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POPULAR SCIENCE SUMMARY 

Deep in the lungs, gas exchange is happening with oxygen taken up in the bloodstream and 

carbon dioxide expelled to be breathed out. To reach these deep parts of the lung, the air is 

guided through a series of branching tubes forming the upper (nose cavity and trachea) and 

lower (bronchi and bronchioles) airways. The ability of these airways to contract and relax is 

very important for regulating the airflow and hence the ability of the lungs to exchange gases. 

Asthma is a disease of the airways which results in the airways contracting too much, too often. 

Reason is that airway contraction is more easily triggered compared to healthy airways. The 

resulting excessive narrowing leads to breathing difficulties. This obstruction of the airways is 

also called airway hyperreactivity. 

 

Inflammation in the airways is an important reason for airway hyperreactivity. This 

inflammation can be caused by for example air pollution or viruses. Another trigger is allergy. 

In this case the immune system gets activated by otherwise unharmful causes like dog dander 

or mite debris present in dust found in most houses (called house dust mites). This inflammation 

causes airways to contract and swell, making them narrower, just as for example when a finger 

gets inflamed and starts to swell. 

   

Many cells of the immune system play a role in allergic asthma, but one cell type is 

especially important: the mast cell. This guardian cell can be found in all places of the body 

that are in contact with the outside world, for example the intestines, the skin and the lungs. 

They normally help the body protect itself against bacteria and parasites. However, mast cells 

in the lung can also cause lung disease. This happens when a person with allergic asthma is 

exposed to for example house dust mites, causing mast cells to become wrongly activated. 

  

When mast cells become activated, they release different kinds of signalling molecules. 

Among these molecules are different kinds of lipid messengers. These are made by the body 

from polyunsaturated fats from food such as nuts or fish. Important lipid messengers are 

prostaglandins and leukotrienes. Prostaglandins are known for causing inflammation 

symptoms (pain, swelling, redness, heat) and fever. Drugs like ibuprofen put a brake on 

prostaglandin formation. That is why they are used during fever or inflammation. Leukotrienes 

are well known for their ability to make the airways contract, as some prostaglandins do as 

well. Because of this release of lipid mediators, mast cell activation can lead to inflammation 

and airway contraction. 

 

However, lipid messengers are not only involved in starting inflammation, but may also 

contribute to stopping inflammation. One such group of lipids is called specialised pro-

resolving mediators (SPMs) and the function of these SPMs is thought to be to put a brake on 

inflammation. This means that they block some inflammatory effects of other substances, but 

also activate certain parts of the immune system to clean up all the bacterial and dead cell debris 

after inflammation. This way the body can return to its normal, healthy state again. 

 

In this thesis it was investigated if a selection of SPMs could reduce airway 

hyperreactivity. If so, future medicines based on SPMs could be developed to relieve airway 

hyperreactivity in asthma, and so decrease hospital visits and increase the quality of life of 

patients. In addition, it was assessed what mechanism lies behind the observation that drugs 

like ibuprofen can worsen symptoms of asthma in certain patients. And finally, it was 

investigated whether lung mast cells were responsible for causing airway hyperresponsiveness 

and contraction when exposed to house dust mite extract.  

 



First, repeated exposure to an extract of house dust mites, but also TNFα and IL-13 were 

used to cause airway hyperreactivity in mice. TNFα and IL-13 are so-called cytokines and have 

important roles as a signalling molecule in the immune system. Second, when mice received 

certain SPMs together with house dust mite, TNFα or IL-13, the airway hyperreactivity was 

reduced. These mice were thus protected from airway hyperreactivity, in particular after 

exposure to the SPMs LXA4 and three cysteinyl maresins. A possible explanation for how 

lipoxins mediated these protective effects could be that lipoxins directly interfere with the 

ability of TNFα to signal to other cells in the airways. A receptor was found that might be 

important in the reducing effect of cysteinyl maresins, but the exact role of this receptor 

remained unclear. With our experiments it was shown that the tested SPMs are promising 

targets for future development of drugs to treat people with difficulties breathing due to 

increased airway contraction, e.g., in asthma. 

  

Additionally, it was discovered that not only SPMs had a protective function. Quite 

surprisingly, PGD2, mostly regarded as to cause inflammation, also had a braking effect on 

activation of mast cells. This effect was found by activating mast cells in guinea pig trachea. 

Mast cell activation caused the guinea pig trachea to contract due to release of many substances 

like histamine, cysteinyl leukotrienes and PGD2. But contrary to the other substances, the 

release of PGD2 made the tracheal rings actually contract less. Also, the dampening effect of 

PGD2 was lost when a specific receptor on mast cells, the DP1 receptor, was blocked. The 

proposed mechanism is as follows: when airways from sensitised guinea pigs are exposed to 

allergens, mast cells become activated. These activated mast cells release many inflammatory 

and constriction-causing substances. However, they also release PGD2 which puts a brake on 

the same mast cells to prevent them from releasing more substances that cause contraction. 

PGD2 thus helps mast cells to not to release too much of the contractile substances and 

ultimately prevents too much contraction of the airways. 

 

Finally, in mouse airways and lungs from mice made allergic to house dust mite, it was 

shown that the presence of mast cells was necessary to cause a contraction when exposed to 

house dust mite extract. Moreover, mast cells made airways more sensitive to contraction-

causing substances. This resulted in increased airway contraction compared to mice not allergic 

to house dust mite. Also, mast cells were activated by a substance released from nerves. It could 

therefore be that nerves present in airways influence how mast cells and airway contract when 

exposed to allergens like house dust mites. 

  

In conclusion, what was learned from these experiments is that: 

 

 

• House dust mite, TNFα and IL-13 cause increased contractions of airways. This 

increased contraction of airways can be reduced by lipoxins and cysteinyl maresins. 

 

• PGD2 does not only cause inflammation but also protects airways against excessive 

airway constriction. 

 

• Mast cells present in the lung trigger airway contractions and airway hyperreactivity 

when exposed to house dust mite, possibly through interaction with nerves present in 

airways.  

 

• Development of drugs that resemble SPMs or that are directed towards mast cells could 

lead to potential medicines to alleviate breathlessness in inflammatory airway diseases 

like asthma. 



 

 

POPULÊR-WITTENSKIPLIKE GEARFETTING 

Djip yn de minsklike long wurde gassen útwiksele. Koalstofdiokside wurdt út it bloed wei 

frijjûn oan de lucht dy’t útazeme wurdt. Soerstof giet krekt de oare kant op en wurdt út de 

ynazeme lucht wei opnommen yn it bloed. Om de djipten fan de longen te berikken, wurdt de 

lucht ferfierd troch in buizestelsel. Dat stelsel bestiet út de boppeste (noas en luchtpiip) en de 

ûnderste luchtwegen (bronkioalen en bronkiën). Om stjoere te kinnen hoefolle lucht at der yn- 

en útazeme wurdt, kinne de luchtwegen gearlûke en ûntspanne. Astma is in sykte wêrby’t de 

luchtwegen just tefolle en ta gau gearlûke. Dêrtroch rekket de pasjint benaud. Dat wurdt ek wol 

luchtweihyperreaktiviteit (LWH) neamd. 

    

LWH wurdt faak feroarsake troch ûntstekking fan de luchtwegen en longen. Dat soarte 

fan ûntstekking kin komme troch bygelyks firussen en luchtfersmoarging. In oare reden kin 

wêze dat it ymmúnsysteem aktivearre wurdt troch ûngefaarlike saken lykas hûnehierren en 

hússtofmyt. Myt is yn alle húshâldens oanwêzich en soarget gewoanwei net foar problemen. 

By allergyske ûntstekking lykwols, krekt as bygelyks by in ûntstutsen finger, swolle de 

luchtwegen op en wurde se smeller. Dat en dat se earder en krêftiger gearlûke, soarget derfoar 

dat it sykheljen hieltyd lestiger wurdt. 

 

In soad sellen spylje in rol yn it ûntstekkingsproses, mar in ekstra wichtige rol is der foar 

mêstsellen. Dy sellen kinne fûn wurde op alle plakken mei oerflakken dy’t yn kontakt steane 

mei de bûtenlucht, bygelyks de termen, de hûd en dus de longen. Gewoanwei helpe se om it 

lichem te beskermjen tsjin baktearjes en parasiten. Mar mêstsellen wurde ek aktivearre as in 

persoan allergysk is foar bygelyks hússtofmyt en astma hat. 

 

At mêstsellen aktyf wurde, begjinne se in grut ferskaat oan stoffen út te stjitten, wêrûnder 

fet-eftige boadskipperstoffen. In wichtige groep fetten binne de prostaglandines en 

leukotriënen. De prostaglandines feroarsaakje ûntstekkingssymptoanen lykas pine, tining en 

koarts. Dêrom wurde medisinen as ibuprofen ek brûkt, want dy remje de oanmaak fan 

prostaglandines yn it lichem. Leukotriënen soargje derfoar dat luchtwegen harren gearlûke, in 

effekt dat bepaalde prostaglandines ek hawwe. Dêrtroch liedt de aktivaasje fan mêstsellen ta 

ûntstekking en benaudens. 

 

Dochs binne dy feteftige stoffen fan mêstsellen net allinnich belutsen by it begjin fan 

ûntstekking, mar ek om dy wer del te bêdzjen. Dy groep wurdt mei in Ingelsk wurd ek wol 

specialised pro-resolving mediators (SPMs) neamd. Se dogge dat troch ûntstekkingseffekten 

fan oare stoffen te blokkearjen, mar se stimulearje ek oare parten fan it ymmúnsysteem om 

oerskotten fan baktearjes en deade sellen op te romjen. Sa kin it lichem wer werom nei syn 

normale, sûne steat. 

 

Yn dizze dissertaasje is ûndersocht of SPMs ek LWH ferminderje koene. At dat sa wêze 

soe, dan soene der yn de takomst medisinen fan makke wurde kinne foar astmapasjinten, sadat 

se minder nei it sikehûs ta hoege en in hegere kwaliteit fan libjen hawwe. Dêrneist hawwe wy 

ek ûndersocht oft in bepaalde prostaglandine - prostaglandine D2 (PGD2) - ek in beskermjende 

funksje hat. Yn it lêst hawwe wy ek ûndersocht oft mêstsellen echt nedich binne foar LWH 

troch hússtofmiten. 

 

Om dat te ûndersykjes waarden luchtpipen fan mûzen en bargemotten (kavia’s) brûkt. 

De luchtpipen kinne yn libben holden wurden yn in spesjale, iiskâlde buffer besteande út sûker 

en sâlten. Al it fetweefsel wurdt dan fuorthelle en de luchtpiip wurdt yn ringen knipt. De ringen 

wurde dan ophongen yn in myograaf. Dat apparaat bestiet út lytse putsjes dêr’t in waarme 

buffer yn sit (37 °C, lichemstemperatuer) en twa izeren pintsjes dêr’t de ringen omhinne dien 



wurde kinne. Sa kin mei help fan in kompjûter metten wurde hoe’t se gearlûke en wer 

ûntspanne. Yn de SPM-stúdzjes waarden de luchtpiipringen earst fjouwer dagen yn in 

ynkubator holden. Yn dy fjouwer dagen waarden stoffen dy’t ûntstekking en LWH feroarsaakje 

en SPMs tafoege. Dêrnei waard dan yn de myografen besjoen oft de SPMs ek in delbêdzjend 

effekt hiene op de LWH. 

 

Wat sjoen waard, wie dat in bepaalde groep SPMs, nammentlik de lipoksinen, yndie sa’n 

delbêdzjend effekt hie op LWH, feroarsake troch in ekstrakt fan hûsstofmiten en TNFα. TNFα 

is in saneamde sytokyne en soarget foar ûntstekking en LWH. Wat ek sjoen wurde koe wie dat 

de LWH nei bleatstelling oan hûsstofmytekstrakt kaam troch datselde TNFα, mar dan 

oanmakke troch it lichem sels. Mooglik dat de lipoksinen dus direkt de wurking fan TNFα 

blokkearje. 

     

It oare artikel oer SPMs wie konsintreare op in oare, nije groep SPMs. Dy binne bekend 

ûnder de namme systeinyl maresinen. Diskear wiene de rinkjes wer fjouwer dagen op kweek 

hâlden, mar no mei IL-13 as LWH-feroarsaakjende stof. IL-13 spilet in wichtige rol yn it 

sykteproses fan astma. Wat no wer sjoen waard, wie dat IL-13 yndie LWH feroarsake en ek 

dat de systeinyl maresinen dat delbêdzje koene. Eat dat it anti-astmamedisyn dexamethason net 

koe. Uteinliken is it net krekt dúdlik wurden hoe’t dy stoffen LWH delbêdzje, mar it is no wol 

dúdelik dat der in soad fan ferwachte wurde kin as it giet om de behanling fan astma. 

 

Unferwachts waard ek ûntdutsen dat PGD2 in beskermjende funksje hie. PGD2 wurdt 

makke en útstjitten troch mêstsellen fan bargemotten dy’t allergysk makke binne foar 

ovalbumine (OVA), in aaiwyt út hinneaaien. As OVA dan tafoege wurdt oan de buffer mei de 

rinkjes ûnder de eksperiminten, dan stjitte de mêstsellen stoffen út lykas histamine, systeinyl 

leukotriënen en dus PGD2. Lykwols yn tsjinstelling ta dy oare stoffen, soarge PGD2  der just 

foar dat de rinkjes minder gearlutsen. Dat die PGD2 troch te binen oan de mêstsellen wêr’t it 

weikaam. Dêrtroch  stjitten mêstsellen úteinlik minder stoffen út en luts de luchtpiip minder 

sterk gear. PGD2 is dus in wichtige stof fan mêstsellen dy’t derfoar soarget dat se net tefolle 

aktivearre reitsje en de luchtwegen hielendal tichtknipe. 

 

Op it lêst waarden der noch eksperiminten dien op mêstsellen yn mûzeluchtpipen . As dy 

mûzen allergysk makke wiene foar hûsstofmyt en se dêroan bleatsteld waarden, dan lutsen de 

luchtwegen gear. Wat toand waard wie dat dêr mêstsellen foar nedich binne. At dy net yn de 

long oanwêzich wiene, dan knypten de luchtwegen net gear by bleatstelling oan hûsstofmyt. 

Dêrnjonken waard ek dúdelik dat mêstsellen aktivearre wurde kinne troch in stof dy’t 

gewoanwei troch senuwen útstjitten wurdt. It soe dus sa wêze kinne dat senuwen in rol spylje 

yn hoe’t en wannear’t mêstsellen aktivearre wurde by bleatstelling oan allergenen lykas 

hússtofmyt. 

  

De konklúzjes dy lutsen wurde kinne, binne dus: 

 

• LWH, feroarsake troch hússtofmyt, TNFα en IL-13 kin delbêde wurde troch 

lipoksinen and systeinyl maresinen. 

 

• Mêstsellen yn de longen spylje in wichtige rol yn luchtweikontraksjes feroarsake troch 

hússtofmyt, mooglik troch ynteraksjes mei senuwen. 

 

• Dat makket SPM in oantreklik bestândiel yn nije medisinen tsjin benaudens. Fierder 

wurdt yn it ûndersyk it belang oantoand fan mêstsellen foar de ûntwikling fan nije 

medisinen tsjin astma. 



 

 

 

 

  



ABSTRACT 

Lipid mediators play an important role in responsiveness of the airways. The roles of 

prostanoids and leukotrienes in inducing airway inflammation and contraction are reasonably 

well established. The functions of specialised pro-resolving lipid mediators (SPMs), which are 

thought to mediate pro-resolving and anti-inflammatory effects, are less well-studied. The 

current knowledge on SPM functions, specifically in airway inflammation and contractility is 

limited. Furthermore, mast cells are important innate immune effectors cells found in the lung, 

known to release a host of pro-inflammatory and contractile cytokines and lipids in allergic 

airway inflammation and airway hyperreactivity. However, if the presence of mast cells in 

airways is necessary for antigen-induced airway contractions and induction of airway 

hyperreactivity remains to be clarified. In addition, though it is known that unselective cyclo-

oxygenase (COX)-inhibition results in increased contractions in airways upon mast cell 

activation by antigen, the exact mechanism behind this is unknown. The aim of this thesis was 

thus to investigate if selected SPMs have anti-hyperreactive properties, how COX-inhibition 

results in increased airway constriction and if mast cells are necessary for antigen-induced 

contraction and airway hyperreactivity.  

To this end, mouse and guinea pig models of airway hyperreactivity and allergic 

inflammation were used. Tracheae were dissected free from surrounding tissue and divided in 

segments of equal size. The isometric contractions of these isolated tracheal preparations were 

studied in myographs, either immediately after dissection from mice that received intranasal 

administration of HDM and SPMs beforehand, or after four days of incubation of the segments 

with cytokines and SPMs. Alongside this, concentrations of released mast cell mediators were 

determined with liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) 

and enzyme-linked immunosorbent assay (ELISA). 

First, it was found that four-day intranasal administration of the SPMs lipoxin A4 (LXA4) 

and resolvin D1 (RvD1) could reduce house dust mite (HDM)-induced airway hyperreactivity. 

The reducing effect of LXA4 was replicated when added during four days of incubation of 

tracheal segments with HDM and TNFα and was also present for lipoxin B4 (LXB4). A 

potential involvement of the ALX/FPR2 receptor was found, though this should be further 

backed up by future investigations.  

Second, IL-13 induced a steroid-resistant airway hyperreactivity in vitro that could be 

reduced by cysteinyl maresins. This effect could be blocked by three different cysteinyl 

leukotriene (CysLT) receptor 1 antagonists. However, LTD4 could not reproduce the anti-

hyperreactive effect nor did it interfere with cysteinyl maresin signalling. The exact receptor 

signalling remains to be clarified. 

Third, prostaglandin D2 (PGD2) was found to be produced by the COX-1 enzyme in mast 

cells present in tracheal segments from ovalbumin (OVA)-sensitised guinea pigs, when 

exposed to OVA in vitro. Further release of contractile mediators like histamine and cysteinyl 

leukotrienes from mast cells was inhibited by PGD2. This was done via the DP1 receptor, 

therefore PGD2 and the DP1 receptor likely function as an inhibitory, autocrine signalling axis 

for mast cells.  

Fourth, the presence of mast cells in lung tissue was necessary for HDM-induced airway 

contractions and mast cell absence led to reduced airway hyperresponsiveness in mouse 

models. Repeated HDM-exposure via intranasal instillation led to airway hyperreactivity 

mediated by carbachol and serotonin (5-HT) in isolated tracheal segments. The data suggest 

that mast cell activation occurred as an interplay between nerve-endings and mast cells, as 

mouse mast cells expressed the M3-receptor and activation led to release of 5-HT. 

To conclude, lipid mediators and mast cells play an essential role in the modulation of 

airway responsiveness. They do this by either inducing contractions after antigen-exposure 

(mast cells), reducing cytokine and antigen-induced airway hyperreactivity (SPMs) or 

inhibiting release of pro-contractile mediators and ultimately airway contractions (PGD2). This 



 

 

makes SPMs and their receptors, as wells as mast cells promising future drugs or drug targets 

for the treatment of airway hyperreactivity as seen in for example asthma. 
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SPM Specialised pro-resolving mediator 

TNFα Tumour necrosis factor alpha 
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1 INTRODUCTION 
Increased contractility of the airways is a central pathophysiological component of asthma, 

making research into ways to dampen increased contractility highly relevant. Especially since 

in severe asthma, airway hyperreactivity or hyperresponsiveness (AHR) might be hard to 

control and leads to loss of quality of life, hospital visits and sometimes death. The central 

theme of this thesis is therefore hyperreactivity of airway smooth muscle under allergic 

inflammatory conditions and how lipid mediators can modulate this, i.e. have anti-

inflammatory and anti-hyperreactive actions.  

Prostanoids and leukotrienes have been studied over the decades since their discovery 

and generally induce inflammation or contraction of airway smooth muscle. This has also led 

to the successful development of cysteinyl leukotriene (CysLT) receptor antagonists such as 

montelukast, which are used in the management of asthma symptoms. However, the recent 

discovery of certain ω-3 and ω-6 polyunsaturated fatty acid products, called specialised pro-

resolving lipid mediators (SPMs), has opened the door to a whole new approach. An approach 

in which SPMs, SPM-derivatives or other agonists for their receptors might be used to actively 

resolve airway inflammation and symptoms of increased airway contractility.  

To aid in the development of possible future treatment strategies, mouse and guinea pig 

models were used to study the modulation of airway responsiveness. Cytokines and antigens 

were utilised to induce airway hyperreactivity or to study antigen-induced airway contraction 

via mast cells. These models made it possible to assess the anti-hyperreactive potential of 

SPMs, but also the exact role of mast cells in antigen-induced airway contractions and the mast 

cell-inhibiting potential of prostaglandin D2 (PGD2).   

The studies revealed that several groups of SPMs, namely lipoxins, cysteinyl maresins 

and potentially resolvin D1 (RvD1), have the ability to reduce airway hyperreactivity in mouse 

airways. Additionally, PGD2 was found to reduce antigen-induced mediator release and 

contractions in guinea pig airways. Lastly, lung mast cells were imperative for antigen-induced 

airway contractions in mice, possibly through nerve-mast cell interactions 
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2 LITERATURE REVIEW 

2.1 INTRODUCTION 
Asthma is an inflammatory disease of the airways. Despite its name suggesting a clear, single 

disease, asthma is characterised by multiple endo- and phenotypes (1). Regardless of this 

heterogeneity, all asthma patients show symptoms such as wheezing, coughing and shortness 

of breath (2). On a tissue level, predominant characteristics of the condition include 

bronchoconstriction, airway inflammation, AHR, airway remodelling and increased mucus 

secretion (2).  

In airway allergic inflammation, mast cells and mast cell-derived mediators play an 

important role in the initiation of the inflammatory process and modulation of bronchial tone. 

Lipid mediators derived from ω-6 and ω-3 polyunsaturated fatty acids (PUFAs) are one group 

of mediators found in mast cells and other cells. They potentially play a role in the initiation, 

aggravation, and resolution of the asthmatic inflammatory response (3-6). Lipid mediators 

derived from ω-6 and ω-3 PUFAs can be divided in a more proinflammatory group: the 

prostaglandins, leukotrienes and thromboxanes and an anti-inflammatory and pro-resolving 

group: the lipoxins, resolvins, protectins and maresins, though exceptions exist (7).  

The importance of these lipid mediators in inflammation and asthma is illustrated by the 

clinical use of leukotriene antagonists in asthma, as well as findings which suggest that 

decreased levels of lipoxins contribute to the pathology seen in patients with severe asthma (4, 

8). 

2.2 REGULATION OF AIRWAY SMOOTH MUSCLE TONE  

2.2.1 Airway anatomy 
The human airway starts as a single compartment in the nasal cavity. Through the pharynx and 

larynx, this leads to the trachea. This large conducting airway has a length of approximately 13 

cm and a diameter of around 2 cm. The trachea is built up in distinct layers: an outer layer 

consisting of connective tissue and lymph nodes; horseshoe-shaped cartilage rings and 

interspersed smooth muscle tissue; a submucosa and an inner mucosal layer lined with 

epithelium. Further distal, the trachea bifurcates into two mainstem bronchi which further 

bifurcate again and enter the lung through the hila. The bronchi keep dividing and decrease in 

diameters <2 mm. These bronchi resemble the trachea, except for the cartilage rings which 

decrease in thickness and the diverse lung immune cells including resident macrophages, T-

cells and mast cells (9). Further distal, the airways are called bronchioles. These bronchioles 

terminate in alveoli, in which the actual gas-exchange takes place (10-12). 

2.2.2 The role of epithelium derived signals 
The inner mucosal layer of the upper and lower airways consists of pseudostratified columnar 

epithelium with apical cilia, interspersed with diverse secretory cells (13, 14). Within the 

airways, the epithelial layer fulfils several key roles. First and foremost, it acts as a barrier 

against micro-organisms, in particular bacteria and fungi, but also to prevent allergens and 

noxious gases reaching deeper tissue layers (15, 16). Secondly, when epithelium gets activated 

by a trigger, it can release different cytokines such as TLSP, IL-25 and IL-33. These cytokines 

stimulate the immune system and initiate and regulate eventual tissue repair and regeneration 

(16, 17). Thirdly, the epithelium has a function in the release of mediators, for instance nitric 

oxide (NO), prostaglandins and SPMs. These can induce biological effects such as modulation 

of airway smooth muscle tone, regulation of secretion of mucus or inhibition of histamine 

release by lung mast cells (18-20). Finally, the epithelium contains enzymes, e.g. 

acetylcholinesterase or monoamine-oxidase, which degrade contractile agonists such as 

acetylcholine and serotonin (5-HT) respectively (21, 22).    



 

4 

2.2.3 Airway mast cells 
One cell type prominently involved in regulation of airway contraction and responsiveness is 

the mast cell. This immune cell is found as a guardian cell in the whole body, often at interfaces 

between the interior and exterior environment such as the skin, the intestines and the lung. 

These tissue-resident mast cells are defined as having the high-affinity IgE receptor (FcεRI), 

the stem cell factor receptor KIT/CD117, and granules containing proteases, histamine and 

growth factors (23, 24).  

A discerning feature used to distinguish different mast cell populations is the protease 

content of the granules. One group is formed by tryptase-positive mast cells (MCT) and the 

other by the tryptase, chymase, carboxypeptidase A, and cathepsin G-like protease positive 

mast cells (MCTC). The MCT are mostly found at mucosal surfaces such as in the distal airways 

and the MCTC more in connective tissue including the skin. Apart from these two distinct 

groups, many intermediate mast cell types exist with different phenotypes, depending on the 

tissue in which the mast cell resides (24). 

Allergens can crosslink allergen-specific IgE-antibodies already bound to FcεRI found 

on the surface of mast cells. This initiates the release of pre-stored as well as newly synthesised 

mediators. This includes proinflammatory cytokines as for instance tumour necrosis factor α 

(TNFα) or IL-13, contractile agonist such as histamine, 5-HT, cysteinyl leukotrienes (CysLTs), 

prostaglandins and the aforementioned proteases. Not only can these compounds directly 

contract airway smooth muscle (histamine, CysLTs, prostaglandins), but they can also 

modulate airway responsiveness (TNFα, IL-13, prostaglandins) (25, 26). 

2.2.4 Main signalling pathways in controlling airway smooth muscle tone  
Three main G-coupled receptor pathways exist in airway smooth muscle that contribute to 

airway tone. Gq-signalling initiates contraction, Gs-signalling results in relaxation and Gi-

signalling can result both in airway contraction with concurrent Gs-signalling modulation and 

alteration of Ca2+ sensitivity and smooth muscle growth (27).   

2.2.4.1 Gq-coupled signalling 

Agonists that bind Gq-coupled receptors cause binding and activation of the Gq-protein 

complex to the receptor. Through this receptor-binding, several down-stream second 

messengers get activated. The most important are phospholipase C (PLC) and subsequent 

formation of inositol-1,4,5-triphosphate (IP3) and 1,2-diacylglycerol (DAG). One effect of 

these signalling molecules is that the intracellular Ca2+ concentration rises, resulting in smooth 

muscle contraction. Another result is the activation of cytosolic phospholipase A2 (cPLA2) and 

subsequent liberation of fatty acids that can serve as precursors to eicosanoid formation. Some 

important Gq-coupled receptors mediating contraction in the human airways are the histamine 

H1 receptor, the CysLT1 receptor, the muscarinic M3 receptor whilst the 5-HT2a receptor being 

important in mouse airways (27).  

2.2.4.2 Gs-coupled signalling 

When an agonist binds a Gs-coupled receptor in airways, membrane-bound adenylyl cyclase 

(AC) is activated and starts converting adenosine triphosphate (ATP) into cyclic adenosine 

monophosphate (cAMP). Increased cAMP concentrations ultimately result in decreased 

intracellular Ca2+ concentrations, thus leading to relaxation of smooth muscle in the airways 

(27). The archetypical and clinically well utilised Gs-coupled receptor in the lungs is the β2-

adrenoreceptor. Another example being the prostacyclin IP receptor (27, 28). 

2.2.4.3 Gi-coupled signalling 

Whereas Gs-coupled receptors activate AC, the activated Gi-coupled receptor does the 

opposite and thus downregulates AC-activity. It can also activate PLC and thus increase 
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intracellular Ca2+ concentrations and smooth muscle contraction. A Gi-coupled receptor found 

in the airway is the prostaglandin E receptor EP3 (27, 29).  

2.2.4.4 Other pathways 

There are also other relevant relaxant mediators and pathways that are not G-protein coupled, 

one being NO. This mediator has a function in airway relaxation through guanylyl cyclase 

stimulation resulting in cyclic guanosine monophosphate (cGMP), and protein kinase G (PKG) 

activation. A diminished neuronal NO-release has been found in a guinea pig model of allergic 

asthma, possibly leading to increased bronchial tone (30). In addition, NO-donor molecules 

have been proposed as broncho-dilating therapeutics (31). Theophylline also relaxes smooth 

muscle, though this is done via inhibition of phosphodiesterase enzymes, leading to increased 

intracellular levels of cAMP and cGMP (32).  

2.2.5 Airway hyperresponsiveness and hyperreactivity 
Airway hyperresponsiveness is the increased sensitivity to contractile agonists such as 

histamine, methacholine and CysLTs, and otherwise non-harmful external stimuli as for 

example cold, exercise and house dust mite (33). This results in increased airway contraction 

at a certain concentration of an agonist (increased potency, pEC50) and increased maximal 

contraction (increased efficacy, Emax), compared to healthy individuals (33, 34). Airway 

hyperreactivity only refers to increased maximal contraction to a contractile agonist (Emax), 

without increased sensitivity (pEC50). AHR is defined as an in vivo phenomenon, involving 

airway responses to inhaled contractile agonists in intact lungs. In cultured ex vivo explants, 

the direct response of the airway smooth muscle to an agonist may be quantified, thus assessing 

the responsiveness only on a smooth muscle level.  

AHR can be measured in individuals with asthma. This can be done either by a direct 

(methacholine, histamine) or indirect (mannitol, adenosine, allergen) challenge. Upon 

challenge, a fall in forced expiratory volume (FEV) occurs. This is often done using the 

protocol developed by Cockroft et al, involving two-minute tidal breathing of nebulised 

methacholine (35). In this protocol, the concentration that causes a 20 % fall in FEV, the PC20, 

is used as read-out and is in asthmatics generally < 8 mg/mL, whilst in non-asthmatics being > 

16 mg/mL when challenged with methacholine. Direct and indirect challenge differ in that 

direct challenge measures direct smooth muscle responsiveness to the agonist, whilst indirect 

challenge is due to activation of inflammatory cells present, releasing mediators such as 

histamine and CysLTs (34, 36).  

AHR consists of two components: chronic or persistent AHR and more variable AHR. 

The persistent AHR is seen in most patients with asthma, one contributing factor being airway 

remodelling, leading to e.g. increased smooth muscle mass, fibrosis and increased mucus 

production (33, 37). Variable AHR is related to current inflammatory status in the airways, 

being prominent during inflammation triggered by for example respiratory infections or the 

activation of mast cells by a hyperosmotic environment (33, 38).  

2.3 ANIMAL MODELS IN RESPIRATORY RESEARCH 
Multiple reasons exist for the use of animals in research, including restricted availability of 

human lung samples and fewer possibilities to perform research in humans. Therefore, use of 

both in vivo and in vitro (tissue, cells) animal models have been of great importance in 

respiratory research. Model animals often used are mice, rats and guinea pigs. Mice models are 

preferred by many researchers due to the existence of many mouse specific molecular 

biological tools such as antibodies, mouse specific cytokines and in particular, the availability 

of genetically modified strains (33). In respiratory research though, the usage of guinea pigs as 

experimental models is often preferable. This is due to the guinea pig possessing an anatomy, 

(patho)physiology and pharmacology that better resemble healthy and diseased human lungs 
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and a greater ease of performing in vivo lung measurements (33, 39). Important differences 

between the human, guinea pig and mouse respiratory tract are summarised in table 1. 

 
Table 1. Comparison of the respiratory tract in humans, guinea pigs and mice 

 Human Guinea pig Mouse 

Bronchial tree Dichotomous Dichotomous Monopodial 

 

Bronchial 

musculature 

Densely muscled Densely muscled Much less smooth 

muscle present 

 

Airway lining Thick epithelial lining 

with mucus and basal 

cells 

Epithelial lining with 

mucus and basal cells 

Epithelial lining 

thickness only 25 % 

of humans. No 

mucus producing 

cells, but club cells 

present 

 

Mast cell contractile 

mediators 

Histamine, 

leukotrienes, 

prostaglandins 

Histamine, 

leukotrienes, 

prostaglandins 

 

5-HT 

Mast cell activation IgE-dependent IgE-/ IgG1-dependent 

 

IgE-independent 

Response to allergen Acute and chronic but 

can develop allergen 

tolerance 

Acute and chronic but 

can develop allergen 

tolerance 

 

Acute, develop 

allergen tolerance 

References (33, 39, 40) 

2.4 INFLAMMATION AND IMPORTANT MEDIATORS 
Acute inflammation is a carefully programmed and protective process. It protects against 

infiltration of pathogenic bacteria, viruses, fungi or other stimuli recognised as potentially 

harmful. Classical signs of inflammation are tumor (swelling), rubor (redness), dolor (pain), 

calor (heat) and functio laesa (loss of function). On a cellular and molecular level, inflammation 

is characterised by infiltration of immune cells such as neutrophils, macrophages and later on 

T-cells, and a host of mediators being released. Examples of this include chemokines (e.g. 

CXCL8), interleukins (e.g. IL-1β and IL-13), lipid mediators (e.g., PGD2) and leukotriene B4 

(LTB4)), and acetylcholine and neuropeptides such as substance P, released by nerve-endings 

(26, 41-44). All these released substances fulfil various functions such as chemoattractant, cell 

activator or stimulant of smooth muscle proliferation and contraction (26, 42, 43).   Although 

acute inflammation exerts a protective function, chronic inflammation is part of the aetiology 

and pathophysiology of a myriad of chronic diseases (e.g. diabetes type 2, Crohn’s disease, 

rheumatoid arthritis (45-47).  

In allergic inflammation, the inflammation is preceded by sensitisation to an allergen. 

During this process, exposure to the allergen leads to antigen-presentation by dendritic cells 

and an ensuing maturation of naïve T-cells into Th2-type cells. These cells release 

quintessential type 2-cytokines: IL-4, IL-5 and IL-13. IL-5 causes an influx and survival of 

eosinophils. IL-4 and IL-13 stimulate IgE-formation by B-cells through induction of 

immunoglobulin class-switch recombination (48). Consequently, released IgE activates mast 

cells, which results in their mediators being released. 
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Repetitive exposure to an allergen can change the nature of inflammation from an acute 

response to a more chronic state. In this chronic inflammatory state, immune cells from both 

the innate immune system (e.g. innate lymphoid cells (ILC), eosinophils), and the adaptive 

immune system (e.g. different type of T-cells including Th2-type cells, B-cells), infiltrate and 

stay in affected tissues. When present in tissue, these cells interact with local epithelial and 

structural cells including fibroblasts and smooth muscle cells. Ultimately, in the airway this 

can lead to AHR and airway remodelling, the latter characterised by airway thickening, 

increased number of goblet cells, increased mucus production and an altered extracellular 

matrix containing more collagen (figure 1) (23, 48).  

 
Fig. 1. HDM exposure causes airway epithelial cells and mast cells to release e.g. cytokines, eicosanoids and 

contractile agonists which affect smooth muscle function  

2.4.1 HDM 
House dust mite (HDM) is an allergen that can cause chronic inflammation in asthma. HDMs 

are mites mostly from the Dermatophagoides genus. They are commonly found in households 

worldwide and are an important driver of allergy and asthma (49, 50). HDM extract is a mixture 

of active components containing proteases, chitinases and lipopolysaccharide (LPS) (51). 

Compared to a commonly used antigen, ovalbumin (OVA) from chicken egg white, HDM is a 

more relevant allergen in asthma. This is due to the fact that HDM itself is one of the most 

common aeroallergens found in households, as opposed to OVA, which does not play a role in 

asthma but food-allergies (52, 53). In addition, OVA sensitisation and exposure leads to a less 

broad effect. OVA induces IgE production, mast cell activation upon challenge and lung 

eosinophilia when doing repeated exposure. However, on top of these effects, HDM also causes 

epithelial barrier damage and involvement of the innate immune system (51, 54). Another 

advantage of HDM in experimental research is the greater ease to sensitise by airway exposure, 

which is more pathophysiological relevant as compared to OVA, where intra-peritoneal 

injection with adjuvants is often used (54, 55). 
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2.4.2 TNFα 
Micro-organisms, or parts thereof such as LPS found in HDM, prompt a type 1 inflammatory 

response. This causes release of TNFα which is a protein found in the membrane of innate 

immune cells that can also be found as a soluble form (56). It is a cytokine released during 

early inflammation, having a plethora of effects on different cells. When bound to the tumour 

necrosis factor 1 receptor (TNFR1), TNFα causes diverse proinflammatory effects often 

through NF-κB signalling. Examples of these proinflammatory functions are increased 

neutrophil trafficking, CXCL8 release and direct stimulation of histamine-release from mast 

cells (25, 56-58). Although less well known, TNFα also has immunomodulatory and tissue 

generative functions when signalling through the tumour necrosis factor 2 receptor (TNFR2) 

(56). In the respiratory tract, increased TNFα levels are found in patients suffering from COPD 

and asthma exacerbations and TNFα exposure causes AHR and airway hyperreactivity in vivo 

and in vitro in human and mouse tissue (59-62). A randomized, double-blind, placebo-

controlled study with a human monoclonal TNFα antibody has been performed in asthma 

patients, to test whether anti-TNFα treatment could actually improve asthma symptoms. This 

study however did not demonstrate significant improvements in airway function, though some 

sub-groups benefitted from anti-TNFα treatment (63). Nevertheless, the side-effect profile 

discouraged further development of anti-TNFα treatment regimes in asthma. 

2.4.3 IL-13 
Allergens, like those also found in HDM, induce a type 2 inflammation. IL-13 is one of the 

typical type 2 cytokines, released by different immune cells, examples being mast cells, CD4+ 

T-cells and ILC-2 cells (42, 64). IL-13 can bind the IL-4R, IL-13Rα1 and IL-13Rα2 subunits 

of the receptor complex it signals through. Receptor activation by IL-13 causes asthma-features 

including AHR and increased mucus secretion (26, 64). However, through the IL-13Rα2 

receptor sub chain, IL-13 also has reparative functions as it initiates airway epithelium wound 

repair (65). Downstream of the receptor, the signal transducer and activator of transcription 

(STAT6) pathway generally causes the effects of IL-13 in the allergic inflammation seen in 

asthma. Since the apparent critical function of IL-13 in the causation of key-features of asthma, 

several antibodies have been developed to treat patients with moderate-to-severe asthma, with 

some clinically effective (dupilumab) and others not (tralokinumab, lebrikizumab) (66-68).  

2.4.4 Eicosanoids 
Enzymatic liberation of the ω-6 PUFA arachidonic acid (AA) from the cell membrane and 

consequent actions of cyclooxygenase (COX) and lipoxygenase (LOX) enzymes results in the 

formation of twenty-carbon long lipid mediators collectively called eicosanoids (figure 2). 

Within the eicosanoid group, there are three important branches of lipids: prostaglandins, 

thromboxanes and leukotrienes. COX-1 and COX-2 enzymes catalyse the biosynthesis of 

prostaglandins and thromboxane, whereas the 5-LOX enzyme initiates the production of 

leukotrienes. The main prostaglandins are prostaglandin E2 (PGE2), PGD2, prostaglandin F2α 

(PGF2α) and prostaglandin I2 (PGI2). Thromboxane synthase simultaneously produces 12-

HHTrE and thromboxane A2 (TXA2), which is highly unstable and quickly catabolised to 

inactive thromboxane B2 (TXB2) in the body (3). 

All prostaglandins signal through specific G-protein coupled receptors, though almost all 

of them also bind the other prostaglandin receptors, but with less affinity (69). PGE2 

preferentially binds the EP1 to EP4 receptors, PGD2 the DP1 and DP2 receptors, TXA2 the TP 

receptor, PGF2α the FP receptor and PGI2 the IP receptor. The somewhat receptor-promiscuity 

of the prostaglandins results in the fact that almost all of them can contract airway smooth 

muscle, except for PGI2, which has a relaxant effect in both airways and the vasculature (70, 

71).  

PGE2 has multiple functions that can be characterised as both pro- and anti-inflammatory. 

In the airways it induces mucus secretion, leakage of plasma in the microvasculature and it 
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modulates the airway tone (72-74). Clear anti-inflammatory actions include the inhibition of 

mast cell-mediated bronchoconstriction and inhibition of inflammation caused by IL-33-ILC2 

(74, 75). PGD2 is a notable mast cell-derived lipid mediator and plays an important role in 

many pathological processes seen in asthma. Examples are mediating antigen-induced airway 

contraction, lung eosinophilia, increased airway smooth muscle mass and release of IL-4, IL-5 

and IL-13 (76-78). However, recent data from a phase 3 trial of a DP2 antagonist, fevipiprant, 

did not improve lung function in individuals suffering from severe asthma. This suggest that 

not only the DP2 receptor, but also the DP1 and the TP receptor play a notable role in mediating 

PGD2’s effects in the lung in asthma. TXA2 and PGF2α are potent constrictors of smooth 

muscle. They induce contraction in trachea, bronchi, as well as vessels, and TXA2 also causes 

acetylcholine release (79, 80). As mentioned before, PGI2 relaxes smooth muscle in the airways 

and vasculature. Next to this, PGI2 signalling has also been implicated in the amelioration of 

allergic inflammation by reducing CD4+ T-cell activation and cytokine release (7). 

Leukotriene A4 (LTA4) and LTB4 make up one part of the leukotriene branch, with the 

LTA4-epoxide having a short half-life and quickly converted to LTB4 (81). The other group is 

the CysLTs. This group consists of leukotriene C4 (LTC4), leukotriene D4 (LTD4) and 

leukotriene E4 (LTE4). LTC4 is glutathione conjugated to the LTA4 backbone. LTD4 is formed 

through the removal of glutamine from the glutathione group of LTC4 by γ-glutamyl transferase 

and further removal of glycine by peptidases results in the formation of LTE4. 

There are two receptors for LTB4-signalling: the BLT1 and BLT2 receptor. BLT1 seems 

to be the main receptor as it shows high affinity for LTB4 binding. The BLT1 receptor is mainly 

found on immune cells such as neutrophils, mast cells and T-cells (81). Activation of this 

receptor by LTB4 results in chemotaxis of these cells, vascular leakage and indirect 

vasoconstriction (82, 83). Much less is known about the low-affinity BLT2 receptor, though in 

mast cell-mediated airway inflammation, BLT2 receptor downregulation results in decreased 

inflammation after LPS or allergen stimulation (84). Another possible role might lie in 

epidermal wound healing through activation of migration of keratinocytes. This was seen when 

the BLT2 receptor was activated not by LTB4 but by 12-HHTrE formed during TXA2 formation 

(85).                                                                                                      

The CysLTs were discovered as being the main bronchoconstrictors found in what was 

then called slow-reacting substance of anaphylaxis (86). CysLTs are one group of important 

contractile agonists found in human mast cells. They induce a slow-but-sustained contraction 

of the airways through the CysLT1 receptor. Apart from bronchoconstriction, CysLT1 and 

CysLT2 receptor activation results in permeability of the microvasculature, immune cell 

recruitment as well as increased airway smooth muscle proliferation and mucus hypersecretion 

(4). The importance of CysLTs in asthma is further illustrated by the development of the 

CysLT1-antagonist montelukast. This drug is currently used as an add-on in treatment of 

asthma patients and has further potential in other diseases as for example allergic rhinitis and 

cardiovascular disease (4). 
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Fig. 2. Simplified scheme of eicosanoid metabolism. 

2.5 SPECIALISED PRO-RESOLVING LIPID MEDIATORS 
Even though inflammation is an important mechanism, unchecked inflammation is detrimental 

and can lead to disease (87, 88). It is therefore vital that the inflammatory process is strictly 

controlled and timely stopped. This process of cessation of inflammation and return to tissue 

homeostasis is called resolution of inflammation (89). It is an active process and at least a part 

of it is mediated by lipid SPMs (89, 90). Being an SPM however is not exclusive for lipid 

mediators, as other compounds, such as the protein Annexin a1, can also have pro-resolving 

functions (91). 

 Although SPMs all carry anti-inflammatory activities, being anti-inflammatory is not 

the same as being pro-resolution. Examples of anti-inflammatory effects of SPMs are the 

reduction of neutrophil and eosinophil recruitment to the site of inflammation, production of 

cytokines by immune cells and production of reactive oxygen species (5, 92, 93). On the other 

hand, pro-resolution functions are characterised by stimulation of macrophage phagocytosis 

and efferocytosis of for instance apoptotic cells, antibody production by B-cells and reduction 

of inflammatory pain (5, 94, 95).  

SPMs are biosynthesised from both ω-6 and ω-3 PUFAs including AA, docosahexaenoic 

acid (DHA) and eicosapentaenoic acid (EPA) (96). In experimental settings, most SPMs are 

effective in picomolar and nanomolar ranges, making them potent mediators of resolution (97-

99). In disease settings, a few studies report decreased SPM production seen in various samples 

of patients with asthma, cystic fibrosis and Alzheimer’s disease (100-103). As DHA and EPA 

are particularly enriched in the aquatic environment, SPM production after regular intake of 

seafood or supplements might explain the beneficial effects of these ω-3 PUFAs seen (104, 

105). Nevertheless, since SPMs are readily oxidised, stable SPM analogues have been 

developed to increase bioavailability and prolong SPM exposure, thus making them a more 

viable treatment for inflammatory diseases (106-108). The most prominent SPM sub-families 

and their receptors are summarised in figure 3. 
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Fig. 3. Specialised pro-resolving mediators, their precursors and proposed receptors. 

2.5.1 Lipoxins 
The lipoxin family consists of two distinct members that are positional isomers. Lipoxin A4 

(LXA4;  5S,6R,15S-trihydroxy-7E,9E,11Z,13E-eicosatetraenoic acid) and lipoxin B4 (LXB4; 

5S,14R,15S-trihydroxy-6E,8Z,10E,12E-eicosatetraenoic acid). Lipoxins are generated from 

AA, making them the only SPMs of the main SPM groups (resolvins, maresins, protectins and 

lipoxins) that are generated from an ω-6 PUFA (figure 3).   

The name lipoxins is derived from ‘lipoxygenase interaction products’, coined when they 

were first discovered in human leukocytes and referring to their formation by interaction of 

different LOX enzymes (109). Lipoxin formation is a concerted, transcellular effort of both 

structural as well as immune cells (110). One important pathway of lipoxin formation consists 

of the production and release of LTA4 by neutrophil 5-LOX and then further metabolism by 

12-LOX in adhered platelets, to LXA4 and LXB4 (111, 112). There is also an alternative route 

of biosynthesis where 15(S)-HETE (15(S)-hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic acid) is 

formed by 15-LOX in epithelial cells. 15(S)-HETE is sequestered by leukocytes, where 5-LOX 

may convert it into LXA4 and LXB4 (112).    

In addition to the 15(S)-enantiomers, 15(R)-lipoxins can also be produced. Normally this 

is done by cytochrome P450 enzymes, but the production can be boosted. One example is when 

acetylsalicylic acid (aspirin) is present, which irreversibly acetylates the COX-2 enzyme, 

causing COX-2 production of 15(R)-HETE and ultimately 15(R)-lipoxins in structural cells 

such as endo- and epithelial cells and immune cells such as monocytes (112). Another recent 

finding is that statins, for instance atorvastatin, usually used to lower cholesterol, appear to 

have anti-inflammatory properties (113) and S-nitrosylate the COX-2 enzyme leading to 

production of 15(R)-lipoxins and certain resolvin-series (110, 114, 115). In experimental 

settings, 15(S)- and 15(R)-lipoxins appear to exert similar functions, although differences in 

potency may exist (58, 116-118). 

Even though now generally recognised as part of the SPM family, initial experiments in 

airway tissue pointed at what can be considered a more proinflammatory profile. At its 

discovery, it was shown that LXA4 caused O2
- generation and lysosomal elastase release (109). 

It was also shown that LXA4 induced contraction of guinea pig lung strips through TXA2-

release and caused arteriolar dilation in the hamster cheek pouch (119, 120). However, after 

these findings it soon became clear that LXA4 and LXB4 also possess broad anti-inflammatory 

and pro-resolving traits.  



 

12 

Firstly, LXA4 is an agonist of the ALX/FPR2 receptor. Many of the effects of LXA4 

appear to be mediated through this receptor. For example, lipopolysaccharide (LPS, a 

component of the cell wall of gram-negative bacteria)-induced lung injury is ameliorated by 

LXA4-ALXR signalling (121) and LXA4 can dampen TNFα-mediated  pro-inflammatory 

effects such as CXCL8-release from airway epithelium (122). Moreover, decreased synthesis 

of LXA4 as well as decreased expression of the ALX/FPR2 receptor might cause defective 

resolution, which in turn can be a contributing factor to chronic inflammation as seen in airway 

diseases including asthma (8, 123) and COPD (124, 125). Secondly, LXA4 can inhibit plasma 

leakage and leukocyte adherence in the vasculature caused by LTB4, pointing to possible 

antagonistic activity for the BLT receptors (82). Thirdly, LXA4 can also displace LTD4 bound 

to the CysLT1-receptor, thereby antagonising leukotriene-induced effects, namely vascular 

leakage and airway contraction (126, 127). Finally, LXA4 exerts anti-inflammatory effects 

through the aryl hydrocarbon receptor in dendritic cells, leading to modulation of pro-

inflammatory cytokine production and inflammation (128). 

Although discovered at the same time as LXA4, much less is known about the possible 

anti-inflammatory actions and/or pro-resolving actions of LXB4. Similarly to LXA4, LXB4 can 

antagonise the prophlogistic effect of LTB4, albeit to a lesser degree (82). Also, LXB4 can also 

inhibit TNFα-release by peripheral blood mononuclear cells (PBMCs) (116). Along with this, 

LXB4 appears to have broad anti-inflammatory and pro-resolution effects in lower and upper 

airway allergic inflammation, causing decreased release of for example cytokines and IgE and 

shortening of the resolution interval (99). Interestingly, not only the innate immune system 

seems to be modulated by lipoxins, but also the adaptive immune system as LXB4 boosts IgG 

antibody production in memory B-cells, possibly through the COX-2 enzyme (94). 

2.5.2 Maresins 
As with the lipoxins, the maresin family consists of two main members: maresin 1 (MaR1; 

7R,14S-dihydroxy-4Z,8E,10E,12Z,16Z,19Z-docosahexaenoic acid) and maresin 2 (MaR2; 

13R,14S-dihydroxy-4Z,7Z,9E,11Z,16Z,19Z-docosahexaenoic acid) formed from the ω-3 

PUFA DHA. Apart from the aforementioned maresins, other maresin metabolites or 

modifications with biological effects have been described (e.g. 13(S),14(S)-epoxy-DHA, 14-

oxo-MaR1 (129, 130)). 

 Maresins were named after their discovery in macrophages, with maresin being an 

abbreviation of ‘macrophage mediator in resolving inflammation’ (131). Transcellular 

synthesis also plays an important role in the biosynthesis of these SPMs. One route in maresin-

formation is the formation of 13(S),14(S)-epoxy-DHA by platelet 12-LOX, this intermediate 

is then taken up by neutrophils to produce MaR1 (132). MaR1 can also be produced solely by 

macrophages or via uptake of the 13(S),14(S)-epoxy-DHA intermediate (129, 131).  

Immediately at its discovery, MaR1 was tested for bioactivity, showing prototypical 

SPM functions such as stimulation of macrophage phagocytosis and reduction of neutrophil 

infiltration (131). Soon after this, a more specialised function was shown in a planaria model 

of tissue generation. Here MaR1 could hasten planaria head regrowth, although the same could 

be shown for resolvin E1 (RvE1) (133). Since then, a broad range of actions and molecular 

targets have been described.  

On the receptor side, MaR1 has been found to signal through the human leucine-rich 

repeat containing G protein–coupled receptor 6 (LGR6) found on leukocytes, mediating such 

an archetypical SPM function as  phagocytosis (134). It can also influence currents generated 

by the transient receptor potential V1 (TRPV1) ion channel, thereby inhibiting inflammatory 

pain (133). 

Some actions in the lung have been described, examples being maintenance of 

permeability in lung epithelium (135), decrease of proinflammatory cytokines and CysLTs 

after harmful stimuli such as organic dust and hydrochloric acid (132, 135) and protection 

against bleomycin-induced lung fibrosis (136). In OVA-induced allergic airway inflammation 
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in mice, MaR1 levels in the lung are decreased during OVA-challenge, but increased in the 

resolution-phase, signifying the time-restricted production and release of MaR1 (137). The 

13(S),14(S)-epoxy-DHA intermediate in MaR1 biosynthesis can also interfere with the 

formation of CysLTs, as it inhibits leukotriene A4 hydrolase, decreasing formation of LTB4 

(129).    

Furthermore, MaR1 potentially has functions in both the innate and adaptive immune 

system. For example, MaR1 itself can reduce release of type 2 cytokines such as IL-5 and IL-

13 from ILC-2 cells but also through upregulating the formation of T-regulatory (Treg)-cells 

(137, 138). In addition, it can reduce the generation of TH1 and TH17 T-cell populations (137, 

139), possibly with microRNA-21 (miR-21) as a downstream effector (139). Two other 

downstream effectors of MaR1 found in bronchial epithelial cells during organic dust exposure, 

are the serum response element (SRE) found in DNA and PKC (140).  

Not much is known about MaR2. The enzymes 12-LOX from platelets and soluble 

epoxide hydrolase are known to play a role in its formation. On a functional level, typical SPM 

effects including inhibition of neutrophil infiltration and stimulation of macrophage 

phagocytosis have been shown (141). 

 A distinct group is formed by maresin-conjugates named ‘maresin-conjugates in tissue 

regeneration’ (MCTR), with three members: MCTR1 (13-glutathionyl-14-hydroxy-

docosahexaenoic acid), MCTR2 (13-cysteinylglycinyl-14-hydroxy-docosahexaenoic acid) and 

MCTR3 (13-cysteinyl-14-hydroxy-docosahexaenoic acid). MCTR1 is in effect MaR2 

conjugated to glutathione, a three-amino-acid-long peptide consisting of glutamine, cysteine 

and glycine, by leukotriene C4 synthase as well as glutathione S-transferase Mu 4 (142, 143). 

MCTR1 is converted in macrophages to MCTR2 through removal of glutamine by γ-glutamyl 

transferase (142, 144). Further removal of glycine is done by peptidases, thus forming MCTR3 

(figure 4) (142). 

Fig. 4. Biosynthesis of maresin-conjugates 

 

Since their cysteinyl-conjugation is analogues to the CysLTs, it is thought that MCTRs 

can bind the same CysLT1 receptor, but in an antagonistic fashion, thus decreasing CysLT-

induced pro-inflammatory and broncho-constrictive effects (145). There is indeed evidence 

showing MCTRs decreasing LTD4-induced bronchoconstriction, vascular leakage and 

negative ionotropic effect in tunica heart (97, 145). In resting human lung tissue, MCTRs have 

been reported to be present at approximately three times higher levels then CysLTs, a balance 

that appears to be completely shifted in diseased lung tissue where the CysLT concentration is 

ten times higher than that of MCTRs (97). The limited data so far suggests that effects can also 

be distinct for each MCTR. One example is MCTR3, which seems to be more effective in 

ameliorating OVA-induced AHR in mice, whilst both MCTR1 and MCTR3 can dampen LPS-

induced acute lung injury and AHR via different mechanisms (146, 147).  Both MCTR1 and 3 

dampen eosinophils infiltration after HDM stimulation as well (97). Apart from this, MCTRs 

also possess main SPM effects as for instance stimulation of efferocytosis by macrophages, 
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dampening neutrophil infiltration and the more specialised tissue-regenerative effect also seen 

in maresins (144, 148).  

Other than the observed effects described above, much is unknown about the MCTRs 

and a possible specific high-affinity receptor is still at large. 

2.5.3 Resolvins 
The resolvin family consists of two branches. One branch is formed by the resolvin D group, 

produced from the ω-3 PUFA fatty acid DHA. This group consists of six members: resolvin 

D1 (RvD1) to resolvin D6 (RvD6). The other branch is formed by the resolvin E group, 

produced from the ω-3 PUFA fatty acid EPA and consisting of resolvin E1 (RvE1) to resolvin 

E3 (RvE3. 

D-type resolvins were the first new SPMs discovered after the lipoxins. The name 

resolvin stands for ‘resolution phase interaction product’, with the D and E denoting their origin 

from DHA or EPA respectively (90, 149, 150). Resolvins are also formed through transcellular 

co-operation of different cells. D-series resolvin formation, at least for RvD1 to RvD4, is started 

by 15-LOX from epithelial cells. 5-LOX from neutrophils can then perform the final step to 

form RvD1-4 (149-151). As with the lipoxins, resolvin epimers can also be formed. In the case 

of the resolvin D series, aspirin acetylation of COX-2 can cause production of 17(R)-hydroxy-

DHA in the vasculature. Again, 5-LOX from neutrophils then catalyses the final formation of 

17(R)-resolvins (149, 151, 152).  E-type resolvin formation is slightly different in that the first 

step of biosynthesis is performed by either acetylated COX-2 or cytochrome P450 enzymes. 

The final step is then again performed by 5-LOX from neutrophils, or in the case of RvE3, 

12/15-LOX derived from eosinophils in mice (96, 151, 153). 

 Two receptors are important for the function of E-type resolvins. Firstly, Chemerin 

Receptor 23 (ChemR23) is important for pro-resolution effects of RvE1 in (allergic airway) 

inflammation (154, 155). In the case of OVA-induced airway inflammation, RvE1 causes 

clearance of eosinophils and antigen-specific CD4+ T-cells, in which natural killer cells (NK-

cells) might play a role as an effector cell for these pro-resolving effects (155). In addition, 

RvE1 also exerts its effect on the smooth muscle level. It can dampen increased Ca2+-sensitivity 

and U46619 (a TP receptor agonist)-induced smooth muscle contractions in rat and human 

pulmonary arteries, with or without previous exposure to TNFα and IL-6 (60, 156). Secondly, 

antagonism at the BLT1 receptor has been shown in inflammatory models (154, 157). BLT1 

antagonism by RvE1 can prevent LTB4-mediated neutrophil infiltration (154). Moreover, as 

shown in HDM and OVA mouse models of allergic asthma, RvE1 can reduce AHR, cell counts 

of eosinophils, leukocytes and macrophages, and cytokine concentrations of IL-4,IL-13 and 

IL-23 in BALF, possibly through decreasing cytokine release from lung macrophages (92, 157, 

158).  

Of the resolvin D series, 17(R)-RvD1 and RvD1 share a G-protein coupled receptor with 

LXA4: the ALX/FPR2 receptor (95, 159). Moreover, they bind the receptor with the same 

potency as LXA4 (160). The other G-protein coupled receptor involved in RvD1 signalling is 

GPR32 (161). Through these receptors, 17(R)-RvD1 and RvD1 mediate a broad pallete of anti-

inflammatory and pro-resolution functions. Both can inhibit neutrophils infiltration during 

inflammation and stimulate macrophage phagocytosis (161, 162). Downstream mediators 

important herein include microRNA’s (e.g. miR-208a, miR-219) and release of the anti-

inflammatory cytokine IL-10 (161, 163). In OVA-induced inflammation and AHR, there could 

be a difference in efficacy as 17(R)-RvD1 is more efficacious that RvD1 in reducing 

eosinophilia and AHR (164).   

Lung diseases such as cystic fibrosis or inhalation of harmful substances through 

smoking can lead to decreased endogenous production of RvD1 (102). Ensuing exogenous 

administration can reduce disease symptoms including lung destruction or development of end-

stage disease such as lung emphysema (87, 165, 166). Furthermore, RvD1, but also RvD2 and 

LXA4, can through their release by human airway epithelial cells, reduce histamine release by 
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human mast cells (18). In addition, in isolated human bronchi, RvD1 exposure has been 

reported to reduce Ca2+-sensitivity and hyperresponsiveness induced by IL-13 (98). Further 

similar actions on smooth muscle function have been shown in human and rat pulmonary 

artery, reducing again cytokine-induced Ca2+-sensitivity and contractility (156, 167). 

Less is known about the other D-resolvins. It is known that RvD2 can dampen LTD4- 

and TNFα-induced hypercontractility to histamine, methacholine (a more stable acetylcholine 

analogue) and U46619 (168). Moreover, during bacteria-induced inflammation, RvD2 reduces 

systemic inflammation, microbial burden and leukocyte trafficking. This is done through 

endothelial NO release and dampening of release of proinflammatory mediator including 

LTB4, PGE2 and several cytokines (163, 169). For RvD3 to RvD6, aside from the key SPM 

functions such as increased efferocytosis, protective effects have been shown in e.g. acid-

induced lung injury, pathological thrombosis and neuropathic and inflammatory pain (170-

175). 

In summary, ω-6 and ω-3 PUFAs can give rise to lipid mediators that could be of 

importance in lung inflammation, resolution and modulation of airway tone. If the role of SPMs 

gets further substantiated by future research, this would open up the possibility to use stable 

SPM-analogues or SPM receptor agonists to actively shut down ongoing inflammation and 

decrease symptoms in inflammatory diseases like asthma.         
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3 RESEARCH AIMS 
 

The general aim was to investigate if selected SPMs have anti-hyperreactive properties, how 

COX-inhibition results in increased airway constriction and if mast cells are necessary for 

antigen-induced contraction and airway hyperreactivity. 

 

Specific aims: 

 

• To examine whether a selection of specialised pro-resolving lipid mediators can 

modulate airway contractility, either by inducing contraction or relaxation or change 

the contractility to other contractile agonists   

 

• To investigate if LXA4 can reduce airway hyperreactivity induced by HDM allergen 

 

• To examine if IL-13 induces corticosteroid-resistant airway hyperreactivity in isolated 

mouse trachea and whether cysteinyl maresins are able to reduce this airway 

hyperreactivity 

 

• To investigate the mechanism underlying the way unselective COX-inhibition 

enhances OVA-induced airway constriction in guinea pig 

 

• To assess if mast cells are necessary for HDM allergen-induced airway contraction and 

if they can modulate the level of airway hyperresponsiveness after chronic HDM 

exposure in genetically modified mice 

 

 





 

 19 

4 MATERIALS AND METHODS 

4.1 GENERAL 
Two species of animals and several inflammation models were used for the studies performed 

in this thesis. Mice were used to study the role of selected SPMs in airway contractility and 

hyperreactivity (article I, IV) or of mast cells in allergen-induced airway contraction and 

hyperresponsiveness (article II). Because of similarities with humans in airway physiology 

and pharmacology, guinea pigs were used in article III to study increased airway contraction 

after unselective COX inhibition and initial studies of direct contractile or relaxant studies of 

SPMs (not published).  

4.2 ANIMALS 
All studies performed were in accordance with the ethical permits that were obtained from the 

regional ethical review committee for experimental animal research. Guinea pigs (Dunkin-

Hartley) were obtained from Envigo and mice (BALB/c or C57BL/6) were purchased from 

Envigo or Charles River. All animals were housed in a 12-hour light/dark cycle with a 

continuous supply of food and water at their disposal. Guinea pigs were euthanised by CO2-

asphyxiation and subsequently removal of the heart. Mice were euthanised by cervical 

dislocation. 

4.3 INTRANASAL INSTILLATION 
In article I, a four-day instillation protocol was used. Mice received intranasal instillation of 

10 ng SPM one hour before the intranasal administration of 50 µg HDM, both under isoflurane-

induced anaesthesia. In article II, mice received intranasally 50 µg HDM every third day for a 

total of seven times. 

4.4 TISSUE COLLECTION AND CULTURE  
To ensure tissue viability, whole tracheae were immediately dissected out after animal 

euthanasia and kept on ice cold Krebs-Henseleit buffer until further dissection. During further 

dissection, guinea pig tracheae were divided in eight equal segments whilst each mouse trachea 

was divided in four segments. Both mouse and guinea pig segments were then immediately 

used in organ bath or myograph experiments (article I-IV) or in the case of mouse tracheal 

segments, incubated for a total of five days (article I and IV). These segments were incubated 

in 96 wells culture plates filled with low-glucose (1 g/L) DMEM supplemented with 1% 

penicillin (100 IU·mL−1) and streptomycin (100 μg·mL−1), which were placed in a humified 

incubator at 37 °C and 5% CO2. All segments were allowed an overnight equilibration period 

before they were moved to new medium, and cytokines and SPMs were added for the first time. 

In article I, SPMs were added one hour before the pro-inflammatory stimulus. In article IV 

cysteinyl maresins and cytokines were added at the same time.  

4.5 FUNCTIONAL STUDIES 
Tracheal rings were suspended in 5 mL myographs (mouse trachea) or organ baths (guinea pig 

trachea) direct after dissection or after incubation. To measure the changes in force exerted by 

the smooth muscle in the organ baths, isometric force-displacement transducers linked to a 

Grass polygraph were used. After suspension, segments were left to equilibrate for 30-60 

minutes. This was then followed by adjustment of the mechanical tension to 30 mN (guinea 

pig trachea) or 0.8 mN (mouse trachea). In studies of guinea pig trachea, the contractility of the 

tissue was tested with a concentration response curve of histamine (10 nM – 100 µM). In mouse 

trachea, this was done with 60 mM potassium chloride (KCl). Experiments in guinea pig 

trachea were ended with a maximal contraction induced by histamine (1 mM), acetylcholine 
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(1 mM) and 60 mM KCl. In mouse trachea this was done with carbachol (10 µM) and 60 mM 

KCl. 

4.6 ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA) 
Histamine was analysed by an external laboratory with an ELISA-based method (RefLab ApS, 

Copenhagen, Denmark). For the measurement of cysteinyl-leukotrienes (article III), an 

ELISA-kit was used. For the histamine analyses, glass fiber-coated microtiter plates were used. 

Samples were diluted and pipetted on the plates. After an hour of incubation at 37 °C, the plates 

were washed with distilled water, dried and closed off and sent for analysis. Cysteinyl 

leukotrienes were measured according to the manufacturers protocol (Cayman Chemical). In 

brief, a buffer was added to the wells of a 96-well plate pre-treated with a specific antibody. 

Then, standards and samples were added. Next followed the addition of a tracer of 

acetylcholinesterase bound to cysteinyl-leukotrienes and a cysteinyl-leukotriene monoclonal 

antibody. After two hours of incubation at room temperature, the plate was developed by 

washing and addition of Ellman’s reagent, containing an acetylcholinesterase substrate, and 

tracer and left to develop for 90 min. The absorption of light with a wavelength between 405 

and 420 nm was measured with a Biotek Instruments EL808 plate reader. The concentration of 

cysteinyl leukotrienes was then inversely correlated with the amount of absorbed light. Cross 

reactivity for N-methyl-LTC4 was 124%, for LTC4 and LTD4 it was 100% and for LTE4 65%. 

For other fatty acids this was <0.01%. 

4.7 MASS SPECTROMETRY 
Eicosanoid levels in samples were quantified via liquid chromatography coupled to triple 

quadrupole mass spectrometry (LC-MS/MS) (article III), as described in (176). In short, 

samples were spiked with deuterated internal standards and extracted with a pre-conditioned 

solid phase extraction cartridge. Second, solvent was evaporated and the samples were 

reconstituted in methanol. Samples were injected onto a BEH C18 column and quantitative mass 

spectral data was collected with a Xevo TQ S triple quadrupole system operating in negative 

scan mode. 

4.8 SPECTROPHOTOMETRY   
To ascertain the concentration and stability of the stocks of SPMs used, spectrophotometry was 

used. Depending on the concentration of the stocks, the sample taken from the stock was diluted 

in methanol, to achieve light absorption between 0.2 and 1.0 A.U. A blank measurement was 

used to correct all samples. The concentration was calculated with the help of the Lambert-

Beer law: A = ε x l x c. Were A is the absorption, ε the molar absorptivity, l the length of the 

optical path and c the concentration of the sample. The ε values and absorption wavelengths 

were obtained from a public spectral book with SPM spectral data (Serhan C, Lipid Mediator 

Metabololipidomics LC-MS-MS Spectra Book 2016). 

4.9 CALCULATIONS AND STATISTICS 
All data were presented as mean ± SED. Contractions were normalised to the maximal 

contraction induced by KCl, histamine and acetylcholine (guinea pig trachea) or carbachol 

maximum (mouse trachea). GraphPad Prism 8.0 software (GraphPad Software Inc., San Diego, 

CA) was used for data and statistical analyses. Non-linear regression fit was used to calculate 

pEC50 and Emax. For bolus additions, the area under the curve (AUC) was calculated. To assess 

statistical significance of multiple groups, one-way ANOVA with Dunnet’s post-hoc test was 

used, or student’s T-test in the case of two groups. When possible, paired analysis was 

performed. The significance level was set at p < 0.05.  
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5 RESULTS AND DISCUSSION 

5.1 EXPLORATION OF SPECIALISED PRO-RESOLUTION LIPID MEDIATOR 
EFFECTS IN GUINEA PIG AIRWAY AND VASCULAR TISSUE 

5.1.1 Direct smooth muscle effect of SPMs  
The SPM research field is relatively young, with most discoveries happening the last 20 years 

compared to for example the prostaglandins discovered already in the 1930s. Many animal 

studies, in particular those examining airway effects of SPMs, have been conducted in mouse 

airway tissue (157, 164, 177). The guinea pig offers another model with some advantages in 

airway research by way of similar airway anatomy and existence of similar physiology and 

pharmacology, i.e. similar agonists and receptor functions (33, 39). Therefore, guinea pig tissue 

was first used to investigate if there would be acute contractile or relaxant effects of selected 

SPMs. This would be in analogy to prostanoids being either contractile, e.g., PGF2α or relaxant, 

e.g., PGI2, PGE2, or to contractile cysteinyl leukotrienes in airways.  

To this end, a total of six structurally different SPMs were selected to screen for acute 

smooth muscle effects. The selection was made in order to have a representative SPM of each 

major group derived from different polyunsaturated fatty acids, i.e., AA, EPA and DHA (figure 

3). These representative SPMs were added in increasing concentration to baseline or 

precontracted guinea pig tracheal rings. Since these experiments were used as a screening for 

potential effects, one or two segments were dedicated to each SPM (figure 5). 

Despite the broad range of concentrations tested, picomolar up to high nanomolar, which 

is often referred to as the bio-active range of SPMs (90), no direct contractile (figure 5A) or 

relaxant effects (figure 5B) of selected SPMs were found. These data regarding SPM functions 

in airways outside the context of inflammation have not been reported before. However, LXA4 

has been tested in the same way in guinea pig airway tissue in previous investigations. In these 

investigations, it was observed that LXA4 induced contraction in lung parenchymal strips but 

not tracheal strips (178, 179), suggesting a contractile effect in vessels and not airways.  

Mechanistically, the early experiments pointed at activation of the CysLT1 receptor and 

release of TXA2 to cause the constriction observed  (120, 179). In later binding studies in cells, 

it could be observed that LXA4 and the epimer 15(R)-LXA4 displaced LTD4 from the CysLT1 

receptor (126), suggesting different mechanisms present in different cells or tissues. Chirality 

of the LXA4 molecule, i.e. LXA4 and 15(R)-LXA4, can also cause differences in receptor 

binding and biological effects (112, 180). The current data however shows no contractile or 

relaxant effects of 15(R)-LXA4 in guinea pig trachea, just as found previously for LXA4. 
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Fig. 5. Concentration-response curves of selected SPMs (1 pM – 100 nM) in presence of indomethacin (3 µM). 

A, addition of increasing concentrations SPMs in relaxed guinea pig tracheal rings (n = 1-2). B, addition of 

increasing concentrations SPMs in guinea pig tracheal segments precontracted with carbachol (10 or 100 nM) (n 

= 1-2). Data represent mean ± SEM. SPMs used are: lipoxins: 15(R)-lipoxin A4 (15(R)-LXA4); E-resolvins: 

resolvin E1 (RvE1); D-resolvins: resolvin D1 (RvD1) and its 17(R)-epimer 17(R)-RvD1; Protectins: protectin DX 

(PDX); Maresins: maresin 1 (MaR1).   

5.1.2 SPM modulation of agonist-induced contractions 
It was next assessed if there would be a modulatory effect of SPMs on other contractile or 

relaxant agonists in tracheal as well as vascular tissue, because of the apparent lack of a direct 

effect on smooth muscle contractile activity. It was found that maresin 1 (mar1) affected 

contractions induced by endothelin 1 and sarafotoxin 6b in tracheal and aorta tissue (figure 6), 

but not contractions induced by other contractile agonists (phenylephrine, U46619, histamine, 

figure 7). In the presence of mar1, the Emax was significantly increased (figure 6C,D) and/or 

leftward shifted (figure 6A-C). However, in the case of the concentration-response curves of 

figure 6B-D this has to be interpreted with caution since none of the curves reached the 

maximal contractile effect, thus there is still the possibility of them reaching the same Emax. 

Endothelin and sarafotoxin 6B are both non-selective endothelin receptor agonist, making an 

effect on both the ETA and ETB receptor possible.  

In guinea pig airways, ET-induced contractions are mediated by both endothelin 

receptors and can be direct, e.g., in trachea, or indirect through release of COX products, 

possibly TXA2, e.g. in lung parenchyma (181-183). It has to be noted that involvement of TXA2 

was restricted to lung parenchyma and in our experiments, indomethacin was used to remove 

a possible confounding effect of TXA2. These results seem counter-intuitive given the nature 

of SPMs and how they are proposed to resolve inflammation. Especially since endothelin 1 

could play a role in allergic airway inflammation (184, 185).  It could however, at some point 

in the resolution process, be beneficial to have an increased responsiveness to endogenous 

released endothelin 1 to for example temporarily decrease perfusion or ventilation. Because of 

our focus on allergen-induced inflammation and hyperreactivity and possible ameliorating 

effects SPMs herein, these effects were not further investigated. Future experiments are 

however needed to look into the mechanism of this effects and its possible functional relevance 

for resolution of lung inflammation.  
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Fig. 6. Concentration-response curves of endothelin 1 or sarafotoxin 6b after 30 minutes of pre-incubation with 

protectin DX (PDX), maresin 1 (MaR1) or 17(R)-RvD1 (100 nM). A, in guinea pig aorta (n = 5-6). B, in guinea 

pig trachea (n = 2). C, mar1 in guinea pig aorta (n = 4). D, MaR1 in guinea pig trachea (n = 4). All in presence of 

indomethacin (3 µM). Data represent mean ± SEM. 

Fig. 7. Concentration-response curves after 30 minutes of pre-incubation with PDX and maresin 1 (mar1) (100 

nM). A, histamine (10 nM – 100 µM) in guinea pig tracheal rings (n = 6-9). B, U46619 (100 pM – 10 µM) in 

guinea pig tracheal rings (n = 2). C, phenylephrine (100 nM – 300 µM) in guinea pig aorta rings (n = 1-2). All in 

presence of indomethacin (3 µM). Data represent mean ± SEM 

5.1.3 MaR1 and PDX in OVA-induced airway contraction 
In the light of the important role of mast cells as in airway inflammation (186, 187) , a possible 

acute effect of MaR1 and PDX on OVA-induced mast cell activation and airway contraction 

was investigated (figure 8). No effects of these two SPMs added 30 minutes before OVA-

challenge could be seen on general OVA-induced contractions (figure 8A), nor in OVA-

induced contractions mediated by histamine (figure 8B) or leukotrienes (figure 8C).   

5.1.4 Summary  
It was found that selected SPMs do not induced contraction nor relaxation of guinea pig 

tracheal rings in the organ-bath set up. However, when pre-treating aorta rings with MaR1, a 

significant increase in sensitivity, i.e., pEC50, of sarafotoxin 6b was observed. A similar effect 

could be shown for endothelin 1-induced contraction in aorta and tracheal tissue as well. 

Nevertheless, since these are small scale exploratory studies, larger studies are warranted to 

confirm the results and explore the mechanisms involved. 
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Fig. 8. Concentration-response curves of OVA after 30 minutes of pre-incubation with PDX and mar1 (100 nM) 

in guinea pig trachea. A, no indomethacin or antagonists present (n = 2-3). B, In presence of indomethacin (3 µM) 

and MK886 (10 µM) (n = 9-12). C, in presence of indomethacin (3 µM) and mepyramine (1 µM) (n = 4-6).  Data 

represent mean ± SEM 

 

5.2 ANTI-HYPERREACTIVE FUNCTION OF LXA4 AND CYSTEINYL MARESINS 
IN AIRWAY HYPERREACTIVITY INDUCED BY TNFΑ AND IL-13 IN MICE 

(PAPER I AND IV) 
It was next assessed if there were effects of selected SPMs in tracheal hyperreactivity induced 

by allergic inflammation. To this end, both exposure to HDM through intranasal instillation as 

well as to HDM or cytokines during incubation were used to induce airway hyperreactivity in 

mouse trachea. Mouse airway tissue was used to take advantage of a method developed in our 

lab to study airway hyperreactivity as well as the widespread availability of mouse specific 

cytokines. HDM was used to model a more complex allergic inflammation as HDM is a 

mixture and exposure to it causes release of both type 1 and type 2 cytokines. In addition it 

activates toll-like receptors (TLRs), depending on levels of LPS and biopolymers present in 

the HDM extract (51, 188, 189). Furthermore, by addition of TNFα or IL-13, two different 

inflammatory pathways which lead to airway hyperreactivity were modelled. TNFα is 

considered a type 1 cytokine, more involved in inflammation mediated by immune cells against 

intracellular micro-organisms (190, 191). IL-13 is a type 2 cytokine more involved in 

inflammation as part of defence against eukaryotic parasites and patho-physiologically in 

allergic inflammatory disease (190, 191). Both cytokines can also be released by mast cells 

(23).  

5.2.1 Reduction of airway hyperreactivity by lipoxins and cysteinyl maresins 
First, HDM exposure in vivo led to a pronounced upregulation of contractions induced by 5-

HT (figure 9A). This HDM-induced hyperreactivity was reduced by the DHA product 17(R)-

RvD1 as well as the AA product lipoxin LXA4. These SPMs have in common that both have 

been shown to signal through the ALX/FPR2 receptor (6, 160). The other group of SPMs 

(RvE1, MaR1 and PDX) did not reduce airway hyperreactivity. One explanation for difference 

in activity could be involvement of the ALX/FPR2 receptor, as both LXA4 and 17(R)-RvD1 

have been shown to signal through the ALX/FPR2 receptor (6, 160), but not the SPMs found 

the be inactive. Another possibility could be a different potency of the ineffective SPMs, since 

only one dose of SPM was tested. If so, to be effective as intranasal installation, both a higher 

or a lower dose of these SPMs could have been necessary, as SPM dose- or concentration-

response curves can be bell-shaped (122, 126-128). Nevertheless, this does not seem to be the 

case for LXA4 (paper I, figure 4). Another explanation could be an increased biochemical 

instability of the ineffective SPMs compared to the effective ones, leading to degradation 

before reaching their target in the lung after installation. 
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Fig. 9. Concentration-response curves of 5-HT in mouse trachea. A, after four days of intranasal instillation of 

selected SPMs (10 ng) one hour before challenge with HDM (50 µg) (n = 4-11). B, after four days of in vitro 

exposure to LXA4 (100 nM) added one hour before HDM (1 µg/mL) (n = 5-8). Data represent mean ± SEM  

 

Not only did HDM exposure via the intranasal route induce airway hyperreactivity, but 

the same effect was also observed with HDM exposure during four days of incubation (figure 

9B).  Nonetheless, the Emax of 5-HT was considerably lower in isolated tracheal segment after 

exposure during incubation than after intranasal installation in live animals. This could be due 

to limited availability of immune cells in the tissue explants during culturing compared to live 

animals, which would decrease the cytokines released and thus the hyperreactivity induced. In 

addition, LXA4 reduced airway hyperreactivity both when given intranasally and during 

incubation. This suggests that the anti-hyperreactive effect is mediated by receptors present on 

cells in tracheal segments, examples being epithelial cells and smooth muscle cells and airway 

resident immune cells like mast cells.  

As the TNFα inhibitor etanercept could partly reverse the HDM-induced airway 

hyperreactivity (paper I, figure 3B), it was concluded that one of the mediators released after 

HDM exposure was TNFα. Therefore, it was assessed if airway hyperreactivity induced by 

exposure to TNFα in vitro could also be inhibited by LXA4 (figure 10A). TNFα did indeed 

induce a marked increase in 5-HT responsiveness, which corresponded with previous published 

research (62). In addition, LXA4 could reduce airway hyperreactivity at three different 

concentrations (10, 100 and 1000 nM). This effect did not seem to be specific to LXA4, since 

also the positional isomer LXB4 reduced the Emax of 5-HT (figure 10B). That LXA4 can 

downregulate TNFα signalling has been observed before in human pulmonary endothelial cells 

(121). In these cells, exposure to an LXA4 releasing compound (oxidised 1-palmitoyl-2-

arachidonoyl-sn-glycero-3-phosphorylcholine, OxPAPC) decreased NF-κB activation, the 

important downstream protein complex involved in TNFα signalling (121). Furthermore, LXB4 

has been implicated before as being an anti-inflammatory lipid mediator in upper and lower 

allergic inflammation, not only through decreasing TNFα release from bone marrow 

mononuclear cells and stabilising mast cells, but interestingly also through accelerated decrease 

of levels of IL-4 and IL-13 and mRNA of their receptors (99). A possible receptor mediating 

the effect of lipoxins is the ALX/FRP2 receptor (paper I, table I). The results of the LXA4
 

studies are summarised in figure 13.  
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Fig. 10. Concentration-response curves of 5-HT four days of incubation with lipoxins or cysteinyl maresins and 

TNFα (100 ng/mL) or IL-13 (100 ng/mL). A, incubation with TNFα and presence or absence of LXA4 (10 – 1000 

nM) (n = 5-21). B, incubation with TNFα and presence or absence of LXB4 (100 or 1000 nM) (n = 7-13). C, 

incubation with TNFα and presence or absence of MCTR3 (1000 nM). D-E, incubation with IL-13 and presence 

or absence of MCTR3 (n = 4-13) or MCTR1 or MCTR2 (1000 nM, n = 4-6). Data represent mean ± SEM 

 

It was also assessed if a representative SPM from another SPM family branch, namely 

MCTR3, could reproduce the dampening effect of lipoxins. However, TNFα-induced 

hyperreactivity was not affected by the presence of MCTR3 (figure 10C). This suggests 

different mechanisms of action for these structurally different SPM subgroups, even though 

MCTR3 has been found to signal through the ALX/FPR2 receptor in LPS-induced acute lung 

injury (147). 

As for the cysteinyl maresin family, though not effective in dampening TNFα-induced 

airway hyperreactivity, they were found to dampen IL-13-induced airway hyperreactivity 

(figure 10D-E). IL-13 induced a somewhat lower hyperreactivity compared to TNFα, but still 

markedly increased 5-HT-mediated airway contractions. This airway hyperreactivity was 

resistant to corticosteroids as observed in this mouse model (paper IV, figure 1C) and has been 

shown before in human airways (26). This thus makes this anti-hyperreactive action of 

cysteinyl maresins finding important, as it offers a future lead for development of treatment of 

corticosteroid-resistant hyperreactivity of the airways.   

5.2.2 Receptors involved in lipoxin and cysteinyl maresin signalling 
As stated before, one explanation for difference in effectiveness of lipoxins and cysteinyl 

maresins in TNFα or IL-13-induced hyperreactivity could be different receptors involved. For 

lipoxins, the ALX/FPR2 could play a role (paper I, table I) and for cysteinyl maresins 

circumstantial evidence suggests involvement of the CysLT1 receptor. The anti-hyperreactive 

effect of MCTR3 could be blocked when pre-incubating tracheal segments with three 

structurally different CysLT1 receptor antagonists, being montelukast, zafirlukast and 

pobilukast (figure 11A-B). Noteworthy is the difference in concentrations needed to antagonise 

the effect of MCTR3 for the different antagonists. Whilst for zafirlukast a concentration of 10 

nM would suffice, for montelukast a 100-fold higher concentration was needed to obtain the 

same effect. This does not agree with the potencies of these antagonists blocking the CysLTs, 

as the potency of montelukast and zafirlukast is more or less the same for the CysLT1 receptor 

(192). Moreover, for pobilukast the same concentration was needed as montelukast (1000 nM), 

even though pobilukast is 10-fold less potent than montelukast in cell models and lung tissue 
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(192). Though cysteinyl leukotrienes do not contract murine airways, LTD4 was used as an 

agonist for the CysLT1 receptor to examine the possible anti-hyperreactive function of this 

receptor. However, incubation with LTD4 did neither reduce IL-13-driven airway 

hyperreactivity nor did it interfere with MCTR3’s reducing effect (figure 11C-D). 

This makes it therefore unlikely that cysteinyl maresins signal through binding at the 

orthosteric binding site of the CysLT1 receptor. It is possible that there are one or more 

alternative, allosteric binding sites present on the receptor, leading to a different signalling 

cascade that is responsible for the effect seen. Another possibility would be that another 

receptor is involved, one that also binds the antagonists tested. One candidate for this was the 

GPR17 receptor (193-195), but stimulation of this receptor could not reproduce the anti-

hyperreactive effect of cysteinyl maresins (paper IV, figure 6). Furthermore, an antagonistic 

effect of cysteinyl maresins on LTD4-signalling could not be seen in mouse as well as guinea 

pig tissue (paper IV, figure 5), as was shown by others before (97). A way to confirm 

involvement of the CysLT1 receptor is future experiments with CysLT1 knock out (CysLT1
-/-) 

mice.  Until then, it remains to be proven which receptor exactly mediates the anti-

hyperreactive effect of cysteinyl maresins in airways.  

Fig. 11. Concentration-response curves of 5-HT of tracheal segments incubated with montelukast (100 and 1000 

nM), zafirlukast (10 nM), pobilukast (1000 nM) or LTD4 (100 and 1000 nM) and MCTR3 (1000 nM) and IL-13 

(100 ng/mL). A-B, zafirlukast blocks MCTR3’s protective effect at a lower concentration than montelukast (n = 

3-12) and pobilukast (n = 7-13). C-D, LTD4 cannot reproduce (n = 7-8) nor interfere (n = 3-5) with MCTR3’s anti-

hyperreactive effect. Data represent mean ± SEM 

5.2.3 Other explorations of SPM modulation of airway hyperreactivity 
Several other experiments were performed to further describe the possible mechanisms 

underlying lipoxin and cysteinyl maresin signalling in airway hyperreactivity. First, for LXA4 

it was determined if it could induce a relaxation of non-inflamed, pre-contracted tracheal rings 

(figure 12A). However, up to 100 nM LXA4, which is the concentration used in all lipoxin 

experiments, no relaxation different from vehicle was seen. This thus excludes relaxations as a 

confounding factor. The same can be stated for the cysteinyl maresins, because if a general 

relaxant function would have been present, a decrease of the Emax 5-HT should have been 

observed not only in the IL-13-driven model but also the TNFα-driven model (figure 10C-E).  

Second, the epithelium present in the trachea offers a plausible target for SPMs. Binding 

would then lead to a release of secondary anti-inflammatory, anti-hyperreactive mediators or a 

blockade of pro-inflammatory, pro-hyperreactive mediators. This would then add an extra layer 
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to the control of the inflammation and resolution balance in airway tissue. That these 

mechanisms occur has been observed for SPMs in epithelium. Both LXA4 and MaR1 are able 

to inhibit migration of neutrophils over the epithelium and inhibit release of CXCL8 or TNFα 

(140, 196). Even so, removal of epithelium from mouse trachea did not alter the hyperreactivity 

induced by IL-13 nor did it change the anti-hyperreactive effect of MCTR3 (figure 12B). It 

makes it therefore more likely that both these substances, in this particular model, exert their 

effects on the smooth muscle cells. Though effects on other cells have not been excluded, such 

as effects on immune cells present or other structural cells.  

Modulation of airway contractility in non-inflamed mouse tracheal segments was also 

assessed, before continuing into the inflammatory models already described. This was done in 

analogy to the studies in guinea pig tissue. In these studies, it was found that cysteinyl maresins, 

when added at 30 minutes before performing concentration-response curves of carbachol, 

caused a significant (MCTR2 and MCTR3) half-log shift of the pEC50 as well as a trend 

towards reduction of the Emax (non-significant, p = 0.07 for MCTR1 and 3 and p = 0.17 for 

MCTR2, figure 12C). Something which could not be seen for U46619-mediated contractions 

(figure 12D).  

Fig. 12. Acute effects of LXA4 and cysteinyl maresins and role of the airway epithelium segments. A, 

concentration-response curve for LXA4 in PGF2α (3 µM) pre-contracted mouse tracheal segments (n = 7-10). B, 

effect of four-day incubation of epithelium positive (Epi+) and epithelium denuded (Epi--) mouse tracheal rings 

with MCTR3 (1000 nM) and IL-13 (100 ng/mL, n = 6-8). C-D, concentration-response curve of carbachol and 

U46619 after 30 minutes of pre-incubation with cysteinyl maresins (100 nM) in mouse tracheal rings. Data 

represent mean ± SEM 
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5.2.4 Summary 
In mouse trachea, HDM, TNFα and IL-13 cause a pronounced increase in airway 

responsiveness to 5-HT. Several types of SPM can counter this airway hyperreactivity. LXA4 

does this in HDM and TNFα-induced hyperreactivity when given via intranasal instillation, as 

well as during incubation of tissue explants. RvD1 and 17(R)-RvD1 can replicate this effect 

when given intranasally before HDM and LXB4 during incubation together with TNFα. The 

ALX/FPR2 receptor might play a role in lipoxin signalling in these experiments, but not the 

epithelium (summarised in figure 13).  

Cysteinyl maresins can reduce IL-13-induce hyperreactivity, which could be specific to 

this cytokine since they do not reduce hyperreactivity induced by TNFα. Cysteinyl maresin 

signalling is inhibited by known CysLT1 antagonists, though stimulation of the receptor by 

LTD4 does not modulate 5-HT mediated contractions (summarised in figure 14). This opens 

the possibility that cysteinyl maresins signal through a previously unknown allosteric site of 

the CysLT1 receptor, and thus points at a possibly anti-inflammatory function of this receptor. 

Fig. 13. Schematic summary of the main findings found in paper I and important remaining questions. HDM 

causes release of TNFα, which in turn causes airway hyperreactivity. This hyperreactivity can be reduced by LXA4.  

 
Fig. 14. Schematic summary of the main findings found in paper IV and important remaining questions. Cysteinyl 

maresins, known also as MCTRs, dampen IL-13-induced airway hyperreactivity but not TNFα-induced 

hyperreactivity.  CysLT1 antagonists block the anti-hyperreactive effect of cysteinyl maresins, but the CysLT1 

agonist LTD4 does not have any dampening effect, nor does the GRP17 agonist MDL29951. 
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5.3 PGD2-DP1R AS AN AUTO-INHIBITORY AXIS IN MAST CELL MEDIATED 
AIRWAY CONSTRICTION (PAPER III) 

One part of the effect of SPMs are their anti-inflammatory actions. But they are not the only 

lipid mediators having anti-inflammatory effects in airway tissue. Even though prostanoids are 

generally known for their pro-inflammatory functions, they also have been found to mediate 

anti-inflammatory effects. A well-known example is PGE2, which can inhibit activation of mast 

cells in human lung tissue, thus reducing antigen-induced bronchoconstriction (74). Another 

example is PGI2, which not only causes smooth muscle relaxation, but can also inhibit release 

of cytokines and interacts with immune cells from the innate as wells as the adaptive immune 

system (7, 197). This relates to the work in this thesis, which uncovers a similar mechanism for 

PGD2 as for PGE2 in OVA-induced constriction of tracheal rings from sensitised guinea pigs. 

5.3.1 PGD2 is produced by the COX-1 enzyme in mast cells and inhibits 
OVA-induced guinea pig airway constriction 

In the initial experiments it was verified that a bolus dose of OVA induces a marked contraction 

tracheal segments from OVA-sensitised guinea pigs (figure 15) (198). This contraction was 

reduced over time, though did not return to basal tension for 90 minutes. Furthermore, when 

the tissue was pre-treated with the unselective COX-inhibitor indomethacin, OVA-exposure 

induced an increased contraction which was sustained over time. However, when the FLAP/5-

LOX enzyme was blocked by MK-886, this resulted in a decreased contraction that returned to 

baseline tension within 45 minutes. 

Three main groups of substances released from mast cells can be distinguished when 

analysing the concentrations of lipid mediators released after OVA exposure and blockade of 

COX-enzymes or the 5-LOX enzyme. First, unselective COX blockade as well as COX-2 

blockade led to an almost complete inhibition of release of PGE2, PGF2α and the PGI2 

breakdown product 6-keto-PGF1α (paper III, figure 2), with no effect of FLAP/5-LOX 

blockade. This thus showed that these lipids are formed by the COX-2 enzyme. Second, 

unselective COX blockade, but not COX-2-specific blockade nor FLAP/5-LOX blockade, 

inhibited release of PGD2, TXB2, and 12-HHTrE. This led to the conclusion that the latter lipids 

are formed by the COX-1 enzyme. Finally, the concentrations of the leukotriene LTB4 and the 

contractile cysteinyl leukotriene LTE4 were decreased by FLAP/5-LOX blockade, unchanged 

by COX-2-specific blockade but increased by unselective COX-inhibition. As unselective 

COX inhibition, but not COX-2-selective inhibition, increased the concentration of the 

contraction-inducing LTE4, it was concluded that the substance mediating the inhibiting effect 

seen in figure 15 must come from COX-1, thus being PGD2 or TXB2 products. 

Fig. 15. Traces and area under the curve (AUC) of tracheal segments exposed to a bolus dose OVA (100 µg/mL) 

and presence or absence of indomethacin (3 µM) of the FLAP/5-LOX inhibitor MK-886 (10 µM). Data represent 

mean ± SEM with n = 5 

 

Two inhibitors were used to specifically inhibit haematopoietic prostaglandin D2-

synthase (PPCA) or thromboxane A synthase (ozagrel) to further define which COX-1-

produced lipid mediator was responsible for the dampening effect observed (figure 16). 

Blockade of PGD2 formation by PPCA resulted in an increased and sustained contraction after 
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OVA exposure (figure 16A), an effect that was similar to that observed in figure 15. However, 

blockade of the TXA2/TXB2 pathway had no effect on OVA-induced contractions (figure 16B). 

Consequently, the reduction of OVA-induced contraction was attributed to PGD2.  

In the following investigations the inhibitory function was confirmed, and the receptor 

involved was further investigated. To start with, tracheal segments were incubated with three 

concentrations PGD2, after which OVA concentration-response curves were made (figure 

17A). These experiments could show that PGD2, concentration-dependently, decreased OVA-

induced contractions. Second, the dampening effect of PGD2 could be reproduced when using 

another DP1 receptor agonist (BW 245c), but not when using the DP2 receptor agonist 15(R)-

15-methyl PGD2 (figure 17B). Finally, the involvement of the DP1 receptor was further 

confirmed by usage of a DP1 antagonist (MK-524), which concentration-dependently inhibited 

the DP1 agonist (figure 17C). 

Fig. 16. A, traces and AUC of guinea pig tracheal segments exposed to a bolus dose OVA (100 µg/mL) and 

presence of SQ-29,548 (1 µM) and presence or absence of the haematopoietic prostaglandin D2-synthase inhibitor 

PPCA (1 µM). B, concentration-response curve of OVA in presence of SQ-29,548 (1 µM) and presence or absence 

of the thromboxane A synthase inhibitor ozagrel (10 µM). C, Release of TXB2 after OVA and ozagrel (1-10 µM).  

Data represent mean ± SEM with n = 6-9 
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Fig. 17. OVA concentration-response curves in guinea pig trachea in presence of indomethacin (3 µM) and SQ-

29-548 (1 µM). A, in presence of PGD2 (0.1 - 10 µM). B, in presence of the DP1 receptor agonist BW 245c (0.1 – 

10 µM) or the DP2 receptor agonist 15(R)-15-methyl PGD2. C, in presence of BW245c (10 µM) and presence or 

absence of the DP1 receptor antagonist MK-524 (10 – 1000 nM). Data represent mean ± SEM with n = 5-8 

 

In another experimental setting it was confirmed that DP1 receptor activation with BW 

245c leads to a decreased constriction after OVA exposure. Here, increased concentrations of 

BW 245c led to decreased release of histamine and cysteinyl leukotrienes after addition of a 

bolus OVA, with a concomitant decreased Emax of the induced contraction (figure 18A-C). 

Also, the DP1 receptor antagonist MK-524 reversed the dampening effect of BW-524 on OVA-

induced contractions (figure 18A) as well as reversing the decreased release of cysteinyl 

leukotrienes mediated by the DP1 agonist (figure 18C). 

Fig. 18. Traces of OVA responses in guinea pig trachea with simultaneous release of histamine and cysteinyl 

leukotrienes in presence of indomethacin (3 µM), BW 245c (0.1 - 10 µM) and presence or absence of MK-524 

(0.1 µM). A, OVA-induced contraction. B, histamine release after 15 min. C, cysteinyl leukotriene release after 

90 min. Data represent mean ± SEM with n = 5-6 
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A following investigation was started to further prove that endogenously released PGD2 

mediated this inhibitory effect as well. To this end, an OVA concentration-response curve and 

bolus dose exposure were performed with the presence of the DP1 receptor antagonist MK-524 

present (figure 19). Here it was shown that PGD2 is released upon OVA stimulation, and this 

released PGD2 inhibits further contraction. This is done through the DP1 receptor by inhibiting 

release of the contractile mediators histamine and cysteinyl leukotrienes. 

As a final series of experiments, it was excluded that DP1 receptor stimulation with PGD2 

could modulate (dampen Emax or right shift the pEC50) histamine or LTD4-induced contractions 

or that it could cause relaxation in tracheal segments (paper III, figure 7). If so, this would have 

been an alternative explanation for the decreased contractions seen. However, the DP1 receptor 

agonist did not change histamine or LTD4-induced contractions, nor did it induce a relaxation 

of pre-contracted tracheal segments. 

Fig. 19. Concentration-response curve and traces of OVA responses with simultaneous release of histamine and 

cysteinyl leukotrienes in presence of indomethacin (3 µM) and MK-524 (0.1 µM). A, OVA-induced contraction. 

B, OVA bolus induced contraction. C, histamine release after 15 min. D, cysteinyl leukotriene release after 90 

min. Data represent mean ± SEM with n = 5-6 

5.3.2 Summary 
Despite the over 40-year-old knowledge that unselective COX-inhibition augments lipid 

mediator release and bronchoconstriction induced by antigen (199, 200) and that certain asthma 

patients experience increased bronchial constriction after NSAID usage (201), no mechanism 

underlying these observations has been proven without reasonable doubt. Though increased 

availability (shunting) of arachidonic acid from the COX-pathway to the 5-LOX-pathway has 

often been proposed, the experiments presented here now shown that this actually does not 

seem to be the case. PGD2 is formed by the COX-1 enzyme in OVA-sensitised guinea pigs and 

released after OVA-exposure of isolated tracheal segments. This endogenously released PGD2 

acted through the DP1 receptor, resulting in a decreased release of histamine and leukotrienes 

and ultimately reduced OVA-induced contractions. This effect could be replicated by the 

exogenous administration of PGD2 to the organ-bath set up. PGD2 had no effect on histamine 

or LTD4 mediated contractions nor did it induce relaxation.  

This thus offers evidence for a PGD2-driven negative feedback loop present in mast cells 

when stimulated by antigens, similar to the inhibitory effect of PGE2 on human mast cell-

dependent bronchoconstriction, mediated by the EP2 receptor (summarised in figure 20). 

Further investigation is warranted to examine if the effect of PGD2 also is present in human 

mast cells. The dampening effect of PGD2 might be somewhat surprising since PGD2 is 

considered a pro-inflammatory mediator (202, 203). However, this proves that anti-

inflammatory functions should not only be expected within the SPM group of lipid mediators, 

but within the prostanoid and even the leukotriene group as well (204). Moreover, it should be 

kept in mind that possible detrimental effects can occur when blocking the production of a 

whole group of lipid mediators, as is done with NSAIDs blocking prostanoid formation. 
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Fig. 20. Schematic summary of the main findings found in paper III. OVA causes mast cell activation in mast 

cells from OVA-sensitised guinea pigs. Mediators are released upon activation and induce contraction. However, 

PGD2 also decreased further release of contractile mediators from mast cells through DP1 agonism. This ultimately 

dampens OVA-induced contractions, thus making PGD2 serve as a negative autocrine signal for guinea pig mast 

cells. 

 

5.4 ROLE OF MAST CELLS AND MAST-CELL DERIVED 5-HT IN AIRWAY 
HYPERRESPONSIVENESS (PAPER II) 

Mast cells are known effector cells for allergen-induced bronchial constriction. In paper III of 

this thesis, it has been described that lipid mediators mediate important functions in airway 

constriction by mast cells. However, not only lipid mediators mediate contractile and anti- or 

pro-inflammatory responses, but also other substances such as 5-HT have inflammatory and 

pro-contractile functions (23, 205-207). 5-HT causes contraction of isolated mouse tracheal 

segments, as also observed in paper I and IV. Histamine however does not induce contraction 

in mice airways, as opposed to in human or guinea pig airways (26, 198).  

It is known that HDM-sensitisation and challenge causes mast cells to migrate to areas 

in the airway close to the epithelium and smooth muscle (208). Nevertheless, the functional 

implications of this migration are not clear and often investigated with usage of knock-out mice 

having lost c-kit expression, which causes mast cell depletion (208). Even so, this effect is not 

always mast cell specific, making it possible that the phenotypes observed are not attributable 

solely to the loss of mast cells (209). This investigation therefore served to dissect out mast cell 

mediated effects on airway hypercontractility, using another mast cell depleted mouse strain: 

Cpa3Cre/+. These mice express Cre-recombinase instead of mast cell carboxypeptidase A3 

(Cpa3), which more specifically initiates mast cell death. 

5.4.1 Consequences of different genetical modifications of mast cells on 
airway hyperreactivity 

HDM was administered every third day for 18 days to induce airway inflammation and 

hyperreactivity in mice (paper II, figure 1A). Repeated administration of HDM could induce a 

10-fold increase in potency of carbachol, without effecting the Emax (figure 21A). In addition, 

there was no difference in carbachol-induced contractions between mast cell depleted (CpaCre/+) 
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and non-depleted (Cpa+/+) mice. Differences could be observed when looking at 5-HT-

mediated contractions (figure 21B). First, as expected, HDM-exposure induced an airway 

hyperreactivity seen as increased airway contractions in tracheal segments from both mast cell 

depleted and non-depleted mice.  

Second, segments from mast cell-depleted mice displayed an increased potency of 5-HT 

in mediating contractions, compared to those from non-depleted mice. Though at first glance 

this effect might be unexpected, an explanation could be that a constant release of 5-HT from 

mast cells causes a level of tachyphylaxis of the 5-HT2a receptor, which is not happening in 

airways from mast cell depleted mice.  

To demonstrate that HDM causes activation of mast cells, which in their turn release 

contractile substances like 5-HT and acetylcholine, tracheal segments were exposed to a bolus 

HDM (figure 21C). The absence of mast cells completely inhibited the HDM-induced 

contraction. Moreover, mice lacking functional Fc receptors due to loss of the γ-subunit 

(Fcer1g-/-) were used to prove that HDM-induced contractions were due to mast cells activation 

by cross-linking of IgE receptors (Fc receptors). Indeed, loss of the Fc-receptor also resulted in 

a complete loss of HDM-induced contractions (figure 21D).   

It was shown that loss of the major form of mast cell tryptase (Mcpt6-/- mice) does not 

influence the constriction induced by HDM (figure 21E). The question left then, was which 

mediator actually caused the contractions seen. Therefore, segments were incubated with the 

5-HT2a receptor antagonist ketanserin and the non-selective muscarinic receptor antagonist 

atropine (figure 21F). Both ketanserin as well as atropine almost completely inhibited HDM-

induced contractions. This effect of both atropine and ketanserin has been found before (210, 

211). It is still under debate which mediator, 5-HT or acetylcholine, actually activates mast 

cells and which one is released after antigen-exposure and caused airway constriction. It has 

been ascertained that mouse mast cells contain and release 5-HT (212). This released 5-HT has 

been hypothesised to activate airway epithelium, which would then release acetylcholine. This 

acetylcholine would then mediate the actual contraction (210).  Nevertheless, usage of a murine 

OVA model also showed an epithelium-independent mechanism, in which 5-HT from mast 

cells caused release of acetylcholine, which again would contract the airways (211).  

5.4.2 Mast cell activation by the M3 receptor 
The mechanisms of antigen-induced mast cell activation and airway contractions were 

dissected out in further experiments. These experiments resulted in four lines of evidence:  

 

1. Precision cut lung slices (PLCS) showed a diminished contraction after HDM exposure 

in CpaCre/+ mice (paper II, figure 4). 

2. Mast cells synthesised 5-HT and released this upon HDM exposure, also in the lower 

airways (paper II, figure 4). 

3. HDM-sensitised mice displayed methacholine mediated airway hyperresponsiveness, 

which was blocked by ketanserin and reduced after loss of mast cells (paper II, figure 

5).  

4. Mast cells expressed the M3 receptor and release 5-HT upon methacholine stimulation 

(paper II, figure 6). 

   

These data show that it is indeed possible that in an allergic inflammatory setting, antigen 

causes 5-HT-release from mast cells, which in turn initiates release of acetylcholine from 

parasympathetic nerve endings causing contraction of airway smooth muscle and further 

activation of mast cells. Still, another mechanism could also be at play. It could be that HDM-

sensitisation and exposure causes a neuronal reflex leading to release of acetylcholine, which 

in turn stimulates 5-HT release from mast cells that then binds and activates the 5-HT2a receptor 

present on the airway smooth muscle. The importance of neuronal tissue in inflammatory 

airway diseases and mast cell activation is known and affected by inflammation itself (213-
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217). This would also be in line with data on cytokine-exposed isolated tracheal tissue from 

unsensitised mice, in which 5-HT was observed to directly contract smooth muscle, with only 

a minor component being secondary release of acetylcholine from nerve endings (62) (paper I, 

figure 6). Finally, other inflammatory cells could also be involved in the effects seen. Mast 

cells are not the only cells that can modulate airway responsiveness, as for example 

eosinophilic lung infiltration also increases 5-HT responsiveness, again through interactions 

with nerves (218). 

Fig. 21.  Concentration-response curves, traces and Emax of HDM (50 µg) responses in different mouse mast cell 

KO models. A-B, carbachol and 5-HT in mast cell deficient (Cpa3Cre/+) and mast cell non-deficient (Cpa3+/+) mice. 

C, HDM in wildtype (WT) and Cpa3Cre/+ mice. D, HDM in WT and Fc-receptor deficient (Fcer1g-/)- mice. E, HDM 

in WT and major form of mast cell tryptase deficient (Mcpt6-/-) mice. F, Effect of atropine and ketanserin in 

tracheal segments from HDM-sensitised, WT mice. Data represent mean ± SEM with n = 4-9 
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5.4.3 Summary 
Mast cells in the lower and upper airways play an important role in antigen (HDM)-induced 

contractions. Their activation by HDM, which is a mixture of different enzymes, other proteins, 

LPS and more, results in airway smooth muscle contraction, but also enhances airway 

hyperresponsiveness. Frequent release of 5-HT might decrease 5-HT responsiveness of airway 

smooth muscle.  Loss of mast cells and loss of their Fc receptors led to a complete inhibited 

response upon HDM exposure. Mast cells expressed the M3 receptor and stimulation by 

acetylcholine and methacholine resulted in release of 5-HT and increased airway 

hyperresponsiveness. The released 5-HT from mast cells might release further acetylcholine 

from parasympathetic nerve endings but could also directly contract the airways. This is 

summarised in figure 22. 

 
Fig. 22. Schematic summary of the main findings found in paper II and remaining questions. HDM causes airway 

contraction and hyperresponsiveness in HDM-sensitised mice. This contraction might be due to Fc receptor 

mediated release of 5-HT, which causes nerve-endings to release acetylcholine (Ach). This Ach might then 

contract the airway smooth muscle. Alternatively, HDM causes neuronal release of Ach, which activates mast 

cells to release 5-HT. 5-HT then contracts the airway smooth muscle. 

 





 

 39 

6 GENERAL DISCUSSION 
Two key pathophysiological processes that underpin many symptoms of asthma are increased 

contractility of the airways and airway inflammation. Though two distinct features, it is airway 

inflammation that can lead to the development of airway hyperreactivity (26, 36, 62, 198, 219). 

The beneficial effects of corticosteroids in the management of asthma symptoms also relate to 

their anti-inflammatory effects (220). Nevertheless, corticosteroid-resistant, airway 

hyperreactivity in severe asthma exists (26, 221). In addition, blockade or dampening of some 

pathways of inflammation, does not lead to complete resolution of airway inflammation.  

Lipid mediators play important roles in mediating airway inflammation and modulation 

of the contractile state of the airways in asthma (222). They possess pro-inflammatory (76, 

223), pro-contractile (86) as well as anti-inflammatory and pro-resolving functions (6). 

Therefore, these mediators constitute an attractive target for future treatment options to resolve 

ongoing inflammation in asthma and other chronic-inflammatory diseases. Main emphasis was 

put on the SPM group of lipid mediators and how they modulate airway contractility because 

of their anti-inflammatory and anti-hyperreactive potential. First the guinea pig was used, as it 

offers some advantages over mice in airway research due to e.g., similarities in receptors 

present in lung tissue, physiological control of airway contractility and pathophysiological 

mechanisms (224). 

It was first investigated if SPMs would influence the contractile state of non-inflamed 

guinea pig airway tissue, having in mind the direct contractile effects of many lipid mediators 

from the AA-COX/LOX-pathways. Not many acute effects of selected SPMs were observed, 

except for the finding that maresin 1 potentiated sarafotoxin 6b- and endothelin 1-mediated 

constrictions in tracheal and aorta rings. Apart from this, the main conclusion was that either 

the guinea pig is not a good model for SPM and resolution biology in the airways, or SPMs are 

not directly involved in the contractile state of airway smooth muscle, at least not outside the 

inflammatory milieu. Which is not an all too surprising finding since SPMs are formed as part 

of the late inflammatory response (90), when a return to katabasis is needed again. Though this 

would not have excluded a direct relaxant effect in analogy to PGI2, which is an anti-

inflammatory lipid mediator as well (225).      

However, given the essentially negative results in guinea pig and previous observations 

pointing at SPMs primarily being effective during inflammation, a more appropriate 

experimental setting was needed. Even so, without the widespread availability of guinea pig 

specific cytokines, investigations of SPM biology is difficult. Mouse-specific cytokines 

however are readily available, and several pro-inflammatory stimuli are prone to induce airway 

hyperreactivity (62, 212, 226, 227). HDM, TNFα and IL-13 all induced airway hyperreactivity 

that is observed as an increased contraction to 5-HT. Increased contractions of 5-HT are of 

interest as 5-HT is the mediator that is released from mouse mast cells during allergic 

inflammation (212). A role that is served by histamine and leukotrienes in human mast cells 

(23, 228). 

Several SPMs were found to have an anti-hyperreactive activity in different models of 

airway hyperreactivity. Lipoxin activity was observed across HDM and TNFα-induced 

hyperreactivity, suggesting a mechanism in which lipoxins interfere with TNFα signalling 

(figure 13). This was further supported by the fact that part of the effect of HDM could be 

blocked by the TNFα inhibitor etanercept, suggesting TNFα release after HDM exposure. A 

mechanistic explanation would be that TNFα binding leads to upregulation of the 5-HT2a 

receptor. Another would be a more general smooth muscle effect of lipoxins, such as 

upregulation of L-type Ca2+ channel upregulation. This that has been shown for CXCL8 and 

TNFα-induced airway hyperreactivity before (229). The anti-hyperreactive actions could be 

related to ALX/FPR2 signalling, as ALX-FPR2 agonists (lipoxins and RvD1) were effective 

in blocking HDM-induced hyperreactivity and an ALX-FPR2-antagonist partly blocked the 

anti-hyperreactive effect of LXA4. A downstream mediator affected by LXA4 signalling might 
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be NF-κB. This important effector protein complex of TNFα, has been found to be inhibited 

by LXA4 before (174, 230, 231).  

LXA4 was not 100% effective in blocking hyperreactivity. This might have been due to 

the concentrations used, duration of effect of SPM vs TNFα, chemical stability or other 

unknown factors. Moreover, the LXA4 function could also be specific to TNFα-NF-κB 

signalling in airway tissue. Furthermore, etanercept did not completely block airway-

hyperreactivity after HDM exposure. HDM thus not only caused airway hyperreactivity 

through release of TNFα, but possibly also through release of other pro-contractile cytokines. 

This could be the type 2 cytokine IL-13. Airway hyperreactivity induced by IL-13 was found 

to actually be dampened by another group of SPMs: the cysteinyl maresins (figure 14). The 

cysteinyl maresin activity seemed to be restricted, in that they were not able to interfere with 

the pro-contractile effect of TNFα. This action of cysteinyl maresins was novel. Even more 

intriguing was the way the CysLT1 receptor seemed to be involved, namely not through its 

orthostatic binding site.  

Due to the shared cysteinyl moiety, research focus has been on the possible competitive 

antagonism of cysteinyl maresins for the CysLT1 receptor (97, 145), However, our 

investigations showed that cysteinyl maresins could not shift the LTD4 concentration-response 

curve in guinea pig tracheal tissue. Despite this, the anti-hyperreactive effect of cysteinyl 

maresins was inhibited by CysLT1 receptor antagonists in mouse tracheal tissue. Others have 

found before that MCTR1 or MCTR3 could prevent LPS-induced lung or cardiac disfunction 

(146, 147, 232). Interestingly, one investigation pointed at cysteinyl maresin activity on another 

receptor: the ALX/FPR2 receptor with involvement of the airway epithelium (147). Though in 

our own experiments, epithelium removal had no effect on the anti-hyperreactive effect of 

MCTR3. A protective function of the CysLT1 receptor has been found before. Here, CysLT1 

receptor knock-out mice showed an increased airway hyperresponsiveness in a model of 

irritant-induced asthma (204). Other experiments looking at CysLT1 activation should further 

clarify if and how cysteinyl maresins bind to this receptor, possibly by biased agonism or via 

orthosteric modulation. It could be of interest as well to investigate if an ALX/FPR2 receptor 

antagonist is able to interfere with cysteinyl maresin signalling and if lipoxins can repeat the 

effect of cysteinyl maresins in this model.  

Guinea pig tracheal tissue was used to clarify the mechanism, mediator and receptor 

responsible for increased OVA-induced airway constriction after unselective COX-inhibition 

(figure 20). Mast cell exposure to OVA-induced PGD2 production by the COX-1 enzyme and 

subsequent release.  PGD2 then functioned as negative feedback signal to mast cell via the DP1 

receptor. DP1 receptor activation of mast cells led to a decreased release of histamine and 

cysteinyl leukotrienes, resulting in decreased airway contraction. This mechanism was similar 

to the auto-inhibitory effect of PGE2 on mast cells present in human lung tissue via the EP2 

receptor, which also resulted in decreased levels of histamine and leukotrienes and ultimately 

dampened airway constriction (74).  

PGD2 is well known for its pro-inflammatory role in type 2 inflammatory asthma, being 

associated with a decreased lung function, increased exhaled NO and lung eosinophilia (222), 

often through the DP2 (CRTH2) receptor (76). An in-built anti-inflammatory function into an 

otherwise more pro-inflammatory mediator could serve as to prevent excessive inflammation 

and associated damage. This balancing act is thus seen in prostaglandin signalling, but LXA4 

could be considered in the same way. Most arachidonic acid metabolites possess predominantly 

pro-inflammatory traits, but simultaneous release of LXA4 balances these, thus preventing 

excessive inflammation.  

This also brings the attention to the usage of drugs like NSAIDs. Complete blockade of 

enzymes important for the production of mediators involved in many processes in the body, 

such as COX-enzymes, does not always go unpunished. In this case, there is a group of 

aspirin/NSAID intolerant asthmatics suffering from asthma worsening upon ingestion of these 

compounds, often referred to as aspirin-exacerbated respiratory disease (AERD) (233). 
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Moreover, NSAID intake leads to hospitalisations due to gastro-intestinal bleeding and 

respiratory symptoms (234) and other effects include increased risk of heart and renal failure 

(235, 236). Of course, efforts have been made to prevent this by usage of for example gastro-

protective drugs like proton-pump inhibitors and the development of COX-2-specific 

inhibitors, but these have cardio-vascular side-effects as well (237).  

Next to LOX enzymes, COX enzymes contribute to the formation of SPMs as well. In 

this case, COX inhibition could result in a decreased production of SPMs leading to the 

hampering of the resolution process (90). Result of this would be a continuation of 

inflammation into a more chronic form, leading to increased inflammation-associated damage. 

The development of stable SPM analogues or selective agonists of their receptors could 

therefore be a better treatment strategy, compared to NSAID-mediated blockade of pro-

inflammatory pathways. SPM based drugs would then be used to induce resolution of chronic 

inflammation underlying inflammatory diseases. Other options are modulation of receptors. 

An example would be a combination of a DP2-receptor antagonist to prevent allergen-induced 

airway inflammation plus a TP-receptor antagonist to prevent associated airway contractions 

(198). An inhaled, combined EP2-EP4 receptor agonist could be another method as to decrease 

mast cells activation and airway hyperreactivity in allergic airway disease (74). 

The finding that mast cell depletion in genetically modified mice resulted in significantly 

reduced allergic airway inflammation and hyperreactivity, further substantiated the importance 

of mast cells in allergic inflammation (figure 22). However, the presence of mast cell during 

repeated intranasal administration of HDM was not necessary for an increased pEC50 of 

carbachol in isolated tracheal segments. Furthermore, mast cell presence resulted in a decreased 

5-HT-mediated contractility in isolated segments, compared to those from mast cell depleted 

mice. This thus pointed at the existence of a possible counter-balancing mechanism leading to 

a decreased airway contraction, possibly being receptor tachyphylaxis.  

Another main finding was the existence of the M3-receptor on mast cells, as well as other 

immune cells like eosinophils and neutrophils. In mouse mast cells, M3-activation would lead 

to release of 5-HT. This receptor was also found on human mast cells and led to Ca2+-

mobilisation. Though not done now, it would have been interesting to investigate if M3 receptor 

stimulation would have resulted in the release of histamine and leukotrienes. If so, this would 

have pointed at a role of acetylcholine from nerve endings in activation of mast cells and airway 

contractions. It has been shown before that such an interaction between mast cells and nerves 

can indeed lead to inflammation and airway contraction (211, 214, 218). Nevertheless, vagal 

nerve ending are also implicated in the timely resolution of (airway) inflammation. Vagal nerve 

stimulation can activate certain cells involved in lung injury repair (238) or induce release of 

SPMs (239). What can be concluded is that mast cells are necessary for allergen-induced 

airway constriction and mast cell activation leads to aggravated airway hyperresponsiveness.    

The general aim of this thesis was stated as: to investigate if selected SPMs have anti-

hyperreactive properties, how COX-inhibition results in increased airway constriction and if 

mast cells are necessary for antigen-induced contraction and airway hyperreactivity. The 

investigations showed indeed that diverse lipid mediators had anti-hyperreactive activities in 

cytokine and antigen-induced airway hyperreactivity. Provided that these findings can be 

translated in humans as well, stable lipid mediator analogues or other receptor antagonists 

might offer future treatment strategies for inflammatory airway diseases such as asthma. In 

doing so, special focus should be placed on modulation of airway mast cell activity to further 

lessen airway inflammation and hypercontractility. 
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7 CONCLUSIONS 
 

The main conclusions that can be distilled from this thesis are: 

 

• The SPMs tested do not cause acute contraction or relaxation of guinea pig tracheal 

tissue. Nonetheless, maresin 1 and protectin DX might potentiate ETa/ETb-mediated 

contractions. 

 

• LXA4 has an anti-hyperreactive effect that dampens HDM and TNFα-induced airway 

hyperreactivity when given intranasally or during incubation of tracheal segments. 

 

• Cysteinyl maresins are able to reduce steroid-resistant airway hyperreactivity induced 

by IL-13. This effect is possibly achieved through an allosteric binding site of the 

CysLT1 receptor. 

 

• Lipoxins, cysteinyl maresins and their receptors are potential new targets for the 

development of drugs modulating airway responsiveness. 

 

• Prostaglandin D2 released by guinea pig mast cells serves as an auto-inhibitory signal 

via the DP1 receptor, reducing release of the contractile mediators histamine and 

cysteinyl leukotrienes and ultimately airway constriction. 

 

• Lung mast cells are imperative for HDM-induced airway constriction and increase 

airway hyperresponsiveness possibly through mast cell-nerve interactions. 

 

• The findings remain to be validated in humans, as animal models were used in these 

investigation. 
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you are quite a special, unconventional, and intelligent person. Hopefully, one day, you will 

show me the beautiful countryside of China and otherwise I will come and visit you in Sweden. 

Big thank you to all the other members of our lab: Anna James, though we have not 

seen each other so much during the years, it was always nice talking to you, especially as it 

gave me the chance to listen to your beautiful English pronunciation. Maria Belikova, you 
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were a nice colleague to work with and always handy to have around, since everything was 

clean and in order when you were there ;). Good luck with the rest of your PhD-studies and 

becoming a specialist doctor. Maria Mikus, what a pity you have never had the time to take a 

look at my experiments! Have a wonderful time with your new-born son and your husband. 

Anna-Karin Johnsson, you are relaxed and knowledgeable, really great to have around and a 

big asset for your new lab. Roelinde Middelveld, de gesprekjes die wij hadden vond ik altijd 

heel erg fijn. Hoewel jij al 20 jaar in Zweden woont, en ik Nederland niet per se erg miste, 

vond ik het toch leuk om een soort nederlandse verbinding te hebben. Op deze manier kon ik 

natuurlijk mijn Nederlands ook nog een beetje onderhouden! Veel succes op je nieuwe 

werkplek en hopelijk komen we elkaar nog eens tegen, hetzij in Nederland of Zweden. 

Lingling and Caijuan, good luck with finishing up your PhD-studies or in the case of Caijuan, 

the upcoming two years of experiment here in Sweden. Both of you are lucky to always be able 

to count on help from Jielu. And Anita Sydbom, this last year with all the Zoom meeting, you 

have become this person that is always sitting in such a cosy home :). Thank you for sharing 

your knowledge of your favourite molecule histamine. Also, past lab members Alexandra Ek, 

Joshua Gregory, Patricia Ramos Ramírez and my great help Malin Noreby. Lastly, the 

people from the ENT-group which whom we shared our corridor during the early days of my 

PhD-studies: Susanna Kumlien Georén, Cecilia Drakskog, Sandra Ekstedt, Eric 

Hjalmarsson, and past members Lotta Tengroth and Nele de Klerk. 

Big thank you to Jenny Hallgren Martinsson and Erika Haide Mendez Enriquez for 

the great scientific collaboration we had, and the help I got to make my defence happen. 

Olivia Larsson, I have enjoyed and appreciated our talks over at AFL. Good luck with 

your busy job. 

And thank you to my mentor, Anders Tengholm. The research project at your 

department was in itself already a really fun experience. On top of that, it also paved the way 

for me to find a great place in Sweden to obtain my PhD.   

Sannaliina Nikula, you have been a great and relaxed landlady and ‘far away’ friend. I 

would wish for everybody to have such a nice landlady.  

Natuurlijk ook een bedankje voor jou, Eline Stoutjesdijk. Ik waardeer onze gesprekjes 

altijd zeer en ze helpen mij altijd weer vooruit. Succes met je verdere opleiding tot klinisch 

chemicus en wie weet worden we ooit collega’s.  

En mijn promotieplek had ik denk ik nooit gekregen zonder de hulp van Martina 

Schmidt. Bedankt voor de positieve aanbevelingsbrief waardoor ik een tijd onderzoek heb 

kunnen doen in Uppsala. Dit heeft daarna zeker meegeholpen bij het verkrijgen van mijn 

promotieplek. 

Dirk en Marleen, René, Marloes, Juna en Vera. Bedankt voor alle gezellige barbecues 

de afgelopen jaren. En niet te vergeten de ontelbare cappucino’s en chai-lattes bij de Doppio. 

En dan mijn lieve schoonfamilie in Nederland. Hannie en Arno, het is alweer 15 jaar 

geleden dat ik jullie heb leren kennen. Vanaf het begin hebben we het altijd met elkaar kunnen 

vinden en zijn jullie mij erg dierbaar geworden. Nog maar vijf jaar geleden zaten we bij jullie 

op de bank te dromen van een promotie en leven in Zweden, en nu is het alweer voorbij. 

Bedankt voor alle steun gedurende deze tijd en voor de vele ontspannende weekeinden in jullie 

warfstermolenparadijsje!  En natuurlijk ook bedankt voor de andere familieleden: Sanneke, 

Franke, Marijn en Melle en Michiel, Lisette en Wander. Het is altijd fijn om met jullie te 

praten over van alles en nog wat, of in het geval van Marijn en Melle, even lekker te stoeien. 

Leafste heit en mem, no binne jimme ek oan bar fanselts. Sûnder jimme hie ik hjirre net 

stûn. Letterlik net, mar wichtiger noch troch al jimme stype en oanmoedigingen ha ik alles 

berikke kint wat ik graach woe. Ek at we inoar net hielendal begrype hat it jimme nea 

tsjinholden om foar my klear te stean en my te helpjen. Mear kinne jin tink ik net freegje fan 

jins âlders. Jimme binne geweldige, beskeiden, hurdwurkjende, ferstanniche en foaral 

oergryslik leave minsken. Dankewol foar alles.  
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En wis ek myn suskes en alle oanhing dy garre is de lêtste jierren: Wilma, TW, Aniek 

en Janne en Sjoukje, Folkert, Mette en Jilles. Alle gesellige famyljegearkomsten at we wer 

yn Nederlân wiene en de grappige filmkes fan de bern binne tige wolkom west yn dizze drokke 

jierren. 

Om te eindigen met mijn liefste Maarten. Wat een ontzettend leuke, bijzondere maar 

ook soms moeilijke vijf jaren hebben we (bijna) achter de rug. Wie had gedacht dat na onze 

vele vakanties in Zweden en Stockholm, we hier ook echt een tijd zouden gaan wonen. Je hebt 

altijd interessante en doordachte ideeën en meningen, je bent onzettend lief en hebt mij altijd 

ondersteund. Hopelijk kunnen we nu weer een beetje tot rust komen en straks neerstrijken in 

een huisje ergens met een prachtige tuin.  

 

 





 

 49 

9 REFERENCES 
 

1. Skloot, G. S. (2016) Asthma phenotypes and endotypes: a personalized approach to 

treatment. Current opinion in pulmonary medicine 22, 3-9 

2. Papi, A., Brightling, C., Pedersen, S. E., and Reddel, H. K. (2018) Asthma. Lancet 

(London, England) 391, 783-800 

3. Peebles, R. S., Jr. (2019) Prostaglandins in asthma and allergic diseases. Pharmacol 

Ther 193, 1-19 

4. Back, M., Dahlen, S. E., Drazen, J. M., Evans, J. F., Serhan, C. N., Shimizu, T., 

Yokomizo, T., and Rovati, G. E. (2011) International Union of Basic and Clinical 

Pharmacology. LXXXIV: leukotriene receptor nomenclature, distribution, and 

pathophysiological functions. Pharmacol Rev 63, 539-584 

5. Levy, B. D., and Serhan, C. N. (2014) Resolution of acute inflammation in the lung. 

Annual review of physiology 76, 467-492 

6. Barnig, C., Frossard, N., and Levy, B. D. (2018) Towards targeting resolution pathways 

of airway inflammation in asthma. Pharmacol Ther 186, 98-113 

7. Zhou, W., Zhang, J., Goleniewska, K., Dulek, D. E., Toki, S., Newcomb, D. C., 

Cephus, J. Y., Collins, R. D., Wu, P., Boothby, M. R., and Peebles, R. S., Jr. (2016) 

Prostaglandin I2 Suppresses Proinflammatory Chemokine Expression, CD4 T Cell 

Activation, and STAT6-Independent Allergic Lung Inflammation. Journal of 

immunology (Baltimore, Md. : 1950) 197, 1577-1586 

8. Levy, B. D., Bonnans, C., Silverman, E. S., Palmer, L. J., Marigowda, G., Israel, E., 

Severe Asthma Research Program, N. H. L., and Blood, I. (2005) Diminished lipoxin 

biosynthesis in severe asthma. American journal of respiratory and critical care 

medicine 172, 824-830 

9. Kopf, M., Schneider, C., and Nobs, S. P. (2015) The development and function of lung-

resident macrophages and dendritic cells. Nature immunology 16, 36-44 

10. Lawrence, D. A., Branson, B., Oliva, I., and Rubinowitz, A. (2015) The wonderful 

world of the windpipe: a review of central airway anatomy and pathology. Canadian 

Association of Radiologists journal = Journal l'Association canadienne des 

radiologistes 66, 30-43 

11. Mehran, R. J. (2018) Fundamental and Practical Aspects of Airway Anatomy: From 

Glottis to Segmental Bronchus. Thoracic surgery clinics 28, 117-125 

12. Hogg, J. C., Chu, F., Utokaparch, S., Woods, R., Elliott, W. M., Buzatu, L., Cherniack, 

R. M., Rogers, R. M., Sciurba, F. C., Coxson, H. O., and Pare, P. D. (2004) The nature 

of small-airway obstruction in chronic obstructive pulmonary disease. The New 

England journal of medicine 350, 2645-2653 

13. Samitas, K., Carter, A., Kariyawasam, H. H., and Xanthou, G. (2018) Upper and lower 

airway remodelling mechanisms in asthma, allergic rhinitis and chronic rhinosinusitis: 

The one airway concept revisited. Allergy 73, 993-1002 

14. Fahy, J. V., and Dickey, B. F. (2010) Airway mucus function and dysfunction. The New 

England journal of medicine 363, 2233-2247 

15. Brune, K., Frank, J., Schwingshackl, A., Finigan, J., and Sidhaye, V. K. (2015) 

Pulmonary epithelial barrier function: some new players and mechanisms. American 

journal of physiology. Lung cellular and molecular physiology 308, L731-745 

16. Lambrecht, B. N., and Hammad, H. (2012) The airway epithelium in asthma. Nature 

medicine 18, 684-692 

17. Roan, F., Obata-Ninomiya, K., and Ziegler, S. F. (2019) Epithelial cell-derived 

cytokines: more than just signaling the alarm. J Clin Invest 129, 1441-1451 



 

50 

18. Martin, N., Ruddick, A., Arthur, G. K., Wan, H., Woodman, L., Brightling, C. E., Jones, 

D. J., Pavord, I. D., and Bradding, P. (2012) Primary human airway epithelial cell-

dependent inhibition of human lung mast cell degranulation. PloS one 7, e43545 

19. Sparrow, M. P., Omari, T. I., and Mitchell, H. W. (1995) The epithelial barrier and 

airway responsiveness. Canadian journal of physiology and pharmacology 73, 180-

190 

20. Martin, L. D., Rochelle, L. G., Fischer, B. M., Krunkosky, T. M., and Adler, K. B. 

(1997) Airway epithelium as an effector of inflammation: molecular regulation of 

secondary mediators. The European respiratory journal 10, 2139-2146 

21. Proskocil, B. J., Sekhon, H. S., Jia, Y., Savchenko, V., Blakely, R. D., Lindstrom, J., 

and Spindel, E. R. (2004) Acetylcholine Is an Autocrine or Paracrine Hormone 

Synthesized and Secreted by Airway Bronchial Epithelial Cells. Endocrinology 145, 

2498-2506 

22. Egashira, T., and Waddell, W. J. (1984) Histochemical localization of monoamine 

oxidase in whole-body, freeze-dried sections of mice. The Histochemical journal 16, 

919-929 

23. Mukai, K., Tsai, M., Saito, H., and Galli, S. J. (2018) Mast cells as sources of cytokines, 

chemokines, and growth factors. Immunological reviews 282, 121-150 

24. Ravindran, A., Ronnberg, E., Dahlin, J. S., Mazzurana, L., Safholm, J., Orre, A. C., Al-

Ameri, M., Peachell, P., Adner, M., Dahlen, S. E., Mjosberg, J., and Nilsson, G. (2018) 

An Optimized Protocol for the Isolation and Functional Analysis of Human Lung Mast 

Cells. Frontiers in immunology 9, 2193 

25. Berry, M., Brightling, C., Pavord, I., and Wardlaw, A. (2007) TNF-alpha in asthma. 

Current opinion in pharmacology 7, 279-282 

26. Manson, M. L., Safholm, J., James, A., Johnsson, A. K., Bergman, P., Al-Ameri, M., 

Orre, A. C., Karrman-Mardh, C., Dahlen, S. E., and Adner, M. (2020) IL-13 and IL-4, 

but not IL-5 nor IL-17A, induce hyperresponsiveness in isolated human small airways. 

The Journal of allergy and clinical immunology 145, 808-817 e802 

27. Billington, C., and B Penn, R. (2003) Signaling and regulation of G protein-coupled 

receptors in airway smooth muscle Vol. 4 

28. Johnson, M. (2006) Molecular mechanisms of beta(2)-adrenergic receptor function, 

response, and regulation. The Journal of allergy and clinical immunology 117, 18-24; 

quiz 25 

29. Satoh, S., Chang, C., Katoh, H., Hasegawa, H., Nakamura, K., Aoki, J., Fujita, H., 

Ichikawa, A., and Negishi, M. (1999) The key amino acid residue of prostaglandin EP3 

receptor for governing G protein association and activation steps. Biochem Biophys Res 

Commun 255, 164-168 

30. Maarsingh, H., Leusink, J., Bos, I. S., Zaagsma, J., and Meurs, H. (2006) Arginase 

strongly impairs neuronal nitric oxide-mediated airway smooth muscle relaxation in 

allergic asthma. Respiratory research 7, 6 

31. Larsson, A. K., Fumagalli, F., DiGennaro, A., Andersson, M., Lundberg, J., Edenius, 

C., Govoni, M., Monopoli, A., Sala, A., Dahlén, S. E., and Folco, G. C. (2007) A new 

class of nitric oxide-releasing derivatives of cetirizine; pharmacological profile in 

vascular and airway smooth muscle preparations. Br J Pharmacol 151, 35-44 

32. Hall, I. P. (2000) Second messengers, ion channels and pharmacology of airway smooth 

muscle. The European respiratory journal 15, 1120-1127 

33. Meurs, H., Gosens, R., and Zaagsma, J. (2008) Airway hyperresponsiveness in asthma: 

lessons from in vitro model systems and animal models. The European respiratory 

journal 32, 487-502 

34. O'Byrne, P. M., and Inman, M. D. (2003) Airway hyperresponsiveness. Chest 123, 

411s-416s 



 

 51 

35. Cockcroft, D. W. (2010) Direct challenge tests: Airway hyperresponsiveness in asthma: 

its measurement and clinical significance. Chest 138, 18S-24S 

36. Nair, P., Martin, J. G., Cockcroft, D. C., Dolovich, M., Lemiere, C., Boulet, L. P., and 

O'Byrne, P. M. (2017) Airway Hyperresponsiveness in Asthma: Measurement and 

Clinical Relevance. The journal of allergy and clinical immunology. In practice 5, 649-

659.e642 

37. O'Dwyer, D. N., and Moore, B. B. (2017) The role of periostin in lung fibrosis and 

airway remodeling. Cellular and molecular life sciences : CMLS 74, 4305-4314 

38. Berend, N., Salome, C. M., and King, G. G. (2008) Mechanisms of airway 

hyperresponsiveness in asthma. Respirology (Carlton, Vic.) 13, 624-631 

39. Canning, B. J., and Chou, Y. (2008) Using guinea pigs in studies relevant to asthma 

and COPD. Pulm Pharmacol Ther 21, 702-720 

40. Hyde, D. M., Hamid, Q., and Irvin, C. G. (2009) Anatomy, pathology, and physiology 

of the tracheobronchial tree: emphasis on the distal airways. The Journal of allergy and 

clinical immunology 124, S72-77 

41. Cai, Y., Xue, F., Quan, C., Qu, M., Liu, N., Zhang, Y., Fleming, C., Hu, X., Zhang, H. 

G., Weichselbaum, R., Fu, Y. X., Tieri, D., Rouchka, E. C., Zheng, J., and Yan, J. 

(2019) A Critical Role of the IL-1beta-IL-1R Signaling Pathway in Skin Inflammation 

and Psoriasis Pathogenesis. The Journal of investigative dermatology 139, 146-156 

42. Barnig, C., Cernadas, M., Dutile, S., Liu, X., Perrella, M. A., Kazani, S., Wechsler, M. 

E., Israel, E., and Levy, B. D. (2013) Lipoxin A4 regulates natural killer cell and type 

2 innate lymphoid cell activation in asthma. Science translational medicine 5, 174ra126 

43. Levy, B. D., De Sanctis, G. T., Devchand, P. R., Kim, E., Ackerman, K., Schmidt, B. 

A., Szczeklik, W., Drazen, J. M., and Serhan, C. N. (2002) Multi-pronged inhibition of 

airway hyper-responsiveness and inflammation by lipoxin A(4). Nature medicine 8, 

1018-1023 

44. Slebos, D. J., Klooster, K., Koegelenberg, C. F., Theron, J., Styen, D., Valipour, A., 

Mayse, M., and Bolliger, C. T. (2015) Targeted lung denervation for moderate to severe 

COPD: a pilot study. Thorax 70, 411-419 

45. Hotamisligil, G. S., Arner, P., Caro, J. F., Atkinson, R. L., and Spiegelman, B. M. 

(1995) Increased adipose tissue expression of tumor necrosis factor-alpha in human 

obesity and insulin resistance. J Clin Invest 95, 2409-2415 

46. McInnes, I. B., and Schett, G. (2011) The pathogenesis of rheumatoid arthritis. The 

New England journal of medicine 365, 2205-2219 

47. Torres, J., Mehandru, S., Colombel, J. F., and Peyrin-Biroulet, L. (2017) Crohn's 

disease. Lancet (London, England) 389, 1741-1755 

48. Galli, S. J., Tsai, M., and Piliponsky, A. M. (2008) The development of allergic 

inflammation. Nature 454, 445-454 

49. Bousquet, P. J., Chinn, S., Janson, C., Kogevinas, M., Burney, P., Jarvis, D., and 

European Community Respiratory Health Survey, I. (2007) Geographical variation in 

the prevalence of positive skin tests to environmental aeroallergens in the European 

Community Respiratory Health Survey I. Allergy 62, 301-309 

50. Platts-Mills, T. A., Erwin, E. A., Heymann, P. W., and Woodfolk, J. A. (2009) Pro: The 

evidence for a causal role of dust mites in asthma. American journal of respiratory and 

critical care medicine 180, 109-113; discussion 120-101 

51. Post, S., Nawijn, M. C., Hackett, T. L., Baranowska, M., Gras, R., van Oosterhout, A. 

J., and Heijink, I. H. (2012) The composition of house dust mite is critical for mucosal 

barrier dysfunction and allergic sensitisation. Thorax 67, 488-495 

52. Urisu, A., Kondo, Y., and Tsuge, I. (2015) Hen's Egg Allergy. Chemical immunology 

and allergy 101, 124-130 

53. Wilson, J. M., and Platts-Mills, T. A. E. (2018) Home Environmental Interventions for 

House Dust Mite. The journal of allergy and clinical immunology. In practice 6, 1-7 



 

52 

54. Haspeslagh, E., Debeuf, N., Hammad, H., and Lambrecht, B. N. (2017) Murine Models 

of Allergic Asthma. Methods in molecular biology (Clifton, N.J.) 1559, 121-136 

55. Pineiro-Hermida, S., Gregory, J. A., Lopez, I. P., Torrens, R., Ruiz-Martinez, C., 

Adner, M., and Pichel, J. G. (2017) Attenuated airway hyperresponsiveness and mucus 

secretion in HDM-exposed Igf1r-deficient mice. Allergy 72, 1317-1326 

56. Fischer, R., Kontermann, R. E., and Maier, O. (2015) Targeting sTNF/TNFR1 

Signaling as a New Therapeutic Strategy. Antibodies 4, 48-70 

57. Gronert, K., Gewirtz, A., Madara, J. L., and Serhan, C. N. (1998) Identification of a 

human enterocyte lipoxin A4 receptor that is regulated by interleukin (IL)-13 and 

interferon gamma and inhibits tumor necrosis factor alpha-induced IL-8 release. The 

Journal of experimental medicine 187, 1285-1294 

58. Hachicha, M., Pouliot, M., Petasis, N. A., and Serhan, C. N. (1999) Lipoxin (LX)A4 

and aspirin-triggered 15-epi-LXA4 inhibit tumor necrosis factor 1alpha-initiated 

neutrophil responses and trafficking: regulators of a cytokine-chemokine axis. The 

Journal of experimental medicine 189, 1923-1930 

59. Ghebre, M. A., Pang, P. H., Diver, S., Desai, D., Bafadhel, M., Haldar, K., Kebadze, 

T., Cohen, S., Newbold, P., Rapley, L., Woods, J., Rugman, P., Pavord, I. D., Johnston, 

S. L., Barer, M., May, R. D., and Brightling, C. E. (2018) Biological exacerbation 

clusters demonstrate asthma and chronic obstructive pulmonary disease overlap with 

distinct mediator and microbiome profiles. The Journal of allergy and clinical 

immunology 141, 2027-2036 e2012 

60. Hiram, R., Rizcallah, E., Marouan, S., Sirois, C., Sirois, M., Morin, C., Fortin, S., and 

Rousseau, E. (2015) Resolvin E1 normalizes contractility, Ca2+ sensitivity and smooth 

muscle cell migration rate in TNF-alpha- and IL-6-pretreated human pulmonary 

arteries. American journal of physiology. Lung cellular and molecular physiology 309, 

L776-788 

61. Thomas, P. S., Yates, D. H., and Barnes, P. J. (1995) Tumor necrosis factor-alpha 

increases airway responsiveness and sputum neutrophilia in normal human subjects. 

American journal of respiratory and critical care medicine 152, 76-80 

62. Adner, M., Rose, A. C., Zhang, Y., Sward, K., Benson, M., Uddman, R., Shankley, N. 

P., and Cardell, L. O. (2002) An assay to evaluate the long-term effects of inflammatory 

mediators on murine airway smooth muscle: evidence that TNFalpha up-regulates 5-

HT(2A)-mediated contraction. Br J Pharmacol 137, 971-982 

63. Wenzel, S. E., Barnes, P. J., Bleecker, E. R., Bousquet, J., Busse, W., Dahlen, S. E., 

Holgate, S. T., Meyers, D. A., Rabe, K. F., Antczak, A., Baker, J., Horvath, I., Mark, 

Z., Bernstein, D., Kerwin, E., Schlenker-Herceg, R., Lo, K. H., Watt, R., Barnathan, E. 

S., and Chanez, P. (2009) A randomized, double-blind, placebo-controlled study of 

tumor necrosis factor-alpha blockade in severe persistent asthma. American journal of 

respiratory and critical care medicine 179, 549-558 

64. Gour, N., and Wills-Karp, M. (2015) IL-4 and IL-13 signaling in allergic airway 

disease. Cytokine 75, 68-78 

65. Yang, S. J., Allahverdian, S., Saunders, A. D. R., Liu, E., and Dorscheid, D. R. (2019) 

IL-13 signaling through IL-13 receptor alpha2 mediates airway epithelial wound repair. 

FASEB journal : official publication of the Federation of American Societies for 

Experimental Biology 33, 3746-3757 

66. Castro, M., Corren, J., Pavord, I. D., Maspero, J., Wenzel, S., Rabe, K. F., Busse, W. 

W., Ford, L., Sher, L., FitzGerald, J. M., Katelaris, C., Tohda, Y., Zhang, B., 

Staudinger, H., Pirozzi, G., Amin, N., Ruddy, M., Akinlade, B., Khan, A., Chao, J., 

Martincova, R., Graham, N. M. H., Hamilton, J. D., Swanson, B. N., Stahl, N., 

Yancopoulos, G. D., and Teper, A. (2018) Dupilumab Efficacy and Safety in Moderate-

to-Severe Uncontrolled Asthma. The New England journal of medicine 378, 2486-2496 



 

 53 

67. Russell, R. J., Chachi, L., FitzGerald, J. M., Backer, V., Olivenstein, R., Titlestad, I. L., 

Ulrik, C. S., Harrison, T., Singh, D., Chaudhuri, R., Leaker, B., McGarvey, L., Siddiqui, 

S., Wang, M., Braddock, M., Nordenmark, L. H., Cohen, D., Parikh, H., Colice, G., 

Brightling, C. E., and investigators, M. s. (2018) Effect of tralokinumab, an interleukin-

13 neutralising monoclonal antibody, on eosinophilic airway inflammation in 

uncontrolled moderate-to-severe asthma (MESOS): a multicentre, double-blind, 

randomised, placebo-controlled phase 2 trial. Lancet Respir Med 6, 499-510 

68. Corren, J., Lemanske, R. F., Hanania, N. A., Korenblat, P. E., Parsey, M. V., Arron, J. 

R., Harris, J. M., Scheerens, H., Wu, L. C., Su, Z., Mosesova, S., Eisner, M. D., Bohen, 

S. P., and Matthews, J. G. (2011) Lebrikizumab Treatment in Adults with Asthma. 365, 

1088-1098 

69. Breyer RM, C. L., Coleman RA, Giembycz M, Heinemann A, Hills R, Jones RL, 

Narumiya S, Norel X, Pettipher R, Sugimoto Y, Uddin M, Woodward DF, Yao C. 

(2019) Prostanoid receptors (version 2019.5) in the IUPHAR/BPS Guide to 

Pharmacology Database.  Vol. 2020 

70. Engin, E., Alp Yildirim, F. I., Kalelsmall i, U. D. D., Omeroglu, S. N., Goksedef, D., 

Tesksmall i, U. O., Balkanay, O. O., Ipek, G., and Uydes Dogan, B. S. (2017) Relaxant 

effect of the prostacyclin analogue iloprost on isolated human radial artery: An 

approach for the reversal of graft spasm. Prostaglandins Other Lipid Mediat 133, 35-

41 

71. Hardy, C., Robinson, C., Lewis, R. A., Tattersfield, A. E., and Holgate, S. T. (1985) 

Airway and cardiovascular responses to inhaled prostacyclin in normal and asthmatic 

subjects. The American review of respiratory disease 131, 18-21 

72. Akaba, T., Komiya, K., Suzaki, I., Kozaki, Y., Tamaoki, J., and Rubin, B. K. (2018) 

Activating prostaglandin E2 receptor subtype EP4 increases secreted mucin from 

airway goblet cells. Pulm Pharmacol Ther 48, 117-123 

73. Jones, V. C., Birrell, M. A., Maher, S. A., Griffiths, M., Grace, M., O'Donnell, V. B., 

Clark, S. R., and Belvisi, M. G. (2016) Role of EP2 and EP4 receptors in airway 

microvascular leak induced by prostaglandin E2. Br J Pharmacol 173, 992-1004 

74. Safholm, J., Manson, M. L., Bood, J., Delin, I., Orre, A. C., Bergman, P., Al-Ameri, 

M., Dahlen, S. E., and Adner, M. (2015) Prostaglandin E2 inhibits mast cell-dependent 

bronchoconstriction in human small airways through the E prostanoid subtype 2 

receptor. The Journal of allergy and clinical immunology 136, 1232-1239 e1231 

75. Zhou, Y., Wang, W., Zhao, C., Wang, Y., Wu, H., Sun, X., Guan, Y., and Zhang, Y. 

(2018) Prostaglandin E2 Inhibits Group 2 Innate Lymphoid Cell Activation and 

Allergic Airway Inflammation Through E-Prostanoid 4-Cyclic Adenosine 

Monophosphate Signaling. Frontiers in immunology 9, 501 

76. Brightling, C. E., Brusselle, G., and Altman, P. (2019) The impact of the prostaglandin 

D2 receptor 2 and its downstream effects on the pathophysiology of asthma. Allergy  

77. Nishimura, H., Tokuyama, K., Inoue, Y., Arakawa, H., Kato, M., Mochizuki, H., and 

Morikawa, A. (2001) Acute effects of prostaglandin D2 to induce airflow obstruction 

and airway microvascular leakage in guinea pigs: role of thromboxane A2 receptors. 

Prostaglandins Other Lipid Mediat 66, 1-15 

78. Saunders, R., Kaul, H., Berair, R., Gonem, S., Singapuri, A., Sutcliffe, A. J., Chachi, 

L., Biddle, M. S., Kaur, D., Bourne, M., Pavord, I. D., Wardlaw, A. J., Siddiqui, S. H., 

Kay, R. A., Brook, B. S., Smallwood, R. H., and Brightling, C. E. (2019) DP2 

antagonism reduces airway smooth muscle mass in asthma by decreasing eosinophilia 

and myofibroblast recruitment. Science translational medicine 11 

79. Allen, I. C., Hartney, J. M., Coffman, T. M., Penn, R. B., Wess, J., and Koller, B. H. 

(2006) Thromboxane A2 induces airway constriction through an M3 muscarinic 

acetylcholine receptor-dependent mechanism. American journal of physiology. Lung 

cellular and molecular physiology 290, L526-533 



 

54 

80. Devillier, P., and Bessard, G. (1997) Thromboxane A2 and related prostaglandins in 

airways. Fundamental & clinical pharmacology 11, 2-18 

81. Singh, R. K., Tandon, R., Dastidar, S. G., and Ray, A. (2013) A review on leukotrienes 

and their receptors with reference to asthma. The Journal of asthma : official journal 

of the Association for the Care of Asthma 50, 922-931 

82. Raud, J., Palmertz, U., Dahlen, S. E., and Hedqvist, P. (1991) Lipoxins inhibit 

microvascular inflammatory actions of leukotriene B4. Advances in experimental 

medicine and biology 314, 185-192 

83. Back, M., Qiu, H., Haeggstrom, J. Z., and Sakata, K. (2004) Leukotriene B4 is an 

indirectly acting vasoconstrictor in guinea pig aorta via an inducible type of BLT 

receptor. American journal of physiology. Heart and circulatory physiology 287, H419-

424 

84. Kwon, S. Y., and Kim, J. H. (2019) Role of Leukotriene B4 Receptor-2 in Mast Cells 

in Allergic Airway Inflammation. International journal of molecular sciences 20 

85. Liu, M., Saeki, K., Matsunobu, T., Okuno, T., Koga, T., Sugimoto, Y., Yokoyama, C., 

Nakamizo, S., Kabashima, K., Narumiya, S., Shimizu, T., and Yokomizo, T. (2014) 

12-Hydroxyheptadecatrienoic acid promotes epidermal wound healing by accelerating 

keratinocyte migration via the BLT2 receptor. The Journal of experimental medicine 

211, 1063-1078 

86. Samuelsson, B., Dahlen, S. E., Lindgren, J. A., Rouzer, C. A., and Serhan, C. N. (1987) 

Leukotrienes and lipoxins: structures, biosynthesis, and biological effects. Science 

(New York, N.Y.) 237, 1171-1176 

87. Hsiao, H. M., Thatcher, T. H., Colas, R. A., Serhan, C. N., Phipps, R. P., and Sime, P. 

J. (2015) Resolvin D1 Reduces Emphysema and Chronic Inflammation. The American 

journal of pathology 185, 3189-3201 

88. Nakamura, K., and Smyth, M. J. (2017) Targeting cancer-related inflammation in the 

era of immunotherapy. Immunology and cell biology 95, 325-332 

89. Chiang, N., and Serhan, C. N. (2017) Structural elucidation and physiologic functions 

of specialized pro-resolving mediators and their receptors. Mol Aspects Med 58, 114-

129 

90. Serhan, C. N., and Levy, B. D. (2018) Resolvins in inflammation: emergence of the 

pro-resolving superfamily of mediators. J Clin Invest 128, 2657-2669 

91. Perretti, M., and D'Acquisto, F. (2009) Annexin A1 and glucocorticoids as effectors of 

the resolution of inflammation. Nature reviews. Immunology 9, 62-70 

92. Aoki, H., Hisada, T., Ishizuka, T., Utsugi, M., Kawata, T., Shimizu, Y., Okajima, F., 

Dobashi, K., and Mori, M. (2008) Resolvin E1 dampens airway inflammation and 

hyperresponsiveness in a murine model of asthma. Biochem Biophys Res Commun 367, 

509-515 

93. Zambalde, E. P., Teixeira, M. M., Favarin, D. C., de Oliveira, J. R., Magalhaes, M. L., 

Cunha, M. M., Silva, W. C. J., Okuma, C. H., Rodrigues, V. J., Levy, B. D., and 

Rogerio, A. P. (2016) The anti-inflammatory and pro-resolution effects of aspirin-

triggered RvD1 (AT-RvD1) on peripheral blood mononuclear cells from patients with 

severe asthma. International immunopharmacology 35, 142-148 

94. Kim, N., Lannan, K. L., Thatcher, T. H., Pollock, S. J., Woeller, C. F., and Phipps, R. 

P. (2018) Lipoxin B4 Enhances Human Memory B Cell Antibody Production via 

Upregulating Cyclooxygenase-2 Expression. Journal of immunology (Baltimore, Md. 

: 1950) 201, 3343-3351 

95. Meesawatsom, P., Burston, J., Hathway, G., Bennett, A., and Chapman, V. (2016) 

Inhibitory effects of aspirin-triggered resolvin D1 on spinal nociceptive processing in 

rat pain models. Journal of neuroinflammation 13, 233 

96. Serhan, C. N., Clish, C. B., Brannon, J., Colgan, S. P., Gronert, K., and Chiang, N. 

(2000) Anti-microinflammatory lipid signals generated from dietary N-3 fatty acids via 



 

 55 

cyclooxygenase-2 and transcellular processing: a novel mechanism for NSAID and N-

3 PUFA therapeutic actions. Journal of physiology and pharmacology : an official 

journal of the Polish Physiological Society 51, 643-654 

97. Levy, B. D., Abdulnour, R. E., Tavares, A., Bruggemann, T. R., Norris, P. C., Bai, Y., 

Ai, X., and Serhan, C. N. (2020) Cysteinyl maresins regulate the prophlogistic lung 

actions of cysteinyl leukotrienes. The Journal of allergy and clinical immunology 145, 

335-344 

98. Khaddaj-Mallat, R., Sirois, C., Sirois, M., Rizcallah, E., Morin, C., and Rousseau, E. 

(2015) Reversal of IL-13-induced inflammation and Ca(2+) sensitivity by resolvin and 

MAG-DHA in association with ASA in human bronchi. Prostaglandins Other Lipid 

Mediat 121, 145-154 

99. Karra, L., Haworth, O., Priluck, R., Levy, B. D., and Levi-Schaffer, F. (2015) Lipoxin 

B(4) promotes the resolution of allergic inflammation in the upper and lower airways 

of mice. Mucosal immunology 8, 852-862 

100. Vachier, I., Bonnans, C., Chavis, C., Farce, M., Godard, P., Bousquet, J., and Chanez, 

P. (2005) Severe asthma is associated with a loss of LX4, an endogenous anti-

inflammatory compound. The Journal of allergy and clinical immunology 115, 55-60 

101. Yang, J., Eiserich, J. P., Cross, C. E., Morrissey, B. M., and Hammock, B. D. (2012) 

Metabolomic profiling of regulatory lipid mediators in sputum from adult cystic 

fibrosis patients. Free radical biology & medicine 53, 160-171 

102. Eickmeier, O., Fussbroich, D., Mueller, K., Serve, F., Smaczny, C., Zielen, S., and 

Schubert, R. (2017) Pro-resolving lipid mediator Resolvin D1 serves as a marker of 

lung disease in cystic fibrosis. PloS one 12, e0171249 

103. Lee, J. Y., Han, S. H., Park, M. H., Baek, B., Song, I. S., Choi, M. K., Takuwa, Y., 

Ryu, H., Kim, S. H., He, X., Schuchman, E. H., Bae, J. S., and Jin, H. K. (2018) 

Neuronal SphK1 acetylates COX2 and contributes to pathogenesis in a model of 

Alzheimer's Disease. Nature communications 9, 1479 

104. Hall, W. L. (2017) The future for long chain n-3 PUFA in the prevention of coronary 

heart disease: do we need to target non-fish-eaters? The Proceedings of the Nutrition 

Society 76, 408-418 

105. Ulmann, L., Blanckaert, V., Mimouni, V., Andersson, M. X., Schoefs, B., and Chenais, 

B. (2017) Microalgal Fatty Acids and Their Implication in Health and Disease. Mini 

reviews in medicinal chemistry 17, 1112-1123 

106. Tang, H., Liu, Y., Yan, C., Petasis, N. A., Serhan, C. N., and Gao, H. (2014) Protective 

actions of aspirin-triggered (17R) resolvin D1 and its analogue, 17R-hydroxy-19-para-

fluorophenoxy-resolvin D1 methyl ester, in C5a-dependent IgG immune complex-

induced inflammation and lung injury. Journal of immunology (Baltimore, Md. : 1950) 

193, 3769-3778 

107. Levy, B. D., Lukacs, N. W., Berlin, A. A., Schmidt, B., Guilford, W. J., Serhan, C. N., 

and Parkinson, J. F. (2007) Lipoxin A4 stable analogs reduce allergic airway responses 

via mechanisms distinct from CysLT1 receptor antagonism. FASEB journal : official 

publication of the Federation of American Societies for Experimental Biology 21, 3877-

3884 

108. Liu, X., Wang, X., Duan, X., Poorun, D., Xu, J., Zhang, S., Gan, L., He, M., Zhu, K., 

Ming, Z., Hu, F., and Chen, H. (2017) Lipoxin A4 and its analog suppress inflammation 

by modulating HMGB1 translocation and expression in psoriasis. Scientific reports 7, 

7100 

109. Serhan, C. N., Hamberg, M., and Samuelsson, B. (1984) Lipoxins: novel series of 

biologically active compounds formed from arachidonic acid in human leukocytes. 

Proceedings of the National Academy of Sciences of the United States of America 81, 

5335-5339 



 

56 

110. Lotfi, R., Rezaiemanesh, A., Mortazavi, S. H., Karaji, A. G., and Salari, F. (2019) 

Immunoresolvents in asthma and allergic diseases: Review and update. Journal of 

cellular physiology 234, 8579-8596 

111. Edenius, C., Stenke, L., and Lindgren, J. A. (1991) On the mechanism of transcellular 

lipoxin formation in human platelets and granulocytes. European journal of 

biochemistry 199, 401-409 

112. Chiang, N., Serhan, C. N., Dahlen, S. E., Drazen, J. M., Hay, D. W., Rovati, G. E., 

Shimizu, T., Yokomizo, T., and Brink, C. (2006) The lipoxin receptor ALX: potent 

ligand-specific and stereoselective actions in vivo. Pharmacol Rev 58, 463-487 

113. Sorensen, A. L., Hasselbalch, H. C., Nielsen, C. H., Poulsen, H. E., and Ellervik, C. 

(2019) Statin treatment, oxidative stress and inflammation in a Danish population. 

Redox biology 21, 101088 

114. Dalli, J., Chiang, N., and Serhan, C. N. (2015) Elucidation of novel 13-series resolvins 

that increase with atorvastatin and clear infections. Nature medicine 21, 1071-1075 

115. Dalli, J., Pistorius, K., and Walker, M. E. (2019) Novel n-3 Docosapentaneoic Acid-

Derived Pro-resolving Mediators Are Vasculoprotective and Mediate the Actions of 

Statins in Controlling Inflammation. Advances in experimental medicine and biology 

1161, 65-75 

116. Ariel, A., Chiang, N., Arita, M., Petasis, N. A., and Serhan, C. N. (2003) Aspirin-

triggered lipoxin A4 and B4 analogs block extracellular signal-regulated kinase-

dependent TNF-alpha secretion from human T cells. Journal of immunology 

(Baltimore, Md. : 1950) 170, 6266-6272 

117. Brancaleone, V., Gobbetti, T., Cenac, N., le Faouder, P., Colom, B., Flower, R. J., 

Vergnolle, N., Nourshargh, S., and Perretti, M. (2013) A vasculo-protective circuit 

centered on lipoxin A4 and aspirin-triggered 15-epi-lipoxin A4 operative in murine 

microcirculation. Blood 122, 608-617 

118. Serhan, C. N. (1997) Lipoxins and novel aspirin-triggered 15-epi-lipoxins (ATL): a 

jungle of cell-cell interactions or a therapeutic opportunity? Prostaglandins 53, 107-

137 

119. Dahlen, S. E., Raud, J., Serhan, C. N., Bjork, J., and Samuelsson, B. (1987) Biological 

activities of lipoxin A include lung strip contraction and dilation of arterioles in vivo. 

Acta physiologica Scandinavica 130, 643-647 

120. Wikstrom, E., Westlund, P., Nicolaou, K. C., and Dahlen, S. E. (1989) Lipoxin A4 

causes generation of thromboxane A2 in the guinea-pig lung. Agents and actions 26, 

90-92 

121. Ke, Y., Zebda, N., Oskolkova, O., Afonyushkin, T., Berdyshev, E., Tian, Y., Meng, F., 

Sarich, N., Bochkov, V. N., Wang, J. M., Birukova, A. A., and Birukov, K. G. (2017) 

Anti-Inflammatory Effects of OxPAPC Involve Endothelial Cell-Mediated Generation 

of LXA4. Circulation research 121, 244-257 

122. Shimizu, S., Ogawa, T., Seno, S., Kouzaki, H., and Shimizu, T. (2013) Pro-resolution 

mediator lipoxin A4 and its receptor in upper airway inflammation. The Annals of 

otology, rhinology, and laryngology 122, 683-689 

123. Planaguma, A., Kazani, S., Marigowda, G., Haworth, O., Mariani, T. J., Israel, E., 

Bleecker, E. R., Curran-Everett, D., Erzurum, S. C., Calhoun, W. J., Castro, M., Chung, 

K. F., Gaston, B., Jarjour, N. N., Busse, W. W., Wenzel, S. E., and Levy, B. D. (2008) 

Airway lipoxin A4 generation and lipoxin A4 receptor expression are decreased in 

severe asthma. American journal of respiratory and critical care medicine 178, 574-

582 

124. Bozinovski, S., Uddin, M., Vlahos, R., Thompson, M., McQualter, J. L., Merritt, A. S., 

Wark, P. A., Hutchinson, A., Irving, L. B., Levy, B. D., and Anderson, G. P. (2012) 

Serum amyloid A opposes lipoxin A(4) to mediate glucocorticoid refractory lung 



 

 57 

inflammation in chronic obstructive pulmonary disease. Proceedings of the National 

Academy of Sciences of the United States of America 109, 935-940 

125. Bozinovski, S., Anthony, D., Anderson, G. P., Irving, L. B., Levy, B. D., and Vlahos, 

R. (2013) Treating neutrophilic inflammation in COPD by targeting ALX/FPR2 

resolution pathways. Pharmacol Ther 140, 280-289 

126. Gronert, K., Martinsson-Niskanen, T., Ravasi, S., Chiang, N., and Serhan, C. N. (2001) 

Selectivity of recombinant human leukotriene D(4), leukotriene B(4), and lipoxin A(4) 

receptors with aspirin-triggered 15-epi-LXA(4) and regulation of vascular and 

inflammatory responses. The American journal of pathology 158, 3-9 

127. Christie, P. E., Spur, B. W., and Lee, T. H. (1992) The effects of lipoxin A4 on airway 

responses in asthmatic subjects. The American review of respiratory disease 145, 1281-

1284 

128. Machado, F. S., Johndrow, J. E., Esper, L., Dias, A., Bafica, A., Serhan, C. N., and 

Aliberti, J. (2006) Anti-inflammatory actions of lipoxin A4 and aspirin-triggered 

lipoxin are SOCS-2 dependent. Nature medicine 12, 330-334 

129. Dalli, J., Zhu, M., Vlasenko, N. A., Deng, B., Haeggstrom, J. Z., Petasis, N. A., and 

Serhan, C. N. (2013) The novel 13S,14S-epoxy-maresin is converted by human 

macrophages to maresin 1 (MaR1), inhibits leukotriene A4 hydrolase (LTA4H), and 

shifts macrophage phenotype. FASEB journal : official publication of the Federation 

of American Societies for Experimental Biology 27, 2573-2583 

130. Colas, R. A., Dalli, J., Chiang, N., Vlasakov, I., Sanger, J. M., Riley, I. R., and Serhan, 

C. N. (2016) Identification and Actions of the Maresin 1 Metabolome in Infectious 

Inflammation. Journal of immunology (Baltimore, Md. : 1950) 197, 4444-4452 

131. Serhan, C. N., Yang, R., Martinod, K., Kasuga, K., Pillai, P. S., Porter, T. F., Oh, S. F., 

and Spite, M. (2009) Maresins: novel macrophage mediators with potent 

antiinflammatory and proresolving actions. The Journal of experimental medicine 206, 

15-23 

132. Abdulnour, R. E., Dalli, J., Colby, J. K., Krishnamoorthy, N., Timmons, J. Y., Tan, S. 

H., Colas, R. A., Petasis, N. A., Serhan, C. N., and Levy, B. D. (2014) Maresin 1 

biosynthesis during platelet-neutrophil interactions is organ-protective. Proceedings of 

the National Academy of Sciences of the United States of America 111, 16526-16531 

133. Serhan, C. N., Dalli, J., Karamnov, S., Choi, A., Park, C. K., Xu, Z. Z., Ji, R. R., Zhu, 

M., and Petasis, N. A. (2012) Macrophage proresolving mediator maresin 1 stimulates 

tissue regeneration and controls pain. FASEB journal : official publication of the 

Federation of American Societies for Experimental Biology 26, 1755-1765 

134. Chiang, N., Libreros, S., Norris, P. C., de la Rosa, X., and Serhan, C. N. (2019) Maresin 

1 activates LGR6 receptor promoting phagocyte immunoresolvent functions. J Clin 

Invest 129, 5294-5311 

135. Chen, L., Liu, H., Wang, Y., Xia, H., Gong, J., Li, B., Yao, S., and Shang, Y. (2016) 

Maresin 1 Maintains the Permeability of Lung Epithelial Cells In Vitro and In Vivo. 

Inflammation 39, 1981-1989 

136. Wang, Y., Li, R., Chen, L., Tan, W., Sun, Z., Xia, H., Li, B., Yu, Y., Gong, J., Tang, 

M., Ji, Y., Yuan, S., Shanglong, Y., and Shang, Y. (2015) Maresin 1 Inhibits Epithelial-

to-Mesenchymal Transition in Vitro and Attenuates Bleomycin Induced Lung Fibrosis 

in Vivo. Shock (Augusta, Ga.) 44, 496-502 

137. Krishnamoorthy, N., Burkett, P. R., Dalli, J., Abdulnour, R. E., Colas, R., Ramon, S., 

Phipps, R. P., Petasis, N. A., Kuchroo, V. K., Serhan, C. N., and Levy, B. D. (2015) 

Cutting edge: maresin-1 engages regulatory T cells to limit type 2 innate lymphoid cell 

activation and promote resolution of lung inflammation. Journal of immunology 

(Baltimore, Md. : 1950) 194, 863-867 

138. Chiurchiu, V., Leuti, A., Dalli, J., Jacobsson, A., Battistini, L., Maccarrone, M., and 

Serhan, C. N. (2016) Proresolving lipid mediators resolvin D1, resolvin D2, and 



 

58 

maresin 1 are critical in modulating T cell responses. Science translational medicine 8, 

353ra111 

139. Jin, S., Chen, H., Li, Y., Zhong, H., Sun, W., Wang, J., Zhang, T., Ma, J., Yan, S., 

Zhang, J., Tian, Q., Yang, X., and Wang, J. (2018) Maresin 1 improves the Treg/Th17 

imbalance in rheumatoid arthritis through miR-21. Annals of the rheumatic diseases 

77, 1644-1652 

140. Nordgren, T. M., Heires, A. J., Wyatt, T. A., Poole, J. A., LeVan, T. D., Cerutis, D. R., 

and Romberger, D. J. (2013) Maresin-1 reduces the pro-inflammatory response of 

bronchial epithelial cells to organic dust. Respiratory research 14, 51 

141. Deng, B., Wang, C. W., Arnardottir, H. H., Li, Y., Cheng, C. Y., Dalli, J., and Serhan, 

C. N. (2014) Maresin biosynthesis and identification of maresin 2, a new anti-

inflammatory and pro-resolving mediator from human macrophages. PloS one 9, 

e102362 

142. Serhan, C. N., Chiang, N., and Dalli, J. (2017) New pro-resolving n-3 mediators bridge 

resolution of infectious inflammation to tissue regeneration. Mol Aspects Med  

143. Jouvene, C. C., Shay, A. E., Soens, M. A., Norris, P. C., Haeggstrom, J. Z., and Serhan, 

C. N. (2019) Biosynthetic metabolomes of cysteinyl-containing immunoresolvents. 

FASEB journal : official publication of the Federation of American Societies for 

Experimental Biology, fj201902003R 

144. Dalli, J., Chiang, N., and Serhan, C. N. (2014) Identification of 14-series sulfido-

conjugated mediators that promote resolution of infection and organ protection. 

Proceedings of the National Academy of Sciences of the United States of America 111, 

E4753-4761 

145. Chiang, N., Riley, I. R., Dalli, J., Rodriguez, A. R., Spur, B. W., and Serhan, C. N. 

(2018) New maresin conjugates in tissue regeneration pathway counters leukotriene 

D4–stimulated vascular responses. The FASEB Journal 32, 4043-4052 

146. Li, H., Hao, Y., Yang, L. L., Wang, X. Y., Li, X. Y., Bhandari, S., Han, J., Liu, Y. J., 

Gong, Y. Q., Scott, A., Smith, F. G., and Jin, S. W. (2020) MCTR1 alleviates 

lipopolysaccharide-induced acute lung injury by protecting lung endothelial 

glycocalyx. Journal of cellular physiology 235, 7283-7294 

147. Zhuang, R., Yang, X., Cai, W., Xu, R., Lv, L., Sun, Y., Guo, Y., Ni, J., Zhao, G., and 

Lu, Z. (2021) MCTR3 reduces LPS-induced acute lung injury in mice via the 

ALX/PINK1 signaling pathway. International immunopharmacology 90, 107142 

148. Dalli, J., Sanger, J. M., Rodriguez, A. R., Chiang, N., Spur, B. W., and Serhan, C. N. 

(2016) Identification and Actions of a Novel Third Maresin Conjugate in Tissue 

Regeneration: MCTR3. PloS one 11, e0149319 

149. Serhan, C. N., Hong, S., Gronert, K., Colgan, S. P., Devchand, P. R., Mirick, G., and 

Moussignac, R. L. (2002) Resolvins: a family of bioactive products of omega-3 fatty 

acid transformation circuits initiated by aspirin treatment that counter proinflammation 

signals. The Journal of experimental medicine 196, 1025-1037 

150. Hong, S., Gronert, K., Devchand, P. R., Moussignac, R. L., and Serhan, C. N. (2003) 

Novel docosatrienes and 17S-resolvins generated from docosahexaenoic acid in murine 

brain, human blood, and glial cells. Autacoids in anti-inflammation. The Journal of 

biological chemistry 278, 14677-14687 

151. Duvall, M. G., and Levy, B. D. (2016) DHA- and EPA-derived resolvins, protectins, 

and maresins in airway inflammation. Eur J Pharmacol 785, 144-155 

152. Tjonahen, E., Oh, S. F., Siegelman, J., Elangovan, S., Percarpio, K. B., Hong, S., Arita, 

M., and Serhan, C. N. (2006) Resolvin E2: identification and anti-inflammatory 

actions: pivotal role of human 5-lipoxygenase in resolvin E series biosynthesis. 

Chemistry & biology 13, 1193-1202 

153. Isobe, Y., Arita, M., Matsueda, S., Iwamoto, R., Fujihara, T., Nakanishi, H., Taguchi, 

R., Masuda, K., Sasaki, K., Urabe, D., Inoue, M., and Arai, H. (2012) Identification and 



 

 59 

structure determination of novel anti-inflammatory mediator resolvin E3, 17,18-

dihydroxyeicosapentaenoic acid. The Journal of biological chemistry 287, 10525-

10534 

154. Arita, M., Ohira, T., Sun, Y. P., Elangovan, S., Chiang, N., and Serhan, C. N. (2007) 

Resolvin E1 selectively interacts with leukotriene B4 receptor BLT1 and ChemR23 to 

regulate inflammation. Journal of immunology (Baltimore, Md. : 1950) 178, 3912-3917 

155. Haworth, O., Cernadas, M., and Levy, B. D. (2011) NK cells are effectors for resolvin 

E1 in the timely resolution of allergic airway inflammation. Journal of immunology 

(Baltimore, Md. : 1950) 186, 6129-6135 

156. Jannaway, M., Torrens, C., Warner, J. A., and Sampson, A. P. (2018) Resolvin E1, 

resolvin D1 and resolvin D2 inhibit constriction of rat thoracic aorta and human 

pulmonary artery induced by the thromboxane mimetic U46619. Br J Pharmacol 175, 

1100-1108 

157. Sato, M., Aoki-Saito, H., Fukuda, H., Ikeda, H., Koga, Y., Yatomi, M., Tsurumaki, H., 

Maeno, T., Saito, T., Nakakura, T., Mori, T., Yanagawa, M., Abe, M., Sako, Y., 

Dobashi, K., Ishizuka, T., Yamada, M., Shuto, S., and Hisada, T. (2019) Resolvin E3 

attenuates allergic airway inflammation via the interleukin-23-interleukin-17A 

pathway. FASEB journal : official publication of the Federation of American Societies 

for Experimental Biology 33, 12750-12759 

158. Flesher, R. P., Herbert, C., and Kumar, R. K. (2014) Resolvin E1 promotes resolution 

of inflammation in a mouse model of an acute exacerbation of allergic asthma. Clinical 

science (London, England : 1979) 126, 805-814 

159. Hsiao, H. M., Thatcher, T. H., Levy, E. P., Fulton, R. A., Owens, K. M., Phipps, R. P., 

and Sime, P. J. (2014) Resolvin D1 attenuates polyinosinic-polycytidylic acid-induced 

inflammatory signaling in human airway epithelial cells via TAK1. Journal of 

immunology (Baltimore, Md. : 1950) 193, 4980-4987 

160. Magnus Bäck, N. C., Sven-Erik Dahlén, Jeffrey Drazen, Jilly F. Evans, G. Enrico 

Rovati, Charles N. Serhan, Takao Shimizu, Takehiko Yokomizo. IUPHAR/BPS Guide 

to PHARMACOLOGY, Formylpeptide receptors: FPR2/ALX.  Vol. 2020 

161. Krishnamoorthy, S., Recchiuti, A., Chiang, N., Fredman, G., and Serhan, C. N. (2012) 

Resolvin D1 receptor stereoselectivity and regulation of inflammation and proresolving 

microRNAs. The American journal of pathology 180, 2018-2027 

162. Krishnamoorthy, S., Recchiuti, A., Chiang, N., Yacoubian, S., Lee, C. H., Yang, R., 

Petasis, N. A., and Serhan, C. N. (2010) Resolvin D1 binds human phagocytes with 

evidence for proresolving receptors. Proceedings of the National Academy of Sciences 

of the United States of America 107, 1660-1665 

163. Gu, Z., Lamont, G. J., Lamont, R. J., Uriarte, S. M., Wang, H., and Scott, D. A. (2016) 

Resolvin D1, resolvin D2 and maresin 1 activate the GSK3beta anti-inflammatory axis 

in TLR4-engaged human monocytes. Innate immunity 22, 186-195 

164. Rogerio, A. P., Haworth, O., Croze, R., Oh, S. F., Uddin, M., Carlo, T., Pfeffer, M. A., 

Priluck, R., Serhan, C. N., and Levy, B. D. (2012) Resolvin D1 and aspirin-triggered 

resolvin D1 promote resolution of allergic airways responses. Journal of immunology 

(Baltimore, Md. : 1950) 189, 1983-1991 

165. Hsiao, H. M., Sapinoro, R. E., Thatcher, T. H., Croasdell, A., Levy, E. P., Fulton, R. 

A., Olsen, K. C., Pollock, S. J., Serhan, C. N., Phipps, R. P., and Sime, P. J. (2013) A 

novel anti-inflammatory and pro-resolving role for resolvin D1 in acute cigarette 

smoke-induced lung inflammation. PloS one 8, e58258 

166. Kim, K. H., Park, T. S., Kim, Y. S., Lee, J. S., Oh, Y. M., Lee, S. D., and Lee, S. W. 

(2016) Resolvin D1 prevents smoking-induced emphysema and promotes lung tissue 

regeneration. International journal of chronic obstructive pulmonary disease 11, 1119-

1128 



 

60 

167. Hiram, R., Rizcallah, E., Sirois, C., Sirois, M., Morin, C., Fortin, S., and Rousseau, E. 

(2014) Resolvin D1 reverses reactivity and Ca2+ sensitivity induced by ET-1, TNF-

alpha, and IL-6 in the human pulmonary artery. American journal of physiology. Heart 

and circulatory physiology 307, H1547-1558 

168. Khaddaj-Mallat, R., Sirois, C., Sirois, M., Rizcallah, E., Marouan, S., Morin, C., and 

Rousseau, E. (2016) Pro-Resolving Effects of Resolvin D2 in LTD4 and TNF-alpha 

Pre-Treated Human Bronchi. PloS one 11, e0167058 

169. Spite, M., Norling, L. V., Summers, L., Yang, R., Cooper, D., Petasis, N. A., Flower, 

R. J., Perretti, M., and Serhan, C. N. (2009) Resolvin D2 is a potent regulator of 

leukocytes and controls microbial sepsis. Nature 461, 1287-1291 

170. Cherpokova, D., Jouvene, C. C., Libreros, S., DeRoo, E. P., Chu, L., de la Rosa, X., 

Norris, P. C., Wagner, D. D., and Serhan, C. N. (2019) Resolvin D4 attenuates the 

severity of pathological thrombosis in mice. Blood 134, 1458-1468 

171. Colby, J. K., Abdulnour, R. E., Sham, H. P., Dalli, J., Colas, R. A., Winkler, J. W., 

Hellmann, J., Wong, B., Cui, Y., El-Chemaly, S., Petasis, N. A., Spite, M., Serhan, C. 

N., and Levy, B. D. (2016) Resolvin D3 and Aspirin-Triggered Resolvin D3 Are 

Protective for Injured Epithelia. The American journal of pathology 186, 1801-1813 

172. Dalli, J., Winkler, J. W., Colas, R. A., Arnardottir, H., Cheng, C. Y., Chiang, N., Petasis, 

N. A., and Serhan, C. N. (2013) Resolvin D3 and aspirin-triggered resolvin D3 are 

potent immunoresolvents. Chemistry & biology 20, 188-201 

173. Luo, X., Gu, Y., Tao, X., Serhan, C. N., and Ji, R. R. (2019) Resolvin D5 Inhibits 

Neuropathic and Inflammatory Pain in Male But Not Female Mice: Distinct Actions of 

D-Series Resolvins in Chemotherapy-Induced Peripheral Neuropathy. Frontiers in 

pharmacology 10, 745 

174. Sham, H. P., Walker, K. H., Abdulnour, R. E., Krishnamoorthy, N., Douda, D. N., 

Norris, P. C., Barkas, I., Benito-Figueroa, S., Colby, J. K., Serhan, C. N., and Levy, B. 

D. (2018) 15-epi-Lipoxin A4, Resolvin D2, and Resolvin D3 Induce NF-kappaB 

Regulators in Bacterial Pneumonia. Journal of immunology (Baltimore, Md. : 1950) 

200, 2757-2766 

175. Winkler, J. W., Orr, S. K., Dalli, J., Cheng, C. Y., Sanger, J. M., Chiang, N., Petasis, 

N. A., and Serhan, C. N. (2016) Resolvin D4 stereoassignment and its novel actions in 

host protection and bacterial clearance. Scientific reports 6, 18972 

176. Kolmert, J., Fauland, A., Fuchs, D., Safholm, J., Gomez, C., Adner, M., Dahlen, S. E., 

and Wheelock, C. E. (2018) Lipid Mediator Quantification in Isolated Human and 

Guinea Pig Airways: An Expanded Approach for Respiratory Research. Analytical 

chemistry  

177. Chen, K., Le, Y., Liu, Y., Gong, W., Ying, G., Huang, J., Yoshimura, T., Tessarollo, 

L., and Wang, J. M. (2010) A critical role for the g protein-coupled receptor mFPR2 in 

airway inflammation and immune responses. Journal of immunology (Baltimore, Md. 

: 1950) 184, 3331-3335 

178. Jacques, C. A., Spur, B. W., Crea, A. E., and Lee, T. H. (1988) The contractile activities 

of lipoxin A4 and lipoxin B4 for guinea-pig airway tissues. Br J Pharmacol 95, 562-

568 

179. Dahlen, S. E., Veale, C. A., Webber, S. E., Marron, B. E., Nicolaou, K. C., and Serhan, 

C. N. (1989) Pharmacodynamics of lipoxin A4 in airway smooth muscle. Agents and 

actions 26, 93-95 

180. Planaguma, A., Domenech, T., Jover, I., Ramos, I., Sentellas, S., Malhotra, R., and 

Miralpeix, M. (2013) Lack of activity of 15-epi-lipoxin A(4) on FPR2/ALX and 

CysLT1 receptors in interleukin-8-driven human neutrophil function. Clinical and 

experimental immunology 173, 298-309 

181. Battistini, B., Warner, T. D., Fournier, A., and Vane, J. R. (1994) Characterization of 

ETB receptors mediating contractions induced by endothelin-1 or IRL 1620 in guinea-



 

 61 

pig isolated airways: effects of BQ-123, FR139317 or PD 145065. Br J Pharmacol 111, 

1009-1016 

182. Hay, D. W. (1990) Mechanism of endothelin-induced contraction in guinea-pig 

trachea: comparison with rat aorta. Br J Pharmacol 100, 383-392 

183. Lewis, K., Cadieux, A., Rae, G. A., Gratton, J. P., and D'Orléans-Juste, P. (1999) Nitric 

oxide limits the eicosanoid-dependent bronchoconstriction and hypotension induced by 

endothelin-1 in the guinea-pig. Br J Pharmacol 126, 93-102 

184. Granström, B. W., Xu, C. B., Nilsson, E., Bengtsson, U. H., and Edvinsson, L. (2004) 

Up-regulation of endothelin receptor function and mRNA expression in airway smooth 

muscle cells following Sephadex-induced airway inflammation. Basic & clinical 

pharmacology & toxicology 95, 43-48 

185. Gregory, L. G., Jones, C. P., Mathie, S. A., Pegorier, S., and Lloyd, C. M. (2013) 

Endothelin-1 directs airway remodeling and hyper-reactivity in a murine asthma model. 

Allergy 68, 1579-1588 

186. Altman, M. C., Lai, Y., Nolin, J. D., Long, S., Chen, C. C., Piliponsky, A. M., 

Altemeier, W. A., Larmore, M., Frevert, C. W., Mulligan, M. S., Ziegler, S. F., Debley, 

J. S., Peters, M. C., and Hallstrand, T. S. (2019) Airway epithelium-shifted mast cell 

infiltration regulates asthmatic inflammation via IL-33 signaling. J Clin Invest 129, 

4979-4991 

187. Yu, C.-K., and Chen, C.-L. (2003) Activation of Mast Cells Is Essential for 

Development of House Dust Mite <em>Dermatophagoides farinae</em>-Induced 

Allergic Airway Inflammation in Mice. 171, 3808-3815 

188. Jacquet, A. (2011) The role of innate immunity activation in house dust mite allergy. 

Trends Mol Med 17, 604-611 

189. Jacquet, A. (2011) The role of the house dust mite-induced innate immunity in 

development of allergic response. Int Arch Allergy Immunol 155, 95-105 

190. Raphael, I., Nalawade, S., Eagar, T. N., and Forsthuber, T. G. (2015) T cell subsets and 

their signature cytokines in autoimmune and inflammatory diseases. Cytokine 74, 5-17 

191. Britt, R. D., Jr., Thompson, M. A., Sasse, S., Pabelick, C. M., Gerber, A. N., and 

Prakash, Y. S. (2019) Th1 cytokines TNF-α and IFN-γ promote corticosteroid 

resistance in developing human airway smooth muscle. American journal of 

physiology. Lung cellular and molecular physiology 316, L71-l81 

192. Yokomizo, T., Uddin, M., Shimizu, T., Serhan, C. N., Rovati, G. E., Rokach, J., Powell, 

W., Nakamura, M., Hay, D. W. P., Evans, J. F., Drazen, J., Dent, G., Dahlén, S.-E., 

Chiang, N., Brink, C., and Bäck, M. (2020) Leukotriene receptors (version 2020.3) in 

the IUPHAR/BPS Guide to Pharmacology Database. IUPHAR/BPS Guide to 

Pharmacology CITE 2020 

193. Ciana, P., Fumagalli, M., Trincavelli, M. L., Verderio, C., Rosa, P., Lecca, D., Ferrario, 

S., Parravicini, C., Capra, V., Gelosa, P., Guerrini, U., Belcredito, S., Cimino, M., 

Sironi, L., Tremoli, E., Rovati, G. E., Martini, C., and Abbracchio, M. P. (2006) The 

orphan receptor GPR17 identified as a new dual uracil nucleotides/cysteinyl-

leukotrienes receptor. The EMBO journal 25, 4615-4627 

194. Maekawa, A., Balestrieri, B., Austen, K. F., and Kanaoka, Y. (2009) GPR17 is a 

negative regulator of the cysteinyl leukotriene 1 receptor response to leukotriene D4. 

Proceedings of the National Academy of Sciences of the United States of America 106, 

11685-11690 

195. Maekawa, A., Xing, W., Austen, K. F., and Kanaoka, Y. (2010) GPR17 regulates 

immune pulmonary inflammation induced by house dust mites. Journal of immunology 

(Baltimore, Md. : 1950) 185, 1846-1854 

196. Duvall, M. G., Bruggemann, T. R., and Levy, B. D. (2017) Bronchoprotective 

mechanisms for specialized pro-resolving mediators in the resolution of lung 

inflammation. Mol Aspects Med 58, 44-56 



 

62 

197. Simons, B., Ferrini, M. E., Carvalho, S., Bassett, D. J., Jaffar, Z., and Roberts, K. (2017) 

PGI2 Controls Pulmonary NK Cells That Prevent Airway Sensitization to House Dust 

Mite Allergen. Journal of immunology (Baltimore, Md. : 1950) 198, 461-471 

198. Safholm, J., Dahlen, S. E., and Adner, M. (2013) Antagonising EP1 and EP2 receptors 

reveal that the TP receptor mediates a component of antigen-induced contraction of the 

guinea pig trachea. Eur J Pharmacol 718, 277-282 

199. Engineer, D. M., Niederhauser, U., Piper, P. J., and Sirois, P. (1978) Release of 

mediators of anaphylaxis: inhibition of prostaglandin synthesis and the modification of 

release of slow reacting substance of anaphylaxis and histamine. Br J Pharmacol 62, 

61-66 

200. Undem, B. J., Pickett, W. C., Lichtenstein, L. M., and Adams, G. K., 3rd. (1987) The 

effect of indomethacin on immunologic release of histamine and sulfidopeptide 

leukotrienes from human bronchus and lung parenchyma. The American review of 

respiratory disease 136, 1183-1187 

201. Daham, K., James, A., Balgoma, D., Kupczyk, M., Billing, B., Lindeberg, A., 

Henriksson, E., FitzGerald, G. A., Wheelock, C. E., Dahlén, S. E., and Dahlén, B. 

(2014) Effects of selective COX-2 inhibition on allergen-induced bronchoconstriction 

and airway inflammation in asthma. The Journal of allergy and clinical immunology 

134, 306-313 

202. Johnston, S. L., Bardin, P. G., Harrison, J., Ritter, W., Joubert, J. R., and Holgate, S. T. 

(1992) The effects of an oral thromboxane TP receptor antagonist BAY u 3405, on 

prostaglandin D2- and histamine-induced bronchoconstriction in asthma, and 

relationship to plasma drug concentrations. British journal of clinical pharmacology 

34, 402-408 

203. Fujitani, Y., Kanaoka, Y., Aritake, K., Uodome, N., Okazaki-Hatake, K., and Urade, 

Y. (2002) Pronounced eosinophilic lung inflammation and Th2 cytokine release in 

human lipocalin-type prostaglandin D synthase transgenic mice. Journal of 

immunology (Baltimore, Md. : 1950) 168, 443-449 

204. McGovern, T., Goldberger, M., Chen, M., Allard, B., Hamamoto, Y., Kanaoka, Y., 

Austen, K. F., Powell, W. S., and Martin, J. G. (2016) CysLT1 Receptor Is Protective 

against Oxidative Stress in a Model of Irritant-Induced Asthma. Journal of immunology 

(Baltimore, Md. : 1950) 197, 266-277 

205. Kushnir-Sukhov, N. M., Brown, J. M., Wu, Y., Kirshenbaum, A., and Metcalfe, D. D. 

(2007) Human mast cells are capable of serotonin synthesis and release. The Journal 

of allergy and clinical immunology 119, 498-499 

206. Takahashi, T., Ward, J. K., Tadjkarimi, S., Yacoub, M. H., Barnes, P. J., and Belvisi, 

M. G. (1995) 5-Hydroxytryptamine facilitates cholinergic bronchoconstriction in 

human and guinea pig airways. American journal of respiratory and critical care 

medicine 152, 377-380 

207. Yang, T., Wang, H., Li, Y., Zeng, Z., Shen, Y., Wan, C., Wu, Y., Dong, J., Chen, L., 

and Wen, F. (2020) Serotonin receptors 5-HTR2A and 5-HTR2B are involved in 

cigarette smoke-induced airway inflammation, mucus hypersecretion and airway 

remodeling in mice. International immunopharmacology 81, 106036 

208. Yu, M., Tsai, M., Tam, S. Y., Jones, C., Zehnder, J., and Galli, S. J. (2006) Mast cells 

can promote the development of multiple features of chronic asthma in mice. J Clin 

Invest 116, 1633-1641 

209. Rodewald, H. R., and Feyerabend, T. B. (2012) Widespread immunological functions 

of mast cells: fact or fiction? Immunity 37, 13-24 

210. Moffatt, J. D., Cocks, T. M., and Page, C. P. (2004) Role of the epithelium and 

acetylcholine in mediating the contraction to 5-hydroxytryptamine in the mouse 

isolated trachea. Br J Pharmacol 141, 1159-1166 



 

 63 

211. Weigand, L. A., Myers, A. C., Meeker, S., and Undem, B. J. (2009) Mast cell-

cholinergic nerve interaction in mouse airways. The Journal of physiology 587, 3355-

3362 

212. Sjoberg, L. C., Gregory, J. A., Dahlen, S. E., Nilsson, G. P., and Adner, M. (2015) 

Interleukin-33 exacerbates allergic bronchoconstriction in the mice via activation of 

mast cells. Allergy 70, 514-521 

213. Pisi, G., Olivieri, D., and Chetta, A. (2009) The airway neurogenic inflammation: 

clinical and pharmacological implications. Inflammation & allergy drug targets 8, 176-

181 

214. Undem, B. J., and Nassenstein, C. (2009) Airway nerves and dyspnea associated with 

inflammatory airway disease. Respiratory physiology & neurobiology 167, 36-44 

215. Pan, J., Rhode, H. K., Undem, B. J., and Myers, A. C. (2010) Neurotransmitters in 

airway parasympathetic neurons altered by neurotrophin-3 and repeated allergen 

challenge. American journal of respiratory cell and molecular biology 43, 452-457 

216. Yang, Z., Zhuang, J., Zhao, L., Gao, X., Luo, Z., Liu, E., Xu, F., and Fu, Z. (2017) 

Roles of Bronchopulmonary C-fibers in airway Hyperresponsiveness and airway 

remodeling induced by house dust mite. Respiratory research 18, 199 

217. MacQueen, G., Marshall, J., Perdue, M., Siegel, S., and Bienenstock, J. (1989) 

Pavlovian conditioning of rat mucosal mast cells to secrete rat mast cell protease II. 

Science (New York, N.Y.) 243, 83-85 

218. Nie, Z., Maung, J. N., Jacoby, D. B., and Fryer, A. D. (2020) Lung eosinophils increase 

vagus nerve-mediated airway reflex bronchoconstriction in mice. American journal of 

physiology. Lung cellular and molecular physiology 318, L242-L251 

219. Calzetta, L., Ritondo, B. L., Matera, M. G., Facciolo, F., and Rogliani, P. Targeting IL-

5 pathway against airway hyperresponsiveness: A comparison between benralizumab 

and mepolizumab. n/a 

220. ASTHMA, G. I. F. (2020) GINA MAIN REPORT. https://ginasthma.org/gina-reports/ 

221. Wadhwa, R., Dua, K., Adcock, I. M., Horvat, J. C., Kim, R. Y., and Hansbro, P. M. 

(2019) Cellular mechanisms underlying steroid-resistant asthma. European respiratory 

review : an official journal of the European Respiratory Society 28 

222. Kolmert, J., Gomez, C., Balgoma, D., Sjodin, M., Bood, J., Konradsen, J. R., Ericsson, 

M., Thorngren, J. O., James, A., Mikus, M., Sousa, A. R., Riley, J. H., Bates, S., Bakke, 

P. S., Pandis, I., Caruso, M., Chanez, P., Fowler, S. J., Geiser, T., Howarth, P., Horvath, 

I., Krug, N., Montuschi, P., Sanak, M., Behndig, A., Shaw, D. E., Knowles, R. G., 

Holweg, C. T. J., Wheelock, A. M., Dahlen, B., Nordlund, B., Alving, K., Hedlin, G., 

Chung, K. F., Adcock, I. M., Sterk, P. J., Djukanovic, R., Dahlen, S. E., Wheelock, C. 

E., and U-Biopred Study Group, o. b. o. t. U. B. S. G. (2021) Urinary Leukotriene E4 

and Prostaglandin D2 Metabolites Increase in Adult and Childhood Severe Asthma 

Characterized by Type 2 Inflammation. A Clinical Observational Study. American 

journal of respiratory and critical care medicine 203, 37-53 

223. Kwak, D. W., Park, D., and Kim, J. H. (2021) Leukotriene B4 receptors play critical 

roles in house dust mites-induced neutrophilic airway inflammation and IL-17 

production. Biochem Biophys Res Commun 534, 646-652 

224. Adner, M., Canning, B. J., Meurs, H., Ford, W., Ramos Ramírez, P., van den Berg, M. 

P. M., Birrell, M. A., Stoffels, E., Lundblad, L. K. A., Nilsson, G. P., Olsson, H. K., 

Belvisi, M. G., and Dahlén, S. E. (2020) Back to the future: re-establishing guinea pig 

in vivo asthma models. Clinical science (London, England : 1979) 134, 1219-1242 

225. Säfholm, J., Manson, M. L., Bood, J., Al-Ameri, M., Orre, A.-C., Raud, J., Dahlén, S.-

E., and Adner, M. (2019) Mannitol triggers mast cell–dependent contractions of human 

small bronchi and prostacyclin bronchoprotection. Journal of Allergy and Clinical 

Immunology 144, 984-992 

https://ginasthma.org/gina-reports/


 

64 

226. Zhang, Y., Cardell, L. O., and Adner, M. (2007) IL-1beta induces murine airway 5-

HT2A receptor hyperresponsiveness via a non-transcriptional MAPK-dependent 

mechanism. Respiratory research 8, 29 

227. Safholm, J., Lovdahl, C., Swedin, L., Boels, P. J., Dahlen, S. E., Arner, A., and Adner, 

M. (2011) Inflammation-induced airway smooth muscle responsiveness is strain 

dependent in mice. Pulm Pharmacol Ther 24, 361-366 

228. Björck, T., and Dahlén, S. E. (1993) Leukotrienes and histamine mediate IgE-

dependent contractions of human bronchi: pharmacological evidence obtained with 

tissues from asthmatic and non-asthmatic subjects. Pulmonary pharmacology 6, 87-96 

229. Ding, S., Zhang, J., Yin, S., Lu, J., Hu, M., Du, J., Huang, J., and Shen, B. (2019) 

Inflammatory cytokines tumour necrosis factor-alpha and interleukin-8 enhance airway 

smooth muscle contraction by increasing L-type Ca(2+) channel expression. Clinical 

and experimental pharmacology & physiology 46, 56-64 

230. Wang, Y. P., Wu, Y., Li, L. Y., Zheng, J., Liu, R. G., Zhou, J. P., Yuan, S. Y., Shang, 

Y., and Yao, S. L. (2011) Aspirin-triggered lipoxin A4 attenuates LPS-induced pro-

inflammatory responses by inhibiting activation of NF-kappaB and MAPKs in BV-2 

microglial cells. Journal of neuroinflammation 8, 95 

231. Wu, S. H., Lu, C., Dong, L., Zhou, G. P., He, Z. G., and Chen, Z. Q. (2005) Lipoxin 

A4 inhibits TNF-alpha-induced production of interleukins and proliferation of rat 

mesangial cells. Kidney Int 68, 35-46 

232. Yang, Y., Zhu, Y., Xiao, J., Tian, Y., Ma, M., Li, X., Li, L., Zhang, P., Li, M., Wang, 

J., and Jin, S. (2020) Maresin conjugates in tissue regeneration 1 prevents 

lipopolysaccharide-induced cardiac dysfunction through improvement of 

mitochondrial biogenesis and function. Biochemical pharmacology 177, 114005 

233. White, A. A., and Stevenson, D. D. (2018) Aspirin-Exacerbated Respiratory Disease. 

The New England journal of medicine 379, 1060-1070 

234. Leendertse, A. J., Egberts, A. C. G., Stoker, L. J., van den Bemt, P. M. L. A., and Group, 

H. S. (2008) Frequency of and Risk Factors for Preventable Medication-Related 

Hospital Admissions in the Netherlands. Archives of Internal Medicine 168, 1890-1896 

235. Arfè, A., Scotti, L., Varas-Lorenzo, C., Nicotra, F., Zambon, A., Kollhorst, B., Schink, 

T., Garbe, E., Herings, R., Straatman, H., Schade, R., Villa, M., Lucchi, S., Valkhoff, 

V., Romio, S., Thiessard, F., Schuemie, M., Pariente, A., Sturkenboom, M., and Corrao, 

G. (2016) Non-steroidal anti-inflammatory drugs and risk of heart failure in four 

European countries: nested case-control study. BMJ (Clinical research ed.) 354, i4857 

236. Ungprasert, P., Cheungpasitporn, W., Crowson, C. S., and Matteson, E. L. (2015) 

Individual non-steroidal anti-inflammatory drugs and risk of acute kidney injury: A 

systematic review and meta-analysis of observational studies. European Journal of 

Internal Medicine 26, 285-291 

237. Bhala, N., Emberson, J., Merhi, A., Abramson, S., Arber, N., Baron, J. A., Bombardier, 

C., Cannon, C., Farkouh, M. E., FitzGerald, G. A., Goss, P., Halls, H., Hawk, E., 

Hawkey, C., Hennekens, C., Hochberg, M., Holland, L. E., Kearney, P. M., Laine, L., 

Lanas, A., Lance, P., Laupacis, A., Oates, J., Patrono, C., Schnitzer, T. J., Solomon, S., 

Tugwell, P., Wilson, K., Wittes, J., and Baigent, C. (2013) Vascular and upper 

gastrointestinal effects of non-steroidal anti-inflammatory drugs: meta-analyses of 

individual participant data from randomised trials. Lancet (London, England) 382, 769-

779 

238. Chen, X., Chen, J., Song, Y., and Su, X. (2020) Vagal α7nAChR signaling regulates 

α7nAChR(+)Sca1(+) cells during lung injury repair. Stem cell research & therapy 11, 

375 

239. Dalli, J., Colas, R. A., Arnardottir, H., and Serhan, C. N. (2017) Vagal Regulation of 

Group 3 Innate Lymphoid Cells and the Immunoresolvent PCTR1 Controls Infection 

Resolution. Immunity 46, 92-105 



 

 65 

 


