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Chapter 1

Rheumatoid arthritis and osteoarthritis
Arthritis is a collective name for a wide range of diseases involving inflammation in the 
joint. The most common type of arthritis is osteoarthritis (OA), affecting 8,7% of the Dutch 
population(1). The most well-known type of arthritis is rheumatoid arthritis (RA), affecting 
approximately 1% of the Dutch population.

OA and RA both affect more women than men and the mean age of both patient groups 
is comparable (Table 1). However, disease symptoms and treatment options are different. 
RA presents with painful, warm swelling of the joints which can eventually lead to bone 
erosion and deformities. OA presents with pain and stiffness caused by structural damage 
to the cartilage and bone.

RA patients can be effectively treated with a wide range of DMARDs and biologicals, 
aiming at symptom alleviation and disease modification. Examples of DMARDs are 
methotrexate and leflunomide, which both act as immunosuppressants by interfering 
with cell functions essential for generating adaptive immune responses. Examples of 
biologicals are tocilizumab and adalimumab or etanercept which directly interfere with 
interleukin-6 (IL-6) and tumour necrosis factor (TNF) signalling in patients respectively, 
lowering inflammation. Next to these DMARDs and biologicals, RA patients are 
prescribed corticosteroids such as prednisolone for short term pain relief and reduction 
of inflammation.

In contrast to the long list of treatment options for RA patients, there are only limited 
options for OA patients aiming at symptom alleviation. Currently no disease modifying 
drugs exist. The core treatment for OA patients consists of education, exercise and 
weight management, and prescription of NSAIDs to relieve pain(2). As these options 
merely alleviate symptoms, there is a desperate need for disease modifying drugs. 
Effectiveness of biologicals targeting TNF or IL-1 has been studied for years in clinical 
trials but the majority of studies did not show promising results(3–5). Of interest are the 
developments in the field of regenerative medicine. Platelet-rich plasma injections and 
bone marrow concentrate injections both aim to induce tissue regeneration in the erosive 
joint. Although a fair number of clinical trials were performed, the results are inconsistent, 
most likely due to the poor standardization of the cellular products(6,7).

Not only treatment options differ considerably between RA and OA, but so does their 
aetiology. RA is an autoimmune disease, in which the immune system of the patient is 
targeting the body’s own tissues. Consequently, RA is characterized by the presence of 
autoantibodies, such as rheumatoid factor (RF), targeting the Fc part of an IgG antibody, 
as well as autoantibodies recognizing post-translationally modified proteins, such as 

Volledig Binnenwerk_Hilde Brouwers_V03.indd   8Volledig Binnenwerk_Hilde Brouwers_V03.indd   8 27/06/2022   14:4327/06/2022   14:43



9

General introduction

anti-citrullinated protein antibodies (ACPA). RA is characterized by a strongly activated 
immune system shown by elevated numbers of immune cells in the joints, and often high 
levels of CRP, cytokines, chemokines as well as other inflammatory markers in circulation. 
Identification of specific inflammatory pathways is RA potentially allows for their effective 
targeting using disease modifying DMARDs and biologicals(8).

There is no evidence for autoimmunity in the aetiology of OA. For instance, the prevalence 
of autoantibodies in OA is similar to healthy controls and is not associated with structural 
damage(9). The development of OA however is correlated with increasing age, trauma 
and obesity(10). All these risk factors can cause abnormal loading of the joint, which 
was long thought to be the mayor contributor to the development of OA. However by 
combining a variety of imaging and molecular techniques to study OA etiology, it is now 
evident that also cell stress, innate immune activation, low grade systemic inflammation 
and maladaptive repair responses are contributors(11). For instance, obesity is also 
associated with OA in the non-weight baring joints of the hand(12). As obesity is not only 
characterized by increased bodyweight but also by low grade inflammation and adiposity 
leading to altered levels of adipokines, lipids and cytokines, it is proposed that these 
soluble mediators play a role in the etiology of osteoarthritis(13–15).

OA RA

FEMALE GENDER, % Female>Male Female>Male
AGE OF ONSET, YEARS Middle-age All ages, mostly between 

30-50
RISK FACTORS Obesity, age, gender, 

genetics, traumatic 
injury(16,17)

Gender, genetics, 
smoking(18)

JOINT RELATED SYMPTOMS Pain, tenderness, loss 
of flexibility, bone spurs, 
swelling(19,20)

Stiffness, tenderness, pain, 
swelling, redness, warmth

IMAGING FEATURES Joint space narrowing, 
sclerosis, osteophytes, 
erosions, subchondral 
cysts, bone marrow 
lesions, synovitis

Joint space narrowing, 
marginal erosions, 
periarticular bone loss, bone 
marrow edema, synovitis

PHARMACOLOGICAL 
TREATMENT OPTIONS

Symptom alleviation:
NSAIDs

Symptom alleviation and 
disease modification:
NSAIDs, DMARDs, 
biologicals, corticosteroids

Table 1. characteristics RA and OA patients

1
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Chapter 1

Structural damage and inflammation in osteoarthritis
In a healthy synovial joint, two strong bone structures are attached to each other to 
facilitate body motion. The surfaces of the bone are covered with healthy, smooth 
cartilage and a few cell layers thick synovium forms a cavity surrounding the two surfaces. 
This synovial cavity is filled with a clear, viscous liquid called synovial fluid. An OA joint is 
easily identified on radiographic images such as X-ray. At an early phase in the disease 
process, joint space narrowing indicates loss of cartilage and osteophytes present as 
bony protrusions at the articulating parts of the bone. In severe stages of OA, there is 
extensive cartilage loss, the osteophytes are large and osteosclerosis, the abnormal 
hardening of the bone, is present.

Figure 1. Healthy and OA joint

While X-ray can detect severe structural damage in OA joints, techniques such as MRI 
and ultrasound can detect synovitis, which is inflammation of the synovial lining, in 
joints of OA patients(21–24). Using these techniques it became feasible to investigate 
associations between synovitis and OA symptoms such as pain and structural damage. It 
was shown that synovitis is associated with pain(21,23). In addition, treating OA patients 
with the anti-inflammatory glucocorticoid prednisolone during an inflammatory flare 
reduced pain in hand OA(25). Synovitis is also associated with osteophytes and joint 
space narrowing in hand osteoarthritis(26). In addition, synovitis, independent of cartilage 
loss and osteophyte formation, increases the risk of developing structural damage(27,28).
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One of the most common hypotheses for the development of synovitis, postulates 
that degradation products of joint tissues can cause a synovial reaction leading to 
inflammation. Although periods of acute inflammation are critically important, ongoing 
inflammation can be detrimental to tissue homeostasis and eventually lead to tissue 
degradation and subsequently disease progression(29). Mechanistically, synovial 
inflammation is caused by activation and accumulation of immune cells in OA synovium. 
OA synovium was shown to be infiltrated with several immune cells such as T cells, mast 
cells and macrophages(24). Synovial macrophages have been most often shown to be 
associated with disease pathology(30). Depletion of synovial lining macrophages prior 
to the induction experimental osteoarthritis resulted in a 84% reduction in osteophyte 
formation(31). In human synovial cultures of OA patients, it was shown that depletion 
of macrophages drastically decreased the formation of pro-inflammatory cytokines and 
extracellular matrix (ECM) degrading enzymes such as matrix-metalloproteinases (MMPs) 
by synovial fibroblasts(32). It was also shown that the presence of synovial macrophages 
was associated with severity of structural damage(33). Next to reports that show 
involvement of macrophages in the progression of OA, there are also reports addressing 
the anti-inflammatory phenotypes of macrophages in OA which could be protective or 
involved in regeneration(34,35). Thus, although the involvement of macrophages in 
OA pathology is clear, it has not yet been identified how these macrophages could be 
targeted to the benefit of the OA patient(30).

Resolution of inflammation
Inflammation can be categorized in three different phases, the induction, progression 
and resolution phase. The induction phase can be initiated by a large variety of events 
such as the invasion of a microbe, a damaged cell, toxins or trauma. The induction phase 
is characterized by the presence of acute inflammatory mediators such as histamine, 
leukotrienes (LTs), prostaglandins (PGs), and free radicals. These inflammatory mediators 
cause a rapid influx of innate immune cells such as monocytes and neutrophils leading 
to quick progression of inflammation. The infiltrated immune cells are programmed to 
take out the initial trigger that cause the inflammation. In the ideal situation, the period 
of inflammation is limited to an acute inflammation period, after which the inflammation 
is resolved and the tissue can return to homeostasis. However, uncontrolled ongoing 
inflammation can turn into chronic inflammation. Chronic inflammation is characterized 
by ongoing recruitment of a large variety of immune cells and the excessive production 
of cytokines and other inflammatory mediators. High burden diseases such as RA, 
cancer, diabetes, cardiovascular diseases, inflammatory bowel disease (IBD) and 
chronic obstructive pulmonary disease (COPD) are examples of diseases characterized 
by ongoing chronic inflammation. Only in the last two decades OA was recognized as 

1
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a disease with a chronic inflammatory component as synovitis was added to the list of 
critical OA symptoms(36).

Chronic inflammation is detrimental to the healthy tissues of the body. The activated 
immune cells, inflammatory cytokines, chemokines and other mediators damage healthy 
tissues. By lowering this inflammatory status by for instance effective biologicals in 
RA, excessive tissue damage can be prevented(37,38). However, when treatment with 
biologicals is stopped, inflammation can return, showing that inhibiting inflammation 
alone is not enough to return to homeostasis. In an elegant review it was pointed out 
that the resolution phase of inflammation is an active process in which the initial trigger 
of inflammation is eliminated and inflammation resides(39). In this phase, pro-resolving 
mediators and certain immune cells play a crucial role.

Around the year of 2000, a group of scientists discovered a series of fatty acid derived 
molecules which were named pro-resolving lipid mediators (SPM)(40). These SPM were 
described in several mouse models in which the different phases of acute inflammation 
are clearly defined. An example of such a model is the murine peritonitis model, in which 
peritonitis is induced by the injection of the glucan zymosan which causes peritonitis. 
After a few days the mouse recovers without additional intervention. In these mouse 
models it was shown that the SPM were generated during the resolution phase. It was 
proposed that these SPM play an active role in the resolution of inflammation as upon 
administration, these SPM could reduce inflammation and promote return to tissue 
homeostasis(40).

Specialized pro-resolving mediators in resolution of inflammation
To date, a large number of SPM have been discovered. SPM can be classified in lipoxins, 
resolvins, protectins and maresins. Lipoxin A (LXA4) and Lipoxin B (LXB4) were the first of 
SPM that were discovered(41,42). Later, E series resolvins (RvE) and D series resolvins 
(RvD), protectin D1/Neuroprotectin D1 (PD1/NPD1) and Maresin-1 (Mar-1) and Maresin-2 
(Mar-2) (43–48). Most of them were shown to inhibit neutrophil migration and promote 
phagocytosis by macrophages in vitro(44–50). Upon administration, enhanced resolution 
of inflammation was shown in several mouse models of inflammation, such as murine 
peritonitis, acute renal failure and arthritis(51,52).

In addition to enhancing resolution, SPM Mar-1 was shown to induce tissue regeneration 
in flatworms (Planaria) and human tooth extraction sockets(53,54). In recent years, it 
was also shown that SPM could affect adaptive immunity by reducing T cell cytokine 
production, modulate T cell differentiation and decrease antibody production by B 
cells(55–58).
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At this point in time, there is one report showing therapeutic effects of SPM in humans. 
In eczema patients is was shown that topical application of LXA4 was effective in limiting 
severity and induction of recovery(59). An approach which is explored far more often, is 
the administration of fatty acids, which are the precursors of SPM.

Fatty acids and SPM synthesis
SPM are oxidized fatty acids, also named oxylipids(60). They are synthesized from free 
fatty acids by lipoxygenases (LOX), cyclooxygenases (COX) and cytochrome P450 (CYP) 
enzymes. Figure 2 shows an overview of a selection of known SPM and their fatty acid 
precursors. Fatty acids are precursors of pro-resolving, as well as pro-inflammatory 
oxylipids.

Figure 2. Biosynthesis of SPM. Reprinted from(61). AT: Aspirin-triggered; COX-2/ASA: Aspirin 
acetylated COX-2; H(p)-ETE: hydro(per)oxyeicosatetraenoic acid; H(p)-EPE: hydro(per)
oxyeicosapentaenoic acid; H(p)-DHA: hydro(per)oxydocosahexaenoic acid; LO: lipoxygenase

Fatty acids are a class of fatty acyls and are present in free and bound form in vivo. In 
essence, a fatty acid is a carbon chain with hydrogen atoms and one carboxyl group 
(-COOH). Fatty acids can be saturated or unsaturated, the latter meaning that one 
(monounsaturated) or more (polyunsaturated) double bonds exist in the carbon chain. 

1
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The name of the fatty acid reveals the number of carbons and the number of double 
bonds, together with the carbon position where the first double bond occurs. For instance, 
arachidonic acid (AA) (C20:4ω-6) is a 20 carbon fatty acid with 4 double bonds, the first 
starting at carbon atom 6 counted from the omega (carbon) end.

Fatty acids can be e.g. bound to a glycerol backbone to form glycerolipids or 
phospholipids, the latter also contain a polar head group next to the glycerol backbone. 
Glycerolipids and phospholipids are both main structures of cell membranes. Acyl 
hydrolases hydrolyse phospholipid structures resulting in the cleavage of fatty acids 
and production of free fatty acids(62). The best known acyl hydrolase activated during 
inflammation is phospholipase A2 (PLA2) as this enzyme initiates production of pro-
inflammatory leukotrienes and prostaglandins and also lipoxins by cleavage of AA(63).

Multiple enzymes and multiple hydrolyzation steps are involved in the formation of an 
SPM and other oxylipids from a free fatty acid. For example, to form LXA4, arachidonic 
acid (AA) is hydrolysed by 15-LOX at carbon 15 to form 15-HETE. Subsequently, 15-
HETE is hydrolysed by 5-LOX or 12-LOX to form LXA4. Next to this route, LXA4 could also 
be formed by 5-LOX hydrolyzation, followed by 15-LOX hydrolysation and subsequently 
5-LOX or 12-LOX hydrolysation. The intermediate products such as 15-HETE are called 
monohydroxylated products. The generation of SPM can be a result of transcellular 
processes and combined triggering of cells which express the enzymes involved. For 
instance, it was shown that LXA4 could be formed by AA oxidation by 5-LOX in activated 
neutrophils leading to leukotriene B4 (LTA4) followed by oxidation by 12-LOX in activated 
platelets resulting in LXA4(64). In addition, macrophages alone can produce LXA4 by 
stimulation with LPS and ATP(65).

The production of SPM is dependent on the availability of the precursor fatty acid 
and the expression of several enzymes. The expression of the enzymes seems to be 
regulated by the presence of different stimuli acting on the different immune cells as 
was shown for both neutrophils and macrophages(65–68). As the pro-inflammatory and 
pro-resolving mediators share some of the same precursor fatty acids and the same 
enzymatic pathways, these oxylipid production pathways should be tightly regulated 
and can easily interact. Indeed, investigating the kinetics of LXA4 production during a 
self-resolving inflammatory model in mice laid the basis for the so called lipid mediator 
switch hypothesis(69). It was shown that the acute phase inflammatory mediator PGE2 
could initiate LXA4 production in neutrophils. Lipid mediator class-switch is now a well-
established term to describe the process whereby pro-inflammatory mediators prompt the 
production of pro-resolving mediators to initiate the resolution phase of inflammation(40).
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So far it has been proven difficult to induce resolution during the course of chronic 
inflammation by administration of fatty acids. A possible explanation could be the 
versatile nature of the enzymatic pathways leading to oxylipid synthesis, which are highly 
dependent on inflammatory cells and stimuli.

Technical aspects of bodily fluid collection and storage for lipid analysis
Lipidomics is the term which is used to describe the research focussed on the 
characterization of the role of fatty acids and other lipids in health and disease. Lipidomics 
has evolved very rapidly due to the development of mass spectrometry techniques. Using 
these techniques, it became possible to measure a whole range of metabolites such as 
fatty acids and oxydized lipids but also complex glycan structures derived from antibodies 
and methylation patterns of DNA. With the implementation of these new techniques in 
medical biology research, it became of essence to investigate the adequate collection 
and storage conditions.

It is well known and accepted that human-derived biomaterial should be collected and 
stored in a reproducible and controlled manner. For example, bacterial load in stool 
samples collected and stored in rural areas without access to refrigerators cannot be 
compared to collection in a western hospital setting where samples are immediately 
refrigerated after collection due to variable outgrowth of bacteria at high temperatures. 
Similarly, fasted blood samples show different glucose levels compared to blood 
samples just taken after a meal . The type of collection tube used is also important. For 
instance, serum and heparin plasma cause chemical noise in the mass spectra of liquid 
chromatography tandem mass spectrometry (LC-MS) in contrast to EDTA plasma(70,71).

Moreover, the storage conditions are important. It was shown that the recovery of 
cytokines is quickly altered after freeze-thaw cycles(72). Likewise, while it is safe to store 
isolated DNA at minus 20oC, viable cells need to be stored below -130oC to keep cellular 
structures intact. It was shown that after long term storage at minus 80oC (>16 years), 
altered levels of EDTA plasma metabolites such as amino acids and fatty acids were 
found compared to baseline(73). In addition, storing blood samples at room temperature 
altered metabolite levels, including lipids, carbohydrates, amino acids and signalling 
molecules such as dopamine within hours(70,74,75).

Depending on the desired future analyses and the type of bodily fluid used, the processing 
of the material also varies. While DNA is best obtained from whole blood or tissue as this 
includes the cells containing DNA, plasma or serum are more suited for soluble mediator 
analyses. Importantly, contamination of the serum or plasma with cells should be avoided 
as dying or broken cells can alter the levels of soluble mediators.

1
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Outline of the thesis
The aim of the studies described in this thesis is to investigate the potential therapeutic 
effects of SPM in RA and OA. The secondary aim of the studies in this thesis is to 
investigate optimal processing and storage conditions of bodily fluids to obtain reliable 
results from the techniques used in part 1 of this thesis.

Part 1 Fatty acids in arthritis
The literature review in chapter 2 set the basis for the studies described in this thesis by 
reviewing existing literature on the detection and therapeutic potential of fatty acids and 
their derivatives in RA and OA patients(76). This review reports on the detection of fatty 
acids and their derivatives in serum and synovial fluid, their effect on human RA and OA 
tissues and their association with clinical characteristics. In addition, the results from 
intervention studies using fatty acids performed in humans and mice are summarized. As 
evidence for the activation of resolution pathways was scarce, the activation of resolution 
pathways in RA and OA patients was investigated in chapter 3. In this study, fatty acids 
and their derivatives oxylipids, including SPM were analysed in the synovial fluid of RA 
and OA patients using an in-house developed LC-MS/MS technique(77,78). In addition, 
the study investigated the activity of enzymatic pathways and which cell types could 
be involved in the production of SPM in OA patients. As some results from the study 
described in chapter 3 were not in agreement with previous literature, the effect of sample 
storage conditions on lipidomic analysis were analysed in the studies described in part 
2 of this thesis.

In the study described in chapter 4 , the therapeutic potential of SPM in a murine OA 
model was evaluated. Mice were fed a high fat diet which was previously reported to 
induce OA(79,80). The level of inflammation in these mice was evaluated as well as 
whether this inflammation correlated with structural damage. Next, the effect of SPM 
on human synovial cells and the effect on in vivo disease progression was evaluated.

The study in chapter 5 describes a detailed molecular mapping of a self-resolving 
peritonitis mouse model in search of potential novel pro-resolving mediators. This 
mapping revealed a potential pro-resolving role for fatty acid adrenic acid (AdA). The 
pro-resolving capacity of AdA was extensively investigated by performing various in 
vitro experiments to study the effect of AdA on neutrophil chemoattractant production 
by neutrophils, neutrophil migration and macrophage phagocytosis. Thereafter we 
investigate possible mechanisms by which AdA acts as a pro-resolving mediator using 
a quantitative differential mobility spectrometry (DMS) lipidomics platform(LipidyzerTM)
(81). Finally, we investigate the potential pro-resolving function of AdA in the K/BxN serum 
transfer arthritis model in vivo.
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Part 2 Technical aspects of bodily fluid collection
Previously, a set of SPM was detected in synovial fluid of RA patients, which could not be 
not confirmed by the study described in chapter 3(78). To test whether this discrepancy 
could be due to differences in storage conditions, the effect of storage temperatures, 
storage time and pre-treatment options on lipidomic analyses of plasma in chapter 6(82).

The only SPM that could be detected in study described in chapter 3, was detected in 
the insoluble fraction of the synovial fluid. These results triggered the study described 
in chapter 7. In this study, the importance of homogenization of synovial fluid before 
analysis by flowcytometry, ELISA, Luminex and lipidomic analysis was investigated(83).

Chapter 8 summarizes and discusses the results obtained from the work presented in 
this thesis.

1
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Abstract

Rheumatoid arthritis (RA) and osteoarthritis (OA) are inflammatory joint diseases, 
characterized by pain and structural damage. Besides prostaglandins, usually targeted 
by non-steroidal anti-inflammatory drugs, other lipids, including fatty acids, phospholipids 
and other bioactive lipid mediators derived from fatty acids could also contribute to RA 
and OA.

In this review, we will present evidence for a role of fatty acids and derivatives in RA 
and OA by summarizing findings related to their presence in serum and synovial fluid, 
as well as their association with clinical characteristics and effects on RA and OA 
tissues in vitro. Finally, a more direct evidence for their role in RA and OA derived from 
intervention studies in humans or mouse models of disease will be summarized. Based 
on the presented data, we will present a research agenda, in which some key unresolved 
questions regarding the role of lipids in RA and OA will be formulated.

Key words: Osteoarthritis, Rheumatoid arthritis, lipid mediators, lipids, inflammation, 
oxylipins
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Lipid mediators in rheumatoid arthritis and osteoarthritis 

Introduction

Rheumatoid arthritis (RA) and osteoarthritis (OA) are joint diseases characterized by 
different pathophysiological mechanisms, but displaying common clinical characteristics, 
such as joint pain, functional impairment and structural damage which is hallmarked 
by bone erosions in RA and osteophytes in OA. Moreover, both diseases display joint 
space narrowing, reflecting cartilage loss. Another common feature of these diseases 
is the presence of inflammation in the majority of the patients. While inflammation is a 
long-established player in the pathogenesis of RA, its presence and possible role in OA 
has been only recently revealed. Several studies during the past 10 years have shown 
an association between synovial inflammation and pain on one hand and radiographic 
progression on the other hand, establishing inflammation as an important player also in 
OA (reviewed in (1,2)).

Fatty acids acquired through diet are usually transported through the body in triglycerides 
or phospholipids incorporated in lipoproteins, but can also be found in free form in blood. 
Moreover, they are present both in bound and in free form in cells, where they have 
various functions as energy source, membrane constituents or signalling molecules. They 
are essential building blocks for higher order lipids such as phospholipids, sphingolipids, 
glycerolipids and glycolipids. Moreover, they could be metabolized into bioactive lipid 
mediators such as oxylipins, including eicosanoids (prostaglandins, thromboxanes and 
leukotrienes) and other lipids with more anti-inflammatory and pro-resolving activity such 
as lipoxins, resolvins, maresins and protectins. Enzymes such as phospholipases (PLA) 
which release fatty acids from phospholipids, cyclooxygenases (COX) and lipoxygenases 
(LOX) that oxidize fatty acids are involved in generation of oxylipins. Fatty acids, higher 
order lipids and oxylipins can interact with inflammatory as well as tissue-resident cells, 
thereby contributing to various processes in the body, including inflammation, wound 
healing, pain, etc, and potentially playing a role in RA and OA. In general, it is believed 
that saturated fatty acids, n-6 polyunsaturated fatty acids (PUFA), such as arachidonic 
acid (AA), and AA derivatives (prostaglandins and leukotrienes) have a pro-inflammatory 
effect. In contrast, unsaturated fatty acids, n-3 PUFA, such as docosahexaenoic acid 
(DHA) and eicosapentaenoic acid (EPA), and the oxylipins derived from them (resolvins, 
maresins, protectins) are believed to have an anti-inflammatory function. The latter are 
also believed to be pro-resolving, thereby actively helping wound healing and return to 
tissue homeostasis after an inflammatory response.

In this review, we will present data supporting a role of lipids in RA and OA. To this end, 
we will summarize findings from 3 lines of evidence. First, data related to the presence 
of various fatty acids and their derivatives (lipid mediators) in blood or synovial fluid (SF) 
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of RA and OA patients will be summarized. Next, the association of these lipids with 
clinical disease parameters will be presented, as well as in vivo intervention studies both 
in humans and mouse models of disease. Finally, in vitro studies indicating the effects 
of these lipids on human joint tissues will be presented (summarized in fig.1). The role 
of cholesterol and lipoprotein metabolism in RA and OA has been reviewed elsewhere 
(3,4) and will not be discussed in this review.

Lipids and lipid classes described in serum of healthy individuals
In an extensive study in which the major 6 lipid categories as defined by the Lipid 
Maps were measured in plasma of healthy individuals, more than 500 lipid species 
were identified (5). The measured sample was obtained from the National Institute of 
Standards and Technology (USA) and represents a pooled plasma sample, obtained 
and stored after overnight fasting in a standardized fashion, from 100 healthy individuals 
between 40-50 years of age including equal numbers of men and women whose 
ethnicity was representative of the US population. The most abundant (on a molar 
basis) were sterols (including cholesterol), followed by triglycerides (part of lipoproteins), 
glycerophospholipids, free fatty acyls, sphingolipids, diacylglycerols and prenols, which 
were the least abundant. In terms of free fatty acids, oleic acid, followed by palmitic 
acid and stearic acid were the most abundant and comprised approximately 78% of 
all free fatty acids after overnight fasting. The most abundant PUFA were linoleic acid 
(LA) and AA, but EPA and DHA, which are derived from fish oil and are known for their 
anti-inflammatory effects, were also detectable. Lipid mediators such as oxylipins were 
also detected in plasma, with 15-deoxy-PGD2 being the major metabolite generated by 
COX, while 5-HETE was the most prominent eicosanoid of the LOX pathway found in 
plasma (5).

This review focuses on a selection of lipids in the 6 lipid classes: fatty acids either in 
free form or incorporated in higher order lipids (especially phospholipids), as well as their 
bioactive lipid mediators in RA and OA (Table 1).
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Figure 1. Summary showing lipids and relevant enzymes (in italic) in the context of rheumatoid 
arthritis (A) or osteoarthritis (B) discussed in this review. Lipids are incorporated in phospholipids in 
the membrane. The enzyme autotaxin can convert lysosphosphatidylcholine (LPC) to lysophospatidic 
acid (LPA), and phopholipases (PLA) can both generate LPC from phosphatidylcholine (PC) and 
release fatty acids from the membrane phospholipids. These fatty acids can be metabolized into 
oxylipins by different cyclooxygenases (COX) and lipoxygenases (LOX). Symbols represent different 
tissues that have been shown to be affected by lipids. The effects of lipids on tissues are indicated 
by colours: red = inflammatory, green = anti-inflammatory/resolving, blue = both inflammatory and 
anti-inflammatory/resolving.

Presence of fatty acids and derivatives in RA and OA patients

Lipids in serum of RA patients
Direct comparisons between different lipids in RA serum/plasma and healthy controls 
were only made in few studies and generally included relatively low numbers of patients 
(between 10 and 16). In a metabolomics study, it was found that the levels of lipids 
in general were lower in serum of newly presenting RA patients compared to healthy 
controls although a systematic investigation of different lipid classes was not performed. 
To exclude the effect of disease-modifying antirheumatic drugs (DMARD) on metabolic 
status, patients that were taking DMARD’s were excluded from this analysis (6). In another 
study in 166 RA patients, the levels of free fatty acids were found to be similar in RA 
patients and healthy controls (7), indicating that free fatty are not quantitatively different in 
the diseased state. Fatty acids in phospholipids and sphingomyelins were also described 
in serum of healthy individuals and RA patients (8). Of the different phospholipids studied, 
only the ratio phosphatidylcholine (PC)/lysophosphatidylcholine (LPC, generated from 
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PC by the PLA enzyme) was found to be lower in serum of RA patients compared to 
healthy individuals (9), indicating a higher activation of PLA in RA patients. This could 
results in higher levels of free fatty acids that can further be metabolized into bioactive 
lipids. Indeed, lipid mediators such as prostaglandins, PGD2 and PGE2 (10), generated 
by COX enzymes, were shown to be present in serum of RA patients, indicating that not 
only precursor fatty acids might be higher in RA compared to healthy individuals, but 
also certain enzymes involved in generation of bioactive lipids. However, bioactive lipids 
were mainly studied in SF.

Lipid class (according to Lipid Maps) Lipids included in this review

Fatty acyls Fatty acids, oxylipins: eicosanoids (prostaglandins, 
leukotrienes, lipoxins), derivatives of DHA, EPA 
(resolvins, maresins, protectins)

Glycerolipids -
Glycerophospholipids Phospholipids (e.g. PC) and lysophospholipids (e.g. 

LPC, LPA)
Sphingolipids Sphingomyelin
Sterol lipids -
Prenol lipids -

Table 1. Summary of lipids included in the present review and their corresponding lipid classes. 
DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; PC: phosphatidylcholine; LPC: 
lysophosphatidylcholine; LPA: lysophospatidic acid.

Lipids in SF of RA patients
Broad lipidomic studies in SF of RA patients were performed in which most of the lipid 
species described in serum/plasma could be detected (8,10-13); several phospholipid 
and fatty acid species were found. Similarly to plasma, PC were the most abundant 
phospholipids in SF, followed by LPC and sphingomyelins (12) and their levels were 
higher in RA SF than controls (12,13). The ratio of PC/LPC was higher in RA SF than 
in controls, in contrast to what was found in serum (12,13). A detailed analyses of the 
species of lipids revealed that RA SF was relatively enriched in LPC containing saturated 
fatty acids, while saturated PC were lower than in controls, indicating that saturated fatty 
acids were possibly more efficiently released from PC in RA. The length of fatty acids 
contained in PC species was not different between RA SF and controls, but RA SF 
contained relatively more short-chain fatty acids in LPC compared to controls (12,13). 
As a longer chain length and higher saturation grade are believed to be beneficial for the 
lubricating properties of phospholipids, these data could indicate that the phospholipids 
present in RA SF are less potent lubricators and protect less against mechanical damage 
than in healthy controls. All studies were small and included no more than 20 patients.
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Eicosanoids such as prostaglandins and leukotrienes were intensively investigated in 
SF of RA patients and were recently reviewed (14). ProstaglandinE2 (PGE2) (14,15), as 
well as PLA2 and COX, enzymes involved in its generation, were found to be higher in 
SF or were higher expressed in synovium of RA patients (mPGES) (16-20). Likewise, 
the enzyme converting PGE2 into the inactive 15-PGDH was higher in RA synovium, 
indicating that regulatory mechanisms targeting PGE2 are also activated in this disease. 
Interestingly and in line with this observation, the more anti-inflammatory prostaglandins, 
PGD2 and its metabolite 15-deoxy-PGJ2 were also found in the RA joint. Expression of 
PGD2 was detected in cells in RA joints, however no evidence was found for enhanced 
biosynthesis of 15-deoxy-PGJ2. Next to prostaglandins, leukotrienes such as LTB4, LTD4 
and LTE4 were found in SF of RA patients (14).

Interestingly, anti-inflammatory products of lipoxygenases were also described in SF of 
RA patients. These included the anti-inflammatory and pro-resolving mediators lipoxin 
A4 (LXA4) and the mediators derived from the n-3 PUFA DHA: maresin 1 (Mar1) and 
resolving D5 (RVD5) (11). Although this study was performed in only 5 patients and 
although the effects of pro-resolving lipids on RA development or progression was not 
yet investigated, their potent immune modulatory functions (21) identify them as promising 
therapeutic agents for chronic inflammatory diseases.

Besides the PLA, COX and LOX enzymes, autotaxin makes an important contribution 
to bioactive lipids in RA. It can convert membrane phospholipids such as LPC to 
lysophospatidic acid (LPA), as well as sphingosylphosphorylcholine to yield sphingosine-
1-phosphate (S1P). S1P can act as an intracellular second messenger or extracellular 
lipid mediator via G-coupled receptors and affects pro-inflammatory pathways and cell 
migration. Both LPA and S1P, as well as autotaxin were shown to be present in SF of RA 
patients (22-24), while higher autotaxin levels were shown in RA SF (n = 16) and serum 
(n = 26) compared to controls (25).

Lipids in serum/SF of OA
Several lipidomics studies in OA patients have been performed over the recent years. 
Although most of them study SF, one study investigated the phospholipid profile of hip 
and knee OA patients (n = 59 females) in plasma (26). Similarly to RA, the LPC/PC ratio 
was higher in both mild and moderate OA (based on radiographic damage) compared 
to controls, which is the opposite to what was found in SF. In two studies with 30 and 48 
OA patients, the levels of phospholipids were found to be elevated in SF of OA patients 
compared to post-mortem controls (12,13), similar to what was found for RA.

2
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Few studies have investigated oxylipin levels in OA. In one study with 10 OA patients, 
8-iso-PGF2α and 15-keto-dihydroPGF2α were detected in both serum and SF, but the 
levels did not correlate in these two fluids (27). This indicates that there might be local 
production of these lipids, rather than systemic diffusion. Noteworthy is that levels of both 
metabolites were higher in serum of OA patients compared to controls. Higher levels 
of these metabolites in serum of OA patients could indicate higher systemic oxidative 
damage and inflammatory responses. For some patients, the levels of both compounds, 
but especially 15-keto-dihydroPGF2α tended to be somewhat higher in SF compared to 
serum. These data are, however, difficult to interpret due to the lack of healthy SF and low 
numbers of patients. More recently, a study investigated the 15-LOX product 15-HETE 
and the COX product PGE2 in plasma of symptomatic OA patients and controls (28). Both 
metabolites were elevated in patients (three different cohorts with 291 patients in total) 
compared to controls, which could be a systemic reflection of local inflammation in the 
knee. Similarly, leukotriene B4( LTB4) has also been described in SF of some OA patients, 
although no comparison with healthy controls was performed (29). Together, these 
data indicate that pro-inflammatory lipids are present in OA patients, although a more 
extensive investigation of the presence of other lipid classes, such as prostaglandins 
and anti-inflammatory oxylipins, in OA patients is warranted.

Fatty acids and phospholipids

Dietary fatty acids, such as the n-3 PUFA EPA and DHA derived from fish oil. These n-3 
PUFA are believed to have anti-inflammatory properties, while the n-6 PUFA arachidonic 
acid (AA) is believed to be more pro-inflammatory. Long-chain fatty acids such as AA, 
EPA and DHA are incorporated in phospholipids and these are essential constituents 
of membranes. In healthy individuals on a typical Western diet, about 10-20% of 
phospholipids in membrane of leukocytes are composed of the AA, while 0,5-1% is EPA 
and 1,5-3% is DHA (30). Dietary intake of EPA and DHA leads to an increase of these 
fatty acids in cellular membranes and this occurs usually at the expense of AA. This 
incorporation begins within days and is dose-dependent (31,32) . Because erythrocytes 
have a life-span of 100-120 days, their membrane phospholipid composition is generally 
used to monitor dietary intake of lipids (32,33).

Association with clinical characteristics and intervention studies in RA
Most studies investigating types of fatty acids present in RA patients and association 
with clinical parameters focused on dietary fatty acids.

Several clinical trials have been performed with either fish oil or n-3 supplementation 
in RA patients. These randomized control trials have been recently summarized in a 
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systematic review by Miles and Calder (31). The authors analysed 23 studies, in which 
EPA and DHA doses varied largely, between <1 and > 7g/day and were administered 
mostly orally as fish oil supplements. The duration of the studies varied between 4 and 
52 weeks and the placebo controls were usually other types of oils, such as corn, olive 
oil, paraffin oil, etc. The sample size of these studies was typically around 20-30 patients/
group with few exception in which less or more patients participated. Many studies had 
methodological shortcomings and no meta-analysis was performed. In general, beneficial 
effects of n-3 PUFA were observed that were related to morning stiffness, number of 
tender/swollen joints, grip strength, pain or disease activity. The effects were overall 
modest.

Since this systematic review, one other study investigated the effect of intake of moderate 
amounts of n-3 PUFA (2,090g EPA and 1,165g DHA) in combination with regular anti-
inflammatory therapy in 109 RA patients. High oleic acid sunflower oil was used as 
control. Although there was an increase in n-3 PUFA and a relative decrease in n-6 PUFA 
AA in erythrocyte membranes in the treatment group, there was no significant effect on 
clinical symptoms, NSAID usage, cytokines, eicosanoids and bone turnover markers in 
this group (34), which might be attributable to the low dose of n-3 PUFA administered. 
Similar results regarding the incorporation of n-3 PUFA in erythrocyte membranes at the 
expense of AA were found in another study with a relative low number of patients (54 RA 
and 6 psoriatic arthritis patients) in which patients were randomized into 3 groups: one 
treated with 3g n-3 PUFA/day, one with 3,2g g-linolenic acid (n-6 PUFA)/day and one 
with a combination of a low dose n-3 PUFA (1,6g) and g-linolenic acid (1,8g)/day. The 
treatment duration was 12 weeks. A relative decrease of AA/EPA ratio was observed 
in the n-3 PUFA treated group, similar to earlier studies. Additionally, an enrichment in 
g-linolenic acid in plasma lipids, cholesterol membranes and erythrocyte membranes 
was observed, and this enrichment was dependent on the dose indicating that this n-6 
PUFA is also dose-dependently incorporated in cellular membranes upon intake (35).

Interestingly, several recent studies have investigated effects of n-3 PUFA on early RA 
patients or on development of RA and related features in pre-RA individuals. Early RA 
patients (n = 140) treated with DMARD therapy were additionally treated with 5,5g/day 
EPA+DHA or with 0,4g/day EPA and DHA (control group). Primary outcome was failure 
on triple DMARD after 3 months. Failure was lower and the rate of remission was higher 
in the n-3 PUFA treated group compared to the control group after 3 months of treatment 
(36). Remarkably, EPA in plasma phospholipids was inversely associated with time to 
remission and to DMARD failure, while similar results, albeit not significant, were also 
obtained for DHA, indicating that EPA might be more effective than DHA as disease 
modulator.

2
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Several studies investigated the effect intake of fish containing n-3 PUFA on the risk of 
development of RA in healthy individuals. In a meta-analysis containing both prospective 
and case-control studies, the authors found that for each serving of fish per week the 
relative risk of RA became 0.96 (95%CI 0.91;1.01), while there was a 20-24% lower risk 
(0.76 (95%CI 0.57;1.02) of RA for 1-3 servings of fish/week compared to no servings 
(37). In an observational population-based cohort study (32,232 women aged 54–89 
years), self-reported intake of more than 0,21g/day of n-3 PUFA led to a 35% (95% CI 10 
to 52%) lower risk of developing RA than lower intake. Moreover, long-term consistent 
intake of > 0,21g/day of n-3 PUFA led to a 52% (95% CI 29 to 67%) lower risk of RA 
than lower intake, while long-term consistent intake of more than 1 serving of fish/week 
led to 29% lower risk (RR 0.71; 95% CI 0.48 to 1.04) compared to <1 serving/week (38). 
Although the intake was based on self-reported data and no measurements of n-3 PUFA 
in phospholipids were presented, these studies suggest that n-3 PUFA could be beneficial 
for lowering the risk of RA development in pre-disease individuals and this effect is 
probably dose-dependent. This would also be in line with a more recent study in which 
individuals at risk for developing RA (non-diseased first degree relatives of RA patients 
and HLA-DR4+ individuals) and positive for anti-CCP antibodies (n = 30) were compared 
to seronegative individuals (n = 47) for the amount of n-3 PUFA intake (self-reported) and 
the percentage of n-3 PUFA in erythrocyte membranes. The findings indicate that anti-
CCP+ individuals were less likely to report n-3 PUFA intake and the anti-CCP positivity 
was inversely correlated to the percentage of n-3 PUFA in erythrocyte membranes (39). 
All together, these findings suggest that n-3 PUFA might affect the risk for development 
of RA, as well as the clinical parameters of the disease in RA patients.

Supporting these data, interventions with DHA and EPA have been also shown to reduce 
the onset, incidence and severity of collagen-induced arthritis (CIA) in mice (40,41).

Other fatty acids have only scarcely been studied. Although not yet investigated in relation 
to human RA, α-lipoic acid (ALA) showed promising results in mice, as it inhibited joint 
inflammation and bone destruction in the CIA model both when administered intra-
peritoneally (42) and through diet (43). Although the mechanisms are unclear, ALA 
inhibited synovial inflammation in both studies, as well as human osteoclast differentiation 
in vitro (42) and in mice in vivo (43).

Supporting a possible role for LPA/autotaxin axis in arthritis, inhibition of the LPA receptor 
inhibits development of disease in the K/BxN serum transfer model through effects 
on cartilage destruction and bone erosions, possibly through inhibition of osteoclast 
differentiation and activity and promotion of osteoblast differentiation (44). Similarly, 
mice lacking autotaxin in the mesenchymal cell compartment had less arthritis on a 
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hTNFα transgenic background, as well as in the CIA model of arthritis and this effect was 
likely mediated by LPA effects on synovial fibroblasts (25). Interestingly, preventive oral 
administration of LPC precursor PC to CIA mice also inhibited severity of CIA, possibly 
through inhibition of leukocyte-endothelium interactions and nitric oxide (NO) production 
(45). These data indicate that the PC/LPC/LPA metabolic pathway might represent a 
promising target for intervention in RA patients.

Association with clinical characteristics and intervention studies in OA
Two studies have measured phospholipids in both early OA and late OA patients, with 
early and late being defined by the Outerbridge classification scale. One of these studies 
assessed the difference in lipids between early (n = 17) and late OA (n = 13) and showed 
that concentrations of 66 phospholipid species were different between these stages and 
that total lipid content was higher in late OA compared to early OA (12). In addition, the 
PC/LPC ratio was higher in late OA then early OA, possibly indicating a higher activation 
of PLA2 in early compared to late disease. A metabolomic approach can also be used to 
classify OA patients based on their metabolite profile. Using this approach, it was found 
that especially levels of carnitines and its acyl esters acylcarnitines (involved in fatty acid 
metabolism) in knee SF, divided a group of 80 OA patients in two distinct groups (46). 
The group with lower acylcarnitine levels could be further divided into two subgroups 
based on their glycophospholipid and sphingomyelin(SM) levels. Although the groups 
were not correlated to any clinical OA characteristics, these data indicate that OA patients 
can be divided in metabolically distinct groups. An earlier study by Kosinska et al did 
correlate the levels of SM with relevant OA features (47). All measured SF SM species 
were 2.4-fold higher in early OA patients (n = 17) compared to controls and 2 fold higher 
in late (n =13) vs early OA patients. Early and late OA patients were classified using the 
Outerbridge score.

Most reports studying lipids and their association with clinical parameters have studied 
fatty acids, rather than phospholipids or other higher order lipids. To our best knowledge, 
only one study investigated the association of plasma fatty acid levels with clinical 
features in OA patients. This study measured fasting plasma levels of fatty acids in 472 
individuals, including OA patients, as well as individuals at risk of developing knee OA 
(48). N-3 fatty acids, in particular DHA, were inversely correlated with patellofemoral 
cartilage loss, but not tibiofemoral cartilage loss or synovitis at 30 months follow-up, 
suggesting a protective effect of this n-3 fatty acid on selected structural findings. The 
levels of the n-6 fatty acid AA, which is believed to be more pro-inflammatory, was 
positively correlated with synovitis. In line with this result, in another study in knee OA 
patients, the AA levels were found to correlate with histologic disease severity (49).
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While fish oil or n-3 PUFA supplementation has been intensively studied in RA patients, 
only a few intervention studies have been performed in OA patient groups. Most of 
these studies aimed at reducing pain. Fourty-seven patients with knee or hip OA taking 
1200 mg fish oil (total n-3 18% EPA and 12% DHA) a day for 12 weeks in a randomised 
trial, showed no improvement on either Visual Analogue Scale (VAS) for patient self-
assessment of pain or the Health Assessment Questionnaire (HAQ) for patient self-
assessment of activity (50). Also a double blind placebo controlled trial in 86 OA patients 
failed to detect any benefit from taking either 10 ml cod liver oil (786 mg EPA) or olive 
oil per day for 24 weeks, next to the regular intake of NSAIDs (51). In contrast, one 
study reported beneficial effects of fish oil in OA patients. A randomised, double-blind 
multicentre trial investigated the effect of a low dose of 0,45 grams of fish oil (18% EPA 
and 12% DHA) per day versus a high dose of 4,5 grams on pain and function scores 
in 202 knee OA patients after 2 years (52). Both groups benefitted from the treatment, 
although unexpectedly, the group receiving low-dose fish oil benefitted the most, with 
significantly lower pain scores (WOMAC index) at 18 and 24 months and better function 
limitation scores after 24 months. No beneficial effects were observed on cartilage 
volume or bone marrow lesions. It should be mentioned however, that the low-dose 
fish oil preparation also contained Sunola oil which includes n-9 monounsaturated oleic 
acid. Therefore, it is difficult to conclude whether the observed effects were due to the 
n-3 fatty acids alone (53).

Despite the unclear effects of n-3 PUFA on pain in humans, they were shown to reduce 
radiographic damage in mouse models of OA, both in spontaneous (54) and surgically-
induced models (55). Interestingly, their beneficial effect was correlated to a better 
wound-healing, while saturated fatty acids and n-6 fatty acids had opposite effects on 
OA severity and wound healing (55), suggesting the existence of common mechanisms 
involved in both processes. Moreover, it suggests a possible benefit of n-3 PUFA on 
structural damage, which still needs to be investigated in humans.

Effects on RA human tissues in vitro
Free fatty acids have been described in serum and SF of RA patients and they could 
affect joint tissues and immune cells involved in disease pathogenesis. Indeed, in 
vitro treatment of RA synovial fibroblast with free fatty acids induced pro-inflammatory 
cytokines IL-6, IL-8, MCP-1 and MMPs and this effect was independent of the length or 
saturation degree of the fatty acid, but variable between donors (56). For chondrocytes, 
lipids isolated from SF could inhibit chondrocyte proliferation (57), while saturated fatty 
acids induced IL-6 (56). Endothelial cells only responded to high concentrations of fatty 
acids such as palmitic acid and linoleic acid, but not oleic acid (56). Taken together, 
these data indicate that different cell types respond differently to individual fatty acids 
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and that combinations of fatty acids could have a different effect than the individual 
components. Moreover, free fatty acids and especially dietary fatty acids can potently 
influence bone metabolism through regulation of PGE2 and leukotrienes, stimulating bone 
resorption or prostaglandin-mediated regulation of IGF-1, a growth factor that stimulated 
bone formation (58). The role of these processes in bone metabolism in RA remain to 
be investigated.

Besides their effect on joint tissues, fatty acids also have immune modulatory effects. 
Effects of n-3 PUFA on cells derived from RA patients have been investigated, while much 
less attention has been given to other fatty acids. N-3 PUFA had an anti-inflammatory 
effect on cytokine secretion by monocytes derived from RA patients (59), while inhibiting 
formation of reactive oxygen species (60) and the AA-mediated induction of TNFRI and 
–II on RA neutrophils (61). Fatty acids can also affect T cell function (62) and B cells 
function (63), although the effects of fatty acid type, saturation and length, as well as the 
specific effects on T and B cells from RA patients remain to be addressed.

Some of the phospholipids found in serum or SF have been shown to affect joint tissues 
and cells thereby potentially contributing to RA. Among these, LPC and LPA have 
received special attention, as they were described to have potent immune modulatory 
effects (reviewed in (64)). For example LPA has been shown to induce COX2 expression 
in RA synovial fibroblasts, either alone or in combination with pro-inflammatory cytokines 
such as IL-1α or b (22), to induce their proliferation and enhance production of IL-6, 
VEGF, CCL 2 and MMP3, as well as expression of VCAM and migration (65). Although 
the effects of LPC on human RA tissues were not yet investigated, LPC was shown to 
induce COX2 expression in vascular endothelial cells (66) and macrophages (67), which 
would suggest a possible pro-inflammatory role of this lipid in RA.

Another product of autotaxin found in RA SF, S1P, was also shown to have effects on 
RA-derived tissues, including to stimulate proliferation of RA synovial fibroblasts (68) and 
enhancing COX2 and PGE2 production in synovial fibroblasts (68) and chondrocytes (69), 
or by decreasing aggrecan production by chondrocytes (69) and stimulating osteoblast 
differentiation (70).

Together, these data indicate a pro-inflammatory effect of the PC/LPC/LPA axis in RA.

Effects on OA human tissues in vitro
While intervention studies with fatty acid supplementation mainly focused on reducing 
pain in patients, the in vitro studies performed focused predominantly on the effects of 
fatty acids on OA tissues and the mechanisms underlying these effects. Chondrocytes 
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were most studied in this respect and they were usually stimulated with cytokines believed 
to have a prominent role in OA. Chondrocytes from knee cartilage explants of OA patients 
were shown to take up linoleic, oleic and palmitic acid, regardless of whether they were 
stimulated with TNF-α (71). Upon oleic acid exposure, TNF-α stimulated chondrocytes 
secrete less GAG and downregulate expression of MMP-1 and COX-2, indicative for an 
anti-inflammatory effect. Palmitic acid had similar effects on GAG release and MMP-1 
expression but did not affect PGE2 release or COX-2 expression. In contrast, AA precursor 
linoleic acid increased the release of PGE2 by TNF-α stimulated chondrocytes. These 
results suggest that local fatty acid concentrations can contribute to cartilage damage. In 
another study, the effect of palmitate and oleic acid on chondrocytes of OA patients was 
investigated in comparison to post-mortem control chondrocytes (72). The data indicated 
that IL-1β together with palmitate synergistically increased IL-6 and COX-2 expression, 
whereas oleic acid did not in both donor types, indicating a rather pro-inflammatory effect 
of palmitic acid. In addition, increased apoptotic cell death was observed in chondrocytes 
stimulated with both IL-1β and palmitate in the post-mortem cartilage. The contrasting 
effects of palmitic acid on chondrocytes in these two studies could be due to differences 
in stimulus used to mimic OA-related inflammation in chondrocytes.

Oxylipins

Association with clinical characteristics and intervention studies in RA
It is generally accepted that PGE2 contributes to the disease process in RA (14). This is 
primarily based on studies in mouse models of arthritis, as well as on intervention studies 
in humans. Deficiencies in enzymes involved in PGE2 generation, such as cPLA2 (73), 
COX-1 (74) and COX-2 (75) or mPGES-1 (76), as well as blockers of PGE2 receptors 
(77) were associated with diminished disease in mouse models of arthritis. Moreover, 
intervention studies using pharmacological inhibitors used also in humans indicated 
that PGE2 contributes to pain in antibody-induced models of arthritis, especially in the 
inflammatory phase of the disease (78,79). Taken together, these data indicate that 
PGE2 plays a role in this disease. Intriguingly, however, it was also suggested that PGE2 
has a dual role in arthritis, being pro-inflammatory in the induction phase, while also 
contributing to disease resolution, by inducing the pre-resolving lipid mediator LXA4 
during the later phases (80). LXA4 has been shown to have anti-inflammatory and pro-
resolving properties also in other murine arthritis models, such as zymosan-induced 
arthritis (81).

In humans, most evidence for a deleterious contribution of PGE2 to pain was obtained 
from studies investigating the effect of non-steroidal anti-inflammatory drugs (NSAIDS) 
in RA (reviewed in (82)). The involvement of PGE2 in inflammation in RA is less clear, 
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although some studies indicate that local administration of corticosteroids in knee RA 
diminishes also swelling besides pain and this is paralleled by a reduction in mPGES-1, 
COX-1 and COX-2 expression, as well as less PGE2 production (83). In line with this, 
randomized-control trials indicate that drugs aimed at blocking COX activity affect also 
the number of swollen joints (84). Because COX is involved in generation of several lipid 
species, including anti-inflammatory ones, such as PGJ2 or the pro-resolving E series 
resolvins, it would be highly interesting to test the clinical efficacy of inhibitors of mPGES 
or antagonists of PGE2 receptors, which would be expected to modulate more specifically 
PGE2-mediated effects.

Besides prostaglandins, leukotrienes, especially LTB4, could also play a role in RA. 
Serum levels of LTB4 were associated with higher disease activity (85), while SF levels 
of LTB4 were correlated with inflammatory markers (e.g. cellular infiltrate) in RA patients 
(86). However, one should be careful in interpreting these data, as 5S,12S-diHETE, a 
less active isomer of LTB4, was also described in SF of RA patients (11). These two 
lipids are difficult to distinguish with ELISA or HPLC techniques (own unpublished data). 
Evidence for a role of LTB4 in RA originates from murine studies, in which 5-LOX or LTA4H 
deficiency prevented development of antibody-induced arthritis and this could be restored 
by transfer of neutrophils capable of secreting LTB4, indicating a role for this lipid and 
neutrophils in this model (87). Similarly, absence of the LTB4 receptor BLT1, especially on 
neutrophils, also resulted in less arthritis in the K/BxN and CIA models (88,89). Data in 
RA patients are less clear. Zileuton, a 5-LOX inhibitor, did not decrease joint tenderness 
and pain after a four week treatment in patients with active RA. However, there was a 
nonsignificant decline in the number of joints effected (90).

Association with clinical characteristics and intervention studies in OA
Studies investigating the role of oxylipins in OA patients are scarce. In a recent study, 
plasma levels of PGE2 and 15-HETE, as well as TNF-α, IL-1β and COX-2 expression in 
peripheral blood leukocytes (PBL)were investigated in three separate cohorts of knee 
OA patients (28). Higher levels of plasma PGE2 and 15-HETE were associated with 
presence of knee OA, while higher expression of TNFα, IL-1b and COX-2 in PBL at 
baseline predicted more rapid progression of joint space narrowing (JSN) 24 months later.

In a recent systematic review, the efficacy of pharmacological interventions for knee 
OA was investigated (91). A hundred and thirty-seven randomized controlled trials 
were summarized. Treatments included COX inhibitors such as diclofenac, ibuprofen, 
naproxen, celecoxib. All treatments were more efficient than placebo in controlling pain, 
while intra-articular treatments were superior to oral treatments. Regarding function 
and stiffness, all treatments with COX inhibitors were more effective than oral placebo, 
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indicating a possible beneficial effect of these pharmacological agents in OA. Another 
enzyme involved in generation of lipid mediators is 5-LOX. The safety of a natural 
5-LOX inhibitor was evaluated in seventy-five OA patients (92). The inhibitor showed 
pain reduction in the treated group compared to placebo, however, effects on structural 
damage in patients remains to be defined.

A third approach is to inhibit both COX and 5-LOX enzymes, as several studies now 
showed that the dual COX/5-LOX inhibitor licofelone is equally effective in diminishing 
pain as the COX inhibitor naproxen, but has less gastrointestinal related adverse effects 
(93). Moreover, in one study with 355 OA patients, licofelone was more efficient than 
naproxen in reducing cartilage volume loss in the global joint and lateral compartment at 
6,12 and 24 months (94). However, the effects of this compound on OA structural damage 
compared to placebo was not yet investigated in humans. Nevertheless, 2 studies in OA 
models in dogs indicated less cartilage lesions and decreased levels of PGE2, LTB4, 
collagenase 1 and IL-1β in the joint in the treated group (95), as well as reduced size of 
cartilage lesions and development of osteophytes (96). These findings are supported 
by in vitro studies, in which IL-1b-treated chondrocytes displayed decreased MMP-13 
production upon treatment with Licofelone (97).

Effects on RA human tissues in vitro
Several studies investigated the effect of prostaglandins, especially PGE2, on tissues 
derived from RA patients. In line with what was observed in vivo, PGE2 can display both 
pro- and anti-inflammatory effects. PGE2 has been shown to upregulate IL-6 and mPGES 
in RA synovial fibroblasts (98,99), IL-6 in chondrocytes (100), while inhibiting RA fibroblast 
growth (101) and MMP-1 expression (JI 2009; 15:1328) as well as osteoclast development 
(101). Also on immune cells, PGE2 can have pro-inflammatory effects on dendritic cells, 
by inducing IL-23 production (102) and anti-inflammatory effects on monocytes and 
macrophages (103) by reducing the p40 subunit of IL-12 and IL-23. These data suggest 
that the inhibition of PGE2 in RA should be carefully considered. For 15-deoxy-PGJ2, 
predominantly anti-inflammatory effects were shown, such as downregulation of IL-6 (100) 
and induction of apoptosis in chondrocytes (104), as well as inhibition of TNFα-induced 
MMP-13 production in RA synovial fibroblasts (105).

In vitro studies indicate that leukotriene B4 has a pro-inflammatory effect on RA tissues. 
LTB4 induced TNFα and IL-1b in RA synovial fibroblasts (106) and was capable of inducing 
osteoclast differentiation (107).
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The effect of anti-inflammatory lipid mediators was much less studied. Intriguingly, one 
study indicated that 15-HETE, a derivative of 15-LOX, could upregulate MMP-2 in RA 
synovial fibroblasts (108), suggesting a possible pro-inflammatory role of this lipid in RA.

Effects on human tissues in vitro OA
Several studies investigated the effect of oxylipins on OA tissues in vitro. 15-LOX products 
as well as PGD (COX product) dose dependently decreased IL-1β induced MMP-1 and 
MMP-13 production by chondrocytes isolated from OA cartilage (109), suggesting a 
beneficial role for these lipids in OA. In contrast, the 5-LOX product LTB4 was shown to 
increase IL-1b secretion by OA synovial membranes (110), while increasing osteocalcin 
secretion by OA osteoblasts (111), indicating that LTB4 might contribute to inflammation 
and structural damage in OA patients.

PGE2 is the most studied oxylipin in the context of OA and has been shown to induce 
IL-6, VEGF and M-SCF production by human OA synovial fibroblasts (112) and to have 
deleterious effects on OA chondrocytes. On articular cartilage of OA patients, PGE2 
inhibits proteoglycan release, stimulated MMP-13 production and collagen type II 
breakdown via engagement of EP receptors. Blocking the EP4 receptor could inverse 
these effects, indicating it as potential therapeutic target, more specific than COX 
inhibitors (113). However, it was also shown that PGE2 at concentrations lower than 
found in SF, are important in maintaining normal chondrocyte phenotype (114). Taken 
together, these data indicate that future studies on PGE2 and its signalling pathways are 
needed to fully understand its contribution to OA.

Practice points
• Lipid mediators, such as prostaglandins and leukotrienes are increased in synovial 

fluid of both RA and OA patients
• Anti-inflammatory lipid mediators were detected in RA synovial fluid, indicating 

activation of regulatory mechanisms
• PGE2 can have both deleterious and beneficial effects
• COX is involved in pain perception in RA and OA
• Targeting COX and LOX enzymes can affect both pro- and anti-inflammatory/pro-

resolving lipid synthesis
• N-3 PUFA supplementation are suggested to have (small) beneficial effects, in RA 

patients

2
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Research agenda
• The effects of n-3 PUFA supplementation in RA and OA should be further investigated 

in high quality randomized controlled trials
• Therapeutical interventions aimed at inhibiting lipid mediator receptors rather than 

the enzymes involved in their generation should be studied in humans
• The effects of PGE2 in inflammation in RA need further investigation
• The involvement of COX and LOX enzymes and their lipid products in development 

or severity of OA needs further pre-clinical investigation
• The overall effect of anti-inflammatory/pro-resolving lipids on OA and RA tissue needs 

to be addressed

Summary

Fatty acids, phospholipids and oxylipids can be detected in RA and OA patients. Most 
evidence points towards the activation of the COX/PGE2 and autotaxin/LPA axes in 
RA, and the COX/PGE2 and LOX pathways in OA. Inhibition of the COX pathway is 
beneficial for pain in both diseases, while the effects of inhibition of the LOX pathway 
are unclear. Whether and how lipids generated by these two pathways are involved 
in structural damage and inflammation in these diseases is still under investigation. 
Moreover, research is needed on the role of anti-inflammatory (oxy)lipids in RA and OA.
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Summary

Objective: To investigate the presence of inflammation and resolution pathways in 
osteoarthritis (OA).

Design: Tissues were obtained from knee OA patients and control rheumatoid arthritis 
(RA) patients. Cells in synovial fluid (SF) were visualized by flow cytometry. Cytokines and 
chemokines were measured by multiplex assay. Lipid mediators (LMs) were determined 
by targeted lipidomics using liquid-chromatography mass spectrometry.

Results: SF of OA patients contained less cells, especially neutrophils, less cytokines 
and comparable levels of chemokines compared to RA controls.

Thirty-seven lipids were detected in the soluble fraction of SF, including polyunsaturated 
fatty acids (PUFAs) and their pro-inflammatory and pro-resolving lipoxygenase (LOX) and 
cyclooxygenase (COX) pathway markers in both OA and RA patients. Among these, pro-
inflammatory LM such as prostaglandin E2 and thromboxane B2, as well as precursors 
and pathway markers of resolution such as 17-HDHA and 18-HEPE were detected. 
Interestingly, the pro-resolving lipid RvD2 could also be detected, but only in the insoluble 
fraction (cells and undigested matrix). Ratios of metabolites to their precursors indicated a 
lower activity of 5-LOX and 15-LOX in OA compared to RA, with no apparent differences 
in COX-derived products . Interestingly, synovial tissue and SF cells could produce 5-LOX 
and 15-LOX metabolites, indicating these cells as possible source of LM.

Conclusions: By using a state-of-the-art technique, we show for the first time that 
resolution pathways are present in OA patients. A better understanding of these pathways 
could guide us to more effective therapeutic approaches to inhibit inflammation and 
further structural damage in OA and RA.

Keywords: osteoarthritis, rheumatoid arthritis, lipid mediators, resolution, inflammation

Volledig Binnenwerk_Hilde Brouwers_V03.indd   52Volledig Binnenwerk_Hilde Brouwers_V03.indd   52 27/06/2022   14:4327/06/2022   14:43



53

Targeted lipidomics reveals resolution pathways in osteoarthritis 

Introduction

Osteoarthritis (OA) is the most common form of arthritis, with a prevalence of more 
than 70% in the elderly population. Characteristic radiographic features of OA are 
cartilage degradation and the presence of osteophytes (bone spurs). It has recently 
become evident that synovitis is an accompanying feature of OA in a significant number 
of patients and that inflammation is an important player in OA (reviewed in (1) and (2)) 
as it is associated with pain, as well as radiographic progression. The association 
with radiographic progression seems to be even stronger in patients with persistent 
inflammation (3). The reason for persistent inflammation in some patients is unclear, 
but one intriguing possibility is that the essential resolution pathways are incompletely/
not activated.

Inflammation is usually a self-resolving process initiated as a response to danger signals. 
This response is tightly regulated and involves the concerted and timely action of several 
molecular and cellular players. Extensive studies of acute inflammation in a model of 
self-resolving inflammation in mice indicated that the initial phases of inflammation are 
characterized by neutrophil recruitment, followed by macrophage accumulation during 
the resolution process (4, 5).

At the molecular level, cytokines and lipids are involved in regulating inflammation. 
Pro-inflammatory mediators, such as cytokines, chemokines and eicosanoids (e.g. 
prostaglandins and leukotrienes), a class of lipid mediators (LMs) derived from arachidonic 
acid (AA), are released during the initial phases of inflammation, driving recruitment and 
activation of immune cells (4). Resolution of inflammation has been shown to be an 
active process originating early in inflammation, being driven by anti-inflammatory and 
pro-resolving mediators (6-8). Among these, several families of specialized pro-resolving 
mediators (SPMs) have been identified (lipoxins, resolvins, protectins and maresins) 
that can induce resolution of inflammation in murine acute inflammatory models (9-11). 
Moreover, they appear to be regulated during the disease course in asthma, Alzheimer’s 
disease (12-14), multiple sclerosis (15), cystic fibrosis (16), as well as ulcerative colitis 
patients (17), indicating a possible role for SPMs in regulating inflammation in human 
disease.

The SPMs known to date are synthesized enzymatically through lipoxygenase (LOX), 
cyclooxygenase (COX), or cytochrome P450 (CYP) pathways from polyunsaturated 
fatty acids (PUFAs) such as AA, docosahexaenoic acid (DHA), or eicosapentaenoic 
acid (EPA), mostly through transcellular processes involving different types of cells (18, 
19). More recently, other mechanisms such as microparticle uptake, phagocytosis and 
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sequential stimulation with different stimuli have been implicated in the generation of 
SPMs (20, 21).

In contrast to cytokines and chemokines, the presence of bioactive (oxy)lipids has only 
scarcely been investigated in OA. The available studies indicated the presence of the 
15-LOX product 15-HETE and the COX product prostaglandin E2 (PGE2) in plasma and 
these appeared to be higher in OA patients than healthy controls (22). Similarly, the 
5-LOX product leukotriene B4 (LTB4) was described in synovial fluid (SF) of OA patients 
(23), as well as PGF2α, the non-enzymatically made 8-iso-PGF2α, and the deactivation 
product 15-keto-13,14-dihydro-PGF2α in both SF and plasma (24). Both LTB4 and PGE2 
have been shown to be secreted by OA synovial explants (25). Interestingly, 5-LOX and 
15-LOX have been shown to be present in the OA synovium, however most of their LM 
products were not yet studied in detail (26). Specifically, the presence of LMs associated 
with resolution of inflammation, SPMs or their precursors, has not yet been investigated in 
OA, despite the important role inflammation plays in the progression of structural damage.

The aim of this study was to investigate the activation of resolution in OA by studying the 
presence of bioactive lipids associated with resolution pathways in SF of OA patients. 
To this end, we employed a state-of-the-art targeted lipidomics approach to detect 
SPMs and their precursors in end-stage knee OA patients. Moreover, we extensively 
characterized inflammatory cells, cytokines and chemokines in SF and compared the 
results to rheumatoid arthritis (RA), as a control chronic inflammatory disease.

Materials and methods

Chemicals and materials
Listing of chemicals and other materials can be found in Supplementary Materials and 
Methods.

Patients and tissue sample collection
SF and synovial tissues from knee OA and RA patients were obtained as anonymized 
leftover material from patients undergoing knee arthroscopy at the department of 
Rheumatology or undergoing knee-replacement surgery at the departments of 
Orthopaedic surgery in the LUMC or Alrijne hospital in Leiden, performed for standard 
clinical care. Diagnosis in all patients was established by the treating physician. Age, 
gender, and BMI are reported in suppl. Table 1. This procedure was approved by the local 
ethical committee. SF samples were treated as described below and in Supplementary 
Fig. 1 and were stored at -80° until analysis. The average time to analysis was 7 months 
(range: 1 day – 19 months).
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Isolation of soluble and insoluble fraction of SF
One mL synovial fluid was treated with hyaluronidase, followed by centrifugation at 
931 ×g for 10 min. as described in Suppl. Fig.1. The supernatant (soluble fraction) was 
removed and the pellet (insoluble fraction) was resuspended in 1 mL water. Proteins 
were precipitated from both soluble and insoluble fractions with 3 mL methanol (MeOH) 
(3184 ×g for 15 min at 4 °C). The MeOH supernatant was removed, the protein pellet 
washed again with 1 mL MeOH and internal standard (IS) was added (LTB4-d4, 15(S)-
HETE-d8 and PGE2-d4, 150 pg each and DHA-d5 1500 pg). Next, the sample was spun 
again before combining the MeOH supernatants. After drying down the MeOH, diluting 
it with water and acidifying, the samples were loaded on 3 mL 500 mg Bond Elut C-18 
solid-phase extraction (SPE) columns (Agilent Technologies Santa Clara, CA, USA) as 
described in the legend of Suppl. Fig.1 and lipids were analyzed as described below.

Lipid analysis
Targeted lipidomics analysis of the SF was carried out after solid phase extraction 
(SPE) as previously described (27) with some modifications (Suppl. Fig. 1). Liquid 
chromatography combined with mass spectrometry (LC-MS/MS) analysis was carried 
out as previously published (28) with some modifications (Suppl. Materials and Methods).

Synovial tissue cells
Synovial tissue cells (synoviocytes) were isolated from fresh synovial tissue digested 
for 1.5 hours with 1 mg/mL collagenase type 2 (Worthington biochemical corporation, 
Lakewood, NJ, USA) in serum free IMDM medium (Lonza, Basel, Switzerland). Digested 
tissue was filtered over a 70 µm cell strainer (Falcon, Corning Incorporated, Life Sciences, 
Durham, NC, USA) to obtain the cells present in synovium. The cells were washed 3 
times with serum free IMDM medium before use.

Stimulation of synovial fluid cells and synoviocytes
Both SF cells (SFC) and synoviocytes were first filtered over a 70 µm cell strainer (Falcon, 
Corning Incorporated, Life Sciences, Durham, NC, USA), then isolated cells suspended 
in PBS with calcium and magnesium (PBS (+/+), Sigma Aldrich, Steinheim, Germany) 
were stimulated with 4 µM calcium ionophore A23187 (Sigma, Saint Louis, MO, USA) 
or vehicle control for 10 min. For LPS stimulation experiments, SFC and synoviocytes 
were suspended in PBS (+/+) containing 0,1% fatty acid free BSA (Sigma, Saint Louis, 
MO, USA) and stimulated with 10 ng/mL LPS (Sigma, Saint Louis, MO, USA) for 72 
hours. Next, proteins were precipitated by adding 3 volumes of MeOH and IS (0.75 
ng/mL final concentration). Samples were stored under argon at -80 °C until analysis. 
Before LC/MS-MS analysis, samples were centrifuged at 16,100 ×g for 10 min at 4 °C 
and supernatants diluted 1:1 with water. Precipitated protein was quantified using a 
Micro BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA). The amount of 
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protein per sample varied between 1 µg and 15 µg for SFC and between 5 µg and 34 µg 
for synoviocytes. LM Lipid analysis was performed as described in the Suppl. Materials 
and Methods.

Cytokine and FACS analysis
Cytokine and FACS analysis were performed as described in the Suppl. Materials and 
Methods.

Data analysis and statistics
LC-MS/MS peaks were integrated with manual supervision and area corrected to 
corresponding IS with MultiQuant™ 2.1 (Sciex, MA, USA). When possible, lipids were 
quantified based on a calibration line. Values were normalized to the amount of SF 
from which they originated (presented as ng lipid/mL SF) or to the amount of protein 
present in the samples as surrogate for cell numbers (presented as area ratio/mg protein). 
Paired samples were compared by a 2-tailed Spearman’s correlation (SPSS Statistics 
for Windows, IBM Corp, Armonk, NY USA) and analytes with p-values < 0.05 were used 
in further analyses.

Differences between the two batches of SF, and differences between OA and RA groups 
for cell numbers, cytokine concentrations, and lipid concentrations were assessed 
using Mann-Whitney signed rank tests with Bonferroni corrections (GraphPad Prism 6, 
GraphPad Software, La Jolla California USA). All p-values indicated in the figure legends 
are Bonferroni corrected. Uncorrected p-values for lipids can be found in Suppl. Table 2.

Results

Inflammatory cells and cytokines in SF
To assess the inflammatory state of the patients, FACS analysis of SFC was performed 
on samples from 11 OA patients and 12 RA patients. The number of inflammatory cells 
was low in most OA samples (Fig.1A). Neutrophils, monocytes and T cells were present in 
comparable numbers, while the number of B cells was very low. Interestingly, a relatively 
large percentage of cells could not be attributed to these populations and remains to be 
determined (Fig.1B, top). The RA samples contained higher cell numbers and neutrophils 
were predominant, while monocytes, T cells and B cells were present in percentages 
comparable to those in the OA samples (Fig.1B, bottom).

Both pro- and anti-inflammatory cytokines were detectable in the 30 OA patients and 
15 RA patients we analyzed, but had lower levels in OA samples (Fig.1C), compared to 
RA samples. Most cytokines correlated well with total cell numbers (data not shown). All 
measured chemokines were similar in OA and RA (Fig. 1D).
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Figure 1. Inflammatory cells and cytokines in SF. A, Quantification of inflammatory cells in OA 
(n = 11, circles) and RA (n = 12, squares) samples. B, Percentages of different cell populations in 
SF of OA (top) and RA (bottom) are shown. Each dot represents one patient. Medians are depicted. 
Quantification of SF cytokines (C) and chemokines (D) in OA (n = 30) and RA (n = 15) samples. 
Medians with interquartile range are indicated. Whiskers indicate the minimum and maximum 
concentrations. Groups were compared using Mann-Whitney signed rank tests. *: p< 0.002

Targeted lipidomics analysis
With the LC-MS/MS platform used in this study, we can detect 60 analytes (Suppl. Table 
2), including SPMs, such as for example resolvin E2 (RvE2) in whole blood supplemented 
with EPA (28) or RvD2 spiked into SF before hyaluronidase treatment (data not shown). 
Of these analytes, 37 were detected in at least one of the SPE worked-up samples 
(Suppl. Table 2). Concentrations in OA samples that were hyaluronidase-treated before 
storage were compared to samples treated after storage for several analytes (data 
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not shown) and as no systematic differences were found, the batches were combined 
and further analyzed as one. SPE precipitation after storage was compared to MeOH 
precipitation immediately upon collection in 20 randomly selected samples with rheumatic 
diseases (OA, RA and others) (29). For 28 of the 37 detected analytes, the concentrations 
determined by the two methods correlated well (Suppl. Table 2). Further analysis was 
restricted to these 28 analytes, which were determined upon SPE treatment in 24 OA 
and 10 RA samples.

Lipid mediators derived from w-6 and w-3 PUFA
Levels of PUFAs and oxylipids in both OA and RA samples are depicted in Fig. 2, Fig 3, 
and Suppl. Fig. 2. The analyte concentration in each patient group is depicted in Suppl. 
Table 2. Seven PUFAs were detected in SF of OA patients: the w-6 FAs, AA, adrenic 
acid (AdA) and linoleic acid (LA), and the w-3 FAs, EPA, DHA, docosapentaenoic acid 
(DPAn-3) and alpha-linolenic acid (ALA)/gamma-linolenic acid (GLA). Moreover, oxidized 
products (both enzymatic and non-enzymatic) of these PUFAs were detected, including 
COX-1/2 and 12-LOX products of AA and 5- and 15-LOX products of multiple PUFAs. 
These included the precursors of SPMs: 15-HETE (precursor of lipoxin A4), 17-HDHA 
(precursor of D series resolvins) and 18-HEPE (precursor of E series resolvins). LTB4, 
6-trans-LTB4, and 20-OH-LTB4 were low to undetectable in the OA samples. In general, 
the metabolites detected in OA were present at comparable levels in the RA samples, 
except the 5- and 15-LOX products of AA: 15-HETE, 6-trans-LTB4, and 20-OH- LTB4 
(Fig. 2), and the 15-LOX metabolite of adrenic acid (AdA), 17-HDoTE (Fig.3), which were 
higher in RA than OA samples. None of the SPMs that can be measured with our platform 
(see Suppl. Table 2) could be detected in any of the samples.

Enzymatic pathways
The presence of a certain oxylipid is dependent on both the availability of its precursor 
and the activity of the enzyme involved in its generation. To assess the relative presence 
of certain enzymatic pathways in OA compared to RA patients, we established the 
ratios of oxylipids to their respective PUFA precursor. These ratios indicated that five 
metabolites of AA, one of DHA, and one of AdA, are less efficiently generated in OA than 
in RA (Fig. 4A and B and data not shown for 20-OH-LTB4). Of these, four are generated 
via the 5-LOX pathway (Fig. 4A and 20-OH-LTB4) and three via the 15-LOX pathway 
(Fig. 4B). These metabolites included the SPM precursors 15-HETE and 17-HDHA. 
No differences were found in metabolites generated via the COX-driven pathway (Fig. 
4C), or the activity of leukotriene A4 hydrolase (LTA4H), assessed indirectly by using 
the concentration ratio of LTB4 to 5-HETE (Fig. 4D). These data are interesting, as they 
indicate that the 5-LOX and 15-LOX pathways are less activated in OA than in RA, while 
other enzymatic pathways are similar.
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< Figure 4. A, Concentrations ratios of 5-LOX products, 5-HETE, LTB4, and 6-trans-LTB4 to their 
precursor AA. B, Concentration ratios of 15-LOX products 15-HETE to AA, 17-HDHA to DHA and 
corrected area ratio of 17-HDoTE to AdA. C, Concentration ratios of COX products PGE2 and TXB2 
to AA. D, Concentration ratio of 5-LOX products LTB4 and 5-HETE. Each dot represents one patient 
(24 OA and 10 RA). Medians are depicted. Groups were compared using Mann-Whitney signed 
ranked tests. *: p < 0.05, **: p < 0.01. AA: arachidonic acid, DHA: docosahexaenoic acid, AdA: 
adrenic acid, HETE: hydroxyeicosatetraenoic acid, HDHA: hydroxydocosahexaenoic acid, HDoTE: 
hydroxydocosatetraenoic acid, LTB4: leukotriene B4, PGE2: prostaglandin E2, TXB2: thromboxane B2.

Bioactive lipid mediators and their precursors/pathway markers in OA joint cells
To assess which cells present in the knee joint could be responsible for the production 
of the oxylipids detected in OA SF, we isolated synoviocytes and SFC from OA patients. 
These were studied either unstimulated, directly ex vivo or after 3 days of culture, or 
after stimulation (Fig.5 and suppl. Fig. 3). Calcium ionophore stimulation was used as 
a potent activator of cPLA2 and subsequent bioactive lipid mediator synthesis (20, 30, 
31), while LPS was used as a model TLR4 stimulus, as TLR4 is believed to mediate 
activation of synovial cells in OA through binding of extracellular matrix breakdown 
products (32). The unstimulated synoviocytes contained detectable levels of AA, EPA 
and DHA, as well as AA 5-LOX derivatives 5-HETE and LTB4, and 15-LOX derivative 
15-HETE indicating presence of activated 5-LOX and 15-LOX in these cells (Fig. 5A, 
“-“). In contrast, these lipids were only detectable in a part of the patients in SFC (Fig. 
5B, “-“). Remarkably, LTB4 could not be detected in SFC samples, while it was detectable 
in synoviocytes of all patients (Fig. 5A, B, “-“). After 3 days of culture, synoviocytes 
additionally contained detectable levels of the SPM precursors 17-HDHA and 18-HEPE, 
while these metabolites were undetectable in all SFC samples (Fig. 5C, D, “-“). Upon 
calcium ionophore stimulation, increased levels of AA, EPA, DHA, 5-HETE, 15-HETE, 
and LTB4 (Fig. 5A, “+”) were observed in synoviocytes of all patients. A similar trend was 
observed for SFC after calcium ionophore stimulation for AA, 5-HETE and LTB4, although 
the data is likely underpowered to reach significance (Fig. 5B, “+”). LPS stimulation over 3 
days had overall low effects and resulted in a significant, albeit small increase in EPA and 
15-HETE in synoviocytes (Fig. 5C, “+”). Neither RvD2, nor other SPMs could be detected 
in either stimulated or unstimulated cells. These data indicate that both synoviocytes and 
SFC could contribute to the lipid mediator profile observed in SF of OA patients.

Lipid mediators in soluble and insoluble fraction of synovial fluid
Our data indicate the activation of resolution pathways in OA and RA. Because we did 
not detect the final pro-resolving lipids, we questioned whether this could be due to 
the isolation procedure. To investigate this possibility, we did a crude fractionation of 
five OA SF samples, in which we treated SF with hyaluronidase and then separated 
the supernatant (the soluble fraction) from the pellet (the insoluble fraction) (Fig. 6 and 
Suppl. Fig. 4).
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Figure 5. Protein corrected levels of PUFAs and oxylipids in calcium ionophore stimulated (“+”) and 
unstimulated (“-”) synoviocytes from nine patients (A) and synovial fluid cells (SFCs) from seven 
patients (B) . Areas corrected to IS of PUFAs and oxylipids in LPS stimulated (“+”) and unstimulated 
(“-”) synoviocytes from nine patients (C) and synovial fluid cells (SFCs) from seven patients (D). 
Samples were compared using Wilcoxon matched-pairs signed rank test. *indicates significant 
differences after Bonferroni correction (P < 0.0042).

Consistent with the results in Fig. 2, Fig. 3, and Suppl. Fig. 2, we detected PUFAs, the 
monohydroxylated precursors of the SPMs like 15-HETE and 17-HDHA, as well as pro-
inflammatory LMs such as PGE2 and TXB2 in the soluble fraction of all patients (Fig. 6 and 
data not shown). In the insoluble fraction, these analytes were also detectable in most 
patients (Fig. 6 and data not shown). Remarkably, although no SPMs could be detected 
in the soluble fraction, RvD2, a SPM derived from 17-HDHA, could be detected in the 
insoluble fraction in four out of five samples (Fig. 6 and Suppl. Fig. 4), indicating that the 
complete resolution pathway is activated in OA and is detectable in the joint.

3
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Figure 6. Both supernatant and insoluble fraction of OA SF samples were worked-up with SPE as 
described in Materials and Methods. Areas corrected to IS area (AU) are shown for DHA (A), its 
metabolites 17-HDHA (B) and RvD2 (C) in both the soluble (black) and insoluble (gray) fractions 
of the SF for five patients (P1-5). Samples were measured in 2 batches (presented left and right).

Discussion

In this study, we have characterized the inflammation present in the OA knee joint, by 
identifying inflammatory cells, cytokines, chemokines, PUFAs and oxylipids present in SF 
and comparing them to SF from RA patients (control). Our data indicate that inflammation 
is qualitatively and quantitatively different in OA compared to RA, being characterized by 
a lower inflammatory load (cells and cytokines), in agreement with previously published 
data (33). Moreover, by investigating the presence of SPMs and their precursors, as 
biomarkers of resolution, we found that resolution pathways are activated in OA, as well 
as RA. Remarkably, the SPM precursors are present in the fluid phase of synovial fluid, 
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while SPMs are detectable only in the insoluble fraction. Additionally, the enzymatic 
pathways involved in inflammation and its resolution seem to be less activated in OA than 
in RA. Finally, our data suggest that metabolites generated by these enzymatic pathways 
can be produced by OA synoviocytes and SFC.

Our data are in line with previous reports, indicating that SF of OA patients contains less 
inflammatory cells than of RA patients. Moreover, the composition of the cellular infiltrate 
was also different in these diseases, with OA SF containing relatively less infiltrating 
neutrophils than RA SF, but comparable percentages of monocytes, T cells and B cells. 
While GRO levels are similar in OA and RA, other neutrophil chemoattractants, such as 
IL-8 and LTB4, which are lower in OA than RA, could account for the observed differences 
in the neutrophil population.

We have detected several pro- and anti-inflammatory cytokines, as well as pro- and anti-
inflammatory LMs in SF of OA and RA. The inflammatory cell infiltrate correlated with 
the detected cytokine levels, suggesting that inflammatory cells in SF have a significant 
contribution to the production of these cytokines. In contrast, chemokine and most lipid 
levels were not different between OA and RA, despite differences in infiltrating cells 
numbers.

Interestingly, synovial cells (synoviocytes) and, to a lesser extent, SFC contained 
detectable levels of free fatty acids and derivatives even in the absence of extra 
stimulation, indicating them as a possible source of pro-inflammatory oxylipids, as well as 
SPM precursors in the joint. Moreover, synoviocytes and SFC were able to produce AA-
derived oxylipids upon activation with calcium ionophore. Although the stimulus driving 
inflammation in OA is still unclear, there are indications that TLR4 could play a role in 
the disease by binding extracellular matrix breakdown products. Our data suggest a dual 
function for this receptor, both in the induction of inflammation and its resolution since 
TLR4 stimulation enhanced LXA4 precursor 15-HETE production in synoviocytes. The 
temporal relationship between these functions remains to be elucidated. Moreover, in 
contrast to a previously published study (34), we could not detect LXA4 upon stimulation 
of synoviocytes. The discrepancy could be explained by differences in experimental 
set-up, as the previous study has used synovial tissue explants, while we used isolated 
cells in order to minimize variations in cell number and composition inherent to explants. 
Moreover, the previous study has detected LXA4 by ELISA, while we used a more specific 
targeted lipidomics approach based on LC-MS/MS.

As SPMs and their precursors are biomarkers of resolution pathways, our data indicate 
that the resolution pathways are activated in OA. Intriguingly, however, although the SPM 

3
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precursors were readily detectable in the soluble fraction of SF, only one SPM could be 
found, and only in the insoluble fraction containing cells and undigested tissue matrix. 
While the mechanisms underlying this dichotomy are still unclear, it is possible that other 
SPMs are either present only in low amounts in the SF volume that we tested, falling 
below our detection limit, or that they are short-lived. In either case, their association with 
the insoluble fraction could imply a short range of action around the cells that secrete 
them. Future studies are needed to address these possibilities. Likewise, the possible 
role for RvD2 in OA needs to be further studied. Previous data have indicated that RvD2 
could attenuate pain in a fibromyalgia model (35) and in a model of inflammatory pain 
(36) in mice. Therefore, it is conceivable that the presence of RvD2 could be associated 
with less joint pain, which is a predominant feature of OA. However, due to lack of data 
regarding pain, we could not investigate this in our cohort. Likewise, 17-HDHA has been 
previously shown to reduce pain and tissue damage in a rat arthritis model (37), while 
18-HEPE could reduce IL-6 production in cardiac fibroblasts (38). Whether these lipids 
also have an effect on cells/tissues involved in OA is yet unknown, but one could imagine 
that their described functions could be beneficial for OA.

However, despite the presence of RvD2, 17-HDHA and 18-HETE in SF, there is substantial 
inflammation still present in these patients, indicating that although resolution pathways 
are activated, they are probably incomplete or suboptimal in OA and RA. Moreover, they 
fail to counteract the pain and tissue destruction characteristics for these diseases. Likely 
explanations for this are that the LMs detected in SF might not be able to outcompete 
the inflammatory signals present in the joint of these patients or might not interfere with 
all pathways involved in the disease.

In contrast to our previous study (27) and a more recent study (39), we did not detect 
any SPMs in SF of RA patients. This could be due to differences in SF fluid volume 
and handling, as our previous samples were not treated with hyaluronidase and 
could therefore still have contained cells or other insoluble parts before storage and 
measurement. Additionally, different therapeutic treatments could influence the lipid 
profiles of the patients and could explain differences between cohorts.

A limited number of studies have previously shown the presence of 5- and 15-LOX in 
OA synovium, and have indicated in line with our findings, that the expression of these 
enzymes is lower in OA compared to RA synovium. However, our study now shows that 
lipids generated by these enzymes are present in SF of OA patients and detectable in 
synovial cells and to a lesser extent in SF cells, indicating that these enzymes are active 
in the OA synovium.
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The (oxy)lipid profiles detected in RA SF were similar to the ones found in OA. Despite 
the higher inflammatory load present in the RA samples, the efficiency of the generation 
of (pro-) inflammatory LMs via the COX seemed similar in OA and RA. Together, these 
data suggest that SF inflammatory cells do not significantly add to the levels of these 
COX-derived LMs in SF in either disease.

In contrast, oxylipids that were different between OA and RA are generated via 5-LOX or 
15-LOX pathways, suggesting a lower activity of these enzymes in OA compared to RA. 
This is also supported by differences in ratio between 5- or 15-LOX products and their 
PUFA precursors. Lower levels of LTB4/AA in OA samples than RA could, in addition to 
decreased 5-LOX activity, also indicate a lower expression/activity of LTA4H. However, 
the ratio of LTB4 to its pathway marker 5-HETE is not different between the two groups, 
indicating that the LTA4H activity is likely not different in the two patient groups. This is 
additionally supported by higher levels of the non-enzymatic LTA4-derived 6-trans-LTB4 
in RA.

In conclusion, we have shown that knee SF of OA patients contains several inflammatory 
cells, as well as pro- and anti-inflammatory cytokines and oxylipids. In comparison to OA 
patients, the inflammatory load is higher in RA, with predominantly neutrophil infiltrate, 
which is accompanied by higher concentrations of cytokines and a higher activity of 
5- and 15-LOX enzymes. By using a state-of-the-art technique, we now show for the 
first time that resolution pathways are present in OA patients. A better understanding of 
these pathways could guide us to a novel and effective therapeutic approach to inhibit 
inflammation and further structural damage in inflammatory joint disease as OA and RA.
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Supplementary materials and methods

Chemicals and Materials
Hyaluronidase from bovine testes was from Sigma Aldrich (Schnelldorf, Germany) 
Phosphate buffered saline without calcium and magnesium 10× (PBS (-/-)) was from 
Life Technologies (Carlsbad, CA, USA). For LM analysis LC-MS grade methanol (MeOH), 
glacial acetic acid pro analysi (p.a.), LC-MS grade water, hydrochloric acid, and methyl 
formate were from Sigma Aldrich (Schnelldorf, Germany). Ethanol p.a. was from Merck 
(Darmstadt, Germany). All substances used as standards were from Cayman Chemicals 
(Ann Arbor, MI, USA), except RvE1, RvE2 18S-RvE3 and 18R-RvE3 (kind gifts from Dr. 
Makoto Arita, Tokyo, Japan), and 17-hydroxydocosatetraenoic acid (17-HDoTE) which was 
made in-house (see Production of 17-HDoTE below). Sample tubes (1.5mL) were from 
Eppendorf (Hamburg, Germany) and glass vials were from Corning Inc. (Corning, NY, 
USA) and Fisher Scientific (Hampton, NH, USA). C18 solid phase extraction cartridges 
were either from Waters (Boston, MA, USA), Sep-Pak C18, 200 mg, 3 mL; or Agilent 
Technologies (Santa Clara, CA, USA), Bond Elut C18, 500 mg, 3mL. Autosampler vials, 
caps and inserts were from Agilent Technologies (Waldbronn, Germany). The internal 
standard (IS) solution used for targeted lipid analysis consisted of LTB4-d4, 15(S)-
HETE-d8, PGE2-d4 and DHA-d5, in MeOH.

Cytokine analysis
After hyaluronidase treatment, 70 µL SF was centrifuged over a 0.5 mL Costar spin-X 
column (Corning inc., Corning, NY, USA) at 13,400 ×g for 5 min. Sixteen cytokines/
chemokines were determined using the Milliplex MAP Human Cytokine/chemokine kit 
(EMD Millipore Merck, Darmstadt, Germany), according to the manufacturer’s instructions. 
Samples were measured on the Bio-Plex 200 system (Bio-Rad) and analysis was done 
using Bio-plex Manager 6.0 Software (Bio-Rad).

FACS analysis
SFC were stained with a mixture of CD3-AF700 (clone UCHT1), CD19-APC-Cy7 (clone 
SJ25C1), CD14-FITC (clone M5E2), CD15-APC (clone HI98) and CD16-PE (clone B73.1) 
(BD Pharmingen,San Diego, CA, USA) for 30 min. at 4 °C. Dead cells were excluded 
using DAPI (Molecular Probes, Eugene, OR, USA). The number of SFC was calculated 
using Flow-Count fluorospheres (Beckman Coulter, Brea, CA, USA). Samples were 
measured on a LSRFortessa (BD Biosciences, San Jose, CA, USA) and analyzed with 
FACSDiva software (BD Biosciences).
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Targeted lipid analysis
Briefly: Lipid analysis was achieved using a QTrap 6500 mass spectrometer in negative 
ESI mode (Sciex, Nieuwerkerk aan den Ijssel, The Netherlands), coupled to a LC system 
employing two LC-30AD pumps, a SIL-30AC autosampler, and a CTO-20AC column 
oven. (Shimadzu, ’s-Hertogenbosch, The Netherlands). The employed column was a 
Kinetex C18 50 × 2.1 mm, 1.7 µm, protected with a C8 precolumn (Phenomenex, Utrecht, 
The Netherlands), kept at 50 °C. The following binary gradient of water (A) and MeOH 
(B) with 0.01% acetic acid was used: 0 min 30% B, held for 1 min, then ramped to 45% 
at 1.1 min, to 53.5% at 2 min, to 55.5% at 4 min, to 90% at 7 min, and to 100% B at 7.1 
min, held for 1.9 min. The injection volume was 40 µL and the flow rate 400 µL/min. The 
MS was operated under the same conditions as in (1). In addition to the mass transition 
used for each analyte (See Supplementary Table 2), relative retention times (RRT) were 
used for identification. For quantification calibration lines, made with standard material 
for each analyte (see Suppl. Table 2 for range), were used and only peaks with a signal 
to noise (S/N) > 10 were quantified. For analytes where no calibration line was used, 
area ratios were used and S/N > 3 was used as a detection limit. The LC-MS/MS method 
used does not discriminate between alpha-linolenic acid (ALA) and gamma-linolenic acid 
(GLA), and therefore the detected fatty acid(s) is listed as ALA/GLA.

Production of 17-HDoTE
To 5 glass tubes containing 1 mg AdA were added 5 mL 0.15 M Tris buffer (pH 9.0). The 
samples were sonicated for one minute and subsequently bubbled for one minute with 
99.90% oxygen. 150 µL of 157,000 units/mL soybean 15-LOX (Cayman Chemicals, Ann 
Arbor, MI, USA) was added to each sample and the reaction was quenched with 5 mL 
methanol after 10 min incubation. Hydroperoxides were reduced by addition of 30 µL 
SnCl2 (160 mg/ml). After 5 min incubation, samples were centrifuged at 3184 ×g for 10 
min. The supernatant was decanted and acidified with 200 µL formic acid. All samples 
were transferred into a separation funnel. 3 mL chloroform was added and mixed, 
and the lower organic phase was collected. This step was repeated twice. Anhydrous 
sodium sulfate was added to the combined organic extracts. The dried organic layer was 
decanted and the tube washed with a small amount of chloroform which was decanted 
likewise. After drying the sample under a stream of N2, the residue was taken up in 1 mL 
methanol and stored at -20 °C before fractionation using LC-UV analysis.

Fractionation using LC-UV
To isolate the main monohydroxylated product of AdA by 15-LOX incubation, liquid 
chromatography-ultra violet spectroscopy (LC-UV) was used. The LC-UV fractionation 
was carried out on a Dionex Ultimate 3000 HPLC system interfaced with a Dionex RS 
Diode Array Detector. HPLC was performed using an eclipse plus 1.8 µm C18 column 

3
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(Agilent, 50 × 4.6 mm). The column oven was set to 50 °C and the injection-volume was 
20 µL. The mobile phase consisted of solvent A, water containing 0.01% acetic acid, and 
solvent B, methanol containing 0.01% acetic acid. The flow rate was constant at 0.50 mL/
min. For the isolation of the 15-LOX reaction products the system was operated under 
isocratic conditions of 90% B for 3.5 min. The eluent between 2.00 and 2.37 min was 
collected and dried with N2 and the residue was dissolved in MeOH and stored at -20 °C.

Product analysis using LC-MS/MS
Reaction product analysis was executed on a Dionex Ultimate 3000 HPLC instrument 
interfaced with a Sciex QTrap 6500. HPLC was performed using a kinetex 1.7 µm C18 
column (Phenomenx, 50 × 2.1 mm) and the column oven was set at 50 °C. The injection 
volume was 20 µL. The mobile phase consisted of solvent A and solvent B as described 
for LC-UV. The system was operated using gradient elution. Solvent B increased linearly 
from 40% to 85% in 10 min and from 10.1 until 13 min to 100% B and kept constant for 0.5 
min. The flow rate was 250 µL/min. The tandem mass spectrometry analysis (MS/MS) 
was performed using electrospray ionization in the negative ion mode. Precursor ions 
(MS1) were selected between 300 and 400 Da. Enhanced product ions (EPI) included 
m/z 379.1, 363.2 and 347.0 for generation of product ion spectra.

NMR analysis
890 µg 17-HDoTE was dissolved in CDCl3 for nuclear magnetic resonance (NMR) data 
acquisition. The NMR spectra were recorded on a Bruker Avance II spectrometer (Bruker 
BioSpin, Karlsruhe, Germany) operating at frequencies of 600.13 MHz (1H) and 150.92 
MHz (13C). The 1H NMR chemical shifts were referenced to the signal of CHCl3 (7.26 ppm), 
while the 13C NMR chemical shifts were referenced to the signal of CDCl3 (77.36 ppm).

1. Jónasdóttir H, Ioan-Facsinay A, Kwekkeboom J, Brouwers H, Zuurmond A-M, Toes R, 
et al. An advanced LC–MS/MS platform for the analysis of specialized pro-resolving 
lipid mediators. Chromatographia. 2015; 78: 391-401.
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Supplementary data
Patient characteristics FACS Cytokines SPE

Patients with OA n = 11 n = 30 n = 24
Age [years], mean(SD), n 70(10), 10 68(7), 28 68(9), 23
BMI [kg/m2], mean(SD), n 31(3), 10 29(4), 28 31(4), 22
Gender, number of females(%), n 7 (70), 10 16 (57), 28 12 (52), 23
Patients with RA n = 12 n =15 n = 10
Age [years], mean(SD), n 58(17), 8 62(7), 4 55(16), 9
BMI [kg/m2], mean(SD), n 25(4), 7 27(5), 3 25(3), 8
Gender, number of females(%), n 4 (50), 8 2 (50), 4 5 (56), 9

Supplementary Table 1. Available clinical data: Age, BMI and gender for OA and RA patients. Not 
all patient samples were used for all experiments. 3
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81

Targeted lipidomics reveals resolution pathways in osteoarthritis 

Supplementary Figure 1. After collection SF samples were centrifuged at 931 ×g for 10 min and 
the supernatant collected. The pelleted cells were filtered over a 70 µm cell strainer (Falcon, Corning 
Incorporated, Life Sciences, Durham, NC, USA) to remove all insoluble parts and used for FACS 
analysis or for stimulation, as described in Materials and Methods. For part of the samples, the 
SF was stored and treated with hyaluronidase just before LM analyses (path 1). Most SF samples 
were directly treated with 1 mg/mL hyaluronidase PBS(-/-), vortexed for 5 min, incubated for 30 min 
at 37 °C, then centrifuged at 931 ×g for 10 min (paths 2 and 3). The pellet was combined with the 
first cell pellet and the supernatant aliquotted into glass vials, flushed with argon, and the aliquots 
frozen at -80 °C until LM analysis (paths 1 and 2)

3
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82

Chapter 3

Additionally, in a subset of the hyaluronidase-treated samples, proteins from 100 µL SF 
were precipitated with 3 volumes of MeOH and internal standard (IS, LTB4-d4, 15(S)-
HETE-d8, PGE2-d4 and DHA-d5) for lipid analysis added (final concentration 0.75 ng/
mL each) prior to freezing. After vortexing, samples were stored under argon at -80 °C 
(path 3). After storage, for lipid analysis IS and MeOH (3:1 v:v) were added to 250 µL 
SF (final concentration 0.15 ng/mL each) for immediate protein precipitation (path 2). 
For samples aliquotted and stored without prior hyaluronidase treatment (path 1), 1 mg/
mL hyaluronidase in PBS (-/-) was added to 227 µL SF (1:10 (v:v)), and incubated for 
30 min at 37 °C before the addition of IS and MeOH as specified above for path 2. The 
samples were then vortexed and kept at -20 °C for 30 min before centrifuging at 16,100 
×g for 10 min at 4 °C. The supernatant was transferred to a glass vial, diluted tenfold with 
water and acidified with 30 µL 6M HCl. After loading the samples on pre-conditioned 
SPE cartridges, the cartridges were subsequently washed with 3 mL H2O before elution 
of analytes with 3 mL methyl formate. The organic extract was concentrated to dryness 
under a gentle stream of N2 at 40 °C and samples reconstituted in 150 µL 40% MeOH, 
N2 blown over and stored at -80 °C until analysis. Samples stored at -80 °C after protein 
precipitation with MeOH (path 3), were spun down at 16,100 ×g for 10 min at 4 °C before 
transferring supernatants to glass vials. The supernatant was concentrated to dryness 
under a gentle stream of N2, reconstituted in 40% MeOH and stored at -80 °C until 
analysis.

Supplementary Figure 2. Concentrations (in ng per mL SF) of ω-6 linoleic acid (LA) and ω-3 
docosapentaenoic acid (DPAn-3), levels of alpha-linolenic acid/gamma-linolenic acid (ALA/
GLA) in arbitrary units (AU), and of their metabolites (in arbitrary units (AU)) measured in 24 
OA and 10 RA samples. Each dot represents one patient. Medians are depicted. Groups were 
compared using Mann-Whitney signed ranked tests. HODE: hydroxyoctadecadienoic acid, HOTrE: 
hydroxyoctadecatrieonic acid.
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Supplementary Figure 3 Protein corrected levels of PUFAs and oxylipids in calcium ionophore 
stimulated (“+”) and unstimulated (“-”) synovial fluid cells (SFCs) and synoviocytes from one OA 
patient (A). Areas corrected to IS of PUFAs and oxylipids in LPS stimulated (“+”) and unstimulated 
(“-”) synovial fluid cells (SFCs) and synoviocytes from one OA patient (B).

3
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Supplementary Figure 4 Detection of RvD2 in the SF of an OA patient. MRM trace with transition 
m/z 375 to 277 was used. A, soluble fraction of the SF from patient 1 (P1) in blue, a blank in black, 
and the RvD2 standard material (0.5 ng/mL on column) in green. B, insoluble fraction of the SF 
from P1 in blue, a blank in black and the RvD2 standard material (0.5 ng/mL on column) in green.
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Abstract

Objective: Specialized pro-resolving mediators (SPM) are bioactive lipids derived from 
omega-3 and omega-6 fatty acids which have been ascribed pro-resolving capacity. 
Since inflammation is a well-established feature of osteoarthritis (OA), we investigated 
the correlation between inflammation and structural damage in experimental OA. 
Furthermore, we evaluated the effect of SPM treatment on structural damage. In addition, 
we investigated SPM receptor expression on human OA synovial cells and chondrocytes 
and the effect of various SPM on IL-6 production by human synovial cells.

Design: Male C57BL/6 mice were fed a high fat diet (HFD) and were either treated with 
100 nM Lipoxin A4, Lipoxin B4 and Maresin-1, or the vehicle control. Inflammation was 
evaluated by in vivo imaging and at the end of the experiment, inflammation and structural 
damage were evaluated by histology. Synovial and cartilage tissue of 42 OA patients 
was used to evaluate SPM receptor expression by flow cytometry and IL-6 production by 
synovial fibroblasts and synovial macrophages upon incubation with SPMs.

Results: The HFD induced OA, indicated by cartilage damage and osteophyte formation, 
correlated with synovial inflammation, but SPM treatment in HFD induced experimental 
OA did not result in decreased joint pathology. Both human chondrocytes and synovial 
cells expressed a subset of SPM receptors and SPM decreased IL-6 production under 
certain experimental conditions, in vitro.

Conclusions: There was no effect of Lipoxin A4, Lipoxin B4 and Maresin-1 treatment on 
joint pathology in HFD induced OA. Further research is warranted to determine whether 
SPM have therapeutic potential in OA.
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Introduction

Osteoarthritis (OA) affects the weightbearing joints such as knees, hips and spine but 
also smaller joints such as those in the thumb, fingers and toes. To date, there are not 
effective treatments available and patients are prescribed NSAIDs to control their pain 
symptoms. Inside the joints, OA is characterized by breakdown of cartilage, changes to 
the underlying bone structures and low-grade synovial inflammation. OA is a progressive 
disease of which the end stage is characterized by a complete disruption of the joint and 
at this stage the patients should undergo total joint replacement surgery.

There is emerging evidence that the chronic low grade inflammation in OA plays are role 
in its pathophysiology(1). Clinical studies show correlations between the presence of 
synovial inflammation and disease progression in knee and hand OA(2–4). In addition, 
synovial macrophages can induce cartilage destruction and bone remodeling in an 
experimental model of OA(5,6).

Next to local inflammation, systemic inflammation is also implicated in the development 
of OA as obesity strongly predisposes to OA(7).

Several local and systemic soluble inflammatory mediators are implicated to play a 
role in disease pathogenesis such matrix metalloproteinases, cytokines, adipokines and 
prostaglandins(8–11). However, results of clinical trials have been disappointing as neither 
of the trials improved structural damage outcome. It is proposed that new treatment 
options for OA should focus on treating the early phases of OA, to prevent structural 
damage. We hypothesize that these early phases of OA are characterized by chronic 
low-grade inflammation which should be targeted by pro-resolving mediators rather than 
strong anti-inflammatory mediators. Specialized pro-resolving mediators (SPM) are small 
bioactive lipid molecules derived from poly unsaturated fatty acids (PUFAs) and they are 
produced by a wide range of immune and tissue cells by the actions of LOX and COX 
enzymes. Many SPM are now identified and include lipoxins, maresins, resolvins and 
protectins. SPM are shown to accumulate during periods of acute inflammation to limit 
progression to persistent chronic inflammation in many experimental models including 
infection, asthma and inflammatory arthritis models(12–15). In particular, recently, SPM 
resolvin D1 (RvD1) was shown to ameliorate OA in a surgically induced model of OA(16).

In this study, we investigated synovial inflammation in vivo over time, as well as 
development of osteophyte formation and cartilage loss in the HFD induced experimental 
model of OA. In addition, we evaluated SPM receptor expression in human joint cells and 

4
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investigated the effect of SPM on IL-6 production in synovial cells. Finally, we treated the 
HFD animals with SPM to investigate whether they can limit structural damage.

Materials and Methods

Preparation of SPM
LXA4, LXB4 and Mar1 were purchased from Cayman Chemicals. RvE2 was a kind gift 
from dr. Makoto Arita (RIKEN, Yokohama, Japan). SPM were diluted in HPLC grade EtOH 
(Sigma-Aldrich) using a Hamilton syringe and glass vials (Agilent Technologies). For in 
vitro experiments, EtOH was evaporated using a gentle stream of nitrogen, appropriate 
medium was added and SPM were homogenized by 2 rounds of vortex (10 seconds) 
and sonication (10 seconds). For in vivo experiments, SPM were diluted in HPLC grade 
EtOH and added directly to sterile 0,9% NaCl and homogenized by 2 rounds of vortex 
(10 seconds) and sonication (10 seconds). These procedures were also performed with 
plain HPLC grade EtOH which was used as vehicle control.

Experimental OA
Male C56BL/6 mice were purchased from Charles River and were random assigned to 
the chow diet control group or high fat diet (HFD) diet groups. The HFD groups were fed 
with Rodent Diet with 60% kcal% fat (Research Diet) after an acclimatization period of 
three weeks and the treated and untreated mice were cages together. Both diets were 
provided ad libitum. The mice were treated every 7 days with a pool of SPM consisting 
of 100 nM LxA4, LxB4 and Mar1. The mice were injected i.v. with 100 µL per 30 grams 
of bodyweight. Every month, the mice were injected with IRDye®800CW 2-DG Optical 
Probe (Li-Cor), 10 nmol per 20 grams of bodyweight and the next day the mice were 
subjected to imaging using the IVIS Spectrum In Vivo Imaging System (PerkinElmer, 
Ohio, USA). After 6 months of HFD and SPM treatment, the mice were sacrificed and 
the knees were prepared for histology. The study was approved by the Institutional 
Animal Care and Use Committee (IACUC) in the USA and the Ethical Committee for 
Experimental Animal Experimentation of the LUMC.

Histology of mouse knees
After sacrifice, the knees were cut from the hind leg by cutting through the femur and tibia 
and fibula halfway of the bones. The skin, the fat and some muscle tissue was removed 
and the knees were fixed in 4% formaldehyde for 24 hours. The knees were then rinsed 
thoroughly for 10 minutes using distilled water and incubated with Kristensens Solution 
for 2 weeks to decalcify. Residual Kristensens solution was removed by washing the 
knees for 3 hours under running tap water and the knees were processed for histology. 
Tissue slides of 7 µM were stained with fast green (Klinipath) and safranine O (Sigma) 
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and of each knee, three sections were scored which were at least 140 µM apart. The 
cartilage was scored at 4 positions (femur lateral, femur medial, tibia lateral and tibia 
medial) and was given a score of grade 0 (no damage), grade 0.5 (faded Safranine O 
staining), grade 1 (superficial layer has frays), grade 2 (superficial layer has frays and 
clefts), grade 3 (<25% of the width of the tidemark is damaged), grade 4 (25-50% of 
the width of the tidemark is damaged), grade 5 (50-75% of the width of the tidemark is 
damaged) or grade 6 (>75% of the width of the tidemark is damaged). The total score of 
the knee is the sum of the 4 places with a maximum score of 24. At the same 4 locations, 
the osteophytes were counted and given a score (0-3) depending on the size of the 
osteophyte. Osteophyte scoring resulted in a score of the total number of osteophytes 
on the 4 locations combined with a maximum score of 4, as well as a total osteophyte 
score with a maximum of 12. Synovial inflammation was scored by grading the synovium 
thickness from 0-3 at 4 locations, with grade 0 (flat almost invisible synovium layer with 
flattened cells), grade 1 (more rounded cells), grade 2 (2-3 cell layers thick), grade 3 
(dark purple staining and more than 3 cell layers thick). The total score of the knee is the 
sum of the 4 places with a maximum score of 12. Scoring was performed blinded by two 
observers which were blinded for the experimental groups and their score was averaged.

Human synoviocyte and chondrocyte isolation and culture
Synovium and cartilage were obtained as anonymized left-over material from total knee 
replacement surgery procedures and stored at 4 °C before processing the same day. 
Synovium was cut in small pieces and incubated in serum free IMDM medium (Lonza, 
Basel, Switzerland) supplemented with 1 mg/mL collagenase type II (Worthington 
biochemical corporation, Lakewood, NJ, USA) for 1.5 hours. Cartilage was cut into 
small pieces and incubated with 2 mg/mL Pronase (Roche) for 1.5 hours. Next, the 
cartilage was resuspended in DMEM/F12 medium with 0.75 mg/mL collagenase type 
II overnight. Digested tissue was separately filtered over a 70 µm cell strainer (Falcon, 
Corning Incorporated, Life Sciences, Durham, NC, USA) to obtain the synoviocytes 
and chondrocytes. The cells were washed 3 times before use. All digestion steps were 
performed at 37°C on a lab roller.

SPM receptor analysis
Isolated cells were stained with a different set of antibodies depending on the SPM 
receptor detection. For the detection of ERV1/ChemR23 (also known as ChemR23 
or CMKLR1), isolated cells were stained using anti-CD31-AF647 (BD), anti-CD90-PE 
(Biolegend), anti-CD45-AF700 (Biolegend), anti-CD14-PECy (BD), anti-CD55-Biotin 
(BD), streptavidin-eFluor450 (eBioscience), anti-CMKLR1-FITC (AbD Serotec), anti-
CD117-APC (BD), anti-CD3-PE (BD) and anti-CD19-APC-Cy7 (BD). For the detection 
of ALX/FPR2, isolated cells were stained using anti-CD31-FITC(BD), anti-CD90-APC 

4
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(Biolegend), anti-CD45-AF700 (Biolegend) or anti-CD45-FITC (BD), anti-CD14-PECy 
(BD), anti-CD55-Biotin (BD), streptavidin-eFluor450 (eBioscience), anti-CD117-APC (BD), 
anti-CD3-AF700 (BD) and anti-CD19-APC-Cy7 (BD). The anti-FPR2 antibody (Genovac) 
and the isotype for anti-FPR2 were labelled with PE using LYNX rapid R-Phycoerythrin 
(RPE) antibody conjugation kit (AbD Serotec) according to the manufacturer’s protocol. 
CD31+ cells, CD55+ cells and CD90+ cells were gated from the CD45+ population. 
CD14+ cells, CD19+ cells and CD117+ cells were gated from the CD45+ population. 
For the detection of BLT1R, isolated cells were directly stained with anti-LTB4R-PE 
(BD). For the detection of DRV1/GPR32, isolated cells were directly stained with anti-
GPR32 (Genetex) and subsequently with anti-rabbit IgG-FITC (Santa-Cruz). Isotypes 
for all antibodies were used to determine positivity. Dead cells were excluded using 
the Fixation and Dead Cell Discrimination Kit (Miltenyi) according to the manufacturer’s 
protocol. Remaining red blood cells were lysed using lysisbuffer (BD) after staining, 
according to the manufacturer’s protocol.

IL-6 production by synoviocytes
For effect on IL-6 production, freshly isolated synoviocytes were resuspended in IMDM 
supplemented with 10 % FCS, P/S and glutamax (2 x 106/0.5 mL) and incubated overnight 
at 37°C in a pre-warmed 24- wells plate. The next day, cells were washed with DMEM/
F12 medium and incubated with SPM and 10ng/mL LPS overnight at 37°C using DMEM/
F12 medium with 2% fatty acid free (FFA) BSA and penicillin/streptomycin (P/S). The 
next day, supernatant was collected and IL-6 production was quantified using a human 
IL-6 ELISA kit (R&D Systems) according to the manufacturer’s protocol. For intracellular 
staining, 10 µg/mL Brefeldin A was added for 4 hours after O/N incubation with SPM. 
Alternatively, SPM were added after O/N incubation with DMEM/F12 medium with 2% 
FFA BSA, P/S for one hour. After 1 hour of incubation, Brefeldin was added for 4 hours. 
Subsequently, the cells were harvested using Accutase (Sigma), washed with PBS and 
stained with anti-CD45-AF700, anti-CD14-PECy7 and anti-IL-6-PE (eBioscience) for 
flowcytometry. Flowcytometry analysis was performed using FACSDivaTM Software (BD).

Statistical analysis
Wilcoxon signed rank tests, Mann-Whitney tests were performed sing Graphpad Prim 
9.1.1 to evaluate significance.

Results

We used the HFD induced OA model to investigate the disease development in mice. 
Metabolic stress induced inflammation was shown to play a role in OA development 
in this model(17,18). We have fed male C57BL/6 mice a HFD that contained 35% lard 
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and we followed the mice for 6 months. These mice gained 3 times more weight than 
the control mice (Figure 1A). To investigate the course of inflammation in these mice, 
we visualized the inflammation in vivo using fluorescent 2-deoxy-glucose (2-DG). We 
could detect inflammation, as indicated by the strength of the 2-DG signal in the fore 
paws of the mice. The HFD mice showed significantly more inflammation in their fore 
paws after 4 months compared to their chow controls (Figure 1B). We could not detect 
any inflammation in the mice knees. To determine whether the HFD developed OA, we 
evaluated cartilage loss, osteophyte formation and synovial synovitis in the knees of 
these mice. We could not detect cartilage degradation in either of the groups, however 
there was a trend towards more inflammation in the HFD mice (Figure 1C). In contrast, 
all of the HFD mice developed osteophytes during these 6 months (Figure 1C). We next 
evaluated whether the osteophyte formation correlated with synovial inflammation in 
these mice. Indeed, there was a strong correlation between both osteophyte severity 
and osteophyte number but not with cartilage loss (Figure 1D).

Figure 1. HFD induces inflammation which correlates with structural damage. A) Weight gain of 
the lean chow fed mice and HFD mice. Mean and SD are shown of n=6 chow and n=9 HFD mice. 
B) Mean quantified fluorescent 2-deoxyglucose signal in the fore paws of mice in vivo. C) Cartilage 
score, osteophyte score and synovium scores obtained by histology of the right knee. Each dot 
represents a mouse. n=6 chow and n=9 HFD mice. D) Correlations between synovium score and 
cartilage score, number of osteophytes an osteophyte score respectively. Scores are obtained 
by histology of the right knee. n=20 mice. Closed squares are chow mice and closed circles HFD 
mice. Statistical significance in this figure was obtained using Mann-Whitney *p<0.05, **p<0.01, 
***p<0.001.

4
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Expression of SPM receptors in human articular tissue
To determine candidate SPMs for treatment of experimental OA, we investigated SPM 
receptor expression on tissues of the human joint. We were able to evaluate the Lipoxin 
receptor (ALX)/N-formyl peptide receptor (FPR)-2 (ALX/FPR2), the Resolvin E1 receptor/
Chemerin receptor 23 (ERV1/ChemR23) also known as chemokine-like receptor 1 
(CMKLR1), The leukotriene B4 receptor (BLT1) and the resolving D 1 receptor/G protein-
coupled receptor 32 (DRV1/GPR32) expression on isolated chondrocytes and ALX/
FPR2 and ERV1/ChemR23 expression on cells isolated from synovium (synoviocytes), 
containing synovial immune cells and fibroblasts. We could detect the expression of the 
resolvin E1 and (partial) resolvin E2 receptor ERV1/ChemR23 on human chondrocytes 
(Figure 2A)(19). No expression of leukotriene B4 receptor BLT1 or resolvin D receptor 
DRV1/GPR32 was detected on chondrocytes. Synovium of 16 OA patients was tested 
for SPM receptor positivity. Only a small percentage of the CD31+ endothelial cells and 
fibroblasts showed expression of the ERV1/ChemR23. In contrast, expression of the 
Lipoxin A4/Resolvin D1 receptor ALX/FPR2 was only detected in CD45+ cells(20). Of 
the CD45+ cells, on average more than half of the CD14+ cells shower positivity for ALX/
FPR2. In addition, a small percentage of the mast cells, characterized by CD117 positivity 
showed expression of ALX/FPR2.

Figure 2. SPM receptor expression in chondrocytes and synovial cells. SPM receptor expression 
was determined using flowcytometry. A) Isolated chondrocytes, n=8 donors for ALX/FPR2, BLT1 
and DRV1/GPR32 and n=12 donors for ERV1/ChemR23. B) Isolated synoviocytes, n=16 donors.

Effects of SPM on synoviocytes and macrophages
Since inflammation correlates with structural damage in the HFD mice model, and we 
detect expression of some of the SPM receptors, we investigated effects of a set of SPM 
on cells in the human synovium. We evaluated the effect of SPM on IL-6 production by 
synoviocytes including synovial fibroblasts and immune cells. Since synovium expresses 
ERV1/ and ALX/FPR2 we chose to incubate the cells with either LXA4, LXB4, Mar-1 or 
RvE2. Only with the lowest concentration (1 nM) we could detect an inhibition of IL-6 
production by LXB4 and RvE2 in all the donors tested, although this was not significant 
(p=0.06, Figure 3A). We also investigated the effect of the pooled SPM, however 
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there was no difference in IL-6 production between the groups (Figure 3B). However 
when we stimulated the synoviocytes with LPS after the SPM stimulation to mimic the 
inflammatory environment, there was a significant inhibition of IL-6 production in the 
10 nM concentration compared to the control group (Figure 3C). Next, we evaluated 
the effect of LXA4 on inflammatory cytokine IL-6 production As the CD14+ monocyte/
macrophage population expresses ALX/FPR2.We digested the synovium to obtain 
individual cells and incubated the cells either for 1 hour (figure 3D) or overnight (Figure 
3E) before we added brefeldin A for 4 hours. Neither of the experiments showed an effect 
on intracellular IL-6 levels evaluated using numbers of IL-6 MFI (Figure 3) or number of 
IL-6 positive cells (data not shown) in the CD14+ population.

Treatment of HFD mice with pro-resolving mediators
Based on the receptor expression profile on human joint tissue cells and the previous 
reports that show macrophages are involved in osteophyte formation, we decided to treat 
the mice with agonists of the ALX/FPR2 receptor, Lipoxin A4 and Maresin-15. In addition, 
Lipoxin A4 and Maresin-1 were detected in synovial fluid of arthritis patients and Lipoxin 
A4 was shown to attenuate adipose inflammation and produced by synovial tissue(21–
23). Lipoxin B was added to complete the pool of SPM based on its yet unidentified role 
in inflammation and the most promising effect on synoviocytes (p=0.06 using 10 nM 
LXB4). Mice were treated weekly with 100 nM of Lipoxin A4, Lipoxin B4 and Maresin-1. 
After 6 months of treatment, there was no effect of these SPM on structural damage to 
the knee joints (Figure 4B-D).

> Figure 3. Effect of SPM on IL-6 production by synoviocytes. A-C) Isolated synoviocytes were 
incubated with SPM O/N and IL-6 production was determined in the supernatant by ELISA. 
Synoviocytes were either stimulated with individual SPM (A), a pool of SPM containing LXA4, 
LXB4, Mar1 and RvE2, or a pool of SPM containing LXA4, LXB4, Mar1 and RvE2 and LPS. Each 
line represents a donor, n=4-10 donors. D) Isolated synoviocytes were either incubated for 1 hour 
(A) or overnight (O/N) (E) with different concentrations of LXA4. IL-6 positivity and IL-6 mean 
fluorescence intensity (MFI) on CD14+ cells was determined by flowcytometry. Each line represents 
a donor, n=5 donors. Statistical significance in this figure was obtained using Wilcoxon signed rank 
test, *p<0.05, **p<0.01, ***p<0.001.
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< Figure 4. Pro-resolving mediator treatment of experimental OA. A) Weight gain of the chow control 
and HFD mice of two independent experiments. Mean and SD are shown of n=6 chow control, n=9 
HFD untreated (vehicle control) and 6-9 HFD treated (SPM, 100 nM Lipoxin A4, Lipoxin B4 and 
Maresin-1) mice for experiment 1. In experiment 2, means are shown for n=9 chow control and 15 
HFD mice of both the untreated and treated group. B) Cartilage score, C) osteophyte number and 
D) osteophyte score of two experiments. For experiment 1, scores of the right knee are shown. 
For experiment 2, mean scores of the left and right knee combined are shown. E) HbA1c and F) 
ALT levels were measured in serum of mice from experiment 2. Statistical significance for B-D was 
established using Mann-Whitney *p<0.05, **p<0.01, ***p<0.001.

No effects of treatment metabolic inflammatory factors
Although we could not detect any effect on structural damage in the knees of the mice, 
we wanted to explore whether the SPM attenuated the overall inflammatory status of 
the mice. We investigated the systemic blood levels of HbA1c as a marker of glycemic 
control in mice but there was no difference between the groups (Figure 4E)(24). Blood 
alanine aminotransferase (ALT) levels are a marker for liver damage and shown to be 
increased in HFD mice and lowered by the administration of Lipoxin A4(23). Indeed we 
detected an increase in ALT levels in the HFD treated mice, however the SPM treatment 
did not significantly alter ALT levels (Figure 4F).

Discussion

There is a stressing need for novel therapeutics to treat OA patients which limit structural 
damage progression. SPM were shown to limit inflammatory processes and promote 
resolution of inflammation and tissue repair(25).We show that human chondrocytes, 
synovial macrophages and synovial fibroblasts express SPM receptors ERV1/ChemR23 
and ALX/FPR2. In addition, our results show a slight decrease of IL-6 production by 
synovial cells after treatment with a pool of SPM targeting ERV1/ChemR23 and ALX/
FPR2 receptors, however only in the specific condition were the cells we additionally 
triggered with LPS. The individual SPM could not elicit the same response although 
LXB4 and RvE2 showed a similar trend as the pool of SPM. Treatment the mice with HFD 
induced experimental OA however did not prevent the development of structural damage.

We show for the first time that synovial inflammation is correlated with structural damage 
in HFD induced experimental OA(26). This correlation is also demonstrated for human 
OA, although whereas some reports show a good correlation, other show a moderate 
or no correlation, depending on the joints or patient population studied, emphasizing the 
heterogeneous disease we call OA(27–30). We were unable to show that the inflammation 
preceded the development of structural damage in the knees as the in vivo imaging 
technique was likely not optimized to detect (low grade) inflammation in the knees 
compared to the mouse paws which do not have much tissue or hair surrounding the 
joints.
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We show that a small percentage of human chondrocytes are positive for the 
chemoattractant chemerin, and SPM Resolvin E1 and E2 receptor ERV1/ChemR23. It 
was shown before that all chondrocytes stained positive for ERV1/ChemR23, however 
this was after weeks of culture in which they might have upregulated the receptor(31). 
Fibroblast-like synoviocytes (FLS) from RA patients were shown to produce IL-6 upon 
ERV1/ChemR23 signaling via chemerin stimulation (32). It is proposed that the response 
to either inflammatory chemerin and pro-resolving RvE1 via ERV1/ChemR23 is tightly 
regulated and RvE1 might play a role in the resolution of inflammation in RA(33,34). 
We show that in OA patients there is a trend, but no significant effect of RvE2 on IL-6 
production, which acts through the same receptor. It remains to be shown whether RvE1 
might have a more potent effect.

In contrast to the chondrocytes and FLS, the CD14+ macrophages express the lipoxin A4 
receptor ALX/FPR2. Macrophages are shown to be important mediators in OA disease 
development in human and experimental OA(35). However, we could not detect an effect 
of lipoxin A4 or resolvin D1 on macrophage IL-6 production in contrast to previous results. 
Sun at al showed decreased IL-6 production in OA synovial macrophages after RvD1 
incubation. However, the contradictive results might easily be explained by the differences 
in experimental set up as we show that slight changes to the experimental protocol can 
change the outcome. Indeed, some studies reported the need for a specific experimental 
set up before an effect of LXA4 or aspirin triggered LXA4 could be seen on phagocytosis 
by THP-1 cells or neutrophils respectively(36,37). Our in vitro findings emphasize that 
the effect of SPM is not robust and provokes the thought how these SPM can cause a 
robust effect during inflammation.

Weekly treatment of mice with a pool of LXA4, LXB4 and Mar-1 did not limit the 
development of structural damage. A possible explanation could be that the cells in 
the joint to not respond to the SPM, as we also observe for the human cells. However, 
it could also be that the admission route should be altered. Recently it was shown that 
intra-articular injection RvD1 reduced the severity of mechanically induced experimental 
OA(16). In addition, the administration route might also explain why we could not 
reproduce the LXA4 induced lowered ALT levels, since LXA4 was previously shown to 
lower ALT levels after intra peritoneal injection.

In conclusion, we show for the first time that inflammation is correlated with structural 
damage in the HFD induced experimental OA model. We show expression of SPM 
receptors ERV1/ChemR23 and ALX/FPR2 joint tissues of OA patients, however only in 
one of a large variety of conditions and cell types tested, we could detect an effect of 
SPM on inflammatory IL-6 production by synoviocytes. Furthermore, weekly treatment 
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of mice with a pool of lipoxins and Maresin-1 did not prevent structural damage in HFD 
induced experimental OA.
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Abstract

Polyunsaturated fatty acids (PUFAs) and their metabolites are potent regulators of 
inflammation. Generally, omega (n) -3 PUFAs are considered pro-resolving whereas 
n-6 PUFAs are classified as pro-inflammatory. Here we characterized the inflammatory 
response in murine peritonitis and unexpectedly found the accumulation of adrenic 
acid (AdA), a poorly studied n-6 PUFA. Functional studies revealed that AdA potently 
inhibited the formation of the chemoattractant leukotriene B4 (LTB4) specifically in 
human neutrophils, and this correlated with a reduction of its precursor arachidonic acid 
(AA) in free form. AdA exposure in human monocyte-derived macrophages enhanced 
efferocytosis of apoptotic human neutrophils. In vivo, AdA treatment significantly 
alleviated arthritis in an LTB4-dependent murine arthritis model. Our findings are the first 
to indicate that the n-6 fatty acid AdA effectively blocks production of LTB4 by neutrophils 
and could play a role in resolution of inflammation in vivo.

Key points

Adrenic acid is the first omega-6 fatty acid with pro-resolving functions.
Adrenic acid inhibits leukotriene B4 production specifically in neutrophils.
Adrenic acid treatment alleviates leukotriene B4 mediated experimental arthritis.
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Introduction

Inflammation is an important first line response to barrier breach and tissue damage. 
Usually, inflammation and its resolution are tightly controlled processes that involve the 
recruitment of immune cells and soluble mediators. Lack of proper resolution can lead to 
chronic inflammation, which is associated with several diseases such as atherosclerosis, 
autoimmune diseases, asthma, and cancer. During the past 20 years, it has been 
established that polyunsaturated fatty acids (PUFAs) and PUFA-derived lipid mediators 
are potent regulators of inflammation and its resolution(1).

Historically, n-6 PUFAs such as arachidonic acid (AA) and linoleic acid (LA) are 
considered pro-inflammatory, whereas n-3 PUFAs are considered to be anti-inflammatory 
and/or pro-resolving(2). This is primarily due to the fact that the potent pro-inflammatory 
leukotrienes and prostaglandins are derived from AA. In contrast, n-3 PUFAs such as 
eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA) and docosapentaenoic acid 
(DPA) are metabolized into so-called specialized pro-resolving lipid mediators (SPMs) 
like resolvins, protectins and maresins(1, 3–5). In addition to SPMs derived from EPA, 
DHA and DPA, more recently, additional n3-PUFA derived metabolites have been 
associated with anti-inflammatory effects, such as the 15-lipoxygenase (LOX) products 
from α-linoleic acid (ALA)(6). Furthermore, biological functions have been assigned to 
the free n-3 PUFAs themselves (7). For instance, EPA, DHA and DPA can compete 
with AA as substrates for enzyme conversion, leading to a diminished production of 
pro-inflammatory oxylipins(8). Moreover, free n-3 PUFAs can mediate anti-inflammatory 
effects by activating their specific G-protein coupled receptor GPR120(9).

However, this pro- versus anti-inflammatory classification of n-6 and n-3 PUFAs might 
be too strict. On the molecular level, anti-inflammatory effects of n-6 PUFAs and 
their derivatives have been shown both in vitro and in vivo. For instance, AA can be 
metabolized into pro-resolving lipoxins as well as anti-inflammatory cytochrome P450 
(Cyp450) derivatives(10, 11). Furthermore, AA-derived prostaglandin E2 (PGE2) was 
shown to have both pro-inflammatory and pro-resolution properties(12). In addition, 
earlier studies proposed that the n-6 PUFAs dihomo-γ-linolenic acid (DGLA) and adrenic 
acid (AdA) might compete with AA for pro-inflammatory oxylipin production(13–18).

Clinical trials using n-3 PUFA supplementation in several inflammatory diseases 
have shown both beneficial but also negative results. Systematic reviews in asthma 
and rheumatoid arthritis report inconsistent or modest beneficial effects and also in 
cardiovascular disease, n-3 PUFA supplementation trials did not show conclusive 
beneficial effects(19–23). Furthermore, some studies report beneficial effects of dietary 
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n-6 PUFA intake, in particular with regard to LA(24, 25). In summary, several reports 
highlight that a simple dichotomous classification of n-6 and n-3 PUFA as exclusively pro- 
and anti-inflammatory, respectively, does not sufficiently describe the underlying biology 
and that the pro- and anti-inflammatory roles of PUFAs are not completely understood.

To better understand the roles of the n-3 and n-6 PUFA in the context of inflammation, 
we determined their kinetics in an experimental model of self-resolving peritonitis. We 
performed a comprehensive analysis of lipids, using LC-MS/MS and we discovered the 
accumulation of the n-6 PUFA AdA during the resolution phase of inflammation. This 
finding triggered us to further study the biological function of AdA in vitro and in vivo.

Materials and Methods

Cell isolation and culture
Human primary neutrophils were isolated from EDTA blood of healthy donors. Most 
of the erythrocytes were removed by dextran sedimentation using 3% dextran T-500 
(Pharmacosmos) in phosphate buffered saline without calcium and magnesium (PBS 
(-/-), Lonza). Next, neutrophils were separated from peripheral blood mononuclear cells 
(PBMCs) by Ficoll density gradient centrifugation and remaining erythrocytes were 
removed by hypotonic lysis. Human PBMCs were isolated from buffy coats of healthy 
donors (Sanquin, The Netherlands) by Ficoll density gradient centrifugation. Monocytes 
were isolated from PBMCs by magnetic cell sorting using CD14+ microbeads (Miltenyi 
Biotec) and were differentiated in RPMI 1640 (Gibco, Life Technologies) supplemented 
with 8% FCS using 5 ng/mL GM-CSF (R&D Systems) for 7 days. Written informed 
consent was obtained from all donors and the study was approved by the medical ethical 
committee of the Leiden University Medical Center (LUMC).

Cell culture incubations for lipid analysis
Neutrophils (1×106 cells/mL) were incubated with 5 µg/mL AdA (Nu-Check Prep) in PBS 
with calcium and magnesium (+/+, B. Braun) for 10 minutes. Macrophages were incubated 
for either 10 minutes or 24 hours, using the same cell density and AdA concentration as 
for neutrophils, but in RPMI 1640 without phenol red (Gibco, Life Technologies) containing 
0.1% fatty acid free BSA (Sigma Aldrich). AdA was pre-diluted in ethanol (EtOH, absolute 
HPLC grade, Thermo Scientific) and suspended in the appropriate medium using a 
ultrasonic bath. After stimulation with AdA, both neutrophils and macrophages were 
stimulated with 4 µM calcium ionophore A23187 (Sigma-Aldrich) for 10 minutes. For lipid 
mediator analysis, methanol (MeOH) containing internal standards (IS) was added to the 
cells and their supernatant in a 3:1 volume ratio. The IS consisted of LTB4-d4, PGE2-d4, 
15-HETE-d8 (all 50 ng/mL) and 500 ng/mL of DHA-d5. Samples were stored under argon 
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at -80 °C until analysis. For quantitative lipidomic analysis using the LipidyzerTM, the cells 
were washed twice with PBS (+/+) containing 0.1% fatty acid free BSA after stimulation. 
The pelleted cells were stored at -80 °C until analysis.

Calcium flux assay
Leukocytes were obtained from heparinized blood of healthy donors. To this end, HetaSep 
(Stemcell) was added to the blood at a ratio of 1:6 (HetaSep:blood) and incubated for 30 
minutes at 37 °C to sediment the erythrocytes. Leukocytes were harvested and remaining 
erythrocytes were lysed using NH4Cl/KHCO3 (5 minutes, room temperature). Leukocytes 
(1×107/mL) in RPMI 1640 containing 2% FCS and 0.02% pluronic acid (Molecular Probes) 
were labelled with 2 µM Indo-1 AM (Molecular Probes) for 35 minutes at 37°C. Cells were 
washed and resuspended in RPMI 1640 containing 2% FCS and 1 mM CaCl2. Cells were 
pre-incubated (10 minutes, 37°C) with 5 µg/mL AdA before acquisition. After 2 minutes of 
acquisition, calcium ionophore A23187 was added and samples were acquired another 
5 minutes. Cells were analyzed by flow cytometry using a LSRII (BD Biosciences) and 
analyzed using FlowJo software.

Phagocytosis assay
THP-1 cells were differentiated in the presence of phorbol 12-myristate 13-acetate (PMA, 
50 ng/mL) for 48 hours followed by medium exchange to RPMI 1640 supplemented 
with 10% FCS for 24 hours. Differentiated THP-1 cells (96-well plate, 35000 cells/well) 
were pre-treated with AdA or vehicle (15 minutes, 37 °C), followed by the addition of 
opsonized FITC-labeled zymosan A (Molecular Probes) at a ratio of 10:1 (particles:cell) 
for 1 hour at 37 °C. FITC-labeled zymosan A was opsonized using opsonizing reagent 
containing purified rabbit polyclonal IgG antibodies (Molecular Probes, Eugene, Oregon). 
Subsequently, trypan blue solution (0.04%, Sigma-Aldrich) was used to quench surface-
bound FITC-zymosan A particles for 2 minutes at room temperature after which the 
solution was washed away and substituted with PBS (+/+). Fluorescence intensity was 
measured in a FluoStar Optima microplate reader (BMG Labtech) using an excitation of 
485 nm and an emission of 520 nm.

Efferocytosis assay
PBMCs were isolated by density centrifugation of leukocyte cones from the NHS Blood 
and Transplant bank. PBMCs were plated 30 x 106 cells per 10 cm2 in PBS(+/+). After 
1 hour, the cells were washed twice after which monocytes remained adhered to the 
plate. The monocytes were differentiated in RPMI 1640 (Sigma) supplemented with 20% 
FBS in the presence of 50 ng/mL hM-CSF (Peprotech) for 7 days. Macrophages (M0 
macrophages) were harvested and plated (96-well plate, 2.5 ×104 cells/well) and polarized 
to become M1 macrophages under the influence of IFNγ (20ng/ml, Peprotech) and LPS 
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(10ng/ml, Sigma) for 24 hours. Apoptotic HL-60 cells were prepared by incubating the 
cells in serum free PBS for 24 hours (4 x 106 cells/mL) after which approximately 60% is 
apoptotic. Apoptotic HL-60 cells were labelled with CFSE (2µM, 37°C, 10 minutes). M0 
and M1 macrophages were pre-treated with AdA (Cayman Chemicals) for 30 minutes at 
37 °C. Apoptotic HL-60 cells were added in a 1:5 ratio (macrophages/HL-60 cells) and 
left to incubate for 1 hour at 37°C. Subsequently, macrophages were washed twice and 
surface-bound HL60 were quenched with trypan blue solution (0.04%, Sigma-Aldrich) for 
2 minutes at room temperature. CFSE positive efferocytic macrophages were detected 
using an LSR Fortessa II and data were analysed using FlowJo software.

Migration assay
Isolated human neutrophils (1×106 cells/mL) were incubated with 5 µg/mL AdA in PBS 
(+/+) or vehicle (1% EtOH) for 10 minutes and subsequently stimulated with 4 µM calcium 
ionophore A23187 for 10 minutes. Next, the cells were centrifuged (16,100 g, 10 minutes) 
and supernatant was stored at -80°C until further use. For the migration assay, 29 µL 
of supernatant was added to the bottom well of a ChemoTx plate (101-3, Neuro Probe) 
and 25 µL containing 2×105 freshly isolated neutrophils was added to the upper well. 
Migrated cells were collected from the lower well after 90 minutes at 37°C. The cells 
were quantified by flow cytometry using a LSRFortessa (BD Biosciences), Flow-Count 
fluorospheres (Beckman Coulter) and FACSDiva software (BD Biosciences).

Enzyme activity assays
Activity assays were performed according to the manufacturers’ protocol. The Lipase 
Activity Assay Kit (Sigma-Aldrich) and the cPLA2 Assay Kit (Cayman chemicals) were 
used.

In vivo peritonitis model
This experiment was both carried out at the University of Iceland and at the LUMC. Male 
C57BL/6 mice of 8 weeks old were purchased from Charles River. Animals were housed 
in the local animal facility in individually ventilated cages. Peritonitis was induced by 
injecting 1 mg of zymosan A (Saccharomyces cerevisiae, Sigma-Aldrich) in 100 µL saline 
intraperitoneally (i.p.). Control mice were injected with saline only. AdA treated mice were 
injected with 10 µg AdA in saline either at timepoint T=0 or T=2 hours. In the experiments 
where mice were treated with AdA at T=0, AdA was mixed with the zymosan A to limit 
the number of injections. AdA was pre-diluted in absolute HPLC grade EtOH and EtOH 
was evaporated using a SpeedVac (Zirbus). Next, AdA was suspended in saline using an 
ultrasonic bath. Saline for control mice was treated identically, without the addition of AdA. 
Control and AdA treated mice were randomized over the cages and were housed together 
in a cage. At the indicated time-points after induction of peritonitis, mice were sacrificed 
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by exposure to carbon dioxide and peritoneal lavage was collected using 5 mL ice cold 
PBS. From this lavage, cells were collected by centrifugation (10 minutes, 225 g). Part of 
the recruited cells were analyzed by flow cytometry using anti-F4/80 (BM8, Biolegend) 
and anti-GR1 (1A8, BD Biosciences), or anti-CD11b (M1/70, BD Bioscience) and anti-
CXCR2 (TG11, Biolegend). Cells were counted by light microscopy and were analyzed 
using Navios Flow Cytometer and Kaluza software (Beckman Coulter). For lipid mediator 
analysis, the remaining peritoneal cells were centrifuged at 16,100 g for 5 minutes and 
snap frozen. The pelleted cell were stored at -80°C until use. On the day of analysis, 250 
µL EtOH was added to the cells, samples were shaken for 5 minutes, ultra-sonicated for 
10 seconds and centrifuged at 16,100 g for 5 minutes. The remaining pellet was used 
to measure protein content using Pierce BCA Protein Assay Kit (Thermo Scientific). 
Peritoneal lavage samples were worked up using SPE as published previously(26) without 
the n-hexane washing step, as free fatty acids were to be evaluated, and resuspended 
in a final volume of 200 µL of 40% MeOH. The study was approved by the Experimental 
Animal Committee, Ministry for the Environment in Iceland and the Ethical Committee 
for Animal Experimentation of the LUMC.

K/BxN Serum-transferred arthritis and anti-GPI ELISA
These experiments were both carried out at the University of Minnesota Medical School 
and the LUMC. Male C57BL/6 mice of 8 weeks old were purchased from Charles River or 
The Jackson Laboratory. Animals were housed in the local animal facility in individually 
ventilated cages. Mice on different treatments were kept in separate cages. Arthritis was 
induced by i.p injection of 100 µL arthritic serum, obtained from T cell receptor transgenic 
K/BxN mice; injections were done on day 0 and day 2. Mice were treated daily with 2.5 
mg AdA from day -3 till the end of the experiment. AdA was dissolved fresh each day in 
Cremophor EL (Calbiochem) in a 1:1 ratio before dissolving in saline, resulting in a 2.5% 
final concentration Cremophor. Control mice were treated with 2.5% Cremophor in saline. 
Clinical scores were obtained in a blinded fashion as previously described(27). In short, 
a clinical score of 0-3 was given to each paw daily. In addition, ankle thickness of both 
left and right ankle was measured daily using a precision caliper. Ankle difference was 
calculated by combining the score of the left and right ankle daily and subtracting the 
combined baseline thickness, divided by two. Anti-glucose-6-phosphate isomerase (GPI) 
antibodies were measured in plasma taken at day 10 and day 14 via a tail vein bleed, 
or in serum obtained at the end of the experiment via heart puncture. The study was 
approved by the Institutional Animal Care and Use Committee (IACUC) in the USA and 
the Ethical Committee for Experimental Animal Experimentation of the LUMC, depending 
on where the experiments were carried out. Anti-GPI antibodies were analyzed as 
described before(28). AdA was diluted in serum of either arthritic or non-arthritic mice 
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or PBS, resulting in different AdA concentrations to test interference with the detection 
of anti-GPI antibodies by ELISA.

Chemicals
5-HETE, 5S-HETE, 8-HETE, 11-HETE, 12-HETE, 15-HETE, 15-HEPE, 18-HEPE, 17R-
HDHA, 14,15-diHETE, 7S,17S-diHDPA, LXA4, AT-LXA4, LXB4, LTB4, 6-trans,12-epi-LTB4, 
6-trans-LTB4, 20-OH-LTB4, PGD2, PGE2, PGF2α, TXB2, RvD1, RvD2, 10S,17S-diHDHA, 
MaR1, LTD4, LTE4, 19,20-diHDPA, 8S,15S-diHETE, DPAn-3, DHA and EPA were from 
Cayman Chemicals and used to construct calibration lines. 15S-HETE-d8, LTB4-d4, 
PGE2-d4 and DHA-d5 were used as IS (Cayman Chemicals). RvE1, RvE2, synthetic 18S-
RvE3 and 18R-RvE3 were kind gifts from Dr. Makoto Arita (RIKEN, Yokohama, Japan). 
AdA and the GLC-85 standard mix were from Nu-Check Prep Inc. All other chemicals 
including Fluka LC-MS CHROMASOLV grade MeOH were from Sigma-Aldrich.

Lipidomic analyses
LC-MS/MS analysis was carried out as previously described (26) on a QTrap 6500 
mass spectrometer (Sciex), coupled to a Shimadzu Nexera LC30-system including auto-
sampler and column oven (Shimadzu). The employed column was a Kinetex C18 50 × 
2.1 mm, 1.7 µm, protected with a C8 pre-column (Phenomenex). Water (A) and MeOH 
(B) both with 0.01% acetic acid were used. The gradient program started at 40% eluent 
B and was kept constant for 1 minute, then linearly increased to 45% B at 1.1 minutes, 
then to 53.5% B at 4 minutes, to 55% B at 6.5 minutes, then to 90% B at 12 minutes 
and finally to 100% B at 12.1 minutes, kept constant for 3 minutes. The flow rate was 
set to 400 μL/minute. The MS was operated under the following conditions: the collision 
gas flow was set to medium, the drying temperature was 400 °C, the needle voltage 
-4500 V, the curtain gas was 30 psi, ion source gas 1 was 40 psi and the ion source 
gas 2 was 30 psi (air was used as drying gas and nitrogen as curtain gas). LC-MS/MS 
peaks were integrated with manual supervision and area corrected to corresponding IS 
using MultiQuant™ 2.1 (Sciex). For quantification, the multiple reaction monitoring (MRM) 
transitions and collision energies (CE) were used, combined with calibration lines..

For GC/MS analysis, to 1×106 neutrophils or macrophages were added 250 µL acetone 
(HPLC grade, Sigma-Aldrich) in 20 µL PBS(-/-) and 10 µL EtOH (Merck). Next, lipids were 
hydrolyzed using 10 µL 10 mM sodium hydroxide for 30 minutes at 60 °C. After hydrolysis, 
1 µL/mL IS was added and sample workup and PUFA quantification was performed as 
previously described(29). GC/MS was performed using a Scion 436 gas chromatograph 
coupled to a Scion triple quadrupole mass spectrometer (both from Bruker) including a 
G6501-CTC PAL auto sampler (CTC analytics).
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For LipidyzerTM analysis, 250 µL 2-propanol was added to 5×106 neutrophils and 
centrifuged for 10 minutes at 16000 g at 20 °C. Supernatant was collected and the 
pellet was subjected to additional extraction using 200 µL 2-propanol. 100 µL IS in 
MeOH:dichloromethane was added and the sample was dried under a gentle stream of 
nitrogen. The sample was suspended in 250 µL 10 mM ammonium acetate in (50:50) 
MeOH:dichloromethane. Acquisition and quantification was performed as previously 
described using a Qtrap 5500 mass spectrometer (Sciex) with differential mobility 
separation (DMS) coupled to a Shimadzu Nexera X2 LC system for flow injection and 
Lipidomics Workflow Manager Software (30, 31).

Statistical analysis
Significance was calculated by means of two-tailed unpaired Student’s t tests, one-
way or two-way ANOVA or a two-tailed Wilcoxon signed-rank test for paired samples 
using GraphPad Prism version 7.04 for Windows. To justify using two-way ANOVA in 
figures 5, 6 and Supplementary figure 3, the Shapiro-Wilk test was used. To determine 
statistical significance by linear mixed model analysis or repeated measures ANOVA as 
a mixed model, IBM SPSS statistics 25 for Windows was used. The statistical test used 
to determine significance is indicated for each experiment.

Results

Cellular accumulation of adrenic acid during resolution
First, we carried out a detailed molecular mapping of the self-resolving zymosan 
A-induced murine peritonitis model. Using a validated LC-MS/MS platform we 
analyzed the cellular PUFA and oxylipin content in a longitudinal fashion (Fig. 1A). 
It was previously shown in this model that PUFAs, as well mono-hydroxylated fatty 
acids, leukotrienes and prostaglandins accumulate in the cell free lavage fluid during 
the peak of inflammation and their levels return to baseline during resolution(29, 30). 
We confirmed this accumulation of PUFAs in the cell free lavage in our first experiment 
(Supplemental Fig. 1A). Moreover, we show that inside the cells, the kinetics are different: 
the mono-hydroxylated products accumulate only during the resolution phase, which 
was characterized by the decrease of neutrophil numbers and the increase of F4/80+ 
expression on macrophages (Supplemental Fig. 1B,C)(31). Leukotriene B4 (LTB4) levels 
peak at 12 hours after which levels again decrease, in contrast to the prostaglandins, 
which show a biphasic pattern. The analysis revealed a particular accumulation of free 
PUFAs in the cellular fraction during the resolution phase of inflammation (Fig. 1A). The 
PUFA accumulation varied largely between different PUFAs: levels of free LA and ALA 
changed only marginally (between 3- to 5-fold) compared to baseline, while DHA levels 
increased the most (133-fold). Furthermore, we detected a strong increase of 80-fold 
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for the n-6 fatty acid AdA within the cellular fraction (Fig. 1B), suggesting a previously 
unappreciated pro-resolving role for this n-6 PUFA. This increase was observed in three 
independent experiments of which two were performed at the University of Iceland and 
one at the LUMC in the Netherlands (Fig. 1C). To test the pro-resolving capacity of AdA, 
we administered AdA either simultaneously with zymosan or 2 hours after peritonitis 
induction. In both experiments we detected an enhanced neutrophil clearance from the 
peritoneal cavity (Fig. 1D,E). These results prompted us to further investigate the role of 
AdA in inflammatory responses.

Adrenic acid inhibits leukotriene B4 production in neutrophils
We initially investigated the effect of AdA on the oxylipin and PUFA profile of human 
primary neutrophils and macrophages, as these are key players in acute inflammation 
in humans as well as the main cell populations present in the peritoneal cavity during 
the first 72 hours of inflammation(29, 32). Our analysis revealed that AdA diminished 
LTB4 biosynthesis upon calcium ionophore A23187 stimulation in neutrophils, whereas 
there was an inconsistent effect on macrophages due to inter-donor variations (Fig. 
2A). In unstimulated cells the LTB4 production pathway was not active (Supplemental 
Fig. 2A) Macrophages were incubated longer with AdA to reach similar AdA uptake but 
experiments performed with 10 minute incubation show similar results (data not shown). 
A similar effect was observed for the LTB4 pathway marker 5-HETE (Fig. 2B). Besides 
LTB4 and 5-HETE production we could not detect any other eicosanoid formation such 
as prostaglandins, nor could we detect any SPM formation within the experiment time 
frame. Since LTB4 is produced upon AA release from phospholipids and triglycerides(33, 
34) (Fig. 2C), we also measured the levels of released AA in AdA-treated cells (Fig. 
2D). Interestingly, AA levels dramatically decreased upon AdA exposure in neutrophils, 
indicating that the entire LTB4 production pathway is attenuated. In contrast, AdA led to an 
increase in AA in macrophages. Using three different cell viability assays we confirmed 
that the observed effect of AdA on neutrophil leukotriene synthesis was not caused by 
cell death (Supplemental Fig. 2B). In addition, we carried out intracellular calcium flux 
analysis showing that AdA-exposed neutrophils have an undisturbed intracellular calcium 
flux in response to calcium ionophore A23187 (Fig. 2E).

> Figure 1. Time course of PUFA and their oxidative products during zymosan A-induced peritonitis. 
(A) Heat map of investigated lipids in the cellular fraction of peritoneal fluid (ng/mg protein). n = 3 
mice/time point, one representative experiment out of three is shown. (B) Fold change of detected 
PUFAs relative to the lowest detected concentration (timepoint zero) of the experiment as shown 
in Fig. 1A. (C) Time course of free AdA accumulation in the cellular fraction of peritoneal fluid (ng/
µg protein) in three independent experiments depicted individually. Average with SEM of 3-4 mice/
group is shown. (D,E) Mice were administered AdA at T=0 hours (D) or T=2 hours (E) and number of 
neutrophils in the peritoneal lavage was determined by flow cytometry. Mean and SEM are shown, 
n=5-6 mice per group of two independent experiments.
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Figure 2. Adrenic acid inhibits leukotriene B4 production in neutrophils. (A,B,D) Peripheral blood 
neutrophils and macrophages were pre-incubated for 10 minutes or 24 hours with AdA, respectively, 
before stimulation with calcium ionophore A23187 for 10 minutes. Total free LTB4, 5-HETE and AA 
levels relative to internal standard were calculated based on LC-MS/MS signals (see “Materials 
and Methods”). Statistical significance was established using the Wilcoxon signed-rank test. *, 
P<0.05; **, P<0.01. Each line represents one donor, n = 3-8 donors all individual experiments. (C) 
Schematic representation of the LTB4 production pathway. (E) Calcium flux in peripheral blood 
neutrophils pre-incubated for 10 minutes with either vehicle or AdA and stimulated with calcium 
ionophore A23187. Experiment was performed once.

Adrenic acid exposed neutrophils have reduced chemoattractant capacity
LTB4 is a potent chemoattractant for neutrophils, so we next questioned if the 
downregulation of LTB4 synthesis in neutrophils could have a functional effect. Indeed, 
LTB4 and supernatant of calcium ionophore A23187-stimulated neutrophils attracted 
neutrophils in a trans-well system (Fig. 3B and Supplemental Fig. 2C). However, migration 
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was strongly impaired when supernatant of stimulated AdA-exposed neutrophils was 
used (Fig. 3B). Any residual chemo attraction present is most likely due to incomplete 
inhibition of LTB4 production (Fig. 3C) or to the presence of other chemo attractants 
that are released within 10 minutes of stimulation. Supernatant of unstimulated cells, 
AdA, or calcium ionophore A23187 alone were not able to induce neutrophil migration 
(Supplemental Fig. 2C).

Figure 3. Migration towards soluble factors released by neutrophils activated in the presence of 
AdA is impaired. (A) Schematic overview of the chemotaxis experiment. (B) Migration of neutrophils 
towards supernatant of neutrophils treated with AdA or vehicle (1% EtOH) and stimulated with 
calcium ionophore A23187 or not. Number of migrated neutrophils was determined after 90 minutes. 
n=3 donors tested, each with supernatants of three independent donors in three independent 
experiments. Donors B and C tested with the same set of supernatants. Statistical significance 
was established using a Wilcoxon signed-rank test. **, P<0.01. (C) Concentrations of LTB4 in the 
supernatants were determined by LC-MS/MS and quantified using an external calibration line 
(ranging from 0-5 ng/mL). Controls were performed in triplicate, means of n=6 donors are shown.
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Adrenic acid enhances macrophage phagocytosis
As macrophages play a crucial role in the resolution of inflammation, we next questioned 
whether AdA would also have an effect on macrophages. Several SPMs are able to 
enhance the phagocytic capacity of macrophages, a process involved in resolution 
of inflammation(1). We therefore examined whether AdA was able to enhance the 
phagocytosis of opsonized zymosan particles by THP-1-derived macrophages by 2.5 
fold (Fig. 4A). In addition we observed a 10.7 and 11.2 fold increase of efferocytosis 
of apoptotic HL-60 cells by monocyte derived M0 and M1 macrophages respectively 
(Fig. 4B).

Figure 4. AdA enhances phagocytosis. (A) Phagocytosis of opsonized fluorescent zymosan particles 
by THP-1 derived macrophages. Mean values of n = 3 donors performed in quadruplicate, in three 
independent experiments. RFU, relative fluorescent units. (B) Efferocytosis of apoptotic HL-60 cells 
by M0 and M1 macrophages. n=3 macrophage donors in three independent experiments. Linear 
mixed model was performed to show statistical significance. *, P<0.05; **, P<0.01; ***, P<0.001.

Adrenic acid is internalized by neutrophils
We next set out to investigate the molecular mechanisms underlying the anti-inflammatory 
effects of AdA on neutrophils. Therefore, we studied whether AdA is taken up by the cells. 
Using GC-MS based analysis, we showed increased total AdA levels in both neutrophils 
and macrophages upon 10 minute and 24 hour incubation with AdA, respectively, 
compared to vehicle (Fig. 5A and Supplemental Fig. 3A). Approximately 50% of the 
added 5 µg AdA was found in the cellular fraction of both cell types after incubation. 
Next, we determined in which lipid reservoir AdA is stored to obtain an indication about 
the mechanisms underlying its inhibitory effect on AA release. To this end, we measured 
the neutrophil lipidome on a commercial lipidomics platform (Lipidyzer™) and showed 
that AdA is stored in several different lipid reservoirs (Fig. 5B). We could not detect 
any AdA in lysophospholipids or sphingomyelin lipids in any of the conditions (data not 
shown). Instead AdA levels increased specifically in cholesteryl esters. AdA accumulation 
in phosphatidylcholines (PC),diacylglycerides (DAG) and triglycerides (TAG) was only 
detected after AdA incubation in combination with calcium ionophore A23187 stimulation. 
AdA did not accumulate in phosphatidylenthanolamines (PE). 
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Figure 5. AdA incorporates in different fatty acid reservoirs in neutrophils. (A) Neutrophils were 
incubated with AdA or vehicle for 20 minutes. Total levels of cellular AdA were quantified upon 
hydrolysis, using GC-MS. Three individual experiments were performed in triplicate, means and 
SD of n = 3 donors are shown. One-way ANOVA was performed, **, P<0.01. (B) Neutrophils were 
incubated with AdA or vehicle for 10 minutes and were subsequently stimulated with calcium 
ionophore A23187 or vehicle for 10 minutes. Next, cells were subjected to DMS-MS/MS using the 
Lipidyzer TM platform and cellular AdA concentrations in various lipid classes were determined. 
Experiments were performed in triplicate and each line represents a donor, n = 4 donors in four 
independent experiments. Matched Two-way ANOVA was performed to compare baseline levels 
with AdA incubation, to compare the calcium ionophore A23187 stimulated conditions and to 
compare the effect of calcium ionophore A23187 stimulation after AdA incubation and to baseline, 
*, P<0.05; **, P<0.01; ***, P<0.001. Values below detection limit were assigned the null value.

No apparent effects of adrenic acid exposure on arrangement of AA in higher 
order lipids
Since AdA accumulated in phospholipid species such as PC, as well as in DAG 
and TAG lipids, we hypothesized that AdA could affect the release of AA from these 
compartments. In addition to cytosolic phospholipase A2 (cPLA2) it has been shown that 
adipose triglyceride lipase (ATGL) regulates AA release in neutrophils(34). We therefore 
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investigated the activity of different lipases involved in AA release in these compartments. 
Surprisingly, AdA did not have an effect on either cPLA2, measured by a phospholipase 
assay or ATGL activity measured by a pan lipase assay (Fig. 6A). These enzymes release 
AA from phospholipids and TAGs, respectively. Since AdA does not appear to inhibit 
AA release by affecting lipase activity, we next sought to investigate in more detail the 
compartments from which AA is released, using the Lipidyzer™ platform. We were able 
to confirm the blunted calcium ionophore A23187-mediated AA release in the presence 
of AdA using this platform (Fig. 6B). This effect was specific for AA as AdA had no effect 
of free LA or DHA levels (Supplemental Fig. 3B,C) In contrast to the clear effect of AdA 
exposure on free AA release, we could not detect any build-up or (re-)arrangement of 
AA in any of the lipid compartments in which we detected AA (Fig. 6 C,D).

Figure 6. AA concentrations in higher order lipid compartments (A) Neutrophils pre-treated with 
AdA or vehicle for 10 minutes were stimulated with calcium ionophore A23187 for 2 (PLA) or 10 
(lipase) minutes. Enzyme activity was determined using activity assays. Means are shown for both 
assays and SD are shown for PLA activity. n = 3 (PLA) n =2 (lipase), all performed in individual 
experiments. (B,C,D) Neutrophils were incubated with AdA or vehicle for 10 minutes. Subsequently, 
they were stimulated with calcium ionophore A23187 or vehicle for 10 minutes. Next, the cells were 
subjected to DMS-MS/MS using the LipidyzerTM platform. Cellular AA levels, free (B), total (C), and 
within the PC, PE, DAG, and TAG classes (D) are shown. Experiments were performed in triplicate, 
values below detection limit were assigned the null value. Each line represents one donor, n =4 
in four independent experiments. Matched Two-way ANOVA was performed comparing the same 
conditions as for figure 5.*, P<0.05; **, P<0.01; ***, P<0.001, ****, P>0.0001.
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Adrenic acid protects from neutrophil-mediated experimental arthritis
Having observed abrogated LTB4 synthesis, neutrophil migration and enhanced 
phagocytosis upon AdA treatment, we investigated the in vivo relevance of these findings. 
Since our results show inhibited neutrophil attraction by neutrophils exposed to AdA, we 
investigated the anti-inflammatory and pro-resolving effects of AdA in the K/BxN serum 
transfer arthritis model. This model has been shown to be critically dependent on LTB4 
production by neutrophils(35). In line with those results, we observed that AdA limited 
the severity of arthritis in two independent experiments carried out in two independent 
facilities (Fig. 7A). In both experiments, we showed a decreased clinical score in AdA-
treated mice, as well as a decrease in ankle thickness measured in one of the experiments 
(Fig. 7A and Supplemental Fig. 4A). Interestingly, the reduced arthritis severity correlated 
with lower levels of anti-GPI antibodies in the serum of the AdA-treated mice (Fig. 7C,D). 
The lower titers were not due to AdA interfering with the ELISA (Supplemental Fig. 4B).

Figure 7. Adrenic acid reduces severity of neutrophils mediated experimental arthritis. (A) Clinical 
arthritis scores are shown for two independent experiments executed independently in two different 
laboratories. Mice were administered AdA from day -3 till the end of the experiment. Mean and SD 
are shown, n = 5 mice/group/experiment. Statistical significance was established using a repeated 
measures ANOVA as a mixed model. (B) Serum anti-GPI antibodies of day 14 measured by ELISA in 
mice from experiment 1. Mean and SD are shown. (C) Anti-GPI antibodies over time of experiment 2 
together with controls. Plasma was diluted 1:100. Each dot represents a mouse, mean of duplicates 
is shown. Statistical significance in (B) and (C) was established using student-t tests. *, P<0.05; **, 
P<0.01; ***, P<0.001.
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Discussion

In this study, we investigated the kinetics of both n-3 and n-6 PUFAs in the context of 
resolution of inflammation. We demonstrated an accumulation of the n-6 PUFA AdA in 
the resolution phase of the self-resolving peritonitis model. Specifically in neutrophils, 
AdA potently inhibited AA release and LTB4 production reducing further attraction of 
neutrophils to the site of inflammation. Furthermore, AdA enhanced phagocytosis and 
efferocytosis by macrophages in vitro and the clearance of neutrophils in the peritonitis 
model in vivo. Finally, AdA clearly showed the potential to prevent inflammation in the K/
BxN serum transfer model of arthritis. These findings indicate a novel anti-inflammatory/
pro-resolving function for the n-6 PUFA AdA. Our data supports the notion that n-6 
PUFAs are not only pro-inflammatory but can have potent anti-inflammatory functions 
as well and our data set the stage to delineate the mechanisms underlying the biological 
effects of AdA presented here.

Effects of AdA on AA were already proposed in 1980 by indicating that AdA modulates 
the inflammatory effects of AA as AdA limited the fall in blood pressure induced by AA 
injections in rats(16). A few years later, it was shown that this effect of AdA is due to the 
inhibition of prostaglandin I2 formation by competing with AA for cyclooxygenase enzymes 
as well as by reducing the AA content of phosphatidylinositol (PI) structures in human 
endothelial cells(17, 18). Here, we were unable to show build-up or (re-)arrangement of AA 
levels in various lipid compartments. However, this is probably due to the relatively small 
amount of AA which is prevented from becoming free fatty acid compared to the total 
amount of AA in the cell. Alternatively, AA might be released from lipid species we were 
technically not able to measure, as for example PI lipids. Since AdA did not affect lipase 
activity, we hypothesize that AdA might cause a strong activation of acyltransferases, for 
example the diglycerideacyltransferases (DGAT), could compensate the cPLA2 effects 
upon calcium ionophore A23187 activation and reverse the balance from free AA to 
esterified AA. The effect of AdA seems to be specific for AA, as we did not observe this 
with another n-6 PUFA, LA, nor with the n-3 PUFAs DHA and EPA.

The finding that AdA accumulated specifically inside the cells during the resolution phase 
strongly points to the activation of a cell-intrinsic mechanism to initiate the resolution 
phase. The source of AdA might be AA itself, since AA can be converted into AdA 
by elongases as previously shown in RAW 264.7 macrophages(36). This could be a 
mechanism by which the cells remove the no longer needed substrate AA.

As we observed potent effects of AdA on LTB4 production in neutrophils, we have 
investigated the effect of AdA in an in vivo inflammatory model dependent on LTB4 
production by neutrophils(35). In the K/BxN serum-transferred arthritis model, we 
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expected that AdA would impair the capacity of neutrophils to further amplify the 
inflammation through the production of LTB4. Indeed, we observed a potent anti-
inflammatory effect of AdA. Unexpectedly, we observed a decrease in the arthritogenic 
anti-GPI antibodies in the AdA treated mice, in association with the lower clinical arthritis 
score. Since all mice received the same amount of serum containing the antibodies, we 
hypothesize that these antibodies might be cleared from the circulation faster than in 
the untreated mice. Indeed, we show that plasma titers of treated mice are already lower 
than those of untreated mice at day 10 of the experiment. These results are in line with 
the enhanced ability of AdA-exposed macrophages to phagocytose, possibly allowing 
the enhanced clearance of arthritogenic immune complexes by these macrophages. 
Indeed, it is known that anti-GPI antibodies form immune complexes(37, 38). We therefore 
propose that, in addition to inhibiting neutrophil derived LTB4 production, AdA might also 
enhance the macrophage-mediated clearance of anti-GPI antibodies in this model.

The increase in AdA levels and the disappearance of LTB4 from the peritoneal cavity at 
the initiation of the resolution phase is consistent with our finding that neutrophils exposed 
to AdA inhibit LTB4 production. However, AA and AA metabolites such as PGE2 and 
TXB2 still increase while AdA levels are also increased. Since there are predominantly 
macrophages in the peritoneum at this timepoint, the increase of AA and AA metabolites 
point towards a different pro-resolving activity than what we show in neutrophils. For 
example, it was shown that macrophage populations sustain PGE2 production during 
the late resolution phases in murine peritonitis to prevent autoimmune reactions(39).

Consistent with the data presented here, the same effect on LTB4 production in 
neutrophils has been described by others after dietary n-3 supplementation with EPA 
and DHA(40, 41). However, this is the first time the effect on LTB4 production is described 
for an n-6 PUFA and the effect of AdA has never been tested in clinical trials. Although 
it is likely that the results presented in this study are due to the effects of AdA, we have 
not investigated whether AdA is enzymatically or non-enzymatically converted to any 
downstream products such as the 15-LOX metabolite 17-HDoTE(42).

Our data emphasize that n-6 fatty acids should not be categorized as merely pro-
inflammatory as they can have potent anti-inflammatory effects as well. Importantly, 
they highlight a previously unappreciated anti-inflammatory and pro-resolving effect 
of AdA, offering an emerging therapeutic candidate in inflammatory disease such as 
atherosclerosis, autoimmune diseases, asthma, and cancer.

5
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Supplemental figures

Supplemental Figure 1. Zymosan A peritonitis controls. Mice were administered zymosan and 
peritoneal lavage was collected at different timepoints. (A) Cell free peritoneal lavage fluid was 
collected and free AA, AdA and DHA were measured using GC-MS. Mean and SEM are shown, n=3 
mice per time point. One experiment is depicted. (B) Cell numbers are shown for one representative 
experiment. Mean and SEM are shown, n=3 mice per time point (C) F4/80 MFI on the monocyte/
macrophage fraction is shown for two independent experiments. Mean and SEM are shown, n=3-8 
mice per time point. (D) Representative flowcytometry plots of timepoints 0, 12 and 72 hours of 
experiment 2 depicted in supplementary figure 1C. DCD (dead cell control) shows Dapi positive cells 
alone, Strep (streptavidin control) is the “secondary antibody only” control for the F4/80 staining and 
Iso (isotype control) shows isotype background for F4/80-biotin and GR1-FITC. In supplementary 
figure 1C, the mean MFI of the three F4/80 positive gates is shown.
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Supplemental Figure 2. Cell assay controls. (A) Peripheral blood neutrophils and macrophages 
were pre-incubated for 10 minutes or 24 hours with AdA, respectively, before stimulation with vehicle 
(1% EtOH) for 10 minutes. Total free LTB4, 5-HETE and AA levels relative to internal standard were 
calculated based on LC-MS/MS signals (see “materials and methods”). Each line represents one 
donor, n = 3-8 donors all individual experiments. (B) Neutrophils were incubated with AdA for 10 
minutes before incubation with calcium ionophore A23187 for 10 minutes. Percentage of dead cells 
was determined by flow cytometry using 1 µg/mL propidium iodide (Molecular Probes) (n=4, SD 
and mean are shown). Additionally, the CellTiter 96 Aqueous One Solution Cell proliferation Assay 
(Promega) was used to quantify viable cells, according to the manufacturer’s protocol (colorimetric 
assay, n=1). Alternatively, cells were counted in the presence of 0.2% Trypan Blue (Sigma-Aldrich) 
(light microscopy, n=1). (C) Neutrophil migration towards LTB4, AdA, calcium ionophore A23187 or 
vehicle controls in 90 minutes. The means of triplicates of three donors are shown. n=3 experiments.
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Supplemental Figure 3. Internalization of AdA in macrophages and free fatty acid levels of Linoleic 
acid and Docosahexaenoic in neutrophils. (A) Macrophages were incubated with AdA for 24 hours. 
Levels of cellular AdA were quantified after hydrolysis, using GC-MS. Student t-test was performed, 
*, P<0.05; **, P<0.01; ***, P<0.001. (B,C) Neutrophils were incubated with AdA or vehicle for 10 
minutes. Subsequently, they were stimulated with calcium ionophore A23187 or vehicle for 10 
minutes. Next, the cells were subjected to DMS-MS/MS using the LipidyzerTM platform. Cellular LA 
levels of free fatty acid classes are shown for LA (B) and DHA (C) Each line represents one donor, 
n =4 in four independent experiments. Matched Two-way ANOVA was performed comparing the 
same conditions as for figure 5.

Supplemental Figure 4. Adrenic acid effects in vivo. (A) Ankle difference shows the Δ ankle 
thickness compared to baseline as an average from both ankles. Mice were administered AdA 
from day -3 till the end of the experiment. Mean and SD are shown, n=5 mice per group of two 
independent experiments. Statistical significance was established using a repeated measures 
ANOVA as a mixed model, *, P<0.05; **, P<0.01; ***, P<0.001. (B) Different amounts of AdA were 
diluted in serum of either arthritic or non-arthritic mice and levels of anti-G6PI antibodies were 
determined by ELISA. Mean is represented of samples run in duplicate.

5
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Abstract

Metabolomics and lipidomics are of fundamental importance to personalized healthcare. 
Particularly the analysis of bioactive lipids is of relevance to a better understanding 
of various diseases. Within clinical routines, blood derived samples are widely used 
for diagnostic and research purposes. Hence, standardized and validated procedures 
for blood collection and storage are mandatory, in order to guarantee sample integrity 
and relevant study outcomes. We here investigated different plasma storage conditions 
and their effect on plasma fatty acid and oxylipid levels. Our data clearly indicate the 
importance of storage conditions for plasma lipidomic analysis. Storage at very low 
temperature (−80 °C) and the addition of methanol directly after sampling are the most 
important measures to avoid ex vivo synthesis of oxylipids. Furthermore, we identified 
critical analytes being affected under certain storage conditions. Finally, we carried out 
chiral analysis and found possible residual enzymatic activity to be one of the contributors 
to the ex vivo formation of oxylipids even at −20 °C.

Keywords: LC-MS/MS, Lipidomics, Storage, Oxylipids, Stability, Plasma
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Introduction

Clinical metabolomics and lipidomics stand at the basis of personalized health care 
as they allow for a detailed molecular assessment of individual metabolite patterns 
and concentrations. Due to the fact that blood is one of the most widely used bio-
fluids in clinical studies, it is not surprising that it has been used extensively in clinical 
metabolomics and lipidomics studies (1, 2). A specific sub-field of lipidomics analysis, 
which is at present rapidly moving towards the clinic, is the analysis of oxylipids, including 
bioactive lipid mediators (LM) (3, 4). Although several interesting studies in this field have 
already been published, a surprisingly limited number of investigations has yet studied 
the influence of sample handling and storage on study outcomes (5). Plasma, collected 
using different anticoagulants, and serum are the most often used blood components 
for lipidomics and metabolomics studies. As these blood products are often stored for 
different lengths of time before analyses, it is highly relevant to identify the proper storage 
conditions to avoid storage artifacts, i.e. ex vivo modification or formation of lipids. Other 
pitfalls and challenges in lipidomic research are the use of different anti-oxidants, the 
intrinsic problem of radical-induced lipid autoxidation (6), as well as storage stability (7). 
All these factors should be systematically studied in order to guarantee high quality data 
and allow for correct biological interpretation of the results.

Oxylipid analysis is usually carried out using liquid chromatography coupled to tandem 
mass spectrometry with electrospray ionization (LC-ESI-MS/MS). Matrix effects in LC-
ESI-MS/MS are known to affect quantitation of analytes in plasma (8, 9) and different 
anticoagulants can change the physical properties of the plasma and thus affect the 
matrix effect. Despite the inevitable need for storage of samples in clinical studies, as 
of yet there is no general consensus on which anticoagulant is best suited for oxylipid 
analysis. Moreover, to our knowledge, only one study has addressed the effect of 
anticoagulants on plasma phospholipids and triglycerides so far (10).

Oxylipids are, chemically speaking, oxidized products of polyunsaturated fatty acids 
(PUFAs) which contain one or several oxygen functionalities when compared to their 
PUFA precursor. The molecular oxygen insertion can occur either via enzymatic or non-
enzymatic pathways. The non-enzymatic pathways, also referred to as autoxidation 
and peroxidation due to radical reactions, are suspected to take place in vivo in many 
diseases (11). However, these processes are undesirable ex vivo, as they are the main 
contributors to storage artifacts. Several antioxidants such as vitamins A and E, or 
butylated hydroxytoluene (BHT) (12) are commonly used to prevent ex vivo oxidation 
and to maintain sample integrity. Their usage includes the coating of blood collection 
containers (7) and/or addition to the samples (13). It has been known for more than 25 

6
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years of research that ex vivo radical reactions and peroxidation of PUFAs are of big 
concern when samples are stored at elevated temperatures, or even at -20 °C (11, 14). 
Despite that, no dedicated studies have been performed on how such parameters affect 
oxylipids. The possibility of oxygen insertion via residual enzymatic activity should in 
this respect also be considered. It is furthermore of crucial importance to assess which 
timeframe between sample collection/preparation and freezing is considered acceptable, 
since daily clinical routine samples are usually not processed immediately.

All of the above-mentioned points were addressed in the present study, in which the 
effects of different storage temperatures, storage time, sample preparation as well as the 
use of two of the most widely used anticoagulants (15) on levels of oxylipids and PUFAs 
in human plasma samples were determined. The anticoagulants compared in this study 
are ethylenediaminetetraacetic acid (K2EDTA, from here on referred to as EDTA) and 
sodium heparin (from here on referred to as heparin). We believe that our study is of 
fundamental importance for the further integration of oxylipid analysis in clinical research 
as it lays the fundament for proper sample handling and storage, which is critical for the 
generation of consistent clinical data.

Materials and Methods

Chemicals and materials
K2EDTA (EDTA) and sodium heparin vacutainers were from BD (Mississauga, ON, 
Canada)). LC-MS grade methanol (MeOH), glacial acetic acid pro analysi (p.a.), and 
LC-MS grade water, were from Sigma Aldrich (Schnelldorf, Germany). Ethanol p.a. 
was from Merck (Darmstadt, Germany). ACN and were from Sigma Aldrich BHT. All 
substances used as standards were from Cayman Chemicals (Ann Arbor, MI, USA), 
except 17-hydroxydocosatetraenoic acid (17-HDoTE) which was made in-house (see 
Production of 17-HDoTE below). Sample tubes (1.5 mL) were from Eppendorf (Hamburg, 
Germany). Autosampler vials, caps and inserts were from Agilent Technologies 
(Waldbronn, Germany). The internal standard (IS) solution used for oxylipid analysis 
consisted of LTB4-d4, 15(S)-HETE-d8, PGE2-d4 50 ng/mL each and 500 ng/mL DHA-d5 
in MeOH. The IS solution was prepared beforehand in sufficient amount, aliquotted and 
the aliquots were stored at -80°C and used for this purpose alone.

Preparation of plasma samples and storage
Blood was collected from 4 healthy, non-fasting volunteers, 2 females and 2 males upon 
written informed consent. The study was approved by the medical ethical committee of 
the LUMC. Two EDTA and 2 heparin tubes of blood from each volunteer were collected. 
The blood was spun at 2100 ×g in order to obtain platelet-poor plasma. Subsequently 
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a heparin and EDTA plasma pool were prepared and the plasma divided into 200 μL 
aliquots.

After aliquotting, samples were treated in one of four different ways. 1) Proteins were 
precipitated with 3-fold volume MeOH w/ 40.8 μg/mL BHT. 2) 4 μL EtOH w/ 15 mg/mL 
BHT was added. 3) Proteins were precipitated with 3-fold volume MeOH. 4) no additives. 
After treatment, argon was blown over the samples before storing the aliquots at 4 
different storage temperatures, for different amounts of time, see figure 1, resulting in 
134 samples.

A baseline for each anticoagulant was established by working-up samples immediately 
after the aliquotting.

Targeted lipidomics
Targeted lipidomics analysis of the plasma was carried as described previously (3) with 
some modifications: To plasma aliquots that were stored without prior protein precipitation, 
600 μL of MeOH was added, 5.4 μL IS was added to all samples and after vortexing, 
samples were stored at -20°C for 20 min. The samples were then centrifuged at 4°C for 10 
min at 16,100 ×g. From each sample 270 μL MeOH extract was transferred to two glass 
autosampler vials and dried under a gentle stream of N2 before reconstituting with 36 μL 
MeOH, vortexing and sonicating and adding 54 μL H2O, giving two technical replicates 
for each sample. After reconstitution, the samples were placed in the autosampler at 
6°C for direct analysis.

Liquid chromatography combined with mass spectrometry (LC-MS/MS) analysis was 
carried out as previously published (3) with some modifications. Briefly: A QTrap 6500 
mass spectrometer was used in MRM mode in negative ESI mode (Sciex, Nieuwerkerk 
aan den Ijssel, The Netherlands), coupled to a LC system employing two LC-30AD pumps, 
a SIL-30AC autosampler, and a CTO-20AC column oven. (Shimadzu, ’s-Hertogenbosch, 
The Netherlands). The employed column was a Kinetex C18 50 × 2.1 mm, 1.7 µm, 
protected with a C8 precolumn (Phenomenex, Utrecht, The Netherlands), kept at 50 
°C. The following binary gradient of water (A) and MeOH (B) with 0.01% acetic acid 
was used: 0 min 30% B, held for 1 min, then ramped to 45% at 1.1 min, to 53.5% at 2 
min, to 55.5% at 4 min, to 90% at 7 min, and to 100% B at 7.1 min, held for 1.9 min. The 
injection volume was 40 µL and the flow rate 400 µL/min. The MS was operated under 
the same conditions as in (3). In addition to the mass transition used for each analyte (see 
Supplementary Table 1), relative retention times (RRTs) were used for identification. For 
quantification at baseline, calibration lines, made with standard material for each analyte 
(see Supplementary Table 1 for range), were used and only peaks with a signal to noise 
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(S/N) > 10 were quantified. For analytes where no calibration line was used, area ratios 
were used and S/N > 3 was used as a detection limit. The LC-MS/MS method used does 
not discriminate between alpha-linolenic acid (ALA) and gamma-linolenic acid (GLA), 
and therefore the detected fatty acid(s) is listed as ALA/GLA.

Chiral analysis
Chiral analysis was carried out after initial fractionation on our RPLC platform. 300 μL 
of MeOH extract was dried down, reconstituted in 44 μL of MeOH, vortexed and 66 μL 
of water added. This sample was then injected on the RP C-18 platform and fractions 
collected, 6.5–7.5 min for LM analysis and 7.5–8.5 min for HETE analysis. Fractions 
were dried down under a flow of N2, LM fractions were reconstituted in 28 μL MeOH 
and 42 μL water and HETE fractions in 40 μL MeOH and 60 μL water. The chiral LC-MS/
MS analysis was carried out with the same Shimadzu LC system as the RP analysis, 
injecting 40 μL on a Chiralpak ® AD-RH (Daicel, Tokyo, Japan) at room temperature 
with water (A) and ACN (B) with 0.01% acetic acid at 200 μL/min. For HETE analysis an 
isocratic run with 70%B for 10 min was used. For LM analysis the following gradient was 
used: 60%B kept constant for 4 min and then linearly increased to 70% at 10 min, kept 
constant for another 2.5 min.

Data analysis
Peaks were integrated with manual supervision using MultiQuant™ software (Sciex, 
MA, USA).

Results

Oxylipid analysis was carried out using LC-ESI-MS/MS according to published protocols 
(3, 16). In order to prevent any possible influence of an extended sample preparation 
procedure we opted for protein precipitation using MeOH. For every condition an aliquot 
of pooled plasma obtained from four healthy individuals (two female, two male) was 
analyzed in technical duplicate. Corrected areas for all analytes in all samples can be 
found in Supplementary Figures S2-S61. The effects of the following key parameters were 
studied: i) the anticoagulant, EDTA and heparin; ii) plasma storage temperature, including 
short-term storage at room temperature and refrigerated; iii) the addition of either the anti-
oxidant BHT or immediate protein precipitation using MeOH; and iv) the combined effect 
of BHT, MeOH and storage temperature. A detailed study design is shown in Figure 1.
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Figure 1. Study design. Blood was collected into both EDTA and heparin tubes and plasma 
was immediately obtained by centrifugation. A: All EDTA and heparin samples were pooled and 
aliquoted. The aliquots were then split in four groups, MeOH was either added or not, and BHT 
either added or not (for detailed information see Materials and Methods) giving 8 different conditions. 
These aliquots were then stored at 4 different storage temperatures, resulting in 32 different storage 
conditions. Abbreviations: BHT butylated hydroxytoluene, RT room temperature B: In addition to 
a baseline measurement, samples from the different storage conditions in A were analyzed at 
different time points, spanning from two hours after preparation of the plasma for short-term storage 
at room temperature and 6°C to long-term storage for one year in -20°C and -80°C freezers.

Effect of anticoagulants at baseline.
Baseline levels of oxylipids and PUFAs (see concentrations in Supplementary Table 
1) in both EDTA and heparin plasma directly precipitated with MeOH were determined 
first. The ratio of EDTA/heparin (see Figure 2) was determined for all analytes detected 
at baseline. This can also be referred to as a nominal accuracy determination with 
the values obtained for heparin set to 1.0 (100%). As can be observed in Figure 2A, 
most of the ratios for PUFAs were between 0.6 and 1.3. Similarly, most ratios for the 
monohydroxylated fatty acids derived from AA, EPA, DHA, LA and ALA were between 
0.7 and 1.2 (Figure 2B and C), except for 5-HETE (ratio 0.3), and 12-HETE (ratio 0.1). 
Moreover, three other oxylipids, TXB2 (ratio 0.2) and LTB4 and LTE4 (ratio 0.0) were much 
higher/only present in the heparin samples compared to the EDTA samples (Figure 2D).

6
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Figure 2. Comparison of lipid analytes in EDTA and heparin plasma at baseline. Heparin and EDTA 
were added to separate aliquots. The indicated ratios result from dividing the concentration of each 
analyte in the EDTA sample with the one in the heparin sample. For each analyte the ratio of the 
average (of technical duplicates) corrected area (to internal standard) from EDTA plasma to the 
heparin plasma samples is depicted for A: PUFAs; B: monohydroxylated FA derived from AA and 
EPA or from C: DHA, LA and ALA; and D: other oxylipids. The dotted line shows the range 0.8-1.2.
Abbreviations: AA arachidonic acid, EPA eicosapentaenoic acid, DHA docosahexaenoic acid, AdA 
adrenic acid, DPAn-3 omega-3 docosapentaenoic acid, LA linoleic acid, ALA alpha-linolenic acid, 
GLA gamma-linolenic acid, HETE hydroxyeicosatetraenoic acid, HEPE hydroxyeicosapentaenoic 
acid, HDHA hydroxydocosahexaenoic acid, HODE hydroxyoctadecadienoic acid, HOTrE 
hydroxyoctadecatrienoic acid, TXB2 thromboxane B2, LTB4 leukotriene B4, diHETE 
dihydroxyeicosatetraenoic acid, and diHDPA dihydroxydocosapentaenoic acid.
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To confirm that certain eicosanoids and leukotrienes are indeed only detectable in heparin 
plasma, we repeated this analysis with blood from four (two female, two male) additional 
volunteers > 1.5 years after the initial measurements (see Supplementary Figure S1). The 
new measurements confirmed our initial results, indicating that LTB4, TXB2, 5-HETE and 
12-HETE measurements are particularly sensitive to the anti-coagulant used for samples 
collection. Our results clearly show that the choice of anticoagulant can significantly affect 
the reported concentrations of some oxylipids.

Short- and long-term storage
Next, we investigated the effect of short- and long-term storage under different conditions.

After blood collection and plasma preparation, samples are often kept at room temperature 
or refrigerated for a limited amount of time. To assess for how long samples can be kept 
at room temperature or refrigerated without changes in measured analyte concentrations, 
we established oxylipid and PUFA levels after two or eight hours at room temperature 
and after two, eight, or 24 hours at 6 °C. In addition, levels were established after both 
24 hours and one week at -20 °C (see Supplementary Figures S2-S27).

Moreover, since large cohorts are needed in clinical research, samples are sometimes 
collected over a long period of time and measured at the study endpoint. To assess 
the effect of long term storage, samples were kept at -20 °C or -80 °C for four weeks, 
12 weeks, 26 weeks, or one year before oxylipid and PUFA measurement (see 
Supplementary Figures S28-S61). The effects of BHT, a known commonly-used anti-
oxidant, and of immediate MeOH precipitation on the analyte measurements were 
assessed. The samples without addition of BHT precipitated with MeOH at baseline 
were used as reference.

Short-term storage at room temperature
After two hours, no clear differences were observed for any of the PUFAs in any storage 
condition (Fig.3 and Supplementary Figures S2-S8). However, an increase in levels could 
be observed for some PUFAs after eight hours compared to baseline. This effect was 
independent of MeOH precipitation and of the presence of BHT in the EDTA samples 
(Fig.3A). In the heparin plasma samples, this increase could be prevented by MeOH 
precipitation, but was independent of BHT-addition (Fig. 3B and Supplementary Figures 
S2-S8).

Similarly, little differences were observed for monohydroxylated FAs between the different 
sample treatment conditions (for both anticoagulants) except for 12-HETE in EDTA 
plasma w/ BHT after a two-hour storage period (Figure 3 and Supplementary Figures 
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S9-S22). However, a significant increase compared to baseline could be observed after 
eight hours for several monohydroxylated FAs and this increase was prevented by MeOH 
precipitation for both anticoagulants (Figure 3). Interestingly, in the case of 12-HETE the 
addition of BHT significantly affected the measured signal in the unprecipitated samples 
particularly in EDTA plasma (Figure 3A and Supplementary Figure S12).

For the CYP450 products 14,15-diHETE and 19,20-diHDPA, no clear increase compared 
to baseline was observed over a period of eight hours, as well as no difference between 
the storage conditions (Figure 3 and Supplementary Figures S23 and S24). For TXB2, a 
significant increase was only observed in the EDTA plasma without MeOH precipitation, 
especially after 8 h of storage (Figure 3A and Supplementary Figure 25). Neither a 
change over time nor differences between storage conditions were observed for LTB4, 
while for LTE4 a clear increase was observed in heparin plasma samples without MeOH 
(Figure 3B and Supplementary Figures S26 and S27).

Short-term storage at 6 °C
Samples kept at 6 °C were worked-up after two, eight, and 24 hours. An increase in PUFA 
levels was observed already after eight hours for EDTA plasma and after 24 hours for 
heparin plasma. This increase was prevented by MeOH precipitation only in the heparin 
plasma samples. Addition of BHT did not have a significant effect on PUFA levels (see 
Figure 4 and Supplementary Figures S3, S5, and S7).

Except for 12-HETE in EDTA plasma w/ BHT, no significant differences were observed 
between different storage conditions within the 24 hours storage period for most of 
the monohydroxylated FAs, the two CYP450 products, and LTB4 (see Figure 4 and 
Supplementary Figures S5-S27). Similar to samples stored at room temperature, the 
measurement of 12-HETE seemed to be affected by BHT addition in the unprecipitated 
EDTA plasma samples. Moreover, 5-HETE showed accumulation over time in EDTA 
plasma but not in heparin plasma, and this increase was prevented by MeOH addition 
(Figure 4A and Suppl. Fig S9). LTE4 levels in heparin plasma also increased over time 
and the accumulation was prevented by MeOH addition (Figure 4B and Supplementary 
Figure S26).
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Figure 3. Short-term storage at room temperature. Heatmap showing the fold increase of the 
corrected area to baseline over time. A: EDTA plasma and B: heparin plasma. LTB4 and LTE4 were 
not detected in EDTA samples. Abbreviations: n.d. not determined, LOD limit of detection.

6
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Figure 4. Short-term storage at 6 °C. Heatmap showing the fold increase of the corrected area to 
baseline over time. A: EDTA plasma and B: heparin plasma. LTB4 and LTE4 were not detected in 
EDTA samples. Abbreviations: n.d. not determined, LOD limit of detection.

Short-term storage at -20 °C
Samples kept short-term at -20 °C were worked-up after 24 hours and one week. In 
contrast to room temperature and 6°C conditions, PUFA levels were only marginally 
affected in heparin plasma after 1 week, while they were already increased after 24 
hours in the EDTA plasma. MeOH precipitation and BHT addition had little effect. (Figure 
5 and Supplementary Figures S2-S8). Up to 1 week of storage at -20 °C resulted in 
small changes for most monohydroxylated FAs and CYP450 products in EDTA plasma 
and was prevented by addition of MeOH, while few changes were observed in heparin 
plasma (Figure 5 and Supplementary Figures S9-S27). A significant increase in 12-HETE 
and TXB2 levels was observed in EDTA plasma and this was prevented by addition of 
MeOH (Figure 5A and Supplementary Figures S12 and S25. Note the possible outlier 
in Supplementary Figure S12, see Discussion). Similar to samples kept at higher 
temperatures, LTE4 levels in heparin plasma had increased after 24 hour storage 
and addition of MeOH had little effect on this change (Figure 5B and Supplementary 
Figure S26).
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Figure 5. Short-term storage at -20 °C. A heatmap showing the fold increase of the corrected area 
to baseline over time. A: EDTA plasma and B: heparin plasma. LTB4 and LTE4 were not detected 
in EDTA samples. Abbreviations: LOD limit of detection. 12-HETE levels without additives in EDTA 
plasma, possible outlier, see Supplementary Fig S12.

Long-term storage at -80 °C
For PUFAs, only minor differences could be seen between storage conditions during 
long term storage at -80 °C (Supplementary Figures S28-S34). Compared to baseline, 
only EPA, AdA, and ALA/GLA levels increased over one year for all conditions (Figure 
6 and Supplementary Figures S29, S31, and S33). The addition of MeOH had no effect 
in the EDTA samples, but seemed to slow down the increase of these PUFA levels 
when plasma was collected in heparin. For most of the oxylipids, small changes were 
observed over the time span of one year (Figure 6 and Supplementary Figures S35-S53) 
and these changes were slowed down by MeOH addition. The increase in 12-HETE and 
TXB2 levels in EDTA plasma and LTE4 in heparin plasma were the most pronounced and 
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were diminished by the addition of MeOH prior to storage (Figure 6 and Supplementary 
Figures S38, S51, and S52).

Figure 6. Long-term storage at -80 °C. Heatmap showing the fold increase of average corrected 
area to baseline over time. A: EDTA plasma and B: heparin plasma. LTB4 and LTE4 were not 
detected in EDTA samples. Abbreviations: LOD limit of detection.

Long term storage at -20 °C
During a one-year storage period, most PUFAs remained stable (Figure 7 and 
Supplementary Figure S34). Only for EPA, a significant increase was observed after 12 
weeks in EDTA plasma and this was diminished by addition of MeOH(Supplementary 
Figure S29).

Without MeOH, levels of monohydroxylated FAs were significantly increased by week 4 
in EDTA plasma and by week 26 in heparin plasma (Figure 7 and Supplementary Figures 
S35-S48) and this was diminished by MeOH additon. One year after plasma preparation 
a clear increase compared to basal levels could be observed for all monohydroxylated 
FAs even in the samples with MeOH, with the exception of the HODEs and HOTrEs 
(Figure 7 and Supplementary Figures S35-S48).
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The levels of 14,15-diHETE and 19,20-diHDPA without MeOH addition (both 
anticoagulants) increased less than that of monohydroxylated FAs and the increase 
was diminished by MeOH addition. (Figure 7 and Supplementary Figures S49 and S50). 
Levels of TXB2 were significantly increased only in EDTA plasma without MeOH by week 
4 (Figure 7 and Supplementary Figure S51), while LTB4 and LTE4 levels were significantly 
increased in heparin plasma without MeOH by week 26 and week 4 respectively (Figure 
7B and Supplementary Figures S52 and S53). As there was no LTB4 detected at baseline 
in EDTA plasma, and the figure depicts ratio to basal levels, its fold-increase is not 
presented in Figure 7A. The addition of BHT did not have a significant effect on lipid 
levels.

Figure 7. Long-term storage at -20 °C. Heatmap showing the fold increase of corrected area to 
baseline over time. A: EDTA plasma and B: heparin plasma. Note the increase in LTB4 from week 
12 is most likely not LTB4 but the isomer 5S,12S-diHETE, for more detail see chapter Appearances 
of new oxylipids over time. Abbreviations: LOD limit of detection.

Appearances of new oxylipids over time
In addition to an increase in signal intensity for lipids already detectable at baseline, we 
also observed the appearance of some lipid species during storage. This was mostly the 
case in samples stored long-term without MeOH precipitation at -20 °C.

6
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The non-enzymatic products of LTA4, 6-trans-LTB4 and 6-trans-12-epi-LTB4, became 
detectable after 12 weeks in plasma from both anticoagulants (Supplementary Figures 
S54 and S55). A small increase in the LTB4 area ratio in samples without MeOH compared 
to samples with MeOH, was observed in heparin plasma after 12 weeks, which could 
be a result of additional 5S,12S-diHETE that is not distinguishable from LTB4 due to the 
very small differences in retention time, as previously identified by our lab (17, 18). After 
26 weeks these levels in both EDTA and heparin plasma had increased significantly 
(Suppl. Figure S53) and the relative retention time (RRT) had clearly shifted towards the 
5S,12S-diHETE value (data not shown). The hydroxylated product of AdA (17-HDoTE) was 
first detectable after four weeks of storage at -20 °C in plasma from both anticoagulants, 
and it increased further over time (Supplementary Figure S56). In addition, detectable 
levels of 7S,17S-diHDPA (RvD5n-3 DPA,), 5S,15S-diHETE, and 8S,15S-diHETE, were 
present when samples had been stored at -20°C without MeOH precipitation for 26 
weeks (Supplementary Figures S57-S59).

Surprisingly, we also observed the appearance of features that had the characteristics of 
bioactive lipid mediators (LMs) such as MaR1, PD1, and PDX (10S,17S-diHDHA), starting 
at 26 weeks (Supplementary Figures S60 and S61). The obtained chromatographic 
signals closely matched the relative retention times of purified standard material (within 
the limit of 0.5% deviation), as well as showing the characteristic fragmentation (Figure 8 
and 9). As this finding is highly relevant for the field of bioactive lipid research we further 
characterized these products. As it has been described that lipid mediators may be 
accompanied by multiple isomers that share their fragmentation pattern in MS/MS data 
acquisition, we used a chiral column to obtain orthogonal chromatographic separation. 
The results of the chiral analysis are discussed in the following section.

Chiral analysis of lipid mediators
Samples that had been kept at -20 °C for 74 weeks with or without MeOH were analyzed 
on both our standard RP C-18 oxylipid platform (Figures 8A and 9A) and on the chiral 
platform (Figures 8B and 9B) (see Materials and Methods). The signal referring to PDX 
falls within a window of no more than 0.5% RRT deviation on both chromatographic 
platforms, when compared to standard material (Figure 8). Therefore, we concluded 
that the signal appearing during long term storage refers to PDX. For both PD1 and 
MaR1, chiral analysis revealed that the signals obtained at correct RRT (C-18), presenting 
genuine MS/MS spectra for both components, do not correspond to the correct analytes 
for which bioactivity has been assigned. 
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Figure 8. Identification of PD1/PDX (10S,17S-diHDHA) in samples stored at -20 °C for 74 weeks. A: 
MRM trace of PD1/PDX after separation on RPLC. RRT relative to IS LTB4-d4 of standard material 
and unidentified peaks 1 and 2. B: MRM trace of PD1/PDX after separation on chiral column. Dark 
blue, EDTA plasma without MeOH. Light blue EDTA plasma stored with MeOH, red heparin plasma 
stored without MeOH, orange heparin plasma stored with MeOH, green standard with 1 ng/mL each 
PD1 and PDX (For the interpretation of the references to color in this figure legend, the reader is 
referred to the web version of the article.)
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Figure 9. Identification of MaR1 in samples stored at -20 °C for 74 weeks. A: MRM trace of MaR1 
after separation on RPLC. RRT relative to IS LTB4-d4 of standard material and unidentified peaks 
1 and 2 B: MRM trace of MaR1 after separation on chiral column. RRT on column to IS LTB4-d4 
of standard material. Dark blue, EDTA plasma without MeOH, light blue EDTA plasma stored with 
MeOH, red heparin plasma stored without MeOH, orange heparin plasma stored with MeOH, green 
standard with 0.1 ng/mL each MaR1 and 7S-MaR1. (For the interpretation of the references to color 
in this figure legend, the reader is referred to the web version of the article.)

Chiral analysis of HETEs
In addition to the chiral analysis of lipid mediators, we also investigated the S and R 
enantiomers of monohydroxylated FAs over time starting at 12 weeks. Therefore, we 
analyzed 5-HETE, 12-HETE, and 15-HETE on the chiral platform in samples with or 
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without MeOH stored at -20 °C or -80 °C for up to 74 weeks. Peak areas of S isomers 
and R isomers were corrected to 15S-HETE-d8 and S/R ratios calculated

As can be seen in the supplementary material S62-S64 the levels of 5-HETE and 15-
HETE at -80°C remained stable over the 74 weeks storage time. Particularly 12-HETE 
levels increased during storage at -80°C in EDTA plasma (Figure 6) and showed a high 
S/R ratio. As expected from the results in figure 7, much stronger effects were observed 
for samples store at -20°C. Particularly for 12-HETE a severe change in the S/R ratio 
occurred over time in the heparin samples. This was also visible for 15-HETE, albeit to 
a lower extent. In contrast, the S/R ratio increased for 5-HETE and this was prevented 
by the addition of MeOH. For further details please refer to the supplementary material.

Discussion

In this study, we assessed the effect of anti-coagulants, storage temperature and length 
as well as sample treatment on the levels of PUFAs and PUFA-derived oxylipids in 
plasma. Our data indicate that 1) EDTA and heparin differently affected the levels of 
specific lipids both at baseline and after storage, 2) less changes in lipid levels were 
observed upon storage at lower temperatures and 3) MeOH precipitation prevented 
changes in lipid levels at all temperatures, while BHT had little effect. Moreover, chiral 
analyses of mono-hydroxylated lipids suggests that some enzymes displayed a residual 
activity even at -20°C and this could be prevented by MeOH treatment before storage.

With respect to the employed anticoagulant, particularly platelet-derived oxylipids 
such as TXB2 and 12-HETE, and the 5-LOX products 5-HETE, LTB4 and LTE4 proved 
highly affected. These lipids were all higher in heparin than in EDTA plasma. Higher 
concentration of 12-HETE and TxB2 (platelet-derived oxylipids) could be explained by 
heparin activating residual platelets in the platelet-poor plasma used in this study (19), 
possibly due to re-suspension of the platelets after the centrifugation step. Similarly 
higher concentration of 5-HETE and the leukotrienes in heparin plasma could be due to 
residual platelets and possible re-suspension of leukocytes after the centrifugation (20-
22) as well as to reduced AA release in EDTA plasma leading to lower residual 5-LOX 
AA products. In any case, it underlines the importance of careful handling of samples 
after centrifugation, and special caution should be applied to the interpretation of data 
obtained for these metabolites, upon long-term storage. Moreover, one must be cautious 
when comparing results from studies that have used different anticoagulants for plasma 
collection.

6
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We have also tested the effect of storage temperature for different periods of time 
on the levels of different lipid classes. For all lipid classes, the levels were stable for 
longer periods of time at lower storage temperatures. The most affected lipids were the 
PUFAs EPA, AdA and ALA/GLA, and the oxylipids 5-HETE and 12-HETE, and TXB2 
and LTE4. The increase in levels is likely due to (residual) enzymatic activity and/or non-
enzymatic oxidation. In the case of PUFAs, most increase was observed in the EDTA 
samples and the increase was marginally affected by MeOH addition, indicating that this 
is predominantly a non-enzymatic process. In contrast, the increase in oxylipids was 
significantly reduced by addition of MeOH prior to storage, indicating the involvement of 
enzymatic processes in the observed changes in levels at all temperatures. To further 
investigate this, we have performed chiral analysis of the main 5-, 12- and 15-LOX 
products derived from AA: 5-HETE, 12-HETE and 15-HETE after long-term storage at 
-20°C and -80°C, as these are the most relevant storage conditions for clinical studies.

The least changes were observed in (oxy)lipid levels after storage at -80°C. Consequently, 
the effect of MeOH addition prior to storage at -80°C is minor, but still detectable, 
especially in 12-HETE and TXB2 levels in EDTA plasma at -80°C. The levels of these 
compounds after one year of storage were similar to the baseline heparin levels 
(Supplementary Figures S38 and S51). This could indicate the slow activation of platelets 
over time in EDTA plasma at -80°C, supported also by a higher S/R-ratio of 12-HETE 
in EDTA plasma without additives compared to MeOH addition at 74 weeks at -80 °C 
(Supplementary Figure 63). At -20°C, the S/R-ratio in EDTA plasma is relatively constant 
over time, suggesting that non-enzymatic processes have a higher contribution at this 
temperature. In heparin, the S/R ratio at -20°C approaches 1 over time, albeit slower in 
samples with MeOH, indicating the contribution of both enzymatic and non-enzymatic, 
non-stereospecific pathways to the synthesis of 12-HETE.

At -20°C, most of the oxylipin levels were increased over time, starting with 4 weeks of 
storage.

Chiral analysis for 5- HETE in heparin shows the increase of S over R for 5-HETE 
at -20°C, while for 15-HETE, S and R increase similarly over time and the S/R ratio 
decreases slightly towards 1 at 74 weeks. This indicates that the 5-HETE increase at 
-20°C is mostly due to enzymatic synthesis of 5S-HETE while 15-HETE is likely made in 
a non-enzymatic, non-stereospecific way. In EDTA, no clear differences were observed 
in S/R ratio over time, indicating the predominant contribution of a non-enzymatic, non-
stereospecific production of both 5- and 15-HETE.
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The appearance of some other features over time at -20°C (see chapters Appearances 
of new oxylipids over time and Chiral analysis of lipid mediators, Figure 8, Figure 9, and 
Supplementary Figures S53-S61) could then also be explained by the activity of 5-LOX 
(among other proteins), as this enzyme can be involved in the synthesis of PDX via 
17-HpDHA (23); 5S,12S-diHETE (17), 6-trans-LTB4 and 6-trans-12-epi-LTB4 (24,25) via 
5-H(p)ETE, and RvD5n-3 DPA via 17-HpDPAn-3 (26,27) in vivo. In contrast, 5S,15S-diHETE 
can be made in vivo via 5-LOX (28,29) and/or via 15-LOX and 8S,15S-diHETE via 15-
LOX(34) from 8S-H(p)ETE. For PDX a double oxygenation catalyzed by 15-LOX might 
be an alternative pathway as shown for soybean 15-LOXby Chen et al (30).

However, as is apparent in Figures 8 and 9, multiple isomers have formed during long-
term storage at -20°C, so to assign the formation of these oxylipids to enzyme activity 
rather than non-enzymatic, non-stereospecific radical reactions would require a more 
detailed investigation.

Interestingly, BHT addition in general had very little effect on analyte levels, even in the 
EDTA samples, in which the contribution of non-enzymatic, non-stereospecific reactions 
seems to be predominant. However, it strongly affected the 12-HETE levels in EDTA at 
baseline, which could be explained by a possible interference with the measurement 
method, activation of platelets (31-33) or contamination of the baseline EDTA samples 
with erythrocytes and/or platelets. It is conceivable that the combination of BHT in 
particular with EDTA results in activation of residual platelets in plasma samples. As 
described by Ruzzene et al. (31), BHT can activate phospholipase C via protein kinase 
C, while EDTA has been described to cause irreversible damage to platelets (35). The 
combination of these two processes could lead to an increased production of 12-HETE 
and TXB2, in particular when proteins have not been precipitated with MeOH.

To prevent the protein-catalyzed oxidation process in samples where proteins have not 
been precipitated with MeOH, we added a 10- fold increased amount of BHT. However, 
our data indicate that even these high concentrations of BHT were not able to significantly 
limit the production of oxylipids. Therefore, we deem BHT addition to plasma samples 
an unnecessary effort in oxylipid analysis that, in combination with EDTA, might even 
be counterproductive in the analysis of 12-
HETE and TXB2.

To conclude, oxylipid datasets from plasma prepared with different anticoagulants cannot 
be directly compared, especially for platelet-derived metabolites and leukotrienes. For 
long-term studies, samples should be stored at -80 °C, but MeOH addition to plasma prior 
to storage can maintain sample integrity at least for 12 (EDTA) to 26 (heparin) weeks at 
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-20°C. For some analytes, like 12-HETE and TXB2 in EDTA plasma and LTE4 in heparin 
plasma, addition of MeOH prior to storage at -80 °C appears necessary to prevent ex vivo 
accumulation over time. In addition, for measuring of EPA, AdA, and ALA/GLA, addition 
of MeOH to heparin plasma kept at -80 °C is recommended.

For short-term, samples can be kept for two hours at room temperature or refrigerated 
for eight hours without significant changes on levels, except for LTE4 in heparin and EPA, 
AdA and ALA/GLA in EDTA. For oxylipids, MeOH addition prolongs the time at which 
a sample can be kept at these temperatures, but does not affect the increase of EPA, 
AdA and ALA/GLA in EDTA plasma. These PUFA levels also increase at -20°C in EDTA 
plasma (slightly less with MeOH than without), so for PUFA analysis heparin should be 
the preferred choice.
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Supplementary material
Analyte name Average baseline concentration 

in EDTA plasma, n=2 [ng/mL]
Average baseline concentration 
in heparin plasma, n=2 [ng/mL]

5-HETE 0.042 0.166
8-HETE 0.040 0.039
11-HETE 0.017* 0.017
12-HETE 0.072 0.595
15-HETE 0.082 0.068
15-HEPE 0.012* 0.011*
18-HEPE 0.041 0.034
10-HDHA 0.008* 0.014*
17-HDHA 0.049 0.051
14,15-diHETE 0.095 0.087
19,20-diHDPA 0.473 0.442
TXB2 0.032, n=1 0.138
LTB4 n.d 0.020
LTD4 n.d 0.027, n=1
LTE4 n.d 0.012
AA 843+ 785+
EPA 49.8 87.3
DHA 598+ 536+
AdA 33.3 53.3
DPAn-3 223 213
ALA/GLA 624+ 903+
LA 4754+ 3607+

Supplementary Table 1. Calculated concentrations of oxylipids and PUFAs at baseline. Pooled 
plasma directly precipitated with MeOH after aliquotting. Average of the concentration of two 
technical replicates for each anticoagulant unless otherwise specified.

* Concentration below lowest standard
+ Concentration above highest standard
Abbreviations: AA arachidonic acid, EPA eicosapentaenoic acid, DHA docosahexaenoic acid, AdA 
adrenic acid, DPAn-3 omega-3 docosapentaenoic acid, LA linoleic acid, ALA alpha-linolenic acid, 
GLA gamma-linolenic acid, HETE hydroxyeicosatetraenoic acid, HEPE hydroxyeicosapentaenoic 
acid, HDHA hydroxydocosahexaenoics acid, TXB2 thromoboxane B2, LTB4 leukotriene B4, diHETE 
dihydroxyeicosatetraenoic acid, and diHDPA dihydroxydocosapentaenoic acid

Supplementary figures S1-S64 can be found in the online version of this article.
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Abstract

Background: Synovial fluid (SF) is commonly used for diagnostic and research purposes, 
as it is believed to reflect the local inflammatory environment. Owing to its complex 
composition and especially the presence of hyaluronic acid, SF is usually viscous and 
non-homogeneous. In this study we investigated the importance of homogenization of 
the total SF sample before subsequent analysis.

Methods: SF was obtained from the knee of 29 arthritis patients (26 rheumatoid arthritis, 
2 osteoarthritis and 1 juvenile idiopathic arthritis patient) as part of standard clinical 
care. Synovial fluid was either treated with hyaluronidase as a whole or after aliquoting 
to determine whether the concentration of soluble mediators is evenly distributed in the 
viscous synovial fluid. Cytokine and IgG levels were measured by ELISA or Luminex 
and a total of seven fatty acid and oxylipin levels were determined using LC-MS/MS 
in all aliquots. For cell analysis, synovial fluid was first centrifuged and the pellet was 
separated from the fluid. The fluid was subsequently treated with hyaluronidase and 
centrifuged to isolate remaining cells. Cell numbers and phenotype were determined 
using flow cytometry.

Results: In all patients, there was less variation in IgG, 17-HDHA, leukotriene B4 (LTB4) and 
prostaglandin E2 (PGE2) levels when homogenization was performed before aliquoting 
the SF sample. There was no difference in variation for cytokines, 15-HETE, and fatty 
acids arachidonic acid (AA), eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA). Between 0.8-70% of immune cells (median 5 %) remained in suspension and 
were missing in subsequent analyses when the cells were isolated from untreated SF. 
This percentage was higher for T and B cells: 7-85% (median 22%) and 7-88% (median 
23 %), respectively.

Conclusions: Homogenization of the entire SF sample leads to less variability in IgG 
and oxylipin levels and prevents erroneous conclusions based on incomplete isolation 
of synovial fluid cells.

Keywords: Synovial fluid; Hyaluronidase; Rheumatoid arthritis
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Background

Synovial inflammation is a symptom of many rheumatic musculoskeletal diseases such 
as rheumatoid arthritis (RA), juvenile idiopathic arthritis (JIA), spondyloarthritis (SpA), 
osteoarthritis (OA) and systemic lupus erythematosus (lupus). Synovial joints contain 
a synovial lining (synovium) consisting primarily of synovial fibroblasts, and a synovial 
cavity containing SF.

During inflammation, immune cells such as macrophages, lymphocytes and neutrophils 
infiltrate the joint and SF accumulates. The cells and soluble mediators present at these 
local sites of inflammation are of interest to unravel disease pathophysiology and are 
therefore often studied.

Synovial fluid cytokines have been of interest for many years and more recently, lipid 
derived inflammatory mediators were studied in RA and OA(1–6). Next to the interest 
in soluble mediators, frequencies and phenotype of specific T – and B cell subsets, 
monocytes and NK cells were determined in a wide range of rheumatic musculoskeletal 
diseases(7–23). In addition to experimental research, synovial fluid is also used for 
diagnostic purposes to obtain information about antigen specific antibody levels or white 
blood cell (WBC) count(24–26).

Synovial fluid is often aspirated from the inflamed joints of arthritis patients to reduce 
discomfort and to make room to inject therapeutics or to perform diagnostics, as part of 
standard clinical care. Therefore, it is easier accessible for research than synovium, which 
can only be obtained via a more invasive procedure such as arthroplasty or synovial 
biopsy. Synovial fluid provides lubrication to the joint and acts as a transport medium 
for nutrients and cells. It consists of an ultrafiltrate of plasma containing many different 
proteins including high amounts of hyaluronan. Hyaluronan is produced by the synovial 
fibroblasts and is present in a 105 higher concentration in synovial fluid compared to 
plasma(27). Hyaluronan forms dense mesh networks in the synovial fluid, which make 
the fluid viscous. Due to this viscosity, handling synovial fluid in a laboratory setting is 
challenging. To overcome this problem, synovial fluid can be treated with hyaluronidase, 
which breaks down the dense mesh network of hyaluronan fibers. Indeed, a few reports, 
analyzing equine SF or SF from non-inflammatory conditions, have shown that technical 
issues can occur when analyzing untreated SF (28–30). For instance, it was shown that 
treating SF with hyaluronidase before cytokine analysis improves cytokine recovery in 
a polystyrene, but not magnetic bead, Luminex assay (30). In addition, hyaluronidase 
treatment is routinely performed before proteomic and metabolomic analysis as this is 
required to prevent clogging of the mass spectrometers (5,33). However, to date there 
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are no reports on the importance of hyaluronidase treatment as part of the standard 
processing protocol for SF and this treatment is therefore not routinely used in arthritis 
research. For example, hyaluronidase treatment is not mentioned in more than half 
of the above-mentioned studies investigating SF immune cells in inflammatory joint 
diseases(1,3,6–10,12,14,15,20,31,32). In daily practice, SF is collected, aliquoted and 
stored before analysis to be able to analyze soluble mediators in multiple patients at 
once. Subsequently, one aliquot per patient is then used to measure soluble mediators. 
However, it is unclear whether the levels of soluble mediators are comparable between 
the aliquots, when the aliquots were taken and stored before hyaluronidase treatment. 
Moreover, the effect of hyaluronidase treatment on the recovery of cells from SF is 
unclear and there is no consensus whether inflammatory cells should be analyzed before 
or after hyaluronidase treatment.

In this study, we investigated whether homogenization of SF sample is required for the 
reproducibility of IgG, cytokine and lipid measurements. In addition we performed flow 
cytometric analysis on cells isolated from treated and untreated SF.

Methods

Patients
Synovial fluid was obtained via knee aspiration from 29 arthritis patients (26 rheumatoid 
arthritis and 1 juvenile idiopathic arthritis patient) visiting the rheumatology outpatient 
clinic of the LUMC as part of standard clinical care. Written informed consent was 
obtained from all these donors. Anonymized leftover synovial fluid of two osteoarthritis 
patients was collected using a syringe before knee-replacement surgery performed at 
the departments of orthopedic surgery at the LUMC and the Alrijne hospital in Leiden. 
The study was approved by the local ethical committee.

Processing of synovial fluid for molecular measurements
On the same day of knee aspiration, the fluid was divided in two sets of 3-5 aliquots 
ranging between 300 µL and 1 mL to be able to fit the fluid in a heat block with vortex 
modus. 1 mg/mL hyaluronidase from bovine testis (Sigma-Aldrich) was added in a 1:11 
ratio. Hyaluronidase was suspended just before use in phosphate buffered saline (PBS, 
B.Braun). SF was vortexed for 5 minutes and subsequently incubated for 25 minutes at 
37 °C. Next, the first set of aliquots (set 1) was directly centrifuged for 10 minutes at 931 
x g, while the second set (set 2) was first pooled together before centrifugation. After 
centrifugation, the pooled set was divided again in 3-5 individual aliquots. Of each of the 
aliquots in set 1 and set 2, 100 µL supernatant was transferred to a glass vial (Agilent 
Technologies) together with 294 µL methanol (Fluka LC-MS CHROMASOLV grade, 
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Sigma-Aldrich) and 6 µL internal standards (50 ng/mL leukotriene B4-d4, prostaglandin 
E2-d4, 15-HETE-d8 and 500 ng/mL of docosahexaenoic acid-d5, all from Cayman 
Chemicals). Argon gas was added and the samples were stored at -80 °C. Similarly, 
200 µL supernatant was also stored at -20 °C for immunoglobulin and IL-8 analysis. For 
IL-6, IL-10, CXCL1, CXCL5 and TNFα analysis, SF was centrifuged for 10 minutes at 931 
x g on the day of knee aspiration and supernatant was stored directly at -80°C. At the 
day of analysis, SF was thawed to room temperature and treated as described above 
for the fresh SF.

ELISA
Interleukin 8 (IL-8) and IgG ELISA were performed according to manufacturer’s protocol 
(Invitrogen, BD Biosciences and Bethyl Laboratories respectively).

Luminex
Bio-Plex pro reagent kit III and Bio-Plex Pro Human IL-6 set (171BK29MR2), IL-10 set 
(171BK32MR2), TNF-α (171BK55MR2), CXCL1 (171BK22MR2) and CXCL5 (171BK14MR2) 
were purchased from Bio-rad. The cytokines and chemokines were determined according 
to the manufacturer’s protocol. SF samples were measured on the Bio-Plex 200 system 
(Bio-Rad) and analysis was done using Bio-plex Manager 6.2 Software (Bio-Rad).

Lipidomic analysis of synovial fluid
LC-MS/MS based lipid mediator and oxylipin profiling was carried out as described 
elsewhere(4). A QTrap 6500 mass spectrometer (Sciex) was used, coupled to a Shimadzu 
Nexera LC30-system including auto-sampler and column oven (Shimadzu). The column 
was a Kinetex C18 50 × 2.1 mm, 1.7 µm, protected with a C8 pre-column (Phenomenex). 
LC-MS/MS peaks were integrated with manual supervision and the areas were corrected 
to corresponding IS using MultiQuant™ 2.1 (Sciex). For quantitation, the multiple reaction 
monitoring (MRM) transitions and collision energies (CE) were used together with 
calibration lines for quantification. Calibration lines were constructed using 15-HETE, 
17R-HDHA, leukotriene B4, prostaglandin E2, arachidonic acid, docosahexaenoic acid 
and eicosapentaenoic (Cayman Chemicals)

Flow cytometry analyses of synovial fluid cells
For general analysis, the fluid was centrifuged for 10 minutes at 931 x g and cells were 
collected and analyzed. The supernatant was treated with hyaluronidase as stated above 
and subsequently centrifuged for 10 minutes at 931 x g to isolate remaining cells. For 
the effect of hyaluronidase treatment on cell marker expression, the SF was diluted 
20x in PBS and divided in two. One sample was treated with hyaluronidase (treated) 
and the other sample was treated similarly, but without the addition of hyaluronidase 
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(untreated). Isolated cells were resuspended in PBS and filtered through a 70 µm cell 
strainer before flow cytometry. For general cell characterization, cells were stained with 
anti-CD3 (AF700, clone UCHT1), anti-CD14 (FITC, clone M5E2), anti-CD15 (APC, clone 
HI98), anti-CD16 (PE, clone B73.1), anti-CD19 (PerCp/Cy5.5, clone SJ25C1) and anti-
CD45(APC/Cy7, clone 2D1). The gating strategy is depicted in supplementary figure 1. 
For additional characterization into CD4+ T cells and CD8+ T cells, cells were stained 
with anti-CD3 (PE, clone SK7), anti-CD4 (APC, clone SK3), anti-CD8 (FITC, clone SK1). 
For the effect of hyaluronidase treatment on cell marker expression, cells were stained 
with anti-CD3 (Pacific Blue, clone SK7), anti-CD4 (APC, clone SK3), anti-CD8 (FITC, 
clone SK1), anti-CD19 (APC/Cy7, clone SJ25C1), anti-CD44 (PE/Cy7, clone G44-26), 
anti-CD69 (PE/CF594, clone FN50). Positivity for CD44 and CD69 was determined using 
isotype controls IgG2bk (PE/Cy7, clone 27-35) and IgG1 (PE/CF594, clone X40). For 
additional characterization into naïve B cells, memory B cells and plasmablasts/cells, 
cells were stained with anti-CD3 (Pacific Blue, clone SK7), anti-CD14 (Pacific Blue, 
clone M5E2), anti-CD19 (APC/Cy7, clone SJ25C1), anti-CD20 (AF 700, clone 2H7) and 
anti-CD27 (PE/Cy7, clone M-T271). For gating strategy for the T cell and B cell subsets 
see supplementary figure 2.

All antibodies were from BD except for the anti-CD20 which was from Sony Biotechnology 
(USA, CA, San Jose). For all analysis, dead cells were excluded using DAPI (Molecular 
Probes) and cells were quantified using Flow count Fluorospheres (Beckman Coulter). 
Cells were measured on a LSR Fortessa (BD) and were analyzed with FACSDiva 
Software (BD).

Statistical analyses and calculations.
Wilcoxon signed rank tests were performed to evaluate significance between groups in 
all figures. Coefficient of variation (CV) was calculated by dividing the standard deviation 
of a group of measurements by the mean and expressing this as a percentage.

Results

Effect of hyaluronidase on soluble mediator measurements
To test the whether the concentration of inflammatory soluble mediators is evenly 
distributed in viscous synovial fluid, we treated each synovial fluid as depicted in figure 
1A. We also treated set 1 with hyaluronidase to exclude the possibility that the viscosity 
hampers soluble mediator detection as was shown before(30). We measured CXCL1, 
CXCL5 IL-6, IL-8, IL-10, TNFα and total IgG levels in the aliquots of set 1 and set 2 in eight 
arthritis patients. Levels of the cytokines differed considerably between patients (figure 
2A-E). The data of CXCL5 is not shown as this mediator was only detected in two out 
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of eight patients. To assess intra-assay variation, the CV was calculated for each set of 
aliquots of the patients with detectable soluble mediator levels. There was no difference 
in CV between the two sets of samples for CXCL1, IL-6, IL-8, IL-10, TNFα (figure 2B). 
IgG levels were stable between the different patients and in contrast to the cytokines, 
hyaluronidase treatment before aliquoting resulted in lower CVs for IgG measurements 
(figure 2F and 2L). In addition to measurements of large protein structures as cytokines 
and antibodies, we investigated small molecules, such as fatty acids and oxidized lipids 
(figure 3A-C). Hyaluronidase treatment before aliquoting did not improve CV values for 
AA, DHA and EPA (figure 3D). These fatty acids can be converted to monohydroxylated 
fatty acids such as 15-HETE and 17-HDHA, derived from AA and DHA, respectively. 
Hydroxylated products can in turn be converted to highly bioactive oxylipids like PGE2 
and LTB4. In contrast to the CV values of fatty acids, the values for 17-HDHA and LTB4 
improved significantly when fluids were treated with hyaluronidase before aliquoting 
(figure 3E, 3F).

Figure 1. Schematic overview of the experimental setup. A) Half of the Synovial fluid was divided 
into aliquots while the other half was kept as a whole. The SF was treated with hyaluronidase 
after which it was centrifuged. Set 1 was kept as separate aliquots during the whole procedure 
and set 2 was divided in aliquots directly after centrifugation. B) Synovial fluid was centrifuged 
and the pelleted cells are the ‘before’ cells. The supernatant was treated with hyaluronidase and 
subsequently centrifuged. The pelleted cells are the ‘after’ cells.
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Cellular measurements benefit from hyaluronidase treatment.
We hypothesize that the viscosity of SF impairs the recovery of immune cells during 
isolation. To test this, readily-accessible cells (before fraction) were first isolated from 
SF by centrifugation. Thereafter, the supernatant, i.e. hyaluronan-rich fraction (after 
fraction), was treated with hyaluronidase and centrifuged again, to isolate remaining 
cells (figure 1B). Depending on the patient, up to 70% of the CD45+ cells could be isolated 
from the supernatant after hyaluronidase treatment (figure 4A). This percentage did 
not correlate with the total number of cells present in the fluid (figure 4B). Interestingly, 
mostly T and B cells were recovered from the hyaluronan-rich (after) fraction (figure 4C). 
Further characterization of T cell subsets revealed no difference in CD4+ or CD8+ T cell 
percentages between the before and after fractions (figure 4D). Surprisingly, however, 
the cells in the after fraction displayed a less activated phenotype, reflected by a lower 
expression of CD69+ (Figure 4E). This effect was primarily observed in the CD4+ T cells 

(Figure 4F). There was no difference in the percentage of CD69+ cells in CD3+, CD4+ or 
CD8+ T cells between the before and after samples (data not shown). The hyaluronidase 
treatment itself does not effect CD69 expression (Supplementary figure 3B). We could 
not detect any differences in either naïve B cell, memory B cell or plasmablast/plasmacell 
percentages between the fractions (Figure 4G).

Smaller immune cells are retained in the hyaluronan-rich supernatant
To gain more insight into the possible mechanism underlying the retention of certain 
lymphocytes in the hyaluronan mesh, we investigated expression of the hyaluronan 
receptor CD44 and the size of the immune cells in the SF supernatant (13). We 
hypothesized that cells with a higher expression of CD44 could be preferentially 
retained in the untreated SF. However, there was no difference in CD44 expression on 
lymphocytes and neutrophils (Figure 5A-C). In control experiments, the hyaluronidase 
treatment itself did not affect CD44 expression (Supplementary figure 3A). Interestingly, 
smaller cells are preferentially retained in the untreated SF (Figure 5D).

> Figure 4. Hyaluronidase treatment is essential for an unbiased analysis of the cellular composition 
of synovial fluid. A and C) Percentage of cells obtained after hyaluronidase treatment relative to total 
(before hyaluronidase + after hyaluronidase) number of cells. Cell subsets are defined as follows: 
neutrophils are CD15+CD16+, monocyte/macrophages are CD15-CD14+, T cells are CD3+, B cells 
are CD19+. Each dot or line represents one patient. n=5-6 patients. B) Percentages from A plotted 
against the number of live cells per mL in the total SF (before hyaluronidase + after hyaluronidase) 
SF determined using flow count beads. D) Percentages of CD4+ and CD8+ cells present within the 
CD3+ cell population obtained before hyaluronidase treatment (before) or after (after). E) CD69 
expression on CD3+ cells. Flowcytometry plot of one representative donor is shown together with 
the summary of all patients. The expression of the cellular marker is indicated by ΔMFI which is 
defined as MFI of the antibody staining (dark grey) – MFI of the isotype control (light grey). F) 
CD69 expression on CD4+ and CD8+ cells. G) Percentage of naïve (CD20+CD27-) and memory 
(CD20+CD27+) B cells, as well as plasmablast / plasma cells (CD20-CD27+) present within the CD19+ 
population before and after hyaluronidase are depicted. Each line is one patient. n=7-8 patients. 
Wilcoxon signed rank test was performed.
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Discussion

Hyaluronidase treatment of SF is not routinely used in rheumatology research, however 
our results show the critical importance of homogenization of the synovial fluid sample to 
obtain reproducible and accurate immunological measurements. We show that IgG titers, 
17-HDHA levels and pro-inflammatory LTB4 levels become significantly less variable when 
SF is treated with hyaluronidase before aliquoting. In addition, hyaluronidase treatment of 
SF prior to cell isolation highly increased isolated cell numbers and therefore positively 
affects the accuracy of subsequent cell analysis.

Several joint diseases are characterized by the presence of auto-antibodies such as RF 
and ACPA in RA and ANA and anti-dsDNA antibodies in SLE(24,25). However, the mere 
presence of the autoantibodies in circulation does not directly indicate a role for these 
antibodies in joint inflammation or destruction. Therefore, researchers are investigating 
presence, relative abundance and specificity of these antibodies in the synovial fluid of 
e.g. arthritis patients.(35–37). In these experiments, it is important to accurately determine 
the presence and specificity of autoantibodies in the joint. Our data shows that total IgG 
levels are not evenly distributed throughout a synovial fluid sample as measurements 
were less variable when taking aliquots from homogenized synovial fluid compared to 
when they were taken from untreated synovial fluid. We did not analyze presence or 
abundance of antibodies of certain specificity, but as they are present in much lower 
concentrations than total IgG, higher variability between aliquots might more easily result 
in erroneous significant differences between patient samples.

In addition to total IgG levels, 17-HDHA and pro-inflammatory LTB4 levels were also less 
variable when SF was aliquoted after homogenization. Although we could not show a 
significant reduction of CVs of PGE2 concentrations, as PGE2 was only detected in 3 
out of 13 patients, the 3 positive patients show a similar trend as for LTB4. Fatty acid 
concentrations were stable between the two sets of aliquots, this could be due to a 
high abundance compared to oxylipins (100-3000 ng/mL versus 0.1-1.5 ng/mL) or better 
dispersion in SF as we hypothesize that the oxylipins might interact more with their 
environment(5).

It was shown before that reproducibility of IL-6 and IL-8 measurements in SF by multiplex 
(Luminex) analysis are affected by hyaluronidase treatment(30). In contrast, we show 
that the reproducibility of IL-6, IL-8 and also CXCL1, IL-10 and TNFα measurements is 
equal between aliquots taken before or after hyaluronidase treatment of SF. However, 
this difference could easily be explained by the differences in experimental set-up. We 
have treated both sets of aliquots with hyaluronidase (figure 1A) wherease Jayadev et al. 
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compared untreated versus treated SF. In that study, accurate measurements of IL-6 and 
IL-8 might easily be hampered by the viscousity of the SF explaining their finding. They 
indeed show that the viscosity of the untreated aliquots hampers cytokine measurements 
in the Luminex assay.

Since immune cells in local tissues are of great interest in understanding disease 
pathology, we have compared cell populations isolated from untreated and treated SF. 
Up to a surprisingly high percentage (70%) of cells are often excluded from analyses 
when cells are isolated from untreated SF. Since specifically T and B cells are excluded, 
resulting data are likely highly biased. Moreover, we show that within the CD4+ T cell 
populations additional bias is introduced within the CD69+ cells. Based on our results, 
we hypothesize that specifically T and B cells are excluded based on their cellular size, 
since we could not confirm any increased interaction with the SF environment compared 
to other cell types. However, this hypothesis could be further tested through analysis 
of additional cell adhesion molecules. In addition we could perform experiments using 
different sized beads to support our hypothesis of the involvement of cellular size.

Conclusions

In summary, we show that homogenization of SF using hyaluronidase leads to less 
variability in oxylipin and IgG level measurements. In addition, homogenization of SF 
improves the recovery of immune cells during cell isolation. Based on our data, we advise 
researchers to perform hyaluronidase treatment on SF samples before aliquoting and 
subsequent analyses. Implementing hyaluronidase treatment in protocols using SF will 
likely result in improved reproducibility of soluble mediator measurements, new insights 
in the cell type ratios in joint diseases and even in the discovery of previously unidentified 
cell types in SF.
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Supplemental figures 

Supplementary figure 1. Gating strategy of experiments shown in figure 4A-C. A) Cells were gated 
separately from flow count beads on FSC-A/SSC-A and doublet cells were excluded by setting 
gates in FCS-W/FCS-H and SSC-W/SSC-H plots. Dapi staining was used to exclude dead cells 
and CD45+ cells were gated based on antibody staining. B) Neutrophil gates, monocyte gates and 
lymphocyte gates were set based on morphology on the FCS-A/SSC-A. C) The monocyte gate 
was plotted and contaminating CD15+ neutrophils were excluded after which CD14+ monocyte/
macrophages were gated. D) The neutrophil gate is plotted and the neutrophils are characterized 
by CD15+ and CD16+ positivity The lymphocytes were plotted in panel E) and F) to be able to gate 
CD3+ T cells and CD19+ B cells respectively based on antibody staining.
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Supplementary figure 2. Gating strategy of experiments shown in figure 4D and 4E. A) Flow 
count beads, neutrophil gates and lymphocyte gates were set based on morphology on the FCS-A/
SSC-A. Doublet cells were excluded by setting gates in FCS-W/FCS-H and SSC-W/SSC-H plots. 
Dapi staining was used to exclude dead cells and the live cell gate was plotted to gate CD3+ cells 
based on antibody staining. The CD3+ cells were further analyzed for CD4 and CD8 expression. 
B) Gates for Flow count beads, lymphocyte gate and single cells were set the same was a in panel 
A. Dead cells, CD3+ cells and CD14+ cells were excluded by gating the negative cells. These Dapi/
CD3/CD14 negative cells were plotted and analyzed for CD19. CD19+ B cells were further analyzed 
for CD27 and CD20 to evaluate naïve B cell, memory B cell and plasmablast/plasmacell numbers.
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Supplementary figure 3. Hyaluronidase treatment does not affect cell marker expression. Synovial 
fluid was diluted 20x in PBS and divided in two. One sample was treated with hyaluronidase (treated) 
and the other sample was treated similar but without the addition of hyaluronidase (untreated). Cells 
were isolated by centrifugation and CD44 (A) and CD69 (B) expression was analyzed on various 
cell types in two donors (dashed versus closed line). C) Lineage marker expression is shown in 
two donors (stars versus dots). ΔMFI is calculated using the isotype control. Wilcoxon signed rank 
test was performed. n=2 donors.
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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.
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Osteoartritis (OA), ook wel artrose genoemd, en reumatoïde artritis (RA) zijn beide 
aandoeningen die effect hebben op de gewrichten. Artrose komt voor bij ongeveer 1,5 
miljoen Nederlanders en vooral bij ouderen. Reumatoïde artritis komt minder voor, maar 
toch hebben op dit moment zo’n 270.000 mensen deze diagnose in Nederland. Het 
ziekteverloop en de symptomen verschillen wel van elkaar. Bij RA patiënten worden hoge 
ontstekingswaarden gemeten en zij kunnen meestal met succes behandeld worden met 
medicijnen die actief het immuun systeem onderdrukken. Op radiografische beelden 
zoals MRI worden bij artrose patiënten ook signalen van ontsteking gemeten, maar wordt 
het beeld vooral gedomineerd door grote schade aan de gewrichten. Het kraakbeen is 
versleten en het bot is niet meer mooi glad maar vormt osteofyten, dit zijn uitstulpingen 
van het bot. Artrose patiënten hebben hierdoor vaak veel pijn in de gewrichten en nemen 
hiervoor pijnstillers zoals paracetamol. Er is nog veel onduidelijk over het ontstaan van 
artrose en over hoe we deze ziekte in een vroeg stadium kunnen behandelen zodat grote 
schade aan de gewrichten wordt voorkomen.

Rond het jaar 2000 werd er door een groep wetenschappers in Amerika een interessante 
ontdekking gedaan. Een bepaald type vetten, afkomstig van onverzadigde vetzuren, 
zouden eigenschappen hebben die ervoor zorgen dat een ontsteking op tijd wordt 
beëindigd, zodat grote schade aan het weefsel voorkomen wordt. Dit proces wordt 
resolutie genoemd en de vetten kregen de naam pro-resolving mediators (SPM), 
ofwel mediatoren die pro-resolutie eigenschappen hebben. De vetzuren werden in 4 
categorieën verdeeld op basis van hun molecuulformule, namelijk de lipoxins, maresins, 
protectins en resolvins. In de studies die beschreven staan in dit proefschrift hebben 
we onderzocht of deze SPM de potentie hebben om te dienen als therapie in artrose. 
Daarnaast hadden een tweetal studies beschreven in dit proefschrift het doel om te 
onderzoeken op welke manier het lichaamsmateriaal behandeld en opgeslagen moet 
worden voordat het gebruikt wordt om metingen in te verrichten.

We zijn dit onderzoek begonnen door in een literatuurstudie te onderzoeken wat er al 
bekend was over de aanwezigheid van deze SPM en daaraan gerelateerde vetten in RA 
en OA (hoofdstuk 2). We keken voornamelijk naar de SPM zelf en de vetten waaruit 
zij geproduceerd worden (precursor vetzuren), de omega-3 en omega-6 onverzadigde 
vetten. De literatuurstudie liet zien dat de precursor vetzuren aanwezig zijn in het 
bloed van RA en OA patiënten maar ook in het gewrichtsvocht (synoviaal vocht). Één 
van de vetzuren, het omega-6 vetzuur arachidonzuur kan worden omgezet naar pro-
ontstekings vetten zoals prostaglandines en leukotrienes. Vooral deze pro-ontstekings 
vetten waren meetbaar in het gewrichtsvocht in RA en in mindere mate in dat van artrose 
patiënten. De daadwerkelijk werden maar door één studie gerapporteerd en alleen in 
RA gewrichtsvocht.
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Omdat het bewijs voor de aanwezigheid van SPM in RA en artrose patiënten zo 
schaars was, besloten we zelf de aanwezigheid van deze vetten te onderzoeken in 
gewrichtsvocht (hoofdstuk 3). Hiervoor gebruikten we een techniek genaamd tandem 
massaspectometrie welke ontwikkeld is binnen het Leids Universitair Medisch Centrum 
(LUMC). In de studie beschreven in hoofdstuk 3 hebben we gewrichtsvocht gemeten 
van RA en artrose patienten. Gewrichtsvocht is heel stroperig en het bevat immuun cellen 
en onoplosbare deeltjes. Om te voorkomen dat de stroperige structuur, de cellen en de 
onoplosbare deeltjes storen in de meting, behandelden we het gewrichtsvocht eerst 
met het enzym hyaluronidase. Na deze behandeling wordt het gewrichtsvocht heel hard 
gecentrifugeerd, waardoor alleen het vloeibare vocht overblijft. Na deze behandeling, 
konden we 37 verschillende vetten detecteren, variërend van de precursor onverzadigde 
vetzuren, tussenproducten zoals 17-HDHA en 15-HETE en pro-ontstekings vetten zoals 
prostaglandines en leukotrines. Maar ondanks de zeer gevoelige techniek, konden we 
geen SPM detecteren, behalve als we de meting verrichtte op het onoplosbare gedeelte 
van het gewrichtsvocht, en ook dan konden we maar één SPM detecteren, Resolvin D2. 
In hoofdstuk 3 laten we verder zien dat de geïsoleerde cellen uit het gewrichtsvocht 
verschillende vetten kan produceren als ze worden geactiveerd. Hiervoor gebruiken ze 
dezelfde enzymen die nodig zijn als de productie van SPM, maar de daadwerkelijke SPM 
werden in deze experimenten niet geproduceerd.

Zoals aan het begin van deze samenvatting beschreven staat, zijn signalen van 
ontsteking zichtbaar op radiografische beelden van gewrichten van artrose patienten. 
Onze hypothese is dat deze ontsteking bijdraagt aan de schade die we zien aan de 
gewrichten zoals het verdwijnen van kraakbeen en het ontstaan van osteofyten. Als 
de SPM inderdaad in staat zijn om resolutie te bevorderen, zou er met het verdwijnen 
van de ontsteking ook minder schade moeten ontstaan in de gewrichten. Dit wilden we 
graag onderzoeken in een diermodel, het hoog vet geïnduceerde artrose muismodel. 
In de studie beschreven in hoofdstuk 4 laten we zien dat wanneer je muizen voed met 
een hoog vet dieet, deze muizen ontsteking en schade in de gewrichten ontwikkelen. We 
hebben deze muizen behandeld met een mix van verschillende SPM, namelijk Maresin 
1, Lipoxin A4 en Lipoxin B4, maar deze behandeling had geen effect op de ontsteking en 
schade. Ook zagen we geen effect van deze SPM op de productie van ontstekingsfactor 
interleukin-6, welke gemaakt wordt door verschillende cellen in het gewricht.

Vervolgens onderzochten we in hoofdstuk 5 hoe de resolutie fase precies verloopt in een 
diermodel waarin een muis buikvliesontsteking krijgt door het inspuiten van gistdeeltjes. 
Deze muis wordt in de eerste 12 uur erg ziek, waarna de muis zichzelf herstelt, een 
effectieve resolutie fase dus. Hier ontdekten we dat een omega-6 vetzuur, adreenzuur, 
zich opstapelt in de buikholte tijdens de resolutie fase. We tonen daarna in deze studie 

A
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aan dat adreenzuur pro-resolutie eigenschappen heeft, zoals het inhiberen van de 
migratie van immuun cellen en het bevorderen van het opruimen van dode immuun cellen 
door macrofagen. Daarnaast inhibeert adreenzuur de productie van de pro-ontstekings 
vet leukotriene B4 door verschillende typen immuun cellen. Als laatste tonen we in deze 
studie aan dat de aanwezigheid van adreenzuur tijdens de inductie van artritis ervoor 
zorgt dat er veel minder ontsteking ontstaat in deze muizen dan wanneer ze niet worden 
blootgesteld aan adreenzuur.

De laatste twee studies in dit proefschrift beschrijven hoe belangrijk het is om het 
lichaamsmateriaal dat onderzoekers gebruiken in hun studie op een juiste manier te 
behandelen en te bewaren. In de studie in hoofdstuk 6 hebben we de effecten onderzocht 
van verschillende methodes die te maken hebben met de verzameling, verwerking en 
opslag van bloedplasma, op vetzuurmetingen. De aanleiding voor dit onderzoek was het 
resultaat van de studie beschreven in hoofdstuk 3, waar we geen SPM konden vinden 
in gewrichtsvocht van RA en artrose patienten terwijl zij in eerder onderzoek wel waren 
gedetecteerd. In deze studie hebben we bloedplasma verzameld en in een deel daarvan 
op dezelfde dag, zo snel mogelijk, de verschillende vetten geanalyseerd. De rest van 
het bloedplasma hebben we op kamertemperatuur, 4°C, -20°C of -80°C bewaard en na 
verschillende opslagperiodes hebben we de vetten geanalyseerd. De resultaten laten 
zien dat de tijd en temperatuur tot aan het invriezen, als ook de vriezertemperatuur zeer 
belangrijk is. Het grootste verschil tussen de nulmeting zagen we bij opslag bij -20°C voor 
een periode langer dan een half jaar. De SPMs protectin DX and Resolvin D5 werden 
meetbaar in het materiaal na een opslagperiode van een half jaar ondanks dat deze 
vetten niet in de nulmeting gedetecteerd konden worden.

De studie beschreven in hoofdstuk 7 had als doel om te onderzoeken of gewrichtsvocht 
een voorbehandeling nodig heeft om betrouwbare resultaten te verkrijgen in een 
aantal veelgebruikte analysetechnieken. Zoals hierboven beschreven hebben we 
deze behandeling met hyaluronidase ook toegepast op de gewrichtsvochten die we 
analyseerden voor de studie beschreven in hoofdstuk 3. Hyaluroniase is een enzym 
dat hyaluronzuur afbreekt, de stof die het gewrichtsvocht stroperig maakt. We laten 
zien dat het vooral van belang is als de immuun cellen in het gewrichtsvocht worden 
onderzocht. In één van de vochten bleef zelfs 70% van de immuun cellen ‘hangen’ in 
het vocht wanneer deze niet werd behandeld met hyaluronidase. Deze achtergebleven 
cellen werden daardoor gemist in de flowcytometrie analyse, dit is een techniek waarbij 
cellen worden gelabeld met fluorescerende markers en vervolgens worden aangestraald 
met gekleurde lasers. Deze techniek wordt veel gebruikt voor het karakteriseren van 
aanwezige immuun cellen om op die manier iets te kunnen zeggen over het type immuun 
respons.
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Samengenomen tonen de studies beschreven in dit proefschrift aan dat SPM wellicht 
niet de potentie hebben om als therapie te worden ingezet voor artrose. Het vetzuur 
adreenzuur daarentegen heeft veelbelovende pro-resolutie effecten op immuun cellen 
en in een artritis muismodel. Verder onderzoek is nodig om het mechanisme van 
adreenzuur te ontrafelen en om te onderzoeken of het pro-resolutie effect ook in patienten 
standhoudt. De laatste studies beschreven in dit proefschrift laten zien dat de manier 
van verwerken en het bewaren van lichaamsmateriaal, effect heeft op de resultaten 
van bepaalde analyses. Grotere bewustwording hiervan zal leiden tot kwalitatief 
hoogwaardiger onderzoek.

A
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De eerste persoon die ik uitvoerig wil bedanken is mijn copromotor Andreea, wij zijn een 
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Luuk.
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Martin, jij hebt een grote rol gespeeld in al mijn projecten. Je was altijd bereikbaar, stelde 
je apparatuur beschikbaar en hebt me in het laatste deel van mijn promotietraject ook 
nog actief begeleid waar ik heel dankbaar voor ben. Lieve Hulda, we deelden kleine 
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samen met jou achter de Qtrap filosoferen over lipiden en het leven, bedankt voor de fijne 
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onze loopbaan maar zeker ook een ontwikkeling op persoonlijk gebied. Ieder doorloopt 
het welbekende traject, met bijbehorende ups-and-downs, en dat vormt een sterke 
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veel dank aan de orthopeden, coassistenten en operatie assistenten van het Alrijne 
ziekenhuis locaties Leiden en Leiderdorp, en het LUMC voor het met zorg aanleveren 
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vooral bij de afronding van dit mooie traject.
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