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Objective: Complex regional pain syndrome (CRPS) is usually triggered by trauma or a surgical procedure, and it typically becomes an established one after an intense inflammatory process with chronic pain and edema as the main symptoms. Available treatments for CRPS have low efficacy. This study aimed to evaluate the clinical and immunoregulatory effects of omega-3 polyunsaturated fatty acid (PUFA) supplementation on paw edema and anti- and pro-inflammatory cytokines and macrophage phenotypes in the chronic post-ischemia pain (CPIP) preclinical model of CRPS-Type I.

Methods: Female Swiss mice were supplemented with omega-3, corn oil, or saline and then submitted to the CPIP model of ischemia/reperfusion (I/R) injury. Supplementation was carried out for 30 days prior to and up to 2 or 15 days after the induction of CPIP, according to experimental protocols. The supplementation protocol included 1,500 mg/kg of omega-3 or corn oil through an intragastric route (gavage). Paw edema, interleukin- (IL-) 4, IL-10, transforming growth factor-β1 (TGF-β1), monocyte chemotactic protein-1 (MCP-1), and tumor necrosis factor (TNF) were then measured in the paw skin and muscle by enzyme-linked immunosorbent assay (ELISA), and macrophage phenotypes (M1 and M2) assessed in the paw muscle by Western blotting.

Results: The CPIP model induced an increase in paw thickness up to 72 h post-I/R. Mice supplemented with omega-3 compared to the saline group displayed reduced edema but neither altered skin IL-4 or skin and muscle TGF-β1, TNF, and MCP-1 concentrations, nor did they exhibit significantly altered muscle macrophage phenotype on the 2nd-day post-CPIP. However, omega-3 supplementation reversed the I/R-related reduction in IL-4 in the paw muscle compared to groups supplemented with saline and corn oil. Furthermore, omega-3 promoted the reduction of IL-10 levels in the paw skin, compared to animals with lesions supplemented with saline, until the 2nd-day post-CPIP. On the 15th day post-CPIP, IL-10 was significantly increased in the muscle of animals supplemented with omega-3 compared to the saline group.

Conclusion: The results suggest that omega-3 PUFA supplementation has anti-inflammatory effects in the CPIP model of CRPS-Type I, significantly reducing paw edema and regulating concentrations of anti-inflammatory cytokines, including IL-4 and IL-10.
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INTRODUCTION

Complex regional pain syndrome (CRPS) occurs following trauma or surgical procedures and typically becomes an established one with an inflammatory process triggered by an injury. Affected individuals may present with autonomic, sensory, motor, and trophic clinical manifestations. Although regional pain is the main symptom, there are also significant vasomotor and sudomotor changes. In addition to allodynia and hyperalgesia, patients typically experience warm or cold limbs, altered sweating, edema, and an alteration in the appearance of skin and nails (Gaspar and Antunes, 2011; Beerthuizen et al., 2012; Field, 2013; Hauser et al., 2013; Birklein and Dimova, 2017; Russo et al., 2018).

The incidence of CRPS is higher in women aged 40–60 years old, and it predominantly affects the upper limbs (Sandroni et al., 2003; Birklein and Dimova, 2017), with the leading cause fracturing in the distal limbs (Sandroni et al., 2003; de Mos et al., 2007). Annual incidence is from 5.5 to 26.2 per 100,000 people at risk (Sandroni et al., 2003; de Mos et al., 2007). CRPS reduces the quality of life of affected individuals and is a burden on the healthcare systems. The chronic disabling pain of CRPS often causes withdrawal from work, social life, and impairments in basic daily activities (Birklein and Dimova, 2017).

Post-traumatic inflammation, vasomotor dysfunction, and neuronal plasticity characterize the pathophysiology of CRPS (Marinus et al., 2011). In patients with CRPS-Type I (CRPS occurring in the absence of major nerve injury), circulating concentrations of pro-inflammatory cytokines are increased, whereas anti-inflammatory cytokines are decreased (Schinkel et al., 2006; Uçeyler et al., 2007). Coderre et al. (2004) proposed that CRPS-Type I is a consequence of tissue damage due to ischemia and reperfusion, leading to the development of the chronic post-ischemia pain model (CPIP) in rats, which was subsequently adapted for mice by Millecamps et al. (2010). The CPIP model mimics some aspects of the presumed pathophysiology of CRPS, including increased microvascular vasoconstriction, tissue hypoxia, and metabolic acidosis. The CPIP model also produces several clinical features of CRPS, such as edema, increased paw temperature, allodynia, and mechanical and thermal hyperalgesia which can persist for up to 4 weeks (Bruehl, 2015). There is also evidence of increased neutrophil infiltration in the tissue 48 h post-injury. Consequently, from 2 to 48 h post-CPIP induction in rats, an increase is observed in inflammatory cytokines via the nuclear factor-κB (NF-κB) transcription factor pathways, such as tumor necrosis factor (TNF), interleukin- (IL-) 1β, and IL-6. Also, oxidative stress products present in the skin and muscle of the injured paw have been shown to contribute to perpetuating nociceptive sensitization and inflammation in the CPIP model (Laferrière et al., 2008; Xanthos and Coderre, 2008; Klafke et al., 2016).

After ischemia and reperfusion injury, the resident cells of the injured tissue—mainly macrophages—are activated and quickly release substances such as bradykinin, prostaglandins (PG), and prostacyclins, modulating the inflammatory process through vasodilation, increased vascular permeability, and plasma leakage (Huygen et al., 2001). Macrophages alter their phenotype and can exacerbate or repair the injury, depending upon the injured environment (Mantovani et al., 2004). The initial pro-inflammatory environment promotes the differentiation of M1 macrophages, characterized by increased expression of nitric oxide synthase 2 (NOS-2, also known as iNOS), which leads to a higher nitric oxide (NO) production (MacMicking et al., 1997; Arnold et al., 2014). M1 macrophages are considered pro-inflammatory and microbicidal, which are essential for host defense, although they can cause collateral damage to the inflamed tissue (Serhan et al., 2007).

In contrast, M2 macrophages are activated in the presence of anti-inflammatory cytokines such as IL-4 and IL-13 (Mantovani et al., 2004; Rőszer, 2015). The M2 macrophage phenotype expresses arginase-1, which inhibits NO production (Duluc et al., 2007; Rőszer, 2015) and promotes angiogenesis and remodeling of an extracellular matrix, thus, suppressing the inflammatory response (Komori et al., 2011). During the resolution phase, after the apoptosis of neutrophils, M2 macrophages interrupt the production of pro-inflammatory mediators such as TNF, IL-1β, and IL-6, and begin to release anti-inflammatory substances such as IL-10, transforming growth factor-β1 (TGF-β), and IL-1 receptor antagonist (IL-1ra) (Serhan et al., 2007).

Standard treatments used for managing CRPS currently include anti-inflammatory agents in the acute phase (e.g., corticosteroids), sympathetic nerve blocks, antidepressants, neuroleptics, and opioids, in addition to physical therapy, occupational therapy, and psychotherapy (Bruehl, 2015). Despite a wide variety of interventions employed and numerous experimental and clinical studies carried out on the topic, to date, there is no well-established and fully effective standard treatment for CRPS, and it remains a challenge for the medical and scientific community (Beerthuizen et al., 2012; Smart et al., 2016; Birklein and Dimova, 2017).

Omega-3 polyunsaturated fatty acids (PUFA, present in fish oil), particularly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are the substrates for a family of lipid pro-resolving mediators called resolvins, protectins, and maresins, and are known for their anti-inflammatory (Serhan et al., 2008; Calder, 2015) and pro-resolving properties (Bannenberg and Serhan, 2010). Clinical studies have shown that EPA and DHA reduce the synthesis of pro-inflammatory cytokines such as IL-6, IL-1β, and TNF in inflammatory diseases. Also, omega-3 has been shown to mitigate the effects of inflammation, including leukocyte chemotaxis, the expression of adhesion molecules on the endothelium, and the production of eicosanoids, such as PG, thromboxanes, and leukotrienes, derived from arachidonic acid (Calder, 2008, 2015; Tan et al., 2018).

Considering the potential effects of omega-3, we hypothesized that preventive supplementation of fish oil rich in omega-3 may exert an immunoregulatory effect on the CRPS-related inflammatory process elicited by the CPIP model in female Swiss mice. The focus on females was due to the known higher incidence of CRPS in females (3:1 ratio relative to males) (Sandroni et al., 2003; de Mos et al., 2007; Birklein and Dimova, 2017) and sex differences in the development of the immune and behavioral pain responses in mice with CRPS (Guo et al., 2019). Specifically, we evaluated the anti-edematogenic effects of omega-3 supplementation and its potential for regulating pivotal anti-inflammatory cytokines, including IL-4, IL-10, and TGF-β1, as well as the pro-inflammatory cytokines TNF and monocyte chemotactic protein-1 (MCP-1). Also, we evaluated whether omega-3 supplementation would alter the macrophage phenotype present in mouse paw muscle in the CPIP model.



MATERIALS AND METHODS


Animals and Ethical Aspects

Experiments were carried out using a total of 88 female Swiss mice (40–50 g, approximately 2 months old), obtained from the animal facility of the Federal University of Santa Catarina (Florianopolis, Brazil). The animals were housed in the Experimental Neuroscience Laboratory of the University of Southern Santa Catarina, in a room maintained at 22°C ± 2°C, on a 12-h light/dark cycle (lights on at 06:00), with access to food and water ad libitum. The animals were randomly distributed among the groups (described in section “Protocols, Experimental Groups, and Sample Calculation”) and allowed to adapt to the laboratory conditions for at least 1 h prior to the behavioral tests. All experimental protocols were approved by the appropriate Institutional Ethics Committee (CEUA, UNISUL, protocol no. 18.050.4.01.IV). The experiments were carried out under the Guide for Laboratory Animal Facilities and Care, Ethical Guidelines for Investigations of Experimental Pain in Conscious Animals (Zimmermann, 1983), ethical principles established by the National Council for the Control of Animal Experimentation (CONCEA), and with the legislation for the protection of animals used for scientific purposes (Directive 2010/63/EU revising Directive 86/609/EEC) and United States National Institutes of Health Guidelines.



Induction of the Chronic Post-ischemia Pain Model

To induce the CPIP model, mice were anesthetized with an intraperitoneal (i.p.) injection of thiopental (80 mg/kg). After checking the state of unconsciousness, a 1.2-mm-diameter elastic ring was positioned proximal to the ankle joint of the animal’s right hind paw to make a tourniquet. The animal was kept anesthetized with the tourniquet for 3 h. Then, the elastic ring was cut, allowing the reperfusion of the paw. Anesthetic reinforcements were administered in those animals that returned from anesthesia before the stipulated period (thiopental, 20% of the initial dose) (Millecamps et al., 2010).



Preventive Supplementation With Omega-3, Corn Oil, or Saline

For supplementation with omega-3 fish oil (Silva et al., 2017) or corn oil, a dose of 1,500 mg/kg [intragastric route (i.g.)] was used. For the group supplemented with saline (NaCl 0.9%) a volume of 50 μl (via i.g.) was used. The omega-3 supplement (in 1,000 mg capsules, containing 400 mg of EPA and 300 mg of DHA; Natural Quanta, Orlando, FL, United States) was removed from the original capsule using a syringe and immediately administered to animals via an i.g., Corn oil (Liza, Mairinque, SP, Brazil) was used as a supplementation control as it contains 50% omega-6 without known anti-inflammatory effects (and low levels of omega-3) and it is acceptable for daily use (Pérez et al., 2005; Freitas et al., 2016).



Protocols, Experimental Groups, and Sample Calculation

Supplementation with omega-3, corn oil, or saline was carried out for 30 days prior to and up to 2 (protocol 2) or 15 days (protocol 1) after the induction of CPIP, according to experimental protocols (Figure 1). The measurement of hind paw edema thickness was performed 1 day prior to (baseline) and for 4 days after the induction of CPIP. In the first experimental protocol (Figure 1A), animals were euthanized (5% isoflurane) on the 15th day after the induction of CPIP and IL-10 concentrations in the paw skin and muscle were determined by enzyme-linked immunosorbent assay (ELISA). The second experimental set (Figure 1B) went through the same supplementation protocol with omega-3, corn oil, or saline but the animals were euthanized 48 h after the induction of CPIP. Mice were euthanized (5% isoflurane), and the paw skin and muscle were removed for the determination of TNF, MCP-1, IL-4, TGF-β1, and IL-10 using ELISA and for the identification of immunocontent markers of M1 and M2 macrophage phenotype using Western blotting.


[image: image]

FIGURE 1. Experimental design with chronic omega-3 supplementation for 30 days and then baseline assessment of paw thickness with a micrometer (μm) before the ischemia and reperfusion procedure. Subsequently, the CPIP animal model was induced. The omega-3 supplements continued daily up to the 4th day after the induction of the model when daily assessments of paw thickness were performed. Following 15 days, structures were removed for an ELISA biochemical analysis (A). In the second experiment, animals received the same supplementation protocol before the induction of the CPIP model and up to 2 days (48 h) after the induction of the model, where structures were removed for the biochemical ELISA and WB assays (B). CPIP, Chronic Post-Ischemia Pain; WB, Western Blotting; ELISA, Enzyme Immunosorbent Assay.


A total of 88 animals were used in experimental protocols (Figures 1A,B). In each experiment, mice were randomly divided into 4 groups of 11 animals each. The following experimental groups were used in both protocols: (1) Saline/Sham, animals supplemented with saline (NaCl 0.9%) for 30 days and subsequently submitted to anesthesia (thiopental, 80 mg/kg) for 3 h without performing the CPIP model; (2) Saline/CPIP, animals supplemented with saline (NaCl 0.9%), subsequently anesthetized (thiopental, 80 mg/kg) and submitted to the CPIP model; (3) Corn Oil/CPIP, animals supplemented with corn oil (1,500 mg/kg), then anesthetized (thiopental, 80 mg/kg) and submitted to the CPIP model; (4) Omega-3/CPIP, animals supplemented with 1,500 mg/kg of omega-3, subsequently anesthetized (thiopental, 80 mg/kg) and submitted to the CPIP model.

The number of animals per group was determined using the sample size equation without replacement: N = {[(z alpha + z beta)*s]/sigma}2 (Daniel and Cross, 2018). The alpha and z alpha values were fixed at 0.05 and 1.96, respectively. The beta and z beta values were determined at 0.10 and 1.28, respectively. A minimum of 40% was established as the targeted difference value between the group means (sigma), based on previous experimental data (Belmonte et al., 2018) from our research group, and the standard deviation (SD) value was set at 35% related to the mean value. Thus, the obtained value is N = {[(1.96 + 1.28)*35]/40)}2 = 8 per group. Considering the exclusion criteria and possible loss of animals during a follow-up (death during the induction of the CPIP model or treatments, or if the animals presented signs of suffering during the experiment, such as self-mutilation, vocalization when stimulated, etc.), an increase in the group sample size of 30% was stipulated. Therefore, for each group of 8 animals required for adequate statistical power, 11 animals per group were submitted to the CPIP model.



Measurement of Paw Edema

Paw edema was assessed by measuring the thickness of the middle portion of the right hind paw using a digital micrometer (Insize, Loganville, GA, United States). The measurement was carried out by positioning the device between the back and the plantar portion of the paw (Erthal et al., 2016). The results of paw thickness were expressed in micrometers (μm).



Biochemical Assays

Following 30 days of omega-3, saline, or corn oil supplementation, and 48 h (protocol 2) or 15 days (protocol 1) after the induction of the CPIP model, the mice were anesthetized (1–2% isoflurane at 100% oxygen) and the euthanasia was performed by decapitation to dissect the skin and muscles of the right hind paw and perform the biochemical tests described below. Post dissection, the samples were immediately frozen in liquid nitrogen and stored in a freezer at -80°C until their analysis.


Enzyme-Linked Immunosorbent Assay

Enzyme-Linked Immunosorbent Assays were carried out on samples homogenized in phosphate-buffered saline (PBS), containing: Tween® 20 (0.05%), PMSF (0.1 mM), EDTA (10 mM), aprotinin (2 ng/ml), and chloride benzethonium (0.1 mM) (Sigma-Aldrich, St. Louis, MO, United States). The samples were then centrifuged at 6,000 × g for 15 min (4°C), and the supernatant was collected and stored at -80°C for future analysis. The total protein content of the supernatant was measured by the Bradford method using a standard calibration curve with BSA (0.05–0.5 mg/ml) (Bradford, 1976). Aliquots with 100 μl were used to measure cytokine concentrations (IL-4, IL-10, TGF-β1, MCP-1, and TNF) using ELISA kits for mice (Invitrogen/Thermo Fisher Scientific, Waltham, MA, United States) according to the manufacturer’s instructions. Cytokine concentrations were measured by interpolating an 8-point standard curve with colorimetric assays at 450 nm (corrected by subtracting readings at 550 nm) on a plate spectrophotometer (Perlong DNM-9602, Nanjing Perlove Medical Equipment Co., Nanjing, China). The values were expressed as pg (cytokine) per mg (protein), as briefly described (Belmonte et al., 2018).



Western Blotting Assay

Western blotting assays were used to determine protein immunocontent: NOS-2 (or iNOS) and CD86 were the M1 macrophage markers and Arginase-1 was the M2 macrophage marker. Samples were homogenized and incubated in RIPA lysis buffer [1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), and PBS] plus 100 mM sodium orthovanadate, 100 mM PMSF, and a cocktail of 1% protease inhibitors (Sigma-Aldrich, St. Louis, MO, United States). Then, the samples were incubated on ice for 30 min. After centrifugation at 6,000 × g for 20 min (at 4°C), the supernatant was collected, separated, and stored in a -80°C freezer. Protein content was measured using the Bradford method, using a standard calibration curve with BSA (0.05–0.5 mg/ml). Total protein aliquots (50 μg) were boiled at 95°C for 5 min in 25% volume in Laemmli buffer (1M sodium phosphate pH 7.0, 10% SDS, 10% β-mercaptoethanol, 50% glycerol, 0.1% bromophenol blue, Sigma-Aldrich, St. Louis, MO, United States).

The samples were submitted to electrophoresis on 8% polyacrylamide gel. Proteins were then transferred onto a nitrocellulose membrane for 2 h at 90 V constant voltage. The membrane was incubated for 1 h in blocking solution (5% milk powder, Molico®) and then washed and incubated with Ponceau S solution (Ponceau S solution, P7170, Sigma-Aldrich, MO, United States) for the determination of the transferred proteins. This mark was captured by colorimetric reading on a photo-documenter and used as a protein load control. The membranes were incubated overnight at 4°C with the primary antibodies after Ponceau S washing and stain removal: rabbit anti-iNOS (NOS-2, Cat. NBP1-33780, Novus Biologicals, Centennial, CO., United States); mouse anti-CD86 (Cat. Ab213044, Abcam, Cambridge, MA, United States); or rabbit anti-Arginase-1 (Cat. 93668S, Cell Signaling Technology, Danvers, MA, United States). After washing in Tris Buffer Saline with Tween® 20 (TBS-T) (137 mM NaCl and 20 mM Tris HCl + 0.1% Tween® 20, pH 7.6) the membranes were incubated with the specific secondary antibody was conjugated to peroxidase at room temperature for 1 h (Abcam, Cambridge, MA, United States). After this period, a new 30-min wash with TBS-T was performed, followed by exposure of the membranes for 1 min to the Chemiluminescence kit (ECL, Bio-Rad Laboratories, CA, United States) and detection using an imaging system (iBright Imaging Systems, Invitrogen/Thermo Fisher Scientific, Waltham, MA, United States). The quantification of protein bands was performed by densitometry using the iBright Analysis Software (Invitrogen/Thermo Fisher Scientific, Waltham, MA, United States). The values were graphically expressed as arbitrary units in relation to the control (Saline/Sham), as briefly described (Mazzardo-Martins et al., 2018).




Statistical Analysis

Statistical analysis was performed by the Graph Pad Prism® software, version 8.0 (La Jolla, CA, United States). Data distributions were assessed using the Shapiro–Wilk test. Data considered as parametric were presented as mean ± SD. Paw thickness measurement data were compared using a two-way analysis of variance (ANOVA) with repeated measurements, followed by the Tukey test. Independent variables were treatment (between-subject) and time (within-subject). The biochemical data were analyzed by one-way ANOVA, followed by Tukey’s multi-comparison test. The independent variable was treatment (between-subject). For all analyses, p < 0.05 was considered significant.




RESULTS


Omega-3 Supplementation Prevents Paw Edema

The CPIP model induced edema, as observed by the increased paw thickness of animals in the Saline/CPIP group at 24, 48, and 72 h post-injury, compared to the Saline/Sham group (Figures 2A–D). Paw thickness returned to baseline values on the 4th-day post-injury.
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FIGURE 2. Effects of omega-3 supplementation on paw edema post-CPIP induction. Paw thickness evaluations of animals in Saline/Sham (n = 10), Saline/CPIP (n = 9), Omega-3/CPIP, and Corn oil/CPIP (n = 10) groups 1 day before the induction of the CPIP model (baseline, A), and time course of the saline, omega-3, or corn oil treatments on days 1, 2, 3, and 4 after model induction (A–D). Assessments at 24 (A) and 48 h (B) post-injury, and 1, 2, and 3 h post-treatment. Time course up to 2 h post-treatment, 72 h after the induction of CPIP (C). Paw thickness at 96 h post-CPIP and 1 h post-treatment (D). Data are expressed as mean ± SD compared using the two-way ANOVA with repeated measurements followed by Tukey’s test. #p < 0.05 and ###p < 0.0001 vs. Saline/Sham group; *p < 0.05 vs. Saline/CPIP group.


Paw thickness was significantly altered by treatment at 24 h post-injury [F(4, 140) = 7.11, p = 0.01] (Figure 2A). Planned group comparisons indicated that supplementation with omega-3 reduced the paw thickness (i.e., edema) of animals submitted to CPIP (the Omega-3/CPIP group) in the 1st h after acute post-CPIP omega-3 treatment, compared to the control group (the Saline/CPIP group) (p < 0.05). Although the Omega-3/CPIP group was not statistically different from the Saline/CPIP group at the two other assessment points on day 1 post-CPIP, the mean paw thickness remained directionally lower in this group up to the 3rd h after treatment (Figure 2A). Paw thickness was also altered significantly by treatment on the 2nd day post-CPIP [F(3, 105) = 5.37, p = 0.02] (Figure 2B). Omega-3 supplementation significantly decreased the paw thickness of animals in the 2nd h after acute omega-3 treatment when compared to the Saline/CPIP group (p < 0.05). Also, as on the 1st-day post-CPIP, mean paw thickness on the 2nd-day post-CPIP remained directionally lower in the Omega-3/CPIP group up to the 3rd h after acute omega-3 administration but with no statistically significant difference compared to the Saline/CPIP group (Figure 2B).

Figures 2C,D show paw thickness assessment at 72 and 96 h post-CPIP induction, respectively. The statistical differences between Saline/CPIP and Omega-3/CPIP groups noted at 1-day and 2-day post-CPIP were no longer observed (i.e., no acute effects of omega-3 supplementation). The within-subject time factor showed a significant effect at 72 h post-CPIP induction [F(2, 70) = 11.51, p < 0.0001], reflecting increased edema over time. Also, the treatment factor showed a significant effect 72 h post-CPIP [F(2, 70) = 4.49, p = 0.04]. Finally, at 96 h post-induction, a significant interaction between time and treatment was noted [F(1, 34) = 6.53, p = 0.01, Figure 2D). Visual inspection of Figure 2D suggested that this interaction was due in part to relatively stable levels of edema over time in the Saline/CPIP group, with the Omega-3/CPIP group showing decreased edema over time. However, post hoc between-group comparisons showed no statistical differences between these two groups. In the 1st h after the treatment with omega-3 at 96 h post-CPIP, the Omega-3/CPIP group presented a mean thickness of 2,760 ± 132.6 μm, returning to baseline values, and similar to the paw thickness observed in the Saline/Sham group (2,812.3 ± 49.31 μm, Figure 2D).

The Corn Oil/CPIP group was used as an additional control in our study, reflecting high omega-6 but low omega-3 content. The analysis showed that there was no difference between the Saline/CPIP and Corn Oil/CPIP groups (Figures 2A–D). Both the groups increased paw thickness relative to baseline at all times assessed and returned to their baseline values at 96 h post-injury (Figure 2D). Nonetheless, there were no significant differences between Corn Oil/CPIP and Omega-3/CPIP groups despite the latter group showing directionally lower edema throughout the protocol.



Omega-3 Supplementation Does Not Alter Pro-inflammatory Cytokine Concentrations in the Paw Skin and Muscle at 48 h Post-chronic Post-ischemia Pain

Tumor necrosis factor levels were not changed significantly in the paw skin and muscle of animals submitted to CPIP (Saline/CPIP group) when compared to the Saline/Sham group (Figures 3A,B). Omega-3 supplementation also did not alter skin TNF levels of injured animals (Omega-3/CPIP group) when compared to injured animals that received saline or corn oil (Figure 3A). Directional reductions in TNF muscle concentration in the Omega-3/CPIP group and the Corn oil/CPIP group relative to the Saline/CPIP group did not reach statistical significance, in part due to high TNF variability in the Saline/CPIP group (Figure 3B).
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FIGURE 3. Effects of omega-3 supplementation on tumor necrosis factor (TNF) and monocyte chemotactic protein-1 (MCP-1) concentrations in the paw skin and muscle of mice 48 h after the induction of the CPIP model. TNF concentrations in the skin (A) and muscle (B) of Saline/Sham, Saline/CPIP, Omega-3/CPIP, and Corn oil/CPIP groups. MCP-1 concentrations in the skin (C) and muscle (D) of Saline/Sham, Saline/CPIP, Omega-3/CPIP, and Corn oil/CPIP groups. Data are expressed as mean ± SD of 6–7 animals per group, statistically assessed by the one-way ANOVA followed by Tukey’s test. #p < 0.05 vs. the Saline/Sham group.


The concentration of MCP-1 in the paw skin did not change significantly with CPIP injury across groups (Figure 3C). However, a significant increase of MCP-1 in the paw muscle of animals in the Saline/CPIP group was observed when compared to the Saline/Sham group (p < 0.05) (Figure 3D). Nonetheless, omega-3 supplementation did not change the concentration of MCP-1 in the paw muscle or skin when Saline/CPIP and Omega-3/CPIP groups were compared (Figures 3C,D). Similarly, the group supplemented with corn oil (Corn oil/CPIP group) did not show significant changes in the levels of the pro-inflammatory cytokines TNF and MCP-1 in the paw skin or muscle when compared to Saline/CPIP or Omega-3/CPIP groups (Figures 3C,D).



Omega-3 Supplementation Alters Anti-inflammatory Cytokine Concentrations in the Paw Muscle at 48 h Post-chronic Post-ischemia Pain

Figures 4A, B shows that CPIP injury reduced the concentration of IL-4 in both the skin (p < 0.01) and muscle (p < 0.01) of animals in the Saline/CPIP group when compared to the Saline/Sham group. Although omega-3 supplementation did not change the concentration of IL-4 in the paw skin when compared to the Saline/CPIP group (Figure 4A), omega-3 supplementation did prevent the reduction of IL-4 in the paw muscle, with the observation of a significant difference when compared to Saline/CPIP (p < 0.01) or Corn oil/CPIP (p < 0.01) groups (Figure 4B).
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FIGURE 4. Effects of omega-3 supplementation on the concentrations of interleukin- (IL-) 4, transforming growth factor-β1 (TGF-β1), and IL-10 in the skin and muscle of mice 48 h after the induction of the CPIP model. IL-4 concentrations in the skin (A) and muscle (B) of Saline/Sham, Saline/CPIP, Omega-3/CPIP, and Corn oil/CPIP groups. TGF-β1 concentrations in the skin (C) and muscle (D) of Saline/Sham, Saline/CPIP, Omega-3/CPIP, and Corn oil/CPIP groups. IL-10 concentrations in the skin (E) and muscle (F) of Saline/Sham, Saline/CPIP, Omega-3/CPIP, and Corn oil/CPIP groups. Data are expressed as mean ± SD of 6–7 animals per group, statistically assessed by the one-way ANOVA followed by Tukey’s test. #p < 0.05 and ##p < 0.01 vs. the Saline/Sham group; *p < 0.05 and **p < 0.01 vs. the Saline/CPIP group. ıı p < 0.01 vs. the Omega-3/CPIP group.


Transforming growth factor-β1 concentrations increased in the paw skin of the Saline/CPIP group when compared to the Saline/Sham group (p < 0.01, Figure 4C). However, CPIP did not significantly alter the concentrations of this cytokine in the paw muscle (Figure 4D). In the Omega-3/CPIP group, there was a small increase in TGF-β1 levels in the skin and muscle, but this change was not significant when compared to the Saline/CPIP group (Figures 4C,D). Figure 4E shows a significant decrease in IL-10 concentrations in the paw skin of the Saline/CPIP group when compared to the Saline/Sham group (p < 0.01), with similar changes noted in the muscle (p < 0.01, Figure 4F). Omega-3 supplementation unexpectedly decreased IL-10 concentrations in the paw skin compared to the Saline/CPIP group (p < 0.05, Figure 4E), whereas IL-10 levels in the Omega-3/CPIP group remained statistically similar to the Saline/CPIP group in the paw muscle (Figure 4F).

Treatment with corn oil (Corn oil/CPIP group) did not alter the concentrations of IL-4, TGF-β1, or IL-10 in the paw skin (Figures 4A,C,E) or muscle (Figures 4B,D,F) when compared to Saline/CPIP or Omega-3/CPIP groups.



Omega-3 Supplementation Does Not Alter the Macrophage Phenotype in the Paw Muscle at 48 h Post-chronic Post-ischemia Pain

The immunocontent of NOS-2 and CD86 (phenotype M1 marker) and Arginase-1 (phenotype M2 marker) on the 2nd day after the induction of the CPIP model is shown in Figure 5. Ischemia/reperfusion (I/R) injury (Saline/CPIP) did not significantly alter the immunocontent of NOS-2 (p = 0.7409, Figure 5A) or CD86 (p = 0.1390, Figure 5B) markers compared to the Saline/Sham group. However, I/R injury reduced the immunocontent of Arginase-1 (p = 0.0011, Figure 5C) in the paw muscle of animals in the Saline/CPIP group at 48 h post-CPIP when compared to the Saline/Sham group. Preventive supplementation with omega-3 (Omega-3/CPIP) did not significantly alter the immunocontent of NOS-2 (p = 0.4014, Figure 5A), CD86 (p > 0.999, Figure 5B), or Arginase-1 (p = 0.6365, Figure 5C) compared to the Saline/CPIP group. The control treatment with corn oil also did not alter the immunocontent of NOS-2 (Figure 5A), CD86 (Figure 5B), or Arginase-1 (Figure 5C) compared to Saline/CPIP or Omega-3/CPIP groups.
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FIGURE 5. Effects of omega-3 supplementation on the immunocontent of macrophages M1 markers: nitric oxide synthase 2 (NOS-2) (A) and CD86 (B), and M2 marker: Arginase-1 (C) on the mouse paw muscle 48 h after the model induction in Saline/Sham, Saline/CPIP, Omega-3/CPIP, and Corn oil/CPIP groups. Data are expressed as mean ± SD of 6 animals per group, statistically assessed by the one-way ANOVA followed by Tukey’s test. ##p < 0.01 vs. the Saline/Sham group.




Omega-3 Supplementation Increases IL-10 Concentration in the Paw Muscle at 15 Days Post-chronic Post-ischemia Pain

The IL-10 concentration in the paw skin and muscle of animals from the Saline/CPIP group was not significantly altered in relation to the Saline/Sham group 15 days after the induction of the CPIP model (Figures 6A,B). Omega-3 supplementation also did not change the IL-10 concentration in the paw skin at 15 days post-CPIP when compared to the Saline/CPIP group (Figure 6A). However, omega-3 supplementation significantly increased anti-inflammatory IL-10 concentrations in the paw muscle when compared to the Saline/CPIP group (p = 0.0378, Figure 6B). The control treatment with corn oil (Corn oil/CPIP group) did not alter IL-10 concentrations in the paw skin or muscle when compared to either Saline/CPIP (p = 0.1072) or Omega-3/CPIP (0.6429) groups (Figures 6A,B).
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FIGURE 6. Interleukin-10 concentrations in the paw skin and muscle 15 days after the induction of the CPIP model. IL-10 concentrations in the skin (A) and muscle (B) of Saline/Sham, Saline/CPIP, Omega-3/CPIP, and Corn oil/CPIP groups. Data are expressed as mean ± SD of 6–7 animals per group, assessed by the one-way ANOVA followed by Tukey’s test. *p < 0.05 vs. the Saline/CPIP group.





DISCUSSION

Several clinical (Lee et al., 2012; Abdulrazaq et al., 2017; Gioxari et al., 2018) and preclinical (Yoshino and Ellis, 1987; Reddy and Lokesh, 1994; Wohlers et al., 2005; Nobre et al., 2013; Torres-Guzman et al., 2014; Lobo et al., 2016) studies have defined the benefits of omega-3 supplementation in the prevention and treatment of inflammatory diseases. However, there is a lack of evidence regarding the effects of omega-3 supplementation on CRPS-I. Omega-3 effects on immunoregulatory mechanisms in CPIP animal models of CRPS-I have not been studied although such studies appear warranted given the involvement of inflammatory mechanisms in early CRPS (Bruehl, 2015; Bruehl et al., 2016). This is the first study to evaluate the effects of preventive omega-3 supplementation (for 30 days) on edema-related inflammatory process, pro- and anti-inflammatory cytokine regulation, and the macrophages’ phenotypic characteristics present at the injury site in CPIP mice. The dose of omega-3 used was defined based on previous studies that used omega-3 in animal models of inflammatory and neuropathic pain (Nobre et al., 2013; Redivo et al., 2016, 2019; Silva et al., 2017). Also, we used corn oil as a control supplement due to its inactive state in terms of anti-inflammatory effects and its high omega-6 rather than omega-3 content (Pérez et al., 2005; Freitas et al., 2016).

Complex regional pain syndrome resulting from ischemia and reperfusion causes an intense inflammatory process and edema, with the latter being one of the most common clinical signs of CRPS besides pain (Bruehl et al., 2002; Coderre et al., 2004; Bruehl, 2015; Birklein and Dimova, 2017). Here, we observed that the animal model of CPIP promoted paw edema consistent with that often occurring in CRPS that remained from the 1st to the 3rd-day post-injury. Coderre et al. (2004) demonstrated that injury-related edema occurred 3–4 h after the paw injury although it was noted to remit after 24 h. On the other hand, Klafke et al. (2016) did not observe edema in rats after the induction of CPIP as long as 14 days post-CPIP. This variability in edema in the CPIP model seems to be in parallel that edema is not always present in humans suffering from CRPS. Rather, it can be short-lived, variable, or prolonged for months or years (Bruehl et al., 2002). When present in preclinical studies, edema may last for different durations depending on the species of the animal, lineage, sex, weight, age, and even procedure standardization, and it may occur from the 1st to the 3rd-day post-CPIP (Tang et al., 2017; Mazzardo-Martins et al., 2018; De Prá et al., 2019).

In this study, omega-3 preventive supplementation reduced the paw edema of animals with CPIP. Few studies in the literature have demonstrated the anti-edematogenic effects of fish-derived omega-3 fatty acids, including EPA and/or DHA (Yoshino and Ellis, 1987; Reddy and Lokesh, 1994; Wohlers et al., 2005; Nobre et al., 2013; Torres-Guzman et al., 2014; Lobo et al., 2016), with none using a CRPS-relevant model. In the carrageenan-induced paw edema model of inflammatory pain, acute treatment with omega-3 (at doses of 1, 2.5, and 5 mg/kg, i.g., much lower doses than in the current study) reduced the paw edema of rats (Nobre et al., 2013), with similar findings in chronic treatment with different fish oils added to the standard diet (Yoshino and Ellis, 1987; Reddy and Lokesh, 1994; Wohlers et al., 2005). A study using the complete Freund’s adjuvant- (CFA-) induced arthritic rat model similarly demonstrated that i.g., chronic treatment with DHA (at doses of 10, 30, and 100 mg/kg) reduced the edema of the knee joint (Torres-Guzman et al., 2014). Finally, it was demonstrated that pure and concentrated fish oil reduced paw edema by approximately 14%, 48 h after the induction of the intra-plantar CFA model (Lobo et al., 2016). These studies suggest that omega-3 PUFA decreases the levels of arachidonic acid in immune cells. As a consequence, the enzymes cyclooxygenases and lipoxygenases have EPA and DHA as a substrate, inhibiting the production of inflammatory eicosanoids such as PG (PGE2) and leukotrienes (LTB4), which are responsible for edema formation during the inflammatory process (Reddy and Lokesh, 1994; Nobre et al., 2013; Torres-Guzman et al., 2014; Lobo et al., 2016). Also, NO—which is mainly produced by M1 macrophages—causes vasodilation and vascular permeability in some models (e.g., carrageenan-induced inflammation), and omega-3 PUFA is able to decrease the NO levels, evaluated by nitrite production (Wohlers et al., 2005).

Inflammatory mechanisms leading to edema may differ somewhat in the CPIP model. Following I/R injury, there is a significant increase in the formation of reactive oxygen species, oxidative stress, and activation of resident immune cells (mainly macrophages). More specifically, there is increased activity in pro-inflammatory cytokine signaling pathways involving TNF, IL-1β, and IL-6 in the paw skin and muscle (Laferrière et al., 2008; Hsiao et al., 2016; Klafke et al., 2016; Hewedy, 2018; Santos et al., 2021). These changes are typical of early CRPS-I in humans, causing induction and regulation of the inflammatory response and contributing to neurogenic inflammation (Laferrière et al., 2008; Marinus et al., 2011; Klafke et al., 2016; Hewedy, 2018). The present study examined the concentrations of pro-inflammatory cytokines TNF and MCP-1 and anti-inflammatory IL-4, IL-10, and TGF-β1 in the paw skin and muscle 48 h after the induction of CPIP in mice previously supplemented with omega-3, corn oil, or saline. The concentrations of TNF in the paw skin and muscle in mice from the Saline/CPIP group at 2 days post-CPIP were not significantly changed compared to the Saline/Sham group. In a prior study using the CPIP model, TNF concentrations were found to be increased 1, 2, and 7 days post-I/R in the skin and muscle of the paw (Hsiao et al., 2016; Santos et al., 2021) although this study was conducted in male rather than female Swiss mice. On the other hand, Laferrière et al. (2008) observed in male rats that TNF levels were increased at 2 h post-injury and returned to baseline levels on the 2nd-day post-I/R, consistent with our findings. There are no prior studies of CPIP effects on TNF in female Swiss mice available to provide context for our findings. Our results also showed that although the concentration of MCP-1 did not change in the paw skin, it was increased in the muscle of animals undergoing CPIP (with saline). The concentration of this cytokine in the skin and muscle of the paw post-I/R injury has not been reported in prior research. However, an animal model of CRPS that used the transfer of purified serum immunoglobulin G (IgG) from human patients with longstanding CRPS into mice (in addition to plantar skin and muscle incision) showed that MCP-1 concentrations in the paw skin were increased from 1 to 3 days following injury, as in the current study, but were normalized at 6 and 13 days after model induction (Helyes et al., 2019).

Our study demonstrated that omega-3 directionally reduced TNF levels in the muscle post-CPIP although this effect was not significant due in part to the high variability of TNF levels in the saline/CPIP group. Although omega-3 effects on TNF were not statistically significant, it is nonetheless possible that even the modest reductions observed could have clinical significance as TNF is one of the main cytokines involved in initiating the immune and inflammatory cascade (Galley and Webster, 1996). Even when released at low concentrations, TNF activates endothelial cells promoting vasodilation, contributing to the formation of edema, and stimulating the secretion of chemokines such as MCP-1 observed to be increased in CPIP animals. MCP-1 recruits monocytes to the injury site, in addition to activating them for a pro-inflammatory macrophage phenotype (Mantovani et al., 2004). Lobo et al. (2016) demonstrated that the treatment with pure fish oil (EPA at 460 mg and DHA at 200 mg) or concentrate (EPA at 460 mg and DHA at 360 mg or EPA at 690 mg and DHA at 540 mg) 7 days before and 5 days after intra-plantar CFA-induced inflammation decreased TNF levels in the paw skin of male and female rats. Another study using orally administered omega-3 at single doses of 2.5 or 5 mg/kg showed a decrease in TNF levels in the paw of mice submitted to the carrageenan-induced edema model (Nobre et al., 2013). A study by our group (Belmonte et al., 2018) evaluated the concentration of pro- and anti-inflammatory cytokines in the spinal cord of male Swiss mice 11 days after the induction of the CPIP model and found no increase in spinal cord TNF, IL-6, or IL-10 levels although IL-1β concentrations were elevated. Importantly, that study did not assess concentrations at the site of I/R injury as assessed in this study. Human studies evaluating the serum protein or blood mRNA levels of patients with CRPS-I have shown that soluble TNF receptors 1 and 2 (sTNFR1 and sTNFR2) and inflammatory cytokines such as TNF, IL-2, and IL-8 are increased relative to non-CRPS controls (Schinkel et al., 2006; Uçeyler et al., 2007). In a prior study addressing the changes in cytokine levels specifically in the affected limb as in the current study, blister fluid obtained from the affected extremities of patients with CRPS-Type I showed increased IL-6, IL-8, TNF, IL-12p40/p70, MCP-1, and macrophage inflammatory protein- (MIP-) 1β levels relative to the contralateral limb (Heijmans-Antonissen et al., 2006).

To date, little is known regarding the anti-inflammatory cytokines in the CPIP model of CRPS although some human work suggests that differences might be expected. For example, a clinical study evaluated 42 patients with CRPS-Type I and 34 healthy controls and found that systemic anti-inflammatory IL-4 and IL-10 mRNA and protein levels were reduced in patients with CRPS. In contrast, TGF-β1 mRNA levels did not differ between groups although TGF-β1 protein levels were reduced in patients with CRPS relative to controls (Uçeyler et al., 2007). Other study indicates that IL-10 levels in blister fluid of patients with CRPS-Type I were similar in involved and non-involved extremities (Heijmans-Antonissen et al., 2006). Consistent with the abovementioned human clinical findings regarding systemic anti-inflammatory cytokine mRNA and protein levels, our results in the CPIP model demonstrated that I/R-induced injury decreased IL-4 and IL-10 in the paw skin and muscle. However, in contrast to human clinical findings, we found that TGF-β1 was increased in the skin of CPIP animals. Omega-3 considerably increased anti-inflammatory IL-4 concentrations in the muscle but did not increase IL-10 or TGF-β1 concentrations at 2 days post-injury. Surprisingly, omega-3 supplementation further reduced IL-10 levels in the paw skin compared to the saline group when assessed at 2-day post-CPIP. However, this pattern changed over time. Omega-3 supplementation significantly increased IL-10 levels in the paw muscle at 15 days post-CPIP.

Prior study has not examined whether CPIP alters anti-inflammatory cytokines or examined what effect omega-3 supplementation might have. It may, therefore, be useful to consider related literature as a context for our findings regarding omega-3 effects on IL-10. The most relevant finding is that C57BL/6N mice receiving a diet rich in DHA (Linoleic 2.9 g/kg, Linolenic 0.43 g/kg, and DHA 0.26 g/kg) for 7 days before myocardial I/R displayed decreased IL-10 mRNA expression 72 h after reperfusion, similar to our findings at 2 days post-CPIP (Habicht et al., 2020). Furthermore, DHA supplementation also reduced TNF and IL-1β expression at 72 h post-I/R injury and was associated with a strong increase in the phenotype of alternatively activated Ly6C + macrophages at 14 days post-injury (Habicht et al., 2020). In contrast, mice with hemorrhagic cystitis acutely treated with DHA at 1 μmol/kg (i.p.) did not show altered levels of IL-10 (Freitas et al., 2016). The results of a prior study focused on specialized pro-resolving mediators derived from omega-3 fatty acids, such as resolvin D1 and Maresin-1 (MaR1), following I/R injury appear discrepant. Resolvin D1 (100 μg/kg, intravenous) did not inhibit an increase in IL-10 post lung I/R injury (Zhao et al., 2016), and MaR1 (4 ng/g body weight) administered prior to ischemia in a rat model of liver I/R injury increased serum IL-10 levels that were otherwise reduced post-I/R injury (Soto et al., 2020). Although existing data are sparse and somewhat mixed, our findings suggest that the beneficial effects of omega-3 may depend on the modulation of the long-term inflammatory response initiated by the I/R injury and omega-3 supplementation may help balance the pro- and anti-inflammatory states, resulting in reduced inflammation.

The current study also considered macrophage phenotypes relevant to inflammation. On the 2nd day post-I/R injury, significant reductions were observed in Arginase-1 immunocontent, which is an M2 macrophage phenotype immunomarker. In contrast, NOS-2 and CD86 (M1 macrophage phenotype immunomarkers) content showed a tendency to increase in the Saline/CPIP group, suggesting a predominance of M1 macrophages in the muscle post-injury. We found that omega-3 supplementation did not alter the macrophage phenotype at 48 h post-injury. This finding is confirmed by the observed pattern of evaluated cytokines and reinforces the prior literature demonstrating that M2 macrophages produce high levels of IL-10 in comparison with M1 macrophages (Verreck et al., 2004).

Interleukin-4, which was significantly elevated at 2 days post-CPIP by omega-3 supplementation in the current study, is a crucial cytokine for inducing polarization of M1 to M2 phenotype macrophages. In addition, IL-4 is involved in tissue repair and healing (Mokarram et al., 2012) and can also act on peripheral neuronal terminals, contributing to the balance between facilitating and inhibiting inflammatory pain (Mousa et al., 2004). M2 macrophages are induced in response to Th2 cytokines. Based on different contexts, we observe the different subtypes M2a, M2b, M2c, and M2d. These subtypes have immunoregulatory activities capable of secreting high levels of anti-inflammatory mediators such as IL-10 and low levels of pro-inflammatory cytokines, such as IL-12 (Mantovani et al., 2004; Vogel et al., 2014; Iqbal and Kumar, 2015). They can also produce high levels of IL-8, MCP-1, MIP-1β, etc., to recruit neutrophils, monocytes, and T-lymphocytes in an anti-inflammatory or a regulatory response (Verreck et al., 2004, 2006).

We hypothesize that the observed omega-3 induced elevations in IL-4 levels in the muscle on the 2nd-day post-CPIP-induced late macrophage polarization for the M2 phenotype. These changes, in turn, resulted in subsequent increases in IL-10 production long in post-CPIP injuries, like those observed in the current work at 15-day post-CPIP. Although we were unable to assess macrophage phenotypes at 15-day post-CPIP due to financial constraints, our findings are in agreement with Burger et al. (2019), who observed an acceleration in the healing process following EPA supplementation for 4 weeks, with these changes in parallel with an increase in M2 macrophages and IL-10 on the 7th day after the induction of skin wounds in mice. Based on these findings, we hypothesize that omega-3 supplementation might help shift the body toward a more anti-inflammatory phenotype following the injuries that are known to trigger CRPS-I.

This study has some limitations that should be addressed in future research. Unfortunately, we did not measure the levels of other pro- or anti-inflammatory cytokines, and we did not assess the macrophage phenotype at a 15-day post-I/R injury. Further studies are necessary to confirm the consistent omega-3 anti-inflammatory and pro-resolving effects at a later stage of the CPIP model. The current study is also limited by the absence of pain-specific outcomes, which are also a cardinal feature of CRPS. These results will be separately reported. In conclusion, our results demonstrate an apparent immunoregulatory effect of preventive omega-3 supplementation in an animal model of CRPS-I. The findings presented here expand upon and corroborate limited data in the existing literature, indicating that omega-3 supplementation has anti-edematogenic actions and beneficially regulates important anti-inflammatory cytokines, such as IL-4 (early) and IL-10 (late), in a CPIP model of CRPS-I.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics Committee on the Use of Animals (CEUA) from the University of Southern Santa Catarina (UNISUL), with protocol no. 18.050.4.01.IV.



AUTHOR CONTRIBUTIONS

FB and DFM: study conception and design. PFF, TOG, HSB, and VVH: acquisition of data. FB, JMM, APF, and DFM: analysis and interpretation of data. FB, JMM, SB, and DFM: drafting of manuscript. FB, DFM, SB, EBB, LAS, and ASIS: critical revision. All authors read and approved the final manuscript.



FUNDING

This work was supported by scholarships from the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq/Brazil), and the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES). PFF and TOG were master graduate students fellow, and APF was a doctoral fellow from the CAPES/Brazil (Financing Code 001); VVH was a post-doc student fellow from (CAPES/Brazil) and DFM was a Research Productivity Fellow 2 from the CNPq/Brazil.



REFERENCES

Abdulrazaq, M., Innes, J. K., and Calder, P. C. (2017). Effect of ω-3 polyunsaturated fatty acids on arthritic pain: a systematic review. Nutrition 39–40, 57–66. doi: 10.1016/j.nut.2016.12.003

Arnold, C. E., Whyte, C. S., Gordon, P., Barker, R. N., Rees, A. J., and Wilson, H. M. (2014). A critical role for suppressor of cytokine signalling 3 in promoting M1 macrophage activation and function in vitro and in vivo. Immunology 141, 96–110. doi: 10.1111/imm.12173

Bannenberg, G., and Serhan, C. N. (2010). Specialized pro-resolving lipid mediators in the inflammatory response: an update. Biochim. Biophys. Acta 1801, 1260–1273. doi: 10.1016/j.bbalip.2010.08.002

Beerthuizen, A., Stronks, D. L., Van’t Spijker, A., Yaksh, A., Hanraets, B. M., Klein, J., et al. (2012). Demographic and medical parameters in the development of complex regional pain syndrome type 1 (CRPS1): prospective study on 596 patients with a fracture. Pain 153, 1187–1192. doi: 10.1016/j.pain.2012.01.026

Belmonte, L. A. O., Martins, T. C., Salm, D. C., Emer, A. A., de Oliveira, B. H., Mathias, K., et al. (2018). Effects of different parameters of continuous training and high-intensity interval training in the chronic phase of a mouse model of complex regional pain syndrome Type I. J. Pain 19, 1445–1460. doi: 10.1016/j.jpain.2018.06.008

Birklein, F., and Dimova, V. (2017). Complex regional pain syndrome-up-to-date. Pain Rep. 2:e624. doi: 10.1097/PR9.0000000000000624

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–254. doi: 10.1006/abio.1976.9999

Bruehl, S. (2015). Complex regional pain syndrome. BMJ 351, h2730. doi: 10.1136/bmj.h2730

Bruehl, S., Harden, R. N., Galer, B. S., Saltz, S., Backonja, M., and Stanton-Hicks, M. (2002). Complex regional pain syndrome: are there distinct subtypes and sequential stages of the syndrome? Pain 95, 119–124. doi: 10.1016/s0304-3959(01)00387-6

Bruehl, S., Maihöfner, C., Stanton-Hicks, M., Perez, R. S. G. M., Vatine, J.-J., Brunner, F., et al. (2016). Complex regional pain syndrome: evidence for warm and cold subtypes in a large prospective clinical sample. Pain 157, 1674–1681. doi: 10.1097/j.pain.0000000000000569

Burger, B., Kühl, C. M. C., Candreva, T., Cardoso, R., da, S., Silva, J. R., et al. (2019). Oral administration of EPA-rich oil impairs collagen reorganization due to elevated production of IL-10 during skin wound healing in mice. Sci. Rep. 9:9119. doi: 10.1038/s41598-019-45508-1

Calder, P. C. (2008). Polyunsaturated fatty acids, inflammatory processes and inflammatory bowel diseases. Mol. Nutr. Food Res. 52, 885–897. doi: 10.1002/mnfr.200700289

Calder, P. C. (2015). Marine omega-3 fatty acids and inflammatory processes: Effects, mechanisms and clinical relevance. Biochim. Biophys. Acta 1851, 469–484. doi: 10.1016/j.bbalip.2014.08.010

Coderre, T. J., Xanthos, D. N., Francis, L., and Bennett, G. J. (2004). Chronic post-ischemia pain (CPIP): a novel animal model of complex regional pain syndrome-type I (CRPS-I; reflex sympathetic dystrophy) produced by prolonged hindpaw ischemia and reperfusion in the rat. Pain 112, 94–105. doi: 10.1016/j.pain.2004.08.001

Daniel, W. W., and Cross, C. L. (2018). Biostatistics: A Foundation for Analysis in the Health Sciences, 11th Edn. Hoboken, NJ: Willey.

de Mos, M., de Bruijn, A. G. J., Huygen, F. J. P. M., Dieleman, J. P., Stricker, B. H. C., and Sturkenboom, M. C. J. M. (2007). The incidence of complex regional pain syndrome: a population-based study. Pain 129, 12–20. doi: 10.1016/j.pain.2006.09.008

De Prá, S. D. T., Antoniazzi, C. T., de, D., Ferro, P. R., Kudsi, S. Q., Camponogara, C., et al. (2019). Nociceptive mechanisms involved in the acute and chronic phases of a complex regional pain syndrome type 1 model in mice. Eur. J. Pharmacol. 859:172555. doi: 10.1016/j.ejphar.2019.172555

Duluc, D., Delneste, Y., Tan, F., Moles, M.-P., Grimaud, L., Lenoir, J., et al. (2007). Tumor-associated leukemia inhibitory factor and IL-6 skew monocyte differentiation into tumor-associated macrophage-like cells. Blood 110, 4319–4330. doi: 10.1182/blood-2007-02-072587

Erthal, V., Maria-Ferreira, D., Werner, M. F., de, P., Baggio, C. H., and Nohama, P. (2016). Anti-inflammatory effect of laser acupuncture in ST36 (Zusanli) acupoint in mouse paw edema. Lasers Med. Sci. 31, 315–322. doi: 10.1007/s10103-015-1845-z

Field, J. (2013). Complex regional pain syndrome: a review. J. Hand Surg. Eur. Vol. 38, 616–626. doi: 10.1177/1753193412471021

Freitas, R. D. S., Costa, K. M., Nicoletti, N. F., Kist, L. W., Bogo, M. R., and Campos, M. M. (2016). Omega-3 fatty acids are able to modulate the painful symptoms associated to cyclophosphamide-induced-hemorrhagic cystitis in mice. J. Nutr. Biochem. 27, 219–232. doi: 10.1016/j.jnutbio.2015.09.007

Galley, H. F., and Webster, N. R. (1996). The immuno-inflammatory cascade. Br. J. Anaesth. 77, 11–16. doi: 10.1093/bja/77.1.11

Gaspar, A. T., and Antunes, F. (2011). [Type I complex regional pain syndrome]. Acta Med. Port. 24, 1031–1040.

Gioxari, A., Kaliora, A. C., Marantidou, F., and Panagiotakos, D. P. (2018). Intake of ω-3 polyunsaturated fatty acids in patients with rheumatoid arthritis: A systematic review and meta-analysis. Nutrition 45, 114–124.e4. doi: 10.1016/j.nut.2017.06.023

Guo, T.-Z., Shi, X., Li, W.-W., Wei, T., Clark, J. D., and Kingery, W. S. (2019). Sex differences in the temporal development of pronociceptive immune responses in the tibia fracture mouse model. Pain 160, 2013–2027. doi: 10.1097/j.pain.0000000000001592

Habicht, I., Mohsen, G., Eichhorn, L., Frede, S., Weisheit, C., Hilbert, T., et al. (2020). DHA supplementation attenuates MI-induced LV matrix remodeling and dysfunction in mice. Oxid. Med. Cell. Longev. 2020:7606938. doi: 10.1155/2020/7606938

Hauser, J., Hsu, B., and Nader, N. D. (2013). Inflammatory processes in complex regional pain syndromes. Immunol. Invest. 42, 263–272. doi: 10.3109/08820139.2013.764317

Heijmans-Antonissen, C., Wesseldijk, F., Munnikes, R. J., Huygen, F. J., van der Meijden, P., Hop, W. C. J., et al. (2006). Multiplex bead array assay for detection of 25 soluble cytokines in blister fluid of patients with complex regional pain syndrome type 1. Mediators Inflamm. 2006:28398. doi: 10.1155/MI/2006/28398

Helyes, Z., Tékus, V., Szentes, N., Pohóczky, K., Botz, B., Kiss, T., et al. (2019). Transfer of complex regional pain syndrome to mice via human autoantibodies is mediated by interleukin-1-induced mechanisms. Proc. Natl. Acad. Sci. U.S.A. 116, 13067–13076. doi: 10.1073/pnas.1820168116

Hewedy, W. A. (2018). Linagliptin attenuates chronic post-ischemia pain: possible anti-inflammatory and anti-oxidant mechanisms. Eur. J. Pharmacol. 828, 110–118. doi: 10.1016/j.ejphar.2018.03.039

Hsiao, H.-T., Lin, Y.-C., Wang, J. C.-F., Tsai, Y.-C., and Liu, Y.-C. (2016). Hypoxia inducible factor-1α inhibition produced anti-allodynia effect and suppressed inflammatory cytokine production in early stage of mouse complex regional pain syndrome model. Clin. Exp. Pharmacol. Physiol. 43, 355–359. doi: 10.1111/1440-1681.12536

Huygen, F. J., de Bruijn, A. G., Klein, J., and Zijlstra, F. J. (2001). Neuroimmune alterations in the complex regional pain syndrome. Eur. J. Pharmacol. 429, 101–113. doi: 10.1016/s0014-2999(01)01310-3

Iqbal, S., and Kumar, A. (2015). Characterization of in vitro generated human polarized macrophages. J. Clin. Cell. Immunol. 6, 1–8. doi: 10.4172/2155-9899.1000380

Klafke, J. Z., da Silva, M. A., Rossato, M. F., de Prá, S. D. T., Rigo, F. K., Walker, C. I. B., et al. (2016). Acute and chronic nociceptive phases observed in a rat hind paw ischemia/reperfusion model depend on different mechanisms. Pflugers Arch. 468, 229–241. doi: 10.1007/s00424-015-1746-9

Komori, T., Morikawa, Y., Inada, T., Hisaoka, T., and Senba, E. (2011). Site-specific subtypes of macrophages recruited after peripheral nerve injury. Neuroreport 22, 911–917. doi: 10.1097/WNR.0b013e32834cd76a

Laferrière, A., Millecamps, M., Xanthos, D. N., Xiao, W. H., Siau, C., de Mos, M., et al. (2008). Cutaneous tactile allodynia associated with microvascular dysfunction in muscle. Mol. Pain 4:49. doi: 10.1186/1744-8069-4-49

Lee, Y.-H., Bae, S.-C., and Song, G.-G. (2012). Omega-3 polyunsaturated fatty acids and the treatment of rheumatoid arthritis: a meta-analysis. Arch. Med. Res. 43, 356–362. doi: 10.1016/j.arcmed.2012.06.011

Lobo, B. W. P., Lima, C. K. F., Teixeira, M. S., Silva, N. L. C., Takiya, C. M., Ramos, M. F. S., et al. (2016). Fish oil attenuates persistent inflammatory pain in rats through modulation of TNF-α and resolvins. Life Sci. 152, 30–37. doi: 10.1016/j.lfs.2016.03.034

MacMicking, J., Xie, Q. W., and Nathan, C. (1997). Nitric oxide and macrophage function. Annu. Rev. Immunol. 15, 323–350. doi: 10.1146/annurev.immunol.15.1.323

Mantovani, A., Sica, A., Sozzani, S., Allavena, P., Vecchi, A., and Locati, M. (2004). The chemokine system in diverse forms of macrophage activation and polarization. Trends Immunol. 25, 677–686. doi: 10.1016/j.it.2004.09.015

Marinus, J., Moseley, G. L., Birklein, F., Baron, R., Maihöfner, C., Kingery, W. S., et al. (2011). Clinical features and pathophysiology of complex regional pain syndrome. Lancet Neurol. 10, 637–648. doi: 10.1016/S1474-4422(11)70106-5

Mazzardo-Martins, L., Salm, D. C., Winkelmann-Duarte, E. C., Ferreira, J. K., Lüdtke, D. D., Frech, K. P., et al. (2018). Electroacupuncture induces antihyperalgesic effect through endothelin-B receptor in the chronic phase of a mouse model of complex regional pain syndrome type I. Pflugers Arch. 470, 1815–1827. doi: 10.1007/s00424-018-2192-2

Millecamps, M., Laferrière, A., Ragavendran, V. J., Stone, L. S., and Coderre, T. J. (2010). Role of peripheral endothelin receptors in an animal model of complex regional pain syndrome type 1 (CRPS-I). Pain 151, 174–183. doi: 10.1016/j.pain.2010.07.003

Mokarram, N., Merchant, A., Mukhatyar, V., Patel, G., and Bellamkonda, R. V. (2012). Effect of modulating macrophage phenotype on peripheral nerve repair. Biomaterials 33, 8793–8801. doi: 10.1016/j.biomaterials.2012.08.050

Mousa, S. A., Shakibaei, M., Sitte, N., Schäfer, M., and Stein, C. (2004). Subcellular pathways of beta-endorphin synthesis, processing, and release from immunocytes in inflammatory pain. Endocrinology 145, 1331–1341. doi: 10.1210/en.2003-1287

Nobre, M. E. P., Correia, A. O., Borges, M., de, B., Sampaio, T. M. A., Chakraborty, S. A., et al. (2013). Eicosapentaenoic acid and docosahexaenoic acid exert anti-inflammatory and antinociceptive effects in rodents at low doses. Nutr. Res. 33, 422–433. doi: 10.1016/j.nutres.2013.02.011

Pérez, J., Ware, M. A., Chevalier, S., Gougeon, R., and Shir, Y. (2005). Dietary omega-3 fatty acids may be associated with increased neuropathic pain in nerve-injured rats. Anesth. Analg. 101, 444–448. doi: 10.1213/01.ANE.0000158469.11775.52

Reddy, A. C., and Lokesh, B. R. (1994). Studies on anti-inflammatory activity of spice principles and dietary n-3 polyunsaturated fatty acids on carrageenan-induced inflammation in rats. Ann. Nutr. Metab. 38, 349–358. doi: 10.1159/000177833

Redivo, D. D. B., Jesus, C. H. A., Sotomaior, B. B., Gasparin, A. T., and Cunha, J. M. (2019). Acute antinociceptive effect of fish oil or its major compounds, eicosapentaenoic and docosahexaenoic acids on diabetic neuropathic pain depends on opioid system activation. Behav. Brain Res. 372:111992. doi: 10.1016/j.bbr.2019.111992

Redivo, D. D. B., Schreiber, A. K., Adami, E. R., Ribeiro, D. E., Joca, S. R. L., Zanoveli, J. M., et al. (2016). Effect of omega-3 polyunsaturated fatty acid treatment over mechanical allodynia and depressive-like behavior associated with experimental diabetes. Behav. Brain Res. 298, 57–64. doi: 10.1016/j.bbr.2015.10.058

Rőszer, T. (2015). Understanding the mysterious M2 macrophage through activation markers and effector mechanisms. Mediators Inflamm. 2015:816460. doi: 10.1155/2015/816460

Russo, M., Georgius, P., and Santarelli, D. M. (2018). A new hypothesis for the pathophysiology of complex regional pain syndrome. Med. Hypotheses 119, 41–53. doi: 10.1016/j.mehy.2018.07.026

Sandroni, P., Benrud-Larson, L. M., McClelland, R. L., and Low, P. A. (2003). Complex regional pain syndrome type I: incidence and prevalence in Olmsted county, a population-based study. Pain 103, 199–207. doi: 10.1016/s0304-3959(03)00065-4

Santos, P. L., Rabelo, T. K., Matos, J. P. S. C. F., Anjos, K. S., Melo, M. A. O., Carvalho, Y. M. B. G., et al. (2021). Involvement of nuclear factor κB and descending pain pathways in the anti-hyperalgesic effect of β-citronellol, a food ingredient, complexed in β-cyclodextrin in a model of complex regional pain syndrome - Type 1. Food Chem. Toxicol. 153, 112260. doi: 10.1016/j.fct.2021.112260

Schinkel, C., Gaertner, A., Zaspel, J., Zedler, S., Faist, E., and Schuermann, M. (2006). Inflammatory mediators are altered in the acute phase of posttraumatic complex regional pain syndrome. Clin. J. Pain 22, 235–239. doi: 10.1097/01.ajp.0000169669.70523.f0

Serhan, C. N., Brain, S. D., Buckley, C. D., Gilroy, D. W., Haslett, C., O’Neill, L. A. J., et al. (2007). Resolution of inflammation: state of the art, definitions and terms. FASEB J. 21, 325–332. doi: 10.1096/fj.06-7227rev

Serhan, C. N., Chiang, N., and Van Dyke, T. E. (2008). Resolving inflammation: dual anti-inflammatory and pro-resolution lipid mediators. Nat. Rev. Immunol. 8, 349–361. doi: 10.1038/nri2294

Silva, R. V., Oliveira, J. T., Santos, B. L. R., Dias, F. C., Martinez, A. M. B., Lima, C. K. F., et al. (2017). Long-Chain Omega-3 fatty acids supplementation accelerates nerve regeneration and prevents neuropathic pain behavior in Mice. Front. Pharmacol. 8:723. doi: 10.3389/fphar.2017.00723

Smart, K. M., Wand, B. M., and O’Connell, N. E. (2016). Physiotherapy for pain and disability in adults with complex regional pain syndrome (CRPS) types I and II. Cochrane Database Syst. Rev. 2:CD010853. doi: 10.1002/14651858.CD010853.pub2

Soto, G., Rodríguez, M. J., Fuentealba, R., Treuer, A. V., Castillo, I., González, D. R., et al. (2020). Maresin 1, a proresolving lipid mediator, ameliorates liver ischemia-reperfusion injury and stimulates hepatocyte proliferation in sprague-dawley rats. Int. J. Mol. Sci. 21:540. doi: 10.3390/ijms21020540

Tan, A., Sullenbarger, B., Prakash, R., and McDaniel, J. C. (2018). Supplementation with eicosapentaenoic acid and docosahexaenoic acid reduces high levels of circulating proinflammatory cytokines in aging adults: a randomized, controlled study. Prostaglandins Leukot. Essent. Fatty Acids 132, 23–29. doi: 10.1016/j.plefa.2018.03.010

Tang, C., Li, J., Tai, W. L., Yao, W., Zhao, B., Hong, J., et al. (2017). Sex differences in complex regional pain syndrome type I (CRPS-I) in mice. J. Pain Res. 10, 1811–1819. doi: 10.2147/JPR.S139365

Torres-Guzman, A. M., Morado-Urbina, C. E., Alvarado-Vazquez, P. A., Acosta-Gonzalez, R. I., Chávez-Piña, A. E., Montiel-Ruiz, R. M., et al. (2014). Chronic oral or intraarticular administration of docosahexaenoic acid reduces nociception and knee edema and improves functional outcomes in a mouse model of Complete Freund’s Adjuvant-induced knee arthritis. Arthritis Res. Ther. 16:R64. doi: 10.1186/ar4502

Uçeyler, N., Eberle, T., Rolke, R., Birklein, F., and Sommer, C. (2007). Differential expression patterns of cytokines in complex regional pain syndrome. Pain 132, 195–205. doi: 10.1016/j.pain.2007.07.031

Verreck, F. A. W., De Boer, T., Langenberg, D. M. L., Hoeve, M. A., Kramer, M., Vaisberg, E., et al. (2004). Human IL-23-producing type 1 macrophages promote but IL-10-producing type 2 macrophages subvert immunity to (myco)bacteria. Proc. Natl. Acad. Sci. U.S.A. 101, 4560–4565. doi: 10.1073/pnas.0400983101

Verreck, F. A. W., de Boer, T., Langenberg, D. M. L., van der Zanden, L., and Ottenhoff, T. H. M. (2006). Phenotypic and functional profiling of human proinflammatory type-1 and anti-inflammatory type-2 macrophages in response to microbial antigens and IFN-gamma- and CD40L-mediated costimulation. J. Leukoc. Biol. 79, 285–293. doi: 10.1189/jlb.0105015

Vogel, D. Y. S., Glim, J. E., Stavenuiter, A. W. D., Breur, M., Heijnen, P., Amor, S., et al. (2014). Human macrophage polarization in vitro: maturation and activation methods compared. Immunobiology 219, 695–703. doi: 10.1016/j.imbio.2014.05.002

Wohlers, M., Xavier, R. A. N., Oyama, L. M., Ribeiro, E. B., do Nascimento, C. M. O., Casarini, D. E., et al. (2005). Effect of fish or soybean oil-rich diets on bradykinin, kallikrein, nitric oxide, leptin, corticosterone and macrophages in carrageenan stimulated rats. Inflammation 29, 81–89. doi: 10.1007/s10753-006-9002-2

Xanthos, D. N., and Coderre, T. J. (2008). Sympathetic vasoconstrictor antagonism and vasodilatation relieve mechanical allodynia in rats with chronic postischemia pain. J. Pain 9, 423–433. doi: 10.1016/j.jpain.2007.12.005

Yoshino, S., and Ellis, E. F. (1987). Effect of a fish-oil-supplemented diet on inflammation and immunological processes in rats. Int. Arch. Allergy Appl. Immunol. 84, 233–240. doi: 10.1159/000234429

Zhao, Q., Wu, J., Hua, Q., Lin, Z., Ye, L., Zhang, W., et al. (2016). Resolvin D1 mitigates energy metabolism disorder after ischemia-reperfusion of the rat lung. J. Transl. Med. 14:81. doi: 10.1186/s12967-016-0835-7

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


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Fernandes, Galassi, Horewicz, Salgado, Mack, Baldança, Ferreira da Silva, Bruehl, Bittencourt, Seim, Martins and Bobinski. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnint-16-818692-g004.jpg
Paw Muscle

Paw Skin

:

* %

T T 1
o

12+
8
4

(wsjoud jo Bwy/bd) $-7)

T T _ T T T T 1
420006420
1

—

161

(uwieoud jo Bwy/bd) -]

7l |

| _ _ _
I _ _
_ T T T 1
o0 © < AN o

DE_QQ_Q jJo Bbw/bd) Lg-491

(ureyoud jo bwy/bd) Lg-491
(&

19-491

6 o o o o o
MW e 0) (o) < (Q\|
w (ureroud jo bwy/bd) oL-T

—
*
—
——

_
()
o
(9

w (ureyoud jo bwy/6d) oL-T
oL-I

| | |
(@) o o
o o
(a9 -—

Bl Omega-3/CPIP
1 Corn oil/CPIP

[ 1 Saline/Sham
Bl Saline/CPIP






OPS/images/fnint-16-818692-g005.jpg
NOS 2 CD86 Arginase-1

I

2_
1_ I
0. B & O_é = gl

NOS 2 130 CD86 - - Arginase-1 s 0
kDa 75 kDa 40 kDa

[1 Saline/Sham EE Omega-3/CPIP
Bl Saline/CPIP 1 Corn oil/CPIP

&)
I
vy
oo
I
-
N
I

£
(o)
I

¥

(relative to control)

CD86 optical density

Optical density NOS 2 >
(relative to control)

(relative to control
T
Optical density Arginase-1 ©






OPS/images/fnint-16-818692-g006.jpg
Paw Skin Paw Muscle

A 2004 _ B 50- *
c c T
‘é 150- - ‘é 40-
© | © 304 __ mil
2 100- Wil =
2 1| 2L 1
o 50- S 1o-
- - =

04 04—

[] Saline/Sham @ Omega-3/CPIP
M Saline/CPIP  [] Corn oil/CPIP






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Immunoregulatory Effect of Preventive Supplementation of Omega-3 Fatty Acid in a Complex Regional Pain Syndrome Type I Model in Mice



		INTRODUCTION



		MATERIALS AND METHODS



		Animals and Ethical Aspects



		Induction of the Chronic Post-ischemia Pain Model



		Preventive Supplementation With Omega-3, Corn Oil, or Saline



		Protocols, Experimental Groups, and Sample Calculation



		Measurement of Paw Edema



		Biochemical Assays



		Enzyme-Linked Immunosorbent Assay



		Western Blotting Assay







		Statistical Analysis







		RESULTS



		Omega-3 Supplementation Prevents Paw Edema



		Omega-3 Supplementation Does Not Alter Pro-inflammatory Cytokine Concentrations in the Paw Skin and Muscle at 48 h Post-chronic Post-ischemia Pain



		Omega-3 Supplementation Alters Anti-inflammatory Cytokine Concentrations in the Paw Muscle at 48 h Post-chronic Post-ischemia Pain



		Omega-3 Supplementation Does Not Alter the Macrophage Phenotype in the Paw Muscle at 48 h Post-chronic Post-ischemia Pain



		Omega-3 Supplementation Increases IL-10 Concentration in the Paw Muscle at 15 Days Post-chronic Post-ischemia Pain







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fnint-16-818692-g001.jpg
Supplementation of Fish oil rich in Omega-3, Corn Oil or Saline

K Induction of CPIP \
Days

model
I O I I

L1 | |
| Iy T
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 1

\ 1) macrophages

_/

-30 -1
Paw thickness Paw thickness assessment it _ .
assessment [ ELISA uthanasia an
ELISA Ski J sample collection
B i man for biochemical
Skin and Paw muscle assay
Euthanasia Pal\v/[v(jj‘gﬁdle]f4 IL-10
et TGF-81 and IL-10
collection for
biochemical WB
1 ey Paw Muscle
i M1 (NOS 2 and CD
-30 0 1 2 Days 86) and M2 (Arginase -
Y

Supplementation of Fish oil rich in
Omega-3, Corn Oil or Saline





OPS/images/fnint-16-818692-g002.jpg
Paw thickness (um) »

Paw thickness (um) ©

3600+
3500
3400
3300+
3200+
3100+
3000+
2900+
2800-
2700-
2600-

2500-

Baselme

A

24h 1 2

A Hours after treatments
After CPIP induction

S —

/

L QD -

~
N
3'

o

2

A

Hours after treatments

After CPIP induction

[ 1 Saline/Sham Bl Saline/CPIP

Paw thickness (um) ®

Paw thickness (um) ©

sS=

2

—_ —) =
4 QD -

Hours after treatments

After CPIP induction

3300 -
3200-
3100-
3000-
2900+
2800+
2700+

2600-

;

96h

A

=

1
Hour after treatments

After CPIP induction

B Omega-3/CPIP

[1 Corn oil/CPIP





OPS/images/fnint-16-818692-g003.jpg
Paw Muscle

Paw Skin

T J T |
w o v o

-1.0-

|
s
S

(uieyoud jo Bw/6d) 4NL

T | J
w o W

<~ ~ o

o
AN
<« (uisjoud jo Bw/bd) 4NL

0.0 —

ANl

B Omega-3/CPIP
1 Corn oil/CPIP

[ 1 Saline/Sham
Bl Saline/CPIP

604
0
0_

T
o
AN

(uieyoud jo bw/bd) L-dOIN
(]

CE_QEQ jo bwy/b6d) L-dOIN

Ll-dOIN





OPS/images/cover.jpg
frontiers |
in Integrative Neuroscience

Immunoregulatory Effect
of Preventive Supplementation
of Omega-3 Fatty Acid in a
Complex Regional Pain
Syndrome Type | Model in Mice









OPS/images/logo.jpg
’ frontiers
in Integrative Neuroscience





