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I Abbreviations  

 

The following abbreviations are indicated once and consistently utilized in the text, except for 

the chapters Summary and Zusammenfassung 

 

5-LOX    5-lipoxygenase 

AA   arachidonic acid 

Ac-COX-2  acetylated cyclooxygenase-2 

AcDex   acetalated dextran 

AceDex  ethoxy-acetalated dextran 

ADAM-10   a disintegrin and metalloproteinase domain-containing protein 10 

APC   antigen presenting cell 

API   active pharmaceutical ingredient 

BLT   LTB4 receptor 

cAMP   cyclic adenosine monophosphate 

ChemR23  chemerin receptor 

COX   cyclooxygenase 

cPLA2   cytosolic Phospholipase A2 

CYP   cytochrome P450 

cysLT   cysteinyl leukotriene 

DAMP   damage-associated molecular pattern 

DAPI   4’,6-diamidino-2-phenylindole 

DHA   docosahexaenoic acid 

DiHETE  dihydroxyeicosatetraenoic acid 

DMARD  disease modifying anti-rheumatic drug 

DP   PGD2 receptor 

E.coli   escherichia coli 

ET   extracellular traps 

EET   epoxyeicosatrienoic acid 

e.g.   for example 

EMA   European Medicines Agency  

EP   PGE2 receptor 

EPA   eicosapentaenoic acid 

ERK   extracellular signal-regulated kinase 

FA   fatty acid 

FDA   U.S. Food and Drug Administration 

FLAP   5-lipoxygenase-activating protein 
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FP    PGF2α receptor 

FPR2    formyl peptide receptor 2 

GM-CSF  granulocyte-macrophage colony-stimulating factor 

GPCR   G protein-coupled receptor 

GSH   glutathion 

HEK   human embryonic kidney 

hERG   human ether-a-go-go related gene 

HDHA   hydroxydocosahexaenoic acid 

HEPE   hydroxyeixosapentaenoic acid 

HETE   hydroxyeicosatetraenoic acid 

HpETE   hydroxyperoxy-eicosatetraenoic acid 

ICAM-1  intercellular adhesion molecule-1 

IF   immunofluorescence 

IL   interleukin 

IP   PGI2 receptor 

i.p.   intra peritoneal 

i.v.   intra venous 

LDH   lactate dehydrogenase 

LM   lipid mediator 

LOX   lipoxygenase 

LPS   lipopolysaccharide 

LT   leukotriene 

LTA4H   lTA4 hydrolase 

LTC4S   lTC4 synthase 

LX   lipoxin 

MAPEG membrane-associated proteins in eicosanoid and glutathione 

metabolism 

MAPK mitogen-activated protein kinase 

MAPKAPK mitogen-activated protein kinase-activated protein kinase 

Mar maresin 

MD molecular dynamics 

MDM monocyte-derived macrophages 

mPGES-1 microsomal prostaglandin E2 synthase-1 

NET neutrophil extracellular trap 

NFκB nuclear factor κ-light-chain-enhancer of activated B cells 

NSAID nonsteroidal anti-inflammatory drug 

PAMP pathogen-associated molecular pattern 
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PC phosphatidylcholine 

PD protectin 

PG prostaglandin 

PGDS PGD2 synthase 

PGES PGE2 synthase 

PGFS PGF2α synthase 

PGIS PGI2 synthase 

PKA protein kinase A 

PLGA poly(lactide-co-glycolic acid) 

PMNL polymorphonuclear leukocytes 

PPARα peroxisome proliferator-activated receptor-α 

PPR pattern recognition receptor 

PSM phenol-soluble modulin 

PUFA poly unsaturated fatty acid 

ROS reactive oxygen species 

RT room temperature 

SACM staphylococcus aureus conditioned medium 

S.aureus staphylococcus aureus 

sEH soluble epoxide hydrolase 

SPM specialized pro-resolving mediator 

TLR toll-like receptor 

TNFα tumor necrosis factor α 

TP thromboxane receptor  

TX thromboxane 

unstim unstimulated 

VCAM-1 vascular cell adhesion protein-1 

w/o  without 
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II Summary 

 
Originated from the enzymatic oxygenation of polyunsaturated fatty acids, lipid mediators (LM) 

conduct inflammatory and resolving responses of the innate immune system to restore 

homeostasis after infections or injuries1. In current pharmacotherapy the production of pro-

inflammatory prostaglandins (PG) and leukotrienes (LT) is reduced by inhibition of 

cyclooxygenase (COX)-1 and -2 or 5-lipoxygenase (LOX), which ameliorates inflammation but 

also exerts severe side effects upon long-term therapy, because the mediators that are crucial 

for homeostasis are influenced or substrates are redirected to other metabolic pathways, 

resulting in dysregulation of the lipid mediator network2. Therefore, new pharmacological 

strategies to specifically modify the production of different lipid mediators are under constant 

development and the impact of drugs interfering with these metabolic pathways needs to be 

better understood.  

The monitoring of the effects on the metabololipidomic spectrum of clinically relevant drugs 

like nonsteroidal anti-inflammatory drugs (NSAIDs) and common LM biosynthesis inhibitors in 

M1 and M2 macrophages, conducted in the first manuscript of this study, is an important step 

for further development. The treatment of cells with ibuprofen (COX-1/2 inhibitor) and celecoxib 

(selective COX-2 inhibitor) showed strong elevation of LT levels via a shunting effect due to 

the strong inhibition of all PGs. The 5-LOX inhibitor zileuton and the 5-lipoxygenase-activating 

protein (FLAP) inhibitor MK-886 potently reduced LT levels. The most important aspect of the 

study was to determine the effects of the drugs on the production of specialized pro-resolving 

mediators (SPM), which actively promote the resolution of inflammation. Here, only MK-886 

(FLAP inhibitor) showed a favorably modulated LM profile by reducing pro-inflammatory LTB4 

and PGE2 in M1 while evoking SPM biosynthesis in M2 macrophages. The findings indicated 

disadvantages of common therapeutics with respect to the overall LM profiles on the cellular 

level and pointed out their potential side effects upon long-term therapy. Optimal lipid mediator 

profiles were only obtained by usage of FLAP/microsomal prostaglandin E2 synthase 

(mPGES)-1 inhibitors, which are therefore the main target in focus for development of new 

pharmacological strategies throughout this thesis.  

Over the recent years, the structure-activity relationships of dual FLAP/mPGES-1 inhibitors 

were investigated and as a result of consecutive studies, BRP-187 and BRP-201 were 

identified as promising drug candidates for anti-inflammatory therapy3–5. Despite their strong 

potency these compounds share unfavorable pharmacokinetic properties due to their lipophilic 

structure, which is required to target FLAP and mPGES-1 as membrane bound proteins. 

Therefore, new pharmacological strategies involving polymer-based nanocarriers were 

investigated as part of the project A04 in the SFB 1278 PolyTarget. Here, we formulated stable 

poly(lactic-co-glycolic acid) (PLGA), acetalated dextran (Ac-Dex) and ethoxy-acetalated 
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dextran (Ace-Dex) nanoparticles (NP) with BRP-187 and BRP-201 as anti-inflammatory 

payloads and studied their effectiveness in different in vitro and in vivo models. Each 

formulation displayed potent inhibition of LT formation on isolated leukocytes. BRP-187 

incorporated into PLGA and Ac-Dex displayed prolonged effectiveness compared to the free 

drug. At the same time, BRP-187 in PLGA significantly increased the efficacy to reduce PGE2 

production of M1 macrophages, highlighting the favorable potential of the encapsulation. BRP-

201 encapsulated in Ace-Dex NPs were tested in bacteria-stimulated human whole blood 

where it potently reduced LT formation, while free BRP-201 failed in this respect. This effect 

was confirmed in vivo using a zymosan induced peritonitis mouse model with i.v. injection of 

the BRP-201 Ace-Dex NP formulation.  

Additionally, new polycaprolactone polymers with different monomeric composition from ε-

caprolactone (εCL) and δ-caprolactone (δ-CL) isomers were studied to form the basis of a 

polymer library. In this study the varying crystallinity of the NPs resulted in differential 

enzymatic degradation pattern. Tested in ionophore stimulated leukocytes, the NPs with 

encapsulated BRP-187 showed different potential to reduce LT formation with respect to their 

crystallinity, implying a potential use for formulations with rapid or delayed drug release 

properties. 

To resolve inflammation and actively regain homeostasis the production of SPMs is crucial6. 

While current anti-inflammatory therapy with NSAIDs or glucocorticoids focusses on the 

reduction of pro-inflammatory mediators7, new approaches to support resolution of 

inflammation are under development.  For this reason, the influence of various compounds 

that interfere with the metabolism of polyunsaturated fatty acids (PUFAs) was examined in 

detail. In macrophages BRP-201 displayed not only potent reduction of PGs and LTs, but also 

upregulated 12/15-LOX products in exotoxin-stimulated M1 and M2 macrophages. 

Immunofluorescence microscopy confirmed a direct activation of 15-LOX-1 by BRP-201 

reflected by subcellular redistribution of the enzyme. These findings were further verified in 

transfected HEK293 cells with different LOXs and co-expression of FLAP. Here, BRP-201 was 

able to induce 12/15-LOX product formation in HEK cells expressing 15-LOX-1 and 5-

LOX/FLAP but not in 5-LOX-containing HEK cells devoid of FLAP, indicating a potential 

allosteric modulation of FLAP-bound 5-LOX by BRP-201, which may change the regiospecific 

oxygenation. In a zymosan-induced peritonitis mouse model BRP-201 showed similar results 

in vivo, suppressing pro-inflammatory LTs and inducing the production of SPMs.  

In the consecutive screening of compounds, the dihydrochalcone derivatives MF-14 and MF-

15 known to inhibit 5-LOX showed tremendous activation of 12/15-LOX product formation in 

M1 and M2 macrophages, comparable with activation of lipid mediator biosynthesis by 

bacterial exotoxins8. The activation of 15-LOX-1 was proven via immunofluorescence and is 

not caused by enhance release of PUFAs, which was confirmed by exogenous supply of fatty 
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acids. These results demonstrate the potential of these dihydrochalcones to act as a non-

immunosuppressant, anti-inflammatory lipid mediator class switch inducers, which could have 

potential use in inflammatory therapy.  

Taken together this thesis revealed the necessity for new pharmacological options for 

intervention in inflammatory diseases and disclosed a promising new approach to effectively 

deliver potent dual inhibitors to the site of action via NPs that would otherwise fail to act due to 

high lipophilicity and overall poor bioavailability. The sophisticated mode of action of these dual 

inhibitors not only reduces pro-inflammatory mediators but can actively induce the resolution 

phase by promoting SPM formation. These findings could contribute to a paradigm shift in 

inflammatory therapy via the combination of novel smart molecules and nanomedicine.  

 
 
 

III  Zusammenfassung 

 
Lipidmediatoren (LM), die aus der enzymatischen Oxygenierung mehrfach ungesättigter 

Fettsäuren synthetisiert werden, leiten entzündliche und entzündungsauflösende Reaktionen 

des angeborenen Immunsystems ein, um die Homöostase nach Infektionen oder Verletzungen 

wiederherzustellen1. In der derzeitigen Entzündungstherapie wird die Produktion von 

entzündungsfördernden Prostaglandinen (PG) und Leukotrienen (LT) durch Hemmung der 

Cyclooxygenase (COX)-1 und -2 oder 5-Lipoxygenase (LOX) reduziert, was die Entzündung 

lindert. Hierbei kann es in der Langzeittherapie zu schweren Nebenwirkungen kommen, da für 

die Homöostase entscheidende Mediatoren beeinflusst oder Substrate auf andere 

Stoffwechselwege umgeleitet werden, was zu einer Dysbalance des Lipidmediatornetzwerks 

führt2. Die Untersuchung der genauen Auswirkungen von bestehenden Arzneimitteln auf die 

Lipidmediatorbiosynthese sowie die Erforschung neuer Therapieansätze zur gezielten 

Modifizierung des Netzwerkes ist ein wichtiger Schritt in der Therapie von entzündlichen 

Krankheiten. 

Die im ersten Manuskript dieser Doktorarbeit durchgeführte Studie zu den Auswirkungen 

klinisch relevanter Medikamente wie nichtsteroidaler Antiphlogistika (NSAIDs) und gängiger 

LM-biosynthesehemmer auf das metabololipidomische Spektrum ist ein wichtiger Schritt für 

die weitere Arzneistoffentwicklung. Die Behandlung von M1- und M2-Makrophagen mit 

Ibuprofen (COX-1/2-Hemmer) und Celecoxib (selektiver COX-2-Hemmer) zeigte eine starke 

Erhöhung der LT-Spiegel über einen Shunting-Effekt aufgrund der starken Hemmung der 

Bildung aller PGs. Der 5-LOX-Inhibitor Zileuton und der 5-Lipoxygenase-Aktivierungsprotein 

(FLAP)-Inhibitor MK-886 reduzierten die LT-Spiegel deutlich. Der wichtigste Aspekt der Studie 

war die Bestimmung der Wirkungen der Arzneistoffe auf die Produktion von specialized-pro-

resolving mediators (SPMs), die aktiv die Auflösung von Entzündungen fördern. Hierbei zeigte 
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lediglich MK-886 (FLAP-Inhibitor) ein günstig moduliertes LM-Profil, indem es das 

entzündungsfördernde LTB4 und PGE2 in M1 reduzierte, während es die SPM-Biosynthese in 

M2-Makrophagen erhöhte. Die Ergebnisse zeigen klare Nachteile gängiger Therapeutika in 

Bezug auf das Gesamtprofil der LM auf zellulärer Ebene und legen Gründe für potenzielle 

Nebenwirkungen bei einer Langzeittherapie nahe. Optimale Lipidmediatorprofile wurden nur 

durch die Verwendung von FLAP/mikrosomalen Prostaglandin-E2-Synthase (mPGES)-1-

Inhibitoren erhalten, die daher das Hauptaugenmerk für die Entwicklung neuer 

pharmakologischer Strategien im Rahmen der Dissertation sind. 

Die Struktur-Wirkungs-Beziehungen von dualen mPGES-1/FLAP Inhibitoren wurden in den 

letzten Jahren intensiv untersucht. Dabei identifizierte man BRP-187 und BRP-201 als 

vielversprechende Wirkstoffkandidaten für die entzündungshemmende Therapie3–5. Trotz ihrer 

hohen Wirksamkeit teilen diese Verbindungen aufgrund ihrer lipophilen Struktur ungünstige 

pharmakokinetische Eigenschaften, die erforderlich sind, um FLAP und mPGES-1 als 

membrangebundene Proteine zu inhibieren. Daher wurden im Rahmen eines innovativen 

Projekts A04 innerhalb des SFB 1278 PolyTarget polymerbasierte Nanopartikel als 

Wirkstoffträger eingesetzt. Hierbei wurden stabile Nanopartikel (NP) aus Poly(lactid-co-

glycolid) (PLGA), acetalisiertem Dextran (Ac-Dex) und ethoxy-acetalisiertem Dextran (Ace-

Dex) mit BRP-187 und BRP-201 als entzündungshemmende Wirkstoffe formuliert und ihre 

Wirksamkeit in verschiedenen In-vitro- und In-vivo-Modellen untersucht. Jede der 

untersuchten Formulierungen zeigte eine starke Hemmung der LT-Bildung in isolierten 

Leukozyten. In PLGA und Ac-Dex verkapseltes BRP-187 zeigte eine verlängerte Aktivität im 

Vergleich zum freien Molekül. Gleichzeitig erhöhte BRP-187 in PLGA die Wirksamkeit zur 

Verringerung der PGE2-Produktion von M1-Makrophagen signifikant, was das Potenzial der 

Verkapselung unterstreicht. Im menschlichen Vollblut hemmen Ace-Dex-NPs mit BRP-201 im 

Vergleich zum freien Wirkstoff die LT-Bildung stark. Diese Wirkung wurde in einem Zymosan-

induzierten Peritonitis-Mausmodell in vivo bestätigt, bei dem die Injektion der BRP-201 Ace-

Dex NP-Formulierung i.v. erfolgte. 

Zusätzlich wurden neue Polycaprolacton-Polymere mit unterschiedlicher monomerer 

Zusammensetzung von ε-Caprolacton (εCL)- und δ-Caprolacton (δ-CL)-Isomeren untersucht, 

um die Grundlagen einer Polymerbibliothek zu bilden. In dieser Studie führte die 

unterschiedliche Kristallinität der NPs zu einem unterschiedlichen enzymatischen Abbau. In 

Ionophor-stimulierten Leukozyten zeigten die NPs mit eingekapseltem BRP-187 aufgrund ihrer 

Kristallinität ein unterschiedliches Potenzial zur Verringerung der LT-Bildung, was eine 

potenzielle Verwendung der Polymere für Formulierungen mit schnellen oder verzögerten 

Wirkstofffreisetzungseigenschaften impliziert. 

Um Entzündungen aufzulösen und die Homöostase aktiv wiederzuerlangen, ist die Produktion 

von SPMs von entscheidender Bedeutung6. Während sich die aktuelle Entzündungstherapie 



 

X  

mit NSAIDs oder Glukokortikoiden auf die Reduktion entzündungsfördernder Mediatoren 

konzentriert7, werden neue Ansätze zur Unterstützung der Auflösung statt der Einleitung von 

Entzündungen entwickelt. Aus diesem Grund wurde der Einfluss verschiedener Verbindungen, 

die in den Stoffwechsel mehrfach ungesättigter Fettsäuren (PUFAs) eingreifen, eingehend 

untersucht. In Makrophagen zeigte BRP-201 nicht nur eine starke Reduktion von PGs und 

LTs, sondern auch erhöhte 12/15-LOX-Produkte in Exotoxin-stimulierten M1- und M2-

Makrophagen. Immunofluoreszenzmikroskopie bestätigte eine direkte Aktivierung der 15-

LOX-1 durch BRP-201, sichtbar durch subzelluläre Umverteilung des Enzyms. Diese 

Ergebnisse wurden in transfizierten HEK293 Zellen mit verschiedenen LOXs mit Koexpression 

von FLAP verifiziert. Hier war BRP-201 in der Lage, die Bildung von 12/15-LOX-Produkten in 

HEK Zellen zu induzieren, die 15-LOX-1 und 5-LOX/FLAP exprimieren, jedoch nicht in 5-LOX-

HEK Zellen ohne FLAP. Diese Beobachtung lässt auf eine mögliche allosterische Modulation 

von FLAP-gebundener 5-LOX durch BRP-201 schließen, was die regiospezifische 

Oxygenierung der LOX verändern könnte. In einem Zymosan-induzierten Peritonitis-

Mausmodell zeigte BRP-201 ähnliche Ergebnisse, indem es entzündungsfördernde LTs 

unterdrückte und die Produktion von SPMs induziert. 

In einem intensiven Screening von Verbindungen, die einen Einfluss auf die LM-Biosynthese 

haben könnten, zeigten die Dihydrochalcon-Derivate MF-14 und MF-15, von denen bekannt 

ist, dass sie 5-LOX hemmen, eine enorme Aktivierung der 12/15-LOX-Produkbildung in M1- 

und M2-Makrophagen. Der Aktivierungsgrad der Lipidmediator-Biosynthese ist mit dem 

bakterieller Exotoxine vergleichbar8. Die Aktivierung der 15-LOX-1 wurde durch 

Immunofluoreszenzmikroskopie nachgewiesen und wird nicht durch eine verstärkte 

Freisetzung von PUFAs verursacht, wie durch die exogene Zufuhr von Fettsäuren bestätigt 

wurde. Diese Daten zeigen das Potenzial von Dihydrochalconen, die als nicht 

immunsuppressive, entzündungshemmende Lipidmediator-Klassenwechselinduktoren wirken 

und somit potenziell für die Entzündungstherapie eingesetzt werden könnten. 

Zusammenfassend hat diese Dissertation die Notwendigkeit neuer pharmakologischer 

Optionen für die Intervention bei entzündlichen Erkrankungen klar aufgezeigt und einen 

vielversprechenden neuen Ansatz untersucht, um potente duale Inhibitoren über NPs effektiv 

an den zellulären Wirkort zu bringen, die sonst aufgrund hoher Lipophilie und insgesamt 

schlechter Bioverfügbarkeit nicht wirken würden. Die ausgeklügelte Wirkungsweise dieser 

dualen Inhibitoren reduziert nicht nur entzündungsfördernde Mediatoren, sondern leitet aktiv 

die Auflösungsphase von Entzündungen durch Förderung der SPM-Bildung ein. Diese 

Erkenntnisse könnten durch die Kombination von intelligenten neuen Wirkstoffen und 

Nanomedizin zu einem Paradigmenwechsel in der Entzündungstherapie beitragen.
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1. Introduction 

 
1.1 Inflammation and Resolution 

The immune system of mammals is daily triggered by infectious invaders, tissue injuries or 

other severe disturbances of homeostasis9. To eliminate the potentially dangerous stimulus, a 

local inflammation is displayed by five cardinal signs “dolor” (pain), “calor” (heat), “rubor” 

(redness), “tumor” (swelling) and in the worst cases “function laesa” (loss of function)10 first 

described by the ancient encyclopaedist C. Celsus. Activated through pattern recognition 

receptors (PRR), Toll-like receptors (TLR) or nucleotide-binding oligomerization domain 

protein-like receptors (NLRs) on tissue resident macrophages and mast cells the inflammatory 

cascade is set in motion11. This process is initiated and maintained by pro-inflammatory 

cytokines, chemokines, vasoactive amines and eicosanoids, which initiate the expression of 

adhesion proteins (selectin-P, selectin-E) and integrins (ICAM-1, VCAM-1), cause 

vasodilatation, increase blood vessel permeability and recruit leukocytes from the blood stream 

(leukodiapedesis)12. The extravasated leukocytes, mostly neutrophils, now react to the 

damage- or pathogen associated patterns (DAMPs, PAMPs) and try to eliminate the noxious 

stimuli by an oxidative burst, different proteinases, hydrolases, antibiotic proteins and by 

forming of extracellular traps (ETosis) to avoid further contamination in surrounded tissues13,14. 

Beside the activation of the innate immune response, tissue resident macrophages and 

dendritic cells as antigen presenting cells (APCs) activate the adaptive immune system, which 

lead to specific elimination of antigens15,16. This inflammatory cascade is well orchestrated and 

very important to protect the body from external threats (Figure 1) and remain functional, but if 

the innate immune system is not able to limit itself, inflammation cannot be resolved, which 

can lead to chronic inflammatory diseases like asthma, rheumatoid arthritis, Alzheimer 

disease, autoimmunity, arteriosclerosis, diabetes and even cancer17. Historically, it was 

thought that resolution of inflammation is a passive process caused by the dilution of the 

chemokine gradient resulting in lower leukocyte recruitment18, but extensive work over the past 

decades revealed that resolution of inflammation is like the initiation an active process induced 

by several different mediators. In a normally regulated resolution phase prostaglandin (PG)E2 

and PGD2 induce a class switch after several hours, where lipoxins (LXs) are produced that 

inhibit neutrophil migration by induction of cytokine and chemokine scavenging19,20. 

Additionally, LXs prevent translocation of nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB), the expression of chemokine receptors, adhesion molecules and 

further stimulate macrophage polarization to an anti-inflammatory phenotype21,22. Hence, the 

lipid mediator (LM) spectrum changes from proinflammatory eicosanoids to specialized pro-

resolving mediators (SPMs), that enhance phagocytosis and induce efferocytosis of apoptotic 
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neutrophils23,24. In the end the tissue function is restored, and myeloid cells are incorporated 

into the tissue or carried away by the lymphatic system, so when leukocyte population is 

returned to the initial amount in the tissue the inflammation is terminated and homeostasis 

should be restored25.   

 

 
Figure 1 Essential cellular components and mediators that govern inflammation and resolution. Adapted 

from S.E. Headland et al.18. PAMPs and DAMPs activate tissue resident macrophages, mast cells and 

patrolling monocytes that produce IL-1β, TNFα, different chemokines and proinflammatory lipid 

mediators (LTB4, PGE2 and TXA2) to recruit neutrophils. The infiltrated neutrophils release ROS, do 

phagocytosis and NETosis to clear the harmful stimulus. After neutrophil activity apoptosis is induced 

and the apoptotic cells are cleared by macrophages via efferocytosis. Monocytes and macrophages 

mature to M2 macrophages which produce SPMs and induce the reinforcement of homeostasis.  

 

1.2 Chronic inflammation 

If inflammation fails to subside, an inflammatory state can become chronic. Unresolved 

inflammation contributes significantly to the pathogenesis of many chronic inflammatory 

diseases like arteriosclerosis, asthma, rheumatoid arthritis, Alzheimer disease, multiple 

sclerosis and even cancer26. The main threat of chronic inflammation is not the stimulus itself, 

but the exaggerated reaction and the dysregulation of pro-inflammatory and anti-inflammatory 

signals that eventually destroy cells and tissue function10,26. Many of the important 

inflammatory mechanisms like cytokine release, cell death signals and reactive oxygen 

species (ROS) formation are not counter-regulated and the resulting tissue damage arouses 
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further inflammatory responses. For example, in rheumatoid arthritis billions of neutrophils with 

short half-life (4 h) infiltrate the joint daily. If the neutrophils die, they may release cytosolic 

peptidyl arginine deiminase type 4, which is activated by the escaping intracellular Ca2+ and 

convert guanidino side chains of L-arginine to citrulline. The antibodies associated with 

rheumatoid arthritis react to citrulline and as a result more neutrophils are recruited which 

further secrete inflammatory, destructive cytokines and oxidants leading to further harm27,28. 

To limit the consequences of this negative feedback loop it is highly important to intervene 

before irreparable impairments of the body occur. Common therapy to prevent inflammation 

implies the usage of nonsteroidal anti-inflammatory drugs (NSAIDs), glucocorticoids and 

disease-modifying agents of rheumatoid diseases (DMARDs) as well as some recombinant 

biologicals like tumor necrosis factor α (TNFα) and interleukin (IL)-1β antagonists29. The long-

term treatment with these drugs often has serious side effects. Many DMARDs like 

methotrexate and ciclosporine have a small therapeutic window, where meticulous monitoring 

is necessary to guarantee therapeutic success30. In addition, the treatment of drugs, that 

modify the immune response often correlates with high risk of infections with certain bacteria, 

fungi and virus. Also, persisting infections that normally remain inactive, can be reinforced, 

which is a significant risk for patients suffering from heavy chronic inflammation31. Therefore, 

long-term anti-inflammatory therapy needs to be calculated by risk:benefit ratio that often not 

favors a drug treatment29. Because unresolved and chronic inflammation is a major threat for 

human health and trigger for inflammation-related diseases the necessity of new 

pharmacological strategies to modulate immune response is of great interest for research and 

drug development1,32,33. 

 

1.3 Lipid mediator biosynthesis 

Lipid mediators are oxidized poly unsaturated fatty acids (PUFAs) being indispensable for the 

process of inflammation and resolution with a variety of different bioactivities1. Upon activation 

of the immune system PUFAs are cleaved by phospholipase A2 (PLA2) as a hydrolysis product 

of the ester-bond in sn-2 position from phospholipids of cellular membranes34. Mainly 

arachidonic acid (AA, 20:4, ω6), eicosapentaenoic acid (EPA, 20:5, ω3) and docosahexaenoic 

acid (DHA, 22:6, ω3) are used as substrates for cyclooxygenases (COX), lipoxygenases (LOX) 

or cytochrome P450 (CYP) enzymes, which have different oxidizing functions (Figure 2)2,35,36. 
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Figure 2 Lipid mediator biosynthesis adapted from E.A. Dennis et al.35. Biosynthesis of LM derived from 

AA, EPA and DHA which are released by cPLA2. The different metabolization pathways are indicated 

with their downstream proteins that produce different LM of one class. Potentially pro-inflammatory LM 

are written in red, immune modulating LM in yellow and pro-resolving LM and their precursors in blue.  

 

1.3.1 5-Lipoxygenase and Leukotrienes 

LTs, which got their name from their origin (leukocytes) and their structural composition (three 

conjugated double bonds), are pro-inflammatory lipid mediators first discovered in 1976 by 

Bengt Samuelsson37,38. Since then, LTs and their role in inflammation were extensively studied. 

The first step of AA metabolization down the LT biosynthetic pathway is executed by 5-LOX. 

Human 5-LOX is a non-heme iron containing dioxygenase encoded by ALOX5 gene on 

chromosome 10 with a molecular mass of 77.9 kDa39,40. It consists of a N-terminal regulatory 

C2 like domain (~120 amino acids) and a C-terminal catalytic domain (~550 amino acids)41. 

The catalytic iron is bound in the C-terminal catalytic domain by His367, His372 and His550 

as well as the carboxyl moiety of Ile673. In contrast to other lipoxygenases, the active center 

of the 5-LOX is blocked through a shortened α-2 helix by Phe177 and Tyr181, which prevents 

the access of fatty acids (FY cork)41. A mutation at this point to alanine causes a loss of activity 

in cell-free assays and a delayed translocation of the 5-LOX to the nuclear membrane, so that 

no more 5-LOX products are formed. However, through the interaction with 5-lipoxygenase 

activating protein (FLAP) in cellular assays, this function is compensated and partially 

restored42. The smaller N-terminal regulatory domain mainly consists of β-barrels and 

navigates the activity of 5-LOX.  By binding of calcium (Ca2+) 5-LOX can be activated and 

translocate to the nuclear membrane, where phosphatidylcholine can bind at Trp13, Trp75 and 

Trp102 to anchor the protein to the nuclear membrane43,44. In addition, the phosphorylation of 
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5-LOX can also regulate the activity of LT biosynthesis in a Ca2+ independent manner. Mitogen-

activated protein kinase-activated protein kinase (MAPKAPK)-2 and the extracellular-signal 

regulated kinase (ERK) can upregulate the enzyme activity by phosphorylation at Ser271 and 

Ser663, respectively45. In contrast the cyclic adenosine monophosphate (cAMP) dependent 

activity from protein kinase A (PKA) phosphorylates 5-LOX at Ser523 leading to decreased LT 

biosynthesis46.  

5-LOX is activated by the oxidation of the inactive ferrous (Fe2+) to the active ferric (Fe3+) by 

lipid hydroperoxides47,48, which enables the coordination to a hydroxide ion instead of water 

and opens the cavity for the entrance of fatty acids41,43. In case of AA, it catalyzes the 

stereospecific abstraction of a hydrogen at carbon (C)-7 to form a radical that rearranges to 

insert an oxygen at C-5 to produce 5-(S)-hydroperoxyeicosatetraenoic acid (5-(S)-HpETE). 

This hydroperoxide is reduced by peroxidases to the corresponding alcohol or further 

processed by the synthase activity of 5-LOX to LTA4. The instable intermediate is formed by 

the abstraction of the C-10 R-hydrogen with radical migration to C-6 to form a Δ7,9,11-triene 

structure, where the C-5 hydroperoxide reacts instead of another oxygen by dehydration to an 

epoxide49–51. Beside the synthase activity of 5-LOX another unique characteristic is the self-

inactivation mechanism that tempers the pro-inflammatory response52. Inactivation can either 

take place via non-turnover-dependent structure instability due to the naturally instable 

structure of the activated enzyme or turnover-based suicide that involves the irredeemable 

inactivation of the enzyme53–55. 

LTA4 is immediately metabolized by two different enzymes synthesizing LTB4 or cysteinyl LTs 

(cys-LTs). The most prominent products from the 5-LOX pathway are LTB4, which is formed 

by LTA4 hydrolase (LTA4H), and LTC4 as product of the LTC4 synthase (LTC4S). The LTA4H is 

a soluble, zinc-dependent epoxide hydrolase and aminopeptidase, widely distributed among 

mammalian cells 56. In contrast to LTA4H the LTC4S is a membrane-bound protein that is 

activated by Mg2+ as well as phosphatidylcholine and requires reduced glutathione (GSH) for 

its stability57,58. Like the 5-lipoxygenase-activating protein (FLAP) and the microsomal 

prostaglandin E2 synthase-1 (mPGES-1) the LTC4S is a membrane-associated protein in 

eicosanoid and glutathione metabolism (MAPEG)59. While neutrophils and M1 macrophages 

mostly produce LTB4, due to their relevant expression of LTA4H, eosinophils, basophils and 

mast cells tend to synthesize cys-LTs in favor60.  

LTs act in local inflammation processes as paracrine mediators on G protein-coupled receptors 

(GPCRs) and induce intracellular signaling cascades60,61. LTB4 binds to the leukotriene B4 

receptor-1 and -2 (BLT1, BLT2)60. The BLT-1 receptor is expressed on inflammatory cells and 

shows very high affinity (Kd= 0.15-1 nM) to LTB4 mediating chemotaxis, Ca2+ influx and the 

expression of adhesion molecules for leukocyte infiltration62. The later discovered BLT2 

receptor has a lower affinity to LTB4 (Kd= 61 nM) and is also a seven transmembrane spanning 
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GPCR that mediates chemotaxis and causes Ca2+ influx63. The chemotactic response can be 

inhibited by Bordetella pertussis toxin (PTX) suggesting that both receptors use Gαi/0 subunit 

signaling, while Ca2+ influx was only partially blocked62,64. In neutrophils LTB4 can also induce 

the production of LTB4 and interleukin-8 (IL-8) and primes the cells for N-formyl-methionyl-

leucyl-phenylalanine (fMLP) while enhancing C3b receptor expression65. In monocytes and 

macrophages, the production of IL-1, IL-6, TNFα, IL-2 receptor expression and ROS formation 

is induced63,65. In addition, LTB4 produced in the cytosol also binds to the nuclear factor 

peroxisome proliferator-activated receptor-α (PPARα) that downregulates further production of 

LTB4 and functions as a self-regulating mechanism66. The cys-LTs bind to two different cys-LT 

receptors, which are also GPCRs mediating inflammatory response. Expressed on 

eosinophils, lung smooth muscle cells and tissue resident macrophages the cys LT1-receptor 

signals cause bronchoconstriction, mucus release and bronchial edema from venules, that 

play important role in the pathophysiology of asthma67.  

The pro-inflammatory activity of LTs was intensively investigated since their discovery and now 

can be related to many inflammatory diseases like asthma, atherosclerosis, rheumatoid 

arthritis, atopic dermatitis, cystic fibrosis, psoriasis, diabetes, Alzheimer disease, multiples 

sclerosis and cancer. Due to the self-amplifying mechanism, LTs contribute to the progression 

of such diseases and prolong the recovery time. Despite being very helpful in acute infections 

and tissue injuries dysregulated production of leukotrienes is rather unhealthy and needs to be 

addressed in the therapy of excessive inflammation2,43,60,61,65. 

 

Table 1 Prominent lipid mediators and their biologic activity 

Lipid mediators and their bioactivities via G-protein coupled receptors adapted from Dennis et al. 201535. 

BLT – LTB4 receptor, COX – cyclooxygenase, CYP – cytochrome P450, ChemR23 – Chemerin 

receptor, CysLT – cysteinyl leukotriene receptor, DP – PGD2 receptor, EP – PGE2 receptor, FP – PGF2α 

receptor, FPR2 – formyl peptide receptor 2, GPR – G-protein coupled receptor, IP – PGI2 receptor, 

PPAR – peroxisome proliferator activated receptor, TP – thromboxane receptor. 

Enzyme Lipid mediator Receptor Biological activity 

COX PGE2 EP1, EP2, 

EP3, EP4 

vasodilation, vascular permeability ↑, fever, 

hyperalgesia, IL-10 ↑, TNF-α ↓ 

PGD2 DP1 vasodilation, neuro protection, mast cell 

maturation 

DP2 recruitment of eosinophils, allergic response 

PGF2α FP smooth muscle contraction 

PGI2 IP Vasodilation, thrombocyte aggregation ↓ 

TXA2 TP Vasoconstriction, thrombocyte aggregation ↑ 

5-LOX/ 
FLAP 

LTB4 BLT1 Neutrophil recruitment, vascular permeability 

↑ 

BLT2 Epithelial barrier function ↑ 

LTC4 CysLT1, 

CysLT2 

Bronchoconstriction, vascular permeability ↑ 

15-LOX/5- LXA4, LXB4 ALX/FPR2 Neutrophil infiltration ↓, phagocytosis ↑ 
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LOX, 

12-LOX/5-

LOX, 

Ac-

COX/5-

LOX 

RvD1 ALX/FPR2, 

GRP32 

Neutrophil infiltration ↓, phagocytosis ↑ 

RvD1, RvD5, 

RvD3 

GPR32 phagocytosis ↑ 

RvD2 GPR18 Neutrophil infiltration ↓, phagocytosis ↑, 

efferocytosis ↑ 

CYP EETs PPARα, 

PPARγ 

Vasodilation, pain sensitivity ↓, COX-2 

expression ↓ 

CYP/5-

LOX, 

Ac-

COX/5-

LOX 

RvE1, RvE2 ChemR23, 

BLT1(antagonist) 

Neutrophil infiltration ↓, phagocytosis ↑ 

 

1.3.2 5-Lipoxygenase-activating protein (FLAP) 

Among the afore-mentioned MAPEG subfamily of proteins, FLAP is a very special member 

without enzymatic activity or the ability to bind GSH68. It was identified via the activity of the 

indole-based compound MK-886, which potently decreased LT formation without effecting 5-

LOX or cPLA2, and first described as MK-886-binding protein by Dixon et al. in 199069. The 

structure of the 18 kDa enzyme was crystalized by binding of MK-591 with 4 Å resolution70. 

FLAP is a homotrimer with four transmembrane α-helices (α1-α4) per monomer, that are linked 

via two cytosolic (C1, C2) and one luminal loop (L1)70. Deep in the nuclear membrane between 

the α1, α2 and α4 helices is the binding site for MK-591 forming van der Waals interactions 

with Val20, Val21, Gly24, Phe25, Ala27 from α1 helix; Ala63 on helix α2; Ile119, Lei120, 

Phe123 from helix α4 and Tyr112 and Ile113 from the C2 loop. This inhibitor binding site is 

also considered as the AA binding site, which would fit to the location inside the nuclear 

membrane70,71. After activation, 5-LOX translocates in close proximity to FLAP, where the 

interaction is believed to be dependent on the residues of the two cytosolic loops70. This 

interaction can be prevented by FLAP inhibitors like MK-886 but not 5-LOX inhibitors like 

Zileuton4,72,73. FLAP facilitates the AA to 5-LOX and favors the formation of 5-HpETE to LTA4
74

. 

Inhibition of FLAP as well as genetic knockout prevents LT formation in intact cells75. The 

exogenous supply of AA restores the necessity of FLAP in LT biosynthesis76.  

 

1.3.3  Cyclooxygenase 1/2 and prostaglandins 

The COXs are members of the myeloid-peroxidase superfamily and catalyze the 

metabolization of AA via PGG2 by bisoxygenation and further reduces this intermediate product 

by peroxidase activity to PGH2
77. The COX-1, back in the days of discovery just COX, was first 

isolated from sheep and bovine vesicles in 197678,79. For another 15 years COX-1 was believed 

to be the only COX in eukaryotic cells, until COX-2 was discovered in 199180,81. While COX-1 

is constitutively expressed in many cells and tissues and regulates PG formation for 
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homeostatic activity like integrity of the gastric mucosa, mediating platelet function and 

regulating renal blood flow, COX-2 expression is induced by TNFα, IL-1β or mitogenic factors 

such as lipopolysaccharide (LPS) and thus strongly related to inflammatory processes82–84. 

Both COX enzymes are built of homodimers and are around 65-74 kDa with similar tertiary 

structures. The primarily difference between both subtypes is the first shell substitution from 

Ile434, His513 and Ile523 in COX-1 to Val434, Arg513 and Val523 in COX-2 which results in 

+25% increased volume in the binding pocket with Arg513 located at the base of the resulting 

side pocket85,86. The final product of the two-step reaction PGH2 is immediately metabolized 

by different PG-synthases, which products have numerous effects dependent on the tissue 

and activated receptors. PGE2 is biosynthesized by PGE2 synthase (PGES), PGD2 by PGD 

synthase (PGDS), PGF2α by PGF synthase (PGFS), PGI2 by PGI synthase (PGIS) and 

thromboxane (TX)A2 by TX synthase87,88. The prostanoids mediate their activity autocrine or 

paracrine via product specific GPCRs. PGE2 is one of the most abundant synthesized 

prostanoids and can exert pro- and anti-inflammatory effects depending on the relevant 

receptor gene expression by the affected cells89. The hyperalgesic effects of PGE2 in early 

inflammation are for example mediated through EP1 and EP4 receptor signaling that acts on 

peripheral sensory neurons and the central sensory system to induce pain89–91. PGE2 is also 

involved in the induction of the other cardinal symptoms of inflammation via EP2 mediating 

vasodilatation and increases permeability and activation of EP3 inducing fever89. Beside the 

involvement of PGE2 in homeostatic mechanisms like the regulation of blood pressure, 

gastrointestinal integrity and fertility, the prostanoid can also exhibit anti-inflammatory 

effects7,89. Especially in neuroinflammation PGE2 blocks LPS- and ATP-induced cytokine 

release and mediates bradykinin-induced neuroprotection92,93. Together with PGD2 it also 

induces the formation of LXA4 instead of LTB4, which initiate the lipid mediator class switch 

and thus resolution19,20. Another important prostanoid is PGD2, which is associated with 

inflammatory, homeostatic and anti-inflammatory effects as well, mediated via D prostanoid 

receptor (DP) 1 and DP2 and low affinity to PPARγ7. PGI2 and TXA2, that is rapidly degraded 

to TXB2, are mostly counterparts for their regulation of blood pressure on vascular smooth 

muscle cells and coagulation, while TXA2 is formed mostly via platelet COX-1, PGI2 formation 

is associated with COX-294,95. Although COX-2 is expressed upon activation of immune cells 

and appears to be more relevant for the acute inflammatory response, constitutively expressed 

COX-1 is also present in inflammatory cells and induced by LPS or cellular differentiation96. It 

is known that both enzymes are involved in the initiation of the acute inflammation, but anti-

inflammatory effects in later phases of the inflammatory process have also been proven7,77,97–

99. These diverse activities in homeostasis or different stages of inflammation within different 

tissues makes the use of NSAIDs or selective COX-2 inhibitors difficult. Even in diseases, 

where for example PGE2 is clearly involved in the pathogenesis like arthritis, the 
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downregulation of other prostanoids by NSAIDs or COX-2 inhibitors makes the long-term 

usage problematic and is controversially discussed29,30,99,100. This implies the necessity for 

more specific approaches to address downstream events related to specific PGs in relevant 

cells and tissues to modulate inflammatory response without interfering with homeostatic 

activities. 

 

1.3.4 Microsomal prostaglandin E2 synthase-1 (mPGES-1) 

Around the 1970s and 1980s the existence of enzymes that catalyze the metabolization from 

PGH2 to PGE2 was recognized and first attempts to isolate the enzymes from seminal vesicles 

were reported101,102. From 1999 to 2002 three PGES, namely, mPGES-1, cytosolic PGES 

(cPGES) and mPGES-2 were cloned and characterized88. While cPGES and mPGES-2 are 

constitutively expressed and involved in homeostasis, mPGES-1 is inducible by LPS or IL-1β 

exposure and is therefore relevant at sites of inflammation like COX-2103. The mPGES-1 (16 

kDa, 152 amino acids) belongs like FLAP to the MAPEG family and is a homotrimer, where 

each monomer consists of four transmembrane helices (TM1-4). The active site is a cone-

shaped cavity located at the inner core of each monomer, where GSH is bound as cofactor by 

hydrogen bonds and π-interactions and the substrate enters the cavity by its peroxofuran with 

the two tails pointing to the lipid mediator membrane104,105. The active site is separated from 

an inner core cavity by Arg73 and Asp49 on top of the active site functions as a proton acceptor 

due to its close proximity to Arg126, which increases the basicity. Additionally, Ser127 

stabilizes the resulting thiolate of GSH with a hydrogen bridge104,106. mPGES-1 is associated 

with inflammatory relevant PGE2 production and the knockout of the enzyme has protective 

effects in different models of rheumatoid arthritis in mice, but the contradictory effects of PGE2 

cannot postulate the inflammatory profile of mPGES-1 for every inflammatory disease 

7,105,107,108.  

 
1.3.5. 15-Lipoxygenase and specialized pro-resolving mediators 

The 15-LOX is like 5-LOX a lipid-peroxidizing enzyme that catalyze the metabolization of 

PUFAs by introduction of dioxygen at C-15 of AA109. The fist mammalian 15-LOX was found in 

1975 in rabbit reticulocytes and 13 years later, in 1988, a similar enzyme was successfully 

purified from human eosinophils110,111. In 1997 another subtype of 15-LOX, the 15-LOX-2, was 

cloned from human hair roots112. The ALOX15 and ALOX15B genes are on chromosome 17 

with similar structure around 75 kDa113. Like 5-LOX both 15-LOX subtypes consist of a C-

terminal catalytic and an N-terminal regulatory membrane binding domain with a non-heme 

iron at the active site, which is bound by four His and one Ile. Another similarity to 5-LOX is the 

necessity of an oxidative activation from Fe2+ to Fe3+ by hydroperoxides114,115. The entry of AA 

occurs tail-first which favors the insertion of oxygen at C-15 and produces 15-HpETE, while 
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12-HpETE can be formed as a side product to a lesser extent from 15-LOX-1 but not 15-LOX-

2. While the metabolization of EPA to 12-hydroxyeicosapentaenoic acid (HEPE) is slightly 

more favored than the production of 12-hydroxyeicosatetraenoic acid (HETE) by 15-LOX-1, 

DHA is oxygenated to 17-hydroxydocosahexaenoic acid (HDHA) and 14-HDHA in 

approximately equal amounts. On the other hand, 15-LOX-2 still remains to synthesize 15-

HEPE and 17-HDHA preferably116. Interestingly, methylation of the carboxyl group from the 

fatty acid substrates also allows substrate insertion head-first, which results in oxygenation on 

position C-5 for AA and EPA or C-7 for DHA, while bulky moieties revert these effects117. The 

expression of 15-LOX-2 is constitutive and the enzyme is mostly present in hair roots, the 

epidermal skin and the prostate but also in macrophages. 15-LOX-1 on the other hand is 

inducible by IL-4 or IL-13 in human macrophages eosinophils or the bronchial epithelial cells118–

122. While the biological function of 15-LOX-2 is still mostly elusive, 15-LOX-1 together with 

acetylated COX, CYP450, 5-LOX and 12-LOX is known to be involved in the biosynthesis of 

SPMs, which actively promote resolution of inflammation and are in focus of recent research116. 

This group of lipid mediators is subdivided in LXs derived from AA, E-resolvins (Rvs) from EPA, 

D-Rvs from DHA as well as maresins (MaR) and protectins (PD) (Figure 3)123. At the peak of 

the inflammatory response PGs are involved in the upregulation of 15-LOX-1 which induces 

the lipid mediator class switch and lead to the production of LXs124. These mediators are mostly 

formed by transcellular biosynthetic pathways where LTA4 is metabolized via 15-LOX-1 or the 

15S-HpETE is oxygenated by 5-LOX to LXA4
125. Additionally, acetylated COX-2 (ac-COX-2) 

by Aspirin® and CYP450 enzymes can convert AA to 15R-HpETE, which is a precursor for 

aspirin-triggered (AT) LXs126. As a result of LX production, clearance of apoptotic neutrophils 

is induced, neutrophil migration is suppressed and ROS formation is reduced, additionally the 

production of anti-inflammatory cytokines is induced, which primes infiltrating monocytes and 

further initiate the resolution phase125,127. Here E-Rvs are produced from EPA, which is 

catalyzed by acetylated COX-2 or CYP450 to 18-HEPE and is further processed by 5-LOX to 

RvE1 and RvE2 or by 15-LOX-1 or 12-LOX to RvE3, whereas RvE4 is biosynthesized by 5-

LOX and 15-LOX-1123,128. D-Rvs, MaRs and PDs are also produced via various enzymatic 

interactions from DHA. 15-LOX-1 can oxygenate DHA to 17-HDHA and 14-HDHA116. The D-

Rvs are yielded from 17-HDHA by metabolization via 5-LOX to RvD1, RvD2, RvD3, RvD4 and 

RvD5. PD1 is also derived from 17-HDHA, which can isomerize to PDX127. Both type of SPMs 

have also AT-isomers which are derived likewise to EPA from acetylated COX-2 and the 

resulting 17R-HDHA129. MaRs are generated from 14-hydroperoxy-docosahexaenoic acid 

(HpDHA) and gets further converted to 13S, 14S-epoxy-MaR, which is an epoxide intermediate 

and gets rapidly converted to MaR1 and MaR2130,131. The biological actions of these mediators 

are conducted via different GPCRs, namely N-formyl peptide 2/lipoxin A4 receptor 

(FPR2/ALX), GPR32, GPR18, GPR37, BLT1 and chemerin receptor 1 but also nuclear 
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receptors like PPARγ and the estrogen receptor132. 

 
Figure 3 Biosynthetic pathways of SPMs according to N. Chiang et al. (2020)133, C.N. Serhan et al. 

(2018)123 and C.N. Serhan et al. (2011)128. The metabolic pathway of AA to produce LX via 5-LOX/FLAP, 

15-LOX and ac-COX-2 is shown as well as the production of E-resolvins from EPA via 18-HpETE by 

ac-COX-2 and CYP enzymes. D-Rvs, PDs and MaRs are synthesized from DHA via 12/15-LOX and ac-

COX-2 together with cytosolic 5-LOX.  

As PGE2 induces the cardinal symptoms of inflammation, SPMs mediate the cardinal 

symptoms of resolution described by Basil et al., which are the removal of microbes, dead cells 

and cell debris, the restoration of vascular integrity and perfusion, regeneration of tissue, the 

remission of fever and connected to the afore-mentioned relief of pain134. The investigation of 

these effects in the past years led to the question, how these effects can be used effectively to 

treat inflammatory diseases. SPMs are highly potent locally effective mediators that are 

produced at sites of inflammation. Due to unfavorable physicochemical properties and being 

prone to metabolic inactivation, the application of SPMs wouldn’t be successful132. Finding an 

efficient way to modulate the inflammatory response by exploiting the effects of SPMs, is still 

a major challenge for recent research, which needs to be investigated.  
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1.4.  Eicosanoid pathway Inhibitors 

The usage of analgesic and antipyretic medicine is documented for more than 3500 years. 

Willow bark was used in different ways to treat pain and fever135. Since the discovery of Aspirin® 

in 1897 many anti-inflammatory drugs were discovered interfering with the eicosanoid 

pathways. The most famous group of drugs are the NSAIDs including Aspirin®, ibuprofen or 

diclofenac, which block the formation of PGs by unselectively inhibiting COX-1 and -2. But 

even before the target of the NSAIDs was found, the adverse side effects of long-term therapy 

were very well known135. The link between gastric events and NSAIDs evolves around the 

maintenance of mucosal blood flow as well as the secretion of bicarbonate and mucus by 

constitutively COX-1-derived PGs especially PGE2
136. This issue led to the development of 

selective COX-2 inhibitors like celecoxib and rofecoxib. But the predominant production of PGI2 

by COX-2 and the resulting dysbalance with elevated TXA2, revealed the link between COX-2 

inhibitor treatment and cardiovascular risk100,137. Since all PGs mediate homeostatic relevant 

effects in certain tissues the specific downregulation of specific PGs at sites of inflammation is 

a major goal in the therapy of inflammatory diseases. The mPGES-1, known to be involved in 

the pathogenesis of rheumatoid arthritis, Alzheimer’s disease, multiples sclerosis or 

arteriosclerosis, was identified as perfect target to accomplish this approach138–141. Over the 

past two decades many mPGES-1 inhibitors were investigated. Due to the location of mPGES-

1 in membranes and the necessity of inhibitors to act like AA-mimics, most drug candidates do 

not overcome unfavorable pharmacokinetic characteristics and lack efficacy in vivo and human 

whole blood142. Until now only 2 mPGES-1 inhibitors from Eli Lilly were tested in phase I clinical 

trials, but both were stopped due to the appearance of liver injuries, which were induced by 

toxic metabolites, according to a follow up study143–145.  

The 5-lipoxyenase pathway implies like the aforementioned COX pathway promising targets 

to regulate inflammation. The investigation of direct 5-LOX inhibitors focusses on four classes. 

LT formation can be blocked by redox active 5-LOX inhibitors (1) that reduce the iron at the 

active site and thus impede the activation of the catalysis (2) compounds that act as iron-

chelating drugs (zileuton) (3) drugs that act as AA-mimics and compete with the substrate for 

the binding site, and (4) allosteric modulators that act on the C2-like domain and antagonize 

the activation of 5-LOX146,147. Despite enormous efforts to investigate 5-LOX inhibitors, only 

zileuton is approved on the market by the U.S. Food and Drug Administration (FDA) but not by 

the European Medicines Agency (EMA). Many drug candidates failed in clinical trials again 

due to pharmacokinetic issues, lack of efficiency in vivo and side effects in clinical trials147. To 

reduce LT formation, the inhibition of FLAP is also a promising approach that has been 

investigated for two decades. MK-886, which was used for FLAP identification, was further 

investigated in clinical trials until phase II. But like MK591 and BAY-X1005, which were also 

tested in phase II clinical trials, none of the studies were continued for unclear reasons71,147.  
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1.4.1.  Dual inhibitors of the eicosanoid pathway 

The biosynthetic networks of eicosanoids produce vastly different mediators that act in tightly 

regulated cascades. Inhibition of one pathway can lead to an overshooting production in other 

pathways, which could lead to more side effects. For example, a common side effect of Aspirin® 

upon long-term therapy is the development of AT-asthma, where increased biosynthesis of 

LTs induces bronchoconstriction and macrophage activity148. The pharmacological strategy to 

inhibit the two main inflammatory eicosanoid pathways to circumvent the adverse effects 

emerged around 26 years ago. In 1994 a multi-target inhibitor called Licofelone was developed 

by Laufer et al. that inhibits FLAP, COX-1 and mPGES-1 and was later investigated in clinical 

trials146,149. An alternative to dual COX/5-LOX inhibitors was given with the ongoing 

development of mPGES-1 as drug target, which could lead to a better cardiovascular 

compatibility150.  

 
1.4.2. BRP-187 as dual inhibitor of mPGES-1/FLAP 

The investigation of new compounds to interfere with the eicosanoid pathway led to the 

development of a benzimidazole derivative BRP-7 in 2013 which potently suppresses LT 

formation by inhibiting FLAP but not 5-LOX. Additionally, it displayed no interaction with 

CYP3A4 or the human ether-a-go-go related gene (hERG), a potassium channel in the heart, 

where interaction is responsible for QT-time changes151. This structure as well as the isoxazole 

derivative 2-[4-(4-chlorophenyl)-3-methyl-1,2-oxazol-5-yl]-5-[(2-methylphenyl)methoxy]phenol 

that showed similar potency in the reduction of LTs152,153, were used as lead compounds for 

the development for new multitarget inhibitors via a combined ligand- and structure-based 

screening approach. Here, 4-(4-chlorophenyl)-5-[4-(quinolin-2-ylmethoxy)phenyl]isoxazol-3-

carbo-xylic acid (BRP-187/Figure 4) was identified as potent inhibitor of LT formation in intact 

polymorphonuclear leukocytes (PMNL)3. In docking studies and molecular dynamic (MD) 

simulations the potential binding site with FLAP was shown, where the carboxylic group 

interacts with B-Lys116 and C-His28, the quinoline group couples via π-π interaction with B-

Tyr112 and has hydrophobic contact to B-Thr663. In an intensive pharmacological 

characterization of BRP-187 the activity on eicosanoid formation was determined in various 

cell types with different stimuli. The IC50 value of the compound in PMNL stimulated with 

A23187 (Ca2+-ionophore) was 60±10 nM. In intact monocytes stimulated with LPS/fMLP the 

potency even increased with an IC50 of 7±1 nM, comparable to MK-886 in similar settings4. To 

study further the impact on other members of the MAPEG family, BRP-187 was tested against 

mPGES-1 and LTC4-S. While LTC4-S was not potently inhibited (IC50= 6 µM) the formation of 

PGE2 by mPGES-1 was potently reduced with IC50 around 0.2 µM outperforming MK-8864. In 

a zymosan-induced mouse peritonitis model i.p. injected BRP-187 inhibited neutrophil 

infiltration and cys-LTs formation significantly at 10 mg/kg indicating activity in vivo4. Despite 
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very high activity in vitro and on the peritonitis model in mice, a calculated LogP value of 6.3035 

(calculated by BIOVIA Draw 2019 x64) suggests low bioavailability and high plasma protein 

binding, as is often the case with acidic FLAP inhibitors71. 

 
Figure 4 Chemical Structure of BRP-187 according to E. Banoglu et al.3. 4-(4-chlorophenyl)-5-[4-

(quinolin-2-ylmethoxy)phenyl]isoxazol-3-carbo-xylic was identified as a new dual FLAP/mPGES-1 

inhibitor 

 

1.4.3. BRP-201 as new dual mPGES-1/FLAP inhibitor 

The structural basis of BRP-7 was further tuned to develop new multitarget inhibitors. The 

substitution of a negatively charged group in position 4’ or 5’ promised a gain in effectiveness 

due to the interaction with His28, Lys116 and Arg117 of the FLAP binding pocket. The 

evaluation of the structure-activity relationship revealed 1,3,4-oxadiazol-5-thione as most 

beneficial substitution in position 5’ of the benzimidazole ring5. The compound found in the 

screening, named BRP-201 ((5-{1-[(2-chlorophenyl)methyl]-2-{1-[4-(2-methylpropyl)phenyl]-

ethyl}-1H-benzimidazole-5-yl}-2,3-dihydro-1,3,4-oxadiazole-2-thione)/Figure 5), displayed 

high potency at inhibition of FLAP (IC50= 0.05±0.004 µM) and mPGES-1 (IC50= 0.42±0.03 µM), 

while LTC4S was not affected as strong (IC50= 6.19±0.95 µM). The isolated 5-LOX is also 

inhibited with an IC50= 0.6±0.4 µM. In docking studies and molecular dynamic simulations, the 

binding sites of BRP-201 on FLAP, mPGES-1 and 5-LOX were calculated. For FLAP, the 

predicted cation-π interactions of acidic moieties on His28, Lys116 and Arg117 are important 

for compound binding5. The interaction with mPGES-1 is characterized by several polar 

interactions at the cytoplasmic part of the binding groove, because the 1,3,4-oxadiazol-5-

thione group at 5’ position of the benzimidazole ring interacts via water-mediated H-bonds and 

π-π interactions with Arg52 and His53. This interaction at the cytoplasmic entrance directs the 

hydrophobic rest of the molecule into the hydrophobic cavity for binding with additional π-π 

interactions and hydrophobic contacts5. Together, the modification of the initial hit BRP-7 led 

to a very potent multitarget inhibitor with new potential therapeutic usage that needs to be 

further investigated.  
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Figure 5 Chemical structure of BRP-201 according to Gür et al.5. Systemic structure activity relationship 

development on the 5-position of the benzimidazole ring led to(5-{1-[(2-chlorophenyl)methyl]-2-{1-[4-(2-

methylpropyl)phenyl]ethyl}-1H-benzimidazole-5-yl}-2,3-dihydro-1,3,4-oxadiazole-2-thione) (BRP-201) 

as potent FLAP/mPGES-1 inhibitor.  

 

1.4.4. Semisynthetic chalcone-based compounds as potential multitarget inhibitors 

The development of new drugs with novel modes of action is a constant endeavor in 

pharmaceutical science and thus, the investigation of alternative drug targets in virtual 

screenings becomes more and more relevant154. Natural products are very interesting 

molecules, because they often display several pharmacological effects on multiple targets. In 

a recent study such new target evaluation was performed for dihydrochalcones (DHCs), which 

were used in the development of sodium/glucose co-transporter 2 (SGLT2) inhibitors like 

dapagliflozin155. Since the recognition of more therapeutic benefits by the usage of this drug 

e.g. in heart failure, DHCs returned in focus of research156. From this study many of the 

selected compounds showed potent to moderate activity on COX-1 and 5-LOX. Isolated from 

Melodorum fruticosum the compound MF-14 and the semisynthetic oxidized derivative MF-15 

displayed high potential as inhibitor of the aldol-keto reductase family 1 member C3 (AKR1C3) 

in enzalutamide-resistant metastatic castration resistant prostate cancer157. Both compounds 

are 2-OH-benzylated derivatives of cardamonin (Figure 6), which by itself has strong anti-

inflammatory effects during antitumoral treatment158,159. Further studies revealed also 

bioactivity against mPGES-1 and therefore indicated a potential use in anti-inflammatory 

therapy160.  

 
Figure 6 Chemical structure of cardamonin in comparison to MF-14 and MF-15 isolated from Melodorum 

fruticosum according to F. Mayr et al.154. MF-14/15 are 2-OH-benzylated derivatives of cardamonin with 

potential anti-inflammatory properties.  
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1.5.  Polymer-based nanoparticles 

Nanomedicine is intensively investigated and moved in the focus of research over the past 

decade161,162. Huge improvements in the field of diagnostics, drug delivery and therapeutic 

treatments are currently under development or have even already reached the market, using 

sophisticated biomaterials to cure or indicate certain diseases163,164. The most recent 

breakthrough in the field of nanomedicine is the approval of the first vaccination against the 

severe acute respiratory syndrome coronavirus 2 (Sars-CoV-2) from BioNTech, where mRNA 

encoding the spike protein of the virus is encapsulated into liposomes that merge with the 

plasma membrane to effectively deliver the cargo165. The utilization of nanomedicine as drug 

delivery systems is of high interest. Despite thousands of promising drug candidates are 

investigated, most of them fail to receive an approval due to unfavorable pharmacokinetics, 

physicochemical properties or systemic toxicity166,167. Among different options, polymeric 

nanoparticles (NP) displayed high potential to improve bioavailability of formulated drugs by 

enhancing their solubility and circulation times, controlling the release profile and targeting 

specific cells or organs168,169. The outstanding advantage of the use of polymers to formulate 

NPs is the high modifiability that allows to design hydrophilic or hydrophobic NPs with different 

shells or targeting/shielding units on the surface, to obtain a tailored delivery system for the 

encapsulated drug or patient specific needs170,171. Natural polymers, which display high 

biocompatibility like dextran, albumin or hyaluronic acid are not suitable because of the multiple 

variations in the molecular weight (MW) and composition172. Therefore, synthetic polymers are 

used with controlled MW and/or chemical functionalization173. One of the most investigated 

and highly biocompatible polymers is poly(lactide-co-glycolic acid) (PLGA) that is degraded to 

lactate and glycolate upon enzymatic degradation174. On top of these advantages, PLGA can 

be easily formulated and the monomer composition can be altered to obtain different release 

kinetics175. Not surprisingly, there are already 14 FDA approved products on the market using 

PLGA-based nano- or microparticles176. A well established and equally biocompatible 

alternative to PLGA is acetalated dextran (AcDex). In contrast to dextran the functionalized 

derivative with acetal or ethoxy acetal (AceDex) groups is not water-soluble and therefore 

suitable for NP formulation and the encapsulation of hydrophobic drugs177. Additionally, 

Ac(e)Dex degrades depending on the pH value, which could imply the usage of a passive 

targeting, since the body shows lower pH values in inflammatory tissues or after the uptake of 

infectious invaders or cell debris in the endolysosome178,179.  

The usage of nanoparticles is a great opportunity for modern medicine. Since most drug 

candidates fail to succeed because of unfavorable pharmacokinetics, the smart formulation 

into small containers with tailor-made properties to have high specificity is a promising strategy 

to circumvent these detrimental characteristics and give highly potent therapeutics a chance 

to get approved for clinical use180. 
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Figure 7 Chemical structure of the main polymers used in this study to form nanoparticles incorporated 

with anti-inflammatory compounds. Acetalated dextran (left), poly(lactide-co-glycolic acid) (middle) and 

ethoxy-acetalated dextran (right).  
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2. Aim of the thesis 

 

The variety of therapeutic options for anti-inflammatory therapy we do have nowadays goes 

along with meticulous deliberations, if the treatment is worth the risk of side effects29. Especially 

in chronic inflammatory diseases, where a long-term therapy is necessary, the therapeutic 

options are rare or their activity is decaying over the progression of the affliction29,30. Therefore, 

the need of new approaches to fight the self-destructive and dysregulated immune response 

in inflammation is still compelling.  

The various LMs are strongly involved in the onset, progression but also the resolution of 

inflammation36,60. Many commonly used drugs on the market interfere with the LM-biosynthetic 

network by influencing mainly one pathway, especially the COX pathway - this fact led to the 

first initial objective of this thesis. 

 

I  The elucidation of commonly used therapeutics that interfere with the LM networks to 

better understand the risks and benefits of these drugs.  

 

Beside the well-established COX inhibitors there are a variety of options to fight inflammation 

by more specific targeting. The dual inhibition of the COX and LT biosynthetic pathway arose 

over the past two decades with already promising drugs (licofelone) that were evaluated in 

clinical studies146,149. Associated with a better safety profile the inhibition of mPGES-1 instead 

of COX-2 was further investigated in research and the similarity to FLAP, which is also an 

interesting drug target for LT inhibition, led to the development of dual mPGES-1 and FLAP 

inhibitors that were investigated lately3–5,150. But like for the commonly available NSAIDs, the 

deeper understanding of the impact of BRP-187, BRP-201 and MF-14/15 on the entire LM 

network needs to be revealed. As a result, the next objective of this thesis was formed.  

 

II The profound investigation of the anti-inflammatory impact and modulation of the LM 

profile by the multitarget inhibitors BRP-187, BRP-201 and MF-14/15.  

 

Many recently investigated FLAP and mPGES-1 inhibitors are highly active in experimental in 

vitro settings but lack efficacy in complex bioassays or in vivo71,142. Because of the location of 

the targeted proteins in bio-membranes and competition with AA in the active sites, the 

respective inhibitors share the same physicochemical characteristics, resulting in unfavorable 

kinetics, low solubility, low bioavailability, strong plasma protein binding and accumulation in 

hydrophobic tissues like membranes71,142. The chemical adjustments of these disadvantages 

result mostly in loss of effectiveness3,5. Thus, the investigation of the suitability of drug delivery 

systems is urgently needed. As prodigy in modern medicine, polymeric NPs could be an ideal 
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option to accomplishing the effectiveness of such potent inhibitors with unfavorable properties, 

which could save time and money in the development of new drugs180. In an innovative 

cooperation, as part of a project in the SFB 1278 PolyTarget and in cooperation with the 

Institute of Organic and Macromolecular Chemistry at FSU Jena, the investigation of this 

approach was initiated. The encapsulation of BRP-187 and BRP-201 into polymeric NPs was 

analyzed, representing the third object of this study.  

 

III In-depth investigation of the suitability of polymeric nanoparticles as drug delivery 

systems for the potent dual mPGES-1/FLAP inhibitors BRP-187 and BRP-201. 

 

The impairment of pro-inflammatory lipid mediators can prevent the progression of 

inflammatory diseases2. As counterpart in order to stop the inflammatory response the body 

produces SPMs to actively initiate the recovery of the affected tissue and help resolving 

inflammation19. Since the discovery of SPMs and the detection of their highly beneficial effects, 

new approaches to actively support inflammation resolution were discussed132. Since SPMs 

are instable hydrophobic fatty acid derivatives the treatment with these mediators would be 

rather ineffective, because of rapid metabolization or accumulation in bio-membranes134. 

Another approach that is currently investigated is the development of SPM receptor agonists, 

for example, for the FPR2/ALX receptor, but until now no promising results from clinical studies 

were revealed181. Discovery of new strategies to promote inflammation resolution leaves room 

for deeper investigation and therefore builds the last objective of this thesis.  

 

IV Identification of new approaches to actively promote the resolution of inflammation. 

 

The investigation of these aims could provide great benefit for the development of inflammatory 

therapies and will contribute to big steps forward in anti-inflammatory (nano)medicine. 
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3. Manuscripts 

Overview: 

Manuscript I 

 
Targeting biosynthetic networks of the proinflammatory and proresolving lipid metabolome 
 
Werner, M., Jordan, P.M., Romp, E., Czapka, A., Rao, Z., Kretzer, C., Koeberle, A., Garscha, 
U., Pace, S., Claesson, H.-E., Serhan, C.N., Werz, O., Gerstmeier, J. 

 
The FASEB Journal, 2019, 33(5): p. 6140-6153. 
 
Anti-inflammatory drugs interfere with the metabolism of fatty acids via inhibition of 

cyclooxygenase (COX), 5-lipoxygenase (5-LOX) and 5-lipoxygenase activating protein 

(FLAP). According to the type of leukocyte these enzymes are also involved in the biosynthesis 

of specialized pro-resolving mediators (SPMs), which actively enhance resolution of 

inflammation. The influence of commonly used therapeutics regarding the production of SPMs 

is still elusive and will be intensively investigated in this study. With the obtained data clear 

disadvantages of approved drugs are pointed out and potential new strategies to favorably 

modulate the lipid mediator (LM) profile can be derived. 

 
 
Manuscript II 
 
Encapsulation of the dual FLAP/mPEGS-1 inhibitor BRP-187 into acetalated dextran and 
PLGA nanoparticles improves its cellular bioactivity 
 
Shkodra-Pula, B., Kretzer, C., Jordan, PM., Klemm, P., Koeberle, A., Pretzel, D., Banoglu, 
E., Lorkowski, S., Wallert, M., Höppener, S., Stumpf, S., Vollrath, A., Schubert, S., Werz, O., 
Schubert, US. 
 
Journal of Nanobiotechnology, 2020, 18(1):73 

 
Dual inhibitors of 5-lipoxygenase activating protein (FLAP) and microsomal prostaglandin E2 

synthase-1 (mPGES-1) exert good anti-inflammatory efficacy at lower risk of side effects 

compared to non-steroidal anti-inflammatory drugs (NSAIDs) but despite these advantages 

the necessary lipophilic structure of these compounds is associated with low overall 

bioavailability. To improve the effectiveness of the well investigated dual FLAP/mPGES-1 

inhibitor BRP-187 poly(lactic-co-glycolic acid) (PLGA) and acetalated dextran (Ac-Dex) were 

used forming nanoparticles (NPs) as carrier systems. This study shows how encapsulation of 

BRP-187 prolongs the effectiveness and enhances the potency to inhibit mPGES-1 in 

macrophages. 
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Manuscript III 
 
Ethoxy acetalated dextran-based nanocarriers accomplish efficient inhibition of leukotriene 
formation by a novel FLAP antagonist in human leukocytes and blood 
 
Kretzer, C., Shkodra-Pula, B., Klemm, P., Jordan, PM., Schröder, D., Cinar, G., Vollrath, A., 
Schubert, S., Nischang, I., Hoeppener, S., Stumpf, S., Banoglu, E., Gladigau, F., Bilancia, R., 
Rossi, A., Eggeling, C., Neugebauer, U., Schubert, US., Werz, O. 
 
Cellular and Molecular Life Sciences, 2021 Dec 31;79(1):40.  
 
The novel benzimidazole-based 5-lipoxygenase activating protein inhibitor (FLAP) BRP-201 

potently inhibits leukotriene (LT) formation in isolated leukocytes but lacks efficacy in human 

whole blood due to unfavorable pharmacokinetic properties. Here, we described the 

encapsulation of BRP-201 into poly(lactic-co-glycolic acid) (PLGA) and ethoxy acetalated 

dextran (Ace-Dex), aiming to improve the bioavailability and develop a new therapeutic 

strategy to reduce inflammation. The data proves the suitability of Ace-Dex nanoparticles (NPs) 

to effectively transport BRP-201 to leukocytes in human whole blood and drastically reduced 

LT formation compared to free compound. The in-vitro effect was also confirmed in a 

sophisticated zymosan-induced peritonitis mouse model with i.v. application of the formulation, 

indicating the clear benefit of encapsulation.   

 
 
Manuscript IV 
 
Effect of Crystallinity on the Properties of Polycaprolactone Nanoparticles Containing the 
Dual FLAP/mPEGS-1 Inhibitor BRP-187 
 
Vollrath, A., Kretzer, C., Beringer-Siemers, B., Shkodra, B., Czaplewska, J., Bandelli, D., 
Stumpf, S., Hoeppener, S., Weber, C., Werz, O., Schubert, US.  
 
Polymers, 2021 Jul 31;13(15):2557. 

 
Recently developed polycaprolactones (PCL) with constant hydrophobicity but a varying 

degree of crystallinity were prepared from ε-caprolactone (εCL) and δ-caprolactone (δ-CL) 

isomers to formulate nanoparticles (NPs). With the encapsulated anti-inflammatory drug BRP-

187 the polymers were tested on enzymatic degradation and their efficacy to reduce 

leukotriene (LT) formation in polymorphonuclear leukocytes (PMNL). The study showed that 

the crystallinity of the polymers influences the enzymatic degradation, which exerts different 

potential therapeutic options for the compound with immediate and delayed release settings. 

The aim of the study was to establish a base to develop a polymer library for tailor-made 

formulations in future inflammatory therapy.  
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Manuscript V 
 
Shifting the Biosynthesis of Leukotrienes Toward Specialized Pro-Resolving Mediators by the 
5-Lipoxygenase-Activating Protein (FLAP) Antagonist BRP-201  
 
Kretzer, C., Jordan, PM., Bilancia, R., Rossi, A., Tuğçe Gür, M., Banoglu, E., U., Schubert, 
US., Werz, O. 
 
Journal of Inflammation Research, 2022, Feb 9;15:911-925 

 
Lipid mediators (LM) derived from fatty acids initiate and resolve inflammation depending on 

the synthetic pathways which include partially the same enzymes for both categories of 

products. In this complex network compound can interfere to favorably modulate the LM profile 

and prime the production of resolving specialized pro-resolving mediators (SPMs). Here, the 

benzimidazole-based 5-lipoxygenase activating protein (FLAP) inhibitor BRP-201 was studied 

regarding the modification of the lipid mediator profile. We showed strong evidence, that BRP-

201 can shift the LM profile from LTs to the production of SPMs by inhibiting FLAP and 

enhancing the activity of 15- and 12-LOX, which leads to an active induction of resolution 

inflammation.  

 
 
Manuscript VI 
 
Natural chalcones elicit formation of specialized pro-resolving mediators and related 15-
lipoxygenase products in human macrophages 
 
Kretzer, C., Jordan, PM., Meyer, KPL., Hoff, D., Werner, M., Hofstetter R.K., Koeberle, A., 
Cala Peralta, A., Viault, G., Seraphin, D., Richomme, P., Helesbeux, JJ., Stuppner, H., 
Temml, V., Schuster, D., Werz, O. 
 
Biochemical Pharmacology, 2022, Jan;195:114825. 
 
Specialized pro-resolving mediators (SPMs) have anti-inflammatory properties that counteract 

the effect of leukotrienes (LT) and prostaglandins (PG) to resolve inflammation. Novel concepts 

of therapy try to find options that enhance the production of those SPMs rather than acting 

immunosuppressive by reducing LT and PG levels. In this study we present two 

dihydrochalcone-based compounds from Melodrum fruticosum that enhance the biosynthesis 

of SPMs and their precursors via activation of 15-lipoxygenase (LOX)-1. MF-14 and MF-15 

strikingly evoked 12/15-LOX products along with translocation of 15-LOX-1 without additional 

stimulus while still exert inhibition of 5-LOX in exotoxin stimulated macrophages and ionophore 

stimulated HEK-cells, showing their ability to function as lipid mediator class switch inducer. 
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Manuscript I  

Targeting biosynthetic networks of the proinflammatory and proresolving lipid metabolome 
 
Werner, M., Jordan, P.M., Romp, E., Czapka, A., Rao, Z., Kretzer, C., Koeberle, A., Garscha, 
U., Pace, S., Claesson, H.-E., Serhan, C.N., Werz, O., Gerstmeier, J. 

 
The FASEB Journal, 2019, 33(5): p. 6140-6153. 
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Supplemental Table 1. Ultra Performance Liquid Chromatography (UPLC) settings  

Acquity™ UPLC system settings 

Solvent A H2O (0.01% acetic acid) 

Solvent B Methanol (0.01% acetic acid) 

Flow rate 0.3 ml/min 

Column Aquity UPLC BEH C18 1.7 µM; 2.1 × 100 

mm  

Column heater temperature 50 °C 

  Time (min) Solvent % B 

  0.0 42 

  12.5 86 

Gradient 12.5 98 

  15.5 98 

  15.5 42 

  16 42 
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Supplemental Table 2. Mass spectrometer settings for multiple reaction monitoring  

AB Sciex 5500 QTRAP MS settings for multiple reaction monitoring 

Curtain gas 35 

Collision gas Medium 

Ion spray voltage -4000 eV 

Temperature 500 °C 

Ion source gas 1 40 

Ion source gas 2 40 
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Supplemental Table 3. MRM transitions of lipid mediators used for quantitation and their 

retention times  

diagnostic ion Q1 Q3 DP EP CE CXP RT 
y = m ∙ x 

[pg] r2 LOD 

       [min] [m ∙ 105 =]  [pg / 10 µl] 

5-LOX                     

5-HETE 319.2 115.1 -80 -10 -21 -12 12.1 4.451 0.9994 1.560 

5-HEPE 317.2 115.1 -80 -10 -18 -12 11.2 4.877 0.9992 1.560 

t-LTB4 335.2 195.1 -80 -10 -22 -13 8.7 4.057 0.9992 1.560 

LTB4 335.2 195.1 -80 -10 -22 -13 9.2 4.202 0.9998 0.780 

5S,6R-diHETE 335.2 115.1 -80 -10 -20 -13 10.6 5.246 0.9990 0.390 

COX                     

PGE2 351.3 189.1 -80 -10 -25 -14 6.1 10.10 0.9990 0.195 

PGD2 351.3 233.1 -80 -10 -16 -15 6.3 5.004 0.9993 0.195 

PGF2a 353.3 193.1 -80 -10 -34 -11 6.5 8.900 0.9991 0.390 

TXB2 369.3 169.1 -80 -10 -22 -15 5.8 2.930 0.9996 0.390 

11-HETE 319.2 167.1 -80 -10 -21 -12 11.6 1.713 0.9997 0.390 

11-HEPE 317.2 167.1 -80 -10 -19 -12 10.7 3.984 0.9994 1.560 

SPM precursor                     

14-HDHA 343.2 205.1 -80 -10 -17 -14 11.7 13.32 0.9999 1.560 

7-HDHA 343.2 141.1 -80 -10 -18 -15 11.9 8.024 0.9997 1.560 

4-HDHA 343.2 101.1 -80 -10 -17 -15 12.4 6.159 0.9998 3.125 

15-HETE 319.2 219.1 -80 -10 -19 -12 11.4 11.39 0.9996 1.560 

12-HETE 319.2 179.1 -80 -10 -21 -12 11.7 4.846 0.9994 1.560 

5,15-diHETE  335.2 201 -50 -10 -30 -13 8.8 12.74 0.9991 3.125 

15-HEPE 317.2 219.1 -80 -10 -18 -12 10.7 6.065 0.9992 1.560 

12-HEPE 317.2 179.1 -80 -10 -19 -12 10.8 4.897 0.9994 1.560 

SPM                     

18-HEPE 317.2 259.1 -80 -10 -16 -23 10.5 8.482 0.9993 1.560 

RvE3 333.3 201.2 -80 -10 -20 -12 8.9 ─ ─ ─ 

17-HDHA 343.2 245.1 -80 -10 -17 -14 11.5 23.86 0.9999 6.250 

10S,17S-diHDHA 359.2 153.1 -80 -10 -21 -9 8.8 3.670 0.9994 0.195 

PD1 359.2 153.1 -80 -10 -21 -9 8.8 3.670 0.9994 0.195 

AT-PD1 359.2 153.1 -80 -10 -21 -9 8.8 3.670 0.9994 0.195 

MaR1  359.2 250.1 -80 -10 -20 -16 9.1 30.58 0.9997 0.780 

RvD2  375.2 175.1 -80 -10 -30 -13 6.4 15.72 0.9989 1.560 

RvD4  375.2 101.1 -80 -10 -22 -10 7.8 11.63 0.9993 0.195 

RvD5 359.2 199.1 -80 -10 -21 -13 8.9 8.138 0.9996 0.390 

LXA4 351.2 115.1 -80 -10 -20 -13 6.9 5.702 0.9987 0.195 

FA                     

AA 303.3 259.1 -100 -10 -16 -18 13.8 71.55 0.9993 62.5 

EPA 301.3 257.1 -100 -10 -16 -18 13.6 36.02 0.9996 31.25 

DHA 327.3 283.1 -100 -10 -16 -18 13.8 64.02 0.9502 125 

 

DP=Declustering Potential, EP=Entrance Potential, CE=Collision Energy, CXP=Collision Cell 

Exit Potential, RT=Retention Time, linear equation, coefficient of determination (r2) and limit 

of detection (LOD). LOD represents the lowest concentration of the standardcurves showing a 

peak with more than five data points and signal to noise ratio higher than three 

(Means ± SEM, n=3).  
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Supplemental Table 4. LM biosynthesis in M1 and M2 macrophages upon exposure to 

pathogenic E. coli  

  M1  M2 

  veh.  + E. Coli veh.  + E. Coli 
5-HETE - 1623 ± 310 - 1157 ± 166 

5-HEPE   -   299 ± 73   -   175 ± 36 

t-LTB4   -   256 ± 65   -   296 ± 34 

LTB4   -   1684 ± 358   -   643 ± 129 

5S,6R-diHETE   -   83 ± 16   -   55 ± 10 

PGE2 804 ± 188 13,960 ± 1801 31 ± 17 689 ± 51 

PGD2 14 ± 3.1 221 ± 37 8.8 ± 4.0 237 ± 28 

PGF2α 48 ± 13 811 ± 94 8.2 ± 1.5 541 ± 91 

TXB2 762 ± 152 8370 ± 914 280 ± 77 15,804 ± 1345 

11-HETE   -   2742 ± 323   -   2695 ± 267 

11-HEPE   -   54 ± 5.4   -   94 ± 11 

14-HDHA   -   61 ± 10   -   4031 ± 441 

7-HDHA   -   98 ± 20   -   453 ± 42 

4-HDHA   -   67 ± 7.6   -   115 ± 9.4 

15-HETE 21 ± 4.3 1273 ± 140 29 ± 14 41,468 ± 4739 

12-HETE - 129 ± 23 - 2965 ± 341 

5,15-diHETE    -     -     -   1712 ± 235 

15-HEPE   -   54 ± 7.8   -   6952 ± 1011 

12-HEPE   -   27 ± 7.5   -   1441 ± 296 

18-HEPE   -   41 ± 4.6 - 140 ± 14 

RvE3   -     -     -   218 ± 38 

17-HDHA   -   414 ± 53   -   25,289 ± 2930 

10S,17S-
diHDHA 

  -     -     -   42 ± 5.4 

PD1   -     -     -   253 ± 30 

AT-PD1   -     -     -   306 ± 38 

MaR1    -     -     -   548 ± 106 

RvD2    -     -     -   177 ± 27 

RvD4    -     -     -   28 ± 3.8 

RvD5   -     -     -   1790 ± 276 

LXA4   -     -     -   54 ± 15 

AA 1650 ± 193 520,540 ± 129,749 2341 ± 489 695,267 ± 157,048 

EPA 397 ± 61 165,472 ± 28,706 548 ± 124 292,667 ± 34,385 

DHA 1604 ± 208 261,669 ± 29,475 3256 ± 362 357,654 ± 36,136 

 

Human monocyte-derived macrophages were polarized for 48 hrs to M1 and M2 (2 × 106 

cells/ml) and incubated for 180 min with vehicle or E. coli (O6:K2:H1; ratio = 1:50) at 37 °C. 

Formed LM were isolated by SPE and analyzed by UPLC-MS/MS, LOD according to Suppl 

Table 3. Data are given as means ± S.E.M. as pg/2 × 106 cells, n=4 for vehicle control in M1/M2 

and for E.coli challenge in M1: n = 24-34 and in M2: n = 33-39.  
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Supplemental Figure 1 

 

 

 
 
 

 
 
 
 

 
 
 
 

 

 
 

 
 
 
 
 
Figure S1. Representative full scan of Western blots shown in Figure 1C. Molecular 

weight markers are indicated on the left. Red boxes highlight the lanes that are displayed in 

the corresponding figures.  
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Supplemental Figure 2

 
 

Figure S2. Effect of the 15-LOX-1 inhibitor 3887 on the lipid mediator profil. (A) 

Chemical structure of 3887. (B) LM profile in M2 macrophages, shown as pg/2 × 106 cells of 

n = 3, corresponding to the heatmap in Figure 4A as mean + S.E.M.. (C) Concentration-

dependent inhibition of mono-hydroxylated 15-LOX products (15-HETE, 15-HEPE and 17-

HDHA) and 12-LOX products (12-HETE, 12-HEPE and 14-HDHA) in M2 macrophages. 

Data are given as mean + S.E.M. of n = 3 independent experiments, shown as pg/2 × 106 M2. 

(D) Purified 5-LOX enzyme was preincuabted with 3 and 30 µM 3887 before stimulation 

with 20 µM exogenous AA for 5-LOX product formation, analyzed by HPLC. Data are given 

as mean + single values of n = 3 independent experiments, shown as percentage of vehicle 

control (= 100%
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Figure S1. Synthesis of ethoxy acetalated dextran (Ace-DEX) and its degradation products upon 
hydrolysis. 

 

 

Figure S2. Scanning electron micrographs of the NPs: PLGA (A), PLGA[BRP-201] (B and C),  
PLGA-Rho (D), PLGA-Rho[BRP-201] (E), Ace-DEX-Rho (F), Ace-DEX-Rho[BRP-201] (G). Histograms were 
generated from ImageJ measurements (n = 300 to 500).
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Figure S3. NTA measurements of the particle size (top row) and intensity distribution (bottom row): 

PLGA (A), PLGA[BRP-201] (B), Ace-DEX (C),  

Ace-DEX[BRP-201] (D), and BRP-201 precipitates (E). 
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Figure S4. Size (A and C) and PDI (B and D) of the NPs over the 20 h measurements at 37 °C determined 
by DLS; NPs were incubated with 0.05 mM acetate buffer (pH 4.5) and 0.05 mM phosphate buffer (pH 
7.4). 
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Figure S5. Degradation of Ace-DEX-Rho NPs at 37 °C incubated with 0.05 mM acetate buffer (pH 4.5) 
and 0.05 mM phosphate buffer (pH 7.4), as measured by DLS (n = 3) (A); the derived count rate on DLS 
was measured over predetermined time points, and plotted as normalized value against the derived 
count rate at timepoint 0 of incubation with buffer solution; concomitant size (B) and PDI (C) of the 
NPs over the 20 h measurements at 37 °C. 
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Figure S6. Degradation of Ace-DEX-Rho NPs at 37 °C incubated with 0.05 mM acetate buffer (pH 4.5) 
and 0.05 mM phosphate buffer (pH 7.4), as measured by DLS (n = 3) (A); the derived count rate on DLS 
was measured over predetermined time points, and plotted as normalized value against the derived 
count rate at timepoint 0 of incubation with buffer solution; concomitant size (B) and PDI (C) of the 
NPs over the 20 h measurements at 37 °C. 

 

 



 

86  

 
Figure S7. White light images of the drop coated sample of suspension of Ace-DEX[BRP-201]: (A) 
untreated Ace-DEX[BRP-201], (B) Ace-DEX[BRP-201] after 48h incubation at pH 4.5, (C) Ace-DEX[BRP-
201] after 48h incubation at pH 7.4. It can be seen, that while initially large aggregations are present 
in the sample, after 48h incubation hardly any material is found on the slide. Raman spectra of the 
dried samples B and C are shown in Figure S8. 

 

 
Figure S8. Spectra of the dried sample of Ace-DEX with BRP-201 after 48 h at pH 4.5 (A) and pH 7.4 (B). 
The upper (grey) spectra show the lowest intensity of the peak at 1620 cm-1 compared to the 
background, while the lower (black) spectra show the highest intensity. Peaks specific for Ace-DEX 
cannot be found in the spectra. 
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Figure S9. AUC investigation via refractive index (RI) detection of BRP-201-loaded NPs, incubated with 
buffers at 37 °C. Differential distribution of sedimentation coefficients, ls - g*(s), of Ace-DEX[BRP-201] 
NPs (top row) and PLGA[BRP-201] NPs (bottom row) incubated at 37 °C at different times and from 
experiments at a rotor speed of 1,500 rpm in acetate buffer (pH 4.5) (left) and phosphate buffer (pH 
7.4) (middle). RI and UV (in terms of OD) signal received by integration of differential distributions of 
sedimentation coefficients, ls-g*(s), of particles against the incubation time at pH 4.5 and pH 7.4 (right). 
The control refers to NPs in water stored at 4 °C prior to the measurement. 

 

 
Figure S10. Degradation of NPs measured by DLS at the timepoints chosen for the degradation and/or 
the drug release measurements conducted on the AUC. 

The RI signal intensity increased with longer incubation time at both pH values, probably due 
to the raise of the PVA amount in the supernatant as the NPs degraded [34] (Figure S12 and 
S13). For PLGA[BRP-201] NPs (Figure S13) the signal intensity of PVA in the supernatant was 
more pronounced for the NPs incubated at pH 4.5, even for the shortest incubation time, 
compared to pH 7.4. This may be a hint toward more pronounced degradation under acidic 
conditions. 
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Figure S11. Differential distribution of sedimentation coefficients, ls - g*(s), of Ace-DEX[BRP-201] (top 
row) and PLGA[BRP-201] NPs (bottom row) incubated at 37 °C, at pH 4.5 (left) and pH 7.4 (middle) 
measured at a rotor speed of 42,000 rpm after an overall 32 h of centrifugation at lower speed of 1500 
rpm in order to observe the remaining supernatant. RI signal intensities received by integration of 
differential distributions of sedimentation coefficients, ls-g*(s), of PVA in the supernatant against the 
incubation time (right). 

 
 

 
Figure S12. Signal intensities received by integration of differential distributions of sedimentation 
coefficients, ls-g*(s), representative of solution composition of Ace-DEX[BRP-201] NPs incubated for 
0.5 h (empty bars) and of the NPs incubated for 144 h (filled bars) (A), and of PLGA[BRP-201] NPs 
incubated for 0 d (empty bars) and of the NPs incubated for 30 d (filled bars) (B). 
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Table S1. NTA measurement settings for individual NP-samples. 

Formulation 
C (µg mL-

1) 
Screen 
gain 

Camer
a 
level 

Focu
s 

Detection 
threshold 

Particles/fra
me 

PLGA 50 10 8 26 4 27 
PLGA[BRP-201] 50 11 5 26 4 32 
Ace-DEX 10 10 11 19 7 71 
Ace-DEX[BRP-
201] 

10 3 15 16 29 70 

BRP-201 
precipitates 

10 3 8 14 14 78 

 
Table S2. Overview of the size of the particles analyzed by different analytical methods. 

Formulation 

DLS 
intensity 
(nm) 

DLS 
number 
(nm) 

NTA mean 
(nm) 

NTA mode 
(nm) 

SEM 
(nm) 

PLGA 165 ± 13 136 ± 9 131 ± 19 
123 ± 19 108 ± 

15 

PLGA[BRP-201] 185 ± 5 139 ± 7 179 ± 70 
218 ± 70 133 ± 

15 
Ace-DEX 180 ± 13 104 ± 6 148 ± 76 105 ± 76 70 ± 10 
Ace-DEX[BRP-
201] 

111 ± 13  79 ± 16 129 ± 66 
94 ± 66 76 ± 13 

BRP-201 
precipitates 

317 ± 44 252 ± 38 198 ± 45 
215 ± 45 / 

 
Table S3. Summary of the physicochemical properties of the pooled NP-formulation loaded with 10% 
(w/w) BRP-201. 

Pooled NPs  
with 10% BRP-
201 

Purified NP 
suspension 

NP suspension + 0.9% 
NaCl 

Yield 
PVA 

EE 
LC  

dH (nm) PDI 
ζ 
(mV) 

dH 

(nm) 
PDI 

ζ 
(mV) 

(%) (%, w/w) (%) 
(%, w/w) 

Ace-DEX 158 0.10 -8 152 0.03 -2 58 8.3±0.2 / / 
Ace-DEX[BRP-
201] 

237 0.24 
-16 231 0.23 -1 

66 5.5±0.3 
108±1
1 

98±12 

 

Table S4. Particle size distribution of the NP suspensions for in vivo evaluation as measured via multi-
angle light scattering (MADLS) with Zetasizer Ultra. 

Formulations  
for i.v. injection 

MADL
S 

Purified NP suspension NP suspension + 0.9% NaCl  

Angle Peak 1 

dH 

(nm) 

Peak 1 
(%) 

Peak 2 

dH (nm) 
Peak 2 
(%) 

Peak 1 

dH 

(nm) 

Peak 1 
(%) 

Peak 2 

dH (nm) 

Peak 
2  
(%) 

Ace-DEX 173° 167 100 0 0 162 100 / 0 

 90° 182 100 / 0 166 100 / 0 

 13° 138 95 2 5 162 100 / 0 

Ace-DEX[BRP-
201] 

173° 243 100 / 0 268 100 / 0 

 90° 320 89 57 11 338 90 61 11 

 13° 150 68 648 32 157 79 3344 21 
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Table S5. Particle size distribution of the NP suspensions for in vivo evaluation measured via multi-
angle light scattering (MADLS) with Zetasizer Ultra after 28 days storage at 4 °C. 

Formulations  
for i.v. injection 

MADL
SAngl
e 

Peak 1 

dH (nm) 
Peak 1  
(%) 

Peak 2 

dH (nm) 
Peak 2 
(%) 

Ace-DEX 
173° 158 100 / 0 
90° 165 100 / 0 
13° 134 96 5161 3 

Ace-DEX[BRP-
201] 

173° 638 95 57 5 
90° 1064 57 391 43 
13° 287 100 0 0 

 

 
Figure S13. SEM micrographs of Ace-DEX NPs (A and B) and Ace-DEX[BRP-201] NPs (C and D) with 0.9% 
NaCl. 
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4. Discussion 

 
 
The development of new approaches to combat inflammatory diseases is an ongoing process. 

A unique aspect in the research of LM evolves from the fact that they are responsible for the 

onset and the termination of inflammation2,19. The usage of drugs, which interfere with the 

tightly regulated LM cascades, triggers a previously unexplored change of the LM profiles. This 

LM composition guides the inflammatory events of the surrounding, and positively affects the 

progression of healing or further harm. To favorably modulate the LM spectrum early 

investigations provided proof that inhibition of mPGES-1 and FLAP are interesting approaches 

to accomplish specific downregulation of detrimental pathways without affecting mediators that 

are urgently needed for the resolution of inflammation or the homeostasis of the body71,182. But 

the best concepts of therapy and the most specific and potent compounds are worthless as 

long as their physicochemical properties would not allow them to meet their target in a 

physiological environment. With the awareness of these aspects, the present thesis was 

designed to characterize new compounds that can favorably modulate the LM profile and 

investigate the eligibility of polymeric NPs to increase the efficiency of these multitarget 

inhibitors. In the following sections, the results of the thesis are intensively discussed to 

connect the acquired knowledge of the different studies and clarify their contribution to the 

scientific progression of anti-inflammatory pharmacotherapy. 

 

4.1. The influence of approved therapeutics on LM networks 

NSAIDs are the most commonly used drugs in anti-inflammatory pharmacotherapy and since 

the discovery of PGs and the two COX isoforms the mode of action was thought to be 

identified82,183,184. The uncovering of SPMs as highly beneficial lipid mediators added another 

segment to the picture and the influence of NSAIDs as well as COX-2 or 5-LOX inhibitors on 

the whole metabololipidome is still elusive. In different stages of inflammation, macrophages 

differentially produce different subsets of LM122. M1 macrophages produce predominantly PGs 

and LTs due to high expression of COX-2 and FLAP, which are induced by IFNγ and bacterial 

endotoxins like LPS. In the resolution phase the cytokine milieu changes and anti-inflammatory 

cytokines like IL-4 and IL-10 polarize the subtype of macrophages to M2, which express 15-

LOX-1122. These subtypes can be challenged with human pathogenic E. coli to induce LM 

biosynthesis122. The incubation of the two macrophage subtypes with ibuprofen and celecoxib 

showed a significantly reduced biosynthesis of all detectable PGs (PGE2, PGD2, TXB2, PGF2α) 

and corresponding precursors (11-HETE, 11-HEPE), as expected. A clear downside 

highlighted is the overshooting production of LTs in M1. Thus, the selective COX-2 inhibitor 

elevated LT production more than ibuprofen, which could occur due to the high concentration 
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(30 µM) of ibuprofen, which may lead to pleiotropic effects. This activation of LT biosynthesis 

is reminiscent to the development of aspirin-induced asthma upon long term therapy148. In M2 

macrophages a similar picture is observable. PGs are reduced after celecoxib treatment with 

induced 5-LOX products. Interestingly in M1 macrophages, 15-HETE production is also 

reduced. The COX subtypes are able to synthesize 15(R)-HETE, which is measured here, 

since 15-LOX enzymes synthesize only 15(S)-HETE. As a result, the treatment of ibuprofen 

and celecoxib reduces the formation of an important precursor (15(R)-HETE) of AT-LXA4 that 

could be produced by intercellular pathways with neutrophils to initiate resolution 

phase21,125,185.  

The only approved 5-LOX inhibitor zileuton was also tested in this experimental setup. Since 

zileuton binds as iron chelating agent the assumption that zileuton could also inhibit 15-LOX 

activity is strong146. Indeed, zileuton reduced not only pro-inflammatory leukotrienes but also 

affected 15/12-LOX products in M1 and M2, which could actively delay the resolution phase 

and reveals the unspecific inhibition of LOXs. In contrast, inhibition of FLAP by MK-886 

promoted SPMs and SPM precursor production, while LT synthesize was effectively reduced 

in M1 but not as effectively in M2, presumably due to minor expression of FLAP. The 

interference of MK-886 with the 5-LOX pathway did not upregulate PGs levels. 

Beyond the analysis of the modulation of the LM profile by common therapeutics, this study, 

by using 3887, also confirmed that 15-LOX-1 but not 15-LOX-2 is responsible for SPM 

production, since 15-LOX-2 is expressed in M1 and M2116,122,186. But what was not considered 

in any of these studies and might be important to investigate in the future, is the capability of 

15-LOX-2 to produce precursors that can be further metabolized by intercellular crosstalk in 

companion with neutrophils, which could lead to the production of SPMs and an early induction 

of the resolution phase. Therefore, the ability to induce 15-LOX derived products in M1 should 

be considered important for future results and further studies.  

Taken together, manuscript I indicated clear disadvantages of common anti-inflammatory 

drugs with respect to the overall LM profiles on the cellular level and pointed out their potential 

side effects upon long-term therapy. Only FLAP inhibition by MK-886 favorably modulated LM 

biosynthesis in M1 and M2. These findings highlighted the necessity of new anti-inflammatory 

drugs with a better LM safety profile.  

 

4.2. LM profiling of new multitarget inhibitors  

Latest research of new promising chemical structures that inhibit FLAP and mPGES-1 

suggests potent anti-inflammatory drugs with better risk:benefit profile than established 

pharmaceutics105,147. Targeting the downstream enzymes of LT and PG biosynthesis (mPGES-

1, LTA4-H, LTC4-S, FLAP) might be associated with fewer side effects and more beneficial LM 

profiles187,188 To provide evidence, BRP-201, BRP-187 and MF-14/15 were tested in similar 
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experimental settings. As expected from the data sets with MK-886, the new FLAP antagonists 

BRP-201 and BRP-187 (Table 2) are potently reducing LT biosynthesis while AA is not shunted 

into PG biosynthetic pathways. At concentrations of 3 µM both BRP-compounds inhibit PGE2 

formation more efficient than MK-886 to around 80% of the control. Non-published data from 

our lab points out that inhibition of PGE2 formation in intact cells is not as potent as in isolated 

A549 microsomes overexpressing mPGES-1. Considering that potent inhibition of the 5-LOX 

pathway usually results in elevated COX products and vice versa187, the moderate inhibitory 

potential of BRP-187 and BRP-201 against mPGES-1 should be rated higher. The diminished 

levels of LTB4 and PGE2 are desired in the treatment of asthma, rheumatoid arthritis, 

cardiovascular disease, arteriosclerosis or psoriasis, while no substrate shunting or decreased 

levels of PGD2 lead to adverse effects2,148,187,189–191. An interesting experiment yet to perform 

might the evaluation of the inhibitory potential of these compounds against mPGES-2, which 

is responsible for gastrointestinal protective PGE2 formation192.  

MF-14 and -15 were identified as 5-LOX inhibitors, with potential action against COX and 

influence on mPGES-1 activity154,160. The IC50 values were first determined for isolated 5-LOX 

and for 5-LOX in PMNL. Interestingly, MF-14 displayed higher potency against isolated 5-LOX, 

while MF-15 is more effective in PMNL suggesting that the lack of the double bond in the 

chalcone-like structure awards more structural flexibility of the alkyl aryl ether, which could fit 

better in binding pockets maybe also within FLAP. In general, there is no information which 

type of 5-LOX inhibitor these chalcones could be. The overall lipophilic structure could act like 

a competitive antagonist of AA in the binding pocket. This could have been assed via 

exogenous substrate addition or by wash-out experiments. Subsequent experiments with 

HEK-293 cells overexpressing 5-LOX indicated again very high potency of MF-14 and MF-15 

even in the presence of exogenous AA. In contrast to zileuton both chalcones increased the 

formation of 15-LOX products in M1 and M2, which would exclude an iron-chelating mode of 

action, because this would affect all LOXs products, as pointed out in manuscript I. MF-14, 

which was less effective in LT inhibition, slightly reduced PGE2 biosynthesis, while MF-15 

elevated PGE2 levels, maybe due to moderate substrate shunting effects. Despite potent LT 

inhibition and influence on PGE2 production, BRP-201 and the chalcones but not BRP-187 

strongly elevated 15-LOX products such as 15-HETE, 15-HEPE and 17-HDHA in M1 

macrophages. In early stages of inflammation where mostly neutrophils with high 5-LOX 

activity and M1 macrophages with high amounts of 5-LOX and COX-2 products are in charge 

of the immune response, the elevated formation of 15-LOX products as precursors for 

transcellularly synthesized LXA4 and Rvs could lead to an earlier initiation of the resolution 

phase9,127. Recent studies revealed positive effects of LXs in acute renal failure in mice, the 

reduction of serum-amyloid-A expression in a COPD model in mice, and highly beneficial 

modulation of the cardiometabolic disease193–196.  
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Figure 8 Course of inflammation from initiation to resolution according to J. Park et al. (2020)132. After 

activation by inflammatory stimuli PGE2 is released causing edema and neutrophils infiltrate following 

the LTB4 gradient. After the acute phase monocytes infiltrate into the tissue and LXs initiate a lipid 

mediator class switch. M2 macrophages mature to synthesize SPMs and regain homeostasis.  

The LM profile in M2 macrophages, which represents the phenotype in the inflammation 

resolution phase, is also ameliorated by treatment with either of the BRP-187, BRP-201 and 

the dihydrochalcones. The amounts of proinflammatory leukotrienes in M2 are not reduced as 

much as in M1 macrophages because the expression of FLAP is lower in the latter cell type122. 

Slightly elevated levels of PGs might be beneficial in the resolution phase, as PGE2 and PGD2 

are responsible for priming leukocytes to produce LXs over LTs19,20,89. In some settings PGE2 

is even responsible for strong anti-inflammatory effects by activation of the EP4 receptor in the 

lung or neurons92,93,197. Probably the most important effect of the chalcones and BRP-

compounds in this experimental setting is the direct enhancement of SPMs and their 

precursors. The increase of 15-LOX products could beneficially affect the healing progression 

at sites of inflammation and help to resolve chronic inflammatory conditions, while relief pain 

and restore homeostasis (Figure 8)36,132,134. BRP-187 did not elevate 12/15-LOX products in 

M1 macrophages unlike BRP-201 and the chalcones which remarkably increased SPM and 

SPM precursor biosynthesis in M2 macrophages. The effect on SPM precursors decays at 

higher concentrations than 3 µM, while SPM levels remain elevated in contrast to BRP-201 

and MF-14/15, which concentration dependently increased SPMs and 12/15-LOX products. 

Therefore, it can be suggested, that BRP-187 in comparison to BRP-201 and MF-14/15 utilizes 

another mode of action for stimulating 12/15-LOX product biosynthesis in macrophages, as 

discussed later in section 4.4.  

The LM profiles induced by BRP-187, BRP-201, MF-14 and MF-15 showed highest similarity 

with MK-886 in manuscript I and with a previously studied benzsulfonamide-based dual 
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mPGES-1 and FLAP inhibitor198. All investigated compounds (MF- and BRP-compounds) 

displayed higher potency than MK-886, which reached phase II clinical trials, but was not 

further developed for unknown reasons71. Structurally, BRP-201 and BRP-187 share certain 

similarities with MK-886. The chlorobenzyl moiety is present in all molecules and the planar 

indole ring in MK-886 has similar conformation like the benzimidazole of BRP-201. Hence, a 

similar pattern of LM modulation by these compounds was expected although BRP-201 

induces 15-LOX products strongly in M1 and M2, while BRP-187 and MK-886 only elevate 

levels of SPM precursors in M2 by a minor degree. Possible reasons for this effect are 

discussed later in this thesis.  

Besides the evaluation of the lipid mediator profile in human monocyte-derived macrophages 

(MDM) BRP-201 was tested in a zymosan-induced peritonitis mouse model in vivo. Here, BRP-

201 displayed similar results, enhancing 12/15-LOX products, while LTs are reduced and PGs 

were not elevated at a low dose of 2 mg/kg. Notably, even though BRP-201 is more potent 

than MK-886 in vitro, MK-886 was more effective in the same setting at 1 mg/kg72,73. The 

reasons for this difference can be low solubility (LogP 8.5855, calculated by BIOVIA Draw 2019 

x64) and high metabolic rate of BRP-201, which would decrease the overall bioavailability of 

the compound. In fact, BRP-187, BRP-201 and MF compounds share unfavorable 

physicochemical features and the improvement of the structures or the smart delivery towards 

the targets is a very important point for future development. Conclusively, BRP-201, BRP-187 

and MF-14/15 demonstrate favorable LM profile modulation in M1 and M2 macrophages as 

well as in vivo with potentially fewer risk of side effects than established therapeutics like 

ibuprofen and zileuton, which were discussed in the first section of the discussion. The LM 

profile indicates sufficient reduction of pro-inflammatory products, while the biosynthesis of 

anti-inflammatory mediators is even enhanced. The selective targeting of downstream proteins 

like mPGES-1 that is specifically upregulated upon inflammatory conditions circumvents the 

detrimental effects on gastrointestinal integrity as well as cardiovascular events136,191. This 

leaves us with three compounds that outstandingly modulate activated leukocytes to produce 

favorable LM profile signatures for the reduction of inflammation and promotion of resolution. 

As indicated in the aims of this thesis, the delivery of these compounds to their targets is the 

next big hurdle to overcome within this study71,142.  

 

4.3. mPGES-1/FLAP inhibitors as anti-inflammatory payloads in polymeric NPs 

Bioavailability, plasma protein binding, volume of distribution, metabolic stability and half-life 

elimination are routinely assessed in drug development and are one of the main reasons why 

promising drug candidates are not further progressed199. Indicated by the structure of 

especially BRP-201 and BRP-187 the aforementioned properties would be major obstacles to 

continue the investigation. The acidic and lipophilic structures of both compounds cause high 
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plasma protein binding, the calculated logP values (BRP-201= 8.5855, BRP-187= 6.3035) 

suggest a large volume of distribution associated with a long half-life and a high metabolic 

rate200–202. Despite the unfavorable physicochemical properties, the high potency of the 

substances and the beneficial modulation of the LM spectrum warrant the effort to develop 

new methods (Figure 9). Here, we present investigations on the suitability of polymeric NPs as 

drug delivery systems to improve the efficacy of mPGES-1 and FLAP inhibitors in leukocytes, 

human whole blood, and in vivo.  

The examined NPs were stable monodisperse particles with a size range about 100-250 nm, 

a slightly negative ζ-potential and an encapsulation efficiency (EE) above 50%. A negative ζ-

potential is required for NPs, which are intended to be injected into the blood stream, because 

positively charged NPs have strong affinity to negatively charged cell surfaces, which causes 

agglomeration of the cells and therefore cytotoxicity203,204. Particles in the size range of 100-

350 nm are internalized by leukocytes, especially macrophages, via clathrin-mediated 

endocytosis (a form of phagocytosis), which was also inhibited by cytochalasin D (data not 

shown) as an inhibitor of actin polymerization205,206. The uptake of BRP-201 and BRP-187 NPs, 

shown in manuscript II and III, were assessed by fluorescent associated cell sorting (FACS) 

and confocal laser scanning microscopy (CLSM) to distinguish between uptake or adhesion of 

NPs. By using FACS the differential analysis between adherent and internalized NPs was not 

possible, even though several washing steps might have avoided this problem. Here, 

especially Ac(e)Dex as rather lipophilic polymers could accomplish stronger adherence to 

biomembranes207. In CLSM experiments we confirmed the cellular uptake of PLGA and 

Ac(e)Dex NPs loaded with BRP-201 and BRP-187, which is a highly valuable fact to grasp 

since we proved that drug-loaded NPs are able to be up taken inside the cells, where the cargo 

is released. In this context the strong phagocytotic activity of neutrophils and macrophages 

guarantees a passive targeting of the NPs to immune cells, as these cells also express 

abundant FLAP/mPGES-1 and are responsible for SPM biosynthesis2,122,205. Once the NP is 

inside the cell, an important step to release the anti-inflammatory cargo is the degradation of 

the polymers. In both studies a degradation analysis for PLGA and Ac(e)Dex was performed, 

proving the pH-dependent biodegradability of Ac(e)Dex177. PLGA, as already introduced, is 

enzymatically cleaved inside the cell and displayed a higher stability in physiological 

solution174. As Ac(e)Dex dissolves rapidly at acidic pH the passive targeting is even enhanced, 

because endolysosomal pH dissolves the polymer inside the cells and releases the cargo208.  

Beside the well-established polymers Ac(e)Dex and PLGA, new polymers were developed to 

encapsulate anti-inflammatory drugs and to provide a library of polymers that can be used in 

different therapeutic settings depending on their characteristics and activity profile. An 

adequate carrier system is as important as the appropriate drug for the addressed disease. 

Individual needs on drug release profiles and passive/active targeting can be altered by the 
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polymer209. In manuscript IV we investigated poly-ε- and poly-δ-caprolactones (PCLs) with 

different polymer ratios, changing the crystallinity of the polymer and thus the activity profile of 

BRP-187 as anti-inflammatory payload. Polymers with a crystallinity of 25-50% and a melting 

point of 37 °C degraded faster and released the drug efficiently, resulting in the same bioactivity 

as free BRP-187. Hence, the polymers with ratios between 87:13; 81:19 and 75:25 PεCL:PδCL 

are suitable compositions for short term treatment, where the encapsulated drug should act 

rapidly like in systemic inflammatory response syndrome (SIRS)210. This effect is explained by 

the higher amount of amorphous domains, which enable faster diffusion of the compound and 

increase the accessibility of water for hydrolysis and faster degradation173,211. PCL-based NPs 

embedded in a fibrin glue-based gel system with methylprednisolone as cargo displayed 

effectiveness in a rat model of induced spinal cord injury, implying the suitability as delivery 

system for BRP-187 or BRP-201 in the future212. 

The toxicological evaluation of the formed NPs was also a critical point to assess in all studies. 

None of the formulations in all our studies showed cytotoxic effects. In fact, free BRP-201 

displayed moderate cytotoxicity in human MDM, which however was completely abolished 

upon encapsulation into NPs. This effect was already observed for PLGA-NPs and 

amphotericin B but not yet for Ac(e)Dex-NPs213. The potent decrease of the cytotoxicity may 

avoid additional stress for non-targeted cells and tissues, lowering the expected adverse 

effects of BRP-201. This fact alone is an obvious benefit of the encapsulation of BRP-201 NPs.  

One of the most important aspects of our studies was the assurance of bioactivity (e.g. LT 

biosynthesis inhibition) of the compounds encapsulated into NPs. The drug-loaded 

formulations were tested in human PMNL and macrophages compared to the free drug. Of 

note, no additional barriers such as plasma protein binding or additional cells are present in 

this experimental setup. Hence, the free compounds may act efficiently on LT biosynthesis. To 

study short- and long-term effects, the preincubation time was varied from 15 min up to 5 h in 

PMNL and even up to 20 h in macrophages. Incredibly, BRP-187 and BRP-201 when 

incorporated into nanoparticles showed the same bioactivity in short-term experiments as the 

free drugs and the potency upon 5 h and 20 h treatments was even significantly enhanced. An 

equal activity after only 15 min of treatment was not expected, because the encapsulated drug 

had to cross additional barriers in this experimental setup e.g. the uptake of the NPs inside the 

cells, the degradation of the NPs as well as the diffusion outside the polymeric matrix. 

Interesting results were obtained in experiments with longer incubation times of 5 h. As shown 

in manuscript II, free BRP-187 lost its potency to inhibit 5-LOX product formation, while the 

encapsulated compound remained active. Recent stability studies indicated that BRP-187 is 

photosensitive and degraded upon long exposure (data not shown), which could explain the 

loss of bioactivity. On top of this, the metabolization through CYP enzymes and enzymatic 

hydrolysis are possible explanations for this effect. However, if incorporated into AcDex- and 
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PLGA-NPs the efficiency of the drugs remained. The higher efficiency after long-term 

incubations and the same potency with short-term treatments suggests that BRP-187 

encapsulated into polymeric NPs is a promising approach for the management of inflammatory 

diseases surpassing the use of the drug itself.  

On top of these results related to suppression of 5-LOX product formation, we found that PLGA 

NPs are able to efficiently carry BRP-187 to mPGES-1 granting a potent reduction of PGE2 

biosynthesis. As indicated before, targeting mPGES-1 in a cellular environment is difficult and 

often less efficient than in cell-free assays. BRP-187 at 3 µM reduced the PGE2 formation in 

M1 MDM to around 78±3% of the DMSO control while 0.1 µM of BRP-187 encapsulated in 

PLGA NPs achieved the same effect (79±12 %), therefore enhancing the potency of BRP-187 

by 30-fold (data not shown). 1 µM BRP-187 decreased PGE2 formation to 27±11% of the 

control after 15 min preincubation. Interestingly, AcDex[BRP-187] had not initially the same 

effect, but displayed equipotent inhibition after 20 h. A possible reason for the strong tendency 

of PLGA[BRP-187] NPs to inhibit mPGES-1 could be the cleavage of PLGA in close proximity 

to the mPGES-1 enzyme at the ER.  

Conclusively, the incorporation of BRP-187 as anti-inflammatory cargo in NPs certainly led to 

significant improvements in the bioactivity profile of the drug. Future assessment in complex 

animal models addressing chronic inflammatory states like the collagen induced arthritis or 

joint pain models in mice, where potent reduction of LTB4 and PGE2 are from utmost 

importance, could reveal further benefits of these formulations. Also important for future 

experiments is the performance of the BRP-187 NPs in human whole blood. Since abundant 

plasma proteins and different cell types that may impair the potency of BRP-187 are included 

in such test matrix, the results of whole blood experiments could give hints for potential future 

use in clinical studies.  

In manuscript III, we investigated BRP-201 incorporated into PLGA and AceDex NPs. Similar 

to the previous study on BRP-187 the compound was tested in human PMNL and 

macrophages. Surprisingly, the effect of PLGA[BRP-187]-NPs on PGE2 formation was not 

apparent upon PLGA[BRP-201] treatment. Despite the inconsistent distribution of BRP-201 in 

PLGA-NPs as revealed by Raman spectroscopy, the inhibition of LT formation in M1 MDM and 

PMNL showed similar results for BRP-187 and BRP-201 in both studies. Thus, a correlation 

between the bioactivity of drugs inside NPs and the interaction between polymer and 

compound can be deduced. Apparently, the interaction between polymer and drug can alter 

the overall physicochemical properties of the NP in a way that different degradation kinetics 

and affinities towards cellular components have a strong impact, where and when the drug is 

released inside the cell. In a future collaboration within the SFB PolyTarget, the microscopic 

analysis of labeled polymer and labeled compound will reveal the difference between both 

formulations and maybe explain the different activity profiles214,215. BRP-201 in NPs (just like 
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BRP-187 NPs in the previous study) increased the potency on LT inhibition of the compound 

in PMNL after 5 h. But unlike the previous study, AceDex and PLGA even improved the potency 

of the drug upon long incubations. A possible reason could be the effective transport of BRP-

201 to the target. Even free BRP-201, although no disruptive factors are in the medium, is not 

completely bound to FLAP under these assay conditions. Possible accumulations in 

membranes may decrease the potency of BRP-201, while after prolonged incubation with NPs 

the compound seem to be more efficiently delivered to the FLAP, hence decreasing the IC50 

value of BRP-201.  

 
Figure 9 Effect and mode of action of NPs to prevent inactivation of active pharmaceutical ingredient 

(API). Polymeric NPs prevent lipophilic compounds from accumulation in plasma membranes and fat 

tissue and reduce their tendency to bind to plasma proteins. The NP is phagocytosed by leukocytes and 

degraded inside the cell where the drug is released. 

A critical issue often pointed out during this thesis is the poor bioactivity of FLAP inhibitors in 

blood71. Since NPs as drug delivery systems are designed to prevent plasma protein binding 

and to transport BRP-201 without potential off-target binding to FLAP, we assessed the 

efficiency to inhibit LT formation of free drug and encapsulated into NPs using freshly 

withdrawn human whole blood. While PLGA NPs displayed no benefit over free BRP-201, NP 

formulations of with AceDex inhibited LTB4 formation more potently after 15 min and 5 h versus 

free drug. After 20 h preincubation the NPs unfolded their full potential and decreased the IC50-

value of BRP-201 by 5-fold. In order to induce an inflammatory environment in the whole blood, 

we exposed the blood to LPS for 24 h prior to treatment with free drug or NPs. This 

experimental setting was designed to mimic the intervention with the drug after the 

inflammation was initiated. Here the benefit of AceDex[BRP-201] NPs further increased as the 
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formulation showed high potency compared to other treatments even after 5 h of preincubation 

by increasing the activity of BRP-201 by 10-fold. The reason for the increase of potency under 

these experimental conditions were studied. Firstly, we investigated the influence of LPS on 

PMNL phagocytotic activity. Even though literature indicated a higher phagocytotic activity 

after LPS exposure216 our FACS analysis of PMNL primed with LPS for 1 h and incubated with 

NPs showed no effects compared to PMNL devoid of LPS priming. Possible reasons for these 

results could be that the incubation time to prime leukocytes is too short. However, since 

isolated PMNL are short-lived cells, an experimental setup with longer incubation periods was 

not possible. Higher phagocytotic activity may explain the increased activity of AceDex[BRP-

201] NPs, but why are then PLGA NPs still not effective? Like mentioned earlier, Raman 

spectroscopy revealed that BRP-201 was not homogeneously distributed within PLGA NPs. 

Possibly, the degradation of PLGA is not as fast as that of AceDex and BRP-201 was not able 

to effectively diffuse outside of the NP inside the cell due to the inconsistent distribution. 

Another explanation for this effect, which would also explain why PLGA NPs are not effective, 

is the low intracellular pH value after LPS treatment. Experimental attempts to determine the 

intracellular pH of PMNL after LPS treatment were not successful in our laboratory but it was 

shown that the treatment of LPS activates the NLRP3 inflammasome and induces lysosomal 

acidification by v-ATPase activation217,218. Such endolysosomal acidification may enhance the 

degradation of AceDex NPs, which leads to faster intracellular release of BRP-201177. The 

improved uptake and the faster degradation under inflammatory conditions of AceDex[BRP-

201] NPs implies a suitable usage for anti-inflammatory therapy. While the NPs remain stable 

in homeostatic tissues, the increased activity and low pH at inflammatory sites may lead to 

efficient NP uptake and rapid release of BRP-201 to effectively counteract inflammation via 

beneficial modulation of the LM profile.  

Finally, in order to confirm the feasibility of our drug delivery system we used a zymosan-

induced peritonitis mouse model with an i.v. injection of the NPs. The poor solubility of BRP-

201 excluded the preparation of an injectable formulation with free BRP-201 for comparison, 

since thrombotic events were expected. Nevertheless, upon i.v. injection of AceDex[BRP-201] 

NPs we observed significantly reduced LTB4 levels in plasma compared to the NP control, 

making BRP-201 the first dual mPGES-1 and FLAP inhibitor encapsulated into NPs that 

showed beneficial modulation of the LM profile in vivo219. Future studies in animal models with 

systemic inflammation like the cecal ligation and puncture mouse model, where low to high 

grade septic conditions can be induced, may reveal further benefits of this formulation220. In a 

collaboration with the University Hospital Jena a project proposal for the testing of free BRP-

201 injected i.p. in this model has been submitted to legal authorities and potential outcomes 

are further discussed in the last section of the discussion. However, such studies with an i.v. 

injection will be an important step for further evaluation of NP formulations with anti-
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inflammatory drugs.  

Together, our studies provided irrevocable proof for the suitability of polymeric NPs as delivery 

systems for drugs to be potentially applied in anti-inflammatory pharmacotherapy. The NPs 

were able to supply the hydrophobic cargo effectively inside the cells and furthermore 

increased the efficacy of the drugs upon long-term incubations. BRP-187 encapsulated into 

PLGA NPs showed high potency for specific suppression of PGE2 in human M1 MDM. Finally, 

AceDex NPs carrying BRP-201 caused a strong increase of potency in human whole blood 

and reduced LTB4 formation in mice in vivo, which is a significant step forward in the 

development of new options for anti-inflammatory treatments that circumvent the detrimental 

features of several (potential) drugs29. 

 

4.4. Promotion of SPM biosynthesis as new pharmacological approach  

LTs and PGs are known since the 70s/80s and intensively studied over the past 50 years2,49,78. 

Drugs that interfere with their production are known even longer, although the mode of action 

was only clarified after the discovery of the pro-inflammatory LMs221. With the discovery of the 

pro-resolving actions of some oxidized lipids and the identification of a new class of LMs 

(namely the SPMs), the understanding of inflammation has changed. Resolution of 

inflammation is an active process, which needs to be “turned on”124,222. Recent research 

provided evidence that inflammation related diseases are connected to low SPM levels, while 

the endogenous supply of SPMs or the SPM substrates DHA and EPA limits inflammation 

without suppression of the immune system or typical side-effects of established anti-

inflammatory therapeutics6,223. As a result, new strategies emerged that aim to enhance the 

resolution rather than to block the onset of inflammation22,127. Since SPMs are mostly oxidized 

ω3-PUFAs, the overall metabolic stability and therefore the bioavailability by oral as well as 

i.v. treatment is considered to be moderate, which lowers the effectiveness of supplying these 

mediators exogenously. The development of SPM receptor agonists is one possible approach 

to mimic the beneficial effects of SPMs. The investigated FRP2/ALX agonist ACT-389949 

and15(R/S)-methyl-LXA4 displayed potential advantage in the treatment of asthmatic children 

with acute episodes and topical treatment of infantile eczema, but also recruited β-arrestin-

mediated receptor internalization, which ultimately caused the ligands to act as functional 

“antagonists”132,224,225.  

SPMs are lipid mediators that act locally restricted at sites of their production in a paracrine 

and autocrine manner123,226. Derived from this fact, another interesting approach is the 

enhancement of the local SPM and SPM precursor production, by modulation of the 

metabololipidome, the activation of 15-LOX-1 or the allosteric alteration of 5-LOX to favor 15-

LOX product formation. In the section 4.2. of this discussion the effects of BRP-201 and MF-

14/15 on the lipid mediator profile of MDM challenged with bacterial exotoxins was illustrated. 
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Further investigations presented in manuscript V and VI revealed additional benefits of these 

compounds that illustrates a new perspective of anti-inflammatory treatment and evokes the 

development of a new class of drugs – “lipid mediator class switch inducers”.  

BRP-201 was developed as a multitarget inhibitor with potent activity on FLAP and mPGES-1, 

but a direct influence on SPM production of BRP-201 or any other balanced dual 

mPGES/FLAP inhibitor was never investigated5. In the studies presented in manuscript V, we 

incubated BRP-201 with unchallenged macrophages and observed an increase of 15-LOX 

products in M1 and M2 phenotypes. This effect was not observed by incubation of untreated 

MDM with BRP-187 (data not shown), which is a possible reason for the larger induction of 15-

/12-LOX products as well as SPMs in MDM challenged with SACM compared to BRP-187. A 

direct activation of the 15-LOX-1 was confirmed via immunofluorescence microscopy (IF) and 

the incubation of unstimulated HEK-293 cells overexpressing 15-LOX-1. A potent induction of 

12/15-LOX products was not only present in M2 but also in M1 macrophages, which express 

high amounts of FLAP and COX-2 but no 15-LOX-1. Hence, the activation of the constitutively 

expressed 15-LOX-2 was further investigated by a 15-LOX-2-transfected HEK cell system, 

where a direct influence of BRP-201 on this LOX was not confirmed. Additionally, the lipid 

mediator profile showed elevated 15-HETE, 15-HEPE and 17-HDHA, but also elevated levels 

of oxidized 12- and 14-PUFAs, which are not synthesized by 15-LOX-2. Notably, the amount 

of 5-HETE and 5-HEPE in unchallenged M1 macrophages after treatment with 3 µM BRP-201 

was elevated, while LTB4 was even reduced, indicating that an activation of especially SPM 

biosynthetic pathways is initiated, rather than all LOXs pathways. The increase in 15-/12-LOX 

products due to BRP-201 is not associated with an elevated supply of PUFAs in contrast to 

MF-14/15, where the release of all PUFAs but especially EPA was increased significantly. MF-

14/15 excessively increased 15-/12-LOX product formation in M1 and M2 macrophages, e.g. 

elevating 15-HETE to 92.5 -fold of baseline production as most pronounced effect. Immuno-

fluorescence (IF) images revealed 15-LOX-1 activation after just 15 min upon MF-15 treatment, 

which appeared earlier than the control where cells were treated with SACM. Exogenous 

supply of AA, EPA and DHA to M2 MDM treated with MF-14/15 confirmed that the increase of 

15-/12-LOX products was indeed due to enzyme activation and not just due to elevated fatty 

acid liberation. These effects observed in MDM were also confirmed in HEK cell systems 

overexpressing the indicated enzymes, with the highest influence on 15-LOX-1.  

Triggering 15-/12-LOX product formation without additional stimulus was previously shown in 

human neutrophils, macrophages or in inflamed murine peritoneal exudates for 3-O-acetyl-11-

keto boswellic acid (AKBA), the biflavanoid 8-methylsocotrin-4'-ol, and celastrol227–229. A 

specific stimulation of 15-LOX-1 product formation in M2 macrophages was observed for the 

S. aureus-derived exotoxin α-hemolysin, which activates 15-LOX via the surface receptor a 

disintegrin and metalloproteinase domain-containing protein 10 (ADAM10)8. Due to equivalent 
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induction of 15-HETE and 17-HDHA, this mode of activation was tested for the MF14/15 but 

the ADAM10 inhibitor GI254023X did not affect MF-15-induced LM formation in contrast to α-

hemolysin8. Interestingly, MF-14/15 seem to activate preferably 15-LOX-1, which is indicated 

by a much higher increase of 15-LOX products in M2 expressing 15-LOX-1 rather than in M1 

expressing only moderate levels of 15-LOX-2. BRP-201 on the other hand induced e.g. 17-

HDHA equally in unchallenged M1 and M2 MDM Therefore, it can be assumed that the mode 

of activation of 15-LOX formation by both types of compounds is different. For BRP-201 it is 

conceivable that beside the substrate shunting effect and the direct activation of 15-LOX-1 in 

M2 the compound allosterically alters the preferred carbon for oxygen incorporation to carbon 

12/15 while 5-LOX is interacting with FLAP. In experiments with non-immunocompetent 

transfected HEK293 cells 12/15-LOX products were increased with the influence of BRP-201 

only in cells co-expressing 5-LOX and FLAP but not in cells expressing 5-LOX alone. The role 

of 5-LOX in SPM formation is intensively discussed over the past years. While 5-LOX, when 

interacting with FLAP at the nucleus membrane, favors production of LTB4, activated 5-LOX in 

the cytoplasm favors production of LXA4
230. FLAP antagonists like MK-886 or as presented in 

this study BRP-187 are capable of inhibiting LT formation by membrane-bound 5-LOX but still 

enhance the progression of 15-HETE, 17-HDHA and 18-HEPE to SPMs in exotoxin-stimulated 

macrophages. This effect was also confirmed in vivo for MK-886 by zymosan-induced 

peritonitis or for BAY X-1005, which reduced cys-LTs and elevated SPM levels during a murine 

liver injury231,232. But in contrast to conventional FLAP inhibitors, BRP-201 activates 15-LOX 

product formation also in M1 MDM, which is comparable to AKBA. The latter compound is able 

to alter the oxygenation of 5-LOX from carbon 5 to carbon 12/15, which leads to the production 

of 12-HETE and 15-HETE in neutrophils227. In case of BRP-201, taking into account that an 

increase of 15-HETE, 15-HEPE, 14-HDHA and 17-HDHA was only detectable in HEK cells 

expressing 5-LOX and FLAP, the compound acts as an AA mimic and could binds to FLAP 

thereby altering the process where the substrate is handed over to 5-LOX while LT formation. 

Thus, the position of oxygenation of AA, EPA or DHA in the cavity of 5-LOX seemingly changes 

due to the modulation of AA binding site of FLAP. While this mechanism is conceivable, 

supporting experiments are still missing. In fact, data on isolated neutrophils which express 

high amounts of 5-LOX and FLAP incubated with BRP-201 do not lead to sufficient 15-LOX 

product formation like AKBA.  

Activation of 15-LOX-1 by BRP-201 was confirmed by IF microscopy indicating subcellular 

redistribution after 3 h of treatment in M2 MDM. In 2016 Meng et al. discovered activators of 

15-LOX, that share structural elements with BRP-201 like the linked benzyl ring and the 

imidazole structure of the molecule233. These compounds are also found to shift the lipid 

mediator profile towards the resolution of inflammation. In molecular dynamics simulations the 

same authors proposed an allosteric activation of 15-LOX-1 at a second AA binding site, which 
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could also be applied to the activity of BRP-201234. 

MF-14/15 as mentioned earlier are much stronger activators of 15-LOX-1 than BRP-201. While 

an allosteric modulation of LOXs is also conceivable by their structure, the chalcones have 

plenty of protein targets in human cells.  A substantial difference versus BRP-201 is the strong 

antineoplastic effects of MF-14/15. The compounds are inhibitors of AKR1C3, which also has 

an influence on the lipidome by reducing PGD2 and PGF2α
235. Therefore, PGD2 is remarkably 

increased in SACM-challenged M1 and M2 MDM after chalcone treatment. Since PGD2 is also 

responsible for the lipid mediator class switch, this could be of utmost importance for the 

initiation of the resolution phase19, although it should not have an effect on the short-term 

production on 15-LOX products in this experimental setup. Experiments with exogenous 

supply of PGD2, where a change in the formation of 15-LOX products would give hints, may 

help to reveal if the autocrine effect of PGD2 could cause such a response after just 180 min. 

Interestingly, in line with AKR1C3 inhibition, MF-15 appears to be superior to MF-14. Thus, the 

free rotation of the methyl-phenyl ring possible by sp3 conformation of the C-atoms of the link 

seem to have a major influence of the target binding.  

 
Figure 10 Schematic overview of the effects of BRP-187, BRP-201 and MF-14/15 in pro-inflammatory 

PMNL, M1 macrophages and anti-inflammatory M2 macrophages. BRP-187 and BRP-201 inhibit 

mPGES-1 derived PGE2-formation and 5-LOX/FLAP derives LTB4 formation, while BRP-201 also 

activates 15-LOX-1 derived SPM and SPM precursor production. MF-14/15 inhibit 5-LOX and rapidly 

induce 15-LOX product formation.  

Conclusively, the chalcones and BRP-201 are strong activators of 15-LOX-1. They upregulate 

the formation of SPMs and their precursors that are crucial regulators of inflammation 

resolution222. The data obtained in this study provides evidence to initiate the development of 

a new class of anti-inflammatory drugs – namely “lipid mediator class switch inducers”, which 

may have potential to revolutionize the therapy of many inflammation-related diseases with 

reduced side-effects.  
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4.5. Conclusion  

The ever-rising threat of dysregulated inflammatory processes causes many different 

pathological disorders and can lead to harmful diseases like asthma, rheumatoid arthritis, 

Alzheimer disease, autoimmunity, arteriosclerosis, diabetes and even cancer17. Important for 

the regulation of the innate immune response are LMs derived from AA like PGE2 and LTB4
2, 

but available drugs for inhibition of these inflammation-driving mediators are often related to 

severe on-target side effects136,191. To diminish the adverse effects of anti-inflammatory 

therapy, more specific inhibition of the downstream enzymes of LM biosynthesis are needed 

circumventing the interference with homeostatic mediators, and a deeper understanding of the 

influence of those drugs on the LM profile is mandatory. In this thesis, substantial knowledge 

on LM profile modulation was gathered by studying common and novel therapeutics on 

different types of macrophages. Here, the outstanding effects of dual inhibitors of mPGES-1 

and FLAP were clearly pointed out. The investigated compounds were found to potently reduce 

formation of pro-inflammatory LT and PGE2 in different cell types as well as in vivo, indicating 

a much safer profile for potential therapeutic usage against inflammatory diseases. In the 

course of the study, a polymeric-nanocarrier system was developed and investigated to 

efficiently transport the encapsulated compounds with unfavorable pharmacokinetic properties 

to the intracellular targets. The effectiveness of drug-loaded NPs was proven in different setups 

and the carrier system is able to enhance the effectiveness of BRP-187 against mPGES-1 and 

the potency of BRP-201 in human whole blood and in vivo. These findings are a major step 

forward in nanomedicine and might be milestone in the therapy of chronic inflammatory 

diseases related to LM.  

In the past decades of research, the understanding of the inflammatory process changed with 

the discovery of SPMs. Therefore, the influence of the investigated drugs on SPM formation 

was examined in detail. The experiments with BRP-187, BRP-201 and MF-14/15 revealed 

highly beneficial effects on SPM and SPM precursor production. BRP-201 and MF-14/15 were 

found to activate the 15-LOX-1 and drastically enhance the production of SPMs. Alongside 

with few other compounds that are known yet, these potential drugs accomplish a favorable 

lipid mediator profile appropriate to cure inflammation with downregulated pro-inflammatory 

LMs and highly upregulated SPMs that will enhance the healing process. The data acquired in 

this study may contribute to change the future of anti-inflammatory therapy, where 

inflammation is not just inhibited but resolution is actively promoted by the help of small 

molecules and the introduction of a new class of drugs – the “lipid mediator class switch 

inducer” that fosters SPM formation.  
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V Appendix  

Appendix 1 – Contribution to figures in the manuscripts 

Manuskript Nr. I 

Kurzreferenz: Werner et al. (2019), The FASEB Journal 

Beitrag des Doktoranden: 

Abbildung(en) # 1  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   15 % 
Kurzbeschreibung des Beitrages:  
Datenerhebung und Aufnahme der Bilder zu Panel C Western Blot 
Daten von M1 und M2 Makrophagen 

 
   

 

Abbildung(en) # 2-7                      100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

 ☒ 0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   _____% 
Kurzbeschreibung des Beitrages:  
 

   

 
Abbildung(en) # S1  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   50 % 
Kurzbeschreibung des Beitrages:  
Datenerhebung und Aufnahme der Western Blot Daten von M1 und M2 
Makrophagen 
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Abbildung(en) # S2  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

 ☒ 0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   _____% 
Kurzbeschreibung des Beitrages:  
 

   

 
 
 
 

_____________________           _______________________________________ 
Unterschrift Kandidat/-in   Unterschrift Betreuer/-in (Mitglied der 
Fakultät) 
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Manuskript Nr. II 

Kurzreferenz: Shkodra‐Pula et al. (2020) J Nanobiotechnol  

Beitrag des Doktoranden: 

Abbildung(en) # 1-2  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

 ☒ 0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   _____% 
Kurzbeschreibung des Beitrages:  
 

   

 
Abbildung(en) # 3  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   50 % 
Kurzbeschreibung des Beitrages:  
Vorbereitung Zellen, Datenerhebung, Datenanalyse, Statistik 

 
   

 
Abbildung(en) # 4  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   80 % 
Kurzbeschreibung des Beitrages:  
Vorbereitung Zellen, Datenerhebung, Datenanalyse, Bildbearbeitung 

 
   

 
Abbildung(en) # 5-7 ☒ 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   _____% 
Kurzbeschreibung des Beitrages:  
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_____________________           _______________________________________ 
Unterschrift Kandidat/-in     Unterschrift Betreuer/-in (Mitglied der Fakultät) 
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Manuskript Nr. III 

Kurzreferenz: Kretzer et al. (2021) Cell Mol Life Sci.  

Beitrag des Doktoranden: 

Abbildung(en) # 1-4  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

 ☒ 0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   _____% 
Kurzbeschreibung des Beitrages:  
 

   

 
Abbildung(en) # 6  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   60 % 
Kurzbeschreibung des Beitrages:  
Zellaufbereitung, Zellinkubation, Vorbereitung Mikroskopie und 
FACS Analyse, Aufbereitung der Daten 

   

 
Abbildung(en) # 7-8 ☒ 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   _____% 
Kurzbeschreibung des Beitrages:  
 

   

 
Abbildung(en) # S1-
S13 

 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

 ☒ 0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   _____% 
Kurzbeschreibung des Beitrages:  
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_____________________           _______________________________________ 
Unterschrift Kandidat/-in   Unterschrift Betreuer/-in (Mitglied der Fakultät) 
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Manuskript Nr. IV 
 

Kurzreferenz Vollrath et al. (2021) Polymers 

Beitrag des Doktoranden: 

Abbildung(en) # 1  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

 ☒ 0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   _____% 
Kurzbeschreibung des Beitrages:  
(z. B. „Abbildungsteile a, d und f“ oder „Auswertung der Daten“ etc) 

 
   

 
Abbildung(en) # 2  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   20 % 
Kurzbeschreibung des Beitrages:  
Aufbereitung der Zellen, Durchführung Experiment, Aufbereitung der 
Daten 

 
   

 
Abbildung(en) # 3  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

 ☒ 0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   20 % 
Kurzbeschreibung des Beitrages:  
Aufbereitung der Zellen, Durchführung Experiment, Aufbereitung der 
Daten 
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Abbildung(en) # 4 ☒ 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   20 % 
Kurzbeschreibung des Beitrages:  
Aufbereitung der Zellen, Durchführung Experiment, Aufbereitung der 
Daten 

 
   

 
Abbildung(en) # S1  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

 ☒ 0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   20 % 
Kurzbeschreibung des Beitrages:  
Aufbereitung der Zellen, Durchführung Experiment, Aufbereitung der 
Daten 

 
   

 
Abbildung(en) # S2-
S4 

☒ 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   20 % 
Kurzbeschreibung des Beitrages:  
Aufbereitung der Zellen, Durchführung Experiment, Aufbereitung der 
Daten 

 
   

 
 

 
 
 
 
 
 

_____________________           _______________________________________ 
Unterschrift Kandidat/-in   Unterschrift Betreuer/-in (Mitglied der Fakultät) 
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Manuskript Nr. V 

Kurzreferenz Kretzer et al. (2022) J Inflamm Res. 

Beitrag des Doktoranden / der Doktorandin 

Beitrag des Doktoranden / der Doktorandin zu Abbildungen, die experimentelle Daten 
wiedergeben (nur für Originalartikel): 
 

Abbildung(en) # 1 ☒ 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   _____% 
Kurzbeschreibung des Beitrages:  
(z. B. „Abbildungsteile a, d und f“ oder „Auswertung der Daten“ etc) 

 
   

 
Abbildung(en) # 2  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   95% 
Kurzbeschreibung des Beitrages:  
Zellaufbereitung, Durchführung der Experimente, Auswertung der 
Daten, Erstellen der Graphen 

 
   

 
Abbildung(en) # 3-4 ☒ 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   95% 
Kurzbeschreibung des Beitrages:  
Zellaufbereitung, Durchführung der Experimente, Auswertung der 
Daten, Erstellen der Graphen 
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Abbildung(en) # 5  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   50% 
Kurzbeschreibung des Beitrages:  
Probenaufbereitung, Auswertung der Daten, Erstellung der Graphen 

 
   

 
 
 
 
 
 
 

_____________________           _______________________________________ 
Unterschrift Kandidat/-in   Unterschrift Betreuer/-in (Mitglied der Fakultät) 
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Manuskript Nr. VI 

Kurzreferenz Kretzer et al. (2022) Biochem Pharmacol. 

Beitrag des Doktoranden: 

Abbildung(en) #1  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   80 % 
Kurzbeschreibung des Beitrages:  
Durchführung Experimente, Auswertung der Daten, Erstellung der 
Graphen und Strukturformeln 

 
   

 
 

Abbildung(en) #2  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   70 % 
Kurzbeschreibung des Beitrages:  
Durchführung Experimente, Auswertung der Daten, Erstellung der 
Graphen  

 
   

 
Abbildung(en) #3  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   80 % 
Kurzbeschreibung des Beitrages:  
Durchführung Experimente, Auswertung der Daten, Erstellung der 
Graphen, Aufnahme und Auswertung Fluoreszenzbilder 
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Abbildung(en) #4 ☒ 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   ____ % 
Kurzbeschreibung des Beitrages:  
Durchführung Experimente, Auswertung der Daten, Erstellung der 
Graphen, Aufnahme und Auswertung Fluoreszenzbilder 

 
   

 
 

Abbildung(en) #5  100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

 ☒ Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   20 % 
Kurzbeschreibung des Beitrages:  
Aufbereitung Zellen, Auswertung der Daten, Erstellen der Graphen 

 
   

 
 
 
 
 

_____________________           _______________________________________ 
Unterschrift Kandidat/-in   Unterschrift Betreuer/-in (Mitglied der Fakultät) 
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Appendix 2 – List of Publications and conference contributions 

List of publications 

 

1. Synthesis, Biological Evaluation and Structure-Activity Relationships of Diflapolin 

Analogues as Dual sEH/FLAP Inhibitors 
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Appendix 4 – Supportive information 

Table 2 LM profile of BRP-187 in 2x106 human monocyte-derived M1 and M2 macrophages. M1- and 

M2-MDM (2 × 106) were resuspended in 1 mL PBS containing 1 mM CaCl2, pre-incubated with BRP-

187 (0.1, 0.3, 1 or 3 µM, as indicated) or vehicle (0.1% DMSO) for 10 min at 37 °C, and stimulated with 

1% SACM (from 6850 strain) for 180 min at 37 °C. Then, the supernatants were collected, formed LMs 

were extracted by SPE and analyzed by UPLC-MS/MS. Results are presented in pg/2 × 106 M1-MDM 

and M2-MDM for vehicle control (100%) given as mean ± SEM, and as percentage ± SEM of TG-201-

treated cells versus vehicle control (100%) in a heatmap; n=3-6. 
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