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Abstract 

Background 
Acute respiratory distress syndrome (ARDS) represents a syndrome of 
acutely failing lung function that, by definition, requires intensive care 
efforts to maintain adequate oxygenation of the patient’s blood. In 
established ARDS, treatment options are severely limited, although 
previous work in rodents have shown positive effects of pharmacological 
treatment with soluble epoxide hydrolase inhibitors (sEH) in an 
experimental model of acute lung injury. Clinically, the most important 
treatment for ARDS is reduction of harm or complications, primarily in 
the form of ventilator-induced lung injury (VILI). Mechanical ventilation 
has positive and negative effects, where avoidance of VILI induction may 
necessitate ventilatory settings that lead to significant patient 
discomfort. We do not currently have biomarkers that identify patients 
with inappropriate or suboptimal positive pressure ventilatory support 
settings.  

Aims 
This thesis mainly aims to describe lung injury biomarker patterns and 
effects of pharmacological treatment with soluble epoxide hydrolase 
inhibitors (sEH) in acute lung injury. 

Methods 
A pig model of VILI was used to identify biomarkers among oxylipins 
and extracellular vesicles (EVs) in plasma and in bronchoalveolar lavage 
fluid (BALF), and also in exhaled breath condensate (EBC). Plasma 
samples from a cohort of intensive care unit (ICU) subjects were used to 
describe the kinetics of oxylipins after intubation and in sepsis compared 
to non-septic cases. We also established a pig model of long-term venous 
access to allow for determination of pharmacokinetic properties of a 
potential new anti-inflammatory medication in the form of an inhibitor 
of sEH. Finally, sEH inhibition was tested in a lipopolysaccharide (LPS) 
model of lung injury in pigs. 

Results 
Several oxylipins increased in BALF in response to VILI induction. Some 
of these were also noted to increase in plasma. As a preliminary finding, 
a number of oxylipins could also be detected in EBC. Regarding EVs, 
those containing nucleic acids increased over time in response to VILI in 
BALF but not in plasma. In humans, lower levels of some oxylipins were 



iv 

observed after one day of mechanical ventilation and in septic patients 
compared to non-septic controls. Long-term cannulation of pigs was 
performed with satisfactory vascular access. Inhibition of sEH did not 
attenuate lung injury development after LPS challenge in pigs. 

Conclusions 
Some oxylipins and EVs may be markers of experimental lung injury, 
most clearly seen in BALF. In ICU patients, oxylipins in plasma seem to 
decrease after intubation and were lower among sepsis cases compared 
to non-septic cases in this cohort. Finally, sEH inhibition does not 
appear to attenuate lung injury in pigs. 
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Enkel svensk sammanfattning 

Akut svår lungsvikt är vanligt vid kritisk sjukdom och är ett tillstånd med 
okontrollerad inflammation där effektiv behandling mot åkomman 
saknas. Hörnstenen i behandlingen är i stället att ge livsuppehållande 
stöd med respiratorbehandling och samtidigt undvika att orsaka 
ytterligare skada i lungan med respiratorbehandlingen. Det har visat sig 
att respiratorbehandling med stora andetag kan orsaka ytterligare 
lungskada och kraftigt öka dödligheten vid svår lungsvikt. Trots detta ges 
många patienter behandling med stora andetag eftersom små 
andetagsvolymer i respirator är förknippade med svåra biverkningar. 
Laboratorieprover som påvisar skadlig respiratorbehandling saknas idag 
men skulle potentiellt kunna hjälpa vårdpersonal att individualisera 
respiratorbehandlingen så att varje patient får det den behöver och 
skadliga andetag undviks till de patienter som faktiskt är känsliga för 
dem. Dessutom finns en hypotes att man med antiinflammatorisk 
läkemedelsbehandling skulle kunna positivt påverka förloppet vid akut 
lungsvikt. Inflammation regleras av ett antal olika enzymsystem som styr 
kroppens produktion av reglerande ämnen. Så kallade 
antiinflammatoriska mediciner kan verka genom att hämma effekten av 
enzym i dessa system. Enzymet lösligt epoxidhydrolas är en del av 
reglersystemet för inflammation och hämning av detta enzym har testats 
i olika forskningmodeller av inflammation. Tidigare har hämning av 
lösligt epoxidhydrolas visats minska utvecklingen av lungsvikt hos 
gnagare som utsätts för svår inflammation orsakad av 
bakterieprodukter. 

Sövda grisar användes här för försök där ett antal djur fick en svår 
lungskada genom att lungorna först sköljdes med stora mängder 
koksaltlösning och sedan utsattes för respiratorbehandling med mycket 
stora andetagsvolymer. En kontrollgrupp utsattes för koksaltsköljningen 
men fick sedan lungskyddande respiratorbehandling med små 
andetagsvolymer. Vid upprepade tillfällen under försökets gång 
samlades prover både från blod och från sköljvätska från luftvägarna in 
med en flexibel fiberkamera. Ånga från utandningsluften samlades även 
in för analys genom att kondenseras med ett kylt rör kopplat till 
utandningsdelen av respiratorn. I de tillvaratagna proverna mättes en 
typ av fettsyrametaboliter som är viktiga för reglering av inflammation 
som kallas oxylipiner samt små celldelar som kan knoppas av från 
kroppens celler som kallas extracellulärvesikler. Dessa arbeten syftade 
till att hitta avvikelser i tillvaratagna prover som skulle kunna användas 
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för att identifiera individer som skadas av pågående 
respiratorbehandling. Därutöver syftade försöken till att kartlägga vilka 
substanser som styr inflammationen vid akut lungsvikt. Oxylipiner 
mättes även i blod från intensivvårdspatienter som lämnat prover till en 
studie vid intensivvårdsavdelningen i Östersund. Detta arbete syftade till 
att öka förståelsen för hur inflammation regleras vid kritisk sjukdom och 
till att hitta blodprover som påverkas av respiratorbehandling. 
Experiment utfördes även där grisar behandlades med antingen en 
hämmare av enzymet lösligt epoxidhydrolas eller med icke aktiv 
koksaltlösning i dropp. Djuren fick sedan ett bakterieproducerat ämne 
som startar en svår inflammation i kroppen som även orsakar akut 
lungsvikt. Gruppen med och utan epoxidhydrolashämmarbehandling 
jämfördes för att se om behandlingen kunde minska utvecklingen av 
lungskada. Dessa experiment föregicks av försök för att hitta rätt dos av 
läkemedlet i gris där en metod utvecklades för att förse grisar med 
intravenösa katetrar med så liten negativ påverkan som möjligt för 
grisarna. 

Resultaten visade att ett antal oxylipiner ökade över tid i vätska från 
luftvägarna hos grisar som fick skadlig respiratorbehandling jämfört 
med dem som inte fick det. Samtidigt sågs en motsvarande ökning av ett 
mindre antal oxylipiner i blodprover från samma grisar. Man kunde även 
se förekomst av vissa oxylipiner i kondensvätska från utandningsluft, 
men dessa observationer var för få för att ytterligare analyser skulle 
kunna göras. Även vissa extracellulärvesikler ökade i sköljvätskan från 
luftvägarna, men inte i blod. Hos intensivvårdspatienterna sågs i stället 
sjunkande halter av vissa oxylipiner efter att de påbörjat 
respiratorbehandling och hos patienter med blodförgiftning var det 
vanligt att ett stort antal oxylipiner fanns i lägre halter i blodet än hos 
patienter utan blodförgiftning. När behandlingen med 
epoxidhydrolashämmare utvärderades sågs ingen effekt alls på 
lungskadeutveckling jämfört med om läkemedlet inte gavs. 

De huvudsakliga fynden i detta arbete var att vissa oxylipiner och 
extracellulärvesikler skulle kunna påvisa skador av 
respiratorbehandling, åtminstone om man kan mäta deras förekomst 
direkt i luftvägarna. Detta kunde dock inte ses hos 
intensivvårdspatienter som fick respiratorbehandling, där man tvärtom 
såg sjunkande halter av vissa oxylipiner. Behandling med 
epoxidhydrolashämmare tycktes inte skydda grisar mot utveckling av 
akut lungskada vid svår generell inflammation, vilket talar emot att 
sådan behandling skulle kunna skydda människor mot att drabbas av 
inflammatoriskt betingad akut lungsvikt. 
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Introduction  

Inflammation is a physiologic response to infection or injury in which 
the body defends itself against unwanted invaders, such as microbes or 
cancer cells. Acute inflammation is a cornerstone of the body’s 
homeostasis and is needed to render threats harmless before recovery 
and healing ensues. Yet, chronic inflammation is part of the 
pathogenesis of a very large number of diseases. Inflammation, both 
chronic and acute, may also be local or systemic. This thesis explores 
aspects of the inflammatory response and how it contributes to acute 
lung injury. Specifically, the aim here is to investigate preclinical 
questions that may help infer answers to clinical problems in regard to 
acute lung injury in humans. 

Acute lung injury refers to the concept of acute and usually diffuse 
inflammatory response manifest in lung tissue (though it can be 
occurring at the same time in other vital organs), and which leads to 
impairment of lung function, often in an intensive care setting. First 
specifically presented in a scientific report in 1967(1), human acute 
respiratory distress syndrome (ARDS) is a term specific for lung failure 
meeting certain diagnostic criteria including timing of onset, bilateral 
engagement and severity of oxygenation impairment(2, 3). Although 
inflammation – or markers thereof – is not part of the ARDS criteria, 
inflammation is a hallmark of the syndrome(4-7).  

ARDS is a heterogeneous syndrome of acutely impaired lung function 
that is characterized by an uncontrolled inflammatory reaction in the 
lungs. This causes diffuse alveolar damage with markedly impaired gas 
exchange, including hypoxemia and clinical respiratory failure(8-11). 
Histopathologically, and beyond interstitial oedema and inflammation, 
the alveolar damage demonstrates prominent neutrophil infiltration, 
loss of epithelial integrity and capillary damage, along with a 
proteinaceous alveolar oedema and hyaline membrane formation(8, 9, 
12-14). 

Although human ARDS is heterogeneous by nature and is associated 
with many different inciting aetiologies and different phenotypes, it 
represents a subset of patients with respiratory failure meeting the 
defining diagnostic criteria(2, 3, 15). The term acute lung injury has been 
recently revisited with a recommendation that it be applied to describe 
acute impairment of lung function without meeting strict ARDS 
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diagnostic criteria in both humans and experimental animal models(3, 
16). Clinically indistinguishable from ARDS is ventilator-induced lung 
injury (VILI), a term referring to the damage lungs sustained from 
positive-pressure mechanical ventilation(17-19). 

Today, there are no clinically useful biomarkers for ARDS or VILI. 
Furthermore, pharmacological treatment options are extremely limited 
in ARDS, despite decades of research. Those two shortcomings are the 
main knowledge gaps that this work attempts to address.  
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Background 

Inflammation 
The inflammatory response is tightly controlled to ensure that the 
inflammatory reaction is sufficiently strong to adequately combat threats 
and yet controlled enough to avoid inappropriate or unnecessary own 
tissue damage(20). The regulatory process consists of an elaborate 
interplay between different redundant systems of mediators, both up-
modulating/activating and down-modulating/deactivating(21). As 
inflammation is a key part of many disease processes(22) where either 
the body’s responses to injury are over-exuberant and injurious of 
themselves, or where the body’s immune system attacks own tissue, 
called auto-immune illnesses, knowledge of specific steps in 
inflammatory regulation may give insight into ways of diagnosing 
disease and possibilities to intervene by pharmacological modification of 
inflammatory regulatory systems(22). 

Innate immune response 
The first line of microbial defence consists of a fast-acting response 
system known as the innate immune system(23, 24). This descriptive 
term encompasses cells such as macrophages, dendritic cells, mast cells 
and neutrophils that identifies foreign microorganisms or tissue damage 
by pattern-recognition receptors (PRRs)(24), which are preprogramed 
and inherited. PRRs recognize microbes or tissue damage by binding to 
essential microbial components known as pathogen-associated 
molecular patterns (PAMPs) or endogenous substances resulting from 
tissue damage collectively known as damage-associated molecular 
patterns (DAMPs)(25). Generally, PAMPs and DAMPs are components 
of fundamental importance to microorganisms (PAMPs) or tissues and 
cells (DAMPs) that have been conserved through evolution(25, 26). 
Therefore, these signals remain detectable by a limited number of 
receptors, regardless of, for example, evolutionary attempts by microbes 
to avoid detection by our immune system(27, 28). 

Activation of PRRs lead to subsequent intracellular activation of 
signalling pathways such as nuclear factor kappa-B (NF-κB) and 
mitogen-activated protein kinases (MAPKs)(29, 30). This induces 
transcription of genes coding for pro-inflammatory mediators such as 
cytokines, chemokines and eicosanoid-producing enzymes(29-31). 
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Toll-like receptors (TLR) are important examples of PRRs(25). For 
example, TLR4 on macrophages recognizes and binds to bacterial 
lipopolysaccharide (LPS) and induces, among other responses, NF-κB-
mediated secretion of tumour necrosis factor (TNF) and interleukin 1 
(IL-1)(32). Along with other mediators, these two cytokines locally 
induce and maintain inflammation. They have both autocrine and 
paracrine effects, with activation of adjacent endothelial cells and 
leukocytes, as well as upregulation of endothelial adhesion molecules 
that recruit more immune cells and enhance the production of 
inflammatory mediators(20, 33, 34). Likewise, LPS also activates TLR4 
on dendritic cells, neutrophils, endothelial cells and type II alveolar 
pneumocytes(35). The integrated response includes activation of the 
adaptive immune system, which is acquired, targeted defence against 
specific pathogens. These two sides of immune response lead to local 
action from different types of activated leucocytes, but prominently 
neutrophil-mediated inflammation with production of reactive oxygen 
species, ROS, increased vascular permeability with vascular damages 
and pulmonary inflammation, possibly with development of ARDS or 
acute lung injury(36, 37). 

TLR4 is also expressed on mast cells, and LPS is therefore one 
mechanism by which mast cells may be activated(38). Mast cell 
activation leads to degranulation which includes immediate release of 
histamine that leads to vasodilation and increased vascular 
permeability(39). Activation of mast cells also induces synthesis and 
release of several cytokines (TNF, IL-4, IL-5 and IL-6), chemokines and 
eicosanoids (including both leukotrienes and prostaglandins)(39, 40). 
This is a major contributor to the classical inflammatory symptoms of 
heat, redness, pain and swelling that were described over two thousand 
years ago. 

Adaptive immune response 
Many aspects of the innate immune response are initiated within a very 
short period of time from the activating insult(24, 41). A more sensitive 
and specific defence against damaging microorganisms or cancer cells 
may be activated later in the process(24). This response is characterized 
by specificity, memory and clonal expansion(42). The adaptive response 
is also an integral part of the process initiated by the innate response, as 
dendritic cells (and other antigen presenting cells) present foreign 
antigens to T-lymphocytes that, after differentiation into different 
subtypes, activate the cell-mediated inflammatory response(42). 
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After presentation of antigens on major histocompatibility complex 
(MHC) molecules, individual lymphocytes are activated by recognition 
and binding of their specific antigen(42). In the case of T-cells, their 
activation is dependent on the cell-specific T-cell receptor, TCR, 
interacting with the antigen, a process dependent on co-stimulation of 
other receptors(43, 44). B-cells may recognize free antigens with their 
specific B-cell receptor (BCR). Complete activation of B-cells is, however, 
often dependent on stimulation from cluster of differentiation 4 (CD4)-
positive T-cells, also called T helper cells(44). 

Lymphocytes with receptors that bind to a specific antigen may undergo 
clonal expansion, creating a large population of cells with the same 
specificity for binding to this antigen(45). Dependent on local cytokine 
environments, lymphocytes differentiate into different effector cells(46). 
CD4 positive T helper cells control the inflammatory response by 
secretion of cytokines(46, 47). Different sub-forms include Th1 cells that 
produce interferon-γ (IFN-γ) that further activates macrophages and 
reinforces cell-mediated immunity(48). The Th1-mediated effects are 
important pro-inflammatory stimuli. Th17 cells secrete IL-17 and other 
cytokines important for neutrophil recruitment(49). These cells 
contribute to prolonged inflammatory processes, while other T-cells, 
such as regulatory T cells (Tregs) supress the inflammatory response to 
avoid overactivation and prevent autoimmune inflammation(50).  

Resolution of inflammation 
Inflammation ends when pro-inflammatory cells are eliminated or 
turned off, or even shift phenotype to a more anti-inflammatory or 
down-regulating type of action. Neutrophils have a short life span and 
will undergo apoptosis within hours or days(51). As dying neutrophils 
are phagocytosed by macrophages, the macrophages are stimulated to 
switch from a pro-inflammatory state to a more anti-inflammatory state 
where they secrete IL-10 (an anti-inflammatory cytokine), transforming 
growth factor beta (TGF-β) and other factors that stimulate tissue 
repair(52). In parallel, specialized lipid mediators with potent anti-
inflammatory actions, such as lipoxins, resolvins and protectins, are 
produced by metabolization of arachidonic acid (AA) and related 
polyunsaturated fatty acids (PUFAs)(51, 53). As these mediators are 
produced in response to an inflammatory stimulus, this results in 
reduced neutrophil recruitment, dampened inflammatory response and 
stimulated tissue repair, forming an immunological break that prevent 
uncontrolled inflammation(53). 
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Neuroendocrine and metabolic regulatory functions 
Neural input as well as hormones have major regulatory functions on the 
immune system. Also, the reverse is true as well. Perhaps the most 
obvious example is fever, resulting from hypothalamic production of 
prostaglandin E2 (PGE2) (54) in response to circulating cytokines such as 
IL-1, IL-6 and TNF. IL-1 and other cytokines also stimulate the 
hypothalamus to release corticotrophin-releasing hormone (CRH). CRH 
in turn stimulates release of adrenocorticotropic hormone (ACTH) in the 
pituitary gland. ACTH stimulates the production and release of cortisol 
in the adrenal cortex. Cortisol, in turn, is a potent anti-inflammatory 
hormone that limits the inflammatory response by a feedback loop that 
terminates in down-regulation of several transcription factors, including 
NF-κB(55). Cortisol also inhibits inflammation by directly stimulating 
production of multiple anti-inflammatory mediators, including the 
cytokine IL-10 and the enzyme annexin-1(56). 

The autonomic nervous system is also involved in inflammatory 
regulation. Lymphoid tissues may have direct sympathetic innervation 
and noradrenaline as well as adrenaline act on adrenergic receptors on 
immune cells. β2-adrenergic receptors dominate and act mainly with 
anti-inflammatory effect, leading to a tendency for sympathetic 
attenuation of the inflammatory response, although pro-inflammatory 
effects of Β2-adrenergic stimulation can also occur(57). α1-adrenergic 
receptors may have other effects but are more sparsely distributed in the 
immune system(58).  

Vagal tone may also fine-tune inflammatory processes by the cholinergic 
anti-inflammatory reflex, where acetylcholine release in lymphoid tissue, 
such as the spleen, results in reduced production of pro-inflammatory 
cytokines, including TNF by macrophages(59). This swift response helps 
limit systemic immune overreaction in conditions such as sepsis. 

Metabolic processes may also contribute to regulation of inflammation, 
both in regard to intensity and duration. Generally, energy surplus 
contributes to chronic inflammation, while caloric restriction in fasting 
states is associated with anti-inflammatory effects(60, 61). Surplus fat 
tissue may have potent endocrine effects with impact on immune 
function. Fat tissue will contain macrophages producing pro-
inflammatory mediators such as IL-6, IL-18 and TNF(62, 63). The result 
is chronic inflammation, which is generally observed in association with 
obesity, where this group can often have increased resting C-reactive 
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protein (CRP) levels as well as increased plasma concentrations of a 
number of cytokines(64, 65).  

Oxylipins 
Oxylipins are bioactive lipids, or signalling molecules, derived from a 
limited number of PUFAs(66). These precursors are arachidonic acid 
(AA) (20 carbon, ω-6), dihomo-γ-linoleic acid (DGLA) (20 carbon, ω-6), 
eicosapentaenoic acid (EPA) (20 carbon, ω-3), docosahexaenoic acid 
(DHA) (22 carbon, ω-3), linoleic acid (LA) (18 carbon, ω-6) and alpha-
linoleic acid (ALA) (18 carbon, ω-3) and may all be cleaved from cell 
membrane phospholipids by mainly phospholipase A2(67). Specific 
oxylipin synthesis is thus dependent on precursor PUFA as well as 
enzymatic metabolic path and factors such as dietary intake may 
influence the actual oxylipin environment(68). Oxylipins derived from 
AA are called eicosanoids. 

After liberation of precursor PUFA by phospholipase A2 or other lipases, 
the precursor may undergo metabolism through three main enzymatic 
pathways: cyclooxygenase (COX), lipoxygenase (LOX) or cytochrome 
P450 (CYP)(66, 69). There is considerable overlap between the different 
pathways and metabolites may be produced by different enzymes. The 
specific metabolites may also have effects that in certain conditions 
differ from their respective main effect(68). Any overview of oxylipin 
biology that is not solely dedicated to these details will need to be 
somewhat simplified, as is the case with the current thesis. An overview 
of oxylipins detected in this work is presented in Figure 1. 

Cyclooxygenase products 
COX denotes both the enzyme COX-1, which is constitutively expressed 
in many tissues, and COX-2, which is not expressed under resting 
conditions but is induced in inflammatory states(69). COX enzymes 
metabolize AA to prostaglandin H2 (PGH2), an unstable intermediate 
metabolite that is further converted to highly pro-inflammatory 
prostaglandins or thromboxane A2 (TXA2) by tissue-specific 
synthases(69). In parallel to PGH2 production, COX metabolizes small 
amounts of AA to 15-hydroxy-eicosatetraenoic acid (15-HETE) and very 
small amounts of AA to 11-HETE(70, 71). The HETEs have intrinsic 
activities but can also be further metabolized to the anti-inflammatory 
lipoxins(71). Notably, acetylsalicylic acid (ASA) can change COX-2 
activity to increase HETE production and thereby also lipoxin 
production(72, 73).  
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Figure 1. Investigated oxylipins. A simplified pathway map of oxylipins 
investigated in any of the included papers. Intermediate metabolites not investigated 
are not shown. Arrows indicate main metabolic pathways but alternate metabolic 
pathways are also possible. 

COX enzymes also metabolize EPA, which is a substrate for ω-3-
metabolites corresponding to the AA lipids(74). These EPA metabolites 
include PGE3 and TXA3 and generally have less potent effects than their 
respective AA counterparts(69).  

The main pro-inflammatory effects of COX-products are described in the 
section below on pro-inflammatory mediators. A very large number of 
pharmacological agents, including non-steroidal anti-inflammatory 
drugs (NSAIDs) act by inhibiting COX enzymes, some non-selectively 
and some specifically on COX-2(75). 
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Lipoxygenase products 
LOX enzymes catalyse di-oxygenation (insertion of molecular oxygen) of 
PUFAs on specific carbon positions in the fatty acid, with the number in 
the enzyme name denoting the carbon to receive the oxygen addition(76, 
77). Further tissue- and cell-specific metabolism will then yield specific 
end products and there is overlap with other enzymatic and non-
enzymatic pathways. 

5-LOX is primarily found in myeloid cells and metabolises AA to the 
intermediate metabolite 5-hydroperoxy-eicosatetraenoic acid (5-
HPETE), which is further metabolised to leukotriene A4 (LTA4). LTA4 
can be modified in different directions(69, 78). Hydrolysis by LTA4 
hydrolase will convert LTA4 to the chemotactic factor leukotriene B4 
(LTB4)(67). In other instances, LTA4 will be conjugated with glutathione 
by the enzyme glutathione-S-transferase to leukotriene C4 and then 
further to leukotriene D4 and leukotriene E4(69, 79). These substances 
induce bronchoconstriction and oedema and are important in the 
pathogenesis of asthma(67). 12/15-LOX will convert AA to 12-HPETE 
and 15-HPETE that are further converted to pro-resolving lipoxins in 
cooperation with other enzymes(69, 79). 

The important contribution of LOX signalling in asthma is the 
mechanism by which LOX inhibition has become an established target 
for pharmacological treatment of this disease(69). 

Cytochrome P450 products 
CYP enzymes may hydroxylate AA to 20-HETE, but they will also 
metabolise many PUFAs to epoxides. AA-derived epoxides include the 
epoxy-eicosatrienoic acids (EpETrEs or EETs by older 
nomenclature)(80). EpETrEs mediate vasodilation and lowers blood 
pressure in addition to their anti-inflammatory modulating effect. They 
are, however, short lived due to rapid metabolization by soluble epoxide 
hydrolase, sEH. Hydrolysation by sEH convert the EpETrE epoxides to 
their corresponding diols, dihydroxy-eicosatrienoic acids (DiHETrEs or 
DHETs in older publications)(79-81). DiHETrEs are without activity or 
less potent than their epoxide precursors, and in some cases acting in 
opposite direction to the epoxides(82).  

The possible stabilisation of upstream anti-inflammatory and 
vasodilatory substrates and simultaneous inhibition of downstream 
detrimental products make inhibition of sEH a pharmacological 
candidate target to reduce inflammation and also possibly to lower blood 
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pressure. sEH inhibitors have shown promise in many animal models, 
especially regarding inflammation. There are currently no 
pharmacological agents approved for use in humans that are known to 
inhibit sEH, although several sEH inhibitors are commercially 
available(83). In an LPS model of acute lung injury, sEH inhibitor 
treatment attenuated lung injury development(84). 

Pro-inflammatory mediators 
Proinflammatory cytokines are small proteins, or peptides, important for 
cell signalling and regulation of inflammation. TNF is primarily (but not 
exclusively) produced by activated macrophages and binds to specific 
receptors on target cells, leading to activation of leucocytes, secretion of 
other cytokines and induction of fever(85, 86). IFN-γ has important 
functions in both the innate and the adaptive immune responses. IFN-γ 
activates macrophages and induces MHC class II expression(86, 87). IL-
1 (which encompasses a family of substances) is produced by many 
different immune cells and epithelial cells, as well as supporting cells in 
different tissues. The effects of IL-1 include increased adhesion factors 
on endothelial cells that attract immune cells in the blood stream, 
induction of fever, vasodilation, hypotension and hyperalgesia(86, 88, 
89). IL-6 is a pro-inflammatory cytokine that also has anti-inflammatory 
effects when secreted by muscle cells as well as other effects outside the 
immune system. In response to PAMPs, macrophages secrete IL-6 to 
mediate fever and initiation of the acute phase protein synthesis. IL-6 
also stimulates growth of B-cells and inhibits the function of Tregs(90-
92). IL-12 is secreted by dendritic cells, neutrophils, macrophages and 
other cells when stimulated by antigens. IL-12 stimulates growth, 
differentiation and function of certain T-cells as well as the production of 
other cytokines such as IFN-γ and TNF(93). IL-16 primarily acts as a 
chemoattractant for CD4 positive T-cells as well as other CD4-positive 
cells(94, 95). Several additional cytokines also have pro-inflammatory 
effects(86). 

Chemokines are a subgroup of cytokines with primarily chemoattractant 
effects. They induce leukocytes to migrate towards a higher 
concentration gradient into an area of inflammation(96). The chemokine 
family contains four subgroups of substances named from their N-
terminal cysteine residues: CC ligand with two adjacent N-terminal 
cysteine residues, CXC ligand with the two cysteine residues separated 
by a single amino acid, XC ligand with only one N-terminal cysteine 
residue and finally CX3C ligand with three amino acids separating the 
two cysteine residues(96). Chemokines are often pro-inflammatory and 
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are rapidly produced in response to cytokine stimulation. Different 
chemokines attract different immune cells(96, 97). 

Vasoactive amines is a collective name for histamine and serotonin. 
Histamine is stored in granules of mast cells and basophils and can be 
instantly released in response to tissue injury (DAMP stimulation), 
detection of PAMPs or allergic reactions(98). Effects of histamine 
include vasodilation and increased vascular permeability mediated by 
the H1-receptor (a G protein-coupled receptor) but are short-lived as 
histamine is degraded within minutes(98, 99). Serotonin is an amine 
with many different effects in different contexts, but when stored in 
thrombocytes, it is released upon activation of the thrombocyte. The 
effect on vascular tone depends on location and context, while the 
serotonin release from thrombocyte activation promotes thrombocyte 
aggregation(100). 

Many of the above-mentioned oxylipins are pro-inflammatory 
mediators. (67, 69, 101). Prostaglandins are implicated in much of the 
classical presentation of inflammation; PGD2 and PGE2 increase vascular 
permeability and vasodilation as well as increased sensitization of pain 
nerves(69, 102). Furthermore, as mentioned above, PGE2 induces 
fever(54). Prostacyclin (PGI2) is formed in endothelial cells and is a 
powerful vasodilator as well as an inhibitor of thrombocyte 
aggregation(103). TXA2 is synthesized in activated thrombocytes and has 
opposing effects to PGI2; it induces vasoconstriction and promotes 
thrombocyte aggregation(69). LTB4, primarily released from neutrophils 
and macrophages, is a potent chemoattractant for neutrophils and 
macrophages and increase activation of these cells(104). Other 
leukotrienes are released mostly from mast cells and eosinophils, and 
cause powerful bronchoconstriction, increased vascular permeability and 
increased airway secretions. These mediators are important in the 
pathogenesis of asthma and anaphylaxis(104, 105). 

The complement system is part of the innate humoral immune system, 
but may also be activated by antibodies from the adaptive immune 
system(106). Activation of the complement cascade has important 
implications for bacterial killing, but parts of the system also actively 
participate in regulation of inflammation. C3a and C5a, protein 
fragments cleaved from plasma proteins C3 and C5, bind to receptors on 
mast cells and phagocytes and promote degranulation and histamine 
release(107). C5a is also a prominent neutrophil chemoattractant and 
activator of leukocytes(108). 
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Kinins, such as bradykinin and kallidin, are peptides cleaved from 
plasma kininogens by kallikreins. This leads to activation of the kinin 
fragment which then causes vasodilation, increased vascular 
permeability and initiates pain sensation through a G protein-coupled 
receptor(109, 110). Kinin action is of very short duration due to rapid 
plasma degradation(109). 

Anti-inflammatory mediators 
IL-10 is produced by different cells, including Tregs, certain B-cells and 
some macrophages. IL-10 binds to its specific receptor on immune cells 
and confers inhibition of pro-inflammatory gene expression (including 
TNF, IL-1 and IL-12). It is one of the major local feedback signals that 
limit inflammation and prevents uncontrolled hyperinflammation(52, 
111). 

TGF-β is a cytokine in three isoforms with potent inhibitory effects on 
inflammation that is produced by several different cell types. It inhibits 
proliferation of T-cells, especially Th1 and Th2, and induces naïve T-cells 
to differentiate into Tregs(112). TGF-β also supresses activity in 
neutrophils and macrophages, and it stimulates collagen production by 
fibroblasts. TGF-β is important in resolution of inflammation, but 
overproduction is implicated in development of fibrosis(113). 

Cortisol, one of the primary stress hormones, binds intracellular 
receptors and modulates gene expression(55, 114). Among its effects are 
increased synthesis of annexin-1, an inhibitor of phospholipase A2 that 
inhibit formation of eicosanoids(55). As previously alluded to, cortisol 
also upregulates production of an NF- κB inhibitor, leading to reduced 
production of pro-inflammatory cytokines such as TNF, IFN-γ, IL-1 and 
IL-6(55, 114). Furthermore, cortisol limits inflammation by inducing cell 
such as macrophages and monocytes to differentiate into subtypes that 
promote resolution of inflammation(115). Cortisol synthesis is tightly 
controlled and has a central function in limiting inflammation to avoid 
damage from excessive inflammation. 

IL-1 receptor antagonist (IL-1ra) is produced by macrophages, 
monocytes, fibroblasts and others. It blocks the effects of IL-1 by 
competitively binding to the IL-1 receptor site, while not activating 
it(116). IL-1ra serves as a negative feedback loop limiting excessive 
inflammation by decreasing the fever response and other effects of IL-
1(89). 
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Anti-inflammatory mediators include several oxylipins derived from AA 
and related PUFAs(117). Lipoxin A4 and Lipoxin B4 are synthesized from 
AA by LOX enzymes, in some cases after a process involving interplay 
between leucocytes and thrombocytes(118). Lipoxins inhibit neutrophil 
chemotaxis and adhesion and limits their activation(118). Resolvins, 
protectins and maresins are formed from metabolism of omega 3 fatty 
acids and induce anti-inflammatory effects by binding to specific 
receptors on immune cells(117, 119). Their effects include reduction in 
neutrophil recruitment, apoptosis of present neutrophils and stimulation 
of macrophages to increase phagocytosis of dead cells and debris(120). 

Neuromediators and metabolic products may also act to reduce 
inflammation. As described above, acetylcholine may confer vagal 
signalling to limit inflammation(59). Increased metabolic demand, 
hypoxia, tissue damage and intense inflammation are associated with 
release of extracellular adenosine that binds to receptors on immune 
cells and inhibit cytokine release and neutrophil activity(121). 

Extracellular vesicles 
Extracellular vesicles (EVs) are small particles of cellular origin covered 
by a lipid bilayer(122). These vesicles can be formed during different 
circumstances and are roughly divided into different classes based on 
their size and origin(122). Exosomes (30 – 150 nm in diameter) are 
derived from endocellular organelles and are formed within cells(123). 
Microvesicles, also known as ectosomes or microparticles, are vesicles 
shed from the parent cell’s cell membrane and contain cytosol engulfed 
in the particle(123-125). Microparticles are normally 100 – 1000 nm in 
diameter(123). Finally, apoptotic bodies are cell fragments produced by 
cellular collapse during apoptosis(124). They may be as small as 50 nm 
but are generally larger than 1000 nm(123). 

Virtually all cell types may produce EVs under both physiological and 
pathological conditions, and the ability to produce EVs seems to be an 
evolutionary well-preserved trait(123). Immune cells use EVs in 
communication, both in the innate and adaptive response systems. 
Immune cells may release EVs containing inflammatory mediators, such 
as cytokines, chemokines or eicosanoids, that amplify or modulate 
immunological responses(126). EVs can also be used to transmit 
precursor molecules between cells(124). EVs are also released by 
thrombocytes to contribute to the coagulation cascade and to help 
mediate the interplay between coagulation and inflammation(127). 
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EVs contain both components of cell membranes, including receptor 
proteins and other cell surface antigens and intracellular 
substances(124). The cargo of EVs may include enzymes or growth 
factors that affect functions of target cells(124). Lipids in the covering 
bilayer of EVs may include substances important for physical properties 
as well as signalling substances or substrates for metabolic processes in 
other cells(128). Nucleic acids may also be included in the cargo of EVs. 
Primarily mRNA can be transferred from one cell to another to facilitate 
expression of specific proteins(124). Some EVs contain DNA in different 
forms. One of the mechanisms of this DNA transfer may be to act as 
DAMPs(129). 

EVs are considered a third mechanism of communication between cells 
apart from direct cell to cell contact and secretion of soluble factors. In 
fact, EVs can facilitate communication in both distant and near range. 
Locally released EVs may confer communication with neighbouring 
cells, while EVs that enter the blood stream or lymphatics may exert 
effect on distant cells. EV communication can occur both by transfer of 
content or by interaction with surface antigens(124).  

EV communication is also used in the immune system where, for 
example, antigen presenting cells may produce exosomes containing 
MHC II – antigen complexes that may stimulate T-cells from a 
distance(126). EVs may also carry pro-inflammatory mediators that help 
initiate or amplify an immune response(124). Moreover, cytotoxic T-cells 
may deploy EVs containing factors that induce apoptosis in distant cells. 
It is thus clear that EVs may participate in both pro- and anti-
inflammatory modulation(126). 

Given the many different functions EVs possess in different conditions, 
and how their production is acutely influenced by diseases and 
physiological processes, they may have great value as biomarkers as they 
are found in virtually all bodily fluids(130). EVs are readily detected by 
flow cytometry and are characterized by recognition of antigens that may 
indicate specific cellular origins(122, 124, 130). A complete overview of 
EV antigens is beyond the scope of this thesis but known EV markers 
that are employed in thesis are introduced here.  

Most EV’s will be positive for lactadherin, a protein that binds to 
phosphatidylserine, a phospholipid normally found in the cytoplasmatic 
leaflet of lipid bilayer of cell membranes(124). Phosphatidylserine serves 
as a trigger of phagocytosis and also as a pro-coagulant by offering a 
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catalytic surface facilitating the effects of the enzymes in the coagulation 
cascade(131, 132). 

EVs derived from thrombocytes constitutes the majority of EVs under 
normal resting conditions(127). Thrombocyte EVs express CD61(133), 
also known as integrin β3, a thrombocyte cell surface protein shown to 
participate in cell adhesion(134). Activated thrombocytes will also 
express CD62P, or P-selectin. P-selectin is stored in granules of 
thrombocytes and translocated to the surface after activation(135). 
CD62P on EVs is thus a marker of vesicles derived from activated 
thrombocytes. Endothelial cells express E-selectin, or CD62E, after 
cytokine activation, for example in acute inflammation(135). A combined 
marker of EV’s with CD62P/E will thus capture EVs derived from 
activated thrombocytes or activated endothelial cells and is suggestive of 
an inflammatory process or tissue injury(136). 

Most leukocytes express protein tyrosine phosphatase receptor type C, 
also known as CD45(137). CD45-positive EVs are thus considered to be 
leukocyte-derived. Increases in CD45-positive EVs are often noted in 
inflammatory states. CD45 is a family of transmembrane proteins with 
important regulatory functions for immune cells(137). 

Monocytes and many tissue macrophages express the LPS receptor CD14 
and EVs positive for CD14 originate from monocytes or tissue 
macrophages(138). Upon activation, macrophages and monocytes shed 
EVs. CD14-positive EVs have been associated with impaired outcomes in 
ARDS(139). 

EVs that have been isolated can be stained with SYTO 13, a fluorescent 
dye that binds to nucleic acids(140, 141). SYTO 13-positive EVs are thus 
demonstrated to contain DNA or RNA and may therefore be markers of 
apoptosis/necrosis, severe cellular stress or NETosis, which is release 
from activated neutrophils in neutrophil extracellular traps, or 
NETs(129). EVs positive for SYTO 13 may thus indicate cellular injury, 
tissue damage or active inflammation(141). EVs can also contain high 
mobility group box 1 (HMGB1), a nuclear protein involved in regulation 
of DNA transcription(129). The presence of HMGB1 together with 
nucleic acids, is a further sign of cellular damage or severe NETosis(129, 
142). 
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ARDS 
Definition 
ARDS was first described in 1967 by Ashbaugh and colleagues(1). In 
1994, a joint American-European consensus committee was formed and 
published an agreed upon definition of ARDS to facilitate further 
research(15). The definition was revised in 2012 by a consensus process 
endorsed by the European Society of Intensive Care Medicine, the 
American Thoracic Society and the Society of Critical Care Medicine 
called the Berlin definition(2). The Berlin definition stated that onset of 
ARDS was acute within a week, exhibited oedema that was not fully 
explained by cardiac failure of fluid overload, included a need for 
mechanical respiratory support, exhibited bilateral typical opacities on 
chest x-ray. By definition, oxygenation was also significantly impaired 
and the degree of oxygenation impairment was the basis for 
categorization of severity. Specifically, oxygenation defined by P/F ratio 
(ratio of partial pressure of oxygen in arterial blood to fraction of 
inspired oxygen) was defined as 26.4 – 39.5 kPa for mild ARDS, 13.3 – 
26.3 kPa for moderate ARDS and ≤13.2 kPa for severe ARDS(2). In 
2024, the Berlin definition was updated in a new consensus document 
and allow for the use of high flow nasal canula instead of continuous 
positive airway pressure (CPAP) as mechanical support, the use of 
arterial oxygen saturation by pulse oximetry instead of arterial blood gas 
measurements, the use of ultrasound instead of x-rays as imaging 
modality and finally to allow for the complete of lack of respiratory 
support measures in resource-limited areas(3). 

Epidemiology 
From a very large observational prospective study on mechanical 
ventilation, ARDS is estimated to affect approximately 10% of all 
patients in intensive care units, ICUs, and about 23% of patients 
receiving mechanical ventilation in the ICU(143). Estimates of incidence 
varies greatly, from under 4 up to 80 cases per 100 000 inhabitants per 
year(144, 145). During pandemic conditions, ARDS incidence may 
greatly increase, as was the case during the COVID-19 pandemic(144). 

ARDS remains a significant cause of mortality. Historically, mortality 
estimates have often ranged from 40 to 50% of cases(146). Modern 
ARDS studies used to test the predictive capability of the Berlin 
definition showed that mortality increased with increasing severity and 
was 27% in mild, 35% in moderate and 45% in severe ARDS(2). Notably, 
only a minority of ARDS patients who die succumb to hypoxia. The most 
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common cause of death related to ARDS is multiple organ dysfunction 
syndrome, MODS(147), and specific pulmonary interventions, such as 
low tidal volume ventilation, can decrease systemic inflammatory 
response(144).  

Pathogenesis 
ARDS is an acute inflammatory condition in the lungs characterized by 
diffuse alveolar injury, markedly increased vascular permeability with 
alveolar flooding and severe gas exchange abnormalities(144, 148). 
Neutrophils and thrombocytes are activated and concentrated in the 
pulmonary microvasculature. This causes damage to the endothelium 
with microthrombi as well as injury to the alveolar epithelium(144). The 
inflammatory process leads to breakdown of the alveolocapillary barrier. 
Flooding of the alveoli occurs along with deposition of proteins and 
debris. Injury to pneumocytes in addition to alveolar oedema also leads 
to loss of surfactant function(144). Microscopically, there is visible 
diffuse alveolar damage along with deposition along the alveolar walls of 
hyaline membranes, consisting of fibrin residue and cell debris(148). 
There is a profuse neutrophil infiltration of the lung tissue along with 
significant increases in number of macrophages(148). 

The inflammatory process in ARDS includes aspects of both innate and 
adaptive immune responses. Alveolar macrophages respond to PAMPs 
or DAMPs and release pro-inflammatory cytokines such as IL-1, IL-6, 
IL-8 and TNF(149, 150). Neutrophils are attracted by these mediators, 
adhere to the endothelium and migrates into the lung tissue where they 
release several toxic and damaging substances into the tissue(151). 
Among these are proteases, reactive oxygen species, leukotrienes and 
platelet activating factor (PAF)(149-152).  

Activation of the complement cascade contributes both to inflammation 
and to damage to the endothelium as membrane attack complexes are 
formed while complement fragments such as C5a recruit additional 
leukocytes(153).  

The combined effects of diminished surfactant function, alveolar oedema 
and tissue damage lead to the formation of atelectasis and severely 
reduce pulmonary compliance(144). Functionally, this leaves only a 
small remaining volume of aerated lung volume that receives all of the 
tidal ventilation, a concept known as the ‘baby lung’(154, 155). Apart 
from ventilation/perfusion mismatch and shunts due to atelectasis, the 
oedema and alveolar debris can also impair diffusion of gases. The 
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resulting clinical phenotype is thus severely impaired pulmonary 
mechanics coupled with severe gas exchange abnormalities(156). 

During the initial phase, often lasting the first week of ARDS, the 
condition is characterized by inflammation, oedema and formation of 
alveolar hyaline membranes. This has been described as an exudative 
phase(11). After this phase, the condition often evolves into a 
proliferative phase characterized by decreasing inflammation and type II 
pneumocytes proliferating to restore alveolar integrity along with 
infiltration of fibroblasts where normal lung architecture may not be 
recoverable(11). In some cases, this leads to a fibrotic phase with 
development of significant pulmonary fibrosis after 2-3 weeks(157). 

Ventilator induced lung injury  
Mechanical ventilation is often lifesaving in ARDS. Apart from the 
obvious positive effects of facilitating short term survival, mechanical 
ventilation has been described as a double-edged sword. Although it may 
facilitate short term survival, the treatment is inherently damaging to the 
lungs and may cause lung injury indistinguishable from ARDS called 
ventilator-induced lung injury (VILI)(17, 158). VILI seems to 
preferentially harm already diseased lungs, whereas healthy lungs seem 
to be protected from the harmful effects of mechanical ventilation and 
limited overdistension. One major explanatory model for this 
phenomenon is the previously mentioned concept of the ‘baby lung’, 
where a very small functional lung volume is massively overstretched by 
receiving the tidal ventilation meant to be distributed in the whole 
lungs(155, 159). 

There are four classical mechanisms of VILI: 

• Volutrauma, where alveoli are overstretched by tidal ventilation with 
volumes larger than the functional alveoli can safely accommodate. 
Volutrauma may lead to alveolar rupture or to an inflammatory 
response secondary to the alveolar overdistension. Volutrauma is 
avoided by limiting the tidal volumes(158, 160). 

• Barotrauma refers to pressure-induced damage to the lung tissue, 
often in the form of alveolar ruptures with air leaks causing 
pneumothorax leading to pneumomediastinum or subcutaneous 
emphysema. The term may be a misnomer as the damage induced by 
high pressures really seem to be an effect of the overdistension 
caused by high pressures(160, 161). High pressures with 
overdistension may cause capillary stress failure with increased 
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permeability, capillary leakage and oedema. Barotrauma is 
traditionally avoided by keeping plateau pressures low and by 
avoiding very large pressure swings during tidal ventilation, 
described as repeated stretching(162, 163). It should, however, be 
noted that the pressure with potential to harm the lung tissue is the 
pressure gradient between the distal airways and the pleural space, 
and this pressure correlates closely to lung volume(161). 

• Atelectotrauma occurs when alveoli cyclically collapse and reopen 
during ventilation. This is thought to inflict additional shear forces 
onto the lung tissue with alveolar damage as the result. Moreover, 
the collapsed alveoli in an atelectasis will deform the architecture of 
the lung tissue surrounding the atelectasis. This is thought to also 
add stress to the walls of the ventilated alveoli closest to an 
atelectasis, causing inflammation and tissue damage(160, 161). 

• Biotrauma refers to the detrimental effects of inflammation that 
occur when the stressors of volume, pressure and atelectasis are 
driving inflammation, both locally and systemically(160, 161). 

Potentially, the injurious effects of both overdistension and repetitive 
opening and closing of the airways may be correlated to local dissipation 
of energy intensity mediating the damages induced by ventilation(164). 
The concept of mechanical power describes this phenomenon and is 
used to quantify the degree of injurious energy delivered to the 
tissues(164). 

There has also been considerable focus on limiting driving pressure, the 
difference between the peak alveolar pressure during inspiration and the 
pressure during expiration, positive end-expiratory pressure (PEEP). 
Retrospective analysis of data from clinical trials shows that driving 
pressure is more closely associated with mortality than any other 
ventilatory parameter(163). This may, however, simply be an 
observation that compliance – and therefore driving pressure – is more 
impaired in sicker patients. 

In parallel to the concept of VILI, attention has been paid to patient self-
inflicted lung injury (P-SILI)(165, 166). P-SILI has been proposed to 
arise both from even unassisted spontaneous breathing where dyspnoea-
driven overly intensive breathing efforts are causing stress damage to a 
small and stiff “baby lung” and from patient-ventilator dyssynchrony 
from breathing efforts that oppose the flow of the ventilator(165, 166). 



 

20 

Treatment 
There is no definitive pathology-reversing treatment for ARDS. The main 
treatment goal is to refrain from doing further harm by otherwise 
avoidable induction of VILI(167). Low tidal volume ventilation, or lung-
protective ventilation, is the most important intervention against 
ARDS(167). Low tidal volume ventilation is universally considered 
protective against VILI, although the exact limits to safe tidal volumes 
are not well defined. Generally, tidal volumes are set to around 6 ml/kg 
ideal body weight(144, 168). In cases where compliance is low and 
plateau pressures high, further reduction of the tidal volumes may be 
warranted(168). Conversely, if compliance is high and plateau pressures 
low and the patient is dyspnoeic, somewhat larger tidal volumes (still 
below 8 ml/kg) may be acceptable(169). Interestingly, observational data 
suggest that tidal volumes in clinical practice may be considerably higher 
than those applied as lung-protective ventilation in studies(143). 
Notably, the relation of tidal volumes, oxygenation, and lung compliance 
in COVID-19 cases did not always follow expected ARDS patterns(170). 

PEEP is a generally accepted part of ventilatory praxis, but the optimal 
PEEP level remains an elusive concept. High PEEP will recruit collapsed 
lung tissue and prevent further collapse(171). At the same time, excessive 
PEEP may over-distend healthy lung tissue and cause hemodynamic 
instability(171). PEEP is often titrated to severity of ARDS or to 
physiological effect, but an unequivocal mortality benefit remains to be 
proven(171, 172). 

Prone positioning has several significant physiological effects that may 
be associated with benefit. Oxygenation is often clearly improved after 
proning and studies imply that prone positioning during 16 hours per 
day may confer survival benefit in patients with severe ARDS(173). 
Prone positioning was also widely adopted during the COVID-19 
pandemic(174, 175). 

Extracorporeal membrane oxygenation, ECMO, is a technique where 
blood is circulated and oxygenated in a machine circuit outside the body, 
along with simultaneous carbon dioxide removal. Studies are not 
conclusive but consensus-based guidelines conclude that ECMO can be 
used for selected extreme-severity ARDS cases where recovery chances 
were otherwise good, and should be applied only at specialized 
centres(176, 177).  
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Systemic steroid treatment has been debated and investigated in many 
studies with mixed findings regarding general ARDS. In the case of 
COVID-19-associated ARDS(178) and community-acquired 
pneumonia(179), steroids seem to confer a mortality benefit. For ARDS 
cases of other causes, there may be benefit in moderate to severe ARDS if 
steroids are administered in the early course of the disease, although the 
optimal dose and timing is unclear(177, 180). For steroids administered 
only after more than 2 weeks, there may be an association with 
harm(181). 

Neuromuscular blocking agents have been tried in studies with 
contradictory results(182, 183). In a study with beneficial effects, 
treatment with cisatracurium was given for 48 h during the early phase 
of severe ARDS(182). One proposed mechanism of benefit would be 
reduced VILI due to reduced ventilator-patient dyssynchrony and 
decreased inflammation in lungs and systemically(182). 

Inhaled nitric oxide and inhaled nebulized prostacyclin selectively dilates 
capillaries in contact with ventilated alveoli, thereby preferentially 
letting blood flow to areas where gas exchange is possible(184, 185). 
Both treatments have been shown to increase oxygenation but lack 
demonstrated survival benefit or improvement in patient-centred 
outcomes(185). For inhaled nitric oxide, there may be a signal for harm 
with increased renal impairment(184). 

Restrictive fluid therapy seems to improve number of ventilator-free 
days compared to liberal fluid therapy(186). 

Antimicrobial or anti-viral therapy should be administered as indicated 
for diagnosed or presumed current infections. There is no added value to 
prophylactic antibiotic treatment of ARDS patients without a specific 
infection, and guidelines do not support the use of prophylactic 
antibiotics(167, 177, 187). 

Many other direct pharmacological treatments have been tested with 
neutral, inconclusive, or negative results. None has shown benefit, 
despite preceding encouraging results from animal studies. The tested 
agents include surfactant for adults with ARDS(188-190), β2-
agonists(191), statins(192, 193), ASA(194), ibuprofen(195), nutritional 
supplements and antioxidants(196, 197). As mentioned in the section on 
oxylipins, sEH inhibition attenuated lung injury in mice receiving 
LPS(84), but this concept has not been investigated in larger animals or 
humans. 
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Animal models 
There is no experimental animal model with universal applicability to 
human ARDS. All experimental models lack at least some aspect of 
clinical ARDS. Proposed criteria for ARDS models suggest that at least 
three of the following four domains should be present if a model should 
be considered relevant: histologic lung injury with tissue damage, 
alveolar-capillary barrier disruption, inflammation and physiological 
dysfunction(198). 

Mice are commonly used in ARDS research. Methods of lung injury 
induction include intratracheal instillation of LPS or acid, prolonged 
hyperoxia, high tidal volume ventilation, caecal ligation + puncture, 
intravenous LPS and surfactant removal combined with injurious 
ventilation(199, 200). Mice are readily accessible and easy to work with, 
allowing for large sample sizes. They are also available in many 
transgenic variants, allowing for mechanistic studies of selected 
subsystems(199). Disadvantages of mice models include considerable 
anatomical and immunological differences compared to humans, and 
difficulties to apply intensive care methods considered for humans due 
to their small size(199, 200). Finally, several therapies that have shown 
benefit in mice models have failed to generate positive results in clinical 
trials, demonstrating that mouse models do not fully replicate human 
ARDS(199, 201). 

Rats are also used in ARDS studies. The lung injury-induction methods 
used in mice may be used in rats. Additionally, due to their larger size, 
rats can be subjected to oleic acid injection or haemorrhagic shock model 
combined with sepsis. Rats are also more easily mechanically ventilated 
than mice(202). They also can be observed with more advanced 
monitoring and more sampling(203). Disadvantages are similar to those 
for mice, with the addition of higher cost for rats(202). 

Large animals used in experimental models (pigs, sheep and primates) 
have physiology more similar to humans(204). They are well suited for 
studies using human interventions and for example ventilatory 
strategies(205). Large animal models are generally limited by high cost 
and ethical (societal preference) considerations (204). Primates are not 
used for ARDS research due to the ethical difficulties and extreme costs. 

Pigs are commonly used with different established lung injury models; 
surfactant depletion followed by injurious ventilation, LPS infusion, 
intrabronchial instillation of pathogens or intravenous oleic acid 
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injection(205). Depending on model of choice, inflammatory aspects 
may be more or less prominent(206, 207). Pigs have anatomical and 
physiological similarities to humans that enables the application of 
ARDS criteria and the use of therapeutic techniques used in man. Sheep 
are also commonly used in ARDS research, with lung injury models 
including intravenous LPS, intratracheal acid instillation and 
inhalational smoke injury(205-207). Advantages and disadvantages are 
similar to those in pigs. 
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Aims 

The main goals of this project were to improve understanding of 
pathway metabolism of bioactive lipids in inflammation coupled to acute 
lung injury, to identify lung injury biomarker patterns that could help 
clinicians identify injurious mechanical ventilation and to test if soluble 
epoxide hydrolase inhibition can attenuate lung injury development in a 
large animal model. 

To those ends, the included original papers have the following specific 
aims: 

Paper I To test if (and which) oxylipin levels in bronchoalveolar 
lavage fluid, BALF, react in response to lung injury and if 
that response is detectable in plasma. 

Paper II To test if (and which) extracellular vesicles characteristics 
in BALF samples change in response to lung injury and if 
the same is detectable in plasma. 

Paper III To assess if plasma oxylipin levels change during the first 
day of mechanical ventilation in the ICU. 

Paper IV To establish a new pig model of long-term venous access 
and to optimize venipuncture technique in this model. 

Paper V To test whether sEH inhibition in a large animal lung 
injury model can attenuate development of lung injury. 

Finally, previously unpublished work in this thesis aims to establish 
pharmacokinetic parameters of the sEH inhibitor trans-4-(4-(3-(4-
Trifluoromethoxy-phenyl)-ureido)-cyclohexyloxy)-benzoic acid, t-TUCB, 
previously not tested in pigs. 
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Materials and methods 

Ethical considerations 
The animal models in Papers I, II and V utilized animals anesthetized at 
the beginning of the experiments and later euthanized without waking 
up. The discomfort experienced by the animals in these experiments is 
thus considered minimal. 

Paper IV and the unpublished work on an sEH inhibitor included pigs 
that where anesthetized for the establishment of permanent venous 
access, but then were awakened and moving freely in pens. Although 
great care was taken to use adequate pain relief and to monitor the 
animal well-being, there was a small risk of discomfort or pain and also 
adverse effects by a pharmacological agent not previously tested in pigs. 
Animal well-being was assessed using appearance and behaviour 
assessments each day, by the research facility staff and co-authors. There 
was also partly restricted access to other animals during the four-week 
study period. With all aspects considered, this experiment was deemed 
to be produce a small degree of discomfort for the animals. The animals 
included were limited to a small subject number (n=4). 

Paper III utilized biobank samples and data from a previously conducted 
observational ICU study(208). That study was deemed to be ethically 
uncomplicated as blood samples were drawn from indwelling arterial 
catheters and patient care was not affected by the study. The present 
study was performed without a request for additional study participant 
consent, as judged appropriate by the Swedish ethical review process. 
Investigators in the present study did not have access to a code key or 
personal information beyond age and sex of the study participants. 

Approval for animal experiments was granted by Umeå University 
Animal Experimental Ethics Review Committee, documents A43-12, 
A24-13 and 31-12910/12). In Paper III, permission to include human 
subject and samples was granted by the Ethical Review Board in 
Linköping, Sweden (2010/427-31 and 2018/16-32). 

Animals  
All animals used in the studies where juvenile Yorkshire x Swedish 
landrace pigs, bred for commercial and research purposes at 
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Forslundagymnasiet, an upper secondary public school with agricultural 
focus and regulated animal breeding in Umeå, Sweden. Animals weighed 
between 25 and 50 kg. 

In the University research animal facility, animals were kept pairwise in 
8 m2 pens with straw and free access to water. The animals were fed a 
commercially available pig diet twice daily except for the morning before 
induction of anaesthesia. Lighted and dark pen periods were 12:12 h, and 
room temperature was kept at 20±1°C. 

For the acute/terminal experiments (Papers I, II and V), animals were 
delivered to the facility and allowed to be acclimatized 1-3 days before 
the experiment. Animals included in the longer-term study on 
pharmacokinetics (Paper IV and the previously unpublished 
pharmacokinetic data) were also acclimatized pairwise in pens after 
delivery to the research facility. After insertion of long-term venous 
catheters under anaesthesia, these animals were allowed to recover from 
anaesthesia in individual pens and were housed in their individual pens 
throughout the remainder of the experimental period. The animals were 
allowed visual, auditory, olfactory, and to a small degree tactile, contact 
with other individuals through cage bars separating the pens. They were 
trained daily by a handler to accept handling of the central venous 
catheter to allow both blood sampling and study drug injections. Daily 
weight gain during the study period was on average 732 g. After 
completion of the terminal/acute study, anesthetized animals were 
euthanized by intravenous potassium chloride. Awake animals were 
anesthetized with intravenous high dose intravenous ketamine before 
the potassium injection. 

Experimental preparation 
All animal experiments started with induction of general anaesthesia. 
Premedication was administered in the pen with an intramuscular 
injection of ketamine 10 mg/kg, xylazine 2.2 mg/kg and atropine 0.05 
mg/kg. The animals were then transported to the laboratory, and an 
auricular vein was cannulated for intravenous induction of anaesthesia. 

Pigs anesthetized to receive tunnelled central venous catheters were 
anesthetized with 2 mg/kg propofol bolus followed by intravenous 
infusion of propofol 6-10 mg/kg/h and remifentanil 0.2-0.4 µg/kg/min. 
The choice of anaesthetics was done with focus on fast post-operative 
recovery. Upon induction of anaesthesia, these animals also received a 
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single dose of prophylactic intramuscular cefovecin 8 mg/kg. During 
anaesthesia, animals were orotracheally intubated using a standard 
direct laryngoscope with a size 4 Miller blade in the prone position. 
Mechanical ventilation was performed with volume control ventilation, 
tidal volume 8 ml/kg, PEEP 5, I:E 1:2 and respiratory rate set to achieve 
normocapnia estimated from end-tidal carbon dioxide concentration. 
Local infiltration around the catheter implantation site with 20 ml of 
bupivacaine 2.5 mg/ml with adrenaline + 5 µg/ml was administered for 
postoperative analgesia. After discontinuing the anaesthetic drugs, the 
animals were extubated and given supplemental oxygen as needed for 
the first few minutes to achieve arterial oxygen saturation of at least 
96%. The animals were allowed a 3–6-day recovery period in individual 
pens before start of pharmacokinetic experiments. 

Animals included in studies in Papers I and II were anesthetized with 
intravenous pentobarbital 10 mg/kg and subsequent anaesthesia was 
maintained with intravenous infusion of 20 µg/kg/h fentanyl, 0.3 
mg/kg/h midazolam and 5 mg/kg/h pentobarbital, a combination that 
was standard procedure in our lab at the time. Orotracheal intubation 
was performed as described above and animals were initially ventilated 
with volume control ventilation, tidal volume 8 ml/kg, PEEP 5, I:E 1:2, 
fraction of inspired oxygen 0.4 and respiratory rate set to achieve 
normocapnia. External warming with an electric pad was used if core 
temperature dropped below 38°C. A central venous catheter was 
percutaneously inserted and an arterial catheter were placed after a cut-
down procedure of the neck, both under sterile conditions. Ringer’s 
acetate was administered as maintenance fluid with 4-5 ml/kg/h and 
250 ml boluses of hydroxyethyl starch solution were administered if 
hypovolemia was suspected. 

Animals in the Paper V study were anesthetized with an intravenous 
bolus dose of 2 mg/kg ketamine and 0.3 mg/kg midazolam, followed by 
orotracheal intubation as described above and maintenance of 
anaesthesia with continuous infusion of ketamine 5 mg/kg/h, 
midazolam 0.3 mg/kg/h, and fentanyl 10-25 µg/kg/h. Intramuscular 
injections of xylazine 2.3 mg/kg were administered as needed when 
anaesthesia was deemed to need deepening. The anaesthetics were 
chosen to minimize circulatory side effects. After neck dissection, the 
exposed carotid artery was cannulated, and the external jugular vein was 
used for insertion of a pulmonary artery catheter. A urinary catheter was 
placed surgically after mini-laparotomy. All surgical procedures were 
performed under sterile conditions. Ringer’s acetate was administered at 
5 ml/kg/h and extra boluses of 20 ml/kg of Ringer’s acetate were 
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administered whenever hypovolemia was suspected. Peripheral vascular 
resistance was maintained using noradrenaline as needed up to 1 
µg/kg/min. If augmentation of cardiac output was deemed necessary, 
infusion of adrenaline could be added up to 1 µg/kg/min.  

Research participants, human 
Paper III used a prospectively collected cohort of cases with indwelling 
arterial cannulas admitted primarily to the ICU of Östersund Hospital, 
Östersund, Sweden, with samples collected between 1 February 2012 and 
31 January 2013(208). Subjects, or their next of kin, agreed to 
participate in an observational study which included daily collection of a 
blood sample. Verbal consent by patents or next of kin was accepted by 
the ethical review board in view of the observational nature of the 
study(208). All subjects received standard care as needed for their 
respective condition. From the original study cohort of 278 subjects, 147 
cases with complete data records and samples were identified. Of these, 
25 cases were intubated during their ICU stay and were thus included in 
the analysis. Another 26 cases within this screening cohort were 
matched for age and sex, and included in the analysis as comparison 
cases in this observational study. The matched controls were the 
participants with matching sex and closes age match. When there were 
multiple age matches among potential controls, the subject with study 
serial number closest after the index case was selected.  

Protocol 
Paper I 
All animals were subjected to surfactant removal by saline lavage. After 
preoxygenation with 100% O2, 30 ml/kg of 38°C 0.9% sodium chloride 
(NaCl) solution was instilled into the trachea through the tracheal tube. 
Immediately after administration of the whole volume, the fluid was 
allowed to drain passively over several seconds. This was repeated to a 
total of four times with short recovery periods between the 
administrations to allow the animals’ oxygen saturation to return to at 
least 96%. 

After lung lavage, the animals were randomized by simple lot to either 
low tidal volume ventilation (LTV) or to high tidal volume ventilation 
(HTV). After the lung lavage procedure, animals in the LTV group were 
ventilated with 8 ml/kg tidal volume, PEEP 8, FiO2 set to achieve 
normoxemia and respiratory rate set to achieve normocapnia. The HTV 
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group was ventilated with 20 ml/kg tidal volume, PEEP 0, FiO2 1.0 and 
respiratory rate 20/min. Dead space was increased with extra tubing as 
needed to achieve normocapnia.  

Samples of blood and BALF were collected at baseline before the lung 
lavage and 1h, 2h, 4h and 6h after the start of ventilation according to 
protocol and randomization. BALF was collected by wedging a flexible 
bronchoscope into a segment bronchus with subsequent instillation of 
50 ml 0.9% NaCl solution followed by gentle suctioning of the instilled 
fluid. This procedure was performed three times, and the total recovered 
fluid volume was noted before centrifuging the BALF 15 minutes at 400 
g and 4°C. The supernatant was frozen to -70°C in aliquots and the cell 
pellets resuspended in phosphate buffer solution for later cell counts. 
Blood was drawn from the arterial catheter into standard EDTA tubes. 
After centrifuging for 10 minutes at 2000 g and 4°C, the plasma was 
recovered and frozen to -70°C. 

Exhaled breath condensate 

A cooling tube to condensate exhaled air was manufactured by bending 
an 8 cm long standard 14 mm diameter copper tube twice to 90 degrees, 
thus creating a u-shaped tube. The bent portion of the tube was then 
placed in iced water, with a total of 60 cm of the tube immersed. The 
ends of the tube were fitted with rubber adaptors designed for use with 
ventilator tubing. During exhaled breath condensate, EBC, collection, 
the collection device was inserted in the expiratory tubing of the 
ventilator to lead the exhaled air through the cooling tube for ten 
minutes. The collection device was then detached and the produced EBC 
was poured from the copper tube into Eppendorf tubes. The tracheal 
tube was clamped to retain PEEP whenever the EBC tube was connected 
or disconnected. The samples were immediately frozen to -70ºC. 

After spontaneous death or euthanasia, lung biopsies were collected 
from upper and lower lobes of both lungs and placed in formaldehyde 
before later histological evaluation. 

Paper II 
Paper II is based on samples from the same subjects as Paper I, and the 
study protocol was identical to Paper I with the exception that blood was 
collected in citrate tubes and the centrifuged at 2000 g for 20 minutes at 
room temperature before the plasma was recovered and frozen at -70°C. 
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Paper III 
For study participants receiving an arterial line after being admitted to 
the participating ICU, blood sampling was performed as soon as possible 
after admission, 06.00 the following morning and 06.00 the day after 
that. Furthermore, for those being intubated, a new blood sample was 
collected as soon as possible after intubation and again 06.00 the 
following morning and 06.00 the day after that. If intubation preceded 
any of the samples following admission, these samples were excluded 
from the analysis in favour of the samples related to the intubation. All 
samples were collected through the indwelling arterial line into standard 
EDTA tubes. Within 30 minutes of sampling, the tubes were spun at 
2000 g and the resulting plasma immediately frozen at -70°C. 

Paper IV 
Tunnelled long-term central venous catheters were placed in 
anesthetized animals. After surgical scrub and preparation of a sterile 
field and the animal lying in a lateral position and head tilted 10° down, 
classic Seldinger technique was used to first puncture and the place a 
guidewire in the external jugular vein. A 5 mm cut was made in the skin 
adjacent to the guide wire and a 4 Fr dilatator was inserted over the wire. 
Another 5 mm skin incision was made over the dorsal aspect of the neck 
near the midline. A catheter with subcutaneous cuff was then tunnelled 
to the dorsal exit point. After exchanging the first dilatator for a large 
bore dilatator, the introducing stylet of the dilatator was removed with 
the guide wire. The catheter was cut to appropriate length and inserted 
through the remaining introducer sheath that was subsequently 
removed. The skin was sutured at the wounds dressed. A purpose-made 
covering cloth with central Velcro opening was sutured to the skin to 
cover the external part of the catheter. 

Large pigs (weighing 47-50 kg) were placed in the lateral position, and 
the upwards-facing external jugular vein was punctured with landmark 
technique. In random order, both a standard 18 Ga needle followed by 
immediate insertion of a 0.97 mm guidewire and a micropuncture 21 Ga 
needle followed by insertion of a 0.46 mm guide wire used to facilitate 
insertion of a small-bore dilatator before change to the larger 0.97 mm 
guide wire were used. Both external jugular veins were used in this 
fashion in all animals (except one were one vein proved impossible to 
identify. Time to proper 0.97 mm wire placement was noted for all 
techniques. 
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Six small pigs (weighing 25-32 kg) included in the study in Papers I and 
II lying in dorsal recumbency had the external jugular vein punctured 
with a 21 Ga needle, followed by a 0.46 mm guide wire that was 
exchanged to a 0.97 mm guide wire through a dilatator / introducer 
sheath. Time from skin puncture to proper placement of the 0.97 mm 
guide wire was noted. 

Paper V 
One pilot animal received an infusion of 1-adamantanyl-3-(5-(2-
(ethylethoxy)ethoxy)pentyl)urea, AEPU, at 0.1 mg/kg/h for 255 minutes. 
Blood samples were collected 5 minutes before start of infusion and the 
immediately after start of infusion and after 5, 35, 65, 120, 185, 240, 255, 
270, 285, 300 and 330 minutes. At each sampling time, blood was drawn 
through the arterial catheter into standard EDTA tubes. From these 
tubes, aliquots of 10 µl EDTA-treated blood was set on filter paper for 
later analysis according to a previously published protocol(209). 

In the main study, two pigs were included in parallel each day. AEPU 
and placebo infusions were prepared by an investigator not taking part 
in the rest of the experiment. The animals were pairwise assigned to 
either group and placebo and AEPU infusions were started immediately 
after induction of anaesthesia and intubation. After a two-hour period 
when the animals were prepared with the experimental setup, LPS 
treatment was started with a 0.1 mg/kg bolus administered over 30 
minutes followed by an infusion of 0.01 mg/kg/h that was administered 
over the rest of the experiment. Animals were monitored for 
physiological parameters and oxygenation, and samples were serially 
collected to measure AEPU blood concentrations as well as oxylipin 
levels. Samples were collected at baseline (before LPS), after 6 h of LPS 
infusion and after 9 hours, just before euthanasia. Bilateral lung biopsies 
were collected postmortem. 

LPS was chosen to induce the experimental lung injury as it was 
hypothesized that an inflammatory stimulus would be possible to block 
with pharmacological modulation of the inflammatory process. Also, the 
previously used VILI model was deemed to be too severe to allow any 
pharmacological treatment to be effective. 

t-TUCB pharmacokinetics 
Animals used in Paper IV were equipped with long term central venous 
double lumen catheters and then allowed a 3–6-day recovery period 
after the procedure. Each of the catheter lumens was dedicated to either 
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injection or sampling and clearly marked accordingly. All samples were 
drawn, and injections performed, after careful aspiration and disposal of 
the fluid retained in the catheter. After sampling or injection, the 
catheter lumen was heparinized with heparin solution exactly matched 
to the internal diameter of the lumen. 

After collection of baseline samples, 0.1 mg/kg t-TUCB dissolved in 
dimethyl sulfoxide (DMSO) to a concentration of 10 mg/ml, was 
administered by intravenous injection in all animals. Exactly one week 
later, the animals received a 1 mg/kg intravenous dose. One week after 
that, a third intravenous dose of 2 mg/kg t-TUCB was administered. 
Finally, one week after the third dose the animals were given an oral 
dose of 1 mg/kg t-TUCB hidden inside a pastry.  

Blood samples were collected immediately before each dose and three 
minutes after each intravenous dose. Samples were then again collected 
after approximately 30, 60, 120, 240 and 480 minutes and after 1, 2, 3 
and 4 days. Different lumens of the indwelling catheters were used for 
injection and for sampling. The animals were euthanized by intravenous 
administration of potassium chloride under general anaesthesia after the 
final samples were secured. 

For determination of blood concentration of the study drug, 10 µl blood 
was immediately transferred to an Eppendorf tube containing 50 µl of 
distilled water before short mixing on a Vortex machine. 200 µl of ethyl 
acetate was then added before vigorous mixing for 1 minute on a vortex 
machine. The samples were then immediately frozen to -80 °C. The same 
procedure was then repeated for each sample collected at different time 
points according to protocol for later measurement of t-TUCB 
concentration in blood according to a previously described protocol(210, 
211). 

Methodological considerations 
In Paper I and II, the overall aim was identification of biomarkers of 
VILI. Thus, an experimental model where the lung injury was induced by 
injurious ventilation was chosen. The pretreatment with saline lavage 
was deemed necessary to make the animals’ lungs susceptible to the 
injurious effects of ventilation and the lavage was administered to both 
groups to specifically study the effects of ventilation, although the model 
could be affected by high inspiratory fraction of oxygen in the high tidal 
volume group. 
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In Paper V, a lung injury model based on an inflammatory insult was 
chosen as this was hypothesized to be more likely to be attenuated by 
anti-inflammatory treatment than the very severe VILI model previously 
used. Also, the previously published positive effects of sEH inhibition 
came from a rodent LPS lung injury model(84) and Paper V aimed to 
reproduce those results in a large animal model. The anaesthesia 
protocol in Paper V was refined with the intent of limiting circulatory 
side effects in the model with severe septic features.  

Paper III used biobank samples previously collected by a collaborating 
research group in a previously published study(208). This biobank 
contained samples from a large number of subjects but not all of them 
were complete after analysis for the initial study. A limited laboratory 
capacity necessitated selection of a smaller number of subjects than the 
original cohort for participation in this study. As the focus here was 
primarily concerned with mechanical ventilation and acute lung injury, 
all intubated cases with complete sets of samples in the biobank were 
selected together with controls matched for age and sex.  

Paper IV was the result of methodological preparations to perform the 
previously unpublished study on t-TUCB. A different inhibitor (AEPU) 
was chosen as the results from the t-TUCB study did not yield reliable 
pharmacological parameters for the study drug. The efforts to optimize a 
long-term catheterization model in pigs were, however, deemed worthy 
of publication as previously published models of long-term cannulation 
of swine were based on more invasive surgical cut down techniques. 

The pharmacokinetic study of t-TUCB and Paper V were projects 
completed in collaboration with Hammock Laboratory at University of 
California, Davis. Initially, t-TUCB was chosen from Hammock 
Laboratory’s large database of small molecule sEH inhibitors as data 
from other species implied that the substance could be dosed 
intravenously with a half-life suitable for convenient dosing(211, 212). As 
we were not aware of any sEH inhibitor with known pharmacokinetic 
properties in pigs, AEPU was chosen after confirmation that the 
substance inhibits recombinant pig sEH largely on the notion that an 
inhibitor suitable for continuous infusion could be easily dosed under 
the conditions of this experiment. 
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Analyses 
Oxylipins in plasma, BALF and EBC were quantified using a previously 
published protocol(213, 214). On the day of analysis, the frozen samples 
were thawed at room temperature. Solid-phase extraction cartridges 
(Waters Oasis HLB) were pre-conditioned with ethyl acetate, methanol, 
and aqueous methanol containing 0.1% acetic acid. Individual samples 
were loaded onto the cartridges with added internal standards and 
antioxidants. The cartridges were then washed, dried under vacuum and 
eluted into polypropylene tubes containing glycerol as a trapping agent. 
Another drying process evaporated the solvent, and the remaining 
residues were reconstituted in methanol. A recovery standard was added 
prior to analysis. Oxylipin separation and quantification were performed 
using ultra-performance liquid chromatography coupled to tandem mass 
spectrometry (UPLC-MS/MS). Chromatographic separation was 
optimized using a time-based gradient of different solvents. The mass 
spectrometer operated in negative ion mode, and peak integration was 
carried out manually using MassHunter software. 

EVs in plasma and BALF were quantified by flow cytometry. EV-
enriched pellets were obtained from all samples by high-speed 
centrifugation, first at 2000 RCF for 20 minutes and for most of the 
supernatant also at 20 800 RCF for 45 minutes. The EV-enriched pellet 
obtained was then resuspended in phosphate buffer and again 
recentrifuged at 20 800 RCF for 45 minutes. The resulting pellet was 
subsequently resuspended in plasma. 20 µl of the pellet was incubated 
with fluorescently labeled markers for investigated antigens. EVs were 
analyzed using a Beckman Gallios flow cytometer. Size gating was 
established using Megamix calibration beads (BioCytex) with diameters 
of 0.5 µm, 0.9 µm, and 3.0 µm. EVs were defined as particles less than 
1.0 µm in diameter and positive for lactadherin. Control antibodies 
without reaction to porcine antigens were included as negative controls, 
along with fluorescence minus one controls. Results were presented as 
EVs/l. 

Statistics 
All details are described in the individual papers. In Papers I, III and V, 
only oxylipin metabolites quantified in at least 80% of samples were 
included in statistical analysis. Principal component analysis, PCA, was 
used to exclude batch effects and OPLS-DA was used to evaluate group 
differences with effects from multiple inputs (data not shown as the 
multivariate methods failed to identify batch effects or significant group 



 

35 

differences). Observations below limit of detection (LOD) were treated 
as missing in group comparisons. In EBC, the limit in detection 
frequency for inclusion in analysis was lowered to detection in at least 
50% of samples due to the exploratory nature of this compartment. 
When multiple comparisons were performed, correction for this was 
done using the false discovery rate, FDR, set to 10%(215). In all papers, 
distributions of biomarker observations were assessed graphically and by 
Shapiro-Wilk tests to determine if they approximated a normal 
distribution. Comparisons of two group means were analyzed with 
Student’s T-test for normally distributed continuous data. Group 
comparisons between two groups with continuous data without a normal 
distribution were compared with Mann-Whitney-U. Fisher’s exact test 
was used for comparisons of nominal data in two groups. In Paper I, 
group comparisons over time were made with mixed linear models after 
transformation of data according to the optimal transformation 
identified by a Box-Cox analysis. In Paper III, log transformation 
preceded Student’s T-test comparisons. Correlation of measurements 
was evaluated between different compartments in Papers I and II using 
Spearman’s ρ. In Paper II, a two-way ANOVA for repeated measures 
compared EVs between groups over time. This was done after 
performing a one-way ANOVA for each variable and treatment group to 
detect changes over the serial measurements. For pharmacokinetic 
calculations, area under the curve, AUC, for individual animals were 
calculated in R 4.4.1 using the trapez method: library pracma, command 
line auc <- trapz(time_values, concentration_values). For calculation of 
the elimination rate constant 𝑘, the terminal elimination phase was 
identified from a semilogarithmic plot of concentration vs time with the 
assumption that a straight line identified the terminal elimination phase. 
Log-transformed concentrations were included in a linear regression to 
determine the slope of the curve, giving 𝑘. Half-life was calculated from 𝑘 
via the formula t½ = ln(2) / 𝑘. Clearance (CL) was calculated from 
dose/AUC. Volume of distribution, VD, was calculated from CL/ 𝑘. 
Statistical significance was considered when p < 0.05. 
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Results 

Paper I 
15 animals were included in the study, 9 in the HTV group and 6 in the 
LTV group. 3 animals in the HTV group died before collection of the 6 h 
samples, and one of those died before the 4 h samples were collected. 
Animals in the HTV group received higher tidal volumes, more oxygen 
and were notably more affected with a severely reduced P/F ratio and 
higher histological lung injury scores. Table 1 summarizes the 
characteristics of the two study groups. After 2 hours, neutrophil 
accumulation was evident in BALF (Figure 2). 

Table 1. Study groups. Data presented as median (interquartile range). Group 
comparisons were made using Mann-Whitney-U test. LTV – low tidal ventilation. HTV 
– high tidal ventilation. Histological lung injury score is graded as 0 = no lung injury, 1 
= mild lung injury, 2 = moderate lung injury and 3 = severe lung injury. 

Variables LTV n=6 HTV n=9 p 

Weight (kg) 35.5 (28 - 50) 32.5 (30 - 37) 0.78 

Tidal volume (ml) 280 (228 - 400) 680 (600 - 747) <0.001 

Respiratory rate (breaths/min) 30 (26 - 38) 20 (20 - 20) 0.003 

Fluid administration (ml/kg/h) 7.7 (4.4 - 8.2) 10.0 (9 - 12.0) 0.026 

Peak insp. pressure (cmH2O) 22 (20 - 23) 45(41 - 47) <0.001 

Last compliance (ml/cmH2O) 14.3 (7.0 - 21.7) 14.9 (9.2 - 20.6) 0.60 

FiO2 0.35 (0.29 - 0.40) 1.0 (1.0 - 1.0) <0.001 

Worst P/F ratio (kPa) 46 (34 - 52) 9.7 (7 – 19) 0.008 

Lung injury score  0.125 (0 – 0.44) 2.75 (2.5 – 2.75) 0.044 
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Figure 2. Bronchoalveolar lavage fluid neutrophils. A significant increase in 
number of neutrophils in the high tidal volume ventilation (HTV) group is evident after 
2 hours. BALF. Neutrophils did not increase in the low tidal volume ventilation (LTV) 
group. 

Oxylipins in bronchoalveolar lavage fluid and plasma 
2 BALF samples were lost during the extraction process and were 
subsequently excluded. Of the investigated oxylipins, 37 metabolites 
were detected and quantified in at least one of the samples in both BALF 
and plasma, none of which was deemed to have a normal distribution. In 
BALF, 20 metabolites were quantified in more than 80% of the samples 
and thus included in further analysis. In plasma, 24 metabolites reached 
the 80 % quantification limit.  

From the COX metabolic pathway, 4 AA metabolites met the 80% 
inclusion criterion in BALF (Figure 3), and 3 metabolites did so in 
plasma (Figure 4). In BALF, PGF2α, PGE2 and PGD2 could be 
transformed into an approximate normal distribution and subsequently 
formally analysed. In plasma, successful transformation and further 
analysis were possible for all three metabolites detected in more than 
80% of samples (TXB2, PGF2α, and PGE2). 
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Figure 3. Cyclooxygenase-derived arachidonic acid metabolites in 
bronchoalveolar lavage fluid. Observations from the group with high tidal volume 
ventilation (HTV) is shown in blue and low tidal ventilation (LTV) in yellow. 

 
Figure 4. Cyclooxygenase-derived arachidonic acid metabolites in plasma. 
Observations from the group with high tidal volume ventilation (HTV) is shown in blue 
and low tidal ventilation (LTV) in yellow. 

Two sEH-derived diols from CYP metabolism of AA were detected in 
more than 80% of BALF samples (Figure 5). One of the diols, 11,12-
DiHETrE, was successfully transformed into an acceptable normal 
distribution. In plasma, 5 metabolites were detected in more than 80% 
of samples (Figure 6). These were one epoxide, 5,6-EpETrE, and 3 sEH-
derived diols, 8,9-DiHETrE, 11,12-DiHETrE and 14,15-DiHETrE, (none 
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of which corresponded to the epoxide) as well as one alcohol, 20-HETE. 
All five plasma metabolites could be transformed into a normal 
distribution and included into further analysis.  

Figure 5. Cytochrome P 450-derived arachidonic acid metabolites in 
bronchoalveolar lavage fluid. Observations from the group with high tidal volume 
ventilation (HTV) is shown in blue and low tidal ventilation (LTV) in yellow. 

 
Figure 6. Cytochrome P 450-derived arachidonic acid metabolites in 
plasma. Observations from the group with high tidal volume ventilation (HTV) is 
shown in blue and low tidal ventilation (LTV) in yellow. 
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Metabolites of AA from the LOX pathway were also detected. In BALF, 5 
different of these metabolites had a detection frequency of more than 
80% (Figure 7) and in plasma 6 metabolites were sufficiently quantified 
(Figure 8). Of these, 2 in BALF (11-HETE and 15-HETE) as well as 4 in 
plasma (5-HETE, 11-HETE, 15-HETE and 15-oxo-ETE) could be 
transformed into a normal distribution allowing further analysis. 

 
Figure 7. Lipoxygenase-derived arachidonic acid metabolites in 
bronchoalveolar lavage fluid. Observations from the group with high tidal volume 
ventilation (HTV) is shown in blue and low tidal ventilation (LTV) in yellow. 
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Figure 8. Lipoxygenase-derived arachidonic acid metabolites in plasma. 
Observations from the group with high tidal volume ventilation (HTV) is shown in blue 
and low tidal ventilation (LTV) in yellow. 

In both BALF (Figure 9) and plasma (Figure 10), two CYP-produced LA 
epoxides and their corresponding diols, were detected in more than 80% 
of samples. In BALF, only the two diols 9,10-DiHOME and 12,13-
DiHOME could be transformed into a normal distribution, while all four 
metabolites in plasma (9(10)-EpOME, 12(13)-EpOME, 9,10-DiHOME 
and 12,13-DiHOME) reached normality after transformation. 
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Figure 9. Cytochrome P 450-derived linoleic acid metabolites in 
bronchoalveolar lavage fluid. Observations from the group with high tidal volume 
ventilation (HTV) is shown in blue and low tidal ventilation (LTV) in yellow. 

Figure 10. Cytochrome P 450-derived linoleic acid metabolites in plasma. 
Observations from the group with high tidal volume ventilation (HTV) is shown in blue 
and low tidal ventilation (LTV) in yellow. 
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Products from LOX metabolism of LA were detected in more than 80% 
in all cases in all five investigated cases in both BALF (Figure 11) and 
plasma (Figure 12). Of these, 9,10,13-TriHOME, 9-HODE and 13-HODE 
in BALF could be transformed into a normal distribution, as well as 
9,10,13-TriHOME, 9,12,13-TriHOME, 9-HODE, 13-HODE and 13-oxo-
ODE in plasma. 

 
Figure 11. Lipoxygenase-derived linoleic acid metabolites in 
bronchoalveolar lavage fluid. Observations from the group with high tidal volume 
ventilation (HTV) is shown in blue and low tidal ventilation (LTV) in yellow. 
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Figure 12. Lipoxygenase-derived linoleic acid metabolites in plasma. 
Observations from the group with high tidal volume ventilation (HTV) is shown in blue 
and low tidal ventilation (LTV) in yellow. 

One LOX-produced DGLA metabolite was detected in more than 80% of 
samples in plasma (Figure 13), but not in BALF. No investigated LOX 
metabolite of DHA or EPA origin was detected in at least 80% of 
samples. 

 
Figure 13. Lipoxygenase-derived dihomo-γ-linolenic acid metabolite in 
plasma. Observations from the group with high tidal volume ventilation (HTV) is 
shown in blue and low tidal ventilation (LTV) in yellow. 
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In total, 11 BALF oxylipin were included in mixed model analysis of 
group-time interactions. Of these, PGF2α was lower in the HTV group at 
baseline. 10% FDR was calculated to be <0.0514 for BALF comparisons. 
Nine metabolites (PGF2α, PGD2, PGE2, 11-HETE, 15-HETE, 11,12-
DiHETrE, 12,13-DiHOME. 9-HODE and 13-HODE) exhibited significant 
interactions between time and group and all of these showed elevated 
levels in the HTV group.  

From the plasma samples, a total of 21 metabolites met the criteria for 
formal analysis after transformation. There were no differences in base 
line levels of any of these plasma metabolites. For the plasma 
metabolites, 10% FDR gave a significance level of p < 0.012. 4 
metabolites had significant interactions between time and group: TXB2, 
PGE2, 11-HETE and 15-HETE. 

Simple group comparisons of untransformed observations of all 
metabolites are shown in a heatmap in Figure 14. 19 of the investigated 
oxylipins were detected in more than 80% of observations in both BALF 
and plasma. Spearman correlations of these metabolites are presented in 
Table 2. 
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Figure 14. Heatmap of significance testing. Significance levels of group are 
presented with log values for all variables with detection frequency > 80%. 
Comparisons were made with Mann Whitney U tests. 



 

47 

Table 2. Correlations between compartments. Correlations between 
observations in bronchoalveolar lavage fluid and plasma were calculated using 
Spearman’s ρ. 

Oxylipin Spearman ρ p-value n 
TXB2 0.77 <0.0001 70 
9(10)-EpOME 0.60 <0.0001 70 
12(13)-EpOME 0.58 <0.0001 71 
PGF2α 0.52 <0.0001 68 
9,12,13-TriHOME 0.51 <0.0001 71 
9,10,13-TriHOME 0.44 0.0001 71 
11-HETE 0.41 0.0003 71 
12,13-DiHOME 0.41 0.0004 71 
9-HODE 0.36 0.002 71 
15-HETE 0.34 0.003 71 
13-HODE 0.34 0.004 71 
14,15-DiHETrE 0.32 0.006 70 
11,12-DiHETrE 0.28 0.02 65 
13-oxo-ODE 0.19 0.16 56 
5-HETE 0.17 0.16 69 
15-oxo-ETE 0.11 0.44 57 
PGE2 0.08 0.54 60 
12-HETE 0.02 0.86 66 
9,10-DiHOME -0.02 0.85 71 

 

Oxylipins in exhaled breath condensate 
The method for EBC collection was developed during the course of 
experiments, and EBC was thus only collected from the last 9 subjects. 4 
of these subjects were in the HTV group and 5 subjects were in the LTV 
group. 2 EBC samples were lost during the extraction process and were 
subsequently excluded. 24 oxylipins met the 50% detection frequency 
limit (Figure 15).  
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Figure 15. Overview of investigated oxylipins in samples with EBC 
measurements. Fatty acid precursors are shown in grey boxes: ω-3 eicosapentaenoic 
acid (EPA) and  docosahexaenoic acid (DHA), as well as ω-6 linoleic acid (LA), dihomo-
γ-linolenic acid (DGLA), and arachidonic acid (AA). Detection frequency (DF) is shown 
for exhaled breath condensate (EBC) and bronchoalveolar lavage fluid (BALF) in the 
same samples for comparison. Of these 37 substances, 24 had DF of at least 50% in 
EBC. LOX – lipoxygenase, CYP – cytochrome P450, sEH – soluble epoxide hydrolase, 
COX – cyclooxygenase. 

No formal group comparisons were made on EBC observations due to 
the limited number of individual subjects in each group. Correlation 
analysis of correlation between observations in BALF and EBC were 
performed metabolites with detection frequency of at least 50% in EBC 
(Table 3). Individual EBC observations of the 6 metabolites with 
significant positive BALF-EBC correlation are plotted in Figure 16. No 
correction for multiple comparisons was performed regarding these 
correlations.  
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Table 3. Correlations between airway samples. Correlations between 
observations in bronchoalveolar lavage fluid and exhaled breath condensate were 
calculated using Spearman’s ρ. 

Oxylipin Spearman ρ p-value n 
9,10,13-TriHOME 0.715 <0.0001 42 
9,12,13-TriHOME 0.516 0.0005 42 
12-oxo-ETE 0.479 0.012 27 
8(9)-EpETrE 0.432 0.094 16 
11(12)- EpETrE 0.411 0.033 27 
12(13)-EpOME 0.399 0.013 38 
12,13-DiHOME 0.357 0.022 41 
PGF2α 0.2 0.27 33 
5-oxo-ETE 0.132 0.67 13 
PGE2 0.13 0.53 26 
TXB2 0.12 0.57 25 
11-HETE 0.102 0.57 34 
9(10)-EpOME 0.102 0.59 31 
13-HODE 0.055 0.73 42 
9-HODE 0.04 0.81 42 
12-HETE 0.006 0.97 33 
8-HETE -0.007 0.98 19 
13-oxo-ODE -0.024 0.91 25 
15-HETrE -0.093 0.72 17 
12-HEPE -0.209 0.41 18 
14(15)- EpETrE -0.22 0.35 20 
5-HETE -0.395 0.034 29 
9,10-DiHOME -0.429 0.005 41 
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Figure 16. Oxylipins in exhaled breath condensate, EBC. Individual 
observations of the six metabolites with significant positive Spearman correlation 
between EBC and bronchoalveolar lavage fluid. Observations from the group with high 
tidal volume ventilation (HTV) are shown in blue and low tidal ventilation (LTV) in 
yellow. 
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Paper II 
As the paper utilized the same research subjects as in Paper I, all 
characteristics of study groups are identical with the results presented 
under Paper I.  

BALF EVs 
In BALF, SYTO 13 increased significantly over time in the HTV group 
(p=0.004) and compared to the LTV group (p=0.02) (Figure 17). SYTO 
13 + HMGB1 also increased in the HTV group (p=0.001) and compared 
to the LTV group (p=0.002) (Figure 18). The remaining subpopulations 
of EVs are presented in Figure 19. 

Figure 17. SYTO 13 positive EVs in BALF. Observations from the group with high 
tidal volume ventilation (HTV) is shown in blue and low tidal ventilation (LTV) in 
yellow. HTV EVs increased over time (p=0.004) and compared to the LTV group 
(p=0.02). 
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Figure 18. SYTO 13 positive EVs also expressing HMGB1 in BALF. 
Observations from the group with high tidal volume ventilation (HTV) is shown in blue 
and low tidal ventilation (LTV) in yellow. HTV EVs increased over time (p=0.002) and 
compared to the LTV group (p=0.002). 
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Figure 19. BALF EVs.  
     Group   p1 p2   
Lactadherin    LTV  0.23  
     HTV  0.13 0.23 
Lactadherin + CD61  LTV  0.84 
     HTV  0.93 0.92 
Lactadherin + CD62 P/E  LTV  0.80 
     HTV  0.72 0.85 
Lactadherin + CD45  LTV  0.61 
     HTV  0.86 0.87 
Lactadherin + CD14  LTV  0.39 
     HTV  0.35 0.94 
Observations from the group with high tidal volume ventilation (HTV) is shown in blue 
and low tidal ventilation (LTV) in yellow. P1 indicates result of a one-way ANOVA for 
each group and variable over time. P2 indicates 2-way ANOVA result for treatment 
group and all time points. 
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Plasma EVs 
SYTO 13 positive EVs are displayed in Figure 20 and Lactadherin 
positive EVs in Figure 21. None of the EVs in plasma significantly 
correlated to their corresponding observation in BALF (Table 4). 

Figure 20. Plasma EVs containing SYTO 13.  
     Group   p1 p2   
SYTO 13     LTV  0.92  
     HTV  0.17 0.46 
SYTO 13 + HMGB1  LTV  0.02 
     HTV  0.40 0.03 
Observations from the group with high tidal volume ventilation (HTV) is shown in blue 
and low tidal ventilation (LTV) in yellow. P1 indicates result of a one-way ANOVA for 
each group and variable over time. P2 indicates 2-way ANOVA result for treatment 
group and all time points. 

 

Table 4. Correlations of EVs in different compartments. Correlations between 
observations in bronchoalveolar lavage fluid and plasma were calculated using 
Spearman’s ρ. 

EV population Spearman ρ p-value n 
Lactadherin + CD14 0,099 0,42 69 
Lactadherin + CD62 P/E -0,080 0,51 69 
SYTO 13 0,068 0,58 69 
Lactadherin + CD45 0,057 0,64 69 
Lactadherin +CD61 0,051 0,68 69 
Lactadherin 0,033 0,79 69 
SYTO 13 + HMGB1 0,027 0,82 69 

 



 

55 

 
Figure 21. Plasma EVs positive for lactadherin.  
     Group   p1 p2   
Lactadherin    LTV  0.23  
     HTV  0.13 0.23 
Lactadherin + CD61  LTV  0.84 
     HTV  0.93 0.92 
Lactadherin + CD62 P/E  LTV  0.80 
     HTV  0.72 0.85 
Lactadherin + CD45  LTV  0.61 
     HTV  0.86 0.87 
Lactadherin + CD14  LTV  0.39 
     HTV  0.35 0.94 
Observations from the group with high tidal volume ventilation (HTV) is shown in blue 
and low tidal ventilation (LTV) in yellow. P1 indicates result of a one-way ANOVA for 
each group and variable over time. P2 indicates 2-way ANOVA result for treatment 
group and all time points. 
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Paper III 
Of 589 consecutive patients admitted to intensive care in Östersund 
Hospital, Sweden between 1 February 2012 and 31 January 2013, 
samples were collected in 278 cases. Of these cases, 147 were eligible for 
inclusion in the oxylipin study. A total of 22 men and 3 women with 
mixed diagnoses were intubated and had identifiable intact samples in 
the study biobank. Another 26 subjects, matched for age and sex but 
never intubated during the study, were selected from the cohort as 
controls (Figure 22). 

 
Figure 22. Included and excluded cases. ICU – intensive care unit. 

Intubated cases had higher Simplified acute physiology score (SAPS) 3 
on admission, higher ICU and 30-day mortality, longer ICU stay and 
higher maximal sequential organ failure assessment (SOFA) score 
compared to those that never were intubated. Notably, there were more 
men than women in the intubated group, which continued with the 
matched non-intubated group. Characteristics of the study groups are 
outlined in Table 5.  
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Table 5. Characteristics of study groups, matched for age and sex. 
Categorical variable proportions were compared with Fisher’s exact test. Continuous 
variables were compared with Mann-Whitney U test. SAPS – simplified acute 
physiology score. ICU – intensive care unit. SOFA – sequential organ failure 
assessment. LOS – length of stay. CRP – C-reactive protein. GI – gastrointestinal.  

Variable Intubated Not intubated p 
N 25 26 

 

Sex (male/female) 22/3 23/3 
 

Age 75 (67-78) 74 (66-79) 0.94 
SAPS 3 score 74 (66-81) 57 (44-64) <0.001 
ICU mortality 10 (40%) 1 (4%) 0.002 

30-day mortality 14 (56%) 4 (15%) 0.003 
Max SOFA score 11 (9-13) 6 (4-7) <0.001 

ICU LOS 9 (7-13) 2 (1-3) <0.001 
CRP 55 (10-162) 50 (2-123) 0.56 

Main diagnosis 
   

Sepsis 8 (32%) 9 (35%) 0.75 
Trauma 2 (8%) 3 (12%) 0.45 

Cardiac arrest 6 (24%) 0 (0%) 0.004 
Intoxication 0 (0%) 1 (4%) N/A 
GI bleeding 1 (4%) 0 (0%) N/A 

Other surgical 3 (12%) 4 (15%) 0.67 
Other medical 5 (20%) 9 (35%) 0.06 

 

Oxylipins during the first day of mechanical ventilation 
In this study, the oxylipin panel included analysis of 67 different 
metabolites, 57 of which were detected in the study subjects. 23 oxylipins 
met the preset limit of 80% of observations above limit of quantification, 
LOQ, in samples collected from intubated patients and were included in 
formal analysis in Paper III. One metabolite, 12(13)-EpOME, was 
detected above LOQ in 84% of the observations but was accidentally 
omitted from analysis in the paper. Another 7 metabolites had at least 
80% of observations above limit of detection, LOD, but with uncertain 
values for observations below LOQ. 

After up to 24 h of mechanical ventilation, no oxylipin increased 
compared to baseline values at intubation. 10% FDR was calculated at 



 

58 

α=0.001. 12-HETE was significantly lower on the first day after 
intubation than before, going from median 1.3 to median 0.61 (p<0.001) 
and thus meeting the criteria for statistical significance (Table 6). All 
other metabolites with 80% of observations above LOQ were numerically 
lower on the day after intubation than at the time of intubation, although 
none other than 12-HETE were significantly lower (Table 6). 

Another 7 metabolites were quantified above LOD in at least 80% of 
observations, although several of the observations were below LOQ, 
rendering at least 20% of observations below LOQ or undetectable 
(Table 7). 

Oxylipins in sepsis 
Sepsis was the most common main diagnosis in both intubated and non-
intubated cases (Table 5). When compared to non-septic patients, the 
group with sepsis did not differ in age, SAPS 3, SOFA score, mortality or 
LOS. CRP was higher in the septic group (Table 8). 

When samples from both intubated and non-intubated cases were 
analysed, 59 different oxylipins could be detected (Figure 23). Of these, 
32 were above LOD in at least 80% of observations and included in 
group analysis (Tables 9 – 14). Log transformed values were compared 
with independent samples T-test between groups on admission and with 
paired T-test between first and second samples. FDR 10% was calculated 
to yield a significant difference when p≤0.04. On admission, no oxylipin 
was higher in the sepsis group than in the non-septic group. 13 different 
oxylipins were lower in the septic group; 15,16-DiHODE and 9-HOTrE 
from ALA, 9(10)-EpOME and 13-HODE from LA, 19,20-DiHDPE from 
DHA, 17,18-DiHETE and 12-HEPE from EPA, 15-HETrE from DGLA 
and 11,12-DiHETrE, 14,15-DiHETrE, 5-HETE, 12-HETE and 15-HETE 
from AA. 25 metabolites in the control group and 6 in the sepsis group 
were lower on the second sample after admission compared to the first. 
No oxylipin increased between the first and second samples (Tables 9 – 
14). Although CRP on admission was higher in the septic group than the 
non-septic group, none of the investigated oxylipins lower in the septic 
group had a significant negative correlation to CRP.  
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Table 6. Oxylipins at intubation and the day after. Oxylipins with Hedges’ g 
were successfully log transformed and analyzed with paired Student’s t test. Oxylipins 
without reported Hedges’ g were analyzed with Wilcoxon signed-rank test. After 10% 
FDR, statistical significance was considered at p<0.001. 

Oxylipin Time 1 median 
nM (IQR) 

Time 2 median 
nM (IQR) 

Hedges’ g (95% CI) p 

9,10-DiHOME 0.97  
(0.42−1.7) 

0.88  
(0.39−1.44) 

0.12 (-0.16−0.4) 0.39 

12,13-DiHOME 1.51  
(0.86−2.52) 

1.1  
(0.61−1.67) 

0.32 (-0.02−0.65) 0.06 

9,10-DiHODE 0.1  
(0.04−0.16) 

0.08  
(0.02−0.18) 

0.19 (-0.16−0.53) 0.27 

12,13-DiHODE 0.06  
(0.04−0.16) 

0.03 
(0.02−0.08) 

N/A 0.02 

15,16-DiHODE 11.39 
(6.74−19.93) 

9.56 
(5.58−13.24) 

0.26 (-0.03−0.55) 0.06 

11,12-DiHETrE 0.29  
(0.2−0.38) 

0.22  
(0.16−0.35) 

0.2 (-0.02−0.42) 0.07 

14,15-DiHETrE 0.3  
(0.19−0.37) 

0.21  
(0.17−0.31) 

0.27 (-0.01−0.55) 0.05 

17,18-DiHETE 0.25  
(0.2−0.4) 

0.24  
(0.18−0.32) 

0.2 (-0.04−0.44) 0.08 

13,14-DiHDPE 0.08  
(0.06−0.1) 

0.06 
(0.04−0.08) 

0.36 (0.05−0.67) 0.02 

16,17-DiHDPE 0.08  
(0.06−0.12) 

0.07  
(0.06−0.09) 

0.26 (-0.02−0.55) 0.06 

19,20-DiHDPE 0.68  
(0.44−1.14) 

0.53  
(0.47−0.95) 

0.18 (-0.09−0.46) 0.17 

9-HODE 2.80  
(2.20−4.74) 

2.40  
(1.71−3.50) 

0.3 (-0.08−0.67) 0.11 

13-HODE 8.84 
(6.98−13.02) 

8.16  
(5.71−10.52) 

0.27 (-0.07−0.61) 0.11 

13-HOTrE 0.62  
(0.19−1.06) 

0.45  
(0.16−0.66) 

N/A 0.14 

5-HETE 0.21  
(0.18−0.35) 

0.19  
(0.12−0.31) 

0.34 (-0.05−0.73) 0.08 

11-HETE 0.13  
(0.1−0.15) 

0.11  
(0.07−0.14) 

0.5 (0.06−0.95) 0.02 

12-HETE 1.33  
(0.96−1.7) 

0.61  
(0.45−1.08) 

0.98 (0.43−1.52) <0.001 

15-HETE 0.34  
(0.2−0.49) 

0.29  
(0.15−0.42) 

0.24 (-0.02−0.51) 0.06 

15-HETrE 0.15  
(0.11−0.19) 

0.13  
(0.1−0.19) 

0.08 (-0.26−0.42) 0.63 

EKODE 1.38  
(0.98−2.19) 

1.11  
(0.77−2.1) 

0.26 (0.02−0.49) 0.03 

12(13)-EpODE 0.1  
(0.06−0.15) 

0.08  
(0.03−0.12) 

N/A 0.07 

15(16)-EpODE 1.30   
(0.7−1.58) 

0.88  
(0.57−1.48) 

0.32 (-0.08−0.72) 0.10 

19(20)-EpDPE 0.08  
(0.04−0.16) 

0.06 
(0.03−0.08) 

N/A 0.11 

12(13)-EpOME 0.60  
(0.45–1.00)  

0.38  
(0.26–0.87) 

0.34 (-0.05−0.73) 0.09 
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Table 7. Oxylipins at intubation and the day after with more than 20% of 
observations between limit of detection and limit of quantification. Samples 
were collected at intubation (Timepoint 1) and 06.00 the following morning (Timepoint 
2) in 25 cases at both timepoints. Oxylipins without reported Hedges’ g were analyzed 
with Wilcoxon signed-rank test. Oxylipins with reported Hedges’ g had a normal 
distribution after log transformation and were analyzed with paired Student’s t test. No 
correction for multiple tests was performed due to the exploratory nature of the 
investigation.  

Oxylipin Timepoint 1 
median nM 

(IQR) 

Timepoint 2 
median nM 

(IQR) 

Hedges’ g (95% CI) p 

11,12-DiHETE 0.36 
(0.25−0.66) 

0.37 
(0.27−0.60) 

-0.07 (-0.56−0.43) 0.79 

14,15-DiHETE 0.09 
(0.05−0.12) 

0.07 
(0.04−0.12) 

-0.03 (-0.41−0.36) 0.90 

9-HOTrE 0.48 
(0.22−0.88) 

0.39 
(0.13−0.79) 

0.30 (-0.18−0.78) 0.22 

20-HETE 0.12 
(0.11−0.15) 

0.09 
(0.07−0.12) 

0.43 (0.03−0.82) 0.04 

5-HEPE 0.09 
(0.05−0.13) 

0.10 
(0.06−0.12) 

N/A 0.07 

12-HEPE 0.13 
(0.08−0.17) 

0.03 
(0.01−0.05) 

N/A <0.001 

9(10)-EpOME 0.57 
(0.48−1.61) 

0.61 
(0.37−1.41) 

N/A 0.08 

 

Table 8. Characteristics of septic and non-septic cases. SAPS – simplified acute 
physiology score. ICU – intensive care unit. SOFA – sequential organ failure 
assessment. LOS – length of stay. CRP – C-reactive protein. Categorical variables were 
compared with Fisher’s exact test. Continuous variables were compared with Mann-
Whitney U test.  

Variable Sepsis (n=17) Not sepsis 
(n=34) 

p 

Sex (male/female) 15/2 30/4 1.0 
Age 75 (67-80) 72 (67-78) 0.47 

SAPS 3 score 66 (61-70) 63 (47-77) 0.23 
ICU mortality 3 (18%) 8 (24%) 0.73 

30-day mortality 5 (29%) 13 (38%) 0.76 
Max SOFA score 9 (7-12) 7 (5-11) 0.21 

ICU LOS 5 (2-8) 3 (2-4) 0.33 
CRP 127 (56-177) 25 (1-73) 0.002 
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Figure 23. Grouped values of all observations during first and second sample of 
oxylipins in all cases. Bold numbers show metabolites included in analysis. Italics are 
used for uncertain observations not included in analysis due to analytical problems. 
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Table 9. Alpha-linoleic acid metabolites. Data presented as median (IQR). p† is 
derived from group comparison of 1st and 2nd samples using a paired Student’s T-test 
on log transformed data. p• is derived from comparison of first samples among sepsis 
patients vs non-septic patients using an independent samples T-test. After 10% FDR, 
statistical significance was considered at p<0.04. 

Oxylipin Group 1st Sample 2nd Sample p† p• 
12(13)-EpODE Sepsis 0.09  

(0.08-0.15) 
0.09  

(0.04-0.12) 
0.41 0.3 

 
Control 0.12  

(0.06-0.18) 
0.08  

(0.04-0.12) 
0.009 

 

15(16)-EpODE Sepsis 1.43  
(1.18-1.96) 

1.18  
(0.89-1.46) 

0.25 0.28 
 

Control 2.12  
(1.31-2.57) 

1.01  
(0.59-1.56) 

0.001 
 

9,10-DiHODE Sepsis 0.06  
(0.04-0.09) 

0.06  
(0.04-0.33) 

0.44 0.21 
 

Control 0.10  
(0.05-0.13) 

0.07  
(0.02-0.14) 

0.35 
 

12,13-DiHODE Sepsis 0.10  
(0.04-0.11) 

0.08  
(0.05-0.12) 

0.41 0.53 
 

Control 0.11  
(0.05-0.18) 

0.05  
(0.02-0.13) 

0.01 
 

15,16-DiHODE Sepsis 11.65  
(6.72-14.51) 

7.12  
(6.25-12.55) 

0.11 0.03 
 

Control 18.05  
(10.38-26.5) 

9.68  
(6.33-18.99) 

0.002 
 

9-HOTrE Sepsis 0.25  
(0.16-0.49) 

0.13  
(0.05-0.18) 

0.03 0.009 
 

Control 0.53  
(0.31-0.84) 

0.57  
(0.12-1.14) 

0.08 
 

13-HOTrE Sepsis 0.82  
(0.59-1.04) 

0.73  
(0.35-1.06) 

0.69 0.63 
 

Control 0.82  
(0.40-1.35) 

0.47  
(0.24-0.85) 

0.01 
 

 

  



 

63 

Table 10. Linoleic acid metabolites. Data presented as median (IQR). p† is derived 
from group comparison of 1st and 2nd samples using a paired Student’s T-test on log 
transformed data. p• is derived from comparison of first samples among sepsis patients 
vs non-septic patients using an independent samples T-test. After 10% FDR, statistical 
significance was considered at p<0.04. 

Oxylipin Group 1st Sample 2nd Sample p† p• 
9(10)-EpOME Sepsis 0.48  

(0.43-0.73) 
0.44  

(0.37-0.57) 
0.84 0.01 

 
Control 0.71  

(0.54-1.51) 
1.28  

(0.44-2.06) 
0.15 

 

12(13)-EpOME Sepsis 0.56  
(0.37-0.8) 

0.44  
(0.34-0.68) 

0.87 0.15 
 

Control 0.76  
(0.46-1.12) 

0.57  
(0.29-1.47) 

0.18 
 

9,10-DiHOME Sepsis 0.72  
(0.51-1.01) 

0.69  
(0.35-1.67) 

0.33 0.18 
 

Control 1.17  
(0.63-1.62) 

0.78  
(0.4-1.44) 

0.06 
 

12,13-DiHOME Sepsis 1.13  
(0.92-1.58) 

1.02  
(0.70-1.52) 

0.27 0.08 
 

Control 1.63  
(1.19-2.63) 

1.17  
(0.59-2.26) 

0.02 
 

9-HODE Sepsis 3.81  
(3.01-5.47) 

2.8  
(2.31-3.33) 

0.01 0.11 
 

Control 5.58  
(3.07-7.80) 

3.34  
(2.29-5.06) 

0.006 
 

13-HODE Sepsis 8.25  
(6.42-13.81) 

6.98  
(5.59-9.77) 

0.09 0.02 
 

Control 13.66  
(8.84-17.05) 

8.87  
(7.55-11.95) 

0.009 
 

EKODE Sepsis 2.03  
(1.34-3.65) 

1.80  
(1.32-2.50) 

0.19 0.74 
 

Control 1.93  
(1.37-3.65) 

1.02  
(0.79-2.13) 

<0.001 
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Table 11. Docosahexaenoic acid metabolites. Data presented as median (IQR). p† 
is derived from group comparison of 1st and 2nd samples using a paired Student’s T-test 
on log transformed data. p• is derived from comparison of first samples among sepsis 
patients vs non-septic patients using an independent samples T-test. After 10% FDR, 
statistical significance was considered at p<0.04. 

Oxylipin Group 1st Sample 2nd Sample p† p• 
19(20)-EpDPE Sepsis 0.12  

(0.05-0.14) 
0.15  

(0.09-0.19) 
0.49 0.23 

 
Control 0.16  

(0.08-0.27) 
0.08  

(0.04-0.20) 
0.001 

 

13,14-DiHDPE Sepsis 0.08  
(0.07-0.13) 

0.07  
(0.05-0.11) 

0.25 0.07 
 

Control 0.12  
(0.08-0.18) 

0.08  
(0.06-0.11) 

0.002 
 

16,17-DiHDPE Sepsis 0.11  
(0.08-0.14) 

0.08  
(0.06-0.09) 

0.004 0.16 
 

Control 0.13 
(0.09-0.18) 

0.09  
(0.07-0.13) 

0.001 
 

19,20-DiHDPE Sepsis 0.81  
(0.65-1.02) 

0.62  
(0.45-0.71) 

0.04 0.04 
 

Control 1.41  
(0.70-1.74) 

0.90  
(0.57-1.23) 

<0.001 
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Table 12. Eicosapentaenoic acid metabolites. Data presented as median (IQR). 
p† is derived from group comparison of 1st and 2nd samples using a paired Student’s T-
test on log transformed data. p• is derived from comparison of first samples among 
sepsis patients vs non-septic patients using an independent samples T-test. After 10% 
FDR, statistical significance was considered at p<0.04. 

Oxylipin Group 1st Sample 2nd Sample p† p• 

17(18)-EpETE Sepsis 
0.01  

(0.01-0.02) 
0.01  

(0.01-0.01) 0.11 0.09 

 Control 
0.02  

(0.01-0.03) 
0.01  

(0.01-0.02) 0.008  

11,12-DiHETE Sepsis 
0.04  

(0.03-0.05) 
0.04  

(0.03-0.05) 0.32 0.09 

 Control 
0.05  

(0.04-0.07) 
0.04  

(0.03-0.06) 0.05  

14.15-DiHETE Sepsis 
0.06  

(0.04-0.09) 
0.04  

(0.04-0.07) 0.1 0.08 

 Control 
0.08  

(0.05-0.15) 
0.07  

(0.04-0.13) 0.06  

17,18-DiHETE Sepsis 
0.31  

(0.22-0.39) 
0.23  

(0.17-0.33) 0.007 0.01 

 Control 
0.48  

(0.34-0.63) 
0.32  

(0.22-0.42) 0.001  

5-HEPE Sepsis 
0.10  

(0.06-0.15) 
0.09  

(0.06-0.15) 0.36 0.52 

 Control 
0.13  

(0.06-0.20) 
0.11  

(0.05-0.14) 0.007  

12-HEPE Sepsis 
0.04  

(0.03-0.14) 
0.05  

(0.01-0.15) 0.88 0.02 

 Control 
0.11  

(0.05-0.18) 
0.04  

(0.01-0.12) <0.001  
 

Table 13. Dihomo-γ-linolenic acid metabolites. Data presented as median (IQR). 
p† is derived from group comparison of 1st and 2nd samples using a paired Student’s T-
test on log transformed data. p• is derived from comparison of first samples among 
sepsis patients vs non-septic patients using an independent samples T-test. After 10% 
FDR, statistical significance was considered at p<0.04. 

Oxylipin Group 1st Sample 2nd Sample p† p• 
15-HETrE Sepsis 0.15  

(0.11-0.17) 
0.13  

(0.12-0.14) 
0.33 0.03 

 
Control 0.19  

(0.16-0.27) 
0.16  

(0.12-0.21) 
0.007 
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Table 14. Arachidonic acid metabolites. Data presented as median (IQR). p† is 
derived from group comparison of 1st and 2nd samples using a paired Student’s T-test 
on log transformed data. p• is derived from comparison of first samples among sepsis 
patients vs non-septic patients using an independent samples T-test. After 10% FDR, 
statistical significance was considered at p<0.04. 

Oxylipin Group 1st Sample 2nd Sample p† p• 
20-HETE Sepsis 0.13  

(0.09-0.20) 
0.12  

(0.06-0.14) 
0.61 0.19 

 
Control 0.17  

(0.11-0.24) 
0.12  

(0.09-0.20) 
<0.001 

 

11,12-DiHETrE Sepsis 0.29  
(0.2-0.43) 

0.26  
(0.20-0.34) 

0.08 0.02 
 

Control 0.44  
(0.28-0.61) 

0.30  
(0.24-0.48) 

0.002 
 

14,15-DiHETrE Sepsis 0.31  
(0.19-0.40) 

0.23  
(0.19-0.27) 

0.04 0.00
9  

Control 0.41  
(0.30-0.57) 

0.31  
(0.21-0.41) 

0.001 
 

5-HETE Sepsis 0.26  
(0.19-0.40) 

0.24  
(0.19-0.30) 

0.1 0.03 
 

Control 0.41  
(0.23-0.58) 

0.25  
(0.18-0.41) 

0.01 
 

11-HETE Sepsis 0.13  
(0.08-0.20) 

0.13  
(0.11-0.17) 

0.72 0.15 
 

Control 0.14  
(0.11-0.20) 

0.12  
(0.08-0.17) 

0.01 
 

12-HETE Sepsis 0.83  
(0.50-1.14) 

0.83  
(0.41-1.72) 

0.29 0.00
4  

Control 1.31  
(0.96-1.70) 

0.81  
(0.46-1.38) 

0.01 
 

15-HETE Sepsis 0.21  
(0.16-0.31) 

0.22  
(0.19-0.28) 

0.07 0.01 
 

Control 0.42  
(0.24-0.62) 

0.36  
(0.19-0.65) 

0.012 
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Paper IV 
A central vein was successfully cannulated in all four animals included in 
the study. The dual lumen central venous catheters were tunneled to an 
entry point on the back of the animals’ necks, and all catheters remained 
protected by the external sewn-on covering during the 4-week study 
period. Details of the procedure are reported in Paper IV. No animal 
showed signs of a catheter infection or thrombosis during the study 
period. 

All catheters remained functional for injections and blood samplings 
during the four-week study period. Use of a single lumen of one catheter 
was discontinued during the last study week as that lumen had been 
accidentally rendered unsterile. 

Catheter insertion times 
In pigs weighing 24-30 kg, full catheter insertion took more than one 
hour in the two animals where the primary venipuncture was done with 
a standard 18 Ga needle. The most time-consuming step was placement 
of the guidewire. In another two animals where a 21 Ga needle was used 
for venipuncture, the guidewire was placed in under 15 minutes and the 
whole procedure completed in less than 30 minutes. 

In pigs weighing 50 kg, time to placement of a 0.97 mm guide wire in an 
external jugular vein was on average 128 s (range 38 – 275 s, n=7) when 
venipuncture was performed with a 21 Ga microintroducer set and 69 s 
(range 38 – 98 s, n=7) when an 18 Ga needle was used. This difference 
was not statistically significant (p=0.128). In pigs weighing 25-32 kg, a 
0.97 mm guide wire was successfully placed in the external jugular vein 
in all animals using the 21 Ga micropuncture needle (n=6). The 
procedure took on average 6.5 min (range 3 to 15 min). 
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Paper V 
From 23 screened sEH inhibitors, AEPU was chosen for further studies 
based on its low melting point, high water solubility, and low pig IC50. 
Because of very low liver microsomal stability, a short half-life and a 
need for continuous infusion during treatment were predicted. 

A 0.1 mg/kg/h infusion of AEPU in a single animal resulted in a rise of 
plasma AEPU concentration for the first 120 minutes. In steady state, 
this infusion resulted in a plasma concentration of approximately 200 
nM, with only minor alterations over time. After discontinuation of the 
infusion, AEPU concentrations decreased quickly in plasma and the 
substance was completely eliminated within 15 minutes. 

A total of 20 animals were randomized to participate in the lung injury 
experiment, 10 animals in each group. One animal in the control group 
died from pneumothorax before start of placebo infusion, leaving a total 
of 19 animals in the final analysis. There were no statistically significant 
differences between the two groups in any of the recorded variables at 
baseline (Table 15).  

Figure 24. AEPU concentrations in blood. Measurements of blood AEPU 
concentrations in individual animals receiving active treatment. 
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During the experiments, all animals in the AEPU-treated group had 
stable or increasing blood concentrations of the study drug. The lowest 
concentration observed was 47 nM, with the majority of observations 
considerably higher (Figure 24). AEPU was not detected in any of the 
samples from animals in the placebo group (data not shown). 

After LPS administration, all animals except one in each group showed 
signs of severe cardiopulmonary compromise. There were no differences 
between the groups regarding any parameters relating to lung injury, 
circulatory effects, or any other measured clinical parameter (Table 16). 
Among the oxylipins measured in plasma, the ratio of 12(13)-
EpOME/12,13- DiHOME was increased after six hours in the AEPU 
group (p=0.026). There were no other significant differences in 
epoxide/diol ratios between the groups. 

Table 15. Study group characteristics at baseline. Data presented as median (IQR). Continuous 
variables were compared with independent samples t-test or Mann Whitney U test, as 
appropriate. Nominal variables were compared using Fischer’s exact test. Abbreviations: AEPU 
– 1-adamantanyl-3-(5-(2-(ethylethoxy)ethoxy)pentyl)urea, PaCO2 – partial pressure of carbon 
dioxide in arterial blood, P/F – ratio of arterial partial pressure of oxygen to fraction of inspired 
oxygen, MPAP – mean pulmonary artery pressure, MAP – mean arterial pressure, PCWP – 
pulmonary capillary wedge pressure, SVR – systemic vascular resistance, CVP – central venous 
pressure, PIP – peak inspiratory pressure, SvO2 – saturation of oxygen in venous blood. 

 AEPU (n=10) Control (n=9) p 
Weight (kg) 30 (29 - 31) 29 (28–37) 0.60 
% Male 70 78 0.63 
Hemoglobin (g/L) 91 (90 - 96) 94 (93–95) 0.74 
Creatinine (µmol/L) 71 (62–71) 71 (71–80) 0.32 
Bilirubin (µmol/L) 5.1 (3.4 – 5.1) 5.1 (5.1 – 5.1) 0.50 
Temperature (°C) 38.6 (38.1 – 39.1) 38.9 (38.6 – 39.7) 0.13 
pH 7.46 (7.44 – 7.48) 7.44 (7.41 – 7.44) 0.16 
PaCO2 (kPa) 4.9 (4.7 – 5.1) 4.6 (4.5 – 5.0) 0.80 
P/F (kPa) 72 (68 - 73) 69 (65 - 71) 0.16 
MPAP (mmHg) 25 (24 - 28) 25 (20 - 26) 0.25 
MAP (mmHg) 91 (74 - 108) 83 (81 - 84) 0.66 
PCWP (mmHg) 17 (15–18) 15 (14 - 17) 0.24 
SVR (dynes*sec/cm5) 1506 (1154 - 1718) 1624 (1045 - 1742) 0.94 
PVR (dynes*sec/cm5) 171 (157 - 207) 165 (163 - 267) 1.00 
CVP (mmHg) 15 (14 - 17) 16 (15 - 18) 0.73 
PIP (cmH2O) 25 (24 - 25) 25 (24 - 26) 0.45 
Compliance (ml/cmH2O) 11.2 (10.9 – 11.5) 10.8 (10.4 – 13.3) 0.36 
SvO2 (%) 71 (66 - 74) 72 (62 - 72) 0.55 
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Table 16. Study group characteristics at the end of experiments. Data presented as median 
(IQR). Continuous variables were compared with independent samples t-test or Mann Whitney U 
test, as appropriate. Nominal variables were compared using Fischer’s exact test. Abbreviations: 
AEPU, 1-adamantanyl-3-(5-(2-(ethylethoxy)ethoxy)pentyl)urea; PaCO2, partial pressure of 
carbon dioxide in arterial blood; P/F, ratio of arterial partial pressure of oxygen to fraction of 
inspired oxygen; MPAP, mean pulmonary artery pressure; MAP, mean arterial pressure; PCWP, 
pulmonary capillary wedge pressure; SVR, systemic vascular resistance; PVR, pulmonary 
vascular resistance; CVP, central venous pressure; PIP, peak inspiratory pressure; W/D, 
wet/dry; SvO2, saturation of oxygen in venous blood.   

AEPU Control P 
Premature death (%) 40 33 0.57 
Total fluid given (ml) 5785 (5080 - 7210) 5090 (4180 - 6080) 0.44 
Urine output (ml) 700 (320 - 1200) 825 (575 - 925) 0.89 
Hemoglobin (g/L) 116 (107 - 128) 102 (99 - 118) 0.13 
Creatinine (µmol/L) 133 (102 - 152) 133 (115 - 159) 0.48 
Bilirubin (µmol/L) 11.1 (8.6 – 18.8) 8.6 (6.8 – 22.2) 0.66 
Temperature (°C) 38.5 (38.0 – 40.1) 38.9 (38.9 – 40.1) 0.36 
pH 7.16 (7.07 – 7.26) 7.25 (7.14 – 7.29) 0.32 
PaCO2 (kPa) 5.8 (4.9 – 7.1) 5.8 (4.5 – 6.0) 0.45 
P/F (kPa) 22 (11 - 42) 31 (28 - 47) 0.40 
MPAP (mmHg) 46 (35 - 50) 42 (35 - 42) 0.46 
MAP (mmHg) 66 (55 - 97) 78 (55 - 93) 0.91 
PCWP (mmHg) 18 (16 - 21) 18 (16 - 20) 0.91 
SVR (dynes*sec/cm5) 1314 (1089 - 2375) 1230 (958 - 1457) 0.48 
PVR (dynes*sec/cm5) 643 (390 - 1057) 486 (345 - 827) 0.36 
CVP (mmHg) 16 (15 - 17) 20 (16 - 24) 0.37 
PIP (cmH20) 33 (29 - 37) 33 (29 - 37) 0.85 
Compliance (ml/cmH2O) 7.9 (7.3 – 9.7) 7.9 (7.0 – 10.7) 0.78 
SvO2 (%) 55 (25 - 66) 55 (48 - 59) 0.59 
W/D ratio 6.9 (6.0 – 9.0) 6.1 (5.3 – 6.5) 0.24 
Histology injury score 2.7 (2 – 3) 2.6 (2 – 3) 0.65 
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Pharmacokinetic parameters of t-TUCB 
Breach of protocol 
For the last experimental cycle concerning the oral 1 mg/kg dose of  
t-TUCB, one of the animals had the sampling lumen of the catheter 
permanently clamped because of contamination and in one animal 
samples were suspected to be accidentally collected through the injection 
lumen. Because of this, all the results from the final oral dose were 
discarded from further analysis due to probable study drug 
contamination of the samples from the catheter. 

Clinical observations 
The animals were clinically not apparently affected by the 0.1 mg/ml 
dose. After the 1 mg/kg iv dose, all animals were heavily sedated for 
several hours. With the suspicion that sedation was induced by DMSO,  
t-TUCB concentration was increased four times for the last two doses to 
reduce the amount of administered DMSO. After the 2 mg /kg dose (with 
half the DMSO dose per kg), only light sedation occurred and was 
reversed after approximately one hour. No sedation occurred after the 
oral dose. 

t-TUCB concentrations in blood 
The 0.1 mg/kg dose yielded a maximal plasma concentration of an 
average of 1088 ng/ml three minutes after the injection. However, the 
pre-injection baseline value showed an average concentration of 374 
ng/ml. At sampling 1 h after injection, blood levels had decreased below 
the initial baseline measurements. 

The 1 mg/kg dose was preceded by baseline measurements similar to the 
measurements before the first dose (average 360 ng/ml). However, in 
several of the following measurements, blood levels were measured at 
levels several orders of magnitude larger than others, with no plausible 
pattern and extremely large spread. The maximum concentration 
measured was 4,6 million ng/ml 30 minutes after injection (which was 
500 times higher than the measured concentration in blood 3 minutes 
after injection). There were large measured fluctuations over time with 
individual subjects having peak values as late as after 24 hours. 
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Figure 25. t-TUCB concentrations in blood. Individual measurements, and mean 
concentration, of t-TUCB in blood after intravenous injection of 2 mg/kg t-TUCB at 
time 0 hours.  

Baseline values before the 2 mg/kg dose were similar to the previous 
baseline values (average 346 ng/ml). After injection, peak values were 
detected after 3 minutes (average 11943 ng/ml, range 9003 – 16628 
ng/ml). Elimination was almost complete after 27 h (Figure 25). 

From time and concentration measurements, AUC, 𝑘, t½, CL and VD 
were all calculated individually and on average (Table 17). The 
semilogarithmic plot of concentration vs time revealed a terminal 
elimination phase between 2 and 27 hours (Figure 26). 
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Table 17. Pharmacokinetic parameters of t-TUCB. Calculated pharmacokinetic 
parameters for individual animals as well as mean. AUC – area under the curve, 𝑘	–	
elimination rate constant, t½ - half life, CL – clearance, VD – volume of distribution.  

Pig AUC (ng*h/ml) 𝑘 (1/h) t½ (h) CL (l/h) VD (l) 

1 42758 0.061 11.4 1.85 30.3 

2 38152 0.071 9.76 2.14 30.2 

3 40522  0.087 8.01 2.04 23.5 

4 44426  0.071 9.72 2.69 37.9 

Mean 41464  0.072 9.72 2.18 30.5 

 

 

Figure 26. Log t-TUCB concentrations in blood. Log blood concentration over 
time after injection of 2 mg/kg t-TUCB. A straight line could be approximated from 2 
hours, marking the terminal elimination phase. 
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Discussion 

Oxylipins 
In the experimental animal model of VILI presented here, nine different 
oxylipins in BALF and four in plasma were shown to increase over time 
in response to VILI. In contrast, oxylipin analysis in a cohort of 
intubated ICU patients showed that 12-HETE decreased during the first 
day of mechanical ventilation and no oxylipin increased during the same 
period. In a broader analysis of oxylipins in the cohort of intubated study 
participants together with non-intubated controls, several oxylipins were 
lower on admission in septic participants compared to non-septic 
comparators, and many oxylipins decreased during the first day of 
intensive care. 

In the experimental animal study, the COX metabolites of AA PGD2 and 
PGE2 increased over time in the HTV group. The same response was 
seen in plasma TXB2, whereas formal testing of interaction between 
group and time proved impossible for BALF TXB2 due to skewed 
distribution. Nevertheless, Figure 3 clearly shows numerically higher 
BALF HTV levels that graphically also seem to increase over time. The 
COX AA metabolites are thus clearly associated with the development of 
lung injury, in line with previous work(216, 217). For comparison, none 
of the COX-derived AA metabolites had a detection frequency high 
enough to allow for formal testing in the plasma samples from the ICU 
cohort, and the possibility of COX AA metabolite expression could not be 
evaluated there. 

In both BALF and plasma, the LOX metabolites of AA 11-HETE and 15-
HETE increased over time in response to HTV, consistent with earlier 
reports of LOX metabolites being implicated in lung injury 
pathogenesis(216, 218-220). In contrast, the same metabolites were 
numerically lower after one day of mechanical ventilation compared to 
start of ventilation, although these differences were not statistically 
significant. Thus, the animal data suggests 11-HETE and 15-HETE 
increase in response to injurious ventilation, but this signal is not 
observed in study participants subjected to routine ICU mechanical 
ventilation. Among the investigated oxylipins, 12-HETE, another LOX 
metabolite of AA, was significantly lower after one day of mechanical 
ventilation compared to baseline. Also, in samples collected on 
admission to ICU, 15-HETE was significantly lower in study participants 
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with sepsis compared to those without sepsis, despite significant 
systemic inflammation evident from a considerable increase in CRP in 
the sepsis group. This confirms a previous report where 15-HETE was 
observed in lower levels at hospital admission in patients with COVID-19 
disease compared to a cohort of heathy cases(221). 

Among the AA derivatives, one CYP metabolite, further hydrolyzed by 
sEH, 11,12-DiHETrE, increased over time in the HTV group in BALF, but 
not in plasma. This could support the notion of sEH-metabolized diols 
being implicated in the lung injury development(222-225). In the human 
samples, this metabolite was lower on admission in patients with sepsis 
compared to those without, but there was no difference in 11,12-
DiHETrE levels between baseline and after one day of mechanical 
ventilation. In sepsis, both 11,12-DiHETrE and 14,15-DiHETrE were 
significantly lower than in non-sepsis patients on admission to intensive 
care. 

In the animal study BALF samples, another example of sEH products 
implicated in VILI is the CYP/sEH-produced diol 12,13-DiHOME. This 
metabolite of LA origin increased over time in the HTV group, as did two 
LA LOX metabolites, 9-HODE and 13-HODE. However, in the ICU 
samples, these signals were not evident after one day of mechanical 
ventilation. In the baseline samples, both the CYP epoxide 9(10)EpOME 
and the LOX product 13-HODE were lower in the sepsis group than in 
non-septic cases.  

No ALA metabolite was part of the investigated panel in the animal 
study. Among the human samples, several ALA metabolites were 
detected but none of them changed significantly during the first day of 
mechanical ventilation. The CYP/sEH metabolite 15,16-DiHODE and the 
LOX metabolite 9-HOTrE were lower on admission in septic cases 
compared to those without sepsis.  

All investigated LOX metabolites of DHA had low detection frequencies 
in the animal study as well as among the human samples. In the human 
study, the panel of investigated oxylipins was expanded with a number of 
DHA metabolites of the CYP pathway. Among these, baseline levels were 
similar in septic cases compared to non-septic controls and none of them 
clearly differed from baseline after one day of mechanical ventilation.  

The animal study included one LOX metabolite of EPA that did not meet 
the DF criteria for further analysis. In the human study, the panel was 
expanded with 4 epoxide/diol pairs of sEH substrates and metabolites as 
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well as two more LOX metabolites. Of these substances, only the LOX 
metabolite 12-HEPE decreased after one day of mechanical ventilation. 
17,18-DiHETE, a diol hydrolyzed by sEH in the CYP pathway, was lower 
at ICU admission in septic cases compared to non-septic controls. 

One LOX metabolite of DGLA, 15-HETrE, was investigated in both 
studies. There was no difference between groups in this metabolite in the 
animal study, and there was no difference between baseline and samples 
collected after one day of mechanical ventilation. At baseline, septic 
human subjects did have significantly lower levels of 15-HETrE 
compared to controls. 

Although a number of metabolites have been shown to positively 
correlate to inflammatory processes(67, 79, 226), a large number of the 
measured oxylipins in the ICU study were lower on admission in septic 
cases in our study, contradicting the higher CRP in this group. These 
findings are in contrast to our finding of several oxylipins with positive 
correlation to neutrophil inflammation in the VILI model but in line with 
reports of decreases in some oxylipins observed in relation to critical 
illness(227). An alternate mechanism of oxylipin depletion is 
metabolization by mitochondrial β-oxidation stimulated by LPS as 
suggested by a previous study(228). This is a possible mechanism for 
observed lower levels of some oxylipins detected in septic patients.  

The animal study included a two hit VILI model aiming to study the 
evolution of biomarkers during the development of lung injury. The 
model was successful in separating groups regarding both histological 
lung injury and physiological parameters of gas exchange. The study 
design was, however, limited by a small number of independent 
observations. It should also be noted that the VILI effect in the model 
was extremely severe and may therefore not represent VILI developing 
over long periods of time in the ICU. 

The ICU study’s strengths included sampling in early critical illness 
combined with robust analysis and interpretation routine regarding 
comparisons of samples after initiation of mechanical ventilation for this 
set of oxylipins. Limitations in the study design include a small sampling 
size given some expected variability in these types of oxylipin results. 
From the larger cohort of biobank samples, only a relatively small 
number of intubated cases had complete sets of samples retained. 
Laboratory capacity denied analysis of oxylipins in samples from all 147 
cases with complete sample sets, and thus the matched controls were 
selected to increase the sample size with minimal selection bias and still 
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retaining all intubated cases upon who the main study question was 
focused. It is, however, impossible to draw conclusions from 
comparisons between intubated cases and their matched controls as the 
groups are inherently different from start. An error in matching controls 
to intubated cases led to the control group being increased by one case. 
As no direct comparisons were made between the two groups other than 
the study group characteristics described in Table 5, the results are not 
likely to be significantly affected by the sampling error. Possible under-
powering can mean that there can be false positive or false negative 
results, which would need a larger sample size to identify. Concerning 
case sampling with fewer women, this also followed in the matched 
controls. With the limited sampling of females, it was deemed not 
reliable to report oxylipin results specifically by sex – a much larger 
cohort would be needed.  

No specific conclusions are drawn from group comparisons of EBC 
oxylipins due to low DF a relatively low number of observations. Several 
metabolites exhibited positive correlation between EBC and BALF levels, 
but these correlations should also be interpreted with caution as a large 
number of metabolites were analyzed in a relatively low number of 
samples. The main finding is that oxylipin analysis in EBC is possible but 
further verification of possible correlations to BALF levels is necessary 
before EBC oxylipin levels are used to draw biological conclusions. 

Extracellular vesicles 
In the experimental VILI model, EVs stained with SYTO 13 as well as 
EVs positive for both SYTO 13 and HMGB1 increased over time in BALF, 
but not in plasma. This supports the idea that EVs may serve as marker 
of VILI, but the signal may need to be sampled in BALF rather than the 
more accessible plasma. 

SYTO 13 dye binds to nucleic acids but does not discriminate between 
DNA or RNA of different forms(141). Although the presence of nucleic 
acids in EVs is of unclear nature, HMGB1 is a known DAMP(229) and 
thus especially SYTO 13 positive EVs also positive for HMGB1 may be 
associated with tissue damage. This EV increase in relation to lung injury 
development is in line with previous reports of EVs being markers of 
ARDS(230, 231) and also of EVs participating in inflammatory signaling 
in the lung(232). We demonstrated a significant increase in EVs 
containing nucleic acids in parallel to a marked increase in neutrophils 
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in BALF, although the cellular origin of these EVs cannot be elucidated 
with this study design.  

As this study utilized the same subjects as the study in Paper I, the 
above-mentioned merits of the model applies to this study as well. It is 
worth noting that the control group also received a lung injury of sorts 
from the surfactant depletion. Nevertheless, none of the measured EVs 
increased from baseline in the control group. The lack of group 
differences apart from SYTO 13 and SYTO 13 + HMGB1 is therefore 
unlikely to be a result of damage signal in the group without 
hyperinflation injury.  

The lack of plasma increase of EVs in parallel to their evolution in BALF 
does not exclude a later increase in plasma EV levels as lung injury 
progresses. It is also possible that the level of EV elevation detected in 
BALF in this study is insufficient to cause significant release of EVs into 
the bloodstream. In either case, the results of this study suggest that 
early detection of impending lung injury may not be facilitated by 
analysis of EVs in plasma, at least not with the markers studied here. 

Long-term catheterization of pigs 
In Paper IV, we present a method of minimally invasive establishment of 
long-term venous access in pigs using techniques readily available in 
human health care. The access can be used for both injections and blood 
sampling. Small pigs may be easier to cannulate using commercially 
available kits for puncture of smaller vessels, while this step is not 
necessary in larger animals. 

Previously published reports of long-term venous access in pigs utilize 
more invasive surgical techniques(233, 234). The lack of surgical trauma 
in this model obliterates the need for postoperative analgesics while 
simultaneously presumably eliminating most of the inflammatory 
response coupled to surgery. The presented technique is thus a 
considerable refinement of animal welfare, as individual subjects avoid 
unnecessary pain and recovery from surgery. The establishment of 
secure vascular access could also potentially reduce the number of 
animals that need to be included in studies as sampling and injections 
are allowed for with great precision in time. 

In conclusion, the model presented here shows benefit to previously 
published models of long-term vascular access in pigs and could be 
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adopted as standard of care for pigs included in studies with need of 
long-term venous access. 

Soluble epoxide hydrolase inhibitor 
pharmacokinetics  
The aim of the pharmacokinetic study was to establish pharmacokinetic 
properties of t-TUCB in pigs derived from dosing at intravenous 0.1 
mg/kg, 1 mg/kg, 2 mg/kg and oral 1 mg/kg. As all results except those 
from the 2 mg/kg dose were discarded due to methodological problems, 
these results can only be interpreted with great caution. 2 mg/kg of  
t-TUCB did give a high initial blood concentration with an estimated 
half-life of approximately 10 hours and blood concentrations above 10 
times the IC50 for the better part of the first day after injection. 

These results can be used to guide future dose finding studies were  
t-TUCB could be tested for once or twice daily intravenous 
administration in pigs. The optimal intravenous dose cannot be 
discerned from this study, but the 2 mg/kg dose did give blood 
concentrations that probably are relevant for in vivo inhibition of sEH.  

The pharmacokinetic properties in pigs of t-TUCB have not been 
previously described in publications indexed in Medline. Previous 
reports have focused on t-TUCB as a sEH inhibitor in other species(211, 
235), and data in the current study are in line with previous findings 
from other species. 

The present study utilized a long-term venous access in pigs that allowed 
easy and stress-free handling of the study subjects with the possibility of 
exactly timing blood sampling after injections, with avoiding sampling 
from the same lumen used for injections. Due to an incompletely 
characterized chemistry analytical error with measured base line levels 
of the study drug being unexplainably present before injection of the 
drug and with unrealistically high spread of observations in one of the 
dose series, the results cannot be interpreted confidently. All conclusions 
presented here are thus drawn from the 2 mg/kg dose with only 4 
included subjects. Yet under these conditions, all 4 subjects show blood 
concentration curves with similar profiles and reasonable spread of 
observations. 

To conclude, this study does not establish a dosing regimen of definitive 
pharmacokinetic properties of t-TUCB. It does, however, suggest that  
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t-TUCB may be administered in clinically relevant intervals in pigs and 
that further dosing studies could be conducted with doses near 2 mg/kg. 

Soluble epoxide hydrolase inhibition in acute lung 
injury 
The main finding of the lung injury study here was that inhibition of sEH 
did not – in contrast to previous rodent studies(84, 224) – attenuate 
lung injury development in a model of LPS-induced lung injury. There 
were signs of biologically relevant effects on the target enzyme(236), but 
clinical outcomes were unaffected by the treatment. 

Although ARDS and acute lung injury are inflammatory conditions and 
despite promising animal data(237-239) for non-steroidal anti-
inflammatory drugs, there are no trials showing benefit of  NSAIDs in 
human lung injury. The concept of inflammatory modulation by sEH 
inhibition has shown positive effects in LPS-treated rodents(84), 
suggesting that sEH inhibition may be a pharmacological alternative in 
research on ARDS treatments(224). The present study does not support 
that hypothesis, although it is possible that other sEH inhibitors or 
treatment in different models of lung injury produce different outcomes. 

Why the present study failed to show benefit of sEH inhibition is not 
clear. The model was consistently severe with a relatively high mortality 
rate. It is possible that the inflammation was too severe to allow a 
pharmacological benefit of sEH inhibition to show. On the other hand, 
severe inflammation and high mortality are clinically relevant aspects of 
this condition and a prerequisite for a meaningful need of a 
pharmacological agent. 

The study protocol with pretreatment of study drug before exposure to 
the inflammatory stimulus should, in theory, produce optimal conditions 
for a treatment effect to be evident, although the study period of nine 
hours is short in this context.  

There are limitations to the study. First, data on dosing and 
pharmacokinetics of sEH inhibitors and AEPU in pigs have not been 
previously published. An in vitro essay of IC5o was conducted as well as a 
pharmacokinetic pilot in a pig subject and blood AEPU concentrations 
were monitored throughout the experiment. Measurements of 
epoxide/diol ratios after AEPU treatment compared to controls were 
comparable to previously published reports in epoxide/diol ratios in 
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monkeys treated with sEH-inhibitors. Despite this, it is still possible that 
AEPU did not achieve sufficient target engagement to alter the 
physiological effects of the enzyme and that a higher dose or choice of a 
different inhibitor could have had a different outcome. It is also possible 
that pigs, for unknown reasons, are poor models of sEH inhibition.  

In summary, this study does not support the hypothesis that sEH 
inhibition attenuates lung injury development in response to LPS, at 
least not under the conditions tested here. 
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Conclusions 

Severe lung injury from high tidal ventilation in pigs is associated with 
changes in oxylipin levels in both bronchial lavage fluid and in plasma. 
Lavage fluid changes involved more oxylipins than those in plasma.  

A large number of oxylipins may be detected in intensive care patients 
and changes in levels during serial measures can be associated with 
clinical conditions. Several of the oxylipins exhibit concentration 
decreases during the early course of critical illness and treatment. More 
investigation is needed to further delineate associations between levels 
of oxylipins and clinical status. Oxylipins may hold promise as 
prognostic biomarkers or potentially therapeutic targets. 

Extracellular vesicles containing nucleic acids increase in 
bronchoalveolar lavage fluid, but not in plasma, in response to severe 
hyperinflation lung injury in the early phase.  

Pigs included in long-term studies requiring venous access for repeated 
injections of blood samples may be cannulated using standards in line 
with human health care. Minimally invasive percutaneous cannulation is 
feasible and practical. 

The sEH inhibitor t-TUCB could potentially be a pharmacokinetically 
relevant drug suitable for sEH inhibition studies in pigs. Future dose 
finding studies could use the data presented here to guide study design. 

Treatment with the sEH inhibitor AEPU did not attenuate the 
development of lung injury in a pig model of LPS-induced lung injury, 
despite promising results of sEH inhibition in mice with LPS challenge.  
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Final remarks and future perspectives 

This thesis is the result of a project that started as a resident physician’s 
introductory research project with the general idea of looking for 
biomarker patterns in ARDS. The project quickly became a PhD project, 
but the way forward was anything but straight. Initially, we did 
experiments on blind collection of BALF samples with a simple airway 
exchange catheter rather than the more resource-demanding 
bronchoscope. In parallel, we tried looking at BALF mRNA for cytokine 
production with the idea that mRNA-expression should precede the 
cytokines themselves. When that did not work (the blood contaminating 
BALF in our lung injury model made our mRNA assay useless), we 
started looking into oxylipins and extracellular vesicles in lung injury. 
This prompted us to replace our lab’s old oleic acid lung injury model 
with the present two-hit VILI model as we hesitated to investigate fatty 
acid metabolites in the lung after injecting big chunks of fat with the 
intention of clogging the pulmonary microvasculature with fat emboli. 
We also spent a considerable amount of effort on plans for a project 
looking on exhaled particles in ventilated patients. Unfortunately, we 
were never able to form a working collaboration with the inventor of the 
intended equipment. This led us from biomarker work to an interest in 
sEH inhibition and to plans for experiments with sEH inhibition in the 
context of lung injury. Our previous experience with the severe VILI 
model of lung injury led us to yet again develop a new local animal model 
to tailor our experimental needs. The lack of known pharmacokinetic 
properties in pigs of any sEH inhibitor forced us to begin this effort with 
a pharmacokinetic study, which failed spectacularly due to analytical 
problems. The efforts to set up a long-term model for pig studies of 
pharmacokinetics did however result in the method paper on vascular 
access in pigs. In summary, this all resulted in a thesis built on oxylipins, 
extracellular vesicles, venous access in pigs, pharmacokinetics and 
finally anti-inflammatory treatment in lung injury. 

As often the case with research, more questions than we answered arise 
from the studies we performed. Can oxylipins or EVs in EBC serve as 
relevant biomarkers in ICU patients on mechanical ventilation? Can 
oxylipins or EVs in any compartment be used to differentiate between 
lung injury of different aetiology or severity? Can the data generated on 
dosing and pharmacokinetics on t-TUCB be verified? Could a higher 
dose of AEPU or a different sEH inhibitor have altered the results of the 
LPS experiment? Could AEPU affect lung injury in a model of less severe 
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injury? If this project would be to be repeated, EBC studies could be 
collected both in all experiments as well as in ICU subjects. Also, with 
unlimited resources and time, a new pharmacokinetic study of a sEH 
inhibitor in pigs together with oxylipin analysis of plasma samples and 
analysis of lung biopsies to ascertain target engagement both 
systemically and locally could lay the foundation for a new lung injury 
study. With clearer data on the efficacy of sEH inhibition in the model, 
the results could be interpreted with more confidence. 

Currently, we have no firm plans for the continuation of this project, but 
there are many ideas. Possibly, a study on EVs in EBC and plasma in ICU 
patients could be a reasonable continuation given our clinics resources 
and specific staff competencies. Such an observational study has been 
loosely discussed and may be the next project we start. Personally, I hope 
to be able to combine my hospital work with both local projects and 
collaborative research. A broader take on respiratory care, both in 
intensive care and anaesthesiology, is well within the field I would like to 
continue to investigate. 
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