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Chapter 8

Introduction
Lipids are a class of organic compounds which are insoluble in water. Lipids have a wide 
range of functions in the (human) body: they are the basis for cellular structure, represent 
a vital energy source and are involved in inflammatory processes. Steroids for example, 
are potent anti-inflammatory lipids. In contrast to steroids, are specialized pro resolving 
mediators (SPM) a class of free fatty acid derived molecules which are believed to have 
pro resolving mechanisms in a large variety of diseases. SPM are synthesized during 
periods of inflammation and are believed to be pivotal in the return to homeostasis. 
They were shown to enhance phagocytosis by macrophages, a mechanism by which 
macrophages remove dead cells and tissue debris caused by tissue inflammation. 
In addition, SPM were shown to inhibit neutrophil migration, a mechanism by which 
neutrophils are attracted to a site of inflammation as part of the innate immune system. 
Rheumatoid arthritis (RA), and to a lesser extent osteoarthritis (OA), are both diseases 
in which inflammation is present. The aim of the work presented in this thesis was to 
investigate whether SPM could have therapeutic potential in rheumatoid arthritis (RA) 
and osteoarthritis (OA). In addition, the studies in this thesis have focused on optimal 
processing methods for the detection and analysis of the cellular and molecular mediators 
investigated in these studies.

Resolution in the context of arthritis
Every (bio)medical (science) student will learn the meaning of words dolor, calor, tumor 
and rubor in the first months of their study. These Latin words describe the four classic 
signs of inflammation, namely pain, warmth, swelling and redness. Rheumatoid arthritis 
patients will recognize these symptoms directly as one or more joints in their body will 
be painful, swollen, red and warm. In contrast, OA patients have very painful joints but 
the warmth, swelling and redness are much less pronounced. The inflammation in RA 
patients is chronic. RA patients will have elevated systemic inflammatory markers, high 
numbers of innate immune cells as well as adaptive immune cells in the joints (chapter 
3) and antigen specific immune responses indicated by the presence of (auto)antibodies. 
In OA patients on the other hand, structural damage to the joints is evident but there are 
only signs of low grade inflammation and this is localized to the joints . Both diseases 
might benefit from enhancing the resolution phase of inflammation.

To find evidence for the activity of pro-resolution pathways, in chapter 2 we reviewed 
the published evidence on the potential role for fatty acids and fatty acid derived lipids 
in RA and OA. It became evident that indeed fatty acids and their derivatives can be 
found in serum, plasma and synovial fluid (SF) of both RA and OA patients, however, 
supplementation of dietary omega-3 fatty acids did not clearly affect disease outcome 
measures such as inflammation or pain and only two studies reported the detection of 
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SPM in arthritis patients(1, 2). We followed this up with a study in which we analyzed RA 
and OA SF and cells for the presence of pro-resolving pathways(3, 4) in chapter 3. In 
this study, we failed to detect SPM in the soluble fraction of synovial fluid (SF) of RA and 
OA patients. We did detect Resolvin D en Resolvin E precursors 17-HDHA and 18-HEPE, 
which were shown to have pro-resolving capacities (5, 6).

Detection of SPM in body fluids of arthritis patients
Detection of SPM has proven quite complex due to various reasons such as their low 
abundance, the presence of interfering matrix molecules and the presence of different 
stereoisomers. To overcome their low abundance, it is important to use a sensitive 
detection method such as mass spectrometry and if necessary concentrate the sample. 
Interfering matrix molecules can be eliminated using various methods such as breaking 
down the material using hyaluronidase in the case of hyaluronic acid which is present 
in SF. In addition, proteins can be precipitated and the lipid species can be specifically 
extracted from the sample by various extraction methods such as solid-phase extraction 
(SPE) where you can specifically enrich for specific lipid species. Furthermore the 
detection of SPM can be wrongfully interpreted as stereoisomers are not always easily 
distinguished. For example, LTB4 and 5S,12S-diHETE have the exact same retention 
time and cannot easily be distinguished by LC-MS/MS(1, 7). Importantly, the configuration 
of lipids determines the bioactivity and stability. For instance lipoxin A4 and its isomer 
lipoxin B4 were shown to have differential effects in vitro and the LXA4 epimer 15-epi-
lipoxin is more stable than its counterpart(8). Moreover, a study performed by Skarke et 
al. described the detection of PD1 and Mar1 in humans after fish oil supplementation, 
however the chromatograms are different from the chromatograms shown in chapter 
6(9). The different stereoisomers are the result of the various pathways involved in SPM 
synthesis. In 2014 a method for the detection of SPM was published resulting in a robust 
but sensitive method to detect SPM in body fluids(10). This method was used for all 
studies described in this thesis. However, despite the use of a highly sensitive method, 
previous published findings could not be reproduced. A possible explanation for the 
different results could be a different work-up of the samples. In chapter 3 the SF was 
treated with hyaluronidase and centrifuged whereafter the soluble fraction was measured. 
Both previous reports do not mention a hyaluronidase treatment step, which we show is 
important to do when handling SF in the study described in chapter 7(11). It is therefore 
likely that both previously described studies had cellular material present in the SF 
samples during storage. Cellular material and perhaps extracellular matrix products are 
a source of fatty acids, fatty acids derivatives and phospholipase (PLA), lipoxygenase 
(LOX) and cyclooxygenase (COX) enzymes. From the results of the study described in 
chapter 6, it is evident that proteins should be precipitated before storage of samples 
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for lipidomic analysis because our data indicates residual enzyme activity and free fatty 
acid release during storage(12).

The role of SPM in arthritis
The evidence for the effect of SPM on arthritis tissue cells is scarce (chapter 2) and 
we therefore studied the effect of lipoxin A4, lipoxin B4, Maresin-1 and Resolvin E2 on 
cells isolated from OA patients(chapter 4). Both chondrocytes and cells isolated from 
synovium (synoviocytes) expressed some SPM receptors on the cell surface, which 
was also shown by others. However, there was no robust effect on IL-6 production 
by either CD14+ synovial macrophages or synovial fibroblasts as only in very specific 
conditions, there was an inhibition of IL-6 production by synovial fibroblasts (chapter 4). 
This decrease was only detected in the situation where a pool of SPM at a concentration 
of 10 nM was supplemented and the effect was not there at the 100 nM concentration. 
In addition, the in vivo treatment of high fat diet induced experimental OA with lipoxin 
A4, lipoxin B4, Maresin-1 did not result in decreased disease activity. However, in these 
experiments only one dosage was tested and the SPM were injected systemically. We did 
not investigate whether the SPM could be detected locally which is most likely needed to 
exert the hypothesized effects on decreased disease activity. Later, others showed that 
intra-articular injection of RvD1 could limit synovitis and cartilage damage in a surgically 
induced OA model(13). In addition to adjustment of the admission route, a different type 
of SPM, such as D series resolvins or their precursor 17-HDHA could also be investigated 
in future in vivo and in vitro studies.

The production of SPM is a multi-step process involving several enzymes. It is shown 
by some that SPM can be produced by a single cell type while others propose the 
subsequent involvement of different cell types(5, 14–18). However, several cell types 
were stimulated in the various studies described in this thesis, but neither synovial fluid 
cells, synoviocytes, monocyte derived macrophages or neutrophils produced SPM 
(chapters 3 and 5). The data from the study described in chapter 3 shows that the 
intermediate hydroxylated products are indeed available extracellular for potential take 
up and conversion into SPM by other cell types. However, the actual SPM RvD2 can only 
be detected in the insoluble fraction of the SF. These data might indicate that the SPM 
are trapped in the extracellular matrix or bound to the cells and that their production and 
effects might be only present between cells in very close proximity. Indeed, as isolated 
cells either from blood or from tissues did not produce SPM, it could be that elements of 
the tissue microenvironment are vital in the production and effects of endogenous SPM. 
The effect of SPM in cocultures or tissue pieces remains to be investigated. Furthermore, 
local administration of SPM in experimental mouse models might be a better approach 
then systemic administration. Finally, for most SPM stable analogs exist, such as aspirin 
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triggered SPM (AT-SPM)(17, 19–21). Aspirin acetylates COX enzymes which can produce 
AT-SPM. AT-SPM are so called R epimers, which are more resistant to (auto)oxidation 
and therefore have much longer half-lives(22). Incubation of cells with exogenous SPM 
or administration of exogenous SPM might lead to rapid inactivation and therefore no 
biological effects. Finally, RvE1 and Mar-1 were shown to have tissue regenerative 
properties(23–26). Furthermore, RvD1 was even shown to have cartilage protective 
properties in vitro and in vivo(27, 28). It would therefore be interesting to investigate the 
tissue regenerative properties on joint tissues instead of only focusing on inflammatory 
processes. As RvD2 was detected in OA SF (chapter 3), the Resolvin D series receptor 
was detected on OA joint tissue cells (chapter 4) and cartilage protective effects were 
reported previously, further research should focus on therapeutic properties of D series 
resolvins in OA.

The role for fatty acids in arthritis
Especially omega-3 fatty acids have gained the popular status of being anti-inflammatory 
and protective especially in cardiovascular disease and cardiovascular disease related 
mortality(29). The evidence is unambiguous, intake of omega-3 fatty acids drastically 
decreases incidence, mortality and disease severity. Already for decades government 
health institutes, such as the Dutch voedingscentrum, advise citizens to consume foods 
containing omega-3 fatty acids such as fatty fish. It is no surprise that the effect of omega-
3 fatty acids was also studied in a wide range of other diseases including RA and OA, 
but dietary intake of fish oils does not prevent or limit the development of human arthritis 
disease (chapter 2)(30–32). The difference in therapeutic potential of fatty acids between 
the two disease types is easily explained. Fatty acids are present in the blood vessels and 
the ratio of unsaturated and saturated fatty acids is very important in remaining the blood 
vessels healthy. Changes is this ratio towards more saturated fatty acids directly leads 
to increased fatty acid deposits and therefore increased chance of blood clots leading to 
cardiovascular events. Such a direct role for fatty acids in arthritis is not present, however, 
fatty acid derived lipid mediators such as prostaglandin E2 (PGE2) and leukotriene B4 
(LTB4) are important pro-inflammatory mediators in RA. Surprisingly, the study described 
in chapter 5 describes an pro-resolving role for an omega-6 fatty acid, as adrenic acid 
(AdA) potently inhibits the production of LTB4 by neutrophils(33). Furthermore, AdA 
was able to reduce arthritis disease development in mice suffering from K/BxN serum 
transfer induced arthritis. As the joints of human RA patients contain large numbers of 
neutrophils,(chapter 3) inhibiting the production of the potent neutrophil chemoattractant 
LTB4 by treatment with AdA might be beneficial to these patients.

8
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Conclusions and future perspectives
The studies described in this thesis provides the field with valuable data on the potential 
therapeutic effects of fatty acids and SPM in RA and OA. The omega-6 fatty acid AdA 
shows potent pro-resolving effects on the production of pro-inflammatory chemoattractant 
LTB4 with great promise to limit RA disease progression. In contrast to the promising 
potential therapeutic effects of AdA in RA, the evidence for pro-resolving effects in 
OA is still scarce. The results of the studies from this thesis show that neither LXA4, 
LXB4, RvE2 or Mar-1 were able to reduce OA disease activity in the experimental set-up 
we used. Further research is necessary to determine whether SPM have therapeutic 
potential in OA by investigating different dosages, admission routes and a larger range 
of SPM subtypes. In addition, Future research into biological effects of SPM should focus 
on the total local microenvironment opposite to the effect on isolated cells and in vivo 
treatment as our data indicate that SPM are present locally and as they have no effects 
on isolated cells using the various cell types and experimental set-ups we used.. Finally, 
the studies described in this thesis show the utmost critical importance of the right sample 
preparation and storage for the intended subsequent analysis.

Volledig Binnenwerk_Hilde Brouwers_V03.indd   188Volledig Binnenwerk_Hilde Brouwers_V03.indd   188 27/06/2022   14:4327/06/2022   14:43



189

General discussion

References
1.	 Giera, M., A. Ioan-Facsinay, R. Toes, F. Gao, J. Dalli, A. M. Deelder, C. N. Serhan, and O. A. 

Mayboroda. 2012. Lipid and lipid mediator profiling of human synovial fluid in rheumatoid arthritis 
patients by means of LC–MS/MS. Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 1821: 1415–1424.

2.	 Barden, A. E., M. Moghaddami, E. Mas, M. Phillips, L. G. Cleland, and T. A. Mori. 2016. 
Specialised pro-resolving mediators of inflammation in inflammatory arthritis. Prostaglandins 
Leukot. Essent. Fat. Acids 107: 24–29.

3.	 Brouwers, H., J. Von Hegedus, R. Toes, M. Kloppenburg, and A. Ioan-Facsinay. 2015. Lipid 
mediators of inflammation in rheumatoid arthritis and osteoarthritis. Best Pract. Res. Clin. 
Rheumatol. 29: 741–755.

4.	 Jónasdóttir, H. S., H. Brouwers, J. C. Kwekkeboom, H. M. J. van der Linden, T. Huizinga, 
M. Kloppenburg, R. E. M. Toes, M. Giera, and A. Ioan-Facsinay. 2017. Targeted lipidomics 
reveals activation of resolution pathways in knee osteoarthritis in humans. Osteoarthr. Cartil. 
25: 1150–1160.

5.	 von Hegedus, J. H., A. S. Kahnt, R. Ebert, M. Heijink, R. E. M. Toes, M. Giera, and A. Ioan-
Facsinay. 2020. Toll-like receptor signaling induces a temporal switch towards a resolving 
lipid profile in monocyte-derived macrophages. Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 
1865: 158740.

6.	 Endo, J., M. Sano, Y. Isobe, K. Fukuda, J. X. Kang, H. Arai, and M. Arita. 2014. 18-HEPE, 
an n-3 fatty acid metabolite released by macrophages, prevents pressure overload–induced 
maladaptive cardiac remodeling. J. Exp. Med. 211: 1673–1687.

7.	 Jónasdóttir, H. S., C. Papan, S. Fabritz, L. Balas, T. Durand, I. Hardardottir, J. Freysdottir, and 
M. Giera. 2015. Differential Mobility Separation of Leukotrienes and Protectins. Anal. Chem. 
87: 5036–5040.

8.	 Serhan, C. N. 2005. Lipoxins and aspirin-triggered 15-epi-lipoxins are the first lipid mediators 
of endogenous anti-inflammation and resolution. Prostaglandins, Leukot. Essent. Fat. Acids 
73: 141–162.

9.	 Skarke, C., N. Alamuddin, J. A. Lawson, X. Li, J. F. Ferguson, M. P. Reilly, and G. A. FitzGerald. 
2015. Bioactive products formed in humans from fish oils. J. Lipid Res. 56: 1808.

10.	 Jónasdóttir, H. S., A. Ioan-Facsinay, J. Kwekkeboom, H. Brouwers, A. M. Zuurmond, R. Toes, 
A. M. Deelder, and M. Giera. 2014. An Advanced LC–MS/MS Platform for the Analysis of 
Specialized Pro-Resolving Lipid Mediators. Chromatographia 78: 391.

11.	 A, B., M. E, C. KD, P. M, and M. TA. 2014. Short-term n-3 fatty acid supplementation but not 
aspirin increases plasma proresolving mediators of inflammation. J. Lipid Res. 55: 2401–2407.

12.	 Jonasdottir, H. S., H. Brouwers, R. E. M. Toes, A. Ioan-Facsinay, and M. Giera. 2018. Effects 
of anticoagulants and storage conditions on clinical oxylipid levels in human plasma. Biochim. 
Biophys. Acta - Mol. Cell Biol. Lipids 1863: 1511–1522.

13.	 Sun, A. R., X. Wu, B. Liu, Y. Chen, C. W. Armitage, A. Kollipara, R. Crawford, K. W. Beagley, 
X. Mao, Y. Xiao, and I. Prasadam. 2019. Pro-resolving lipid mediator ameliorates obesity 
induced osteoarthritis by regulating synovial macrophage polarisation. Sci. Rep. 9.

14.	 Werz, O., J. Gerstmeier, S. Libreros, X. De la Rosa, M. Werner, P. C. Norris, N. Chiang, and C. 
N. Serhan. 2018. Human macrophages differentially produce specific resolvin or leukotriene 
signals that depend on bacterial pathogenicity. Nat. Commun. 2017 91 9: 1–12.

8

Volledig Binnenwerk_Hilde Brouwers_V03.indd   189Volledig Binnenwerk_Hilde Brouwers_V03.indd   189 27/06/2022   14:4327/06/2022   14:43



190

Chapter 8

15.	 Serhan, C. N., and K. A. Sheppard. 1990. Lipoxin formation during human neutrophil-platelet 
interactions: Evidence for the transformation of leukotriene A4 by platelet 12-lipoxygenase in 
vitro. J. Clin. Invest. 85: 772–780.

16.	 Norris, P. C., D. Gosselin, D. Reichart, C. K. Glass, and E. A. Dennis. 2014. Phospholipase 
A2 regulates eicosanoid class switching during inflammasome activation. Proc. Natl. Acad. 
Sci. U. S. A. 111: 12746–12751.

17.	 Clària, J., and C. N. Serhan. 1995. Aspirin triggers previously undescribed bioactive 
eicosanoids by human endothelial cell-leukocyte interactions. Proc. Natl. Acad. Sci. U. S. A. 
92: 9475–9479.

18.	 ClÃ ria, J., M. H. Lee, and C. N. Serhan. 1996. Aspirin-triggered lipoxins (15-epi-LX) are 
generated by the human lung adenocarcinoma cell line (A549)-neutrophil interactions and 
are potent inhibitors of cell proliferation. Mol. Med. 2: 583.

19.	 Gilligan, M. M., A. Gartung, M. L. Sulciner, P. C. Norris, V. P. Sukhatme, D. R. Bielenberg, S. 
Huang, M. W. Kieran, C. N. Serhan, and D. Panigrahy. 2019. Aspirin-triggered proresolving 
mediators stimulate resolution in cancer. Proc. Natl. Acad. Sci. 116: 6292–6297.

20.	 J, D., W. JW, C. RA, A. H, C. CY, C. N, P. NA, and S. CN. 2013. Resolvin D3 and aspirin-
triggered resolvin D3 are potent immunoresolvents. Chem. Biol. 20: 188–201.

21.	 Serhan, C. N., J. F. Maddox, N. A. Petasis, I. Akritopoulou-Zanze, A. Papayianni, H. R. 
Brady, S. P. Colgan, and J. L. Madara. 2002. Design of Lipoxin A4 Stable Analogs That Block 
Transmigration and Adhesion of Human Neutrophils. Biochemistry 34: 14609–14615.

22.	 Serhan, C. N. 2014. Pro-resolving lipid mediators are leads for resolution physiology. Nature 
510: 92–101.

23.	 Albuquerque-Souza, E., F. Schulte, T. Chen, M. Hardt, H. Hasturk, T. E. Van Dyke, M. 
Holzhausen, and A. Kantarci. 2020. Maresin-1 and Resolvin E1 Promote Regenerative 
Properties of Periodontal Ligament Stem Cells Under Inflammatory Conditions. Front. 
Immunol. 0: 2509.

24.	 H, H., K. A, G.-S. E, B. A, A. C, S. CN, and V. D. TE. 2007. Resolvin E1 regulates inflammation at 
the cellular and tissue level and restores tissue homeostasis in vivo. J. Immunol. 179: 7021–7029.

25.	 Wang, C. W., S. H. Yu, T. Fretwurst, L. Larsson, J. V Sugai, J. Oh, K. Lehner, Q. Jin, and W. 
V Giannobile. 2020. Maresin 1 Promotes Wound Healing and Socket Bone Regeneration for 
Alveolar Ridge Preservation. J. Dent. Res. 22034520917903.

26.	 Serhan, C. N., J. Dalli, S. Karamnov, A. Choi, C. Park, Z. Xu, R. Ji, M. Zhu, and N. A. Petasis. 
2012. Macrophage proresolving mediator maresin 1 stimulates tissue regeneration and 
controls pain. FASEB J. 26: 1755–1765.

27.	 Norling, L. V., S. E. Headland, J. Dalli, H. H. Arnardottir, O. Haworth, H. R. Jones, D. Irimia, 
C. N. Serhan, and M. Perretti. 2016. Proresolving and cartilage-protective actions of resolvin 
D1 in inflammatory arthritis. JCI Insight 1.

28.	 Sun, A. R., X. Wu, B. Liu, Y. Chen, C. W. Armitage, A. Kollipara, R. Crawford, K. W. Beagley, X. 
Mao, Y. Xiao, and I. Prasadam. 2019. Pro-resolving lipid mediator ameliorates obesity induced 
osteoarthritis by regulating synovial macrophage polarisation. Sci. Reports 2019 91 9: 1–13.

29.	 Sacks, F. M., A. H. Lichtenstein, J. H. Y. Wu, L. J. Appel, M. A. Creager, P. M. Kris-Etherton, 
M. Miller, E. B. Rimm, L. L. Rudel, J. G. Robinson, N. J. Stone, and L. V. Van Horn. 2017. 
Dietary Fats and Cardiovascular Disease: A Presidential Advisory From the American Heart 
Association. Circulation 136: e1–e23.

Volledig Binnenwerk_Hilde Brouwers_V03.indd   190Volledig Binnenwerk_Hilde Brouwers_V03.indd   190 27/06/2022   14:4327/06/2022   14:43



191

General discussion

30.	 Frommer, K. W., R. Hasseli, A. Schäffler, U. Lange, S. Rehart, J. Steinmeyer, M. Rickert, K. Sarter, 
M. M. Zaiss, C. Culmsee, G. Ganjam, S. Michels, U. Müller-Ladner, and E. Neumann. 2019. Free 
Fatty Acids in Bone Pathophysiology of Rheumatic Diseases. Front. Immunol. 10: 2757.

31.	 Loef, M., J. W. Schoones, M. Kloppenburg, and A. Ioan-Facsinay. 2019. Fatty acids and 
osteoarthritis: different types, different effects. Jt. Bone Spine 86: 451–458.

32.	 Ioan-Facsinay, A., and M. Kloppenburg. 2018. Bioactive lipids in osteoarthritis. Curr. Opin. 
Rheumatol. 30: 108–113.

33.	 Brouwers, H., H. S. Jónasdóttir, M. E. Kuipers, J. C. Kwekkeboom, J. L. Auger, M. Gonzalez-
Torres, C. López-Vicario, J. Clària, J. Freysdottir, I. Hardardottir, J. Garrido-Mesa, L. V. 
Norling, M. Perretti, T. W. J. Huizinga, M. Kloppenburg, R. E. M. Toes, B. Binstadt, M. Giera, 
and A. Ioan-Facsinay. 2020. Anti-Inflammatory and Proresolving Effects of the Omega-6 
Polyunsaturated Fatty Acid Adrenic Acid. J. Immunol. 205: 2840–2849.

8

Volledig Binnenwerk_Hilde Brouwers_V03.indd   191Volledig Binnenwerk_Hilde Brouwers_V03.indd   191 27/06/2022   14:4327/06/2022   14:43




