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Abstract

:

Recently, an increase in the incidence of inflammatory bowel disease (IBD) has been observed among children and adolescents. Although the pathogenesis of IBD is not fully elucidated currently, actual research focuses on the occurrence of imbalance between pro- and anti-inflammatory molecules and future identification of the role of cytokines in IBD therapy. The purpose of this study was to compare the concentrations of eicosapentaenoic and docosahexaenoic acid derivatives during both phases of Crohn’s disease (CD) and ulcerative colitis (UC). The study included 64 adolescent patients with CD (n = 34) and UC (n = 30) aged 13.76 ± 2.69 and 14.15 ± 3.31, respectively. Biochemical analysis was performed on a liquid chromatography apparatus. A statistically significant lower concentration of resolvin E1 (RvE1) was observed in the CD group relative to UC. In the active phase of CD, a statistically significantly higher concentration of protectin DX (PDX) was observed relative to remission CD. Comparing the active phase of both diseases, a statistically significantly higher concentration of resolvin E1 (RvE1) was observed in UC relative to CD. Comparing the remission phase of both diseases showed statistically significantly higher PDX levels in CD relative to UC. Our study adds to the knowledge on the involvement of anti-inflammatory lipid mediators in both IBD entities. In conclusion, it seems that the marker differentiating both disease entities in the active phase may be RvE1, while in the remission phase, PDX. In CD remission, the greatest involvement was observed towards PDX, whereas in UC, MaR1, RvE1 and 18RS-HEPE seem to be the most involved in remission.
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1. Introduction


There is currently a significant increase in the incidence of inflammatory bowel disease (IBD) among children and adolescents. Although the incidence seems to be stabilizing in western countries, still 25% of patients are under 18 years of age [1]. The development of the disease is influenced by many factors including genetic, environmental and diet. An overview of the factors and etiology is provided in our other article [2]. IBD is divided into two main entities, i.e., Crohn’s disease (CD) and ulcerative colitis (UC). IBD is characterized by chronic inflammation associated with damage to the mucosal layer of the gastrointestinal tract [3]. Currently, drug treatment, which is effective in most cases, is associated with impairment of physiological functions of the body, thus causing side effects. Moreover, unfortunately some patients do not respond positively to the proposed treatment, or they lose effective response to treatment over time. Therefore, it is still necessary to search for new possibilities of therapy in the treatment of IBD [4].



Arachidonic acid is a source of omega 6 and omega 3 fatty acids. Both pro- and anti-inflammatory lipid mediators are produced from the omega 6 fatty acid pathway. Polyunsaturated fatty acids (PUFAs) are precursors of eicosanoids, i.e., lipid mediators that are signaling molecules [5]. On the omega 3 acid pathway, anti-inflammatory derivatives of eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids are formed [6]. EPA further produces E-series resolvins (RvE), while DHA produces D-series resolvins (RvD), D-protectins (PD) and maresins (MaR) [7]. Macrophages via DHA produce pro-resolving molecules such as maresins, and maresin 1 is among the first identified from this group [8]. D-series resolvins are also produced in the pathway through the 17-HDHA marker. In turn, 18-HEPE is a marker of the pathway that forms E-series resolvins [9]. The schematic is shown below (Figure 1). Resolvins, protectins and maresins are a group called specialized anti-resolving mediators. The anti-resolving mediators are responsible not only for stop signaling for pro-inflammatory mediators and neutrophil influx but also for removing pro-inflammatory cells and restoring body homeostasis, reducing the severity and duration of inflammation [10]. Thus, the synthesis of proresolving lipid mediators is a response to the activation of inflammation in the body. By modulating the levels of pro-inflammatory cytokines and chemokines and other cells involved in inflammation such as leukocytes and monocytes, the anti-resolving mediators regulate the course and consequently the quiescence of inflammation [11]. The number of studies on the effect of resolvins in humans with IBD is negligible. However, abnormalities in the action and secretion of proresolving mediators impair the silencing of inflammation, consequently leading to the persistence of chronic inflammation in the body [12]. The imbalance between pro- and anti-inflammatory cytokines leads to tissue degradation [13]. Maresins may appear in later stages of inflammation, often during the period of resolution of inflammation [12]. Interestingly, both resolvins and lipoxins are involved in modifying the secretion function of the prototypical T-helper 1 cytokine interleukin 12 (IL-12), which is also a target for biological drugs used for IBD therapy [14].



The aim of this study was to compare the concentrations of anti-inflammatory mediators in IBD to identify the course of inflammation quenching. Consideration of both disease entities (CD, UC) and their phases (active and remission) will distinguish the course of diseases and will allow the introduction of new therapies leading to remission.




2. Materials and Methods


Approval from the Bioethics Committee of the Pomeranian Medical University in Szczecin (KB-0012/131/18, dated 26 November 2018) was obtained prior to conduct of the study. Informed consent signed by a parent or guardian was obtained from all study participants. Both legal guardians and minors over 16 years of age provided written consent to participate in the study. Participants were informed about the possibility of opting out of the study.



2.1. Characteristics and Division of the Study Group


The characteristics and distribution of the study group are shown in Figure 1. The diagnosis of IBD was confirmed on the basis of endoscopic examination (Olympus, Tokyo, Japan) with histopathological evaluation (material collected during endoscopic examination). Subsequently, an ultrasonographic examination was performed. For patients diagnosed with CD, enteroclysis or enterography with computed tomography (CT) imaging was performed. During the course of the study, 6 participants dropped out for various reasons, representing approximately 10% of the study population. The Pediatric Crohn’s Disease Activity Index (PCDAI) was used to determine disease activity in CD and the Pediatric Ulcerative Colitis Activity Index (PUCAI) in UC.



The characteristics of the medication groups and supplementation taken are shown in the figures below (Figure 2 and Figure 3).




2.2. Anthropometric Measurements


Nutritional status of the patients was analyzed using anthropometric parameters such as body weight (±0.1 kg) and height (±0.5 cm). A digital physician scale with height rod (Radwag WPT 60/150 OW, Poland) was used for these measurements. The obtained results were compared with OLA and OLAF centile grids (for body weight and BMI), recommended by the “Child Health Center” Institute (Warsaw, Poland) [15].




2.3. Sample Collection


Seven milliliters of venous blood were obtained from patients and collected into adequate tubes containing EDTA as an anticoagulant. The blood was then centrifuged and separated into individual Eppendorf tubes for differentiation of morphotic components. The samples were stored at −80 °C in a freezer. The eicosanoid extraction methodology was performed on a liquid chromatography (HPLC) apparatus (Agilent Technologies, Cheshire, UK).




2.4. Extraction of Eicosanoids


EPA and DHA derivatives were extracted from plasma using an RP-18 SPE column (Agilent Technologies, UK). EPA and DHA standards used (Cayman Chemicals, Ann Arbor, MI, USA): 18-HEPE (cat no. 3284), 17-HDHA (cat no. 3365), 10(S)17(R)DiDHA (Protectin DX) (cat no. 10008128), Maresin 1 (cat no. 10878), Resolvin D1 (cat no. 10012554) and Resolvin E1 (cat no. 10007848). Starting with the HPLC analysis, 400 µL of serum, 50 µL of PGB internal standard and 1 mL of pre-cooled acetonitrile were added to an Eppendorf tube. Samples were vortexed for 1 min and sequentially incubated at −20 °C for 20 min. The samples were then centrifuged for 15 min (14,000 rpm). In the next step, the supernatant was poured into 7 mL samples, and 4.5 mL of 1 mM HCL was added. To achieve pH = 3, 1 M HCL was added. The next step of the analysis carried out was the conditioning of the column using 100% acetonitrile and 20% acetonitrile (1 mM HCL). The samples were then eluted into Eppendorf tubes with a mixture of methanol and ethyl acetate (1:1). The resulting samples were analyzed on a liquid chromatography apparatus (Agilent Technologies 1260). The dedicated Agilent ChemStation software (Agilent Technologies, Cheshire, UK) was used to control and subsequently analyze the results.




2.5. Statistical Analysis


Statistical analysis was performed using Statistica 13.3 software (Statsoft, Krakow, Poland). Normality of distribution was checked using the Shapiro–Wilk test. All data presented a normal distribution. T-student test was used to compare diseases in the active phase. Comparison of active and remission phases and between remission phases of both diseases was performed using the non-parametric Mann–Whitney U test. A value of p < 0.05 was taken as the level of statistical significance.





3. Results


Statistically significantly lower levels of resolvin E1 were observed in the CD group relative to UC (p = 0.014). Additionally, the UC group showed lower concentrations of RvD1 and 10S17R DiHDHA relative to CD. There was no statistical significance between the above mediators due to high standard deviation (SD) values. In contrast, higher levels of Mar1 and 17RS HDHA were observed in the UC group relative to CD. The level of 18RS HEPE was not significantly different between the disease entities (Table 1 and Figure 4).



In the next step, mean concentrations of lipid mediators were compared by active phase of disease and remission. In the CD group, statistically significantly higher PDX levels (p = 0.046) were observed in the active phase of the disease relative to remission. In addition, higher levels of RvD1 were observed in the active phase of CD disease. Higher concentrations of RvE1 were demonstrated in CD remission relative to active disease. Levels of 17RS-HDHA, MaR1, and 18RS-HEPE showed no major differences between disease phases (Table 2).



When comparing the active phase of UC with remission, higher levels of RvE1 and 18RS-HEPE were observed in the active phase of UC relative to remission. RvD1, PDX, MaR1, and 17RS-HDHA remained unchanged between UC phases (Table 2).



In contrast, comparing the active phase of the two diseases showed statistically significantly higher RvE1 levels (p = 0.011) in UC relative to CD. A higher concentration of 17RS-HDHA was observed in UC in comparison to CD. In contrast, the CD group showed significantly higher concentrations of RvD1 and PDX relative to UC. MaR1 and 18RS-HEPE were slightly lower in the CD group relative to UC (Table 2).



When comparing the remission phase of both diseases, statistically significantly higher PDX levels (p = 0.014) were observed in CD relative to UC. MaR1 was also higher in UC. However, other parameters were at similar levels (Table 2 and Figure 5).




4. Discussion


The patterns of remissions and exacerbations of both diseases are unpredictable and the course of each disease itself is variable and dependent on the individual. Therefore, understanding the mechanism of the inflammatory remission process may provide a new therapeutic strategy for the treatment of IBD. Our study enhances the knowledge of the involvement of anti-inflammatory lipid mediators in both IBD entities. To our knowledge, there is a lack of studies on the involvement of anti-inflammatory lipid mediators derived from the EPA and DHA pathways in CD and UC. There is also no information about their involvement in the course of both disease entities. However, a diet with omega-3 acid predominance has reduced the cyclooxygenase-2 (COX-2) expression in colon and decreased the IL-6 and TNF-α production as well [16]. Additionally, the combination of omega-3 and 5-ASA has proved more beneficial in therapy, due to more effective inflammatory response inhibition by reducing NF-κB activation [17]. Moreover, as observed by other authors, most of the available animal studies are based mainly on the induction of colitis, thus referring to UC and not CD [18].



Few studies involving patients with IBD have observed changes in fatty acid metabolism in the intestinal mucosa. In a study by Pearl et al., biopsies from UC patients identified higher levels of AA and DHA and docosapentaenoic acid (DPA) and lower linoleic acid (LA) and EPA in active UC relative to UC remission, suggesting activation of synthesis pathways [19]. In another study, a significant reduction in DHA derivatives was observed in active inflammatory UC relative to UC remission. At the same time, no differences were observed with respect to EPA [9]. In contrast, in a study by Masoodi et al., EPA-derived mediators were not detected at all or dropped to an unmeasurable level in patients with active UC [20]. As shown above, the data are inconclusive. Gobbetti et al. also observed higher levels of RvD5, PD1, and 10S,17S-diHDPA in colon tissue biopsies of IBD patients relative to controls. The study by Gobbetti et al. suggests that endogenous lipid mediators such as PD1 and RvD5 from the n-3 pathway interact with intestinal inflammation by affecting the levels of pro-inflammatory cells and cytokines. Additionally, inhibition of endogenous PD1 disrupts the regulation of inflammation in the colon and leads to greater tissue damage [21]. This also points to its potential use in novel therapeutic strategies in IBD.



A study by Quiros et al. in mice showed an effect of RvE1 on cell migration and proliferation in the intestinal epithelium leading to faster healing and resolution of inflammation [22]. In a study involving adult UC patients, serum RvE1 levels were investigated. It was shown that RvE1 levels do not differ significantly in the active phase and remission of the disease, which is also what we observed in our study [23]. In contrast, analyzing the RvE1 content in the colonic mucosa of CD patients showed that RvE1 levels were significantly higher in the active phase compared to remission [24]. In another study, in mice with DSS-induced (oral solution) colitis, administration of RvE1 was shown to significantly inhibit the pro-inflammatory response of macrophages [25]. This also suggests the possibility of using RvE1 for therapeutic purposes in IBD patients. RvE1 can impair the transepithelial translocation of neutrophils and further promote the removal of neutrophils from the epithelial cell surface, which leads to the resolution of inflammation [26]. In another study on mice, RvE1 was shown to protect against the development of intestinal inflammation by inhibiting leukocyte infiltration and reducing the expression of pro-inflammatory genes [11]. In our opinion, RevE1 is most involved in the active phase in CD.



In the present study, higher levels of most mediators and significantly higher levels of 10S17R DiHDHA were observed in the CD group in the active phase of the disease relative to remission. This may be related to the involvement of pro-inflammatory mediators and recruitment of anti-inflammatory mediators to quieten inflammation. Administration of 17R-HDHA and its products has been shown to have potential therapeutic effects in humans for the treatment of IBD [27]. A study on mice with colitis showed that increased availability of n-3 PUFA precursors from fish oil during feeding accelerated resolution of inflammation. However, in the resolution of inflammation itself, higher levels of the metabolite RvD1 but reduced levels of its precursor DHA were observed in colonic tissue. Additionally, lower levels of the precursor RvE and 18-HEPE were noted, which may indicate the initiation of lipid-mediated intestinal healing [28]. With reference to the results obtained by Colas et al. from the serum of healthy adults, the involvement of RvD1 in active CD can be seen, as the levels of this mediator are significantly higher. Similarly, the levels of RvE1 in our study were higher in each of the 4 groups compared to the results of the previously mentioned investigation [29]. Liu et al. observed that human neutrophils treated with PDX can inhibit COX-1 and COX-2, thereby affecting the quenching of inflammation [30]. The entire discussion of results is shown in the figure below (Figure 6).




5. Conclusions


RvE1 involvement in the active phase of the disease may be a marker to differentiate the two disease entities, while in the remission phase, PDX. In CD remission, PDX involvement seems to be the most important, although RvD1, MaR1 and 17RS-HEPE are also actively involved in the quenching process. In contrast, MaR1, 18RS-HEPE and RvE1 appear to be most involved in remission in UC, although the means were not significant due to large standard deviations.



Limitations of the present study may include the lack of subdivision of the group according to the drugs taken, as a result of which changes under the influence of pharmacological preparations were not taken into account. Another limitation of the study was the heterogeneity of groups with regard to disease activity. Further studies on inflammatory mediators in children and adolescents with IBD should focus on taking into account the pharmacological division and degree of activity of each disease.







Author Contributions


Conceptualization, J.K. and M.S.; methodology, J.K., A.D. and M.S.; software, J.K. and M.S.; validation, J.K., A.D. and M.S.; formal analysis, J.K., A.D. and M.S.; investigation, J.K., M.M. and M.S.; resources, J.K., M.S.; data curation, J.K., M.M. and U.G.-C.; writing—original draft preparation, J.K., M.Z. and M.S.; writing—review and editing, J.K., U.G.-C. and M.S.; visualization, J.K., M.Z. and M.S.; supervision, M.S.; project administration, M.S.; funding acquisition, M.S. All authors have read and agreed to the published version of the manuscript.




Funding


The project is financed by the program of the Ministry of Science and Higher Education “Regional Initiative of Excellence 2019–2022” (No. 002/RID/2019/20) and the statutory funds from the Pomeranian Medical University (No. FSN- 330-07/19).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of Pomeranian Medical University (KB-0012/131/18 dated 26 November 2018).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sýkora, J.; Pomahačová, R.; Kreslová, M.; Cvalínová, D.; Štych, P.; Schwarz, J. Current Global Trends in the Incidence of Pediatric-Onset Inflammatory Bowel Disease. World J. Gastroenterol. 2018, 24, 2741–2763. [Google Scholar] [CrossRef] [PubMed]

	



Kikut, J.; Konecka, N.; Ziętek, M.; Szczuko, M. Inflammatory Bowel Disease Etiology: Current Knowledge. Pteridines 2018, 29, 206–214. [Google Scholar] [CrossRef]

	



Ungaro, F.; Rubbino, F.; Danese, S.; D’Alessio, S. Actors and Factors in the Resolution of Intestinal Inflammation: Lipid Mediators as a New Approach to Therapy in Inflammatory Bowel Diseases. Front. Immunol. 2017, 8, 1331. [Google Scholar] [CrossRef] [PubMed]

	



Camba-Gómez, M.; Gualillo, O.; Conde-Aranda, J. New Perspectives in the Study of Intestinal Inflammation: Focus on the Resolution of Inflammation. Int. J. Mol. Sci. 2021, 22, 2605. [Google Scholar] [CrossRef]

	



Patterson, E.; Wall, R.; Fitzgerald, G.F.; Ross, R.P.; Stanton, C. Health Implications of High Dietary Omega-6 Polyunsaturated Fatty Acids. J. Nutr. Metab. 2012, 2012, 539426. [Google Scholar] [CrossRef]

	



Serhan, C.N.; Petasis, N.A. Resolvins and Protectins in Inflammation-Resolution. Chem. Rev. 2011, 111, 5922–5943. [Google Scholar] [CrossRef]

	



Schwanke, R.C.; Marcon, R.; Bento, A.F.; Calixto, J.B. EPA- and DHA-Derived Resolvins’ Actions in Inflammatory Bowel Disease. Eur. J. Pharmacol. 2016, 785, 156–164. [Google Scholar] [CrossRef]

	



Serhan, C.N.; Chiang, N.; Dalli, J. The Resolution Code of Acute Inflammation: Novel Pro-Resolving Lipid Mediators in Resolution. Semin. Immunol. 2015, 27, 200–215. [Google Scholar] [CrossRef]

	



Ungaro, F.; Tacconi, C.; Massimino, L.; Corsetto, P.A.; Correale, C.; Fonteyne, P.; Piontini, A.; Garzarelli, V.; Calcaterra, F.; Della Bella, S.; et al. MFSD2A Promotes Endothelial Generation of Inflammation-Resolving Lipid Mediators and Reduces Colitis in Mice. Gastroenterology 2017, 153, 1363–1377.e6. [Google Scholar] [CrossRef]

	



Serhan, C.N. Pro-Resolving Lipid Mediators Are Leads for Resolution Physiology. Nature 2014, 510, 92–101. [Google Scholar] [CrossRef]

	



Vong, L.; Ferraz, J.G.P.; Panaccione, R.; Beck, P.L.; Wallace, J.L. A Pro-Resolution Mediator, Prostaglandin D2, Is Specifically up-Regulated in Individuals in Long-Term Remission from Ulcerative Colitis. Proc. Natl. Acad. Sci. USA 2010, 107, 12023–12027. [Google Scholar] [CrossRef] [PubMed]

	



Tang, S.; Wan, M.; Huang, W.; Stanton, R.C.; Xu, Y. Maresins: Specialized Proresolving Lipid Mediators and Their Potential Role in Inflammatory-Related Diseases. Mediat. Inflamm. 2018, 2018, e2380319. [Google Scholar] [CrossRef] [PubMed]

	



Neurath, M.F. Cytokines in Inflammatory Bowel Disease. Nat. Rev. Immunol. 2014, 14, 329–342. [Google Scholar] [CrossRef] [PubMed]

	



Weylandt, K.H.; Kang, J.X.; Wiedenmann, B.; Baumgart, D.C. Lipoxins and Resolvins in Inflammatory Bowel Disease. Inflamm. Bowel Dis. 2007, 13, 797–799. [Google Scholar] [CrossRef]

	



Kułaga, Z.; Różdżyńska-Świątkowska, A.; Grajda, A.; Gurzkowska, B.; Wojtyło, M.; Góźdź, M.; Świąder-Leśniak, A.; Litwin, M. Percentile charts for growth and nutritional status assessment in Polish children and adolescents from birth to 18 year of age. Stand. Med. Pediatr. 2015, 12, 119–135. [Google Scholar]

	



Charpentier, C.; Chan, R.; Salameh, E.; Mbodji, K.; Ueno, A.; Coëffier, M.; Guérin, C.; Ghosh, S.; Savoye, G.; Marion-Letellier, R. Dietary N-3 PUFA May Attenuate Experimental Colitis. Mediat. Inflamm. 2018, 2018, e8430614. [Google Scholar] [CrossRef]

	



Kikut, J.; Konecka, N.; Ziętek, M.; Kulpa, D.; Szczuko, M. Diet Supporting Therapy for Inflammatory Bowel Diseases. Eur. J. Nutr. 2021, 60, 2275–2291. [Google Scholar] [CrossRef]

	



Becker, F.; Romero, E.; Goetzmann, J.; Hasselschwert, D.L.; Dray, B.; Vanchiere, J.; Fontenot, J.; Yun, J.W.; Norris, P.C.; White, L.; et al. Endogenous Specialized Proresolving Mediator Profiles in a Novel Experimental Model of Lymphatic Obstruction and Intestinal Inflammation in African Green Monkeys. Am. J. Pathol. 2019, 189, 1953–1972. [Google Scholar] [CrossRef]

	



Pearl, D.S.; Masoodi, M.; Eiden, M.; Brümmer, J.; Gullick, D.; McKeever, T.M.; Whittaker, M.A.; Nitch-Smith, H.; Brown, J.F.; Shute, J.K.; et al. Altered Colonic Mucosal Availability of N-3 and n-6 Polyunsaturated Fatty Acids in Ulcerative Colitis and the Relationship to Disease Activity. J. Crohns Colitis 2014, 8, 70–79. [Google Scholar] [CrossRef]

	



Masoodi, M.; Pearl, D.S.; Eiden, M.; Shute, J.K.; Brown, J.F.; Calder, P.C.; Trebble, T.M. Altered Colonic Mucosal Polyunsaturated Fatty Acid (PUFA) Derived Lipid Mediators in Ulcerative Colitis: New Insight into Relationship with Disease Activity and Pathophysiology. PLoS ONE 2013, 8, e76532. [Google Scholar] [CrossRef]

	



Gobbetti, T.; Dalli, J.; Colas, R.A.; Canova, D.F.; Aursnes, M.; Bonnet, D.; Alric, L.; Vergnolle, N.; Deraison, C.; Hansen, T.V.; et al. Protectin D1n-3 DPA and Resolvin D5n-3 DPA Are Effectors of Intestinal Protection. Proc. Natl. Acad. Sci. USA 2017, 114, 3963–3968. [Google Scholar] [CrossRef] [PubMed]

	



Quiros, M.; Feier, D.; Birkl, D.; Agarwal, R.; Zhou, D.W.; García, A.J.; Parkos, C.A.; Nusrat, A. Resolvin E1 Is a Pro-Repair Molecule That Promotes Intestinal Epithelial Wound Healing. Proc. Natl. Acad. Sci. USA 2020, 117, 9477–9482. [Google Scholar] [CrossRef] [PubMed]

	



Günay, S.; Taşova, F.; Yılmaz, H.E.; Paköz, Z.B.; Çekiç, C. Serum Resolvin E1 Levels and Its Relationship with Disease Activity in Ulcerative Colitis. Gastroenterol. Res. Pract. 2019, 2019, 6258327. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, S.; Li, S. Expression of endogenous heme oxygenase-1/carbon monoxide system and resolvin E1 in the patients of Crohn disease. Chin. J. Postgrad. Med. 2019, 309–313. [Google Scholar]

	



Ishida, T.; Yoshida, M.; Arita, M.; Nishitani, Y.; Nishiumi, S.; Masuda, A.; Mizuno, S.; Takagawa, T.; Morita, Y.; Kutsumi, H.; et al. Resolvin E1, an Endogenous Lipid Mediator Derived from Eicosapentaenoic Acid, Prevents Dextran Sulfate Sodium Induced Colitis. Inflamm. Bowel Dis. 2010, 16, 87–95. [Google Scholar] [CrossRef]

	



Campbell, E.L.; Louis, N.A.; Tomassetti, S.E.; Canny, G.O.; Arita, M.; Serhan, C.N.; Colgan, S.P. Resolvin E1 Promotes Mucosal Surface Clearance of Neutrophils: A New Paradigm for Inflammatory Resolution. FASEB J. 2007, 21, 3162–3170. [Google Scholar] [CrossRef]

	



Bento, A.F.; Claudino, R.F.; Dutra, R.C.; Marcon, R.; Calixto, J.B. Omega-3 Fatty Acid-Derived Mediators 17(R)-Hydroxy Docosahexaenoic Acid, Aspirin-Triggered Resolvin D1 and Resolvin D2 Prevent Experimental Colitis in Mice. J. Immunol. 2011, 187, 1957–1969. [Google Scholar] [CrossRef]

	



Lee, Y.; Choo, J.; Kim, S.J.; Heo, G.; Pothoulakis, C.; Kim, Y.-H.; Im, E. Analysis of endogenous lipids during intestinal wound healing. PLoS ONE 2017, 12, e0183028. [Google Scholar] [CrossRef]

	



Colas, R.A.; Shinohara, M.; Dalli, J.; Chiang, N.; Serhan, C.N. Identification and Signature Profiles for Pro-Resolving and Inflammatory Lipid Mediators in Human Tissue. Am. J. Physiol.-Cell Physiol. 2014, 307, C39–C54. [Google Scholar] [CrossRef]

	



Liu, M.; Boussetta, T.; Makni-Maalej, K.; Fay, M.; Driss, F.; El-Benna, J.; Lagarde, M.; Guichardant, M. Protectin DX, a Double Lipoxygenase Product of DHA, Inhibits Both ROS Production in Human Neutrophils and Cyclooxygenase Activities. Lipids 2014, 49, 49–57. [Google Scholar] [CrossRef]








[image: Jcm 11 02388 g001 550] 





Figure 1. Characteristics of the study group (CD—Crohn’s disease, UC—ulcerative colitis). PCDAI—Pediatric Crohn’s Disease Activity Index; PUCAI—Pediatric Ulcerative Colitis Activity Index; GF—gluten-free diet, CDED—Crohn’s Disease Exclusion Diet; BMI—body mass index; IBD—inflammatory bowel disease. There were no statistical differences between the groups. 
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Figure 2. Characteristics of medications taken in CD and UC (%). CD—Crohn’s disease, UC—ulcerative colitis. 
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Figure 3. Characteristics of supplement intake in CD and UC (%). CD—Crohn’s disease, UC—ulcerative colitis. 
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Figure 4. Characteristics of lipid mediators between CD and UC (total). CD—Crohn’s disease, UC—ulcerative colitis. 
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Figure 5. Characteristics of lipid mediators in CD and UC groups with disease stage differentiation. CD—Crohn’s disease, UC—ulcerative colitis. 
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Figure 6. Synthesis of anti-inflammatory mediators from EPA and DHA in both disease entities (CD, UC). PLA2—phospholipase A2; EPA—eicosapentaenoic acid; DHA—docosahexaenoic acid; 18R-HEPE—18R-hydroxyeicosapentaenoic acid; 17-HpDHA—17(S)-hydroperoxy docosahexaenoic acid; 5-LOX—5-lipoxygenase; 15-LOX—15-lipoxygenase; 17S-HDHA—17-hydroxy docosahexaenoic acid; 13S, 14S—epoxy—13S, 14S-epoxy-docosahexaenoic acid; RvE—E-series resolvins; RvD—D-series resolvins; PDX—protectin DX; PD—D-protectins; Mar—maresins: Blue font—meaning in CD (active vs. remission); *—significant difference between CD and UC (active and remission); Created with BioRender.com. 
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Table 1. Characteristics of lipid mediators between CD and UC (total).






Table 1. Characteristics of lipid mediators between CD and UC (total).





	Lipid Mediators (μg/mL)
	CD

n = 34
	UC

n = 30
	p-Value





	Resolvin E1
	0.176 ± 0.11
	0.306 ± 0.26
	0.014 *



	Resolvin D1
	0.402 ± 0.76
	0.174 ± 0.28
	0.150



	10S17R DiHDHA

(Protectin, PDX)
	0.625 ± 0.80
	0.447 ± 0.34
	0.299



	Maresin 1
	0.053 ± 0.06
	0.067 ± 0.05
	0.337



	18RS HEPE
	0.128 ± 0.10
	0.129 ± 0.15
	0.966



	17RS HDHA
	0.254 ± 0.21
	0.306 ± 0.22
	0.364







CD—Crohn’s disease; UC—ulcerative colitis; PDX—protectin DX; * statistically significant results (p < 0.05).
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Table 2. Characteristics of lipid mediators in CD and UC groups with disease stage differentiation.






Table 2. Characteristics of lipid mediators in CD and UC groups with disease stage differentiation.





	Lipid Mediators

(μg/mL)
	Active CD

n = 24
	CD Remission

n = 10
	p-Value
	Active UC

n = 24
	UC Remission

n = 6
	p-Value
	p-Value

CD vs. UC

Active
	p-Value

CD vs. UC

Remission





	Resolvin E1
	0.153 ± 0.08
	0.242 ± 0.16
	0.167
	0.323 ± 0.29
	0.243 ± 0.13
	0.788
	0.011 *
	0.958



	Resolvin D1
	0.486 ± 0.89
	0.207 ± 0.24
	0.944
	0.176 ± 0.29
	0.177 ± 0.23
	0.864
	0.137
	0.713



	10S17R DiHDHA

(Protectin, PDX)
	0.813 ± 0.91
	0.205 ± 0.21
	0.046 *
	0.464 ± 0.35
	0.457 ± 0.34
	0.341
	0.105
	0.014 *



	Maresin 1
	0.059 ± 0.07
	0.039 ± 0.04
	0.796
	0.068 ± 0.05
	0.072 ± 0.05
	0.864
	0.585
	0.156



	18RS HEPE
	0.137 ± 0.11
	0.103 ± 0.07
	0.439
	0.142 ± 0.16
	0.079 ± 0.04
	0.213
	0.906
	0.564



	17RS HDHA
	0.244 ± 0.17
	0.278 ± 0.30
	0.656
	0.318 ± 0.21
	0.295 ± 0.27
	0.643
	0.217
	0.713







CD—Crohn’s disease; UC—ulcerative colitis; PDX—protectin DX; * statistically significant results (p < 0.05).
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