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“How strange is the lot of us mortals! Each of us here for a brief
sojourn;
for what purpose we know not, though sometimes sense it.
But we know from daily life that we exist for other people ﬁrst of all
for whose smiles and well-being our own happiness depends.”
Albert Einstein
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Abstract
Myocardial depression in sepsis has been intensely investigated for the past 30 years and still
poses a considerable issue in the intensive care units. Both systolic and diastolic dysfunction
is implicated, correlating with severity of illness and mortality.
The importance of the endothelin (ET) system in normal physiology has been extensively
studied. ET is a powerful vasoconstrictive peptide, has cardio-regulatory effects and is released
from the endothelium. In sepsis, ET levels are dramatically increased and correlate to severity
of disease. Thus, ET has been proposed as a mediator of myocardial depression in sepsis.
Another mechanism proposed for cardiac dysfunction is decreased myoﬁlament sensitivity
for calcium (Ca2+). Levosimendan, a Ca2+ sensitizing agent, has been used successfully in
patients with severe heart failure and decreased myocardial Ca2+ sensitivity has been shown
in septic conditions.
The major aims of this thesis was to, in a porcine model in vivo, investigate cardiovascular
effects of levosimendan in experimental sepsis, to characterize the inﬂuence of the ET system
on cardiac performance in the normal and septic heart. Also, to assess myocardial function in
endotoxemia and effects of intervention in the ET system by load-independent analysis of the
left ventricular pressure-volume relation (LVPVR) by conductance volumetry.
Endotoxin administration was associated with major cardiovascular effects, pulmonary
hypertension and increased systemic oxygen extraction. Levosimendan attenuated all these
effects and also evoked vasodilation which improved splanchnic blood ﬂow.
Tezosentan, a dual (ETA/ETB) ET receptor antagonist, was administered in established,
high-volume resuscitated endotoxemia and resulted in increased cardiac index, stroke
volume index and LV end-diastolic volume by counteracting pulmonary hypertension and
improving LV compliance. However, these effects were dose-dependent. When increasing
the dose of tezosentan ten-fold, the initial beneﬁcial response was not sustained. Exaggerated
vasodilation and severely low coronary perfusion pressure is a possible mechanism for the
increased mortality seen with the higher dose of tezosentan.
Effects of ET receptor activation in the healthy heart were evaluated by LVPVR following
intra-coronary infusion of endothelin-1 (ET-1) and sarafotoxin 6c (S6c, ETB receptor agonist).
ET-1 caused a dose-related increase and S6c a decrease in systolic function, possibly mediated
via ETA receptors. Both ET-1 and S6c caused similar impairment in diastolic function,
mediated via ETB receptors.
By the same methodology, effects of tezosentan were studied in endotoxemia, where endotoxin
caused marred relaxation but not systolic dysfunction. Tezosentan caused impairment in
parameters of systolic performance but signiﬁcantly improved diastolic relaxation.
We conclude that, in endotoxemia, intervention with levosimendan is beneﬁcial, markedly
improving cardiovascular function and regional blood ﬂow. Therefore, levosimendan is
a promising drug in septic states and should be evaluated for speciﬁc cardiac effects and
used in future clinical trials. Furthermore, the ET system contributes signiﬁcantly to cardiac
performance in both healthy and acute experimental septic conditions. Diastolic dysfunction
and pulmonary hypertension are suitable targets for ET receptor antagonism. Bearing in mind
the dose issue and the possible negative inotropic effects, antagonizing the much up-regulated
ET system in septic patients may well be meaningful to explore in the clinical setting.
Keywords: sepsis, cardiac, endothelin, endotoxin, levosimendan, contractility, diastolic.
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Introduction
“Employ your time in improving yourself by other men’s writings,
So that you shall gain easily what others have labored hard for”
Socrates

Sepsis
Hippocrates himself, some 2500 years ago, recognized fever as a major symptom
of infection. He also realized the prognostic implications of localized versus systemic
infections. The word sepsis derives from Greek, originally denoting decay because the
sepsis syndrome was associated with decaying tissues. Today, sepsis is associated with
infection rather than tissue decay and is often used as equivalent of bacteremia (bacteria
in blood). The ﬁrst scientist to isolate bacteria from patients was Louis Pasteur who in
1879-80 found bacteria in blood from patients with puerperal septicaemia. 12 years
later, Richard Pfeiffer made the observation that the bacteria Vibrio cholerae (causing
cholera) released two types of toxins1. The ﬁrst toxin was detectable when the bacteria
were alive but the other only when they had been killed. He hypothesized that the latter,
more potent toxin, was stored within the bacteria thus coining the term endotoxin. In
subsequent studies he found that inoculating heat-killed V. cholerae bacteria in guinea
pigs caused the animals to die. Pfeiffer concluded that the heat-stable protein was a
part of the insoluble bacterial cell wall and identiﬁed endotoxins from other bacterial
species as well. Other investigators in Europe reported similar ﬁndings e.g. Centanni2
who found that extracts from gram-negative bacilli had the ability to induce fever,
hence calling them pyrotoxins. The structure and chemical nature of endotoxin was
then pursued over the following decades. Boivin et al3 reported that lipopolysaccharide
(LPS), the most abundant lipid in the gram-negative bacterial cell wall, was the active
component.

Epidemiology
The yearly incidence of sepsis has been increasing by 9% each year and amounts
to 50-95 cases per 100000 people per year4. In the USA, sepsis accounts for 2% of
hospital admissions and there have been similar reports of incidence in Europe5.
Between 11 and 21% of all ICU admissions are due to severe sepsis6,7 and calculated
annual overall incidence of severe sepsis in adult people range from 0.8-3.0 per
10006,8. Overall mortality seem to decrease but the number of sepsis-related deaths is
increasing4,5. Patients with septic shock have a high risk of death compared with other
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critically ill patients5. Predisposing risk factors to septic shock include age, cancer,
immunodeﬁciency states and genetic factors5,9-11. 10 % of all intensive care admissions
are due to septic shock and carries a mortality rate of 60-70%4,5.

Classiﬁcation and causes
Sepsis is a disease of many faces and not until 1991, when Bone et al12 suggested
a universal terminology, was there a consensus regarding deﬁnitions (table 1). These
deﬁnitions were modiﬁed in 200213 and are now widely accepted. Signs and symptoms
of patients with sepsis are diverse and these deﬁnitions are attempts to aid clinicians in
diagnosing sepsis
Infection is the hallmark of sepsis and 80% of such patients have infections in the
chest, urogenital system, abdomen or bloodstream4-6,9. Gram-negative bacteria account
for 25-40%, gram-positive for 25-50% and polymicrobial infections 25%6,7. Sepsis due
to fungi or multi-resistant bacteria is becoming more common whereas viruses and
parasites only account for 2-4% of the sepsis cases.
Table 1. Simpliﬁed from Bone et al 199212
Diagnostic criteria for sepsis
Sepsis

Severe sepsis
Septic shock

Infection (conﬁrmed or suspected) and one of the following:
Temperature >38.3 or <36 oC
Heart rate >90
Tachypnea
Leukocytes >12 or <4 103 mL-1
As sepsis and signs of organ dysfunction or hypoperfusion
As severe sepsis and persistent hypotension (systolic blood
pressure <90 or mean arterial blood pressure < 70 mmHg
in spite of volume administration

Septic myocardial depression
Indeed, sepsis is a devastating condition with prognosis deteriorating as more
organ systems become affected. Cardiovascular instability and collapse contributes
considerably to organ dysfunction by decreasing oxygen delivery to tissues with a
higher than normal oxygen demand. The effect of myocardial dysfunction in a state
of sepsis can therefore be detrimental. To better understand the concept of myocardial
depression in sepsis, a brief recapitulation of cardiac terminology and physiology
ensues.
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Cardiac physiology
Functional anatomy
The heart can be looked upon as two parallel pumps, a right and left, each
consisting of an atrium and a ventricle. These four chambers consist of three parts:
the endocardium, which is a thin inner layer of endothelial cells lining the cavities of
the chambers and are thus in direct contact with the blood; the myocardium, which
mainly consist of muscle tissue; and the epicardium, which is the inner layer of the
pericardium, a ﬁbrous sheath of mesothelial cells that encase the heart. Cardiac muscle
shares some characteristics of both skeletal and smooth muscle, yet it is unique in
morphology. The sarcomere ((ﬁgure 1) is the smallest unit of the contractile complex
and consists of myosin (thick) and actin (thin) molecule threads called ﬁlaments. A
third ﬁlament, titin, is a big, elastic protein that provides structural integrity as well as
passive tension to the stretched muscle14. The sarcomeres are separated end-to-end by
Z-lines which serves as anchors and titin connects this anchor to the sarcomere. The
contractile apparatus, the actin-myosin complex, form sliding crossbridges that convert
stored energy (adenosine triphosphate, ATP) into force and motion15.

Physiology of contraction and relaxation
In order to contract cardiac muscle, actin and myosin must interact. Actin is
arranged in polymers in a double helical structure. Within the sulcus of this helix lies
tropomysin which forms a complex with troponin16 ((ﬁgure 1). Troponin itself consists
of three different components: troponin T that binds to tropomysin; troponin I that
inhibits the reaction of actin to myosin and troponin C that binds Ca2+. The binding
of Ca2+ leads to a conformational change of the myosin head that moves on actin and
contraction ensues17. At the time of activation, the sarcomere length is somehow sensed
and adjustments made to manage contractile force. This length-force relationship (the
Starling mechanism, below) could be due to that the stretch of the muscle determines
the number of crossbridges available for contraction.
Relaxation is less well understood but follows detachment of the myosin head from
actin. This may be caused by an altered binding state for Ca2+ on troponin C. The elastic
properties of titin may assist in pulling the ﬁlament back18.

The role of calcium
Upon depolarization, Ca2+ channels open (L-type), leading to a slow inward ﬂux of
Ca ((ﬁgure 1). The increase in cytosolic Ca2+ leads to opening of calcium-dependent
Ca2+channels (the ryanodine receptor) in the sarcoplasmic reticulum (SR) which causes
a rapid, additional increase in Ca2+ concentration19. Ca2+ binds to troponin C, where
magnesium (Mg2+) is an important cofactor, enabling the conformational change of
myosin (above). Increased pH, i.e. alkalinization, in the myocyte will increase the
2+
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sensitivity of Ca2+ binding to troponin C thus facilitating contraction. This is one of the
proposed mechanisms for the suggested positive inotropic effects of endothelin-1 (ET1)20 (below). The importance of calcium sensitivity clinically is highlighted by the fact
that the calcium sensitizing agent levosimendan is increasingly used for treating severe
congestive heart failure21. Besides sensitizing the troponin C for calcium, levosimendan
also activates KATP-channels, resulting in vasodilation.
Reaccumulation of Ca2+ back into the sarcoplasma is accomplished by a Ca2+/
Mg2+-ATPase pump, an energy consuming process. This pump can be augmented by
cAMP (cyclic adenosine monophosphate) dependent phosphorylation of an associated
sarcoplasmic protein, phospholamban. In fact, in the healthy heart, β-adrenergic
stimulation increases cAMP and phosphorylation of phospholamban and thus increases
activity of the Ca2+/ Mg2+ pump, shortening relaxation time22. In heart failure these
β-adrenergic mechanisms are impaired, contributing to both systolic and diastolic
dysfunction23.

The cardiac myocyte
Myosin
+
Actin

Ca2+

R

Ca2+

Ca2+

SR

TnC
Tropomyosin

TnT

TnI

Figure 1. Illustration of the intracellular events of the cardiac myocyte following
depolarization. Upon depolarization, Ca2+ channels open, leading to a slow inward ﬂux of
Ca2+. The increase in cytosolic Ca2+ leads to opening of calcium-dependent Ca2+ channels
(the ryanodine receptor, R) in the sarcoplasmic reticulum (SR) which causes a rapid,
additional increase in Ca2+ concentration. Actin is arranged in polymers in a double
helical structure. Within the sulcus of this helix lies tropomoysin which forms a complex
with the troponins. Troponin T (TnT) binds to tropomyosin, troponin I (TnI) inhibits the
reaction of actin to myosin and troponin C (TnC) binds Ca2+. The binding of Ca2+ leads to
a conformational change of the myosin head that moves on actin and contraction ensues.
Relaxation follows detachment of the myosin heads from actin which may be due to an
altered binding state for Ca2+ on TnC. Reaccumulation of Ca2+ back into the SR is an
energy consuming process.
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Contractility
The term contractility is elusive and rather difﬁcult to grasp. One deﬁnition states
that contractility is the intrinsic contractile ability of the heart independent of changes
in the other codeterminants of cardiac output (CO), or simpliﬁed: what the cardiac
muscle can do unaffected by external factors. Unfortunately (for scientists), cardiac
muscle is always under the inﬂuence of its environment in vivo, making contractility
difﬁcult to measure. Nevertheless, one can try to control or account for these external
factors in order to investigate effects on myocardial function where they matter, i.e. in
the body. In this sense it may be wise to distinguish contractility from performance.
Whereas contractility reﬂects the intrinsic conditions of the myocardium irrespective of
external factors, cardiac performance is what the cardiac muscle does, given the effect
of both external and internal factors, at the time of contraction.
There are several determinants of contractility ((ﬁgure 2). The length-force
relationship, Starling mechanism, which means that increased length (preload) will
generate increased force (up to a point). The force-frequency relationship means that
the higher the frequency (heart rate) the higher the force. This effect, known as the
Bowditch effect, is believed to be due to increased intracellular Ca2+ concentration24.
Cardiac myocytes also have some sort of chemical memory of the preceding beat, the
force-interval relationship25. The Anrep effect denotes the increase in contractile force
seen in response to a sudden increase in afterload, a force-afterload effect, whereas
the Gregg effect denotes the increased contractile response to high intracoronary
pressures26. Naturally, receptor mediated stimulation affects contractility as well,
e.g. with the autonomic nerve system and speciﬁcally adrenergic inﬂuences on heart
function being recognized for many years.
β-adrenergic receptor activation results in increased heart rate and contractility
(or rather, performance) via intracellular increase in cAMP. Noradrenaline, released
from post ganglionic sympathetic nerve ﬁbers, is the main neurotransmitter. The
increase in cAMP act on certain protein kinases which ultimately lead to an increase
in intracellular Ca2+. The parasympathetic system less densely innervates the ventricles
but still inﬂuence contractility. Acetylcholine is released and decreases the intracellular
levels of cAMP, either by inhibiting release of noradrenaline, or by increasing cyclic
guanosine monophosphate (cGMP) upon binding to muscarinic receptors which in turn
stimulates cAMP breakdown.
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Figure 2. Factors that inﬂuence the contractile state of the myocardium

Relaxation
Diastole, or relaxation, can and does inﬂuence cardiac performance signiﬁcantly,
as illustrated by the current discussion of the role of diastolic dysfunction in heart
failure. Relaxation is an active, energy-consuming process and the velocity of muscle
relengthening has a clear relation to the original ﬁber length as well as pre- and
afterload27. In the intact heart, diastole can be divided into four phases: 1, isovolumic
relaxation, which follows directly after end-systole and displays a rapid drop in
chamber pressure with no, or little, change in volume; 2, rapid ventricular ﬁlling,
where ventricular volume, but not pressure, increases; 3, slow ventricular ﬁlling (or
diastasis) where there is an increase in both pressure and volume and 4, atrial systole
where pressure rises more than volume. In spite of the nomenclature, there could be
some volume change during isovolumic relaxation due to the fact that the ventricle
can change shape. The sudden increase in myocardial perfusion that occurs during
diastole could, through an increase in myocardial turgor, possibly lead to an increase
in chamber stiffness. Also, higher afterload will affect onset of isovolumic relaxation28
and its progress. Ventricular ﬁlling takes place mainly during phase 2 and 3 (about
80%) whereas atrial contraction contributes 5-15% normally. In diseased states, the
relative contribution to ventricular ﬁlling by atrial contraction can markedly increase.
Filling of the ventricles are very closely related to heart rate, driving pressure from the
atrium, pressure gradient across the atrio-ventricular valves but also to the contractile
and relaxation state of the ventricle29.
As mentioned above, sympathetic nerve system activation not only increases
contractile performance but also shortens relaxation time by stimulating the
reaccumulation of Ca2+ into the sarcoplasma in the healthy heart, and desensitization of
β-adrenergic receptor agonist effect is well described in heart failure.

I
Introduction
19

Endothelium and cardiac function
For the last 25 years, the endothelium has emerged as an essential component of the
cardiovascular system. The discovery of the fundamental role for endothelium regarding
vasomotor tone in 1980 by Furchgott et al30 was crowned with the Nobel Prize in 1998,
together with Ignarro and Murad (for the discovery of nitric oxide, NO). We know now
that the endothelium plays an important role in cardiac growth, rythmicity, metabolism
and contractile performance31. This section focuses on the endocardial endothelial cells
as well as the endothelial cells of the myocardial capillaries, both of which lay in close
proximity to cardiomyocytes. For further details, please see the comprehensive review
by Dirk Brutsaert31.
With respect to autocrine or paracrine signaling, cardiac endothelial cells produce
NO, ET-1, prostacycline (PGI2) and convert angiotensin I to angiotensin II. NO has
been widely investigated regarding its role in myocardial performance and both positive
and negative ﬁndings regarding contractility and relaxation have been reported. At
low concentrations, NO seems to demonstrate positive inotropic effects in vitro32, but
higher NO levels lead to a negative inotropic response33. Type II NO synthase, which
produce high amounts of NO, is induced in sepsis by endotoxin and by a number of
cytokines including TNF-α and IL-1β. In fact, these cytokines have been proposed to
exert negative inotropic effect in sepsis via NO.

History of myocardial depression in sepsis
Myocardial depression in shock was ﬁrst described by Carl Wiggers34 who in 1947
used a hemorrhagic model. The fact that the heart is affected in a negative way in
many septic patients has also been known for quite some time. The ﬁrst reports on
myocardial depression came in the 1960s with the ﬁnding that some septic patients
displayed low CO, thin, thready pulse and cold, clammy skin35,36. Such patients were
initially believed to have heart failure in contrast to patients with high CO, warm skin
and bounding pulse. Contrarily, Wilson et al37 showed that high or normal CO and low
systemic vascular resistance (SVR) is a feature of human septic shock and also showed
that administration of endotoxin to humans resulted in a similar picture. This opinion
was not broadly accepted until the mid 1970s when pulmonary artery catheters became
widely used. These catheters provided a better estimate of left ventricular preload using
pulmonary capillary wedge pressure (PCWP) instead of central venous pressure (CVP)
as a measure of left ventricular end-diastolic volume (LVEDV). By then it became
clear that adequately resuscitated septic shock patients typically displayed high CO
and low SVR38,39. Survivors were found to respond to ﬂuid challenges by increasing CI
and LV stroke work index (LVSWI) to a greater extent than non-survivors. However,
in both these groups, some patients deteriorated in CI and LVSWI in response to ﬂuid
administration and this was interpreted as myocardial dysfunction40. Thus, despite
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the fact that patients had high CO upon presentation, septic myocardial depression
was nonetheless present. MacLean et al were among the ﬁrst to argue that myocardial
depression remained an issue in sepsis because metabolic demand exceeded myocardial
performance35.

Human studies and results
The ﬁndings by MacLean and colleagues was supported much later when ﬁrst Calvin
et al and later Parker et al, showed that resuscitated septic patients had an increase in
LVEDV, i.e. a dilation of the LV and a reduction in left ventricular ejection fraction
(LVEF)41,42. Interestingly, survivors had a more pronounced reduction in LVEF, due to
greater increase in LVEDV, which resolved within 7 to 10 days. This meant that septic
myocardial depression could be reversible. Non-survivors maintained the initial LVEF
until death, and thus appeared to be unable to dilate their LV. These ﬁndings implicate
diastolic dysfunction as a predictor of survival of septic shock.
By the increasing use of echocardiography, several investigators could show
that patients with sepsis and septic shock indeed had diastolic dysfunction including
reduced rapidity of ventricular ﬁlling and reduced left ventricular relaxation43-45. These
investigators also found more severe abnormalities in non-surviving patients including
impaired systolic function46. Systolic dysfunction has also been shown using pulmonary
artery catheter derived data. In 1977, Weisel et al reported that the ability to respond to
a ﬂuid challenge by an increase in LVSWI correlated to survival40 and Ognibene et al
demonstrated inability of septic shock patients to increase LVSWI in response to ﬂuid
as compared with sepsis without shock or trauma patients47.
The early notion that myocardial depression was due to hypoperfusion or global
myocardial ischemia has been proven faulty48-50. Cunnion et al51 investigated septic
shock patients (by means of coronary sinus thermodilution catheter) with evidence of
myocardial depression and found no signs of hypoperfusion, no net myocardial lactate
production but rather increased myocardial oxygen availability. These ﬁndings were
conﬁrmed by Dhainuat et al52 as well as in numerous animal investigations of adequately
resuscitated septic shock53-56. The possibility of microcirculatory abnormalities, such as
shunting, has also been investigated with hitherto no evidence of altered myocardial
oxygen metabolism or lack of high-energy phosphates57-59. However, elevations of
cardiac troponin I is often found in septic shock patients and correlate with cardiac
dysfunction60,61. Whether this ﬁnding is due to toxic effects of endotoxin, cytopathic
dysoxia or some other mechanism is still unclear.

Animal studies and results
A number of animal models of myocardial depression in sepsis have been developed
in different species. It is noteworthy that none of these exactly mimic human sepsis.
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Each model has its own limitations and advantages but all have contributed in some
way to unravel the intriguing puzzle of cardiac dysfunction in sepsis.
In isolated cardiomyocytes as well as in papillary muscles, endotoxin administration
has been associated with impaired contractility62-65. In Langendorff preparations
(isolated, denervated hearts) from small rodents both systolic and diastolic dysfunction have been described in response to endotoxin (LPS)66-69. These results are
not necessarily reproduced using in vivo models. In such intact models, both neurohormonal activity and circulating substances could modify the negative effects on
cardiac performance. Cell-cell interactions are also vital in regulating the contractile
state of the myocardium31. Cardiac loading conditions change substantially by LPS
or other modes of inﬂicting sepsis, making interpretation of cardiac effects difﬁcult.
When load-independent assessments of cardiac performance are used, such as the left
ventricular pressure-volume relation (LVPVR), results differ54,70-75. It would appear that
compensatory mechanisms can initially mask depressed cardiac function but at later
stages, cardiac depression is evident73.

Current opinions
Many mechanisms responsible for evoking or contributing to myocardial depression
in models of sepsis have been proposed, some of which are mentioned here (table 2).
The search for a myocardial depressant substance has been intense and basic
characteristics determined. It is a heat-stable protein between 10 and 25 kD in size.
The existence of such a substance is supported by the fact that ultraﬁltrate from
septic patients evoke dysfunction of rat cardiomyocytes76. Many cytokines ﬁt such
characteristics and much attention has been drawn to TNF-α and IL-1β. Both these
cytokines, as well as endotoxin, can induce contractile dysfunction77. A plausible
mechanism is, via several intracellular steps, induction of nuclear factor kappa B
(NFκB), a pro-inﬂammatory factor leading to increased production of cytokines in the
cardiomyocyte78. By intervening in these steps towards activation of NFκB, cardiac
dysfunction is ameliorated or abolished in some septic models79.
As discussed before, NO has substantial inﬂuence on myocardial performance.
NO is also induced in sepsis and by endotoxin80 and higher levels of NO may impair
contractility. A mitochondrial version of NO synthase has been described and may
inhibit certain complexes of the respiratory chain81. Another proposed mechanism
for myocardial depression in sepsis is cytopathic dysoxia, i.e. an uncoupling of
oxidative phosphorylation leading to relative shortage of ATP thus impairing cardiac
performance82. The role of calcium in myocardial function has been discussed above
and decreased myoﬁlament sensitivity for Ca2+ is also suggested to mediate septic
myocardial depression83,84. In vitro studies have shown decreased sensitivity for Ca2+
and impaired contractility in myocytes from endotoxic hearts. Interestingly, this effect
could concentration-dependently be reversed by a calcium-sensitizing agent63. Also,
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inhibition of the ryanodine receptor (impairing Ca2+ release from the SR) has been shown
in septic pigs85 as well as impairment of the reuptake of Ca2+ by the SR86. Several other
mechanisms for inducing myocardial depression in sepsis have also been proposed
(table 2). Thus, considering the many hypotheses and the data to support them, it is
unlikely that only one of these is solely responsible for myocardial depression in sepsis,
but rather that this condition is the result of several interacting mechanisms.

Table 2.
Proposed mechanisms for myocardial depression in sepsis
Myocardial depressant substance(s)
Cytokines (TNF-α, IL-1 β)
Calcium desensitization
Endothelin
Nitric oxide

Decreased expression of heat shock proteins
Cytopathic dysoxia
Activation of toll-like receptor 4
Apoptosis
Increased expression of adhesion molecules
(ICAM-1, VCAM-1)

The endothelin system
The initial description of the ET system by Yanagisawa et al 198887 has led to intense
research regarding this family of peptides. The ETs are involved in many physiological
and pathophysiological processes and pharmaceuticals intervening in the ET system
are today in clinical use.

Biosynthesis and cellular release of ET-1
The ET system is comprised of three isopeptides: ET-1, -2 and -3. The biologically
most important isoform in human cardiovascular physiology and pathophysiology
seem to be ET-188 which also is the focus of this thesis. ET-1 is primarily synthesized
as a precursor, preproET-1, which gene is located on the human chromosome 689.
PreproET-1 consists of 212 amino acids and is cleaved by endopeptidases90 to yield
bigET-1, a 38-amino acid structure which possesses biological activity although 140
times less potent than ET-191. In turn, bigET-1 is cleaved, intra- or extracellularly, by
membrane-bound metalloproteases called endothelin converting enzymes (ECEs)92 to
ET-1 which has the length of 21 amino acids ((ﬁgure 3 and 8).
ET-1 is continuously released from endothelial cells, contributing to vasomotor
tone, but is also stored intracellularly and released upon stimulation93. Such stimulatory
factors on production and release of ET-1 include endotoxin, ET-1 itself, angiotensin
II94, catecholamines, thrombin, growth factors, cytokines, free radicals, hypoxia and
shear stress ((ﬁgure 3). Inhibitory factors include NO, atrial natriuretic peptide, heparin
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and prostaglandins E2 and I295. The release of ET-1 is mainly to the abluminal side96,97
making ET-1 foremost an autocrine and paracrine mediator rather than endocrine.
However, in conditions with high circulating levels of ET-1, such as sepsis, this peptide
may also act in an endocrine fashion98. Thus plasma levels only reﬂect a minor portion
of ET-1 released and may not be a true estimate of ET-1 activity but rather a surplus
of interstitial and tissue-bound ET-1. Nevertheless, plasma levels of ET-1 do correlate
with severity of disease, such as congestive heart failure99 and can also have prognostic
and diagnostic values100. Clearance of circulating ET-1 is quite rapid with a plasma
half-life of about one minute101, whereas effects such as vasoconstriction are sustained
for one hour102,103. The major site for ET-1 clearance is the pulmonary circulation104
(below).

ET receptors and signal transduction
To date three different receptors for ET-1 has been identiﬁed, ETA, ETB and ETC
(the ETC receptor has not been cloned from humans)105,106. The two ET receptors found
in humans, ETA and ETB are highly conserved across mammalian species (85-90%)95.
Both ETA and ETB receptors are found on smooth muscle cells where they mediate
vasoconstriction. The ETB receptor is also found on endothelial cells107 mediating
vasodilation by release of NO or prostacycline108. If administered exogenously, ET-1
causes a transient vasodilation (due to stimulation of endothelial ETB receptors) followed
by sustained vasoconstriction (ETA and smooth muscle ETB receptors)87. The net effect
of ET-1 is dependent on the local receptor population at different vascular beds109 but
vasoconstrictor effects are generally more pronounced in veins than arteries110. Several
speciﬁc ET receptor antagonists have been developed over the years which have aided
researchers in investigation the role of the ET system111.
ETA and ETB receptors belong to the G protein-coupled family ((ﬁgure 3). Activation
of the ETA receptor leads to activation of phosphoinositide-speciﬁc phospholipase
C (PLC) which in turn activates two “second messengers”: diacylglycerol (DAG,
membrane-bound) and phosphatidylinostol (IP3, soluble). IP3 rapidly increases
intracellular calcium by mobilization from the sarcoplasmic reticulum112. DAG, together
with calcium, activates protein kinase C which stimulates the sodium/hydrogen (Na+/
H+) exchanger113,114, leading to intracellular alkalinization. PKC also triggers a negative
feed-back on calcium signaling115,116. The increase in cytosolic Na+ may also reverse the
normal direction of the sarcoplasmic Ca2+/Na+ exchanger117,118 ((ﬁgure 3), thus further
increasing cytosolic Ca2+. The latter effect may further promote contraction of the
myoﬁlaments and thus cause vasoconstriction in smooth muscle cells or contraction
of the cardiomyocyte. The intracellular effects of ETB receptor activation are quite
similar to those of activating ETA but the endothelial ETB receptor can also activate
phospholipase A2 with ensuing release of prostacycline. Thus, agonist binding of the
endothelial ETB receptor can mediate vasodilation by release of NO and prostacycline.
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Figure 3. Synthesis and intracellular effects of endothelin-1 (ET-1).
Upper ET-1 is synthesized as a precursor, preproET-1, which gene is located on the human
Upper:
chromosome 6. PreproET-1 consists of 212 amino acids and is cleaved in the cytoplasm by
endopeptidases to bigET-1, a 38-amino acid structure which possesses biological activity,
although less potent than ET-1. In turn, bigET-1 is cleaved by endothelin converting enzymes
(ECE) to ET-1 which has the length of 21 amino acids. Stimulatory and inhibitory factors
on production and release of ET-1 are shown in the ﬁgure.
Left:: Endothelin A (ETA) and B (ETB) receptors are coupled to G proteins. Activation of
Left
the ETA receptor leads to activation of phosphoinositide-speciﬁc phospholipase C (PLC)
which in turn activates two “second messengers”: diacylglycerol (DAG, membrane-bound)
and phosphatidylinostol (IP3, soluble). IP3 rapidly increases intracellular calcium (Ca2+)
by mobilization from the sarcoplasmic reticulum. DAG, together with calcium, activates
protein kinase C (PKC) which stimulates the sodium/hydrogen (Na+/H+) exchanger,
leading to intracellular alkalinization. PKC also triggers a negative feed-back on calcium
signalling by ET-1 (not shown). The increase in cytosolic Na+ may also activate the Ca2+/
Na+ exchanger leading to additional increase in cytosolic Ca2+ that may further promote
contraction of the myoﬁlaments and thus cause vasoconstriction in smooth muscle cells or
contraction of the cardiomyocyte.
Right:: The intracellular effects of ETB receptor activation are shown for the endothelial
Right
cell, leading to production and release of prostacycline (PGI2) and nitric oxide (NO).
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Both ETA and ETB receptors are internalized following ligand binding but whereas the
ETA receptors are recycled to the surface, the ETB receptors are degraded in lysozymes119
thereby clearing circulating ET from plasma. Recycling of ETA receptor may explain
the long-lasting effect of ETA activation (more receptors available on the cell surface)
relative to the short acting effects of ETB receptors (require de novo synthesis) regarding
vasoconstriction.

ET and sepsis
The involvement of the ET system in sepsis was ﬁrst described by Pittet et al100 and
Weitzberg et al120 who found a ﬁve-fold increase of ET-1 in septic patients compared
with healthy volunteers. The highest plasma levels measured of ET-1 comes from septic
subjects121. ET-1 has also been found to correlate positively to severity of sepsis100 and
mortality122 as well as negatively to cardiac index (CI)100.
As mentioned earlier, endotoxin is a powerful stimulator of ET-1 expression and
secretion123 and increased amounts of pre-pro ET-1 mRNA are found in many models
of sepsis. Other cytokines, such as tumor necrosis factor α (TNF-α) and interleukin-1β
(IL-1β), are elevated in human sepsis124 and are also known to induce ET-1 production.
In clinical studies of sepsis, ET-1 has also been associated with pulmonary hypertension
and renal dysfunction100,125.
A number of studies performed in various animal models of sepsis have investigated
effects of ET-1. Endotoxin-induced pulmonary hypertension is, in part, ET dependent
and is associated with an increase in extra-vascular lung water and deterioration in
gas exchange. Such effects are effectively abolished by ET receptor antagonism126.
Splanchnic perfusion disturbances are commonly encountered in sepsis127 and ET-1
causes splanchnic vasoconstriction128. Oldner et al demonstrated increased oxygen
delivery to the gut as well as improvement in mucosal pHi (intracellular pH assessed
by tonometry) by ET receptor antagonism in porcine endotoxemia129. Arterial plasma
levels of ET-1 has also been shown to correlate negatively with mucosal pHi130. Apart
from the intestines, ET is also a powerful regulator of hepatic blood ﬂow during septic
conditions. Endotoxin has been shown to increase hepatic vascular resistance six-fold
and this effect was abolished by antagonizing both ETA and ETB receptors, i.e. dual
ET receptor antagonism130. Renal function and perfusion is also under the inﬂuence
of ET-1 which causes reduction of renal blood ﬂow128,131. The effects in septic settings
of ET antagonism differs regarding renal effects where some have shown improved
renal blood ﬂow and urine output132 while others have not133. In human sepsis, bigET1 have been shown to negatively correlate to creatinine clearance, a measure of renal
function125.
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ET and cardiac function
There is a bewildering array of reports regarding the effects of ET on cardiac
function with, at times, contrasting results. The inotropic responses vary depending on
whether single myocytes, multi-cellular preparations, whole heart or in vivo models
are used. Most studies have been performed in vitro and have the advantage of looking
at very speciﬁc effects of ET-1, contributing valuable insights in cellular response.
However, cardiac function is a result of complex interactions between the myocardium
and endothelium, with constant cell-to-cell feed-back mechanisms in response to load,
neuro-hormonal stimulation and beat-to beat adaptation. Thus, what is true for the
isolated myocyte may not necessarily hold true for the in vivo situation. Alas, in vivo
studies of cardiac performance and ET-1 using load-independent methods are scarce.
Both ETA and ETB receptors are found in the human heart117. The cardiomyocytes
express mainly, but not exclusively, ETA receptors whereas endothelial cells and
ﬁbroblasts express ETB receptors134,135. Regarding expression of ET receptors, the
porcine and human hearts are very similar136.

Endothelin and contractility
ET has been reported to induce both positive and negative inotropy in vitro137-140.
In human myocardium, ET-1 has been shown to exert positive inotropic effects141
which seem to be mediated by ETA receptors. When antagonizing ETA receptors by an
intra-coronary infusion in healthy humans, there were clear signs of impaired systolic
performance suggesting that ET-1, via ETA receptors has a tonic, positive inotropic
effect without any effect on relaxation142.
However, the effects on cardiac performance in vivo may be masked by the
vasoconstrictive effects of ET-1. Systemic administration of exogenous ET-1 (i.e.
intravenous infusion) result in a transient drop in vascular resistance due to stimulation
of endothelial ETB receptors with subsequent NO release, followed by a sustained
increase in SVR (activation of ETA receptors, above). This results in an increase in
cardiac pre- and afterload and a decrease in CO commonly interpreted as a negative
inotropic effect143. Reductions in coronary perfusion per se by exogenous ET-1 may
impair cardiac performance due to ischemia144.
Several mechanisms for the effect on contractility by ET-1 have been proposed.
Binding to the ETA receptor leads to an increase in cytosolic Ca2+ which promotes
contractility ((ﬁgure 3). Alkalinization of the cytoplasm via activation of the Na/H
exchanger enhances Ca2+ sensitivity of troponin C which, in turn, increases contractility.
Also, ET-1 has been reported to interact with endogenous noradrenaline, modulating
contractility and efﬁciency through cross-talk among different neuro-hormonal
signals145.
Interestingly, in pathological conditions, ET-1 has been shown to induce negative
inotropic effects. When infusing an ET receptor antagonist intra-coronary to patients
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with congestive heart failure (CHF), MacCarthy et al142 found opposite results
compared with healthy subjects. In CHF patients, measures of contractile performance
improved, suggesting negative effects of ET-1, whereas in patients without evidence
of CHF, contractile performance was impaired. An almost identical pattern has been
described in human and pig cardiomyocytes from healthy vs. CHF subjects141,146. One
hypothesis is that, in the initial development of CHF, ET-1 contributes to contractile
function by adaptive up-regulation but, as CHF progresses, the adaptive response
become maladaptive due to altered receptor expression or sensitivity to ET-1 and
vascular effects dominate. In summary, many but not all report positive effects of ET-1
in vitro but in vivo ﬁndings are less clear and may depend on healthy versus diseased
cardiac conditions.

Endothelin and relaxation
The effects of ET-1 and myocardial relaxation is less well studied. In isolated
muscle preparations ET-1 was associated with improved relaxation due to ETA receptor
activation147 whereas in human myocytes, ET-1 impaired relaxation148. In a septic model
in rats, bigET-1 infusion caused marred relaxation. ET-1 infusion in healthy volunteers
was associated with impaired relaxation although this study may have been ﬂawed by
alterations in cardiac load and the use of intravenous, exogenous ET-1143. Regarding
stiffness, ET-1 has been shown to improve distensibilty in a model of acute cardiac
overload149,150. Thus the literature is far from clear regarding the lusitropic effects of
the ET system.

Calcium, ET and septic myocardial depression
The increasing awareness of dysfunctional cardiac calcium handling in CHF poses
the highly interesting question whether calcium desensitization is also of importance
in septic states. In addition, there seem to be indications that calcium sensitizing agents
may affect the ET system.
Despite the fact that our group and others repeatedly have found beneﬁcial
hemodynamic and regional perfusion effects by antagonizing the ET system in
experimental sepsis, there is still no conclusive evidence regarding the speciﬁc cardiac
effects of ET. Moreover, ET-1 has been shown to have opposing effects in healthy
versus diseased myocardium.
For these reasons we wanted to study the effects of a novel calcium sensitizing
drug in an experimental septic model and to investigate possible effects of this drug
on the ET system. We also wanted to further investigate the speciﬁc cardiac effects of
ET receptor activity in both healthy and septic hearts in vivo with improved control
regarding extra-cardiac inﬂuences on performance.
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“The heart has its reasons of which reason know nothing”
Blaise Pascal
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Aims
The aims of this thesis was to investigate aspects of cardiovascular dysfunction in
models of sepsis with particular emphasis on calcium desensitization, the endothelin
system and also to further characterize the functional properties of the endothelin
system in normal, in vivo cardiac physiology.
The speciﬁc aims were:
•

To evaluate a new Ca2+ sensitizer, levosimendan, in a model of experimental
sepsis with regard to cardiovascular and regional effects.

•

To investigate possible connections between levosimendan and the ET system
in experimental sepsis.

•

To evaluate cardiac performance and perfusion effects of endotoxemia.

•

To study different degrees of ET receptor antagonism in endotoxin shock and
especially effects on cardiac performance.

•

To investigate load-independent cardiac effects of ET receptor stimulation by
exogenous ET receptor agonists with respect to both systolic and diastolic
performance.

•

To measure and evaluate load-independent cardiac effects of acute endotoxin
administration in vivo.

•

To explore the effects of ET receptor antagonism in acute endotoxemia by loadindependent assessment of myocardial systolic and diastolic performance.
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Materials and methods
For a detailed account of materials and methods, the reader is referred to the
individual papers.

The porcine model
“I like pigs. Dogs look up on us. Cats look down on us. Pigs treat us as equals.”
Winston Churchill

Sepsis is a very complex and dynamic syndrome, and somewhat heterogeneous
in its clinical presentation. A wide variety of models have been developed in different
species using diverse approaches to simulate human sepsis in order to assess organspeciﬁc pathophysiology. The choice of model has obvious impact on results depending
on species, ﬂuid administration, type of sepsis-inducing insult, administration of
endotoxin (bolus versus continuous), acute versus chronic experiments, anesthesia and
so forth. For this thesis, the porcine model of continuous endotoxemia was employed
in three of the studies.
There are several beneﬁts in using pigs as a model of human sepsis. They have
similar sensitivity for endotoxin and tissue antigenicity to humans151. Their size allows
for extensive instrumentation, serial measurements and repeated blood samples. There
is a marked resemblance between pig and human cardiac anatomy, physiology, ET
system and coronary circulation which makes the pig heart attractive for research136,152
and hearts from pigs are even being considered for xenotransplantation153.

Endotoxin
Endotoxin (LPS) is a part of the gram negative bacterial cell wall, levels of
which are detectable in human sepsis154. Continuous LPS administration does not
mimic the gradual release of bacteria into the bloodstream of septic patients but the
physiologic response does resemble sepsis. When administered to healthy volunteers
there was a very similar cardiovascular response compared with septic shock155. Bolus
administration of LPS or intravenous infusion of live pathogens most often causes a
rapid onset of cardiovascular instability and a state of hypodynamic shock that carries
high mortality. Various cecal ligation and puncture models have been used that are
good models of abdominal infection and sepsis, though sepsis development in this type
of model often takes time, even days. Thus, a stepwise increase in LPS from E.Coli
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was used in papers I, II and IV, reaching maximum infusion rates within 45 minutes.
This rate was then kept for the entire experiment except for paper I in which endotoxin
infusion was stopped after three hours.
In papers I and II, the endotoxin dose used was 20 μg.kg–1.h–1 whereas in paper IV
0.25 μg.kg–1.h–1. This reduction in administered endotoxin was due to an increase in
LPS potency in new batches. The resulting dose used in paper IV caused similar
effects as papers I and II (table 3).

Anesthesia and surgical preparation
All animals used were fasted overnight with free access to water. On the morning
of the experiment premedication was administered (ketamine 20 mg.kg–1 and atropine
25 μg.kg–1 in papers I and II; ketamine 10 mg.kg–1, atropine 50 μg.kg–1 and azaperone 4
mg.kg–1 in papers III and IV) prior to transport to the laboratory. An intravenous cannula
was placed in a marginal ear vein and anesthesia induced by pentobarbithal 12 mg.kg–1.
Anaesthesia was maintained by continuous infusions of, in paper I: pentobarbithal 3-6
mg.kg–1.h–1 and fentanyl 10 μg.kg–1.h–1; in paper II: midazolam 0.3-0.4 mg.kg–1.h–1 and
fentanyl 10 μg.kg–1.h–1; papers III and IV: pentobarbital 5 mg.kg–1.h–1, midazolam 0.3
mg.kg–1.h–1 and fentanyl 20 μg.kg–1.h–1. Muscle relaxants were administered only in papers
I and II as pancuronium bromide 0.5 mg.kg–1.h–1. Prior to administration of the muscle
relaxant, anesthetic depth was evaluated by pain stimuli to the fore hoof. A tracheotomy
was performed and the animals mechanically normoventilated. Body temperature was
maintained at 38-39 oC by heating pads. For details regarding surgical preparation and
catheterization, please see the material and methods section in each paper of this thesis.

Biochemical analyses
Endothelin-1
ET-1 levels in plasma were analyzed in papers I-IV by radioimmunoassay as
described by Hemsén et al156. The cross-reactivity for bigET-1 was 0.03%, for ET-2
27% and for ET-3 8%.

Troponin I
In papers II and IV plasma levels of troponin I were assessed using commercially
available assays: in paper II the Axsym microparticle enzyme immunoassay (AxSYM,
Abbott, Chicago, IL, USA) and paper IV two-position immunoenzymatic assay
(Beckman Coulter Inc., Fullerton, CA, USA)
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Cardiac performance
Assessing intrinsic cardiac effects in vivo is challenging since the heart has a unique
ability to adapt to alterations in load, pressure and frequency in a very short time frame
in addition to having a chemical memory of the preceding beat. The heart in vivo is also
under the inﬂuence of neuro-hormonal control. However, studies of the in vivo heart
can provide extensive information of cardiac performance given its environmental
inﬂuences and confounders may be minimized by comparing groups of individuals.
Assessing the relation between heart function and an experiment intervention requires
a stable cardiovascular model as the ‘platform’. In this case, the animals were well
anesthetized and resting, so that potential effects on the autonomic nervous system (and
heart) by stimulation from factors not related to the protocol were minimized.

Pulmonary artery catheter derived parameters
In papers I and II, cardiovascular performance was assessed by derived parameters
from the pulmonary artery catheter (PAC). Such parameters include CO, stroke volume
(SV) and left ventricular stroke work calculated according to standard formulas. These
parameters are load-dependent and can be inﬂuenced by vascular, as well as cardiac
effects. In order to interpret such ﬁndings one needs to take pre- and afterload into
account.

Echocardiography
In paper II, assessments of ventricular volumes were made by means of twodimensional echocardiography. This method has previously been shown to be a better
estimate of left ventricular preload than conventional invasive monitoring157. Following
left-sided thoracotomy, a transducer probe (V510B, Acuson, Mountain View, CA,
USA) was placed directly upon the epicardium. The probe was placed to get a short
axis view of the LV at the mid-papillary level. A loop of 4-6 beats was recorded and
end-diastolic/end-systolic areas were calculated (Acuson 128 echocardiograph) after
manually outlining the endocardial surface. Fractional area of contraction (%) was
calculated as:

(LVEDAI-LVESAI) x 100
LVEDAI
where LVEDAI is left ventricular end-diastolic area index and LVESAI is left
ventricular end-systolic area index. In addition, right ventricular end-diastolic diameter
was measured at the widest portion of the right ventricle, a non-validated estimate of
right-sided preload.
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Left ventricular pressure-volume relations
In papers III and IV, cardiac performance was assessed by analyzing the pressurevolume relationship of the left ventricle in vivo. The continuous volume measuring
method employed was based on conductance, where a number of electrodes produce
an electric ﬁeld in the surrounding tissue (in this case within the LV) and sense the
electrical ﬁeld conducting effects of the blood ((ﬁgure 4). The sensed signal is then
calibrated for absolute volume by assessment of blood conductivity for electricity,
for signal representing surrounding tissue that is not blood and calibrating signal
magnitude relative to a second measurement of volume, in this case stroke volume
measured by thermodilution158,159. These calibrations were made immediately before
each measurement. The conductance catheter used contains multiple electrodes which
provide volume assessments in ﬁve intra-ventricular segments. Intra-ventricular
pressure was measured by tip manometry with the sensor place in the conductance
catheter in a mid-ventricular position. In this way, pressure as well as volume could be
captured simultaneously and continuously. The conductance catheter was advanced via
the carotid artery through the aortic valve into the LV and optimal position checked and
conﬁrmed with ﬂuoroscopy before and after experiments.

Figure 4. Schematic of the left ventricle (long axis)
with the conductance catheter in place. The separate
segments each continuously measure volume in
the corresponding segment of the left ventricle as
described in the text. Continuous left ventricular
pressure monitoring (not shown) is simultaneously
performed in the mid-ventricle position.

Systolic function
In order to analyze systolic function in vivo by means of LVPVR and analysis
of the relation of systolic performance to load (i.e. the Starling relation) one must
experimentally alter preload conditions in a controlled fashion and collect pressurevolume data during consecutive heart cycles. This alteration of preload was done by
transiently occluding the inferior vena cava (IVCO), creating a progressive decline in
preload ((ﬁgure 5). To accomplish this, a balloon occlusion catheter used was placed
via a jugular vein to a position where the inferior vena cava inﬂow to the right atrium
could be partially or completely occluded by balloon inﬂation, and this placement was
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also assisted by ﬂuoroscopy. The IVCO maneuver was always done during brief apnea
to avoid respirator induced alterations of venous return. Six to eight consecutive heart
beats were then analysed and end-systolic pressure-volume points were plotted and least
squares regression was performed. The slope of this regression line is the end-systolic
elastance (Ees). Using the same heart cycles, stroke work (SW, area within a pressurevolume loop) was plotted against end-diastolic volume (EDV) and the regression line
was plotted in the same manner. This correlation slope is named preload recruitable
stroke work (PRSW). Other indices of systolic function used were dP/dTmax/EDV, i.e.
the ﬁrst derivative of pressure increase during systole related to EDV160 and preload
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Figure 5. Variations in preload to determine parameters of systolic performance. Increasing
reduction in preload after inferior vena cava occlusion is depicted in this ﬁgure. The endsystolic points (left) are linear within these ranges of preload alteration. The slope of this
line, end-systolic elastance (Ees), corresponds well to myocardial systolic function. In the
same heart cycles, the area of each loop represents stroke work (right). These are plotted
against the end-diastolic points (ED) and the slope of the relation of SW to ED is the
preload-recruitable stroke work (PRSW).

Diastolic function and efﬁciency
Diastolic function was assessed using pressure-volume relations during passive
ﬁlling ((ﬁﬁgure 66).
). End-diastolic pressure and ﬁlling (LVEDP/LVEDV) denotes stiffness
whereas the time constant tau ((τ) for pressure decay and the half-time for pressure
decay (t1/2) from dP/dTmin both are measurements of isovolumic relaxation162.
Mechanical efﬁciency was assessed as the proportion of SW to PVA (pressurevolume area = total potential energy) without preload alteration. In paper III, the
relation between PVA and single-beat myocardial oxygen consumption (PVA/MVO2)
was also assessed as a parameter for myocardial efﬁciency163.
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Figure 6. Demonstration of a representative pressure-volume cycle (upper right), with
measurement points in the cycle noted for end-diastole (A), dP/dtmax (B) and dP/dtmin
(F), dV/dtmin (C) and dV/dtmax (I), PWRmax - maximal instantaneous power (D), endsystole (E), t1/2 - point for pressure reduction half-time from dP/dtmin (G), and the point
between end-isovolumic relaxation and start-ﬁlling (H). On the panels to left, some of these
functions are displayed over time for the same heart cycle with the same aspects of the heart
cycle noted for A, B, C, D, E, F, H, and I. The bottom right panel demonstrates change in
pressure during the entire heart cycle, where logarithmic decay of pressure shows a linear
phase in this format between F and H, where t1/2 and tau are measured.
Courtesy of Ass. Prof. Michael Haney and Göran Johansson, Dept Perioperative and
Surgical Sciences, Umeå University, Umeå,
åå, Sweden.
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Myocardial and regional blood ﬂow
In papers II-IV myocardial blood ﬂow was measured by two different principles.
In paper II, following left-sided thoracotomy, an ultrasonic ﬂow probe (Transonic
Systems, Ithaca, NY, USA) was placed around the left anterior descending artery (LAD)
and ﬂow continuously recorded. The same principle was used for measurements of
portal and renal blood ﬂow in paper I. The retrograde thermodilution technique was
used for determining myocardial blood ﬂow in papers III and IV by placing a dual
thermistor-tipped coronary sinus catheter (Webster, CA, USA) into the great cardiac
vein using ﬂuoroscopic guidance. Blood ﬂow was intermittently recorded just prior to
each measurement of cardiac performance.
Assessment of intestinal mucosal pH (pHi) was made in paper I by means of
ileal tonometry. In brief, a saline ﬁlled balloon catheter was inserted in the ileum and
partial pressure of CO2 (pCO2) was measured from the balloon aspirate133. This partial
pressure is believed to reﬂect mucosal pCO2 and, through Henderson-Hasselbalch
transformation, mucosal pH (pHi).

Drugs
Levosimendan
In paper I, levosimendan ((ﬁﬁgure 77)) was administered prior to start of endotoxin
infusion. Levosimendan, a pyridazinone-dinitrile derevative, is a calcium sensitizer
and exert its effect by binding to troponin C164. This binding is strong in the presence
of high Ca2+ concentrations (in systole) and less avid when cytosolic Ca2+ decreases (in
diastole)165. The binding of levosimendan stabilizes the calcium-induced conformational
change of troponin C thereby changing the actin-myosin crossbridge kinetics and improve
contractility. Levosimendan also causes vasodilation by activating KATP channels166. In
addition, levosimendan has been reported to block the release of ET-1167.
Levosimendan is rapidly distributed in humans with a distribution half-life of 0.10.26 hours168. About 97% is protein bound and elimination half-life is approximately
one hour. One of the metabolites of levosimendan, following reduction and acetylation,
is biologically active with a longer half-life. This metabolite, OR-1896, may prolong
the hemodynamic effects of levosimendan169.

Tezosentan
The dual ET receptor antagonist tezosentan ((ﬁﬁgure 77)) (Actelion, Allschwil,
Switzerland) was used in papers II and IV. Tezosentan competitively and speciﬁcally
antagonizes both ETA and ETB receptors in a 30:1 ratio170. It is relatively short-acting
and water soluble, designed for acute parenteral use. Tezosentan has a distribution
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half-life of 0.1 hours and elimination half-life of three hours in humans171. There are
no known active metabolites of tezosentan. In paper II, tezosentan was dissolved in
sodium chloride and infused two hours after start of endotoxin. One group received
tezosentan as a bolus-infusion of 1 mg.kg–1 in 10 minutes followed by a continuous
infusion of 1 mg.kg–1.h-1 for the remainder of the experiment. The other group received
tezosentan of 10 mg, both as bolus and continuous infusion in the same manner.
In paper IV intervention with tezosentan (bolus-infusion 1 mg.kg–1 in 10 minutes
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Figure 7. Molecular structure of tezosentan, a dual endothelin receptor antagonist
(left), and levosimendan, a calcium sensitizing compound (right).

Endothelin-1
In paper III intra-coronary ET-1 ((ﬁgure 8) (American peptide Co., Sunnyvale, CA,
USA) was infused in incremental doses from 1, 2, 4 and 8 pmol.kg–1.min-1. Infusions were
made through a guiding catheter (Guidant) placed with the tip in the left main coronary
artery and position checked with ﬂuoroscopy. Infusions were made for 30 minutes and
during the last 10 minute period of the infusion, measurements were made. Infusion of
ET-1 was also made intravenously with a higher dose of 10 pmol.kg–1.min-1.
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Sarafotoxin
The sarafotoxin is naturally occurring as snake venom from the atractaspis
engaddensis (also known as burrowing asp, notorious for causing the death of
Cleopatra)
name
originates
from the Hebrew name: “Saraf EnGedi”. In paper
Figand
8 oritsMM,
ET-1
vä, S6c hö
III we used sarafotoxin 6c (S6c, American peptide Co., Sunnyvale, CA, USA) which
is a synthetic 21 amino-acid peptide ((ﬁgure 8) and a highly speciﬁc functional ETB
receptor agonist172. Infusions were made intracoronary as described above with 1 and
2 pmol.kg–1.min-1.
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Figure 8. Amino-acid sequences of endothelin-1, endogenous ETA and ETB receptor agonist
(left) and sarafotoxin 6c, exogenous ETB receptor agonist (right).
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Results and comments
“You can observe a lot just by watching”.
Yogi Berra

Effects of endotoxin
Endotoxin invariably caused marked effects in both the systemic and pulmonary
circulation (table 3). This was associated with increases in plasma levels of ET-1 like
immuno-reactivity (ET-1 LI) ranging from a 2- to 4-fold increase. In paper I a clear
shock response was seen with an increase in heart rate (HR), decrease in CI, stroke
volume index (SVI), mean arterial blood pressure (MAP), systemic vascular resistance
index (SVRI), portal and renal blood ﬂow as well as mixed venous oxygen saturation
(SvO2). In paper II, the response was primarily hyperdynamic due to a more aggressive
resuscitation protocol: CI, HR and coronary blood ﬂow was initially increased whereas
SVI, MAP, SVRI and SvO2 decreased. Again, in paper IV, the response to endotoxin was
hypodynamic: decrease in CI, SVI, MAP and SvO2 with an increase in HR and SVRI.
In all animals receiving endotoxin, a marked and sustained pulmonary hypertension
was seen, commonly noted in porcine endotoxemia.
One of the main reasons for the differences in endotoxin-mediated effects is
ﬂuid administration. In papers I and IV we used Ringers’ solution of 20 mL.kg–1.h–1
whereas in paper II the animals received 30 mL.kg–1.h–1 of which 15 mL.kg–1.h–1 of
Ringers’ solution and 15 mL.kg–1.h–1 of dextrane. There was also a difference in dose
of endotoxin. In papers I and II the pigs received 20 μg.kg–1.h–1 and in paper IV 0.25
μg.kg–1.h–1. Regardless of dose of endotoxin, an increase in plasma levels of troponin
I was evident, analyzed in papers II and IV. This ﬁnding was not accompanied by
reductions in myocardial blood ﬂow.

CI

HR

MAP

SVRI

MPAP

SvO2

Paper I
Paper II
Paper IV
Table 3. A summary of effects of endotoxin administration on selected parameters of
general hemodynamics from papers I, II and IV. CI: cardiac index, HR: heart rate, MAP:
mean arterial pressure, SVRI: systemic vascular resistance index, MPAP: mean pulmonary
artery pressure, SvO2: mixed venous oxygen saturation
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Effects of levosimendan (paper I)
Under basal conditions, levosimendan evoked a vasodilatory response seen as
decreases in MAP, SVRI, pulmonary vascular resistance (PVRI) and gut vascular
resistance and increases in HR and pulmonary shunt (possibly by interfering with
hypoxic pulmonary vasoconstriction). There was a tendency for an increase in CI by
levosimendan at baseline. The dose chosen for levosimendan (200 μg.kg–1.h–1) was
based on a dose-response series in three animals.
During endotoxemia, levosimendan attenuated the endotoxin-induced impairment
in CI, systemic oxygen delivery and SvO2 and increased oxygen consumption compared
with endotoxin controls ((ﬁgure 9). No further increase in HR or decrease in MAP
was seen. Levosimendan also counteracted the pulmonary hypertension but with no
further effects on arterial oxygenation or pulmonary shunt. Splanchnic perfusion was
improved by levosimendan seen as increases in portal blood ﬂow, gut oxygen delivery
and consumption.
positiveNY!!
effects were seen regarding intestinal mucosal pHi.
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Figure 9. Effects of levosimendan, a calcium sensitizer, in endotoxemia compared with
endotoxin controls. Levosimendan (open circles, n=6) infusion was started 30 minutes
prior to start of endotoxin infusion (-0.5h). Levosimendan was continued throughout the
experiment and compared with endotoxin controls (black circles, n=8). Endotoxin was
terminated after 3 hours (3h) in both groups. Data are presented as mean (SEM). *=p<
.05, **=p< .01. Top left: CI (cardiac index); top right: HR (heart rate); bottom left: SVI
(stroke volume index); bottom right: MPAP (mean pulmonary artery pressure).
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Effects of tezosentan (papers II and IV)
The overall effects of tezosentan administration in established endotoxin shock
were differentiated and related to dose. In paper II, tezosentan (lower dose) caused
a rapid and sustained increase in CI and SVI without a concomitant change in HR
or MAP compared with controls ((ﬁgure 10). Pulmonary hypertension was attenuated
and pulmonary as well as systemic vascular resistances decreased. SvO2 was improved
and oxygen delivery and consumption increased. In contrast, effects of a higher dose
of tezosentan were ultimately detrimental. Although the initial response to the higher
dose was beneﬁcial, and similar to the lower dose of tezosentan, deterioration in CI,
SVI, oxygen delivery and consumption and SvO2 was evident 1.5 hours after start of
tezosentan. A sudden elevation of PCWP was seen at this time ((ﬁgure 11) although effects on MPAP were sustained, indicating a sudden rise in LV end-diastolic pressure.
MAP was also reduced leading to a decrease in coronary perfusion pressure (CPP). The
higher dose of tezosentan was also associated with a higher mortality rate (50% vs. 0%
for tezosentan low dose compared with 20% for controls).

Figure 10. Effects of tezosentan, a dual ET receptor antagonist, in endotoxemia. Endotoxin
infusion was started at 0 hours and continued until end of experiment in all groups.
Tezosentan was infused at 1 mg.kg–1.h–1 (tezo1, n=7, black triangles), at 10 mg.kg–1.h–1
(tezo10, n=10, black squares) starting after 2 hours of endotoxin infusion and both groups
compared with endotoxin controls (n=20, open circles). Data are presented as mean (SEM).
***=p< .001 for tezo1, ##=p< .01 and ###=p< .001 for tezo10.
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Figure 11. Effects of tezosentan, a dual ET receptor antagonist, in endotoxemia. Endotoxin
infusion was started at 0 hours and continued until end of experiment in all groups.
Tezosentan was infused at 1 mg.kg–1.h–1 (tezo1, n=7, black triangles), at 10 mg.kg–1.h–1
(tezo10, n=10, black squares) starting after 2 hours of endotoxin infusion and both groups
compared with endotoxin controls (n=20, open circles). LVEDAI/PCWP= left ventricular
compliance (left ventricular end-diastolic area/pulmonary capillary wedge pressure). Data
are presented as mean (SEM). **=p< .01, ***=p< .001 for tezo1, and ###=p< .001 for
tezo10.

Thus, in paper IV, the lower dose of tezosentan was used in the same manner as
above and was equally beneﬁcial regarding general hemodynamics as in paper II. CI
and SVI increased and the same vasodilatory response occurred with decreases in MAP,
SVRI and abolishment of pulmonary hypertension ((ﬁgure 12). There was a strong tendency for an increase in SvO2 (p=0.051) compared with endotoxin controls.
In both studies, tezosentan caused further increases in plasma levels of ET-1 due to
antagonism of ETB receptors (below in discussion). There was a dose-related effect in
paper II where the higher dose of tezosentan caused higher levels of ET-1.
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Figure 12. General hemodynamics were studied following endotoxin administration
for ﬁve hours. After three hours of endotoxemia, tezosentan (1 mg.kg–1.h-1) was started
(n=8, black triangles) and compared with animals receiving endotoxin alone (controls,
n=8, open circles). Data are presented as mean (SEM). Effects of endotoxin prior
to intervention are displayed as: ##=p <.01, ###=p < .001. Signiﬁcant differences
between groups post intervention are displayed as: ** =p< .01 and *** = p< .001.

Effects of exogenous ET-1 and sarafotoxin (paper III)
In the experimental protocol for paper III we used incremental doses of exogenous
ET-1 (ETA and ETB receptor agonist) and S6c (ETB receptor agonist) to evaluate the
cardiac effects (next section, below). Infusions were made in the left main coronary
artery and for ET-1 also intravenously. Regarding intracoronary administration of ET–1
there were no discernible effects on HR, CO or SV regardless of dose. MAP and SVR
increased with the two higher doses and MPAP with the highest dose. CVP was increased
by every dose of ET-1. Although statistically signiﬁcant all these changes were minor.
Contrarily, when infused intravenously, ET-1 caused more pronounced hemodynamic
effects. HR, CO and SV decreased and CVP, MAP and SVR increased. No effects on
the pulmonary circulation were seen.
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The intracoronary infusion of S6c was associated with decreases in CO and SV
whereas HR and MAP remained unchanged. CVP increased (both doses) as did SVR
(higher dose) but pulmonary circulation was unaffected.

The ET system and cardiac performance
To evaluate the regulatory role by the ET system on cardiac physiology, ET-1 (ETA
and ETB receptor agonist) and S6c (ETB receptor agonist) were administered in healthy,
anesthetized pigs (paper III). Cardiac performance was assessed by LVPVR using
conductance volumetry (see materials and methods) and myocardial blood ﬂow measured
by thermodilution. Intracoronary applied ET-1 caused improvements in parameters of
contractile status ((ﬁgure 13): Ees, PRSW and dP/dTmax/EDV in a seemingly dose-related
fashion. PWRmax/EDV was unaltered by ET-1. However, when infused intravenously,
ET-1 did not have any effect on these parameters of systolic function. The administration
of S6c intracoronary caused negative effects on systolic function ((ﬁgure 13): no changes
in Ees or PRSW but seemingly dose-related impairments in PWRmax/EDV and dP/dTmax/
EDV.
Diastolic function parameters were also affected by ET receptor stimulation.
Isovolumic relaxation time was assessed as τ (tau) and t1/2 (pressure half-time). ET-1
and S6c both caused prolongation (=impairment) of isovolumic relaxation regardless of
administration site ((ﬁgure 14). All doses of ET-1, except the lowest, and all doses of S6c
had this effect. Neither ET-1 nor S6c had any evident effects on LV stiffness.
There have been previous reports of ET-1 mediated coronary vasoconstriction144,
thus great cardiac vein blood ﬂow was evaluated. ET-1 did not cause any changes in
myocardial blood ﬂow independent of route of administration. A concomitant increase
in myocardial oxygen consumption was seen which is expected when improving
contractile function. On the other hand, S6c in both doses was associated with decreased
coronary blood ﬂow, myocardial oxygen delivery and consumption.
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Figure 13. Myocardial contractile function parameters: end-systolic elastance (Ees),
preload-recruitable stroke work (PRSW), powermax / end-diastolic volume (Powermax/
EDV) and dP/dTmax/EDV were studied following intra-coronary endothelin-1 (ET-1, black
circles) infusion in nine pigs in increasing doses from 1 to 2 to 4 to 8 pmol.kg–1.min-1.
After a recovery period, sarafotoxin 6c (S6c, white squares) was infused in 10 pigs in the
same manner with doses of 1 and 2 pmol.kg–1.min-1. Data are presented as mean (SEM).
Each dose was compared to its corresponding baseline value and signiﬁcant differences
displayed as: * = p < .05, ** = p < .01 and *** = p < .001.
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Figure 14. Isovolumic relaxation parameters: tau and pressure half-time were studied
following intra-coronary endothelin-1 (ET-1, black circles) infusion in nine pigs in
increasing doses from 1 to 2 to 4 to 8 pmol.kg–1.min-1. After a recovery period, sarafotoxin
6c (S6c, white squares) was infused in 10 pigs in the same manner with doses of 1 and
2 pmol.kg–1.min-1. Data are presented as mean (SEM). Each dose was compared to its
corresponding baseline value and signiﬁcant differences displayed as: * = p < .05, ** =
p < .01 and *** = p < .001.

The ET system and cardiac dysfunction in endotoxemia
The issue of myocardial dysfunction in endotoxemia is addressed in papers II and
IV. In order to appreciate cardiac effects both pressure and volume need to be taken into
account. In paper II left ventricular volume (LVEDAI) was assessed by means of twodimensional echocardiography as described above. A rapid drop in LVEDAI occurred
after endotoxin administration ((ﬁgure 11) and onset of pulmonary hypertension. This
effect was totally abolished by tezosentan, both doses. This resulted in an improved
LV compliance in the lower dose since PCWP (the surrogate parameter for LV enddiastolic pressure) was unchanged (compliance= LVEDAI/PCWP). Contrarily, PCWP
rose suddenly in the higher tezosentan group yielding LV compliance comparable to
controls.
There were no differences in HR between either group which otherwise could be
an explanation for the differences in CI. Preload was obviously lower in the controls
as indicated by differences in LVEDAI (preload=end-diastolic volume or stretch).
Afterload did not differ between the groups of lower dose of tezosentan and controls
as evidenced by the same MAP, but MAP was signiﬁcantly lower in the higher
tezosentan group. The ejection fraction, or fractional area of contraction, did not differ
between groups at any time point. In order to further characterize the effects on systolic
performance, relative changes in left ventricular stroke work index (derived from PAC
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data) was plotted against relative changes in preload (LVEDAI) thus constructing a
Starling relation ((ﬁgure 15). From this a deterioration of systolic function is suggested
for controls and the higher dose group of tezosentan, seen as down- and rightward shifts
in the left ventricular performance-preload relation. As for tezosentan lower dose, an
up- and rightward shift is seen which may represent just another point of the same
Starling curve, i.e. contractile status is unchanged during an observation with increased
preload. Although indicative of positive effects on myocardial systolic and diastolic
properties by tezosentan treatment, the methods used were still load-dependent.
In paper IV, cardiac performance was investigated by analysis of the LVPVR.
Endotoxin infusion did not cause detectable effects on parameters of systolic function
((ﬁﬁgure 16
16):
): Ees, PRSW, PWRmax/EDV and dP/dTmax/EDV. Tezosentan infusion was
associated with impairment in these parameters (not statistically signiﬁcant for PRSW,
p=0.067) suggesting a deterioration of myocardial contractile status. On the other hand,
endotoxin caused impairment
isovolumic
relaxation and mechanical efﬁciency (seen
Figurein15
results/disc
as τ and SW/PVA respectively) with no changes seen in LV stiffness (LVEDP/LVEDV).
However, an improvement in diastolic function was seen both regarding isovolumic
relaxation (tau and t1/2) and LV stiffness by tezosentan administration ((ﬁﬁgure 17
17).
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Figure 15. Starling relations regarding effects of tezosentan, a dual ET receptor antagonist,
in endotoxemia. Endotoxin infusion was started at 0 hours and continued until end
of experiment in all groups. Tezosentan was infused at 1 mg.kg–1.h–1 (tezo1, n=7, black
triangles), at 10 mg.kg–1.h–1 (tezo10, n=10, black squares) starting after 2 hours of endotoxin
infusion and both groups compared with endotoxin controls (n=20, open circles). Relative
changes in LVSWI (left ventricular stroke work index) and relative changes in LVEDAI
(left ventricular end-diastolic area index) were plotted from time of start of intervention (2
hours) till end of experiment (5 hours).
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Discussion
“Do not be daunted by the enormity of the world’s grief. Do justly, now. Love
mercy, now. Walk humbly, now. You are not obligated to complete the work, but
neither are you free to abandon it.”
Talmud

There is now overwhelming amount of data to support the concept of myocardial
depression in sepsis. Deterioration of myocardial function in septic patients is often
evident and correlates to morbidity and mortality. Although clinically relevant, it is not
yet clear by which means this depression occurs and, accordingly, how to treat it. A
number of mechanisms have been proposed but no single mediator can as yet explain
this phenomenon. Rather, the intense host-defense reaction seen in sepsis is likely to
trigger a cascade of pro- and anti-inﬂammatory agents that results in impaired cardiac
function. Within the context of this complex and dynamic clinical syndrome, we have
investigated myocardial events to try to evaluate the biological relevance of the ET
system.
Despite the fact that our group and others have shown positive effects regarding
CO, regional perfusion and even survival by antagonizing the ET system in
experimental sepsis, it has not been clear whether these effects directly have improved
myocardial function or whether the beneﬁcial effects seen are secondary to prominent
vasodilation, altering loading conditions. In fact, the effect of the ET system in normal
cardiac physiology has not been clear either with results differing among models
and species. The development of a new class of drugs, calcium sensitizers, has been
proven beneﬁcial in severe heart failure and calcium desensitization is one proposed
mechanism for septic myocardial depression. The results of this thesis have included
some new ﬁndings concerning calcium sensitivity in experimental sepsis and the ET
system in regulating myocardial performance both in septic and non-septic states.

Levosimendan in endotoxemia
The rationale for investigating the effects of levosimendan in endotoxemia is that
calcium desensitization is a proposed mechanism for the development of myocardial
dysfunction in sepsis. Furthermore, interaction between levosimendan and ET system
has been suggested173. Paper I of this thesis is actually the very ﬁrst publication on
levosimendan in septic conditions. Regarding CHF and levosimendan there are
numerous publications and ongoing clinical trials. In a study of 146 CHF patients
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with New York Heart Classiﬁcation of III and IV, levosimendan administration
caused signiﬁcant reduction in ET-1 plasma levels173. In other reports of severe CHF,
plasma levels of ET-1 are elevated and correlates to severity of disease99,174 as well as
constitute a strong, independent predictor of death in such patients175. Consequently, we
hypothesized that, in septic conditions, levosimendan would enhance cardiovascular
performance by increasing myocardial Ca2+ sensitivity and possibly by decreasing
plasma ET-1 levels.
Levosimendan was administered before endotoxin as the pharmacokinetic properties
in pigs were unknown and, in humans, the beneﬁcial effects of levosimendan may not be
apparent for some time176. Thus, in this short term experiment, pretreatment would allow
characterization of baseline effects as well as time to evaluate effects in endotoxemia.
The baseline effects of levosimendan included vasodilation, tachycardia and a strong
trend towards increased CI. Besides its Ca2+ sensitizing effect, levosimendan is also
known to be a vasodilator by activating KATP channels in vascular smooth muscle177,178
and possibly by blocking ET-1 release167.
Levosimendan attenuated the endotoxin induced deterioration in CI, SvO2, oxygen
delivery, pulmonary hypertension and enhanced oxygen consumption ((ﬁgure 9). In
addition, gut oxygen delivery was also improved by levosimendan. With respect to
cardiac performance, the increase in CI was not due to differences in heart rate but
appeared to be mediated by an increase in SV (p=0.14, ﬁgure 9) in the face of lower
MAP. No parameters of LVEDV were used but PCWP, a surrogate measure of LV enddiastolic pressure, was not affected by levosimendan as was the case with LVSWI (not
shown). Thus, one cannot draw conclusions regarding speciﬁc cardiac effects.
The hypothesis of levosimendan interacting with the ET system in endotoxemia
could not be conﬁrmed. There were no differences regarding ET-1 plasma levels between
controls and levosimendan treated animals. The issue of Ca2+ desensitization as a major
component in myocardial depression in sepsis is likely but the use of levosimendan
in septic patients still remains to be further investigated. Some reports show positive
effects on endotoxin mediated depression in contractility by Ca2+ sensitizers in vitro63,179
and also in vivo180. In the ﬁrst clinical study of levosimendan in septic shock patients,
levosimendan treatment was indeed beneﬁcial and associated with increases in CI,
SVI, LVSWI and EF compared with dobutamine, a β-adrenergic receptor agonist181. As
suggested by one author: “results should be conﬁrmed with the pressure-volume loop
technique that may even further explore myocardial diastolic parameters as relaxation
and ventricular compliance”180. Still, levosimendan is a very promising drug in sepsis.
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The ET system in normal cardiac physiology
The results of paper III implies that ET-1 plays a role in regulating the contractile
force of the left ventricle. This is well in line with MacCarthy et al142 who infused
an ETA receptor antagonist in humans which led to a decrease in LV performance,
suggesting that ETA receptor activation has a tonic positive contractile effect. This is
also in accordance with our ﬁndings since only ET-1, not the ETB selective agonist
S6c, evoked a positive effect on cardiac performance ((ﬁgure 13). Instead, S6c was
associated with marred contractile function. Other studies support the positive effect of
ET-1 via the ETA receptor as well131,182,183. Goldberg et al148, among others, have shown
positive contractile effects on human myocytes that are ETA dependent and mediated via
activation of protein kinase C and stimulation of the Na/H exchanger. This mechanism
will render an increase in intracellular pH which is known to sensitize troponin C for
Ca2+184 although ET-1 has recently been shown to improve contractility in the absence
of intracellular alkalinization185.
Also regarding diastole did ET receptor agonism exert notable effects. Both ET-1
and S6c induced impairment in isovolumic relaxation ((ﬁgure 14) in a seemingly doserelated fashion. This would indicate rather strongly that activation of ETB receptors
is mainly responsible for this effect. In a study of human myocytes, ET-1 caused
impairment in time to 50% relaxation, slightly reduced by adding an ETA receptor
antagonist but still displaying signiﬁcantly impaired relaxation, which suggests that the
ETB receptor is also involved148.
There are reports that ET-1 is preferentially secreted abluminally from the
endothelial cells96,97 directed to the underlying smooth muscle cells. Infusing ET-1
intravasally may not represent the physiological route of ET-1 mediated effects. In
order to achieve discernible effects, doses of ET-1 used rendered high plasma levels of
ET-1, exceeding pathophysiological range. However, in pathophysiological processes
plasma levels may only indirectly reﬂect local tissue activity. In studies of human CHF,
heart tissue levels of ET-1 are very high141,186 suggesting that the increased plasma
levels of ET-1 merely reﬂects the increased tissue levels. To our knowledge, no studies
have investigated effects of exogenous ET-1 and the ensuing tissue concentrations. In
order to achieve relevant tissue levels of ET-1 it is suggested that high concentrations of
exogenous ET-1 is needed. Also, systemic effects were quite small even in the highest
intracoronary dose.

The ET system and the septic myocardium
There have been several reports where the supportive role of ET-1 regarding
systolic cardiac function in normal physiology is changed in pathological conditions.
When investigating the effects of ET receptor antagonism in patients with dilated
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cardiomyopathy these patients improved their contractile performance142. Very similar
effects have also been reported in porcine myocytes146, whereas in healthy hearts, ET1 seem to have a basal positive effect on cardiac performance. In congestive heart
failure, ET-1 plasma levels are also elevated. The speciﬁc cardiac effects of ET receptor
activity under septic conditions in vivo have not been thoroughly studied.

Systolic function
The results of paper II would indirectly suggest a positive inotropic effect ((ﬁgure 15)
or rather that the negative effects of endotoxin on cardiac performance are counteracted
by dual ET receptor antagonism. This is supported by the fact that CI and SVI was
increased by tezosentan with no difference in HR or MAP which means that frequency
or afterload differences cannot explain the difference between tezosentan and controls.
However, preload was different as evidenced by LVEDAI ((ﬁgure 11) and, as mentioned
in the introduction section, preload is a major determinant of contractility.
To address the issue of preload-effects as responsible for the beneﬁcial effects by
dual ET receptor antagonism, we needed to use preload independent parameters of
systolic function. Hence the method of analyzing LVPVR by means of conductance
volumetry (see below). By inﬂating a balloon in the inferior vena cava (IVCO), the
resulting preload alteration could be used to analyze systolic function independent
of preload ((ﬁgure 5). In paper IV, this was done in circumstances similar to paper
II, intervening with tezosentan in established endotoxemia. Again there were no
differences in HR whereas MAP was slightly decreased by tezosentan. Interestingly,
using load-independent parameters of systolic function, tezosentan impaired contractile
performance ((ﬁﬁgure 16
16).
). This ﬁnding stresses the importance of controlling preload
when striving to assess systolic function in vivo. It should be noted that, in our model,
systolic function was not depressed at three hours ((ﬁﬁgure 16
16)) so the deterioration in
systolic performance by tezosentan strongly suggest that in acute endotoxemia, the ET
system aids in upholding cardiac systolic performance.
Based on the results mentioned above one would be inclined to antagonize
speciﬁcally the ETB receptor since there is some evidence of the positive inotropic
effect via ETA receptor activation. However, selective ETB receptor antagonism may
be fatal in experimental septic conditions130,187. This phenomenon could be explained
by unopposed ETA receptor stimulation in combination with diminished clearance of
circulating ET-1, resulting in massive vasoconstriction, sudden increase in cardiac
afterload and death. Within our group, we have also shown that speciﬁcally antagonizing
ETA receptors188 did not cause positive cardiovascular effects as compared with dual
ET receptor agonism189. Thus, the dual ET receptor antagonist tezosentan was used.
There is an ongoing debate as whether cardiac systolic function is depressed or
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not in acute, septic conditions. Even when using load-independent techniques, results
are diverging. Some authors report similar ﬁndings as ours70,71, some increased72,73
and some depressed contractile function54,74,75. Intriguingly, Ishihara et al73 reported
biphasic, time-dependent changes in LV systolic performance in awake pigs receiving
continuous infusion of endotoxin for 24 hours. They reported an initial increase in
Ees in the ﬁrst hours followed by a signiﬁcant sustained decrease in Ees after seven
hours and onward. Studies in humans of myocardial depression are invariably not done
within the ﬁrst few hours of sepsis debut but investigators often ﬁnd depressed systolic
function upon presentation in the ICU and days thereafter45,47. Our ﬁndings, within
the limited time frame under which they are conducted, do not rule out the possibility
that ET-1 may play a signiﬁcant role in the clinical presentation of depressed systolic
function at a later stage of sepsis. Interestingly, ET plasma levels have been shown to
remain elevated in up to 28 days after onset of severe sepsis125.
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Figure 16. Myocardial contractile function parameters: end-systolic elastance (Ees),
preload-recruitable stroke work (PRSW), powermax / end-diastolic volume (Powermax/EDV)
and dP/dTmax/EDV were studied following endotoxin administration for ﬁve hours. After
three hours of endotoxemia, tezosentan (1 mg.kg–1.h-1) was started (n=8, black triangles)
and compared with animals receiving endotoxin alone (controls, n=8, open circles). Data
are presented as mean (SEM). Differences between groups post intervention are displayed
as: * = p< .05 and ** = p< .01.
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Diastolic function
In the ﬁeld of congestive heart failure there has been increasing evidence of
diastolic preceding systolic dysfunction190. The ET system has also been implicated
in diastolic dysfunction. When administering ET-1 to healthy volunteers, Kiely et al
found impairment in LV relaxation using echocardiography143. There is also increasing
evidence of diastolic dysfunction in sepsis44. In vasopressor dependent septic shock
patients, diastolic dysfunction is present and suggested to precede onset of systolic
dysfunction45. Furthermore, in experimental models of sepsis there are several reports
of diastolic abnormalities74,75. In septic rats, isovolumic relaxation, seen as prolongation
of tau, was negatively affected and further so when adding bigET-1191.
Our ﬁndings are indeed in accordance with these investigators. In paper II, diastolic
compliance was impaired by endotoxin but improved upon administration of tezosentan
in the lower dose ((ﬁgure 11). The initial response to the higher dose of tezosentan was
equally beneﬁcial in this regard but was not sustained. The latter ﬁnding is likely due to
a very low coronary perfusion pressure attained by severe vasodilation which, together
with increased LV pressure, reduced myocardial perfusion to inadequate levels.
The beneﬁcial effects on LV compliance by tezosentan, lower dose, was reproduced
in paper IV, and here displayed as a decrease in LV stiffness ((ﬁﬁgure 17
17).
). In addition,
parameters of isovolumic relaxation (tau) was impaired by endotoxin but improved by
tezosentan. This effect may well have contributed to the positive effects seen in papers
II and
IV regarding
CO.i Improved diastolic function following ET receptor antagonism
Figure
17 placeras
hasdiscussion
also been shown in vitro in both human and rabbit cardiomyocytes148,192.
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Figure 17. Isovolumic relaxation parameters: tau and pressure half-time as well as left
ventricular stiffness were studied following endotoxin administration for ﬁve hours. After
three hours of endotoxemia, tezosentan (1 mg.kg–1.h-1) was started (n=8, black triangles)
and compared with animals receiving endotoxin alone (controls, n=8, open circles). Data
are presented as mean (SEM). Effects of endotoxin prior to intervention are displayed
as: #=p< .05. Differences between groups post intervention are displayed as: * = p< .05
and ** = p< .01.
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Dysoxia
Global cardiac hypoperfusion has been ruled out as a factor in myocardial depression
in sepsis51,52. Even so, cardiac troponin is elevated in sepsis and correlates to morbidity
and LV dysfunction60,61,193. Our results are in conformity with these reports. Neither in
paper II nor IV were endotoxemia associated with decreased coronary blood ﬂow. Still,
troponin I levels were increased in both papers. This effect by endotoxin is not clear but
possibilities include direct toxic effects by endotoxin, regional micro-hypoperfusion194
not detected by our method or mitochondrial disturbances195 (cytopathic dysoxia).
In fact, ET has been shown to cause both mitochondrial dysfunction as well as
microcirculatory disturbances196,197. Interestingly, tezosentan, lower dose in paper II,
was associated with signiﬁcant less troponin I release than controls.

Vascular effects of ET receptor antagonism
The vasodilatory effects of ET receptor antagonism promoted the increase in
CI seen in both paper II and IV, rather than inotropic effects (above). Vasodilation
ensued as a result of smooth muscle ET receptor antagonism. This effect was most
clearly seen in the pulmonary circulation ((ﬁgure 12) thus facilitating LV ﬁlling
as evidenced by increased LVEDAI or LVEDV. The ﬁrst, shorter peak in mean
pulmonary artery pressure (MPAP) is largely due to thromboxane A2 release
whereas the second, sustained peak is ET dependent198. The beneﬁcial effects on
PVRI in endotoxemia by tezosentan has recently been shown to be dependent
on antagonizing pulmonary venous ETB receptors leading to signiﬁcant decrease
of pulmonary capillary pressure199 and reduced extra-vascular lung water126.
Oxygen delivery and consumption as well as SvO2 were increased by tezosentan
in paper II. There was a strong tendency to improvement in SvO2 also in paper IV
(p=.051). This effect is interpreted as generally improved perfusion by ET receptor
antagonism, e.g. splanchnic blood ﬂow as previously shown by Oldner et al130.

Functional assessment of cardiac performance in vivo
The word contractility has frequently been used to describe systolic performance.
As mentioned in the introduction section, describing results which reﬂect contractility
status should be reserved for studies where as many myocardial conditions as possible
can be assessed and/or experimentally controlled. For in vivo studies of the ET system
on myocardial effects in this thesis, heart performance has been measured, together
with as many of the relevant factors that can inﬂuence myocardial performance as
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possible. In vivo assessment of cardiac performance can be highly accurate, though
this has meant a high degree of invasive measurement. While much work to produce
in vitro ﬁndings are useful, in vivo testing is always necessary in order to assess
clinical relevance. Concerning heart function, one always needs to assess ventricular
performance ﬁndings within the context of the external inﬂuences to the heart.
In the experimental setting, some of the external inﬂuences can be easily
controlled and measured. Resting state, temperature, electrolyte environment etc. can
be controlled. As far as evaluating ventricular loading conditions, creating pressurevolume relations in vivo can be accomplished in many ways. Sonographic crystals
can be inserted surgically and together with a micro-manometer used for describing
LVPVR. This allows measurement of cardiac performance in awake animals. The
method used in papers III and IV, conductance volumetry, is perhaps less invasive
but, for acute experiments, requires anesthesia. This method has been shown accurate
within physiological HR and blood pressure200. In order to assess cardiac performance,
preload alterations are made, in our case by inﬂating a balloon in the inferior vena cava
((ﬁgure 5). Thus preload independent parameters of performance can be determined.
Sudden changes in afterload (MAP) can also inﬂuence the results, however this was
not the case in papers III and IV. In the latter study, concentration of hemoglobin varied
signiﬁcantly which was controlled for by calibrating for blood conductivity before each
measurement. This was also done for volume signal and surrounding tissue201.

Summary and future perspectives
The concept of myocardial depression in sepsis has now been established for more
than 30 years. Knowledge is increasing but therapeutic strategies are wanting. In this
thesis we have evaluated the hemodynamic response of levosimendan, a calcium
sensitizer. The resulting beneﬁcial cardiovascular and regional perfusion effects
are promising and large clinical, randomized trials are warranted. Preceding these,
levosimendan should be evaluated in clinically relevant models of sepsis with load
independent assessment of cardiac performance.
We have also investigated effects of the ET system in anesthetized pigs. ET-1
seems to have a dual cardio-regulatory role: positive effects on myocardial contractile
performance, probably mediated via ETA receptors, and negative lusitropic effects
that are ETB receptor mediated. When antagonizing these receptors with tezosentan
in endotoxemia, general hemodynamic parameters are much improved, both in hyperand hypodynamic situations. Diastolic function parameters were also improved by
tezosentan. However, by assessing cardiac performance by LVPVR in vivo, a negative
inotropic effect of dual ET receptor antagonism was unraveled. Thus, the early activation
of the ET system in endotoxemia (and possibly clinical sepsis) may serve to uphold the
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contractile performance of the left ventricle. It is possible that this adaptation becomes
maladaptive in later stages of sepsis, resembling the effect of ET in congestive heart
failure. This of course needs to be evaluated thoroughly.
These results raise some major issues. If ET system activation is beneﬁcial
regarding cardiac systolic function, why would you antagonize such an effect? Also,
as shown in paper II where higher dose of tezosentan was detrimental with increased
mortality, is a drug with such narrow therapeutic interval appropriate for treating
patients? The questions posed come down to timing and dosage. Also, and perhaps
most pertinent, if ET receptor antagonists in sepsis are associated with decreased
contractile performance, is that a reasonable price to pay for much improved general
hemodynamics and perfusion?, Cardiac diastolic dysfunction, pulmonary hypertension
as well as splanchnic hypoperfusion are targets suitable for ET receptor antagonism.
Perhaps alternative routes of administration for ET receptor antagonists should be tried,
minimizing systemic side-effects. Also, it may well be that other dual ET receptor
antagonists could have a more beneﬁcial receptor antagonizing proﬁle, targeting the
ETB receptor to a higher degree than tezosentan.
These issues and more remain to be addressed in the future. The ET system is a
major pathophysiological mediator in sepsis and it will be worthwhile to investigate,
with the goal of ﬁnding an effective treatment of septic patients through drugs acting
on the ET receptors.
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Conclusions
•

Levosimendan, a calcium sensitizing agent, improves cardiovascular and
regional function in experimental sepsis.

•

Levosimendan does not appear to mediate its positive effects in experimental
sepsis via the endothelin system.

•

Exogenous ET-1 causes a dose-related increase in myocardial contractile
performance, probably mediated through ETA receptors.

•

ETB receptor activation by exogenous ET-1 and S6c impairs diastolic
function.

•

Signs of depressed cardiac performance are seen in high-volume resuscitated
endotoxemia.

•

Acute endotoxemia evokes left ventricular diastolic but not systolic dysfunction,
assessed by load-independent pressure-volume relations in vivo.

•

Endothelin receptor activity supports myocardial contractile function in acute
endotoxemia.

•

Endothelin receptor activity impairs left ventricular relaxation and compliance
as well as general hemodynamics in acute endotoxemia.

•

Higher dose of tezosentan, a dual ET receptor antagonist, is detrimental in
endotoxemia, possibly due to exaggerated vasodilation, leading to critically
low coronary perfusion pressure.
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