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ABSTRACT

Even though severe sepsis and septic shock thdérapymproved in recent years,
mortality remains high (22-50%). Disturbances itasphnic organ homeostasis and
increases in gut permeability have long been predguto contribute to systemic
inflammation and multiple organ dysfunction syndeom critical illness and septic

shock. In recent years, microcirculatory dysfunctibas been highlighted as an
important player in the development of sepsis-ieduorgan failure. This thesis
investigated splanchnic microcirculatory changesingu endotoxaemia, and the
microcirculatory effects of ethyl pyruvate, enddith€ET) receptor antagonists, and a
norepinephrine-induced increase in perfusion pressuaser Doppler flowmetry

(papers I-IV) and sidestream dark field microscpgper 1V) were used to evaluate
the microcirculation.

In papers I-1ll a 5-hour model of porcine endoton&ewas used. In this model, the
systemic haemodynamic response to endotoxin wasdypwamic, with decreasing
cardiac index (CI), hypotension, and systemic agl&Gplanchnic regional blood flow
and microcirculatory perfusion deteriorated, ama@liimucosal acidosis measured with
air tonometry developed in parallel.

Although intervention with the resuscitation fluRinger's ethyl pyruvate solution
(REPS) temporarily improved systemic haemodynamics, major differences in
haemodynamic parameters or splanchnic perfusioe Yeemd compared to standard
therapy with Ringer’s acetate (RA).

The mixed ER/ETg receptor antagonist tezosentan did not increageerisu
mesenteric artery flow (SMAF), but microcirculatgrgrfusion in the ileal mucosa and
ileal mucosal acidosis was still improved. Tezoaserdlso increased portal vein flow
compared to controls, but no significant improvemeh hepatic microcirculatory
perfusion could be demonstrated. Selective endoghekceptor antagonism with
TBC3711 failed to improve splanchnic regional blooifow, splanchnic
microcirculatory perfusion or ileal mucosal acigosi

A 25-hour model of endotoxaemic shock in sheep, iokimg the hyperdynamic
circulation seen in septic patients, was used ipepaV. After 24 hours of
endotoxaemia, Cl was increased and systemic hygioteinad developed. Although
SMAF also increased, microcirculation in the ileaucosa and muscularis was
disturbed, ileal mitochondrial complex | activitgaeased, and ileal mucosal acidosis
developed. Increasing perfusion pressure with moepprine after 24 hours of
endotoxaemia did not significantly alter SMAF, lleanicrocirculation, ileal
mitochondrial enzyme activity or ileal mucosal adis.

In conclusion, gut microcirculatory alterations bavweak correlation to systemic and
regional indices of flow and pressure in endotoxaemstrengthening the hypothesis
that monitoring and therapies directed towardsniezocirculation could be of value in
sepsis. The ET system is involved in the develogm@ngut microcirculatory
dysfunction in endotoxaemia, and mixed ET receptotagonism is necessary to
counteract the effects of ET in this context. Resaton with REPS does not appear to
have initial positive haemodynamic or microcircatgteffects compared to RA.

Key words: Microcirculation, endotoxin, sepsis, ,myeep, endothelin, ethyl pyruvate,
gut, liver, splanchnic circulation, shock, tononyetmorepinephrine
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Introduction

INTRODUCTION

BACKGROUND

The treatment of severe sepsis is a challengestmténsive care unit (ICU) physician,
and severe sepsis and septic shock remain leadirsgs of death in non-coronary ICU
patients. Even though therapy has improved withiritreduction of protocols mainly
guided by systemic haemodynamic variables, mortaeditnains high (22-50%), and the
pathophysiology of septic shock remains to be falycidated In recent years,
microcirculatory dysfunction has been suggestegl&y an important role in the
development of sepsis-induced organ faflure septic patients with comparable
systemic haemodynamics, persistent microcircula#ttgrations have been correlated
to patient outconfeand therapies targeting the microcirculation Haeen proposed as
a new therapeutic strategy in sepsis. Presumaldlgeper understanding of the factors
contributing to this microcirculatory failure coultbntribute to the development of
better therapies for patients with severe sepsis.

Perfusion derangements in the splanchnic organscarapromise the barrier function
of the intestinal mucosa, facilitating the transioen of bacteria and toxins to the blood
and lymph, with subsequent activation of systemitammation. Moreover, the gut
and the liver have important immunologic functioasd therapies aimed at restoring
microcirculatory blood flow and preventing splanchrorgan dysfunction could
potentially be of major importance in the treatmehsepsis. This thesis investigated
splanchnic microcirculatory changes during endatoxa, and the microcirculatory
effects of ethyl pyruvate, endothelin receptor gotasts, and a norepinephrine-induced
increase in perfusion pressure.

THE CIRCULATORY SYSTEM

The main functions of the circulatory system aeertraintenance of tissue homeostasis
and the convective transport of nutrients, cellsseg, waste products and hormones.
The heart serves as the central pump circulatiogdbthrough a continuous system of
blood vessels. Cardiac output (CO) is the volumbladd being pumped by the heart
per minute, a function of heart rate (HR) and streklume. The main determinants of
stroke volume are preload, afterload and cardiaatractility. Cardiac output is
continuously regulated to meet the demands ofiskads.

The driving pressure for blood in the systemic Wdaton is the difference between
mean arterial pressure (MAP) and central venousspre (CVP). Correspondingly, the
perfusion pressure for a specific organ is caledlats the difference between the mean
arterial pressure and the venous pressure in petife tissue. MAP is primarily
determined by cardiac output and systemic vascetastance (SVR). The relationship
between CO, MAP, CVP and SVR is given by the equatCO = (MAP-CVP)/SVR.
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The microcirculation

The microcirculation is usually defined as bloodsads with a diameter <100 um, and
includes the arterioles, capillaries and venuldge main tasks of the microcirculation
are to ensure adequate oxygen delivery to meebxiigen demands of cells in the
tissue, and to regulate tissue perfusion to mantéssue homeostasis. The
microcirculation also has important functions irgukating the distribution of fluid
between the intravascular and extravascular compats, and in temperature
regulatiord.

The cardiac output is intermittently ejected frame theart, but this is converted to a
continuous, pulsatile flow by the elastic natureghe aorta and the large arteries. The
arterioles have abundant smooth muscle in theisyahd are the main site where SVR
is regulated. Moreover, the arterioles regulatedis&ibution of CO between different
organs and contribute to the control of capillaygrostatic pressure. The pulsatile flow
seen in large arteries is dampened and intravasquissure is reduced in the
arterioles, making blood flow continuous when #alkees the capillaries. The capillary
wall consists of a single layer of endothelial £ethnd capillaries provide a large
surface area for the exchange of oxygen and ntdrlegtween tissues and blood. The
capillaries are also the main site for regulatibthe distribution of fluid between the
intravascular and extravascular compartments. The rdeterminants of capillary
blood flow are arteriolar tone, driving pressuraeimorheology, and capillary patency.
The small veins and larger venules serve as eleapecitance vessels, maintaining
cardiac filling pressures. Postcapillary resistantesenules also contributes to the
regulation of capillary hydrostatic pressure.

THE GUT

In man, the small intestine is divided into thréeicgtural parts; duodenum, jejunum
and ileum. Besides being the main site for foodestign and nutrient absorption, the
small intestine also has important immunologicaictions, and contains the gut-
associated lymphatic tissue (GALT), the largestdiatic organ in the body. The large
intestine, the colon, is the main site for watesaption in the intestines.

In the small intestinal wall, the mucosa is mairdgponsible for the absorption of
nutrients and for maintaining gut barrier functidime absorptive surface is increased
through circular folds of mucosa and submucosdedailica circulares, with finger-
like mucosal projections, called villi. The villpghelial cells also display nhumerous
small protrusions, called microvilli, further in@sing the area available for absorption.
Between the villi are small openings of tubularngla in the mucosa, called the
intestinal crypts. The small intestinal mucosa a&gntains a layer of loose connective
tissue, the lamina propria, and a thin musculaerathe muscularis mucosae. The
submucosa is located beneath the muscularis mycasdecontains large arterial and
venous plexuses. Below the submucosa is the musgudantaining an inner circular
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and an outer longitudinal smooth muscle layer. Tigscularis is responsible for
intestinal propulsive motion. A thin layer of loosennective tissue, the serosa, covers
the muscular layer.

In man, the duodenum is supplied with blood from tloeliac trunk and the superior
mesenteric artery supplies the jejunum, ileum andimal and transversal parts of the
colon, while the inferior mesenteric artery supplike distal part of the colon and the
rectum. Blood vessels supplying the small intestivel penetrate the muscularis and
form a large vascular plexus in the submucosa. des from the submucosal plexus,
together with serosal arterioles, supply the masillayer. From the submucosa,
arterioles also extend though the muscularis mécasa the lamina propria into the
villi where a capillary network is formed. Venulagse from the capillary network at
the top of the villi and run in the opposite difentfrom the arteriole, reaching the
venous plexus of the submucosa. Venous blood fhansmall intestine is collected in
the superior mesenteric vein, which drains intogbetal vein.

The particular vascular arrangement in the smadisimal mucosa, with each villus
being perfused by a central arteriole in close ipndy to the returning venule, results
in a counter-current exchange where oxygen difffisena the arteriole to the venous
side. Due to this counter-current mechanism; B@rogressively lowered towards the
tip of the villus. In normal conditions, the P& the tip of the villus is as low as 2.0-3.3
kPa, decreasing even further during low-flow sfat@is anatomical arrangement
makes the villi particularly vulnerable to hypopesibr?.

Intestinal microcirculation

The mucosa and submucosa receive most of the sreaitinal blood flow, 60-90%6.
The Vvilli receive approximately 30% and the crypigproximately 25% of total
intestinal blood flow in resting conditiohsThe arterial supply to the mucosa and
muscularis layers is arranged in parallel, allowiogindependent control of flow to
these two layers. A decrease in perfusion pressanmally leads to a redistribution of
intestinal blood flow towards the mucosa, and paldrly the vill®, presumably a
defence mechanism preserving mucosal barrier amc®n the contrary, an increase
in venous pressure redistributes blood flow towéndsmuscularis lay&t

Blood flow in the small intestine is regulated leyesral different mechanisms:

= When oxygen supply does not meet oxygen demanddiasng metabolites
are released to the interstitium, increasing blfsog and oxygen supply. K
H*, adenosine and osmolality are among the factamposed as mediators of
this local metabolic control of flow.

= The arterioles exert a myogenic control of flowotigh their ability to constrict
as a response to an increase in transmural pressutelilate when transmural
pressure decreases (the Bayliss effect). Thiseisrthin mechanism behind the
pressure-flow autoregulation seen in the intestifwwvever, this pressure-flow
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autoregulation is a considerably weaker phenomémamthe autoregulation of
renal blood flow.

= Activation of the sympathetic nervous system reduicgestinal blood flow
througha;-receptor stimulation inducing arteriolar constant However, when
nerve activation is continued, flow is graduallgaeered, a pattern calletle
autoregulatory escape from sympathetic stimulatddfen the sympathetic
nerve stimuli cease, there is a short period oehggmia before flow returns to
normal. Local release of adenosine is an imporf@ctor contributing to the
autoregulatory escaple The autoregulatory escape is strongest in tHeusil
part of the mucosa

= Circulating vasoactive substances influence thestirtal microcirculation, for
instance, both angiotensin Il and vasopressin atenp vasoconstrictors in the
intestinal wall. Circulating norepinephrine alsodiices vasoconstriction
followed by an autoregulatory escape phenomena.

= |[ntestinal capillary pressure and transcapillamdfiflux are regulated through a
complex interplay between arterioles, precapiliplgincters, and venules.

Capillary haematocrit is normally lower than systemmaematocrit. In small vessels,
red cells tend to move away from the vessel wall@tupy the axial stream, leaving a
relatively cell-free layer close to the vessel walt vessel branching points, the
distribution of haematocrit between the two brascta&n be uneven, with the smaller
branch receiving blood with a relatively lower hagatrit, a phenomenon called
plasma skimming’* The vascular arrangement in the intestinal muycaesith
arterioles branching of from the submucosal pleaus right angle, increases the
degree of plasma skimming. This results in a nedftilower capillary haematocrit in
the intestinal mucosa compared to the muscularis'fa

THE LIVER

The liver serves a wide range of functions in tlknan body, including important
metabolic functions, immunological functions, thathesis of a variety of proteins,
drug metabolism, and filtration of venous bloodhirthe splanchnic area.

The blood supply to the liver is somewhat uniquédmual supply from the portal vein
and hepatic artery. The liver receives approxinge2&Po of cardiac output, 75-80% of
this through the portal vein and 20-25% throughhbpatic artery. However, due to
lower oxygen saturation, the portal vein only dels/50-60% of basal oxygen supply,
40-50% being supplied by the hepatic artery.

The pressure-flow autoregulation of the hepatiergris weak, making the relationship
between pressure and flow approximately linearelgstolic arterial pressures of 80
mmHg'®. Flow in the portal vein is determined by the mutf from the extrahepatic
splanchnic organs. In normal conditions, the ligto some extent protected from
hypoperfusion through the hepatic arterial bufeespons®. When portal vein flow is
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reduced, liver perfusion is preserved through aenasine-dependent hepatic artery
vasodilation increasing hepatic artery blood fl@®anversely, when portal vein flow
increases, hepatic artery flow decreases.

The portal venules and the hepatic arterioles ranmaliel to each other in the liver,
forming the portal triads together with bile ductsd supplying the blood to the
sinusoids. The sinusoids correspond to the capibbad of the liver, and constitute a
low-pressure system where the supply of nutrientsramoval of metabolic products
takes place. The endothelium of the sinusoidsgkihifenestrated, and separated from
the hepatocytes by the space of Disse. After flgwhrough the sinusoids, the blood
drains into central hepatic venules, and is finathlected in the hepatic veifisThe
hepatic sinusoidal microcirculation is locally régad by a critical balance between
vasodilating agents, like nitric oxide and carbarnoxide, and vasoconstrictive agents,
like endothelin-1".

SEPSIS

Definitions and epidemiology

The definitions of sepsis, severe sepsis and ssptick have been under debate over
the years. In 1992 a consensus was reached byebgfaaxperts at the Consensus
Conference of American College of Chest Physictaosikty of Critical Care Medicine
(ACCP/SCCMJ®. Sepsis was defined as a systemic inflammatorporee to a
confirmed or suspected infection; severe sepssepsis with organ dysfunction; and
septic shock as sepsis with hypotension, despéquade fluid resuscitation (Table 1).

Table 1.

Definitions of sepsis (simplified from Bone et al 8 )

Systemic inflammatory A systemic inflammatory response elicited by a variety of
response syndrome (SIRS)  clinical insults. Includes = 2 of the following findings:

* Body temperature >38 or <36 2C

= Heart rate >90 beats per minute

= Respiratory rate >20 breaths per minute or PaCO2 <4.3 kPa

= Leukocytes >12 or <4-10°-L", or >10% immature cells
Sepsis SIRS and confirmed or suspected infection.

Severe sepsis Sepsis and signs of organ dysfunction, hypoperfusion or
hypotension.

Septic shock Severe sepsis and persistent hypotension despite adequate
fluid resuscitation.

The incidence of severe sepsis ranges from'Dt033.0° per 1000 between studies
using different methods and from different geograineas. In Finland, the incidence
of ICU-treated patients with severe sepsis wasddonbe 0.38 per 1069 and in a
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recent Swedish study the incidence of severe sep&605 varied from 0.13 to 0.43
per 1000 depending on the criteria used for thgndisis®. The incidence of severe
sepsis also seems to be increasing over'lingevere sepsis and septic shock are
common in patients admitted to the ICU; the prawadeof severe sepsis in the ICU has
been estimated to be 11% in Gernfarand 10.5% in Finlarfd Despite intense efforts
to improve outcome mortality remains high, hospitairtality ranging from 22.1 to
55.2% in European conditiois™? Among factors that have been associated with
increased mortality are age, renal failure, nundfesrgan failures, comorbidities and
race.

During the past decades, gram-negative sepsis d@asated, while the incidence of
gram-positive bacteria, polymicrobial infectionsldangal infections has increased.
Moreover, infection with multi-resistant bacteri@nstitutes a growing problem
worldwide.

Pathophysiology

Septic shock primarily reflects a dysregulated imeuesponse by the body to a
microbial pathogenic insult, but the pathophysiglad sepsis is complex and not yet
fully understood.

The innate immune system constitutes a non-speedidy response system, detecting
and reacting to pathogens in a rapid and power&y. wanate immunity is considered
to play a crucial role in the development of seveepsis, and also has important
functions in the activation and modulation of laéetigen-specific, adaptive immune
responses. The adaptive immunity has a slower ongethe memory function of the
adaptive immune system triggers faster and moreedalweactions after every new
exposure to a particular pathogen. Recent studdisate that the cholinergic nervous
system, and in particular the vagus nerve, alsowslved in the regulation and
limitation of the septic inflammatory response tigb activation ofa7cholinergic
receptors on macrophagés

The initial event in severe sepsis and septic shecke interaction between an
invading pathogenic threat and the innate immuiséesy. Cells of the innate immune
system detect and react to invading microbes thr@pgcific receptors called pattern-
recognition receptors (PRRs). These PRRs can remodoth pathogen-associated
molecules (pathogen-associated molecular patteBSMPs), and endogenous,
intracellular proteins released following host ussinjury (damage-associated
molecular patterns, DAMPS). Lipopolysaccharide (},P8so called endotoxin, is a
component of the gram-negative bacterial cell walhsidered to be an important
PAMP. Endotoxin activates the innate immune systerough binding to toll-like
receptor 4, an important PRR. The activation of BRfygers the production and
release of inflammatory mediators, mainly througtivation of the intracellular
transcription factor NRB, and thereby promotes systemic and local
inflammatiorf>%°
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A prominent feature of septic shock is the upretumaof inducible nitric oxide
synthase (INOS) with increased production of nitagide (NO), resulting in
generalized vasodilation. Plasma levels of the miot@soconstrictor endothelin-1
(ET-1) are also increased in septic shock. Moregesma levels of ET-1 have been
correlated to mortality and morbidity in septicipats’?® indicating a role for the

endothelin system in the pathophysiology of seghiack.

The initial activation of the immune system resuits an early, hyperactive

inflammatory response with activation of endotHetells and leukocytes, increased
capillary permeability, and activation of coaguatiand the complement system. In
the tissues, the septic inflammatory response eslumoth microcirculatory and

mitochondrial dysfunction, hypothesized to be th® tmain factors behind septic
organ failuré®. Besides being the energy suppliers of cells, chitadria are also

involved in oxygen sensing and cell death-signgllipathways (necrosis and
apoptosis). Disturbances of oxidative phosphomyfatiithin the mitochondria have

been observed in both septic patients and animdete®f sepsis.

Pathogen
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Figure 1. An overview of the host-pathogen intéacacin sepsis. PAMPSs, pathogen-
associated molecular patterns; DAMPs, damage-aasetimolecular patterns; TLRs,
toll-like receptors. Reproduced with permissionnirean der Poll and Opal, Lancet
Infect Dis 2008; 8: 32—43.
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After the initial proinflammatory response, an anflammatory immune response
with toll-like receptor suppression and an increaapoptosis of immune cells may
follow. This phenomenon is considered to be thennfactor behind the increased
susceptibility to secondary infections seen ingudsi with septic shock.
An overview of the immune response in sepsis isgreed in Figure 1.

Sepsis and the microcirculation

Currently, goal-directed septic shock therapy isintga guided by systemic
haemodynamic variables. Protocol-driven treatmenseaptic shock has improved
mortality, but even though global haemodynamic goate met, there is still a
considerable mortality among septic shock patfénits recent years, microcirculatory
changes have been highlighted as an importantgpdine pathophysiology of severe
sepsis and septic shéckSeveral studies have confirmed the presence wdrse
microcirculatory disturbances in septic shock pesie? and the presence and
persistence of such abnormalities have been fauiheé associated with morbidity and
mortality in patients®® These findings indicate that incorporating thesgargeting
the microcirculation into goal-directed septic ghieatment could be of value.

The relationship between septic microcirculatotgrakions and changes in systemic
and regional indices of flow and pressure is gtifler debate, but there seems to be a
poor correlation between systemic haemodynamicabkss and microcirculatory
changes in sepsis, and microcirculatory failure @acur in the presence of adequate
values for central haemodynamics and oxygen dsgfiteResults from both animal
studies and patients also indicate that there igrdgeneity in microcirculatory
alterations between different vascular Bedfs

During severe sepsis, all microcirculatory compasiane severely disturbed, leading
to loss of the microcirculatory autoregulation dbdal flow. The microcirculatory
changes in sepsis are summarized in Figure 2. fth@mimatory response induces
systemic activation of the endothelium and endahetll swelling and dysfunction.
The endothelium has an essential role in vasonretgulation and integration in the
microcirculation, and endothelial dysfunction wltss of the normally precise local
control of microvascular flow is considered to bgivatal factor in the development of
sepsis-induced microcirculatory failure. EndotHelgtivation also results in the
expression of proadhesive and procoagulant factamgl in increased vascular
permeability. Activated leukocytes adhere to the endotheliuemefrate the vascular
barrier and release reactive oxygen species fudenaging the microcirculation.
Moreover, increased leukocyte rolling and aggregatin venules contributes to
microcirculatory flow impairmeff. Capillary clotting is increased due to an impaire
ability of red blood cells to deform in the capiiés, leukocyte aggregation, and
activation of coagulation with deposition of platé#iibrin clots”.

NO has a pivotal role in the local control of migroulatory blood flow, but the NO
system is severely disturbed in septic shock. iINO&pregulated and total body NO
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levels are increased, but INOS is heterogeneougtyessed within and between
tissues, potentially creating localized areas lativee NO deficiency. Alterations in the
NO system are thought to be a major factor cortinguo the heterogeneity of tissue
perfusion and microcirculatory shunting seen intiseghock®. The endothelial cell
production of endothelin-1 is also greatly increhse sepsis, and ET-1-induced
vasoconstriction in the microcirculation has beeoppsed as an important cause of
microcirculatory failure in sepsis

INFECTION

A 4

SYSTEMIC INFLAMMATION

EC dysfunction NO 1 RBCs Leukocytes Activated coagulation
= Loss of vasomotor = iINOS induction | | = Deformability | || = Activation = Platelet/fibrin clots
integration and control » Aggregation 1 - Release of ROS
= Proadhesive = Adhesion 1
= Procoagulant —
= Permeability 1
«ET-11

4 A 4 \ A 4
MICROCIRCULATORY DYSFUNCTION
= Heterogeneity of flow 1 TISSUE HYPOXIA
— = Stopped flow capillaries 1 = Oxygen diffusion distance 1
= Microvascular flow velocity | | - Shunting of oxygen t
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Figure 2.An overview of the microcirculatory alterationssepsis. EC, endothelial ce
ET-1, endothelin-1; NO, nitric oxide; INOS, inddeilmitric oxide synthase; RBCs, red
blood cells; ROS, reactive oxygen species.

The microcirculatory abnormalities seen in sevexpss and septic shock typically
include increased heterogeneity of microvasculaw fl an increased number of
stopped-flow microvessels, a decreased microvasdlola velocity, and a lowered
functional capillary densify. The sepsis-induced heterogeneity of flow is irtgour
since tissues tolerate a homogenous decreasead fitov better than a heterogeneous
oné™. The maldistribution of blood flow at the capilldevel results in hypoxic areas
in the microcirculation due to an increased diffasidistance for oxygéh and in
shunting of oxygen from the arterial to the venocoisipartment. This inability to match
oxygen delivery to oxygen demand in the tissuedaadissue hypoxia, and persistence
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of microcirculatory dysfunction has been proposetha leading cause of organ failure
in severe sepsis and septic sHack

Sepsis and the gut

The gut has long been presumed to have an impamémtin the pathogenesis of
multiple organ dysfunction in critical illness asdptic shock. As early as the 1960s,
experimental studies showed that gut bacteria addtexins could gain access to the
systemic circulation in shock stat&d’ a process later terméscterial translocation

In the 1980s, the idea of septic states originafimgn commensal gut bacteria
penetrating the intestinal wall, with the gut agtias the motor of multiple organ
dysfunction, gained clinical attentih The increased intestinal permeability seen in
critical illness has been associated with an irsgeaisk of complications, multiple
organ dysfunction syndrome, and mortdfit}. Still, the clinical relevance of bacterial
translocation has remained controversial, mostly wuthe failure to consistently find
gut-derived bacteria or endotoxins in the bloodnesenteric lymph nodes of critically
il patients®> Recently, there has been a growing understarttimigthe role of the
gut in sepsis is more complex, and that it is mby bmited to the notion of commensal
gut bacteria reaching the systemic circulafioiihe gut has important immunological
functions, and recent studies indicate that dumegditions associated with gut
hypoperfusion, the gut itself can become a sourdeflammatory and tissue injurious
factors. Magnotti et al. showed that systemic mfiaation and distant organ injury can
be induced by nonbacterial, proinflammatory facteleased from the ischaemic gut
into the mesenteric lymphattésa concept termetie gut-lymph hypothesfs

Current theories on how the gut contributes to tevelopment of systemic
inflammation and multiple organ dysfunction syndeoinclude both translocation of
bacteria or toxins to the systemic circulation, atm@ release of gut-derived,
proinflammatory factors into the circulation ane thesenteric lymphatits

Gut microcirculation in sepsis

Gut microcirculatory disturbances are present darBxperimental septic shotkand
include a decreased percentage of perfused villedmction of mean erythrocyte
velocity and functional capillary density, and anreased heterogeneity of flsvDue

to the combination of the counter-current oxygechaxge, making the tip of the villi
prone to hypoxia, and the high metabolic demarntienintestinal mucosa, the mucosa
Is particularly wvulnerable to microcirculatory didbances. In septic shock,
microcirculatory failure has been proposed as tlannfiactor behind gut mucosal
acidosig®. Moreover, microcirculatory hypoperfusion coulchtiibute to the increased
intestinal wall permeability seen in sepsis. A déetknowledge of the factors
contributing to sepsis-induced gut microcirculatdaylure is needed, and therapies
restoring gut microcirculatory perfusion could putally be of major importance in the
treatment of sepsis.
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Sepsis and the liver

The liver is an important modulator of the systemitammatory response in sepsis.
Kupffer cells, the largest mass of macrophageshé liody, act as scavengers for
systemic and gut-derived inflammatory mediators eymbkines’, and also clear the
portal vein blood of bacterizand endotoxinS. However, when activated, Kupffer cells
also produce proinflammatory mediators, therebytrdmuting to the development of
systemic inflammatiofi. The liver also plays a major role in metabolisnd @rotein
synthesis, and in sepsis, the hepatocytes incsakesis and release of coagulation
factors, complement factors, and acute-phase p&tei

In patients with septic shock, the developmentoote liver failure has been associated
with increased mortality. Sepsis-induced liver el can be divided into an early,
primary dysfunction followed by a later, secondatysfunctioi. The primary
dysfunction is usually related to shock and hypfysgsn, and hepatic function is often
severely compromised. The secondary dysfunctiomoi®e insidious. Although most of
the hepatic functions remain intact, this secondaiysfunction can cause spillover of
bacteria, endotoxin, and inflammatory mediatorsssgaly promoting systemic
inflammation.

Microvascular dysfunction and ischaemia are coms@léo be main factors behind the
hepatic dysfunction seen in sefSisAlso, the hepatic arterial buffer is impaired in
endotoxaemia, making the liver more vulnerable ypoperfusiof®. Other factors
contributing to liver damage in sepsis is mitochraadddysfunction, an increase in
hepatocyte apoptosis, and tissue damage mediatactibgited neutrophils.

Initial treatment of severe sepsis

In recent years, the concept of early recognitioth @aggressive goal-directed treatment
of severe sepsis has been widely accepted. In Ri@&rs et al. demonstrated an
improved survival in patients with severe sepsisamtic shock treated with early goal-
directed therapy (EGDT) compared to patients tceatith standard therafy A
simplified version of the EGDT protocol used by & et al. is presented in Figure 3.
In 2002, the European Society of Intensive Care iblieg, the International Sepsis
Forum, and the Society of Critical Care Medicineniehed the Surviving Sepsis
Campaign (SSC). The SSC is an international camgaigmprove outcome in severe
sepsis and septic shock through the implementafi@videnced-based guidelines and
treatment protocols.

The implementation of EGDT seems to improve thegpogis of septic shock
patient§®, but even though the haemodynamic goals of tlagntrent protocols are met,
tissue hypoperfusion can still persist, eventutdhding to organ failure and de#th
Interestingly, Sakr et al. found that sublinguatmcirculatory alterations was a better
prognostic indicator than global haemodynamic \reisin septic patieritsMoreover,
recent findings indicate that early increases irragirculatory blood flow during
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EGDT are associated with reduced organ failureeptis patients without substantial
differences in global haemodynaniftBased on the accumulating data indicating the
importance of microcirculatory failure in sepsishet direct monitoring of
microcirculatory perfusion and the incorporation adferapies targeting the
microcirculation into EGDT protocols has been psgab as a new strategy in the
treatment of severe sepsis.

Consider intubation
and ventilation

<8mmHg R Elyslni!oid

Vasoactive Drugs

A

MAP < 65 mmHg

v

<70% _ Transfuse red cells
until [Hb] > 7 g/di

YES

Gz

\4

Inotropic agents

NO

Figure 3. A simplified version of the protdcfor early goal directe
therapy used by Rivers et al. Reproduced with @sion from Danielet
al., Emerg Med J, 2010.

Besides the early administration of correct antib®) the SSC resuscitation bundle for
the first 6 hours also includes EGDT using intraxenfluids, vasoactive substances
and transfusion of red blood cells to reach preeefihaemodynamic go&is In septic

shock, the systemic hypotension can lead to adb#ise pressure-flow autoregulation
in various vascular beds, and organ blood flow banome linearly dependent on
perfusion pressure. What level of MAP that shoudd thrgeted to preserve organ
perfusion has still not been clearly defined, bl SSC guidelines recommend
targeting a MAP of 65 mm H§ Norepinephrine and dopamine are first-line
vasopressors to treat persistent hypotension ite §pi adequate fluid resuscitation,
although concerns have been raised that vasopsessor induce an excessive
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vasoconstriction in the microcirculatidn thereby worsening tissue hypoperfusion
rather than improving it. A better understandingtioé role of hypotension in the
development of septic microcirculatory derangemeatsl of the microcirculatory
effects of perfusion pressure manipulation, coddbsignificant value for improving
septic shock treatment.

Animal models of sepsis

Studies using invasive monitoring to investigatepsse pathophysiology and
preliminary studies investigating unproven pharnt@gioal interventions cannot be
performed in humans for ethical reasons, necesgjtdite use of animal models.

The infusion of endotoxin has been extensively usednimal models to mimic the
septic response in patients. Although an endotaximsion is not identical to the
complex situation of sepsis, endotoxin is an imgudripart of the pathophysiology of
gram-negative sepsis, and the administration ofllsieges of endotoxin to human
volunteers induce haemodynamic, metabolic and hiadogéic changes that are
qualitatively similar to those seen in septic pat®. Endotoxin is easy to use, and
doses are readily measured and controlled. Th@mespto endotoxaemia is also easy
to replicate, facilitating comparisons between g£t®

A large number of animal species have been usedpsis models. Rats and mice are
inexpensive to purchase and maintain, and are aféed when a large number of
animals are needed for the experiment. Howevermigny ways rodents are
physiologically and pharmacologically different fitohumans, among other things
being considerably more resistant to the effectsnofotoxin. The size of rodents also
limits the possibilities for monitoring and bloodnspling®. The sensitivity of pigs and
sheep to endotoxin is more similar to that of husnamd their size makes extensive
surgical preparation and monitoring possible. Rigs similar to humans in renal,
cardiovascular and intestinal physiology and angf8mand have been extensively
used in sepsis models. In short-term models of temdemia, pigs normally develop a
hypodynamic circulatory response, but this can beverted to a hyperdynamic
circulation through heavy fluid loading. The sheaspa docile animal, having the
advantage that studies can also be performed inagsthetized animals. Moreover,
sheep are also prone to developing a hyperdynassmonse, similar to that seen in
septic patients, when infused with endotdkin

ETHYL PYRUVATE

Besides having a central role in intermediary mataim, pyruvate also functions as a
scavenger of reactive oxygen species. Howeverpdtssibility to use pyruvate as a
therapeutic agent is limited by its poor solubilitysolution. To improve its solubility,
Sims et al. used the ethyl ester of pyruvic adidylgyruvate (EP), in a balanced salt
solution called Ringer's ethyl pyruvate solutionE(FSY% Treatment with EP was
shown to ameliorate gut mucosal injury in a rat elaaf ischaemia and reperfusion,
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and in subsequent studies EP was found to havéveosifects on intestinal barrier
function’®, renal functio, and survivdf’®in small animal models of endotoxaemia
and sepsis.

EP is a potent anti-inflammatory agent, decreabifgB-activation and the release of
proinflammatory cytokines as HMGB-1 It has also been suggested that pyruvate
have direct inotropic effects through glycolyticbstrate augmentation, and initial
studies with EP indicated positive effects on aardifunctio® and gut
microcirculatiod® in small animal models of cardiac ischaefhiand mesenteric
ischaemia and reperfusion Given the results from initial small animal maxlelf
sepsis, it was of interest to further evaluate ghtential role of EP as a therapeutic
agent in sepsis, using a large animal model tostiyagte the effects of EP on systemic
haemodynamics and splanchnic perfusion.

THE ENDOTHELIN SYSTEM

Endothelin-1 (ET-1) was originally identified in 8® as a vasoconstrictive peptide
released from the endotheliffn Later studies isolated two additional isoforms
belonging to the endothelin (ET) family, endothédiand endothelin-3. ET-1 is the
predominant form of the endothelins, and it is atered to be the most important
isoform in human physiology and pharmacology.

ET-1 synthesis and secretion

The peptide ET-1 is 21 amino acids long, and thstrpotent vasoconstrictor in the
human body so far known. ET-1 is synthesized thnoegzymatic cleaving of
precursor proteins. Initially, the primary peptidee-pro-ET-1 is cleaved by
endopeptidases to big ET-1, a peptide with wealsoaonstrictive properties. Finally,
big ET-1 is cleaved by endothelin-converting enzgntesulting in active ET®t The
production occurs mainly in endothelial cells, fromhich ET-1 is continuously
released, contributing to the maintenance of vasontond? In the endothelial cell,
ET-1 is also stored in intracellular storage grasulAmong the factors known to
stimulate ET-1 synthesis and release are proinflaiom cytokines, endotoxin,
catecholamines, hypoxia, thrombin, angiotensimgrdwth factors, and ET-1 its&f*
Factors inhibiting ET-1 production include ANP, giaglandins, NO, and hepdfif>
Eighty per cent of ET-1 is secreted abluminally thg endothelial cells, acting on
underlying smooth muscle cells. ET-1 mainly acts aaparacrine and autocrine
mediator, and in normal conditions circulating levef ET-1 are low. However, in
some pathological conditions, such as sepsis, pldsuels increase dramatically, and
ET-1 may then also have endocrine propéfties

Besides vascular effects, ET-1 exerts a numbehysdiplogical functions in the human
body, and the effects of the endothelin system Hasen extensively reviewed
elsewher¥. Release of ET-1 has also been associated wittietelopment of sepsis,
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vascular disease, heart failure, diabetes, pulnyohgpertension, and several other
pathological conditions.

Endothelin receptors

In humans, ET effects are mediated by two subtgb&s protein-coupled endothelin
receptors, the endothelifETA) and endotheli (ETg) receptors. The Edreceptor is
primarily expressed on vascular smooth muscle ardiates vasoconstriction. The
actions of the Ed receptor are more complex and dependent on tlaidacof the
receptor. EE receptors located on vascular smooth muscle celisdiate
vasoconstriction, but Eglreceptors on endothelial cells induce vasodilatwaugh the
release of nitric oxide and prostacy&finThere is also evidence of the existence of a
crosstalk between BT and ETE receptors, possibly through receptor
heterodimerizatiofi.

Stimulation of ETR receptors and vasoconstrictive g=Treceptors activates
phospholipase C which in turn activates the secoadgsengers diacylglycerol (DAG)
and inositol triphosphate. This results in an iasee of cytosolic calcium, inducing
smooth muscle contraction and vasoconstri¢tioBT-1 generally induces a more
powerful vasoconstriction in veins than in artefieSince ET-1 receptors mediate both
vasodilation and vasoconstriction, the net efféddE®-1 in a vascular bed depends on
the properties of the local receptor population.

The ETs receptor also functions as a clearance recemaorpving circulating ET-1
from the circulation via endocyto&fsThe plasma half-life of ET-1 is approximately 1-
2 minute€®. The pulmonary circulation is the main site for-ETemovai’, but the
kidney and liver also contributes to the clearasfdeT-1.

ET-1 in sepsis

Levels of ET-1 are increased in all forms of shdult they are particularly high in
septic shock. The increased plasma levels of ETst aorrelate with increased
mortality and morbidity in septic patieAt$® Besides vascular effects, ET-1 increases
the activation and adhesion of leukocytemnd induces production of reactive oxygen
specie¥, thereby contributing to the proinflammatory resg® in sepsis. In septic
shock, ET antagonists have been shown to haveibiaheffects on haemodynamiés
pulmonary hypertensidh acute lung injury, renal failur€®, and hepatosplanchnic
hypoperfusiof™. Most of these data originate from the use of &Jeptor antagonists
in animal models of septic or endotoxaemic shock.

Intestinal effects

In models of endotoxaemic shock, mixed endotheleptor antagonism with
bosentan effectively restores portal vein flow aimdproves intestinal mucosal
acidosis® demonstrating positive effects on hepatosplamotiniulation.
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ET-1 has been implicated as one of the possibleiatoed of the microcirculatory
failure seen in the gut in sepsis. In 1993, Wilsbal. demonstrated that an infusion of
anti-endothelin antibodies improves intestinal wearculation in a rat model of
bacteraemf®. In a model of porcine septic shock, Krejci etfalnd that the mixed
endothelin receptor antagonist bosentan improvemtogirculation in the gastric and
colonic mucosa, but a significant difference in moairculatory flow in the jejunal
mucosa and muscularis could not be demonstfted

Selective ER receptor antagonism has previously been demoedtrit improve
intestinal microvascular blood flow in a rat moa#l endotoxaemid?. This finding
indicates that the Exlreceptor could be the main receptor responsibighi® ET-1-
induced vasoconstriction in the intestine, but khewledge of how the different ET
receptors influence intestinal microcirculatiorsepsis is still incomplete.

There are several mechanisms by which ET-1 coultectafthe intestinal
microcirculation. Intravenous infusion of ET-1 deases intestinal mucosal functional
capillary density and red blood cell velo¢fy and also causes increased leukocyte
activation and aggregation in the intestinal miomdation, thereby increasing
microvascular thrombosi¥. ET-1 is a powerful venous vasoconstrictor, armleiases
portal vein pressure in endotoxaetiaAn increase in portal vein pressure has been
shown to divert blood away from the intestinal nea&dowards the musculdfis
possibly contributing to mucosal hypoperfusion iepss. Moreover, ET-1 can
contribute to the development of tissue oedemautiroan increase in endothelial
permeability”® reduced lymphatic flo’, and increased venous pressure.

Hepatic effects

Hepatic sinusoids contract in response to stimanatif ET, and EE receptors, but
ETs receptors also induce vasodilation through actwabf the endothelial NO
synthase system. Studies in rat models have imdidhat ET-1 is an important factor
contributing to hepatic microcirculatory failure sepsis and endotoxaemia. ET-1 has
been shown to increase portal venous resistanceparidl vein pressure through
elevation of both sinusoidal and presinusoidalstasie in the portal circulatitfi
Furthermore, the portal circulation was found tovehaan increased vascular
responsiveness to ET-1 in rat sefSidn line with this, the mixed endothelin receptor
antagonist tezosentan has been found to decrgasénijury in small animal models of
endotoxaemid®***and sepsfs’. Previous studies investigating the role of tHedint

ET receptors in mediating hepatic microcirculateffects in intact animals in sepsis
are very sparse, but the selectivesE&ceptor antagonist BQ-485 was found to have
detrimental effects on liver microcirculation in rat model of endotoxaentid
Moreover, studies investigating effects of selextisl, receptor antagonism on liver
injury in endotoxaemia have yielded conflictinguis >
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In contrast to the positive hepatic effects see wndothelin receptor antagonism in
rat models, Krejci et al could not demonstrate gmiicant improvement of hepatic
microcirculatory perfusion using bosentan in a pranodel of fecal peritoniti"
Also, tezosentan failed to improve hepatic micmdation and liver injury in a murine
model of systemic inflammatidt.

In conclusion, the role of ET-1 and the differerit Eeceptors in the development of
hepatic microcirculatory failure in sepsis and d¢ogaemia is still under debate, and
data from large animal models are still scarce.

NOREPINEPHRINE

In fluid resuscitated patients, norepinephrinesidu is a first-line treatment for septic
hypotension. Norepinephrine increases mean arf@eabure and systemic perfusion
pressure througty receptor-mediated vasoconstriction in arteridksgling to an
increase in systemic vascular resistance. Norebiirepalso has positive inotropic and
chronotropic effects through its effects on car@iaandp, receptors, and increases
venous return through constriction of venous cdpace vessels, thereby increasing
cardiac preload. The cardiac effects of norepinaephusually lead to an increased
cardiac output in septic patiehs also contributing to the increase in MAP.
Norepinephrine does not seem to impair splanchomddflow in septic shock
patient$’’8 but the existing data are limited. The effedtsarepinephrine on the
intestinal microcirculation have been investigdatedarious animal models of sepsis,
with different studies finding improv&t, worsene®**° or unalteretf*?*
microcirculatory perfusion after norepinephrine adstration.
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AIMS

The overall aims of the thesis were
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To establish an experimental animal model, usirgptxin infusion to mimic
the septic response, suited for studies investigatplanchnic microcirculatory
changes.

To investigate changes in the splanchnic microtatmn in response to
experimental endotoxaemia and to the following rir@ations aimed at
improving the microcirculation:

1. Ringer’s ethyl pyruvate solution

2. Mixed endothelin and selective endothglieceptor antagonists

3. Increasing perfusion pressure with norepinephrine.

To investigate the relationship between splancimicrocirculatory changes
and changes in systemic haemodynamics and reduoad flow in different
animal models of endotoxaemia.



Methodological considerations

METHODOLOGICAL CONSIDERATIONS

ANIMALS

In papers I-1ll, crossbred (Landrace/Yorkshire/Hahipe) female pigs weighing 28-37
kg were used. Porcine and human splanchnic orgaes aaatomically and
physiologically simila?®, and the size of the pig allows for the necessary
instrumentation and blood samples. The ET systeaisis similar between pigs and
human&®,

In paper IV, ewes weighing 47+6 kg were used. Ltarg: £24 hours) sheep models
of endotoxaemic shock provide a suitable animal ehadproducing many of the
pathophysiologic features found in septic patientduding a hyperdynamic syndrome
and multiple organ dysfunctitff.

All experimental protocols were approved by thdosttommittee for experiments in
animals, Stockholm, Sweden, and all studies werelucted in accordance with the
European Convention for Protection of Vertebratéwats Used for Experimental and
Other Scientific Purposes (Council of Europe No,3Basbourg 1985).

ANAESTHESIA

The porcine experiments

In the porcine experiments (papers I-11l) the angweere premedicated with ketamine
10 mg-kg', midazolam 0.5 mg-Kyg and atropine 0.05 mg-kgntramuscularly. After
cannulation of the marginal ear vein, anaesthesia nwduced with propofol (40-80
mg) and the animals were orally intubated. Anasshevas maintained with a
combination of sevoflurane (2.6% end-tidal conaaian during surgical procedures,
followed by 1.0% end-tidal concentration throughthé experiment) and an infusion
of fentanyl 10 mg-k&h'and midazolam 0.15 mg-kdi*. Additional doses of fentanyl
and midazolam were given if needed. Muscle pamlysis achieved by an infusion of
pancuronium bromide 0.5 mg-kgi’. Before the administration of muscle relaxants,
anaesthetic depth was ensured through pain stionilat the fore hoof.

The animals were mechanically ventilated; the ragdtiof the ventilator were adjusted
to reach an arterial PG@alue of 4.7-5.3 kPa at baseline, and were thphdanstant
throughout the experiment. The body temperature mastained at 37-39°C by
heating pads and blankets. After the surgical pegjom, the animals were allowed 60
minutes of rest before the endotoxin infusion waged.

All animals received a continuous infusion of salimith glucose 25 mg-flat a rate
of 20 ml-kg"-h* during surgical preparation. In paper |, fluid #y@y was modified
according to the experimental protocol after 60utes of endotoxaemia. In paper II,
the infusion was continued throughout the experimbn paper Ill, an infusion of
hydroxyethyl starch 130/0.4 (Voluven 60 mg'mlFresenius Kabi AB, Uppsala,
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Sweden) at a rate of 10 ml-ktj* was also given during surgical preparation. After t
surgical preparation, the animals in paper Ill ez 5 ml-kg-h* of saline with
glucose 25 mg-ifl and 15 ml-kg-h' of Ringer's acetate (RA) throughout the
experiment.

The sheep experiments

In the sheep experiments anaesthesia was indutlkednivavenous sodium thiopental
10 mg-kg' after cannulation of the external jugular vein.eTanimals were orally
intubated and mechanically ventilated. A combimatad isoflurane (2.0% end-tidal
concentration during surgical procedures followgdL2-1.6% end-tidal concentration
throughout the experiment) and an intravenous iofusf midazolam 0.1 mg-Kgh*
was used to maintain anaesthesia during the expetsmNo muscle relaxants were
administered. The settings of the ventilator weoatioually adjusted during the
experiments aiming at an arterial PC@lue of 4.8-5.7 kPa. After the surgical
preparation, the animals were allowed 120 minutesest before the endotoxin
infusion was started. All animals received a camtirs infusion of RA 3 ml-kGh?,
and bolus doses of hydroxyethyl starch 130/0.4 veh 60 mg-mtl, Fresenius Kabi
AB, Uppsala, Sweden) were administered accordirigg@xperimental protocol.

The surgical preparation and catheterization oftfimals are described in detail in the
separate papers of this thesis. An overview oftbaitoring equipment used in papers
I-1V is presented in table 2.

Table 2. Paper | Paper Il Paper lll Paper IV
(Pig) (Pig) (Pig) (Sheep)

Pulmonary artery catheter X X X X

Arterial line X X X X

PV flowprobe X X X

SMA flowprobe X X

RA flowprobe X

Mesenteric vein catheter X

Air tonometry ileum X X X

LD ileal mucosa X X X X

LD ileal muscularis X X X

LD liver X X X

LD colon mucosa X

LD renal cortex X

SDF ileal mucosa X

An overview of the monitoring equipment used in paper I-IV. PV, portal vein;
SMAF, superior mesenteric artery; RA, renal artery; LD, laser Doppler; SDF,
sidestream dark field.
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ENDOTOXIN

Escherichia coli lipopolysaccharide (LPS; serot@ydd1:B4, Sigma-Aldrich Sweden
AB, Stockholm, Sweden) was used in papers I-IVhttute a response similar to that
seen in patients with severe sepsis. LPS, alsedcalhdotoxin, is a component of the
gram-negative bacterial cell wall, and consistsa gfolysaccharide side chain, a core
oligosaccharide, and a lipid component called lifidn the body, LPS interacts with
CD14 and activates the toll-like receptor 4, subseaty initiating the transcription of
proinflammatory genes and inducing pathophysioklgihanges similar to those seen
in human gram-negative sepsis.

In papers I-ll, the LPS infusion was started aat@ of 0.31 pg-kgh' and increased
stepwise until reaching 2.5 pg-kg* after 30 minutes. In paper IV, the LPS infusion
was started at a rate of 0.3 pg*#g' and subsequently adjusted according to the
experimental protocol.

PULMONARY ARTERY CATHETER

In papers I-1V, a balloon-tipped pulmonary arteaggheter (7.5 F Swan-Ganz; Edwards
Lifesciences, Irvine, CA) was connected to a Vigia Monitor system (Edwards
Lifesciences), and used for continuous measurenoémardiac output (thermodilution
technique), central venous pressure (CVP), meamgndry artery pressure (MPAP),
mixed venous oxygen saturation (SyOand body temperature. The catheter was
inserted through the right jugular vein, and posid in the pulmonary artery by
pressure guidance.

ULTRASONIC FLOW PROBES

Ultrasonic flow probes (Transonic Systems Inc.addy NY) were used to measure
portal vein flow (papers I-ll), renal artery flof@aper 1) and superior mesenteric artery
flow (papers 1lI-IV). The flow probe has two ultasc transducers positioned on one
side of the vessel and an acoustic reflector post on the opposite side of the vessel.
One of the transducers is positioned upstream arddownstream from the reflector.
The two transducers pass ultrasonic signals bagKath, alternately intersecting the
flowing liquid in upstream and downstream direcsipand the difference between the
upstream and downstream integrated transit timesesl to calculate a measure of
volume flow in ml/min.

MICROCIRCULATORY MEASUREMENTS

Laser Doppler flowmetry

Laser Doppler flowmetry (LD) was used to measureroairculatory perfusion in the
ileal mucosa (papers I-1V), ileal muscularis (papér 11I-IV), liver (papers I-lll),
colonic mucosa (paper 1), and renal cortex (pdper
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LD is an established method for the real-time memment of microcirculatory
perfusion in various tissues. The method is basethe measurement of the small
frequency shift, the Doppler shift, which arisesewha near-infrared laser light is
scattered by moving red blood cells in the tisdtienochromatic light is carried to the
tissue by a fibre optic probe containing one engttand one receiving fibre. In the
tissue, the light is scattered and partly absortdéten the light hits moving blood cells
in the tissue there will be a change in wavelengttile the wavelength of light hitting
static tissue structures is unchanged. The badksedtlight is picked up by the
receiving fibre, and the magnitude and frequencyhef changes in wavelength are
analysed to calculate the number and velocitydbteod cells in the tisste.

The tissue volume assessed by LD is hemisphereeghdqut the exact sampling

volume and measuring depth cannot be calculategemng on the properties of

individual tissues, as, for instance, the strucamd density of capillary beds, tissues
will absorb and scatter light in different waysdahis influences measuring depth. The
measuring depth also depends on the propertidseofD probe. An increase of the

fibre diameter, the distance between the emitting the receiving fibres, or the

wavelength of the light will increase penetrati@pth?®. The probes used in this thesis
were standard probes (Perimed AB, Jarfalla, Swedtdtt) a fibre separation of 0.25

mm, a fibre diameter of 0.1 mm, and a wavelengtf8g&f nm.

Since the measuring volume is unknown, it is natsgae to obtain absolute values of
blood flow expressed as ml-ritiy tissué. Instead, values are obtained as arbitrary
perfusion units (PU), reflecting the product ofoaty and concentration of blood cells

in the tissue sample, and the quantity measured lager Doppler flowmetry is
generally referred to as perfustéh Results are presented as changes relative to
baseline in percentage. Before the start of theeraxyents, the laser Doppler probes
were calibrated according to the manufacturer'sruicions, at optical zero using a
plastic disc and at 250 PU using motility standatéx solution. LD measurements
were obtained and analysed using Perisoft for Wirsddlata acquisition software
(Perimed AB).

Sidestream dark field imaging

Sidestream dark field imaging (SDF) was used inepal)y to evaluate the
microcirculation in the ileal mucosa. SDF is a réheintroduced technique allowing
the direct visualization of the microcirculationhd SDF consists of a light guide
surrounded by a ring of stroboscopic light-emittdigdes (LEDs). The device utilizes
a new method of reflectance avoidance. The LEDQReatip of the device are optically
isolated from the inner image-conducting core, éhgrcompletely avoiding tissue
surface reflections and permitting visualizationsabsurface structures. The emitted
light has a wavelength of 530 nm, a wavelength ightl that is absorbed by
haemoglobin in red blood cells, making red blooliscésible as dark globules. The
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technique provides clear images of blood vesselsamicrocirculation containing red
blood cells, without the need for contrast dyes.

In paper IV, an ileostomy was constructed, and Sifeos of the ileal mucosal
microcirculation were obtained at baseline, af&rmhdurs of endotoxaemia, and after
one hour of norepinephrine treatment. The SDF @deere obtained and analysed in
accordance with previously published guidelfAiesDue to the heterogeneity in
microvascular flow seen in sepsis, steady SDF ismafd0-20 seconds’ duration were
acquired at three to five sites in the ileum abdane point. The videos were stabilized
using the AVA 3.0 software (MicroVision Medical, Aterdam, The Netherlands) and
analysed blindly and in random order.

Images were divided into four quadrants, and th@owascular flow index (MFI) was
determined. MFI is a semiquantitative score of tiyges of microvascular flow
predominantly seen in each quadrant. Type of floweach quadrant is determined
using an ordinal scale; 0, no flow; 1, intermittéatv; 2, sluggish flow; 3, normal flow.
The MFI value was calculated as the average sdal guadrants at each time point.
The heterogeneity index was calculated at each piomg as the highest flow velocity
minus the lowest flow velocity divided by the médRl across all mucosal sites at that
time point, as previously described by Trzeciail&t

In all videos, the number of villi was counted aait villi were semiquantitatively
classified as perfused, heterogeneously perfusathperfused. In every villus, areas
containing vessels with continuous flow (MFI 2 @)dvere classified as perfused, and
areas containing vessels without continuous flowr(Nd and 1) were classified as
unperfused. The percentage of perfused villi wdsutated at each time point as
number of perfused villi per total number of vilisible. Figure 4 shows an image of
the ileal villi microcirculation obtained from ttf&DFvideos.

Figure 4. A still image of the ileal mucosal midrealation obtained
from the videos taken with the SDF technique.
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TONOMETRY

In papers 1I-IV a 14 F tonometry catheter (GE Heate Information Technologies
AB, Stockholm, Sweden) for air tonometry was inseérinto the lumen of the ileum
through a small incision in the ileal wall. The lester was connected to an S/5
Tonometry Module (GE Healthcare Information Teclogeds AB) and used to
measure mucosal partial pressure of carbon dicsweey 10 minutes. The mucosal-
arterial PCQ-gap (PCQmuc-ap Was calculated as the difference between ileaasai
PCQ and arterial PC®

MITOCHONDRIAL ENZYMES

In paper 1V, tissue samples from the ileal wall evdlomogenized in a KCl-based
buffer using a Potter-Elvhjem homogenizer. Activafycitrate synthase, mitochondrial
complex | and complex IV was analysed as desciibe@tail elsewheré’.

INTERVENTIONS

Ringer’s ethyl pyruvate solution

The resuscitation fluid Ringer’s ethyl pyruvateutmn (REPS) was used in paper |. EP
was bought from Sigma-Aldrich Sweden AB (StockholBweden), and used to
prepare REPS (NaCl 130 mmof,LKCI 4 mmol-LI}, CaCl 2.7 mmol-, and EP 28
mmol-L*) with help from the hospital pharmacy. After 60noities of endotoxaemia, a
bolus dose of 40 mg-RgEP (corresponding to 12.3 mlkgf REPS) was given over
10 minutes. After the bolus dose was administeaedontinuous infusion of EP 40
mg-kg"-h* (12.3 ml-kg-h* of REPS) was started and continued throughout the
experiment.

Tezosentan

The dual ET receptor antagonist tezosentan wasing&pers Il and lll. Tezosentan is
approximately 30-fold more potent on Efeceptors than on ETreceptorS®. It is a
very specific, competitive antagonist without agtici effects. Tezosentan also has
been found to have weak inhibitory effects on Hitieé, 5-HT,A, and vasopressin V1
receptor§®, but these effects are likely to be of little imamce compared to the potent
effects on the ET receptors. Tezosentan is relgtisieort acting, and designed for
intravenous use. There are no known active metabolin humans, the distribution
half-life of tezosentan is 0.1 hours and the elation half-life 3 hours™.

In papers Il and Ill tezosentan was intravenouslsniaistered after 120 minutes of
endotoxaemia. A bolus dose of 1 mg‘kgas given over 10 minutes and followed by a
continuous infusion of 1 mg-Keh' throughout the experiment.
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Figure 5. The molecular
formula of tezosentan.

TBC3711

The selective E{ receptor antagonist TBC3711 was used in papefBC3711 has
an affinity ratio between the ETreceptor and the ETreceptor of 441000'% The
elimination half-life for TBC3711 is 6.6 hours irummans®. In paper Ill, TBC3711
was administered intravenously as a bolus dosenaj-Rg" given over 15 minutes.

Norepinephrine

Norepinephrine is an agonist af, p; and p, adrenergic receptors, and a first-line
vasopressor in the treatment of septic shock hwygae according to the SSC
guideline&®. In paper IV, norepinephrine was infused intraweshy after 24 hours of
endotoxaemia to restore mean arterial pressuraselibe levels. The mean intravenous
dose of norepinephrine was 318 * 45 ng-kgjri.

STATISTICS

Paper |

Changes in parameters over time were analyseddicegdo a two-way repeated
measures analysis of variance (ANOVA), the repgatariable being time. In case of a
significant main effect, differences between groapsach time point were analysed
using Bonferroni-corrected pairwise comparisons.

Paper Il

Main effects were analysed using a two-way ANOVAWIme as a repeating variable
before intervention (TO-T120) and after intervent{@120-T300). The effects of
tezosentan were determined by analysis of the tie@ment interaction between
T120 and T300.

Paper Il
Main effects were analysed using a two-way ANOVAWIme as a repeating variable
before intervention (TO-T120) and after intervent{@120-T300). If the overall F-ratio
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was significant, pairwise planned comparisons efdfianges over time were
performed. P-values were adjusted according to é&3ourfi.

Paper IV

In the endotoxin group, changes over time betwékantd T24 were analysed with
one-way ANOVA, Student’s paired t-test or Wilcoxmatched pair test, and
interpreted as effects of endotoxemia. Effectsaoépinephrine were evaluated with
Student’s paired t-test or, in case of non-nornstidution, Wilcoxon matched pair
tests using time-points T24 and T25.
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RESULTS

PAPER |

Systemic and pulmonary effects

Endotoxaemia induced a hypodynamic response withedsing CI and increasing
systemic vascular resistance index (SVRI) and mealmonary artery pressure
(MPAP), whilst MAP was maintained at baseline levé€l was significantly lower in
the REPS group at T60 before treatment. Mixed venmygen saturation (Sy)
systemic oxygen delivery index (R and systemic oxygen consumption index
(VO3l) remained unchanged for the first 60 minutes milctoxaemia. Arterial pH
levels decreased, but base excess (BE), artecialtdalevels and anion gap remained
unchanged. Haematocrit increased as a sign of laemoentration.

Resuscitation with either REPS or RA after 60 mesudf endotoxaemia induced a
temporary increase in CI, but then progressive ridegtion ensued again. SVRI

temporarily decreased after the initial fluid bglbsit increased again to reach levels
above baseline at T300. MPAP remained elevatedM#&R deteriorated throughout

the experiment. SvOand DQI decreased, but VDincreased over time. There were
no significant differences between the REPS anRihgroup in the effect on central

haemodynamic and pulmonary parameters. Arterial dadreased throughout the
experiment due to a combination of metabolic asgpiratory acidosis. BE decreased,
and was significantly lower in the REPS group coregdo the RA group at later time

points. A significantly higher plasma chloride centration in the REPS group

explained the lower BE to some extent, but there alao a lower anion gap in the
REPS group, indicating an additional source of iietabolic acidosis. Haematocrit

remained elevated without any intergroup differsnce

Splanchnic perfusion

Endotoxaemia appeared to decrease portal veinifidexed to body weight (PVFI)
and microcirculatory perfusion in the ileal muc@sa muscularis during the first 60
minutes, but this was only statistically signifitafor the ileal mucosa. Hepatic
microcirculation was initially unchanged by endaernia. No intergroup differences
were found for the above-mentioned parameters édf@atment at T60, but renal
artery flow indexed to bodyweight was lower in REPS group at T60, presumably as
a reflection of the difference seen in CI. Thererev&éo differences in renal
microcirculation or diuresis before the start eatment.

Treatment with REPS or RA after 60 minutes of eoxa¢mia did not induce any
differences between the groups in regional blood fimicrocirculatory perfusion or
urine output. PVFI and renal artery flow index @&sed compared to baseline levels,
although this did not reach significant levels fenal artery flow index. Microvascular
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perfusion decreased over time at all sites, witlgrgroup differences. In the ileum,
microvascular perfusion seemed to be preservechennmucosa compared to the
muscularis, indicating a functional autoregulatidmucosal microvascular perfusion.

PAPERS II-lll

Systemic and pulmonary effects

Effects of endotoxaemia

Endotoxin administration resulted in a hypodynamgsponse in papers lI-lll. The
decrease in Cl was due to a reduction of strokeiwel index, since heart rate
concomitantly increased. In paper Il MAP decreasamtipared to baseline levels, but
in paper Il MAP was maintained. Sy@nd DQI decreased over time (paper 1), but
VOl increased in response to endotoxin (paper ll)lmBoary capillary wedge

pressure (PCWP) increased over time (paper ).

Endotoxaemia induced pulmonary hypertension, and @@ PCQ deteriorated in
parallel (papers II-11l). Metabolic and respirat@agidosis developed over time (papers
[I-111), with increased arterial lactate levels amddecrease in BE (papers II-ll).
Haemoglobin levels increased (papers II-1ll) intimg haemoconcentration. Arterial
levels of ET-1-like immunoreactivity increased @sponse to endotoxin (papers II-1I).

Effects of ET receptor antagonism

Tezosentan improved CI and stroke volume index @wetpto controls (papers II-111)
and TBC3711 (paper lll), but no differences in heate were found. Tezosentan also
preserved SvOcompared to controls (papers II-11l), but compatedirBC3711 this
effect did not reach statistical significance (0.paper Ill). The deterioration in
DOl seen in the control group was prevented by tetasgpaper Il), but there was no
significant difference in V@ (paper II).

The effect of tezosentan on MAP compared to cantldfered between papers Il and
[ll. In paper Il there was no difference, but irppalll both tezosentan and TBC3711
lowered MAP compared to controls. In the contrauy, PCWP increased compared
to the tezosentan group (paper Il). The pulmongpethension seen in controls was
ameliorated by tezosentan (papers ll-lll) and TCBUO3 (paper lll), resulting in an
improvement of P@and PCQin treatment groups.

Tezosentan improved pH compared to controls (pdpdiy, but only in paper Il did
tezosentan significantly improve BE and arterialtdte. No differences in BE or
arterial lactate levels could be found between TBI(3and controls, but TBC3711
improved pH due to a decrease in BG@aper lll). In paper Il, tezosentan did not
affect haemoglobin levels, but in paper Il botkasentan and TBC3711 decreased
haemoglobin levels compared to controls. As expectden blocking the Bl
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receptor, tezosentan increased arterial levelsTet-ike immunoreactivity compared
to TBC3711 and controls.

Splanchnic perfusion

Effects of endotoxaemia

Total splanchnic blood flow measured as PVFI (papkHl) and splanchnic oxygen
delivery index (paper 1) were reduced in respotss@ndotoxin administration. An
initial increase in the superior mesenteric arfleny index (SMAFI) was followed by a
progressive decline in flow. Microcirculatory pesion in the ileal mucosa (papers II-
), ileal muscularis (paper IIl), colonic mucogaaper 1) and liver (papers II-111) all
decreased over time in a similar pattern. In palrallith this, the mucosal-arterial
PCO-gap (papers llI-Ill) and mesenteric vein lactateele (paper Ill) increased.
Endotoxaemia also raised mesenteric vein levelsTel-like immunoreactivity (paper

I11).

Effects of ET receptor antagonism

PVFI was significantly improved with tezosentan gamred to controls (papers II-111)
and TBC3711 (paper lll); this also resulted in mproved splanchnic oxygen delivery
index (paper IlI). However, no differences in SMA#re found between the groups
(paper IlI).

Microcirculatory perfusion in the ileal mucosa (pepll-Ill) and colon mucosa (paper
II) were significantly improved with tezosentan quamed to controls (papers II-Ill) and
TBC3711 (paper IlIl). In parallel with this, the lease in PC&hyc.atSEEN N controls
(papers lI-1lI) and the TBC3711 group (paper llxsvattenuated. In the muscular layer
of the ileum, the microcirculatory perfusion didt miffer between groups (paper 1l).
TBC3711 failed to improve ileal microcirculation BECQmyc.arcOMpared to controls.
Tezosentan also had beneficial effects on mesentem lactate levels compared to
controls (paper Ill), but compared to TBC3711 thffect failed to reach statistical
significance (p=0.05; paper llI).

The hepatic microcirculation did not significantimprove after administration of
tezosentan (papers lI-1ll) or TBC3711 (paper IA)so, no significant difference in
hepatic microcirculatory perfusion could be foundew comparing all of the animals
(n=14) from the two controls groups and tezosegtanps in papers Il and Il (p=0.43,;
Figure 6).
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PAPER IV

Effects of endotoxaemia

In paper IV, a state of hyperdynamic shock with inoreased CI and systemic
hypotension had developed after 24 hours of endetoia. Although Sv@increased,
metabolic acidosis with a decrease in base excebsnareased arterial lactate levels
ensued. PCWP increased and urine output was peesemdicating that fluid
resuscitation was adequate. SafBd PCQdid not significantly change during the first
24 hours.

SMAFI increased, but in spite of this ileal micmacilation deteriorated. Microvascular
perfusion measured with LD decreased to a simi#ene in the mucosa and in the
muscular layer. The SDF derived parameters shoveaohikar pattern, with a decrease
in MFI and percentage of perfused villi and an éase in heterogeneity index. In
parallel with these microcirculatory changes, BGRarincreased.

Endotoxaemia significantly decreased citrate sysg#H{&S) and complex | activity, but
complex IV activity remained unchanged. To correet mitochondrial density, the
ratio of complex | and complex IV to CS were cadtatl (complex I/CS and complex
IV/CS respectively). No significant differences wdound for complex I/CS (p=0.09)
or complex IV/CS (p=0.21).

Effects of increasing perfusion pressure with norephrine

After 24 hours of endotoxaemia, a norepinephrifiesion was used to restore mean
arterial pressure to baseline levels. Cl and Sa@eased further, but SMAFI remained
unchanged. Norepinephrine did not induce any saamt differences in PCWP, acid-
base parameters, pulmonary gas exchange parametegnse output.

Neither the intestinal microcirculation nor P&Q.a: Was significantly affected by
norepinephrine treatment. On the mitochondrial lleverepinephrine increased
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complex | activity and complex I/CS in 5 out of Biraals, but this did not reach
statistical significance (p=0.12 and 0.18, respebt). No statistical differences were
found in the activity of CS, complex IV or compIBXCS.

Sham animals

In paper IV, 5 sham animals were used to rule oytr@n-endotoxaemic effects over
time. Due to technical difficulties, SDF measuretaemd ileal wall biopsies were only
obtained from three animals in the sham group. Sir@mals did not exhibit any major
changes in central haemodynamics, SMAFI, acid-pasgmeters, urine output, arterial
lactate or body temperature over time. Microcirtara parameters and PG&dc-arralSo
remained stable over time. In sham animals, CSredigced to a similar extent as in
the endotoxin animals after 24 hours, possiblytdube preoperative fasting period or
to the fact that the animals were unable to rurainat
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DISCUSSION

THE ENDOTOXIN MODEL

The experiments in this thesis were performed usmdptoxin infusion in two animal
models: a shorter (5 hours) porcine model (papdity and a longer (25 hours) sheep
model (paper IV). Although many different modelssepsis have been used, there is
no single ideal preclinical model, but rather ggéanumber of complementary models
with different strengths and weaknesd&£ndotoxin is considered to be an important
part of the pathophysiology of gram-negative sepmisl the administration of small
doses of endotoxin to human volunteers induces bdgmamic, metabolic and
haematologic changes that are qualitatively simiathose seen in septic patiéfits
Endotoxin is easy to use, dosing can be controlied, the response is reproducible.
However, results from animal models of endotoxaearganot directly applicable to the
complex clinical situation of bacterial sepsis untans, and this should be kept in mind
when interpreting the results.

In shorter models of acute porcine endotoxaemia, themodynamic response is
normally hypodynamic, with a decrease in Cl andraase in systemic vascular
resistance. This was also the case in the porciperienents (papers I-Ill), where a
hypodynamic cardiovascular response was elicite@rmgotoxin administration. The
hypodynamic situation is different from the hyperdsnic response usually seen in
septic shock patients, and this limitation of thedel has led to concerns about the
clinical relevance. Another limitation of the enokin model is that the cytokine
response is more rapid and quantitatively largan tim models of cecal ligation and
puncture, representing a focus of infection mbideHowever, several authors have
concluded that endotoxin infusion can be a reasemabdel of human sepsis, provided
that the model chosen adequately replicates tlezgares of the clinical syndrome that
are the focus of the experim&. With this in mind, studies using shorter moddls o
endotoxaemia with a predominantly hypodynamic resg8***can replicate many of
the microcirculatory changes seen in septic pajesupporting the relevance of these
models in this context. Still, since shorter, hyypmamic endotoxin models do not fully
mimic the complexity of the human septic syndroriggings should primarily be
interpreted from a mechanistic point of view, aesults cannot be extrapolated into the
clinical and therapeutic setting.

In porcine models of endotoxaemia, aggressive flteduscitation using up to
70 ml-kg"-h' has been usé&ff to avoid a hypodynamic response and normalize or
increase Cl. However, resuscitation with large am®uwof fluid can also induce
pulmonary oedema, and the management of fluid plyera pigs®’ is a delicate
balance. Fluid resuscitation with 20 miig" of saline with glucose 25 mg-thi
elicited a hypodynamic response in paper Il. Ingpal, the total amount of fluid given
was kept constant at 20 mlky?, but to achieve better intravascular resuscitation
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saline with glucose was to a large extent repldmeRinger’s acetate (15 ml-kdi?).
As a result, animals in the control group maintdiMAP at baseline levels, but ClI still
decreased. Possibly, a more aggressive fluid réstige could have induced a
hyperdynamic response to endotoxaemia, but in dat experiments using larger
amount of fluids several of the animals developgdpnary oedema.

In paper IV, we aimed to create a model of endaoxa shock that would as far as
possible mimic the clinical situation of hyperdynarseptic shock in patients. Sheep
models using low-dose endotoxin infusion are knoten replicate the human
cardiopulmonary changes seen in septic shock, witheased ClI and systemic
hypotensioft. Furthermore, the clinical course of sepsis ifiepds is often prolonged
with multiple organ failure developing over days.daper 1V, the study period was
extended to 25 hours, thereby allowing for a slopriygressing development of septic
organ failure more clinically relevant than the i$é0 model of acute endotoxaemic
shock.

The sheep is also a very calm animal, and estaiishsheep model has the advantage
that studies can also be performed in unanaestdetinimals, thereby avoiding any

cardiovascular or inflammatory effects of the atteetges used. However, the use of

SDF monitoring in paper IV necessitated the usanoénesthetized model in order to

avoid suffering of the animals and to obtain steaidiures.

The animals used in this thesis were subjectedtemsive surgical preparation, and the
results should be interpreted in this context. Hewe in order to achieve a

comprehensive monitoring of systemic haemodynaruncs splanchnic perfusion, the

use of invasive monitoring equipment is necessansidering the currently available

techniques.

MONITORING OF MICROCIRCULATORY PERFUSION

Laser Doppler flowmetry

LD is an established method of measuring microtatouy perfusion in the intestinal
mucosa, and over the years it has been used inrausistudies in humatié as well

as in experimental animal modéfs Previous studies have shown that LD values
correlate strongly to whole organ blood flow in thestiné*® as well as in the livét

in normal conditions. Moreover, microcirculatoryrfosion measured in the intestinal
mucosa with LD correlate strongly to simultaneousasal blood flow measurements
using the microsphere technique or hydrogen gasarie&*

Laser Doppler flowmetry allows for the real-timeontinuous, quantitative
measurement of microvascular perfusion, but thbilibato determine measurement
depth and volume remains a limitation of the teghai Using Monte Carlo simulations
of light propagation in tissue, Fredriksson etetently estimated the measuring depth
of probes similar to the ones used in this thesiset 0.4 mm in the liver, 0.55 mm in
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skeletal muscle, and 0.53 mm in gkfh Considering the optical properties of the
intestinal wall, it is reasonable to assume thatititestinal measuring depth is also in
this range. lleal villi height in pigs similar imze to those used in this thesis is 0.5-0.6
mm***'* and crypth depth approximately 0.45 Minand available data indicate
similar conditions in the ileal mucosa of sh&&pThis indicates that the laser Doppler

signal from the mucosal probes was mainly deriveohfthe villous part of the mucosa.

A prominent feature of the microcirculatory changeen in sepsis and endotoxaemia
Is spatial hetereogeneity within the tissue. A ation of laser Doppler flowmetry in
this setting is that it measures perfusion in th&e measurement volume, and hence it
cannot be used to evaluate changes of microciarylgterfusion heterogeneity. The
fact that values are arbitrary and should be reghat the product of red blood cell
velocity and tissue haematocrit, rather than lindaod flow per se, can complicate
comparisons with whole organ blood flow. The measwent depth and volume of
laser Doppler flowmetry are affected by instrumefaetors as well as tissue factors. If
tissue properties change over time, the absorpti@eattering of light in the tissue can
be altered, possibly affecting measurement volumd kaser Doppler perfusion
valued®.

Measurements are sensitive to probe migration,spresfrom the probe itself, and
motion artefact€>. In the experiments performed in this thesis, arotirtefacts did not
occur, presumably due to the combined effects @festmetics and endotoxaemia.
Probe migration was avoided by attaching the ptolmesmall holder gently sutured to
the surface of the organ with great care beingta@void pressure artefacts.

Sidestream dark field imaging

SDF is a recently developed videomicroscopy technitat has been used to directly
visualize the microcirculation of the intestinal ecosa in patients as well as in
experimental animal models. The device is small lzanttiheld, and no contrast dye is
needed to visualize the microcirculation. The @titeld of view when using a 5x

objective is approximately 0.94 mm x 0.75 mm, amel dn-screen magnification is
x380"%".

SDF makes it possible to directly evaluate changethe microvascular network,
including capillary density and heterogeneity offpgon. The technique is sensitive to
pressure and motion artefacts, and contrast an focist be adjusted to obtain images
of adequate quality. The vascular wall cannot [®ialized with SDF, meaning that
only vessels containing red blood cells can bectiedé®. The technique does not allow
for continuous evaluation of the microcirculatioor fextended periods of time.
Software for computer-assisted analysis of microwias parameters can be used when
evaluating the videos, but manual interventiontiis reeeded for vessel identification
and blood flow measurements.
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The SDF-derived variables used to evaluate theotiraulation in paper IV were in
line with previously published guidelinés The microvascular flow index was used to
semiquantitatively evaluate the main type of capjllblood flow in each quadrant.
Using this variable, four categories of flow arentfied using a scale ranging from 0
to 3; O represents no flow, 1 represents intermitbew, 2 represents sluggish flow,
and 3 represents normal flow. The MFI score istikedly easy to measure, but the
score is ordinal, and this complicates interpretadf the results. Moreover, the scale
used does not take into consideration flow velesiin the supranormal range. Based
on the MFI values, the heterogeneity index wasutatied, as previously described.
The percentage of perfused villi was calculated asrrogate parameter for functional
capillary density. The fact that the SDF-derivedalales used are semiquantitative is a
limitation of the analysis. However, the possiilio visualize individual vessels and
determine heterogeneity of flow is an advantagmpared to laser Doppler flowmetry.
When used in paper IV, the SDF device mainly vigedl vessels in the ileal villi, and
hence, the SDF-derived parameters should be refjaste representing the
microcirculation in the villous part of the mucosa.

Tonometry

In papers 1I-IV, an air tonometry catheter was ethin the lumen of the ileum and
used to measure gut mucosal BCThe air in a semi-permeable silicon balloon is
allowed to equilibrate with the mucosal PLfor 10 minutes, after which the air is
automatically aspirated and the PClevel is analysed. Monitoring of gut mucosal
PCQ with tonometry is based on the principle thatugs$CQ levels increase in
conditions with inadequate tissue perfusf@nThe tissue level of PGGs influenced
by the arterial PCg& and the mucosal-arterial P&@ap is usually calculated. When
arterial CQ content is stable, the two main factors influegd?CQ in the mucosa are
perfusion and the metabolic production of BE® but an impaired perfusion seems to
be the main determinant of tissue £&&cumulatioi®. Several studies have shown a
close relationship between PE@vels and mucosal microcirculati@h**°**° still, the
PCQ-gap should not be interpreted as a direct meagurgcrocirculatory blood flow,
but rather as a reflection of the adequacy of mEsoular perfusion in relation to
oxygen demand.

The linearity between mucosal ¢@ontent and PCOis dependent on stable
conditions, and stability is hard to achieve whdndgng the progression of
endotoxaemia and shock. Blood oxygen saturatioec&ffthe relationship between
blood CQ content and PC£a phenomenon called the Haldane effect. This sttt
alterations of arterial oxygen saturation or tisexggen extraction can affect the
mucosal-arterial PC&gap independent of changes in mucosaj €antent, and this is
a potential source of errat.
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EFFECTS OF ETHYL PYRUVATE

The anti-inflammatory and reactive oxygen speces/enging properties of EP was
documented in several pre-clinical animal modefsheoretically, EP could also have
positive inotropic effects through metabolic suppesulting from the administration
of pyruvate. Early studies suggested direct pasitardiac effects of ER and EP also
improved intestinal microcirculation in a mouse rmlodof mesenteric
ischaemia/reperfusidh Since the data on the effects of EP in sepsieaddtoxaemia
were mainly derived from small animal models attihee, we wanted to evaluate the
effects of resuscitation with REPS on haemodynamncs metabolic parameters in a
large animal model of acute endotoxaemia (paper I).

Resuscitation with a bolus dose of either REPS @& &ter 60 minutes of
endotoxaemia temporarily improved Cl compared &elae values, but this was soon
followed by a progressive deterioration of Cl, aatdthe end of the experiment all
animals were again severely hypodynamic. The chamgg/stemic haemodynamic
parameters from intervention to the end of the ewpnt did not differ between the
REPS group and the RA group, indicating that EPndichave direct positive inotropic
effects in this model. Microcirculatory perfusiamthe liver, kidney, and ileal mucosa
and muscularis deteriorated throughout the expetimgithout any intergroup
differences.

In contrast to this, EP improved central haemodyosiin a 24-hour model of porcine
endotoxaemic shot¥, and significantly prolonged the time to artelighotension in a
30-hour model of ovine peritonit’. The results from paper | indicate that positive
cardiovascular effects seen in studies of longeatshn could have been secondary to
the anti-inflammatory effects of EP rather than duwelirect positive cardiac effects.
However, it is possible that hypovolaemia develgmaring later time points in paper |
could have concealed a positive inotropic effedEBfin our model.

One explanation for the lack of effect seen withig€Ehe relatively short timeframe of
the study. EP is a potent inhibitor of the lataracproinflammatory cytokine HMGB-

1”7, previously shown to be a mediator of LPS-indudettiality. Positive central

haemodynamic and microcirculatory effects of intimigg HMGB-1 are unlikely to

appear in the 5-hour study period used in paper |.

Animals in the REPS group showed significantly loB& and a higher anion gap at
later time points. This could in part be explair®dthe higher chlorideontent in
REPS compared to RA, but the higher anion gap stgdgleat the lower BE was not
explained only by differences in chloride contéhtruvic acid is a strong acid (g3),
and this is a possible explanation for the diffeeem anion gap. Also, even though no
differences in perfusion parameters were founalease of tissue acids secondary to
inadequate perfusion in the REPS group cannotlbd aut.
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There are several limitations to paper I. The retlit short model and the difference in
chloride content between REPS and RA have beeressklt above. Also, the study
did not evaluate possible positive effects of EPirdlammatory cytokines or tissue
damage. Considering ClI and renal blood flow, th&Rgroup had significantly lower
values compared to the RA group before treatméter, @0 minutes of endotoxaemia.
In this model, the initial peak in pulmonary hygedion occurred between 50 and 70
minutes after the start of endotoxaemia, but in piags in the RA group the initial
increase in MPAP started to revert before intefeanafter 60 minutes. The difference
in Cl and renal blood flow seen after 60 minutegmdotoxaemia was most likely due
to this individual variability in the time point faeversal of the initial peak in MPAP.
This is also supported by the fact that the degfeange of systemic haemodynamic
variables from 60 to 300 minutes was identical leefvthe groups. Still, the fact that a
significant intergroup difference in a central paeder was found before treatment
makes data interpretation more complicated.

Interestingly, although EP has been proven beméfioi several preclinical animal
models of endotoxaemia or sepsis, there have &ep feports of negative effects of
EP administration. In a mouse model of endotoxadesiéng several different doses of
EP, EP administration decreased early (3 hourskBlgnd cytokine levels, but at a
later (9 hours) time point the levels were incréasempared to contrdf§. When all
groups receiving EP were combined, EP also sigmflg increased the hazard ratio of
deatH® Activation of NFxB pathway is an important part of the dysregulated
inflammatory response that is characteristic ossegHowever, the effects of NéB
are complex, including pro-inflammatory, anti-inflenatory and anti-apoptotic
properties, and concerns have been raised thaeraptutic strategy based on the
inhibition of NF«B could, in some cases, have unintended negafieetg?>°

A phase Il trial of the effects of EP in high-ripktients undergoing cardiopulmonary
bypass was recently performed. The trial was teatach by the sponsor after 102
patients due to problems with the drug containeswe system. Data from the trial
showed that the administration of EP did not appeaonfer any benefit to high-risk
cardiac surgical patients undergoing cardiopulmpbgpas$’. So far, no data on the
effects of EP on patients with sepsis have beesepted.

EFFECTS OF ENDOTHELIN RECEPTOR ANTAGONISTS

ET-1 has been implicated as one of the possiblaatoed of the gut microcirculatory
failure in sepsis. Tissue levels of ET-1 are inseghin the intestinal mucosa in
endotoxaemid?, and antagonizing ET-1 has proven beneficial te thtestinal
microcirculation in rat models of bacteraefiand endotoxaemti&.

Mixed endothelin receptor antagonism with tezosemes effective in improving
microcirculatory perfusion in the ileal (paperslil)-and colonic (paper 1) mucosa.
Although this improvement probably to some exteaswdue to improved systemic
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haemodynamics, we did not find any statisticalyngicant differences in SMAFI in
paper |lll, indicating that tezosentan also had ctlirpositive effects on the
microcirculation in the ileal mucosa.

In a porcine model of peritonitis, Krejci et al fal that the mixed ET receptor
antagonist bosentan improved microvascular penfusidhe jejunal mucosa compared
to baseline, but could not demonstrate a statilstisgnificant improvement compared

to controld®. Of the ET receptors, the kTeceptor has been suggested to be the most
important receptor mediating vasoconstriction, white EE receptor also mediates
vasodilation and clearance of circulating ET-1. dsentan has more pronounced
effects on EX than on E§ receptors compared to bosentan, 30:1 compare@:19 2
possibly rendering tezosentan more beneficial te imtestinal microcirculation.
Differences in experimental models, fluid loadingdadrug dosing could also explain
the better effect seen with tezosentan in this mode

Tezosentan also improved P& -at (papers ll-ll), indicating a better balance
between oxygen supply and demand in the intestmatosa. This is in line with
previous studies using bosentan in similar modig®rine endotoxaemi® 1%

The improvement of mucosal microcirculation did ratcur at the expense of
perfusion in the muscular layer, since perfusiorthi@ muscular layer did not differ
between controls and the tezosentan group (paperhie fact that tezosentan did not
affect perfusion in the muscular layer is in acemek with the results of Krejci et 3

In endotoxaemia and sepsis, mucosal microcircylapmrfusion is initially better
preserved than muscular perfusion through a réalision of microvascular flow”®.
Our findings indicate that ET-1 is not of major ionfance to this redistribution of flow
in the intestinal wall.

The physiological response to endothelin recepbbivation is hard to predict and
varies depending on the receptor population irecffit tissues. Theoretically, selective
ETa receptor antagonism has advantages in preservifig receptor-mediated
vasodilation and clearance of ET-1, and in a previstudy selective ExTreceptor
antagonism improved microcirculation in the ilealbswucosa in a rat model of
endotoxaemid?. However, selective EfTreceptor antagonism with TBC3711 failed to
improve microcirculation in the ileum and mucos@l® levels, indicating that also the
ETs receptor can mediate intestinal microcirculatonysfdgiction in this model of
endotoxaemia. Still, the interaction between theoéirelin receptors is very complex,
and it has been proposed that a cross-talk exstween the E{ and the EF
receptors, making interpretation of the role of thiferent ET receptor subtypes
complicated. Ozaki et al showed that activatiothefETa receptor induced changes in
the ETg receptor through EJ receptor-mediated intracellular signalling, thereb
altering the affinity of the EJ receptor to ligandd In line with this, Just et al found
that the effects of the ETreceptor on renal blood flow differed dependingtba
degree of EX receptor activation”. When both receptors were stimulated
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simultaneously, the Elreceptor induced vasodilation, but when the ESceptor was
selectively activated without concomitant £TFeceptor stimulation the response
seemed to be predominantly vasoconstriction. Tietesce of a cross-talk between the
ET receptors was not investigated in this thesis,the results show that mixed ET
receptor antagonism is necessary to improve micudeaition in the ileal mucosa in
porcine endotoxaemia.

Previous findings from rat models have indicateat #T-1 is an important mediator of
hepatic microcirculatory dysfunction in endotoxag@fii*®® but mixed endothelin
receptor antagonism failed to improve hepatic nticcolation in porcine peritonit§®
and in a model of systemic inflammation in tatsAlthough tezosentan improved
portal vein flow, no statistically significant ingarement in hepatic microcirculatory
perfusion could be demonstrated in paper Il orTBC3711 failed to improve either
portal vein flow or hepatic microcirculation comedrto controls (paper 1l).

The increase seen in portal vein flow with tezosembdicated an increased blood flow
to the liver, but since we did not measure hepatery flow, total hepatic blood flow
could not be calculated. However, the hepatic iattéuffer system is impaired in
endotoxaemi®, and hence it is not likely that the lower porain flow in controls
was fully compensated for by a higher hepatic prlew. There are several possible
explanations for the lack of improvement of hepaticrocirculatory perfusion in spite
of the apparent higher hepatic blood flow in theogentan group. Microcirculatory
perfusion was measured at the surface of the lam, possibly perfusion could have
been redistributed to deeper layers in the tezasegtoup. Moreover, it has been
suggested that laser Doppler flowmetry readings naoee sensitive to changes in
hepatic artery flow than portal vein flo%, and if true, this could, to some extent,
explain our results. The use of the laser Dop@ennique did not allow us to evaluate
changes in microcirculatory heterogeneity, and Edeptor antagonism could have
improved heterogeneity within the microcirculatisthout affecting the measure of
perfusion obtained with LD. The relatively smallnmioer of animals studied must also
be taken into account, and possibly differencesdcbave been found if the number of
animals were increased. However, when combiningralsnand tezosentan-treated
animals from papers Il and I, thereby increasimg tnumber of animals in each group
to 14, there was still no significant difference hapatic microcirculatory perfusion
(p=0.43) to be found, further supporting the cosidn that ET-1 is not a main
determinant of hepatic microcirculatory perfusiarporcine endotoxaemia.

EFFECTS OF CHANGES IN REGIONAL BLOOD FLOW AND PERFU SION
PRESSURE

Current protocols for the treatment of septic shaok to a large extent based on
achieving predetermined goals for central haematjmaparametefS. However,

microcirculatory alterations can persist even tlbhgemodynamic goals of treatment
protocols are met, and in septic patients with canaiple systemic haemodynamics
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persistent microcirculatory alterations have bemmetated to patient outcorh&. Data
from recent studies indicate that microcirculatomanges seem to be rather dissociated
from central haemodynamic parameters, but the wircidation will obviously be
severely affected below certain levels of flow g&ifusion pressure. However, these
levels so far remain to be defined.

In paper IV, endotoxaemia induced intestinal micoadatory disturbances measured
with both laser Doppler flowmetry and SDF in spdk a substantial increase in
SMAFI, strengthening the hypothesis that gut micootatory dysfunction can appear
independent of changes in systemic and regionadbftow, and demonstrating that
increasing whole organ blood flow is not necesganil effective therapeutic approach
for the microcirculation. The data from papersriddll further support the notion that
the association between regional blood flow anesimial microcirculatory changes is
rather weak. Moreover, the increase seen in dretaosal PC@gap indicates that
an imbalance between oxygen supply and demandimtitosa developed in parallel
with the increase in SMAFI.

In line with the findings in paper IV, two previoustudies found severe
microcirculatory derangements in the ileal mucasapite of a maintained superior
mesenteric artery flowising a 12-hour porcine model of cholandffisnd a short-term
model of ovine endotoxaenifa respectively. Furthermore, severe decrease=it il
percentage of perfused villi have been found inalpglr with maintainet®® and
increasetf* portal vein flow in 24-hour models of porcine etw@emic shock. Taken
together, these results indicate that regionalbftaw changes are not the main factor
behind the microcirculatory failure seen in thealilemucosa in sepsis and
endotoxaemia.

In paper IV, microcirculatory perfusion in the mukr layer and the mucosal layer
was reduced to a similar extent by endotoxaemidicating that the increase in
intestinal blood flow was not directed to eithee timucosa or the muscularis of the
ileum. A possible explanation for this discrepansythat perfusion was directed
towards the submucosa or the deeper layers of theosa or muscularis, layers
presumably not penetrated by the laser Dopplergscénd not visualized using SDF.
Also, changes in microvascular perfusion can berbgeneous between different parts
of the intestine®, and regional blood flow could have been direttednother part of
the intestine. The reports of the existence of régriavenous anastomotic network in
the submucos&, possibly contributing to the shunting of flowearot consistent, and
the existence of any extensive anastomotic networkhe submucosa remains
questionable.

Moreover, comparing changes in regional blood flo@asured with ultrasonic flow
probes and microvascular perfusion measured wattr IBoppler probes is somewhat
complicated, since the measures of perfusion peavdiffer between the two devices.
While the ultrasonic flow probes provide a measoféeinear flow, expressed as
ml/min, the laser Doppler perfusion readings afie@mced by both the velocity of red
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blood cells and the tissue haematocrit. The deensasystemic haematocrit seen after
24 hours of endotoxaemia probably contributed &odiscrepancy between changes in
regional blood flow and microvascular perfusionttie mucosa and muscularis. The
magnitude of the influence of the change in haeonatis difficult to determine, since
microvascular haematocrit differs from systemic rhamcrit due to the Fahreus
effect® and the plasma skimming phenomefioHaemodilution per se can also
redistribute flow between different capillary netk® within a tissu&’. The possibility

of variations in the volume of tissue monitoredlaser Doppler flowmetry must also
be considered. Changes in the optical propertidéiseotissue over time, for instance due
to increased tissue oedema, could have influenasttmation depth and thereby
measurement volur@,

In paper IV, microcirculatory perfusion was reduedigdr 24 hours of endotoxaemia in
parallel with a decrease in MAP from 90 mm Hg tor6th Hg, indicating that the
reduction in perfusion pressure could be a factwmtriouting to microcirculatory
dysfunction. In order to evaluate the effects advating perfusion pressure with
norepinephrine, MAP was restored using a continmauspinephrine infusion.

The intestinal microcirculatory effects of norephene have been investigated in
various animal models, with different studies idiicg beneficidf*®, detrimentd’*%°

or no effect¥*'?2 but these studies have mainly been performetiart-serm models
of sepsis or endotoxaemia. However, adrenergicptecdunction is altered over
time™®®1% necessitating the use of studies of longer durdti order to better mimic
the situation in septic shock patients.

Restoring MAP with norepinephrine did not signifitlg affect either lased Doppler-
derived perfusion or SDF-derived variables of it microcirculatory blood flow.
Neither did the mucosal-arterial P&@ap change significantly, indicating that
norepinephrine treatment did not alter the baldete/een oxygen supply and demand
in the ileal mucosa.

Since restoring MAP with norepinephrine did nokeatf SMAFI, the microcirculatory
effect of increasing perfusion pressure could kEuated without changes in regional
flow complicating the picture. The findings in pap®/ indicate that elevating
perfusion pressure is not an effective treatment ifdestinal microcirculatory
dysfunction in endotoxaemic shock, at least narafeveral hours of hypotension. This
is in line with two recently published investigait® where increasing perfusion
pressure with norepinephrine failed to significantlimprove sublingual
microcirculation in septic shock patietfs'”* However, we cannot rule out that the
microcirculation could have improved if perfusioregsure was increased earlier in the
course of endotoxaemia, but over time the micratateon was rendered unresponsive
to changes in perfusion pressure.

In sepsis, both microcirculatory failure and mitootrial dysfunction are thought to
play a role in the progression to multiple orgailufa and deathi. After 24 hours of
endotoxaemia, mucosal-arterial PEgap was significantly increased in parallel with
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microcirculatory dysfunction and a significant deage in mitochondrial complex |
enzyme activity. Microcirculatory perfusion distarices have previously been
indicated as an important factor contributing tor@ases in mucosal Pg@@uvels in
sepsi$*®*™? but the role of mitochondrial dysfunction in thientext is still unclear.
However, given the findings in paper 1V, it is reasble to assume that both
microcirculatory and mitochondrial alterations cdnited to the mucosal acidosis
induced by endotoxaemia.

Although no significant difference in mitochondrahzyme activity was found after
the initiation of norepinephrine treatment, complexand complex I/CS activity
increased in five out of six animals from which gBees were obtained. Reguirea et al.
have previously demonstrated that norepinephrineramed liver mitochondrial
complex | activity in a porcine model of endotoxati?, a finding that supports the
possibility of a beneficial effect of norepinepl&ion intestinal mitochondrial function.
Given the results presented here and those of Regwet al., further studies
investigating the effects of norepinephrine on ohtundrial function in sepsis and
endotoxaemia are warranted.
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CONCLUSIONS

* In endotoxaemic shock, gut microcirculatory disturtes develop in spite of an
increase in superior mesenteric artery flow, dernatisg the loose connection
between changes in regional blood flow and intaktimicrocirculatory
perfusion in endotoxaemia.

» Elevating perfusion pressure does not seem to ledfective treatment for gut
microcirculatory derangements in ovine endotoxaeshaxck.

* The finding that gut microcirculatory perfusion hasweak correlation to
systemic and regional indices of flow and presgsuendotoxaemia strengthens
the hypothesis that monitoring and therapies dieett the microcirculation
could be of value in sepsis.

* The endothelin system is an important mediator iofauirculatory dysfunction
in the ileal mucosa in endotoxaemia, and mixed #mdio receptor antagonism
Is needed to counteract these endothelin-inducecboiiculatory disturbances.

e The endothelin system does not seem to be an iemdector contributing to
hepatic microcirculatory failure in endotoxaemia.

* In porcine endotoxaemic shock, resuscitation withgBr's ethyl pyruvate

solution does not have initial beneficial effects lmemodynamics, splanchnic
perfusion, or acid-base status compared to Ringegtate.
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