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  Propositions 
 
 
1. Re-formulation of the definition of the ‘endocannabinoid system’ is required.  

(this thesis) 
 

2. Adherence to the synonym 'synaptamide' for docosahexaenoyl ethanolamide (Kim, 
H. Y.; et al., A synaptogenic amide N-docosahexaenoylethanolamide promotes 
hippocampal development. Prostaglandins Other Lipid Mediat. 2011, 96, 114-20) 
does not do justice to the variety of biological effects observed for this molecule. 
(this thesis) 

 
3. Multidisciplinary research can only exist by interdisciplinary research management. 

 
4. A complete understanding of the full metabolic physiology of organisms is a utopia. 

 
5. Personalized medicine leads to cost reduction of healthcare. 

 
6. Team athletes are better equipped for top functions than others. 

 
7. Introduction of quota is not a proper solution to create a balanced workplace. 

 
 Propositions belonging to the thesis, entitled 
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Abbreviations

15-HEDPEA – 15-Hydroxy-16,(17)-epoxy-docosapentaenoyl ethanolamide
2-AG – 2-Arachidonoyl glycerol
36B4 – Acidic ribosomal phosphoprotein P0
Δ9-THC – delta-9-tetrahydrocannabinol
AA – Arachidonic acid
aAA – Alkynyl arachidonic acid
AANATL2 – Arylalkylamine N-acyltransferase-like 2
ABHD – α,β-Hydrolase domain-containing protein
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ACN – Acetonitrile
AEA –Arachidonoyl ethanolamide or Anandamide 
ALA – α-Linolenic acid
AP-1 – Activator protein 1
BSA – Bovine serum albumin
BV-2 – Mouse brain microglia cell line
cAMP – Cyclic adenosine monophosphate
CB – Cannabinoid receptor 
CCL-20 – C-C motif chemokine ligand 20
ConA – Concanavalin A
COX-2 – Cyclooxygenase-2
CD-14 – Cluster of differentiation 14 
CuAAC – Copper (I) mediated azide alkyne click reaction
CYP450 – Cytochrome P450
CXB – Celecoxib
CXCL1 – C-X-C motif chemokine ligand 1
DAGL – Diacylglycerol lipase
DCM – Dichloromethane
DHA – Docosahexaenoic acid
DHEA – Docosahexaenoyl ethanolamide 
DMEM – Dulbecco’s modified Eagle medium
DMSO – Dimethylsulfoxide
DSS – Dextran sodium sulfate
EA – Ethanolamine/ethanolamide
ECS – Endocannabinoid system
EDP-EA – Epoxydocosapentaenoic acid ethanolamide
ELISA – Enzyme-linked immunosorbent assay
EEQ-EA - Epoxyeicosatetraenoic acid ethanolamide
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EP – Prostaglandin E receptor
EPA – Eicosapentanoic acid
EPEA – Eicosapentaenoyl ethanolamide
Et3N – Triethylamine 
EtOAc – Ethyl acetate
EtOH – Ethanol
eV – Electronvolt
FA – Formic acid
FAAH – Fatty acid amide hydrolase
FCS – Fetal calf serum
GP-NAE – Glycerophospho-N-acyl ethanolamine
GPR – G-coupled protein receptor
HCD – Higher-energy collisional dissociation
HDHEA – Hydroxydocosahexaenoyl ethanolamide
HEK293 – Human embryonic kidney 293
HEPE – Hydroxyeicosapentaenoic acid
HETE – Hydroxyeicosatetraenoic acid
HMVEC – Human microvascular endothelial cells
HNSCC – Head and neck squamous cell carcinomas 
HPLC – High pressure liquid chromatography
HRMS – High resolution mass spectrometry
HUVEC – Human umbilical vein endothelial cell
IBD – Inflammatory Bowel Disease
ICAM-1 – Intercellular adhesion molecule 1
IFN – Interferon 
IKK – Inhibitor of nuclear factor-κ kinase
IL – Interleukin
iNOS – Inducible nitric oxide synthase
IPA® – Ingenuity pathway analysis
IRF – Interferon-regulating factor
kV – Kilovolt
LBP – LPS binding protein 
LC-PUFA – Long chain polyunsaturated fatty acid
LC-MS – Liquid chromatography coupled to mass spectrometry
LDH – Lactate dehydrogenase
LOX – Lipooxygenase
LPL – Lipoprotein lipase
LPS – Lipopolysaccharide 
LT – Leukotriene
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MAGL – Monoacylglycerol lipase
MAPK – Mitogen-activated protein kinase
MCP-1 – Monocyte chemoattractant protein-1
MD-2 – Myeloid differentiation factor 2
MeOH – Methanol
MPO – Myeloperoxidase
MRM – Multiple reaction monitoring
MS – Mass spectrometry
MS/MS – Mass fragmentation
MUFA – Mono-unsaturated fatty acid
MyD88 – Myeloid differentiation primary response 88
NAAA – N-acylethanolamine-hydrolyzing acid amidase
NAE – N-acyl ethanolamine
MAGL – Monoacylglycerol lipase
NAPE – N-acyl phosphatidylethanolamine
NAPE-PLC –  N-acyl phosphatidylethanolamine phospholipase C
NAPE-PLD – N-acyl phosphatidylethanolamine phospholipase D
NF-κB – Nuclear factor kappa-light-chain-enhancer of activated B cells
NMR – Nuclear magnetic resonance
NO – Nitric oxide
NSAID – Non-steroidal anti-inflammatory drug
PA – Palmitic acid
PAF – Platelet activator factor
PBS – Phosphate buffered saline
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PG – Prostaglandin 
PLA – Phospholipase A
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PPAR – Peroxidase proliferator activator receptor
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SD – Standard deviation
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SPAAC – Strain-promoted azide alkyne click reaction
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TFA – Trifluoroacetic acid



Abbreviations

12

TGF-β – Transforming growth factor β
Th17 – T-helper 17 cell
TLR – Toll-like receptor
TNF – Tumor necrosis factor
TRAF – TNF receptor associated factor 
TRIF – TIR-domain-containing adapter-inducing interferon-β
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Preface

Samenvatting voor de niet-wetenschapper
Voeding en gezondheid zijn nauw met elkaar verbonden, en het is dan ook geen 
verassing dat goede voeding helpt bij het voorkomen en verlichten van ziekten en/of 
ziekteverschijnselen. Samen met koolhydraten en eiwitten zijn vetten de belangrijkste 
voedingstoffen in ons voedsel. Vetten zijn niet alleen belangrijk als energiebron en 
energieopslag, maar ook als bouwstenen van stoffen die belangrijke processen in het 
lichaam reguleren. Hiertoe behoren ook processen die ontsteking controleren. Vooral 
de invloed van zogenaamde omega-3 (n-3) vetzuren, die bijvoorbeeld veel voorkomen in 
vette vis, op ontstekingen is relevant. Dit zijn meervoudig onverzadigde vetzuren met 
ontstekingsremmende effecten. Ons lichaam zet dit soort vetzuren zelf ook weer om, in 
momenteel nog veel minder goed bekende producten. Tijdens mijn promotieonderzoek 
heb ik specifiek gekeken naar de omzetting van dergelijke omega-3 vetzuren in het 
lichaam, en de effecten die de ontstane producten hebben op ontsteking. In eerder 
onderzoek van de afdeling Humane Voeding en Gezondheid is aangetoond dat een 
specifiek omzettingsproduct van zo’n vetzuur, docosahexaenoyl ethanolamide (DHEA), 
zeer sterke ontstekingsremmende eigenschappen heeft. Aangezien DHEA door de mens 
zelf wordt geproduceerd na de inname van visvetzuren, was het interessant om onderzoek 
te doen naar de effecten van dit specifieke product en de rol ervan in de regulatie van 
ontstekingen. Vragen die ik heb onderzocht zijn hoe het ontstekingsremmende effect 
van DHEA precies werkt, en hoe dit product zelf weer wordt afgebroken op de plek van 
de ontsteking. 

Uitkomsten van het onderzoek zijn dat DHEA een specifieke interactie heeft met 
verschillende eiwitten in de cel. Waarschijnlijk spelen deze interacties een belangrijke 
rol bij de beweging van cellen door het lichaam en de vorming of vermindering van 
schadelijke zuurstofmoleculen. Door middel van kleine chemische aanpassingen aan de 
vetzuren heb ik deze eiwitinteracties kunnen identificeren. Naast het aantonen van de 
eiwitinteracties, heb ik ook een fluorescerend label aan het vetzuur gezet waarmee ik ze 
kon lokaliseren in de cel (rode kleur op de omslag). Tijdens deze en eerdere onderzoeken 
vond ik een specifieke interactie tussen DHEA en het enzym cycloocygenase-2 (COX-2). 
COX-2 speelt een belangrijke rol bij het ontstaan van de ontstekingsreactie (COX-2 is ook 
het enzym dat je remt als je een aspirine of ibuprofen inneemt). De interactie van DHEA 
met COX-2 verhindert de productie van ontstekingsregulatoren, en het resulteerde 
zelfs in twee nieuw ontdekte vetzuurmetabolieten, 13- en 16-hydroxydocosahexaenoyl 
ethanolamide (13-HDHEA en 16-HDHEA). Deze metabolieten bleken zelf ook licht 
ontstekingsremmende eigenschappen te bevatten. Helaas hebben we de vorming van 
13-HDHEA en 16-HDHEA nog niet kunnen aantonen in diermodellen of in de mens, 
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en is meer onderzoek nodig om zowel het ontstaan als de bijdrage van deze stoffen 
tijdens ontstekingsprocessen beter in kaart te brengen. In een colitis (darmontsteking) 
muismodel hebben we laten zien dat DHEA weliswaar ontstekingsremmende 
eigenschappen heeft, maar ook dat verder onderzoek naar het metabolisme van de 
n-3 vetzuren en vetzuurmetabolieten nodig is om hun rol tijdens de preventie en 
vermindering van ontstekingen te begrijpen.  



Chapter 1

Introduction
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1
1.1 Nutrition and Health

1.1.1 Nutrition and health: A matter of lifestyle 
Lifestyle factors constitute important determinants of an individual’s health and life 
expectancy. For instance, participation in sports activities and regular exercise are 
known to improve  mental health, limit the effects of stress,1-2 and help to prevent 
the occurrence of (non-communicable) diseases.3-4 Together with physical exercise, 
and other lifestyle factors, including sleep quality and limitation of stress, nutrition is 
one of the major determinants of health. In addition to providing energy, fluids, and 
macro- and micronutrients that are required for proper functioning of the body, a well-
balanced diet and nutritional habits reduce risks for developing non-communicable 
diseases such as cancer and cardiovascular diseases.5-7 To this end, the Dutch Health 
Council (Gezondheidsraad) issues dietary guidelines that are translated into practical 
advice by the Dutch Nutrition Centre (Voedingscentrum) including well-known tools 
like the ‘Wheel of Five’ (‘Schijf van Vijf’).6 

1.1.2 Health and nutrition: A short historical perspective
The importance of nutrition for health has been acknowledged for centuries, as 
evidenced by written proof from the time of the ancient Greeks. ‘Let thy food be thy 
medicine, and medicine be thy food’ is a famous quote that is often attributed to 
the Greek Hippocrates. Although this quote has never literally been found in one of 
Hippocrates’ original texts, the Corpus Hippocraticum, Hippocrates is assumed by some 
as one of the founders of the scientific fields that study the medical/biological effects 
of nutrition.8-9 At later times, awareness of the preventive and/or curative role of food 
started to decline, until renewed awareness in lifestyle arose in the past few decades. 
Ever since, nutritional perspectives on disease development, treatment strategies, and 
current understanding of health in general can hardly be omitted.5

1.2 Nutrition and lipids

Our diet consists of three main molecular components, also named macronutrients: 
proteins, carbohydrates, and lipids, next to fluids and micronutrients (vitamins and 
minerals). In an average Western diet lipid intake usually provides about 42% of daily 
ingested calories,10 showing the importance of lipid intake for our energy metabolism. 
To better understand the biochemical aspects of lipids and their importance in biology, 
first lipid nomenclature and biological functionality will be introduced. 
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1.2.1 Lipid nomenclature and biological functionality
According to the IUPAC, lipid is a loosely defined term for a class of biological 
macromolecules that are nonpolar and hydrophobic in nature.11 Major types of lipids 
include fats, oils, waxes, steroids, phospholipids (1 of Figure 1-1A), glycolipids (2 of Figure 
1-1A), and triacylglycerols (3 of Figure 1-1A).12 The main precursors and/or building 
blocks of these lipids are fatty acids, which generally provide their hydrophobic 
properties.10, 12 Fatty acids are divided in classes depending on their level of saturation: 
saturated fatty acids, mono-unsaturated fatty acids (MUFAs), and poly-unsaturated 
fatty acids (PUFAs). All fatty acids are abbreviated according to their structure using 
the specific notation 'ncarbons:nunsaturated bonds' (Figure 1-1B), next to their systematic naming 
convention. In addition, some fatty acids also bear a more common name. Compound 
5 and 6, for example, are better known as oleic acid and arachidonic acid, derived from 
their chemical characteristics (Figure 1-1B).13-15 

A B

Figure 1-1 Chemical structure of several common lipids in biology (A). Chemical structure and 
nomenclature of four fatty acids (B).

In diets, the most predominant form of lipids are triacylglycerols, which approximately 
provides 95% of the total lipid content. The remainder is present in the form of 
phospholipids (approximately 4.5%) and cholesteryl esters (approximately 0.5 %).10 
When taken up by the body, lipids are involved in various physiological processes.12 In 
quantitative terms, fatty acids are mainly used for direct energy supply or to provide 
energy storage in the form of triacylglycerols.12 In addition, lipids also function as 
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1
structural building blocks of membranes as phospholipids or glycolipids. Next, lipids 
can be used to label proteins with a localization ‘label’, allowing proper transport and 
localization of the proteins.12 Lipidation often occurs with membrane proteins, which 
require the attachment of lipids to provide extra hydrophobicity to the proteins.12, 

16 In addition, lipids in the cytosol are bound to fatty acid-binding proteins (FABPs) 
and albumin to enable specific transportation within the cell.17 Last but not least, 
fatty acids and lipids can be converted to hormones, inflammatory regulators, and 
other signaling molecules that cause specific cellular effects through, e.g., cell surface 
receptors or nuclear receptors.12, 18 This latter function of lipid-derived metabolites will 
be further outlined in this thesis, especially in the context of immune regulation and 
inflammation.

1.2.2 Fatty acid metabolites and endocannabinoids
Next to being degraded via the β-oxidation pathway to generate energy, lipids and fatty 
acids can undergo extensive derivatization such oxidation, esterification, and amidation, 
yielding new bio-active signaling molecules.18-20 Oxidation occurs either spontaneously 
via auto-oxidation or controlled via enzymatic conversion. Esterification and 
amidation, on the other hand, can only occur via enzymatic routes.18-19, 21 Esterification 
and amidation lead to the production of novel signaling lipids that are usually named 
after their fatty acid and conjugated group. For example, compound 8 in Figure 1-2 is 
the conjugate of the fatty acid arachidonic acid and ethanolamine, and thus known as 
arachidonoyl ethanolamide (AEA, also known as anandamide). Similarly, compound 9 is 
named 2-arachidonoyl glycerol (2-AG), and compound 10 is known as docosahexaenoyl 
ethanolamide (DHEA).19 Interestingly, AEA and 2-AG are agonists of the cannabinoid 
receptor type 1 and 2 (CB1 and CB2), although with higher affinity for CB1 than for CB2.22 
Because of their structural differences but biological similarities in receptor affinity 
with cannabis-related compounds like delta-9-tetrahydrocannabinol (Δ9-THC), AEA 
and 2-AG were classified as ‘endocannabinoids’.22-23 

Figure 1-2 Chemical structure, name, and abbreviation in 
brackets, of three commonly known endocannabinoids.



Chapter 1. Introduction 

20

1.3 The endocannabinoid system

1.3.1 The endocannabinoid system and endocannabinoidome
The endocannabinoid system (ECS) is defined as the collection of endocannabinoid 
compounds in combination with their metabolizing enzymes and biological 
receptors.22-23 The ECS regulates many physiological processes, including but not limited 
to metabolism, appetite, and immune response, and consists of only two cannabinoid 
receptors CB1 and CB2, nine endogenous PUFA derivatives interacting with CB1 and CB2, 
and a few enzymes involved in the synthesis and metabolism of the PUFA derivatives.23-24 
During the years following its discovery, more PUFA-derived structures were identified 
resembling endocannabinoid structures, most of which showed interactions and/
or regulation of members of the ECS. In addition to such intertwined interactions 
also new regulatory pathways and indirect immune regulatory effects of several ECS-
members via PUFA metabolism were observed. For example, non-CB binding fatty acid-
derivatives like oleyl-, linoleoyl-, and palmitoyl ethanolamide are able to induce CB 
stimulation by competing with AEA hydrolysis and increasing levels of the CB binding 
compound AEA.24 This process is known as the entourage effect, and proves that the 
original classification of the endocannabinoid system based on CB agonism only may 
be too narrow. The term endocannabinoidome was introduced to classify these ECS 
interfering interactions.23 A recent overview of the original endocannabinoid system 
and the still expanding endocannabinoidome is provided in Figure 1-3.

1.3.2 Synthesis, breakdown and metabolization of endocannabinoids
The biosynthesis of acyl fatty acid metabolites is regulated by various enzymes. For 
instance, 2-AG is synthesized by diacylglycerol lipase (DAGL), although alternative 
pathways were later identified as well.25-27 In Drosophilla serotonin, dopamine, and 
glycine conjugated PUFA metabolites are produced by arylalkylamine N-acyltransferase-
like 2 (AANATL2).23, 28-29 Currently, the formation of N-acyl ethanolamides (NAEs), 
such as for AEA, is the most commonly studied biosynthetic pathway. This route 
involves fatty acyl transfer from the sn-1 position of phosphatidyl choline (Figure 1-1, 
compound 1 with choline as phosphate-bound alcohol) to the ethanolamine moiety 
of phosphatidylethanolamine, forming an N-acyl phosphatidylethanolamine (NAPE) 
intermediate. The phosphatidyl moiety of NAPE is subsequently hydrolyzed by NAPE-
phospholipase D (PLD), resulting in the formation of NAE derived lipids.23, 26-27, 30-31 This 
NAPE-PLD-dependent biosynthesis is well-characterized for AEA, and seems to be the 
most likely synthesis route for DHEA as supported by decreased DHEA levels in the brain 
of NAPE-PLD knock out mice.32 Besides the NAPE-PLD-dependent route, other synthetic 
mechanisms for NAEs do exist. For example, the glycerol moiety of NAPE can also be 
deacylated twice leading to formation of glycerophospho-N-acyl ethanolamines (GP-
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1
NAEs), which are converted to NAEs by glycerophosphodiesterases.27, 31, 33 Additionally, 
an in-situ study in mice neurons containing NAPE-PLD and glycerophospodiesterase 
knockouts indicated that NAPE hydrolysis still occurred, suggesting that other 
uncharacterized NAPE-catabolizing enzymes could exist.34 Indeed, a NAPE-PLC-
dependent catabolism has been proposed, although direct NAPE-PLC activity has never 
been experimentally proven.27, 31, 34-35    

20 
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Figure 1-3 Recent illustration of the ‘expanding’ view on the endocannabidiome (updated from 
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number of ligands and enzymes involved in their synthesis and breakdown (filled circles), new PUFA-
derived compounds and its interactions that intertwine with the ECS were classified as the 
endocannabinoidome (dotted circles).  

Breakdown of endocannabinoids often occurs via hydrolysis, resulting in the recovery of the 
parent (or precursor) fatty acid and alcohol or amine. Again, different enzymes are involved in 
the hydrolysis of the various endocannabinoids. The most commonly known hydrolysis route for 
amides is mediated by fatty acid amide hydrolase (FAAH), but an N-acylethanolamine-
hydrolyzing acid amidase (NAAA) also exists.23, 27 Although NAAA is mainly active with saturated 
and mono-unsaturated NAEs, such as palmitoyl ethanolamide,27, 30 various reports showed that 
NAAA is also capable of hydrolyzing AEA and DHEA next to the more commonly known AEA and 
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Breakdown of endocannabinoids often occurs via hydrolysis, resulting in the recovery 
of the parent (or precursor) fatty acid and alcohol or amine. Again, different enzymes 
are involved in the hydrolysis of the various endocannabinoids. The most commonly 
known hydrolysis route for amides is mediated by fatty acid amide hydrolase (FAAH), 
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but an N-acylethanolamine-hydrolyzing acid amidase (NAAA) also exists.23, 27 Although 
NAAA is mainly active with saturated and mono-unsaturated NAEs, such as palmitoyl 
ethanolamide,27, 30 various reports showed that NAAA is also capable of hydrolyzing 
AEA and DHEA next to the more commonly known AEA and DHEA hydrolysis by 
FAAH.36-37 The best-described hydrolysis routes for 2-AG are those via monoacylglycerol 
lipase (MAGL), α,β-hydrolase domain-containing 6 protein (ABHD6), and α,β-hydrolase 
domain-containing 12 protein (ABHD12).25, 27 Hydrolysis of 2-AG via FAAH is also possible, 
although to a limited extent.23, 38  

Besides hydrolysis, endocannabinoids can also be catabolized via oxidation, most 
notably by oxygenases like lipooxygenases (LOX), cyclooxygenase-2 (COX-2), and 
cytochrome P450 (CYP450) (Figure 1-3).26, 30, 39 Implications of their mechanisms are only 
limitedly described, and some of them will be discussed in this thesis in more detail.19, 

26, 39-41  

1.3.3 Biological role of PUFA derivatives
New interactions between existing PUFA derivatives and regulators of the 
ECS are continuously being characterized to provide the growing scope of the 
endocannabinoidome. Interestingly, many of these interactions are involved in 
immune-regulation and inflammatory processes.23-24 Next, I will introduce several 
important aspects of the immune system and inflammation.

1.4 Immune system

1.4.1 General introduction to the immune system 
Even though we spend our lives surrounded and inhabited by many potentially 
pathogenic microorganisms, we rarely become ill. This is because the immune system 
effectively defends our body against unwanted intrusion of pathogenic microorganisms. 
The immune system defends the body through a highly complex interplay between the 
bone marrow, lymphatic system, various immune cells, regulatory proteins and lipids 
that orchestrate the response to invading pathogens. The immune system has been 
functionally divided in an innate and an adaptive immunity to distinguish between 
the faster non-specific immune response and the slower specific immune response,42 
although their borders are becoming more blurred. The continuous response of the 
innate immune system relies on many different cell types, of which macrophages 
and neutrophils are two important ones for the regeneration of homeostasis after 
pathogen infection. 
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1.4.2 Macrophages and neutrophils
Macrophages are the most common cell type of the innate immune system, and are 
widely distributed in all body tissues as well as in the circulation. They have important 
roles during the first phase of an immune response; recognition of pathogens via 
pathogen-associated molecular patterns (PAMPs). PAMP-induced activation of 
macrophages leads to the production of inflammation markers, which results in the 
recruitment of neutrophils in the damaged tissue (chemotaxis). Neutrophils are the 
most numerous and important cells during the innate immune response, because 
together with the macrophages they are involved in the ultimate destruction of the 
invading pathogen. Pathogen destruction is accomplished by forming neutrophil 
extracellular traps (a web of chromatin fibers with high concentrations of anti-
microbial compounds and proteases), releasing anti-microbial peptides from their 
cytoplasmatic granules, and producing toxic radical oxygens species (ROS). This may 
also cause damage to the host tissue. Moreover, neutrophils can engulf the pathogen 
(phagocytosis), and present pathogen peptides to cells of the adaptive immune system 
through the MHC system. Usually the anti-microbial and toxic responses also lead to 
apoptosis of the neutrophils, after which they are cleared by macrophages (efferocytosis) 
in the resolution phase. In the final stage of acute inflammation damaged tissue is 
repaired and homeostasis is regenerated. 42-44 

1.4.3 Macrophage activation by LPS
Macrophage activation via PAMPs is crucial for the initiation of the innate immune 
response. One commonly known PAMP is lipopolysaccharide (LPS), a cell wall component 
extracted from Gram-negative bacteria. LPS-induced macrophage activation is initiated 
by recognition of LPS by the LPS-binding protein (LBP), followed by association with 
the CD-14 protein. The resulting complex splits LPS aggregates into monomers, after 
which they are presented to the toll-like receptor 4 (TLR4)/ myeloid differentiation 
factor 2 (MD-2) complex. Aggregation of the TLR4/MD-2 complex ultimately leads to 
the activation of multiple downstream-signaling pathways that start the immune 
response.42, 45-46     

Downstream of the TLR4 receptor the signal transduction pathway is divided in 
a myeloid differentiation primary response 88 (MyD88)-dependent and a MyD88-
independent pathway (the latter proceeds via the TIR-domain-containing adapter-
inducing interferon-β (TRIF)). The MyD88-dependent pathway mediates expression of 
pro-inflammatory cytokines like interleukin 1 (IL-1) via regulation of TNF receptor-
associated factor 6 (TRAF-6) mediated nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) stimulation, and mitogen-activated protein kinase (MAPK) 
induced activator protein 1 (AP-1). The MyD88-independent pathway mediates the 
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induction of type I interferons and interferon inducible genes via TRAF-3 mediated 
activation of interferon regulatory factor 3 (IRF3), but can also activate NF-κB expression 
via TRAF-6.45, 47 Depending on both the PAMP and the accessory receptor displayed on 
the macrophages, MyD88-dependent and MyD88-independent routes can be activated 
simultaneously leading to the production of pro-inflammatory cytokines and 
interferons.45, 48 Activation of different immune-regulating pathways results in different 
macrophage phenotypes and finally specific immune orchestration. LPS activates both 
MyD88-dependent and MyD88-independent routes leading to the production of NF-
κB, AP-1, and IRFs that initiate the production of interleukins, interferons, and lipid-
mediator producing enzymes like cyclooxygenase 2 (COX-2) (Figure 1-4).45, 48 

Figure 1-4 TLR-4 mediated 
inflammatory signaling 
cascade in macrophages, 
leading to the production of 
pro-inflammatory cytokines 
and type I interferons. 
The signaling cascade is 
activated by binding of LPS 
and mediated via MyD88-
dependent or MyD88-
independent routes. Figure 
was created using biorender.
com. 

1.4.4 RAW264.7 macrophage model
A commonly utilized in vitro model to study LPS-induced immune response is the 
RAW264.7 model. RAW264.7 is a murine monocyte/macrophage-like cell model 
that originates from Abelson leukemia virus transformed BALB/c mice.49 RAW264.7 
macrophages are cultured in a humidified atmosphere at 37 °C with 5% CO2 in Dulbecco’s 
Modified Eagle Medium (DMEM) containing 10% fetal calf serum (FCS), and produce 
IL-6, nitric oxide (NO), and COX-2 together with its pro-inflammatory lipid-derived 
mediators upon stimulation with LPS.50-51 
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1.4.4	RAW264.7	macrophage	model	

A commonly utilized in vitro model to study LPS-induced immune response is the RAW264.7 
model. RAW264.7 is a murine monocyte/macrophage-like cell model that originates from 
Abelson leukemia virus transformed BALB/c mice.49 RAW264.7 macrophages are cultured in a 
humidified atmosphere at 37 °C with 5% CO2 in Dulbecco's Modified Eagle Medium (DMEM) 
containing 10% fetal calf serum (FCS), and produce IL-6, nitric oxide (NO), and COX-2 together 
with its pro-inflammatory lipid-derived mediators upon stimulation with LPS.50-51  

1.5	Inflammation	

1.5.1	General	introduction	to	inflammation	and	inflammatory	diseases	

Pathogenic infection or tissue damage often leads to inflammation, a functional and protective 
tissue response to injury or destruction of tissues, which serves to destroy, dilute, or wall off 
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1.5 Inflammation

1.5.1 General introduction to inflammation and inflammatory diseases
Pathogenic infection or tissue damage often leads to inflammation, a functional 
and protective tissue response to injury or destruction of tissues, which serves to 
destroy, dilute, or wall off both the injurious agent and the injured tissues. Acute, 
clinical manifest inflammation is classically characterized by redness, heat, swelling, 
and sometimes pain. These characteristics are caused by vasodilation and increased 
vascular permeability, as a result of the innate immune response. This allows immune 
cells to migrate to the damaged tissue where they restore homeostasis as described in 
section 1.4.42 Although inflammation is often resolved by the innate immune system, 
continuous stimulation of the immune system or distorted signal transduction and/or 
regulation in the resolution phase of inflammation can lead to chronic inflammation.44 
Chronic inflammation leads to the overactivation of the innate immune system 
generating the overproduction of pro-inflammatory regulators. Many diseases like 
inflammatory bowel diseases (IBD), asthma, arthritis, but also increased risk for cancer 
development, cardiovascular diseases, and osteoporosis have been linked to chronic 
inflammation.44, 52-53 Consequently, medical intervention is sometimes required to 
prevent uncontrollable inflammation, severe tissue damage, and major pathogenicity.42, 

44, 54 Usually, specific receptors and/or enzymes can be blocked by pharmaceuticals 
to prevent inflammatory propagation. A common example are non-steroidal anti-
inflammatory drugs (NSAIDs) that inhibit the enzyme COX-2 thereby preventing the 
production pro-inflammatory regulators.55-56 Interestingly, nutrition was more recently 
reported as a useful new (or at least complementary) intervention strategy for the 
prevention and alleviation of chronic inflammation.5 

1.5.2 Inflammatory regulation: a role for lipids
Several inflammatory mediators with crucial roles in inflammation are derived from 
lipids.18, 44 Generally, the more pro-inflammatory lipid-derived mediators are n-6 lipid 
based, whereas the less pro-inflammatory or anti-inflammatory mediators are n-3 lipid 
based. As such the dietary n-3/n-6 lipid ratio is believed to play an essential role in the 
development and progression of (chronic) inflammation.5, 57-59 Apart from lipid content 
the production of (anti-)inflammatory mediators also relies on the expression of the 
lipid-metabolizing enzymes such as LOXs, CYP450s, and COXs in the inflamed tissue. 
Next to PUFAs, these enzymes can also convert several PUFA-derived endocannabinoid 
compounds (Figure 1-3).23, 26, 39-40 LOXs are involved in peroxidation leading to mono-
hydroxylated lipid compounds after reduction of the peroxide, CYP450s generate lipid 
peroxides, and cyclooxygenases produce cyclooxygenated lipid derivatives. Sequential 
oxygenation by multiple oxygenases ultimately leads to more complex di-, tri-, or 
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multi-hydroxylated and epoxidated lipid products.18, 26 All these oxidized lipid products 
have a specific role in inflammation, and tight regulation of lipid derived chemokine 
metabolism is thus essential for proper immune function.44 

1.6 Cyclooxygenases

1.6.1 Cyclooxygenases and inflammation
As their name already suggests, cyclooxygenases produce cyclooxygenated 
inflammatory regulating lipids like prostaglandins and thromboxanes (vide infra). 
Cyclooxygenases exist as two isoforms; the constitutive isoform COX-1, and the 
inducible isoform COX-2.60 Due to differences in transcriptional regulation it is believed 
that COX-1 is involved in maintaining homeostasis, whereas COX-2 is involved in the 
regulation of inflammation and tumorigenesis.26, 61-62 Because of its well-described role 
in inflammation, COX-2 became an interesting target for anti-inflammatory drugs like 
aspirin and the NSAIDs, e.g. ibuprofen, diclofenac, celecoxib. 55-56, 63-64 Due to unexpected 
cardiovascular and renal side effects of second-generation COX-2-selective NSAIDs (in 
particular rofecoxib, marketed as Vioxx) it was discovered that COX-2 expression in the 
brain, thymus, gut, and kidney could also be constitutive, where it is suggested to be 
involved in homeostatic regulation.65-66 

Next to differences in expression profile, the substrate selectivity between COX-1 and 
COX-2 also differs. COX-1 activity is mainly limited to cyclooxygenation of negatively 
charged lipids such as AA, whereas COX-2 also oxygenates neutral lipid derivatives 
like the endocannabinoids AEA and 2-AG.26, 67-69 Structure-activity relationship studies 
showed that the broader substrate scope of COX-2 is caused by the flexibility of a 
Leu531 side chain that is positioned at the entry point of the substrate, allowing for an 
increased opening of the cyclooxygenase channel in mCOX-2.69 Enzymatic conversion 
of endocannabinoids by COX-2 leads to novel products, some of which even have anti-
inflammatory effects.40 In summary, COX-2 is mainly associated with the onset of 
inflammation and overactivation of this enzyme leads to development and progression 
of (chronic) inflammatory diseases. Nonetheless, inflammatory regulation of COX-2 is 
tightly regulated and the enzyme also appeared to be involved constitutive functions. 
Consequently, understanding the activity of this enzyme in chronic inflammation 
might help in resolution or reduction of the symptoms. 
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AA. Only recently it was discovered that EPA, when bound to the allosteric site, promotes AA 
oxygenation in the active site.56, 71 Similarly, binding events of COX-2 inhibitors and non-substrate 
fatty acids also influence the catalytic turnover of AA by interacting with the allosteric subunit. 
Examples include the inhibitors naproxen, flurbiprofen, but also the fatty acid palmitic acid (PA, 
C16:0) which increased AA oxygenation to about 128%.56, 72 A better understanding of the 
binding interactions between COX-2 and its substrates, regulators, and/or inhibitors may allow 
catalytic control over the activity of the enzyme.  

 

Figure 1-5 Single-crystal X-ray structure of mCOX-2 when bound to AA (in black, indicated with arrows) 
(left). Crystal structure was reported by Vecchio et al. 2010.67 hCOX-2 isoform-specific interactions of 
substrates, non-substrate FAs, and inhibitors. hCOX-2 functions as a conformational heterodimer 
composed of an allosteric (Eallo) and a catalytic (Ecat) subunit (right). The individual subunits of hCOX-
2 differ both in their affinities for and responses to different ligands. Efficient hCOX-2 substrates for 
the Ecat part of the dimer are shown in blue, in the approximate order of their catalytic efficiencies. 
Inefficient hCOX-2 fatty acid substrates that can interfere with prostaglandin formation, typically by 
competing with AA for the Ecat, are shown in orange (e.g., DHA and DPA). Ligands shown in green 
allosterically stimulate hCOX-2 activity via the Eallo domain. Ligands shown in red interfere with hCOX-
2 activity either allosterically by binding Eallo or competitively by binding Ecat. Ligands that bind Eallo can 
also affect responses of the Ecat domain to COX inhibitors. This figure taken from Smith, W.L., 
Malkowski, G.M., J. Biol. Chem., 2019, 1697-1705.56 Reproduced with permission from Elsevier. 

1.6.3	Prostaglandin	synthesis	

The prototypical substrate for COX-2 is AA, which results in the production of the general 
prostaglandin precursor PGH2. The enzymatic mechanism of AA conversion by COX-2 starts at 
the cell membrane where phospholipases like phospholipase A2 (PLA2) release the fatty acid AA. 
Subsequently, bisdioxygenation of AA is initiated by extraction of the 13-pro-(S) hydrogen atom 

Figure 1-5 Single-crystal X-ray structure of mCOX-2 when bound to AA (in black, indicated 
with arrows) (left). Crystal structure was reported by Vecchio et al. 2010.67 hCOX-2 isoform-
specific interactions of substrates, non-substrate FAs, and inhibitors. hCOX-2 functions as a 
conformational heterodimer composed of an allosteric (Eallo) and a catalytic (Ecat) subunit (right). 
The individual subunits of hCOX-2 differ both in their affinities for and responses to different 
ligands. Efficient hCOX-2 substrates for the Ecat part of the dimer are shown in blue, in the 
approximate order of their catalytic efficiencies. Inefficient hCOX-2 fatty acid substrates that can 
interfere with prostaglandin formation, typically by competing with AA for the Ecat, are shown 
in orange (e.g., DHA and DPA). Ligands shown in green allosterically stimulate hCOX-2 activity 
via the Eallo domain. Ligands shown in red interfere with hCOX-2 activity either allosterically by 
binding Eallo or competitively by binding Ecat. Ligands that bind Eallo can also affect responses of 
the Ecat domain to COX inhibitors. This figure taken from Smith, W.L., Malkowski, G.M., J. Biol. 
Chem., 2019, 1697-1705.56 Reproduced with permission from Elsevier.

1.6.2 Kinetics of COX-2 catalysis
The inflammatory regulating prostaglandins, prostacyclins, and thromboxanes are 
produced from PUFAs by COX-2 via sequential bis-oxygenation and peroxidation. 
Both processes are catalyzed by separate but interconnected active sites in the same 
enzyme.56 Apart from the unconventional presence of two active sites, COX-2 exists as 
a sequence homodimer that functions as a heterodimer with both an allosteric and a 
catalytic subunit (Figure 1-5). Fatty acid substrates, inhibitors, and non-substrate fatty 
acids can thus bind to both the allosteric and/or catalytic sites, resulting in differential 
enzyme kinetics.56, 70 One striking example of the heterodimer functionality of COX-2 
is illustrated by the catalysis of AA and EPA. Both substrates have similar KM values 
for COX-2, but when incubated together, COX-2 preferentially oxygenates AA. Only 
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1.6.3	Prostaglandin	synthesis	

The prototypical substrate for COX-2 is AA, which results in the production of the general 
prostaglandin precursor PGH2. The enzymatic mechanism of AA conversion by COX-2 starts at 
the cell membrane where phospholipases like phospholipase A2 (PLA2) release the fatty acid AA. 
Subsequently, bisdioxygenation of AA is initiated by extraction of the 13-pro-(S) hydrogen atom 
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recently it was discovered that EPA, when bound to the allosteric site, promotes AA 
oxygenation in the active site.56, 71 Similarly, binding events of COX-2 inhibitors and 
non-substrate fatty acids also influence the catalytic turnover of AA by interacting 
with the allosteric subunit. Examples include the inhibitors naproxen, flurbiprofen, 
but also the fatty acid palmitic acid (PA, C16:0) which increased AA oxygenation to 
about 128%.56, 72 A better understanding of the binding interactions between COX-2 
and its substrates, regulators, and/or inhibitors may allow catalytic control over the 
activity of the enzyme. 
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by a catalytic tyrosyl radical at Tyr385. The radical rapidly migrates to position 11 followed by 
incorporation of molecular oxygen to form an 11-(R)-peroxyl radical. From this radical, a 
prostanoid five membered ring is produced after formation of an endoperoxide bond between 
carbon 9 and 11, and a single bond between carbons 8 and 12. The radical then migrates to 
carbon 15, where a second oxygen molecule is incorporated to form a 15-(S)-peroxyl radical. This 
radical is reduced to PGG2, and leaves the COX active site to be further reduced to PGH2 in the 
peroxide active site (Figure 1-6).26, 56, 60, 67, 73 

 

Figure 1-6 Bisdioxygenation of arachidonic acid to PGG2 and finally PGH2 by COX-2. Figure was 
modified from Rouzer et al. 2011.26  

After enzymatic production of the instable PGH2 precursor, various synthases produce the final 
pro-inflammatory regulators. Prostaglandins PGE2, PGF2, and PGD2, are produced by 
prostaglandin synthase E, prostaglandin synthase F, or prostaglandin synthase D, respectively. 
Prostacyclins, like PGI2 are produced from PGH2 by prostacyclin synthase; and thromboxanes are 
produced from PGH2 by thromboxane synthases (Figure 1-7).26, 62, 67 Concentrations of the lipid 
regulators are therefore also dependent on tissue-specific concentrations of these synthases.62  

Figure 1-6 Bisdioxygenation of arachidonic acid to PGG2 and finally PGH2 by COX-2. Figure was 
modified from Rouzer et al. 2011.26 

1.6.3 Prostaglandin synthesis
The prototypical substrate for COX-2 is AA, which results in the production of the 
general prostaglandin precursor PGH2. The enzymatic mechanism of AA conversion 
by COX-2 starts at the cell membrane where phospholipases like phospholipase A2 
(PLA2) release the fatty acid AA. Subsequently, bisdioxygenation of AA is initiated by 
extraction of the 13-pro-(S) hydrogen atom by a catalytic tyrosyl radical at Tyr385. The 
radical rapidly migrates to position 11 followed by incorporation of molecular oxygen 
to form an 11-(R)-peroxyl radical. From this radical, a prostanoid five membered ring 
is produced after formation of an endoperoxide bond between carbon 9 and 11, and a 
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single bond between carbons 8 and 12. The radical then migrates to carbon 15, where 
a second oxygen molecule is incorporated to form a 15-(S)-peroxyl radical. This radical 
is reduced to PGG2, and leaves the COX active site to be further reduced to PGH2 in the 
peroxide active site (Figure 1-6).26, 56, 60, 67, 73 

After enzymatic production of the instable PGH2 precursor, various synthases produce 
the final pro-inflammatory regulators. Prostaglandins PGE2, PGF2, and PGD2, are produced 
by prostaglandin synthase E, prostaglandin synthase F, or prostaglandin synthase D, 
respectively. Prostacyclins, like PGI2 are produced from PGH2 by prostacyclin synthase; 
and thromboxanes are produced from PGH2 by thromboxane synthases (Figure 1-7).26, 62, 

67 Concentrations of the lipid regulators are therefore also dependent on tissue-specific 
concentrations of these synthases.62 
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Figure 1-7 Synthesis of various pro-inflammatory chemokines from the general COX-2 derived 
precursor PGH2. Figure was modified from Rouzer et al. 2011.26  

1.7	Chemical	methods	to	study	lipid	biology	

This thesis follows a multi-disciplinary approach to unravel the anti-inflammatory properties, a 
manifold of interactions, and the metabolic fate of DHEA by combining a variety of biological 
techniques with chemical methodologies and novel chemical probes. In this section, a brief 
introduction of bio-orthogonal chemistry, click reactions, and the use of chemical probes is 
given.   

1.7.1	Bio-orthogonal	chemistry	

To further unravel chemical interactions between (bio)molecules in their complex biological 
environment, bio-orthogonal reactions have been developed. Such reactions do not interact 
with biological molecules, nor interfere with biological and cellular processes,74-75 thereby 
allowing accurate study of the molecular basis of biological processes. The concept of bio-
orthogonal reactions was initiated by Bertozzi and coworkers, who first developed a 
methodology to selectively visualize azide-containing glycan moieties using a fluorescent tag.76 
For this, a Staudinger ligation was initially applied to link the fluorescent tag to the azide-
enriched glycans (Figure 1-8A). The impact and potential of this first bio-orthogonal chemical 
methodology led to the rapid expansion of the chemical bio-orthogonal toolbox and the 
advancement of chemical biology. Nowadays, bio-orthogonal reactions are widely used in many 
-omics-based interaction studies, but also for the chemical engineering of therapeutic proteins.77 

Figure 1-7 Synthesis of various pro-inflammatory chemokines from the general COX-2 derived 
precursor PGH2. Figure was modified from Rouzer et al. 2011.26 

1.7 Chemical methods to study lipid biology

This thesis follows a multi-disciplinary approach to unravel the anti-inflammatory 
properties, a manifold of interactions, and the metabolic fate of DHEA by combining 
a variety of biological techniques with chemical methodologies and novel chemical 
probes. In this section, a brief introduction of bio-orthogonal chemistry, click reactions, 
and the use of chemical probes is given.
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1.7.1 Bio-orthogonal chemistry
To further unravel chemical interactions between (bio)molecules in their complex 
biological environment, bio-orthogonal reactions have been developed. Such reactions 
do not interact with biological molecules, nor interfere with biological and cellular 
processes,74-75 thereby allowing accurate study of the molecular basis of biological 
processes. The concept of bio-orthogonal reactions was initiated by Bertozzi and 
coworkers, who first developed a methodology to selectively visualize azide-containing 
glycan moieties using a fluorescent tag.76 For this, a Staudinger ligation was initially 
applied to link the fluorescent tag to the azide-enriched glycans (Figure 1-8A). The 
impact and potential of this first bio-orthogonal chemical methodology led to the rapid 
expansion of the chemical bio-orthogonal toolbox and the advancement of chemical 
biology. Nowadays, bio-orthogonal reactions are widely used in many -omics-based 
interaction studies, but also for the chemical engineering of therapeutic proteins.77 
Most currently used bio-orthogonal reactions avoid the slow rates of the Staudinger 
ligation, and rely on fast cycloaddition reactions between two bio-orthogonal moieties 
and strain release as driving force.75, 77-78

1.7.2 Click chemistry
The term ‘click chemistry’ originates from early 2000 when Sharpless and coworkers 
defined a set of stringent criteria for the production of novel heteroatom-linked (C-X-C) 
products.79 Most notable criteria require that click reactions are modular, wide in scope, 
high yielding, stereospecific, simple, and contain high thermodynamic driving forces. 
Following this definition of click chemistry, Sharpless and Meldal noted the potential 
semi-bio-orthogonal use of the Huisgens 1,3-dipolar cycloaddition of azides with linear 
alkynes. Both groups independently and simultaneously reported the dramatic rate 
enhancement of this reaction after the addition of a Cu(I) catalyst (Figure 1-8B).75, 80-81 
Today, this so-called copper-mediated azide-alkyne click reaction (CuAAC) is one of the 
most widely applied click reactions in all fields of chemistry. The use of this classical 
CuAAC reaction in biological settings is, however, limited by the cytotoxic properties 
of the transition metal catalyst. In an endeavor to increase the bio-orthogonal scope 
of azide alkyne click chemistry, Bertozzi and coworkers used a strained cyclooctyne 
that readily reacted with azides without displaying any apparent cytotoxicity (Figure 
1-8C).82 Inspired by the potential of this [3+2] cycloaddition, commonly referred to as 
the strain-promoted azide alkyne click (SPAAC) reaction, new strain-promoted alkynes 
were developed to improve the water solubility of the constructs and products, and to 
increase the reaction kinetics.75

Although the CuAAC and SPAAC reaction are among the earliest identified click 
reactions, the scope of click reactions rapidly expanded in the last decade. Currently, 
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1
click reactions also include e.g., inverse electron demand Diels-Alder (IEDDA) reactions, 
[4+1] cycloadditions with isonitriles, and SuFEX reactions, all of which are summarized 
in several recent reviews.77-78 Interestingly, apart from using unnatural functional 
groups for click chemistry, certain biologically relevant functional groups can also be 
used as or converted into one of the two reacting components in click chemistry.78

Figure 1-8 Overview of 
classical bio-orthogonal 
and click reactions. (A) 
Staudinger ligation, (B) 
CuAAC reaction, (C) 
SPAAC reaction.

1.7.3 Chemical probes
For a detailed study of biological molecular mechanisms, precisely tailored chemical 
probes have proven particularly useful. Such probes are synthetic congeners of 
biomolecules that contain all relevant functionalities found in the biologically 
active moiety, but now enriched with one or more functional group(s) that were 
designed to unravel the role of the (bio)molecule in its natural biological context. 
One of the main goals of these probes is that they are readily incorporated into the 
cellular systems of the natural lead structure, despite the presence of the unnatural 
functional groups. For example, the clickable handles that are often incorporated for 
enrichment or visualization purposes, only allow researchers to study their biological 
interaction(s) in a meaningful manner if the behavior of the probe resembles that 
of the native (bio)molecule closely. However, it is also crucial that, upon exposure to 
click conditions, the chemical probes efficiently react with molecules that contain 
additional functionalities, such as fluorescent labels or a biotin moiety. Of these, 
reaction of the chemical probe to a fluorescent label gives the researcher a ‘snapshot’ 
of the localization of the chemical probe, whereas reaction with a biotin-containing 
moiety allows the researcher to perform an affinity-based purification protocol to 
identify potential biological interactions of the chemical probe. 
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Most currently used bio-orthogonal reactions avoid the slow rates of the Staudinger ligation, and 
rely on fast cycloaddition reactions between two bio-orthogonal moieties and strain release as 
driving force.75, 77-78 
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reaction, (C) SPAAC reaction. 
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conditions when in the dark, and the short lifetime of the extremely reactive carbenes that are 
generated upon irradiation. Several diazirine-based chemical lipid probes, including compound 
15 for arachidonic acid, have successfully been used to characterize novel protein interactions 
(compound 16 and 17, Figure 1-9B).87-88  

Although, the use of chemical and bi-functional chemical probes has increased our current level 
of understanding of many chemical biological interactions, it is important to realize that these 
probes do contain small chemical deviations when compared to the natural (bio)molecule. 
Ideally, the chemical perturbations should be as small as possible and the entire probe should 
closely imitate the biological activity of its natural congener.75 To exemplify that chemical 
alterations can lead to different biological regulation when compared to its natural congener, 
alkyne-derived arachidonic acid (aAA) showed different metabolic properties when compared to 
its natural AA counterpart. Especially, its reactivity towards the oxidative enzymes COX-2, 12-
LOX, and 5-LOX was reduced, and the aAA-derived COX-2 products were different from oxidation 
profiles seen for AA, i.e., a complex mixture of alkynyl prostaglandins, alkynyl 11-hydroxy-
eicosatetraenoic acid, and alkynyl 11-hydroxy-8,9-epoxy-eicosatrienoic acid were identified.89-90 
This example clearly illustrates the importance of the design of a chemical probe, proper 
evaluation of its biological behavior, and close comparison to that of the natural counterpart. 

 

Figure 1-9 Overview of two commonly used designs for chemical probes, each illustrated with a recent 
literature example. (A) Activity-based protein profiling probe for 15-LOX, reported by the group of 
Dekker and coworkers.84 (B) Diazirine-based chemical probe for the characterization of arachidonic 
acid binding proteins, reported by the group of Cravatt and coworkers.88 

Figure 1-9 Overview of two commonly used designs for chemical probes, each illustrated with a 
recent literature example. (A) Activity-based protein profiling probe for 15-LOX, reported by the 
group of Dekker and coworkers.84 (B) Diazirine-based chemical probe for the characterization of 
arachidonic acid binding proteins, reported by the group of Cravatt and coworkers.88

As illustration for the general design, a chemical probe used for so-called activity-
based protein profiling (ABPP) is shown (Figure 1-9A). In ABPP, the chemical probe 
consists of a reactive group, which is often called warhead, that is combined with a 
bio-orthogonal handle. These are used for the covalent attachment of the probe to its 
biological interaction partner and subsequent reaction with a functionality of interest, 
respectively.83-86 An example of a lipid-based ABPP is the bis(alkyne) 15-LOX probe 11, 
which covalently attaches to the catalytic site of 15-LOX to generate compound 12. 
Subsequent purification was facilitated by the terminal alkene using an oxidative Heck 
reaction to biotin-functionalized boronic acid 13, to give biotinylated product 14 (Figure 
1-9A).84 Alternatively, bi-functional chemical probes can also be used to characterize 
unknown binding interactions with biomolecules. For this, probes are equipped with 
a photo-activatable group, e.g., diazirine, to covalently attach the probe molecule to its 
intracellular interaction partner. Diazirines are small photo-activatable handles that 
form reactive carbenes when irradiated with light of around 355 nm wavelength. Major 
advantages for the use of diazirines are their relatively small size, sufficient stability 
towards biological nucleophiles and biological conditions when in the dark, and the 
short lifetime of the extremely reactive carbenes that are generated upon irradiation. 
Several diazirine-based chemical lipid probes, including compound 15 for arachidonic 



33

1
acid, have successfully been used to characterize novel protein interactions (compound 
16 and 17, Figure 1-9B).87-88 

Although, the use of chemical and bi-functional chemical probes has increased our 
current level of understanding of many chemical biological interactions, it is important 
to realize that these probes do contain small chemical deviations when compared to 
the natural (bio)molecule. Ideally, the chemical perturbations should be as small as 
possible and the entire probe should closely imitate the biological activity of its natural 
congener.75 To exemplify that chemical alterations can lead to different biological 
regulation when compared to its natural congener, alkyne-derived arachidonic 
acid (aAA) showed different metabolic properties when compared to its natural AA 
counterpart. Especially, its reactivity towards the oxidative enzymes COX-2, 12-LOX, 
and 5-LOX was reduced, and the aAA-derived COX-2 products were different from 
oxidation profiles seen for AA, i.e., a complex mixture of alkynyl prostaglandins, alkynyl 
11-hydroxy-eicosatetraenoic acid, and alkynyl 11-hydroxy-8,9-epoxy-eicosatrienoic acid 
were identified.89-90 This example clearly illustrates the importance of the design of a 
chemical probe, proper evaluation of its biological behavior, and close comparison to 
that of the natural counterpart.

1.8 Aim of the thesis

Previously the endocannabinoid DHEA showed strong anti-inflammatory effects in 
LPS-stimulated RAW264.7 macrophages.50, 91 Interestingly, these anti-inflammatory 
effects were significantly more potent  than those of its n-3 PUFA precursor DHA.91 These 
effects make DHEA an interesting metabolite from a nutritional perspective, since 
increased intake of DHA, through e.g., fatty fish like tuna, mackerel, and salmon, or fish 
oil19, 92 leads to increased DHEA levels in the tissue and blood of animals.57, 92-93 The aim of 
the work described in this thesis was to further unravel the mechanisms of the anti-
inflammatory effects of DHEA. To this end, synthetic bi-functional chemical probes of 
DHEA were used to study the interactions between DHEA and cellular proteins during 
inflammation. Affinity-based protein purification followed by proteomics was used to 
characterize the protein interaction partners of DHEA (and AEA). Apart from cell-wide 
interactions, the second main goal was to explore the specific interaction between COX-
2 and DHEA. Based on the previous observation that prostaglandin concentrations are 
decreased by DHEA with barely affected COX-2 expression levels,50 it was hypothesized 
that DHEA could act as a competitive substrate for AA in COX-2, resulting in the 
production of novel DHEA-derived immune-regulators. This hypothesis was verified 
in the work outlined in this thesis and the immune-regulating effect and metabolic 
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consequences of this new metabolic route were studied. Hopefully, the insights from 
this thesis could contribute to an increased understanding of the effects of n-3 PUFA 
metabolism on the resolution of inflammation. Ultimately, new insights from this 
field might be used to develop novel treatments and/or dietary regulations to treat and 
prevent the abundance of (chronic) inflammatory diseases in the future. 

1.9 Outline of the thesis

In Chapter 2 a state-of-the-art literature overview is given on the interplay between 
PUFAs, endocannabinoids, and inflammation. Additionally, it introduces some novel 
chemical tools (e.g., chemical probes) that can be used to study molecular interaction 
partners of lipids. 

In Chapter 3 bi-functional chemical probes of DHEA were synthesized and used to 
characterize the molecular interaction targets of DHEA in LPS-stimulated RAW264.7 
macrophages. ELISA assays showed that DHEA probes had similar anti-inflammatory 
effects as their DHEA parent, indicating that the chemical modifications on the probe 
did not alter their biological interactions. Confocal microscopy with fluorescently 
labelled probes showed that the probes were effectively taken up by RAW264.7 
macrophages and resulted in a localization pattern that is consistent with ER and 
vesicle localization. Subsequent proteomics analysis revealed that 62 proteins 
significantly interacted with the DHEA probe. Peroxiredoxin-1 and peroxiredoxin-4, as 
well as Ras-related proteins 1 and 5, cyclooxygenase 2, and proteins involved in small 
GTPase signaling were identified as DHEA binding targets. Characterization of these 
proteins could be linked with previously described regulatory roles in ROS production, 
cell migration, cytoskeletal remodeling, and reduction in prostaglandin production.

In Chapter 4 the interaction between n-3 PUFA ethanolamine derived metabolites 
and COX-2 is described. We showed for the first time that the EPEA and DHEA are 
converted by hCOX-2. EPEA is metabolized into PGE3-EA, 11-, 14-, and 18-HEPE-EA, and 
DHEA is metabolized into 13-HDHEA, and 16-HDHEA. Additionally, in vitro studies were 
used to show that the metabolites of DHEA could also be produced in LPS-induced 
RAW264.7 macrophages in a COX-2 dependent mechanism, further underlining the 
biological relevance of this novel metabolic route. 

In Chapter 5 the hypothesized anti-inflammatory roles of 13-HDHEA and 16-HDHEA 
were studied. Cytokine analysis, LC-MS/MS based targeted lipidomic analyses, and 
transcriptional analysis were used to demonstrate that 13-HDHEA and 16-HDHEA have 
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interesting immune-modulatory roles in LPS-stimulated RAW264.7 macrophages. 
Nonetheless, compared to the parent compound DHEA, the metabolites 13-HDHEA and 
16-HDHEA were less potent, suggesting that 13- and 16-HDHEA may be products of an 
DHEA inactivation route. 

In Chapter 6 the anti-inflammatory effects of intraperitoneally injected DHEA in a 
mouse model of colitis were studied. In the model C57Bl/6 mice with DSS-induced 
colitis were treated with intraperitoneally injected DHEA, which reduced several 
symptoms of colitis, like body weight loss, rectal bleeding and loose stool. Nonetheless, 
DHEA injection did not significantly reduce colon inflammation. Livers of the DHEA 
injected and DSS administered mice were further analyzed using LC-MS/MS to study 
DHEA uptake and metabolism in vivo. Identification of DHEA-derived metabolites, like 
the COX-2 derived 13-HDHEA and 16-HDHEA, and CYP450 derived 10,11-EDP-EA and 
19,20-EDP-EA, as well as quantification of DHEA and AEA was performed. Although 
systemic availability of DHEA in the liver was increased with increasing dose of DHEA, 
DHEA- derived metabolites from, e.g., COX-2 in the liver could not be detected. This 
may be explained by the limited expression of COX-2 in the livers of DSS colitis mice. 
In Chapter 7 the main results of the current research are discussed and placed into 
context in the fields of nutrition, and inflammation. Next to this, the chapter will 
describe alternative research avenues and future perspectives. 
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2.1 Abstract

Notwithstanding the ongoing debate on their full potential in health and disease, there 
is general consensus that n -3 PUFAs play important physiological roles. Increasing 
dietary n-3 PUFA intake results in increased DHA and EPA content in cell membranes 
as well as in an increase in n-3 derived oxylipin and endocannabinoid concentrations, 
like fatty acid amides and glycerol-esters. These shifts are (partly) explained by the 
pharmacological and anti-inflammatory effects of n-3 PUFAs. Recent studies discovered 
that n-3 PUFA-derived endocannabinoids can be further metabolized by the oxidative 
enzymes CYP450, LOX, and COX, similar to that of n-6 derived endocannabinoids. 
Interestingly, these oxidized n-3 PUFA derived endocannabinoids of eicosapenaenoyl 
ethanolamide (EPEA) and docosahexaenoyl ethanolamide (DHEA) have higher anti-
inflammatory and anti-proliferative potential than their non-oxidized precursors. In 
this chapter, an overview of n-3 PUFA derivatives and their metabolites is provided. 
In addition, the use of chemical probes will be presented as a promising approach to 
study n-3 PUFA and n-3 PUFA metabolism within the field of lipid biochemistry. 
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2.2 Introduction to n-3 PUFAs in health and disease

There is general scientific consensus that n-3 long-chain poly unsaturated fatty acid (LC-
PUFAs) are essential for normal growth and development of multicellular organisms. 
Notwithstanding this, the debate on their full potential to prevent or cure disease 
continues. A major cause of these apparent knowledge gaps is their complex versatile 
metabolism that is directly linked to numerous molecular interconnections and 
pathways involved in the formation and breakdown of PUFA-derived mediators. Main 
dietary n-3 LC-PUFAs are α-linolenic acid (ALA; 18:3n-3), predominantly obtained from 
plant sources, and the longer eicosapentaenoic acid (EPA; 20:5n-3), docosahexaenoic acid 
(DHA; 22:6n-3) and, to a lesser extent, docosapentaenoic acid (DPA; 22:5n-3). Those latter 
three fatty acids are particularly found in “fatty” fish (e.g., herring, salmon, mackerel) as 
well as in certain types of algae and krill (Figure 2-1). In general, ALA can be converted 
to EPA by desaturation and subsequent elongation of the acyl chain of stearidonic acid 
(18:4n-3). Insertion of an extra double bond then results in the formation of EPA (20:5n-
3). EPA can be further metabolized to DPA, and finally to DHA. However, in human 
adults the endogenous conversion of ALA to EPA and DHA is limited, and therefore 
we have to rely on dietary intake or on their administration via food supplements or 
pharmaceutical preparations for adequate provision of n-3 LC-PUFAs,.1-3

Intake of n-3 LC-PUFAs in particular DHA and/or EPA, has been associated with a 
variety of positive health effects. Examples include improvement of endothelial 
function,4-5 lowered plasma triglyceride levels,6 a reduced risk for ischemic stroke,7 
neuroprotective and antidepressant effects,8-9 prevention of cognitive decline,10 positive 
effects in rheumatoid arthritis,11-13 fatty liver disease,14-17 cancer-associated cachexia,18 
and a possibly reduced risk for developing certain tumors, in particular colorectal 
cancer.19-20 However, these apparently pleiotropic effects are continuously challenged, in 
particular when it comes to cardiovascular health. For example, the originally assumed 
antiarrhythmic effects of EPA and DHA are disputed.21 A recent meta-analysis22 and 
Cochrane review23 raised doubt concerning the overall clinical usefulness of n-3 PUFAs 
for prevention of cardiovascular diseases. Data from a number of recently reported 
randomized collected trials (RCTs) fueled the debate even further. The Tromsø study 
found no protective effects of fatty fish consumption or fish oil supplements on 
atherosclerotic plaque formation or plaque area in a general population.24 Similarly, the 
more recent ASCEND study –an RCT among more than 15,000 patients with diabetes 
and no evidence of cardiovascular disease taking 460 mg of EPA and 380 mg of DHA 
for a median of 7 years– showed no significant difference from placebo in the risk of 
serious vascular events.25 Another recently completed study, VITAL,26-27 also indicated 
that the use of n-3 PUFAs was not effective in preventing the combined end point 
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of myocardial infarction, stroke, or death from cardiovascular causes in unselected 
patients. By contrast, in persons already taking a statin, positive effects of high doses 
(4 g daily) of EPA on cardiovascular events in the randomized, double-blind REDUCE-
IT trial were reported after a median follow-up of 4.9 years.26, 28-29 Several explanations 
were offered for these apparent discrepancies. For example, it has been suggested that 
administered dose, intake and presence of other fatty acids in the diet, like n-6 PUFAs, 
chemical differences between EPA and DHA, and inter-individual differences –such as 
polymorphisms, sex, and age– are also playing a role.26, 30-32

Figure 2-1 Chemical 
structures of main n-3 
PUFAs.

Mechanistic studies in vitro and in rodent models indicate that many, though 
perhaps not all, activities of n-3 PUFAs found can be linked to their interaction with 
immunological mechanisms.2, 9 However, amounts used in those studies are often 
rather high, which complicates extrapolation to humans. Effects on inflammatory 
markers have been reported from human studies as well, although doses are 
sometimes high compared to those commonly obtained from the diet. The observed 
immune-modulating and/or anti-inflammatory effects have been explained from 
different mechanisms, i.e., their effects on cell membranes and modulating eicosanoid 
production,2-3, 9 interactions with different receptors, including peroxidase proliferator 
activator receptors (PPARs), G-protein coupled receptor 40 (GPR40),33 and GPR120.34 
Highly intriguing, and at the same time further complicating, are the roles of the 
different intermediates and metabolites of n-3 PUFAs. In recent years, many novel 
classes of endogenously produced n-3 LC-PUFA lipid metabolites with potent anti-
inflammatory properties were identified. These exciting findings suggest the presence 
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although doses are sometimes high compared to those commonly obtained from the diet. The 
observed immune-modulating and/or anti-inflammatory effects have been explained from 
different mechanisms, i.e., their effects on cell membranes and modulating eicosanoid 
production,2-3, 9 interactions with different receptors, including peroxidase proliferator activator 
receptors (PPARs), G-protein coupled receptor 40 (GPR40),33 and GPR120.34 Highly intriguing, 
and at the same time further complicating, are the roles of the different intermediates and 
metabolites of n-3 PUFAs. In recent years, many novel classes of endogenously produced n-3 LC 
PUFA lipid metabolites with potent anti-inflammatory properties were identified. These exciting 
findings suggest the presence of many more bio-active lipids than previously assumed, although 
for most of these metabolites an accurate identification of their specific role in inflammation is 
not yet fully established. More research is needed to shed light on both the formation as well as 
the bio-activity of those novel, including yet unknown, metabolites in the future.  
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of many more bio-active lipids than previously assumed, although for most of these 
metabolites an accurate identification of their specific role in inflammation is not yet 
fully established. More research is needed to shed light on both the formation as well 
as the bio-activity of those novel, including yet unknown, metabolites in the future. 

2.3 Lipid metabolite profiles reflect dietary lipid intake: the 
relation between dietary n-3 fatty acid intake and n-3 fatty acid-
derived endocannabinoids

Over the last decades, researchers tried to elucidate the molecular and cellular pathways 
through which dietary n-3 lipids affect health and physiology. A better understanding of 
the underlying mechanisms could not only help to explain the sometimes apparently 
contradictory findings, but potentially also provide new targets for intervention. 
Specifically, it has been demonstrated that n-3 fatty acids and their metabolites have 
various effects on different components of the immune system. For instance, DHA 
can be converted into resolvins and protectins, a class of lipid metabolites for which 
potent pro-resolving properties have been described.35-37 Additionally, work in animal 
and in vitro models demonstrated that dietary lipids directly affect circulating and 
tissue concentrations of various oxylipins. Typically, concentrations of n-6 fatty acid 
derived oxylipins, including prostaglandin D2 (PGD2), PGE2, thromboxane B2 (TXB2) and 
5-hydroxyeicosatetraenoic acid (5-HETE) decreased after a diet rich in n-3 fatty acids, 
whereas higher concentrations of n-3 derived oxylipins were detected after a diet rich 
in n-3 fatty acids.38-40 These n-3 derived metabolites were reported to have reduced 
pro-inflammatory activity compared to their n-6 derived counterparts, which could at 
least partly explain the anti-inflammatory effects observed for n-3 fatty acids (Figure 
2-2).41 It thus seems clear that circulating profiles of lipid mediators are a reflection 
of dietary intake of fatty acids, and that high dietary intakes of n-3 fatty acids results 
in measurable changes in the lipidome, which may have physiological consequences. 

In addition to oxylipins, many other classes of lipid-derived signaling molecules are 
known, such as ceramides, sphingolipids, and endocannabinoids. The latter compound 
class regulates various immune responses via the endocannabinoid system. This 
system consists of the cannabinoid type 1 and type 2 receptors, CB1 and CB2, their 
endogenous ligands (‘endocannabinoids’), and the enzymes involved in the synthesis 
and metabolism of these molecules.42-43 It has become clear that the endocannabinoid 
system is involved in many physiological processes, including metabolism, appetite 
and the regulation of food intake, differentiation of adipose tissue, and immune 
regulation. The prototypical endocannabinoid, arachidonoyl ethanolamide (AEA, 
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also known as anandamide), is the conjugate of ethanolamine and arachidonic acid 
(AA; 20:4n-6),44 but other AA conjugates such as 2-arachidonoylglycerol (2-AG) and 
N-arachidonoyl dopamine 45 (Figure 2-3), have also been described to possess affinity 
for the endocannabinoid receptors.18, 42, 45 
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inflammatory regulators, in green the proposes less pro- or anti-inflammatory regulators. 
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In addition to variation in the conjugate group, also the fatty acid backbone is known to 
vary, and conjugates with various fatty acids have been detected in animals or humans, 
such as oleoyl ethanolamide (OEA), palmitoyl ethanolamide (PEA), oleoyl dopamine 
(OLDA) or N-arachidonoyl glycine (NAGly) (Figure 2-3).46-49 Interestingly, similar 
conjugates derived from DHA and EPA, including docosahexaenoyl ethanolamide 
(DHEA), eicosapentaoyl ethanolamide (EPEA), and eicosapentaoyl glycerol (2-EG) have 
also been detected in animals and humans (Figure 2-3).48, 50-53 Considering the number 
of different dietary fatty acids (e.g., 16:0, C18:0, C18:1n-9), which can be multiplied by 
their conjugation to the available endogenous amines (e.g., ethanolamine, dopamine, 
various amino acids), potentially >200 of these lipid metabolites may be formed. 
However, thus far only a few of these molecules have received detailed attention, 
such as AEA, 2-AG, OEA, PEA, DHEA and EPEA. This suggests that only the tip of the 
iceberg has been explored, and much more remains to be discovered. It is important 
to note that not all conjugates mentioned above have significant affinity for the CB 
receptors. Instead, these conjugates may activate other receptors such as (PPARs) or 
transient receptor potential channels (TRPs), which can sometimes also be activated 
by ‘true’ endocannabinoids, i.e., ligands for the CB1 or CB2 receptors such as AEA.42, 54-
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55 Taken together, endocannabinoids and their congeners behave as ‘promiscuous’ 
ligands, displaying patterns of receptor interactions which has been suggested to play 
a role in ‘fine tuning’ metabolic and inflammatory regulation.41 Indicative of this fine 
tuning is a comparative study on CB and TRPV receptor activation by various N-acyl 
ethanolamines, showing that all n-6 PUFA derivatives are agonists of the CB1, CB2, and 
TRPV1 receptor, whereas n-3 PUFA derivatives are much weaker CB1 and TRPV1 agonists, 
and equally as effective CB2 agonists.56

Figure 2-3 Chemical structures of well-known endocannabinoids and structurally related 
molecules. This family of lipids shows variation in both the lipid backbone as well as in the 
conjugate (e.g., glycerol, dopamine, ethanolamine, amino acid residues). 

Several studies demonstrated that n-3 fatty acids affect endocannabinoid formation 
profiles and related compounds in a way similar as observed for oxylipins.57 A large 
body of evidence, comprising of in vitro, animal and human data, underlines that 
increasing the supply of n-3 fatty acids results in decreased concentrations of, e.g., n-6 
PUFA-derived AEA and 2-AG, whereas concentrations of DHEA and EPEA increase.50-51, 

53, 58-60 This profile shift remained present after an acute inflammatory stimulus with 
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lipopolysaccharide (LPS) in mice.51 Interestingly, when comparing the immune-
modulating properties of DHEA and EPEA with those of their fatty acid precursors and 
other ethanolamides in an in vitro study, it was shown that especially DHEA has more 
potent anti-inflammatory properties compared to, e.g., its precursor DHA and its n-6 
congener AEA61. These findings suggest that a shift in endocannabinoid profile is one of 
the mechanisms behind the proposed, and sometimes observed, health effects of n-3 
fatty acids (Figure 2-2).

2.4 n-3 Fatty acid-derived endocannabinoids: a new mechanistic 
link between dietary n-3 fatty acids and anti-inflammatory effects

The two most-studied n-3 fatty acid-derivatives to date are DHEA and EPEA (Figure 2-3). 
DHEA was first identified in bovine retina62 and later also in human plasma48 and other 
tissues.50, 53, 63 Interestingly, this compound has potent anti-inflammatory properties in a 
variety of models, including stimulated 1) murine RAW264.7 and primary macrophages,64 
2) murine 3T3-L1 adipocytes,52 and 3) murine BV2 and rat primary microglial cells.65 
DHEA reduces the release of various pro-inflammatory signaling molecules, including 
nitric oxide (NO), interleukin-6 (IL-6), monocyte chemotactic protein-1 (MCP-1), and 
tumor necrosis factor-alpha (TNF-α), although differences exist between different in 
vitro models. Additionally, it was found that DHEA promotes neurogenesis, neuron 
development, and synaptogenesis.66-68 Because of these properties, DHEA is also referred 
to as synaptamide.66-67 In a recent study, the G protein-coupled orphan receptor 
(GPR110) was found to play a key role in this neuro-protective activity of DHEA by 
activating a cAMP dependent pathway.68-69 Moreover, DHEA displays pro-apoptotic and 
anti-proliferating activity in human prostate cancer cells with considerably increased 
potency compared to its precursor fatty acid DHA. Less information is available for 
EPEA, but this conjugate was also found to possess anti-proliferating and pro-apoptotic 
effects, although with a distinct underlying mechanism compared to DHEA.55 EPEA also 
displayed anti-inflammatory properties in macrophages and adipocytes, although with 
less potency compared to DHEA in macrophages.52, 64 Both DHEA and EPEA are agonists 
of the CB receptors and of PPAR-γ, which may mediate the observed anti-inflammatory 
effects.55-56, 70 To better understand the mechanisms through which DHEA exerts its anti-
inflammatory effects in macrophages, detailed in vitro studies were performed, which 
provided evidence for a direct interaction between DHEA and the cyclooxygenase-2 
(COX-2) enzyme.61 Using a targeted metabolomics approach that quantified various 
lipid oxygenation metabolites, it was concluded that DHEA specifically reduced the 
formation of COX-2 derived oxylipins, such as PGD2 and PGE2, whereas other pathways 
(e.g., 5-lipooxygenase (5-LOX) or cytochrome P450 (CYP450)) were unaffected. These 
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findings suggested that DHEA might act as a direct competitive inhibitor of COX-2 
activity. Interestingly, it was previously shown for, e.g., AEA and 2-AG that they are COX-
2 substrates,71-72 demonstrating that COX-2 has the capability to metabolize neutral 
lipids. COX-2 metabolized AEA and 2-AG to oxygenated fatty acid metabolites, such 
as prostaglandin E2-ethanolamide (PGE2-EA) and prostaglandin E2-glycerol (PGE2-G), 
respectively, which have potent anti-inflammatory properties in vitro.73-74 In addition 
to COX-2, other oxidative enzymes such as those belonging to lipooxygenases (LOX) and 
CYP450s can metabolize various fatty acid ethanolamides,75 including DHEA,76-78 into 
oxygenated species which display biological activity themselves (see section 2.5 and 
Figure 2-2). It is thus clear that the biological activity of endocannabinoids and related 
compounds is not only terminated by their enzymatic hydrolysis via fatty acid amide 
hydrolase (FAAH) or N-acylethanolamine-hydrolyzing acid amidase (NAAA),79 but that 
these signaling molecules can also be metabolized by COX-2, LOX and CYP450s to yield 
new oxygenated fatty acid metabolites, likely displaying different biological roles.

2.5 Oxygenation of endocannabinoids: the first evidence of 
oxygenation of endocannabinoids by CYP450’s, LOX, and COX-2 
and the anti-inflammatory effects of their metabolites

The first evidence of oxygenation of the prototypical endocannabinoid AEA stems 
from 1995, showing that anandamide is metabolized by CYP450s in both mouse brain 
and liver microsomes.80 Although an accurate product analysis was not performed, it 
was hypothesized that the CYP450 containing microsomes produced various mono-
, di-hydroxylated, and epoxidized metabolites of AEA. More recent studies identified 
all four possible regioisomeric epoxyeicosatrienoic ethanolamides (EET-EAs) and a 
terminal hydroxylated epoxyeicosatrienoic ethanolamide 20-HETE-EA metabolite of 
AEA after conversion by various human CYP450s.81-82 Additionally, it was shown that at 
least 14,15-EET-EA was produced in bovine and porcine heart microsomes.81 Similar to 
the EET-EA production by CYP450 enzymes, it was reported in 1995 that 12-LOX from 
the rat pineal brain converts AEA into 12-HETE-EA, and that soybean 15-LOX produces 
15-HETE-EA.83 In 1999, COX-2, was also shown to oxygenate AEA, yielding prostamides (PG-
EA’s) and the mono-hydroxylated metabolites 11-HETE-EA and 15-HETE-EA.84-85 For the 
synthesis of the various prostamides known to date, the COX-2 intermediate PGH2-EA 
is sequentially metabolized by specific prostaglandin synthases to form the biologically 
active PGE2-EA, PGD2-EA, PGI2-EA,73-74, 86 and PGF2α-EA (Figure 2-4).73-74, 87 Studies to assess 
the biological role of some of these prostamides have revealed several potent anti-
inflammatory characteristics, specifically for the prostamides PGF2α-EA and PGE2-EA. 
For example, PGF2α-EA was found to reduce crypt and mucosal tissue damage in a 
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colitis model,88 and was found to specifically activate the heterodimers of the natural 
PGF receptor, and one of its splice variants FP-FPalt4.74, 89 PGE2-EA reduces the TNFα 
production in a cAMP-dependent pathway in LPS-stimulated human peripheral blood 
mononuclear cell monocytes,54 and inhibits the activity of the IL-12p40 promotor in 
LPS and INFγ stimulated microglia cells (Figure 2-4).90 

Studies investigating receptor affinities of epoxidated AEA metabolites suggested that 
EET-EAs are potent CB agonists.91 Specifically, 5,6-EET-EA has a 300-fold selectivity 
for CB2 activation over CB1 activation, and a 1000 times increased affinity for CB2 when 
compared to AEA. Moreover, 5,6-EET-EA was shown to be an agonist of the human CB2 
receptor.92 In contrast to the EET-EAs, HETE-EAs display varying affinities towards the 
CB receptors. For example, 11-HETE-EA does not interact with CB1 and CB2, whereas 
12-HETE-EA is an agonist for both receptors with affinities comparable to AEA.93 
15-HETE-EA activated CB1 receptors only slightly, but showed strong TRPV1 binding 
affinity. In view of this TRPV1 activation, it was suggested that 15-HETE-EA caused 
reduced nociception in a neuropathic pain model.94 Whether the other HETE-EA are 
also strong agonists for TRPV1, and also affect neuropathic pain is currently unknown. 
At the same time, 15-HETE-EA enhanced AEA biosynthesis by NAPE-PLD, and reduced 
DAGL and FAAH activity. As a result, 15-HETE-EA thus increased AEA tone in mouse 
brain homogenates (Figure 2-4).95 Like 15-HETE-EA, all other HETE-EAs are also known 
to be inhibitors of FAAH, although with different potencies.93 Flamand and coworkers 
speculated that the HETE-EAs mainly exert their biological effect via the vanilloid 
receptors,91 although some HETE-EAs are also able to selectively interact with the CBs. 
Following the findings that AEA is a substrate for COX-2, LOX and CYP450 enzymes, 
it was discovered that other arachidonoyl derivatives are also converted by COX-
2, LOX, and CYP450 enzymes.73, 86, 96-98 The substrate class now ranges from classical 
endocannabinoids like 2-AG and AEA to various amino acid derivatives, like AA-Gly, and 
different vanilloid derivatives, like NADA. Studies towards the biological activity of some 
of these other secondary AA metabolites showed that PGD2-G, for example, has strong 
anti-inflammatory effects by reducing the formation of the pro-inflammatory cytokines 
in LPS administrated mice,99 and by reducing DSS induced murine colitis.100 The 12/15-
LOX derived 15-HETE-G was identified as a PPARα agonist,101 was found to be a moderate 
agonist of CB2 and has no affinity with CB1.93, 102 The CYP450 metabolites 11,12-EET-G, and 
14,15-EET-G were found to promote vasodilation in rat mesenteric arteries suggesting 
that they can act as antihypertensive mediators.91, 102-103 Despite these limited data on the 
physiological role of secondary AA-derived metabolites, there are still many open questions 
and the extend of this knowledge gap is as yet undefined. More work is needed to fully 
characterize the metabolism of AA metabolites and to understand their biological roles.
Identification of the secondary metabolites of AA and the characterization of their 
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biological activities changed paradigms in the understanding of endocannabinoid 
biology. Not only the endocannabinoids themselves, but also their oxygenated products 
must be taken into account when studying the endocannabinoidome,43 resulting in an 
additional layer of complexity in the lipid biochemistry field.

2.6 Oxygenation of n-3 PUFA derived endocannabinoids:
a new class of endogenous potent anti-inflammatory mediators

In addition to oxygenated metabolites of AA-derived endocannabinoids, evidence 
is accumulating that DHA and EPA-derived ethanolamides are also substrates for 
COX-2, LOX and CYP450 enzymes. In this section, we will focus on the formation and 
inflammatory modulation of recently discovered oxygenated metabolites of DHEA and 
EPEA. 

The first data that demonstrated that DHEA is a substrate for oxidative enzymes 
was published in 2011 by the group of Serhan and coworkers.76 In an enzymatic assay 
with 15-LOX and DHEA they showed that 17-HDHEA was produced as a specific 15-
LOX metabolite. In addition, four major 15-LOX derived metabolites, 7,17-diHDHEA, 
4,17-diHDHEA 10,17-diHDHEA and 15-HEDPEA, were identified in brain tissue,76, 104 of 
which 10,17-diHDHEA and 15-HEDPEA significantly reduced leukocyte chemotaxis. 
In addition, 10,17-diHDHEA was observed to block platelet-activator factor (PAF)-
stimulated platelet-leukocyte aggregation and to stop PMN chemotaxis. 15-HEDPEA 
was found to stop chemotactic polymorphonuclear leukocyte (PMN) transmigration, 
to block the PAF-stimulated platelet-leukocyte aggregation, and to significantly reduce 
PMN accumulation in 6-8 weeks old male mice with hind limb ischemia and second 
organ reperfusion injuries. Both 10,17-diHDHEA and 15-HEDPEA were found to activate 
CB2 receptors. Concluding, both 10,17-diHDHEA and 15-HEDPEA are biologically active 
anti-inflammatory compounds derived from DHEA (Figure 2-5, Table 2-1).76, 104 

A cell proliferation study showed that DHEA has anti-proliferating properties in head 
and neck squamous cell carcinoma (HNSCC) cells, dependent on the activity of 5-LOX.105 
By blocking or silencing 5-LOX, the HNSCC cells displayed increased proliferative activity, 
suggesting that 5-LOX mediates the anti-proliferating effects of DHEA. Additionally, 
data was provided that supported the notion that 5-LOX derived products of DHEA 
are not directly involved in the mediation of the anti-cancerous effect, and that the 
anti-cancerous effects are mainly induced by reactive oxygen species (ROS) formed by 
5-LOX. Interestingly, blocking or silencing of COX-2 did not show a COX-2 mediated 
anti-proliferating effect of DHEA, suggesting that the anti-proliferative effects of DHEA 
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Figure 2-4 Known metabolites of arachidonoyl ethanolamide by COX, LOX and CYP450 
enzymes, their main receptor affinities, and biological effects.
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Figure 2-5 Metabolism of docosahexaenoic acid into docosahexaenoyl ethanolamide and subsequent 
metabolism by CYP450 and 15-LOX into various hydroxylated or epoxidated metabolites.  
 
Das and co-workers demonstrated that both EPEA and DHEA could also be epoxidated by CYP450 
to form epoxyeicosatetraenoic acid ethanolamide (EEQ-EA) and epoxydocosapentaenoic acid 
ethanolamide (EDP-EA), respectively (Figure 2-5, Figure 2-6, and Table 2-1).77 The direct in vitro 
production of these structures was proven in rat brain microsomes, activated BV-2 microglia 
cells, and recombinant human CYP2J2 that were incorporated into nanodiscs, which are 
nanoscale lipid bilayers that are surrounded by a membrane scaffold protein as a model system 
for membrane proteins.106 It was found that epoxidation of EPEA and DHEA resulted in the 
formation of all possible regioisomers, with a preference for the terminal olefin (17,18-EEQ-EA 
and 19,20-EDP-EA). The terminal regioisomers were tested for their anti-inflammatory 
properties in BV-2 microglia cells, showing that both 17,18-EEQ-EA and 19,20-EDP-EA inhibit NO 
and IL-6 production, and induce the production of the anti-inflammatory cytokine IL-10. A 
selective PPAR-γ antagonist and CB2 selective antagonist partially reversed the anti-
inflammatory effects of the epoxide metabolites, indicating that both receptors are involved in 

Figure 2-5 Metabolism of docosahexaenoic acid into docosahexaenoyl ethanolamide and 
subsequent metabolism by CYP450 and 15-LOX into various hydroxylated or epoxidated 
metabolites. 

on HNCSS cells are independent of COX-2. On the other hand, results from our group 
suggested that DHEA might be a substrate for COX-2 in LPS-stimulated RAW 264.7 
macrophages (see above).61 

Das and co-workers demonstrated that both EPEA and DHEA could also be 
epoxidated by CYP450 to form epoxyeicosatetraenoic acid ethanolamide (EEQ-EA) and 
epoxydocosapentaenoic acid ethanolamide (EDP-EA), respectively (Figure 2-5, Figure 
2-6, and Table 2-1).77 The direct in vitro production of these structures was proven 
in rat brain microsomes, activated BV-2 microglia cells, and by recombinant human 
CYP2J2 that were incorporated into nanodiscs, which are nanoscale lipid bilayers that 
are surrounded by a membrane scaffold protein as a model system for membrane 
proteins.106 It was found that epoxidation of EPEA and DHEA resulted in the formation 
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of all possible regioisomers, with a preference for the terminal olefin (17,18-EEQ-EA 
and 19,20-EDP-EA). The terminal regioisomers were tested for their anti-inflammatory 
properties in BV-2 microglia cells, showing that both 17,18-EEQ-EA and 19,20-EDP-EA 
inhibit NO and IL-6 production, and induce the production of the anti-inflammatory 
cytokine IL-10. A selective PPAR-γ antagonist and CB2 selective antagonist partially 
reversed the anti-inflammatory effects of the epoxide metabolites, indicating that 
both receptors are involved in the mediation of the anti-inflammatory response. In 
comparison with EPEA and DHEA, it was found that the epoxide metabolites had 
increased preferences for CB2 receptor activation. Moreover, 17,18-EEQ-EA was found 
to inhibit platelet aggregation, whereas 19,20-EDP-EA showed pro-aggregation effects. 
Finally, it was found that both 17,18-EEQ-EA and 19,20-EDP-EA have strong anti-
angiogenic effects when compared to 17,18-EEQ and 19,20-EDP (Figure 2-5, Figure 2-6, 
and Table 2-1).77 
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Figure 2-6 Metabolism of eicosapentaenoic acid into eicosapenaenoyl ethanolamide and subsequent 
metabolism by CYP450 into various epoxidated metabolites.  

To study the anti-tumorigenic properties of the EDP-EA structures in more detail, the EDP-EAs 
were screened for their endogenous synthesis and anti-tumorigenic properties in an 
osteosarcoma model.78 Various DHEA epoxide derivatives were quantified in metastatic lungs of 
mice, showing that there was a significant increase of all epoxide metabolites in tumorigenic 
lungs. Of all EDP-EAs tested, only the 13,14-, 10,11-, and 7,8-EDP-EA regioisomers reduced cell 
viability and migration behavior of tumors. In all tests 10,11-EDP-EA was found to be the most 
promising anti-tumorigenic metabolite, and was thus selected for more in depth studies. These 
showed that 10,11-EDP-EA did not affect the cell cycle of the osteosarcoma cells, but strongly 
prevented angiogenesis in a human umbilical vein endothelial cell (HUVEC) cell model. 
Furthermore, 10,11-EDP-EA was found to activate both the CB1 and CB2 receptor, although it was 
demonstrated that its anti-tumorigenic properties are not completely mediated by these CB 
receptors alone (Figure 2-5 and Table 2-1).  

Figure 2-6 Metabolism of eicosapentaenoic acid into eicosapenaenoyl ethanolamide and 
subsequent metabolism by CYP450 into various epoxidated metabolites. 

To study the anti-tumorigenic properties of the EDP-EA structures in more detail, the 
EDP-EAs were screened for their endogenous synthesis and anti-tumorigenic properties 
in an osteosarcoma model.78 Various DHEA epoxide derivatives were quantified in 
metastatic lungs of mice, showing that there was a significant increase of all epoxide 
metabolites in tumorigenic lungs. Of all EDP-EAs tested, only the 13,14-, 10,11-, and 
7,8-EDP-EA regioisomers reduced cell viability and migration behavior of tumors. In all 
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tests 10,11-EDP-EA was found to be the most promising anti-tumorigenic metabolite, 
and was thus selected for more in depth studies. These showed that 10,11-EDP-EA did not 
affect the cell cycle of the osteosarcoma cells, but strongly prevented angiogenesis in a 
human umbilical vein endothelial cell (HUVEC) cell model. Furthermore, 10,11-EDP-EA 
was found to activate both the CB1 and CB2 receptor, although it was demonstrated that 
its anti-tumorigenic properties are not completely mediated by these CB receptors 
alone (Figure 2-5 and Table 2-1). 

In summary, EEQ-EAs and EDP-EAs have diverse properties when comparing their 
effects on platelet aggregation and angiogenesis. When concerning their anti-
cancerous properties 10,11-EDP-EA thus far shows the most promising results against 
osteosarcoma. Although evidence suggests that oxidized metabolites of DHEA and 
EPEA have interesting anti-inflammatory and anti-proliferative effects, these effects 
were only shown in a limited number of in vitro studies. As yet, most publications 
focus on DHEA and their metabolites, and EPEA received less attention. In addition, no 
reports described whether glycerol conjugates of DHA and/or EPA can be metabolized 
by COX-2. More work is needed to better understand the metabolism of DHEA, EPEA 
and related congeners by oxidative enzymes, and to evaluate their effectiveness as 
potential anti-inflammatory and anti-tumorigenic compounds in comparable in vitro 
and in vivo models.

2.7 Chemical PUFA and endocannabinoid probes: Development 
of new chemical tools to study the biological role of 
endocannabinoids and their anti-inflammatory mechanisms

2.7.1 Use of chemical PUFA and endocannabinoid probes
In the previous paragraphs we showed that the endocannabinoidome constitutes a 
complex interplay between various endocannabinoids, enzymes, and receptors. To 
better understand the biochemical pathways in the endocannabinoidome and to 
discover novel therapeutic targets, chemical probes have been particularly useful. 
Chemical probes consist of a particular binding or recognition unit, by which the 
probe mimics its natural biological activity. In addition, the probes contain a specific 
chemical handle, which could be a label (for detection) or a ‘clickable’ group (for 
click chemistry based detection, visualization or purification).107 Sometimes probes 
also contain a crosslinking group, like a diazirine group, that covalently reacts with 
biomolecules in close proximity after photo-activation.108-109



Chapter 2. The role of n-3 PUFA derivatives in inflammation

58

Table 2-1 Recently identified oxidized metabolites of EPEA and DHEA, including the enzyme 
associated with the conversion, receptor affinities and biological effects (N.D. means not 
determined).
Compound name 
and structure

Enzymatic product Binding to 
CB1 and CB2 

Biological activity Ref.

O

H
N

OH

10,17-diHDHEA

OH

OH

15-LOX metabolite 
of DHEA (in isolated 
human PMN cells and 
mouse brain tissue)

CB2 agonist, 
weak CB1 agonist

Stop PMN chemotaxis. 
Block PAF stimulated 
formation of platelet-
leukocyte aggregates. 

76

O

H
N

OH

15-HEDPHEA

O
OH

15-LOX metabolite 
of DHEA (in isolated 
human PMN cells)

CB2 agonist, 
weak CB1 agonist

Block PMN transmigration. 
Block PAF stimulated 
formation of platelet-
leukocyte aggregates. 
Protects ischemia/
reperfusion second 
order injuries from PMN 
infiltration.

76

O

H
N

OH

13,14-EDP-EA
O

CYP450 metabolite 
of DHEA
(isolated from 
lung tissue in mice 
injected K7M2 
osteosarcoma cells)

N.D. Reduce cell viability and 
induce apoptosis and anti-
migrational activities in 
tumor cells.

78

O

H
N

OH

7,8-EDP-EA

O CYP450 metabolite 
of DHEA
(isolated from 
lung tissue in mice 
injected K7M2 
osteosarcoma cells)

N.D. Reduce cell viability and 
induce apoptosis and anti-
migrational activities in 
tumor cells.

78

O

H
N

OH

O

10,11-EDP-EA

CYP450 metabolite 
of DHEA
(isolated from 
lung tissue in mice 
injected K7M2 
osteosarcoma cells) 

CB1 and CB2 agonist
Reduce cell viability and 
induce apoptosis and anti-
migrational activities in 
tumor cells. Anti-angiogenic 
effects. 

78

O

H
N

OH

19,20-EDP-EA

O

CYP450 metabolite 
of DHEA (CYP2J2, 
main CYP in human 
brain and heart)

CB1 and 
CB2 agonist 
(higher 
preference 
for CB2)

Inhibit IL-6 cytokine and 
NO production, and 
stimulate IL-10 production 
in LPS stimulated BV-2 
microglia, anti-angiogenic 
and vasodilatory effects

77

O

N
H

O
OH

17,18-EEQ-EA

CYP450 metabolite 
of EPEA (CYP2J2, 
main CYP in human 
brain and heart)

Highly 
potent CB1 and CB2 agonist

Inhibit IL-6 cytokine and 
NO production, and 
stimulate IL-10 production 
in LPS stimulated BV-2 
microglia, anti-angiogenic 
effects, reduced platelet 
aggregation

77

Here we provide some examples of PUFA- and endocannabinoid-derived chemical probes 
that were used to study their molecular interaction targets. All probes have a distinct 
PUFA or endocannabinoid structure that serves as the basis of the probe. We recognize 
that next to these PUFA and endocannabinoid derived probes, many groups have focused 
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on the development of chemical probes for CB receptors109-111 and endocannabinoid-
related enzymes (like FAAH, NAAA, COX, and LOX, for example).112-115 These probes are 
designed to have specific and high binding interactions with their protein target, 
and do therefore not contain a clear PUFA or endocannabinoid related structure.

Probing of endocannabinoid related enzymes is often performed using activity-based 
profiling, of which the profiling of 15-LOX, as discussed in Chapter 1, is an excellent 
example of such a probing methodology.114 Enzymatic inhibitors are often investigated 
or screened for by performing a competitive study in the presence of an activity-
based probe, resulting in the loss of a specific and detectable interaction between the 
inhibitor and the enzyme in the cell incubation studies.112

Figure 2-7 Overview of two uses of alkyne 
probes to study the localization of the 
molecule of interest with a detectable 
marker (often a fluorophore), or to study the 
molecular targets (mostly proteins) of the 
molecule of interest by clicking the probe to 
purification resins. 

2.7.2 Alkyne probes 
The most commonly applied functional group in probes is the terminal alkyne group 
(–C≡CH). For PUFAs, this yields PUFA or endocannabinoid structures with a terminal 
alkyne that can be coupled to azide-containing tags via a copper-catalyzed 1,3-dipolar 
cycloaddition. This is a very rapid and high-yielding reaction that became known as 
one of the first and best described ‘click’ reactions.107, 116 This alkyne-azide reaction is 
often invoked for the visualization of the probe or for the purification and identification 
of molecular targets of the probe, such as receptors and enzymes (Figure 2-7). 57 
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A recent study towards the role of lipid-derived electrophiles derived from 12/15-LOX 
made use of such a 19-alkyne-AA probe (aAA Figure 2-8) to show that 12/15-LOX is mainly 
involved in the regulation of the central metabolic pathway. By converting aAA to lipid-
derived electrophilic products in peritoneal macrophages, the alkynes could be coupled 
to biotinylated azide tags, which were subsequently enriched using streptavidin-coated 
beads. Proteomic screening then revealed that the lipid-derived electrophiles had strong 
interactions with proteins from the central metabolic pathway, e.g., glycolysis pathway, 
citric acid cycle, long chain fatty acid beta-oxidation. Additional knockout studies and 
control experiments showed that 12/15-LOX indeed plays a particular role in the energy 
metabolism of peritoneal macrophages, like involvement in glycolysis and mitochondrial 
respiration.117 A similar study was performed to study the protein targets of stearoyl, 
palmitoyl, oleoyl, and arachidonoyl ethanolamine derivatives in human embryonic 
kidney 293 cells (HEK293T), with diazirine and alkyne containing probe molecules (AEA-
DA, AA-DA, Figure 2-8).108 Again, proteomic analysis was performed after clicking the 
alkynes to azide-functionalized biotinylated tags. The diazirine photo-activation was 
used to crosslink the probes in a controlled way to the proteome of the cells. This dual 
activity of the photo-activation followed by the selective clicking of the endocannabinoid 
probes, showed the power to target also unannotated lipid binding proteins, which 
could be useful in the characterization of novel (anti-) inflammatory pathways.

Figure 2-8 Alkyne probes of arachidonic acid (AA) and 
anandamide (AEA). aAA is a 19-alkyne arachidonic acid probe,118 
AEA-DA is a 19-alkyne arachidonoyl ethanolamide probe with a 
diazirine photo-crosslinker at C16,109 and AA-DA is a 19-alkyne 
arachidonoyl probe with a diazirine conjugate group resembling 
the ethanolamine.109  

Although alkyne probes are powerful handles to study and isolate the fatty acid and 
endocannabinoid compounds, it should be noted that the alkyne probes not always 
display identical biological effects compared to the parent compound of interest. For 
example, when comparing aAA with regular AA it was found that only half of the alkyne 
compound was taken up by Jurkat cells. Platelets were found to synthesize significantly 
less LOX and COX-derived products in the presence 19-alkyne-AA compared to AA. 
Ionophore-stimulated neutrophils produced significantly more 5-LOX products in 
the presence of the alkyne probe, and one of the AA-derived products leukotriene B4 
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2.7.3	Other	probes	

To aid in the identification of novel receptors of the prostamide PGE2-EA and PGE2-G, both 
endocannabinoids were synthesized with a terminal azide group or an electrophilic 
isothiocyanate group, in the laboratory of Makryannis and co-workers. The isothiocyanate 
surrogate of PGE2-EA was found to reduce the infiltration of leukocytes in murine peritonitis, 
thus showing to have retained its expected anti-inflammatory properties (Figure 2-9).119 A 
simultaneous study by the same group showed that chemical modifications of PGE2-EA in both 
the head and tail group did not alter the biological interactions of the prostamide with the CB 
receptors and endocannabinoid enzymes. All chemically derived prostamides did not interact 
with prostaglandin EP receptors or other endocannabinoid-related proteins, which is also true 
for PGE2-EA itself.120 This indicates that these synthetic derivatives could play a role in the 
identification of novel prostamide receptors or prostamide-related proteins in the future. 
Another study investigated the interaction and binding mode of 2-AG and AEA towards the CB 
receptors by developing tail and head group-modified endocannabinoids. A biotin moiety was 
introduced at the terminal end of AEA, or biotin, benzophenone or alkyne moieties were 
introduced at the ethanolamine end of AEA. All modifications resulted in a complete loss of CB 
receptor activation. Nonetheless, head group biotinylated 2-AG and 2-arachidonyl glyceryl ether 
(2-AG-E) did activate CB receptors. Since the biotinylated 2-AG-E probe did show the highest CB1 
receptor activation, this probe was subsequently used to visualize CB1 receptors in CB1 
transfected mouse hippocampal neuronal cell line HT-22 cells (Figure 2-9).121  
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(LTB4) is 12-fold less potent at stimulating neutrophil migration as a terminal alkyne.118 
Concluding, this study showed that the use of alkyne-derived analogues can result in 
lower activities and even in mechanistic changes.

2.7.3 Other probes
To aid in the identification of novel receptors of the prostamide PGE2-EA and 
PGE2-G, both endocannabinoids were synthesized with a terminal azide group or an 
electrophilic isothiocyanate group, in the laboratory of Makryannis and co-workers. The 
isothiocyanate surrogate of PGE2-EA was found to reduce the infiltration of leukocytes 
in murine peritonitis, thus showing to have retained its expected anti-inflammatory 
properties (Figure 2-9).119 A simultaneous study by the same group showed that chemical 
modifications of PGE2-EA in both the head and tail group did not alter the biological 
interactions of the prostamide with the CB receptors and endocannabinoid enzymes. All 
chemically derived prostamides did not interact with prostaglandin EP receptors or other 
endocannabinoid-related proteins, which is also true for PGE2-EA itself.120 This indicates 
that these synthetic derivatives could play a role in the identification of novel prostamide 
receptors or prostamide-related proteins in the future. Another study investigated the 
interaction and binding mode of 2-AG and AEA towards the CB receptors by developing 
tail and head group-modified endocannabinoids. A biotin moiety was introduced at the 
terminal end of AEA, or biotin, benzophenone or alkyne moieties were introduced at the 
ethanolamine end of AEA. All modifications resulted in a complete loss of CB receptor 
activation. Nonetheless, head group biotinylated 2-AG and 2-arachidonyl glyceryl ether 
(2-AG-E) did activate CB receptors. Since the biotinylated 2-AG-E probe did show the 
highest CB1 receptor activation, this probe was subsequently used to visualize CB1 receptors 
in CB1 transfected mouse hippocampal neuronal cell line HT-22 cells (Figure 2-9).121 

Figure 2-9 PGE2-EA119 and PGE2-G121 
probes used to study the interactions 
of PGE2-EA and PGE2-G with CB 
receptors. 

Introduction of labels directly into the structure of PUFAs and endocannabinoids has 
also been used, in particular for in vivo experiments. For example, radiolabeled DHEA 
was synthesized to study the metabolic fate of DHEA in the brain. From this study it 
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Figure 2-9 PGE2-EA119 and PGE2-G121 probes used to study the interactions of PGE2-EA and PGE2-G with 
CB receptors.  

Introduction of labels directly into the structure of PUFAs and endocannabinoids has also been 
used, in particular for in vivo experiments. For example, radiolabeled DHEA was synthesized to 
study the metabolic fate of DHEA in the brain. From this study it became clear that in mouse 
brain homogenates DHEA is almost exclusively converted into more polar phospholipids by 
FAAH. The study also allowed for quantification of DHEA distribution in specific brain areas, 
showing the highest concentrations in midbrain, brain stem and hypothalamus, and the lowest 
in striatum, thalamus and hippocampus.122 Next to the use of radiolabels, deuterium labels have 
also been introduced in PUFAs, mainly to probe enzymatic reactions. Deuterium labelling was 
used to determine the mechanistic details of the COX-2 enzyme.123-124 

Although chemically derived PUFAs are powerful tools to explore the complexity of their 
biological fate, their application should not be used without care due to the delicate tuning of 
the metabolic pathways for differently structured PUFAs and their derivatives. Therefore, their 
application should always be accompanied with a complete set of control experiments, that 
should show statistically relevant results. 

2.8	Conclusion	&	future	perspective	

As outlined in this review, the endocannabinoidome displays a highly complex interplay between 
dietary lipids, various enzymes and metabolites, and receptors which play an important role in 
inflammation. It has become clear that n-3 fatty acids can be metabolized by enzymes similar to 
AA, but yielding distinct ‘n-3’ molecules with unique biological properties and receptor affinities. 
To date, it has been shown that COX-2, LOX and CYP450s are capable of metabolizing DHEA and 
EPEA, yielding oxygenated molecules with interesting biological properties. As these n-3 
metabolites are discovered and characterized, our understanding of lipid biochemistry has 
increased. At the same time, with every newly discovered and characterized metabolite, it is 
becoming increasingly clear that lipid biology is more complex than previously understood. 
Future work needs to contribute to a better understanding of lipid metabolism, biological 
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became clear that in mouse brain homogenates DHEA is almost exclusively converted 
into more polar phospholipids by FAAH. The study also allowed for quantification 
of DHEA distribution in specific brain areas, showing the highest concentrations 
in midbrain, brain stem and hypothalamus, and the lowest in striatum, thalamus 
and hippocampus.122 Next to the use of radiolabels, deuterium labels have also been 
introduced in PUFAs, mainly to probe enzymatic reactions. Deuterium labelling was 
used to determine the mechanistic details of the COX-2 enzyme.123-124 

Although chemically derived PUFAs are powerful tools to explore the complexity of 
their biological fate, their application should not be used without care due to the 
delicate tuning of the metabolic pathways for differently structured PUFAs and their 
derivatives. Therefore, their application should always be accompanied with a complete 
set of control experiments, that should show statistically relevant results.

2.8 Conclusion & future perspective

As outlined in this review, the endocannabinoidome displays a highly complex interplay 
between dietary lipids, various enzymes and metabolites, and receptors which play 
an important role in inflammation. It has become clear that n-3 fatty acids can be 
metabolized by enzymes similar to AA, but yielding distinct ‘n-3’ molecules with unique 
biological properties and receptor affinities. To date, it has been shown that COX-2, LOX 
and CYP450s are capable of metabolizing DHEA and EPEA, yielding oxygenated molecules 
with interesting biological properties. As these n-3 metabolites are discovered and 
characterized, our understanding of lipid biochemistry has increased. At the same time, 
with every newly discovered and characterized metabolite, it is becoming increasingly 
clear that lipid biology is more complex than previously understood. Future work needs 
to contribute to a better understanding of lipid metabolism, biological mechanisms, and 
activities of various lipids, particularly n-3 LC PUFA-derived structures. In this work, there is 
a great need for “bio-inert” chemical probes that allow for in vitro and in vivo identification 
and screening of cellular targets. This should lead to a mechanistic explanation of the 
biological roles of n-3 lipid metabolites, and a resolution of the controversies that are 
currently still surrounding human dietary intervention studies with n-3 LC PUFA.
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3.1 Abstract

We studied the mechanistic and biological origins of anti-inflammatory poly-
unsaturated fatty acid-derived (PUFA-derived) N-acylethanolamines using synthetic 
bi-functional chemical probes of docosahexaenoyl ethanolamide (DHEA) and 
arachidonoyl ethanolamide (AEA) in RAW264.7 macrophages stimulated with 1.0 μg/
mL lipopolysaccharide (LPS). Using a photoreactive diazirine, probes were covalently 
attached to their target proteins, which were further studied by introducing a fluorescent 
probe or biotin-based affinity purification. Fluorescence confocal microscopy showed 
that DHEA and AEA probes localized in the cytosol, specifically in structures that point 
towards the endoplasmic reticulum and in membrane vesicles. Affinity purification 
followed by proteomic analysis revealed peroxiredoxin-1 (Prdx1) as most significant 
binding interactor of both DHEA and AEA probes. In addition, Prdx4, endosomal 
related proteins, small GTPase-signaling proteins, and prostaglandin synthase 2 (Ptgs2, 
also known as cyclooxygenase 2 or COX-2) were identified. Lastly, confocal fluorescence 
microscopy revealed colocalization of Ptgs2 and Rac1 with DHEA and AEA probes. These 
data identified new molecular targets suggesting that DHEA and AEA may be involved 
in ROS regulation, cell migration, cytoskeletal remodeling, endosomal trafficking, and 
support endocytosis as uptake mechanism.
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3.2 Introduction

Poly-unsaturated fatty acids (PUFAs) are essential lipids for human development and 
functioning, where they support important roles such as immune regulation.1 Next to 
PUFAs, their corresponding amides, esters, and ethers also possess immunoregulatory 
activities.1-3 At the moment, the prototypical endocannabinoid arachidonoyl 
ethanolamide (AEA, also known as anandamide), the ethanolamine conjugate of 
arachidonic acid (AA) (20:4n-6), has well-described interactions with cannabinoid 
(CB) and other receptors1, 4-7 and is known to be converted to inflammatory regulating 
prostamides.1, 5 Nevertheless, the full spectrum of its uptake and biological mechanisms 
underlying its effects are not yet fully understood.1, 8 An important structural analogue of 
AEA is the n-3 PUFA amide docosahexaenoyl ethanolamide (DHEA), the ethanolamine 
conjugate of docosahexaenoic acid (DHA) (22:6n-3). Studies in lipopolysaccharide (LPS)-
stimulated mouse-derived RAW264.7 macrophages and microglia cell lines showed 
that DHEA reduced formation of nitric oxide (NO), COX-2-derived prostaglandins and 
thromboxanes, and also lowered expression and production of various inflammatory 
regulating cytokines like monocyte chemoattractant protein-1 (MCP-1), interleukin-6 
(IL-6), tumor necrosis factor alpha (TNFα), and IL-1β.9-10 Next to cytokine regulation 
in macrophages, DHEA exerted synaptogenic and neuroprotective effects in neural 
cells,10-11 stimulated ROS production in head and neck squamous cell carcinoma 
(HNSCC) cells,12 and reduced inflammatory and nociceptive pain-related behavior in 
mice.13 Additionally, DHEA and AEA are metabolized by COX-2, 15-LOX and CYP450 to 
yield compounds with distinct anti-inflammatory and anti-tumorigenic properties.1-2, 

14-18 Other studies reported interactions between DHEA and the cannabinoid receptors 
CB1/CB2, transient receptor potential V1 (TRPV-1), and peroxisome proliferator-activated 
receptors (PPARs), although the obtained agonistic effects seem to depend on the model 
that was used.1, 9, 14, 16, 19-21 Our previous studies on LPS-stimulated RAW264.7 macrophages 
did not show DHEA agonism with CB1/CB2 or PPARs, but rather indicated an important 
role in reducing COX-2-derived prostaglandins.9, 17 Clearly, many open questions persist 
about DHEA signaling in LPS-stimulated macrophages. 

In the current study we aim to elucidate underlying mechanisms of the anti-
inflammatory effects of AEA and DHEA in 1.0 μg/mL LPS-stimulated murine RAW264.7 
macrophages by applying novel bi-functional PUFA-derived probes (Figure 3-1). These 
probes contain a 366 nm UV-active diazirine moiety to covalently attach to their 
interaction targets, and contain a terminal alkyne to selectively purify or visualize 
the chemical probes using a copper-mediated alkyne-azide click reaction (CuAAC) 
with biotin or a fluorescent probe, respectively (Figure 3-1).1, 22-23 Previously, similar 
methodological setups identified protein interactions with arachidonoyl-, oleoyl-, 
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palmitoyl-, and stearoyl probes in human HEK293T and mouse Neuro2a cells, which led 
to new druggable sites in the endocannabinoid system.6 Similarly, non-steroidal anti-
inflammatory drug (NSAID) probes24 were used to unravel the interaction of celecoxib 
with prostaglandin E synthase.25

74 
 

macrophages by applying bi-functional PUFA-derived probes. These bi-functional PUFA-derived 
probes contain a 366 nm UV-active diazirine to covalently attach the probes to their interaction 
targets, and a terminal alkyne to selectively purify or visualize the chemical probes using a 
copper-mediated alkyne azide click reaction (CuAAC) with biotin or a fluorescent probe (Figure 
3-1).112, 126, 141-142 We note that replacing the ethanolamine moiety with a probe unit might affect 
biological behavior of the molecule. Therefore we focused our studies on the main influence of 
the PUFA tail, and validated the anti-inflammatory effects of the probes separately. 

Figure 3-1 Experimental overview of the application of bi-functional PUFA-derived probes for cellular 
visualization and proteomic characterization. First the diazirine group of the PUFA-derived probe is 
linked to its interaction partner when exposed to 366 nm UV irradiation. Then the PUFA derived 
probes are either (i) visualized using CuAAC coupling to a fluorophore or (ii) enriched by affinity 
purification using streptavidin beads after coupling the probes to biotin. Affinity based purification is 
followed by tryptic digestion and MS/MS-based characterization. Chemical structures of the natural 
PUFA derivatives or drugs, and their synthetic derived bifunctional probes, are shown in the frame.  

Figure 3-1 Schematic application of bi-functional PUFA derived probes for cellular visualization 
and proteomic characterization. First the diazirine group is covalently linked to the molecular 
(protein) interaction partner(s) when exposed to 366 nm UV irradiation. Then the PUFA derived 
probes are either (i) visualized using CuAAC coupling to a fluorophore, or (ii) purified by affinity 
purification with streptavidin beads and biotinylated probes. Affinity based purification is 
followed by tryptic digestion and MS/MS-based characterization. Chemical structures of the 
natural PUFA derivatives or drugs, and their synthetic derived bifunctional probes, are shown in 
the frame. 
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To characterize new protein interaction partners of DHEA and AEA in LPS-stimulated 
RAW264.7 macrophages, we first assessed whether our probes displayed comparable 
biological effects as their parent compounds. Subsequently, we studied their localization 
in the macrophages by confocal fluorescence microscopy. Affinity purification followed 
by proteomic analysis enabled analysis of the protein interactome and provided insight 
in the molecular interaction partners and underlying pathways. Our data confirms 
previously proposed roles of both AEA and DHEA in the regulation of ROS production, 
cytoskeletal remodeling, and migration, which we attribute to newly uncovered 
interactions with peroxiredoxins, and small GTPase-signaling proteins.

3.3 Materials and Methods

3.3.1 Materials
DHEA (≥98%) was purchased from Cayman Chemical and supplied by Sanbio B.V. 
(Uden, NL). AEA (100% HPLC purity) was obtained from Tocris Chemicals (Abingdon, 
UK). Ammonium bicarbonate (≥99%), azide-PEG3-biotin, dimethyl sulfoxide (DMSO) 
(BioUltra, for molecular biology, ≥99.5%), lipopolysaccharides (LPS) from E. coli O111:B4 
(L3024), saponin (from Quillaja bark), sodium L-ascorbate (≥99%, BioXtra), tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA) (≥95%), triton-X100, tween® 20 (for 
molecular biology), and tetrakis(acetonitrile)copper(I) hexafluorophosphate (≥97%) 
were purchased from Sigma Aldrich (Zwijndrecht, NL). Copper(II)sulfate pentahydrate 
(≥99%, for analysis), D,L-1,4-dithiothreitol (DTT) (≥99%, for biochemistry), indomethacin 
(≥98%), iodoacetamide (IAA) (≥98%), Pierce™ BCA protein assay kit, protein LowBind 
tubes, Pierce™ C18 tips, Pierce™ streptavidin magnetic beads were purchased from 
Fisher Scientific (Landsmeer, NL). Ethylenediaminetetraacetic acid (EDTA) disodium 
salt dihydrate, Pharmpur® grade, was obtained from Scharlab (Barcelona, ES). Trypsin 
Gold (mass spectrometry grade) was obtained from Promega Benelux B.V. (Leiden, 
NL). Formic acid (≥99%, ULC/MS grade), trifluoroacetic acid (≥99.95%, HPLC grade) were 
obtained from Biosolve B.V. (Valkenswaard, NL). 1x PBS (pH 7.4), Dulbecco’s Modified 
Eagle’s Medium (DMEM), and penicillin and streptomycin were purchased from Corning 
(supplied by Fisher Scientific, Landsmeer, NL). Fetal calf serum (FCS) was obtained 
from Biowest and supplied by VWR International B.V. (Amsterdam, NL). Methanol 
(≥99.9%, HiPerSolv CHROMANORM®, ULTRA for LC-MS, suitable for UPLC/UHPLC-MS 
instruments), acetonitrile (ACN) (≥99.9%, HiPerSolv CHROMANORM® for LC-MS, suitable 
for UPLC/UHPLC instruments), HEPES (2-[4-(2-hydroxyethyl)-1-piperazinyl]-ethane 
sulfonic acid free acid) high purity (≥99%), and sodium dodecyl sulphate (SDS) (≥99%), 
biotechnology grade were obtained from VWR International B.V. (Amsterdam, NL). 
Urea (≥99%, molecular biology grade) was purchased from SERVA Electrophoresis GmbH 
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(Heidelberg, Germany). 1x cOmpleteTM protease inhibitor, and LDH cytotoxicity kit 
were purchased from Roche (Woerden, NL). Ammonium acetate, and gelatine powder 
EMPROVE® (≥99%) were obtained from Merck (Darmstadt, Germany). Ethanol (absolute 
for analysis EMSURE®), and Probumin® BSA were purchased from Merck (Zwijndrecht, 
NL). Lissamine rhodamine B PEG3 azide (≥95%) was purchased from Tenova Pharma 
(San Diego, US). Anti-alpha tubulin antibody - microtubule marker (rabbit polyclonal 
ab18251), recombinant anti-COX2/cyclooxygenase 2 antibody [EPR18376-119], C-terminal 
(rabbit monoclonal ab188184), goat anti-rabbit IgG H&L (Alexa Fluor® 488) (ab150077) 
were purchased from Abcam (Cambridge, UK). RAC1 rabbit polyclonal antibody (PA1-091), 
RAB5C rabbit polyclonal antibody (PA5-39408), and Invitrogen™ DAPI (4’,6-diamidino-
2-phenylindole, dihydrochloride salt) were obtained from Invitrogen (Thermo Fisher 
Scientific, Landsmeer, NL). PBS citifluor (AF3), and glycerol citifluor (AF4) were purchased 
from Citifluor (Hatfield, US). Ultrapure water was filtered by a MilliQ integral 3 system 
from Millipore (Molsheim, FR).

3.3.2 Cell culture and incubations
All cell experiments were performed in RAW264.7 macrophages (American Type Culture 
Collection, Teddington, UK) cultured in DMEM containing 10% FCS and 1% penicillin and 
streptomycin (P/S). Cells were incubated at 37 °C and 5% CO2 in a humidified incubator. 

3.3.3 Analysis of cytotoxic and anti-inflammatory effects
Cytotoxic and anti-inflammatory effects of the probes were evaluated using LDH assay 
and by measuring effects on IL-6, PGE2 release, respectively. Macrophages were seeded 
at 2.5•105 cells/mL and incubated overnight in 24-wells plates (Corning Life Sciences, 
Amsterdam, NL) containing 0.5 mL medium per well. The medium of the adherent 
cells was discarded and replaced by new fresh medium containing 5 or 10 μM of the 
compounds (in EtOH for PUFA conjugates, in DMSO for indomethacin, organic solvent 
final concentration 0.1% v/v) or a vehicle (0.1% v/v EtOH or 0.1% v/v DMSO) control. 
The cells were pre-incubated with the compounds for 30 min before stimulation with 
1.0 μg/mL LPS in 0.1% PBS or 0.1% PBS control. After addition of the LPS, incubations 
were performed for 24 h in the dark (aluminum foil covered) to protect the probe from 
incidental UV exposure. Finally, the medium was collected and IL-6, PGE2 and LDH 
concentrations were quantified (vide infra). 

Cytotoxicity assay
To evaluate the cytotoxicity of the added compounds and probes, an LDH cytotoxicity 
kit (Roche, Woerden, NL) was used to measure LDH leakage. Extracellular LDH was 
determined by adding 100 μL of a reagent solution (1:45 (v/v) of LDH reagent 1:LDH 
reagent 2) to 100 μL of sample medium. Plates were incubated for 30 min followed by 
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quenching the reaction with 50 μL of 1.0 M HCl. The absorbance was read using a plate 
reader at 492 nm. As a positive control for maximum cytotoxicity, cells were incubated 
with 1% Triton-X100.

Prostaglandin E2 ELISA
To assess medium concentrations of PGE2 in incubated medium samples, a 
prostaglandin E2 ELISA Kit – Monoclonal (Cayman chemical, Ann Arbor, US) was used. 
The ELISA was performed according to the recommendations of the manufacturer on 
5 or 50x diluted medium samples. 

IL-6 ELISA
To assess medium concentrations of IL-6 in incubated RAW264.7 macrophages, a 
mouse IL-6 DuoSet ELISA from R&D systems (Abingdon, UK) was used. The ELISA was 
performed according to the recommendations of the manufacturer on 100x diluted 
medium samples.  

3.3.4 Probe incubation 
In 100 mm culture dishes (Corning Life Sciences, Amsterdam, NL), RAW264.7 
macrophages were seeded at a density of (0.5–1.0)•106 cells/mL in 15 mL medium. After 
overnight culture, cells were stimulated with 5 mL fresh medium containing 1.0 μg/
mL LPS in 0.1% PBS. After 4 h of LPS stimulation, cells were incubated with 5 mL of 
fresh medium containing 1.0 μg/mL LPS in 0.1% PBS and 10 μM of the synthetic probes 
in 0.1% EtOH or DMSO. The probe-treated macrophages were incubated for 4 h in the 
dark (aluminum foil covered). Following incubation, medium and non-adherent cells 
were removed, after which the samples were placed on ice. Illumination with UV light 
was performed during 10 min at 366 nm and 1 mJ/cm2 with an UVP-C1000 crosslinker 
equipped with five 8W light bulbs (Figure 3-S1 shows spectral output of the lamp light), 
or under normal lamp light as control. 

After light treatment, cells were scraped in 5 mL ice cold 1x PBS, and centrifuged at 3180 
rcf for 5 min at 4 °C. Then cells were washed with 1 mL of ice cold 1x PBS containing 
1x cOmpleteTM protease inhibitor, followed by centrifugation at 3180 rcf for 5 min at 
4°C. The cell pellet was washed with ice cold 1 mL, and 0.5 mL 1x PBS containing 1x 
cOmpleteTM protease inhibitor, before sonicating for 3x 10 s at 10% amplitude with a 
Branson Digital Sonifier 450 cell disruptor (Branson Ultrasonics Corporation, Danbury, 
US). The sonicated suspension was transferred to low protein binding tubes and 
centrifuged at 16000 rcf for 20 min at 4 °C. The protein containing supernatant was 
stored at -20 °C, and the protein concentration was determined using a BCA assay.  
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3.3.5 Proteomic workup  
Proteomes were diluted to 500 μL of 2 mg/mL protein and allowed to react for 1 h at 
RT with 10 μL THPTA (100 mM in H2O), 10 μL CuSO4 pentahydrate (20 mM in H2O), 10 
μL sodium L-ascorbate (300 mM in H2O), and 10 μL azide-PEG3-Biotin (5 mM in DMSO). 
After this click reaction, 1 mL of ice cold MeOH was added to precipitate the proteins 
at -80 °C for 1 h. The precipitated proteins were centrifuged at 15000 rcf for 10 min, 
dried in the air for 15 min, and subsequently dissolved in 500 μL 1x PBS containing 1x 
cOmpleteTM protease inhibitor, and 0.4% SDS. Subsequently, the biotinylated proteins 
were incubated overnight with 50 μL of Pierce™ Streptavidin Magnetic Beads at 4 °C 
in an end-over-end shaker. Next day, the beads were washed three times with 250 
μL wash buffer 1 (ice cold 1x PBS containing 1x cOmpleteTM protease inhibitor), three 
times with 250 μL wash buffer 2 (4M Urea, 0.4% SDS in ice cold 1x PBS containing 1x 
cOmpleteTM protease inhibitor), and finally again three times with 250 μL wash buffer 1. 
Washed beads were suspended in 25 μL 8M urea, followed by 75 μL 50 mM ammonium 
bicarbonate. Then 10 μL of 50 mM DTT was added to achieve cleavage of disulfide 
bridges during 30 min at 37 °C. After cooling bead suspensions, 10 μL of 100 mM IAA 
was added to alkylate the free thiols. Alkylation was followed by addition of 1 μL of 0.5 
μg/μL trypsin, and samples were subsequently incubated for 16 h at 37 °C to digest the 
proteins. After this, the peptide solution was transferred to new low protein binding 
tubes while magnetically removing the Pierce™ Streptavidin Magnetic Beads. To the 
resulting peptide solution 6 μL of 10% TFA was added. Peptides were cleaned using 
Pierce™ C18 tips according to the description of the manufacturer and eluted using 100 
μL of 50% ACN and 0.1% FA in ultrapure water. The purified samples were evaporated 
in a Speedyvac concentrator at 30 °C (Salm and Kipp, Breukelen, NL).   

3.3.6 Proteomic LC-MS analysis
Dried protein fragments were dissolved in 20 μL 2% ACN in 0.1% FA and 5 μL was injected 
on a nanoLC-MS system (EASY-LCII connected to Q-exactivePLUS, ThermoScientific, US). 
Peptides were trapped on a 2 cm x 0.1 mm C18 trap column, and separated on an 8 cm 
x 0.75 mm C18 analytical column (PepSep, DK) using a flow rate of 300 nL/min. Sample 
loading and trapping was performed in buffer A (0.1% FA in ultrapure water), and elution 
was performed with a 20 min gradient going from 2% to 30% buffer B (0.1% FA in ACN), 
followed by column regeneration at 80% buffer B and re-equilibration at 2 % buffer B. 
The nanoLC eluate was directly sprayed into the source of the Q-exactive by Flex-ion 
nanospray, using a PepSep nanospray needle at 2.3 kV ESI potential. MS acquisition was 
performed using a DDA method with alternating MS1 scan at resolution 70000 profile 
mode, AGC target 3•106, maxIT 50 ms, scan range 500–1400 m/z, and subsequently 8 MS2 
scans centroid mode, resolution 17500, AGC target 5•104, maxIT 100 ms, with isolation 
window 1.6 m/z at NCE=28 with preferred peptide match ions of charges 2, 3 or 4 and a 
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dynamic exclusion window of 30 s.

3.3.7 Proteomic data analysis
Proteomic LC-MS data analysis from triplicate incubations was performed using 
Maxquant software version 1.6.17.0 matching to the Uniprot reference protein database 
of Mus musculus (taxon 10090) from October 2019. Annotation was performed using 
peptide spectral matching (PSM) with FDR 0.01, and protein FDR 0.01. Intensity-based 
absolute quantification (iBAQ) scores were calculated for each annotated protein, 
allowing match between runs. The iBAQ score is defined as the sum of peak intensities 
of all peptides matching with a specific protein, divided by the number of theoretically 
observable peptides of that protein (based on trypsin cleavage sites).148 Data filtering was 
performed using Perseus software version 1.6.13.0. Only annotated proteins with MS/MS 
counts (=number of MS/MS spectra of a protein that are matched with a peptide of 
that protein) >2 were taken into account. All iBAQ scores were log2 transformed, and 
only proteins with annotations in all replicates of at least one group were taken into 
account. All missing values were randomly replaced with normally distributed values 
containing a downshift of 2 and a width of 0.2. Filtering of the data was performed, 
continuing only with significant proteins (P<0.05) after a two-sample Student’s t-test 
against the UV-treated vehicle (0.1% EtOH). Subsequently, filtering against the UV-
treated control probe 8 was performed using a second two sample Student’s t-test, 
continuing only with proteins that significantly (P<0.05) interacted with the PUFA-
derived and indomethacin probes. For analytical purpose the resulting dataset was 
compared to that of the UV-vehicle (0.1% EtOH) in all data analyses. The significantly 
interacting proteins observed after sequential filtering were analyzed using Uniprot 
Knowledgebase (https://www.uniprot.org/) and using Ingenuity Pathway Analysis (IPA®) 
(http://www.ingenuity.com/science/knowledgebase) from Qiagen Benelux B.V. (Venlo, 
NL) in December 2020. The Uniprot Knowledgebase is a free online database containing 
sequences and annotations extracted from literature.149 The Ingenuity Knowledge Base 
is a knowledge repository that houses biological and chemical relationships extracted 
from the scientific literature. Using IPA, interconnected pathways, protein interactions, 
and clustering of protein functionality and cellular localization was performed for the 
extracted proteins. 

3.3.8 Fluorescence and immunostaining
Immunostaining and additional fluorescent click labelling were based on a protocol 
from Gaebler et al.150 In short, RAW264.7 macrophages were seeded in Ibidi μ-Slide 8 
Well IbiTreated polymer coverslips (Ibidi GmbH, München, Germany) with a density 
of 2.5•105 cells/mL, containing 300 μL of cell suspension per well. Cells were allowed to 
grow overnight. The next day, cells were pre-stimulated for 4 h with 1.0 μg/mL LPS, 
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after which they were incubated with 10 μM probe or 0.1% EtOH (vehicle) and 1.0 μg/mL 
LPS (LPS pre-stimulation). Alternatively, the cells were directly incubated with 1.0 μg/
mL LPS and the probes or vehicle for 4 h (no LPS pre-stimulation). After incubation, 
the medium of the adherent cells was discarded and the cells were irradiated at 366 
nm for 5 min on ice (lamp conditions as described in probe incubation), or placed on 
ice under ‘control’ (normal lamp light) conditions. The cells were subsequently washed 
3 x 300 μL 1x PBS, and fixed in 300 μL 4% paraformaldehyde in PBS for 10 min at 
room temperature. After 10 min fixation, cells were washed with 3x 300 μL 1x PBS. 
Cells were permeabilized for 15 min. in permeabilization buffer consisting of 1x PBS/1% 
gelatine/0.01% saponin. This was followed by overnight incubation with the primary 
antibody in PBS/1% gelatine/0.01% saponin at 4 °C, or in PBS/1% gelatine/0.01% saponin 
without the primary antibody at 4 °C for the control labelling. The next day, the cells 
were washed three times with 300 μL PBS, applying 5 min per wash step. The samples 
were then treated with the GaR-IgG-Alexa Fluor® 488 secondary antibody in PBS/1% 
gelatin/0.01% saponin for 1h in the dark, after which the samples were again washed 
with 3x 300 μL 1x PBS. 

The immunostaining protocol was followed by a lissamine rhodamine B staining 
protocol using Cu(I)-mediated azide alkyne click reaction. The samples were pre-
washed with 300 μL 100 mM HEPES/KOH pH 7.4 (click buffer). Then 300 μL of click buffer 
containing 13 μM lissamine rhodamine B-PEG3-azide was added, to which 6 μL of 100 
mM CuTFP in acetonitrile was added or 6 μL of acetonitrile for the control incubations. 
The reaction was allowed to stand for 1 h at RT in the dark. Hereafter, the samples were 
washed with 300 μL click buffer, 20 mM EDTA solution, 155 mM ammonium acetate, 
and 1x PBS. Samples were washed again in 300 μL citifluor PBS and thin mounted in 
citifluor glycerol containing 1.43 μM DAPI. Next, they were stored at 4 °C.

Microscopy was performed using a Zeiss LSM 510-META Confocal laser scanning Zeiss 
microscope (Oberkochen, DE), equipped with a Plan-Apochromat 63x/NA1.4 oil DIC 
lens. Representative images were recorded using 2 individual tracks for one sample: 
in the first track DAPI was excited with a 405 nm laser line and emission recorded 
at wavelength 420-490 nm; and lissamine rhodamine B was excited with a 543 nm 
laser line and emission recorded at wavelength above 560 nm using a long pass filter. 
In the second track Alexafluor 488 was excited using 488 nm laser line and emission 
recorded between 505-570 nm. Cells were focused at the midplane and represent signal 
of an optical slice of 1.0 μm z-thickness. Optical settings were identical for all images 
and master gain settings were optimized for each individual image, in which control 
pictures were always imaged with identical or higher master gain settings than the 
experimental pictures (Table 3-S1).



83

3

3.3.9 Statistical analysis
LDH cytotoxicity, PGE2 ELISA, and IL-6 ELISA samples were measured in three separate 
experiments applying two technical replicates in each experiment. Cytotoxicity values 
were presented as percentages normalized to 1% Triton X-100 (100% toxicity) and vehicle 
(0.1% EtOH or DMSO) control (0% toxicity). Cytotoxicity values, PGE2 concentrations, and 
IL-6 concentrations are presented as mean with SD. 

Graphical presentation and statistical analysis with one-way ANOVA using Dunnett’s 
multiple comparison post-hoc, or one-way ANOVA using Tukey multiple comparison 
post-hoc was performed in GraphPad Prism v 5.0 (GraphPad Software, San Diego, US).

3.4 Results and Discussion

The bi-functional PUFA amide-derived probes (Figure 3-1) contain a photo-activatable 
diazirine for covalent attachment after 366 nm UV-light treatment, and a terminal 
alkyne for CuAAC based affinity purification or labelling with a fluorescent group. 
The diazirine was introduced at the N-acyl end of the PUFA probe, where it likely 
not interfered with the biological activity of PUFA-derived amides.6 Probe 2 and 3 are 
synthetic derivatives of DHEA 1, in which probe 2 has the alkyne at the N-acyl end, 
and probe 3 has the alkyne at the PUFA tail. Probe 5 is a synthetic mimic of the 
n-6 PUFA derivative AEA 4, having the alkyne and diazirine at the N-acyl end of the 
molecule, probe 7 is a previously reported NSAID probe of indomethacin 6,24 and was 
used as a positive control,24 and probe 8 is a short pentynoyl-derived negative control 
probe lacking immunological effects. Identified interactions with control probe 8 are 
used to filter out non-specific PUFA-derived probe interactions in the data analysis 
of the proteomics. Following earlier studies of anti-inflammatory effects of DHEA 
and AEA,9, 12, 14-15, 17-18, 21, 26 probe concentration of 10 μM were used, which is equivalent or 
below comparable studies with similar lipid probes.6, 27-28 Lastly, applying 10 μM of probe 
counters the attrition that is associated with different steps in the methodology (i.e., 
uptake of probes by the macrophages, non-quantitative yield of photolabeling,22 loss 
during enrichment), to obtain sufficient levels of labeled protein above the detection 
limit of the LC-MS/MS.

3.4.1 Probes reduce PGE2 and IL-6 concentrations 
We verified that our probes have similar biological effects as their parent compounds 
by measuring the production of PGE2 and IL-6 as well as the cytotoxicity of the chemical 
probes in 1.0 μg/mL LPS-stimulated RAW264.7. No significant cytotoxicity was observed 
for the PUFA-derived probes, and only for indomethacin probe 7 limited cytotoxicity 
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was observed when compared to the vehicle control (Figure 3-S2, Table 3-S2).

Incubation with 10 μM DHEA reduced PGE2 levels in the medium with 89% compared to 
the vehicle control (from 3.62 ± 1.26 ng/mL to 0.40 ± 0.10 ng/mL (P<0.001)), and incubation 
with 10 μM of synthetic DHEA probes 2 or 3 reduced PGE2 levels with 96% (0.16 ± 0.03 
ng/mL (P<0.001)) or with 93% (0.27 ± 0.05 ng/mL (P<0.001)), respectively (Figure 3-2A, 
Table 3-S2). Similarly, incubation with 10 μM indomethacin or indomethacin probe 
7 reduced PGE2 concentrations in the medium to levels below accurately quantifiable 
concentrations, indicating almost complete inhibition in COX-2 activity (Table 3-S2). 
Strong COX-2 inhibition by indomethacin and indomethacin probe 7 was reported 
previously.24 Incubation with 10 μM of the negative control probe 8 resulted in slightly 
reduced PGE2 levels in the medium (Table 3-S2).
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indomethacin and indomethacin probe 7 has been reported previously.145 Incubation with 10 
μM of the negative control probe 8 resulted in slightly reduced PGE2 levels in the medium (Table 
3-S2). 

 

Figure 3-2 Medium concentration of PGE2 (A) and IL-6 (B) released from 1.0 μg/mL LPS stimulated 
RAW264.7 macrophages, incubated with 10 µM of DHEA 1, 10 μM of DHEA derived synthetic probes 
2 or 3, or 10 µM negative control probe 8. Cells were incubated and LPS-stimulated for 24 h, and pre-
treated with the compounds for 30 min before LPS addition. Bars represent mean with SD from three 
independent experiments containing technical duplicates. Asterisks indicate significant differences 
from the vehicle (EtOH) incubated 1.0 μg/mL LPS control (one-way ANOVA using Dunnett’s multiple 
comparison post-hoc; * P<0.05, ** P<0.01, *** P<0.001). The ‘a’ in panel B indicates significance 
between 10 μM DHEA 1 and 10 µM DHEA probe 3 incubation (one-way ANOVA using Tukey multiple 
comparison post-hoc; P<0.05).    

Similar to PGE2, medium IL-6 levels were reduced by DHEA in 1.0 μg/mL LPS-stimulated 
macrophages.61 In the present study, 24 h of incubation with 10 μM DHEA caused a reduction in 
IL-6 medium levels of 41% (from 23.7 ± 8.9 ng/mL to 14.0 ± 5.3 ng/mL), not reaching significance. 
Incubations with 10 μM of the synthetic DHEA probes 2 and 3 did, however, significantly reduce 
IL-6 concentrations in the medium with 56% (10.5 ± 3.9 ng/mL (P<0.01)) and 68% (7.6 ± 4.3 
ng/mL (P<0.01)), respectively. Statistical analysis using Tukey’s multiple comparison test 
indicated that incubation with 10 μM DHEA probe 3 was significantly more effective (P<0.05) in 
reducing IL-6 production than 10 μM DHEA. Control probe 8 (Figure 3-2B), indomethacin 6, and 
indomethacin probe 7 did not significantly affect IL-6 production (Table 3-S2). IL-6 production 
was also not significantly affected by AEA or AEA-derived probe 5 when compared to the vehicle 
incubation. Remarkably, incubation with 10 μM AEA probe 5 reduced IL-6 levels with 49% (12.2 
± 9.7 ng/mL), whereas 10 μM AEA increased IL-6 levels to 122% (29.2 ± 10.9 ng/mL), which 

Figure 3-2 Medium concentration of inflammatory regulators released from 1.0 μg/mL LPS-
stimulated RAW264.7 macrophages, incubated with 10 µM of DHEA 1, 10 μM of DHEA 
derived synthetic probes 2 or 3, or 10 µM negative control probe 8. A) Medium concentrations 
of PGE2. B) Medium concentrations of IL-6. Bars represent mean with SD (N=3, technical 
duplicates). Asterisks indicate significant differences from vehicle (EtOH) control (one-way 
ANOVA, Dunnett’s multiple comparison post-hoc; * P<0.05, ** P<0.01, *** P<0.001). ‘a’ indicates 
significance between 10 μM DHEA 1 and 10 µM DHEA probe 3 incubation (one-way ANOVA, 
Tukey multiple comparison post-hoc; P<0.05).   

Similar to PGE2, medium IL-6 levels were reduced by DHEA in 1.0 μg/mL LPS-
stimulated macrophages.9 After 24 h of incubation with 10 μM DHEA, reduction of 41% 
in IL-6 medium levels (from 23.7 ± 8.9 ng/mL to 14.0 ± 5.3 ng/mL) was observed, not 
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reaching significance. Incubations with 10 μM of the synthetic DHEA probes 2 and 3 
did, however, significantly reduced IL-6 concentrations in the medium with 56% (10.5 
± 3.9 ng/mL (P<0.01)) and 68% (7.6 ± 4.3 ng/mL (P<0.01)), respectively. Statistical analysis 
using Tukey’s multiple comparison test indicated that incubation with 10 μM DHEA 
probe 3 was significantly more effective (P<0.05) in reducing IL-6 production than 10 
μM DHEA. Control probe 8 (Figure 3-2B), indomethacin 6, and indomethacin probe 7 
did not significantly affect IL-6 production (Table 3-S2). IL-6 production was also not 
significantly affected by AEA or AEA probe 5 when compared to vehicle incubation. 
Remarkably, incubation with 10 μM AEA probe 5 reduced IL-6 levels with 49% (12.2 ± 
9.7 ng/mL), whereas 10 μM AEA increased IL-6 levels to 122% (29.2 ± 10.9 ng/mL), which 
corresponds to a significant (P<0.05) difference between 10 μM AEA and 10 μM AEA 
probe 5 incubations using Tukey’s multiple comparison test (Table 3-S2). Although this 
outcome might suggest a distinct immunological effect of AEA and its corresponding 
probe 5 on IL-6, contradicting literature reports lead us to conclude that IL-6 is probably 
not a suitable marker for the immunological effects of AEA.29-31

In conclusion, we showed that the synthesized DHEA and indomethacin probes mimic 
the expected anti-inflammatory effects of the parent compounds in 1.0 μg/mL LPS-
stimulated RAW264.7 macrophages, which was not the case for our negative control 
probe 8.

3.4.2 Synthetic probes localize around ER and in membrane vesicles
To better understand the biological functionality of our compounds, we first analyzed 
the in vitro localization of 4 h incubated 10 μM of the synthetic probes in 1.0 μg/mL 
LPS-stimulated RAW264.7 macrophages The probes were visualized with lissamine 
rhodamine B PEG3 azide using tetrakis(acetonitrile)copper(I) hexafluorophosphate, in 
chemically fixed cells that were immunostained with alpha-tubulin Alexafluor488, and 
nuclear DAPI dsDNA staining (Figure 3-3). Control samples showed no non-specific 
labelling of lissamine rhodamine B and Alexafluor488 (Figure 3-S3, Figure 3-S4). 

DHEA probe 2 was taken up by LPS-stimulated RAW264.7 macrophages in 4 h, and 
localized around the nuclear periphery in the cytosol, suggesting agglomeration in the 
ER and Golgi system (Figure 3-3A1). In addition, DHEA probe 2 clustered in spherical 
membrane domains. As the slightly different DHEA probe 3 showed similar intracellular 
localization as DHEA probe 2 (Figure 3-3A2), we conclude that the observations relate 
to localization of intact DHEA probes. Similarly, AEA probe 5 showed cytoplasmatic 
staining and an apparent high level of spherical domain compartmentalization 
(Figure 3-3A3). Therefore, PUFA-derived amides tend to localize around the ER where 
they are generally catabolized by enzymes like COX-2.32 Although metabolic breakdown 
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of the probes cannot be ruled out completely, we previously showed that intracellular 
DHEA concentrations in LPS-stimulated RAW264.7 macrophages remained stable for 
48 h,17 and that DHEA exposure did not lead to measurable DHA levels in the medium 
of LPS-stimulated RAW264.7 macrophages,9 likely associated with low expression levels 
of FAAH in LPS-stimulated RAW264.7 macrophages.9 More detailed assessment of the 
metabolic fate of our probes could be studied by metabolic tracing as described by 
Thiele and coworkers,33-34 e.g., to quantify probe levels in phospholipids. 
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vehicle (0.1% EtOH) showed no background fluorescence from the lissamine rhodamine B 
(Figure 3-3A6).  

Specific counterstaining of the alpha-tubulin resulted in AlexaFluor488-stained cytoskeleton 
(Figure 3-3B), proving that fixation and immunofluorescence are successfully combined with 
click labelling of lipids, as reported previously.150 Z-stack projection of the tubulin staining 
additionally showed fine tubulin structures indicating no or limited fixation damage during the 
preparation of the slides (Figure 3-S5, Video 3-S1). DAPI staining of the nuclei clearly showed 
more intense labelling of condensed heterochromatic segments and less intense signals of 
euchromatic segments in the nucleus (Figure 3-3C). To conclude, our confocal fluorescent 
analysis showed that the PUFA derivatives as well as the indomethacin probes were taken up by 
LPS-stimulated macrophages in 4 h and likely localize around the ER and in lipid vesicles, which 
are known locations of PUFA-derived lipid compounds and their metabolic enzymes.108, 154 
Moreover, we showed for the first time successful dual-labelling of clickable PUFA derived amide 
probes in combination with immune-labels, providing new opportunities for future applications 
and studies.  

 

Figure 3-3 Confocal fluorescent images of the 1.0 μg/mL LPS stimulated RAW264.7 macrophages. 
Rows: A) visualizes the lissamine rhodamine B channel after tetrakis(acetonitrile)copper(I) 
hexafluorophosphate mediated click reaction. B) visualizes the immunostaining of tubulin. C) 
visualizes the DAPI staining of the nuclei. Columns: 1) 10 µM DHEA probe 2. 2) 10 µM DHEA probe 3. 
3) 10 µM AEA probe 5. 4) 10 µM indomethacin probe 7. 5) 10 µM negative control probe 8. 6) 0.1% 
EtOH vehicle. Arrows highlight vesicle compartmentalization. Scale bar applies to all images in the 
figure. 

	

Figure 3-3 Confocal fluorescent images of 1.0 μg/mL LPS stimulated RAW264.7 macrophages. 
Rows: A) Lissamine rhodamine B channel after CuAAC to lissamine rhodamine B. B) Immunostained 
tubulin. C) DAPI staining. Columns: 1) 10 µM DHEA probe 2. 2) 10 µM DHEA probe 3. 3) 10 µM 
AEA probe 5. 4) 10 µM indomethacin probe 7. 5) 10 µM probe 8. 6) 0.1% EtOH vehicle. Arrows 
highlight vesicle compartmentalization. Scale bar applies to all images in the figure.

Indomethacin probe 7 labeling was weaker than with PUFA derivatives and was also 
localized inside the cytoplasm (Figure 3-3A4). For control probe 8 we observed almost no 
fluorescent labeling, suggesting its limited uptake or rapid breakdown (Figure 3-3A5). 
Control incubations with the vehicle (0.1% EtOH) showed no background fluorescence 
from the lissamine rhodamine B (Figure 3-3A6). 

Specific counterstaining of alpha-tubulin resulted in AlexaFluor488-stained cytoskeleton 
(Figure 3-3B), proving that fixation and immunofluorescence are successfully combined 
with click labelling of lipids, as reported previously.35 Z-stack projection of tubulin 
staining additionally showed fine tubulin structures indicating no or limited fixation 
damage during the preparation of the slides (Figure 3-S5, Video 3-S1). DAPI staining of 
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nuclei clearly showed more intense labeling of condensed heterochromatic segments 
and less intense signals of euchromatic segments in the nucleus (Figure 3-3C). Our 
confocal fluorescent analysis provided evidence for the uptake of our PUFA probes 2 
and 3 as well as indomethacin probe 7 in LPS-stimulated macrophages over a period of 
4 h, resulting in localization around the ER and in membrane vesicles. 

3.4.3 Characterization of PUFA-derived probe interactome
Molecular interaction partners of our probes were identified by proteomic 
characterization of the interactome in 8 h LPS-stimulated and 4 h probe incubated 
macrophages. Data-analysis using iBAQ scores enabled identification of relative 
abundances of proteins.36-37 After filtering out non-specific background interactions 
using signals from the vehicle (0.1% EtOH) incubations and statistical evaluation 
using a two-sample Student’s t-test (p<0.05, and t-test difference >1.0), 101 significantly 
enriched proteins were found for DHEA probe 2, 198 proteins for DHEA probe 3, 273 
proteins for AEA probe 5, and 55 proteins for indomethacin probe 7. Sequential filtering 
using the randomly interacting control probe 8 and a second two-sample Student’s 
t-test (p<0.05, and t-test difference >1.0) resulted in 6 significantly enriched proteins 
for DHEA probe 2, 62 proteins for DHEA probe 3, 114 proteins for AEA probe 5, and 4 
proteins for indomethacin probe 7. Significantly enriched proteins resulting from the 
sequential filtering were displayed against the vehicle (0.1% EtOH) treatment (Figure 
3-4A,B, Table 3-S3). Despite sequential filtering, also with probe 8, we identified targets 
such as ribosomal and cytoskeletal proteins, which are likely non-specific protein 
targets. Notwithstanding, comparison of enriched proteins with previous chemical 
proteomic enrichment studies revealed that 52 of the 114 AEA probe 5 targets were 
also enriched by A-DA and/or AEA-DA, two AEA-based chemical probes, in HEK293T/
Neuro2a cells.6 Moreover, DHEA probe 3 and AEA probe 5 were found to interact with 
Ptgs2 (also known as COX-2), of which we and others previously demonstrated that this 
enzyme is involved in the oxygenation of AEA and DHEA (Figure 3-4A,B).5, 17 

Uniprot database and Ingenuity Pathway Analysis (IPA®) were used to identify cellular 
domain(s) and functional annotation of the protein targets (Figure 3-4C,D). Most 
proteins localized in the cytoplasm (Figure 3-4C), confirming our observed cytoplasmatic 
localization (Figure 3-3). In addition to enzymes, we identified transcription and 
translation regulators, as well as transporters (Figure 3-4D). Comparison of the 
enriched proteins for DHEA probe 2 and 3, and AEA probe 5 revealed that only three 
proteins interacted with all three PUFA amide probes (Figure 3-4E). In total 38 shared 
targets were found for DHEA probe 3 and AEA probe 5, whereas 20 proteins were specific 
targets of DHEA probe 3, and 72 proteins were specific targets of AEA probe 5. 
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Figure 3-4 Proteomics analyses of DHEA probe 2, 3, and AEA probe 5 (N=3). A) Volcano plot 
(FDR 0.05, S0 0.1) of AEA probe 5. B) Volcano plot (FDR 0.05, S0 0.1) of DHEA probe 3. Both A 
and B show sequentially filtered data against the vehicle (0.1% EtOH control). X-axis represents 
2log[iBAQ] values (probe – vehicle) differences, and y-axis represents -log p values. C) Protein 
ontology of AEA probe 5 and DHEA probe 3 targets according to Uniprot. D) Cellular function 
of AEA probe 5 and DHEA probe 3 targets according to IPA analysis. E) Venn diagram of DHEA 
probe 2, 3, and AEA probe 5 targets. 
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Both DHEA probe 3 and AEA probe 5 showed strongest specific interaction with 
peroxiredoxin 1 (Prdx1) (Figure 3-4A,B, Table 3-1, Table 3-2). Also, Prdx4 labelling was 
significant for both PUFA derived amide probes (Figure 3-4A,B). Peroxiredoxins convert 
hydrogen peroxide to water and lipid hydroperoxides to alcohols, protecting the 
cells from ROS toxicity.38-39 Although many studies described the anti-inflammatory 
and protective effects of peroxiredoxins, Prdx1 knockdown decreased inflammatory 
cytokine production and increased anti-inflammatory IL-10 production in LPS-
stimulated RAW264.7 macrophages.40 Selective binding of our PUFA amides to Prdx1 
could therefore be linked with blockage of the Prdx1-induced inflammation in 
RAW264.7 cells. Previous proteomic screening with AA, the PUFA precursor of AEA, 
also showed interaction of AA with ROS regulators in RAW264.7 macrophages, which 
was ascribed to the induction of lipid electrophile-driven coupling upon stimulation 
of the macrophages with the LPS mimetic Kdo2-lipid A.28 Although our methodology 
used diazirine cross-linking, lipid electrophile coupling to ROS scavengers could not be 
ruled out as possible interaction mechanism between AEA, DHEA, and peroxiredoxins. 
Interestingly, both DHEA and AEA were reported to induce ROS production in HNSCC 
cells,12, 26 and in 0.1 μg/mL LPS-stimulated mouse macrophages, 10 nM DHEA was found 
to reduce ROS production.10 Next to Prdxs, we found ribosomal proteins, Acat1 (Acetyl-
CoA acetyltransferase, mitochondrial), and the signaling regulator Rhoc in the top 10 
of AEA probe 5 interactors (Table 3-1).41

The top 10 of DHEA probe 3 interactors showed two intracellular membrane trafficking 
proteins: Rab1a and Rab5c (Table 3-2). Rab1a regulates cell adhesion and cell migration 
via β1 integrin recycling, and is localized in the ER and intracellular vesicle domains 
where DHEA was localized (Figure 3-3).42 Rab5c is a key regulator in early endosome 
trafficking and is involved in cell migration via β1 integrin recycling.43 Interestingly, 
these observations add to the ongoing debate concerning the uptake mechanism of 
PUFA derivatives, occurring via a currently unidentified membrane transporter or via 
passive diffusion.8, 44 Characterization of endosomal proteins interacting with DHEA probe 
3 and AEA probe 5 might indicate that lipid raft and caveolae-dependent endocytosis 
is an uptake route for those PUFA-derivatives, as was previously suggested for AEA by 
McFarland and coworkers.45 This hypothesis is further supported by identification of 
the DHEA probe 3 interactor Dnm2, which has important functions in endosomal 
formation (Table 3-S3).46 Clearly, focused studies should be aimed at unravelling the 
uptake mechanisms of AEA and DHEA to support an endocytosis-dependent uptake 
mechanism. The transcription regulator Pa2g4, and the pro-inflammatory immune 
regulator Ifit1 were also significantly bound by DHEA probe 3. Recently, we reported 
that expression of Ifit1 was reduced as a result of incubation with 5 μM of 13-HDHEA 
and 16-HDHEA, products of the interaction between DHEA and COX-2.18 As significant 
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Ifit1 interaction with AEA probe 5 was not observed here, it appears that Ifit1 is only 
involved in signaling of DHEA or its metabolites. Interestingly, previously described 
endocannabinoid interacting proteins, e.g., CB1, CB2, GPR55, but also TRPV1 and PPAR,1, 
3-4, 7-8, 19, 21 are not identified in our model, likely due to poor expression of those proteins 
in LPS-stimulated RAW264.7 macrophages.9

Table 3-1 Protein targets AEA probe 5. Only the 10 most different proteins between the vehicle 
(0.1% EtOH) and 10 μM AEA probe 5 incubation are reported as 2log[iBAQ] values (probe – 
vehicle). Protein differences and p-values were determined using a two-sample Student’s t-test 
(p<0.05).  
Protein IDs Protein names Gene names -Log Student's 

T-test p-value 
iBAQ AEA 
probe 5 vs. 
iBAQ vehicle 
(0.1% EtOH)

Student's T-test 
difference iBAQ 
AEA probe 5 vs. 
iBAQ vehicle 
(0.1% EtOH)

P35700 Peroxiredoxin-1 Prdx1 3.06 11.93
Q9JJI8 60S ribosomal protein L38 Rpl38 3.52 9.64
Q62159;
P62746

Rho-related GTP-binding 
protein RhoC

Rhoc 2.99 9.64

Q9Z1N5 Spliceosome RNA helicase 
Ddx39b

Ddx39b 3.41 9.31

Q8BFZ3 Beta-actin-like protein 2 Actbl2 1.61 9.02
P47915 60S ribosomal protein L29 Rpl29 2.28 8.94
P62245 40S ribosomal protein S15a Rps15a 4.47 8.90
Q8BP67 60S ribosomal protein L24 Rpl24 2.57 8.63
O09167 60S ribosomal protein L21 Rpl21 2.62 8.42
Q8QZT1 Acetyl-CoA 

acetyltransferase, 
mitochondrial

Acat1 3.31 8.27

In conclusion, we observed Prdx-1, Prdx-4, Rhoc, and Acat1 as important AEA probe 
interactors in LPS-stimulated RAW264.7 macrophages. From these targets only Prdx-1 
was already characterized as potential AEA target.6 Next to these AEA targets, Prdx1, 
Rab1a, Rab5c, Pa2g4, and Ifit1 were identified as most important DHEA interacting 
proteins. Our chemical biological high-throughput method enabled identification 
of novel PUFA-amide targets that could not have been revealed with classical 
endocannabinoid receptor binding studies.
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Table 3-2 Protein targets DHEA probe 3. Only the 10 most different proteins between the vehicle 
(0.1% EtOH) and 10 μM DHEA probe 3 incubation are reported as 2log[iBAQ] values (probe – vehicle). 
Protein differences and p-values were determined using a two-sample Student’s t-test (p<0.05).  
Protein IDs Protein names Gene names -Log Student's 

T-test p-value 
iBAQ DHEA 
probe 3 vs. 
iBAQ vehicle 
(0.1% EtOH)

Student's T-test 
difference 
iBAQ DHEA 
probe 3 vs. 
iBAQ vehicle 
(0.1% EtOH)

P35700 Peroxiredoxin-1 Prdx1 2.99 11.24
O08807 Peroxiredoxin-4 Prdx4 3.54 9.52
P47911 60S ribosomal protein L6 Rpl6 3.91 8.47
Q60605;
Q8CI43

Myosin light polypeptide 6 Myl6 3.02 8.38

P47738 Aldehyde dehydrogenase, 
mitochondrial

Aldh2 2.72 8.30

P62821;
Q9D1G1

Ras-related protein Rab-1A; 
Ras-related protein Rab-1B

Rab1A; 
Rab1b

2.83 8.28

P35278 Ras-related protein Rab-5C Rab5c 1.74 7.63
P50580 Proliferation-associated 

protein 2G4
Pa2g4 2.20 7.59

P45376 Aldose reductase Akr1b1 2.37 7.56
Q64282 Interferon-induced protein 

with tetratricopeptide 
repeats 1

Ifit1 2.24 7.55

3.4.4 IPA® analysis indicates involvement of GTPase-signaling
Functional IPA® analysis revealed that enriched protein targets of DHEA probe 3 
and AEA probe 5 are mainly involved in Rho family GTPase-signaling and actin 
regulation. A notable protein in the regulation of this pathway is Rac1, which was 
identified as significant interactor with DHEA probe 3 and AEA probe 5, but did suffer 
from relatively weak spectral matching scores and should therefore be interpreted 
with care. Notwithstanding, 21 of the 62 protein hits from DHEA probe 3 and 48 of the 
114 protein hits from AEA probe 5 (including Rac1 itself) were identified as (putative) 
Rac1 interacting proteins to further support the potential role of Rac1 in PUFA-derived 
amide mediated GTPase-signaling.47-48 Rho GTPase-signaling plays an important role in 
ROS signaling, cell migration, cytoskeletal remodeling, and actin regulation.48-50 Indeed, 
these phenotypic effects can be related to previously reported functions of DHEA and 
AEA. The effects of DHEA and AEA on ROS regulation were already described above, 
and other studies reported anti-migratory properties of AEA3-4, 10 and DHEA,10 including 
its oxidized metabolites.15-16, 18 In addition to small GTPase-signaling several actin and 
myosin-related proteins were also significantly affected by DHEA probe 3 and AEA 
probe 5 to suggest cytoskeletal remodeling as prerequisite for migration. 
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Disease and function analysis in IPA® found indications for a response similar to 
viral infections for DHEA probe 3 proteins, and cellular organization, response to viral 
infections, and reduced cell death for AEA probe 5 proteins. However, as IPA® analysis 
uses experimental results from literature reports, it is suboptimal for our current 
methodology, which was aimed at unravelling novel interactions. In conclusion, links 
to ROS signaling, actin remodeling, and cell migration were obtained using IPA® 
analysis, but additional research is required to prove that these effects are mediated by 
GTPase-signaling via DHEA and AEA interactions.

3.4.5 Colocalization support DHEA and AEA interactions with Rac1 and Ptgs2
To support a suggested role in endosomal trafficking, Rho GTPase-signaling, and 
lipid metabolism, we performed fluorescent confocal imaging studies staining DHEA 
probe 3 and AEA probe 5 with lissamine rhodamine B, and Rab5c, Rac1, and Ptgs2 
with Alexafluor488 immunostaining (Figure 3-5). RAW264.7 macrophages were pre-
stimulated for 4 h with 1.0 μg/mL LPS and subsequently exposed to 10 μM DHEA 
probe 3 or 10 μM AEA probe 5 and 1.0 μg/mL LPS for 4 h, mimicking conditions of the 
proteomic experiment to allow correlations. In addition to midplane images (Figure 
3-5), Z-stack series were recorded, showing that midplane images are representative for 
the fluorescence localization (Video 3-S2-7). Cytoplasmatic localization was observed 
for the green Rac1 channel that often colocalized with the spectrally well-separated 
red PUFA-derived probes in the cell (Figure 3-5A1, Figure 3-5B1), indicating potential 
interaction of Rac1 with the PUFA probes. Nonetheless, areas that contained only a 
signal corresponding to Rac1 or to the PUFA-derived probes were also obtained. Rab5c 
immunostaining resulted in localization of small vesicles possibly representing late 
endosomes, but showed no clear colocalization with our probes (Figure 3-5A2, Figure 
3-5B2). Ptgs2 staining showed main Ptgs2 signals at the cytoplasmic face of nuclear 
periphery, known to be rich in ER where Ptgs2 synthesis takes place (Figure 3-5A3, 
Figure 3-5B3).51 Interestingly, the fluorescent signal of the PUFA amide probes was also 
relatively strong in the nuclear periphery. Although areas of colocalizing Ptgs2 and 
PUFA derived amide probes were observed, the signal from Ptgs2 and the probes did not 
fully colocalize. Even though colocalization within the same voxel (~270x270x1000 nm) 
does not directly proof molecular interaction, this is a prerequisite. Nevertheless, our 
observations further support that PUFA derived amides could interact with multiple 
partners including Rac1 and Ptgs2. Direct proof for the interaction between the PUFA 
amides and Ptgs2 was indeed previously demonstrated by the Ptgs2 mediated catabolic 
conversion of AEA and DHEA.1, 5, 17 Controls without primary Rac1, Rab5c, and Ptgs2 
antibodies showed no immunofluorescence, indicating specificity of the antibodies 
and immunostaining protocol (Figure 3-S6). In conclusion, confocal fluorescence 
microscopy showed colocalization between the PUFA-derived probes and Rac1 
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and Ptgs2 as a prerequisite for molecular interaction. Together with the previously 
characterized biochemical interaction in the proteomic setup and the reported 
metabolic interaction between the PUFA amides and Ptgs2, these data strongly support 
a functional interaction. 
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Figure 3-5 Confocal fluorescent images of  RAW264.7 macrophages pre-stimulated for 4 h in 1.0 μg/mL 
LPS followed by incubation with A) fresh 1.0 μg/mL LPS and 10 μM DHEA probe 3 or B) 10 μM AEA 
probe 5 for 4 h. Color overlays represent lissamine rhodamine B (red), Alexafluor 488 antibody (green), 
and DAPI staining (blue). Columns: 1) visualizes staining with: Rac1 antibody, 2) visualizes staining with 
Rab5c antibody, 3) visualizes staining with Ptgs2 antibody. Scale bar applies to all images in the figure. 
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Figure 3-5 Confocal fluorescent images of probe incubated RAW264.7 macrophages pre-
stimulated for 4 h with 1.0 μg/mL LPS. A) Cells incubated with fresh 1.0 μg/mL LPS and 10 μM 
DHEA probe 3 for an additional 4 h. B) Cells incubated with fresh 1.0 μg/mL and 10 μM AEA 
probe 5 for an additional 4 h. Color overlays represent lissamine rhodamine B (red), Alexafluor488 
antibody (green), and DAPI staining (blue). 1) Visualizes Rac1 labelling, 2) visualizes Rab5c 
labelling, 3) visualizes Ptgs2 labelling. Scale bar applies to all images in the figure.

3.5 Conclusion

Chemical probes of DHEA and AEA containing two specific tagging functionalities 
showed that PUFA amides interact with Prdx1, Prdx4, endosomal proteins like Rab1 
and Rab5c, and proteins of the GTPase-signaling pathway in LPS-stimulated RAW264.7 
macrophages, rather than only with Ptgs2. In addition, fluorescence labelling of our 
probes indicated localization in the cytosol, and seemingly the ER and Golgi system, 
next to compartmentalization in membrane vesicles. Colocalization experiments 
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using confocal fluorescent microscopy supported interactions between PUFA-derived 
probes and the small GTPase-regulating protein Rac1 as well as Ptgs2. Together, these 
observations provide novel insights in cellular PUFA amide interactions and their 
effects on cytoskeletal remodeling, cell migration, and ROS regulation. In addition, our 
results provide evidence for passive endosomal uptake mediated by lipid rafts. 

In view of the unnaturally high lipid probe concentrations used in our and similar 
studies, future research should strengthen the interactome data sets by reducing non-
specific binding or potential metabolism of probes. Additional details regarding PUFA 
amide-protein interactions that regulate ROS formation, cytoskeletal remodeling and 
cell migration may also be obtained, as well as support of a lipid raft-dependent uptake 
mechanism of PUFA-derived amides. This might enable translation of in vitro effects 
of DHEA and AEA to in vivo models, and ultimately to human metabolism. 
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Figure 3-S1 – Spectral output of UVP-C1000 crosslinker equipped with 5x 8W light bulbs of 366 nm. 
The Spectral output was analysed, using a Flame Miniature Spectrometer from Ocean Optics (Duiven, 
NL).   

 

Figure 3-S2 – LDH release of 1.0 µg/mL stimulated RAW264.7 macrophages incubated with 5.0 and 
10.0 µM of DHEA, AEA, and their respective synthetic bi-functional chemical probes (A), or 
indomethacin and its respective synthetic bi-functional chemical probe (B). LDH release is expressed 
in percentage compared to 1.0% Triton X-100 treated positive control (set as 100% cytotoxicity), and 
non LPS-stimulated macrophages (set as 0% cytotoxicity). All samples were measured in triplicate 
containing technical duplicates. Asterisks indicate significant differences from the vehicle with 1.0 
μg/mL LPS control (one-way ANOVA, Dunnett’s multiple comparison test post hoc; * P<0.05, ** 
P<0.01, *** P<0.001). 

Figure 3-S1 Spectral output of UVP-C1000 crosslinker equipped with 5x 8W light bulbs of 366 
nm. Spectral output was analyzed, using a Flame Miniature Spectrometer from Ocean Optics. 
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10.0 µM of DHEA, AEA, and their respective synthetic bi-functional chemical probes (A), or 
indomethacin and its respective synthetic bi-functional chemical probe (B). LDH release is expressed 
in percentage compared to 1.0% Triton X-100 treated positive control (set as 100% cytotoxicity), and 
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Figure 3-S2 LDH release of 1.0 µg/mL LPS-stimulated RAW264.7 macrophages incubated 
with 5 and 10 µM of PUFA-derivatives or indomethacin. A) LDH release of DHEA, AEA, and 
their respective synthetic bi-functional chemical probes. B) LDH release of indomethacin and 
its respective synthetic bi-functional chemical probe (B). The LDH release is expressed as 
percentage compared to 1.0% Triton X-100 treated positive control (set as 100% cytotoxicity), 
and non LPS-stimulated macrophages (set as 0% cytotoxicity). All samples were measured in 
triplicate containing technical duplicates. Asterisks indicate significant differences from the 
vehicle with 1.0 μg/mL LPS control (One-way ANOVA, Dunnett’s multiple comparison test post 
hoc; * P<0.05, ** P<0.01, *** P<0.001).
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Figure 3-S3 – Confocal microscopy images of 1.0 μg/mL LPS-stimulated RAW264.7 macrophages. A) 
shows the lissamine rhodamine B channel without tetrakis(acetonitrile)copper(I) 
hexafluorophosphate. B) shows immunostaining of alpha tubulin. C) shows DAPI staining in nuclei. 1) 
10 µM DHEA probe 2. 2) 10 µM DHEA probe 3. 3) 10 µM AEA probe 5. 4) 10 µM indomethacin probe 
7. 5) 10 µM probe 8. 6) 0.1% EtOH vehicle. Scale bar applies to all images in the figure. 

 

Figure 3-S4 – Fluorescent microscopy pictures of 1.0 μg/mL LPS-stimulated RAW264.7 macrophages. 
Overlays of the lissamine rhodamine B channel with the addition of tetrakis(acetonitrile)copper(I) 
hexafluorophosphate (red), Alexafluor 488 immunostaining of tubulin (green), and DAPI staining of 
the nuclei (blue). 1) EtOH vehicle with primary tubulin antibody. 2) EtOH vehicle without primary 
tubulin antibody. 3) LPS stimulated cells only. Scale bar applies to all images in the figure. 

	 	

Figure 3-S3 Confocal microscopy images of 1.0 μg/mL LPS-stimulated RAW264.7 macrophages. 
A) shows the lissamine rhodamine B channel without tetrakis(acetonitrile)copper(I) 
hexafluorophosphate. B) shows immunostaining of alpha tubulin. C) shows DAPI staining in 
nuclei. 1) 10 µM DHEA probe 2. 2) 10 µM DHEA probe 3. 3) 10 µM AEA probe 5. 4) 10 µM 
indomethacin probe 7. 5) 10 µM probe 8. 6) 0.1% EtOH vehicle. Scale bar applies to all images 
in the figure.
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Figure 3-S3 – Confocal microscopy images of 1.0 μg/mL LPS-stimulated RAW264.7 macrophages. A) 
shows the lissamine rhodamine B channel without tetrakis(acetonitrile)copper(I) 
hexafluorophosphate. B) shows immunostaining of alpha tubulin. C) shows DAPI staining in nuclei. 1) 
10 µM DHEA probe 2. 2) 10 µM DHEA probe 3. 3) 10 µM AEA probe 5. 4) 10 µM indomethacin probe 
7. 5) 10 µM probe 8. 6) 0.1% EtOH vehicle. Scale bar applies to all images in the figure. 

 

Figure 3-S4 – Fluorescent microscopy pictures of 1.0 μg/mL LPS-stimulated RAW264.7 macrophages. 
Overlays of the lissamine rhodamine B channel with the addition of tetrakis(acetonitrile)copper(I) 
hexafluorophosphate (red), Alexafluor 488 immunostaining of tubulin (green), and DAPI staining of 
the nuclei (blue). 1) EtOH vehicle with primary tubulin antibody. 2) EtOH vehicle without primary 
tubulin antibody. 3) LPS stimulated cells only. Scale bar applies to all images in the figure. 

	 	

Figure 3-S4 Fluorescent microscopy pictures of 1.0 μg/mL LPS-stimulated RAW264.7 
macrophages. Shown are overlays of the lissamine rhodamine B channel with the addition of 
tetrakis(acetonitrile)copper(I) hexafluorophosphate (red), Alexafluor 488 immunostaining of 
tubulin (green), and DAPI staining of the nuclei (blue). 1) EtOH vehicle with primary tubulin 
antibody. 2) 1 EtOH vehicle without primary tubulin antibody. 3) LPS stimulated cells only. Scale 
bar applies to all images in the figure.
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Figure 3-S5 Confocal fluorescent maximum intensity 
Z-stack projection of 1.0 μg/mL LPS-stimulated RAW264.7 
macrophages incubated with 10 µM indomethacin probe 7. 
Overlay shows the lissamine rhodamine B channel after the 
addition of tetrakis(acetonitrile)copper(I) hexafluorophosphate 
(red), Alexafluor 488 (AF488) immunostaining of tubulin 
(green), and DAPI staining of the nuclei (blue).
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Figure 3-S5 – Confocal fluorescent Z-stack projection of 1.0 μg/mL LPS stimulated RAW264.7 
macrophages with 10 µM indomethacin probe 7. Overlays show the lissamine rhodamine B channel 
after the addition of tetrakis(acetonitrile)copper(I) hexafluorophosphate (red), Alexafluor 488 (AF488) 
immunostaining of tubulin (green), and DAPI staining of the nuclei (blue). 

 

Figure 3-S6 – Fluorescent microscopy pictures of 8h 1.0 μg/mL LPS-stimulated RAW264.7 
macrophages incubated with A) 10 μM DHEA probe 3 or B) 10 μM AEA probe 5 for 4h. Overlays 
represent lissamine rhodamine B (red), Alexafluor 488 antibody (green), and DAPI staining (blue). Cells 
were stained with 1) secondary AF488 antibody without primary Rac1 antibody, 2) Rab5c antibody, 
or 3) Ptgs2 antibody. Scale bar applies to all images in the figure. 

	 	

Figure 3-S6 Fluorescent microscopy pictures of 1.0 μg/mL LPS-stimulated RAW264.7 probe 
incubated macrophages. A) Shows 4 h incubation with 10 μM DHEA probe 3, B) shows 4 
h incubation with 10 μM AEA probe 5. Overlays represent lissamine rhodamine B (red), 
Alexafluor488 antibody (green), and DAPI staining (blue). Cells were stained with 1) secondary 
AF488 antibody without primary Rac1 antibody, 2) Rab5c antibody, or 3) Ptgs2 antibody. Scale 
bar applies to all images in the figure.
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Figure 3-S5 – Confocal fluorescent Z-stack projection of 1.0 μg/mL LPS stimulated RAW264.7 
macrophages with 10 µM indomethacin probe 7. Overlays show the lissamine rhodamine B channel 
after the addition of tetrakis(acetonitrile)copper(I) hexafluorophosphate (red), Alexafluor 488 (AF488) 
immunostaining of tubulin (green), and DAPI staining of the nuclei (blue). 

 

Figure 3-S6 – Fluorescent microscopy pictures of 8h 1.0 μg/mL LPS-stimulated RAW264.7 
macrophages incubated with A) 10 μM DHEA probe 3 or B) 10 μM AEA probe 5 for 4h. Overlays 
represent lissamine rhodamine B (red), Alexafluor 488 antibody (green), and DAPI staining (blue). Cells 
were stained with 1) secondary AF488 antibody without primary Rac1 antibody, 2) Rab5c antibody, 
or 3) Ptgs2 antibody. Scale bar applies to all images in the figure. 
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Supplemental Tables

Table 3-S1 Overview of master gain settings during confocal imaging of the fluorophores.

Figure 3 1 2 3 4 5 6
A (Rhodamine) 380 450 420 450 550 550
B (AF488) 500 500 480 480 500 480
C (DAPI) 600 590 650 600 600 600

Figure S3 1 2 3 4 5 6
A (Rhodamine) 550 550 550 550 550 550
B (AF488) 500 460 480 480 500 480
C (DAPI) 600 600 650 600 640 600

Figure S4 1 2 3
Rhodamine
AF488
DAPI

550
480
600

550
480
600

550
500
600

Figure 5 1 2 3
A Rhodamine
    AF488
   DAPI

500
600
600

500
600
600

500
600
600

B Rhodamine
    AF488
   DAPI

450
600
550

450
600
550

450
600
550

Figure S5
A Rhodamine
    AF488
   DAPI

600
500
507

Figure S6 1 2 3
A Rhodamine
    AF488
   DAPI

500
600
600

500
600
600

500
600
600

B Rhodamine
    AF488
   DAPI

450
600
550

450
600
550

430
600
530
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Table 3-S2 Medium concentrations of the inflammatory markers PGE2, IL-6, and cytotoxicity 
marker LDH in 1.0 μg/mL LPS-stimulated RAW264.7 macrophages incubated with 5 µM and 
10 µM of DHEA, AEA, indomethacin, or their respective synthetic bi-functional chemical 
probe. LDH concentration is expressed as percentage compared to 1.0% Triton X-100 treated 
positive control (set as 100% cytotoxicity), and non LPS-stimulated macrophages (set as 0% 
cytotoxicity). All samples were measured in triplicate containing technical duplicates. Asterisks 
indicate significant differences from the 1.0 μg/mL LPS-stimulated vehicle incubation (One-way 
ANOVA, Dunnett’s multiple comparison test post hoc; * P<0.05, ** P<0.01, *** P<0.001). † Value 
represented is an estimation of PGE2 concentration, because absolute absorbance values were 
too low to be accurately determined. <LOD represent values below the calibration.

PGE2 (ng/mL) IL-6 (ng/mL) LDH activity (%)
Vehicle (0.1% EtOH) 3.62 ± 1.26 23.77 ± 8.94 18.9 ± 2.5
DHEA 1 (5.0 μM) 16.71 ± 8.56 13.8 ± 5.0
DHEA 1 (10.0 μM) 0.40 ± 0.10*** 14.00 ± 5.30 12.4 ± 5.8
DHEA probe 2 (5.0 μM) 10.64 ± 4.27 17.6 ± 4.5
DHEA probe 2 (10.0 μM) 0.16 ± 0.03 *** 10.53 ± 3.85 21.2 ± 3.6
DHEA probe 3 (5.0 μM) 13.47 ± 7.87 17.7 ± 5.2
DHEA probe 3 (10.0 μM) 0.27 ± 0.05 *** 7.66 ± 4.31 * 16.2 ± 1.8
AEA 4 (5.0 μM) 27.11 ± 10.26 14.9 ± 3.4
AEA 4 (10.0 μM) 29.19 ± 10.90 13.6 ± 4.1
AEA probe 5 (5.0 μM) 15.01 ± 14.32 17.8 ± 3.3
AEA probe 5 (10.0 μM) 12.18 ± 9.65 15.5 ± 3.2
Control probe 8 (5.0 μM) 21.51 ± 6.83 14.9 ± 5.2
Control probe 8 (10.0 μM) 2.6 ± 0.8† 21.84 ± 9.43 18.1 ± 3.5
Vehicle (0.1% EtOH) without LPS < LOD *** < LOD *** 0

PGE2 (ng/mL) IL-6 (ng/mL) LDH activity (%)
Vehicle (0.1% DMSO) 2.95 ± 0.72 18.65 ± 6.84 12.3 ± 4.3
Indomethacin 6 (5.0 μM)   16.49 ± 8.73 14.8 ± 4.4
Indomethacin 6 (10.0 μM)   < LOD *** 14.96 ± 6.94 11.9 ± 5.3
Indomethacin probe 7 (5.0 μM)   14.23 ± 5.47 19.7 ± 6.4 *
Indomethacin probe 7 (10.0 μM)   < LOD *** 15.15 ± 6.66 22.6 ± 3.7**
Vehicle (0.1% DMSO) without LPS < LOD *** < LOD *** 0
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Table 3-S3
To access this supplemental table please scan the QR-code below.

Supplemental videos
To access the supplemental videos please scan the QR-code below.

Synthesis of chemical probes

Materials 
Ammonia (ca. 7N solution in MeOH), 2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-
amine (≥95%), celite® 545, chloroform-d (≥99.8 atom % D, contains 0.5 wt-% silver foil 
as stabiliser, 0.03% (v/v) TMS), distilled triethylamine (TEA) (>99.5%), hydroxylamine-O-
sulfonic acid (≥97%), iodine (≥99%), propargyl-N-hydroxysuccinimidyl ester, ammonium 
bicarbonate (≥99%), 1,2,4,5-tetrachloro-3-nitrobenzene (Standard for quantitative NMR, 
TraceCERT®) were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). 
4-Amino-2-butanol (≥98%), bis(2-oxo-3-oxazolidinyl)phosphinic chloride (BOP-Cl) 
(≥97%), di-tert-butyl dicarbonate (≥97%), isobutyl chloroformate (≥98%), methanol Extra 
Dry over Molecular Sieves (≥99.8%), oxalyl chloride (≥98%), sodium sulphate (≥99%), 
sodium thiosulphate (≥98.5%) were purchased from Fisher Scientific (Landsmeer, The 
Netherlands). Dimethyl sulfoxide (DMSO) (≥98%) was purchased from TCI Chemicals 
(Zwijndrecht, Belgium). Acetonitrile (≥99.9%, HiPerSolv CHROMANORM® for LC-MS), 
ethyl acetate (EtOAc) (technical grade) heptane (technical grade), silica gel 40-63 μm 
for flash chromatography, sodium dodecyl sulfate (SDS) (≥99%, Biotechology grade) 
were purchased from VWR Chemicals (Amsterdam, The Netherlands). Formic acid 
(≥99%, ULC/MS grade, and trifluoroacetic acid (≥99.95%, HPLC grade) were obtained from 
Biosolve B.V. (Valkenswaard, The Netherlands). Ethanol (absolute for analysis EMSURE®), 
was obtained from Merck (Amsterdam, The Netherlands). Pure chloroform-d (100.0 
atom% D) was obtained from Janssen Chimica (Beerse, Belgium). Anhydrous DCM and 
THF were obtained using a Pure Solv 400 solvent purification system from Innovative 
Technology (Amesburry, USA). Ultrapure water was filtered by a MilliQ integral 3 system 
from Millipore (Molsheim, France).
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Synthesis of tert-butyl 3-oxobutylcarbamate (3) 
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purification system from Innovative Technology (Amesburry, USA). Ultrapure water was filtered 
by a MilliQ integral 3 system from Millipore (Molsheim, France). 

Synthesis	of	tert-butyl	3-oxobutylcarbamate	(3)		

 

An oven-dried round bottom flask (RBF) containing 40 mL anhydrous tetrahydrofuran (THF) was 
placed under argon, and 1.7 mL (13 mmol, 1.2 eq.) freshly distilled Et3N and 1.0 mL (10 mmol, 
1.0 eq.) 4-amino-2-butanol (1) were added. While stirring the solution continuously at room 
temperature, 2.5 g (12 mmol, 1.1 eq.) of Boc2O was added in small portions over a time span of 
10 min. After stirring the mixture for 1h at room temperature the reaction was quenched by 
pouring the mixture in 50 mL ice cold 0.5 M HCl. Extraction of the product with 3 x 100 mL EtOAc 
was performed, the organic layers were combined and dried with anhydrous Na2SO4 to obtain 
tert-butyl (3-hydroxybutyl)carbamate (2).  

An oven-dried three-necked RBF containing 200 mL of anhydrous dichloromethane (DCM) was 
placed under argon atmosphere and cooled to -78 °C. Then, 1.8 mL (21 mmol, 2 equiv.) oxalyl 
chloride was added, followed by drop-wise addition of 3.0 mL (42 mmol, 4 eq.) dimethyl 
sulfoxide (DMSO). The reaction was stirred for 30 min at -78 °C. Tert-butyl (3-
hydroxybutyl)carbamate (2) was dissolved in 20 mL anhydrous DCM and subsequently added to 
the reaction over a period of 30 min. After stirring the reaction at -78 °C for 2 h, 5.8 mL (42 mmol, 
4 eq.) of freshly distilled Et3N was added and the mixture was stirred for another 2 h at -78 °C. 
Then, the temperature was brought to 0 °C by placing the RBF in an ice-bath for 30 min, and was 
then warmed to room temperature. Hereafter, the mixture was diluted with 220 mL Et2O and 
passed through a silica plug. The remaining mixture was concentrated under reduced pressure, 
providing a yellow oil. The final product was obtained by purification of the residue by SiO2 flash 
chromatography, using 50% EtOAc/heptane, providing the title compound (3) as a slightly 
yellowish oil (1.6 g, 81%). 1H NMR (400 MHz, CDCl3) δ 4.99 (s, 1H), 3.34 (q, J = 6.0 Hz, 2H), 2.66 
(t, J = 5.8 Hz, 2H), 2.15 (d, J = 1.0 Hz, 3H), 1.42 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 208.5, 156.1, 
79.5, 43.8, 35.4, 30.4, 28.7. MS (ESI+) m/z calculated for C9H17NO3 [M+H]+ 188.12812, found 
188.12766, and for [M+Na]+ 210.11006, found 210.10978. 

	 	

An oven-dried round bottom flask (RBF) containing 40 mL anhydrous tetrahydrofuran 
(THF) was placed under argon, and 1.7 mL (13 mmol, 1.2 eq.) freshly distilled Et3N and 
1.0 mL (10 mmol, 1.0 eq.) 4-amino-2-butanol (1) were added. While stirring the solution 
continuously at room temperature, 2.5 g (12 mmol, 1.1 eq.) of Boc2O was added in 
small portions over a time span of 10 min. After stirring the mixture for 1h at room 
temperature the reaction was quenched by pouring the mixture in 50 mL ice cold 0.5 M 
HCl. Extraction of the product with 3 x 100 mL EtOAc was performed, the organic layers 
were combined and dried with anhydrous Na2SO4 to obtain tert-butyl (3-hydroxybutyl)
carbamate (2). 

An oven-dried three-necked RBF containing 200 mL of anhydrous dichloromethane 
(DCM) was placed under argon atmosphere and cooled to -78 °C. Then, 1.8 mL (21 mmol, 
2 equiv.) oxalyl chloride was added, followed by drop-wise addition of 3.0 mL (42 mmol, 
4 eq.) dimethyl sulfoxide (DMSO). The reaction was stirred for 30 min at -78 °C. Tert-
butyl (3-hydroxybutyl)carbamate (2) was dissolved in 20 mL anhydrous DCM and 
subsequently added to the reaction over a period of 30 min. After stirring the reaction 
at -78 °C for 2 h, 5.8 mL (42 mmol, 4 eq.) of freshly distilled Et3N was added and the 
mixture was stirred for another 2 h at -78 °C. Then, the temperature was brought 
to 0 °C by placing the RBF in an ice-bath for 30 min, and was then warmed to room 
temperature. Hereafter, the mixture was diluted with 220 mL Et2O and passed through 
a silica plug. The remaining mixture was concentrated under reduced pressure, 
providing a yellow oil. The final product was obtained by purification of the residue by 
SiO2 flash chromatography, using 50% EtOAc/heptane, providing the title compound (3) 
as a slightly yellowish oil (1.6 g, 81%). 1H NMR (400 MHz, CDCl3) δ 4.99 (s, 1H), 3.34 (q, J = 6.0 
Hz, 2H), 2.66 (t, J = 5.8 Hz, 2H), 2.15 (d, J = 1.0 Hz, 3H), 1.42 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 

208.5, 156.1, 79.5, 43.8, 35.4, 30.4, 28.7. MS (ESI+) m/z calculated for C9H17NO3 [M+H]+ 188.12812, 
found 188.12766, and for [M+Na]+ 210.11006, found 210.10978.
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Synthesis	of	tert-butyl	(2-(3-methyl-3H-diazirin-3-yl)ethyl)carbamate	(5)	

	

In a three-necked RBF 1.56 g (8.33 mmol, 1 eq.) tert-butyl(3-oxobutyl)carbamate (3) was 
dissolved in 18.8 mL 7.0 N NH3 in methanol at 0 °C under argon. This mixture was stirred at 0 °C 
for 3 h, after which a solution of hydroxylamine-O-sulfonic acid 1.09 g (9.58 mmol, 1.15 eq.) in 
18.8 mL anhydrous MeOH was added drop-wise in the course of 20 min. After allowing the 
reaction to slowly warm to room temperature overnight, the mixture was concentrated under a 
stream of nitrogen. The residue was re-dissolved in 18.8 mL Et2O and passed through a celite 
pad. The filtrate was concentrated under reduced pressure and re-dissolved in 9.4 mL anhydrous 
MeOH in an amberized RBF. The RBF was placed under argon and the mixture was cooled to 0 
°C. While stirring, 1.7 mL (13 mmol, 1.5 eq.) freshly distilled Et3N was added after which the 
reaction was allowed to stir for 5 min. Following, 2.35 g I2 (9.16 mmol, 1.1 eq.) was slowly added 
in small portions over a period of 30 min until a red-brown color persisted, which was checked 
by taking a small droplet from the mixture with a pipette and visually inspecting the color. After 
this the mixture was stirred for 30 min at 0 °C and the reaction was quenched with 94 mL of a 
saturated Na2S2O3 solution. The quenched reaction mixture was vigorously mixed for 10 min and 
188 mL EtOAc was added. The product was extracted with 3 x 100 mL EtOAc and the combined 
organic layers were dried using anhydrous Na2SO4. The remaining mixture was concentrated 
under reduced pressure. The title product (5) was purified by SiO2 flash chromatography using 
35% EtOAc/heptane, providing the final product as a yellow oil (0.45 g, 27%); 1H NMR (400 MHz, 
CDCl3) δ 4.56 (s, 1H), 3.05 (q, J = 6.7 Hz, 2H), 1.56 (t, J = 6.9 Hz, 2H), 1.45 (s, 9H), 1.05 (s, 3H). 13C 
NMR (101 MHz, CDCl3) δ 79.7, 35.9, 34.8, 29.2, 28.5, 20.0. MS (ESI+) m/z calculated for [M+H]+ 
C9H17O2N3 200.13902, found 200.13898, and for [M+Na]+ 222.12130, found 222.12087. 

Synthesis	of	diazirine	amine	(6)	

 

Note: Deprotection of the amine was performed immediately before coupling to the 
docosahexaenoic acid alkyne. 

In an amberized glass vial 80 mg (0.38 mmol, 1 eq.) tert-butyl(2-(3-methyl-3H-diazirin-3-
yl)ethyl)carbamate (5) was dissolved in 0.8 mL anhydrous DCM. The solution was cooled to 0 °C 
while stirring, and subsequently 0.2 mL (2.6 mmol, 6.4 eq.) TFA was added to the mixture. After 

In a three-necked RBF 1.56 g (8.33 mmol, 1 eq.) tert-butyl(3-oxobutyl)carbamate (3) was 
dissolved in 18.8 mL 7.0 N NH3 in methanol at 0 °C under argon. This mixture was stirred 
at 0 °C for 3 h, after which a solution of hydroxylamine-O-sulfonic acid 1.09 g (9.58 mmol, 
1.15 eq.) in 18.8 mL anhydrous MeOH was added drop-wise in the course of 20 min. After 
allowing the reaction to slowly warm to room temperature overnight, the mixture was 
concentrated under a stream of nitrogen. The residue was re-dissolved in 18.8 mL Et2O 
and passed through a celite pad. The filtrate was concentrated under reduced pressure 
and re-dissolved in 9.4 mL anhydrous MeOH in an amberized RBF. The RBF was placed 
under argon and the mixture was cooled to 0 °C. While stirring, 1.7 mL (13 mmol, 1.5 eq.) 
freshly distilled Et3N was added after which the reaction was allowed to stir for 5 min. 
Following, 2.35 g I2 (9.16 mmol, 1.1 eq.) was slowly added in small portions over a period 
of 30 min until a red-brown color persisted, which was checked by taking a small 
droplet from the mixture with a pipette and visually inspecting the color. After this the 
mixture was stirred for 30 min at 0 °C and the reaction was quenched with 94 mL of a 
saturated Na2S2O3 solution. The quenched reaction mixture was vigorously mixed for 
10 min and 188 mL EtOAc was added. The product was extracted with 3 x 100 mL EtOAc 
and the combined organic layers were dried using anhydrous Na2SO4. The remaining 
mixture was concentrated under reduced pressure. The title product (5) was purified 
by SiO2 flash chromatography using 35% EtOAc/heptane, providing the final product 
as a yellow oil (0.45 g, 27%); 1H NMR (400 MHz, CDCl3) δ 4.56 (s, 1H), 3.05 (q, J = 6.7 Hz, 2H), 
1.56 (t, J = 6.9 Hz, 2H), 1.45 (s, 9H), 1.05 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 79.7, 35.9, 34.8, 29.2, 
28.5, 20.0. MS (ESI+) m/z calculated for [M+H]+ C9H17O2N3 200.13902, found 200.13898, and 
for [M+Na]+ 222.12130, found 222.12087.

Synthesis of diazirine amine (6)

Note: Deprotection of the amine was performed immediately before coupling to the 
docosahexaenoic acid alkyne.
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In an amberized glass vial 80 mg (0.38 mmol, 1 eq.) tert-butyl(2-(3-methyl-3H-diazirin-3-
yl)ethyl)carbamate (5) was dissolved in 0.8 mL anhydrous DCM. The solution was cooled 
to 0 °C while stirring, and subsequently 0.2 mL (2.6 mmol, 6.4 eq.) TFA was added to the 
mixture. After 1 h the reaction mixture was concentrated under a stream of N2. The 
residue was dissolved in 5 mL anhydrous DCM and concentrated again. This procedure 
was repeated three times, after which the residue was put under high vacuum for 1 h. 
The remaining residue was used in the subsequent coupling reaction without further 
purification. TLC and 1H-NMR analysis were used to confirm deprotection. 

Synthesis of DHEA probe 3
 

Pag. 109 

 

Pag. 110 

 

Pag.112 

In a 3 mL glass vial, 1.0 mg (3.1 μmol, 1.0 eq.) DHA-alkyne in EtOH was evaporated to 
dryness using co-evaporation with DCM. After this, the glass vial was placed under 
argon atmosphere in 1 mL anhydrous DCM and protected from light by aluminum 
foil. Then 6.0 μL of freshly distilled Et3N (43 μmol, 14 eq.) was added, followed by 4.8 μL 
isobutyl chloroformate (37 μmol, 12 eq.) in anhydrous DCM. The reaction was allowed 
to stir for 1 h at room temperature after which the reaction mixture was cooled in 
an ice bath. Hereafter, 3.4 mg of 2-(3-methyl-3H-diazirin-3-yl)ethan-1-amine (6) (34 
μmol, 11 eq.) was dissolved in 1 mL of dry DCM in an amberized glass vial together with 
4.7 μL freshly distilled Et3N (34 μmol, 11 eq.), and added to the reaction mixture. The 
reaction was stirred overnight on ice before the solvent was evaporated under a stream 
of nitrogen. The residue was re-dissolved in 1 mL Water/ACN (2:8, v/v) and purified by 
semi-preparative HPLC (vide infra). Quantification was performed by quantitative NMR 
analysis. The title compound was obtained as 245 μg (20% yield) pure product. 1H NMR 
(600 MHz, CDCl3) δ 5.98 (dt, J = 10.8, 7.4 Hz, 1H), 5.62 – 5.31 (m, 12H), 3.19 (q, J = 6.6 Hz, 3H, 
theor. 2H), 3.17 – 3.12 (m, 3H), 2.89 (dt, J = 21.5, 6.1 Hz, 8H), 2.44 (p, J = 6.9 Hz, 2H), 2.27 (t, J = 7.5 
Hz, 2H), 1.62 (t, J = 6.8 Hz, 3H, theor. 2H), 1.07 (s, 3H). MS (ESI+) m/z calculated for C26H35N3O 
[M+H]+ 406.28529, found 406.28473 and for [M+Na]+ 428.26723, found 428.26592.     
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1 h the reaction mixture was concentrated under a stream of N2. The residue was dissolved in 5 
mL anhydrous DCM and concentrated again. This procedure was repeated three times, after 
which the residue was put under high vacuum for 1 h. The remaining residue was used in the 
subsequent coupling reaction without further purification. TLC and 1H-NMR analysis were used 
to confirm deprotection.  

Synthesis	of	DHEA	probe	3	

 

In a 3 mL glass vial, 1.0 mg (3.1 µmol, 1.0 eq.) DHA-alkyne in EtOH was evaporated to dryness 
using co-evaporation with DCM. After this, the glass vial was placed under argon atmosphere in 
1 mL anhydrous DCM and protected from light by aluminum foil. Then 6.0 µL of freshly distilled 
Et3N (43 µmol, 14 eq.) was added, followed by 4.8 µL isobutyl chloroformate (37 µmol, 12 eq.) 
in anhydrous DCM. The reaction was allowed to stir for 1 h at room temperature after which the 
reaction mixture was cooled in an ice bath. Hereafter, 3.4 mg of 2-(3-methyl-3H-diazirin-3-
yl)ethan-1-amine (6) (34 µmol, 11 eq.) was dissolved in 1 mL of dry DCM in an amberized glass 
vial together with 4.7 µL freshly distilled Et3N (34 µmol, 11 eq.), and added to the reaction 
mixture. The reaction was stirred overnight on ice before the solvent was evaporated under a 
stream of nitrogen. The residue was re-dissolved in 1 mL Water/ACN (2:8, v/v) and purified by 
semi-preparative HPLC (vide infra). Quantification was performed by quantitative NMR analysis. 
The title compound was obtained as 245 µg (20% yield) pure product. 1H NMR (600 MHz, CDCl3) 
δ 5.98 (dt, J = 10.8, 7.4 Hz, 1H), 5.62 – 5.31 (m, 12H), 3.19 (q, J = 6.6 Hz, 3H, theor. 2H), 3.17 – 
3.12 (m, 3H), 2.89 (dt, J = 21.5, 6.1 Hz, 8H), 2.44 (p, J = 6.9 Hz, 2H), 2.27 (t, J = 7.5 Hz, 2H), 1.62 (t, 
J = 6.8 Hz, 3H, theor. 2H), 1.07 (s, 3H). MS (ESI+) m/z calculated for C26H35N3O [M+H]+ 406.28529, 
found 406.28473 and for [M+Na]+ 428.26723, found 428.26592.      

Synthesis	of	DHEA	probe	2	

 

20 mg (61 μmol, 1.0 eq.) DHA in EtOH was pipetted into a 5 mL glass vial, evaporated to dryness 
using co-evaporation with DCM, and placed under argon atmosphere. This DHA was dissolved in 
2 mL of anhydrous DCM, and treated with 11.8 µL freshly distilled Et3N (84.7 μmol, 1.4 eq.) and 
9.7 µL of isobutyl chloroformate (75 μmol, 1.2 eq.) for 1 h at room temperature. After this, the 
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20 mg (61 μmol, 1.0 eq.) DHA in EtOH was pipetted into a 5 mL glass vial, evaporated 
to dryness using co-evaporation with DCM, and placed under argon atmosphere. This 
DHA was dissolved in 2 mL of anhydrous DCM, and treated with 11.8 μL freshly distilled 
Et3N (84.7 μmol, 1.4 eq.) and 9.7 μL of isobutyl chloroformate (75 μmol, 1.2 eq.) for 1 h at 
room temperature. After this, the reaction was cooled in an ice bath and protected 
from light by aluminum foil. To the mixture 0.5 mL of anhydrous DCM containing 9.4 
μL freshly distilled Et3N (67 μmol, 1.1 eq.) and 9.2 mg of 2-(3-(but-3-yn-1-yl)-3H-diazirin-
3-yl)ethan-1-amine (67 μmol, 1.1 eq.) was added. The reaction was stirred on ice for 
overnight. The next day the mixture was concentrated to dryness under a stream of 
nitrogen and dissolved in 2.0 mL water/ACN (2:8, v/v). The title product was purified by 
preparative-HPLC vide infra, and finally obtained as 16.0 mg (59% yield) of pure oil. 1H 
NMR (400 MHz, CDCl3) δ 5.55 (s, 1H), 5.48 – 5.23 (m, 12H), 3.10 (q, J = 6.5 Hz, 2H), 2.84 (q, J = 8.0, 
6.7 Hz, 10H), 2.42 (q, J = 7.1 Hz, 2H), 2.23 (t, J = 7.5 Hz, 2H), 2.17 – 1.93 (m, 5H), 1.67 (dt, J = 17.9, 
7.0 Hz, 4H), 0.97 (t, J = 7.6 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 172.5, 134.1 – 125.6 (m), 82.8, 77.4, 
69.5, 36.6, 34.4, 32.7, 32.3, 27.0, 25.8, 23.5, 20.7, 14.4, 13.4. MS (ESI+) m/z calculated for C29H41N3O 
[M+H]+ 448.33224, found 448.33154 and for [M+Na]+ 470.31418, found 470.31285. 
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reaction was cooled in an ice bath and protected from light by aluminum foil. To the mixture 0.5 
mL of anhydrous DCM containing 9.4 µL freshly distilled Et3N (67 μmol, 1.1 eq.) and 9.2 mg of 2-
(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-amine (67 μmol, 1.1 eq.) was added. The reaction was 
stirred on ice for overnight. The next day the mixture was concentrated to dryness under a 
stream of nitrogen and dissolved in 2.0 mL water/ACN (2:8, v/v). The title product was purified 
by preparative-HPLC vide infra, and finally obtained as 16.0 mg (59% yield) of pure oil. 1H NMR 
(400 MHz, CDCl3) δ 5.55 (s, 1H), 5.48 – 5.23 (m, 12H), 3.10 (q, J = 6.5 Hz, 2H), 2.84 (q, J = 8.0, 6.7 
Hz, 10H), 2.42 (q, J = 7.1 Hz, 2H), 2.23 (t, J = 7.5 Hz, 2H), 2.17 – 1.93 (m, 5H), 1.67 (dt, J = 17.9, 7.0 
Hz, 4H), 0.97 (t, J = 7.6 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 172.5, 134.1 – 125.6 (m), 82.8, 77.4, 
69.5, 36.6, 34.4, 32.7, 32.3, 27.0, 25.8, 23.5, 20.7, 14.4, 13.4. MS (ESI+) m/z calculated for 
C29H41N3O [M+H]+ 448.33224, found 448.33154 and for [M+Na]+ 470.31418, found 470.31285.  

Synthesis	of	AEA	probe	5	

 

20 mg arachidonic acid in EtOH (66 μmol, 1.0 eq.) was pipetted into a 5 mL glass vial, evaporated 
to dryness using co-evaporation with DCM, and placed under argon atmosphere. The 
arachidonic acid was dissolved in 2 mL of anhydrous DCM, and reacted with 12.8 µL freshly 
distilled Et3N (91.8 μmol, 1.4 eq.) and 10.2 µL of isobutyl chloroformate (78.6 μmol, 1.2 eq.) for 
1 h at room temperature. After this, the mixture was cooled in an ice bath and protected from 
light by aluminum foil. To the mixture 0.5 mL of anhydrous DCM containing 10.1 µL freshly 
distilled Et3N (72.5 μmol, 1.1 eq.) and 9.9 mg of 2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-
amine (73 μmol, 1.1 eq.) was added. After overnight stirring on ice, the reaction mixture was 
evaporated to dryness under a stream of nitrogen and dissolved in 2.0 mL water/ACN (2/8, v/v). 
The title product was purified by preparative-HPLC (vide infra), and finally obtained as 13.2 mg 
(47% yield) of pure oil. 1H NMR (400 MHz, CDCl3) δ 5.51 (d, J = 6.4 Hz, 1H), 5.46 – 5.27 (m, 7H, 
theor. 8H), 3.11 (q, J = 6.4 Hz, 2H), 2.83 (dt, J = 11.3, 5.6 Hz, 6H), 2.24 – 1.98 (m, 9H), 1.78 – 1.59 
(m, 6H), 1.42 – 1.23 (m, 6H), 0.89 (t, J = 6.8 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 173.3, 132.0–
126.2 (m), 83.1, 69.9, 36.5, 34.7, 33.0, 32.6, 29.8, 27.7, 27.3, 27.1, 26.1, 25.9, 23.0, 14.5, 13.7. 
MS (ESI+) m/z calculated for C27H41N3O [M+H]+ 424.33224, found 424.33248 and for [M+Na]+ 
446.31418, found 446.31461. 
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20 mg arachidonic acid in EtOH (66 μmol, 1.0 eq.) was pipetted into a 5 mL glass 
vial, evaporated to dryness using co-evaporation with DCM, and placed under argon 
atmosphere. The arachidonic acid was dissolved in 2 mL of anhydrous DCM, and 
reacted with 12.8 μL freshly distilled Et3N (91.8 μmol, 1.4 eq.) and 10.2 μL of isobutyl 
chloroformate (78.6 μmol, 1.2 eq.) for 1 h at room temperature. After this, the mixture 
was cooled in an ice bath and protected from light by aluminum foil. To the mixture 0.5 
mL of anhydrous DCM containing 10.1 μL freshly distilled Et3N (72.5 μmol, 1.1 eq.) and 9.9 
mg of 2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-amine (73 μmol, 1.1 eq.) was added. 
After overnight stirring on ice, the reaction mixture was evaporated to dryness under a 
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stream of nitrogen and dissolved in 2.0 mL water/ACN (2/8, v/v). The title product was 
purified by preparative-HPLC (vide infra), and finally obtained as 13.2 mg (47% yield) of 
pure oil. 1H NMR (400 MHz, CDCl3) δ 5.51 (d, J = 6.4 Hz, 1H), 5.46 – 5.27 (m, 7H, theor. 8H), 
3.11 (q, J = 6.4 Hz, 2H), 2.83 (dt, J = 11.3, 5.6 Hz, 6H), 2.24 – 1.98 (m, 9H), 1.78 – 1.59 (m, 6H), 1.42 
– 1.23 (m, 6H), 0.89 (t, J = 6.8 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 173.3, 132.0–126.2 (m), 83.1, 
69.9, 36.5, 34.7, 33.0, 32.6, 29.8, 27.7, 27.3, 27.1, 26.1, 25.9, 23.0, 14.5, 13.7. MS (ESI+) m/z calculated 
for C27H41N3O [M+H]+ 424.33224, found 424.33248 and for [M+Na]+ 446.31418, found 446.31461.
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Synthesis	of	Indomethacin	probe	7	

 

For the synthesis of an alkyne and diazirine based indomethacin probe, 100 mg of indomethacin 
(0.28 mmol, 2.6 eq.) and 71 mg (0.28 mmol, 2.6 eq.) BOP-Cl were dissolved in 5 mL anhydrous 
DCM in an argon filled dry amberized RBF. To the reaction 78 µL (0.56 mmol, 5.2 eq.) of freshly 
distilled Et3N was added, and the reaction was stirred at room temperature. After 10 min, 15 mg 
2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-amine (0.11 mmol, 1 eq.) was added and stirred for 
over the weekend. The crude mixture was concentrated by reduced pressure and purified by 
SiO2 flash chromatography using 50% EtOAc in hexanes, providing the final product as a yellow 
solid (14.9 mg, 29%). 1H NMR (400 MHz, CDCl3) δ 7.82 – 7.57 (m, 2H), 7.56 – 7.39 (m, 2H), 6.96 – 
6.80 (m, 2H), 6.70 (dd, J = 9.0, 2.3 Hz, 1H), 5.73 (d, J = 6.2 Hz, 1H), 3.83 (s, 3H), 3.65 (s, 2H), 3.10 
(q, J = 6.2 Hz, 2H), 2.42 (s, 3H), 1.95 – 1.77 (m, 3H), 1.57 (dt, J = 33.9, 6.8 Hz, 4H). 13C NMR (101 
MHz, CDCl3) δ 168.3, 156.3, 139.6, 136.6, 133.6, 131.2, 131.0, 130.3, 129.2, 115.2, 112.5, 112.3, 
100.9, 82.6, 69.3, 55.8, 34.7, 32.5, 32.3, 31.9, 26.8, 13.3, 13.0. MS (ESI+) m/z calculated for 
C26H25ClN4O3 [M+H]+ 477.16879, found 477.16917 and for [M+Na]+ 499.15074, found 499.15114. 

Synthesis	of	control	probe	8	

 

20 mg 4-pentynoic acid (0.20 mmol, 1.0 eq.) was weighted and placed under argon in an 
amberized 3-necked RBF. The 4-pentynoic acid was dissolved in 10 mL anhydrous DCM, and 
subsequently 40 µL freshly distilled Et3N (0.29 mmol, 1.4 eq.) and 32 µL isobutyl chloroformate 
(0.25 mmol, 1.2 eq.) were added. The reaction was stirred at room temperature for 1 h and then 
cooled on ice. To the cooled reaction mixture, 31 µL (0.22 mmol, 1.1 eq.) of freshly distilled Et3N 
and 22 mg (0.22 mmol, 1.1 eq.) of 2-(3-methyl-3H-diazirin-3-yl)ethan-1-amine f were added. The 
reaction was stirred on ice for overnight. Next day 20 mL water was added and the resulting 

For the synthesis of an alkyne and diazirine based indomethacin probe, 100 mg of 
indomethacin (0.28 mmol, 2.6 eq.) and 71 mg (0.28 mmol, 2.6 eq.) BOP-Cl were dissolved 
in 5 mL anhydrous DCM in an argon filled dry amberized RBF. To the reaction 78 μL 
(0.56 mmol, 5.2 eq.) of freshly distilled Et3N was added, and the reaction was stirred at 
room temperature. After 10 min, 15 mg 2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-
amine (0.11 mmol, 1 eq.) was added and stirred for over the weekend. The crude mixture 
was concentrated by reduced pressure and purified by SiO2 flash chromatography using 
50% EtOAc in hexanes, providing the final product as a yellow solid (14.9 mg, 29%). 1H 
NMR (400 MHz, CDCl3) δ 7.82 – 7.57 (m, 2H), 7.56 – 7.39 (m, 2H), 6.96 – 6.80 (m, 2H), 6.70 (dd, 
J = 9.0, 2.3 Hz, 1H), 5.73 (d, J = 6.2 Hz, 1H), 3.83 (s, 3H), 3.65 (s, 2H), 3.10 (q, J = 6.2 Hz, 2H), 2.42 
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20 mg 4-pentynoic acid (0.20 mmol, 1.0 eq.) was weighted and placed under argon in an 
amberized 3-necked RBF. The 4-pentynoic acid was dissolved in 10 mL anhydrous DCM, 
and subsequently 40 μL freshly distilled Et3N (0.29 mmol, 1.4 eq.) and 32 μL isobutyl 
chloroformate (0.25 mmol, 1.2 eq.) were added. The reaction was stirred at room 
temperature for 1 h and then cooled on ice. To the cooled reaction mixture, 31 μL (0.22 
mmol, 1.1 eq.) of freshly distilled Et3N and 22 mg (0.22 mmol, 1.1 eq.) of 2-(3-methyl-3H-
diazirin-3-yl)ethan-1-amine f were added. The reaction was stirred on ice for overnight. 
Next day 20 mL water was added and the resulting mixture was stirred for 10 min, after 
which the phases were separated. The water layer was extracted with extra 3x 25 mL 
EtOAc, and the combined organic layers were finally extracted with brine and dried 
using Na2SO4. The mixture was evaporated to dryness and dissolved in 3 mL water:ACN 
(1:2, v/v). Purification was performed using preparative HPLC (vide infra) and the title 
compound was finally obtained as 6.9 mg (19% yield) of pure oil. 1H NMR (400 MHz, 
CDCl3) δ 5.65 (s, 1H), 3.20 (qd, J = 6.8, 1.8 Hz, 2H), 2.54 (td, J = 7.1, 2.6 Hz, 2H), 2.46 – 2.29 (m, 2H), 
2.01 (q, J = 2.4 Hz, 1H), 1.62 (td, J = 6.8, 1.7 Hz, 2H), 1.06 (d, J = 1.7 Hz, 3H). 13C NMR (101 MHz, 
CDCl3) δ 171.0, 82.9, 69.5, 35.4, 34.7, 34.1, 24.4, 19.8, 14.8. MS (ESI+) m/z calculated for C9H13N3O 
[M+H]+ 180.11314, found 180.11284, and for [M+Na]+ 202.09508, found 202.09460.

Purification and quantification of chemical probes
Preparative HPLC purification of DHEA probe 2 and AEA probe 5
The desired DHEA probe 2 & AEA probe 5 were purified by preparative-HPLC on an 
Agilent 1260 Preparative HPLC with DAD and MSD using a PrepHT XDB-C18 21.2x250 
mm, 7μ column (Agilent Technologies, Amstelveen, The Netherlands). Purification was 
performed using a flow rate of 20 mL/min with solvent A being water containing 0.1% 
FA and solvent B being ACN containing 0.1% FA. The gradient profile started with 5 min 
of 80% B in A, followed by a linear increase to 100% B at min 13. The run was continued 
isocratically at 100% B until min 18, after which the gradient was switched back to 80% 
B in A in 0.5 min. The run was continued at 80% B in A until min 23. The collected 
fractions were evaporated using speedyvac concentrator (Salm and Kipp, Breukelen, 
The Netherlands).  

Semi-Preparative HPLC purification of DHEA probe 3
The desired DHEA probe 3 was purified by semi-preparative-HPLC on an Agilent 1260 
Preparative HPLC with DAD and MSD using a Semi-Prep Zorbax Eclipse XDB-C18 9.4 x 250 
mm, 5μ column (Agilent Technologies, Amstelveen, The Netherlands). The purification 
was performed using an isocratic run of 20% water in ACN with 0.1% FA at a flowrate of 
4.0 mL/min. After purification the title molecule was concentrated under a stream of 
nitrogen followed by lyophilization.    
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Preparative HPLC purification of control probe 8
The desired control probe 8 was purified by preparative-HPLC on an Agilent 1260 
Preparative HPLC with DAD and MSD (Agilent Technologies, Amstelveen, The 
Netherlands) using a Grace Alltima C18 5μ 250 mm x 22 mm column (Fisher Scientific, 
Landsmeer, The Netherlands). The sample was dissolved in 3 mL (2:1 ACN:MQ +0.1%FA), 
and filtered through a syringe filter to remove insoluble precipitates. Then the 
product was purified by HPLC purification using gradient elution. Gradient elution 
was performed using a flow rate of 20 mL/min with solvent A being water containing 
0.1% FA and solvent B being ACN containing 0.1% FA. The gradient started with 5 min 
of 5% B in A, followed by a linear increase to 95% B in A which was achieved at min 20. 
The gradient was kept at 95% B in A until min 23, before the gradient was returned to 
5% B in A in 0.5 min. The column was re-equilibrated for until min 26 at 5% solvent B 
in solvent A. After purification the title molecule was concentrated under a stream of 
nitrogen followed by lyophilization.     

Quantification of DHEA probe 3
Quantification of DHEA probe 3 was performed using quantitative NMR. Deuterated 
chloroform containing 0.03% TMS was used as internal standard being placed in 
Wilmad® coaxial insert (Sigma Aldrich, Zwijdrecht, The Netherlands). Calibration 
of the signal was performed using 1,2,4,5-tetrachloro-3-nitrobenzene (standard for 
quantitative NMR, TraceCERT®) in concentrations ranging from 3.8-0.9 mM. DHEA 
probe 3 was quantified based on the calibration of 1,2,4,5-tetrachloro-3-nitrobenzene 
(Figure S3-7).

Figure 3-S7  Calibration curve of 
1,2,4,5-tetrachloro-3-nitrobenzene, 
used for the quantification of DHEA 
probe 3.
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The gradient was kept at 95% B in A until min 23, before the gradient was returned to 5% B in A 
in 0.5 min. The column was re-equilibrated for until min 26 at 5% solvent B in solvent A. After 
purification the title molecule was concentrated under a stream of nitrogen followed by 
lyophilization.      

Quantification	of	DHEA	probe	3	

Quantification of DHEA probe 3 was performed using quantitative NMR. Deuterated chloroform 
containing 0.03% TMS was used as internal standard being placed in Wilmad® coaxial insert 
(Sigma Aldrich, Zwijdrecht, The Netherlands). Calibration of the signal was performed using 
1,2,4,5-tetrachloro-3-nitrobenzene (standard for quantitative NMR, TraceCERT®) in 
concentrations ranging from 3.8-0.9 mM. DHEA probe 3 was quantified based on the calibration 
of 1,2,4,5-tetrachloro-3-nitrobenzene (Figure S3-7). 

 

Figure 3-S7 – Calibration curve of 1,2,4,5-tetrachloro-3-nitrobenzene, used for the quantification of 
DHEA probe 3. 
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4.1 Abstract

Cyclooxygenase 2 (COX-2) plays a key role in the regulation of inflammation by 
catalyzing the oxygenation of PUFAs to prostaglandins (PGs) and hydroperoxides. Next 
to this, COX-2 can metabolize neutral lipids, including endocannabinoid-like esters 
and amides. We developed an LC-HRMS-based human recombinant (h)COX-2 screening 
assay to examine its ability to also convert n-3 PUFA-derived N-acylethanolamines. 
Our assay yields known hCOX-2-derived products from established PUFAs and 
anandamide. Importantly, we provide evidence that eicosapentaenoyl ethanolamide 
(EPEA), the N-acylethanolamine derivative of EPA is converted into PGE3-ethanolamide 
(PGE3-EA), and into 11-, 14-, and 18-hydroxyeicosapentaenoyl-EA (11-, 14-, and 18-HEPE-
EA, respectively). Interestingly, we demonstrated that docosahexaenoyl ethanolamide 
(DHEA) is converted by hCOX-2 into the previously unknown metabolites, 13- and 
16-hydroxy-DHEA (13- and 16-HDHEA, respectively). These products were also produced 
by lipopolysaccharide-stimulated RAW264.7 macrophages incubated with DHEA. No 
oxygenated DHEA metabolites were detected when the selective COX-2 inhibitor, 
celecoxib, was added to the cells, further underlining the role of COX-2 in the formation 
of the novel hydroxylated products. This work demonstrates for the first time that DHEA 
and EPEA are converted by COX-2 into previously unknown hydroxylated metabolites 
and invites future studies towards the biological effects of theses metabolites. 
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4.2 Introduction 

Cyclooxygenase-2 (COX-2) is a non-constitutional enzyme that is upregulated 
upon inflammation in order to generate inflammatory regulators.1-3 It is known to 
convert arachidonic acid (AA) into prostaglandin (PG)H2, the precursor of various 
inflammation-regulating PGs and thromboxanes (TXs).1-2, 4 Although AA is considered 
the prototypical COX-2 substrate, the enzyme has a broad substrate specificity that 
includes other PUFAs and their derivatives, such as the endocannabinoid arachidonoyl 
ethanolamide (AEA; also known as anandamide).2, 5-11 Previous studies revealed that 
COX-2 converts AEA into PG ethanolamides (EAs), also called prostamides, and potent 
anti-inflammatory mono-hydroxylated AEAs.5-6, 11-14 Although various amide-, and 
ester- bound derivatives of AA are converted by COX-2,5-6, 13-17 the interaction between 
COX-2 and endocannabinoid-like molecules derived from PUFAs other than AA is 
barely investigated. Previous work revealed that docosahexaenoyl ethanolamide 
(DHEA), an n-3 PUFA endocannabinoid-like metabolite, has potent anti-inflammatory 
properties in vitro.18 DHEA is present in human blood and a variety of animal tissues in 
a concentration that depends on the dietary intake of n-3 PUFAs as present in fish oil.19-

22 Several studies showed interesting biological properties of DHEA. For example, DHEA 
is able to inhibit head and neck squamous cell carcinoma proliferation, the formation 
of pro-inflammatory cytokines such as interleukin (IL)-6, and to induce the production 
of the anti-inflammatory cytokine IL-10, which all results in strong anti-inflammatory 
effects.23-26 In addition, DHEA stimulates neurite growth, hippocampal development, 
and synaptogenesis in developing neurons in the central nervous system,27-31 hence the 
alternative name synaptamide for DHEA.29, 32 Recently, it was suggested that the neural 
and hippocampal stimulating roles are at least partly caused by the interaction of 
DHEA with the G-protein coupled receptor 110, stimulating a cAMP-dependent signal 
transduction pathway.28, 30 Previously, our group has demonstrated that DHEA reduces 
the production of the pro-inflammatory mediator PGE2 in lipopolysaccharide (LPS)-
stimulated RAW264.7 macrophages, which could not be fully explained by the modest 
reduction of COX-2 protein expression.18 This observation suggests that DHEA may act 
as a COX-2 substrate, which reduces PG formation through competitive inhibition.

Several studies aimed at unravelling the metabolic fate of DHEA. Although the 
interactions of DHEA and 15-lipooxygenase (15-LOX) or cytochrome P450 (CYP450) were 
reported,21, 24, 26, 28  the possible interaction between COX-2 and DHEA is poorly understood. 
For instance, Serhan and coworkers reported that 15-LOX yields di-hydroxylated and 
epoxidated DHEA products. Two of these, i.e., 10,17-diHDHEA and 15-HEDPEA, were 
found to reduce platelet leukocyte aggregation, and 15-HEDPEA was even shown to be 
protective in vivo in murine hind limb ischemia and second organ reperfusion injury.26 
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Similarly, several CYP450-derived epoxide products of DHEA increased the formation 
of anti-inflammatory cytokines and exerted anti-angiogenic effects in human 
microvascular endothelial cells, vasodilatory actions on bovine coronary arteries and 
reciprocally regulated platelet aggregation in washed human platelets.24 In view of 
the prominent role of COX-2 in inflammation regulation, we studied the interaction 
between DHEA and COX-2.

To this end, n-3 PUFA-ethanolamine-conjugates were applied in a cell-free enzymatic 
human recombinant (h)COX-2 assay, and a LC separation coupled to a high-resolution 
(HR) MS (LC-HRMS) method was used to identify yet unidentified COX-2 metabolites of 
eicosapentaenoyl ethanolamide (EPEA), i.e., PGE3-EA and 11-HEPE-EA (and the postulated 
products 14- and 18-HEPE-EA), and DHEA, i.e., 13- and 16-HDHEA. Then, we developed 
an ultrahigh performance (UP)LC-MS/MS-based method to quantify the products and 
studied the role of COX-2 metabolism of DHEA in cells by measuring the COX-2-related 
production of 13- and 16-HDHEA in LPS-stimulated RAW264.7 macrophages. We show 
that formation of these products is inhibited upon addition of the selective COX-2 
inhibitor, celecoxib, proving a COX-2-dependent metabolism. 

4.3 Experimental section

4.3.1 Materials
COX-2 (human recombinant, hCOX-2), arachidonic acid (≥98% purity), eicosapentaenoic 
acid (≥98% purity), docosahexaenoic acid (≥98% purity), eicosapentaenoyl ethanolamide 
(≥98% purity), docosahexaenoyl ethanolamide (≥98% purity), (±)11-HEPE (≥98% purity), 
(±)13-HDHA (≥98% purity), (±)16-HDHA (≥98% purity), prostaglandin E3 (≥98% purity), 
prostaglandin E2 ethanolamide-d4 (≥98% PGE2-EA, ≥99% deuterated forms d1-d4), 
docosahexaenoyl ethanolamide (≥98% purity, ≥99% deuterated forms d1-d4), and 
celecoxib (CBX) (≥98% purity) were purchased at Cayman Chemical (supplied by Sanbio 
B.V., Uden, The Netherlands). The lactate dehydrogenase (LDH) cytotoxicity kit was 
purchased at Roche Applied Science (Almere, The Netherlands). Anandamide (100% 
purity from HPLC) was obtained from Tocris Chemicals (Abingdon, UK). DMEM was 
purchased from Corning (supplied by VWR, Amsterdam, The Netherlands), fetal bovine 
serum (FBS), streptomycin and penicillin were obtained from Lonza (Verviers, Belgium). 
Hematin porcine, TritonTM X-100, lipopolysaccharide (LPS), butylated hydroxytoluene 
(BHT) (99%), isobutyl chloroformate (98%), triethylamine (99.5%), ethanolamine (≥98%), 
ethanol-1,1,2,2-d4-amine (98 atom % D), and ethanol (EtOH absolute for analysis) 
were purchased at Sigma-Aldrich (Zwijndrecht, The Netherlands). Ethyl acetate and 
n-heptane were acquired from VWR Chemicals (Amsterdam, The Netherlands). Trizma 
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base (99%), phenol (>99%, for biochemistry), DMSO (>99.7%), and methanol (99.99%, LC/
MS grade) were obtained from Fisher Scientific (Landsmeer, The Netherlands). Formic 
acid (99%, ULC/MS-CC/SFC) and acetonitrile (ACN) (ULC/MS-CC/SFC) were purchased at 
Biosolve Chemicals (Valkenswaard, The Netherlands). The HLB solid phase extraction 
columns (Oasis, 60 mg, 3cc) were obtained from Waters (Etten-Leur, The Netherlands). 
Ultrapure water was filtered by a MilliQ Integral 3 system from Millipore (Molsheim, 
France). DCM for the synthetic procedure of the standards was purified using a Pure 
Solv 400 solvent purification system (Innovative Technology, Amesburry, USA).

4.3.2 Enzymatic cell free COX-2 assay
A cell-free enzymatic hCOX-2 assay was performed, based on previously reported 
protocols.33-35 A 0.1 M Tris/HCl buffer pH 8.0 was prepared containing 50 μM Na2EDTA 
to stabilize the enzyme in solution. For the enzymatic incubations, 179 μL buffer was 
mixed with 2 μL of 100 μM hematin solution in DMSO, 10 μL of 25 mM phenol solution 
in buffer and 5 μL hCOX-2 in buffer giving a total amount of 1.0 μg enzyme per reaction. 
In the negative control, 5 μL buffer was added instead of 5 μL hCOX-2 solution. The 
mixtures were pre-incubated for 2 min at room temperature, before adding 4 μL of a 1 
mM substrate solution in ethanol, giving a final substrate concentration of 20 μM. The 
reaction mixture was heated at 37 °C for 20 min, before quenching the reaction with 5 μL 
of formic acid. 800 μL of EtOAc:Heptane (1:1, v/v) was used to extract the substrates and 
metabolites, after which the organic solvent was evaporated under reduced pressure 
at 40 °C. The dried extract was reconstituted with 200 μL EtOH and analyzed on the 
LC-HRMS system (vide infra). For the UPLC-MS/MS-based quantifications of the EPEA 
and DHEA metabolites, the reactions were quenched with 5 μL of formic acid followed 
by the addition of 2 mL of MeOH containing 806 pg/mL product (11-HEPE-EA-d4 or 
PGE2-EA-d4 or 13-HDHEA-d4) and 1000 pg/mL starting material (DHEA-d4) as internal 
standards. Thereafter, the metabolites were collected by SPE using HLB columns (vide 
infra).

4.3.3 LC-HRMS analysis
LC-HRMS analyses were performed using a Finnigan Surveyor Plus HPLC from Thermo 
Fischer Scientific (Breda, The Netherlands) coupled to a Q-Exactive Focus Quadrupole 
Orbitrap high-resolution mass spectrometer equipped with a higher-energy collisional 
dissociation chamber, also from Thermo Fischer Scientific. The machine was operated 
at a mass resolution of 70,000 to allow the chemical characterization of the products. 
Ionization was performed using a heated electrospray ionization source applying a 
spray voltage of 3.2 kV and a capillary temperature of 300 °C using polarity switching 
(1 s for a cycle of one positive and one negative scan). For the fragmentation analysis, 
the collision energies were optimized per ion. Chromatography was performed on 
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a Reprosil Gold 120 C8, 3 μm column of 250 x 3 mm (Dr. Maisch GmbH, Germany), 
using the following eluents and gradient. Eluent A consisted of water/ACN (95/5) with 
0.1% FA; eluent B consisted of 100% ACN with 0.1% FA. For elution of the various lipids 
and oxylipins, the program started isocratically with 50% B in A. From min 3 to 8 the 
concentration was linearly increased to 100% B, and the run was continued with 100% 
B until min 15. Then the gradient was decreased to 50% B in A in 2 min, and run with 
50% B in A until min 21. During the run column temperature was kept at 30 °C and the 
sample tray was cooled to 4 °C, to limit auto-oxidation. For the runs 25 μL or 10 μL of 
sample was injected.

Data analysis of the mass spectra and the extracted ion chromatograms were performed 
using Thermo Xcalibur software version 3.0 from Thermo Fischer Scientific (Breda, The 
Netherlands). All extracted ion chromatograms displayed are within a range of 0.03 Da. 
All chromatograms were processed with peak smoothening using boxcar smoothening 
to give representative peaks, unless stated otherwise. The displayed fragmentation 
spectra were obtained after background subtraction and were reproducible in multiple 
experiments.

4.3.4 In vitro RAW264.7 macrophage incubations
To verify whether DHEA is also metabolized in COX-2-expressing cells, RAW264.7 
macrophages (American Type Culture Collection, Teddington, UK) were cultured in 
DMEM containing 10% FCS and 1% penicillin and streptomycin (P/S) at 37 °C in a 5% 
CO2 humidified incubator. For the in vitro experiments 2 mL of 250.000 cells/mL were 
seeded and incubated for 24 h in 6-well plates. The medium of the adherent cells 
was discarded and replaced by new fresh medium, and the various compounds were 
subsequently added for the experiments. To investigate COX-2-mediated conversion of 
DHEA, RAW macrophages were pre-incubated for 30 min. with 10 μM DHEA, followed 
by stimulation with 1.0 μg/mL LPS. In the celecoxib control experiments the RAW 
macrophages were pre-incubated with 0.3 μM CXB before DHEA incubation. After 24 h 
the lipids were extracted for metabolite identification (vide infra).

4.3.5 Cell viability, cytotoxicity and PGE2 quantification determination 
To assess the viability of the macrophages after the various treatments, microscopic 
evaluation of the wells was performed after incubation. Pictures were taken with a 
LEICA DFS450C microscope from Leica Microsystems (Amsterdam, The Netherlands), 
and white balancing was applied to optimize the color brightness of each picture. Cell 
cytotoxicity was tested in the medium, based on the LDH concentration. The LDH 
assay was performed according to the manufacturer’s instructions.
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PGE2 quantification was performed using a PGE2 EIA assay. A PGE2 ELISA kit (Monoclonal) 
was purchased at Cayman Chemical and supplied by Sanbio B.V. (Uden, The Netherlands) 
and the ELISA was performed according to the manufacturer’s instructions. 

4.3.6 Intracellular lipid extraction from LPS-stimulated RAW264.7 cells 
Extraction of intracellular lipids from incubated RAW264.7 macrophages was performed 
using an adapted version of a previously described oxylipin extraction protocol, which 
was optimized for adherent cells.19 In short, the medium was replaced by 1 mL of 
fresh medium and the macrophages were scraped from the culture plates in order to 
suspend them in the fresh medium. The cells were centrifuged (330 g at 4 °C) for 5 min 
and the supernatant was discarded. Subsequently, the macrophages were extracted 
with 1 mL MeOH, containing 806 pg/mL 13-HDHEA-d4 as an internal standard. This 
suspension was sonicated for 5 min and centrifuged (330 g at 4 °C) for 5 min, after 
which the supernatant was stored in a clean 15 mL falcon tube. The pellet was treated 
a second time with 1 mL of fresh MeOH containing 806 pg/mL 13-HDHEA-d4. After 5 
min sonication and 5 min centrifugation (330 g at 4 °C), this supernatant was also 
transferred to the 15 mL falcon tube containing the supernatant of the first extraction. 
The combined extracts were diluted with 8 mL of ultrapure water containing 0.125% FA 
before solid-phase extraction on HLB columns. The columns were preactivated using 
2 mL of MeOH and 2 mL of ultrapure water containing 0.1% FA, respectively. Then the 
columns were loaded with the extract and rinsed using 2 mL of 20% MeOH in ultrapure 
water containing 0.1% FA. The lipids were eluted using 1 mL of MeOH containing 
0.1% FA, and collected in tubes filled with 20 μL of 10% glycerol and 500 μM of BHT in 
EtOH (BHT was present to prevent auto-oxidation of the products). The samples were 
evaporated to dryness using a speedyvac concentrator (Salm and Kipp, Breukelen, The 
Netherlands) and were re-dissolved in 100 μL EtOH. The samples were directly analyzed 
by UPLC-MS/MS or stored at -80 °C and used at a later time point.

4.3.7 UPLC-MS/MS analysis and quantification 
For improved chromatographic separation and sensitivity, an UPLC-MS/MS method 
was developed to quantify the hydroxylated fatty acid-ethanolamine-conjugates. The 
standards used for the quantification were either commercially available or synthesized 
as described in the supporting information. The analyses were performed on an 
I-class fixed-loop UPLC coupled to a Xevo TQ-S triple-quadrupole mass spectrometer 
(Waters, Etten-Leur, The Netherlands). The electron spray interface was operated with 
a capillary voltage of 4.50 kV, a cone voltage of 50 V, and a desolvation temperature 
of 600 °C. The mass spectrometer was operated in Multiple Reaction Mode (MRM), 
with mass transitions and collision energies that were optimized per component. 
Chromatographic separation was performed on a Zorbax Eclipse Plus C18 Rapid 
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Resolution HD, 1.8μ column of 2.1 x 150 mm (Agilent, Amstelveen, The Netherlands), 
using an elution profile identical to a method reported by Balvers et al.19 In short, 
eluent A consisted of water/ACN (95/5) with 0.1% formic acid (FA); eluent B consisted 
of 100% ACN with 0.1% FA. The program started with 5% B in A followed by a linear 
increase to 30% B in A, which was achieved after 5 min. This was followed by a linear 
increase towards 50 % B in A, which was achieved at 11.25 min and maintained until 
13.25 min. The system was subsequently switched to 100% B, which was achieved at 15.75 
min and maintained until 16.75 min, after which the column was left to equilibrate at 
5% B in A for approximately 3 min. During the run column temperature was kept at 60 
°C and the sample tray was cooled to 4 °C, to limit auto-oxidation. For each run 3 μL of 
sample was injected.

The results were analyzed using MassLynx 4.1 software (Waters, Etten-Leur, The 
Netherlands). Quantification of the HDHEA levels were performed using linear 
regression of the response ratios (peak area HDHEA/peak area internal standard) 
from the calibration curve as a function of the corresponding HDHEA concentration. 
Depending on experiment, the data were weighted 1/x or 1/x2 to obtain high accuracy 
of the back-calculated concentrations throughout the calibrated range. The accuracy 
and precision of the method were determined by quality control samples.

4.4 Results

4.4.1 Validation of hCOX-2 assay using AA, EPA, DHA, and AEA
The validity of our developed cell free hCOX-2 assay was shown using the COX-
2-dependent oxidation of the PUFAs, AA, EPA, DHA, and AEA. As expected AA was 
converted into PGE2 and PGD2 (Figure 4-S1).2, 35-36 In addition, mono-hydroxylation on 
C11 or C15 was proven using mass fragmentation, resulting in 11- and 15-HETE (Figure 
4-S2);2, 35-36 a non-specific auto-oxidation product was also observed which is a common 
feature for PUFAs.37 Similarly, EPA oxidized to PGE3, PGD3, 11-HEPE, and 14-HEPE, which 
is in line with COX-2 products reported in the literature (Figure 4-S3, 4-S4).35, 38 Lastly, 
our assay and mass fragmentation confirmed that DHA was converted into 13-HDHA 
(Figure 4-S5).35, 39-40 

When the neutral endocannabinoid derivative, AEA, was added to our assay, we found 
that it was converted into PGE2-EA and PGD2-EA. These structures are consistent with 
other reports,5, 11, 13-16 demonstrating that our in vitro hCOX-2 assay is capable of identifying 
these metabolites. Specifically, PGE2-EA and PGD2-EA were found as [M+H]+ with m/z = 
396.2741, and with lesser intensity as [M+Na]+ with m/z = 418.2559. Fragmentation of 
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the [M+H]+ ion of the prostamides using a collision energy of 20.0 electronvolts (eV) in 
the higher-energy collisional dissociation chamber showed identical fragmentation 
products as reported in the literature (Figure 4-S6).13-14, 36 In addition to the prostamides, 
we also observed mono-hydroxylated HETE-EAs as the sodium adduct [M+Na]+ at m/z = 
386.2663 and, in the negative mode, as the formate adduct [M+HCO2]- at m/z = 408.2757.14 
Mass fragmentation on both species provided evidence for the formation of 11- and 
15-HETE-EA (Figure 4-S7, Table 4-1).7 After validation of our hCOX-2 assay we studied 
EPEA and DHEA as two potentially new substrates for COX-2. 

4.4.2 hCOX-2-derived metabolites of the n-3 fatty acid EAs, EPEA and DHEA
Incubation of hCOX-2 with EPEA led to the formation of PG3-EA and HEPE-EA products. 
Fragmentation of the m/z = 394.25880 [M+H]+ parent mass of the prostamide product 
of EPEA showed a fragmentation pattern corresponding with prostamide structures 
(Figure 4-1). The elution profile suggested production of at least two different PG3-EA 
products, most likely PGE3-EA and PGD3-EA. 
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Figure 4-1 Extracted ion chromatogram of m/z = 394.24-394.27 of PGE3-EA [M+H]+. The 
orange trace in the chromatogram depicts the products of EPEA formed by hCOX-2; the blue 
trace shows the control assay without hCOX-2. The mass fragmentation spectrum corresponds 
to the product eluting at min 5.10-5.42 using 20.0 eV collision energy. 

Evidence for the formation of three mono-hydroxylated products of EPEA was also 
found, i.e., 11-, 14-, and 18-HEPE-EA formation. As was observed for the AEA-derived 
products, the [M+H-H2O]+ ion with m/z = 344.26808 was most abundant in the positive 
ionization mode, together with [M+Na]+ with m/z = 384.26236. In the negative ionization 
mode, [M+HCO2]- was detected at m/z = 406.25990.7, 36 Based on the fragmentation pattern 
of the formate adduct or the sodium adduct, we postulated formation of 11-, 14-, and 
18-HEPE-EA (Figure 4-2, Table 4-1). Of these products, 18-HEPE-EA eluted earlier than 
14-HEPE-EA and 11-HEPE-EA, which is analogues to the elution of HEPE products 
described by Smith and coworkers.35 Fragmentation of the formate adduct resulted 
in a mass fragment of m/z = 215.17966 (chemical composition of C16H23). This product 
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is most likely the result of a β-ene rearrangement leading to the formation of one 
of the main fragments of 18-HEPE.35, 41 The sodium adduct of 14-HEPE-EA fragmented 
between C13 and C14, resulting in a mass ion of m/z = 274.18165 (chemical composition 
of C15H25NNaO2) that most likely resulted from a γ-ene rearrangement. Fragmentation 
of 11-HEPE-EA resulted in a fragment ion of m/z = 234.14837 (chemical composition of 
C12H21NNaO2), which resulted from a γ-ene rearranged cleavage between C10 and C11.41 
The 11- and 14-HEPE-EA fragments were found to undergo a sequential neutral loss of 
C3H6 (Figure 4-2), as was also observed for 11-HETE-EA (Figure 4-S6). Fragmentation 
analysis on the formate adduct of the two latter products again showed bond fission 
between C10-C11 and C13-C14, supporting the formation of 11- and 14-HEPE-EA. Further 
evidence was obtained using a chemically synthesised 11-HEPE-EA product that showed 
identical retention time and mass fragmentation pattern as the postulated 11-HEPE-
EA product (Figure 4-S8).  
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Table 4-1 Overview of COX-2 derived monohydroxylated products of N-acylethanolamides 
derived from PUFAs and their observed ions in the mass spectrometer. For the [M+Na]+ and 
[M+CHO2]– adducts the obtained fragment ions and proposed rearrangements are given. 
Product [M+H-H2O]+ [M+Na]+ [M+CHO2]–

11-HETE-EA m/z = 
346.27432

m/z = 386.26657
243.14639 [M+Na-C10H16O]+ 
(γ-ene rearrangement)
192.09961 [M+Na-
C13H22O]+ 

m/z = 408.27555
362.27007 [M-H]–

344.25950 [M-H-H2O]–

210.15049 [M-H-C10H16O]+ 
(γ-ene rearrangement)

15-HETE-EA m/z = 
346.27432

m/z = 386.26657
286.17900 [M+Na-C6H12O]+ 
(β-ene rearrangement)

m/z = 408.27555
362.27007 [M-H]–

344.25950 [M-H-H2O]–

262.18112 [M-H-C6H12O]–

(β-ene rearrangement) 
11-HEPE-EA m/z = 

344.25888
m/z = 384.25092
234.14672 [M+Na-C10H14O]+ 
(γ-ene rearrangement)
192.09949 [M+Na-C13H20O]+

m/z = 406.25990
360.25442 [M-H]–

342.24385 [M-H-H2O]–

238.14494 [M-H-C9H14]–

(β-ene rearrangement)
210.14999 [M-H-C10H14O]–

(γ-ene rearrangement)
14-HEPE-EA m/z = 

344.25888
m/z = 384.25092
274.17776 [M+Na-C7H10O]+ 
(γ-ene rearrangement)
232.13076 [M+Na-C10H16O]+

m/z = 406.25990
360.25442 [M-H]–

342.24385 [M-H-H2O]–

250.18129 [M-H-C7H10O]– 
(γ-ene rearrangement)

13-HDHEA m/z = 
370.27433

m/z = 410.26657
392.25476 [M+Na-H2O]+

260.16127 [M+Na-C10H14O]+ 
(γ-ene rearrangement)
218.11452 [M+Na-C13H20O]+ 

m/z = 432.27555
368.25919 [M-H-H2O]–

264.16033 [M-H-C9H14]– 
(β-ene rearrangement)
236.16555 [M-H-C10H14O]– 
(γ-ene rearrangement)

16-HDHEA m/z = 
370.27433

m/z = 410.26657
392.25485 [M+Na-H2O]+

300.19255 [M+Na-C7H10O]+ 
(γ-ene rearrangement)
258.14571 [M+Na-C10H16O]+

m/z = 432.27555
368.25919 [M-H-H2O]–

276.19660 [M-H-C7H10O]– 
(γ-ene rearrangement)

For DHEA, only mono-hydroxylated products and no cyclooxygenated products were 
identified. Again, an in-source fragment with the loss of water of m/z = 370.27433 and 
a sodium adduct of m/z = 410.26642 for 13-HDHEA and m/z = 410.26657 for 16-HDHEA 
were observed for the hydroxylated products in the positive ionization mode. The 
negative ionization mode showed a formate adduct of m/z = 432.27553. Based on the 
fragmentation spectra of the [M+Na]+ ion, using a collision energy of 30.0 eV, it was 
concluded that 13-HDHEA and 16-HDHEA are the main enzymatic products of DHEA 
(Figure 4-3). Both products were not chromatographically resolved. Mass fragmentation 
resulted in a fragment ion of m/z = 260.16186 corresponding to a chemical structure of 
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C14H23NNaO2
+. This fragment matched with the proposed γ-ene rearranged product of 

13-HDHEA. A second fragment of m/z = 300.19316 corresponded to a chemical structure 
of C17H27NNaO2, which matched with the γ-ene rearranged product of 16-HDHEA. Again, 
the HDHEA fragments were prone to a neutral loss of C3H6 (Figure 4-3). Also, in the 
negative ionization mode, the fragmentation performed on the formate adduct gave 
rise to the expected loss of a water fragment (m/z = 368.25959), a γ-ene rearranged 
fragment (m/z = 236.16560), and a β-ene rearranged fragment (m/z = 264.16037) for 
13-HDHEA. Similarly, the expected loss of a water fragment (m/z = 368.25904), and a 
γ-ene rearranged fragment (m/z = 276.19677) were observed for 16-HDHEA (Table 4-1). 
To confirm our observations, we synthesized 13- and 16-HDHEA as analytical standards 
and observed that these standards eluted, ionized, and fragmented identically (Figure 
4-S9, 4-S10).
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Figure 4-3 Extracted ion chromatogram of m/z = 370.26-370.28 HDHEAs [M+H-H2O]+. The 
orange trace in the chromatogram depicts the products of DHEA formed by hCOX-2; the blue 
trace shows the control assay without hCOX-2. Mass fragmentation spectra of both hCOX-2 
products were obtained by fragmenting the [M+Na]+ adduct from 9.91-10.04 min for 16-HDHEA 
and from 10.19-10.24 min for 13-HDHEA using 30.0 eV collision energy. 

4.4.3 UPLC-MS/MS analysis of hCOX-2 enzymatic incubation of DHEA and 
EPEA
For further investigation into the metabolism of EPEA and DHEA and to quantify 
the hCOX-2-derived products of EPEA and DHEA, we developed an analytical method 
with sufficient chromatographic separation and increased analytical sensitivity. For 
this, we synthesized appropriate analytical standards by coupling ethanolamine or 
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ethanolamine-d4 to commercially available monohydroxylated fatty acid precursors. 
Thereafter, a targeted UPLC-MS/MS method was developed for the quantification 
of PGE3-EA, HEPE-EAs, and 13- and 16-HDHEA. We successfully quantified PGE3-EA 
formation at 28.5 (± 1.1) pmol (~0.7% conversion) (Figure 4-4, Table 4-2). Although 
exact quantification of HEPE-EAs was not successful due to substantial interfering 
auto-oxidation of EPEA, we estimate that HEPE-EAs were formed in the same order of 
magnitude as the PGE3-EA product, i.e., with ~1% conversion, because the peak areas 
were of the same order of magnitude. The 13-and 16-HDHEA were baseline separated 
by our UPLC-MS/MS method, and we were able to quantify both mono-oxygenated 
products: 55.9 (± 9.1) pmol (~1.4% of DHEA) for 13-HDHEA and 52.1 (± 6.5) pmol (~1.3% of 
DHEA) for 16-HDHEA (Figure 4-5, Table 4-2).
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Figure 4-4 MRM chromatograms of m/z = 416 > 398 for the 10 ng spiked PGE3-EA standard (A), 
control incubation of EPEA without hCOX-2 (B), and hCOX-2 incubation of EPEA (C).
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Figure 4-5 MRM chromatograms of m/z = 370 > 62 for the synthetic standards 16-HDHEA (A), 
13-HDHEA (B), control incubation of DHEA without hCOX-2 (C), and hCOX-2 incubation of 
DHEA (D). 

Table 4-2 Identified products and yields of the enzymatic conversion of EPEA to PGE3-EA and 
DHEA to 13- and 16-HDHEA by hCOX-2 as quantified by UPLC-MS/MS. Data are presented 
as the mean from three independent experiments containing technical duplicates containing 
standard deviation  
Substrate hCOX-2 product Amount of product formed 

(pmol)
Yield (%)

EPEA (4 nmol) PGE3-EA 28.5 ± 1.1 0.7 ± 0.02
DHEA (4 nmol) 13-HDHEA 55.9 ± 9.1 1.4 ± 0.05
DHEA (4 nmol) 16-HDHEA 52.1 ± 6.5 1.3 ± 0.03

4.4.4 13-HDHEA and 16-HDHEA are formed from DHEA in LPS-stimulated 
RAW264.7 macrophages by a COX-2 dependent process
To investigate whether our findings from the hCOX-2 assay were also relevant in a 
murine cell-based system, we exposed LPS-stimulated RAW264.7 macrophages to DHEA 
and analyzed the cell lysates using our optimized UPLC-MS/MS method. After 30 min 



127

4

of incubation with 10 μM of DHEA and 24 h of stimulation with 1.0 μg/mL LPS, 13- 
and 16-HDHEA were detected as the main products in the cell extracts but not in the 
cell media. The products were quantified to be 43.2 (± 17.5) pmol/mL for 13-HDHEA 
and 36.3 (± 11.6) pmol/mL for 16-HDHEA (Table 4-3). No product was detected in the 
control incubations in which LPS and/or DHEA were not added (Figure 4-8, Table 
4-3). Additionally, to explore a potential time-dependent effect of LPS stimulation, we 
showed that the formation of 13- and 16-HDHEA was not significantly affected when the 
cells were first stimulated by LPS to upregulate COX-2 expression before the incubation 
with DHEA (Figure 4-S11). We also quantified the amount of DHEA that was present in 
the cell extracts at various time points, showing that only a limited amount of the 10 
μM of DHEA was taken up by the cells but was chemically stable in medium without 
cells (Figure 4-S12) and that the highest amount of 13- and 16-HDHEA were found after 
24 h (Figure 4-S13). 

Table 4-3 Concentrations of 13- and 16-HDHEA in 100 µL of the RAW264.7 macrophage 
extracts, and concentrations of PGE2 in cell medium. Data are presented as the mean from three 
independent experiments containing technical duplicates, with standard error of the mean. N.D. 
is not detected. 
Incubation condition 16-HDHEA (pmol/mL) 13-HDHEA (pmol/mL) PGE2 (pmol/mL)
Vehicle control N.D. N.D. 0.0513 ± 0.0147

DHEA (10 µM) 0.8 ± 0.4 0.4 ± 0.4 0.0899 ± 0.0126

LPS (1.0 µg/mL) N.D. N.D. 2.0717 ± 0.0325

DHEA (10 µM) and 
LPS (1.0 µg/mL)

43.2 ± 17.5 36.3 ± 11.6 0.9229 ± 0.2111

DHEA (10 µM), and 
LPS (1.0 µg/mL), and 
celecoxib (0.3 µM)

1.7 ± 0.4 1.0 ± 0.5 0.1245 ± 0.0244

Clearly, 13- and 16-HDHEA formation in our macrophage model was caused by the 
combined incubation with 10 μM of DHEA and stimulation with 1.0 μg/mL LPS, 
suggesting that these products originated from a COX-2 dependent mechanism. 
Further evidence was provided by blocking the catalytic activity of COX-2 using 0.3 μM 
of the specific COX-2 inhibitor, celecoxib (IC50 0.07 μM).33, 42-44 The addition of celecoxib 
resulted in the complete loss of intracellular 13- and 16-HDHEA  and of PGE2 (Figure 
4-6, Table 4-3). Interestingly, PGE2 formation was decreased when LPS-stimulated cells 
were treated with DHEA, confirming previously published data from our laboratory.18 
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Figure 4-6 MRM chromatograms of m/z = 370 > 62 for the RAW264.7 macrophage extracts 
after 24 h of incubation. The macrophage cells were treated with a vehicle control (EtOH, PBS, 
and DMSO) (A), 1.0 μg/mL LPS (B), 10 μM of DHEA (C), 1.0 μg/mL LPS and 10 μM of DHEA (D), 
or 0.3 μM celecoxib, 1.0 μg/mL LPS, and 10 μM of DHEA (E).

4.5 Discussion

In this study, we have developed an LC-HRMS assay to identify novel hCOX-2 products, 
which we validated using three different PUFAs.35-36, 40-41, 45-46 Next, we demonstrated 
enzymatic conversion of neutral lipids, including the endocannabinoid, anandamide, 
and identified PGE2-EA, PGD2-EA, and 11- and 15-HETE-EA to further validate our 
methodology.2, 5, 10-11, 13-14 Interestingly, LC-HRMS data showed that hCOX-2 also oxygenates 
EPEA and DHEA. To the best of our knowledge, the present study is the first to report 
that DHEA and EPEA serve as COX-2 substrates, also providing evidence for a set of 
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previously unknown lipid metabolites such as PGE3-EA, 11-, 14-, and 18-HEPE-EA, and 
13- and 16-HDHEA.The newly detected compounds were identified based on the mass 
fragmentation pattern and the isotopic ratio, which were in correspondence with the 
proposed structure. The formation of PGE3-EA, 11-HEPE-EA, and 13- and 16-HDHEA was 
confirmed using synthetically derived congeners that displayed identical LC retention 
and mass fragmentation.

During validation of our LC-HRMS method, we found that both PUFA and 
endocannabinoid structures have the tendency to easily lose water during ionization, 
leading to a high abundance of [M+H-H2O]+ ions for the hydroxylated endocannabinoid-
like products. This was found to be an inherent property associated with PUFA and 
endocannabinoid structures, and has been obtained in many studies before,7, 13, 36, 39, 41 
especially for mono-hydroxylated products of the N-acylethanolamine derivatives. In 
those cases, no [M+H]+ ion peak was observed. Decreasing the temperature of the ion 
source did not decrease in-source fragmentation of the hydroxylated endocannabinoid-
like products. Alternatively, a sodium adduct [M+Na]+ was detected in the positive 
ionization mode, and a formate adduct [M+CHO2]- in the negative ionization mode. 
These ions allowed us to perform fragmentation experiments on the hydroxylated 
AEA, EPEA, and DHEA products. 

In the LC-HRMS measurement of the hCOX-2-treated EPEA, we found three hydroxylated 
HEPE-EA products, i.e., 11-, 14-, and 18-HEPE-EA, whereas only two hydroxylated 
products of EPA were observed, i.e., 11- and 14-HEPE.35 Similarly, two DHEA-derived 
products were found, i.e., 13- and 16-HDHEA, whereas only one hydroxylated product of 
DHA was observed, i.e., 13-HDHA.35 The origin of these extra hydroxylated products in 
the N-acylethanolamine-derived PUFAs needs to be further investigated. 

Next, we developed an UPLC-MS/MS method for the quantitative analysis of PGE3-EA, 
HEPE-EAs, and 13- and 16-HDHEA. Whereas our HPLC combined with Orbitrap HR-MS 
analysis proved to be a powerful tool to identify new COX-2-derived products, it was 
insufficient in achieving chromatographic separation to quantitatively analyze the 
products. After achieving baseline separation of the products using UPLC, we were able 
to accurately quantify the enzymatic production of PGE3-EA, and 13- and 16-HDHEA to 
be 0.5-1.5%. Although exact quantification of the HEPE-EAs was prohibited by the auto-
oxidation of EPEA, we estimate the production of the HEPE-EAs to be in the same order 
as the formation of the other products. In summary it was concluded that only a small 
fraction of the DHEA or EPEA is metabolized to 13-and 16-HDHEA or PGE3-EA, respectively. 
Various earlier studies showed anti-inflammatory and anti-cancerous properties of 
15-LOX or CYP450 metabolites of DHEA.24, 26, 47 Additionally, evidence was found that 
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DHEA interacts with COX-2, resulting in interesting anti-inflammatory effects in 
vitro.18, 23 Therefore, we investigated whether the COX-2-mediated conversion of DHEA 
also occurs in cells. Here RAW264.7 macrophages were only stimulated with 1.0 μg/
mL LPS, only incubated with 10 μM of DHEA, or incubated with 10 μM of DHEA 30 
min prior to stimulation with 1.0 μg/mL LPS. In short, LPS activation stimulates the 
expression of COX-2 and induces an inflammatory response in the macrophages.18, 48-

50 We used a DHEA preincubation of 30 min on the macrophages before the addition 
of LPS, which is similar to the incubation methodology described in Meijerink et 
al.18 These conditions were chosen to ensure an identical incubation methodology 
compared with our previous study where we posed the hypothesis that DHEA could 
be a potential COX-2 substrate. To explore the time effect of LPS stimulation, control 
studies were performed, which showed that stimulation with 1.0 μg/mL LPS prior to 
the 24 h incubation with 10 μM of DHEA does not lead to higher concentrations of the 
products (Figure 4-S11). Similarly, product formation was shown to be the highest 24.5 
h after DHEA incubation (which equals to 24 h after LPS stimulation) (Figure 4-S13).

We showed that 13- and 16-HDHEA products were formed when incubating the 
macrophages with both DHEA and LPS, and showed that there was no product 
formation when only one of the two compounds was added to the cells. In addition, 
when the selective COX-2 inhibitor, celecoxib, was added, no HDHEAs were detected, 
which further proved that 13- and 16-HDHEA are formed by a COX-2-dependent 
mechanism (Figure 4-8, Table 4-3). Finally, a decrease in PGE2 formation was observed 
when treating the stimulated macrophages with 10 μM of DHEA; that PGD2 also 
decreases was already shown earlier.18 This observation indicates that the conversion 
of DHEA by COX-2 at least partly competes with the conversion of endogenous AA into 
PGs, and further supports the anti-inflammatory behavior linked to DHEA.

In the macrophage incubation experiment, we found that, after 24 h incubation, the 
macrophages produced 36.3 ± 11.6 pmol/mL of 13-HDHEA and 43.2 ± 17.5 pmol/mL of 
16-HDHEA (Table 4-3). This is comparable to the amount of epoxidated products of 
DHEA formed by CYP450 in BV-2 microglia cells.24 Specifically, CYP450 forms between 
3 and 10 pmol per 106 BV-2 microglia cells of the various epoxidated isomers,24 and we 
find 7.3 ± 2.3 pmol of 13-HDHEA per 106 RAW macrophage cells and 8.6 ± 3.5 pmol of 
16-HDHEA per 106 RAW macrophage cells. Although obtained by different laboratories 
and using different models, these apparent comparable amounts indicate that the 
products are formed in the same order of magnitude. 

Furthermore, it must be taken into account that only 1-2% of the added 10 μM of DHEA 
was detected in the macrophages (Figure 4-S12). This is most likely due to limited 
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uptake of the DHEA, degradation via NAAA and FAAH, and conversion into novel 
metabolites via various lipoxygenases and CYP450s. Studies with radiolabeled DHEA 
in immortalized fetal mesencephalic cells also showed that the uptake of DHEA was 
limited, and that the uptake of DHEA is driven by its FAAH-dependent hydrolysis.51 
Therefore, we expect that the reported values of 13- and 16-HDHEA most likely are 
an underestimation of the biosynthetic capacity of the macrophage model used. In 
addition to this, it must be pointed out that DHEA itself cans also modulate several 
specific anti-inflammatory activities during incubation. For example, it has been shown 
that DHEA inhibits PG formation18, 25 and is able to bind several endocannabinoid-
related receptors, like CB2, TRPV1,50 and GPR110;29 although for GPR110, it is unknown 
whether this receptor is present in macrophages. Whether these indirect effects of 
DHEA interfere with the synthesis of 13- and 16-HDHEA in our study is not known.

Finally, the fact that 13- and 16-HDHEA were found in both the hCOX-2 assay and the 
murine RAW264.7 macrophages suggests that DHEA oxygenation by COX-2 is conserved 
between both human COX-2 and murine COX-2. Further studies are warranted to 
reveal the presence of the hydroxylated DHEA and EPEA products in blood and tissues 
and to investigate the biological effects of the novel oxygenated DHEA products. Based 
on the strong anti-inflammatory properties of previously identified epoxidated and 
hydroxylated DHEA-derived products,24, 26, 47 it is tempting to speculate that these 
newly detected compounds play a role in inflammatory processes, in already limited 
concentrations. 

In conclusion, we have developed a new cell-free hCOX-2 metabolite identification and 
quantification method. Using this method, we have identified previously unknown 
COX-2 metabolites of DHEA and EPEA in hCOX-2 incubations and extended these 
findings to LPS-stimulated RAW264.7 macrophages. Future work in our laboratory 
will investigate the biological effects of these new DHEA and EPEA metabolites, 
characterize the binding properties of DHEA to COX-2, and further focus on the uptake 
and metabolism of DHEA.     
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Supporting information belonging to Chapter 4

In order to access the synthetic methodology, purification and accompanying data, 
the reader is referred to the online version of the publication at doi: 10.1194/jlr.M094235.
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Figure 4-S1 Extracted ion chromatogram of m/z = 351.21–351.22 assigned to [M-H]– of PGE2 and 
PGD2. The orange trace in the chromatogram depicts products of the hCOX-2 assay with AA; the 
blue trace shows the control assay without hCOX-2. Mass fragmentation spectra correspond to 
PGE2 eluting at 5.82–6.33 min and PGD2 eluting at 6.60–7.19 min using 20.0 eV collision energy.
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shows the control assay without hCOX-2. Mass fragmentation spectra correspond to 15-HETE 
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The orange trace in the chromatogram depicts products of the hCOX-2 assay with EPA; the 
blue trace shows the control assay without hCOX-2. Mass fragmentation spectra corresponds 
to 14-HEPE eluting at 10.93–10.98 min and 11-HEPE eluting at 11.14–11.28 min using 20.0 
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HDHA eluting at 11.43–11.70 min using 20.0 eV collision energy.
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with AEA; the blue trace shows the control assay without hCOX-2. Mass fragmentation spectra 
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eV (bottom) are depicted. 
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Figure 4-S9 Extracted ion chromatogram of m/z = 370.26–370.28 of the [M+H-H2O]+ ion of the 
chemically synthesized 13-HDHEA. Mass fragmentation spectra of both the [M+Na]+ adduct 
ion using a collision energy of 30.0 eV (top), and the [M+HCO2]– using a collision energy of 10.0 
(bottom) are depicted. 
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Figure 4-S10 Extracted ion chromatogram of m/z = 370.26–370.28 of the [M+H-H2O]+ ion of 
the chemically synthesized 16-HDHEA. Mass fragmentation spectra of both the [M+Na]+ adduct 
ion using a collision energy of 30.0 eV (top), and the [M+HCO2]– using a collision energy of 10.0 
(bottom) are depicted. 
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Figure 4-S11 Production of 13- and 16-HDHEA by RAW264.7 macrophages 24 h after 
incubation with 10 µM DHEA. Stimulation was performed by adding 1.0 µg/mL LPS 0 h, 1 h, 4 h 
or 8 h to the cells prior to the DHEA incubation, or 30 min after DHEA incubation for the DHEA 
pre-incubation experiment. Standard error bars obtained from biological duplicates.
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Figure 4-S12 Quantification of DHEA (in % relative to the 10 µM DHEA that was added) in the 
RAW264.7 macrophage extracts at various time points. As control 10 µM DHEA was incubated 
for 48 h in medium without cells. All the cells were incubated with 10 µM DHEA 30 min. before 
stimulation with 1.0 µg/mL LPS. Standard error bars obtained from biological duplicates.
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Figure 4-S13 Production of 13- and 16-HDHEA by RAW264.7 macrophages as function of time. 
The cells were incubated with 10 µM DHEA 30 min before the stimulation with 1.0 µg/mL 
LPS. 13- and 16- HDHEA were quantified at various times. Standard error bars obtained from 
biological duplicates.
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5.1 Abstract 

Docosahexaenoyl ethanolamide (DHEA), the ethanolamine conjugate of the n-3 long 
chain polyunsaturated fatty acid docosahexaenoic acid, is endogenously present 
in human circulation and in tissues. Its immunomodulating properties have been 
(partly) attributed to an interaction with the cyclooxygenase-2 (COX-2) enzyme. We 
discovered recently that COX-2 converts DHEA into two oxygenated metabolites, 13- and 
16-hydroxylated-DHEA (abbreviated as 13- and 16-HDHEA, respectively). It remained 
unclear whether these oxygenated metabolites also display immunomodulating 
properties as was known for their parent DHEA. In this study we investigated the 
immunomodulating properties of 13- and 16-HDHEA in lipopolysaccharide (LPS)-
stimulated RAW264.7 macrophages. The compounds reduced production of tumor 
necrosis factor alpha (TNFα), interleukin (IL)-1β and IL-1Ra, but did not affect nitric 
oxide (NO) and IL-6 release. Transcriptome analysis showed that the compounds 
inhibited LPS-mediated induction of pro-inflammatory genes (InhbA, Ifit1) and 
suggested potential inhibition of regulators such as toll-like receptor 4 (TLR4), MyD88, 
and interferon regulatory factor 3 (IRF3), whereas anti-inflammatory genes (SerpinB2) 
and potential regulators IL-10, sirtuin 1 (Sirt-1), fluticasone propionate were induced. 
Additionally, transcriptome analysis of 13-HDHEA suggests a potential anti-angiogenic 
role. In contrast to known oxylipin-lowering effects of DHEA, liquid chromatography 
coupled to tandem mass spectrometry (LC-MS/MS) analyses revealed that 13- and 
16-HDHEA did not affect oxylipin formation. Overall, the anti-inflammatory effects 
of 13-HDHEA and 16-HDHEA are less pronounced compared to their parent molecule 
DHEA. Therefore, we propose that COX-2 metabolism of DHEA acts as a regulatory 
mechanism to limit the anti-inflammatory properties of DHEA.
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5.2 Introduction 

Long chain n-3 polyunsaturated fatty acids (LC-PUFAs) are essential for neural 
development and functioning, and have been linked to certain beneficial health 
effects. For example, n-3 LC-PUFAs have been associated with neuroprotective and 
anti-depressant effects, improved endothelial functioning, lowered triglyceride levels, 
functional fetal and infant development, and proper cardiovascular and immune 
functioning.1-3 Moreover, n-3 LC-PUFAs are described to inhibit propagation of many 
(chronic) inflammatory diseases like inflammatory bowel disease,4 cardiovascular 
disease,5-6 rheumatoid arthritis,7-9 and asthma.10 Notwithstanding this, the potential 
health effects of n-3 LC-PUFAs are continuously being challenged by new studies. 
Suggested explanations for these apparent discrepancies are differences in the level of 
intake or administered dose, and the study population.1 

One of the most studied n-3 LC-PUFAs is docosahexaenoic acid (DHA; C22:6-n3). 
DHA exerts immunomodulating effects through various mechanisms.1 First, DHA 
can directly bind to receptors or key regulators of inflammatory processes,11 such as 
peroxisome proliferator-activated receptor gamma (PPARγ)12 or the G-protein coupled 
receptor 120 (GPR120).13-14 Second, increased dietary DHA intake alters the cell membrane 
composition leading to a higher n-3 content. This change in membrane composition 
leads to a decreased production of pro-inflammatory n-6 oxylipins and increases 
the production of potent inflammation resolving n-3 oxylipins including resolvins, 
protectins, and maresins.1, 11, 15-19 Third, DHA is converted to the endocannabinoid-like 
structure docosahexaenoyl ethanolamide (DHEA) (Figure 5-1). DHEA is endogenously 
present in the circulation and tissues in humans and animals,15, 20-25 and its levels 
are generally increased after DHA intake, for example by consumption of n-3 fatty 
acid-containing products such as fatty fish or fish oil supplements.15, 20, 22, 26 Although 
the exact biosynthetic route of DHEA is yet to be determined, evidence suggests the 
involvement of N-acyl transferase and N-acyl phosphatidylethanolamine-specific 
phospholipase D (NAPE-PLD).27-28 Breakdown of DHEA is subsequently mediated by fatty 
acid amide hydrolase (FAAH) (Figure 5-1).28 Importantly, DHEA is a potent inhibitor of 
inflammation in various models.1, 28-29 For example, DHEA inhibits neuroinflammation 
via interaction with the GPR110,28, 30 and reduces the production of inflammation 
markers like monocyte chemoattractant protein 1 (MCP-1), NO, IL-6, and prostaglandin 
E2 (PGE2) in LPS-stimulated RAW264.7 macrophages and 3T3-L1 adipocytes.1, 29, 31-33

DHEA can be oxygenated to form DHEA derived metabolites with novel biological 
activities.1, 34 Previously, 15-lipooxygenase (15-LOX) was shown to metabolize DHEA into 
17-hydroxydocosahexaenoyl ethanolamide (17-HDHEA), which is further metabolized 
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into 10,17-dihydroxydocosahexaenoyl ethanolamide (10,17-diHDHEA), 15-hydroxy-
16(17)-epoxy-docosapentaenoyl ethanolamide (15-HEDPEA), and 13-HEDPEA. Of those 
metabolites, 10,17-diHDHEA and 15-HEDPEA prevented formation of platelet-leukocyte 
aggregates in human whole blood, and 15-HEDPEA possessed organ protecting roles in 
mouse reperfusion second organ injury.35 CYP450-derived epoxide metabolites of DHEA 
were also shown to possess anti-inflammatory, anti-angiogenic, anti-migratory, and 
antitumorigenic properties.36-37 Collectively, these data underline that DHEA is not an 
end product of DHA and ethanolamine, but that its oxygenated metabolites possess a 
variety of immunomodulatory properties. 

Figure 5-1 Overview of the COX-2 mediated synthesis 
of 13-HDHEA and 16-HDHEA from DHEA, including 
the suggested synthesis of DHEA from DHA involving 
N-acyl transferase and NAPE-PLD. Hydrolysis of DHEA 
to DHA is mediated by FAAH. 

Recently, we showed that COX-2 also metabolizes DHEA (Chapter 4).38 Using enzyme 
assays, we demonstrated that purified COX-2 converts DHEA into 13- and 16-HDHEA, 
and we confirmed its formation in 1.0 μg/mL LPS-stimulated RAW264.7 macrophages 
(Figure 5-1).38 Because of the observed immunomodulatory properties of the various 
oxygenated DHEA metabolites, it is tempting to speculate that 13- and 16-HDHEA 
also exert biological effects. To determine that this is indeed the case, we performed 
a series of studies to unravel the immunomodulating properties of 13- and 16-HDHEA 
in comparison to their parent DHEA. In the current work, we analyzed the biological 
effects of the compounds on the level of individual cytokines using ELISAs. Subsequently, 
we measured effects on mRNA expression levels in RAW264.7 macrophages using 
transcriptomic analysis. Finally, we screened the production of lipid mediators from 
several selected enzymes using targeted metabolomics with LC-MS/MS. 
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5.3 Materials and methods

5.3.1 Materials
DHEA (≥98%), (±)13-HDHA (≥98%), (±)16-HDHA (≥98%), 5-HETE (≥ 5%), 5-HETE-d8 (≥99% 
deuterated forms (d1-d8)), LTB4 (≥97%), LTC4 (≥97%), LTD4 (≥97%), LTD4-d5 (≥99% deuterated 
forms (d1-d5)), PGE2 (≥98%), PGD2 (≥98%), PGE2-d4 (≥99% deuterated forms (d1-d4)), DHA 
(≥98%), and DHA-d5 (≥99% deuterated forms (d1-d5)) were purchased from Cayman 
Chemical (supplied by Sanbio B.V., Uden, NL). Isobutyl chloroformate (≥ 98%) was 
purchased at Fisher Scientific (Landsmeer, NL). Absolute ethanol (EtOH) (for analysis, 
EMSURE®), ethanolamine (≥ 99%), Distilled Et3N (≥99.5%), Lipopolysaccharides from 
Escherichia coli O111:B4 (L3024), and Triton X-100 were purchased from Sigma Aldrich 
(Zwijndrecht, NL). Chloroform-d (100.0 atom% D) was obtained from Janssen Chimica 
(Beerse, BE). Dichloromethane (DCM) for the synthetic procedure of the standards was 
purified using a Pure Solv 400 solvent purification system from Innovative Technology 
(Amesburry, USA). Acetonitrile (ACN) (≥99.9%, HiPerSolv CHROMANORM® for LC-MS) 
was obtained from VWR Chemicals (Amsterdam, NL). Formic acid (FA) (99%, ULC/MS) 
was purchased from Biosolve B.V. (Valkenswaard, NL). Ultrapure water was filtered by 
a MilliQ integral 3 system from Millipore (Molsheim, FR). 1x PBS (pH 7.4), Dulbecco’s 
Modified Eagle’s Medium (DMEM) and penicillin and streptomycin were purchased 
from Corning (supplied by Fisher Scientific, Landsmeer, NL). Fetal calf serum (FCS) 
was obtained from Biowest (supplied by VWR International B.V., Amsterdam, NL), 
Probumin® BSA was purchased from Merck (Zwijndrecht, NL). 

5.3.2 Synthesis of 13-HDHEA or 16-HDHEA
Synthesis of 13-HDHEA and 16-HDHEA was performed according to a previously 
reported method.38 In short, 500 μg of 13-HDHA or 16-HDHA dissolved in EtOH (1 eq., 1.45 
μmol) was evaporated to dryness using co-evaporation with DCM, and dissolved in 2 mL 
dry DCM under argon atmosphere. Then, 100 μL of a freshly prepared solution of 282 
μL Et3N in 10 mL dry DCM was added (14 eq., 20.3 μmol), followed by the addition of 100 
μL of a freshly prepared solution of 226 μL isobutyl chloroformate in 10 mL dry DCM 
(12 eq., 17.4 μmol). The solutions were stirred at room temperature for 1 h under argon 
atmosphere to form the mixed anhydrides, before the reaction was cooled on ice. To the 
mixed anhydrides, 100 μL of a freshly prepared solution of 223 μL Et3N (11 eq., 16.0 μmol) 
and 96 μL ethanolamine (11 eq., 16.0 μmol) in 10 mL dry DCM was added. The reactions 
were stirred on ice overnight. The next day, the reaction mixtures were evaporated 
and dissolved in 500 μL water:ACN (30:70) to purify the product by preparative high 
pressure reversed phase liquid chromatography (HPLC) (vide infra). After purification, 
169 μg of 13-HDHEA and 151 μg of 16-HDHEA were obtained, which equals an isolated 
yield of 30% and 27%, respectively. NMR spectra and LC-HRMS chromatograms of the 
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obtained compounds are provided in the Supporting Information of the original article 
(available at doi: 10.1016/j.bbalip.2021.158908). 

5.3.3 Preparative HPLC
13-HDHEA and 16-HDHEA were purified on a Zorbax Eclipse XDB-C18 column (9.4 × 
250 mm, 5 μ) from Agilent Technologies B.V. (Amstelveen, NL). The purification was 
performed using an isocratic run of 30:70 water:ACN containing 0.1% FA with a flow 
rate of 4 mL/min. The purified compounds were evaporated to dryness using a rotary 
evaporator and subsequent freeze drying. The samples were dissolved in absolute EtOH 
for quantification and use in cell culture experiments. 

5.3.4 HPLC quantification 
Subsequent quantification of the HDHEA compounds was based on the UV absorption 
at 240 nm, caused by the conjugated diene structure in the oxidized PUFAs and their 
ethanolamine derived product; the UV-absorption of DHEA indicated that the amide 
structure of the endocannabinoid does not contribute to the 240 nm absorption. 
Calibration curves of 13-HDHA and 16-HDHA were injected in concentrations ranging 
from 0–100 μg/mL in duplicate, using 10 μL per injection. The chromatography was 
performed on a Zorbax Eclipse XDB-C18 column (4.6 × 250 mm, 5 μ) from Agilent 
Technologies B.V. (Amstelveen, NL), using an isocratic run of 30:70 water:ACN containing 
0.1% FA with a flow rate of 1 mL/min. 

5.3.5 Cell incubations
RAW264.7 macrophages (American Type Culture Collection, Teddington, UK) were 
cultured in DMEM containing 10% fetal calf serum (FCS) and 1% penicillin and 
streptomycin (P/S) at 37 °C in a 5% CO2 humidified incubator. For the incubations 2 
mL of 250.000 cells/mL were seeded in 6-wells plates. After 24 h, the medium of the 
adherent cells was discarded and replaced by fresh medium containing vehicle (0.1% 
EtOH), DHEA, 13-HDHEA, 16-HDHEA or a combination of 13-HDHEA and 16-HDHEA. 
During the incubations, the final concentration of EtOH was preserved at 0.1% in DMEM. 
After 30 min pre-incubation with the compounds, the macrophages were stimulated 
with 1.0 μg/mL LPS. This was achieved by adding 20 μL of 100 μg/mL LPS (10% PBS in 
medium) to the cells. Control incubations without LPS were supplied with 20 μL 10% 
PBS in medium. After 24 h, the medium of the adherent cells was used for biological 
assays immediately or stored at –80 °C. The cells were lysed using RLT buffer from 
Qiagen Benelux B.V. (Venlo, NL) to extract the RNA from the macrophages (vide intra), 
which was stored at –80 °C. Experiments were performed three times using technical 
duplicates.
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5.3.6 Cell Cytotoxicity
To evaluate the cytotoxicity of the added compounds an LDH cytotoxicity Kit form 
Roche (Woerden, NL) was used to measure extracellular lactate dehydrogenase. The 
LDH assay was measured immediately after collection of the sample medium. In short, 
50 μL of a reagent solution (1:45 LDH reagent 1:LDH reagent 2) was mixed with 50 μL of 
sample medium. The plate was then incubated at room temperature until the positive 
control (cells treated with 1% Triton X-100) colored dark red. The reaction was quenched 
with 25 μL of 1.0 M HCl before the absorbance was read with a plate reader at 492 nm.

5.3.7 Determination of NO concentration 
Production of NO in LPS-stimulated macrophages was measured using a Griess assay 
from Cayman Chemical (supplied by Sanbio B.V., Uden, NL). The assay was performed 
directly after collection of the medium by adding 50 μL of Griess Reagent 1 and 50 μL 
Griess Reagent 2 to 100 μL of the medium. The samples were mixed at room temperature 
until the color developed. The samples were compared to a nitrite standard ranging 
from 0–35 μM, after blank subtraction. The samples were measured on an ELISA plate 
reader at 540 nm.

5.3.8 Determination of cytokine concentrations
Concentrations of excreted IL-6, IL-1β, IL-1Ra, and TNFα in the sample medium of the 
24 h treated macrophages were determined by the appropriate ELISA assays [i.e., a 
mouse IL-6 DuoSet ELISA, mouse IL-1ra/IL-1F3 DuoSet ELISA, mouse IL-1 beta/IL-1F2 
DuoSet ELISA, and mouse TNF-alpha DuoSet ELISA were purchased from R&D systems 
(Abingdon, UK)] according to the description of the manufacturer. IL-1β concentration 
was determined in undiluted medium samples; IL-1Ra was determined in 10× diluted 
medium samples; TNFα and IL-6 concentrations were determined in 100× diluted 
medium samples.

5.3.9 Transcriptome analysis 
Cellular incubations with the synthesized compounds were performed three times 
containing technical duplicates. RNA from the technical duplicates were pooled for 
each separate experiment, thereby obtaining a single RNA sample from each condition 
for each of the three independent experiments. For the transcriptome analyses we used 
RNA from 1.0 μg/mL LPS-stimulated RAW264.7 macrophages that were pre-incubated 
for 30 mins with vehicle (0.1% EtOH), 5.0 μM 13-HDHEA, 5.0 μM 16-HDHEA, or a mixture 
containing 2.5 μM 13-HDHEA and 2.5 μM 16-HDHEA.

RNA from the lysed macrophages was purified according to the description of the 
manufacturer using a RNeasy© Micro kit from Qiagen Benelux B.V. (Venlo, NL). After 
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purification on the columns, RNA was eluted using 20 μL of RNAse free water. RNA 
concentration was determined using nanodrop, and RNA quality was assessed using 
RNA 6000 nanochips on the Agilent 2100 bioanalyzer from Agilent Technologies B.V 
(Amstelveen, NL). All RNA exceeded an RNA integrity number (RIN) of 9.5. Per sample, 
100 ng of purified total RNA was labelled with the Whole-Transcript Sense Target Assay 
kit from Affymetrix (Life Technologies, Bleiswijk, NL, P/N 902281), which was hybridized 
to an Affymetrix GeneChip Mouse Gene 2.1 ST arrays (Life Technologies, Bleiswijk, NL). 
Hybridization, washing, and scanning of the peg arrays were carried out on an Affymetrix 
GeneTitan instrument according to the recommendations of the manufacturer. 

Microarray quality control and data analysis pipeline have been described in detail 
previously.39 Briefly, normalized expression estimates of probe sets were computed by 
the robust multiarray analysis (RMA) algorithm40 as implemented in the Bioconductor 
library oligo.41 Probe sets were redefined using current genome information according to 
Dai et al.42 based on annotations provided by the Entrez Gene database, which resulted 
in the profiling of 27381 unique genes (custom CDF v24). Differentially expressed probe 
sets (genes) compared to the vehicle control were identified by using linear models 
(library limma) and an intensity-based moderated t-statistic.43-45 The heterogeneity in 
gene expression profiles that was observed in PCA plots was taken into account by fitting 
a heteroskedastic model that included relative quality weights that were computed 
for each sample per experimental group.46-47 Probe sets that satisfied the criterion of 
moderated P-value < 0.01, and average gene expressions (average log2 expression >3.5) 
were considered to be significantly regulated (Table 5-S1). The microarray data set has 
been submitted to the Gene Expression Omnibus (accession number GSE160086).

5.3.10 IPA® analysis 
Functional and Upstream Regulator analysis was performed using Ingenuity Pathway 
Analysis (IPA®) (http://www.ingenuity.com/science/knowledgebase) from Qiagen Benelux 
B.V. (Venlo, NL) in July 2020. The Ingenuity Knowledge Base is a knowledge repository 
that houses the biological and chemical relationships extracted from the scientific 
literature, and this information was used to analyze the effects between transcriptional 
regulators (from transcription factor, to micro-RNA, kinase, compound or drug, that 
affects the expression of other molecules) and their target genes. IPA® examines the 
number of known gene targets for each transcription regulator that is present in the 
data set, and compares both direction and change (i.e., expression of a gene in the 
13- and 16-HDHEA treatment compared to the vehicle) to stored pathways extracted 
from literature (http://pages.ingenuity.com/IngenuityUpstreamRegulatorAnalysisWhitepaper.
html). Using this prediction tool, potential upstream regulators and potential cellular 
processes that may have been affected by 13- and 16-HDHEA are identified.
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Differentially expressed genes between vehicle treated LPS-stimulated macrophages 
and the various HDHEA compounds (i.e., 5.0 μM 13-HDHEA, 5.0 μM 16-HDHEA, 2.5 μM 
13-HDHEA and 2.5 μM 16-HDHEA combined) treated LPS-stimulated macrophages were 
included in the input of the IPA® analysis. In the output the upstream transcriptional 
regulators were scored using an activation Z-score. Cut-off values for the activation 
Z-score are 2.0 for induced upstream regulators or –2.0 for inhibited upstream 
regulators. Similarly, Z-score cut-offs of 2.0 and –2.0 were used in diseases and functions 
analysis. Moderated P values give significance of the observed regulator pathways and 
functions. In the results only significant (P<0.01) pathways and functions are displayed. 

5.3.11 LC-MS/MS quantification of oxylipins and PUFAs
LC-MS/MS-based quantification of various eicosanoids and PUFAs was performed by 
extracting 187.5 μL sample medium with 1.5 mL MeOH containing 1.33 ng/mL of the 
internal standards PGE2-d4, 5-HETE-d8, LTD4-d5, DHA-d5 on ice for 30 min. The samples 
were centrifuged at 4 °C at 14000 rpm, after which the supernatant was diluted with 
6 mL ultrapure water containing 0.1% formic acid (FA). The samples were purified 
over HLB oasis SPE columns from Waters Chromatography B.V. (Breda, NL). The 
columns were activated using 2 mL of MeOH, and equilibrated using 2 mL ultrapure 
water containing 0.1% FA. Subsequently, the samples were loaded, after which the 
columns were washed using 2 mL 20% MeOH in ultrapure water containing 0.1% FA. 
The columns were dried for 15 min and the oxylipins and PUFAs were eluted using 1 
mL MeOH. The eluates were collected in borosilicate glass vials containing 20 μL of 
500 μM butylated hydroxytoluene and 10% glycerol in EtOH to prevent oxidation of 
the oxylipins and to allow for proper evaporation on a Turbovap evaporator (Biotage; 
Uppsala, SE). The samples were dissolved in 100 μL of absolute EtOH, after which 6 
μL of the samples were injected on an ultra-high pressure liquid chromatography 
(UPLC) coupled to a TQS mass spectrometer from Waters Chromatography B.V. (Breda, 
NL). The MS settings were optimized and measured in the negative ionization mode 
using 2.5 kV capillary voltage, 40 V cone voltage, source offset 20, 600 °C desolvation 
temperature. The chromatographic separation was accomplished on a Zorbax Eclipse 
Plus C18 column 2.1 × 150 mm, 1.8 μ from Agilent Technologies B.V. (Amstelveen, NL) 
using gradient elution with solvent A containing 5% ACN in ultrapure water with 0.1% 
FA, and solvent B containing 100% ACN with 0.1% FA. The gradient started by applying 
5% B in A followed by a linear increase to 30% B, which was achieved after 5 min. This 
was followed by a linear increase towards 50% B, which was achieved at min 11.25 and 
maintained until min 13.25. The system was subsequently switched to 100% B which 
was achieved at min 15.75 and maintained until min 18.75, after which the system was 
equilibrated at 5% B until min 22. The mass fragmentation settings were optimized per 
compound (Table 5-1). Peak identification and quantification were performed using 
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TargetLynx version 4.1 software from Waters Chromatography B.V. (Breda, NL). Quality 
control samples were included to check the quality of the analysis.

Table 5-1 Overview of the parent and fragment ions, including their collision energy, that were 
used in the LC-MS/MS quantification of the PUFAs and oxylipins. 
Molecule Parent ion (m/z) Fragment ion (m/z) Collision energy (eV)
DHA 327.2 229.2 15
DHA-d5 332.2 288.2 15
5-HETE 319.2 115.0 15
5-HETE-d8 327.1 116.0 15
LTB4 335.1 195.0 15
LTC4 623.8 271.8 15
LTD4 494.9 176.8 15
LTD4-d5 499.9 176.8 15
PGD2 351.1 271.1 15
PGE2 351.1 271.1 15
PGE2-d4 355.1 275.1 15

5.3.12 Statistical analyses
Experiments were performed three times containing two technical replicates. Data is 
expressed as average percentage relative to 1.0 μg/mL LPS treated vehicle control (set as 
100%) containing standard deviation or standard error of the mean. Statistical analysis 
was performed using a non-parametric one-way ANOVA followed by a Dunnet’s 
t-test. P-values assigned as statistically relevant are classified as P<0.05, P<0.01, P<0.001. 
Statistical differences between treatments were shown if an effect was found on 13- and 
16-HDHEA (non-parametric one-way ANOVA followed by a Tukey multiple comparison 
test, post hoc).  

5.4 Results

5.4.1 Cytotoxicity of test compounds
Cytotoxicity of DHEA, 13-HDHEA and 16-HDHEA was evaluated by measuring the 
LDH release from 1.0 μg/mL LPS-stimulated and incubated RAW264.7 macrophages. 
Macrophages were incubated for 24.5h with 2.5 μM and 5.0 μM of the test compounds, 
or a combination of 2.5 μM 13-HDHEA and 2.5 μM 16-HDHEA. Neither the individual 
compounds nor the combination showed a significant cytotoxic effect on the 
macrophages when compared to the vehicle control with 1.0 μg/mL LPS stimulation 
(Figure 5-S1).
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5.4.2 13- and 16-HDHEA do not reduce LPS induced NO and IL-6 release
The effects of 13- and 16-HDHEA and DHEA on the release of the inflammatory 
mediators nitric oxide (NO) and IL-6 were investigated using LPS-stimulated RAW264.7 
macrophages. No significant effect was observed for 13-HDHEA and 16-HDHEA on NO 
release after 24.5h, whereas the parent compound DHEA caused a small but significant 
inhibition for NO (Figure 5-2A). Statistical testing showed that DHEA treatment 
significantly reduced NO release (71 ± 6 % at 2.5 μM DHEA (P<0.05); 66 ± 18 % at 5 μM 
DHEA (P<0.05)).

Similarly, 13-HDHEA and 16-HDHEA did not affect IL-6 production (Figure 5-2B). DHEA 
again showed a significant reduction of IL-6 production, although the levels of 2.5 μM 
and 5 μM were the same (i.e., to 75 ± 6 % at 2.5 μM DHEA (P<0.01); and to 77 ± 11 % at 5 
μM DHEA (P<0.05)). 

5.4.3 13-HDHEA reduces LPS induced production of TNFα and IL-1β 
Incubation of LPS-stimulated cells with 5 μM 13-HDHEA resulted in lower TNFα 
concentrations (83 ± 7 % (P<0.05)) compared to the vehicle (Figure 5-2C). Incubations 
with DHEA also caused significant reduction of TNFα production (to 82 ± 4 % at 2.5 μM 
DHEA (P<0.001); and to 88 ± 2 % at 5 μM DHEA (P<0.01)). Statistical analysis using Tukey’s 
multiple comparison test showed no additional significant differences between the 
various treatments. 

Incubation of LPS-stimulated cells with 5 μM 13-HDHEA also significantly reduced IL-1β 
cytokine concentrations (to 78 ± 6 % (P<0.05)) compared to the vehicle (Figure 5-2D). 
In addition, IL-1β concentration was reduced by the incubation with the mixture of 
2.5 μM 13-HDHEA and 2.5 μM 16-HDHEA (to 80 ± 8 % (P<0.05)). DHEA also reduced IL-
1β cytokine levels (i.e., to 71 ± 2 % at 2.5 μM DHEA (P<0.001); 59 ± 9 % at 5 μM DHEA 
(P<0.001)). Statistical analysis using Tukey’s multiple comparison test indicated that 5 
μM DHEA treatment was significantly more effective in reducing IL-1β compared to 2.5 
μM 13-HDHEA and 16-HDHEA (P<0.05), but not compared to 5 μM 13-HDHEA. 

5.4.4 13- and 16-HDHEA reduce LPS induced production of IL-1Ra
Incubation of LPS-stimulated cells with 13-HDHEA and 16-HDHEA displayed inhibiting 
trends on IL-1Ra production (Figure 5-2E). Reduced IL-1Ra production was established 
when the macrophages were incubated with the mixture of 2.5 μM 13-HDHEA and 2.5 
μM 16-HDHEA (to 66 ± 9 % (P<0.001)), or with only 5 μM 16-HDHEA (to 70 ± 7 % (P<0.01)). 
Interestingly, incubations with only 13-HDHEA or DHEA did not result in a significant 
reduction of IL-1Ra. Statistical analysis using Tukey’s multiple comparison test showed 
no additional significant differences between the various tests.  
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Figure 5-2 Production of NO (a), IL-6 (b), TNFα (c), IL-1β (d), and IL-1Ra (e) released from 1.0 μg/mL 
LPS-stimulated RAW264.7 macrophages, incubated with 2.5 µM or 5 µM DHEA, 13-HDHEA, 16-HDHEA 
and a combined exposure to 2.5 μM 13-HDHEA and 2.5 μM 16-HDHEA. Cells were pre-treated with 
the compounds for 30 min before 1.0 µg/mL LPS addition and incubation of 24 h. Data are expressed 
as % relative to the vehicle control with 1.0 μg/mL LPS (=100%). Bars represent averages with SD from 
n=3 independent experiments containing technical duplicates. Asterisks indicate significant 
differences from the vehicle with 1.0 μg/mL LPS control (one-way ANOVA, Dunnett’s t-test post hoc; 
* P<0.05, ** P<0.01, *** P<0.001). Statistical testing showed significant effects compared to 5 μM 
DHEA treatment (a) (one-way ANOVA, Tukey multiple comparison test post hoc; P<0.05).   

5.4.5	13-	and	16-HDHEA	reduce	expression	of	InhbA	and	Ifit1,	and	induce	expression	
of	SerpinB2,	Ptgsh1,	Alox5	and	Ppbp		

Because 13-HDHEA and 16-HDHEA showed relatively moderate effects on the production and 
release of inflammatory mediators NO, IL-6, IL-1Ra, IL-1β, and TNF-α in LPS-stimulated 
macrophages, it was decided to continue exploring the effects of 13- and 16-HDHEA by 
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Asterisks indicate significant differences from the vehicle with 1.0 μg/mL LPS control (one-way 
ANOVA, Dunnett’s t-test post hoc; * P<0.05, ** P<0.01, *** P<0.001). Statistical testing showed 
significant effects compared to 5 μM DHEA treatment (a) (one-way ANOVA, Tukey multiple 
comparison test post hoc; P<0.05).  

5.4.5 13- and 16-HDHEA reduce expression of InhbA and Ifit1, and induce 
expression of SerpinB2, Ptgsh1, Alox5 and Ppbp 
Because 13-HDHEA and 16-HDHEA showed relatively moderate effects on the 
production and release of inflammatory mediators NO, IL-6, IL-1Ra, IL-1β, and TNF-α 
in LPS-stimulated macrophages, it was decided to continue exploring the effects of 
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13- and 16-HDHEA by investigating the effects on full gene expression profiles of LPS-
stimulated RAW264.7 macrophages. For transcriptome analysis, incubations with 
5 μM 13-HDHEA, 5 μM 16-HDHEA, and the mixture of 2.5 μM 13-HDHEA and 2.5 μM 
16-HDHEA were compared to the vehicle control. Transcriptome analysis revealed 203 
differentially expressed genes for exposure to 13-HDHEA, 120 differentially expressed 
genes for incubation with 16-HDHEA, and 165 differentially expressed genes for the 
combined 13-HDHEA and 16-HDHEA exposure (Table 5-S1). For 13-HDHEA exposure the 
ribosomal protein L23A (Rpl23a) gene was most strongly induced, and the predicted 
gene 15754 (Gm15754) was most strongly reduced. For 16-HDHEA strongest induction 
was obtained for melanoma antigen, family A, 2 (Magea2), and highest reduction 
was obtained for gasdermin C-like 2 (Gsdmcl2). Combined incubation with 13- and 
16-HDHEA resulted in strongest induction of the predicted gene 7665 (Gm7665), and 
highest reduction of an unannotated gene. Twenty of the differentially expressed 
genes were shared among the various incubations with HDHEA (Figure 5-3, Table 5-2). 
Among these genes, pro-platelet basic protein (Ppbp) was most strongly induced by 
13-HDHEA, whereas GM4924 was most strongly induced by 16-HDHEA. Interestingly, 
the inflammatory resolution related gene serine peptidase inhibitor, clade B, member 
2 (SerpinB2) was significantly induced by HDHEA exposure.48 Next to the induction of 
resolution related genes, inhibition of the inflammatory regulating genes interferon-
induced protein with tetratricopeptide repeats 1 (Ifit1) and inhibin beta-A (InhbA) 
was observed.49-50 Finally, the oxylipin regulating genes prostaglandin-endoperoxide 
synthase 1 (Ptgsh1) and arachidonate 5-lipoxygenase (Alox5) were also found to be 
induced in all conditions tested. 

Figure 5-3 Venn diagram showing overlap of significantly 
expressed genes (P<0.01 and average log2 expression 
value > 3.5) of the 1.0 μg/mL LPS-stimulated RAW264.7 
macrophages, incubated with 5 μM 13-HDHEA (blue), 5 μM 
16-HDHEA (red), and a combinatorial 2.5 μM 13-HDHEA 
and 2.5 μM 16-HDHEA incubation (green). Cells were 
incubated for 24 h, and pre-treated with the compounds 
30 min before LPS addition. Experiments were performed 
three times individually with pooled technical duplicates. 

The Venn diagram was drawn using the free online Venn diagram drawing tool (http://
bioinformatics.psb.ugent.be/webtools/Venn/).
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Table 5-2 Fold change of significantly induced/reduced genes (P<0.01) between the vehicle 
exposed LPS-stimulated macrophages and the 5 µM 13-HDHEA, 5 µM 16-HDHEA, and the 
mixture of 2.5 µM 13-HDHEA and 2.5 µM 16-HDHEA exposed LPS-stimulated macrophages 
after 24 h incubation. Inhibited genes are displayed in green, induced genes in red (average log2 
expression value >3.5; Average Expr >11.314). LPS stimulation was performed using 1.0 µg/mL 
LPS 30 min after pre-treatment of the compounds. Data is obtained from three independent 
pooled technical duplicates.

5.4.6 Upstream regulator pathway analysis reveals an anti-inflammatory 
signature for 13- and 16-HDHEA
To investigate whether the observed changes in gene expression showed a consistent 
pattern or relation with known regulators and pathways, Ingenuity Pathway Analysis 
(IPA®) was performed (July, 2020). Identified upstream regulators clearly show an anti-
inflammatory signature (Figure 5-4). Many of the upstream regulators were classified 
by IPA® as potentially inhibited, like TLR4, MyD88, IRF3, IRF7, STAT1, and several IFNs are 
involved in LPS signaling through TLR4.51-52 Potentially induced regulators like IL-10RA, 
SIRT-1, and that of the anti-inflammatory drug fluticasone propionate are generally 
involved in anti-inflammatory processes.53-55 Analysis of stimulated macrophages 
incubated with 16-HDHEA at 5 μM did not reveal any significantly affected upstream 
regulators.
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5.4.6	Upstream	regulator	pathway	analysis	reveals	an	anti-inflammatory	signature	
for	13-	and	16-HDHEA	

To investigate whether the observed changes in gene expression showed a consistent pattern or 
relation with known regulators and pathways, Ingenuity Pathway Analysis (IPA®) was performed 
(July, 2020). Identified upstream regulators clearly show that an anti-inflammatory signature 
(Figure 5-4). Many of the upstream regulators were classified by IPA® as potentially inhibited, 
like TLR4, MyD88, IRF3, IRF7, STAT1, and several IFNs are involved in LPS signaling through 
TLR4.51-52 Potentially induced regulators like IL-10RA, SIRT-1, and that of the anti-inflammatory 
drug fluticasone propionate are generally involved in anti-inflammatory processes.53-55 Analysis 
of stimulated macrophages incubated with 16-HDHEA at 5 μM did not reveal any significantly 
affected upstream regulators. 
 

 
Figure 5-4 Activation Z-scores of affected upstream regulators of 5 μM 13-HDHEA treated (a and b) 
and 2.5 μM 13-HDHEA and 2.5 μM 16-HDHEA combined treatment (c and d) in 1.0 μg/mL LPS-
stimulated RAW264.7 macrophages. Upstream regulators shown have a Z-score <–2.0 (a and c) or Z-
score >2.0 (b and d), and are significant compared to the vehicle control (P<0.01). 

Functional IPA® analysis was performed in order to link the alterations in expression to 
physiological processes with similar changes. This approach generates hypotheses concerning 
the functional consequences of the observed changes in gene expression. The functional IPA® 
analyses suggested that 5 µM 13-HDHEA changed the expression of gene sets associated with a 
decrease in angiogenesis, apoptosis of prostate cancer cells, and the development of epithelial 
tissue (Figure 5-5A). Subsequently, gene sets associated with cell movement, adhesion of 
immune cells, degeneration of connective tissue, and production of radical oxygen species (ROS) 

Figure 5-4 Activation Z-scores of affected upstream regulators of 5 μM 13-HDHEA treated (a 
and b) and 2.5 μM 13-HDHEA and 2.5 μM 16-HDHEA combined treatment (c and d) in 1.0 μg/
mL LPS-stimulated RAW264.7 macrophages. Upstream regulators shown have a Z-score <–2.0 
(a and c) or Z-score >2.0 (b and d), and are significant compared to the vehicle control (P<0.01).

Functional IPA® analysis was performed in order to link the alterations in expression 
to physiological processes with similar changes. This approach generates hypotheses 
concerning the functional consequences of the observed changes in gene expression. 
The functional IPA® analyses suggested that 5 μM 13-HDHEA changed the expression 
of gene sets associated with a decrease in angiogenesis, apoptosis of prostate cancer 
cells, and the development of epithelial tissue (Figure 5-5A). Subsequently, gene sets 
associated with cell movement, adhesion of immune cells, degeneration of connective 
tissue, and production of radical oxygen species (ROS) for 5 μM 13-HDHEA were identified 
as potentially induced (Figure 5-5B). Incubation with 5 μM 16-HDHEA also resulted in 
regulation of gene sets associated with an increase in cell movement of phagocytes 
and adhesion of immune cells (Figure 5-5C). The combined incubation with 2.5 μM 
13-HDHEA and 2.5 μM 16-HDHEA only pointed to potential increased inflammatory 
functions (Figure 5-5D).



Chapter 5. Immunomodulating effects of 13-HDHEA and 16-HDHEA

158

156 
 

for 5 μM 13-HDHEA were identified as potentially induced (Figure 5-5B). Incubation with 5 μM 
16-HDHEA also resulted in regulation of gene sets associated with an increase in cell movement 
of phagocytes and adhesion of immune cells (Figure 5-5C). The combined incubation with 2.5 
μM 13-HDHEA and 2.5 μM 16-HDHEA only pointed to potential increased inflammatory 
functions (Figure 5-5D). 

 

Figure 5-5 Activation Z-scores of disease and function annotations of 5 μM 13-HDHEA treated (a and 
b), 5 μM 16-HDHEA (c), and 2.5 μM 13-HDHEA and 2.5 μM 16-HDHEA combined treatment (d) of 1.0 
μg/mL LPS-stimulated RAW264.7 macrophages. Inhibited diseases and functions have a Z-score <–2.0 
(a), and induced diseases and functions have a Z-score >2.0 (b-d). All diseases and functions are 
significantly affected compared to the vehicle control (P<0.01). 

5.4.7	13-	and	16-HDHEA	do	not	affect	oxylipin	profiles		

Giving the inducing effects of 13-HDHEA and 16-HDHEA on the expression of the lipid 
metabolizing genes Ptgs1, Alox5 (Table 5-2), and the inducing effect of 13-HDHEA on leukotriene 
synthase C4 (Ltc4s) (Table 5-S1), we continued with lipidomic analyses to further validate the 
consequences of the altered gene expression levels of these lipoxygenases. To this end, a 
targeted LC-MS/MS method was developed to detect 5-HETE and LTB4 as Alox5 products, LTC4 
and LTD4 as products of Ltsc4, PGE2 and PGD2 as Ptgsh1 (also known as COX-1) and Ptgsh2 (also 
known as COX-2) products, and DHA as DHEA precursor in LPS-stimulated macrophages. PGE2 
excretion was significantly inhibited by DHEA (to 38 ± 6 % at 2.5 µM (P<0.001); and to 21 ± 10 % 
at 5 μM DHEA (P<0.001)) (Figure 5-6A). With 13-HDHEA and 16-HDHEA exposed cells no 
significant inhibition of the LPS induced PGE2 production was obtained. Similarly, PGD2 excretion 
was significantly reduced DHEA (to 40 ± 6 % at 2.5 µM (P<0.001); and to 26 ± 10 % at 5 μM DHEA 

Figure 5-5 Activation Z-scores of disease and function annotations of 5 μM 13-HDHEA treated 
(a and b), 5 μM 16-HDHEA (c), and 2.5 μM 13-HDHEA and 2.5 μM 16-HDHEA combined 
treatment (d) of 1.0 μg/mL LPS-stimulated RAW264.7 macrophages. Inhibited diseases and 
functions have a Z-score <–2.0 (a), and induced diseases and functions have a Z-score >2.0 (b-
d). All diseases and functions are significantly affected compared to the vehicle control (P<0.01).

5.4.7 13- and 16-HDHEA do not affect oxylipin profiles 
Giving the inducing effects of 13-HDHEA and 16-HDHEA on the expression of the lipid 
metabolizing genes Ptgs1, Alox5 (Table 5-2), and the inducing effect of 13-HDHEA on 
leukotriene synthase C4 (Ltc4s) (Table 5-S1), we continued with lipidomic analyses 
to further validate the consequences of the altered gene expression levels of these 
lipoxygenases. To this end, a targeted LC-MS/MS method was developed to detect 
5-HETE and LTB4 as Alox5 products, LTC4 and LTD4 as products of Ltsc4, PGE2 and PGD2 
as Ptgsh1 (also known as COX-1) and Ptgsh2 (also known as COX-2) products, and DHA 
as DHEA precursor in LPS-stimulated macrophages. PGE2 excretion was significantly 
inhibited by DHEA (to 38 ± 6 % at 2.5 μM (P<0.001); and to 21 ± 10 % at 5 μM DHEA 
(P<0.001)) (Figure 5-6A). With 13-HDHEA and 16-HDHEA exposed cells no significant 
inhibition of the LPS induced PGE2 production was obtained. Similarly, PGD2 excretion 
was significantly reduced DHEA (to 40 ± 6 % at 2.5 μM (P<0.001); and to 26 ± 10 % at 5 
μM DHEA (P<0.001)) (Figure 5-6B), and both 13-HDHEA and 16-HDHEA did not cause a 
reduction of PGD2 production. For the combination of 2.5 μM 13- and 16-HDHEA even a 
small but significant induction of PGD2 production was obtained. DHA levels were found 
to be significantly decreased by 13-HDHEA (to 69 ± 26 % at 2.5 μM (P<0.05); and to 70 ± 14 
% at 5 μM (P<0.05)), by 5 μM 16-HDHEA (to 64 ± 34 % (P<0.05)), and by the combination 
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of 2.5 μM 13- and 16-HDHEA (to 73 ± 32 % (P<0.05)). In contrast to a reduction of DHA 
formation after incubation with HDHEA, DHEA seemed to give an increasing trend 
on the DHA levels (Figure 5-6C). Statistical testing using a one-way ANOVA multiple 
comparisons test using Tukey’s statistics indicated a significant difference in DHA levels 
between 5 μM DHEA and 5 μM 16-HDHEA (P<0.001), 5 μM 13-HDHEA (P<0.01), and the 
combination of 2.5 μM 13-HDHEA and 16-HDHEA (P<0.01). Levels of 5-HETE, LTB4, LTC4, 
and LTD4 could not be quantified, because the concentrations were below the LOD.
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production. For the combination of 2.5 μM 13- and 16-HDHEA even a small but significant 
induction of PGD2 production was obtained. DHA levels were found to be significantly decreased 
by 13-HDHEA (to 69 ± 26 % at 2.5 µM (P<0.05); and to 70 ± 14 % at 5 μM (P<0.05)), by 5 μM 16-
HDHEA (to 64 ± 34 % (P<0.05)), and by the combination of 2.5 μM 13- and 16-HDHEA (to 73 ± 32 
% (P<0.05)). In contrast to a reduction of DHA formation after incubation with HDHEA, DHEA 
seemed to give an increasing trend on the DHA levels (Figure 5-6C). Statistical testing using a 
one-way ANOVA multiple comparisons test using Tukey’s statistics indicated a significant 
difference in DHA levels between 5 μM DHEA and 5 μM 16-HDHEA (P<0.001), 5 μM 13-HDHEA 
(P<0.01), and the combination of 2.5 μM 13-HDHEA and 16-HDHEA (P<0.01). Levels of 5-HETE, 
LTB4, LTC4, and LTD4 could not be quantified, because the concentrations were below the LOD. 

 

Figure 5-6 Release of PGE2 (a), PGD2 (b), and DHA (c) from 1.0 μg/mL LPS-stimulated RAW264.7 
macrophages, incubated with 2.5 µM or 5 µM DHEA, 13-HDHEA, 16-HDHEA, and a combined 
treatment of 2.5 μM 13-HDHEA and 2.5 μM 16-HDHEA as determined by LC-MS/MS. Cells were pre-
treated with the compounds for 30 min before 1.0 µg/mL LPS addition and incubation of 24 h. Data 
are expressed as % relative to the vehicle and 1.0 μg/mL LPS treated control (=100%). Bars represent 
means with SD from n=3 independent experiments containing technical duplicates. Asterisks indicate 
significant differences from the vehicle control (one-way ANOVA, Dunnett’s t-test post hoc; * P<0.05, 
*** P<0.001). Statistical testing showed significant effects compared to 5 μM DHEA treatment P<0.01 
(a) or P<0.001 (b) (one-way ANOVA, Tukey multiple comparison test post hoc).   

Figure 5-6 Release of PGE2 (a), PGD2 (b), and DHA (c) from 1.0 μg/mL LPS-stimulated RAW264.7 
macrophages, incubated with 2.5 µM or 5 µM DHEA, 13-HDHEA, 16-HDHEA, and a combined 
treatment of 2.5 μM 13-HDHEA and 2.5 μM 16-HDHEA as determined by LC-MS/MS. Cells 
were pre-treated with the compounds for 30 min before 1.0 µg/mL LPS addition and incubation 
of 24 h. Data are expressed as % relative to the vehicle and 1.0 μg/mL LPS treated control 
(=100%). Bars represent means with SD from n=3 independent experiments containing technical 
duplicates. Asterisks indicate significant differences from the vehicle control (one-way ANOVA, 
Dunnett’s t-test post hoc; * P<0.05, *** P<0.001). Statistical testing showed significant effects 
compared to 5 μM DHEA treatment P<0.01 (a) or P<0.001 (b) (one-way ANOVA, Tukey multiple 
comparison test post hoc).  
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5.5 Discussion

In this study we explored the biological effects of the recently discovered DHEA 
metabolites 13- and 16-HDHEA in LPS-stimulated RAW264.7 macrophages.38 Potential 
immunomodulating effects of 13- and 16-HDHEA were studied on cytokine release, 
transcriptome analysis, and via the production of several oxylipin mediators. In short, 
13-HDHEA at medium concentrations of 5 μM significantly reduced production of TNF-α 
and IL-1β in LPS-stimulated macrophages, and incubation with 5 μM 16-HDHEA led to 
a significant reduction of IL-1Ra production. The combination of 2.5 μM 13-HDHEA 
and 2.5 μM 16-HDHEA in the medium led to a significant decrease in IL-1β and IL-1Ra 
production. In contrast to the parent DHEA, 13- and 16-HDHEA did not reduce LPS-
induced IL-6 and NO levels. Transcriptome analysis revealed an anti-inflammatory 
signature for both 13-HDHEA and 16-HDHEA. Incubation with 13-HDHEA and 
16-HDHEA induced the resolution related gene SerpinB2, and was predicted to induce 
anti-inflammatory regulated pathways, including IL-10, Sirt-1, and those mimicking 
anti-inflammatory effects of the corticosteroid fluticasone propionate. Additionally, 
13-HDHEA and 16-HDHEA inhibited inflammatory regulating genes Ifit1 and InhbA, and 
were predicted to deactivate several downstream regulators of LPS activation. Finally, 
targeted lipidomic analysis revealed that in contrast to DHEA, 13- and 16-HDHEA do 
not reduce PGE2 and PGD2 production after LPS stimulation, but led to a remarkable 
decrease of DHA in the cell medium. Even though 13- and 16-HDHEA display anti-
inflammatory effects in LPS-stimulated RAW264.7 macrophages, these effects are less 
pronounced compared to DHEA.  

The anti-inflammatory effects of 13- and 16-HDHEA stand out from other known 
DHEA metabolites that have been previously described in the literature. For instance, 
5 μM of 19(20)-EDP-EA, a predominant metabolite produced by CYP450, showed a 
significant reduction in NO release and IL-6 production in 25 ng/mL LPS-stimulated 
BV-2 microglial cells.36 In contrast to these observations, our model revealed that 5 
μM of 13- or 16-HDHEA did not inhibit IL-6 and NO production, which might indicate 
a distinct anti-inflammatory profile between the CYP450- and COX-2-derived DHEA 
metabolites. A direct comparison can, however, not be made due to differences in 
the experimental setup such as a difference cell model and a substantially lower LPS 
concentration compared to our model. In the current study we specifically chose a 
relatively strong LPS stimulation of 1.0 μg/mL to maintain conditions identical to the 
conditions in which 13- and 16-HDHEA were formed, as well as to conditions in studies 
on the immuno-modulating effects of DHEA and other DHA-derived endocannabinoids 
that were previously performed in our laboratory.32-33, 38, 56-57
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Additionally, the effects of 13- and 16-HDHEA also seem to stand out from the 15-
LOX products 10,17-diHDHEA and 15-HEDPEA. 10,17-diHDHEA and 15-HEDPEA were 
previously found to reduce platelet-leukocyte aggregation in human whole blood 
at concentrations as low as 10 pM, whereas DHEA showed no activity up to 100 nM. 
Moreover, 15-HEDPEA and 10,17-diHDHEA showed increased CB2 receptor activation 
when compared to DHEA.35 Consequently, the 15-LOX metabolites seem to have 
increased anti-inflammatory potential compared to DHEA, whereas 13- and 16-HDHEA 
generally seem to be less anti-inflammatory than DHEA. Nevertheless, due to differences 
in the experimental setup, a lack of DHEA control experiment in several other 15-
LOX metabolite anti-inflammatory tests, differences in anti-inflammatory markers 
and mechanisms measured, and the use of different models, a direct and conclusive 
comparison between the anti-inflammatory potential of 15-LOX metabolites and 13- 
and 16-HDHEA cannot be made. 

Transcriptome analysis was performed to investigate mechanistic immunomodulating 
effects of 13- and 16-HDHEA, next to the modest anti-inflammatory behavior obtained 
by cytokine release. Here, expression of Ifit1 and InhbA was significantly reduced by 
both 13- and 16-HDHEA. Ifit1 is a key regulator in downstream TLR4 mediated LPS 
activation.49 InhbA leads to the production of activin A which induces early-stage 
activation of RAW264.7 macrophages leading to an inflammatory response 50. Reduction 
of expression of these genes therefore suggests anti-inflammatory effects induced by 
13-HDHEA and 16-HDHEA. In addition, Ppbp and SerpinB2 were found to be induced 
by both 13- and 16-HDHEA. Ppbp is a biomarker for lung cancer, and leads to induced 
macrophage chemotaxis.58 SerpinB2 reduces cell migration and promotes the resolution 
of inflammation, thus suggesting an anti-inflammatory role for 13- and 16-HDHEA.48 
Previously, it was observed that incubation of a different DHA derived endocannabinoid, 
docosahexeanoyl serotonin, reduced SerpinB2 gene expression in LPS stimulated 
RAW264.7 macrophages, suggesting differential effects.56 In addition to the direct effect 
on these inflammatory regulating genes, several targets linked to inflammasome 
activation like the IL-1 pathway, MyD88, Mir3075, SerpinB2, Neat, and Cmpk2 were 
significantly affected in macrophages exposed to 13-HDHEA.59-60 These observations 
suggest that 13- and 16-HDHEA reduce the production of inflammasome regulators. 
Nonetheless, RAW264.7 cells are unable to produce functional inflammasomes, because 
they lack the ASC adaptor protein,61 so this cannot be experimentally verified in our 
model. Future experiments in different models are required to establish whether 13- 
and 16-HDHEA do reduce functional inflammasome formation. 

Inhibition of upstream regulators involved in LPS signaling was suggested for 5 μM 
13-HDHEA and the combined treatment of 2.5 μM 13-HDHEA and 2.5 μM 16-HDHEA 
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during IPA® analysis. Examples of upstream regulators suggested to be inhibited are 
TLR4, MyD88, IRF3, IRF7, STAT1, and LPS itself, pointing to an anti-inflammatory effect 
somewhere in the LPS pathway.33, 52, 62 On the other hand, upstream regulators involved 
in anti-inflammatory responses, like IL-10, Sirt-1, and a fluticasone propionate related 
pathway were suggested to be induced by 13- and 16-HDHEA.53-55 Since IPA® analysis 
is limited by the overlap in gene-expression profiles of connected pathways and 
the input of studies in the database, it cannot be excluded that 13- and 16-HDHEA 
can directly interact with TLR4, or adaptor molecules like MyD88 and IRF. Function 
annotation analysis using IPA® suggested a potential reduction in angiogenesis and 
an increase in ROS production for the 5 μM 13-HDHEA incubation. The proposed anti-
angiogenic effect of 13-HDHEA was further supported by its reducing activity on Ang 
expression (Table 5-S1), which plays an important role in the angiogenic effect of 
cells.63 Moreover, SerpinB2 was found to decrease cancer metastasis and macrophage 
migration, which could therefore also be linked to anti-angiogenic effects.48 Other 
oxidized DHEA metabolites like the CYP450-produced derivatives also demonstrated 
strong anti-angiogenic properties.36-37 The proposed ROS production of 13-HDHEA was 
further supported by previous research showing that the interaction between DHEA 
and the enzymes COX-2 and 5-LOX resulted in increased ROS production in head and 
neck squamous cell carcinoma cells.64 Moreover, perilipin 2 (Plin2) induction is known 
to increase ROS formation (Table 5-2).65 Interestingly, Plin2 is regulated via activation of 
CB1, which could directly be targeted by the CYP450 metabolites of DHEA, and the 15-LOX 
metabolites 10,17-diHDHEA and 15-HEDPEA.35-37, 66 Based on these observations it could 
be speculated that 13- and 16-HDHEA reduce angiogenesis, and increase ROS formation 
via the interaction with CB1, ultimately leading to an anti-tumorigenic potential. 

Since transcriptomic analysis showed 13- and 16-HDHEA mediated induction on several 
lipoxygenase genes (like Alox5, Ptgsh1, and Ltc4s) and DHEA itself has interactions with 
lipoxygenases,1 we tested the formation of several oxylipins. We found no detectable 
amounts of leukotrienes and 5-HETE, which corresponds with previous observations in 
our laboratory.33 Incubations of the macrophages with 13- and 16-HDHEA decreased DHA 
levels, whereas DHEA incubations resulted in DHA formation. The latter observation is 
most likely explained by hydrolysis of DHEA.28, 67 Reasons for the reduction of DHA levels 
in the 13- and 16-HDHEA incubations are unknown. Finally, PGE2 and PGD2 production 
in LPS-stimulated cells was not affected by 13- and 16-HDHEA, whereas DHEA strongly 
inhibits COX-2 derived prostaglandin formation.33, 38 Transcriptome analysis suggested 
13- and 16-HDHEA-mediated induction of Ptgsh1, however this remains without 
consequences at the metabolite level. Apparently, the COX-2 upregulation by 1.0 μg/
mL LPS has a stronger effect on prostaglandin formation than the observed additional 
induction of COX-1. Interestingly, the observations in this study support that the neutral 
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lipid DHEA competes with arachidonic acid in the substrate binding site of COX-2, whereas 
its oxidized products 13-HDHEA and 16-HDHEA do not interfere with this binding.38, 68 

Comparisons in the anti-inflammatory profile of 13-and 16-HDHEA with DHEA indicated 
that 13- and 16-HDHEA are less effective in reducing individual mediators like NO, IL-
6, TNFα, and IL-1β, but also show distinct effects on e.g. IL-1Ra and DHA. Interestingly, 
transcriptome analysis from a previously performed experiment using 10 μM DHEA 
showed limited overlap in expression profile with 13- and 16-HDHEA (Figure 5-S2), 
further underlining a distinct anti-inflammatory profile between DHEA and its COX-2 
derived metabolites.33 Additionally, in contrast to DHEA, 13- and 16-HDHEA do not inhibit 
prostaglandin formation. It remains speculative to provide a meaningful interpretation 
for this, or to speculate whether these differences would also be apparent during in 
vivo inflammation. The modest anti-inflammatory effects of 13-HDHEA and 16-HDHEA 
could also suggest that 13- and 16-HDHEA are products of an DHEA-inactivation route 
via COX-2 instead of specifically produced immunomodulating compounds. In addition, 
the metabolic fate of 13- and 16-HDHEA is unknown. Many other lipoxygenases 
may be present, that could further metabolize 13- and 16-HDHEA into compounds 
with yet unknown effects, making biological interpretation more complex.1, 19, 34 

Future work should focus on the hypothesized anti-angiogenic and anti-migratory 
properties of 13- and 16-HDHEA, which seem to be distinct for oxidized DHEA derived 
metabolites.35-37 Secondly, it should be clarified whether 13- and 16-HDHEA are terminal 
end-products of DHEA or whether they themselves are further metabolized. A further 
elucidation of the metabolism and functional consequences of 13- and 16-HDHEA 
could explain more about the physiological relevance of DHEA and its metabolism 
in vivo. Interestingly, epoxide-derived DHEA metabolites have been quantified in 
Sprague–Dawley rat brain, peripheral organs,36 in metastatic mice lungs,37 and 15-
LOX metabolites were found in mice brain,35 demonstrating the presence of DHEA 
metabolism in vivo. Next to the quantification of DHEA derived metabolites, future 
studies should focus on the immunological effect of these DHEA derived metabolites in 
vivo. Recently, it was shown that 5 mg/kg i.p. injected DHEA exerts inhibitory effects on 
the pro-inflammatory cytokines IL-1β and TNFα in 1.0 mg/kg i.p. LPS injected mice.30 It 
would be interesting to understand the potential role of the various DHEA metabolites 
in this and similar studies.   

In conclusion, 13- and 16-HDHEA differentially inhibit LPS induced inflammation in 
RAW264.7 macrophages, and the observed immunomodulating effects were typically 
smaller and distinct from their parent compound DHEA. Future studies should 
elucidate whether 13- and 16-HDHEA are potential immunomodulating in different 
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disease models (like tumorigenic and angiogenic models), and identify whether 13- 
and 16-HDHEA are (terminal) end-products of DHEA or intermediates in a further 
metabolic route.
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Supporting information belonging to Chapter 5

For the data belonging to the purification and analysis of the synthesized 13-HDHEA 
and 16-HDHEA, and to access the filtered gene table including probe sets that satisfied 
the criterion of moderated P-value <0.01, and average gene expressions with average 
log2 expression >3.5 (Table 5-S1), the reader is referred to the online version of the 
publication at doi: 10.1016/j.bbalip.2021.158908.

Figure 5-S1 LDH release of 1.0 µg/mL 
stimulated RAW264.7 macrophages 
incubated with 2.5 µM or 5.0 µM 
13-HDHEA, 16-HDHEA, a stochiometric 
mixture thereof, or DHEA. The LDH 
release is expressed in percentage 
compared to Triton X-100 treated positive 
control (100% cytotoxicity), and no LPS 
treated macrophages (0% cytotoxicity). 

All samples were measured in triplicate containing technical duplicates. Asterisks indicate 
significant differences from the vehicle with 1.0 μg/mL LPS control (one-way ANOVA, Dunnett’s 
multiple comparison test post hoc; * P<0.05, ** P<0.01, *** P<0.001). 

Figure 5-S2 Venn diagram showing 
overlap of significantly expressed genes 
(P<0.01 and average log2 expression 
value >3.5) of 1.0 μg/mL LPS stimulated 
RAW264.7 macrophages, incubated 
with 5 μM 13-HDHEA (blue), 5 μM 
16-HDHEA (red), and a combinatorial 
2.5 μM 13-HDHEA and 2.5 μM 
16-HDHEA incubation (green), and 10 
μM DHEA (P<0.01, using data from a 
previous study in our group33) (yellow). 

The Venn diagram was drawn using the free online Venn diagram drawing tool (http://
bioinformatics.psb.ugent.be/webtools/Venn/).
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HDHEA (blue), 5 μM 16-HDHEA (red), and a combinatorial 2.5 μM 13-HDHEA and 2.5 μM 16-HDHEA 
incubation (green), and 10 μM DHEA (P<0.01, using data from a previous study in our group33) 
(yellow). The Venn diagram was drawn using the free online Venn diagram drawing tool 
(http://bioinformatics.psb.ugent.be/webtools/Venn/). 
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6.1 Abstract

Inflammatory bowel diseases (IBDs) are chronic relapsing inflammatory disorders 
affecting the gastrointestinal tract. The most common forms are ulcerative colitis 
and Crohn’s disease, which show increasing incident rates in Western and newly 
industrialized countries. Nutritional intervention, by shifting the n-3/n-6 PUFA ratio 
through diet or supplementation has been proposed to reduce risk and development 
of IBD, which may be partly explained by the protective nature of specific n-3 PUFA 
derived metabolites. Here we study the effects of docosahexaenoyl ethanolamide 
(DHEA), an n-3 PUFA derivative displaying potent anti-inflammatory activity in 
several in vitro studies, in a 5-day 2% DSS-induced C57Bl/6 mice model. Peritoneal 
injection with DHEA (10 or 15 mg/kg) significantly improved several phenotypic colitis 
markers such as decreased body weight loss and poor stool quality. However, no 
histopathological improvements were found in the colon of animals receiving DHEA 
injections. Liver tissues were analyzed for RNA expression of genes involved in the 
regulation of inflammatory processes and concentrations of a various PUFA mediators. 
We found that 2% DSS-induction did not clearly induce a pro-inflammatory status in 
the liver. Hepatic concentrations of DHEA were increased with increased DHEA dosing, 
but anandamide levels remained unaltered. Oxygenated DHEA metabolites were not 
observed in the livers of the mice, potentially explained by the lower expression of 
specific oxygenases in the liver.    
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6.2 Introduction

Crohn’s disease and ulcerative colitis are the two major forms of inflammatory 
bowel diseases (IBDs) and are characterized by chronic relapsing inflammation of 
the gastrointestinal tract.1 Symptoms of IBD include abdominal pain, diarrhea, and 
rectal bleeding often accompanied by systemic symptoms such as fever, weight 
loss, and fatigue.1-3 It is estimated that over 6.8 million people worldwide suffer 
from IBD. Incident rates are still rising, especially in Western countries and newly 
industrialized countries in South America, eastern Europe, Asia, and Africa.1, 4 Notable 
risk factors include genetic factors, but unhealthy lifestyle and poor nutrition are 
also important contributors.5 An increasing number of studies report that changes 
from a typical Western type diet, rich in n-6 polyunsaturated fatty acids (PUFAs), to 
healthier alternatives, that are e.g. rich in n-3 PUFAs, are linked to reduced risk and 
progression of IBD.6-7 In vivo, n-3 PUFAs are converted to bio-active mediators like the 
pro-resolving maresins, protectins, and resolvins, and also to their N-acyl conjugates 
including ethanolamine-, dopamine-, and serotonin derivatives.2, 8-12 For example, 
docosahexaenoyl serotonin (DHA-5HT) was identified in the human colon, and was 
also shown to possess potential anti-inflammatory effects by attenuating prototypical 
inflammatory mediators like IL-17, IL-23, and C-C motif chemokine ligand 20 (CCL-
20) in ConA-stimulated human PBMCs and LPS-stimulated RAW264.7 macrophages.11, 
13 Docosahexaenoyl ethanolamide (DHEA) has been identified in human and murine 
plasma and in tissues such as mouse ileum and liver.14-15 DHEA showed a variety of 
immune-regulating properties, such as the reduction of pro-inflammatory cytokines 
and chemokines in LPS-stimulated macrophages,8, 10, 16-17 antinociceptive effects in a 
formaldehyde pain model,18 and neuroprotective roles via interaction with G-protein-
coupled receptor 110 (GPR110),19-21 . Moreover, we and others have shown that DHEA 
serves as a substrate of oxygenases, leading to its conversion into new compounds 
which themselves possess potent anti-inflammatory and antitumorigenic properties.8, 

16, 22-25 Although many studies have investigated the anti-inflammatory effects of DHEA 
in vitro, studies into the kinetics and efficacy of DHEA in disease models of e.g. IBD are 
lacking. Elucidating the mechanisms through which n-3 PUFAs and their metabolites 
might interact with IBD is important, as it may reveal new leads for prevention or 
targets for treatment.

Over the years, different IBD and colitis models have been developed, including the 
dextran sodium sulphate (DSS) model. The DSS model closely resembles human 
IBD and different modifications of the protocol exist to resemble acute, chronic or 
relapsing inflammation, while being simple, fast, reproducible, controllable and 
known to respond to anti-IBD treatment.26 Administration of DSS in the drinking 
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water induces toxicity to the epithelium of the colon, thereby decreasing the epithelial 
barrier function and inducing inflammation. DSS-induced colitis is characterized by 
the release of pro-inflammatory cytokines and other factors as well as a progressive 
inflammation in the GI tract and colon.3, 26 

Interestingly, various n-3 PUFAs and their metabolites showed potential anti-
inflammatory effects on colitis. For example, DHA-5HT showed inhibitory effects 
on T-helper 17 cell (Th17)-related cytokines like IL-17, IL-23, and CCL-20, considered 
to be pivotally involved in IBD pathogenesis,11, 13 eicosapentaenoic acid monoglyceride 
(MAG-EPA) reduced colon inflammation in a DSS-induced colitis model in rats,24, 27 and 
docosahexaenoic acid (DHA) itself attenuated DSS-induced colitis in mice.28 Given the 
immune-modulatory effects of DHEA and the effects of other n-3 PUFA metabolites 
in colitis, we hypothesized that DHEA may reduce symptoms of DSS colitis. In the 
current study we tested the effects and kinetics of intraperitoneally (i.p.) injected DHEA 
in DSS-induced colitis in C57Bl/6 mice (Figure 6-1). We analyzed phenotypic markers 
of IBD, including body weight, stool consistency, and rectal bleeding, together with 
pathophysiological markers in the colon, such as colon length, cellular infiltration, 
and neutrophil activity. To explore the effects and metabolism of DHEA in the liver, we 
determined hepatic concentrations of DHEA, its oxidized metabolites, pro-inflammatory 
lipid regulators, and gene expression levels of inflammatory markers and cytokines. 
DHEA significantly affected phenotypic manifestations of colitis such as weight loss, 
stool consistency and blood loss, but had no effects on pathophysiological parameters 
such as colon inflammation. In the liver, only levels of the parent compound DHEA 
were significantly influenced following injection. 

6.3 Materials and Methods

6.3.1 Materials
PGE2 (≥98%), PGD2 (≥98%), TXB2 (≥98%), (±)13-HDHA (≥98%), (±)16-HDHA (≥98%), (±)10,11-EpDPA 
(≥98%), (±)19,20-EpDPA (≥98%), EPEA (≥98%), DHEA (≥98%), PGE2-d4 (≥99% deuterated forms 
d1-d4), DHEA-d4 (≥99% purity deuterated forms d1-d4) were purchased at Cayman Chemical 
and supplied by Sanbio B.V. (Uden, The Netherlands). AEA (100% purity according to HPLC) 
was bought from Tocris (Abingdon, UK). Acetonitrile (≥99.9%, HiPerSolv CHROMANORM® 
for LC-MS), and methanol (≥99.9%, HiPerSolv CHROMANORM®, ULTRA for LC-MS) were 
purchased at VWR International B.V. (Amsterdam, The Netherlands). Formic acid (≥99% 
ULC/MS) was obtained from Biosolve B.V. (Valkenswaard, The Netherlands). Absolute 
Ethanol (for analysis, EMSURE®) was obtained from Merck Millipore (Zwijndrecht, 
The Netherlands). Ultrapure water was filtered by a MilliQ Integral 3 system from 
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Millipore (Molsheim, France). Triethylamine (≥99.5% purity) and ethanolamine (≥98% 
purity) were purchased at Sigma Aldrich (Zwijndrecht, The Netherlands). Isobutyl 
chloroformate (≥98% purity) was purchased at Thermo Fisher (Landsmeer, The 
Netherlands). Ethanolamine-d4 (≥98% purity, 100.0% isotopic enrichment) was obtained 
from Cambridge Isotope Laboratories Inc. (Andover, USA). DCM for the synthetic 
procedure of the standards was purified using a Pure Solv 400 solvent purification 
system from Innovative Technology (Amesburry, USA). DSS (36–50 kDa) was purchased 
from MP Biomedicals (Aurora, USA). Sterile arachis oil for i.p. injection was obtained 
from the pharmacy of the faculty of Veterinary Medicine from Utrecht University.

6.3.2 Animal experiment
The animal experiment was conducted in the animal research study facilities of 
Utrecht University, using 8–10 weeks old wild type, male C57Bl/6 mice. A schematic 
overview of the mouse experiment is given in Figure 6-1. The mouse study was 
approved by the Animal Ethics Committee of Utrecht University (2012.II.07.096). Mice 
were intraperitoneally (i.p.) injected with arachis oil (as vehicle control), or 10 mg/kg 
DHEA, or 15 mg/kg DHEA (DHEA was dissolved in arachis oil) from day –1 until day 6 of 
the study. From day 0 until day 5, animals in the DSS group received water containing 
2% w/v DSS, which was provided ad libitum. Control mice received normal drinking 
water throughout the experiment. The experiment involved the following treatment 
groups; vehicle – 2% DSS (n=10), 10 mg/kg DHEA – 2% DSS (n=10), 15 mg/kg DHEA – 2% 
DSS (n=10), vehicle – no DSS (n=6), 15 mg/kg DHEA – no DSS (n=6). Clinical features 
of colitis, such as body weight and stool consistency/blood loss, were evaluated each 
day. The condition of the stool was evaluated by scoring stool consistency and blood. 
Stool consistency was scored based on the appearance (normal = 0, soft = 1, loose/
diarrhea = 2), and stool blood was scored based on the presence of blood (absent = 0, 
only detected with Colo-Rectal test kit from Axon Lab AG (Reichenbach, Germany) = 1, 
macroscopically present = 2); a higher score thus indicates a stronger colitis phenotype. 
On the final day of the experiment (day 7) the mice were anesthetized using isoflurane 
inhalation after which plasma was collected. Subsequently, the animals were sacrificed 
using cervical dislocation, and tissues were collected.

6.3.3 Colon length, myeloperoxidase (MPO) activity assay, and histopathological 
staining
Colons of the sacrificed mice were isolated, and colon lengths determined. Hereafter, 
the colon was opened longitudinally before cleaning in PBS, and placing on a filter 
with the luminal side up. The colon was cut in half over the length; one half was fixed 
in buffered 4% formalin for 24 hours and stored in 70% ethanol at 4 °C, the other half 
was cut into a proximal and distal end and placed at –70 °C. The proximal and distal 
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colon parts were weighed and dissolved in PBS giving a concentration of 100 mg colon 
per mL PBS. The colon parts were homogenized five times for 10 sec. at 6000 rpm 
in the homogenizer from Bertin Technologies (Montigny-le-Bretonneux, France) and 
were placed on ice for 2 min between each homogenization step. Vials were centrifuged 
for 15 min at 13000 rpm at 4 °C. The supernatant was collected and stored at –70 °C. 
A standard BCA protein assay kit from Thermo Fisher Scientific (Rockford, IL, USA) 
was used to perform protein quantification in proximal and distal colon supernatants. 
Afterwards MPO concentrations were determined using a Mouse MPO ELISA kit from 
Hycult Biotechnology (Uden, The Netherlands). Measured MPO concentrations were 
corrected for the total amount of protein in the samples.

Fixated colon parts were embedded in paraffin (Swiss roll technique), cut at 5 μm and 
stained with haematoxylin and eosin, according to standard procedures.29 Sections 
were graded under the microscope in a blinded fashion by three different researchers 
for epithelial damage (no damage = 0, minor loss of crypt structure = 1, major loss of 
crypt structure = 2, loss of upper layer = 3, loss of total epithelium = 4) and cover size of 
the damage (none = 0, <25% = 1, 25–50% = 2, 50–75% =3, >75% = 4). Cellular inflammatory 
infiltration in a range from 0-4 (no infiltration = 0, infiltration between crypts = 1, sub-
mucosal infiltration = 2, muscularis infiltration = 3, extensive infiltration = 4) and cover 
size of the cellular inflammatory infiltration (none = 0, <25% = 1, 25–50% = 2, 50–75% = 3, 
>75% = 4) were analyzed identically. The cumulative score (of 0-16) represent the DSS-
colitis histological colon score.29

6.3.4 Synthesis of 13-HDHEA, 16-HDHEA, 10,11-EDP-EA, 19,20-EDP-EA
100 μg of 13-HDHA, 16-HDHA, 10,11-EDP-EA, and 19,20-EDP-EA (1 eq., 0.29 μmol) in EtOH 
were evaporated to dryness using co-evaporation with DCM. The compounds were 
subsequently placed under argon atmosphere and dissolved in 2 mL dry DCM. Then, 
100 μL of a freshly prepared solution of 59.3 μL distilled triethylamine in 10 mL dry DCM 
was added (14 eq., 4.25 μmol), followed by the addition of 100 μL of a freshly prepared 
solution of 47.3 μL isobutyl chloroformate in 10 mL dry DCM (12 eq., 3.65 μmol). The 
solution was stirred at room temperature for 1 h under argon atmosphere to form the 
mixed anhydride, before cooling the reaction on ice. To the mixed anhydride 100 μL of a 
freshly prepared solution of 46.6 μL distilled triethylamine (11 eq., 3.34 μmol) and 20.2 μL 
ethanolamine (11 eq., 3.34 μmol) in 10 mL dry DCM was added. The reaction was stirred 
on ice for overnight. Next day the reaction mixture was evaporated and dissolved in 1 
mL ultrapure water:ACN (30:70) to purify the product by preparative HPLC. The yield of 
the synthesis was determined based on the UV absorption (vide infra); for 13-HDHEA 
(33.8 μg, 30%), 16-HDHEA (49.5 μg, 44%), 10,11-EDP-EA (15.1 μg, 13%), and 19,20-EDP-EA (28.1 
μg, 25%) (Figure S6-1, S6-2). 
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Figure 6-1 Experimental overview of colitis C57Bl/6 mouse study. DHEA 10 mg/kg or 15 mg/
kg (dissolved in arachis oil), or vehicle (arachis oil) were i.p. injected each day from day –1 until 
day 6. From day 0 until day 5 DSS mice received 2% DSS ab libitum in the drinking water. At day 
7 the plasma of the DSS mice (n=10), and control mice (n=6) was collected and the tissues were 
harvested. 

6.3.5 Synthesis of 13-HDHEA-d4
100 μg of 13-HDHA (1 eq., 0.29 μmol) in EtOH was evaporated to dryness using co-
evaporation with DCM, and subsequently placed under argon atmosphere. The 13-
HDHA was stirred in 2 mL of dry DCM and then reacted with 100 μL of a freshly prepared 
solution of 59.3 μL distilled triethylamine in 10 mL dry DCM (14 eq., 4.25 μmol) and 100 
μL of a freshly prepared solution of 47.3 μL isobutyl chloroformate in 10 mL dry DCM 
(12 eq., 3.65 μmol). The solution was stirred at room temperature for 1 h under argon 
atmosphere to form the mixed anhydride, before cooling the reaction on ice. To the 
mixed anhydride 100 μL of a freshly prepared solution of 46.6 μL distilled triethylamine 
(11 eq., 3.34 μmol) and 20.2 μL ethanolamine-d4 (11 eq., 3.34 μmol) in 10 mL dry DCM was 
added. The reaction was stirred on ice for overnight. Next day the reaction mixture was 
evaporated and dissolved in 1 mL ultrapure water:ACN (30:70) to purify the product by 
preparative HPLC. The yield of the synthesis was determined based on the 240 nm UV 
absorption (vide infra) and found to be 2.2 μg, 2% (Figure S6-1). 
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6.3.6 Preparative HPLC
The products were purified on an Agilent 1260 Preparative HPLC with DAD and MSD from 
Agilent Technologies B.V. (Amstelveen, The Netherlands). Purification was performed 
using an isocratic run of 30:70 ultrapure water:ACN containing 0.1% FA using a flow 
rate of 4 mL/min on a Zorbax Eclipse XDB-C18 5μ column of 9.4 × 250 mm from Agilent 
Technologies B.V. (Amstelveen, the Netherlands). Purified compounds were evaporated 
to dryness using a rotary evaporator and subsequent freeze drying. The samples were 
dissolved in absolute EtOH to be quantified and used in the experiments.

6.3.7 Quantitative HPLC
Quantification of the synthesized standards was performed on an Agilent 1220 HPLC 
Infinity with DAD from Agilent Technologies B.V. (Amstelveen, The Netherlands). The 
HPLC run was performed using an isocratic run of 30:70 ultrapure water:ACN containing 
0.1% FA for 15 or 20 min with a flow rate of 1.00 mL/min on a Zorbax Eclipse XDB-C18 
5μ column 4.6 × 250 mm from Agilent Technologies B.V. (Amstelveen, The Netherlands). 
The concentration of the HDHEA standards was determined at 240 nm absorption, by 
comparing the peak areas of the synthetic compounds to those of 13-HDHA and 16-
HDHA standard curves (Figure S6-3). EDP-EA standard concentrations were estimated 
by measuring peak areas at 200 nm absorption of the synthetic compounds to those of 
10,11-EpDPA and 19,20-EpDPA standard curves (Figure S6-4). 

6.3.8 Extraction of metabolites from liver tissue
Approximately 200 mg of wet liver tissue was weighted and extracted with 1 mL MeOH 
containing 500 pg/mL PGE2-d4, DHEA-d4 and 403 pg/mL 13-HDHEA-d4 using 3 × 10 s 
tip sonication at 30% amplitude using a Branson Digital Sonifier 450 cell disruptor 
from Branson Ultrasonics Corporation (Danbury, USA). The resulting suspensions were 
centrifuged at 4 °C for 5 min at 3180 rcf and the supernatants were stored in a clean 15 
mL falcon tube. The pellet was extracted once more with 1 mL MeOH containing the 
internal standards, ultimately resulting in a total of 2 mL tissue extract. The tissue 
extract was diluted with 8 mL ultrapure water containing 0.125% FA, before the samples 
were purified using HLB Oasis columns from Waters Chromatography B.V. (Etten-Leur, 
The Netherlands). Column purification was performed by activating the columns with 
2 mL MeOH, followed by equilibrating with 2 mL ultrapure water containing 0.1% FA. 
Then the samples were loaded, and subsequently washed with 2 mL 20% MeOH in 
ultrapure water containing 0.1% FA. The columns were dried on the air for 15 min, 
followed by metabolite elution with 1 mL MeOH. The eluate is collected in borosilicate 
glass vials containing 20 μL 500 μM BHT and 10% glycerol in EtOH to limit auto-
oxidation of the metabolites. The eluate was then evaporated using a Turbovap from 
Biotage (Uppsala, Sweden) and dissolved in 50 μL EtOH. 
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6.3.9 UPLC-MS/MS analysis of N-acyl PUFA-derived metabolites
An ultra-pressure liquid chromatography coupled to tandem mass spectrometry 
(UPLC-MS/MS) method was developed to quantify the N-acyl PUFA derivatives DHEA, 
EPEA, AEA, and 13-HDHEA, 16-HDHEA, 10,11-EDP-EA, 19,20-EDP-EA as metabolites of 
DHEA using electrospray in positive ionization mode (ESI+). Standards used for the 
quantification were either commercially available or synthesized as described. The 
analyses were performed on an I-class fixed-loop UPLC coupled to a Xevo TQ-S triple-
quadrupole MS from Waters Chromatography B.V. (Etten-Leur, the Netherlands). The 
electrospray interface was operated with a capillary voltage of 4.0 kV, a cone voltage of 
50 V, and a desolvation temperature of 600 °C. The MS was operated in Multiple Reaction 
Mode (MRM), with mass transitions and collision energies that were optimized per 
component (Table 6-1). Chromatographic separation was performed on a Zorbax Eclipse 
Plus C18 Rapid Resolution HD, 1.8μ column of 2.1 × 150 mm from Agilent Technologies 
B.V. (Amstelveen, the Netherlands). For separation of the metabolites eluent A consisted 
of ultrapure water/ACN (95/5) with 0.1% FA; eluent B consisted of 100% ACN with 0.1% 
FA. The gradient started with 5% B in A followed by a linear increase to 50% B in A, 
which was achieved at min 5 and continued until min 8. This was followed by a linear 
increase towards 100 % B, which was achieved at min 13 and maintained until min 16, 
after which the column was equilibrated at 5% B in A which was maintained until min 
21. During the run a flow rate of 0.5 mL/min, and a column temperature of 50 °C was 
set. The sample tray was cooled to 10 °C to limit auto-oxidation. For the quantification 
6.0 μL of standards and samples was injected. Peak identification and quantification 
were performed using TargetLynx version 4.1 software from Waters Chromatography 
B.V. (Breda, The Netherlands). Quality control samples were included to monitor the 
quality of the extraction and UPLC-MS/MS analysis. 

Table 6-1 MS/MS fragmentations used for the targeted analysis of PUFA-derived metabolic 
compounds.
Compound MS/MS fragmentation (m/z) Collision Energy (eV)
DHEA 372.3 → 62.2 15
EPEA 346.3 → 62.2 15
AEA 348.3 → 62.2 15
13-HDHEA 370.3 → 62.2 15
16-HDHEA 370.3 → 62.2 15
10,11-EDP-EA 370.3 → 62.2 15
19,20-EDP-EA 370.3 → 62.2 15
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6.3.10 UPLC-MS/MS analysis of oxylipins
Quantification of PUFAs and oxylipins was performed using UPLC-MS/MS on an I-class 
fixed-loop UPLC coupled to a Xevo TQ-S triple-quadrupole MS using electrospray 
ionization in negative ionization mode (ESI-). Standards used for the quantification 
were commercially available. The electron spray interface was operated with a capillary 
voltage of 2.5 kV, cone voltage of 40 V, and desolvation temperature of 600 °C. The MS 
was operated in Multiple Reaction Mode (MRM), with mass transitions and collision 
energies that were optimized per component (Table 6-2). 

Table 6-2 MS/MS fragmentations used for the targeted analysis of oxylipins.
Compound MS/MS fragmentation (m/z) Collision Energy (eV)
PGE2 315.1 → 271.1 15
PGD2 315.1 → 271.1 15
TBX2 369.2 → 169.1 15

Chromatographic separation was performed on a Zorbax Eclipse Plus C18 Rapid 
Resolution HD, 1.8μ column of 2.1 × 150 mm using eluent A consisting of ultrapure 
water/ACN (95/5) with 0.1% FA, and eluent B consisting of 100% ACN with 0.1% FA. The 
chromatographic method started with 5% B in A followed by a linear increase to 30% 
B in A, which was achieved at min 5. The gradient was then linearly increased to 50% 
B, which was achieved at min 11.25 and maintained until min 13.25. Then the gradient 
was increased to 100% B at min 15.75, which was maintained until min 18.75, after which 
the column was immediately brought back to 5% B in A and maintained until min 22. 
During the run a flow rate of 0.5 mL/min, and a column temperature of 50 °C was set. 
The sample tray was cooled to 10 °C to limit auto-oxidation. For the quantification 6.0 
μL of standards and samples was injected. Peak identification and quantification were 
performed using TargetLynx version 4.1 software from Waters Chromatography B.V. 
(Breda, The Netherlands). 

6.3.11 RNA extraction from mouse livers
A small piece of liver tissue was placed in 1 mL cold Trizol together with a stainless-
steel bead (5 mm) from Qiagen Benelux B.V. (Venlo, The Netherlands). The liver was 
lysed in a tissue lyser for 30 s, while shaking. The tissue lysing was repeated, and 700 μL 
of Trizol solution was mixed with 140 μL chloroform. The suspension was centrifuged 
for 15 min at 4 °C at maximum speed to separate the layers, and 250 μL of the water 
phase was combined with 500 μL of EtOH before purification using a RNeasy© Micro kit 
from Qiagen Benelux B.V. (Venlo, The Netherlands). RNA purification was performed 
according to manufacturer’s descriptions, and the RNA was eluted using 14 μL of RNAse 
free water. RNA quantity and quality was assessed using nanodrop.
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6.3.12 Quantitative reverse-transcription real-time PCR
RNA (1 μg per sample) was converted into complementary DNA (cDNA) using a Prome-
ga A3500 reverse transcriptase kit (Leiden, The Netherlands). Subsequently, cDNA was 
amplified by PCR using Sensimix SYBR mastermix from Bioline Reagents Ltd. (London, 
UK) on a CFX Real Time System apparatus from Bio-Rad (Veenendaal, The Nether-
lands). The following primer pairs were used for amplification of COX-2: 5’-TGAGCAAC-
TATTCCAAACCAGC-3’ (forward) and 5’-GCACGTAGTCTTCGATCACTATC-3’ (reverse), IL-6: 
5’-CTTCCATCCAGTTGCCTTCTTG-3’ (forward) and 5’-AATTAAGCCTCCGACTTGTGAAG-3’ 
(reverse), LPL: 5’-GGGAGTTTGGCTCCAGAGTTT-3’ (forward) and 5’-TGTGTCTTCAGGG-
GTCCTTAG-3’ (reverse), MCP-1: 5’-CCCAATGAGTAGGCTGGAGA-3’ (forward) and 5’-TCTG-
GACCCATTCCTTCTTG-3’ (reverse), 36B4: 5’-ATGGGTACAAGCGCGTCCTG-3’ (forward) and 
5’-GCCTTGACCTTTTCAGTAAG-3’ (reverse), ICAM-1: 5’-TGTGCTTTGAGAACTGTGGCA-3’ 
(forward) and 5’-TGGCGGCTCAGTATCTCCTC-3’ (reverse), CXCL1: 5’-CTGGGATTCACCT-
CAAGAACATC-3’ (forward) and 5’-CAGGGTCAAGGCAAGCCTC-3’ (reverse), TGF-β: 5’-CTC-
CCGTGGCTTCTAGTGC-3’ (forward) and 5’-CCTTAGTTTGGACAGGATCTG-3’ (reverse), CY-
P450a14: 5’-AGGCAGTCCAATTCTACTTACG-3’ (forward) and 5’-GCTCCTTGTCCTTCAGAT-
GG-3’ (reverse). The samples were analyzed in duplicate and the mRNA expression was 
normalized to 36B4. The mRNA expression levels were expressed as average fold induc-
tions compared to the vehicle non-DSS mice using standard deviation. 

6.3.13 Statistical analysis
Phenotypic IBD data, like body weight, stool consistency and blood were measured 
each day for each individual mouse (vehicle – 2% DSS (n=10), 10 mg/kg DHEA – 2% DSS 
(n=10), 15 mg/kg DHEA – 2% DSS (n=10), vehicle – no DSS (n=6), 15 mg/kg DHEA – no 
DSS (n=6)). Measured body weight changes were shown as percentage compared to the 
initial weight of the mice at day –1. Statistical analysis was performed using linear 
mixed model with least significant difference (LSD) in SPSS based on the absolute 
weight values. Stool consistency and stool blood score were reported and analyzed 
for significance to the vehicle – DSS group using One-way ANOVA, Dunnett’s multiple 
comparison post-hoc in Graphpad Prism v5. 

At day 7 the colon length of each individual mouse was measured. Pathophysiological 
data including infiltration and crypt damage of the colon and MPO/protein 
concentration (pg/μg) to determine neutrophil infiltration in the colon were analyzed 
for a subset of mice. Significance to the vehicle, DSS group was analyzed using Dunnett’s 
multiple comparison post-hoc in Graphpad Prism v5. 

UPLC-MS/MS based liver concentrations of lipid derivatives are represented as scatter 
plots showing mean concentrations with error bars representing SEM. RNA expression 
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levels in the liver were assessed for each individual mouse and normalized to mean fold 
induction compared to the vehicle, DSS group. Significance to the vehicle, DSS group 
was analyzed using Dunnett’s multiple comparison post-hoc in Graphpad Prism v5. 

6.4 Results

6.4.1 DHEA treatment reduces a DSS-induced loss of body weight
All mice gained weight in a similar pattern until day 5, after which differences became 
apparent (Figure 6-2). At day 6 and 7, the DSS mice lost weight whereas the non-DSS 
groups continued to gain weight. With the DHEA-DSS treated mice the reduction in 
body weight started later and was less pronounced than with the vehicle-DSS control 
mice. At the final day of the experiment, day 7, the body weight loss of vehicle-DSS 
control mice was significantly different (P<0.001) compared to the non-DSS treated 
groups. Injection of 15 mg/kg DHEA (p<0.05) and 10 mg/kg DHEA (p<0.01) significantly 
reduced the body weight loss compared to DSS treated vehicle mice. The 10 mg/kg and 
15 mg/kg DHEA DSS groups did not significantly differ from each other.
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Figure 6-2 Body weight change of mice receiving i.p. injections of vehicle (arachis oil), DHEA (10 mg/kg 
or 15 mg/kg) in combination with or without 2% DSS in the drinking water, expressed as percentage 
compared to day -1. Green: vehicle, no DSS; Blue: 15 mg/kg DHEA, no DSS; Dark grey: vehicle, DSS; 
Light grey: 10 mg/kg DHEA, DSS; Orange: 15 mg/kg DHEA, DSS. Mean values with SD were plotted. 
Asterisks indicate significant differences from the vehicle DSS mice at day 7 determined using linear 
mixed model analysis using the actual body weights, LSD; * P<0.05, ** P<0.01, *** P<0.001).  

6.4.2	DHEA	improves	stool	consistency	and	diminishes	blood	content 	

Stool consistency and blood loss in the stool of the mice were analyzed, and results from day 5 
and day 7 were plotted (Figure 6-3). Higher scores indicated a more loose and/or bloody stool. 
DSS treatment successfully induced colitis-like symptoms as indicated by the presence of loose 
and bloody stool. Stool consistency improved after 10 mg/kg DHEA (p<0.01) and 15 mg/kg DHEA 
(p<0.01) injection in DSS mice at day 5, but no difference between the DHEA groups was found 
(Figure 6-3A). The effect of DHEA injection on improvement of the stool consistency score was 

Figure 6-2 Body weight change of mice receiving i.p. injections of vehicle (arachis oil), DHEA (10 
mg/kg or 15 mg/kg) in combination with or without 2% DSS in the drinking water, expressed as 
percentage compared to day -1. Green: vehicle, no DSS; Blue: 15 mg/kg DHEA, no DSS; Dark 
grey: vehicle, DSS; Light grey: 10 mg/kg DHEA, DSS; Orange: 15 mg/kg DHEA, DSS. Mean 
values with SD were plotted. Asterisks indicate significant differences from the vehicle DSS mice 
at day 7 determined using linear mixed model analysis using the actual body weights, LSD; * 
P<0.05, ** P<0.01, *** P<0.001). 



183

6

6.4.2 DHEA improves stool consistency and diminishes blood content 
Stool consistency and blood loss in the stool of the mice were analyzed, and results 
from day 5 and day 7 were plotted (Figure 6-3). Higher scores indicated a more loose 
and/or bloody stool. DSS treatment successfully induced colitis-like symptoms as 
indicated by the presence of loose and bloody stool. Stool consistency improved after 
10 mg/kg DHEA (p<0.01) and 15 mg/kg DHEA (p<0.01) injection in DSS mice at day 5, but 
no difference between the DHEA groups was found (Figure 6-3A). The effect of DHEA 
injection on improvement of the stool consistency score was higher at day 5 than at 
day 7, as evidenced by the lack of significance at day 7 (Figure 6-3B). Again, also no 
significant differences were observed between the 10 mg/kg DHEA and 15 mg/kg DHEA 
injection. Scores of occult blood levels were also significantly reduced by 10 mg/kg DHEA 
and 15 mg/kg DHEA (p<0.001) at day 5. At day 7 differences in blood stool levels of the 
DHEA-DSS mice and vehicle-DSS control mice were smaller but still significant (p<0.05) 
(Figure 6-3C and Figure 6-3D). For occult blood levels also no significant differences 
were observed between the 10 mg/kg DHEA and 15 mg/kg DHEA injected groups. In 
general, the effects of DHEA injection on improvement of the stool consistency and 
reduction of the occult blood levels appeared to be stronger at day 5 than at day 7. 

6.4.3 DHEA has limited effects on colon damage, colon length, and neutrophil 
infiltration
The effects of DHEA on colon tissue were further evaluated by scoring tissue damage, 
measuring colon length, and neutrophil activity. DSS treatment resulted in colitis-
specific features such as the induction of crypt damage (Figure 6-4A), shortening of 
the colon (Figure 6-4B), and increased neutrophil activity in the proximal (Figure 
6-4C) and distal colon (Figure 6-4D). In the DHEA injected DSS groups, no significant 
improvement on cellular inflammatory infiltration and crypt damage, increase of colon 
length, or reduction in neutrophil activity was observed. In conclusion, pathological 
analysis of the colon shows that DSS-induced inflammation is not reduced by DHEA 
treatment at day 7.

6.4.4 Targeted metabolomics reveals that only hepatic DHEA concentrations 
are affected by i.p. injection of DHEA 
Liver DHEA and arachidonoyl ethanolamide (AEA, anandamide) levels were quantified 
using targeted UPLC-MS/MS analysis to investigate DHEA breakdown and possible 
effects on the endocannabinoid AEA in DHEA-injected DSS mice. The DSS-treated 
mice showed an increase in hepatic DHEA levels with increasing DHEA dose, reaching 
significance (p<0.01) for 15 mg/kg DHEA compared to the vehicle treated mice (Figure 
6-5A). For the non-DSS mice 15 mg/kg DHEA i.p. injections also resulted in significant 
increase in DHEA concentrations compared to the vehicle DSS (p<0.001). Hepatic DHEA 
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concentrations were only affected by the DHEA injections and not by DSS-induced 
inflammation. For AEA, no significant differences in liver concentrations were observed 
(Figure 6-5B).
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Figure 6-3 Stool consistency scores (A at day 5, B at day 7) and stool blood scores (C at day 5, D at day 
7) of mice receiving i.p. injections of vehicle (arachis oil), DHEA (10 mg/kg or 15 mg/kg) in combination 
with or without 2% DSS in the drinking water. Bars represent means with error bars representing SD. 
Asterisks indicate significant differences compared to the DSS vehicle (One-way ANOVA, Dunnett’s 
multiple comparison post-hoc; * P<0.05, ** P<0.01, *** P<0.001). 

Figure 6-3 Stool consistency scores (A at day 5, B at day 7) and stool blood scores (C at day 5, D 
at day 7) of mice receiving i.p. injections of vehicle (arachis oil), DHEA (10 mg/kg or 15 mg/kg) 
in combination with or without 2% DSS in the drinking water. Bars represent means with error 
bars representing SD. Asterisks indicate significant differences compared to the DSS vehicle 
(One-way ANOVA, Dunnett’s multiple comparison post-hoc; * P<0.05, ** P<0.01, *** P<0.001).



185

6

182 
 

 

Figure 6-4 Histopathological markers of colon damage from mice receiving i.p. injections of vehicle 
(arachis oil), DHEA (10 mg/kg or 15 mg/kg) with or without 2% DSS in the drinking water. A) Colon 
damage score assessed by quantification of the cellular infiltration and crypt damage. Vehicle, 2% DSS 
(n=3), 10 mg/kg DHEA, 2% DSS (n=4), 15 mg/kg DHEA, 2% DSS (n=4), vehicle, no DSS (n=3), 15 mg/kg 
DHEA, no DSS (n=4). B) Measured colon lengths in cm. Vehicle, 2% DSS (n=10), 10 mg/kg DHEA, 2% 
DSS (n=10), 15 mg/kg DHEA, 2% DSS (n=10), vehicle, no DSS (n=6), 15 mg/kg DHEA, no DSS (n=6). C) 
and D) Normalized MPO derived neutrophil activity (pg/μg protein) in the proximal and distal colon. 
Vehicle, 2% DSS (n=6), 10 mg/kg DHEA, 2% DSS (n=6), 15 mg/kg DHEA, 2% DSS (n=6), vehicle, no DSS 
(n=4), 15 mg/kg DHEA, no DSS (n=4). Bars represent means and error bars represent SD. Asterisks 
indicate significant differences from the no DSS vehicle mice (One-way ANOVA, Dunnett’s multiple 
comparison test post-hoc; * P<0.05, ** P<0.01, *** P<0.001).  

6.4.3	 DHEA	 has	 limited	 effects	 on	 colon	 damage,	 colon	 length,	 and	 neutrophil	
infiltration	

The effects of DHEA on colon tissue were further evaluated by scoring tissue damage, measuring 
colon length, and neutrophil activity. DSS treatment resulted in colitis-specific features such as 
the induction of crypt damage (Figure 6-4A), shortening of the colon (Figure 6-4B), and increased 

Figure 6-4 Histopathological markers of colon damage from mice receiving i.p. injections of 
vehicle (arachis oil), DHEA (10 mg/kg or 15 mg/kg) with or without 2% DSS in the drinking water. 
A) Colon damage score assessed by quantification of the cellular infiltration and crypt damage. 
Vehicle, 2% DSS (n=3), 10 mg/kg DHEA, 2% DSS (n=4), 15 mg/kg DHEA, 2% DSS (n=4), vehicle, 
no DSS (n=3), 15 mg/kg DHEA, no DSS (n=4). B) Measured colon lengths in cm. Vehicle, 2% DSS 
(n=10), 10 mg/kg DHEA, 2% DSS (n=10), 15 mg/kg DHEA, 2% DSS (n=10), vehicle, no DSS (n=6), 
15 mg/kg DHEA, no DSS (n=6). C) and D) Normalized MPO derived neutrophil activity (pg/μg 
protein) in the proximal and distal colon. Vehicle, 2% DSS (n=6), 10 mg/kg DHEA, 2% DSS (n=6), 
15 mg/kg DHEA, 2% DSS (n=6), vehicle, no DSS (n=4), 15 mg/kg DHEA, no DSS (n=4). Bars 
represent means and error bars represent SD. Asterisks indicate significant differences from the 
no DSS vehicle mice (One-way ANOVA, Dunnett’s multiple comparison test post-hoc; * P<0.05, 
** P<0.01, *** P<0.001). 
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neutrophil activity in the proximal (Figure 6-4C) and distal colon (Figure 6-4D). In the DHEA 
injected DSS groups, no significant improvement on cellular inflammatory infiltration and crypt 
damage, increase of colon length, or reduction in neutrophil activity was observed. In conclusion, 
pathological analysis of the colon shows that DSS-induced inflammation is not reduced by DHEA 
treatment at day 7. 

6.4.4	 Targeted	 metabolomics	 reveals	 that	 only	 hepatic	 DHEA	 concentrations	 are	
affected	by	i.p.	injection	of	DHEA		

Liver DHEA and arachidonoyl ethanolamide (AEA, anandamide) levels were quantified using 
targeted UPLC-MS/MS analysis to investigate DHEA breakdown and possible effects on the 
endocannabinoid AEA in DHEA-injected DSS mice. The DSS-treated mice showed an increase in 
hepatic DHEA levels with increasing DHEA dose, reaching significance (p<0.01) for 15 mg/kg 
DHEA compared to the vehicle treated mice (Figure 6-5A). For the non-DSS mice 15 mg/kg DHEA 
i.p. injections also resulted in significant increase in DHEA concentrations compared to the 
vehicle DSS (p<0.001). Hepatic DHEA concentrations were only affected by the DHEA injections 
and not by DSS-induced inflammation. For AEA, no significant differences in liver concentrations 
were observed (Figure 6-5B). 

 

Figure 6-5 Liver tissue concentrations of DHEA (A) or AEA (B) of mice receiving i.p. injections of vehicle 
(arachis oil), DHEA (10 mg/kg or 15 mg/kg) in combination with or without 2% DSS in the drinking 
water. Vehicle, 2% DSS (n=10), 10 mg/kg DHEA, 2% DSS (n=10), 15 mg/kg DHEA, 2% DSS (n=10), 
vehicle, no DSS (n=6), 15 mg/kg DHEA, no DSS (n=6). Horizontal line represents the mean, and error 
bars show SEM. Asterisks indicate significant differences from the no DSS vehicle mice (One-way 
ANOVA, Dunnett’s multiple comparison test post-hoc; * P<0.05, ** P<0.01, *** P<0.001). a) significant 
to vehicle, no DSS (p<0.01), b) significant to 10 mg/kg DHEA, DSS (p<0.05) using One-way ANOVA, 
Tukey, post-hoc. 

Figure 6-5 Liver tissue concentrations of DHEA (A) or AEA (B) of mice receiving i.p. injections of 
vehicle (arachis oil), DHEA (10 mg/kg or 15 mg/kg) in combination with or without 2% DSS in 
the drinking water. Vehicle, 2% DSS (n=10), 10 mg/kg DHEA, 2% DSS (n=10), 15 mg/kg DHEA, 
2% DSS (n=10), vehicle, no DSS (n=6), 15 mg/kg DHEA, no DSS (n=6). Horizontal line represents 
the mean, and error bars show SEM. Asterisks indicate significant differences from the no DSS 
vehicle mice (One-way ANOVA, Dunnett’s multiple comparison test post-hoc; * P<0.05, ** 
P<0.01, *** P<0.001). a) significant to vehicle, no DSS (p<0.01), b) significant to 10 mg/kg DHEA, 
DSS (p<0.05) using One-way ANOVA, Tukey, post-hoc.

In order to investigate DHEA metabolism in vivo, the presence of hepatic DHEA derived 
COX-2 and CYP450 metabolites was also analyzed. COX-2 derived DHEA metabolites 
13-HDHEA and 16-HDHEA were not detected (data not shown). CYP450 metabolites, 
10,11-EDP-EA and 19,20-EDP-EA, were also not detected in the livers, potentially 
explained by the low recovery of these molecules (retrieving only 16% of 19,20-EDP-EA 
and 33% of 10,11-EDP-EA in quality control samples).

To further evaluate the inflammatory effect of the DSS administration and the potential 
resolving effect of DHEA injection on the liver, concentrations of prostaglandins PGE2 

and PGD2 and the thromboxane B2 (TBX2) were measured in the mouse livers. For all 
three oxylipins no significant differences were observed between the groups (Figure 
6-6).



187

6

184 
 

In order to investigate DHEA metabolism in vivo, the presence of hepatic DHEA derived COX-2 
and CYP450 metabolites was also analyzed. COX-2 derived DHEA metabolites 13-HDHEA and 16-
HDHEA were not detected (data not shown). CYP450 metabolites, 10,11-EDP-EA and 19,20-EDP-
EA, were also not detected in the livers, potentially explained by the low recovery of these 
molecules (retrieving only 16% of 19,20-EDP-EA and 33% of 10,11-EDP-EA of quality control 
samples). 

To further evaluate the inflammatory effect of the DSS administration and the potential resolving 
effect of DHEA injection on the liver, concentrations of prostaglandins PGE2 and PGD2 and the 
thromboxane B2 (TBX2) were measured in the mouse livers. For all three oxylipins no significant 
differences were observed between the groups (Figure 6-6). 

 

Figure 6-6 Liver tissue concentrations of PGE2 (A), PGD2 (B), and TBX2 (C) in mice receiving i.p. 
injections of vehicle (arachis oil), DHEA (10 mg/kg or 15 mg/kg) in combination with or without 2% 
DSS in the drinking water. Vehicle, 2% DSS (n=10), 10 mg/kg DHEA, 2% DSS (n=9), 15 mg/kg DHEA, 2% 
DSS (n=9), vehicle, no DSS (n=4), 15 mg/kg DHEA, no DSS (n=5). Horizontal line represents the mean, 
and error bars show SEM. Statistical analysis using One-way ANOVA, Dunnett’s multiple comparison 
test post-hoc was performed; no significant differences between vehicle, DSS and the other groups 
were obtained.  

6.4.5	DHEA	treatment	reduces	mRNA	expression	of	pro-inflammatory	genes	in	liver	
tissue	

To further analyze the effect of both the DSS colitis and the DHEA treatment on the liver, mRNA 
gene expression levels of several liver inflammation and colitis markers were measured using 
RT-PCR; ICAM-1, TGF-β, LPL, CXCL-1, MCP-1, CYP4A14, IL-6, and COX-2. For ICAM-1 a significant 
reduction was observed in the 10 mg/kg DHEA DSS treated mice (p<0.001) compared to the 
vehicle DSS mice (Figure 6-7A). ICAM-1 values were reduced to levels similar to non-DSS treated 
mice, indicating a full inhibition of the DSS-induced effect. Remarkably, ICAM-1 levels of the 15 
mg/kg DHEA DSS treated group were not significantly reduced compared to the vehicle DSS mice. 
A similar result was observed for CXCL-1 expression in the DSS treated mice (Figure 6-7B). CXCL-

Figure 6-6 Liver tissue concentrations of PGE2 (A), PGD2 (B), and TBX2 (C) in mice receiving i.p. 
injections of vehicle (arachis oil), DHEA (10 mg/kg or 15 mg/kg) in combination with or without 
2% DSS in the drinking water. Vehicle, 2% DSS (n=10), 10 mg/kg DHEA, 2% DSS (n=9), 15 mg/
kg DHEA, 2% DSS (n=9), vehicle, no DSS (n=4), 15 mg/kg DHEA, no DSS (n=5). Horizontal 
line represents the mean, and error bars show SEM. Statistical analysis using One-way ANOVA, 
Dunnett’s multiple comparison test post-hoc was performed; no significant differences between 
vehicle, DSS and the other groups were obtained. 

6.4.5 DHEA treatment reduces mRNA expression of pro-inflammatory genes 
in liver tissue
To further analyze the effect of both the DSS colitis and the DHEA treatment on the 
liver, mRNA gene expression levels of several liver inflammation and colitis markers 
were measured using RT-PCR; ICAM-1, TGF-β, LPL, CXCL-1, MCP-1, CYP4A14, IL-6, and 
COX-2. For ICAM-1 a significant reduction was observed in the 10 mg/kg DHEA DSS 
treated mice (p<0.001) compared to the vehicle DSS mice (Figure 6-7A). ICAM-1 values 
were reduced to levels similar to non-DSS treated mice, indicating a full inhibition of 
the DSS-induced effect. Remarkably, ICAM-1 levels of the 15 mg/kg DHEA DSS treated 
group were not significantly reduced compared to the vehicle DSS mice. A similar 
result was observed for CXCL-1 expression in the DSS treated mice (Figure 6-7B). CXCL-
1 levels were significantly reduced for the 10 mg/kg DHEA DSS group (p<0.001) to levels 
comparable to the non-DSS treated groups. CXCL-1 levels for the 15 mg/kg DHEA DSS 
treated group were not significantly reduced. 

For the inflammatory regulator MCP-1 a minor reducing effect of 15 mg/kg DHEA in 
the non-DSS group (p<0.05) was obtained. MCP-1 expression in the liver of DSS-treated 
mice that received DHEA 15 mg/kg was significantly (p<0.01) increased (Figure 6-7C). 
LPL levels were significantly induced in the 10 mg/kg DHEA DSS-treated mice (p<0.001) 
compared to all other groups (Figure 6-7D). TGF-β and CYP4A14 RNA levels were not 
significantly affected by any of the treatments (Figure 6-7E,F). RNA levels of the 
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prototypical pro-inflammatory regulators COX-2 and IL-6 in the liver were too low to 
be accurately determined, indicating that both regulators were not clearly expressed 
in the livers of any of the treatment groups. 
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comparable to the non-DSS treated groups. CXCL-1 levels for the 15 mg/kg DHEA DSS treated 
group were not significantly reduced.  

For the inflammatory regulator MCP-1 a minor reducing effect of 15 mg/kg DHEA in the non-DSS 
group (p<0.05) was obtained. MCP-1 expression in the liver of DSS-treated mice that received 
DHEA 15 mg/kg was significantly (p<0.01) increased (Figure 6-7C). LPL levels were significantly 
induced in the 10 mg/kg DHEA DSS-treated mice (p<0.001) compared to all other groups (Figure 
6-7D). TGF-β and CYP4A14 RNA levels were not significantly affected by any of the treatments 
(Figure 6-7E,F). RNA levels of the prototypical pro-inflammatory regulators COX-2 and IL-6 in the 
liver were too low to be accurately determined, indicating that both regulators were not clearly 
expressed in the livers of any of the treatment groups.  

 

Figure 6-7 Gene expression of inflammation markers ICAM-1 (A), CXCL-1 (B), MCP-1 (C), LPL (D), TGF-
β (E), and CYP4A14 (F) in livers of mice receiving vehicle treatment (arachis oil) or DHEA (10 mg/kg or 
15 mg/kg) with or without 2% DSS in the drinking water. Vehicle, 2% DSS (n=10), 10 mg/kg DHEA, 2% 
DSS (n=10), 15 mg/kg DHEA, 2% DSS (n=10), vehicle, no DSS (n=6), 15 mg/kg DHEA, no DSS (n=6). Bars 
represent mean fold inductions containing standard deviations, where the vehicle, non-DSS treated 
group was set to 1.0. Asterisks indicate significant differences from the vehicle, DSS (One-way ANOVA, 
Dunnett’s multiple comparison test post-hoc; * P<0.05, ** P<0.01, *** P<0.001). 

Figure 6-7 Gene expression of inflammation markers ICAM-1 (A), CXCL-1 (B), MCP-1 (C), LPL (D), 
TGF-β (E), and CYP4A14 (F) in livers of mice receiving vehicle treatment (arachis oil) or DHEA (10 
mg/kg or 15 mg/kg) with or without 2% DSS in the drinking water. Vehicle, 2% DSS (n=10), 10 
mg/kg DHEA, 2% DSS (n=10), 15 mg/kg DHEA, 2% DSS (n=10), vehicle, no DSS (n=6), 15 mg/kg 
DHEA, no DSS (n=6). Bars represent mean fold inductions containing standard deviations, where 
the vehicle, non-DSS treated group was set to 1.0. Asterisks indicate significant differences from 
the vehicle, DSS (One-way ANOVA, Dunnett’s multiple comparison test post-hoc; * P<0.05, ** 
P<0.01, *** P<0.001).

6.5 Discussion

In the current study we investigated the effect of i.p. injected DHEA on DSS-induced 
colitis in C57Bl/6 mice. Our data showed that repeated i.p. injection of DHEA leads 
to reduced weight loss, improved stool consistency, and reduced rectal bleeding in 
DSS-induced colitis. Targeted lipidomic UPLC-MS/MS analyses of the liver showed 
that hepatic DHEA levels were increased, indicating systemic availability and hepatic 
accumulation after i.p. DHEA injection. Despite the availability of the DHEA to the 
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liver, none of the known DHEA metabolites, 13-HDHEA, 16-HDHEA, 10,11-ED-PEA, and 
19,20-EDP-EA were detected in the livers. In addition, no significant effects were found 
on histopathological markers of colon inflammation and production of the pro-
inflammatory regulators PGE2, PGD2, and TBX2 in the liver. Hepatic gene expression 
levels of ICAM-1, CXCL-1 and LPL, but not the inflammation markers TGF-β, MCP-1, IL-
6, and COX-2, were modulated by 10 mg/kg DHEA injection in DSS treated mice. 

Since DHEA treatment improved the manifestations of colitis such as weight loss, stool 
consistency, and occult blood levels in the stool, we were surprised not to observe any 
significant effects on colon inflammation and colon damage on day 7. Important to 
note is that stool consistency and rectal bleeding appeared to be more strongly reduced 
at day 5 when compared to day 7. Therefore, inhibition of pathological colitis markers 
might have occurred at time points before day 7. Body weight data and stool scores 
showed that the colitis worsens even after final administration of DSS (from day 5–7). 
Literature reports also indicate that aggravation of clinical colitis markers after DSS 
administration is common.26, 30-31 Consequently, in the present set-up, DHEA might only 
have attenuated the initial and still limited phenotypical colitis symptoms at day 5, 
while being no longer capable to reduce the augmented inflammation at day 7. In 
addition to this, DHEA was no longer injected at day 7 whereas this might be required 
for a continued effect. Studies showing positive effects of PUFA-derived compounds 
continued treatment until section, thus achieving longer continuation of the resolution 
of inflammatory processes.27, 32 Therefore, in future experiments DHEA treatment 
until anesthetization would be advisable. In addition to continuing treatment with 
DHEA post-DSS, starting with DHEA before initiating DSS administration can provide 
information about the protective effect of DHEA. Previously, i.p. injections with palmitoyl 
ethanolamide (PEA) at 10 mg/kg were successful in reducing DSS induced colitis,32 and 
i.p. DHEA injections of 10 mg/kg were successful in reducing formaldehyde-induced 
pain.18 In our study, a dosing of 15 mg/kg DHEA did not give better results compared to 
10 mg/kg DHEA. It is thus expected that i.p. injections of 10 mg/kg DHEA result in an 
effective dosing. Next to the timing and dosing of the PUFA-metabolite administration, 
the administration route is also an important determinant for its effectiveness. Oral 
administration might be more attractive compared to i.p. injection, but there are no 
data yet about the stability of DHEA along the GI tract and within the gut epithelium. 
Although methodological differences in study design are apparent, the DHEA precursor 
DHA and several PUFA-derived metabolites were reported to reduce colitis.27-28 For 
example, orally administered DHA (30 mg/kg) increased colitis induced colon lengths, 
reduced colon inflammation, and reduced myeloperoxidase, but had no significant 
effect on the stool consistency and rectal bleeding in 5% DSS administered BALB/c 
mice.28 For i.p. injected DHEA we did find significant effects on the stool consistency 
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and rectal bleeding, but not on the colon length, colon damage, and neutrophil activity. 
These somewhat contradicting results between DHA and DHEA could indicate that DHA 
and DHEA both affect colitis in a different manner. PEA given intraperitoneally at 10 
mg/kg to  C57BL/6 mice receiving 5% DSS via their drinking water did result in reduced 
colon damage and MPO activity.32 These results seem to imply that i.p. injected PEA is 
more potent and/or acts on different targets compared to DHEA in attenuating DSS 
induced colon damage. Orally administered 318 mg/kg MAG-EPA, an eicosapentaenoyl 
derived metabolite, was able to reduce phenotypic colitis symptoms, colon damage, 
and protect against DSS colitis induction in 4% DSS administered rats.27 Clearly, the 
high oral dosing of MAG-EPA makes a direct comparison to our study invalid. 

Effects on hepatic lipid mediators of inflammation, PUFA metabolites, and 
endocannabinoid profiles were analyzed to investigate their involvement in colitis and 
possible effects on DHEA injection.33 Recent investigations have shown that changes in 
liver metabolites are influenced by intestinal effects of DSS-induced colitis,34 further 
warranting our metabolic profiling study in the livers. As expected, DHEA concentrations 
in the liver were significantly increased with increasing DHEA dose, demonstrating 
systemic availability of the i.p. injected DHEA and showing that is not rapidly broken 
down. At present, neither kinetic nor general in vivo stability data on DHEA are 
available. DSS administration was found not to influence hepatic DHEA content. EPEA 
concentrations could not be quantified with adequate robustness, but were found to be 
low in all groups which is in correspondence with previous data on EPEA levels in mice 
and rat livers.35-36 AEA levels were not significantly affected in any of the groups, which 
seems to exclude competition between DHEA and AEA for the hydrolytic enzymes FAAH 
and/or NAAA under the present conditions.2, 10, 32, 37-38 Ambiguity exists about the effect 
of colitis on AEA and endocannabinoid tone in the affected tissues.2, 39 Most studies on 
this topic were performed in colon tissue, but one study in TNBS-induced colitis livers 
showed only a small increase in hepatic AEA levels.32 Therefore, colitis seems to have a 
minimal effect on hepatic N-acyl PUFA-derived metabolite levels. Clearly, understanding 
of the complex interplay between PUFAs, PUFA derivatives, endocannabinoids, 
and their metabolism in the gut-liver axis in colitis requires more research.

Although the livers contained substantial amounts of DHEA, DHEA-derived metabolites 
13-HDHEA, 16-HDHEA, 10,11-EDP-EA, and 19,20-EDP-EA were not detected in the liver. 
Because 13-HDHEA and 16-HDHEA are COX-2- derived products,16 the absence of hepatic 
13-HDHEA and 16-HDHEA in the current study is potentially explained by the low 
expression level of COX-2 in our model. CYP450-derived metabolites of DHEA, 10,11-EDP-
EA and 19,20-EDP-EA were previously characterized in livers of Sprague-Dawley rats,22 
but these metabolites were not detected in the current study. EDP-EAs are synthesized 
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under inflammatory conditions,22 but evidence of significant hepatic inflammation 
in our model was lacking, potentially explaining why 10,11-EDP-EA and 19,20-EDP-EA 
were not observed. Furthermore, literature showed that many hepatic CYP450s are 
actually downregulated during DSS administration.40-42 Nonetheless, production of 
EDP-EAs would then still be expected in the 15 mg/kg DHEA injected no-DSS group. 
Therefore, it is more likely that the CYP450s responsible for the production of 10,11-EDP-
EA and 19,20-EDP-EA are not expressed in the liver at all. Apart from these biological 
explanations, problems in the current workup (retrieving only 16% of 19,20-EDP-EA 
and 33% of 10,11-EDP-EA of the spiked standards) provide a likely explanation why 
EDP-EAs were not detected. Optimalisation of the purification method for epoxidated 
DHEA-derived products is required for future studies on epoxide derivatives of DHEA. 
Additionally, the liver samples were stored for 7 years until they were extracted (stored 
in the bio-bank at –80°C), which could have resulted in degradation of the relatively 
unstable epoxides. Biological hydrolysis of epoxides by epoxide hydrolases resulting in 
the formation of the corresponding diol could also not be ruled out.22, 43 In conclusion, 
none of the COX-2 and CYP450- derived DHEA metabolites were detected in the liver, 
which is most likely due to the lack of the expression of these enzymes and/or the 
relative long storage period of the livers.

No significant differences were found in PGE2, PGD2, and TBX2 concentrations in 
the liver. Previous in vitro work from our group showed that the presence of DHEA 
reduces the levels of PGE2 and PGD2 in LPS-stimulated RAW macrophages,16, 44 but 
such an inhibition was not observed in the liver despite the higher DHEA content. 
Again, this result is most likely explained by the poor expression of COX-2 in the livers. 
Detectable mRNA expression levels of the pro-inflammatory cytokine IL-6 were also 
not obtained, and gene expression levels of the profibrogenic regulator TGF-β were 
not significantly affected by DHEA. Levels of the pro-inflammatory regulator MCP-1 
were only significantly reduced for 15 mg/kg DHEA and DSS-treated mice. LPL levels 
were significantly increased in livers of the 10 mg/kg DHEA treated mice. For LPL it 
is difficult to interpret the observed effects, because multiple factors influence its 
expression. DSS administration results in lower LPL levels in the liver,45 whereas n-3 
PUFA supplementation generally increases LPL expression.46-47 Additionally, CB1 receptor 
activation could result in increased LPL expression.48 Gene expression levels of ICAM-1 
and CXCL-1 were decreased in the livers of 10 mg/kg DHEA injected DSS mice. ICAM-1 
expression is related to recruitment of leukocytes, and previously DSS administration 
led to increased hepatic ICAM-1 levels.49 CXCL-1 is a neutrophil attractant of which 
the expression is induced in the liver during inflammation.50-51 CXCL-1 knockout mice 
showed increased susceptibility to DSS-induced colitis.51 Reduced hepatic CXCL-1 levels 
can thus be associated with attenuation of liver inflammation. Remarkably, it seems 
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that especially 10 mg/kg DHEA treatment resulted in a more anti-inflammatory gene 
profile, when compared to 15 mg/kg DHEA in the DSS treated groups. These results 
seem to be in correspondence with the phenotypic and pathophysiological results, 
which seem to indicate that there is an optimum dosing for DHEA. Nonetheless, 
conclusive evidence for statements about the metabolic implications or origin of the 
implied dosing optimum is lacking. In conclusion, 2% DSS administration can not 
immediately be linked to liver inflammation based on the RNA expression profiles 
measured, as evidenced by undetectable levels of COX-2 and IL-6. Correspondingly, 
others previously reported that DSS treatment alone often does not significantly 
induce liver inflammation, but that hepatic metabolism could be affected.34, 40, 45, 52 

More research is required to understand the potential effects of DHEA on colitis. 
Phenotypic markers of colitis were significantly reduced by DHEA, but longer treatment 
and other routes of administration may be required to obtain observable effects at 
the histological level. Future studies should also focus on the analysis of PUFA and 
endocannabinoid profiles in both the colon and liver of DSS-administrated mice to 
better understand the role of PUFA metabolism in the colon and gut-liver axis during 
colitis progression. Finally, more research is required to understand the biological 
relevance of COX-2, LOX, and CYP450 oxidation of DHEA to further substantiate the 
immune-regulating effect of its metabolites. 

To summarize, we showed that i.p. injected DHEA leads to a small but significant 
reduction of the phenotypic DSS-induced colitis markers, but does not lead to reduced 
inflammation of the colon. Additionally, significant inflammation of the liver was not 
observed in our model as evidenced by the lack in expression of COX-2, IL-6, MCP-1, 
TGF-β, and the lack in upregulation of pro-inflammatory lipids like prostaglandins 
and thromboxanes. DHEA levels in the livers of the mice were significantly increased 
after intraperitoneal injection of DHEA, suggesting that i.p administration of DHEA 
leads to uptake and distribution into at least the liver. DHEA-derived metabolites of 
COX-2 and LOX were not detected in the liver tissues after DSS treatment.
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Supporting information belonging to Chapter 6

Figure S6-1 Mass spectrum of synthesized 
standards of 13-HDHEA (A), 16-HDHEA (B), 
and 13-HDHEA-d4 (C) in positive ionisation 
mode. Mass fragmentation of m/z= 410.2 
[M+Na]+ using 20 eV CE.    

Figure S6-2 Mass spectrum of synthesized 
standards of 10,11-EDP-EA (A,C) and 
19,20-EDP-EA (B) in positive ionisation mode. 
Mass fragmentation of m/z= 388.2 [M+H]+ 
using 15 eV CE, and of m/z= 410.2 [M+Na]+ 
using 20 eV CE.    
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Figure S6-3 Calibration curve showing AUC at 240 nm absorption for 13-HDHA to quantify 13-HDHEA 
(A), of 16-HDHA to quantify 16-HDHEA (B), and of 13-HDHA to quantify 13-HDHEA-d4 (C). Mean values 
with standard deviation of technical duplicates were plotted.  

 

Figure S6-4 Calibration curve showing AUC at 200 nm absorption for 10,11-EpDPA to estimate 10,11-
EDP-EA concentration (A), and of 19,20-EpDPA to estimate 19,20-EDP-EA concentration (B). Mean 
values with standard deviation of technical duplicates were plotted. 
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7.1 Introduction

As presented in this thesis, it is well-established that lipid metabolism plays an 
important role in immune regulation, and that n-3 PUFAs and their metabolites are 
linked to anti-inflammatory properties including reduction of the risk, development, 
and/or aggravation of (chronic) inflammatory diseases. One example of such an 
endogenous metabolic conversion is the production of DHEA from DHA, which has 
demonstrated potent anti-inflammatory properties in vitro (refs.1-3, and this thesis). 
Only recently, in vivo antinociceptive properties of DHEA were described,4 which have 
now been complemented with phenotypic anti-colitis effects as described in Chapter 
6. Earlier studies had reported on the potential anti-inflammatory and immune-
regulating properties of DHEA, but several knowledge gaps about its immune targets, 
distribution, and metabolism remained. The aims of the work outlined in this thesis 
were to elucidate the molecular targets and metabolic fate of DHEA in the context 
of inflammation. To this end, a multi-disciplinary approach was employed, focusing 
on the biological roles of DHEA metabolites. By using chemical biological methods, 
such as probe molecules, novel protein interaction targets of DHEA were characterized. 
Our findings indicated potential regulatory roles for DHEA in ROS signaling, and 
cell migration, and generated novel insights into possible mechanisms underlying 
its cellular uptake. DHEA was also found to interact with COX-2, and subsequent 
metabolomic and lipidomic studies confirmed the interaction between COX-2 and 
DHEA, resulting in the identification of novel COX-2-derived products of DHEA: 
13-HDHEA and 16-HDHEA, while also identifying new metabolites of EPEA: PGE3-EA, 11-, 
14-, and 18-HEPE-EA. Transcriptomics and lipidomics in LPS-stimulated macrophages 
revealed that 13- and 16-HDHEA have distinct anti-inflammatory properties in vitro. 
Finally, in a colitis-induced mouse model, the in vivo uptake and anti-inflammatory 
potential of DHEA was analyzed, and DHEA metabolism was characterized in the livers 
of these mice. 

7.2 Interactions and immunological targets of DHEA

7.2.1 No interaction with GPR110, PPARs, CB receptors, and TRPV-1 in RAW264.7 
cells
Although certain effects of DHEA have been attributed to its interaction with GPR110,5-

7 PPARs,4, 8 CB receptors,9-13 and/or TRPV-1 receptors,4, 9 the chemical proteomics setup 
in Chapter 3 did not reveal interactions with any of these receptors, which is most 
likely due to the known low expression of these genes in LPS-stimulated RAW264.7 
macrophages. Consequently, modulation of other inflammation signaling pathways 
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or metabolic routes, like the interaction with oxygenases, may explain the anti-
inflammatory effects of DHEA in the LPS-stimulated RAW264.7 macrophage model.2 
A possible consequence of choosing this model could be that we might have come 
to (partially) different conclusions with a different cell type. At the same time, the 
RAW264.7 is a well-accepted model for macrophages and has also been widely used in 
previous studies,14-16 including in our lab.1-2

7.2.2 ROS regulation in RAW264.7 cells by DHEA
Several literature reports described that DHEA is involved in the regulation of 
intracellular ROS levels. For example, DHEA reduced ROS levels in 0.1 μg/mL LPS-
stimulated murine primary macrophages after 2 h incubation with 10 nM DHEA,7 but 
increased ROS levels in head and neck squamous cell carcinoma (HNSCC) cells.17 In 
Chapter 3 of this thesis the DHEA probes were also found to interact with regulators of ROS 
formation. Peroxiredoxins (Prdxs), but also proteins involved in Rho GTPase-signaling 
including RAS-related C3 botulinum toxin substrate 1 (Rac1) and neutrophil cytosolic 
factor 2 (Ncf2) (both required for the formation of the NADPH-oxidase complex)18-19 
were identified as DHEA interactors. Interaction of these proteins with DHEA might 
influence complex formation, ultimately affecting intracellular ROS levels. Arachidonic 
acid, for example, is responsible for superoxide production in human neutrophils 
by interacting with the Rac1- and Ncf2-dependent NADPH oxidase complex NOX2.20 
Although we attempted to measure potential effects of DHEA on ROS production in 
RAW264.7 macrophages directly, we did not observe a significantly distinct effect yet 
(data not shown). The ROS protocol used for these experiments needs further tedious 
optimization before we can conclude how and if DHEA affects intracellular ROS levels 
in RAW264.7 macrophages. Next to DHEA, its oxidized metabolite 13-HDHEA (but not 
16-HDHEA) was also proposed to induce ROS production based on the transcriptomic 
analysis in IPA®. Interestingly, literature previously also suggested a relation between 
increased ROS levels and modulation of COX-2 and/or 5-LOX by DHEA in head and 
neck squamous cell carcinoma (HNSCC) cells.17 These results seem to be in line with our 
hypothesis that 13-HDHEA, resulting from the interaction between DHEA and COX-2, 
potentially leads to ROS induction. 

Based on the current literature, three distinct ROS-regulatory mechanisms can 
be distinguished for PUFAs and its derivatives. In the first mechanism, metabolic 
products of oxygenases (e.g., COX-2 and LOX-5) are involved in the regulation of ROS. 
For example, COX-2-derived prostaglandin PGD2 stimulates ROS production in Sertoli 
cells.21 This would be in line with our  IPA pathway analyses in Chapter 5, which also 
suggested a ROS-inducing effect for 13-HDHEA. In the second mechanism, increased 
catalytic activity of oxygenases leads to increased lipid radical formation and thus to 
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increased intracellular ROS levels.22 Because DHEA conversion by COX-2 is slow, COX-
2-derived lipid radicals are expected to be reduced when incubated with DHEA. It is 
however unknown how this process affects LOX-5 (and similar enzymes) kinetics and 
their related lipid-radical production. The third mechanism that has been proposed 
involves the increased production of enzymes like phospholipase A and COX-2 under 
conditions of oxidative stress. Consequently, lipid composition and lipid metabolism 
are changed, ultimately affecting intracellular ROS levels.23 It is important to note 
that ROS mechanisms also depend on the model which is used. For example, in 
ferroptosis-sensitive cancer, ischemia reperfusion, and degenerative disease models 
ROS scavenging mechanisms are often dampened, which could lead to increased 
vulnerability of these cell models to ROS.22, 24 Although it is fair to conclude that lipid 
oxidation and lipid metabolism influence intracellular ROS levels, little is known about 
the interplay of all the different mechanisms involved. It must therefore be considered 
that DHEA could affect both ROS-inducing and ROS-reducing pathways resulting in 
a net-near zero effect. Clearly, additional research is required to confirm that the 
obtained interactions between DHEA and Prdxs, and small GTPase-dependent NADPH 
complexes are responsible for functional changes in intracellular ROS levels. 

7.2.3 DHEA and cytoskeletal remodeling and cell migration
Because of their role in the innate immune response, macrophages and neutrophils 
are capable of chemotaxis and cell migration. Indeed, various reports showed that LPS 
stimulation of immune cells leads to the induction of cell migration.7, 25-26 According to 
Park and co-workers, DHEA is involved in reducing LPS-induced neutrophil migration, 
which was interpreted as an anti-inflammatory effect.7 In Chapter 3, we found evidence 
for the involvement of a DHEA-dependent small GTPase-signaling pathway including 
the regulatory proteins Rac1, Rab1 and dynamin-2 (Dnm2) in the modulation of 
cytoskeletal remodeling and cell migration.27-29 Moreover, DHEA-mediated reduction of 
prostaglandin formation could be related to reduction of cell migration, demonstrated 
by the fact that PGD2 induces RAW264.7 macrophage migration.2, 26 Apart from the 
effects of DHEA itself, CYP450 and 15-LOX-derived products of DHEA have been described 
to reduce cell migration.13, 30 Effects of the DHEA-derived COX-2 products 13-HDHEA 
and 16-HDHEA on cell migration are difficult to interpret based on transcriptomic 
data alone, but functional IPA® analysis of these compounds pointed to a potential 
reduction in cell migration. In summary, both DHEA and its COX-2-derived metabolites 
13-HDHEA and 16-HDHEA seem to affect cell migration, expectedly leading to an anti-
migratory phenotype. Additional experimental studies are warranted to determine the 
effects and mechanism of DHEA, 13-HDHEA, and 16-HDHEA on cell migration. 
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7.2.4 DHEA interactions with COX-2
Previously it was hypothesized that (at least part of) the anti-inflammatory effect 
of DHEA was explained via an interaction with COX-2, because DHEA incubation 
resulted in a significant reduction of COX-2-derived prostaglandins and oxylipins 
while only marginally reducing the expression of the protein itself.2 Other PUFA-
derived metabolites like AEA and 2-AG were previously also characterized as COX-2 
substrates,31-33 fueling the hypothesis that DHEA is a competitive COX-2 substrate.2, 34 
A direct interaction of COX-2 with the chemical probes of AEA and DHEA was indeed 
reported in Chapter 3, and in Chapter 4 it was demonstrated that AEA, EPEA, and DHEA 
can indeed act as COX-2 substrates using a cell-free hCOX-2 incubation assay. Using LC-
HRMS we were the first to identify previously unknown metabolites of EPEA and DHEA, 
of which the structure was conformed using synthetic congeners in a targeted UPLC-
MS/MS analysis. COX-2-dependent metabolism of DHEA and EPEA resulted in the 
production of the newly identified compounds 13-HDHEA and 16-HDHEA from DHEA, 
and 11-HEPE-EA, PGE3-EA, and the unconfirmed products 14-HEPE-EA, and 18-HEPE-EA 
from EPEA. These experiments provided evidence for a new COX-2 metabolism ‘branch’ 
on the lipid metabolome (see also section 7.3.1).

Although DHEA was converted by COX-2, the catalytic efficiency of the conversion was 
limited (yielding 1.3% 13-HDHEA and 1.4% 16-HDHEA, in reference to the amount of 
DHEA that was added, in the cell-free enzymatic model). Kinetics of COX-2 oxidation 
are dependent on the length of the hydrocarbon chain (oxidation of DHA is 50% 
when compared to AA)35 and the presence of N-acyl derivatives (AEA oxidation is 80% 
lower when compared to AA).36 With respect to previous kinetic observations it is not 
surprising that DHEA conversion by COX-2 is slow, resulting in limited production of 
13-HDHEA and 16-HDHEA. It is tempting to speculate that the immunological effect of 
this interaction between DHEA and COX-2 mainly consists of substrate competition 
with AA, explaining the significant reduction in prostaglandin and thromboxane 
levels.2 DHEA might also induce additional allosteric effects to further regulate COX-2 
activity, which is a commonly obtained phenomenon for this allosteric enzyme.37 To 
investigate the nature of the interaction between DHEA and COX-2 in more detail, 
and to prove that the reduction in prostaglandin and oxylipin formation is indeed 
the consequence of competition between AA and DHEA in the catalytic site of COX-2, 
additional kinetic studies are required. Due to the limited amount of commercially 
available hCOX-2 these studies were not yet performed. 

7.2.5 Endosomal uptake and trafficking of DHEA
Although DHEA and AEA were effectively taken up by LPS-induced macrophages, there 
is ongoing debate about the uptake mechanism of PUFA amides. Uptake is either 
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mediated via passive diffusion, mediated by the hydrolysis of DHEA and AEA by fatty acid 
amide hydrolase (FAAH), or via facilitated transport using a yet unidentified membrane 
transporter.38-39 Transcriptomic analysis in Chapter 5 revealed that besides FAAH, 
N-acylethanolamine-hydrolyzing acid amidase (NAAA) was significantly expressed in 
RAW264.7 macrophages that were stimulated with 1.0 μg/mL LPS for 24 h. In line with 
this, Alhouayek and coworkers recently demonstrated that especially during  the first 
few hours DHEA is mainly hydrolyzed by NAAA in 0.1 μg/mL stimulated murine J774 
macrophages, proving that NAAA is indeed capable of hydrolyzing DHEA.34 Despite the 
known interaction with these enzymes, both NAAA and FAAH were remarkably not 
observed as binding proteins in Chapter 3. Besides FAAH and NAAA, fatty acid binding 
proteins (FABPs) and oxylipins are also involved in orchestration of the biological roles 
of PUFA amides, thereby affecting their uptake.38 

In Chapter 3 no membrane transporters were identified that would point towards 
facilitated transport of the PUFA amides. In contrast, the membrane and vesicular 
regulating proteins Rab1a, Dnm2, and Rab5c (the latter only for DHEA) were characterized 
as AEA and DHEA interactors,27-28, 40 suggesting endocytosis as a more likely mechanism for 
PUFA amide uptake. For AEA, endocytosis via lipid rafts and caveola (small invaginations 
of the plasma membrane) was already proposed in 2004.41 Although conclusive 
statements about the uptake mechanism require additional studies, current results 
better fit the passive diffusion model than uptake via a (novel) membrane transporter. 

7.2.6 Summary of main conclusions on the interactions and immunological 
targets of DHEA
DHEA reduces the production of several pro-inflammatory cytokines and chemokines, 
reduces cell-migration, and affects ROS regulation (Figure 7-1).1-2, 7, 17, 34 Although there 
still are open questions regarding the mechanistic regulation of all these effects, it is 
concluded that part of the anti-inflammatory effects of DHEA are mediated via the 
interaction with COX-2, resulting in the formation of biologically active metabolites 
13-HDHEA and 16-HDHEA and a reduction in pro-inflammatory prostaglandins and 
oxylipins. Additionally, new links between DHEA and the small GTPase pathway, 
peroxiredoxins, and cytoskeletal remodeling proteins were found. Involvement of 
previously described DHEA receptors (GPR110, PPARs, CB receptors, and TRPV-1) in LPS-
stimulated RAW264.7 macrophages was not observed, which is most probably explained 
by the limited expression levels of these genes in this cell line. Consequently, it could 
be speculated that the current description of the ‘endocannabinoid system’ is too 
restrictive and requires adjustment. True endocannabinoids and endocannabinoid-like 
PUFA derivates can bind to various protein and receptors that fall beyond classically 
recognized endocannabinoid regulators. Clearly, interaction of the endocannabinoid 
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and PUFA-derivative compounds with the binding targets also depend on the model 
which is used. Ultimately, all the interactions together regulate the binding activity 
and efficiency of a ‘true’ endocannabinoid to the classical endocannabinoid receptors 
like CB-receptors, TRPV-1 and PPAR’s (known as the entourage effect,42 as introduced in 
chapter 1). Consequently, the scope of the endocannabinoid system should be increased. 
As a final observation, results from this thesis also suggested that uptake of DHEA and 
other PUFA amides is regulated via endocytic trafficking rather than via specialized 
membrane receptors. 
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Figure 7-1 Overview of anti-inflammatory mechanisms of DHEA in 1.0 μg/mL LPS-stimulated 
RAW264.7 macrophages.  
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metabolome (Figure 7-3). Apart from reducing intracellular concentrations of DHEA and EPEA, 
oxidized metabolites of EPEA and DHEA usually display anti-inflammatory and/or immune-
regulating properties. Indeed, 13-HDHEA and 16-HDHEA reduced transcription levels of pro-
inflammatory genes, and reduced production of several pro-inflammatory cytokines. As such, 
the COX-2-mediated anti-inflammatory effects of DHEA might be twofold: (i) it inhibits 
prostaglandin formation by acting as a competitive substrate of AEA for COX-2, and (ii) its 
oxidation products 13-HDHEA and 16-HDHEA induce anti-inflammatory effects themselves. 
Although 13-HDHEA and 16-HDHEA showed distinct immune-regulating effects, their anti-
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Apart from unravelling the anti-inflammatory mechanism of DHEA, this thesis also 
focused on metabolism of PUFAs and related N-acyl amines. As extensively reviewed 
in Chapter 2, nutrition is an important factor in the metabolic regulation of PUFAs 
and their amides, and previous studies showed that n-3 PUFA amide concentrations, 
like those of EPEA and DHEA in plasma of humans and mice and tissues of mice, are 
increased after administering fish oil.43-45 Based on results in this thesis and work from 
others, it is now clear that EPEA and DHEA could be further metabolized to products 
that can be considered as new branches of the lipid metabolome.46 Here we will discuss 
PUFA amide metabolism in a broader context, and describe its implication for immune-
regulation, ending with a short discussion on the metabolic implications for humans.  

7.3.1 Immune-modulating effects of DHEA and EPEA metabolism in vitro
N-acyl PUFA amines are prone to enzymatic oxidation by CYP450, LOXs, and COX-
2. In Chapter 4 11-HEPE-EA, PGE3-EA, and the unconfirmed products 14-HEPE-EA, 
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and 18-HEPE-EA were identified as novel COX-2-derived EPEA products (Figure 7-2). 
Conversion of DHEA via COX-2 was found to result in production of 13-HDHEA and 
16-HDHEA, to further complement the DHEA lipid metabolome (Figure 7-3). Apart 
from reducing intracellular concentrations of DHEA and EPEA, oxidized metabolites 
of EPEA and DHEA usually display anti-inflammatory and/or immune-regulating 
properties. Indeed, 13-HDHEA and 16-HDHEA reduced transcription levels of pro-
inflammatory genes, and reduced production of several pro-inflammatory cytokines. 
As such, the COX-2-mediated anti-inflammatory effects of DHEA might be twofold: 
(i) it inhibits prostaglandin formation by acting as a competitive substrate of AEA 
for COX-2, and (ii) its oxidation products 13-HDHEA and 16-HDHEA induce anti-
inflammatory effects themselves. Although 13-HDHEA and 16-HDHEA showed distinct 
immune-regulating effects, their anti-inflammatory potential was limited when 
compared to DHEA, suggesting that COX-2 might rather be involved in catabolic 
clearance of DHEA. Contrary to this, others have shown that comparable CYP450 and 
15-LOX-derived DHEA metabolites possessed stronger immune-regulating properties 
than DHEA.12-13 However, characterization of the biological properties of CYP450, 15-LOX, 
and COX-2-derived DHEA metabolites using different in vitro models prevents a direct 
comparison of their full immunological potential. It is also important to note that 
the 15-LOX-derived products 10,17-diHDHEA and 15-HEDPEA are the result of multiple 
sequential oxidations that originated from the common 15-LOX precursor 17-HDHEA. 
Considering this, it cannot be ruled out that 13-HDHEA and 16-HDHEA are subjected to 
additional oxidations, leading to more complex lipids with distinct (and possibly even 
increased potency) immunological effects, albeit at reduced concentrations. Finally, it 
is important to keep in mind that biological effects ascribed to DHEA might actually be 
(partly) attributed to DHEA metabolites as it is easily oxidized by a variety of enzymes 
to form products with distinct immune-regulating properties that can also be potent, 
even in small amounts.

7.3.2 Anti-tumorigenic effects of DHEA and EPEA metabolism in vitro
Next to anti-inflammatory properties of DHEA and EPEA derived metabolites,12-13, 

46 CYP450-derived DHEA epoxides displayed anti-tumorigenic properties that were 
mainly attributed to antiangiogenic and anti-migratory effects.30 Previously, 15-LOX-
derived DHEA metabolites were also identified as polymorphonuclear leukocyte (PMN) 
migration inhibitors,13 and in Chapter 5 it was described that also the COX-2-derived 
metabolites 13-HDHEA and 16-HDHEA alter gene expression in a way that suggests 
potential anti-migratory effects. In the work of Das and coworkers the inhibitory effect 
on cell migration translated to anti-tumorigenic properties,12, 30 making the nutrition-
derived oxidized n-3 PUFA metabolites a hypothetically interesting class of newly 
identified antitumorigenic compounds to be investigated in more detail. Interestingly, 
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DHEA itself was previously also linked to anti-tumorigenic properties in breast and 
prostate cancer models.8, 10, 47 Similar to its anti-inflammatory effects it is currently 
unknown if and how DHEA metabolism affects the anti-tumorigenic properties ascribed 
to DHEA. Future studies are required to understand if it is DHEA, its metabolites, 
or both, that are the main contributors to the anti-tumorigenic properties, and if 
oxidized n-3 PUFA derivatives indeed provide an interesting source of nutrition-related 
anticarcinogens. Future work should also include metabolic screening or mapping of 
oxygenase expression levels in order to gain insight in the possible contribution of 
DHEA metabolites on the overall immune-regulating effect. In addition, it would be 
interesting to test DHEA and EPEA together with their known oxidized metabolites in a 
single study to directly compare their anti-inflammatory and antitumorigenic effects 
in the same biological system. 

7.3.3 Potency of DHEA metabolism in vitro
To be able to interpret the potency of the identified anti-inflammatory and 
anti-tumorigenic properties, it is important to precisely determine the effective 
concentrations of the DHEA metabolites. Induction of significant anti-inflammatory or 
anti-tumorigenic effects in vitro requires concentrations of DHEA and its metabolites 
ranging from 10 nM to 10 μM (refs.12-13, 30, 46 and this thesis). Quantified values of 13-HDHEA 
and 16-HDHEA in Chapter 4 were limited to 40 nM in 100 μL extracts in 1.0 μg/mL LPS-
stimulated RAW264.7 macrophage extracts, which indicates that in vitro, the production 
of DHEA metabolites would yield concentrations which are below those considered 
to induce immune-regulating effects. Induction of immune-regulating properties in 
1.0 μg/mL LPS-induced RAW264.7 macrophages required at least 5 μM of 13-HDHEA 
and 16-HDHEA, which is about 1000x higher than the measured concentrations. While 
interpreting these data it must be considered that local intracellular concentrations of 
13-HDHEA and 16-HDHEA might be higher at accumulation sites. In conclusion, these 
results indicated that DHEA metabolism might not reach significance in 1.0 μg/mL 
LPS-induced RAW264.7 macrophages, although immune-regulating effects in other in 
vitro models might be reached. 
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Figure 7-2 Schematic summary of EPEA metabolism. Newly characterized metabolites of EPEA 
described in this thesis are highlighted in red.  

Figure 7-2 Schematic summary of EPEA metabolism. Newly characterized metabolites of EPEA 
described in this thesis are highlighted in red.
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Figure 7-3 Schematic summary of DHEA metabolism. Newly characterized metabolites of DHEA and 
their immune-regulating properties as described in this thesis are highlighted in red.  
Figure 7-3 Schematic summary of DHEA metabolism. Newly characterized metabolites of DHEA 
and their immune-regulating properties as described in this thesis are highlighted in red.
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7.3.3 DHEA metabolism in vivo
Although DHEA has interesting anti-inflammatory properties in vitro, there is still 
limited evidence for its in vivo anti-inflammatory effects (Chapter 6).4 Studies in this 
thesis showed that i.p. injection of DHEA resulted in increased DHEA levels in the liver, 
but did not result in measurable levels of hepatic DHEA metabolites in mice that 
had been administered 2% DSS through their drinking water. Furthermore, a slight 
decrease in colitis phenotypes was observed. Most likely, insignificant expression of the 
oxygenases in the liver as result of low hepatic inflammatory state resulted in the absence 
of detectable amounts of oxygenated DHEA metabolites. Consequently, 13-HDHEA and 
16-HDHEA have not yet been characterized in vivo. Previous literature reports already 
described quantification of CYP450- derived EPEA and DHEA metabolites in rat brain 
and peripheral organs,12 and 15-LOX-derived DHEA metabolites were identified in 
mouse brain.13 Accumulation of CYP450 products in peripheral tissues varied between 
0-500 pmol/g tissue, and the regioisomer 19,20-EDP-EA was predominantly produced. 
Although this observation implies that DHEA metabolism is also active in vivo, 500 
pmol/g tissue (equals 0.19 μg/g tissue) of CYP450-derived DHEA metabolite is at least 
100x lower than the effective dosing of 2-10 mg/kg DHEA (equals 2-10 μg/g) in vivo 
(Chapter 6).4

Later studies in mouse lung carcinomas showed that production of the potentially 
anti-tumorigenic EDP-EAs was in the range of 0-55 nmol/g tissue (0-21 μg/g tissue), 
depending on the regioisomer.30 These concentrations most likely do have potential 
anti-tumorigenic effects. In the same study, a 20-80% increase in EDP-EA concentration 
was observed in metastatic lungs compared to the lungs of control mice. DHEA levels 
themselves were not significantly decreased in the metastatic lungs, which seems to 
imply that DHEA uptake and/or production of DHEA in tumorigenic lungs is induced. 
Together, these results imply that DHEA metabolism and the EDP-EA metabolites 
may possess regulatory effects in in tumor biology, where they also reach biological 
significance. 

Although the observed DHEA metabolite concentrations in vivo might seem small, 
it should be mentioned that these are averaged concentrations from whole tissue 
extracts, and that local tissue concentrations of the metabolites may be higher at 
accumulation sites. To get more insight in the relevance of DHEA metabolism in vivo, 
additional studies are required. Main requirements for these studies are that expression 
levels of the oxygenases are high enough to provide significant concentrations of 
oxidized metabolites, which will lead to immune-regulation, and that the uptake and/
or intracellular production of DHEA is also significant.  
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7.3.4 Translation of metabolic conversion of DHEA to 13- and 16-HDHEA to 
humans 
Small pilot studies in our laboratory showed that DHEA levels are increased in human 
plasma after fish oil consumption,48 and similar studies by Das and coworkers showed 
the presence of DHEA and even 19,20-EDP-EA in human plasma.12 Consequently, it 
could be hypothesized that COX-2-dependent DHEA metabolism as described in this 
thesis is potentially also relevant for humans. To translate the DHEA in vitro and in 
vivo metabolism to the human situation, we sought to identify 13- and 16-HDHEA 
in human plasma. Unfortunately, these compounds could not be detected (data not 
shown). There are different explanations for this. (i) Experiments were performed in 
plasma from healthy human volunteers and, consequently, COX-2 expression might 
not have reached the required levels. (ii) 13-HDHEA and 16-HDHEA might be unstable 
metabolic products and could be prone to fast metabolic breakdown and clearance. 
To obtain a better perspective on the amount of 13-HDHEA and 16-HDHEA in humans, 
experimental observations in vivo and in vitro allow to make a hypothetical calculation. 
After 6 weeks of 3% fish oil diet available ad libitum, endogenous DHEA levels in murine 
plasma doubled from 0.3 ng/mL to about 0.6 ng/mL.48 Background human DHEA 
plasma concentrations without dietary intervention were reported to be 0.41 ng/mL.48 
Assuming a similar increase for human DHEA plasma levels after a diet that contains 
3% fish oil, DHEA concentrations would increase to ~0.8 ng/mL (or 2.15 pmol/mL). In 
our cell-free assay of hCOX-2 in Chapter 4 it was observed that only 1.3-1.4% of the 
DHEA was converted into HDHEAs. Assuming similar conversions in vivo, this would 
result in circulating concentrations of approximately 0.03 pmol/mL for the HDHEAs. 
Most likely, these concentrations are not physiologically relevant, but intracellular 
accumulation of the metabolites could ultimately lead to induction of immunological 
effects. 

Based on previous observations, from in vitro and in vivo models, it can be assumed 
that oxidative DHEA metabolism is mainly active in inflamed tissues. First, DHEA 
synthesis and/or DHEA uptake is increased in immune-activated and tumorigenic cells 
to inhibit the production of pro-inflammatory regulators and processes.30, 43 Second, 
inflammatory states result in the upregulation of COX-2.49-50 Together, these events 
increase the possibility of detecting 13-HDHEA and 16-HDHEA in humans. Although 
the hypothesized concentrations of DHEA and its metabolites are relatively small in 
humans, dietary intervention also leads to significant increase in their production, and 
might ultimately lead to physiologically significant levels. As such it is believed that 
n-3 PUFA metabolism and nutrition can potentially play a role during sceptic state and 
tumorigenesis.  
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7.4 Chemical perspective on the synthesis and use of bi-functional 
PUFA-derived probes

This thesis shows that there is a need for further research on the mechanistic and 
metabolic regulation of n-3 PUFAs, their amidic metabolites such as DHEA, and 
their oxygenated metabolites. An important and insightful approach is the use of 
bio-orthogonal chemical probes, as reported in Chapter 3. Initially, the synthesis of 
alkyne-terminated n-3 PUFA probes was investigated to produce a variety of DHA and 
DHEA probes. This approach would allow potential modification on various parts of 
the hydrocarbon chain. Moreover, the diazirine moiety could have been introduced 
in the hydrocarbon chain of the chemical probe, similar to the AEA-DA probe that 
was designed by Cravatt and coworkers,51 allowing the production of an ethanolamide-
derived probe that closely resembles DHEA. In the probes described in Chapter 3, the 
diazirine moiety was always located at the N-acyl-end of the probe, and resulting the 
biological effect of the ethanolamine in DHEA might not have been properly imitated 
by the probe. Even though different groups reported the successful synthesis of n-3 PUFA 
building blocks using Cu(I)-mediated cross-coupling reactions to produce methylene-
skipped poly-ynes, followed by the selective reduction of the poly-ynes to cis-double 
bonds,51-54 this procedure was not straightforward as skipped poly-ynes rapidly oxidize. 
As such, obtained yields dramatically decreased with increasing length of the poly-
yne and the products could not be stored long-term in a stable manner. Nevertheless, 
reduction of the skipped poly-ynes by Ni(II)acetate with sodium borohydride resulted 
in the stereoselective production of Z-alkenes, even though in limited yields (<30%). 
Fortunately, around that time one of our targeted docosahexaenoic acid alkyne 
derivatives became commercially available. Therefore, it was decided to continue with 
the commercial DHA-alkyne in combination with 2-(3-(but-3-yn-1-yl)-3H-diazirin-3-
yl)ethan-1-amine to synthesize the PUFA-derived bi-functional probes as described in 
Chapter 3. 

Our bi-functional probes showed comparable effects on the reduction of prostaglandin 
and IL-6 when compared to DHEA despite the chemical alterations that could affect 
their biological properties and chemistry. As an ideal probe contains the smallest 
possible chemical modifications and displays biological behavior that is indifferent 
from the lead structure, we conclude that DHEA probe 3 is a proper imitation of the 
fatty acid tail of DHEA, but probably less suitable to study the effect of the ethanolamine 
moiety of the biological activity. Therefore, in an ideal case a combination of probes is 
used: one probe that has both probe-functionalities at the PUFA-end, one probe that 
has both probe-functionalities on the N-acyl end, and a set of two complementary 
probes that have one of the two functionalities on the hydrocarbon tail and the 
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other functionality on the N-acyl end of the probe (DHEA probe 3 resembles one of 
these two). Such a combination of probes allows proper assessment of the observed 
biological effects of the modifications, and informed judgements on the best probe 
can be made. Moreover, biological control experiments should always be performed to 
ensure that biological properties of the probe molecule are similar to the molecule of 
interest. For example, supplementing the natural compound to the experiment with 
the probe, should lead to diminished results for the probe, which supports identical 
behavior. Unfortunately, more detailed biological experiments to the role and binding 
interaction of DHEA with ROS regulators and small GTPase-regulating proteins could 
not be performed in the time-frame of the current PhD thesis, which thus only points 
to the need for extensive further investigations in this field. 

7.5 Future perspectives 

Despite the identification and characterization of new branches in the DHEA 
metabolome, and investigating the metabolic and phenotypical effects of i.p. injected 
DHEA in colitis-induced mice, several questions remain unanswered and new questions 
were raised. Here, I discuss some of these open questions and present my view on the 
future directions for research on n-3 PUFA amides in the field of immunology and 
inflammation. 

First, chemical proteomic analysis in Chapter 3 and the mRNA expression data in 
Chapter 5 proposed a potential link between DHEA and/or its metabolites and ROS 
production, cellular migration, and anti-tumorigenic effects. This was not limited 
to DHEA and its metabolites, but also involved lipid regulators like arachidonic acid 
and prostaglandins. New studies are warranted to further explore direct effects of 
DHEA and its metabolites on ROS production and cell migration in macrophages and 
neutrophils. Other relevant disease models like tumorigenic, ischemia reperfusion, and 
degenerative disease models should be investigated as well, because in these models 
ROS-dependent cell death has been proposed as a potential future treatment.22, 24 
Additional mechanistic insight in the regulation of intracellular ROS species could 
be gained by measuring the contribution of several particular oxygenases like COX-2, 
5-LOX, 15-LOX, and CYP450 by selectively inhibiting their activity. Lipidomic analysis 
might reveal the regulation of other interesting lipid species like prostaglandins and 
oxylipins, which were previously also indicated as ROS-regulating factors.21 

Second, mapping of the proposed endosomal uptake and trafficking is required to 
prove passive transport as the dominant uptake mechanisms for N-acyl ethanolamine 
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PUFA derivatives. Next to the chemical proteomic screening performed in Chapter 3, 
the role of PUFA-regulating enzymes like NAPE-PLD, FAAH, NAAA, and oxygenases in 
the uptake of the PUFA derivatives needs more investigation. Furthermore, cellular 
uptake and receptor binding in other cell types than RAW264.7 macrophages needs to 
be evaluated in order to understand the (possible) involvement of endocannabinoid-
related receptors like CB1/CB2, GPR110, TRPV-1 e.g., which were found to be expressed 
less in RAW264.7 cells. In these studies, the use of receptor antagonists and silencing of 
downstream pathways will aid in the unravelling of signaling cascades.

Third, it would be interesting to gain deeper insight in the molecular details of DHEA 
binding by COX-2. To this end, generating a crystal structure of the DHEA-COX-2 
complex would be instrumental to analyze the binding features in the complex. 
Moreover, enzyme kinetics in a competition assay between DHEA and AA (and also 
other COX-2 substrates) could be informative to understand the interaction of DHEA 
in the catalytic and allosteric subunit of COX-2. Once the kinetics and interaction of 
DHEA with COX-2 are better understood, it should be possible to develop novel anti-
inflammatory drugs that will probably not show the cardiovascular adverse effects, 
that are typical for so-called COX-2 selective NSAIDs. As an alternative to these NSAIDs, 
dietary interventions might be used to develop nutritional guidelines to attenuate 
chronic inflammation. To study interactions between DHEA and COX-2 in more detail, 
significant amounts of recombinant COX-2 need to be expressed and purified, because 
commercially available amounts of the enzyme are limited, and its purity is often 
questionable.  

Fourth, to analyze and map the metabolic implications of DHEA and/or fish oils a 
lipidomic screening assay in several organs in a septic or tumorigenic in vivo model 
(and thus upregulation of the DHEA metabolizing oxygenases) is required. Comparing 
a control group receiving a ‘normal’ diet with a treatment group receiving fish oil 
and a group that receives DHEA by injection, effects of these interventions can be 
assessed on n-6 PUFA derivatives like AEA, the uptake and/or production of DHEA, the 
production of DHEA-derived metabolites of COX-2, LOXs, and CYP450, and levels of pro-
inflammatory oxylipins like prostaglandins. Optimization of the sample extraction 
workup is required to properly quantify epoxide-derived metabolites that are also 
expected. Next to lipidomic screening, expression analysis of the enzymes in the organs 
would also be required, which can be performed in parallel using RT-PCR (Chapter 6). 
Next to COX-2, CYP450s, and LOXs, expression levels of FAAH, NAAA, and NAPE-PLD are 
interesting to understand the metabolic fate of DHEA in vivo. In follow-up experiments 
of these studies, specific metabolic routes could be blocked by adding enzyme inhibitors 
to ensure metabolic production of specific metabolites.   
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Fifth, to gain more insight in the biological aspects of PUFAs it is crucial to have robust, 
straightforward and convenient synthetic routes to produce PUFA probes. Interestingly, 
two synthetic strategies for the production of DHEA-derived chemical probes were 
recently described in the PhD thesis of dr. Gagestein from the group of prof. van der 
Stelt.55 The first route described a combined synthesis route using the synthesis of two 
dienes that were combined using Wittig olefination. A second Wittig reaction with 
a minimalistic bi-functional linker resulted in the production of DHA- and DHEA-
derived probes. A second 6-step synthesis route was described to produce DHA alkyne by 
regioselective hydrobromination to derivatize the terminal non-conjugated C=C-bond 
of DHA into bromohydrins, which were subsequently converted into a β,γ-unsaturated 
aldehyde via epoxidation, hydrolysis of the epoxide intermediate, and a final oxidative 
cleavage of the resulting dehydroxylated DHA structure. A Wittig reaction between 
the resulting aldehyde and an alkyne-terminated phosphonium salt resulted in the 
formation of the DHA-alkyne. Although the overall yield of this 6-step synthesis 
route is only 4%, the described methodology provides an interesting alternative to 
the complex multi-step synthesis routes involving formations of unstable poly-ynes.55 
Another approach was described by the laboratory of Janda and coworkers, who used 
solid supports for the synthesis of PUFA structures.56 This methodology could simplify 
purification and was reported to result in excellent yields with the possibility for 
diversification on the tail end. Combinations of the use of bead systems with flow 
chemistry might provide an interesting way to develop more controllable methods 
compared to the conventional in solution chemistries. 

Next to these specified future investigations on DHEA and its metabolites, human 
dietary intervention studies and clinical trials are required to understand the full 
potential of n-3 PUFA enriched diets and their implications on the occurrence and 
outcomes of (chronic) inflammation and carcinogenesis. Of particular relevance would 
be to get a better understanding of the distribution and metabolism of the n-3 PUFAs 
in the body, and to get a perspective on the biological relevance of several metabolic 
pathways. In the end these studies are necessary to enable the development of more 
tailored dietary guidelines, which could ultimately contribute to healthier individuals 
and improved quality of life.   
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Summary 

Poly-unsaturated fatty acids (PUFAs) and several of their metabolites are known to 
be involved in the regulation of immune functions. In a general sense, n-6 PUFAs 
possess a predominantly pro-inflammatory functionality through their oxygenated 
metabolites, whereas n-3 PUFA-derived oxygenated metabolites and amine conjugates 
possess less pro-inflammatory or even anti-inflammatory properties. One potent anti-
inflammatory mediator is the ethanolamine derivative of docosahexaenoic acid, i.e., 
docosahexaenoyl ethanolamide (DHEA). In this thesis, the metabolic fate of DHEA and 
the potential immune-modulating effects of some of the resulting metabolites are 
further investigated. In Chapter 2, a literature review of the metabolic and immune-
regulating properties of PUFAs and their acyl derivatives is presented. As described, 
DHEA levels in murine and human plasma and animal plasma and tissues depend 
on the dietary intake of n-3 PUFAs. Previous studies from other labs have shown that 
DHEA can be oxygenated by CYP450 and LOX-15 enzymes, present in different tissues, 
which results in compounds with increased anti-inflammatory properties compared 
to DHEA itself. Together with data from our own group we conclude that studying 
immune regulation by n-3 PUFAs and n-3 PUFA derivatives is complex and for example 
depends on the relative contribution of different metabolic pathways. Recent studies 
have shown that the use of chemical probes, in particular synthetic PUFA-related 
compounds containing bio-orthogonal handles that aid in the unraveling of said 
compounds, can provide an interesting alternative to conventional immunological 
tools to investigate the immune-regulating effects of the PUFAs. 

In Chapter 3 bi-functional synthetic chemical probes were synthesized and used to map 
the biological interactions of the anti-inflammatory mediator DHEA and the n-6 PUFA-
derived ethanolamine conjugate arachidonoyl ethanolamide (AEA) in LPS-stimulated 
murine RAW264.7 macrophages. Diazirine and alkyne moieties were installed into DHEA 
and AEA-related structures to allow covalent coupling to interacting proteins using 366 
nm UV-light. Subsequent CuAAC click coupling to a fluorescent probe or biotin enabled 
visualization and enrichment of bound proteins. Despite the small chemical alterations 
present in the probe when compared to native DHEA, the bi-functional chemical 
derived DHEA probes displayed similar anti-inflammatory properties compared to  
DHEA itself, as shown by similar reductions in IL-6 and prostaglandin E2 (PGE2) release. 
We found that uptake of the PUFA-derived probes successfully resulted in cytosolic 
localization in the suggested regions of the ER, Golgi-system, and showed vesicular 
compartmentalization. Chemical proteomic interactome mapping using affinity 
purification with biotin and subsequent LC-MS/MS analysis of the proteome, showed 
that both AEA and DHEA interacted with the oxygenation enzyme cyclooxygenase 2 
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(COX-2), but also with peroxiredoxin I, peroxiredoxin IV, different proteins involved in 
the Rho GTPase signaling pathway, and with Rac1 and its related interactome proteins. 
Immunolabelling studies further supported the possible molecular interaction 
between the PUFA-derived amides and COX-2 and Rac1. Bio-informatic analysis of the 
proteome interactors suggested regulatory roles for DHEA in cytoskeletal remodeling, 
cell migration, and ROS scavenging. The protein interactions obtained in the chemical 
proteomic screening provided new insights in protein interactions that are involved in 
the immunological effects of DHEA. Future studies can now be designed to specifically 
exploit these mechanisms.  

Because COX-2 is involved in prostaglandin synthesis, which is reduced by DHEA, and 
was later found to be a target in the chemical proteomic study of Chapter 3, it was 
hypothesized that DHEA is a competitive substrate inhibitor of arachidonic acid (AA) 
conversion by COX-2. To test this hypothesis, Chapter 4 describes the development of a 
cell free enzymatic assay to measure conversion of the known COX-2 PUFA substrates AA, 
eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA). Formation of predicted 
metabolites was verified by LC-HRMS, after which N-acyl ethanolamine-derived PUFAs 
arachidoyl ethanolamide (AEA), eicosapentaenoyl ethanolamide (EPEA), and DHEA were 
added to the enzymatic assay. For AEA, production of prostaglandin ethanolamide E2 
(PGE2-EA and PGD2-EA), 11-hydroxyeicosatetraenoyl ethanolamide (11-HETE-EA), and 
15-HETE-EA were verified. For EPEA the novel products prostaglandin E3 ethanolamide 
(PGE3-EA), and 11-hydroxypentaenoyl ethanolamide 11-HEPE-EA (and the postulated 
products 14- and 18-HEPE-EA) were obtained, and for DHEA oxidation by COX-2 resulted 
in 13- and 16-hydroxydocosahexaenoyl ethanolamide (13- and 16-HDHEA). Metabolic 
conversion of EPEA and DHEA was limited resulting in product yields that were smaller 
than 2%, indicating that oxidation of n-3 PUFA-derived amides occurred at slow rates. 
Conversion of DHEA by COX-2 was also obtained in 1.0 μg/mL LPS-stimulated RAW264.7 
macrophages, and corresponding slow oxidation rates of DHEA provided an explanation 
for the decreased prostaglandin and oxylipin concentrations.   

In Chapter 5 the immune regulating potential of 13-HDHEA and 16-HDHEA was explored. 
It was shown that 13-HDHEA or 16-HDHEA incubations reduced the production of 
inflammatory cytokines TNFα and IL-1β in LPS-stimulated RAW264.7 macrophages, but 
had no significant effects on levels of nitric oxide (NO), IL-6, and the prostaglandins PGE2 
and PGD2. Transcriptomic analysis revealed upregulation of more anti-inflammatory 
related genes and reduction of pro-inflammatory related genes, especially with 
respect to toll-like receptor 4 (TLR4) and its downstream regulators. 13-HDHEA and 
16-HDHEA showed distinct anti-inflammatory regulation compared to DHEA, but the 
anti-inflammatory properties of DHEA itself were more potent in our LPS-stimulated 
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RAW264.7 macrophages. Therefore, it was proposed that COX-2 metabolism of DHEA 
could act as a regulatory mechanism to limit the anti-inflammatory properties of 
DHEA.

In Chapter 6 the effects of 10 mg/kg and 15 mg/kg intraperitoneally injected (i.p.) DHEA 
were tested in a C57Bl/6 mice model of DSS-induced colitis. It was shown that the classical 
phenotypic markers of colitis, such as reduced body weight and rectal bleeding, were 
reduced, and stool consistency was improved. However, pathophysiological markers in 
the colon such as colon length, cellular infiltration, and neutrophil activity were not 
significantly affected by DHEA treatment. DHEA metabolism in the liver of these mice 
was investigated showing that increased doses of the injected DHEA lead to increased 
DHEA levels in the liver, but not to the production of DHEA metabolites. Hepatic AEA 
levels and oxylipin levels were not affected, which was attributed to the fact that 
COX-2 was not expressed in the livers of 2% DSS induced mice. Expression of other 
inflammatory cytokines in the liver was only limitedly affected, and it was concluded 
that the used DSS dosing does not induce a significant inflammatory response in the 
liver. 

The thesis is concluded by a general discussion regarding the findings, in which it 
is further elaborated on that the anti-inflammatory mechanism of DHEA depends 
on interaction with COX-2, ROS formation, cytoskeletal remodeling, but also on 
metabolism catalyzed by oxygenases., In relation to this, it is crucial to acknowledge 
that different models used in the different studies have provided different results with 
regard to the effects of PUFA-derivatives and their underlying mechanisms, which 
makes biological interpretation more complex. Furthermore, in vivo PUFA metabolism 
will also be affected by the nutritional intake of n-3 PUFAs, leading to tissue-specific 
distribution and metabolism of n-3 PUFAs and their derivatives. Although the work of 
this thesis describes several novel interactions in the anti-inflammatory regulation 
of n-3 PUFAs and PUFA derivatives, future research is required to understand the full 
metabolomic overview and consequences of DHEA and its derived metabolites, and to 
develop dietary approaches that might lead to a reduction of  (chronic) inflammation.    
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