydrolase [8]. Consequently, the activity of 

the enzyme sEH is considered one of the main determinants of the bioavailability of EETs. 

Biologically, studies have been shown that the EETs reduce the inflammation [9,10], and 

have analgesic, antifibrotic, and antihypertensive effects, acting in both paracrine and 

autocrine fashion [11–15].

The sEH inhibitors can act in synergy with existing anti-inflammatory drugs, including 

cyclooxygenases (COX) and lipoxygenases (LOX) inhibitors [16–18], as well as anti-

inflammatory phosphodiesterase inhibitors [12]. Thus, sEH inhibitors arouse great interest 

for their therapeutic approach, since their use increases the in vivo concentration of EETs 

and other fatty acids, resulting in anti-inflammatory, antinociceptive, antihypertensive, 

neuroprotective, and cardioprotective activity [19–24].

The therapy for RA is based on two principal approaches: symptomatic treatment with non-

steroidal anti-inflammatory drugs and disease-modifying anti-rheumatic drugs (DMARDs) 

[25,26]. Among DMARDs, the methotrexate (MTX) is the standard first-line 

pharmacotherapy for RA, although about 40% of RA patients are unresponsive to MTX 

treatment [27]. Thus, the literature highlights the necessity of new therapeutic targets for the 

treatment of RA. The possibility to locally administer the drug is of great interest in order to 

have a local effect and without any systemic effect. The current study tested the peripheral 

anti-hypernociceptive and immunomodulatory effects of the sEH inhibitor TPPU in the 

albumin-induced arthritis model in rats’ TMJ.

2. Materials and methods

2.1. Subjects and general procedures

In this study, we used male Wistar rats (7 weeks old, 200–240 g) obtained from ANILAB 

(Animais de Laboratório - Criação e Comércio Ltda, Paulinia, SP, Brazil). The rats were 
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housed in plastic cages with soft bedding (four/cage) on a 12:12 light cycle (lights on at 

06:00 AM) with food and water available ad libitum. They were maintained in a 

temperature-controlled room (± 23 °C) and handled for at least one week prior to the 

experiments. Experimental protocols were approved by the Committee on Animal Research 

of the Faculdade São Leopoldo Mandic (CEUA/SLMANDIC #2018/016) and were carried 

out following the guidelines of the National Council for Control of Animal Experimentation 

(CONCEA) and ARRIVES guidelines [28]. Each animal was used once and the number of 

animals per group was kept to a minimum. The group size (n) for each experimental group 

was described in each figure legends. Animals were divided randomly into experimental 

groups and used once. All of the observations, experimental data collection, and primary 

data analysis were conducted in a fashion where the treatments given to the experimental 

animals were blinded.

2.2. Induction of experimental arthritis

The protocol used to induce the experimental arthritis was described previously [29]. 

Briefly, at day “0” male Wistar rats were sensitized with 500 μg of methylated bovine serum 

albumin (mBSA) (Sigma-Aldrich, St. Louis, MO, USA) dissolved in 200 μL of an emulsion 

containing 100 μL phosphate-buffered saline (PBS) and 100 μL Freund’s complete adjuvant 

(CFA) (Sigma-Aldrich, St. Louis, MO, USA) administered by subcutaneous injection in the 

back of the rat. Booster iǌections of mBSA dissolved in Freund’s incomplete adjuvant 

(IFA) (Sigma-Aldrich, St. Louis, MO, USA) were given 7 and 14 days after the first 

immunization in different sites in the back. Non-immunized rats (control group) received 

similar subcutaneous injections but without the antigen (mBSA). Twenty-one days after the 

initial injection, TMJ arthritis was induced in the immunized animals by the intra-TMJ 

injection of mBSA (10 μg/TMJ) dissolved in 15 μL of PBS (challenge). Both non-

immunized rats (control group) and immunized rats were challenged with an intra-TMJ 

injection of mBSA (10 μg/TMJ). Twenty-four h later, both non-immunized rats (control 

group) and immunized rats (arthritis-induced groups) received an intra-TMJ injection of a 

low dose of formalin (0.5%). The experimental design is summarized in Fig. 1.

The albumin-induced arthritis is an experimental model of delayed-type hypersensitivity 

(DTH) with mBSA as antigen. DTH is an inflammatory reaction mediated by effector 

memory T lymphocytes that infiltrate the site of iǌection of an antigen against, which the 

immune system has been primed. Once the rats received just one intra-TMJ injection of 

mBSA (challenge), this model induced an acute response 24 h after the challenge [29,30].

2.3. General procedures

Testing sessions took place during the light phase (between 09:00 AM and 5:00 PM) in a 

quiet room maintained at 23 °C. Each animal was placed in a mirrored wood test chamber 

(30 × 30 × 30 cm) with a glass at the front side, for a 15-min habituation period to minimize 

stress. Each animal was removed from the test chamber and briefly anesthetized by 

inhalation of isoflurane (2%) to allow the TMJ injections.
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2.4. Temporomandibular joint (TMJ) injections

The TMJ iǌections were performed according to detailed procedures described in detail 

elsewhere [31]. Briefly, a 30-gauge needle connected to a cannula consisting of a 

polyethylene tube (P20) and to a Hamilton syringe (50 μL) was introduced into the left 

posteroinferior border of the zygomatic arch and advanced in an anterior direction until 

reaching the posterolateral aspect of the condyle of the TMJ. The total volume per injection 

was 30 μL.

2.5. Drugs and doses

The following drugs were used: 0.5% formalin solution prepared from commercially 

available stock formalin (aqueous solution of 37% of formaldehyde, Sigma-Aldrich, St. 

Louis, MO, USA) [29] and the selective soluble epoxide hydrolase (sEH) inhibitor, 1-

trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea (TPPU, 30 ng/TMJ). The 

formalin solution was diluted in 0.9% NaCl. TPPU was kindly provided by Dr. Bruce 

Hammock (University of California, Davis, California, USA) and dissolved in polyethylene 

glycol (PEG400).

2.6. Effect of the TPPU in the hypernociception of albumin-induced arthritis in TMJ of rats

To assess the arthritis-induced TMJ inflammatory hypernociception in rats, we applied a low 

dose of formalin (0.5%, 24 h later) into TMJ challenged by an intra-TMJ iǌection of 

mBSA, as previously described [29,32].

To test the effect of the selective sEH enzyme inhibitor, 1-trifluoromethoxyphenyl-3-(1-

propionylpiperidin-4-yl) urea (TPPU) on arthritis-induced TMJ hypernociception, the rats 

were pretreated (15 min prior formalin) with an intra-TMJ iǌection of TPPU (30 ng/TMJ) 

or its vehicle (Polyethylene glycol, PEG400, Sigma-Aldrich, St. Louis, MO, USA).

2.7. Measurement of behavioral nociceptive responses

Immediately after the 0.5% formalin TMJ injection, the animals recovered from anesthesia 

and immediately returned to the test chamber for a 45 min observation period of the 

behavioral nociceptive response. The time evaluation was divided into 9 × 5 min blocks. For 

each block of 5 min, the nociceptive score was determined measuring the number of seconds 

of two types of nociceptive behavior: 1) rubbing the orofacial region asymmetrically with 

the ipsilateral fore and hind paw, which was quantified by the amount of time that the animal 

exhibited it (using a chronometer) and/or 2) flinching the head in an intermittent and 

reflexive way characterized by high-frequency shakes of the head, which was quantified by 

its occurrence (using a cell counter). Since head flinches followed a uniform pattern of 1 s of 

duration, each flinch was expressed as 1 s. Results are expressed as the duration time of 

nociceptive behavior [33]. The sum of these nociceptive behaviors (rubbing the orofacial 

region + flinching of head) was used as a quantitative measurement of TMJ 

hypernociception. During the tests, the animals had no access to water or food.

Immediately after the analysis of the nociceptive responses, rats were killed by cervical 

dislocation under deep anesthesia (80 mg/kg ketamine and 20 mg/kg xylazine, 

intraperitoneally [i.p.]) and the periarticular tissues were dissected.
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2.8. Periarticular tissue dissection

Periarticular tissue was isolated, as described before [34]. In brief, the skin covering the 

TMJ was removed and discarded. Temporalis and posterior deep masseter muscles were 

carefully dissected with careful attention to anatomic landmarks (zygomatic arch and 

tympanic bulla) until exposure of the condylar process. The samples included all of the 

tissues surrounding the condylar process, including the masticatory muscles (temporalis, 

posterior deep masseter, and pterygoideus externus), articular cartilage, fibrocartilage of the 

disc, and lateral ligaments. The standard sample size was 1 × 1 × 0.5 cm, as previously 

standardized [34].

2.9. Leukocyte infiltration analysis

Immediately after the nociceptive responses analysis and periarticular tissues dissection, the 

TMJ cavity was washed with 10 μL of PBS/EDTA (1 mM) for leukocyte infiltration 

analysis, as previously described [30]. Briefly, total leukocyte counts were realized in a 

Neubauer chamber diluting the exudate in the Türk solution (1:2). The differential leukocyte 

counts were performed by preparing smears in a cytocentrifuge, which were stained with a 

Fast Panoptic kit (Laborclin Ltda, Pinhais, PR, Brazil). An optical microscope (1000 × 

increase) was utilized to count the differential cells (100 cells total). The result of each cell 

type was calculated using the percentage of those cells and the total number of cells obtained 

in the total count. The results were expressed as the number of cells × 104/cavity.

2.10. Tissue preparation and histological analysis and score of TMJ

Rats of a new set of experiments, immediately after TMJ treatments, were terminally 

anesthetized with ketamine (85 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.) and perfused 

through the ascending aorta with 0.9% NaCl solution followed by 4% paraformaldehyde 

(PFA, pH 7.4, 4 °C). After perfusion, the head of the rat was removed, fixed in 10% buffered 

neutral formalin for 48 h, and decalcified for eight weeks with 10% 

ethylenediaminetetraacetic acid (EDTA) in 0.01 M phosphate-buffered saline (PBS) at 4 °C 

with three fresh solution changes per week. After that, TMJs were removed in a block and 

the decalcified samples were briefly washed in running tap water, dehydrated, and embedded 

in paraffin wax. Each sample was sliced into 6 μm sections in the sagittal plane and staining 

with hematoxylin-eosin (H&E). The sections were examined and scored using light 

microscopy, according to inflammatory cell infiltrate intensity, by an examiner blinded to the 

experimental conditions. The protocol used to score the sections was adapted from the 

previous study [35], The score of inflammatory infiltrate was evaluated in 5 rats and 

classified on a qualitative scale of 0–5 as follows: 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 final score was determined by adding the scores above for each of the samples.

2.11. Enzyme-Linked immunosorbent assay (ELISA) procedure

To study the effect of TPPU in the concentration of proinflammatory and anti-inflammatory 

cytokines concentration (TNF-α, IL-1β, IL-6, CINC-1, IL-10, IL-17, IL-23, and IFN-γ) on 

TMJ periarticular tissue, the ELISA assay was performed [33]. Each experimental group 
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was conducted on six different animals. The periarticular tissues sample from each animal 

were weighed and homogenized separately in the same weight/volume proportion in buffer 

with protease inhibitors (Ripa Lysis Buffer, Santa Cruz, Biotechnology, Dallas, Texas, 

USA), followed by centrifugation at 10,000 rpm for 10 min at 4 °C. The supernatants were 

stored at −80 °C until further analysis. The inflammatory cytokines were quantified by the 

following ELISA kits: TNF-α, Rat TNF-α/TNFSF1A DuoSet ELISA Kit (R&D Systems, 

Minneapolis, MN, USA, #DY510); IL-1β, Rat IL-1β/IL-1F2 DuoSet ELISA Kit (R&D 

Systems, Minneapolis, MN, USA, #DY501); IL-6, Rat IL-6 DuoSet ELISA Kit (R&D 

Systems, Minneapolis, MN, USA, # DY506); CINC-1, Rat CXCL1/CINC-1 DuoSet ELISA 

Kit (R&D Systems, Minneapolis, MN, USA, #DY515); IL-10, Rat IL-10 DuoSet ELISA Kit 

(R&D Systems, Minneapolis, MN, USA, #DY522); IFN-γ, Rat IFN-gamma DuoSet ELISA 

Kit (R&D Systems, Minneapolis, MN, USA, #DY585); IL-17, Rat IL-17A ELISA MAX™ 

Deluxe Set (BioLegend, San Diego, CA, USA, #437904); IL-23, RayBio® Rat IL-23 ELISA 

Kit (RayBiotech, Peachtree Comers, GA, USA, #ELR-IL23). All samples were tested in a 

duplicate manner according to the manufacturer’s instructions, to guarantee the accuracy of 

the results.

2.12. Western blotting

The total protein yield in the TMJ periarticular tissues was measured through the BCA 

protein assay kit (Thermo Scientific, Rockford, IL, USA). Protein samples (80 μg) of 

periarticular tissues were separated on SDS/PAGE gel and transferred for nitrocellulose 

membranes. A molecular mass standard (Bio-Rad, Hercules, CA, USA) was run in parallel 

to estimate molecular mass. The blockade of the membranes was performed in TBST (Tris-

Buffered Saline, 0.1% Tween 20) containing 5% of nonfat milk at 4 °C overnight. The 

membranes were washed in TBS and then incubated at room temperature with primary 

antibodies: iNOS (Ml macrophage) antibody (overnight, 1:500, #18985–1-AP, Proteintech, 

Rosemont, IL, USA), MRC1 (M2 macrophage) antibody (overnight, 1:500, #18704–1-A, 

Proteintech, Rosemont, IL, USA) or GAPDH antibody (2h, 1:1000, #5174, Cell Signaling 

Technology, Danvers, MA, USA), used as a housekeeping protein. The membranes were 

then rewashed and incubated (2 h) with the appropriate secondary antibody conjugated with 

peroxidase (1:10000, #A6667, Sigma-Aldrich, St. Louis, MO, USA). The target protein was 

visualized in the membrane using a chemiluminescence-based ECL system (Amersham 

Biosciences, Piscataway, NJ, USA) and the digital image was obtained by CCD camera 

imaging for chemiluminescence (ImageQuant LAS 4000 mini, GE Healthcare Life Sciences, 

Pittsburgh, PA, USA). The program Image J (National Institutes of Health, Bethesda, USA) 

was utilized to measure the optical density of the bands.

2.13. Statistical analysis

To determine if there were significant differences (P < 0.05) between treatment groups, One-

way ANOVA or T-test was performed. If there was a significant between-subjects main 

effect of treatment group following One-way ANOVA, post-hoc contrasts using the Tukey 

test were used to determine the basis of the significant difference. All data were tested for 

normality before statistics tests. Data are presented as means ± standard deviation.
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3. Results

3.1. TPPU inhibits the arthritis-induced TMJ hypernociception

The albumin-induced arthritis elicited nociceptive behavioral responses in immunized rats 

(arthritis-induced group), but not in non-immunized rats (control group, Fig. 2, p < 0.05, 

one-way ANOVA, Tukey test). The pretreatment with the selective sEH inhibitor, TPPU (30 

ng/TMJ, i.a., 15 min prior formalin), but not with its vehicle (Polyethylene glycol, PEG400, 

i.a., 15 min prior formalin), prevented the arthritis-induced TMJ hypernociception in 

immunized rats (Fig. 2, p < 0.05, one-way ANOVA, Tukey test).

3.2. TPPU reduces the arthritis-induced leukocyte migration in the TMJ

The albumin-induced arthritis evoked a significant leukocyte migration in the TMJ of in 

immunized rats (arthritis-induced group), but not in non-immunized rats (control group, Fig. 

3A, p < 0.05, one-way ANOVA, Tukey test). These exacerbated leukocytes exudate was 

characterized by lymphocytes (Fig. 3B), neutrophils (Fig. 3C), mast cells (Fig. 3D), and 

macrophages (Fig. 3E). The pretreatment with TPPU (30 ng/TMJ, i.a.), but not with its 

vehicle (PEG400, i.a.), in immunized rats significantly reduced the arthritis-induced 

migration of total leukocytes (Fig. 3A), lymphocytes (Fig. 3B), neutrophils (Fig. 3C), and 

mast cells (Fig. 3D) in the TMJ (p < 0.05, one-way ANOVA, Tukey test). The number of 

macrophage cells was not affected by the pretreatment with TPPU (30 ng/TMJ) (p > 0.05, 

one-way ANOVA, Tukey test).

Histological analysis and score of the TMJ confirm these results (Fig. 4), showing no 

leukocyte influx in the non-immunized group (control group, Fig. 4A, B, and G) besides an 

important inflammatory cells influx in joint space in immunized rats (arthritis-induced 

group, Fig. 4C, D, and G), as indicated by red arrows. The pretreatment with TPPU (30 ng/

TMJ,) significantly reduced (p < 0.05, one-way ANOVA, Tukey test) the arthritis-induced 

histological changes (Fig. 4E, F, and G).

3.3. TPPU modulates the concentration of inflammatory cytokines in arthritis-induced in 
the TMJ

The albumin-induced arthritis significantly increased the concentration of the 

proinflammatory cytokines TNF-α (Fig. 5A), IL-1β (Fig. 5B), IL-6 (Fig. 5C), CINC-1 (Fig. 

5D), IL-17 (Fig. 5E), IL-23 (Fig. 5F), and IFN-γ (Fig. 5G) in the TMJ of immunized rats 

(arthritis-induced group) when compared with the non-immunized rats (control group) (p < 

0.05, one-way ANOVA, post hoc Tukey test). The pretreatment with local administration of 

TPPU (30 ng/TMJ, i.a) in immunized rats abrogated the arthritis-induced amount of the 

proinflammatory cytokines TNF-α (Fig. 5A), IL-1β (Fig. 5B), IL-6 (Fig. 5C), CINC-1 (Fig. 

5D), IL-17 (Fig. 5E), IL-23 (Fig. 5F), and IFN-γ (Fig. 5G) in the TMJ periarticular tissue (p 

< 0.05, one-way ANOVA, Tukey test).

The albumin-induced arthritis did not alter the amounts of the anti-inflammatory cytokine 

IL-10 (Fig. 5H) in the TMJ periarticular tissue of the immunized rats (arthritis-induced 

group) when compared with the non-immunized rats (control group) (p > 0.05, one-way 

ANOVA, post hoc Tukey test). On the other hand, the pretreatment with TPPU (30 ng/TMJ, 
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i.a.) in immunized rats significantly increased the concentration of IL-10 (Fig. 5H) in the 

TMJ periarticular tissue (p < 0.05, one-way ANOVA, Tukey test).

3.4. TPPU down-regulates the expression of the inducible nitric oxide synthase (iNOS) in 
the TMJ tissue

Western blotting analysis demonstrated that albumin-induced arthritis did not alter the 

expression of inducible nitric oxide synthase (iNOS, Fig. 6A) and C-type mannose receptor 

1 (MCR1, Fig. 6B) in the TMJ periarticular tissue of the immunized rats (arthritis-induced 

group) when compared with the non-immunized rats (control group) (p > 0.05, one-way 

ANOVA, post hoc Tukey test). The pretreatment with TPPU (30 ng/TMJ, i.a.) in immunized 

rats significantly decreased the expression of iNOS (Fig. 6A, p < 0.05, one-way ANOVA, 

Tukey test) in the TMJ periarticular tissue. On the other hand, there was no difference 

among experimental groups in the expression of MCR1 (Fig. 6B, p > 0.05, one-way 

ANOVA, Tukey test).

4. Discussion

In the present study, we have demonstrated that albumin-induced arthritis in the rats’ TMJ 

evoked hypernociception, leukocyte accumulation, and increase the concentration of 

proinflammatory cytokines such as TNF-α, IL-1β, IL-6, CINC-1, IL-17, IL-23, and IFN-γ, 

corroborating with the data previously obtained by our research group [29,30]. In addition, 

we showed that the peripheral pretreatment with an intra-TMJ injection of the sEH enzyme 

inhibitor, TPPU, inhibited the arthritis-induced TMJ hypernociception and inflammation. 

These effects were associated with the decrease of proinflammatory cytokines release, the 

reduction of inflammatory cells infiltrate in the TMJ tissue, as well as by down-modulating 

the inducible nitric oxide synthase (iNOS) expression, a hallmark molecule of M1 

macrophages [36].

These findings are of clinical relevance because joint inflammation (e.g., synovitis) plays a 

crucial role in the development and progression of RA [37] as well as in several clinical 

symptoms, such as articular pain [38]. Synovial fibroblasts and activated immune cells are 

responsible for the production of proinflammatory cytokines, which in turn contribute to 

synovitis, leukocyte accumulation, and consequently to nociceptor sensitization in the joints 

[39]. In fact, in patients with joint disease [40] and in experimental arthritis [29,33,41], the 

concentration of proinflammatory cytokines such as TNF-α, IL-lβ, IL-6, IL-17, IFNγ, and 

CINC-1 is increased in the synovial fluid, as well as the leukocyte accumulation [42]. In 

agreement with our findings, it has been shown that the inhibition of sEH may have a role in 

decreasing inflammatory joint pain in a synovitis model in horses [43].

While it has been suggested that the epoxyeicosatrienoic acids (EETs) did not reduce 

leukocyte recruitment in tobacco smoke-induced lung inflammation rat model [44], another 

study has demonstrated that one of the anti-inflammatory effects of the EETs is to reduce 

nuclear factor kappa B (NF-κB) signaling, leading to a reduction in adhesion molecule 

expression and, thus, leukocyte recruitment [45]. Moreover, the inhibition of sEH reduced 

the recruitment of eosinophils and mast cells to the intestinal mucosa in a murine model of 

food allergy [46]. Corroborating, in this present study, we demonstrated that the peripheral 
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anti-inflammatory effects of sEH inhibitor TPPU are dependent, at least in part, of leukocyte 

recruitment inhibition, since the pretreatment with TPPU significantly reduced the 

lymphocytes, neutrophils and mast cells migration to the albumin-induced arthritis in the 

TMJ of rats.

Our results demonstrated that the inhibition of sEH by TPPU reduced the increased amount 

of the proinflammatory cytokines TNF-α, IL-1β, IL-6, CINC-1, IL-17, IL-23, and IFN-γ in 

the albumin-induced arthritis model in the TMJ of rats. Those inflammatory cytokines are 

considered key mediators in joint inflammation and bone destruction during RA. For 

example, TNF-α regulates the formation of other inflammatory mediators in the synovial 

tissue, such as IL-1β, IL-6, and IL-8 [47], which in turn induce cell proliferation [48], 

endothelial activation, neutrophil chemotaxis [49], and an influx of polymorphonuclear cells 

into the joint [50]. IFN-γ is an important proinflammatory cytokine promoting disease 

severity in RA experimental models [51–54]. Studies have shown that interaction between 

IL-23 and IL-17 is not only essential for the onset phase, but also for the destruction phase 

of RA [55], promoting the release of proinflammatory mediators in the diseased synovium 

[56]. This milieu of cytokines is crucial to mediate inflammatory and neuropathic pain [57], 

linking the inflammatory stimuli and the release of final mediators (as the prostaglandins 

and sympathomimetic amines), which in turn, directly sensitize the primary afferent 

nociceptors [58,59].

We have recently shown that the systemic treatment with TPPU decreased the expression of 

several inflammatory genes in the knee joint of mice in collagen-induced arthritis (CIA) 

model, such as IFN-γ, IL-17, IL-23, TNF-α, IL-1β, and IL-6 [60]. Taken together, these 

findings reinforce our suggestion that the inhibition of the sEH enzyme, and consequently, a 

possible increase in the bioavailability of EETs in the tissue, have analgesic and anti-

inflammatory effects in the antigen-induced RA model in the TMJ of rats. The increase in 

the bioavailability of EETs seems to promote peripheral immunomodulation in albumin-

induced arthritis in the TMJ, reducing the infiltration of inflammatory cells and the release 

of the key RA proinflammatory cytokines into the TMJ tissue and consequently reducing 

hypernociception. It has been demonstrated that the sEH protein expression levels were 

increased in CIA animals, and the systemic treatment with TPPU decreased the protein 

levels of sEH in the knee joint of CIA animals [60] and even though this parameter has not 

been evaluated in the current study, the same could occur in the TMJ of rats, a hypothesis 

that warrants further testing.

On the other hand, our present results showed that the pretreatment with TPPU increases the 

levels of the anti-inflammatory cytokine interleukin-10 (IL-10) in the TMJ tissue. The 

cytokine IL-10 plays a therapeutic role in various animal models of arthritis, since it inhibits 

the production and effects caused by proinflammatory cytokines, reducing inflammation, 

cellular infiltrates, and joint destruction [61,62]. IL-10 is abundantly expressed in synovial 

fluids of RA patients [63,64] and has been linked with the control of bone resorption 

through inhibition of osteoclastogenesis [65]. Moreover, IL-10 is an anti-inflammatory 

cytokine with well-established antinociceptive properties [66,67]. Therefore, we can 

hypothesize that the increase in the bioavailability of EETs in TMJ tissue, through blocking 

their hydrolytic degradation by sEH enzyme, promotes increased tissue concentration of 
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IL-10, proving to be an essential pathway to control the inflammatory process into the 

albumin-induced arthritis in TMJ. Curiously, it has been recently reported that oral treatment 

with sEH inhibitor was unable to augment the protein levels of IL-10 in the knee joint of 

CIA mice [60]. The divergency found might be interpreted by the difference in tissue 

biology, the model used, and treatment routes. Neuroimmune interactions are unique to each 

tissue type and may depend on the cell types located in the tissue. In addition, sensory 

circuits from the TMJ area are modulated by the trigeminal system, while the knee joint is 

through the spinal system, that have different functional properties and response to injury or 

disease [68]. Lastly, peripheral administration of the sEH inhibitor could interact with 

resident cells over the TMJ, apart from the cells inside the articular joint, resulting in 

different anti-inflammatory and analgesic actions.

The sEH expression is increased in several diseases [24,69,70] and appears to be a common 

marker of tissue inflammation. Recently, our research group showed that the sEH enzyme 

inhibition by TPPU decreases bone loss by modulating host inflammatory response in an 

inflammatory bone resorption experimental model, similar to what occurs in arthritis 

[24,71]. Moreover, we have recently shown that the systemic inhibition of the sEH enzyme 

reduced pain, edema, and clinical score in arthritis-induced mice [60]. Herein, we use the 

albumin-induced arthritis in the TMJ model due to its singularity in affecting the TMJ 

directly, and thereby, allowing investigate the neuroimmune interactions and the circuit of 

pain regulated by the trigeminal system, which is distinct from the spinal system [68]. Taken 

together, our current results corroborate with previous studies to suggest that sEH enzyme 

inhibition could be a new target and strategy to relieve the pathologic effects of arthritis pain 

and inflammation.

Resident immune cells, particularly macrophages, play a critical role in inflammation and 

repair [72]. M1 macrophages (“classically activated”) release proinflammatory cytokines, 

are key components of host defense [73], and promote hyperalgesia [74,75]. In contrast, M2 

macrophages (“alternatively activated”) secrete anti-inflammatory cytokine, promote tissue 

repair and produce analgesia [72,74,75]. Therefore, we finally investigated whether the 

peripheral anti-hypernociceptive and anti-inflammatory effect of TPPU could be, at least in 

part, associated with macrophage polarization. Our present results demonstrated that 

although the peripheral pretreatment with TPPU did not change the amount of macrophages 

in the TMJ tissue, it did significantly decrease the protein expression of iNOS, which is a 

marker for M1 macrophage, and did not alter the expression of MCR1, a marker for M2 

macrophage. iNOS is closely associated with inflammation and involved in host defense and 

tissue damage. Particularly, iNOS is just expressed in activated cells, including macrophages 

[76,77]. It has been demonstrated that increased expression of NO leads to NF-kB signaling 

activation, and thereby, TNF-α, IFN-γ, IL-1β, IL-6, and other inflammatory cytokines 

production [76,78]. Previously, it has been demonstrated that the EETs can reduce 

inflammation thought the down-regulation of iNOS [79]. Thus, we can suggest that the 

increased peripheral levels of EETs, besides reducing arthritis-induced hypernociception and 

inflammation in the TMJ, also promotes an immunomodulatory activity by down-

modulating the M1 macrophage.
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In summary, our findings provided evidence that peripheral administration of the sEH 

enzyme inhibitor TPPU into the TMJ reduced the hypernociception and inflammation of 

albumin-induced arthritis in the rats’ TMJ. Therefore, sEH enzyme inhibitors as TPPU could 

be considered as a new therapeutic approach in the treatment of inflammatory pain in the 

arthropathies.

Acknowledgments

The authors would like to thank Nadir de Freitas and Gabriela Santos for histological technical assistance and 
Elisangela Juvencio for animal care.

Funding sources

This work was supported by grants from São Paulo Research Foundation (FAPKSP, Brazil) (#2017-22334-9); 
Conselho National de Desenvolvimento Científico e Tecnológico (CNPq, Brazil) - Research Productivity 
Fellowship to MHN and JTCN; and by the Coordenção de Aperfeiçoamento de Pessoal de Nível Superior (CAPES, 
Brazil) - Finance Code 001, and Post-doctoral fellowship to JMT.

References

[1]. Firestein GS, Evolving concepts of rheumatoid arthritis, Nature 423 (356–61) (2003), 10.1038/
nature01661. [PubMed: 12748655] 

[2]. Paula FS, Alves JD, Non-tumor necrosis factor-based biologic therapies for rheumatoid arthritis: 
present, future, and insights into pathogenesis, Biologies 8 (1–12) (2014), 10.2147/BTT.S35475.

[3]. Aliko A, Ciancaglini R, Alushi A, Tafaj A, Ruci D, Temporomandibular joint involvement in 
rheumatoid arthritis, systemic lupus erythematosus and systemic sclerosis, Int. J. Oral 
Maxillofac. Surg 40 (2011) 704–709, 10.1016/j.ijom.2011.02.026. [PubMed: 21459556] 

[4]. Twilt M, Schulten AJ, Verschure F, Wisse L, Prahl-Andersen B, van Suijlekom-Smit LW, Long-
term followup of temporomandibular joint involvement in juvenile idiopathic arthritis, Arthritis 
Rheum. 59 (2008) 546–552, 10.1002/art.23532. [PubMed: 18383409] 

[5]. Lin YC, Hsu ML, Yang JS, Liang TH, Chou SL, Lin HY, Temporomandibular joint disorders in 
patients with rheumatoid arthritis, J. Chin. Med. Assoc 70 (2007) 527–534, 10.1016/
S1726-4901(08)70055-8. [PubMed: 18194893] 

[6]. O’Connor RC, Fawthrop F, Salha R, Sidebottom AJ, Management of the temporomandibular joint 
in inflammatory arthritis: Involvement of surgical procedures, Eur. J. Rheumatol 4 (2017) 151–
156, 10.5152/eurjrheum.2016.035. [PubMed: 28638693] 

[7]. Wang D, Dubois RN, Epoxyeicosatrienoic acids: a double-edged sword in cardiovascular diseases 
and cancer, J. Clin. Invest 122 (2012) 19–22, 10.1172/JCI61453. [PubMed: 22182836] 

[8]. Morisseau C, Hammock BD, Impact of soluble epoxide hydrolase and epoxyeicosanoids on 
human health, Annu. Rev. Pharmacol. Toxicol 53 (2013) 37–58, 10.1146/annurev-
phanntox-011112-140244. [PubMed: 23020295] 

[9]. Bystrom J, Wray JA, Sugden MC, Holness MJ, Swales KE, Warner TD, Edin ML, Zeldin DC, 
Gilroy DW, Bishop-Bailey D, Endogenous epoxygenases are modulators of monocyte/
macrophage activity, PLoS ONE 6 (2011) e26591, , 10.1371/journal.pone.0026591. [PubMed: 
22028915] 

[10]. Chen W, Yang S, Ping W, Fu X, Xu Q, Wang J, CYP2J2 and EETs protect against lung ischemia/
reperfusion injury via anti-inflammatory effects in vivo and in vitro, Cell, Physiol. Biochem 35 
(2015) 2043–2054, 10.1159/000374011. [PubMed: 25870948] 

[11]. Imig JD, Epoxides and soluble epoxide hydrolase in cardiovascular physiology, Physiol. Rev 92 
(2012) 101–130, 10.1152/physrev.00021.2011. [PubMed: 22298653] 

[12]. Inceoglu B, Wagner K, Schebb NH, Morisseau C, Jinks SL, Ulu A, Hegedus C, Rose T, Brosnan 
R, Hammock BD, Analgesia mediated by soluble epoxide hydrolase inhibitors is dependent on 
cAMP, Proc. Natl. Acad. Sci. USA. 108 (2011) 5093–5097, 10.1073/pnas.1101073108. 
[PubMed: 21383170] 

Teixeira et al. Page 11

Int Immunopharmacol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[13]. Inceoglu B, Wagner KM, Yang J, Bettaieb A, Schebb NH, Hwang SH, Morisseau C, Haj FG, 
Hammock BD, Acute augmentation of epoxygenated fatty acid levels rapidly reduces pain-
related behavior in a rat model of type I diabetes, Proc. Natl. Acad. Sci. USA. 109 (2012) 11390–
11395, 10.1073/pnas.1208708109. [PubMed: 22733772] 

[14]. Pillarisetti S, Khanna I, A multimodal disease modifying approach to treat neuropathic pain-
inhibition of soluble epoxide hydrolase (sEH), Drug. Discov. Today 20 (2015) 1382–1390, 
10.1016/j.drudis.2015.07.017. [PubMed: 26259523] 

[15]. Wagner KM, McReynolds CB, Schmidt WK, Hammock BD, Soluble epoxide hydrolase as a 
therapeutic target for pain, inflammatory and neurodegenerative diseases, Pharmacol. Ther 180 
(2017) 62–76, 10.1016/j.pharmthera.2017.06.006. [PubMed: 28642117] 

[16]. Liu JY, Yang J, Inceoglu B, Qiu H, Ulu A, Hwang SH, Chiamvimonvat N, Hammock BD, 
Inhibition of soluble epoxide hydrolase enhances the anti-inflammatory effects of aspirin and 5-
lipoxygenase activation protein inhibitor in a murine model, Biochem. Pharmacol 79 (2010) 880–
887, 10.1016/j.bcp.2009.10.025. [PubMed: 19896470] 

[17]. Schmelzer KR, Inceoglu B, Kubala L, Kim IH, Jinks SL, Eiserich JP, Hammock BD, 
Enhancement of antinociception by coadministration of non-steroidal anti-inflammatory drugs 
and soluble epoxide hydrolase inhibitors, Proc. Natl. Acad. Sci. USA. 103 (2006) 13646–13651, 
10.1073/pnas.0605908103. [PubMed: 16950874] 

[18]. Schmelzer KR, Kubala L, Newman JW, Kim IH, Eiserich JP, Hammock BD, Soluble epoxide 
hydrolase is a therapeutic target for acute inflammation, Proc. Natl. Acad. Sci. USA. 102 (2005) 
9772–9777, 10.1073/pnas.0503279102. [PubMed: 15994227] 

[19]. Iliff JJ, Alkayed NJ, Soluble Epoxide Hydrolase Inhibition: Targeting Multiple Mechanisms of 
Ischemic Brain Injury with a Single Agent, Future Neurol 4 (2009) 179–199. [PubMed: 
19779591] 

[20]. Katragadda D, Batchu SN, Cho WJ, Chaudhary KR, Falck JR, Seubert JM, Epoxyeicosatrienoic 
acids limit damage to mitochondrial function following stress in cardiac cells, J. Mol. Cell. 
Cardiol 46 (2009) 867–875, 10.1016/j.yjmcc.2009.02.028. [PubMed: 19285984] 

[21]. Yousif MH, Benter IF, Roman RJ, Cytochrome P450 metabolites of arachidonic acid play a role 
in the enhanced cardiac dysfunction in diabetic rats following ischaemic reperfusion injury, 
Auton. Autacoid Pharmacol 29 (2009) 33–41, 10.1111/j.1474-8673.2009.00429.x. [PubMed: 
19302554] 

[22]. Inceoglu B, Bettaieb A, Trindade da Silva CA, Lee KS, Haj FG, Hammock BD, Endoplasmic 
reticulum stress in the peripheral nervous system is a significant driver of neuropathic pain, Proc. 
Nad. Acad. Sci. USA. 112 (9082–7) (2015), 10.1073/pnas.1510137112.

[23]. Sasso O, Wagner K, Morisseau C, Inceoglu B, Hammock BD, Piomelli D, Peripheral FAAH and 
soluble epoxide hydrolase inhibitors are synergistically antinociceptive, Pharmacol. Res 97 
(2015) 7–15, 10.1016/j.phrs.2015.04.001. [PubMed: 25882247] 

[24]. Trindade-da-Silva CA, Bettaieb A, Napimoga MH, Lee KSS, Inceoglu B, Ueira-Vieira C, Bruun 
D, Goswami SK, Haj FG, Hammock BD, Soluble Epoxide Hydrolase Pharmacological Inhibition 
Decreases Alveolar Bone Loss by Modulating Host Inflammatory Response, RANK-Related 
Signaling, Endoplasmic Reticulum Stress, and Apoptosis, J. Pharmacol. Exp. Ther 361 (2017) 
408–416, 10.1124/jpet.116.238113. [PubMed: 28356494] 

[25]. O’Shea JJ, Laurence A, McInnes IB, Back to the future: oral targeted therapy for RA and other 
autoimmune diseases, Nat. Rev. Rheumatol 9 (2013) 173–182, 10.1038/nrrheum.2013.7. 
[PubMed: 23419429] 

[26]. Thakur S, Riyaz B, Patil A, Kaur A, Kapoor B, Mishra V, Novel drug delivery systems for 
NSAIDs in management of rheumatoid arthritis: An overview, Biomed. Pharmacother 106 (2018) 
1011–1023, 10.1016/j.biopha.2018.07.027. [PubMed: 30119166] 

[27]. Bansard C, Lequerre T, Daveau M, Boyer O, Tron F, Salier JP, Vittecoq O, Le-Loet X, Can 
rheumatoid arthritis responsiveness to methotrexate and biologies be predicted? Rheumatol 48 
(2009) 1021–1028, 10.1093/rheumatology/kep112.

[28]. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG, Improving bioscience research 
reporting: the ARRIVE guidelines for reporting animal research, PLoS Biol 8 (2010) e1000412, , 
10.1371/journal.pbio.1000412. [PubMed: 20613859] 

Teixeira et al. Page 12

Int Immunopharmacol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[29]. Quinteiro MS, Napimoga MH, Mesquita KP, Clemente-Napimoga JT, The indirect 
antinociceptive mechanism of 15d-PGJ2 on rheumatoid arthritis-induced TMJ inflammatory pain 
in rats, Eur. J. Pain 16 (2012) 1106–1115, 10.1002/j.1532-2149.2012.00114.x. [PubMed: 
22354681] 

[30]. Silva Quinteiro M, Henrique Napimoga M, Gomes Macedo C, Furtado Freitas F, Balassini 
Abdalla H, Bonfante R, Trindade C-N, 15-deoxy-Delta 12,14-prostaglandin J2 reduces albumin-
induced arthritis in temporomandibular joint of rats, Eur. J. Pharmacol 740 (2014) 58–65, 
10.1016/j.ejphar.2014.07.002. [PubMed: 25016088] 

[31]. Roveroni RC, Parada CA, Cecilia M, Veiga FA, Tambeli CH, Development of a behavioral model 
of TMJ pain in rats: the TMJ formalin test, Pain 94 (2001) 185–191. [PubMed: 11690732] 

[32]. Bonfante R, Napimoga MH, Macedo CG, Abdalla HB, Pieroni V, Clemente-Napimoga JT, The 
P2X7 Receptor, Cathepsin S and Fractalkine in the Trigeminal Subnucleus Caudalis Signal 
Persistent Hypernociception in Temporomandibular Rat Joints, Neuroscience 391 (2018) 120–
130. [PubMed: 30248434] 

[33]. Clemente JT, Parada CA, Veiga MC, Gear RW, Tambeli CH, Sexual dimorphism in the 
antinociception mediated by kappa opioid receptors in the rat temporomandibular joint, Neurosc. 
Lett 372 (2004) 250–255.

[34]. Lamana SMS, Napimoga MH, Nascimento APC, Freitas FF, de Araujo DR, Quinteiro MS, 
Macedo CG, Fogaca CL, Clemente-Napimoga JT, The anti-inflammatory effect of tramadol in 
the temporomandibular joint of rats, Eur. J. Pharmacol 807 (2017) 82–90, 10.1016/
j.ejphar.2017.04.012. [PubMed: 28412371] 

[35]. Fantinati MS, Mendonga DE, Fantinati AM, dos Santos BF, Reis JCO, Afonso CL, Vianaud MC, 
Lino Junior RS, Low intensity ultrasound therapy induces angiogenesis and persistent 
inflammation in the chronic phase of the healing process of third degree burn wounds 
experimentally induced in diabetic and non-diabetic rats, Acta Cir Bras 31 (7) (2016) 463–471, 
10.1590/S0102-865020160070000006. [PubMed: 27487281] 

[36]. Xue Q, Yan Y, Zhang R, Xiong H, Regulation of iNOS on Immune Cells and Its Role in 
Diseases, Int. J. Mol. Sci 19 (12) (2018), 10.3390/ijms19123805.

[37]. McInnes IB, Schett G, Cytokines in the pathogenesis of rheumatoid arthritis, Nat. Rev. Immunol 
7 (2007) 429–442, 10.1038/nri2094. [PubMed: 17525752] 

[38]. Townsend MJ, Molecular and cellular heterogeneity in the Rheumatoid Arthritis synovium: 
clinical correlates of synovitis, Best. Pract. Res. Clin. Rheumatol 28 (2014) 539–549, 10.1016/
j.berh.2014.10.024. [PubMed: 25481548] 

[39]. Brennan FM, McInnes IB, Evidence that cytokines play a role in rheumatoid arthritis, J. Clin. 
Invest 118 (2008) 3537–3545, 10.1172/JC136389. [PubMed: 18982160] 

[40]. Mateen S, Moin S, Shahzad S, Khan AQ, Level of inflammatory cytokines in rheumatoid arthritis 
patients: Correlation with 25-hydroxy vitamin D and reactive oxygen species, PLoS ONE 12 
(2017) e0178879,, 10.1371/journal.pone.0178879. [PubMed: 28594861] 

[41]. Paquet J, Goebel JC, Delaunay C, Pinzano A, Grossin L, Cournil-Henrionnet C, Gillet P, Netter 
P, Jouzeau JY, Moulin D, Cytokines profiling by multiplex analysis in experimental arthritis: 
which pathophysiological relevance for articular versus systemic mediators? Arthritis Res. Ther 
14 (2012) R60, 10.1186/ar3774. [PubMed: 22414623] 

[42]. McInnes IB, Schett G, The pathogenesis of rheumatoid arthritis, N. Engl. J. Med 365 (2011) 
2205–2219, 10.1056/NEJMra1004965. [PubMed: 22150039] 

[43]. Guedes AGP, Aristizabal F, Sole A, Adedeji A, Brosnan R, Knych H, Yang J, Hwang S-H, 
Morisseau C, Hammock BD, Pharmacokinetics and antinociceptive effects of the soluble epoxide 
hydrolase inhibitor t-TUCB in horses with experimentally induced radiocarpal synovitis, J. Vet. 
Pharmacol. Ther 41 (2) (2018) 230–238. [PubMed: 29067696] 

[44]. Davis BB, Liu JY, Tancredi DJ, Wang L, Simon SI, Hammock BD, Pinkerton KE, The anti-
inflammatory effects of soluble epoxide hydrolase inhibitors are independent of leukocyte 
recruitment, Biochem. Biophys. Res. Commun 410 (2011) 494–500, 10.1016/j.bbrc.2011.06.008. 
[PubMed: 21683067] 

Teixeira et al. Page 13

Int Immunopharmacol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[45]. Node K, Huo Y, Ruan X, Yang B, Spiecker M, Ley K, Zeldin DC, Liao JK, Anti-inflammatory 
properties of cytochrome P450 epoxygenase-derived eicosanoids, Science 285 (1999) 1276–
1279. [PubMed: 10455056] 

[46]. Bastan I, Ge XN, Dileepan M, Greenberg YG, Guedes AG, Hwang SH, Hammock BD, 
Washabau RJ, Rao SP, Sriramarao P, Inhibition of soluble epoxide hydrolase attenuates 
eosinophil recruitment and food allergen-induced gastrointestinal inflammation, J. Leukoc. Biol 
104 (1) (2018) 109–122. [PubMed: 29345370] 

[47]. Brzustewicz E, Bryl E, The role of cytokines in the pathogenesis of rheumatoid arthritis-Practical 
and potential application of cytokines as biomarkers and targets of personalized therapy, 
Cytokine 76 (2015) 527–536, 10.1016/j.cyto.2015.08.260. [PubMed: 26321413] 

[48]. Choy EH, Panayi GS, Cytokine pathways and joint inflammation in rheumatoid arthritis, N. Engl. 
J. Med 344 (2001) 907–916, 10.1056/NEJM200103223441207. [PubMed: 11259725] 

[49]. Garnero P, Thompson E, Woodworth T, Smolen JS, Rapid and sustained improvement in bone 
and cartilage turnover markers with the anti-interleukin-6 receptor inhibitor tocilizumab plus 
methotrexate in rheumatoid arthritis patients with an inadequate response to methotrexate: results 
from a substudy of the multicenter double-blind, placebo-controlled trial of tocilizumab in 
inadequate responders to methotrexate alone, Arthritis Rheum 62 (2010) 33–43, 10.1002/
art.25053. [PubMed: 20039425] 

[50]. Moon SJ, Park MK, Oh HJ, Lee SY, Kwok SK, Cho ML, Ju JH, Park KS, Kim HY, Park SH, 
Engagement of toll-like receptor 3 induces vascular endothelial growth factor and interleukin-8 in 
human rheumatoid synovial fibroblasts, Korean J. Intern. Med 25 (2010) 429–435, 10.3904/
kjim.2010.25.4.429. [PubMed: 21179282] 

[51]. Boissier MC, Chiocchia G, Bessis N, Hajnal J, Garotta G, Nicoletti F, Fournier C, Biphasic effect 
of interferon-gamma in murine collagen-induced arthritis, Eur. J. Immunol 25 (1995) 1184–1190, 
10.1002/eji.1830250508. [PubMed: 7774621] 

[52]. Finnegan A, Mikecz K, Tao P, Glant TT, Proteoglycan (aggrecan)-induced arthritis in BALB/c 
mice is a Th1-type disease regulated by Th2 cytokines, J. Immunol 163 (1999) 5383–5390. 
[PubMed: 10553063] 

[53]. Finnegan A, Grusby MJ, Kaplan CD, O’Neill SK, Eibel H, Koreny T, Czipri M, Mikecz K, 
Zhang J, IL-4 and IL-12 regulate proteoglycan-induced arthritis through Stat-dependent 
mechanisms, J. Immunol 169 (2002) 3345–3352, 10.4049/jimmunol.169.6.3345. [PubMed: 
12218156] 

[54]. Doodes PD, Cao Y, Hamel KM, Wang Y, Rodeghero RL, Mikecz K, Glant TT, Iwakura Y, 
Finnegan A, IFN-gamma regulates the requirement for IL-17 in proteoglycan-induced arthritis, J. 
Immunol 184 (2010) 1552–1559, 10.4049/jimmunol.0902907. [PubMed: 20028652] 

[55]. Kim HR, Cho ML, Kim KW, Juhn JY, Hwang SY, Yoon CH, Park SH, Lee SH, Kim HY, Up-
regulation of IL-23p19 expression in rheumatoid arthritis synovial fibroblasts by IL-17 through 
P13-kinase-, NF-kappaB- and p38 MAPK-dependent signalling pathways, Rheumatol 46 (2007) 
57–64, 10.1093/rheumatology/kel159.

[56]. Benedetti G, Miossec P, Interleukin 17 contributes to the chronicity of inflammatory diseases 
such as rheumatoid arthritis, Eur. J. Immunol 44 (2014) 339–347, 10.1002/eji.201344184. 
[PubMed: 24310226] 

[57]. Verri WA Jr, Cunha TM, Parada CA, Poole S, Cunha FQ, Ferreira SH, Hypernociceptive role of 
cytokines and chemokines: targets for analgesic drug development? Pharmacol. Ther 112 (2006) 
116–138, 10.1016/j.pharmthera.2006.04.001. [PubMed: 16730375] 

[58]. Gold MS, Shuster MJ, Levine JD, Role of a Ca(2+)-dependent slow after-hyperpolarization in 
prostaglandin E2-induced sensitization of cultured rat sensory neurons, Neurosci. Lett 205 (1996) 
161–164, 10.1016/0304-3940(96)12401-0. [PubMed: 8852583] 

[59]. Rush AM, Waxman SG, PGE2 increases the tetrodotoxin-resistant Nav1.9 sodium current in 
mouse DRG neurons via G-proteins, Brain Res 1023 (264–71) (2004), 10.1016/
j.brainres.2004.07.042. [PubMed: 15374752] 

[60]. Trindade-da-Silva CA, Clemente-Napimoga JT, Abdalla HB, Rosa SM, Ueira-Vieira C, 
Morisseau C, Verri WA, Montalli VAM, Hammock BD, Napimoga MH, Soluble epoxide 
hydrolase inhibitor, TPPU, increases regulatory T cells pathway in an arthritis model, FASEB J 
(2020), 10.1096/fj.202000415R.10.1096/fj.202000415R.

Teixeira et al. Page 14

Int Immunopharmacol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[61]. Finnegan A, Kaplan CD, Cao Y, Eibel H, Glant TT, Zhang J, Collagen-induced arthritis is 
exacerbated in IL-10-deficient mice, Arthritis Res. Ther 5 (2003) R18–R24. [PubMed: 
12716449] 

[62]. Kuroda T, Maruyama H, Shimotori M, Higuchi N, Kameda S, Tahara H, Miyazaki J, Gejyo F, 
Effects of viral interleukin 10 introduced by in vivo electroporation on arthrogen-induced arthritis 
in mice, J. Rheumatol 33 (2006) 455–462. [PubMed: 16511914] 

[63]. Cohen SB, Katsikis PD, Chu CQ, Thomssen H, Webb LM, Maini RN, Londei M, Feldmann M, 
High level of interleukin-10 production by the activated T cell population within the rheumatoid 
synovial membrane, Arthritis Rheum 38 (1995) 946–952. [PubMed: 7612044] 

[64]. Isomaki P, Luukkainen R, Saario R, Toivanen P, Punnonen J, Interleukin-10 functions as an 
antiinflammatory cytokine in rheumatoid synovium, Arthritis Rheum 39 (1996) 386–395. 
[PubMed: 8607887] 

[65]. Evans KE, Fox SW, Interleukin-10 inhibits osteoclastogenesis by reducing NFATc1 expression 
and preventing its translocation to the nucleus, BMC Cell Biol 8 (4) (2007), 
10.1186/1471-2121-8-4.

[66]. Bastien D, Lacroix S, Cytokine pathways regulating glial and leukocyte function after spinal cord 
and peripheral nerve injury, Exp. Neural 258 (2014) 62–77, 10.1016/j.expneurol.2014.04.006.

[67]. Poole S, Cunha FQ, Selkirk S, Lorenzetti BB, Ferreira SH, Cytokine-mediated inflammatory 
hyperalgesia limited by interleukin-10, Br. J. Pharmacol 115 (1995) 684–688, 10.1111/
j.1476-5381.1995.tb14987.x. [PubMed: 7582491] 

[68]. Korczeniewska OA, Katzmann Rider G, Gajra S, Narra V, Ramavajla V, Chang Y-J, Tao Y, 
Soteropoulos P, Husain S, Khan J, Eliav E, Benoliel R, Differential gene expression changes in 
the dorsal root versus trigeminal ganglia following peripheral nerve injury in rats, Eur. J. Pain 24 
(5) (2020) 967–982, 10.1002/ejp.v24.510.1002/ejp.1546. [PubMed: 32100907] 

[69]. Yao L, Cao B, Cheng Q, Cai W, Ye C, Liang J, Liu W, Tan L, Yan M, Li B, He J, Hwang SH, 
Zhang X, Wang C, Ai D, Hammock BD, Zhu Y, Inhibition of soluble epoxide hydrolase 
ameliorates hyperhomocysteinemia-induced hepatic steatosis by enhancing β-oxidation of fatty 
acid in mice, Am. J. Physiol. Gastrointest. Liver Physiol 316 (2019) G527–G538, 10.1152/
ajpgi.00148.2018. [PubMed: 30789748] 

[70]. Park B, Corson TW, Soluble Epoxide Hydrolase Inhibition for Ocular Diseases: Vision for the 
Future, Front. Pharmacol 10 (2019) 95, 10.3389/fphar.2019.00095. [PubMed: 30792659] 

[71]. Napimoga MH, Rocha EP, Trindade-da-Silva CA, Demasi APD, Martinez EF, Macedo CG, 
Abdalla HB, Bettaieb A, Haj FG, Clemente-Napimoga JT, Inceoglu B, Hammock BD, Soluble 
epoxide hydrolase inhibitor promotes immunomodulation to inhibit bone resorption, J. Periodont. 
Res 53 (2018) 743–749, 10.1111/jre.12559.

[72]. Murray PJ, Wynn TA, Protective and pathogenic functions of macrophage subsets, Nat. Rev. 
Immunol 11 (2011) 723–737, 10.1038/nri3073. [PubMed: 21997792] 

[73]. Bogdan C, Rollinghoff M, Diefenbach A, Reactive oxygen and reactive nitrogen intermediates in 
innate and specific immunity, Curr. Opin. Immunol 12 (2000) 64–76, 10.1016/
s0952-7915(99)00052-7. [PubMed: 10679404] 

[74]. Grace PM, Hutchinson MR, Maier SF, Watkins LR, Pathological pain and the neuroimmune 
interface, Nat. Rev. Immunol 14 (2014) 217–231, 10.1038/nri3621. [PubMed: 24577438] 

[75]. Hasegawa-Moriyama M, Kurimoto T, Nakama M, Godai K, Kojima M, Kuwaki T, Kanmura Y, 
Peroxisome proliferator-activated receptor-gamma agonist rosiglitazone attenuates inflammatory 
pain through the induction of heme oxygenase-1 in macrophages, Pain 154 (2013) 1402–1412, 
10.1016/j.pain.2013.04.039. [PubMed: 23707273] 

[76]. Ahmad N, Ansari MY, Haqqi TM, Role of iNOS in osteoarthritis: Pathological and therapeutic 
aspects, J. Cell. Physiol (2020), 10.1002/jcp.29607.

[77]. Abdalla HB, Napimoga MH, Lopes AH, de Macedo Maganin AG, Cunha TM, Van Dyke TE, 
Clemente Napimoga JT, Int. lmmunopharmacol 84 (2020) 106565, , 10.1016/
j.intimp.2020.106565.

[78]. Amin AR, Attur M, Patel RN, Thakker GD, Marshall PJ, Rediske J, Stuchin SA, Patel IR, 
Abramson SB, Superinduction of cyclooxygenase-2 activity in human osteoarthritis-affected 
cartilage. Influence of nitric oxide, J Clin Invest 99 (1997) 1231–1237. [PubMed: 9077531] 

Teixeira et al. Page 15

Int Immunopharmacol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[79]. Norwood S, Liao J, Hammock BD, Yang GY, Epoxyeicosatrienoic acids and soluble epoxide 
hydrolase: potential therapeutic targets for inflammation and its induced carcinogenesis, Am. J. 
Transl. Res 2 (2010) 447–457. [PubMed: 20733953] 

Teixeira et al. Page 16

Int Immunopharmacol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Experimental design of albumin-induced arthritis TMJ inflammatory hypernociception.

Teixeira et al. Page 17

Int Immunopharmacol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Effect of local pretreatment with TPPU on arthritis-induced TMJ hypernociception. The 

pretreatment with TPPU (30 ng/TMJ) reduced the arthritis-induced TMJ hypernociception 

in immunized rats (p < 0.05, Tukey test), as indicated by the symbol “#”. The symbol “*” 

indicates a hypernociceptive response significantly greater than that induced in non-

immunized rats (control group, p < 0.05, Tukey test). PEG: Polyethylene glycol, PEG400. 

Results are expressed as the mean ± SD of 6 animals per group.
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Fig. 3. 
Effect of local pretreatment with TPPU on arthritis-induced inflammatory cells influx in the 

TMJ. The pretreatment with TPPU (30 ng/TMJ) reduced the arthritis-induced total 

leukocytes (A), lymphocytes (B), neutrophils (C), and mast cells (D) migration in the TMJ 

in immunized rats (p < 0.05, Tukey test), as indicated by the symbol “#”. (E) The 

pretreatment with TPPU (30 ng/TMJ) did not affect the macrophage migration in the TMJ in 

immunized rats (p > 0.05, Tukey test). n.s.: non-significant. The symbol “*” indicates an 

inflammatory cell migration significantly greater than that induced in non-immunized rats 

(control group, p < 0.05, Tukey test). Results are expressed as the mean ± SD of 6 animals 

per group.
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Fig. 4. 
TPPU reduced the inflammatory cells influx on arthritis-induced in the TMJ. Histological 

score. Histological analysis and score were performed in TMJ sections stained with H&E 

(Hematoxylin and eosin stained, 40 and l00x magnification). Morphological features, 

showing the inflammatory infiltrate around the bone defects. In the non-immunized + 0.5% 

formalin control group (A and B), note few immune cells within stroma. The immunized + 

PEG + 0.5% formalin group demonstrated exacerbated leukocytes exudate (redhead arrow, 

D). TPPU-treated group note some immune cells within the stroma (E and F). A-F: 

Representative histological sections of experimental groups. (G) The pretreatment with 

TPPU (30 ng/TMJ) reduced the arthritis-induced inflammatory pannus in the TMJ of 

immunized rats (p < 0.05, Tukey test), as indicated by the symbol “#”. The symbol “*” 

indicates inflammatory pannus significantly greater than that induced in non-immunized rats 

(control group, p < 0.05, Tukey test). The parameter analyzed was leukocyte infiltration. 

Results are expressed as the mean ± SD of 5 animals per group.
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Fig. 5. 
Effect of local pretreatment with TPPU on arthritis-induced release of inflammatory 

cytokines in the TMJ tissue. The pretreatment with TPPU (30 ng/TMJ) reduced the arthritis-

induced increase of concentration of the proinflammatory cytokines TNF-α (A), IL-1β (B), 

IL-6 (C), CINC-1 (D), IL-17 (E), IL-23 (F), and IFN-γ (G) in the TMJ of immunized rats (p 

< 0.05, Tukey test), as indicated by the symbol “#”. The symbol “*” indicates a 

concentration of proinflammatory cytokines significantly greater than that induced in non-

inununized rats (control group, p < 0.05, Tukey test). (H) Pretreatment with TPPU (30 ng/

TMJ) significantly increased the concentration of the anti-inflammatory cytokine IL-10 (p < 

0.05, Tukey test), as indicated by the symbol “#”. Results are expressed as the mean ± SD of 

6 animals per group.
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Fig. 6. 
Effect of local pretreatment with TPPU on the expression of inducible nitric oxide synthase 

(iNOS) and C-type mannose receptor 1 (MCR1) in the TMJ tissue. (A) The pretreatment 

with TPPU (30 ng/TMJ) significantly decreased the expression of iNOS in the TMJ tissue of 

immunized rats (p < 0.05, Tukey test), as indicated by the symbol “#”. (B) There is no 

difference among groups in the expression of MRC1 (p > 0.05, Tukey test). Representative 

iNOS, MCR1, and GAPDH bands of each group are displayed above the graph. n.s.: non-

significant. Results are expressed as the mean ± SD of 6 animals per group.
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