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Abstract 
Nyberg, A. 2022. Effects of lung-protective ventilation on microbial growth and inflammatory 
biomarkers in experimental sepsis. Digital Comprehensive Summaries of Uppsala 
Dissertations from the Faculty of Medicine 1843. 73 pp. Uppsala: Acta Universitatis 
Upsaliensis. ISBN 978-91-513-1504-1. 

Sepsis is a severe disease state characterised by a dysregulated host response to infection. The 
need for mechanical ventilation is common in the sepsis population, for primarily pulmonary 
reasons or as a result of other organ dysfunction. Mechanical ventilation can be harmful to 
both the lungs and to extrapulmonary organs, particularly in association with an inflammatory 
insult. Great efforts has been made over the years in finding less injurious ventilator strategies 
aiming to reduce ventilator induced lung injury where focus has been on modulating tidal 
volume and positive end-expiratory pressure. A clear trend towards increased clinical use 
of this lung-protective ventilation has emerged. Consequently, investigation of the effects of 
mechanical ventilation on organs outside the lungs has earned growing scientific interest. We 
have used porcine experimental models to study the effects of different ventilator strategies. 
In an experimental Pseudomonas Aeruginosa pneumonia model the ventilatory differences on 
bacterial growth and lung injury were studied. Using an endotoxin challenge we aimed to study 
the effect of different ventilator regimens on systemic and organ-specific plasma levels of 
inflammatory cytokines and cell-free DNA. The effect of tidal volume on cerebral inflammation, 
metabolism and brain injury was studied during endotoxemia. Myostatin levels was studied in 
relation to anaesthesia, surgery, endotoxemia, pneumonia, inflammatory cytokines and different 
tidal volumes. The experiments were carried out for six hours or, to identify more long-term 
effects, for thirty hours. 

We found that ventilation with lower tidal volume and higher positive end-expiratory pressure 
reduce the bacterial burden and the development of lung injury in early pneumonia. Lung-
protective ventilation suppresses systemic levels of cell free DNA and the liver is a significant 
contributor to systemic levels of cell free DNA, an effect that is attenuated by protective 
ventilation. Lower tidal volumes do not affect cerebral levels of cytokines but increase the 
cerebral perfusion, the cerebral metabolism and markers of brain injury in plasma and cerebral 
microdialysate. Plasma myostatin levels decrease in relation to surgery and anaesthesia where 
the decrease is decelerated by endotoxin. Myostatin levels in plasma were not affected by 
pneumonia or different tidal volumes. 

We conclude that lung-protective ventilation reduces pulmonary bacterial burden and lung 
injury in pneumonia and affects systemic and organ-specific levels of inflammatory markers in 
experimental sepsis with a potentially harmful effect on the brain. 

Keywords: Anesthesia, intensive care 

Axel Nyberg, Centre for Clinical Research Sörmland, Kungsgatan 41, Uppsala University, 
SE-631 88 Eskilstuna, Sweden. Department of Medical Sciences, Akademiska sjukhuset, 
Uppsala University, SE-75185 Uppsala, Sweden. 

© Axel Nyberg 2022 

ISSN 1651-6206 
ISBN 978-91-513-1504-1 
URN urn:nbn:se:uu:diva-472911 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-472911) 

http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-472911


 

 

 

 

To my beloved; Helen, Thor and Karl 

  



 



List of Papers 

This thesis is based on the following papers, which are referred to in the text 

by their Roman numerals. 

 

I. Sperber, J., Nyberg, A., Lipcsey, M., Melhus, Å., Larsson, A., 

Sjölin, J., Castegren, M. (2017) Protective ventilation reduces 

Pseudomonas aeruginosa growth in lung tissue in a porcine 

pneumonia model. Intensive Care Med Exp. 31;5(1):40 

II. Nyberg, A., Larsson, A., Jylhävä, J., Hurme, M., Sperber, J., Lip-

csey, M., Castegren, M. (2020) Lung-protective ventilation 

suppresses systemic and hepatic vein levels of cell-free DNA 

in porcine experimental post-operative sepsis. BMC Pulm 

Med, 31;20(1):206 

III. Nyberg, A., Gremo, E., Blixt, J., Sperber, J., Larsson, A., Lip-

csey, M., Pikwer, A., Castegren, M. (2021) Lung-protective 

ventilation increases cerebral metabolism and non-inflam-

matory brain injury in porcine experimental sepsis. BMC 

Neurosci. 29;22(1):31 

IV. Nyberg, A., Sperber, J., Lipcsey, M., Larsson, A., Castegren, M. 

Endotoxemia versus pneumonia or lung-protective ventila-

tion decelerates the decrease in plasma myostatin levels in a 

porcine intensive care model. Submitted manuscript 

 

 

Reprints were made with permission from the respective publishers. 

  



 



Contents 

Introduction ................................................................................................... 11 

Background ................................................................................................... 13 

Sepsis ........................................................................................................ 13 

Definitions ........................................................................................... 13 

Clinical considerations ......................................................................... 14 

Epidemiology and demographics ........................................................ 15 

Inflammatory signalling ....................................................................... 15 

Pathophysiology and organ dysfunction .............................................. 17 

Mechanical Ventilation ............................................................................ 22 

Experimental models of sepsis ................................................................. 23 

Animal models in research .................................................................. 24 

Pneumonia ................................................................................................ 25 

Pseudomonas aeruginosa ......................................................................... 26 

Ethical considerations .............................................................................. 27 

Aims .............................................................................................................. 28 

Materials and methods .................................................................................. 29 

Animals and ethic approvals .................................................................... 29 

Anaesthesia, surgical procedure and preparations .................................... 29 

Bacterial inoculum ................................................................................... 30 

Protocol .................................................................................................... 31 

Analyses ................................................................................................... 35 

Calculations and statistics ........................................................................ 35 

Results ........................................................................................................... 37 

Discussion ..................................................................................................... 51 

Conclusions ................................................................................................... 59 

Concluding remarks and future perspectives ................................................ 60 

Summary in Swedish .................................................................................... 61 

Acknowledgements ....................................................................................... 63 

References ..................................................................................................... 65 



 

  



Abbreviations 

AKI Acute kidney injury 

ARDS Acute respiratory distress syndrome 

BAL Bronchoalveolar lavage 

cfu Colony forming unit 

CNS Central nervous system 

CO Cardiac output 

CPAP Continuous positive airway pressure 

FiO2 Inspired fraction of oxygen 

ICU Intensive care unit 

ICUAW ICU-acquired weakness 

MAP Mean arterial pressure 

MODS Multiple organ dysfunction syndrome 

MPAP Mean pulmonary artery pressure 

MV Mechanical ventilation 

NETs Neutrophil extracellular traps 

NO Nitric oxide 

PaO2 Arterial tension of oxygen 

PaCO2 Arterial tension of carbon dioxide 

PEEP  Positive end-expiratory pressure  

RR Respiratory rate 

SIRS Systemic inflammatory response syndrome 

SOFA Sequential organ failure assessment 

qSOFA Quick SOFA 

VAP Ventilator associated pneumonia 

VT Tidal volume 
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Introduction 

Sepsis is a serious disease state that carries substantial morbidity and mortal-

ity.  

Sepsis is what this thesis is about, studied in experimental models.  

The reader could be misdirected to believe this thesis is about mechanical 

ventilation, and that would not be entirely incorrect either. Arguably, sepsis is 

a complicated phenomenon to study, and metaphorically sepsis resembles a 

great puzzle with thousands of pieces. In this perspective this thesis could be 

seen as one, or perhaps a few pieces to be added somewhere in the great puzzle 

yet to be completed.  

To be a bit more precise, this thesis is about how different modes of me-

chanical ventilation impact infection and organ dysfunction in experimental 

sepsis.   

As sepsis progresses the organ functions of the body start to decline and in 

severe cases cease to fulfil their purposes. This is called multiple organ failure 

and the mortality is high. Impaired organ function can often be noticed with 

clinically uncomplicated measures, such as shortness of breath, deteriorating 

urinary output and lowered degree of consciousness. Using biochemical mark-

ers, some states of organ dysfunction can be diagnosed before onset of clini-

cally observable symptoms and treatment can be initiated to limit progress of 

tissue damage and severity of organ dysfunction. 

For individuals with dysfunction affecting the lungs, who no longer can 

maintain adequate gas exchange via spontaneous ventilation, initiation of me-

chanical ventilation (MV) can be lifesaving. But if MV is carried out injudi-

ciously pulmonary injury can be inflicted. Thus, MV is a double-edged sword 

to the extent that with the intention to save a life by remedying the acute prob-

lem at hand, MV will, in itself, be harmful for the lungs. 

In addition to actually harming the lungs MV, will also affect the function of 

other organs.  

It is of interest, especially in a complex disease state such as sepsis, to dif-

ferentiate between what harm is caused by the sepsis itself, and what organ 

injuries are caused by necessary medical interventions, such as MV.  

Finding a specific cure for sepsis has not been successful, and none is to be 

expected in the near future. The main reason for this is most likely the com-

plexity of the disorder with interplay between the agent of infection and the 

reaction of the host. Still, sepsis mortality has decreased over the past decades, 
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probably due to better resuscitation and supportive care. This has resulted in 

a shift from a majority of sepsis-related mortality occurring during the initial 

septic shock to the prolonged illness phase with multiple organ dysfunction 

that may follow. 

To improve the supportive measures, a better understanding of the patho-

physiology of sepsis in relation to installed treatment modalities is warranted.  

Our main objective has been to study how the different ways of treating 

one sepsis affected organ influences the development of infection and the in-

flammatory reaction both on a systemic and organ specific level. The treat-

ment chosen to be studied was ventilation, with an overall hypothesis that pro-

tective ventilation would reduce the infectious capacity, inflammatory re-

sponse and organ dysfunction.   
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Background 

Sepsis 

Definitions 

Over the years sepsis has been defined, and redefined several times from its 

origin with the ancients Greeks where the meaning of sepsis was decomposi-

tion or putrefaction [1]. 

Sepsis is defined as life-threatening organ dysfunction caused by a dysreg-

ulated host response to infection [2]. In lay terms sepsis can be described as a 

life threatening condition that arises when the body’s response to an infection 

injures its own tissues and organs [3]. For use in the clinical reality organ dys-

function can be expressed as an acute increase in the total Sequential Organ 

Failure Assessment (SOFA) score of two points or higher following infection. 

In patients not known to have any preceding organ dysfunction the baseline 

SOFA score should be presumed to be zero [2].   
The older definition of sepsis was that it is the systemic response to infec-

tion, manifested by two or more of the systemic inflammatory response syn-

drome (SIRS) criteria as a result of infection [4]. Since the SIRS criteria (hy-

pothermia, tachycardia, tachypnea, and either high or low white blood cell 

count) do not necessarily indicate a dysregulated, life-threatening response the 

new definition has earned broad acceptance and the SIRS concept is no longer 

included in the definition of sepsis. In the process of redefining sepsis it was 

concluded the term severe sepsis was redundant [2]. As sepsis progresses it 

may lead to decreased function of several organs, a condition known as mul-

tiple organ dysfunction syndrome (MODS). This widely feared complication 

has also been observed in patients without prior infection but as a consequence 

of for example trauma or surgery. This led to the assumption that MODS is 

primarily the organism’s reaction to a stimulus that induces this self-perpetu-

ating condition [5]. A disruption in the balance between pro-inflammatory 

mediators and anti-inflammatory mediators was proposed as an explanation to 

the wide variety of symptoms including transudation into organs, shock, co-

agulation defects and immunosuppression [6]. 

Septic shock is a subgroup of sepsis with more serious impact on circula-

tion, cells and metabolism. Clinically, septic shock is identified by a demand 

for vasopressor treatment to keep a mean arterial pressure of 65 mm Hg or 
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higher and serum levels of lactate exceeding 2 mmol x L-1. These two require-

ments must be present without hypovolemia [2]. 

Clinical considerations 

From a clinical perspective sepsis can be depicted as a continuum of events 

starting with a local infection and corresponding tissue inflammation pro-

gressing to mild generalised systemic inflammation and subsequent septic 

shock with organ dysfunction and failure [7].  

The sequential organ failure assessment, SOFA, scoring system was for-

merly called the Sepsis-related Organ Failure Assessment using the same ab-

breviation. It is designed to detect, and classify by degree of severity, sepsis 

in order to increase understanding of the pathophysiology and to enable eval-

uation of therapies for organ dysfunction/failure. The scoring system assesses 

the function of the respiration, the coagulation, the liver, the cardiovascular 

system, the central nervous system (CNS) and the renal system. The dysfunc-

tionality is graded on a scale from 0 (normal) to 4 (most abnormal) for each 

organ. The respiratory failure is measured by PaO2/FiO2, with values in grades 

3 and 4 applicable only with instituted respiratory support. Coagulation is 

measured by platelet count and the liver function by bilirubin levels. For as-

sessment of the CNS the Glasgow Coma Score is used and renal dysfunction 

is ranked according to urine output and creatinine level. The level of cardio-

vascular malfunction is graded upon mean arterial blood pressure and require-

ment of adrenergic support [8]. The standard SOFA characteristics only incor-

porate standard values for the administration of dopamine, dobutamine, epi-

nephrine or norepinephrine. In clinical practise it is now not uncommon to add 

other vasoactive drugs such as vasopressin and its analogues or angiotensin II 

in the treatment of septic shock, thereby reducing the norepinephrine dose [9]. 

Methylene blue is another, non-adrenergic, drug used in septic shock that in-

creases mean arterial blood pressure and reduces catecholamine requirements 

[10]. Additive cardiovascular therapies calls for conversion guidance in the 

calculation of the cardiovascular SOFA component [9]. There is also a poten-

tial prognostic value to be obtained with the SOFA score in sepsis manage-

ment [11]. 

Evaluation of all the six components of the SOFA score is time consuming 

and call for laboratory measurements. To meet the need for an assessment tool 

more readily available outside the ICU setting the quick SOFA (qSOFA) was 

suggested. Three easily obtained clinical parameters were pinpointed to have 

high probability of identifying sepsis in a patient: respiratory rate ≥22 x min-

1, systolic blood pressure ≤100 mmHg and altered mentation. The presence of 

any two, or more, of these three clinical variables should raise the suspicion 

of sepsis and elicit further action as to initiate or escalate therapy, investigate 

for further organ abnormalities, extend patient monitoring or consider referral 

to an intensive care unit [2]. After the consensus on the new definitions of 
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sepsis and the introduction of the qSOFA concept, a lot of discussion and con-

troversy took place. To clarify; the qSOFA is constructed to raise suspicion of 

sepsis and motivate further measures, it is not part of the sepsis definition [12]. 

In the 2021 guidelines for management of sepsis and septic shock there is a 

recommendation against using qSOFA as a single-screening tool for sepsis or 

septic shock [13]. 

Epidemiology and demographics 

Sepsis is a major cause of death worldwide, but epidemiological information 

of sepsis on a global level is difficult to find. Available data mostly come from 

high-income countries, as classified by the World Bank, whilst only approxi-

mately 13 % of the world’s population live there [14].  A reported annual es-

timate of 31. 5 million cases of sepsis with 5,3 million dead is a tentative ex-

trapolation [15]. In 2020, after massive data analyses from Global Burden of 

Disease Study 2017 with data from 1990 to 2017, these figures were upgraded 

to 48.7 million cases with 11 million sepsis-related deaths. A decrease in age-

standardised sepsis incidence was observed by 37.0 % and the mortality de-

creased by 52.8% [16]. 

For long it has been claimed that women have lower incidence of sepsis 

[7], but when analysed on a global level this turned out to be the other way 

around in 2017 with 716.5 cases per 100 000 for females compared to 642.9 

per 100 000 for males. Sepsis-related mortality on the other hand was higher 

in males than in females [16].  

Older patients are at higher risk of developing sepsis, and are more likely 

to die from sepsis. In addition, patients over the age of 65 years are at higher 

risk of needing skilled nursing or rehabilitation after hospitalization due to 

sepsis [17]. The aging of the population is likely to be involved in the increase 

in sepsis incidence [7]. 

Genetics is involved in the manner of how sepsis is expressed. There is 

evidence that inherited factors influence why certain individuals are affected 

more often and more serious. This has been known for decades [18]. More 

nearby in time molecular genetics has been applied successfully for outlining 

the pathophysiology, and implement treatments of cardiovascular diseases and 

has utterly transformed the medical field of cancer. In the field of sepsis the 

results are less fruitful in part by reason of uncertainty of which tissue is most 

relevant to investigate and the heterogeneity of the sepsis clientele [19, 20].   

Inflammatory signalling 

The immune system is comprised of cells, chemicals and processes that pro-

tect the organs from foreign antigens such as viruses, bacteria, fungi, toxins 

and cancer cells. It can, in a simplified way, be described to have two lines of 
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defence, innate- and adaptive immunity. Innate immunity, the first line of de-

fence, is non-specific and activated within hours of antigen exposure but has 

no memory function. Adaptive immunity is antigen-dependent and antigen-

specific, takes longer time to activate, but has a memory capacity enabling the 

host to execute a faster and more efficient immune response to a succeeding 

exposure to the same antigen [21]. 

Activation of the innate immune system is the major contributor to acute 

inflammation induced by infection or tissue damage. The innate immune sys-

tem, mainly macrophages, monocytes, granulocytes, natural killer cells and 

dendritic cells, detect components of infecting agents. These are known as 

pathogen associated molecular patterns (PAMPs) and include various parts 

from bacteria, viruses and fungi, such as endotoxins and β-glucans. Damage 

associated molecular patterns (DAMPs) are the whistleblowers of host cells 

alerting the innate immune system of damage. Examples of DAMPs are ATP 

and mitochondrial DNA. Cells of the innate immune system are activated by 

PAMPs and DAMPs through pattern recognition receptors (PRRs) on the cell 

surface or in the cytosol. Several PRRs are involved in the development of 

systemic inflammation. Found on the cell surface are the toll-like receptors 

(TLR) and C-type lectin receptors, and in the cytosol, the retinoic acid-induc-

ible gene I-like receptors and nucleotide-binding oligomerisation domain-like 

receptors. Upon activation of PPRs from PAMPs or DAMPs there is an in-

duction of transcription of type I interferons and inflammatory cytokines in 

the innate immune cells. Some PPRs can gather and form molecular com-

plexes called inflammasomes, important for the maturation and secretion of 

cytokines IL-1B and IL-18 [22].  

Cytokines are a functional class of small proteins with a regulated produc-

tion affecting the activation and differentiation of the immune response. The 

cytokines are usually classified as either pro- or anti-inflammatory, whereas 

some of them can display multiple phenotypic expressions and are termed 

pleiotropic [23].  

The effects of proinflammatory cytokines are powerful and wide spread. 

They increase the counts, lifetime and activation state of innate immune cells 

and induce hepatic acute phase proteins such as complement and fibrinogen. 

Adhesion molecule and chemokine expression of endothelial cells is elevated 

[7]. Cytokines stimulate neutrophils to create a web of collections of antimi-

crobial proteins, DNA and enzymes forming a scaffold for platelets, called 

neutrophil extracellular traps (NETs) [24, 25]. NET formation can occur either 

by rapid release from live neutrophils or via a cell death process where the 

neutrophil’s plasma membrane ruptures called NETosis [26]. In the NETs 

platelets are activated and, together with endothelial cells and leukocytes, bud 

vesicles from the plasma membrane. These microparticles contain inflamma-

tory, pro-coagulant and pro-oxidant proteins and lipids including angiopoi-

etin-2, von Willebrand factor multimers and tissue factor [27].  As a response 

to proinflammatory cytokines blood monocytes upregulate their expression of 
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tissue factor. This merger of NETs, microparticles, fibrin, leukoocytes and 

platelets lead to immunothrombosis, capturing circulating microbes within 

thrombi and attracts, as well as additionally activates leukocytes, in addition 

to preventing microorganisms from invading tissues in localised infections 

[28].  

At some point the dangerous, self-reinforcing host response to infection has 

to resolve in order to ensure the survival of the infected individual. Hence, 

anti-inflammatory pathways for cytokines are activated as early as the first 

hours of sepsis. Several types of immune cells produce IL-10 that inhibit the 

production of IL-6 and interferon-γ. Excessive TNF-α and IL-1 signalling is 

neutralised by IL-10 through stimulated production of soluble TNF receptor 

and IL-1 receptor antagonist [23]. Autophagy of DAMPs and PAMPs is a way 

to reduce inflammasome activation by collecting pathogens and damaged cel-

lular contents in vesicles intended for lysosomal degradation [29]. This illus-

trates that the resolution of systemic inflammation in relation to sepsis is not 

a passive process of fading proinflammatory pathways but instead engages a 

coordinated series of cell processes and molecular signals.  

When the pathogens have been eliminated the host must clear the tissues 

from infiltrating leukocytes and damaged cells. In a favourable signalling en-

vironment the cells go through apoptosis and are engulfed by phagocytes. This 

process called efferocytosis, setting off the release of anti-inflammatory cyto-

kines. Myeloid derived suppressor cells and regulatory T cells may also be 

involved in the removal of cytotoxic cells and production of anti-inflamma-

tory cytokines [30]. Resolvins, maresins, protectins and families of bioactive 

lipids named lipoxins increase macrophage efferocytosis, reduce leukocyte re-

cruitment and reactive oxygen species in addition to decreasing endothelial 

permeability [31]. 

Pathophysiology and organ dysfunction 

Cardiovascular system 

As a localised infection progresses to systemic inflammation and septic shock 

there are major disturbances in the cardiovascular system expressed by initial 

vasodilation with a normal or increased cardiac output (CO) [32, 33]. The CO 

is preserved or enhanced in spite of biventricular dysfunction remaining for 

up to 7-10 days until cardiac function recovers [34, 35]. Myocardial depres-

sion exist despite fluid resuscitation and does not appear to devolve upon my-

ocardial hypoperfusion. Myocardial depressants such as TNF-α, IL-1β and ni-

tric oxide probably have roles in initiating ventricular dysfunction [36].  

Lining the inside of the blood vessels, the endothelium, with its intricate 

web, covers a vast area of approximately 1000 m2 in the body [7]. In sepsis, 

the endothelium is subjected to profound alterations. In addition to vasodila-

tion sepsis affects the endothelium to cause increased leukocyte adhesion, a 
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shift to a procoagulant state and loss of barrier function leading to tissue 

edema [37]. On a microcirculatory level the response to local stimulation is 

impaired and the microvessels are obstructed by microthrombi and plugs of 

red and white blood cells [38]. Augmented expression of tissue factor, fibrin 

deposition and impaired activation of protein C and other anticoagulant mech-

anisms can cause disseminated intravascular coagulation (DIC). This dreaded 

complication of sepsis is associated with an increase in organ dysfunction, 

bleeding and mortality [39].  

Lungs 

Septic changes in endothelial function are associated with alterations in other 

organs. When lung capillaries become more permeable protein-rich edema 

fluid accumulates in the pulmonary interstitial spaces. With sepsis induced 

alveolar epithelial barrier dysfunction this edema fluid also leak into the alve-

oli resulting in arterial hypoxemia, perfusion-ventilation mismatch and re-

duced lung compliance thereby setting the scene for fulminant acute respira-

tory distress syndrome (ARDS) [40]. Extra-pulmonary sepsis increases the 

risk of acquiring pneumonia [41], where immune system alterations from sep-

sis play an important part [42]. 

Gastrointestinal 

Breakdown of endothelial and epithelial barriers in sepsis is a principal mech-

anism not only in debilitating the lung but also in the development of MODS 

[43]. In the gut the evolving sepsis with its proinflammatory cytokines leads 

to increased permeability of the gut epithelium [44]. This, in turn, promotes 

bacterial translocation and gut injury by luminal substances and autodigestion 

from activated pancreatic enzymes further propelling systemic inflammation 

and sustaining the deterioration of organ functions [7]. There is an increased 

risk of stress ulcer resulting from septic physiological alterations including 

gastric acid secretion, mucosal ischemia due to gastric hypoperfusion, reduced 

gastric motility, reduced production of mucous and ability to  neutralize hy-

drogen ions [45].  

Liver 

The liver is crucial in maintaining homeostasis with functions including me-

tabolism of nitrogen compounds, hormones, proteins, carbohydrates and lipids 

as well as synthesis of urea, vitamins, blood components, enzymes and clot-

ting factors. In addition the liver stores iron and glycogen, produces bile and 

many other functions [46]. Sepsis-associated liver dysfunction have several 

underlying causes and implications on the septic patient. During septic shock 

cardiovascular changes will increase splanchnic blood flow. In conjunction 

with compromised liver hemodynamics this is not enough to compensate the 

higher need for oxygen and the decreased ability of liver cells to extract oxy-
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gen, leading to hypoxic hepatitis [47]. The metabolism of hepatocytes is al-

tered to an inflammatory response during sepsis. IL-6 is the main cytokine 

responsible for synthesis of acute phase proteins such as C-reactive protein, 

fibrinogen, prothrombin haptoglobin and α-1 antitrypsin. Hepatocyte apopto-

sis is induced interferon-γ via interleukin-18 (IL-18). IL-18 secretion is stim-

ulated by TNF-α as part of the sepsis cascade but its secretion is also stimu-

lated by endotoxin [46]. An important task for Kupffer cells, the phagocytes 

of the liver, is scavenging portal vein blood from bacteria and endotoxin. Stim-

ulated Kupffer cells release numerous cytokines, reactive oxygen species 

(ROS) and nitric oxide (NO) causing injury to hepatocytes and endothelial 

cells and recruiting neutrophils to the liver. Activated neutrophils contribute 

to further damage of hepatocytes [48]. Sinusoidal endothelial cells are the 

main hepatic source of endothelin-1 (ET-1), a potent vasoconstrictor. Hepatic 

cellular injuries creates an imbalance between ET-1 and the main hepatic vas-

odilator NO, causing disturbances in the liver’s microcirculation [49]. When 

the sepsis-associated liver dysfunction progresses to acute liver failure a mul-

titude of complications may develop or worsen, including; coagulopathy, car-

diovascular instability, cerebral oedema, renal failure and ARDS [50].  

Kidneys 

Acute kidney injury (AKI) is frequent in sepsis and contributes to morbidity 

and mortality [51]. Sepsis-associated acute kidney injury has in the past been 

believed to originate from reduced renal perfusion and associated ischemic 

tubular necrosis [7]. Even though tubular cell injury is common, inflammation 

and apoptosis also contributes to AKI indicating a multifocal organ injury with 

macrovascular and microvascular malfunction and immunologic and auto-

nomic dysregulation [51]. 

Immune system 

Sepsis can be viewed as a race to the death between the pathogens and the host 

immune system where the proper balance between competing pro- and anti-

inflammatory pathways decide the outcome of the patient. It should be noted 

that both pro-inflammatory and anti-inflammatory develop simultaneously in 

sepsis although the net effect of these competing responses differ depending 

on what stage of sepsis the patient currently is in [52].  

The early hyper inflammatory state in sepsis is often followed by a pro-

longed state of immunosuppression. Extensive depletion of CD4+, CD8+ and 

HLA-DR cells and greatly reduced cytokine secretion was found in investi-

gated spleens collected from patients with active sepsis at the time of death 

[53]. The reduction in immune cells, including CD4+ and CD8+ T cells, B 

cells, follicular dendritic cells and interdigitating dendritic cells is largely due 

to apoptosis. Apoptosis of immune cells take place in the spleen, the thymus 

and the lymph nodes. It also occurs in gut-associated lymphoid tissues which 
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may facilitate bacterial translocation into the blood stream, thereby maintain-

ing systemic inflammatory response and predispose to secondary infections. 

Sepsis-induced apoptosis is likely to be activated through multiple cell death 

stimuli since both death receptor- and mitochondrial-mediated pathways are 

switched on [52]. A fall in circulating levels of lymphocytes during the onset 

of sepsis can remain for up to 28 days. Prolonged lymphopenia is a predictor 

for sepsis-related mortality and may serve as a biomarker for sepsis induced 

immunosuppression [54]. Immunosuppressive effects of prolonged sepsis af-

fect the susceptibility for re-infection with less virulent, opportunistic, organ-

isms [55]. Adding insult to injury, the immunocompromised sepsis patient is 

often treated with broad spectrum antibiotics and has multiple portals for in-

fection e.g. endotracheal tube, intravascular– and bladder catheters, making 

infections with resistant bacteria more likely to occur [7].  

Nervous system 

During sepsis the nervous system does not merely act as an uninvolved war 

correspondent sending back damage reports to the organism. Sensory and au-

tonomic neural cells are present around almost all somatic cells in the body, 

including the blood vessels and the epithelial lining of the body's external sur-

faces. By detecting injury and infection separate of the innate immune system 

detecting pathways, the sensory and autonomic neural network participate in 

the sepsis front line alongside the innate immune system. Upon noxious stim-

uli in sensory nerves neuropeptides are released at the peripheral terminals 

leading to degranulation of mast cells, chemotaxis and activation of macro-

phages, neutrophils and lymphocytes to the location of injury. These molecu-

lar mediators also help priming of dendritic cells to drive subsequent T helper 

cells into differentiation. Neuropeptides, primarily calcitonin gene related 

peptide and substance P also signal to vascular endothelial cells with an in-

crease in blood flow, vascular leakage and edema [56]. The autonomic nerv-

ous system, in particular the vagus nerve, help maintain immunological ho-

meostasis [57]. Sensory and vagal afferents, carotid body chemoreceptors, and 

brain areas with constitutively permeable blood barrier react to local and sys-

temic cytokines, signaling to brain stem nuclei. Hereby is an inflammatory 

reflex initiated and vagal, cholinergic efferents signal to inhibit inflammatory 

cytokine production of immune cells in the spleen, the gut and other organs 

[58]. Vagal stimulation has been proven to attenuate cytokine signaling and 

endothelial injury in animal models of sepsis [59], burns [60] and pancreatitis 

[61]. Afferent impulses from somatic tissues will execute several neuroendo-

crine responses. After modulation in the dorsal root ganglia and relayed in the 

spinal cord the electrical impulses reach the hypothalamus and brainstem nu-

clei. Descending neuronal impulses in the sympathetic chain releases nora-

drenalin in target tissues leading to enhanced cytokine release when alpha ad-

renergic receptors are stimulated and suppression of cytokine release with 

beta-adrenergic stimulation. Vagal efferents, via the celiac ganglion, reaching 
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the adrenal glands modulate dopamine release from the adrenal medulla. 

Apart from afferent neurons endocrine effects can be modulated by cytokine 

transfer across a weakened blood-brain barrier of the hypothalamic-pituitary 

junction and by cytokines produced within the CNS. The regulation of several 

hormones in the brain and hypothalamus is affected, including; thyroid stim-

ulating hormone affecting thyroid hormone levels, leptin, ghrelin, adrenocor-

ticotropic hormone controlling glucocorticoid release from the adrenal cortex, 

prolactin, growth hormone and follicle stimulating hormone [43]. Encephalo-

pathy is an early and frequent organ dysfunction in sepsis with symptoms 

ranging from mild confusion or inattention to epilepsy and coma. The mortal-

ity of septic encephalopathy is high and correlates with its intensity. Many 

sepsis survivors have long-lasting neurocognitive changes encompassing 

memory, psychomotor activity, verbal fluency as well as depression and anx-

iety disorders remaining more than one year after hospitalization [62]. Delir-

ium is very common in mechanically ventilated patients, when evaluated with 

the confusion assessment method (CAM)-ICU method affecting up to 82 % 

and even is even an independent predictor of mortality [63]. Encephalopathy 

can result from direct CNS infection, but more often sepsis triggers a sequence 

of sterile events that disturb neurologic function. These include a dysfunc-

tional blood-brain-barrier following systemic endothelial perturbances result-

ing in oxidative stress as well as increased permeability to cytokines. In addi-

tion  neurotransmitter alterations and mitochondrial dysfunction contribute to 

encephalopathy [64].  Alterations in cerebrovascular autoregulation is are all 

likely to affect mental status in sepsis [65].  Hypercoagulability, micro-

abscesses, multifocal necrotising leukencephalopathy, hemorrhages and is-

chemia have been found in post mortem analyses of patients with septic shock  

Muscles 

The occurrence of muscle dysfunction in critically ill, septic, patients has been 

known for decades [66]. Clinically detectable muscle weakness in the ICU 

clientele is named ICU-Acquired Weakness, ICUAW, which is further classi-

fied into critical illness polyneuropathy and critical illness myopathy. Several, 

avoidable as well as unavoidable, risk factors for ICUAW have been identified 

[67]. The presence of ICUAW results in prolonged duration of MV and ICU 

stay as well as long term functional impairment sometimes remaining for 

years after discharge from the ICU [68].  

There is good reason to believe that loss of muscle mass serves a purpose 

in the infected or injured organism. Pain, immobilisation, and inflammatory 

cytokines add to muscle breakdown. The severity of the illness is proportional 

to the, for sepsis, characteristic insensitivity to insulin and hyperglycaemia 

and may contribute to ensure adequate levels of nutritional substrates for the 

highly energy intensive immune response [29].  

Sepsis induced myopathy is considered to originate through three major 

pathways; mitochondrial dysfunction, net protein breakdown and impairment 
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of muscular membrane excitability [69]. The mitochondria are severely af-

fected by sepsis and the ensuing bioenergetics failure and oxidative stress de-

plete energy reserves necessary for cellular function. An imbalance between 

protein breakdown and synthesis is induced in sepsis resulting in net loss of 

muscle mass and disorganisation of sarcomeres. This effect is most pro-

nounced in respiratory and peripheral muscles. The proteolysis of the dia-

phragm can be aggravated by MV [67]. IL-6 is a key cytokine for inducing 

proteolysis in sepsis [70]. There is reason to believe that muscle wasting is not 

only a complication of sepsis but may actually drive the development of sep-

sis. A key regulator of muscle mass is the myokine myostatin, also known as 

growth differentiation factor 8. Myostatin is produced and secreted by skeletal 

muscle and acts locally in an autocrine/paracrine manner. It downregulates 

muscle mass by increasing muscle proteolysis and inhibiting protein synthe-

sis. Experimentally, myostatin deficiency improves several important out-

comes in sepsis. Not only is muscle wasting reduced but there is also increased 

bacterial clearance, mitigated liver and kidney dysfunction as well as in-

creased survival [71]. Dysfunctional muscular membrane function is linked to 

excessive nitric oxide generation and channelopathy involving dysregulation 

of sodium channels [68].  

Mechanical Ventilation 

Spontaneous breathing without mechanical aid can be described as biphasic 

with inspiration and expiration. On inspiration descent of the diaphragm and 

rib elevation by contraction of the external intercostal muscles, increase the 

volume of the thoracic cavity. This increase in volume provides a pressure 

reduction and external air is drawn into the lungs. When the diaphragm and 

intercostal muscles relax the size of the thoracic cavity is reduced. The reduc-

tion in volume increases pressure and air is forced out [72]. Invasive mechan-

ical ventilation produce reversed pressure relationship with increased pressure 

on inspiration and negative pressure on expiration.  

In many occasions mechanical ventilation, MV, is a lifesaving intervention 

with several indications for implementation including failure of adequate gas 

exchange, airway protection or to rest fatigued respiratory muscles. The use 

of MV in an imprudent manner with high, or even moderate tidal volumes has 

been proven to cause harm in certain conditions [73, 74]. Damage caused by, 

or aggravated by, MV is termed ventilator induced lung injury (VILI). The 

lung parenchyma is injured by four primary mechanisms in VILI; excessively 

high pressure (barotrauma), alveolar over distention (volutrauma), collapsed 

parts of the lung (atelectotrauma) and inflammatory effects on lung tissue (bi-

otrauma) [75]. 

Lung affection with acute onset, bilateral infiltrates, severe progressive hy-

poxemia and pulmonary oedema not fully explained by cardiogenic factors is 
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termed acute respiratory distress syndrome (ARDS) [76]. After the publica-

tion from the ARDS Network in 2000 [77] the clinical praxis of reducing tidal 

volume(VT) and pressure in the ventilator treatment of patients with ARDS 

has become well established. In experimental studies it has been demonstrated 

how different ventilator strategies also affects the progression of extra-pulmo-

nary organ dysfunction and failure [78, 79] and the hepatic output of inflam-

matory cytokines, thereby influencing the total inflammation [80].  

Experimental models of sepsis  

There are several approaches for studying sepsis in experimental models in-

cluding intravascular infusion of bacteria, bacterial peritonitis, cecal ligation 

and perforation, infection of soft tissue, meningitis and pneumonia models or 

continuous systemic infusion of endotoxin. For these purposes several animal 

species have been employed including mice, rats, rabbits, pigs, sheep, dogs 

and nonhuman primates. These models replicate several of the characteristics 

of sepsis there are advantages and disadvantages to all of them [81].  

Intravascular infusion of bacteria as a sepsis model has a rationale since 

increasing severity of sepsis is associated to higher proportions of positive 

blood cultures [82]. Due to the relatively vast number of microorganisms re-

quired, the bacterial infusion model may be more of a model endotoxin intox-

ication rather than that of a progressive infection [81]. A majority of bacterial 

infusion models are based on gram negative bacteria, especially Escherichia 

coli, a mismatch of the clinical picture from positive blood cultures. The study 

design has also been questioned patient seldom have massive bacteraemia, but 

rather a septic focus wherefrom the bacterial release is intermittent [83]. 

Intraperitoneal models require a great deal, 100- 1000-fold, fewer bacteria 

compared to intravenous infusion to generate a sepsis response. Peritonitis can 

be produced by several means. A straight forward approach is instillation of 

bacterial cultures or faecal material into the peritoneal cavity. In early models, 

set up for a more clinically relevant intraperitoneal sepsis, segments of intact 

bowel were isolated and the development of septic peritonitis was awaited. 

The time to onset of peritonitis with this approach was uncontrolled depending 

on the timing of bowel perforation [84]. For a more reproducible and easy to 

use model the cecal ligation and puncture technique was developed and has 

since been widely used. Distal to the ileocecal valve the cecum is ligated and 

perforated with two needle punches. Different needle size can be used to ma-

nipulate the intensity of the subsequent sepsis [82].    

In the research field of experimental sepsis endotoxins are used exten-

sively, as they broadly cause the same inflammatory, and physiologic re-

sponses as those seen in clinical sepsis [84]. Endotoxin is a glucosamine-based 

phospholipid acting as the hydrophobic anchor of lipopolysaccharide (LPS), 
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and makes up the outer monolayer of the outer membranes of most Gram-

negative bacteria. Activation of TLR4 by endotoxin triggers the biosynthesis 

of diverse mediators of inflammation [85]. TLR4 is responsible for binding 

and mediating the effects of endotoxin [86]. Endotoxin tolerance (ET) is a 

well-known effect when cells or organisms transiently become unresponsive 

to further endotoxin stimulation. The immunological stunning ET represents 

can also be induced by, for example, surgery, acute coronary syndrome, 

trauma, Gram-positive sepsis and pancreatitis demonstrating that endotoxin 

exposure is not compulsory for development of ET. Monocytes/macrophages 

that are endotoxin tolerant have a reduced capacity to release proinflammatory 

cytokines thereby functioning as a negative feedback mechanism for dysreg-

ulated inflammation, as in sepsis [87]. The immunosuppressive effects of ET 

leads to difficulties in clearing infections as well as increased risk of secondary 

infections and reactivation of latent viral infections [53]. 

The course of sepsis in laboratory animals generally differs from human 

sepsis with animals more often having a rapid onset of hemodynamic effects 

and a quicker resolution, or deterioration to death. Mortality in human sepsis 

is mainly caused by multiple organ failure developing over several days or 

weeks. In animal models it is not possible to recreate the full interaction be-

tween sepsis, supportive care and intercurrent disorders [88]. But in the end, 

despite several limitations, animal models remain essential in sepsis research 

[81].  

Animal models in research 

“Sepsis, as a clinical entity, is very heterogeneous and clinical data are invar-

iably confounded by the effects of age, coexisting diseases, and supportive 

therapy.” This quote by Mitchell P Fink was made for the first time in 1990 

[82], but he found it still to be true and relevant enough to quote himself over 

two decades later [89]. Using animal models help to increase knowledge in 

disease progression and discovery, as well as testing, of new therapeutic op-

tions. In this scientific framework it is important to consider several aspects 

including standardisation, reproducibility, and validity across studies and bi-

directional translation among species and between pre-clinical and clinical re-

search. In addition animal models need to accurately mirror the desired func-

tion or disease, survive long enough to study the desired effects, be easily 

available and have the appropriate size and capacity to provide sufficient bio-

logical samples [90].  

The most frequently used species in sepsis research is the mouse, followed 

by rats, and many ground breaking discoveries in sepsis have been achieved 

in murine models. There are several advantages in using mice since they are 

easy to breed and house, experiments are inexpensive enough to be up scaled 

in number of participant animals and in mice the opportunity of genetic mod-

ification is very appealing. The downside of using rodents is primarily related 
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to their differences from humans in size, anatomy and physiology, including 

pathophysiology regarding inflammatory signalling and immune reactions. To 

meet the need of more resemblance to the intensive care of an infected, criti-

cally ill human in large animal models were developed. Pigs are very useful 

in full scale ICU animal models of sepsis. They have an appropriate size al-

lowing for utilization of clinically available ICU equipment and repeated sam-

pling of biological samples. Pigs also have anatomical and physiological prox-

imity with humans. Disadvantages with using swine include more expensive 

experiments, difference in creatinine clearance and their tendency to rapidly 

develop pulmonary hypertension upon endotoxin challenge [91].  

To improve the reporting of animal research Animal Research: Reporting 

of In Vivo Experiments (ARRIVE) guidelines were introduced in 2010. The 

guidelines, consisting of a checklist of information to include in publications 

concerning in vivo experiments, have been updated since then [92].  

In 2017 an effort was made to standardise modelling guidelines for preclin-

ical sepsis studies. The resulting set of guidelines were defined as Minimum 

Quality Threshold in Preclinical Sepsis Studies, MQTiPSS. Six themes were 

addressed: study design, humane modelling, infection types, organ fail-

ure/dysfunction, fluid resuscitation and antimicrobial therapy [93–96].  

Pigs have also been very advantageous model animals for the study of mi-

crobiological, physiological and pathological parameters in pneumonia evolv-

ing during mechanical ventilation [97].  

Animal studies always carries translational hardship in relation to clinical 

implementation. In laboratory settings the animals are often homogenous re-

garding age and size and they usually do not have any co-morbidities. Even if 

an animal model can be very similar to human conditions, it will not be di-

rectly translatable [91]. But in order to study a singular aspect, or intervention, 

of sepsis animal studies provide great benefit [81].  

To sum it up, this quote gets to the heart of the issue “All models are wrong 

but some are useful” [98].  

Pneumonia 

There is no universally accepted definition of pneumonia, not even a consen-

sus of what anatomical parts of the airway should be affected for an infection 

to be included in the concept of pneumonia. Still, the term is routinely used in 

everyday clinical practise. A fair approximation of what is commonly referred 

to as pneumonia is an acute infection of the lung parenchyma by one or co-

infecting pathogens, but excluding bronchiolitis [99]. Pneumonia is broadly 

divided into community-acquired pneumonia, CAP, and hospital acquired 

pneumonia HAP, which includes ventilator induced pneumonia, VAP. Aspi-

ration pneumonia constitutes 5-15% of CAP cases. Causative agents for CAP 

and HAP differ considerably and so does antimicrobial therapy strategies 
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[100]. Pneumonia is the most common infective reason for admission to in-

tensive care and the most common secondary infection acquired in the ICU 

[101]. VAP is defined by infection of pulmonary parenchyma when the patient 

has been treated with invasive mechanical ventilation for a minimum of 48 

hours. Incidence varies widely between 5-40% depending on the country, ICU 

type and diagnosis criteria. The daily risk of VAP peaks between day 5-9 of 

mechanical ventilation, but cumulative incidence is closely related to total pe-

riod of MV [102]. There seems to be a decrease in VAP, probably as a result 

of better implementation of prevention strategies. In trauma and brain injuries 

the incidence is considerably higher, about 50%, probably due to depressed 

level of consciousness and ensuing aspiration of gastric content at the time of 

trauma [103]. Notably, lower respiratory tract infection is the most common 

cause of death due to sepsis [16].  

Pseudomonas aeruginosa 

Pseudomonas aeruginosa was first described in 1882 and earned its name 

from the blue and green coloration of bandages. The name is derived from the 

Greek words pseudo meaning false and monas meaning single unit, and the 

Latin word aeruginosa meaning rusted copper describing the greenish-blue 

colour. It is a facultative aerobic, meaning it can grow both with aerobic and 

anaerobic respiration [104]. This Gram negative, opportunistic bacterial path-

ogen has been found in a wide variety of habitats apart from the human body. 

Commonly it’s found in soil and water in the nature, but only in areas contam-

inated by humans. Due to its adaptability, resilience to environmental changes 

and versatility in metabolism it has also been found in disparate locations in-

cluding oil contaminated areas, sinks, drains and hospitals [105]. Several vir-

ulence factors contributes to its pathogenesis including a unipolar flagellum 

earning it motility, an antiphagocytic alginate, production of exotoxin and all 

strains have endotoxin [106]. Another virulence factor is the type IV fili on 

the cell surface. These filamentous appendages facilitate adhesion to host 

cells, biofilm formation and colonisation [107].  

P. Aeruginosa is an opportunistic pathogen, infecting a wide range of hosts 

including animals, plants and humans. It is a leading pathogen in vulnerable 

patients, for example those with cystic fibrosis, permanent bladder catheters 

and obstructive pulmonary diseases. Cystic fibrosis patients are often chroni-

cally infected with P. Aeruginosa early in life and therefore repeatedly treated 

with antibiotics contributing to increase its already high levels of tolerance 

and resistance to several classes of antibiotics [108].  
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It is not common as an agent of community acquired pneumonia in other-

wise healthy patients. However, it is a very relevant pathogen to immunosup-

pressed intensive care patients [109]. P. aeruginosa VAP is a serious compli-

cation and prolongs the length of stay in intensive care [110].  

Ethical considerations 

Sepsis is a complex phenomenon to study. Not only because the pathology 

differs according to pathogen involved, the host’s response to the infectious 

stimulus also differs from one individual to another as well as patients with 

different background characteristics will, and shall, receive individually mod-

ified healthcare. This makes clinical studies of sepsis prone to a great number 

of confounders.  

In order to achieve a more standardised study setting with less inter-indi-

vidual differences we selected an animal model.  

The experimental design of the studies presented could not have been car-

ried into effect in human subjects. Extending the knowledge of organ dysfunc-

tion during sepsis and finding ways to reduce sepsis morbidity and mortality 

has been considered to outweigh the animals’ right not to be hurt. As can be 

noticed from the papers and manuscripts the same animals have been used for 

different studies. This is in accordance with the aim of reducing the number 

of animals. 

Throughout the experiments, every measure has been taken to reduce ani-

mal stress before the experiment. The animals were allowed to eat and drink 

ad libitum up to 1 hour (h) before the start of the experiment. An adequate 

level of sedation and pain relief was provided during the experiment and the 

animals were killed with one chemical, and one mechanical method during 

deep sedation at the end of the experiment.  
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Aims 

Paper I 

The primary aim was to evaluate the effects of protective ventilation on bac-

terial growth during early Pseudomonas aeruginosa pneumonia, and its rela-

tion to development of lung injury. 

The secondary was to evaluate the effects of protective ventilation during 

pseudomonas aeruginosa pneumonia on TNF-α, IL6 and IL10 in bronchoalve-

olar lavage, and arterial plasma. 

 

Paper II 

The aim was to study the effect of a lung protective ventilator regime on ar-

terial and organ-specific venous blood as well as on trans-organ differences 

in cf-DNA levels in a porcine post-operative sepsis model. 

 

Paper III 

The aim was to study the effect of tidal volume on cerebral inflammatory re-

sponse, cerebral metabolism and brain injury. 

 

Paper IV 

The primary aim of the study was to study the impact of anaesthesia and 

surgery, systemic inflammation, pneumonia and tidal volume on plasma levels 

of myostatin in a porcine model.  

The secondary aim was to relate myostatin dynamics to the dynamics of 

inflammatory cytokines. 
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Materials and methods 

Animals and ethic approvals 

The animals used are Norwegian landrace breed piglets of both sexes. No spe-

cific genetic strain of piglets was pursued or used. All animals were healthy, 

9–12 weeks old, sexually immature and weighing approximately 25 kg. The 

animals were acquired from a private farm, Uppsala, Sweden. On the morning 

of each experiment the experienced provider assessed the designated animals 

for healthiness and transported them in individual containers to the research 

facility. Handling of the animals was done in accordance with guidelines from 

the Swedish National Board for Laboratory Animals and the European Con-

vention on Animal Care.  

All experiments have been provided with approval from the Animal Ethics 

Board (Uppsala djurförsöksetiska nämnd), permit no. C250/11 and C155/14. 

Anaesthesia, surgical procedure and preparations 

All four studies have a similar arrangement with general anaesthesia, a multi-

tude of catheters for sampling of blood and body fluids and different modes 

of ventilation between groups.  

Anaesthesia was provided in the same way for all studies: a subcutaneous, 

sedative injection of tilétamin 3 mg x kg-1, zolazepam 3 mg x kg-1 and xyla-

cin 2.2 mg x kg-1. Primary intra-venous access was established via an auric-

ular vein and through this cannula a bolus dose of 20 mg morphine and 100 

mg ketamine was given before the start of a continuous infusion of an intra-

venous mixture of pentobarbital 8 mg x kg-1 and morphine 0.26 mg x kg-1. 

Muscle relaxation by rocuronium was administered separately, also as a con-

tinuous infusion.  

Preparatory surgery was the same for all experiments regarding the follow-

ing: tracheostomy and tracheal intubation via the tracheostoma, a right sided 

paratracheal incision and placement of a central venous catheter and a pulmo-

nary artery catheter via an external jugular vein, catheterization of a cervical 

artery, after a small midline laparotomy a suprapubic catheter was placed.  

After completion of preparations a lung recruitment manoeuvre was per-

formed by increasing PEEP until an inspiratory plateau pressure of 30 cmH2O 
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was reached. Then inspiratory pressure was kept constant for 10 s. All animals 

were administered an intravenous fluid bolus of Ringer’s acetate 20 mL x kg−1  

and were allowed a stabilisation time of 30 minutes after which base line phys-

iological values were recorded and biological samples were collected. Com-

plementary procedures for the individual experiments are specified below. 

In study one, the spleen was eviscerated and a catheter introduced in the 

splenic vein with the tip position in the portal vein after a left sided subcostal 

laparotomy. Cefuroxime, 750 mg, was administered intravenously to reduce 

the risk of bacterial contamination. Following preparatory surgery, a 20 ml 

bolus inoculation of 1011 colony forming units (cfu) Pseudomonas aeruginosa 

was instilled intra-tracheally after performance of a bronchoalveolar lavage 

(BAL).  

In study two additional preparatory surgery consisted of a left sided para-

tracheal incision where the internal jugular vein was cannulated using a 5F 

arterial catheter advanced 5 cm cranially to approximate the jugular bulb and 

a Swan-Ganz catheter introduced into the same vein and forwarded under 

fluoroscopic guidance to a tip position in the hepatic vein. The portal vein was 

catheterised via the splenic vein following a left sided subcostal laparotomy.  

Additional preparatory surgery for study three included a left sided para-

tracheal incision and the internal jugular vein was cannulated with a 5F arterial 

catheter advanced 5 cm cranially to approximate the jugular bulb. A flow me-

ter was applied to the left carotid artery. Following a frontal flap incision, 

stretching medially from between the eyes to between the ears of the pig, the 

skull was trepanned with special care taken not to injure the dura mater. Total 

area of the trepanation covered approximately 2 cm2. The sagittal vein was 

cannulated with a 22 G catheter for collection of blood samples. A Clarke 

electrode, LiCox (Mediplast AB) was introduced to the brain parenchyma in 

50% of the animals for registration of parenchymal pO2. One catheter for reg-

istration of intracranial pressure, and one catheter for microdialysis were also 

introduced to the brain parenchyma.   

In study four all animals received a Swan-Ganz catheter via the right exter-

nal jugular vein and a single dose of cefuroxime before injection of a suspen-

sion of P. Aeuruginosa intratracheally. 

Bacterial inoculum 

For studies III and IV a pneumonia P. aeruginosa model was used. Bacterial 

preparations were performed to produce a volume of 20 mL for airway admin-

istration consisting of 1011 colony forming units (cfu) of P. aeruginosa (5 × 

109 cfu x mL−1). The strain, O-antigen serotyped to O3, was isolated from a 

previous porcine study and naturally resistant to cefuroxime. Pre-cultured bac-

teria were harvested from Cystine-Lactose-Electrolyte-Deficient (CLED) agar 
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and dissolved in lysogeny broth (LB). The optical density of the bacterial so-

lution was measured with light absorbance spectrophotometry at a wavelength 

of 595 nm. To reach a target value of 0.7 the suspension was either diluted of 

or had more bacteria added to it. One hundred mL of the final suspension was 

further diluted with another 100 mL of LB and incubated at 37 °C for 60 

minutes. The incubated solution was centrifuged for 10 min at 20 °C to form 

bacterial pellets. After discharge of the supernatants the pellets were dissolved 

in 20 mL of sodium chloride 0.9%. One hundred μL were diluted 1:107 to 

confirm the bacterial concentration of the bolus dose by culture on CLED 

agar.  

Protocol 

Paper I 

The pigs were kept in a supine position throughout the experiment. The time 

from induction of anaesthesia until the experimental start point was approxi-

mately one hour in all animals and included the preparatory surgery and the 

preparation of the bacterial inoculum (Fig. 1).  

The initial respiratory rate (RR) was set to 35 breaths x min−1 in the protec-

tive group and in the control group to 25 breaths x min−1. Initial inspired frac-

tion of oxygen (FiO2) was 0.3 for all animals. An intensive care protocol was 

used to adjust FiO2 to keep arterial partial pressure of oxygen (PaO2) between 

10 and 18 kPa. Ventilatory frequency was adjusted to keep arterial partial 

pressure of carbon dioxide (PaCO2) between 4.5 and 6.5 kPa. Norepinephrine 

was used to in correlation to high mean pulmonary arterial pressure (MPAP) 

and low mean arterial pressure (MAP) below 60 mmHg. All fluids infusions 

were also administered according to the intensive care protocol. 

Figure 1. Experimental design Paper I. 
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Paper II 

The animals were randomised in blocks of three groups (Fig. 2). After baseline 

at 0 hours, both the protective ventilation groups were ventilated with a low 

VT of 6 mL x kg−1, a PEEP set to 10 cmH2O, and a RR of 35 while the control 

group had a VT of 10 ml x kg−1, a PEEP of 5 cmH2O and a RR of 25 in order 

to achieve the same minute ventilation as the group with protective ventilation. 

The protective ventilation groups only differed in ventilation during the pre-

paratory phase before baseline, a time period of 2 h. During this period, the 

group Prot-5 h was ventilated with a VT of 10 mL x kg−1 and a PEEP of 5 

cmH20, whereas the group Prot-7 was ventilated with a VT of 6 mL x kg−1 

and a PEEP of 5 cmH20.  

An i.v. injection of cefuroxime 20 mg x kg−1 was administered after surgery 

to prevent bacterial contamination of the model. 

At 0 h an i.v. infusion of endotoxin was started at 0.25 μg x kg−1 x h−1 for 

all animals, independent of experimental group, and kept for 5 h, which was 

the predetermined time of the experiment. 

The experiment was set-up to mimic an intensive care setting of post-oper-

ative sepsis and a goal-directed intervention protocol was used. FiO2 and RR 

were adjusted to maintain PaO2 and PaCO2 within predetermined limits. Cir-

culatory management included administration of adrenalin and noradrenalin 

to target certain pressure objectives. In addition to the basic fluid protocol, 

intravenous fluid boluses of Ringer’s acetate were used to counter hemody-

namic deviations. 

 

Figure 2. Experimental design Paper II. 
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Paper III 

Protocol 

The animals were randomised to two experimental sepsis groups: Low VT or 

Medium high VT, or two corresponding control groups not receiving systemic 

inflammatory-inducing endotoxin: Low VT Control or Medium high VT Con-

trol. The design of the experiment is depicted in Fig. 3. To obtain the same 

minute ventilation in all groups RR differs between Low VT and Medium high 

VT. Volume control mode, with an inspiratory to expiratory (I:E) ratio of 1:2 

and a fraction of inspired oxygen (FiO2) of 0.3, was initially used in both 

groups. At 0 h, an i.v. challenge of endotoxin was started at 0.25 μg × kg−1 × 

h−1 and kept for the remainder of the experiment. Interventions 

A goal-directed protocol was used for the experiment set-up to mimic an 

intensive care setting of postoperative sepsis. Adjustments of the FiO2 and RR 

were made on the ventilator during the experiment to keep PaO2 and PaCO2 

within limits of the protocol. Circulatory management during the experiment 

was based on infusion of crystalloid fluids and noradrenaline 

To prevent hypothermia combined paper/plastic covers were applied to the 

body of the animals. The covers were removed if body temperature exceeded 

42.5° C. No additional heating sources were applied. 

Figure 3. Experimental design Paper III. 

 

Paper IV 

Six-hour pneumonia experiment 

Twenty animals were randomized either to experimental pneumonia (n=16, 

group Pneu6) or not (n=4, group Control). A second randomization was per-

formed to determine the amount of tidal volume; either low VT (group Pneu6 

Low VT n=8, group Control Low VT n=2), 6 mL x kg-1 and PEEP 10 cmH20, 
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or medium-high VT (group Pneu6 medium-high VT n=8, group Control me-

dium-high VT n=2), 10 mL x kg-1 and PEEP 10 cmH20. Plasma samples were 

collected hourly. 

The four animals in group Control were not given bacteria intratracheally. 

 

Thirty-hour endotoxemia and pneumonia experiment 

Twelve animals were randomized to receive continuous endotoxin infusion 

0.25 µg x kg-1 x h-1 for 24 h before experimental pneumonia (n=6, group Etx 

24 VAP 6) or saline infusion for 24 h before experimental pneumonia (n=6, 

group NaCl 24 VAP 6). All 12 animals were ventilated with a VT of 10 mL x 

kg-1 and initially PEEP 5 cmH20. Plasma samples were collected at 0, 3, 6 and 

24 h. At 24 h, all animals were given a 20 mL bolus of 1 x 1011 cfu of P. 

aeruginosa intratracheally, prepared as in the 6-h experiment. Plasma samples 

were collected every hour after 24 h. At 30 h, the experiment was terminated. 

 

An intensive care protocol was used. PaCO2 was kept between 5 and 5.5 kPa 

by adjusting the respiratory rate in the 6-h experiment and adjusting the tidal 

volume in the 30-h experiment. PaO2 was kept above 10 kPa by stepwise ad-

justments of FiO2. In the 30-h experiment increased FiO2 was coupled with 

adjustments of the PEEP to predefined levels. For circulatory management 

injections of adrenalin and continuous infusion of noradrenalin were used. In 

addition to the fluid protocol boluses of crystalloid solution were also used to 

keep circulatory targets within protocol limits.  

 

Figure 4. Experimental design Paper IV. 
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Analyses 

Lung tissue bacterial cultures and weight measurements were based on three 

dorsal samples from the right lung cranial, middle and caudal lobes, as well as 

three corresponding level samples from the left lung. 1 gram from each sample 

was used for bacterial cultures after the addition of three mL of sodium chlo-

ride 0.9% and 4 min of mechanical homogenization. One hundred μL were 

diluted until 1:104 and cultured on CLED agar plates over night at 37 °C. The 

numbers of cfus from the plates were converted to units x g−1 lung tissue. The 

remainders of the six samples from each animal were weighed directly and 

after drying for 12 h at 60 °C.  

For cytokine analysis blood samples were centrifuged. The plasma was re-

tained and immediately frozen for later analysis with porcine-specific sand-

wich enzyme-linked immune sorbent assay (ELISA).  

Total cf-DNA was measured directly in plasma using the QuantiT™ DNA 

High-Sensitivity Assay and a Qubit® fluorometer. DNA High-sensitivity as-

say is based on a DNA intercalating dye, which measures all double stranded 

cf-DNA, regardless of its sequence, fragment size, or integrity. No prior DNA 

extraction step is needed, simplifying capturing and recovering cf-DNA frag-

ments of all sizes with one DNA extraction kit. Duplicate analysis of each 

sample was carried out and the mean of the two measurements was used as 

the final value.  

Cerebral microdialysis samples were immediately frozen in cuvettes with-

out additives for later analyses performed using kinetic enzymatic methodol-

ogy and a single ray filter photometry detector.  

S100B was measured by CanAg S100 EIA assay. The monoclonal antibod-

ies in the enzyme-linked immunosorbent assay are raised against bovine 

S100B.  

Calculations and statistics  

The power analyses guiding group size for the studies were primarily based 

on systemic TNF-α difference in plasma in preceding experiments [80, 111, 

112]. Statistica™ (Statsoft, Tulsa, OK, USA) was used in the statistical calcu-

lations and to control relevant assumptions. A p-value of <0.05 was consid-

ered significant. A senior statistician approved the statistical design. Block 

randomisation was used in all studies.  

Paper I. A general linear model (GLM) was used for group comparisons 

in for bacterial growth and wet-to-dry ratio in lung tissue and in the repeated 

measure variables. This statistic method was chosen because the six simulta-

neous lung tissue samples were dependent within each animal. Random ef-

fects were introduced into the model to account for the within-subject depend-

encies of the lung tissue samples and the repeated measures respectively. The 
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GLM equations were therefore mixes of fixed and random factors, i.e. mixed 

models. 

The reason for not using six sample sites in the equation - but instead three 

levels (cranial, middle and caudal) each consisting of the right and left corre-

sponding samples- was that we did not know if the inoculum was delivered to 

the right or left lung. Thus, we could not evaluate the spread of bacteria be-

tween the lungs, but it was possible to evaluate the caudal to cranial spread. 

Cytokines in plasma, inoculation dose and bacterial growth in lung tissue 

approximated a log-normal distribution and were logarithmically transformed 

before analysis. All BAL variables were of non-normal distribution and thus 

groups were compared with Mann-Whitney U tests. For data symmetry, the 

BAL cytokines were logarithmically transformed.  

Paper II. To study the effects of tidal volume and PEEP on plasma levels 

of cf-DNA with, and without, systemic inflammation, the three-group study 

design was deemed warranted. A priori to the main data analyses, we decided 

to investigate whether there was an effect of different tidal volume and PEEP 

before baseline on cf-DNA levels when comparing groups Prot-5 h with Prot-

7 h. If no trend towards such an effect was noted, the two groups were to be 

combined in the main analyses to increase power and reduce the number of 

animals. The cut-off value for what was considered a trend towards a differ-

ence between groups Prot-5 h with Prot-7 h, was defined as a p-value of < 0.5, 

calculated by one-way analysis of variance (ANOVA) tests at 0 h. 

The group effect in the ANOVA for repeated measures was used in all sta-

tistical analyses. One-way ANOVA tests were performed to analyse differ-

ences at specific time points.  

Paper III. To calculate the net cerebral contribution of different bi-

omarkers of metabolism and inflammation the product of the trans-cerebral 

concentration difference for each biomarker and the cerebral blood flow was 

calculated. The amount of plasma available for analyses of S100B was not 

sufficient in sagittal sinus blood. Thus, this analysis was only performed in 

arterial and jugular bulb samples. For this reason, cerebral production of 

S100B was not calculated. 

For inference testing of group differences, GLM with random effects was 

used. Random effects were introduced into the model to account for the 

within-subject dependencies of the time and the repeated measures.  

Paper IV. To reduce the initial effects of inter-individual myostatin levels 

myostatin values were compared to the individual's level at baseline and ex-

pressed in percent of the baseline value, i.e., the indexed values. GLM with 

random effects was used for inference testing of group differences. Pearson's 

correlation coefficients were calculated to determine correlations between 

time and myostatin levels. Mann-Whitney U tests were performed to study 

differences between groups at baseline.  
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Results 

Paper I 

Animal weights, the use of fluid boluses and norepinephrine according to pro-

tocol were similar between groups. 

Bacterial cultures and bronchoalveolar lavages 

Growth of P. aeruginosa in lung tissue (cfu x g−1) was lower in the protective 

group than in the control group. Bacterial counts were highest at the caudal 

level and the lowest at the cranial level in both groups (Fig. 5). There was no 

difference between the groups in bacterial growth in BAL at 0 and 6 h.  

Figure 5. P. aeruginosa counts in lung tissue. a All P. aeruginosa counts from lung 
tissue samples in the experiment, log10 colony forming units per gram wet lung tissue, 
bars indicate the mean value in each group, sample number in Protective and Control 
were 48 each and in the sham groups 12 each. b P. Aeruginosa counts at the three 
sample levels (cranial, middle, caudal) used in the general linear model analysis of the 
two main groups Protective and Control, log10 colony forming units per gram wet 
lung tissue, spreads are mean ± SE, the statistical test refers to group difference and 
not differences at individual levels, * denotes p < 0.05. 

Plasma cytokines and inflammatory cells 

No differences were detected between the groups in plasma levels of TNFα, 

IL6, leukocytes or neutrophils. 
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Lung injury, physiologic variables and hypoperfusion 

In the protective group the PaO2/FiO2 was higher, and the wet-to-dry ratio was 

lower than in the control group (Figs. 6 and 7). The BAL samples were in 

majority below the detection limit, and therefore no assessment of lung dam-

age could be done with this variable.  

There was no difference in peak airway pressure between the groups. The 

protective group displayed higher mean airway pressure and lower plateau 

pressure compared to the control group. CI, MAP and MPAP were lower in 

the protective group whereas no group differences could be seen regarding 

heart rate and pulmonary capillary wedge pressure (PCWP). The temperature 

was lower in the protective group. There were no group differences in lactate 

levels in blood. 

Figure 6. PaO2/FiO2 (mmHg). Arterial partial pressure of oxygen / inspired oxygen 
fraction, data from 0 to 6 h used in the general linear model analysis of the two main 
groups Protective and Control, spreads are mean ± SE, the statistical test refers to the 
group difference and not to differences at individual times, * denotes p < 0.01. 
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Figure 7. Wet-to-dry ratio. a All wet-to-dry ratios from lung tissue samples in the 
experiment, bars indicate the mean value in each group, sample number in Protective 
and Control were 48 each and in the sham groups 12 each. b Wet-to-dry ratios at the 
three sample levels (cranial, middle, caudal) used in the general linear model analysis 
of the two main groups Protective and Control, spreads are mean ± SE, the statistical 
test refers to group difference and not differences at individual levels, * denotes p < 
0.01. 

 

 

Paper II 

In the animals allocated to group Prot-V after baseline, the levels of cf-DNA 

in all sample locations did not differ between the animals that were ventilated 

with a VT of 10 mL x kg−1 and those with 6 mL x kg−1 during the preparatory 

phase. Since there was no trend towards a difference, defined as a p < 0.5, the 

groups were combined in the analyses according to the statistical plan.  

All animals had increased levels of inflammatory cytokines and developed 

symptoms of a severe systemic inflammatory response to endotoxin infusion 

with decreasing arterial blood pressure, cardiac index, pulmonary function, 

and cardiac function. The effects during the experiment in inflammatory cy-

tokines in plasma and group differences have previously been published [80].  

Comparison between cf-DNA levels in different sample locations 

Plasma concentrations of cf-DNA in different sampling sites are depicted in 

(Fig. 8). In all sampling sites, cf-DNA levels increased with time and the 

peak levels were at the experimental endpoint at 5 h. There were no signifi-

cant differences between the sampling sites. 

In the artery and the hepatic vein, cf-DNA levels were lower in the group 

Prot-V at 5 h compared with the group Control (Fig. 9a-b). Plasma levels of 

cf-DNA did not differ between groups in the portal vein or the jugular bulb, 

(Fig. 9c-d). 
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Figure 8. Plasma concentrations of cell free DNA (cf-DNA) in different sampling 
sites. Values are mean ± SE. The p-value is the results of group effect in the analysis 
of variance (ANOVA) for repeated measures. 
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Figure 9. Plasma concentrations of cell free DNA (cf-DNA) by groups. a. arterial b. 
hepatic vein c. portal vein d. jugular bulb. Values are given as mean ± SE. P-values 
are based on the results of group effect in the analysis of variance (ANOVA) for re-
peated measures. 

Effect of protective ventilation on trans-organ differences of cf-DNA 

There were no significant differences when the transpulmonary (the difference 

in plasma levels between the artery and the hepatic vein), transhepatic (the 

difference between the hepatic vein and the portal vein), transsplanchnic (the 

difference between the portal vein and the artery) and transcerebral (the dif-

ference between the jugular bulb and the artery) differences in cf-DNA were 

compared. Numerically, all trans-organ differences were mainly neutral dur-

ing the experiment with two exceptions. At the end of the experiment, the 

transhepatic levels were positive and the transpulmonary levels negative (Fig. 

10). The transhepatic cf-DNA differences showed a marked increase in the 

animals of the group Control whereas the group Prot-V had an attenuated re-

sponse (Fig. 11a). No differences between the groups were observed in the 

transcerebral, transsplanchnic, or the transpulmonary differences (Fig. 11b-d). 
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Figure 10. Trans-organ differences in cell free DNA (cf-DNA). Values are given as 
mean ± SE. P-values are based on the results of the group effect in the analysis of 
variance (ANOVA) for repeated measures.  
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Figure 11. Change from baseline at 0 h (%) in trans-organ differences in cell free 
DNA (cf-DNA) by groups. a. transhepatic b. transcerebral c. transsplanchnic d. 
transpulmonary. Values are given as mean ± SE. P-values are based on the results of 
the group effect in the analysis of variance (ANOVA) for repeated measures.  

Effect of protective ventilation on trans-organ differences of cytokines, 

table 1 

For TNF-α, mean transpulmonary differences were negative during the entire 

experiment, whereas the mean transhepatic, transsplanchnic, and transcerebral 

differences were positive. The opposite situation was found for IL-6, where 

the mean transhepatic, transsplanchnic, and transcerebral differences were 

negative and the mean transpulmonary differences positive. IL-10 showed 

negative mean transpulmonary and transhepatic differences and positive mean 

transsplanchnic and transcerebral differences. Tidal volume did not affect 

transpulmonary, transhepatic, transcerebral, or transsplanchnic differences in 

TNF-α or IL-10. The transpulmonary differences in IL-6 were significantly 

lower in group Prot-V than in group Control, whereas no differences were 

seen in transhepatic, transcerebral or transsplanchnic differences. 

 

Table 1. Levels of trans-organ differences in inflammatory cytokines and cell 

free DNA (cf-DNA) 

    Group 0 h 3 h 5 h p 

TNF-a  

(ng x L-1) 
Transpul-

monary Prot-V -9222±15097 -1293±3383 -284±645 0.17 

  Control 

-

13878±10454 -3819±1832 -477±979  

 

Transhepa

tic Prot-V 4919±6573 1275±3394 375±664 0.91 

  Control 7531±18933 3638±4823 -459±1589  

 

Transcere-

bral Prot-V 2519±6600 369±1749 541±648 0.24 

  Control 2154±4868 1560±6843 528±977  

 

Trans-

splanchnic Prot-V 5195±11969 -34±2080 -27±521 

           

0.22 

  Control 4978±13845 672±968 830±1829  
IL-6  

(ng x L-1) 
Transpul-

monary Prot-V 33±150 990±470 493±424 

  

0.03’ 

  Control 118±285 1753±1263 2172±632  

 

Transhepa

tic Prot-V 17±105 -194±258 -49±220 0.19 

  Control -21±65 -500±282 -281±242  

 

Transcere-

bral Prot-V 21±183 -62±762 -14±499 0.43 

  Control -16±296 -84±732 -450±557  

 

Trans-

splanchnic Prot-V -32±174 -711±547 -406±484 0.14 
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  Control -126±256 -1100±1264 

-

1646±2600  
IL-10 

(ng x L-1) 
Transpul-

monary Prot-V -70±81 -30±17 -26±15 0.18 

  Control -138±101 -138±39 -5±100  

 

Transhe-

patic Prot-V -313±298 -70±63 -5±32 0.31 

  Control -265±221 -29±109 90±174  

 

Transcere-

bral Prot-V 110±95 32±18 31±20 0.18 

  Control 125±83 73±80 34±133  

 

Trans-

splanchnic Prot-V 428±264 91±60 27±30 0.36 

  Control 344±174 74±68 61±118  
cf-DNA 

(μg x mL-1)) 
Transpul-

monary Prot-V 0.02±0.16 0.01±0.14 0.03±0.17 0.6 

  Control 0.01±0.03 -0.04±0.08 -0.17±0.39  

 

Transhe-

patic Prot-V 0.03±0.15 -0.01±0.04 -0.01±0.06 0.03’ 

  Control -0.01±0.03 0.04±0.09 0.12±0.04  

 

Transcere-

bral Prot-V -0.01±0.08 0.01±0.03 0.01±0.03 0.6 

  Control -0.01±0.03 0.03±0.03 -0.01±0.05  

 

Trans-

splanchnic Prot-V -0.02±0.07 0.01±0.04 0.02±0.07 0.51 

    Control -0.01±0.02 0.01±0.02 0.01±0.05   

Table 1. Values are given as mean ± SD. P-values are results of group effect in the 
analysis of variance (ANOVA) for repeated measures. * denotes p < 0.05. Transpul-
monary: the difference in plasma levels between the artery and the hepatic vein, 
transhepatic: the difference between the hepatic vein and the portal vein, transsplanch-
nic: the difference between the portal vein and the artery, transcerebral: the difference 
between the jugular bulb and the artery. 

Paper III 

All animals survived until the experimental endpoint. The use of noradrena-

line and fluid boluses were similar between groups.  

Tidal volumes and respiratory rate were significantly different between the 

groups. Arterial blood gases were kept within the pre-set limits and did not 

differ between the groups. 

The inflammatory response to the endotoxin infusion was evident in all 

animals with rising body temperature, decreased PaO2/FiO2 index, increased 

heart rate, MPAP and ICP. CI and arterial lactate decreased during the exper-

iment. Even though the physiological parameters deteriorated during the ex-

periment, no evident organ failure was noted and no differences were observed 

between the groups.  
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Cerebral blood flow and oxygen delivery 

No differences between groups were seen for cerebral perfusion pressure 

(CPP) and jugular bulb saturation (SjvO2) (Fig.  12a, b). Cerebral blood flow 

and cerebral oxygen delivery were higher, and the cerebral vascular resistance 

lower in group Low VT (Fig. 12c–e). The groups did not differ in PtbO2 though 

group Low VT had numerically higher values at the beginning of the experi-

ment (Fig. 12f). 

 

Figure 12. Cerebral circulation variables by groups. a Cerebral perfusion pressure. b 
Jugular vein oxygen saturation. c Cerebral blood flow. d Cerebral oxygen delivery. e 
Cerebral vascular resistance. f Partial pressure of oxygen in brain tissue. Values are 
mean ± SE. The p values are the results of general linear models with random effects. 
A p value of < 0.05 was considered significant and marked with * 

 

Cerebral metabolism 

Cerebral metabolic rate of oxygen (CMRO2) decreased during the experiment 

but was higher in group Low VT than in group Medium high VT (Fig. 13a). A 

similar pattern was seen for cerebral glucose consumption and lactate and CO2 

production (Fig.  13b–d). Glutamate decreased in brain tissue microdialysate 

during the experiment but was higher in group Low VT than in group Medium 

high VT (Fig. 14a). The lactate to pyruvate ratio in brain tissue microdialysate 

increased with time and was highest in group Low VT (Fig. 14b). Glycerol in 

microdialysate showed elevated levels during the experiment, being highest 

in group Low VT (Fig. 14c). 
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Figure 13. Cerebral metabolic variables by groups. a. Cerebral metabolic rate of ox-
ygen. b. Cerebral glucose consumption. c. Cerebral lactate production. d. Cerebral 
carbon dioxide production. Values are mean ± SE. The p values are the results of 
general linear models with random effects. A p value of < 0.05 was considered signif-
icant and marked with * 

 

 

Figure 14. Microdialysate results. a Glutamate. b Lactate to pyruvate ratio c. Glyc-
erol. Values are mean ± SE. The p values are the results of general linear models with 
random effects. A p value of < 0.05 was considered significant and marked with * 

 

Biomarkers of inflammation and blood–brain barrier injury 

In both groups biologic response to endotoxin was evident with logarithmic 

increases in arterial and superior sagittal sinus plasma levels of TNF-α and IL-

6. No differences between groups were observed (Fig.  15a–d). Plasma levels 
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of S-100B were elevated during the experiment and higher in the jugular bulb 

than in the artery (Fig. 16a). Group Low VT had higher jugular bulb plasma 

levels than group Medium high VT (Fig. 16b). 

 

Figure 15. Plasma levels of inflammatory markers. a. Arterial log10 TNF-α concen-
tration. b. Sagittal sinus log10 TNF-α concentration. c. Arterial log10 IL-6 concentra-
tion. d. Sagittal sinus log10 IL-6 concentration. Values are mean ± SE. The p-values 
are the results of general linear models with random effects. A p value of < 0.05 was 
considered significant and marked with * 
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Figure 16. Plasma levels of S-100B. a S-100 B in the artery and the jugular vein. b S-
100 in the two ventilation groups. Values are mean ± SE. The p values are the results 
of general linear models with random effects. A p value of < 0.05 was considered 
significant and marked with * 

 

Paper IV 

All animals survived to the experimental endpoint. An increase in body tem-

perature was seen in all groups, except for the Pneu6 low VT group. Plasma 

levels of TNF-α were, to some extent, elevated in all groups during the entire 

experiment. IL-6 increased in animals with pneumonia in the 6-h experiment, 

reaching a maximum at 6 h. With temporary fluctuations the IL-6 levels re-

mained slightly increased in the 30 h experiment.  

All animals showed a reduction in pulmonary function with decreasing 

PaO2/FiO2-indices. Cardiac index fell the first 6 h and increased the last 6 h in 

the 30-h experiment. 

Plasma myostatin in the 6-hour experiment 

No differences in myostatin values were found between the groups at baseline. 

There were no differences in the index levels of plasma myostatin when the 

animals were analysed according to the amount of VT (Figure 17). No differ-

ences were seen between all animals with experimental pneumonia and con-

trol animals (Figure 17). Myostatin levels decreased over time during the 6-h 

experiment (Figures 17-18). Significant negative correlations between myo-

statin levels and time were found with in all 6-h experimental groups. 
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Figure 17. Plasma myostatin levels during the 6-h experiment.  

 

Group Pneu6 Medium-high VT (10 mL x kg-1) (n=8) versus group Pneu6 Low VT (6 
mL x kg-1) (n=8). Group differences were compared using a general linear model with 
random effects, i.e., a mixed model. 

 

Figure 18. Plasma myostatin levels during the 6-h experiment.  

Group Pneu6 (n=16) versus group Control6 (n=4). Group differences were compared 
with a general linear model with random effects, i.e., a mixed model. 
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Plasma myostatin in the 30-hour experiment 

No differences between the groups were seen in myostatin values at baseline. 

Group Etx 24 VAP 6 had higher myostatin levels than group NaCl 24 VAP 6 

(Figure 19). The difference between groups reached its peak at 6 h. All ani-

mals showed decreasing levels over time in the 30-h experiment. Significant 

negative correlations between myostatin levels and time were noted. The de-

crease in plasma myostatin levels was conspicuous during the first 24 h, after 

which the myostatin levels remained at a plateau for the last 6 h (Figure 19). 

 

Figure 19. Plasma myostatin levels during the 30-h experiment.  

Group Etx 24 VAP 6 (n=6) versus group NaCl 24 VAP 6 (n=6). Group differences 
were compared with a generalized linear model with random effects, i.e., a mixed 
model. 
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Discussion 

Paper I 

Ventilation, with lower VT and higher PEEP, affects the bacterial burden in 

the lungs during experimental pneumonia. Protectively ventilated animals had 

reduced counts of P. aeruginosa counts in lung tissue and an attenuated de-

velopment of lung injury. Neither bacterial counts nor cytokines differed be-

tween the two groups in bronchoalveolar lavage.  

Protective ventilation has the potential to affect P. aeruginosa growth in 

lung tissue in several ways. Reduction of atelectasis formation by the appli-

ance of PEEP has been correlated to improvement in bacterial clearance in 

experimental porcine pneumonia [113]. A localized lung infection can be sta-

bilised and dissemination of the infection to different parts of the lungs can be 

reduced by application of PEEP, as demonstrated in rats [114]. In the current 

study a PEEP-related stabilisation of the inoculate may have been present 

since the difference between the groups was most pronounced in the cranial 

lung segments, whereas the bacterial deposition primarily ended up the caudal 

region. Transalveolar albumin flux and lung tissue oedema are reduced by el-

evated PEEP levels during high VT ventilation [115]. Albumin levels in BAL 

samples in the current study were below the limit of detection, hence this 

method for investigating alveolo-capillary permeability could not be used. 

However, in the protective group, animals developed less lung tissue oedema 

than the control animals as measured by the wet-to-dry ratio variable. The 

difference in oedema formation may have affected the response from alveolar 

macrophages (AM) to the P. aeruginosa challenge. The AM, prominent in 

early resistance to bacterial infection, can be affected by ventilation [116]. In 

dogs with experimental P. aeruginosa pneumonia, zero PEEP was compared 

to a PEEP of 10 cm H2O, to demonstrate lower quantitative bacterial counts 

and less pulmonary damage after 24 h with the application of PEEP [117]. The 

reduced bacterial counts were explained in a following experiment by a rela-

tive dysfunction of the AM in the lungs with zero PEEP [118]. Ventilation 

with excessively large VT undoubtedly generates pulmonary damage and oe-

dema [115], but even medium high VT such as 10 ml x kg−1 can be harmful in 

the presence of inflammation [74]. It has been shown that mechanical ventila-

tion, especially without PEEP and with larger VT, primarily induces surfac-

tant dysfunction that precipitates atelectasis, oedema formation, inflammation 
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and ARDS [119]. One potential mechanistic explanation whereby the protec-

tive ventilation in the current experiment exerted its effects would be pre-

served surfactant function during the early pneumonia phase, and thereby de-

celerated deterioration of pulmonary physiological and immunological func-

tion. Further, the animals in the protective group had lower driving pressure; 

a variable indicative of lung protective effects seen in large ARDS trials [120]. 

We did not address these potential mechanistic explanations in the current ex-

periment since it would have required a different experimental design.  

P. aeruginosa counts in BAL did not differ between groups in the current 

experiment as compared to the lung tissue cultures. My interpretation of the 

discrepancy is that the unspecific BAL sampling method generated too much 

variability between the individuals.  

The inflammatory cytokines TNFα and IL6 in BAL differed between 

groups prior to the bacterial inoculation at 0 h. At that time point the animals 

had received different ventilator settings for approximately one hour during 

the preparatory surgery. TNFα and IL6 in plasma, leukocytes, neutrophils and 

temperature did not display a group difference in 0 h. The elevated BAL cy-

tokine values at 0 h were only found in a few individuals of the Control group. 

To exclude the risk of these animals affecting the bacterial results, statistical 

recalculations without them were performed. The statistical significance of the 

difference in bacterial growth was still valid with these recalculations. Preced-

ing experiments have shown a rapid rise in plasma levels of TNFα and IL6 

related to surgery and endotoxin with a peaks at one and three hours respec-

tively [111, 121]. The possibility that the different ventilator regimes produced 

a difference in both TNFα and IL6 in just one hour cannot be ruled out, but it 

is more likely a consequence of the inexact BAL method. Neither did the cy-

tokines in BAL show any difference in samples collected by the end of the 

experiment, diverging from the distinct difference in pulmonary oedema for-

mation. In rodent models harmful ventilation has been demonstrated to in-

crease oedema formation and TNFα production captured in BAL samples 

[122, 123]. It is reasonable to believe that there was a difference in pulmonary 

inflammatory cytokines, however our sampling practice could not detect it.  

Control animals had higher temperature which could reflect a greater sys-

temic inflammatory response to the experimental challenge, however the in-

flammatory cytokines in blood samples did not differ between groups.  

The study has translational value as the large animal model permitted the 

use of every day ICU-equipment and the ventilator protocols of both groups 

are clinically applicable. 

Paper II 

The main finding of this study is that plasma levels of cf-DNA increase under 

experimental septic conditions, an effect attenuated by protective ventilation. 

Additionally, the liver is a significant contributor to the systemic levels of cf-
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DNA although this effect is also suppressed by protective ventilation with low 

tidal volumes.  

This study confirms previous results showing increased levels of cf-DNA 

in plasma during systemic inflammation and sepsis. Our study also adds to the 

evidence that MV adversely affects extrapulmonary organs [78, 79]. We are 

not aware of any other study that has specifically evaluated cf-DNA from dif-

ferent sampling sites and the contribution to the levels of cf-DNA, neither how 

different ventilator settings affects these levels under experimental sepsis. Our 

findings suggest an effect of protective ventilation to either attenuate neutro-

phil activation, or reduce cell death. These are most likely favourable out-

comes since elevated levels of cf-DNA precipitate a worsened prognosis in 

several conditions [124–128].  

A large portion of post mortem biopsies from patients with sepsis deceased 

in the ICU showed hepatic inflammation, necrosis and hepatocellular apopto-

sis [129]. In a mouse model of experimental shock a causal relationship be-

tween TNF-α and liver cell apoptosis was established [130]. In the current 

experiment blood samples were collected from animals also included in an-

other, already published study where protectively ventilated animals had 

lower levels of IL-6 and IL-10 in arterial plasma and lower TNF-α and IL-10 

in hepatic vein plasma, when compared to the animals in group Control [80]. 

No difference in transorgan levels in TNFα or IL-10 could be found in the 

current experiment, but transpulmonary levels of IL-6 were lower. Our results 

could possibly be explained by the decrease in TNFα levels, from protective 

ventilation reduced hepatic cell death, thereby lowering hepatic and systemic 

cf-DNA levels. But the current study was not designed to confirm this rela-

tionship. 

Elevated levels of cf-DNA in the portal circulation did not seem to contrib-

ute to the systemic output reflected by the transsplanchnic concentrations. 

This result was unanticipated, since Hotchkiss et al. have shown in an experi-

mental model [131] and in a clinical study [132], that intestinal lymphoid tis-

sue and the spleen are major sites of apoptosis during sepsis. However, the 

murine study had longer observation times and the biopsies included in the 

clinical study were collected post mortem, which may reflect that apoptosis in 

these tissues is an event occurring later in the course of sepsis than what the 

time limit of the current experiment allowed. An explanation for this could be 

that a clearance mechanism of cf-DNA may exist in the gastrointestinal tract. 

In this context it should be acknowledged that cf-DNA is not merely an indi-

cator of cell death but also exerts biological effects by stimulating the release 

of pro-inflammatory cytokines [133], acting as a pro-coagulant [134] and im-

pairs the fibrinolytic process [135].  

This study adds proof for the concept that the organ-specific output of in-

flammatory mediators differs during sepsis, and in early inflammation the 

liver seems to play a key role. The results indicate that the liver is a net con-
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tributor to TNF-α levels, but not to IL-6 and IL-10 levels. The data also indi-

cate that the brain and splanchnic organs are net contributors to the systemic 

levels of TNF-α and IL-10, whereas the lungs are net contributors to IL-6 lev-

els. The latter effect was significantly attenuated by protective ventilation. To 

our knowledge this finding has not been described earlier.  

The large animal model was a great advantage in this study with low inter-

individual variability whilst still resembling a controlled intensive care set-

ting. The short observation time is a limitation of this experiment. The inflam-

matory response usually peaks at 1 to 3 h after starting an endotoxin infusion 

but organ dysfunction tends to peak by the end of a 6- h experiment. Hence, 

the full magnitude of cf-DNA release may not have been observed. Endotox-

emia might be insufficient to induce the full pathophysiological range of sep-

sis, but instead, it induces a predictable systemic inflammation, thereby ful-

filling the requirement of the study to obtain its goal. We had to approximate 

the afferent sample to the hepatic vein to study the transpulmonary differ-

ences. The levels of cf-DNA in the hepatic vein were numerically higher than 

in the other sample sites making the right atrium of the heart or the pulmonary 

artery preferable for blood sampling. Unfortunately no blood samples from 

those locations were available for analysis. The levels of the measured bi-

omarkers in the hepatic vein would probably be higher than in the venous re-

turn from the lower extremities, thus the approximated transpulmonary differ-

ences were likely underestimated. This approximation strengthens the evi-

dence of the liver as an important organ in TNF-α and cf-DNA-production 

during systemic inflammation. No means of measuring flow were installed in 

organ-specific locations. Hence, we cannot confirm with certainty that the 

measured levels of cf-DNA in the hepatic vein are in fact signs of increased 

production. 

Paper III 

The main finding of this study is that protective ventilation with lower tidal 

volumes is associated with increased cerebral perfusion and oxygen delivery 

as well as increased cerebral metabolism. These differences were not associ-

ated with differences in inflammatory cytokines while increased biomarkers 

of brain ischemia and injury in plasma and cerebral microdialysate were found 

in animals ventilated with lower tidal volumes. 

Very similar objectives to the present experiment can be found in a porcine 

study by Bickenbach et al [136]. With an insult model of lung injury the au-

thors found lower levels of inflammatory cytokines, S-100B and an increase 

in cerebral metabolism with lower VT. The results of our study differs from 

those of Bickenbach et al. since we did not find any differences in inflamma-

tory cytokines. Possibly, this can be explained by the even higher VT and very 

high peak airway pressures used by Bickenbach in the high VT group may 

have increased the group differences. The absent difference between groups 
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in our study regarding systemic levels of inflammatory cytokines also con-

trasts with prior experiments conducted by our research group [80, 137]. We 

had designed this study differently compared to the prior studies, particularly 

compared to postoperative experimental septic models. In the present study a 

lower dose of endotoxin was used and the animals were not subjected to lap-

arotomy, rendering less total inflammatory stimulus. The absence of pulmo-

nary, respiratory and renal organ dysfunction in the current experiment is also 

believed to be derived from less total inflammation. This lower level of total 

inflammation may also provide a possible explanation for the lack of inflam-

matory difference between the groups in our study.  The present study was 

deliberately designed to produce a state of systemic inflammation in the ani-

mals, although not to the level of multiorgan failure. The rationale for the ex-

perimental design was to facilitate the study of cerebral effects in the setting 

of general inflammation, with a minimum of adverse effects of other failing 

vital organs. We believe the lower level of systemic inflammation compared 

to our previous studies explains why the hypothesis was disproved by the ab-

sence of effect of tidal volume on cerebral inflammation.  

From the present study a clear picture of possibly injurious cerebral effects 

following ventilation with lower tidal volumes evolves. No difference be-

tween groups could be found regarding gas exchange, blood pressure or cere-

bral perfusion pressure and all animals had the same PEEP. Hence, no 

macrorespiratory or circulatory effects can explain the differences we found.  

In group Low VT animals showed, quite unexpectedly, a combination of 

higher cerebral blood flow, lower cerebral vascular resistance, higher CMRO2, 

higher glucose consumption as well as both higher cerebral lactate and CO2 

production. The low VT animals also expressed higher levels of glutamate, 

glycerol, lactate to pyruvate ratio in brain microdialysis and higher plasma 

levels of S-100B. Whether this combination of effects is part of the same 

mechanism or several concomitant mechanisms remains undetermined. A 

prior study comparing different tidal volumes during experimental sepsis 

found decreased systemic inflammatory cytokine levels in animals ventilated 

with lower tidal volumes. The reduction in VT was also associated with an 

expeditious and profound endotoxin tolerance as well as higher levels of ni-

trite, possibly indicating induced iNOS activity. Animals ventilated with 

lower VT also exhibited lower levels of jugular vein oxygen saturation, possi-

bly indicating increased oxygen extraction and cerebral metabolism  [137]. A 

possible explanation provided by the authors is that the higher respiratory rate 

or the higher respiratory flow rate that is needed to maintain normal pCO2 in 

blood in the group with lower VT might have increased the activity of pulmo-

nary metalloproteinases and subsequent induction of iNOS. These effects 

have also been described in rats[138].  

A key feature in pigs exposed to endotoxin is pulmonary hypertension, an 

effect associated with increased endothelin-1 levels in porcine plasma [139] 

and human sepsis [140]. In the current experiment the animals in group Low 



 

 56 

VT had higher mean pulmonary arterial pressure and higher ICP, effects that 

were accentuated towards the end of the experiment. Endothelin-1 and iNOS 

have been associated with astrocyte dysfunction in several neurological con-

ditions, including brain ischemia [141, 142]. One explanation of our results 

could be as follows: low VT ventilation, coupled with the effects of a higher 

respiratory rate generates increased endothelin levels and induced NO synthe-

tase. Elevated levels of endothelin-1, metalloproteinase and NO could subse-

quently have exerted cerebral vasodilatory effects and concomitantly induced 

cerebral cellular injury, probably not related to ischemia. Whether the cellular 

injury observed in the current study was caused by energy substrate depletion 

or direct cellular damage from metabolic or plasma components cannot be 

determined. 

This study adds to our previous knowledge that even in a condition of low-

level inflammation, differences in tidal volume exert significant and possibly 

harmful effects on non-pulmonary organs. Whether the deleterious effects 

demonstrated in this study would be outweighed by attenuated levels of in-

flammatory cytokines in the case of more prominent systemic inflammation 

and vital organ failure remains unconfirmed. 

The experiment was not designed to explain cerebral injury associated with 

low tidal volume ventilation using a mechanistic model. In the study there was 

no possibility to investigate endothelin-1 levels in plasma or tissues, NO levels 

or metalloproteinase activity in lungs or brain. The short study period our 

study is a limitation. However, because the primary aim was to study inflam-

matory and acute effects of tidal volume during endotoxemia, the long-term 

effects were not our aim. Clinical studies of patients with neurocritical condi-

tions in which multimodal neurointensive care is warranted could investigate 

whether lower tidal volumes, in comparison with higher tidal volumes, have 

effects on cerebral metabolism and brain injury in humans. 

Paper IV 

The main findings of this study were the rapidly decreasing levels of plasma 

myostatin in all animals. The animals subjected to endotoxin-induced inflam-

mation had an initially slighter decrease in myostatin compared to non-endo-

toxemic animals. However, after 24 h, the myostatin levels in endotoxemic 

animals did not differ from those in non-endotoxemic animals. No differences 

were seen in animals with or without pneumonia, nor were there differences 

in animals ventilated with low or medium-high VT. 

Cachexia is a complex condition linked to an underlying sickness or disor-

der causing loss of muscle and fat mass and leads to functional impairment. It 

differs from malnutrition, which can be reversed by increased nutritional in-

take [143]. ICU patients often exhibit cachexia following critical illness, and 

it serves as a negative prognostic factor for survival [144]. Depending on the 

condition causing muscle wasting the role of myostatin may vary [145]. Sev-

eral muscle wasting conditions have been associated with elevated levels of 
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myostatin in muscle and plasma [146–150]. Clinical studies have shown de-

creased myostatin levels in critical illness and systemic inflammation [151]. 

Major surgery in humans has been shown to reduce circulating levels of 

plasma myostatin in the postoperative period [152]. In a clinical study myo-

statin levels in plasma were lower in ICU patients than in healthy controls but 

did not differ between patients with or without sepsis. Wirtz et al. also found 

a negative correlation between myostatin levels and biochemical inflamma-

tory markers and mediators as well as decreased survival in patients with low 

levels of myostatin. In addition the authors found a negative correlation be-

tween myostatin levels and creatine kinase, indicating that low myostatin lev-

els in ICU patients may not increase muscle metabolism [153].  

Myostatin is upregulated in chronic conditions, whereas acute inflamma-

tion decrease myostatin levels. 

The study confirms previous findings with rapidly reduced myostatin levels 

and a dampened decrease during endotoxemia. Endotoxin, dose-dependently 

increases myostatin expression in myoblasts and inhibits myocyte metabolism 

both by directly affecting the toll-like receptor 4-nuclear factor κβ-dependent 

pathway and by a TNF-α-induced pathway. [154]. Endotoxin also stimulates 

the expression and secretion of several inflammatory cytokines (e.g., TNF-α 

and interleukins (IL) 1, 6 and 10) [155]. IL-6 and IL-7 are also produced by 

myocytes and are thus regarded as myokines [156]. In the current experiment 

the largest increase in TNF-α was seen in group Etx 24 VAP 6 at 3 h, approx-

imating the attenuated decrease in myostatin. This effect supports the findings 

in clinical ICU patients [153]. No differences in myostatin levels was found 

between groups regarding pneumonia or tidal volume. This lack of effect is 

surprising since our research group has previously shown lung-protective ven-

tilation to suppresses systemic levels of TNF-α and IL-6 in porcine endotoxe-

mia [111] and reduce the bacterial burden during experimental pneumonia 

[157]. The hypothesis of the current study was that low tidal volume ventila-

tion and pneumonia would affect myostatin levels through differences in sys-

temic inflammation. The lack of effect may be asserted to an insufficient ele-

vation in systemic inflammation by pneumonia and different tidal volume ven-

tilation to produce a difference in myostatin levels.  

The question of why myostatin levels decrease in sepsis and why this is 

associated with negative outcome remains to be answered. To our knowledge, 

no studies have addressed these questions. Sepsis-induced skeletal muscle 

dysfunction, coupled with mitochondrial disturbances have been reported 

[158],  but there is no knowledge of whether myocyte dysfunction would lead 

to lower myostatin levels. One could further speculate whether the difference 

in increased or decreased myostatin levels in chronic and acute inflammation 

could be explained by the timing of when the levels are measured during in-

flammation. 

Our study has limitations. The decrease in myostatin levels was most acute 

during the first 24 h but stabilized during the rest of the experiment and we 
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could not analyse later effects. Two clinical studies noted a decrease in myo-

statin levels in ICU [153] and post-surgical patients [159] but with a recovery 

of myostatin levels at 30 days after admission to the ICU and after surgery. 

We have no mechanistic explanation for the decrease in myostatin levels and 

unfortunately no materials for histopathological analyses is available. Non-

depolarizing muscular relaxant therapy is a known risk factor for critical ill-

ness myopathy [159] and all animals in the current experiment were adminis-

tered a continuous infusion of rocuronium. A control group without muscular 

relaxant therapy could have addressed this question. All animals are given 

muscular relaxants to decrease oxygen consumption and improve ventilation 

and ventilatory standardisation.  

The study adds knowledge and strength to decreasing myostatin levels in 

plasma following acute inflammation. It also raises questions about whether 

anti-myostatin treatment should be a target for clinical studies in critically ill 

patients, even though muscle wasting is a major concern in the ICU. Finally, 

the study points to the exciting hypothesis that general anaesthesia and minor 

surgery induce more effects on myostatin levels than pneumonia, endotoxin-

induced endotoxemia and different tidal volume ventilation modes. 
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Conclusions 

 In early phase pneumonia, protective ventilation with lower tidal 

volume and higher end expiratory pressure has the potential to re-

duce the pulmonary bacterial burden and the development of lung 

injury. 

 

 Lung-protective ventilation suppresses arterial levels of cf-DNA. 

The liver seems to be a significant contributor to systemic cf-DNA 

levels, but this effect is attenuated by protective ventilation. The 

study provides evidence for the theory that the inflammatory output 

of organs differs during systemic inflammation. 

 

 Ventilation with lower tidal volumes (6 mL × kg−1) as compared 

with medium high tidal volumes (10 mL ×kg−1) in porcine endotox-

emia did not affect cerebral cytokine levels. However, low tidal vol-

ume ventilation increased cerebral perfusion, cerebral metabolism, 

as well as levels of markers of brain injury in plasma and cerebral 

microdialysate fluid. 

 

 In a post-surgery experimental porcine model including mechanical 

ventilation and general anaesthesia all animals showed decreasing 

myostatin levels in plasma. Endotoxin-induced inflammation 

slowed down the initial reduction in myostatin levels. No effect on 

myostatin levels was seen after pneumonia or ventilation with low 

or medium-high tidal volumes. The data lend little support to myo-

statin inhibitor therapy in acute inflammatory conditions.  
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Concluding remarks and future perspectives 

From the experiments accounted for in this thesis the main conclusion is that 

nothing is ever easy, or straight forward in sepsis research. Lung-protective 

ventilation saves lives when applied on severely affected lungs and has posi-

tive effects on extrapulmonary organs during sepsis. And then, results indicat-

ing possibly harmful effects on the brain are found. In the great, innumerable 

pieces, puzzle that sepsis research constitutes this tells us that we do not have 

access to all the pieces, and neither do we know exactly how to assemble the 

ones we have. Experimental research is undoubtedly of great value in this sit-

uation since it allows us to study one, or perhaps a few, aspects of sepsis at a 

time in this complex condition where everything seems to interfere with eve-

rything with different timing.  

The translational problems with animal studies will probably diminish with 

increasing amount of results that are tested and evaluated in both humans and 

animals. In this aspect there is an advantage to have clinically active physi-

cians doing pre-clinical research with the possibility to formulate a hypothesis 

and test it on both sides of the species barrier.  

Since sepsis is a dysregulated host response to infection, and many patho-

gens are known in great detail, the future in human sepsis studies will probably 

benefit from increasing possibilities to characterise the individual sepsis pa-

tients. Genetic analyses and mapping could help decreasing heterogeneity in 

patients recruited for clinical studies.  

A universal remedy for sepsis is, very likely, far from being discovered, 

meaning that we must cultivate the option of improving the supporting care. 

This field of research still leaves ample opportunity for studies to increase the 

knowledge of sepsis pathophysiology and optimising the supportive measures 

of dysfunctional organs.  
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Summary in Swedish 

Sepsis, eller blodförgiftning, är ett sjukdomstillstånd orsakat av att kroppen re-

agerar överdrivet kraftfull på en infektion. Resultatet blir att de försvarsmekan-

ismer, ämnade att tillintetgöra invaderande mikroorganismer, också orsakar 

skada på kroppens vävnader och organ. Sjukdomsbilden karakteriseras därför 

av ett stort antal delmekanismer som samspelar, förstärker och understundom 

motverkar varandra under en plågsam tidsutdräkt. Under tidsförloppet tar sepsis 

olika uttryck. I korthet kan den initiala reaktionen sammanfattas som stormig, 

där den värsta varianten benämns septisk chock. Chock är ett tillstånd där krop-

pens påfrestning är så stor att förmågan att försörja vävnaderna med, för celler-

nas funktion, livsnödvändiga substrat understiger vävnadsbehoven. Utan be-

handling är dödligheten i septisk chock mycket hög. Patienter som överlever 

den initiala fasen genomgår därefter en fas där skadade organ ger sig till känna, 

så kallad multiorgansvikt, då behov av understödjande behandling för att upp-

rätthålla livsviktiga organfunktioner kan behövas. Till slut, ibland efter flera 

veckor, återställs samspelet mellan pådrivande och bromsande infektionsreakt-

ioner och patienten kan påbörja sin återhämtning. Svårt sjuka patienter med sep-

sis behöver ofta vårdas på en intensivvårdsavdelning.  

Behandlingen av sepsis kräver initialt att symtomen uppmärksammas och 

att korrekt diagnos ställs för att åtgärder ska kunna vidtas. Rask start av be-

handling riktad mot infektionens fokus i form av antimikrobiell farmakologisk 

terapi men ibland krävs även t. ex kirurgiska åtgärder. Initialfasen av sepsis 

kräver ofta behandling med stora volymer intravenösa vätskor och cirkulat-

ionsbefrämjande läkemedel. I den efterföljande, tidsmässigt längre, sepsisfa-

sen genomförs allehanda, mer eller mindre avancerade, åtgärder i understöd-

jande syfte för att organen skall överleva och så småningom återfå sin ur-

sprungliga funktion. Exempelvis kan sviktande njurar kräva dialys, sviktande 

blodcirkulationen kan kräva förlängd läkemedelsterapi och sviktande and-

ningsfunktioner leder ibland till att intubation och mekanisk ventilatorbehand-

ling måste implementeras.  

Avancerade behandlingsmetoder är förknippade med höga risker och bi-

verkningar. Avseende ventilatorbehandling kan direkta skador på lungorna 

uppstå till följ av exempelvis för stora andetag, för höga luftvägstryck och 

slitskador och sammanfallande lungdelar. Det har dessutom visats att andra 

organ än lungorna påverkas beroende på hur ventilatorbehandlingen genom-

förs samt att även den sepsisrelaterade systemiska inflammationen påverkas. 
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Det finns nu mycket som tyder på att ventilation med mindre andetag och ett 

bibehållet övertryck vid slutet av utandning har mindre skadlig effekt på 

lungor och andra organ. Denna metod, som på detaljnivå kan skilja sig åt, 

kallas ofta protektiv ventilation.  

I det här avhandlingsarbetet har frågeställningar adresserats som inte kan 

besvaras genom studier på människor eftersom metoderna är farliga och 

ibland dödliga. I stället har stordjursmodeller satts upp med grisar som för-

söksdjur. Grisar har många likheter med människor och experiment som är 

väldigt lika klinisk intensivvård kan genomföras. Forskning med försöksdjur 

motiveras med att kunskapen som erhålls är viktig för människor. Alla djur-

försök måste ha godkännande från en etiknämnd. 

För att snabbt åstadkomma ett tillstånd som är väldigt likt sepsis har vi till-

fört endotoxin till blodbanan. Endotoxin är en komponent från cellväggen hos 

många bakterier och är den komponent som inducerar många av de kraftfulla 

effekterna på kroppen under gramnegativ bakteriell sepsis. Det skall dock på-

pekas att kriterierna för egentlig sepsis inte är uppfyllda eftersom det saknas 

infektiöst agens. Endotoxineffekten benämns i stället experimentell sepsis och 

är en vedertagen metod.    

Den första studien genomfördes med frågeställningar om hur olika venti-

lationsstrategier påverkar bakterietillväxt och lungskada vid lunginflammat-

ion orsakad bakterien Pseudomonas Aeruginosa. I den andra studerades hur 

protektiv ventilation påverkar systemcirkulatoriska och transorganspecifika 

nivåer av cellfritt DNA under sepsis. I studie tre undersöktes, under sepsis, 

hur andetag av olika storlek påverkar inflammation, ämnesomsättning och 

skadeutveckling i hjärnan. Fjärde studien hur narkos, kirurgi, sepsis, lungin-

flammation och olika andetagsstorlek påverkar nivåerna av skelettmuskeltill-

växtfaktorn myostatin.  

Vi har i första studien visat att protektiv ventilation minskar bakterietillväxt 

och utveckling av lungskada tidigt i förloppet av lunginflammation. I studie två 

visar vi, under experimentell sepsis, att levern levererar ett nettoöverskott av 

cellfritt DNA till systemcirkulationen, men att protektiv ventilation dämpar 

denna effekt. Dessutom minskar protektiv ventilation de totala nivåerna av cell-

fritt DNA i systemcirkulationen. Tredje studien visar att mindre andetag hos 

grisar med sepsissymtom inte påverkar inflammationsmarkörena vi mätte från 

hjärnan, däremot ökar blodcirkulationen, ämnesomsättningen och markörer för 

hjärnskada. I den fjärde studien såg vi en minskning av myostatin relaterat till 

kirurgi och narkos, men denna minskning mattas av med endotoxintillförsel. 

Inga effekter av andetagsstorlek eller lunginflammation kunde påvisas. 

Slutsatserna från detta avhandlingsarbete är att protektiv ventilation kan 

minska bakteriebördan vid lunginflammation samt reducera inflammation på 

systemnivå och organspecifikt. Däremot verkar protektiv ventilation medföra 

ogynnsamma effekter för hjärnan och att försöka motverka myostatineffekter 

i muskelbesparande syfte verkar vara av begränsat värde under akuta inflam-

matoriska tillstånd.   
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