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Abstract
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Fluid resuscitation is essential to antagonize the deleterious effects of tissue hypo-perfusion in
sepsis. If not thoroughly monitored and individually tailored, fluid therapy increases the risk
of volume overload. Volume overload is associated with higher mortality in sepsis. Although
considerable progress has been made to understand the complex nature of the cardiovascular
derangements in sepsis and septic shock, the optimal fluid resuscitation strategy is yet to be
defined. Current guidelines recommend balanced crystalloids and albumin for resuscitation;
synthetic colloids are harmful and no longer in use. In search of adjuvant therapies to fluid
resuscitation in sepsis and sepsis related complications with a volume sparing potential, this
doctoral thesis aimed at exploring the effects of two endogenous molecules involved in fluid
homeostasis.

In Study I, the peptide containing the active site of the endogenous protein antisecreterory
factor (AF-16) reduced lung edema formation, as reflected in a reduction in extra vascular lung
water (EVLW), in a model of ventilator induced lung injury (VILI). The aim of Study I was to
test the intervention AF-16 in a well-established porcine model of lung edema and capillary leak.

In Study II, the intervention AF-16 was tested in a model of fecal peritonitis sepsis. The
first aim of Study II was to elaborate a clinically relevant porcine model of fecal peritonitis-
sepsis, including a standardized resuscitation protocol. Second aim was to test the effect of the
intervention on volume status and inflammation. Wet-to-dry ratio was lower in liver samples
of the intervention group, indicating less edema formation. No other differences were detected
between intervention and control groups.

In Study III, the intervention high molecular weight hyaluronan (HMW-HA) was tested in
our model of fecal peritonitis as adjuvant to standardized fluid resuscitation. Fluid balance
and the inflammatory response were comparable throughout the experiment in the intervention
and control groups. The intervention counteracted the increase in proportion of fragmented
hyaluronan associated with peritonitis-sepsis and was associated with lower modified shock
index (MSI) than placebo.

In Study IV, we administered an increased dose of HMW-HA directly after induction of
peritonitis. The aim of Study IV was to study the effects of the intervention in a fluid restrictive
model, to reduce a potentially negative effect of crystalloid infusion per se on the endothelial
glycocalyx layer. In Study IV, hemodynamics and surrogate markers of endothelial damage
were comparable in the intervention and control groups. The intervention was associated with
an increase in cardiac output and diastolic blood pressure during the infusion, these effects
disappeared as the experiment proceeded. Lactate was higher in the intervention group as a
function of time.
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The thinker makes a great mistake when he asks after cause and effect.
They both together make up the indivisible phenomenon.

Johann Wolfgang von Goethe
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Abbreviations 

AF: Antisecretory factor 
AF-16: 16-peptide chain containing the active site of the antisecretory factor 
AKI: Acute kidney injury 
ARDS: Acute respiratory distress syndrome 
BE: Base excess 
CO: Cardiac output 
COP: Colloid osmotic pressure 
CS: Chondroitin sulphate 
CVP: Central venous pressure 
EGDT: Early goal directed therapy 
ERO2: Oxygen extraction ratio 
EVLW: Extra vascular lung water  

FFP: Fresh frozen plasma 
FIO2: Inspired oxygen fraction 
GABA: Gamma-aminobutyric acid 
GAG: Glycosaminoglycan  
HA: Hyaluronan 
HES: Hydroxyethyl starch 
HMW-HA: High molecular weight hyaluronan 
HS: Heparan sulphate 
IBW: Ideal body weight 
ICU: Intensive care unit 
I:E: Inspiratory/expiratory time  
IHM: Inspiratory hold maneuver 
LMW-HA: Low molecular weight hyaluronan 
LVEDVI: Left ventricular end diastolic volume index 
LVEF: Left ventricular ejection fraction 
MAP: Mean arterial pressure 
MSI: Modified shock index 
NO: Nitric oxide 
PA: Pulmonary artery  
PAC: Pulmonary artery catheter 
PaCO2: Arterial partial pressure of carbon dioxide 
PaO2: Arterial partial pressure of oxygen 
PAW: Airway pressure  



PEEP: Positive end expiratory pressure 
PESO: Esophageal pressure  
PiCCO: Pulse index continuous cardiac output  
PLR: Passive leg raise 
Pmsf: Mean systemic filling pressure 
PPV: Pulse pressure variation 
PTP: Transpulmonary pressure 
QoL: Quality of life 
RAP: Right atrial pressure 
RCT: Randomized controlled trial 
RR: Respiratory rate 
RRT: Renal replacement therapy 
SOFA score: Sequential Organ Failure Assessment score 
SpO2: Oxyhemoglobin saturation 
SSC: Surviving sepsis campaign 
SVR: Systemic vascular resistance 
SVV: Stroke volume variation 
VAP-1: Vascular adhesion protein 1 
V’AW: Airway flow 
VT: Tidal volume 
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Introduction 

Background 
Sepsis is a syndrome of intricate pathophysiological and biochemical derange-
ments defined as “life-threatening organ dysfunction caused by a dysregulated 
host response to infection.”1 Septic shock ensues if the complexity of the syn-
drome aggravates, with persisting hypotension and serum lactate > 2 mmol/l 
after adequate fluid administration.2 

Due to scarce information on sepsis epidemiology from low- and middle-
income countries, the true global burden of sepsis remains unknown. How-
ever, extrapolations derived from high-income countries imply over 31 mil-
lion cases of sepsis, and at least five million annual deaths solely in hospital 
settings.3 Long-term cognitive and physical disabilities are common sequelae 
in survivors, thereby negatively affecting quality of life (QoL).4 The World 
Health Organization (WHO) has acknowledged sepsis as a global health pri-
ority.5 

Sepsis management involves the treatment of the underlying infection with 
broad spectrum antibiotics and source control (if applicable) as well as fluid 
therapy and vasoactive drugs to antagonize tissue hypo-perfusion.6 Despite 
advancement in the understanding of cardiovascular impairment in sepsis, due 
to absolute and relative hypovolemia, myocardial depression,7 and microcir-
culatory derangements,8,9,10 the optimal approach to fluid therapy is yet to be 
established.11 In addition, fluid therapy often results in volume overload,12 
which in turn is associated with longer stay in intensive care, prolonged use 
of mechanical ventilation, and increased mortality.13,14,15,16 

Sepsis 
Sepsis, a derivative from the Greek word sepo [σηπω] (I rot), was originally 
introduced by Homer, approximately 2700 years ago.17 However, it was not 
until the nineteenth century that Semmelweiss (transmission of disease and 
handwashing), Lister (antiseptic techniques in surgery), Pasteur (germ the-
ory), and Koch (germ theory) fundamentally advanced the understanding of 
infection and sepsis.18 The first modern definition of sepsis as bacteremia that 
causes systemic “signs of illness” is attributed to Schottmüller and dates back 
to 1914.19,20 
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In 1991, the American College of Chest Physicians/Society of Critical Care 
Medicine held a consensus conference with the goal to standardize sepsis ter-
minology. Sepsis was defined as a systemic response to infection; when asso-
ciated with organ dysfunction, it was classified as severe sepsis. Further, sep-
sis in association with fluid refractory hypotension and signs of hypo-perfu-
sion was classified as septic shock and distinguished from sepsis-induced hy-
potension.21  

These definitions were reassessed in 2001 by an expert panel, comple-
mented with an expanded list of signs and symptoms of sepsis, but by and 
large remained unchanged.22 Management guidelines for severe sepsis and 
septic shock were presented in 2003 in the Surviving Sepsis Campaign (SSC), 
as an international initiative to increase awareness regarding and improve out-
come for sepsis.23 Among other things, the guidelines emphasized the im-
portance of the rapid recognition of sepsis, antibiotic administration within 
one hour after recognition of severe sepsis and after securing cultures, as well 
as early goal-directed therapy with resuscitation end points identical to the 
ones described in the study by Rivers et al.24 The different components of the 
guidelines were grouped into bundles and adherence and outcome were eval-
uated.25,26,27 The SSC guidelines have since been updated with regular interval 
28,29,30,6 and bundle compliance and the outcomes have been subsequently eval-
uated.31  

The 2016 definition stated sepsis to be a syndrome caused by a dysregu-
lated immune response of the host to an infectious insult, with resultant life-
threatening organ dysfunction.1 Acute organ dysfunction most commonly af-
fects the cardiovascular system with resultant hypo-perfusion, and the respir-
atory system with the development of acute respiratory distress syndrome 
(ARDS).32  

Shock 
In the mid-1700s, the word “choc” was first introduced, as a medical term, to 
refer to the abrupt impact on the body by a missile; a few years later, in the 
early 1800s, Napoleon’s surgeon, Larrey, applied the term to describe a state 
of circulatory failure.33 In 1864, Goltz explained shock as a phenomenon of 
vasomotor paralysis;33,34 subsequently, the development of the sphygmoma-
nometer35 favored the definition of shock as a state of systemic hypotension,36 
understood as failure of the arteriole to respond to sympathetic stimulation,37,38 
while others argued that vasoconstriction was the prevailing feature of 
shock.33 In 1909, Henderson proposed shock to be characterized by a reduc-
tion in cardiac output (CO) and venous pooling of blood, whereas Cannon and 
Bayliss, in 1919, described shock as a state of hypovolemia due to absorption 
of toxins and increased capillary permeability.33 Blalock39 subsequently de-
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fined four subtypes of the reduced CO state of shock: hematogenic, neuro-
genic, vasogenic, and cardiogenic. This classification is close to the actual 
sub-classification of shock, although the shock definition per se now com-
prises a life-threatening, generalized form of acute circulatory failure associ-
ated with inadequate oxygen utilization by the cells.40 

Septic shock 
The description of septic shock as a state of normal-to-high CO and low sys-
temic vascular resistance (SVR) was presented by Wilson in 1965; 41 it was in 
contrast to the low CO/ high SVR state of hypovolemic or cardiogenic shock, 
which was accepted as the most accurate definition of shock at the time.18 The 
general perception was that septic shock was a progressive state, evolving in 
the non-survivor from warm shock (high CO) to cold shock (low CO). Volume 
substitution was suggested to be the most appropriate intervention in septic 
patients with low CO and low central venous pressure (CVP).42,43 

With the introduction of the pulmonary artery catheter (PAC) in the moni-
toring of the septic patient, it was confirmed that many patients were hypovo-
lemic at presentation, but that subsequent fluid administration resulted in the 
previously described high CO/low SVR state.18,44 Nishijima et al.45 confirmed 
that the perfusion failure in sepsis was characterized by reduced CO, hyper-
lactatemia, and metabolic acidosis, and stated that arterial pressure was unre-
liable as a measure of severity. The metabolic profile was associated with in-
creased mortality, and non survivors also had lower plasma volumes and lower 
total blood volumes. A low CO state combined with a relatively low oxygen 
extraction ratio (ERO2) was indicative of a particularly poor prognosis.44,46 

Radionuclide cardiac imaging further advanced the understanding of the 
cardiovascular derangement in sepsis and septic shock.47 Parker et al.48 de-
scribed the myocardial depression in septic shock after fluid resuscitation. The 
patients had a hyperdynamic circulatory state; while left ventricular dilation 
(increased left ventricular end diastolic volume index (LVEDVI)) and de-
creased left ventricular ejection fraction (LVEF) was associated with survival 
(the findings resolved in 7–10 days), mortality, on the contrary, was associated 
with maintained cardiac volumes and LVEF48. Subsequent studies revealed 
that myocardial depression in human septic shock affects both ventricles sim-
ultaneously, with a similar pattern of dysfunction49, a decreased Frank-Star-
ling curve, and consequently a depressed response to volume administration.47  

Fluid resuscitation in sepsis 
Resuscitation is defined as the act of reviving someone from apparent death 
or unconsciousness.50 Although not formally defined,36 fluid resuscitation in 
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sepsis in international guidelines is referred to as the administration of fluids 
to stabilize tissue hypo-perfusion.6  

The therapeutic intervention of intravenous fluid administration dates back 
to the second cholera pandemic.51,34 Reports on the reduced water and salt 
content of blood in moribund cholera patients,52,53 inspired Dr. Latta, to ad-
minister saline infusions to such patients in the early 1830s. The aim of the 
intervention was to restore the blood to its original premorbid composition; 
34,54 this did lead to a few patients being cured.55 However, the use of intrave-
nous infusions was controversial and it was only by the turn of century that 
saline infusions were included in the treatment of shock.34,36 However, rather 
than being based on evidence, intravenous fluid administration to critically ill 
patients originates from physiological principles; resuscitation fluids have not 
been formally evaluated.56 

Initial fluid resuscitation 
Although considerable advances have been made in the management of a sep-
tic patient, controversy remains regarding the optimal approach to fluid ther-
apy. Current SSC guidelines suggest the administration of a fixed volume of 
balanced crystalloids of 30 ml/kg ideal body weight (IBW) to be administered 
within three hours.6 This predefined amount of fluids is supported by retro-
spective observational studies.57  

The early goal-directed therapy (EGDT) study by Rivers et al.24 was the 
first prospective study in which fluid resuscitation, although not evaluated 
separately, was associated with reduced mortality. Patients received 20 ml/kg–
30 ml/kg of crystalloids in 30 minutes, before inclusion.24 In the three follow-
up studies, mortality was not reduced with EGDT, but similar amounts of flu-
ids were administered pre-inclusion.58,59,60 A meta-analysis of these trials re-
vealed that EGDT was associated with more fluid administration in the first 
six hours, higher hospital costs, and no reduction in mortality.61 In a study by 
Leisman et al.62, initiation of fluid resuscitation within 30 minutes of identifi-
cation of severe sepsis or septic shock with a 30 ml/kg bolus of crystalloid was 
associated with decreased mortality and decreased hospital length of stay.62 
The best effect on mortality was seen with an initiation time of within 30 
minutes of presentation; with mortality, mechanical ventilation, and hospital 
length of stay increasing with longer time to initiation.63 In a study by Lee et 
al.,64 larger amounts of fluid administered within three hours after onset of 
sepsis or septic shock was associated with survival. Moreover, in a study by 
Seymour et al.,65 any fluid administered in the prehospital setting was associ-
ated with decreased in-hospital mortality, whereas late initiation of fluid re-
suscitation with 30 ml/kg crystalloid (>2 hours after identification of sepsis 
and hypotension) was associated with failure to establish normotension and 
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this, in turn, was associated with increased mortality, increased use of me-
chanical ventilation, intensive care unit (ICU) stay, and hospital length of 
stay.66 In addition, while early (<24 hours) fluid resuscitation in severe sepsis 
improved microcirculation, this response was entirely absent after 48 hours.67 
However, in a large retrospective study by Seymour et al.,68 early completion 
of initial fluid resuscitation (30 ml/kg) was not associated with lower in-hos-
pital mortality. Moreover, in resource-limited settings, mortality was found to 
have increased with early fluid resuscitation, in both children69 and adults.70  

Positive fluid balance 
A retrospective review of the “Vasopressin and Septic Shock Trial” (VASST) 
concluded that optimal survival ensued from a positive fluid balance of ap-
proximately 3 liters at 12 hours after presentation of septic shock; however, a 
more positive fluid balance at this time point, as well as cumulatively over the 
following four days, was associated with increased mortality.71 In a study by 
de Oliveira et al.,15 a positive fluid balance between 24 and 48 hours after the 
onset of severe sepsis and septic shock was associated with increased mortal-
ity. Moreover, Sadaka et al.72 indicated that a positive fluid balance 24 hours 
after the onset of septic shock was associated with increased mortality, 
whereas optimal survival ensued from a neutral fluid balance, up to a positive 
fluid balance of 6 liters at 24 hours. Further, Vincent et al.73 and Brotfain et 
al.74 both concluded a positive fluid balance to be one of the strongest predic-
tors of death. Increased mortality in septic patients has also been found in 
cases where a positive daily fluid balance was maintained.13 Measures to re-
strict a positive cumulative fluid balance improve outcome14 and a minimum 
of one day of negative fluid balance (< -500 ml) by day three is a predictor of 
survival from septic shock.75 However, in a recent randomized controlled trial 
(RCT) (CLASSIC trial) of patients with septic shock who had received at least 
one liter of intravenous (IV) fluids within 24 hours, with onset of shock within 
12 hours, fluid restriction in the ICU was not associated with a reduction in 
mortality at 90 days.76 

Crystalloids vs. colloids 
In sepsis resuscitation, balanced crystalloids and albumin appear to be associ-
ated with a reduction in mortality as compared to saline and starches.77 Bal-
anced crystalloids are associated with a reduction in mortality, and also with 
a lower incidence of acute kidney injury (AKI), fewer renal replacement ther-
apy (RRT)-dependent days, and fewer vasopressor-dependent days when 
compared with saline.78 Current SSC guidelines present a weak recommenda-
tion in favor of balanced solutions and suggest the addition of albumin to the 
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resuscitation strategy if considerable amounts of crystalloids have been ad-
ministered.6 

The colloid oncotic pressure (COP) in plasma is approximately 25 mmHg 
in healthy individuals, opposes capillary filtration, and is mainly determined 
by the plasma concentration of albumin.79,80 In critical illness, COP decreases 
and there is an association between decreased COP and increased mortality.80 
Transfusion products—such as albumin, erythrocytes, and fresh frozen 
plasma (FFP) are naturally occurring colloids—defined as such by their high 
molecular weight. Colloids (dissolved in crystalloids) offer a more effective 
plasma expansion than crystalloids alone,81,82,83 with an averaged ratio of 1.5, 
although studies reveal marked heterogeneity in this respect.84 In the experi-
mental setting, tissue perfusion is more effectively restored with colloids as 
compared to that using crystalloids.85,86,87 Although albumin in sepsis resusci-
tation restores hemodynamics more effectively,88,89 with lower fluid balance 
than crystalloids88,90, a survival benefit has not been described in large RCTs 
in critical illness.90,91 However, in the trial by Caironi et al.88 the subgroup of 
patients with septic shock had a lower 90-day mortality in the albumin group. 
Moreover, in a retrospective study by Chou et al.,92 mortality was reduced 
with albumin administration in patients with severe sepsis and low baseline 
albumin. In a meta-analysis by Delaney et al.93 sepsis resuscitation with albu-
min was associated with a lower mortality. 

The use of synthetic colloids (Hydroxyethyl starch (HES), dextrans, and 
gelatins) in sepsis resuscitation is discouraged, due to an association with in-
creased mortality (HES) and AKI and RRT dependency (HES, gelatins, and 
dextrans) in patients with severe sepsis.89,94,95,96,97,98 

Resuscitation endpoints 
The venous system is highly compliant and contains an unstressed volume of 
approximately 70% of total blood volume in healthy individuals.99 The un-
stressed volume does not contribute to venous return.100 Through the genera-
tion of elastic recoil potential in the walls of veins, a part of the blood vol-
ume—the stressed volume—creates a mean systemic filling pressure 
(Pmsf).101 Venous return is defined by the gradient between Pmsf and right 
atrial pressure (RAP).  

This driving pressure for venous return is reduced in sepsis due to 
hypovolemia and vasodilation; consequently, there is a shift from stressed to 
unstressed volume.102 The aim of fluid resuscitation is to restore tissue hypo-
perfusion by increasing stressed volume and, thus, Pmsf. 

In preload responsiveness, Pmsf increases more than RAP (CVP), such that 
the gradient increases, thereby promoting venous return and an increase in 
CO.99 Static parameters, such as CVP or mean arterial pressure (MAP), are 
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not adequate in the assessment of preload responsiveness.103,104 Instead, dy-
namic parameters—such as pulse pressure variation (PPV), stroke volume 
variation (SVV), or passive leg raise (PLR)—are more accurate in determin-
ing preload responsiveness.105,106 

Mechanical ventilation is used to assess the slope of the Frank-Starling 
curve (SVV) bedside. If the cyclic changes in intrathoracic pressure induces 
significant stroke volume variation, then the patient is likely preload depend-
ent,107 with the magnitude of the changes in stroke volume being proportional 
to preload responsiveness108 and a valid assessment of intravascular volume 
status.109 Approximately 50% of critically ill patients are not fluid respon-
sive,109,110 moreover, the response, if initially present, is transient.111,112,113  

The titration of fluid resuscitation to preload dependence indices is not as-
sociated with improved survival nor time to shock resolution,114,115 even 
though the volume of fluid administered is reduced.115 Since the coherence 
between macro-circulatory improvement and recruitment of microcirculatory 
perfusion is not preserved when the sepsis syndrome evolves,116,117,118 timely 
fluid resuscitation is crucial.  

Further, early recruitment of the microcirculation during sepsis resuscita-
tion is associated with less frequent organ failure and increased survival,124 
while the microcirculatory derangements are more pronounced, persistent, 
and refractory to resuscitation in non-survivors.119,120,121  

Hyaluronan and the endothelial glycocalyx 
The dominating glycosaminoglycans (GAGs) of the endothelial glycocalyx 
are heparan sulphate (HS), chondroitin sulphate (CS), and hyaluronan 
(HA).79,122 HS is a major determinant of the structural integrity of the gly-
cocalyx, whereas CS and HA are important in the regulation of glycocalyx 
permeability.122 Thus, HA is essential in maintaining the barrier function of 
the endothelium, and increased plasma HA concentrations are associated with 
endothelial dysfunction.123 Moreover, hyaluronidase-induced shedding of the 
glycocalyx contributes to edema formation.124 During an inflammatory re-
sponse, the endothelial glycocalyx is one of the earliest sites to be affected,125 
with the early release of GAGs and subsequent shedding of core proteins, 
thereby indicating more pronounced damage.126,127 HA concentrations in 
plasma also increase after crystalloid infusion.128,129 

HA consists of a single polysaccharide chain, composed of alternating β-d-
glucuronate and N-acetyl-β-d-glucosamine, and is a molecule of extraordinary 
molecular weight.130,131 The large size and polyanionic nature of HA attributes 
the molecule with marked hydrophilic and colloid osmotic properties.132,133,134 
HA is present in all tissues of the vertebrate and is particularly abundant in 
connective tissue.130 With a molecular weight of > 1000 kDa, HA is referred 
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to as high molecular weight HA (HMW-HA) and is the dominating form of 
HA in vivo.135 

During inflammation, the shedding of HA from the glycocalyx is effectu-
ated by the activity of hyaluronidases,136 reactive oxygen,137 and nitrogen spe-
cies.138 The intact HMW-HA polysaccharide chain has anti-inflammatory 
properties,139 whereas degraded or low molecular weight HA (LMW-HA), 
promotes inflammation.140,141 HA in plasma is principally eliminated from 
plasma by the liver with a short plasma half-life of less than five minutes.130  

Pretreatment with systemically administered HMW-HA in a rat model of 
sepsis and mechanical ventilation did not improve macro-circulatory parame-
ters, but reduced the inflammatory response in the lungs as well as the degree 
of lung injury.142 In addition, IV administration of HA in humans did not result 
in any serious adverse events.143  

Antisecretory factor 
The antisecretory factor (AF) is a 41 kDa endogenous protein that is expressed 
in most mammal tissues.144 After the initial characterization of AF as a potent 
inhibitor of intestinal hypersecretion caused by cholera toxin,145 the protein 
has been attributed to numerous modulatory effects in altered fluid transport, 
edema resolution, and capillary leak146,147,148,149,150 as well as in a variety of 
inflammatory conditions.151,152,153,154  

The anti-inflammatory and anti-secretory properties of the protein involve 
the regulation of T-cell proliferation,151 nitric oxide (NO) production of acti-
vated macrophages,155 as well as neuro-modulatory effects—with blocking of 
neuronal chloride ion channels, including GABA activated ion channels.156,157 
The protein AF is secreted into plasma and activated upon pro-inflammatory 
stimuli.158 The biologically active site of the AF protein, with the sequence 
(I)VCHSKTR, is included in a synthetic 16-peptide fragment—AF-16.159 AF 
or AF-16 has not previously been tested in models of ARDS or sepsis. 
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Rationale and Aims of the Studies 

The overall aim of this thesis was to acquire new understanding on fluid re-
suscitation in sepsis and septic shock. Our aim was to investigate the effects 
of two endogenous molecules involved in fluid homeostasis as adjuvant ther-
apies to fluid resuscitation in sepsis and sepsis associated complications. For 
this purpose, we conducted four experimental studies, which are briefly de-
scribed below.  
 
In Study I, the aim was to investigate the effects of AF-16 on the resolution of 
pulmonary edema in a porcine VILI model. The hypothesis studied was that 
the administration of AF-16 reduces pulmonary edema in ARDS. Therefore, 
we assessed the evolution of EVLW, the inflammatory response, and the pres-
sure-volume relation of the lung.  

 
In Study II, the main purpose was to investigate the effects of AF-16 on edema 
formation and circulatory instability in a porcine model of peritonitis-induced 
sepsis. The hypothesis studied was that the administration of AF-16 reduces 
interstitial edema formation and dampens the inflammatory response. There-
fore, we assessed fluid balance, EVLW evolution, norepinephrine require-
ments, as well as wet-to-dry ratio. Furthermore, we studied the inflammatory 
response through selected plasma cytokine profiles and histopathological ex-
amination post mortem. We developed a porcine peritonitis-sepsis model in 
order to test the hypothesis proposed in Study II.  

 
In Study III, the main purpose was to investigate the effects of the administra-
tion of HMW-HA as an adjuvant to crystalloid fluid resuscitation in our model 
of peritonitis-induced sepsis. The hypothesis was that the administration of 
HMW-HA reduces the total amount of fluid administered and dampens the 
inflammatory response associated with early peritonitis sepsis when adminis-
tered as adjuvant therapy in a protocolized resuscitation. Therefore, we as-
sessed respiratory and macro-circulatory hemodynamic parameters, fluid bal-
ance, norepinephrine consumption, wet-to-dry ratio, as well as selected cyto-
kine dynamics in plasma and performed a post-mortem histopathological anal-
ysis. In addition, we also analyzed HA concentrations and the evolution of the 
profile of the molecular weight fractions of HA. 
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In Study IV, the main purpose was to investigate the effects of the administra-
tion of HMW-HA in fluid restrictive resuscitation in early peritonitis-sepsis in 
our porcine peritonitis model. The hypothesis was that the intervention alone, 
without the additional effects of crystalloid resuscitation, contributes to gly-
cocalyx integrity and maintains intravascular volume status. Therefore, in ad-
dition to respiratory and hemodynamic parameters as well as selected plasma 
cytokines and hematocrit, we studied surrogate markers of glycocalyx damage 
in plasma. 
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Materials and Methods 

We performed the studies included in this thesis project at the Hedenstierna 
Laboratory (Uppsala University, Sweden). They were all performed on por-
cine models based on ethical permission provided by the Animal Ethics Com-
mittee in Uppsala, Sweden (decision 5.8.18-01054/2017, DOUU 2019-014). 
The animals were handled in accordance with the National Institute of Health 
guide for the care and use of laboratory animals.160 

Animal preparation 
In Study I, after premedication, 12 tracheotomized pigs received general an-
esthesia and muscle relaxation. A baseline ventilation was initiated with tidal 
volume (VT) 8 ml/kg, respiratory rate (RR) 30/min, inspiratory/expiratory 
time (I:E) 1:2, inspired oxygen fraction (FIO2) 0.7, and positive end expiratory 
pressure (PEEP) 5 cm H2O. An esophageal catheter was positioned in the dis-
tal third of the esophagus for continuous monitoring of esophageal pressure 
(PESO). During the protocol, pressure (PAW) and flow (V’AW) were continu-
ously measured at the airway opening. All respiratory signals were obtained 
via an analog-to-digital converter card (DAQ-card AI-16XE50, National In-
struments Corp., Austin, TX, USA) controlled by the BioBench Software (ver. 
1.0, National Instruments Corp., Austin, TX, USA); the sampling frequency 
was 200 Hz. Further, the inspiratory and expiratory airway volumes were ob-
tained by integration of the airway flow (V’AW). 

In Studies II, III, and IV, 16 (Studies II and III) and 20 (Study IV) tracheot-
omized pigs received general anesthesia and muscle relaxants after appropri-
ate premedication. Volume-controlled ventilation was initiated with tidal vol-
ume (VT) 8 ml/kg, respiratory rate (RR) 25/min, inspiratory/expiratory time 
(I:E) 1:2, inspired oxygen concentration (FIO2) 0.3, and positive end expira-
tory pressure (PEEP) 8 cmH2O. Settings for VT, I:E, and PEEP remained un-
changed throughout the protocol. RR and FIO2 were adjusted, aiming at PaCO2 

< 6.5 kPa and PaO2 > 10 kPa, respectively. In Study III, a transit-time flow 
probe was applied around the renal artery for continuous recording of renal 
blood flow before closing the abdomen.  

In all studies, an arterial catheter was positioned in the A. carotis for blood 
pressure measurement and blood sampling, and an arterial catheter in A. 
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femoralis for monitoring of pulse index continuous cardiac output (PiCCO); 
furthermore, a triple lumen central venous catheter and a pulmonary artery 
(PA) catheter were inserted. Temperature and oxyhemoglobin saturation 
(SpO2) were continuously monitored, and a suprapubic catheter was inserted 
for urinary output measurement. 

The ARDS model 
In Study I, lung injury was induced via a two-hit lung injury model. To reach 
an arterial oxygen partial pressure to fractional inspired oxygen ratio 
(PaO2/FIO2) less than 27 kPa, lung lavages were repeated with 30 ml/kg of 
warmed isotonic saline. Thereafter, an injurious ventilation involving a plat-
eau pressure of 36 cmH2O, RR 20, I:E 1:2, and zero end expiratory pressure 
was initiated and maintained for two hours. 

The peritonitis model 
In Studies II, III, and IV, a sepsis model was induced through peritonitis in-
duction. A midline laparotomy was performed and feces was collected 
through an incision in the cecal wall (in all 16 animals in Studies II and III as 
well as in the 16 peritonitis animals in Study IV). Thereafter, the incision in 
the cecal wall was closed and a large-bore intra-peritoneal drain was inserted 
in the peritoneum before the abdomen was closed. Peritonitis was established 
via an intraperitoneal instillation of autologous feces (2 g/kg body weight in 
200 ml warmed 5% glucose solution). Then, the large-bore intraperitoneal 
drain was removed and the abdominal wall was closed. 

Protocols 
Study I 
After the induction of lung injury, the animals were randomized to an inter-
vention group (n = 6) with AF-16 or a control group (n = 6). Instantly after the 
established lung injury, the intervention group received an injection of AF-16 
(sample No. 05501, KJ Ross Petersen ApS, Copenhagen, Denmark) 20 mg/kg 
in a solution of 50 mg/mL, which was administered over 10 minutes, while 
the control group received the same volume of vehicle (0.9% NaCl) at the 
same time point. Further, a lung recruitment maneuver was performed for 
two min, consisting of pressure-controlled ventilation (RR 6/min, I:E 1:1, 
PEEP 10 cmH2O, and peak pressure of 40 cmH2O). The settings for mechan-
ical ventilation that were applied thereafter were maintained until the end of 
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the protocol and included volume-controlled ventilation, VT 6 ml/kg, PEEP 14 
cmH2O, FIO2 0.7, and RR 40/min.  

Further, measurements were performed at baseline, directly after establish-
ment of lung injury and every hour during the following four-hour period of 
the protocol. The measurements comprised EVLW, PaO2, PaCO2, pH, lactate, 
and base excess (BE). In addition, the main hemodynamic parameters (sys-
temic and pulmonary pressures, CO, heart rate) were recorded at the same 
time points. Pressure–volume (PV) curves of the respiratory system were ob-
tained at three time points—at baseline, directly after the induction of lung 
injury, at the end of the protocol, 4 h after the intervention/vehicle, in steady-
state conditions, and just prior to euthanasia. 

 
Figure 1. Experimental time line for Study I. 

By delivering eight monotonically decreasing lung volumes, from PAW 25 
cmH2O to 0 cmH2O over PEEP, the PV relation of the lung was measured. 
Each volume was delivered in volume control mode, during steady-state ven-
tilation and followed by an inspiratory hold maneuver (IHM) and an expira-
tory hold maneuver. In order to standardize the history of volume, we per-
formed a recruitment maneuver applying a PAW of 40 cmH2O for 40 s, before 
initiating the decreasing ramp. With the esophageal catheter in place, we were 
able to measure the variation of transpulmonary pressure (PTP) in the following 
manner:  

ΔPTP = (PAW,plat−PAW,EE)−(PESO,plat−PESO,EE) 

where PAW,plat is the airway pressure during IHM, PESO,plat the esophageal pres-
sure at the same time, and PAW,EE and PESO,EE the corresponding airway and 
esophageal pressures at the end of expiration, respectively. This enabled the 
drawing of the PV curve of the lung in the mentioned conditions. 
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Studies II and III 
Baseline measurements were performed after a minimum of 30 minutes of 
stabilization post instrumentation. Both studies were blinded, prospective, and 
parallel-grouped, with animals randomized (block randomization) after peri-
tonitis induction into two treatment groups: intervention (n = 8) and control 
groups (n = 8). The intervention in Study II consisted of the IV administration 
of AF-16, given as repeated boluses. The intervention in Study III consisted 
of the intravenous administration of HMW-HA, given as a bolus injection fol-
lowed by a continuous infusion. 

At the peritonitis induction, all infusions except the IV administration of 
anesthesia were paused. The onset of sepsis with hemodynamic instability was 
defined as MAP < 60 mmHg for > five minutes. At this time point (defined as 
Sepsis 0), the observation period of 20 hours (in Study II) vs. 18 hours (in 
Study III) was initiated, after measurements (S0) were obtained. The interven-
tion/vehicle as well as piperacillin/tazobactam along with a protocolized fluid 
resuscitation were administered.  

 
Figure 2. Experimental time line for Study III. 

Further, in Studies II and III, a resuscitation protocol was applied in both the 
control and intervention groups, aiming at MAP > 60 mmHg. Along with the 
intervention and antibiotics, fluid administration was initiated with 10 ml/kg/h 
of Ringer’s acetate. If signs of hypovolemia manifested, as defined by SVV > 
15% for > 10 minutes, a bolus of 150 ml Ringer’s acetate was administered. 
This was repeated until SVV was steadily < 15%. With SVV < 13% and MAP 
> 60 mmHg, the infusion was tapered down to 5 ml/kg/h; if the animal was 
stable and SVV < 13%, the infusion was paused. In case the same pattern 
reappeared, the fluid was readministered, first as an infusion of 5 ml/kg/h and 
then 10 ml/kg/h; however, if the signs of hypovolemia as described above per-
sisted, then boluses of 150 ml Ringer’s acetate were given.  
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If hypotension (MAP < 60 mmHg) was not accompanied with an increase 
in SVV, then an infusion of norepinephrine (40 µg/ml) 5 ml/h was initiated, 
beginning with a bolus of 0.5 ml norepinephrine (40 µg/ml). The infusion was 
increased stepwise by 5 ml/h. For blood glucose control (aiming at 5–10 
mmol/l), 30% glucose infusion was administered, beginning with 0.5 ml/kg/h, 
as well as, when appropriate, an insulin infusion of 1 IU/ml initiated with 1 
ml/h. 

At baseline, at onset of circulatory instability and every hour for the fol-
lowing 20 hours (Study II) vs. 18 hours (Study III), hemodynamic and respir-
atory parameters, arterial blood gas analyses, and hourly urine output were 
registered. In addition, SVV was continuously monitored in order to guide 
fluid resuscitation.  

Study IV 
The study was blinded and prospective, with animals randomized in two steps 
(block randomization) to peritonitis (n = 16) or time control (n = 4) and then 
into treatment groups: intervention (HMW-HA, n = 8) vs. control (n = 8). 

At the time of laparotomy, the intervention was initiated as 0.1% HMW-
HA solution administered as an intravenous infusion, with a rate of 6 
mg/kg/hour (6 ml/kg/h) for two hours. The control group received the same 
volume of vehicle (0.9% saline, 6 ml/kg/h) over the same period. At this time 
point, an observation period of six hours was initiated. After two hours of per-
itonitis, two grams of piperacillin/tazobactam in 10 ml of 0.9% saline was ad-
ministered as an IV injection. 

 
Figure 3. Experimental time line of Study IV. 
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An infusion of norepinephrine (40 µg/ml) was initiated at the rate of 5 ml/hour 
and increased stepwise if animals presented with circulatory instability (de-
fined as MAP < 55 mmHg > five minutes), aiming at MAP > 55 mmHg. No 
further fluid was administered throughout the protocol.  

Statistics  

Study I 
The effect of ARDS induction was assessed using a paired t-test. A two-way 
analysis of variance (ANOVA) was used to analyze the overall differences 
between groups as a function of time. The one-way ANOVA was used for 
repeated measurements to evaluate the differences within each group, respec-
tively. Values were expressed as means ± SD or median and range as appro-
priate. A p-value < 0.05 was considered statistically significant. Further, the 
evolution of EVLW over time, in the intervention group vs. control group, 
was studied by applying a robust polynomial fitting (MatLab R2018, Curve 
Fitting Toolbox, MathWorks, Natick, USA) of the second degree, with the 
following model:  

 
y = p1·x2 + p2·x + p3 
 

where y is the EVLW in mL and x is the time (hour of observation). Sigmaplot 
12.5 (Systat Inc. Software, USA) was used for this statistical analysis. To com-
pare the PV curves from the different animals, each pressure value of the PV 
curves was divided by the maximum pressure that the same animal presented 
in healthy conditions at the highest volume. This standardization enabled the 
comparison of different individuals and experimental phases while maintain-
ing the morphology of the curve. Further, the deflation limbs of all the PV 
curves were subjected to polynomial regressions of the second degree 
(MatLab R2018, Curve Fitting Toolbox, MathWorks, Natick, MA, USA) in 
order to verify whether they followed this model and to enable an additional 
comparison between different phases and individuals of the experiments. The 
PV relations were compared using the F-test (MatLab R2018, Statistics 
Toolbox, MathWorks, Natick, MA, USA). 

Study II 
The groups were compared with the two-tailed Student’s t-test, Mann-Whit-
ney U-test, or the Kruskal-Wallis test depending on the distribution of data. 
The two-way repeated measures ANOVA was used to identify differences be-
tween the groups over time. The last observation carried forward was used as 
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the imputation method for missing data due to early deaths. Moreover, data 
was tested for normality with the Shapiro-Wilk’s test and referred to as mean 
± SD or median (interquartile range), as appropriate. The statistical analyses 
were conducted using SPSS v. 20.0.0 software (SPSS, Inc., Chicago, IL, 
USA). A p-value of < 0.05 was considered statistically significant. 

 

Study III 
The two groups were described separately with the Student’s t-test (baseline 
to onset of circulatory instability) as well as with the one-way ANOVA (to 
describe the groups separately throughout the experiment). Pending the distri-
bution of data, the two-tailed Student’s t-test, the Mann-Whitney U-test, and 
the two-way ANOVA were used to compare the intervention and control 
groups. The Shapiro-Wilk’s test was used to test data for normality. Multiple 
imputation was performed in order to replace missing data because of early 
deaths. When comparing the groups over time (two-way ANOVA) after mul-
tiple imputation (i.e., 5), p-values were reported as intervals. Moreover, data 
were expressed as mean (± SD) or median (interquartile range, IQR) as appli-
cable. We conducted the statistical analyses using SPSS v. 27.0.0 software 
(SPSS, Inc., Chicago, IL, USA). A p-value of < 0.05 was considered statisti-
cally significant. 

Study IV 
Data was tested for normality using the Shapiro-Wilk’s test and expressed as 
mean ± SD or median (IQR) pending distribution of data. Groups were com-
pared with the two-tailed Student’s t-test, the Mann-Whitney U-test, or the 
two-way ANOVA as appropriate. Statistical analyses was conducted using 
SPSS v. 28.0.0 software (SPSS, Inc., Chicago, IL, USA). In addition, a p-
value of < 0.05 was considered to be statistically significant. 
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Results 

Study I 
The amount of EVLW increased in comparison to baseline in both the control 
and intervention groups (p = 0.001). In the control group, there was no statis-
tically significant dynamics in EVLW after established lung injury throughout 
the observation period (p = 0.12). In contrast, EVLW in the intervention group 
decreased during the observation period after established VILI as compared 
to the control group (p = 0.0057); the difference in the means was -51 ml (86 
ml - 15 ml).  

 
Figure 4. Extravascular lung water (EVLW) in intervention (open circles) and control 
groups (black), over the duration of the experiment in Study I. 

However, the reduction in EVLW was not mirrored in an improvement of lung 
mechanics or gas exchange. Furthermore, the groups were comparable in the 
analyses of wet-to-dry ratio of lung tissue samples, inflammatory lesions in 
the histopathological analysis, as well as in concentrations of IL-6 and TNF-
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α in lung homogenates. Fluid administration was standardized according to 
the protocol, circulatory parameters were stable throughout the experiment in 
both groups, and diuresis was adequate in both groups. 

A 

B 
Figure 5 (Panels A and B). Histological analyses of lung tissue samples from inter-
vention (A) and control (B). Prominent edema in interlobular septa, leukocyte infil-

tration, and dilated lymphatic capillaries. 
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Figure 6 (Panels A and B). Pressure volume curves at airway opening in intervention 
(A) and control (B). The x-axes depict transpulmonary pressure (PTP) and y-axes 
present inspired volume (V). Values are means expressed in arbitrary units obtained 
by scaling both co-ordinates by the maximum value of pressure that the single animals 
have in healthy conditions. Error bars represent the standard error of the mean. 

Study II 
The animals developed circulatory instability after 4.5 ± 2.2 hours vs. 4.9 ± 
1.2 hours of peritonitis in the treatment and control groups, respectively. Of 
the 16 animals, 9 survived the experiment until euthanasia (20 hours), while 4 
animals in the treatment group and three in the control group developed re-
fractory shock and died during the observation period. Further, the onset of 
hemodynamic instability was accompanied by an increase in heart rate and 
hemoglobin concentration, which was comparable in the two groups.  

At onset of circulatory instability, both groups presented with a decline in 
PaO2/FIO2 ratio and a deterioration in lung mechanics. Throughout the exper-
iment, no difference was found between the groups. EVLW evolution and 
SVV was comparable between the intervention and control groups as a func-
tion of time. EVLW increased from 360 ± 90 ml at baseline to 550 ± 370 ml 
at the end of the observation period, and from 290 ± 40 ml to 450 ± 300 ml in 
the intervention and control groups, respectively. 

Further, the inflammatory response as characterized by the dynamics of 
cytokines (TNFα and IL-6) in plasma was comparable between the two 
groups. The concentrations of TNFα did not reveal any clear dynamics 
throughout the protocol. Further, concentrations of IL-6 in plasma increased 
in both the intervention (273 ± 295 pg/ml to 5851 ± 3457 pg/ml (p = 0.003)) 
and control groups (100 pg/ml ± 0 to 5287 pg/ml ± 2489 (p = 0.001)) from 
baseline to onset of sepsis-associated circulatory instability; this remained 
comparably high in the two groups (p = 0.879). The histopathological analyses 



 

 33

revealed inflammatory lesions most commonly in lung and intestine. In addi-
tion, the analyses of lung samples revealed similar edema, hemorrhages, and 
micro-thrombi in the two groups. 

 
 

A 
 

B 
Figure 7 (Panels A and B). Lung samples from intervention (A) vs control (B) as 

part of the histological analyses. Pronounced inflammation with leucocyte infiltra-
tion in alveoli and interlobular septum (A). Leucocyte adhering to endothelium in 

bronchial vessels suggestive of endoarteriolitis (B). 
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In intestine samples, the mucosa showed severe acute degenerative and ne-
crotic lesions and a few samples presented with signs of transmural inflam-
mation; both groups were equally affected (Kruskal-Wallis, p = 0.321). 

 

A 
 

B 
Figure 8 (Panels A and B) Histological analyses of intestine and mesenterium in in-
tervention (A) and control (B) animals. Panel A: The serosa reveals a rich purulent 

exudate and leukocyte infiltration between smooth muscle layers. Panel B: Necrosis 
and intense inflammatory reaction in fat and connective tissues, consistent with peri-

tonitis. 
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Fluid balance was comparable in the two groups, calculated as ml/kg/h of 
sepsis with + 16 ± 10 (intervention) vs. + 14 ± 4 (control) (p = 0.834). More-
over, norepinephrine requirements, described as μg/kg/min of sepsis duration, 
did not differ between the intervention and control groups, with 0.62 ± 0.54 
vs. 0.54 ± 0.41 (p = 0.725). Body weight gain was also comparable between 
the two groups, with 13.0 ± 3.4 kg in the intervention group and 14.9 ± 4.0 kg 
in the control group (p = 0.386). However, analyses of wet-to-dry ratio yielded 
a lower ratio in the liver samples in the intervention group, thereby implying 
less water content in the liver samples (3.1 ± 0.4 vs 4.0 ± 0.6, p = 0.006) but 
not in other organs analyzed. 

Study III 
In Study III, the intervention group presented with circulatory instability 
(MAP < 60 mmHg > five minutes) after 3.8 ± 1.3 hours and the control group 
within 3.8 ± 1.6 hours (p = 0.966) of untreated peritonitis. The two groups 
were comparable throughout the experiment in terms of the inflammatory re-
sponse (assessed by selected cytokine analyses and histological examination), 
infection (from the evaluation of blood and tissue cultures), shock severity 
(derived from mortality and norepinephrine consumption), and fluid balance. 

At baseline and at onset of circulatory instability, the two groups were com-
parable in terms of plasma hyaluronan concentrations. With the infusion, 
plasma hyaluronan concentration increased to 12275, 9060, and 9760 ng/ml 
(median) at 6, 12, and 18 hours of the experiment with broad variation. Fur-
ther, peritonitis/sepsis was associated with a three-fold increase in hyaluronan 
at 18 hours in the control group.  

The hyaluronan size distribution was similar in the two groups at baseline 
(p = 0.994). However, while the distribution curve shifted to the right at the 
end of the protocol in both groups, this shift toward low molecular weight 
fractions was more pronounced in the control group. 
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Figure 9 Plasma hyaluronan concentrations in intervention (white) and control 

groups (grey) at baseline, onset of circulatory instability (S0), six (S6), twelve (S12), 
and eighteen hours (S18) after the onset of circulatory instability. 
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A 

B 
Figure 10. Panels A and B. Percentage of recovery of HA Molecular weight frac-

tions (1–30) at baseline (A) and at the end of the experiment (B) in the intervention 
(white) and control groups (grey). Fractions with lower numbers represent higher 
molecular weight. There was no statistically significant difference between groups 

as a function of fractions at baseline (two-way ANOVA, NS). At the end of the pro-
tocol, the distribution curve of HA had shifted to the right in the control group (two 

way ANOVA, p < 0.001). 
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The rightward shift was confirmed by a statistically significant increase in the 
mean peak elution fraction in the control group vs. the intervention group from 
baseline to end of protocol (control group from 15.2 ± 0.9 to 17.9 ± 0.6, vs. 
intervention group from 15.8 ± 0.9 to 16.8 ± 0.9, two-way ANOVA, p = 
0.031). Similarly the LMW-HA/HMW-HA ratio was comparable between the 
two groups at baseline (p = 0.486), but while peritonitis sepsis was associated 
with an increased LMW-HA/HMW-HA ratio (p = 0.004) the HA-infusion 
maintained the same ratio (p = 0.154). 

Further, the hyaluronan infusion was associated with lower modified shock 
index (MSI = HR/MAP) as compared to placebo at several time points during 
the resuscitation period. 

 
Figure 11 LMW-HA/HMW-HA ratio at baseline (BL) and at the end of the experi-

ment (S18). White represents intervention group and grey control group (*) p < 0.05 
(Mann-Whitney U test, p = 0.015). 
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Figure 12 Modified shock index (MSI) calculated as HR/MAP. The intervention 

group (white) has a lower MSI as compared to controls (grey) at several time points. 
(*) p < 0.05 (0.036, 0.021, 0.028, 0.011, 0.037, and 0.037, respectively). 

Study IV 
All animals survived the entire experiment. In both groups, six of eight ani-
mals presented with circulatory instability (defined as MAP < 55 mmHg > 
five minutes) within the time frame of the protocol.  

The hyaluronan concentration was comparable in the two groups, with 67 
± 14 ng/ml in the intervention group and 85 ± 25 ng/ml in the control group 
(p = 0.103) at baseline. The exogenously administered HMW-HA in the inter-
vention group resulted in a peak in plasma HA concentrations after the two-
hour infusion with 158708 ± 57242 ng/ml and declined to 57801 ± 32153 
ng/ml at six hours (p = 0.002). 

The MSI, heart rate, lactate, and temperature increased equally in the two 
groups; this was associated with, and preceded by, an increase in SVV and 
hemoglobin, which was comparable in the two groups. Moreover, diastolic 
blood pressure decreased comparably in the two groups as a function of time 
(p = 0.313). However, at P2 (p = 0.015) and P3 (p= 0.019), diastolic blood 
pressure was higher in the intervention group.  
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Figure 13 Diastolic blood pressure in the intervention (grey) and control (white) 
groups at baseline (BL) and hourly during the six hours of peritonitis (P1–P6). 

Further, CO was comparable in the intervention and control groups at baseline 
(p = 0.510), but was higher in the intervention group at P1 (p = 0.008) and P2 
(p = 0.017). This difference disappeared at P3 (one hour after discontinuing 
infusion) (p = 0.170). When comparing SVI at different time points, there was 
no statistically significant difference between the two groups. The heart rate 
was higher in the intervention group at P3 (p = 0.028), but this difference dis-
appeared as the experiment proceeded.  
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Figure 14. Cardiac output (l/min) in intervention (grey) and control (white) groups at 

baseline (BL) and hourly during the six hours of peritonitis (P1–P6). 

Further, the lactate levels increased in both groups from normal values at the 
baseline, with a more pronounced increase in the intervention group (p = 
0.041) than in the control group. The ERO2 increased comparably in both 
groups (p = 0.179), and SvO2 decreased without a discernable difference be-
tween groups throughout the experiment. Further, pH and BE were compara-
ble in the two groups throughout the experiment, but BE was significantly 
lower in the intervention group at P5 (p = 0.021) and P6 (p = 0.028). The 
groups did not differ in CVP or wedge pressure as a function of time, and the 
values were normal throughout the experiment.  

The norepinephrine requirement was similar in the two groups—0.42 
(0.97) µg/kg/min (intervention) vs 0.37 (0.32) µg/kg/min (control) (p = 
0.589)—as was the weight gain of 1.8 ± 0.4 kg vs. 1.8 ± 0.4 kg. The time 
control animals were hemodynamically stable throughout the experiment. 

SaO2, peak pressure, plateau pressure, MPAP, and EVLW were compara-
ble in the two groups throughout the experiment. Plasma concentrations of IL-
6 underwent a similar increase in both intervention and control groups from 
baseline throughout the experiment (six hours of peritonitis) from 80 (150) to 
4316 (3940) pg/ml, in the intervention group vs. from 80 (0) to 4145 (2336) 
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pg/ml in the control group (p = 0.865). Moreover, TNFα also increased com-
parably in the two groups (p = 0.950). Three animals in each group had posi-
tive blood cultures during the observation period. 

Plasma concentration of Syndecan 1 (0.6 ± 0.2 ng/ml vs 0.5 ± 0.2 ng/ml (p 
= 0.292)), heparan sulphate (1.23 ± 0.2 vs 1.4 ± 0.3 ng/ml (p = 0.211)) and 
vascular adhesion protein 1 (VAP1) (7.0 ± 4.1 vs 8.2 ± 2.3 ng/ml (p = 0.492)) 
was comparable at six hours of peritonitis in the intervention and control 
groups, respectively. 
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Discussion 

Fluid resuscitation is essential to counteract sepsis-associated tissue hy-
poperfusion. On the other hand, fluid therapy increases the risk of volume 
overload, a common and serious complication associated with fluid resuscita-
tion.  

The aim of this thesis was to study two potential volume-sparing adjuvants 
(AF-16 and HMW-HA, respectively) in crystalloid fluid resuscitation in sep-
sis. This purpose was achieved by performing intervention studies in porcine 
models of sepsis and sepsis-related complications. The first intervention, 
AF/AF-16, counteracts deranged fluid homeostasis not only by reducing 
edema formation and interstitial fluid pressure but also by reducing capillary 
leak. Further, HMW-HA has pronounced hydrophilic and colloid osmotic 
properties. Both molecules are anti-inflammatory.  

Study I  
In Study I, we applied a two-hit model of ARDS (lung lavage followed by 
injurious ventilation) to test the effects of antisecretory peptide, AF-16, as a 
pharmaceutical intervention in an ARDS model. The model was able to repro-
duce the alterations of gas exchange in accordance with the definition of se-
vere ARDS, as described in the Berlin definition161 (PaO2/FIO2 ratio 12.6 kPa 
± 4.4). The lung injury was stable, as indicated by the lack of variations in 
EVLW, gas exchange, or lung mechanics in the control group over time. In 
the intervention group, as compared to the control group, there was a statisti-
cally significant decrease in EVLW. Thus, Study I suggests that the antisecre-
tory peptide AF-16 might improve edema resolution in ventilator induced lung 
injury/ARDS. However, the intervention did not have any effect on gas ex-
change, respiratory mechanics, inflammatory response, or alveolar damage. 
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Study II 
In Study II, we exploited a porcine model of fecal peritonitis. This peritonitis 
model produced a heterogeneous panorama of disease severity. All the ani-
mals in both the intervention and control groups developed a state of circula-
tory instability. However, in certain animals, the shock state resolved after the 
administration of antibiotics and fluid resuscitation. Among the animals that 
developed a severe shock state, a few survived the entire protocol, while others 
developed a resuscitation resistant shock and were euthanized pending circu-
latory arrest.  

Further, the evolution of hemodynamics, overall fluid balance, lung me-
chanics, gas exchange and inflammation, as disclosed via histopathological 
analyses and selected plasma cytokine concentrations were comparable be-
tween the two groups. However, the wet-to-dry ratio of liver samples was 
lower in AF-16 treated animals as compared to controls. Thus, Study II sug-
gests that AF-16 is safe to administer in porcine peritonitis sepsis and that the 
intervention may reduce the development of sepsis-induced liver edema asso-
ciated with peritonitis. 

Study III 
In Study III, the administration of HMW-HA infusion as adjuvant to crystal-
loid fluid resuscitation did not reduce the total amount of fluids administered 
in the early phase of peritonitis sepsis. The similar volume status was also 
reflected in comparable weight gain, tissue wet-to-dry ratios, and histology in 
the intervention and control groups, respectively. Although isolated hemody-
namic parameters, such as MAP and HR, were comparable in the two groups 
throughout the experiment, MSI was lower in the intervention group at several 
time points (post-hoc analysis), indicating less hemodynamic instability asso-
ciated with the intervention. 

While HMW-HA is anti-inflammatory and immunosuppressive, fractions 
of HA, or LMW-HA, induce a pro-inflammatory response. Neither the histo-
logical analysis, bacterial cultures, nor the response of selected cytokines in 
plasma revealed a difference in inflammation between the intervention and 
control groups. Nevertheless, the LMW-HA/HMW-HA ratio remained un-
changed during the intervention as compared to the baseline, which was in 
contrast to an increased LMW-HA/HMW-HA ratio associated with peritonitis 
sepsis in the control group. 
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Study IV 
In Study IV, we investigated the effects of HMW-HA infusion administered in 
the early phase of peritonitis-induced sepsis in a fluid restrictive model. Con-
trary to our hypothesis, the intervention did not maintain intravascular volume 
status, as reflected in SVV. However, the two-hour infusion of hyaluronan 
was associated with higher cardiac output/cardiac index as well as higher di-
astolic arterial pressure during and immediately following infusion. Further, 
hemoconcentration and plasma concentrations of surrogate markers of endo-
thelial glycocalyx damage (syndecan 1, heparan sulfate, and VAP 1) were 
comparable in the two groups. The inflammatory response (concentrations of 
selected cytokines in plasma and histopathological analyses) was also compa-
rable in the two groups.  

Further, although pH and BE was comparable in the two groups throughout 
the experiment, the increase in lactate was more pronounced in the interven-
tion group. In our fluid restrictive model of peritonitis, this finding of higher 
lactate in the intervention group is encumbered by the short observation pe-
riod. A more balanced resuscitation strategy might be of value to draw definite 
conclusions regarding the potential benefit or harm of the intervention. 

In addition, time control animals were stable throughout the experiment, 
thereby confirming the robustness of our model. 
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Conclusions 

Study I 
In Study I, a positive effect on edema resolution was identified. The admin-
istration of AF-16 was associated with a reduction of EVLW in the interven-
tion group; the control group did not show the same pattern. However, we did 
not identify any beneficial effect on inflammation, gas exchange, or lung me-
chanics in the intervention group. 

Study II 
In our porcine model of fecal peritonitis-sepsis, the administration of AF-16 
did not improve shock symptoms, gas exchange, respiratory mechanics, or 
overall fluid balance. Yet, there was less fluid accumulation in the liver tissue 
in the intervention group. Thus, the results of Study II suggest that AF-16 may 
have a beneficial effect on sepsis-induced liver edema in peritonitis-sepsis. 

Study III 
In Study III, the administration of HMW-HA did not reduce the total volume 
of fluid administered during resuscitation nor did it attenuate the hyper-in-
flammatory state associated with peritonitis-induced sepsis. A post-hoc anal-
ysis of MSI revealed that systemically administered HMW-HA was associated 
with less hemodynamic instability than in the control group. Peritonitis was 
associated with an increase in the LMW-HA/HMW-HA ratio, while the same 
ratio from baseline was maintained in the intervention group. 

Study IV 
In Study IV, the HMW-HA infusion did not prevent capillary leak or preserve 
intravascular volume in a fluid restrictive model of early peritonitis sepsis. 
Although the infusion of HMW-HA was associated with higher CO and dias-
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tolic blood pressure, a more pronounced hyperlactatemia at the end of the ex-
periment makes it unlikely that there are any potential beneficial effects of 
HMW-HA in sepsis resuscitation. 
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Perspectives and Future Research 

Fluid therapy is essential to treat sepsis and septic shock, although controversy 
exists regarding the timing, amount, and choice of fluid administered. A per-
sisting positive fluid balance and volume overload is associated with increased 
morbidity and mortality.13,14,15,16 Fluid administration might also cause direct 
harm, including glycocalyx degradation.162 Therefore, we suggest further re-
search to explore potential novel strategies and interventions that aim at opti-
mizing perfusion while reducing volume administered during sepsis resusci-
tation.  

In the present research project, we applied two different resuscitation pro-
tocols—a resuscitation protocol with crystalloid infusion and boluses as 
needed, which resulted in volume overload, and second a model of fluid re-
strictive resuscitation to avoid the potential negative effects of crystalloid ad-
ministration.  

Future research must consider a protocolized resuscitation with HMW-HA 
solution as the only resuscitation fluid as well as a combined intervention with 
HMW-HA and chondroitin sulfate,163 with a special focus on glycocalyx in-
tegrity. 
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Populärvetenskaplig sammanfattning 
(Summary in Swedish) 

Sepsis är ett allvarligt tillstånd som årligen drabbar tiotusentals människor i 
Sverige. Syndromet karakteriseras av livshotande organsvikt och orsakas av 
ett oreglerat immunsvar vid infektion. Organsvikt kan ta sig olika manifestat-
ioner, men vanligast förekommande är andningssvikt och kardiovaskulär 
svikt. Andningssvikt yttrar sig vanligen som ARDS (acute respiratory distress 
syndrome), ett akut inflammatoriskt tillstånd i lungorna med försämrat gasut-
byte, där patienten ofta behöver respiratorvård. Kardiovaskulär svikt innebär 
att hjärta och blodkärl inte förmår upprätthålla en tillräcklig genomblödning 
(perfusion) i kroppens olika vävnader och yttrar sig ofta som lågt blodtryck 
och förhöjd mjölksyra (laktat) i blodet. En patient med sepsis vars perfusions-
rubbning inte kan korrigeras med vätskebehandling har utvecklat septisk 
chock. 

Hörnstenarna för behandling av sepsis och septisk chock är infektionskon-
troll i form av bredspektrum antibiotika och, om möjligt, source control (kon-
troll av infektionshärd i kroppen, t.ex. evakuering av varansamling), samt or-
ganstödjande behandling. Organstödjande behandling kan innebära exempel-
vis respiratorbehandling för att erhålla ett adekvat gasutbyte, eller blodtrycks-
höjande/hjärtstärkande läkemedel och vätskebehandling, för att motverka den 
försämrade perfusionen i kroppens olika vävnader. 

Även om vätskebehandling är en fundamental komponent i vården av den 
svårt sjuka sepsispatienten, är den också förenad med risker. Trots noggrann 
övervakning och individanpassning av vätsketerapi allteftersom sjukdomsför-
loppet utvecklas, finns en överhängande risk att vätskebehandlingen orsakar 
en överbelastning avseende tillförd vätskevolym (volume overload). Volume 
overload är kopplat till en ökad sjuklighet och dödlighet i sepsis. 

Den vätska som används för intravenöst bruk kan delas in i rena saltlös-
ningar (kristalloider) eller saltlösningar med tillsats av stora molekyler (kollo-
ider). Internationella riktlinjer rekommenderar balancerade kristalloida lös-
ningar för intitial vätsketerapi, med eventuellt tillägg av albumin (kolloid, 
transfusionsprodukt) om betydande vätskevolymer administreras. Syntetiska 
kolloider är inte längre i bruk då de befunnits vara skadliga. Trots betydande 
framsteg avseende vår insyn i den kardiovaskulära svikten vid sepsis och sep-
tisk chock, finns det fortfarande flera öppna frågor angående optimal vätske-
terapi vid detta tillstånd. 
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Syftet med detta doktorandprojekt var att studera experimentell tilläggsbe-
handling till vätsketerapi vid sepsis, septisk chock och sepsisrelaterade kom-
plikationer, genom att undersöka effekten av två endogena (kroppsegna) mo-
lekyler som är involverade i reglering av vätskebalans i kroppen. Alla studier 
genomfördes på grisar. Djuren sövdes ned vid försökens början och fick re-
spiratorvård via en tub i luftstrupen. Djuren hölls hela tiden djupt sövda och 
väl smärtlindrade. I den första studien användes en lungskademodell. Lung-
skadan etablerades genom lungsköljningar. I de övriga studierna användes en 
modell för att uppnå sepsis genom bukhinneinflammation. Alla fyra studier 
genomfördes som randomiserade kontrollerade studier, där grisarna i respek-
tive försök slumpmässigt indelades i interventionsgrupp eller kontrollgrupp. 

I den första studien gavs interventionen AF-16 (den aktiva peptiden i det 
endogena proteinet antisekretorisk faktor) i en lungskademodell. Intervent-
ionen administrerades efter etablerad lungskada och resulterade i minskat 
lungödem, uppskattat genom beräkning av extravaskulärt lungvatten. Syftet 
med studien var att testa interventionen AF-16 i en väletablerad modell för 
lungödem och kapillärt läckage. 

I den andra studien testades samma intervention, peptiden AF-16, i en mo-
dell för sepsis genom fekal bukhinneinflammation. Syftet med denna studie 
var dels att testa en kliniskt relevant sepsis/ bukhinneinflammationsmodell, 
inklusive ett standardiserat protokoll för vätskebehandling, dels att testa inter-
ventionen med frågeställning om den kunde minska ödembildning, bidra till 
cirkulatorisk stabilitet och dämpa inflammationssvaret. Interventionen resul-
terade i lägre vatteninnehåll i levern, vid vävnadsanalys efter försökets slut. I 
övrigt skiljde sig inte djuren i interventionsgrupp och kontrollgrupp åt. 

I den tredje studien gavs istället interventionen hyaluronan som tilläggsbe-
handling till den standardiserade vätskebehandlingen, i samma modell för 
bukhinneinflammation som i den andra studien. Vätskebalans och inflammat-
ionssvar var jämförbara i interventionsgrupp och kontrollgrupp under experi-
mentet, liksom isolerade hemodynamiska parametrar. Hyaluronan-infusionen 
motverkade den proportionella ökning av fragmenterat hyaluronan som var 
associerad med sepsis. Intervention var också associerad med lägre modifierat 
shock index (MSI = hjärtfrekvens/medelartärtryck) vid flera tidpunkter under 
experimentets gång.  

I den fjärde studien administrerades en högre dos av hyaluronan direkt efter 
induktion av bukhinneinflammation. Syftet med denna studie var att studera 
effekterna av interventionen i tidig sepsis i en vätskerestriktiv modell. Detta 
för att minska den potentiellt negativa effekt av vätskebehandling i sig avse-
ende skada på blodkärlens innersta skyddande lager (glycocalyx). Hemokon-
centration, hemodynamik och surrogatmarkörer för glycocalyxskada var jäm-
förbara mellan interventionsgrupp och kontrollgrupp. Interventionsgruppen 
hade högre hjärtminutvolym och diastoliskt blodtryck under hyaluronaninfus-
ionen, dessa effekter var övergående. Laktatstegringen var högre i intervent-
ionsgruppen under experimentets gång jämfört med kontrollgruppen. 
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