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Early administration of broad-spectrum antibiotics is the first goal in sepsis treatment. Besides
from bacteriostatic/bactericidal effects, some antibiotics may also modify the host´s response
to infection. The novel antibiotic tigecycline may exert such properties; however, this property
has not been evaluated in large-animal trials. We compared tigecycline with doxycycline and
placebo in relation to anti-inflammatory, circulatory and organ dysfunction effects in a sterile
pig model of sepsis. Doxycycline, but not tigecycline, reduced the inflammatory response
as manifested by tumor necrosis factor alpha levels in plasma. Tigecycline, however, had a
stabilizing effect on the circulation not exerted by doxycycline or placebo.

To achieve rapid restoration of the circulating blood volume - another major goal in sepsis
treatment - fluid bolus administration of is some-times practiced. In addition to crystalloids,
albumin-containing solutions are suggested. Yet, some animal-experimental data suggests
that rapid bolus administration of albumin reduces albumin’s plasma-expanding effect. We
compared a rapid intravenous bolus of radiolabeled albumin with a slow infusion in a sterile
pig model of sepsis. Rapid bolus of administration did not reduce plasma levels of albumin
following administration and did not increase the amount of albumin that left the circulation.

Inadequate oxygen delivery (DO2) by the circulation to the tissues may cause increased
plasma lactate, which is the most striking effect of sepsis on the metabolism. However,
experimental data and clinical trials refute this link, instead, suggesting other mechanisms,
including impaired oxygen extraction, mitochondrial dysfunction and accelerated aerobic
glycolysis. We investigated the impact of DO2, oxygen consumption (VO2), hemodynamic
parameters and inflammatory response on plasma lactate and organ dysfunction in two
experimental sepsis models. In the most severe cases of shock, with DO2, there was an increase
in plasma lactate, but without a decrease in VO2, invalidating the assumption that the increase
in lactate is due to anaerobic metabolism.

To identify critical steps in the sepsis-induced increase in lactate, we inhibited the major
energy-producing step in the electron transport chain (ETC). The combination of sepsis and
ETC inhibition led to a cellular energy crisis. This finding suggests that early sepsis induces a
partial mitochondrial dysfunction.
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Abbreviations 

ADP/ATP Adenosine di/tri phosphate 
AMI Acute myocardial infarction 
ANOVA Analysis of variance 
ARDS Adult respiratory distress syndrome 
AUC Area under the curve 
Bq Becquerel 
CFU Colony forming unit 
CO/CI Cardiac output/index 
CLP Cecal ligation and puncture 
CoA Coenzyme A  
CVP Central venous pressure 
Cy Cyanide 
DAMP Damage associated molecular patterns 
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DO2 Global oxygen delivery  
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FAD Flavin adenine dinucleotide 
FiO2 Fraction of inspired oxygen 
h Hours 
ICAM Intercellular adhesion molecule 
ICU Intensive care unit 
IL Interleukin 
iNOS Inducible nitric oxide synthase 
IQR Interquartile range 
IV Intravenous 
LPR Lactate to pyruvate ratio  
LPS Lipopolysaccharide  



 

MAP Mean arterial pressure 
min Minutes 
µg/µL Microgram/ Microliter 
MMP Matrix metalloproteinase 
MPAP Mean pulmonary arterial pressure 
NA Noradrenaline/norepinephrine 
NaCN Sodium cyanide 
NAD Nicotineamine adenine dinucleotide 
NF-kB Nuclear factor kappa-light-chain-enhancer of activated B 

cells 
NGC Neutrophil granulocyte count 
NMR Nuclear magnetic resonance 
NO Nitric oxide 
O2ext Oxygen extraction 
Oua Ouabain 
P- plasma 
PaCO2 Arterial carbon dioxide tension 
PAES Polyarylethersulfone  
PAMP Pathogen associated molecular patterns 
PaO2 Arterial oxygen tension 
PCWP Pulmonary capillary wedge pressure 
PDH Pyruvate dehydrogenase complex 
PRR Pattern recognition receptor 
ROS Reactive oxygen species 
ScvO2 Central venous saturation 
SD/SEM Standard deviation/standard error of the mean 
SOFA Sequential organ failure assessment score 
SvO2 Mixed venous saturation 
SVRI Systemic vascular resistance index  
TER Transcapillary escape rate 
TNF-a Tumor necrosis factor alpha 
VAP Ventilator associated pneumonia 
VCAM Vascular cell adhesion molecule 
VEGF Vascular endothelial growth factor 
VO2 Global oxygen consumption 
WBC White blood cell count  
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Introduction 

Sepsis is defined as life-threatening organ dysfunction caused by a dysregu-
lated host response to an infectious process (1). Globally, 31.5 million cases 
of sepsis are expected to be recorded each year, causing 5.3 million deaths. 
Thus, sepsis is an undeniable leading cause of illness and death worldwide (2). 
It is the major cause of death in intensive care units (ICU), accounting for 
more than 200,000 deaths yearly in the US alone (3). Furthermore, survivors 
of sepsis often suffer from long-term social and cognitive impairment (4). To 
make matters more troubling, the global incidence of sepsis is increasing (5), 
while at the same time the global increase in antibiotic resistance is expected 
to increase the risk of mortality (6). 
Recent and significant advancements in the treatment of sepsis have been 
made, leading to a marked decrease in mortality (7-9). Still, to further improve 
sepsis management, much more work remains to be done to elucidate regard-
ing the complex pathophysiology (i.e. it involves almost all cell types, tissue 
and organ systems) of sepsis (10). 
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Background 

Pathophysiology of sepsis 
Traditionally, much of the morbidity and mortality in sepsis has been at-
tributed to the host response (11). Today, knowledge about the complex inter-
actions and delicate balance between pro- and anti-inflammatory mechanisms 
in sepsis is increasing (12, 13). 
An infection occurs when an invading microorganism (e.g., a bacterium, virus, 
fungus or protozoan), crosses a cell barrier and enters a normally sterile body 
compartment. Non-self molecules are recognized by the innate immune sys-
tem as pathogen-associated molecular patterns (PAMPs) via pattern recogni-
tion receptors (PRRs). PRRs may also recognize self-molecules that emanate 
from tissue damage, damage-associated molecular patterns (DAMP) (14). 
When PAMPs or DAMPs are recognized by PRRs expressed on macrophages 
and leukocytes, the innate immune system is activated by secretion of pro-
inflammatory cytokines, such as tumor necrosis factor alpha (TNF-a), Inter-
leukin-1 (IL-1) and IL-17 (15). 

 
Table 1. Examples of molecules involved in the initiation of inflammation 

Pattern-recognition 
receptors 

Pathogen-associated 
molecular patterns 

Damage-associated 
molecular patterns 

Toll-like receptor 4 Lipopolysaccharide 
(LPS)  

Heat-shock proteins 

C-type and mannan-
binding lectin receptors 

Lipotheichoic acid ATP and DNA 

NOD-like receptors Flagellin Hyaluronan fragments 
and heparin 

RIG-I-like receptors Nucleic acid Uric acid 

These pro-inflammatory cytokines are balanced by anti-inflammatory cyto-
kines, mainly IL-10. TNF-a and IL-6 activates the transcription factor nuclear 
factor kappa-enhancer of activated B cells (NF-kB) that regulates transcrip-
tions of several genes, among them inducible nitric oxide synthase (iNOS). 
iNOS produces nitric oxide (NO), a molecule that mediates vasodilatation and 
releases reactive oxygen species (ROS) (15). NO is metabolized to nitrate and 
excreted in the urine. Furthermore, pro-inflammatory cytokines mediate re-
lease of bradykinin, thrombin, vascular endothelial growth factor (VEGF) and 
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histamine. These molecules activate endothelial cells and increase the expres-
sion of intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion 
molecule 1 (VCAM-1). Bradykinin and thrombin activate coagulation, pro-
ducing microthrombi, whereas NO, ICAM-1 and VCAM-1 recruit leukocytes 
and promote leukocyte transmigration from the vascular to the space where 
the infection and inflammation are initiated (16). Thus, the escape of free wa-
ter and small solutes, (e.g. albumin) to the extravascular space is also in-
creased during sepsis and inflammation. The release of ROS and activation of 
coagulation cause tissue damage. Vasodilatation and increased capillary leak-
age reduces blood flow and promote tissue edema, which decrease oxygen 
delivery (DO2). These mechanisms are described as major contributors to or-
gan dysfunction during sepsis (17). 

Anti-inflammatory effects of antibiotic compounds 
Antibiotics may alter the inflammatory response by several mechanisms as 
delineated above. Additional to bactericidal and bacteriostatic effects, inter-
ference with inflammatory signaling and tissue damaging processes is de-
scribed. Cefodizime, a third-generation cephalosporin antibiotic, decreased 
release of TNF-a and IL-6 and increased release of IL-8 from human periph-
eral monocytes. In comparison, two other third-generation cephalosporins, 
namely ceftriaxone and ceftazidime, did not exert the same effect (18). In a 
randomized trial of 200 patients with ventilator-associated pneumonia (VAP) 
administration of clarithromycin accelerated the resolution of VAP without 
any antimicrobial effects. Clarithromycin was hypothesized to modify the bal-
ance between TNF-a and IL-10, which would cause a reduction in the inflam-
matory response (19, 20). 
Tetracyclines and related compounds may have anti-inflammatory properties 
via several molecular pathways. In neutrophil granulocytes, the effect on Ca2+ 
influx and interference with the production of ROS have been proposed as 
plausible mechanisms of the anti-inflammatory effect (21). Moreover, tetra-
cyclines and related compounds are potent inhibitors of matrix metallopro-
teinase-2 (MMP) (22-25), which would inhibit tissue-damaging pathways. 
The release of TNF-α into the bloodstream is dependent on cleavage of a 
membrane-bound pro-TNF-α dimer into a soluble form by MMP-9 (22-24, 
26). Moreover, tetracyclines curb the TNF-a-response during experimental 
inflammation (26). Despite these broad effects on the inflammatory pathways, 
relatively little data are available on the effects of tetracyclines and related 
compounds on organ failure. Maitra et al. reported decreased mortality in a 
rodent CLP model after administration of a chemically modified tetracycline 
(CMT-3) (26). In a porcine model of peritoneal sepsis, Steinberg et al. demon-
strated that administration of a modified tetracycline (COL-3) prevented sep-
tic shock and adult respiratory distress syndrome (ARDS). It also decreased 
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cytokine levels in plasma and reduced MMP-2, MMP-9 and neutrophil elas-
tase activity significantly (27). 

Figure 1. Molecular structure of the antibiotics tigecycline (left) and minocy-
cline (right). Tigecycline is structurally derived from minocycline by adding 
a side chain to the carbon ring of the tetracycline backbone. Under Creative 

Commons Attribution License. 

To date, tigecycline is the only commercially available antibiotic compound 
in the drug class of glycylcyclines. Tigecycline is structurally derived from 
minocycline by adding a side chain to the carbon ring of the tetracycline back-
bone that yields an extended antimicrobial spectrum (28). How this modifica-
tion preserves the anti-inflammatory properties has not been completely ex-
plored. Like tetracyclines, tigecycline may act as a Ca2+-ionophore in human 
neutrophil granulocytes, an action that decreases the release of MMPs (21). 
Tigecycline may also alter the function of MMP-9, which modifies inflamma-
tory effects. Data on the effect of tigecycline on TNF-α release are conflicting 
and sparse. Traunmüller et al. (29) reported no effect of tigecycline on the 
release of IL-1, IL-6 and TNF-a in human LPS-stimulated human leukocytes, 
whereas Salvatore et al. (30) and Yagnik et al. (31) reported decreased levels 
of TNF-a, IL-1 and IL-6 in rodent ex vivo models; however, the difference 
did not occur until after 3 days of treatment (30). Other studies demonstrated 
no effect of tigecycline on TNF-α release from endotoxin-stimulated human 
leukocytes (32). Minocycline and tigecycline, may affect gene transcription, 
an event that would decrease levels of NO (33). In what way tigecycline in-
hibits the release of TNF-α in a large animal model has not previously been 
studied. 

Albumin administration during sepsis 
Effective sepsis treatment relies on prompt initiation of effective antibiotic 
treatment, resuscitation and surgical source control. Hemodynamic resuscita-
tion is based on administration of intravenous fluids and vasoactive drugs (34). 
The strategy of fluid resuscitation in terms of type, amount, timing and moni-
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toring targets is a matter of ongoing debate (35-37). Although early hemody-
namic resuscitation is associated with better outcome (38), positive fluid bal-
ance and a liberal fluid strategy have been linked to unfavorable results (39). 
Fluid bolus administration may further aggravate tissue edema (40). Moreo-
ver, fluid administered as boluses has led to a less favorable outcome in chil-
dren (41, 42). Intravenous (IV) fluid administration during sepsis and condi-
tions with increased capillary leakage may increase the exit of water and small 
solutes to the extravascular space by increasing intrathoracic pressure and de-
creasing plasma oncotic pressure (43, 44).  
During fluid resuscitation in sepsis, albumin is sometimes used with the intent 
to maintain plasma (p-) oncotic pressure and prevent fluid extravasation (45). 
P-albumin continuously exits the intravascular space, enters the extravascular 
space and is transferred back to the circulation via the lymphatic system. This 
course of action is described as the transcapillary escape rate (TER) of albu-
min. TER is increased during sepsis (46). IV administration of albumin has 
been hypothesized to increase capillary leakage of intravascular fluid by in-
creasing capillary pressure (47, 48). To what extent IV albumin infusion in-
creases TER is poorly understood. During sepsis and septic shock, activation 
of the systemic inflammatory response results in a more pronounced vascular 
permeability that leads to an increase in the TER of albumin (46, 49). Besides 
small pores through which fluid and small solutes pass, the capillary mem-
brane contains a low number of large pores permeable to proteins, including 
albumin. During sepsis, the number of large pores increases (47, 48, 50). Ac-
cording to this theory, the leakage of albumin is not only dependent on the 
number of large pores but also on capillary pressure and exposure of plasma 
to the pores. 
In an ex vivo cat model, infusion of albumin increased transcapillary fluid ab-
sorption (51). In a trial of 12 septic patients, albumin infusion to increase p-
albumin concentration from 10 to 18 g x L-1 did not increase the TER (52). 
However, in a randomized trial in septic children, a 4 hour (h) bolus of IV 
albumin was less efficacious in increasing p-albumin compared with a 24-h 
infusion (53). In this study, IV administered albumin had a plasma half-life of 
4.6 ± 1.8h following a 4 h intravenous bolus in septic children. A half-life 
could not be calculated when albumin was given as a continuous infusion. In 
a rodent model, albumin infusion yielded a better plasma-expanding effect 
compared with infusion of normal saline (NaCl 0.9%). However, this effect 
was not seen when albumin was given as a rapid bolus (47, 48). 

Aerobic and anaerobic metabolism of glucose 
In the cellular cytosol, glucose is metabolized to pyruvate (54). The net reac-
tion is 
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D-glucose + 2 [NAD1]++ 2 [ADP2] + 2 [P]i
- → 

 2 [pyruvate-] + 2 [NADH] + 2 H+ + 2 [ATP] 
 
Under aerobic conditions, NADH is transported into the mitochondrion via 
the malate-aspartate shuttle. Pyruvate is co-transported with the H+-ions into 
the mitochondrial matrix where it is decarboxylated and joined with coenzyme 
A (CoA) by the pyruvate dehydrogenase complex (PDH) to form acetyl-CoA. 
Acetyl-CoA is then further metabolized via the Krebs cycle (also known as 
the tricarboxylic acid cycle), with the net reaction 
 
Acetyl-CoA + 3 NAD+ + FAD3 + GDP + Pi + 2 H2O → 
CoA-SH + 3 NADH + 3 H+ + FADH2 + GTP4 + 2 CO2 
 
The Krebs cycle uses FAD and NAD+ as electron acceptors (55). The chem-
ical energy from NADH and FADH2 is then used in the electron transport 
chain (ETC) where electrons are transferred through complex I-IV in the mi-
tochondrial inner membrane. The last step of the ETC, in which electrons are 
transferred to oxygen (O2) to generate water, is carried out by the cytochrome 
c oxidase, also known as complex IV. Complex IV constitutes 13 subunits, 
two heme groups and multiple metal ion cofactors (56). The released chemical 
energy from the ETC is used to pump protons from the mitochondrial matrix 
to the intermembrane space, an event that generates electric potential energy. 
The protons in the intermembrane space re-enters the mitochondrial matrix 
and the electric potential energy is used to drive complex V (ATP-synthase) 
in the reaction: 
 
ADP + Pi + 4 [H+]intermembrane ⇌ ATP + H2O + 4 [H+]matrix 
 
Overall, the theoretical ATP-yield from oxidative metabolism (glycolysis, 
Krebs cycle and ETC) of one molecule of glucose is 38 molecules of ATP. 
However, there are inefficiencies in the ETC, i.e. protons slipping into the 
mitochondrial matrix. This reduces the practical ATP-yield to approximately 
30 molecules of ATP (i.e. a 21% loss) (57). 
In the absence of cellular oxygen as an electron acceptor, the malate-aspartate 
shuttle cannot re-generate NAD+ from NADH and pyruvate cannot be trans-
ported inti the mitochondrion and oxidative metabolism of glucose cannot oc-
cur. Instead, pyruvate can be used as an electron acceptor in the reversible 
reaction: 
 

                                 
1 NAD=Nicotineamine adenine dinucleotide 
2 ADP=Adenosine diphosphate 
3 FAD=Flavin adenine dinucleotide 
4 GTP=Guanine triphosphate 
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[pyruvate-] + NADH + H+ ⇌ [lactate -] + NAD+ 
 
catalyzed by lactate dehydrogenase in the cytosol (54). The overall net reac-
tion of anaerobic glycolysis is thus, 
 
D-glucose + 2 [ADP] + 2 [P]i

- → 2 [lactate -] + 2 [ATP] 
 
In this process, the hydrogen ions formed by glycolysis are consumed, which 
means that net production of hydrogen ions does not occur. Consequently, 
anaerobic glycolysis generates lactate, not lactic acid (58, 59). However, an-
aerobic glycolysis generates only a 15th of the energy compared with aerobic 
glycolysis. Hence, energy depletion and a decrease of [ATP] to [ADP+Pi

-+H+] 
ratio will take place to form hydrogen ions and acidosis. The normal [lactate] 
to [pyruvate] ratio (LPR) is 10:1 (59, 60). 
In absence of O2, the Krebs cycle is unable to re-generate NAD+ from NADH. 
Therefore, the only available electron acceptor is pyruvate. This will increase 
lactate levels with a shift towards increased LPR, resulting in a concomitant 
energy crisis with acidosis from a decreased [ATP] to [ADP+Pi

-+H+] ratio 
(type A lactic acidosis). Moreover, lactate may be increased with a concomi-
tant increase of pyruvate and a preserved LPR and preserved [ATP] to 
[ADP+Pi

-+H+] ratio (type B hyperlactatemia) (61, 62). 

Lactate in sepsis and septic shock 
A key feature of metabolism in sepsis and septic shock is increased p-lactate 
(63-67). It is a risk factor for death from sepsis (64), even adjusted for hypo-
tension (68). A p-lactate more than 4 mmol x L-1, despite normotension, is 
associated with higher mortality (65). In febrile neutropenic normotensive pa-
tients, hyperlactatemia may preclude development of septic shock (69). Thus, 
a p-lactate >4 mmol x L-1 has been one of the criteria of severe sepsis (70). 
Even so, patients in shock with a mildly elevated p-lactate (1.4-2.3 mmol x L-

1) present a worse prognosis compared with patients in shock with normal p-
lactate (71). According to the novel Sepsis-3 criteria, a p-lactate level >2 mmol 
x L-1 is one the criteria for septic shock (72). A recent trial targeting p-lactate, 
instead of central venous saturation (ScvO2), demonstrated a survival benefit 
for methods seeking to increase DO2 (73). 
As a clinical biomarker, elevated p-lactate may reflect inadequate DO2 by the 
circulation to the tissues (67, 74, 75), According to the current paradigm of 
septic shock, bacteria and endotoxins induce circulatory failure and decreased 
DO2. This assumption that the hyperlactatemia in sepsis is a type A lactic ac-
idosis motivated strategies to increase DO2 to normal (76) (Rivers et al.) or 
supranormal values (77), termed early goal directed therapy (EGDT). These 
have been trialed and proven successful, but also detrimental (78). However, 
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three recent large multicenter randomized trials included patients in septic 
shock with elevated p-lactate (6.9±3.4 (7), 6.6±3.0 (8) and 4.9±3.1 (9) mmol 
x L-1, respectively). None of the studies demonstrated a benefit of normalizing 
DO2. In comparison with the study by Rivers et al., these patients did not 
demonstrate signs of hypoperfusion, as manifested by decreased ScvO2 (Table 
2). However, oxygen extraction (O2ext) and utilization in sepsis may be dif-
ferent from physiological conditions (79). Impaired O2ext (80) and microcir-
culatory dysregulation (81) during sepsis may produce local oxygen depletion 
in the presence of a global abundance of DO2 (histotoxic hypoxia), that in turn, 
contributes to cellular hypoxia. 

 
Table 2. P-lactate and ScvO2 in large trials seeking to restore global oxygen delivery 
(DO2) in septic shock. Mean ± SD 

  Lactate 
(mmol x L-1) 

ScvO2 
(%) 

Rivers (76) Standard care 6.9 ± 4.5 49.2 ± 13.3 
EGDT 7.7 ± 4.7 48.6 ± 11.2 

ProMISE (7) Standard care 6.8 ± 3.2 - 
EGDT 7.0 ± 3.5 70 ± 12 

ARISE (8) Standard care 6.6 ± 2.8 - 
EGDT 6.7 ± 3.3 72.7±10.5 

ProCESS (9) 
Standard care 4.9 ± 3.1 - 

EGDT 4.8 ± 3.1 71±13 

The critical O2 delivery breakpoint in septic shock may be different and more 
heterogeneous than other types of shock (82, 83). In shock from acute myo-
cardial infarction (AMI), a decrease in oxygen consumption (VO2) without 
concomitant type A lactic acidosis has been demonstrated (84). In sepsis, a 
similar, hibernating-like mechanism, has been hypothesized to decrease VO2 
(85). 
Insufficient DO2 as a sole cause of elevated p-lactate in septic shock has been 
met with increasing opposition (86, 87). Mitochondrial dysfunction may halter 
Krebs cycle and ETC, which would increase p-lactate with a concomitant in-
crease of pyruvate production (85, 88, 89). Catecholamine-driven aerobic gly-
colysis may increase lactate in a similar manner (90-92). An increase in the 
inactivated, phosphorylated, form of PDH has been demonstrated in sepsis 
(93), and infusion of dicholoroacteate, which increases the activity of PDH in 
the presence of oxygen, reduces both the increase of lactate and pyruvate in 
sepsis (94). Furthermore, the inflammatory response in sepsis may influence 
metabolism per se, by a direct inhibitory effect of TNF-a and IL-1 on PDH 
(93, 95). Increased glycolysis may also deplete intracellular substrate deposits, 
which would give rise to energy depletion (96). 
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In conclusion, elevated p-lactate is a negative prognostic factor in sepsis and 
septic shock. Resolving it by simply increasing DO2 does not seem to be a 
sufficient solution. To tailor clinical strategies more efficiently, a better un-
derstanding of the mechanisms underlying elevated p-lactate in sepsis is nec-
essary. 
It should be noted that lactate in the arterial circulation may be termed blood 
lactate, plasma lactate or, even more common, serum lactate. Lactate can be 
determined either in plasma by central laboratory assays, or by point-of-care 
analysis in whole blood. The difference between the methods is very small 
(97) and appears negligible given the high variability in reported lactate. For 
simplicity, lactate in the arterial circulation is termed p-lactate throughout this 
thesis, even though lactate was determined with a point-of-care analysis in 
whole blood (i.e. ABL300, Radiometer, Brønhøj, Denmark). 

Cellular energetics in sepsis 
Acidosis is a common finding in sepsis and severe shock and does not always 
coincide with hyperlactatemia (98). Given that ATP-deficiency (as opposed 
to an increase in lactate) is responsible for the acidosis, acidosis may be a 
marker of cellular energy depletion. In experimental studies in muscle from 
rats submitted to endotoxin or live bacteria challenge, no signs of energy de-
pletion were found when the [ATP] to [Pi] ratio was studied with nuclear mag-
netic resonance (NMR)-spectroscopy (59). Several studies have observed 
these changes in the presence of normal tissue oxygen tension (99) and DO2 
(96). Hence, these metabolic changes can prevail in the absence of tissue hy-
poxia (58, 59, 86) and energy failure (59). The increase in lactate and pyruvate 
can be abolished by the addition of the specific inhibitor of the major energy 
consuming enzyme Na+/K+-ATPase ouabain (90). It is therefore hypothesized 
that the mechanism underlying the increase in lactate is an adrenergic activa-
tion of Na+/K+-ATPase that causes increased glycolysis, resulting in increased 
pyruvate levels that exceeds the capacity of PDH. 

Microdialysis 
In vivo microdialysis has been in use for experimental proposes for more than 
40 years (100-102) and was established as a clinical tool in neurocritical care 
in the early 1990s (103). 
In microdialysis, a perfusion fluid is pumped through a catheter made up by 
two concentric tubes: an outer and an inner tube. A syringe pump delivers 
perfusion fluid through the outer tube at a constant rate, generally 0.3 µL x 
min-1. A semipermeable polyarylethersulfone (PAES) membrane can be found 
at the end of the outer tube (normally 10 mm in length) that allows solutes up 
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to a molecular weight cut-off (MWCO) of usually 20 kDa in the surrounding 
tissue to equilibrate with the perfusion fluid. Flow through the semipermeable 
membrane is bi-directional, i.e. microdialysis can be used both to deliver and 
to recover substances. The outer tube has a blind end and the inner tube has 
an opening proximal to the end of the outer membrane. Hence, the perfusion 
fluid, termed microdialysate after equilibrating with surrounding tissue, are 
collected in the inner tube and pumped back to a collecting vial (Figure 2) 
(104). The perfusion fluid will equilibrate with the surrounding tissue and thus 
is composed of ions in concentrations mainly similar to extracellular fluid to 
avoid large ion shift and affect metabolism (105). Microdialysis catheters or-
dinarily have a membrane with a MWCO of 20 kDa to allow good recovery 
for smaller molecules, such as glucose, lactate, pyruvate, glutamate and glyc-
erol. By increasing the MWCO to 100 kDa, or even 300 kDa, it is possible to 
have good recovery of larger molecules (e.g. albumin and cytokines) (106). 
Because flow through the catheter is continuous, a complete equilibrium be-
tween perfusate and surrounding tissue can never be attained. A flow rate of 
0.3 µL x min-1 is considered low enough to reach a relevant approximation of 
equilibrium. Higher flow rates will decrease recovery, but bring about a lower 
time lag (105). 

Figure 2. Schematic presentation of microdialysis. Figure originally pub-
lished by Shannon RJ (104). Under a Creative Commons Attribution Li-

cense. 

Glucose, lactate, pyruvate, glutamate and glycerol are analyzed with the com-
mercially available analyzer ISCUSflex (M Dialysis AB, Stockholm, Sweden) 
to allow calculation of LPR. An increase in LPR with low pyruvate indicates 
ischemia while an increase in LPR in normal or high pyruvates indicates mi-
tochondrial dysfunction. An increase in glycerol indicates cell stress or cell 
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breakdown, although a marker with limited specificity. Urea is often analyzed 
as a marker of method patency (60). 

Microdialysis in sepsis 
Microdialysis is mainly used in neurocritical care though it has applications 
in sepsis research. The method is a reliable method in determining p-lactate 
levels in patients with septic shock (107). Nevertheless, the correlation be-
tween p-lactate and interstitial lactate may be poor (108). The main application 
is to study the redox potential of the tissue by assessing lactate, pyruvate and 
LPR (109). Adipose and muscle tissues are easily accessible; thus, and accord-
ingly, their metabolism is frequently measured in experimental sepsis studies 
(99, 109, 110). However, adipose and muscle tissues are not considered vital 
organs and their metabolism does not always mirror metabolism in more vital 
organs (111). Despite that, increased LPR in adipose tissue of septic children 
is a strong prognostic factor for adverse outcome (112). Moreover, muscle 
may be a source of lactate in sepsis (113), motivating calculation of the mus-
cle-plasma gradient of lactate. 
Apart from lactate, pyruvate and other small solutes, it is possible to analyze 
metabolites of nucleotide degradation, i.e. hypoxanthine (114). With in-
creased pore size, it is possible to retrieve markers of inflammation, i.e. cyto-
kines (115). Moreover, it is possible to assess antibiotic concentrations with 
microdialysis (116, 117). 
When studied with microdialysis, the metabolic pattern in skeletal muscle dur-
ing the initial phase of experimental sepsis and septic shock differs from that 
in other types of shock (90, 96). Apart from an increase in lactate, it is char-
acterized by a decrease in glucose and an increase in pyruvate (90, 96, 99, 118, 
119) with a preserved LPR (96, 118). 

Experimental sepsis models 
Clinically, sepsis emanates insidiously and diagnosis is not often obvious until 
a fulminant presentation results. Patients with sepsis are often at age extremes 
(i.e. from premature infants to very old adults) and may have several underly-
ing diseases that further cloud the clinical picture of sepsis. Hence, clinical 
sepsis is a heterogeneous condition relative to timing, disease severity and 
complicating factors. A heterogeneous condition may require large materials 
to answer research questions about pathophysiology and specific treatment. 
Such questions may be better answered in sepsis models in which disease se-
verity and timing are standardized. Questions about the pathophysiology of 
sepsis may be better answered in an early sepsis model in which development 
of organ failure does not obscure the picture (59). In addition, sepsis and septic 



 22 

shock are conditions with high mortality and morbidity, implying that exper-
imentally induced sepsis is seldom suitable for human modelling and thus, 
animal models are often preferred. 
To achieve generalizability, a relevant model must mimic clinical conditions 
in some relevant respects (e.g., timing, genetic expression, sensitivity to mi-
croorganisms or physiological conditions) (120). Some research questions 
may be answered in ex vivo models (e.g., cell cultures). Isolation of human or 
animal leukocytes is immunologically stimulated with PAMPs, which may 
answer questions about intracellular signaling and genetic expression (21, 29, 
31). Questions on local blood flow may be answered in isolated tissue prepa-
rations (121). 
 

Animal models of sepsis and ethical considerations 
To answer more complex questions, in vivo models are often necessary; such 
models, however, necessitate the use of animals as research subjects. When 
using animals as research subjects, certain legal and ethical obligations must 
be considered. In Sweden, legislation is regulated through the Animal Welfare 
Act and the Animal Welfare Ordinance. Permits to preform animal experi-
ments are necessary and issued by the Regional Animal Ethics Committees. 
The main guiding principles for more ethical use of animals in research are 
described through the “three Rs” (3Rs) (122), that is “Reduction”, “Refine-
ment” and “Replacement”. Reduction refers to the use of only the number of 
research subjects that are necessary to answer the research questions. In this 
thesis, reduction was achieved by power calculations to estimate the number 
of animals needed. Refinement means to reduce the suffering of the research 
animal. To achieve this goal, the animals were exposed to general anesthesia 
during the entire experimental procedure, including preparations before the 
start of the experimental protocol. Replacement alludes to replacing in vivo 
models with ex vivo models when this is feasible. In this thesis, this was ac-
complished through studying the previous literature and refinement and sharp-
ening of the research questions in the experiments that were performed in an-
imals. 
Many animal models of sepsis have been established (123, 124). Their main 
differences are species and method of establishing a sepsis-like state. In con-
trast to human sepsis patients, research animals are young and presumed free 
of underlying diseases. This may limit the generalizability of the animal model 
but also decreases variability within the research population, which reduces 
the number of animals needed, i.e. it contributes to achieving the first “R” 
(Reduction). The breed and use of healthy animals also contributes to the se-
cond “R” (Refinement). 



 23 

Animal species 
Rodents are easily obtained and offers a cost-effective model when a larger 
number of subjects are necessary. Furthermore, genetically modified mice and 
rats are commercially available. However, rodents are too small to allow ex-
tensive blood sampling and monitoring. Moreover, there are large genetic and 
microbial sensitivity differences between rodents and humans (125, 126). 
Rabbits may sometimes be large enough to allow repeated blood sampling and 
mimic humans in sensitivity to endotoxin, but they do not allow for extensive 
monitoring. 
Common large animal models of sepsis are dogs, sheep and pigs (124, 127). 
The dog is easy to handle, large enough to allow for hemodynamic and respir-
atory instrumentation, and offers a more similar genetic profile to humans than 
rodents, rendering the dog a common model animal for sepsis. However, dogs 
are commonly considered “man’s best friend”, which raises sensitive ethical 
issues for the use of dogs as research animals. Because farm cattle, such as 
sheep and pig, are bred and slaughtered for food, fewer ethical considerations 
are raised in their use as research subjects. Moreover, they grow to sufficient 
size faster and are easily obtained from livestock breeders, preventing long, 
stressful transportation to the laboratory. Sheep are large enough for instru-
mentation and extensive sampling, similar to humans in circulation and offer 
similarities in immunological response to endotoxin. However, they differ sig-
nificantly from humans in circulatory and respiratory physiology (123, 124). 
Pigs offer the same advantages as sheep, but with a higher similarity in respir-
atory and circulatory physiology, as well as the highest similarity in endotoxin 
sensitivity to humans among non-primates (127, 128). In contrast to human 
sepsis, pigs react to endotoxin with a rapid increase in pulmonary vascular 
resistance that results in a low cardiac output state. Such a state differs from 
the condition in humans, where the initial response to endotoxin is often a 
hyperdynamic phase. However, a low cardiac output state in sepsis is often 
encountered in pediatric patients (129). 
Primates have the highest similarity to humans (123). On the other hand, their 
close similarity to humans and using them in research to benefit humans raises 
ethical issues: in fact, submitting primates to experimental sepsis is not al-
lowed in the EU. 
 

Methods of inducing experimental sepsis 
Endotoxins 
In experimental sepsis, sepsis or a sepsis-like condition, is induced in a repro-
ducible way. By injecting or infusing purified LPS, or endotoxin, the innate 
immune system is activated as previously described (130). This activation 
may be done IV or, in smaller rodents, intraperitoneally. Larger animals may 
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be submitted to either a single bolus, causing acute circulatory shock, or a 
continuous infusion, causing a long-term state in which the metabolic changes 
are more similar to human sepsis (131). A low grade of endotoxemia is also 
feasible in human volunteers (132). Smaller rodents (e.g. mice and rats) have 
much lower sensitivity to LPS as compared with rabbits and larger mammals 
(125, 131). Some critique has been directed towards endotoxemic models 
(120, 133), mainly against their generalizability in research questions on im-
mune therapy in sepsis. Because all acute pathology in endotoxin models is 
mediated via the PAMP-TNF-a-pathway, every substance that ameliorate this 
signaling will have a positive effect. In terms of clinical sepsis as a state of 
dysregulated balance between pro-and anti-inflammatory regulation, this 
model will have limited relevance (123). Nevertheless, endotoxemia resem-
bles clinical sepsis with respect to changes in capillary permeability and is a 
valuable model to study therapeutic interventions (as applied in Paper II) in 
such conditions (134-136). Furthermore, because this model is sterile, it al-
lows the study of other effects than antimicrobial by antibiotics (as applied in 
Paper I). 

Live bacteria 
A non-sterile model of sepsis involves the continuous administration of live 
bacteria (120, 131, 137). This model will activate the immune system in a 
more clinically relevant manner than endotoxemia (124). However, the inoc-
ulated bacteria will seldom colonize and are rapidly cleared from the blood-
stream (120). Because of substantial bacterial lysis, the main immunological 
trigger may be endotoxemia rather than bacterial infection. Thus, this model 
resembles the acute phase of sepsis and septic shock (as applied in Paper IV), 
but may be a less suitable model for the long-term effects of septic shock 
(120). 

Colonization models 
To mimic colonization, bacteria can be implanted in normally sterile compart-
ments, such as the peritoneum (138) or lungs (139). This situation will induce 
a more insidious onset of sepsis, making it particularly suitable for studies of 
the long term effects of sepsis (124). The timing of sepsis onset may be heter-
ogeneous, necessitating larger study cohorts. Furthermore, the infection in-
duced is monomicrobial, which is seldom the case in clinical sepsis (120, 123, 
131, 140). An insidious polymicrobial onset of sepsis may be induced by the 
widely used clinical model cecal ligation and puncture (CLP). The CLP model 
can be performed in both small and large animals (27, 47, 48, 120, 123, 124, 
131) and is considered the most relevant model concerning immune activation 
and onset (123, 131). However, because heterogeneity in disease severity and 
timing may be substantial, larger study materials are required (140). 



 25 

Aims and questions 

The aim of Paper I was to compare the anti-inflammatory effects of tigecycline 
with the effects of doxycycline, an antibiotic with proven anti-inflammatory 
properties. The primary endpoint of this study was to compare the production 
of TNF-α during endotoxin administration in tigecycline-treated animals with 
that in animals treated with doxycycline or saline. Effects on urinary excretion 
of NO-metabolites, hypotension, tissue metabolism and organ dysfunction 
constituted secondary endpoints. 
 
The aim of Paper II was to compare a rapid IV bolus of technetium-labeled 
albumin with a slow infusion. The primary endpoint was the plasma concen-
tration-time curve of technetium activity and the secondary endpoints were 
differences in interstitial muscle tissue and urine technetium activities during 
and after albumin administration, visceral technetium activity at the end of the 
experiment and circulatory and respiratory parameters after albumin infusion. 
 
Given the inconsistency between the theoretical concepts of shock and the 
clinical observations of septic shock, paper III aimed to investigate the asso-
ciation between DO2, VO2, inflammatory response, p-lactate, tissue metabo-
lism and organ failure in two experimental sepsis models. We hypothesized 
that in experimental septic shock with organ failure the concept of shock with 
DO2 dependent VO2 and the subsequent increase in p-lactate was not a ubiq-
uitous finding. We further hypothesized that tissue metabolism and develop-
ment of organ failure were associated with DO2 and inflammatory response. 
The primary endpoint was to determine a potential critical breakpoint in DO2 
that would produce an increase in plasma lactate. 
 
Because no study has addressed the critical step in the metabolic changes ob-
served with microdialysis in sepsis, i.e. accelerated glycolysis and increased 
lactate with a preserved LPR, paper IV sought to asses these critical patho-
physiological steps. We hypothesized that early sepsis would induce mito-
chondrial dysfunction that would be at least partly responsible for the increase 
in pyruvate during sepsis. In addition, local inhibition of mitochondrial oxida-
tive phosphorylation with cyanide would yield a similar pattern, which would 
be further accentuated during sepsis. Alleviating the cellular energy balance 
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with ouabain would counteract an accentuated glycolysis. The primary end-
point of the study was the interaction between sepsis and inhibition of mito-
chondria. 
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Materials and methods 

“Il faut travailler” 
Louis Pasteur 

Subjects 
The studies discussed in this thesis enrolled 142 domestic 9-11-week-old male 
pigs. All pigs were handled in accordance with the guidelines of the Swedish 
National Board for Laboratory Animals and the European Convention on An-
imal Care. The experiment was approved by the Animal Ethics Committee, 
Uppsala University, Sweden. The inclusion criteria were no apparent disease, 
arterial oxygen tension (PaO2) >10 kPa and a mean pulmonary arterial pres-
sure (MPAP) of <20 mm Hg at baseline. 

Anesthesia and preparation 
The animals were fasted overnight, but had free access to water until they were 
transported in single boxes to the laboratory. Upon arrival, general anesthesia 
was induced by injecting a mixture of 6 mg x kg-1 tilétamin-zolazepam (Virbac 
Laboratories, Carros, France) and 2.2 mg x kg-1 xylazin intramuscularly. After 
induction of anesthesia, IV access was established, and an additional bolus 
dose of 20 mg morphine (Pfizer, Sollentuna, Sweden) and 100 mg ketamine 
hydrochloride (Pfizer) was administered IV, with the airway was secured by 
orotracheal intubation (Paper I-III) or surgical tracheostomy (Paper IV). An-
esthesia was maintained with a constant rate of sodium pentobarbital (8 mg x 
kg-1 x h-1; Apoteket, Umeå, Sweden) and morphine (0.48 mg x kg-1 x h-1,) 
dissolved in a glucose solution of 2.5%. Additional Ringer´s Acetate (B. 
Braun, Melsungen, Germany) was infused IV. The animals were anesthetized 
and mechanically ventilated during the entire experiment. Tidal volumes were 
adjusted to yield an arterial carbon dioxide tension (PaCO2) of 5.0 - 5.5 kPa. 
Volume controlled ventilation with an [inspiratory] to [expiratory] rate of 1:2. 
All animals were terminated after completion of the experiments. 
A central arterial line was inserted in the aorta through a cervical artery for 
pressure monitoring and blood sampling. A central venous line and a pulmo-
nary catheter introducer were inserted into the superior caval vein and a 7F 
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Swan-Ganz catheter was introduced in the pulmonary artery through the in-
troducer. A urinary catheter was inserted through a small bladder incision. In 
Paper IV, the portal vein was catheterized through a small abdominal incision. 
After completion of preparation the pigs were placed in supine position and a 
stabilization period of 1 h (Paper I-III) and 3 h (Paper IV) was allowed. 
Arterial blood, mixed venous blood, microdialysis, and urine samples were 
collected at baseline and then hourly for the rest of the experiment. At the 
same time points, cardiac output was measured with the thermodilution 
method and physiology data were collected (e.g. airway pressures from the 
ventilator). 

Microdialysis 
Microdialysis catheters with a PAES membrane were inserted in thigh mus-
cles and perfused with a 107 microdialysis pump (M Dialysis AB). Microdi-
alysis vials were collected hourly during the experiment and analyzed for glu-
cose, lactate, pyruvate, glutamate, glycerol, and urea using the ISCUSflex mi-
crodialysis analyzer (M Dialysis AB). Between assay coefficients of variation 
were <10% for all analytes. 

Paper I 
A CMA 60 catheter (30 mm membrane) with a MWCO of 100 kDa (M Dial-
ysis AB) was used. The catheter was perfused with Perfusion fluid T1 (147 
mmol NaCl x L-1, 4 mmol KCl x L-1, 2.3 mmol CaCl2 x L-1, total Cl- 155.6 
mmol x L-1 and 290 mOsm x kg-1, M Dialysis AB) at a rate of 0.2 µL x min-1. 

Paper II 
A custom-made microdialysis catheter (15 mm membrane) with a MWCO of 
300 kDa (M Dialysis AB) was used. Dextran 500 3% w/v (Pharmacosmos, 
Holbaek, Denmark) dissolved in an aqueous solution of 147 mmol NaCl x L-

1, 2.7 mmol KCl x L-1, 1.2 mmol CaCl2 x L-1 and 0.85 mmol MgCl2 x L-1 was 
used as perfusion fluid at a rate of 1 µL x min-1. 

Paper IV 
Three 63 microdialysis catheters (20 mm membrane) with a MWCO of 20 
kDa (M Dialysis) were inserted into thigh muscles during the preparatory pro-
cedure. Perfusion and inhibition are described in Figure 4, lower panel. Per-
fusion fluid T1 was pumped by a 107 microdialysis pump at a rate of 0.3 µL 
x min-1, unless otherwise stated. The first microdialysis catheter (naïve) served 
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as a control with no local intervention. In the contralateral thigh muscle a se-
cond microdialysis catheter (cy) was inserted. Starting 2 h before the sepsis 
intervention, perfusion fluid T1 with the addition of sodium cyanide (NaCN, 
Sigma-Aldrich, Darmstadt, Germany) at a concentration of 0.5 mol x L-1 was 
pumped at a rate of 2 µL x min-1 for 45 min. Thereafter, the catheter was 
flushed and perfusion fluid T1 without additives was pumped at 2 µL x min-1 
for another 15 min. Further on, T1 perfusion fluid without additives was 
pumped at 0.3 µL x min-1. In the same thigh muscle as the naïve catheter a 
third catheter (oua) was inserted and ouabain (Sigma-Aldrich) was added to 
perfusion fluid T1 at a concentration of 10-5 mol x L-1 and perfused at 0.3 µL 
x min-1 during the stabilization phase and during the entire experiment. The 
distance between the naïve and oua catheters was >5 cm. Microdialysis vials 
were collected hourly during the sepsis intervention, cooled before and during 
collection of perfusate and frozen immediately thereafter to prevent pyruvate 
degradation. 

Laboratory analyses 
Sandwich enzyme-linked immunosorbent assays (DY686 and DY690, R&D 
Systems, Minneapolis, MN) were used to determine TNF-α and IL-6 in 
plasma. S100B was measured by CanAg S100 EIA assay (Fujirebio Diagnos-
tics, Gothenburg, Sweden). Urinary excreted nitrate was measured using the 
Parameter assay (R&D Systems, Minneapolis, MN). Blood cell count and he-
moglobin were analyzed on a CELL-DYN 4000 (Abbott, Abbot Park, IL) and 
plasma creatinine (reagent: 14.3600.01, Synermed International, Westfield, 
IN) and bilirubin on an Architect Ci8200 analyzer (Abbott Park, IL). Arterial 
and mixed venous blood gases were analyzed on an ABL300 and a Hemoxi-
meter (Radiometer).  
Radioactivity in the samples was measured with a well counter (Wallac Wiz-
ard 3” Gamma Counter, Perkin Elmer, Wellesley, MA) and corrected for ra-
diation decay to infusion time and background radiation. 

Technetium labeling (Paper II) 
Human serum albumin (Vasculosis, Cis Bio International, France) was labeled 
with 8 ml of 140 MBq pertechnetate (99mTcO4

-) to an activity of 19 MBq x 
mL-1. The dissociation of technetium from albumin measured in the original 
solution in vitro and in pig blood ex vivo at 3 and 5 h after preparation with 
high-performance liquid chromatography was <2.5%. 
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Tissue collection (Paper II) 
After termination and exsanguination, biopsies from the lung, liver, spleen and 
kidneys were collected. Total lung water was assessed by weighing a speci-
men from the right lower lobe and then drying the specimen at 65°C for 72 h. 
Total lung water is expressed as a percentage (wet-dry)/wet. 

Experimental protocols 
Paper I: 
18 pigs were randomly assigned to one of three groups: Tigecycline group 
(n=6), Doxycycline group (n=6) or Placebo group (n=6). Randomization in 
blocks was performed. The Tigecycline group received 100 mg tigecycline 
(Pfizer, Berkshire, UK) and the Doxycycline group received 200 mg doxycy-
cline (Merckle, Blaubeuren, Germany). The drugs were given as an IV infu-
sion in 100 mL of normal saline immediately after the preparation was com-
pleted, i.e. 1 h before the endotoxin infusion was started at baseline. The Pla-
cebo group received the corresponding volume of normal saline during the 
same period. 
Endotoxemic shock was induced in all pigs by a 6-h long continuous infusion 
of E. coli endotoxin (Escherichia coli: O111:B4; Sigma Chemicals, St. Louis, 
MO) 0.5 µg x kg-1 x h-1. During the first h of endotoxin infusion, a salvage 
dose of 1 ml adrenaline 1:100 000 was given if mean arterial pressure (MAP) 
was ≤ MPAP. During the entire experiment, additional Ringer´s Acetate (B. 
Braun, Melsungen, Germany) was infused IV to a total fluid administration 
rate of 30 mL x kg-1 x h-1. 

Paper II: 
42 pigs were enrolled in the study and randomly assigned to a Bolus group 
(n=21) and an Infusion group (n=21) before the start of the experiment. Five 
animals in each group died during the first 2 h and were replaced per protocol, 
leaving 16 evaluable animals in each of the two groups. After the preparatory 
procedure, a fluid bolus of succinylated gelatin 40 mg x mL-1 dissolved in 
0.9% NaCl (B. Braun, Melsungen, Germany) was given at a dose of 10 mL x 
kg-1. All pigs received 10 mL x kg-1 labeled albumin (50 mg x mL-1) dissolved 
in 0.9% NaCl that was delivered with an Alaris GP-Plus isovolumetric infu-
sion pump (Carefusion, San Diego, CA). 
Endotoxemic shock and rescue protocol were similar to Paper I, except for the 
endotoxin dose, which was 1.0 µg x kg-1 x h-1, and maintenance fluid, that was 
18 mL x kg-1 x h-1. 
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The Bolus group received a 15- min bolus at a rate of 1000 mL x h-1 1.5 h after 
starting the endotoxin infusion. The Infusion group received a slow 2-h infu-
sion of 125 mL x h-1 starting 0.5 h after initiating the endotoxin infusion. The 
infusion rate of Ringer’s acetate was lowered during albumin infusion, result-
ing in a total fluid administration of 18 mL x kg-1 x h-1 in both groups by 3 h 
and thereafter. 

 
Figure 3. Schematic depiction of the experimental protocol applied in Paper II. 

Paper III 
Paper III enrolled the pigs from Paper I and II. Furthermore, 23 pigs enrolled 
who were submitted to a protocol similar to that used in Paper I, except for an 
endotoxin dose of 2.0 µg x kg-1 x h-1, were enrolled. Additionally, 43 pigs 
submitted to bacteremic shock were enrolled. Bacteremic shock was induced 
by continuous infusion of bacteria in log phase (E. coli strain B09–11822, an 
encapsulated and serum-resistant wild-type strain (137)) at a constant rate of 
1-6 x 108 colony-forming units (CFU) x h-1 for 1-6 h of the experiment. One 
animal received bacteria during 1 h, 4 during 2 h, 28 during 3 h and 11 during 
6 h. Bacteremia was ensured during the E. coli infusion by hourly plating of 
blood samples, culturing overnight and viable counts. In the bacteremic group 
interventions were performed in accordance with a protocol to maintain vital 
parameters within preset limits to resemble an intensive care setting. The pro-
tocol is described in supplement 1. 

Paper IV 
Sixteen piglets were randomly allocated to a Sepsis group (n=12) or a Sham 
group (n=4). This randomization step is depicted in the upper panel of Figure 
4. The Sepsis group received live E. coli (strain: B09-11822 serotype: O-
rough:K1:H7 strains) in sterile water at a concentration of 2.05 x10-7 CFU x 
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mL-1. All bacteria were cultured to log phase. The Sham group received an 
infusion of NaCl 9 mg x mL-1 instead of live bacteria. Both infusions (E. coli 
and NaCl) were given in the portal vein at a rate of 8.33 mL x h-1. Infusions 
were continued for 3 h with hourly physiological measurements and blood 
sampling. Blood cultures were performed before the start of bacterial infusion 
and after 1 h. During bacteremia, protocolized circulatory and respiratory in-
terventions were undertaken to prevent animal loss. The protocol is described 
in supplement 1. 

Figure 4. Schematic depiction of the experimental protocol applied in Paper IV. 

Statistical considerations 
Sample size was calculated using data from pilot experiments. Normally dis-
tributed data are presented as mean±standard deviation (SD), unless otherwise 
indicated. Data were tested for normality using the Kolmogorov-Smirnov test 
and homogeneity of variances with Levene’s test. P-values were corrected for 
multiple testing with the unequal means test, unless otherwise stated. Data 
with a non-normal distribution are presented as median and inter-quartile 
range (IQR). 
Data not meeting assumptions required for the application of parametric tests 
were analyzed by the Mann-Whitney U test. The STATISTICA™ software 



 33 

package (version 12, StatSoft, Tulsa, OK,) was used to analyze the data. A p-
value of <0.05 was considered significant. 

Paper I 
To detect a difference of 10 % in log-TNF-α at 1 h between the Tigecycline 
and Placebo group with a power of 0.8, an α-error of 0.05, and a standard 
deviation of 10%, six animals in each group were required. The mean and 
variance of TNF-α at 1 h from this experiment corresponded to the data the 
power calculation was based on. 
Except for the cytokine response that typically peaks early during the experi-
ment, the main impact of an anti-inflammatory intervention would be ex-
pected late during the experiment. Consequently, group differences in cyto-
kine response were assessed at peak cytokine response with one-way analysis 
of variance (ANOVA). Responses in all other variables were assessed during 
the last three h of the experiment (4-6h) using type III ANOVA. If this test 
indicated a group difference at the end of the experiment, a post-hoc analysis 
was performed to identify which groups differed. To verify the development 
of sepsis, changes in hypoperfusion and organ dysfunction from baseline to 
the end of the experiment, 6 h, were assessed with the paired t test or Wilcoxon 
matched pairs test as appropriate. 

Paper II 
To detect a difference of 20% in the area under the curve (AUC) of plasma 
radioactivity with a power of 0.8, an α-error of 0.05 and a standard deviation 
of 20%, 16 animals in each group were required. Differences in plasma radi-
oactivity AUC, circulatory and respiratory parameters and post-mortem spec-
imens were analyzed with unpaired t tests. Group differences at 4-6 h were 
analyzed with repeated measures ANOVA. Planned comparisons at 1, 2 and 
3 h were performed to verify differences in radioactivity when the infused 
dose differed. 

Paper III 
Identification of the breakpoint for metabolic/physiologic deterioration 
Maximal physiological derangement occurred at 3 h and therefore this time 
point was chosen for our analysis. Values from microdialysis and urinary out-
put are summative of the previous hour and thus values from 4 h were ana-
lyzed. At 3 h, when DO2 reached a nadir of 289±68 mL x min-1 x m-2, pigs 
were grouped by their DO2 (<200, 200-250, 250-300, 300-350 and >350 mL 
x min-1 x m-2). Groupwise comparisons were made with one-way ANOVA. 
To test for differences in shock model the shock method was analyzed as an 
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interaction factor. If the ANOVA indicated a group difference, a post hoc anal-
ysis was performed to identify group differences. A breakpoint was identified 
when the post hoc test distinguished a significant difference between two ad-
jacent groups. 

Development of a multiple regression model 
All values were normalized using the z-transformation. Parameters with high 
co-linearity were excluded, as were parameters with low explanatory power. 
A multiple regression model was developed with those factors having a high 
explanatory power. 

Paper IV 
Because this was an exploratory study, p-values were not corrected for multi-
ple comparisons. The effects of sepsis on organ dysfunction were evaluated 
by repeated measures ANOVA. A time-group interaction indicated a sepsis 
effect. To avoid enzymatic interference from cyanide (141, 142), the effects 
of microdialysis interventions were studied 1-3 h with groupwise comparison 
using repeated measures ANOVA. We tested for a sepsis effect, microdialysis 
intervention effects and the interaction between sepsis and the microdialysis 
interventions. 
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Results from Paper I 

Markers of inflammation and vascular permeability 
Plasma TNF-α peaked at 1 h in all groups. Geometrical means of peak p-TNF-
α in the Tigecycline, Doxycycline and Placebo groups were 79, 16 and 63 ng 
x ml-1, respectively; corresponding to log10 concentrations of 4.9 ± 0.3, 4.2 ± 
0.6, and 4.8 ± 0.3, respectively. Thus, during endotoxemia, p-TNF-α levels 
were lower in the Doxycycline group compared to the Placebo group 
(p=0.031) and peak concentration level of p-TNF-α in the Doxycycline group 
at 1 h was only 25% of that in the Placebo group. In contrast, p-TNF-α con-
centrations were similar between the Tigecycline group and Placebo group. P-
IL-6 did not differ between the three groups during the experiment, whereas 
the white blood cell count (WBC) and the neutrophil granulocyte count (NGC) 
were less reduced in the Doxycycline group than in the Placebo group at 4-6 
h (p=0.009 for WBC and p=0.019 for NGC). The platelet count decreased 
from 0 to 6 h, without any intergroup differences. Blood hemoglobin levels, 
which might serve as a surrogate parameter for capillary leakage, increased 
during the experiment in the Doxycycline and Placebo groups but not in the 
Tigecycline group. However, there was no group difference at 4-6 h.  
Urinary nitrate concentration, a marker of the NO-activity in blood, did not 
change significantly over time in any group and there were no significant dif-
ferences between the groups.  

Hemodynamic parameters and organ dysfunction 
Heart rate increased in the Doxycycline and Tigecycline groups, but not in the 
Placebo group. There were no intergroup differences at 4-6 h. In two pigs in 
the Doxycycline group, a supraventricular tachycardia developed and per-
sisted for the last 3 h of the experiment. MAP decreased from baseline in the 
Doxycycline and Placebo groups but not in the Tigecycline group (Figure 6). 
MAP was higher in the tigecycline group compared to the placebo group 
(p=0.025). 
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Figure 5. P-TNF-α levels during endotoxemia. Note that the scale is logarithmic. 
Data are shown as Mean ± SE. p=0.031 for Doxycycline vs Placebo and p=ns for 
Tigecycline vs Placebo. 

 
Figure 6. Mean arterial blood pressure during endotoxemia. Data are shown as 
Mean ± SE. p=0.02 for group differences at 4-6 h analyzed with split-plot ANOVA. 
p=0.046 for Doxycycline vs Placebo and p=0.03 for Tigecycline vs Placebo. 

Correspondingly, the systemic vascular resistance index (SVRI), was signifi-
cantly higher in the Tigecycline group compared to the Placebo group 
(p=0.03). MPAP increased from baseline in all groups during the experiment. 
Cardiac index (CI) decreased during the experiment, reaching a nadir at 3 h. 
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Mixed venous oxygen saturation (SvO2) did also demonstrated a transient de-
crease. During the last three hours of the experiment there was a group differ-
ence in SvO2 (p=0.048). However, specific intergroup differences could not 
be identified in the post hoc analysis. At 6 h, SvO2 was lower only in the 
Doxycycline and Placebo groups as compared with baseline. There was a de-
crease in PaO2 and static compliance and an increase in PaCO2 in all groups. 
No intergroup differences were noted. Creatinine clearance decreased numer-
ically 0-6 h in all groups; however, it reached significance only in the Tigecy-
cline group. (p=0.02). No intergroup differences in p-bilirubin at 4-6 h were 
detected during the experiment. S100B levels in plasma were generally low, 
with no significant differences at 4-6h.  

Table 3. Markers of tissue metabolism during the experiment. Data presented as 
Mean ± SD unless otherwise indicated. 

Time (h) Placebo group Doxycycline group Tigecycline group 
Veno-arterial CO2 difference (kPa) 
0 1.3 ± 0.3 1.5 ± 0.4 1.4 ± 0.7 
1 1.7 ± 0.5 1.8 ± 0.6 1.5 ± 0.5 
2 1.9 ± 0.5 2.0 ± 0.6 2.1 ± 0.8 
3 2.3 ± 0.8 2.9 ± 0.9 2.4 ± 0.7 
4 2.4 ± 0.7 2.7 ± 1.2 1.9 ± 0.5 
5 2.1 ± 0.7 2.5 ± 1.0 1.7 ± 0.4 
6 1.9 ± 0.5 2.1 ± 1.0 1.8 ± 0.3 
Plasma lactate (mmol x L-1) 

 

0 1.8 ± 0.4 2.2 ± 0.6 1.9 ± 0.5 
1 3.1 ± 0.7 2.5 ± 1.2 3.0 ± 1.1 
2 2.6 ± 0.3 2.2 ± 0.6 2.5 ± 0.6 
3 2.9 ± 0.4 3.8 ± 1.5 3.0 ± 1.1 
4 2.8 ± 1.2 3.8 ± 2.3 2.2 ± 0.6 
5 2.2 ± 1.4 2.9 ± 2.2 1.6 ± 0.5 
6 1.9 ± 1.4 2.1 ± 1.9 1.4 ± 0.8 
Muscle lactate (mmol x L-1) 
0 7.0 ± 2.1 13.7 ± 5.5 10.3 ± 4.3 
1 5.5 ± 0.4 6.4 ± 1.5 7.0 ± 3.6 
2 6.5 ± 1.8 5.2 ± 1.4 6.8 ± 1.4 
3 6.1 ± 1.3 5.2 ± 1.3 7.0 ± 3.2 
4 6.4 ± 2.4 6.2 ± 1.2 6.3 ± 1.8 
5 6.6 ± 2.6 5.8 ± 0.8 5.6 ± 1.5 
6 6.1 ± 2.7 4.9 ± 2.2 4.7 ± 1.8 
Muscle LPR, Median (Range) 
0 240 (60-480) 190 (60-300) 60 (40-90) 
1 70 (30-230) 170 (60-690) 130 (40-240) 
2 50 (20-150) 80 (20-180) 40 (30-110) 
3 30 (20-60) 40 (20-90) 30 (20-60) 
4 20 (20-160) 30 (20-60) 30 (20-70) 
5 20 (20-300) 30 (20-40) 20 (20-50) 
6 20 (20-240) 20 (20-40) 20 (20-80) 
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Acid-base parameters and tissue metabolism 
During the experiment, pH decreased in the Doxycycline and Placebo groups 
but not in the Tigecycline group. Base excess decreased in the Placebo group 
but not in the treatment groups. The veno-arterial carbon dioxide tension dif-
ference peaked at 3 h. There was a group difference 4-6 h with split-plot 
ANOVA, but post hoc analysis could not identify any significant differences 
when compared with the Placebo group. There were no intergroup differences 
in p-lactate or in the microdialysis variables, such as muscle lactate, muscle 
LPR, and muscle glycerol levels. 
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Results from Paper II 

Tracing of albumin 
The plasma radioactivity AUC0-6 h was similar in the two groups: 4.4±0.9 x 
107 counts x min-1 x mL-1 x h in the Bolus group and 4.4±1.1 x 107 counts x 
min-1 x mL-1 x h in the Infusion group (Figure 7). There were no group differ-
ences at 4-6 h. Radioactivity in microdialysate and urine demonstrated sub-
stantial variation but was of similar magnitude in the two groups (Figures 8 
and 9). Radioactivity in the lung, liver, spleen and kidney harvested post-mor-
tem did not differ between the two groups (Figure 10). 

 
Figure 7. Radioactivity in plasma during endotoxemia. Data are presented as mean ± 
standard error of the mean (SEM). Figures 7-9. Radioactivity was adjusted for decay 
and background radiation. To better mirror the overlapping error bars, time points 
have been separated graphically. 
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Figure 8. Radioactivity in muscle microdialysate during. Data are presented as me-
dian and interquartile range (IQR). 

 
Figure 9. Radioactivity in urine during endotoxemia. Data are presented as median 
and IQR. 
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Hemodynamic parameters and filling pressures 
MAP decreased in both the Bolus and Infusion groups without significant dif-
ferences between the groups over the experimental period. After the full dose 
at 2 h, there was a similar slight increase in both groups. CI decreased in both 
groups without any substantial change from 1 to 2 h or any significant differ-
ences between the groups. Heart rate, MPAP and pulmonary capillary wedge 
pressure increased, whereas central venous pressure remained virtually con-
stant with no differences between the groups. Urinary output decreased with 
large variations in both groups during the experimental period but without any 
group differences. 
A substantial increase in blood hemoglobin was seen at each time point for 
the albumin infusions. These increases in blood hemoglobin were similar in 
both groups with no differences between the groups. WBC decreased during 
the first hour without any group differences. 

 
Figure 10. Radioactivity in viscera harvested post mortem adjusted for decay and 
background radiation. Data are presented as mean ± SEM. 

Respiratory parameters 
PaO2, static pulmonary compliance and hemoglobin oxygen saturation de-
creased with nadir at 3 h and without group differences. Total lung water con-
tent at the end of the experiment was 81±10% in the Bolus group and 80±8% 
in the Infusion group.  
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Tissue perfusion and ischemia 
DO2 and SvO2 decreased and p-lactate increased, but without significant dif-
ferences between the groups. Muscle LPR decreased from peak values at 1 h 
and was lower in the Infusion group from 2 h onwards, mainly because of an 
increase in pyruvate (Table 4). Dialysate concentrations of lactate, glucose, 
urea, glutamate and glycerol decreased without any significant differences be-
tween the groups. 

Table 4. Microdialysis values obtained during the experiment presented as median 
(range). Muscle pyruvate and was higher in the infusion group from 3 h and onwards 
with hourly groupwise comparison with the Mann-Whitney U test. Accordingly, 
muscle LPR was lower in the infusion group. *=p<0.05, p-values not adjusted for 
multiple comparisons. 

 Time (h) 

 1 2 3 4 5 6 

Muscle Lactate (mmol x L-1) 

Bolus 
3.1 

(1.9-5.1) 

4.3 

(2.9-5.7) 

2.8 

(2.4-4.0) 

2.9 

(2.4-4.3) 

3.0 

(2.3-4.4) 

2.8 

(1.8-3.6) 

Infusion 
4.0 

(2.3-5.1) 

3.8 

(2.4-4.6) 

3.2 

(2.1-4.3) 

2.8 

(2.1-4.1) 

2.7 

(1.9-3.7) 

2.3 

(1.8-3.0) 

Muscle Pyruvate (µmol x L-1) 

Bolus 
59 

(41-92) 

107 

(76-136) 

114 

(80-135) 

112 

(86-158) 

129 

(89-162) 

128 

(79-148) 

Infusion 
93 

(50-129) 

187 

(92-217) 

*191 

(117-243) 

*185 

(140-245) 

*190 

(147-233) 

*165 

(149-213) 

Muscle LPR 

Bolus 
40 

(33-169) 

33 

(26-71) 

28 

(22-34) 

23 

(21-34) 

21 

(19-34) 

18 

(17-30) 

Infusion 
38 

(24-58) 

*24 

(15-27) 

*18 

(13-20) 

*14 

(10-17) 

*12 

(9-18) 

*12 

(10-17) 
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Results from Paper III 

The cohort 
All animals developed macrocirculatory shock and elevated levels of cyto-
kines in plasma with simultaneous renal and pulmonary failure. However, cy-
tokine response and hemodynamic deterioration were generally less pro-
nounced in the animals submitted to bacteremia (data not groupwise depicted). 
Each of the animals submitted to bacteremic shock (n=43) survived 6 h of 
shock and were included in the study. 83 animals were submitted to endotox-
emic shock, whereof 61 survived 6 h of shock and were included in the study, 
leaving 104 evaluable pigs weighing 24.8±2.2 kg in the study (Figure 11). In 
the endotoxemic group, 11 animals received 1-3 doses of adrenalin IV per 
protocol during the first hour of shock. All studied parameters were normally 
distributed, except urinary output, plasma cytokines and muscle glutamate and 
glycerol, which had to be logarithmically transformed. 

 
Figure 11. Inclusion of subjects Paper III. 

Changes in physiology over time 
DO2 significantly decreased from the baseline value of 470±130 mL x min-1 x 
m-2 before initiation of septic shock to a nadir of 289±68 mL x min-1 x m-2 at 
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3 h (p<0.001). Similarly, p-lactate significantly increased from the baseline 
value of 1.7±0.5 mmol x L-1 to a maximum of 2.9±1.2 mmol x L-1 at 3 h 
(p<0.001). The mean muscle to plasma lactate gradient was positive through-
out the experiment.  
Urinary output significantly decreased 0-4 h (p<0.001) and did not increase 
after that time. Static lung compliance significantly decreased 0-3 h (p<0.001) 
and thereafter did not increase. TNF-α significantly increased from baseline 
values of 0.2 nanomol x L-1 (nM) to a peak of 26 (10-80) nM at 1 h (p<0.001), 
whereas IL-6 significantly increased from baseline values of 0.1 nM to a peak 
of 2.7 (1-4) nM at 2 h (p<0.001). There was a significant decrease in muscle 
glucose (p<0.001), a numerical increase in muscle lactate (p=ns), a significant 
increase in muscle pyruvate (p<0.001) and a significant decrease in muscle 
glycerol (p<0.001) 0-6 h. All other parameters reflecting hemodynamics fol-
lowed a pattern similar to DO2 and p-lactate. 

Identification of the breakpoint for 
metabolic/physiologic deterioration 
No interaction from the shock method was identified. MAP significantly de-
creased at DO2 <250 mL x min-1 x m-2 (p<0.001) and p-lactate (Figure 12) 
significantly increased at DO2 <250 mL x min-1 x m-2 (p<0.001). SvO2 signif-
icantly decreased and O2ext (Figure 13) significantly increased with DO2 
(p<0.001) without a specific breakpoint. VO2 was not DO2-dependent (Figure 
12). Urinary output (Figure 14) significantly decreased with a breakpoint at 
DO2 <250 mL x min-1 x m-2 (p<0.01), but static lung compliance (Figure 15) 
was not DO2-dependent. Base excess decreased with a breakpoint at DO2 <250 
mL x min-1 x m-2 (p<0.001). Muscle glucose, lactate, pyruvate, urea and glu-
tamate were not DO2-dependent. The muscle-plasma lactate gradient was pos-
itive in all five groups without group differences. Muscle LPR (Figure 16) was 
DO2-dependent without a breakpoint (p<0.01). Decrease in muscle glycerol 
was DO2-dependent without a breakpoint. 

Development of a multiple regression model 
The SVRI was excluded because of its low explanatory power and CI and 
SvO2 were excluded because of their high co-linearity with DO2. Shock model, 
MAP, DO2, TNF-α and IL-6 were identified as explanatory factors and subse-
quently included in a multiple regression model. The dependent factors listed 
above were analyzed with the multiple regression model. b-values and p-val-
ues from respective regressors are shown in Table 5. P-lactate, base excess, 
static compliance, urinary output, muscle glucose and muscle glycerol could 



 45 

be explained by the model. DO2, MAP and IL-6 were identified as the strong-
est predictors of increased p-lactate. Metabolic acidosis was not associated 
with IL-6. Urinary output was associated with MAP and DO2 but not with 
inflammatory response. Static compliance was associated with MAP but not 
with DO2. A decrease in muscle glucose was associated with TNF-α but not 
with IL-6. 

 

 
Figure 12. Plasma lactate, DO2 and VO2 represented three-dimensionally. At 3 
hours of shock, a significant increase in p-lactate was noted when DO2 < 250 mL x 
min-1 x m-2 (p<0.05). However, there was no concomitant decrease in VO2 at low 
DO2-levels, and a low VO2 was not associated with an increased p-lactate. 
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Figure 13. Oxygen extraction (O2ext) at 3 hours of shock increased with DO2 
(p<0.001) without a breakpoint. Error bars denote the standard SEM. 

 
Figure 14. Urinary output at 3 hours of shock decreased (p<0.001) with a breakpoint 
at DO2 <250 mL x min-1 x m-2 (p<0.01). Error bars denote SEM. Note that the scale 
is logarithmic. 
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Figure 15. Static lung compliance was not DO2-dependent. Error bars denote SEM. 

 

 
Figure 16. Muscle LPR was DO2-dependent without a breakpoint (p<0.01).  
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Table 5 Adjusted ß-values and whole model R2 values from multiple regression at 3 
hours of experimental shock. *=p<0.05, **=p<0.01 corrected for multiple compari-
sons. †=log-transformed values. 

 
MAP DO2

-1 
P-TNF-
aa† P-IL-6† 

Shock 
model R2 

Plasma lactate -0.28* 0.44* -0.04 0.26* 0.04 0.59** 

Base excess 0.25* -0.39* 0.07 0.05 -0.33* 0.50** 

Urinary output† 0.40* -0.43* 0.06 -0.16 0.06 0.59** 

Static compliance 0.36* -0.13 0.05 -0.04 0.13 0.20** 

Muscle glucose 0.30* 0.21 -0.39* 0.07 0.09 0.20** 

Muscle lactate -0.12 0.19 -0.24 -0.16 0.27* 0.19* 

Muscle pyruvate 0.07 0.02 -0.19 0.03 -0.07 0.05 

Muscle LPR -0.10 0.15 -0.03 -0.06 0.25 0.12* 

Muscle urea 0.04 0.17 0.01 -0.22 -0.12 0.09 

Muscle gluta-
mate† 

0.17 0.06 -0.63* 0.28 0.51* 0.42** 

Muscle glycerol† -0.29* 0.18 -0.30** 0.22 0.23* 0.35** 
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Results from Paper IV 

Sepsis 
All pigs had negative blood cultures at 0 h. At 1 h, all pigs in the Sepsis group 
showed growth of E. coli, whereas no pig in the Sham group showed bacterial 
growth. Obtained values before and during bacteremia are presented in Table 
1. The median (range) Sequential Organ Failure Assessment (SOFA) score at 
0 h was 0 (0-1) in both groups. At 3 h, the SOFA score was 6 (3-6) in the 
Sepsis group and 0 (0-1) in the Sham group. 

Specific organ dysfunction 
The [PaO2] to [0FiO2] ratio and blood platelets decreased during sepsis. P-
bilirubin increased in the Sepsis group, but not in the Sham group. Executing 
interventions per protocol, MAP was maintained during sepsis. Five pigs in 
the Sepsis group required noradrenaline (NA) with a median dose of 0.08 µg 
x kg-1 x min-1, whereas no pig in the Sham group required NA. There were 
minor variations in creatinine clearance and large variability in urinary output 
but no major effect from sepsis. The animals were anesthetized before initia-
tion and remained anesthetized during the entire experiment. Thus, no general 
observation of mental status could be performed. 

Oxygen delivery and use 
By interventions per protocol, DO2 was maintained in the Sepsis group and 
went unchanged over time in the Sham group (Figure 17). SvO2 decreased 
numerically in the Sepsis group but not in the Sham group. P-lactate increased 
in the Sepsis group (p<0.05) (Figure 18). 
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Figure 17. By interventions per protocol, DO2 was maintained in the Sepsis group. 
Data are presented as mean±SEM. 

 
Figure 18. Despite similar DO2 during sepsis in both groups, p-lactate increased. 
p<0.05 for time-group interaction with repeated measures ANOVA. Data are pre-
sented as mean±SEM. 
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Figure 19. Glucose in muscle microdialysate during 1-3 h of experimental sepsis. 
Groupwise comparison with ANOVA tested for the sepsis effect, the microdialysis 
intervention effect and the sepsis-microdialysis intervention interaction. Muscle glu-
cose significantly decreased during sepsis (p<0.05). Oua or cy had no effect on mus-
cle glucose, although glucose decreased to a lesser extent numerically in the sep-
sis+cy group. Data are presented as median (IQR). 

Response to sepsis in muscle tissue using microdialysis 
catheters with no local, cyanide or ouabain intervention 
Muscle glucose in naïve catheters significantly decreased in the Sepsis group 
(p<0.05). Cy or oua had no significant effect on muscle glucose, although glu-
cose showed less of a numerical decrease in the sepsis+cy catheters (Figure 
19). The muscle-plasma gradient of lactate was positive throughout the exper-
iment. There was no increase in muscle lactate during sepsis. Cy and oua in-
creased muscle lactate numerically, regardless of sepsis. Pyruvate in muscle 
from naïve catheters did not increase during sepsis. Cy significantly decreased 
pyruvate in muscle (p<0.05), a decrease which further accentuated by sepsis, 
i.e. there was a significant sepsis-cy interaction (p<0.05). Oua had no effect 
on pyruvate in muscle, regardless of sepsis. The LPR in muscle did not in-
crease during sepsis from naïve catheters. Cy significantly increased the LPR 
in muscle (p<0.05). There was a significant sepsis-cy interaction manifested 
as a major increase in LPR during the blockade of sepsis and cy (p<0.01). Oua 
had no effect on the LPR in muscle, regardless of sepsis (Figure 20). Glycerol 
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was unaffected by sepsis and during a 1-3 h oua blockade. During a cy block-
ade, however, there was a substantial increase in glycerol at 0 h in both the 
Sepsis and Sham group, suggesting increased membrane phospholipid degra-
dation by the cyanide intervention. Glutamate and urea in muscle were unaf-
fected by sepsis as well as the blockade of cyanide and ouabain. 

 
Figure 20. LPR in muscle microdialysate during 1-3 h of experimental sepsis. 
Groupwise comparison with ANOVA tested for the sepsis effect, the microdialysis 
intervention effect and the sepsis-microdialysis intervention interaction. Muscle LPR 
did not increase during sepsis. Cy increased muscle LPR (p<0.05). This increase 
was further accentuated by sepsis (p<0.01 for sepsis-microdialysis intervention in-
teraction). Ouabain had no effect on the muscle LPR, regardless of sepsis. Data are 
presented as median (IQR). 
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Discussion 

Paper I 

Previous studies 
The main finding of this study was that doxycycline, but not tigecycline, de-
creases plasma levels of TNF-α during experimental septic shock. The role of 
the doxycycline arm in the present study was to demonstrate that tetracycline-
like substances inhibited the inflammatory response to endotoxemia in the 
model used. In contrast to doxycycline, tigecycline did not attenuate the in-
flammatory response as measured by cytokine release. Mice treated with 
tigecycline subcutaneously showed a reduction in the expression of TNF-α in 
a mycoplasma lower airway infection model; however, the difference did not 
occur until after 3 days of treatment (30). In what way tigecycline inhibits the 
release of TNF-α in a large animal model has not been studied. The finding of 
our study that tigecycline did not decrease TNF-α liberation in the circulation 
in vivo is consistent with previous ex vivo studies (32), (29). It may therefore 
be speculated or inferred that the effect seen in the mycoplasma study might 
be the result of the antimicrobial effect of tigecycline and not an anti-inflam-
matory effect per se. 
NO is an important mediator of hypotension and capillary leakage in septic 
shock (143, 144). A tendency to a greater overall hemodynamic stability in 
the Tigecycline group was reflected by less reduction in MAP, SvO2 and base 
excess. The reduced increase in blood hemoglobin in the Tigecycline group 
could have also been caused by a diminished NO-mediated capillary leakage. 
Inhibition of the production of NO could thus be one of the candidate path-
ways that mediate the effect of tigecycline on blood pressure. Doxycycline 
and tigecycline have been subjected to a proteomics study to investigate their 
anti-inflammatory potential (33). In the study, both were shown to prevent the 
production of NO, with tigecycline being the most potent inhibitor. However, 
NO is a short-lived molecule with a plasma half-life of about 20 seconds. Its 
metabolites (nitrite and nitrate) are excreted in urine and can be analyzed and 
used as an indirect parameter of NO production. Measuring NO metabolites 
in urine is associated with several sources of error. First, NO production has 
several feedback loops. Second, NO may be produced in other tissues than 
inflammatory cells. Third, renal excretion of NO metabolites is dependent on 
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glomerular excretion and tubular reabsorption that may be affected by the sep-
sis-induced inflammatory response and circulatory changes (145). In this 
study, we did not detect any significant difference in the urinary nitrite/nitrate 
excretion, mostly due to large variations in urinary output. Further studies, in 
which NO is measured directly in plasma, can help elucidate whether NO-
induced hypotension is affected by tigecycline inhibition of NO synthesis. The 
consequences of the reduced hypotension are not known, but in the present 
study the increased hemodynamic stability in the Tigecycline group did not 
translate into improved organ function or tissue metabolism in the muscle. 

Strengths and limitations  
The strength of this non-bacterial model is its ability to study the effect of 
antibiotic drugs in a sepsis-like condition with multiple organ dysfunction syn-
drome without the bias of their antimicrobial effects, given that alimental bac-
terial translocation does not significantly contribute to the deterioration ob-
served during the experiment. Another strength is the addition of a treatment 
group with doxycycline, an antimicrobial agent known to inhibit TNF-α in-
crease in plasma, to confirm that the anti-inflammatory effects of tetracyclines 
could be demonstrated with the model chosen. 
A limitation of this model of porcine endotoxemia is the short observation 
period of 6 h. It cannot be excluded that the changes in circulatory variables 
seen at 6 h in this study could have had a significant effect on organ dysfunc-
tion with a longer observation period, as described in previous studies (30). 
Nor can a late anti-inflammatory effect of tigecycline be excluded. 
In our study, all piglets developed hypodynamic shock, as opposed to the hy-
perdynamic circulatory state often encountered in adult sepsis resuscitated 
with fluids and vasopressors. These piglets, however, were not given vaso-
pressors, except for single bolus doses of adrenaline during the first hour. In 
addition, fluids were not given to target normotension. Finally, our animals 
are young and the sepsis induced experimentally is like to the hypodynamic 
sepsis often encountered in pediatric patients (129). 
This is an experimental animal study and results from animal studies should 
always be extrapolated to humans with caution. However, in terms of medical 
research, pigs have striking similarities to humans compared with other non-
primate species (127). In addition, the size of the pig facilitates the use of 
human intensive care equipment. This factor increases the clinical relevance 
of the model in that sedation, mechanical ventilation and vasopressors affect 
the innate immune response in these intensive care patients at risk for infec-
tions with multidrug-resistant bacteria, where treatment with tigecycline 
might be an option (146). 
Only limited amount of research has been conducted on the pharmacokinetics 
of tigecycline and doxycycline in the pig. A doxycycline dose of 200 mg to 
young pigs results in plasma concentrations similar to those seen in humans 
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(147). The elimination rate is somewhat quicker in the pig but is of limited 
importance in this short-term endotoxin model. To our knowledge, there are 
no other published data on tigecycline pharmacokinetics in the pig. However, 
given that these juvenile pigs were given the human adult loading dose of 
tigecycline, it is less likely that therapeutic antimicrobial levels were not 
reached. 

Paper II 

Previous studies 
In the present study, we found a half-life of albumin of 5.3±1.1 h regardless 
of administration rate. This corresponds to previously reported half-life in sep-
tic children of 4.6 ±1.8 reported by Greissman et al. (53). In the rodent studies 
by Bark et al. the plasma-expanding effect of albumin was reduced when al-
bumin was administered as a 15-min bolus as compared with a 3-h infusion. 
The proposed mechanism was increased capillary permeability in combina-
tion with a transient bolus-induced increase in capillary pressure and decrease 
in hematocrit, all of which led to enhanced extravasation of albumin (47, 48).  
In the clinical albumin trials, information about the infusion rate has often not 
been given and thus different infusion rates might be one factor explaining the 
discrepant results. Furthermore, in the resuscitation of the most severe cases 
of septic shock not responding to crystalloids, in which a rapid infusion of 
albumin in the form of a bolus might be a therapeutic option, it is important to 
ensure that the infused albumin does not result in the harmful accumulation of 
albumin in interstitial spaces of tissues. Therefore, the infusion rate of albumin 
was considered important to investigate in a clinically relevant experimental 
model with the use of labeled albumin. 
In the present study, albumin, together with crystalloids, was given as recom-
mended in clinical guidelines for severe septic shock. Despite a bolus dose of 
gelatin and a crystalloid infusion rate of 18 mL x kg-1 x h-1, there was a reduc-
tion in MAP, suggesting it would be appropriate to consider the addition of 
albumin as a rescue fluid resuscitation. Because these guidelines (34) recom-
mend an initial fluid bolus of 30 mL x kg-1, with a portion of this possibly 
administered as albumin, an albumin dose of 10 ml x kg-1 (500 mg x kg-1) was 
deemed clinically relevant. Albumin was administered with an infusion pump 
frequently applied in ICUs with a maximal speed of 1000 mL x h-1, a rate that 
allows the bolus dose to be administered in about 15 min. Infusion times 
longer than 2 h were considered of less value when rapid restoration of hemo-
dynamics in the initial phase of septic shock is the goal (148). To have a sim-
ilar median time point of administration in the two groups, the bolus was de-
layed until the middle of the 2-h infusion. 
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In this study, we could not replicate previous findings in rodents (47, 48). Ac-
tivity in plasma, interstitial fluid, urine and different organs at the end of the 
experiment did not differ whether the albumin was administered as a bolus or 
as a 2-h infusion. Nor did hemoglobin during the experiment or lung water at 
the end demonstrate any differences between the Bolus and Infusion groups. 
No transient increase in MAP or notable fall in hemoglobin, CI or PaO2 was 
noted at 2 h in the Bolus group 0.4 h after completion of the bolus dose. Fur-
thermore, there was no increased activity at 2 h in the microdialysate. Filling 
pressures increased somewhat, but this was seen already at 1 h before the start 
of the bolus infusion and may simply reflect decreased cardiac performance. 
The reason why our findings differ from those of previous rodent studies can-
not be explained by less increase in capillary permeability because the relative 
increase in hemoglobin concentration at the time of administration of the bolus 
was greater in our study. Identical bolus doses of albumin and similar infusion 
rates of crystalloids were used in this and the rodent studies. However, in the 
rodent studies, the infusion rate of crystalloids was not lowered at the time the 
albumin bolus was given, resulting in a high-volume load during that phase. 
In addition to species differences, this volume load might explain the discrep-
ant results. In fact, it has recently been shown that volume loading increases 
the release of atrial natriuretic peptides and enhances the shedding of the en-
dothelial glycocalyx that lines the luminal side of the vessels and is of im-
portance in the maintenance of the vascular barrier (149). Furthermore, in our 
study, direct measurements of the pharmacokinetics of albumin were made, 
whereas in the rodent studies, only plasma volume was measured. Finally, 
species differences cannot be ruled out. In comparison with humans and pigs, 
rodents have a considerably lower susceptibility to endotoxin from Gram-neg-
ative bacteria (124, 134), but this is probably of minor importance because in 
our study a dose of endotoxin that causes severe sepsis was selected based on 
the results from previous studies (150, 151). In the rodent studies animals that 
had developed severe sepsis were included. 
 

Strengths and limitations 
To our knowledge, the use of AUC, a pharmacokinetic parameter, to test al-
bumin extravasation is a novel approach. Because AUC is based on concen-
trations and the focus of this study is the amount of albumin, concentrations 
need to be corrected if there are differences in the plasma volume between the 
groups. However, there were virtually identical courses of hemoglobin con-
centrations, indicating a substantial but similar plasma leakage and plasma 
volume and hence no need for concentration corrections. When the full albu-
min dose had been given to both groups at 3 h, the increases in hemoglobin in 
the Bolus group was 22.2% and 22.5% in the Infusion group. Of course, a 
direct measure of plasma volume, as with 125I-labeled albumin, would have 
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been preferred. However, because this method has relatively low precision 
(152), demanding a substantial increase in the number of studied animals, he-
moglobin was used as a surrogate marker for plasma volume. Our results are 
further supported by a non-randomized clinical study in 12 patients with septic 
shock in which the TER before and after a bolus dose of albumin of similar 
magnitude to that in the present study was analyzed by 125I-labeled albumin 
without any notable differences (52). 
Another strength of our study is that the pharmacokinetics of albumin is pos-
sible to follow not only in plasma but also in urine and muscle tissue in vivo 
using recent methodological advances in high MWCO range microdialysis 
membrane (153), allowing high time resolution of the extravasation of albu-
min to the interstitium. The low rate of dissociation from albumin and the half-
life of only 6 h make 99mTc an excellent marker to detect the small amounts of 
albumin in the microdialysate (154). 
To enroll severely ill patients in fluid unresponsive septic shock and with var-
ying underlying conditions in a randomized clinical study using labeled albu-
min would have been associated with serious ethical and practical problems. 
Hence the need for an animal model. However, results from animal studies 
should be applied with caution to the human clinical condition (123, 131). 
Indeed, some criticism has been raised against all preclinical sepsis models 
(e.g., that such models fail to capture the prolonged course in patients with 
sepsis) (123, 124, 127, 131, 134). Nevertheless, it must be emphasized that 
live bacteria and endotoxemia have been shown to reproduce most of the 
pathological alterations observed in clinical sepsis, including a systemic in-
flammatory response syndrome with hypoperfusion, multiple organ dysfunc-
tion and pronounced capillary leakage (137, 150, 151). Previously reported 
data suggest no difference in the capillary leakage of endotoxemia compared 
with that caused by live bacteria or clinical septic shock (134-137, 150, 155). 
The supportive therapeutic ICU interventions in the form of crystalloids, me-
chanical ventilation and sedation make this porcine model even more clini-
cally relevant and applicable for the research question posed in the present 
study (127). 
It could also be discussed as to the results are valid for septic shock with re-
spect to other degrees of severity. Despite intensive fluid therapy, blood he-
moglobin increased and MAP decreased, indicating extensive capillary leak-
age and severe shock, but regardless, there was no bolus-induced extravasa-
tion of albumin. It seems unlikely that a less fulminant disease later during the 
disease would leak more albumin and be more vulnerable to a negative effect 
of a bolus infusion. On the other hand, it cannot be ignored that animals with 
even more fulminant disease would have demonstrated some increase in albu-
min extravasation when administered as a bolus dose. In our study, however, 
the mortality was 24%; with increased severity of shock, mortality would 
probably have been extremely, high irrespective of treatment. 
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Paper III 

Previous studies 
The link between insufficient DO2 and type A lactic acidosis is well estab-
lished in cardiogenic and hypovolemic shock (63). Moreover, down-regula-
tion of VO2 in states of cardiogenic shock with low DO2 has been described 
elsewhere (59, 84). In septic shock, elevated p-lactate is also a common fea-
ture (7-9, 65, 76) and a strong predictor of mortality (64). Current guidelines 
assume that elevated p-lactate in sepsis is due to tissue hypoperfusion and thus 
recommend measures to resolve that consequence by employing strategies to 
increase DO2 (34). However, data on the association between elevated anaer-
obic metabolism, p-lactate and insufficient DO2 in sepsis are conflicting. 
Hotchkiss and Karl, for instance, demonstrated a significant increase in p-lac-
tate in the absence of bioenergetic failure in various sepsis models in rats (59). 
Experimental endotoxemia in dogs has been shown to increase the breakpoint 
of the O2ext (156) and disrupt the inverse linear relationship between DO2 and 
p-lactate (157). In humans Aztiz et al. (82) studied septic patients and patients 
with AMI with DO2 ranging from 136-811 in septic patients and 115-434 mL 
x min-1 x m-2 in patients with AMI. These authors could not identify a specific 
breakpoint for an increase in p-lactate. A specific breakpoint of insufficient 
DO2 to trigger a decrease in VO2 was identified by Ronco et al. (83) at 3.8±1.5 
in septic patients vs. 4.5±1.3 mL x min-1 x kg-1 in non-septic patients. Sepsis, 
in comparison with other types of shock, did not alter the critical DO2 break-
point (p=ns). In these patients, vasoactive support had been tapered, which 
meant their DO2 could decrease to extremely low levels. These values would 
correspond to 100 mL x min-1 x m-2 in our pig model, which is considerably 
lower than values observed in our study and seldom observed in a relevant 
clinical setting. Friedman et al. (80), in contrast to these findings, found a sup-
ply-dependency in O2ext in patients with early septic shock, but this was not 
seen in the same patients in later phases, after shock resolution. Compared 
with our data, p-lactate was similar (3.3±1.8 vs. 2.9±1.2 mmol x L-1), but DO2 
was higher (415±153 vs. 289±68 mL x min-1 x m-2). In our study O2ext in-
creased with DO2, even when DO2 was as low as <200 mL x min-1 x m-2. 
In muscle, there was a decrease in glucose, increase in pyruvate and subse-
quent decrease in LPR, implying accelerated glycolysis as a source of lactate 
rather than mitochondrial dysfunction (60). This observation was not depend-
ent on either DO2 or inflammatory response. In the group with the most pro-
found shock (DO2 <200 mL x min-1 x m-2) however, there was an increase in 
lactate and LPR, suggesting anaerobic metabolism. A specific breakpoint 
could not be identified, which was most likely because of few animals (n=7) 
in that group (Figure 17). We also observed a lesser decrease in muscle glyc-
erol in the more profound cases of shock. We speculate that the increase of 
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glycerol is due to cellular damage because of catheter insertion and that the 
turnover rate is lower in the more profound cases of shock. 

Strengths and limitations 
Data on 104 large animals (pigs) in the initial phase of severe septic shock 
offer unique possibilities to assess the association between hemodynamic pa-
rameters and organ dysfunction. Although alternative explanations to in-
creased p-lactate in septic shock are frequently discussed (58, 86), no previous 
study has been able to compare different plausible mechanisms. Thus, the 
analysis of the inflammatory markers (i.e. TNF-a and IL-6) and tissue metab-
olism with microdialysis as a method to detect mitochondrial dysfunction adds 
a novel dimension. The novelty here is that previous studies did not compare 
the effect of the inflammatory response and tissue metabolism with hemody-
namic deterioration. Disparate findings due to heterogeneous pathophysiolog-
ical status and management of patients can be circumvented with this rela-
tively standardized evolution of pathophysiological changes and management 
in experimental sepsis. However, we acknowledge several limitations of our 
study. First, the retrospective design and relative heterogeneity in the experi-
mental protocols applied limit the ability to draw more extensive conclusions 
than we present here. Yet, given that data were collected prospectively and 
according to a standardized protocol, the ratio of missing data and the risk of 
selection bias were minimal. 
This is an animal experimental study and critique to experimental sepsis mod-
els may be raised regarding differences in species and pathophysiology. How-
ever, to apply this extensive monitoring to patients in this early phase of septic 
shock is not logistically possible. 
No correction was made for outflow of dead space of the catheter, correspond-
ing to a time lag of 5 min at a flow rate of 1.0 µL x min-1 and 17 min at 0.3 µL 
x min-1. This 12-min difference in lag time between the experimental groups 
appears to be negligible in relation to the low sampling frequency (1-h frac-
tions) and the slow dynamics of the conditions. Additionally, no correction for 
in vivo recovery was made. Published data from intracerebral human microdi-
alysis using similar catheters with a membrane length of 10 mm indicate an in 
vivo recovery for lactate of 67% at a flow rate of 0.3 µL x min-1 and 27% at 
1.0 µL x min-1  (105). The implication for the current study is that the micro-
dialysate to the p-lactate ratio is an underestimation, whereas the lactate to 
pyruvate ratio is quantitative and independent of in vivo recovery (60). For the 
remaining microdialysis parameters, the focus is on the temporal course 
within the respective experimental groups and should not influence the overall 
conclusion drawn from the study. The difference in microdialysis methodol-
ogy (membrane length and perfusion flow rate) between the experimental 
groups is a limitation but seemingly a reasonable price to pay for gathering a 
large amount of data with high statistical power. Based on the reasoning in the 
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methods section, we believe that this difference did not materially affect the 
data analysis or the conclusions of the study. 
Analyzing the correlation between DO2 and VO2 may lead to type I errors be-
cause they are interdependent and both rely on cardiac output measurements 
(80). However, we also analyzed correlations for the non-interdependent fac-
tors (CI and O2ext and SvO2) with similar results. Our findings in muscle with 
decreased glucose and LPR due to a pyruvate increase implies accelerated 
glycolysis rather than mitochondrial dysfunction. A specific assay of mito-
chondrial dysfunction, such as respirometry, would have been ideal and 
should be part of future study designs. 

Paper IV 

Mitochondrial dysfunction induced by sepsis and cyanide 
In the present study, we were able to achieve a partial mitochondrial dysfunc-
tion by adding the specific inhibitor of cytochrome c oxidase cyanide as was 
previously described by Clausen et al. (158) and Nielsen et al. (142) during 
cerebral ischemia.  By preceding the experiments with NaCN flushing through 
the microdialysis catheter, an inhibition of cytochrome c oxidase, or complex 
IV, is achieved, lasting for more than 6 h (142, 159). Thus, mitochondrial ox-
idative phosphorylation is efficiently inhibited, effecting an increase in cellu-
lar NADH to NAD+ ratio. This action favors the conversion of pyruvate to 
lactate, which, in turn, increases the LPR. As Clausen et al. report a partial 
mitochondrial dysfunction from cyanide concentrations ranging from 0.01 to 
0.1 mol x L-1, whereas Nielsen et al. report an almost complete mitochondrial 
failure from concentrations of 0.5 mol x L-1. In our study, cyanide concentra-
tions equal to Nielsen et al. induced a mitochondrial dysfunction as manifested 
by an increased LPR, that was further accentuated by sepsis. In the sham+cy 
catheters, there was an increase in lactate of the same magnitude as in the 
sepsis+naïve catheters. Cy also decreased pyruvate levels, regardless of sep-
sis, implying mitochondrial dysfunction rather than inhibition of PDH (160). 
In our model, sepsis decreased glucose levels but did not increase pyruvate 
levels. This decrease of glucose levels during sepsis was not seen during cy 
blockade. Muscle glycerol exhibited an initial profound increase in both the 
Sepsis and Sham group. This finding may be due to tissue damage from cya-
nide flushing (142, 158). However, during the last hour of the experiment, 
there was an increase in glycerol from sepsis that was unaffected by cy. This 
result is consistent with previous findings of a glycerol increase, indicating 
heightened lipolysis during sepsis (99). 
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Stress response inhibited by ouabain 
Inhibition of the Na+/K+-ATPase with ouabain during shock was first de-
scribed by Luchette et al. (161) and then later applied by Levy et al.(90, 91) 
during sepsis. The authors report somewhat different concentrations of oua-
bain (2-3 mmol x L-1 in Luchette et al. and 10-5 mol x L-1 in Levy et al.). 
Studying endotoxemic rats, Levy et al. found that the increase in lactate and 
pyruvate concentrations could be almost entirely abolished by the addition of 
ouabain. Thus, the authors hypothesized that the mechanism underlying the 
increase in lactate is an adrenergic activation of Na+/K+-ATPase, which causes 
an increase in glycolysis that results in increased levels of pyruvate that exceed 
the oxidative capacity of the mitochondria. The authors reported no measure-
ment of muscle glucose. Thus, we decided to include inhibition with ouabain 
to control the validity of our model and to test the hypothesis that the inhibition 
of Na+/K+-ATPase would prevent a rapid decrease in glucose noted in early 
sepsis. Our results differ from those of Levy et al. in that we found an increase 
in muscle lactate production in the tissue perfused with ouabain, despite using 
the same concentration and perfusion method as Levy et al. Besides differ-
ences in experimental shock model and species, our animals received neuro-
muscular blocking agents to prevent shivering. Muscle tissue in our study is 
therefore a passive tissue, not affected by increased metabolism induced by 
shivering. Na+/K+-ATPase activity in resting muscle is substantially lower 
(162). Furthermore, Na+/K+-ATPase inhibition with ouabain may lead to loss 
of muscle contractility and hence a decrease in energy consumption (163). 
Ouabain increases the myocytic Ca2+concentration (164). It cannot be ruled 
out that our finding of a slight increase in muscle lactate from ouabain is a 
consequence of energy depletion from disrupted Ca2+ homeostasis. Likewise, 
Levy et al.’s finding that ouabain ameliorates a sepsis-induced lactate increase 
is probably a consequence of decreased muscle contractility and thus de-
creased energy consumption. Furthermore, it cannot be ruled out that higher 
concentrations of ouabain, as described by Luchette et al., would have a sim-
ilar effect in our model. 

Strengths and limitations 
This study presents a highly relevant animal model of early sepsis. As previ-
ously discussed, our model employs research subjects similar to humans in a 
relevant ICU setting. Despite measures to normalize DO2 and hemodynamics 
per protocol, organ failure, manifested as an increase in the SOFA score (165), 
and increased p-lactate, occurred in the Sepsis group. We therefore induced a 
metabolic pattern highly similar to the early phase of clinical sepsis. Obvi-
ously, it would not be logistically possible to enroll patients in this phase of 
sepsis. 
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A major limitation of the study is its short time frame. Locally administered 
cyanide has a peak effect within 60 min (159). Because NaCN interferes with 
enzymatic reactions in the analysis of microdialysate, it is not possible to have 
a continuous infusion of NaCN as with ouabain (142). Consequently, we were 
limited to study the first hours of sepsis (142). Mitochondrial dysfunction can 
occur through several mechanisms, including altered gene transcription, alter-
ations in the membrane structure and dysregulated mitochondrial dynamics 
(89). Such changes can be expected to occur in later phases of sepsis and 
would not be detected by our method. As in Paper III, mitochondrial respi-
rometry would have been desirable. 

Application of microdialysis in Papers I-IV 
In paper I, microdialysis was used to study the perfusion of muscle tissue. 
During sepsis, there was an increase in veno-arterial CO2-difference and p-
lactate and a decrease in base excess, with a maximum at 3 h, reflecting im-
paired perfusion (Table 4). When assessed with microdialysis, muscle lactate 
was higher than p-lactate. Thus, muscle was a source of lactate. Muscle lactate 
at baseline was higher than during the course of endotoxemia. This may be 
due to cellular damage from catheter insertion. However, during the course of 
sepsis, there was no increase in muscle LPR, suggesting that cellular redox 
state in muscle was not impaired. 
 
In addition to assessing muscle tissue perfusion, we used microdialysis as a 
tool to retrieve radiolabeled albumin from the interstitium (i.e. continuous 
monitoring of albumin extravasation) in paper II. This was done with a custom 
made microdialysis catheter with a higher MWCO, 300 kDa compared to 100 
kDa (Paper I) or 20kDa (Paper IV). To retrieve enough microdialysate to an-
alyze interstitial radioactivity, flow rate had to be increased to 1 µL x min-1, 
thus decreasing recovery of molecules (166). Yet, microdialysate volumes 
were still too small to quantify albumin in microdialysate. No group differ-
ences in radioactivity could be demonstrated but there was a higher variability 
in microdialysate than in plasma. However, this study was powered to detect 
a 20% difference in AUC of plasma radioactivity and microdialysate activity 
was only a secondary endpoint. The employed method here may serve as a 
proof-of-concept in using microdialysis as a tool to investigate real-time ex-
travasation of proteins. 
Furthermore, it should be noted that muscle pyruvate was higher in the Infu-
sion group from 3 h and onwards. As muscle lactate was similar between the 
Bolus and the Infusion groups, LPR in the infusion group was lower. We did 
not observe any other differences in parameters reflecting organ perfusion. As 
muscle pyruvate was non-normally distributed, we could not compare the 
groups with repeated measures ANOVA. Instead, hourly comparison with the 
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Mann-Whitney U test was used. As muscle pyruvate constituted a secondary 
endpoint, we did not adjust the p-values for multiple comparisons when we 
compared the groups. Hence, this may be a type-I error, although a biologic 
mechanism cannot be excluded. 
 
The course of the microdialysis parameters reported in Paper III (which in-
clude data from Paper I and II) are consistent with previously reported data by 
Levy et al. (90, 91, 113) and Chew et al. (96) in that they demonstrate decrease 
of glucose and increase in pyruvate with a preserved LPR. However, we did 
observe an increase in LPR as the extent of shock increased with muscle LPR 
as high as 54±16 in the DO2 <200 mL x min-1 x m-2-group (Figure 16). A 
specific breakpoint could not be identified in the post-hoc tests due to few 
animals (n=7) in the DO2 <200 mL x min-1 x m-2-group. However, it seems 
reasonable to assume that low DO2 results in a hypoxic state and, thus, anaer-
obic metabolism. As our data show formation of lactate also in states with 
higher DO2, low DO2 (with concomitant anaerobic metabolism as manifested 
by increased LPR) may be only one of many plausible mechanisms behind 
lactate formation in sepsis. 
 
The application of microdialysis in paper IV is somewhat different from paper 
I-III in that microdialysis is used to deliver drugs to specifically inhibit steps 
in the cellular metabolism. Our experimental setting is a novel approach to 
study mitochondrial dysfunction in sepsis. Due to cyanide interaction with en-
zymatic analysis of microdialysate, it is not possible to add cyanide to the 
perfusion fluid, thus, mitochondrial dysfunction must be induced prior to in-
duction of sepsis. Hence, the method is limited to study only the initial phase 
of sepsis in that the inhibition is limited to 6 h (142). 

Clinical implications and future research 
Gram-negative bacteria are common pathogens in intensive care nosocomial 
infections. (167). Among the Gram-negative bacteria, multidrug-resistant bac-
teria, are increasingly more frequent, representing one of the most important 
clinical challenges (168). In septic shock caused by a dysregulated host re-
sponse, anti-inflammatory properties of antibiotics might be of value. How-
ever, in the majority of patients that survive the initial insult, there is a sepsis-
induced immunosuppression leaving these patients vulnerable to nosocomial 
infections (13). When treating the latter patients, it might be of importance not 
only to choose antibiotics with an antimicrobial effect but also antibiotics that 
only marginally deteriorate the inflammatory response. Our results suggest 
that tigecycline, with its stabilizing effect on the circulation, might be a valu-
able component of the antibiotic combinations used for the treatment of the 
multi-drug resistant nosocomial infection in intensive care patients, mostly 
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occurring during the later phase of the intensive care. This may be a topic for 
future clinical trial design. 
 
Albumin is generally administered with the intent of generating less fluid 
overload, partly supported by some clinical trials in humans (45), although no 
effect on total mortality has been documented (35). Animal experiments have 
indicated a reduced plasma volume-expanding effect and increased extrava-
sation of albumin when given as a bolus (47, 48). Our results demonstrate that 
a high infusion rate does not increase extravasation of albumin when given in 
a clinically relevant dose and rate. Thus, our finding suggests that the clinician 
who choses albumin as a part of the fluid resuscitation strategy for the septic 
patient does not need to fear that albumin more readily escapes the circulation 
when it is given as a rapid bolus. However, this must be verified in a human 
controlled trial. 
 
Our findings add to the growing criticism to the simple assumption that an 
increased p-lactate is due to tissue hypoxia in septic shock and that normaliz-
ing or increasing DO2 would resolve this condition. Rather, inflammatory re-
sponse and accelerated glycolysis contribute to an increased p-lactate. If the 
pathophysiology of clinical septic shock is similar to our findings, interpreting 
pathophysiologic changes and p-lactate is more complex than what the con-
cept of oxygen supply and demand suggests. Accordingly, strategies to target 
increased p-lactate should be designed to assess those factors as well. Because 
our study investigated tissue metabolism in muscle and organ dysfunction in 
a few organs, the presence of tissue hypoxia in vital organs linked to dysfunc-
tion in these organs should be studied in future studies. 
 
An experimental protocol that includes delivery of substances that modify me-
tabolism anterogradely by microdialysis is promising. For example, dichloro-
acetate and ethyl pyruvate (169) may be trialed in experiments assessing other 
tissues than muscle and in long-term models of sepsis. 
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Conclusions 

In an animal study doxycycline, but not tigecycline, gave lower TNF-α levels 
after endotoxemia. Anti-inflammatory effects with less reduction on WBC 
count and NGC could be seen in the Doxycycline group but not in the Tigecy-
cline group. No other effect on the progression into multiple organ failure was 
noted. Tigecycline counteracted the development of hypotension and de-
creased SVRI. Moreover, SvO2, capillary leakage, veno-arterial carbon diox-
ide tension difference, base excess and pH did not deteriorate in the tigecy-
cline-treated animals, as they did in the two other groups. In our study, this 
could not be attributed to differences in NO production. 
 
In a large animal model of sepsis-induced capillary leakage, a rapid bolus dose 
of albumin IV did not reduce the amount of intravascularly distributed albu-
min over time. After albumin infusion. The AUC of plasma radioactivity and 
activity in muscle microdialysate and urine were similar in the Bolus and In-
fusion groups. Radioactivity in viscera was comparable when harvested post-
mortem, total lung water did not differ and blood hemoglobin increased simi-
larly in both groups, indicating similar intravascular volume effects. Moreo-
ver, markers for hypoperfusion, hypoxia and respiratory parameters were 
equally affected between the groups.  
 
In two animal experimental models of septic shock, we observed elevated p-
lactate that was DO2-dependent, but only at very low levels of DO2. Despite 
an increase in p-lactate and a decrease in DO2, no decrease in VO2 was ob-
served. Rather, O2ext increased with decreased DO2. Although decreased DO2 
was associated with increased p-lactate, our data disprove the assumption that 
a decrease in DO2 results in an insufficient VO2 and subsequent anaerobic 
glycolysis producing lactate. Urinary output, but not static lung compliance, 
was DO2-dependent. In muscle, accelerated glycolysis, as evidenced by de-
creasing glucose and increasing lactate and pyruvate levels, contributes to an 
increase in lactate levels. In addition to the macrocirculatory variables (i.e. 
MAP and DO2), the inflammatory response, manifested as p-IL-6 but not 
TNF-a, may contribute to increased p-lactate.  
 
In an experimental study of muscle metabolism during early sepsis, we 
demonstrated accelerated glycolysis, as evidenced by decreasing glucose and 
maintained or increasing lactate and pyruvate, with a virtually normal LPR in 
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microdialysate from naïve catheters without local intervention. The local cy-
anide intervention before sepsis produced a severe energy crisis, as shown by 
a dramatically elevated LPR, a lowered pyruvate, an increased lactate and an 
impressive elevated glycerol at baseline in both the Sepsis and Sham group. 
During the sepsis intervention, a time when the cyanide effect is gradually 
diminishing, this energy crisis normalized in the Sham group but persisted in 
the Sepsis group. We interpret this finding as a reduced mitochondrial capac-
ity produced by sepsis. Decreasing energy consumption with the local ouabain 
intervention did not impact glucose and fat metabolism in either the sepsis or 
sham animals. 
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Populärvetenskaplig sammanfattning 
(Summary in Swedish) 

Sepsis är en allvarlig infektionskomplikation där infektionen samverkar med 
ett oreglerat kroppseget immunförsvar (inflammation) och leder till sviktande 
organfunktion. Under de senaste 15 åren har förbättrade behandlingsrutiner 
lett till en drastiskt förbättrad överlevnad för sepsispatienter. Trots detta är 
sepsis fortfarande en av de ledande dödsorsakerna både globalt och i Sverige. 
Ett första mål i sepsisbehandling är att snabbt ge patienten ett antibiotikum 
som har effekt på så många tänkbara orsaker till infektionen som möjligt. 
Vissa antibiotika har inte bara effekt på de bakterier, virus eller svampar som 
orsakar infektionen, utan även på det kroppsegna immunförsvaret. Ett relativt 
nytt antibiotikum, tigecyklin, har en molekylstruktur som gör att det har möj-
lighet att påverka immunförsvaret, och vissa experimentella studier har visat 
på effekter på viktiga steg i immunförsvaret. Detta har dock inte tidigare un-
dersökts i en studie där man undersöker tigecyklins effekter på immunförsva-
ret i en hel levande varelse. Vi jämförde tigecyklin med doxycklin, ett antibi-
otikum med kända inflammationshämmande effekter, och koksalt i en sep-
sismodell i gris där sepsislikande inflammation framkallats utan bakterier. 
Studien visade att doxycyklin, men inte tigecyklin, minskade mängden av en 
viktig inflammatorisk signalsubstans, TNF-a, i blodet under den första fasen 
av inflammationen. Tigecyklin däremot, stabiliserade blodcirkulationen på ett 
sätt som inte doxycyklin gjorde. 
Ett annat viktigt mål i sepsisbehandling är att snabbt återställa cirkulerande 
blodvolym genom vätskedropp med saltlösning. För att snabbt nå målet om 
en normaliserad blodcirkulation ges vätskan ibland som snabba vätskestötar 
(vätskebolus). För att minska mängden saltlösning som läcker ut ur blodbanan 
och ger svullnad används ibland saltlösning med tillsats av det kroppsegna 
äggviteämnet albumin, som normalt finns i blodet. Djurexperimentella studier 
har dock visat att när albuminlösningar ges som vätskebolusar vid sepsis har 
de mindre effekt, jämfört med en långsam infusionstakt, på att återställa den 
cirkulerande blodvolymen. Vi jämförde en snabb vätskestöt av radioaktivt 
märkt albumin med en långsam infusion i en sepsismodell på gris. De olika 
infusionshastigheterna var likvärdiga när vi jämförde mycket albumin som 
fanns kvar i blodbanan efter att albuminet givits och vi kunde inte heller påvisa 
att albumin läckte ut mer från blodbanan när det gavs som en snabb vätskebo-
lus. 
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Vid sepsis sker stora förändringar i ämnesomsättningen. En av de mest påfal-
lande förändringarna är en snabb ökning av mjölksyrans negativa jon (laktat), 
likande vad som kan ses vid häftig kroppsansträngning. Detta tolkas som att 
cirkulationen inte kan leverera tillräckligt mycket syrgas till kroppens vävna-
der och att ansamlingen av laktat beror på syrgasbrist i vävnaden. Dock talar 
både experimentella och kliniska studier emot detta. Vid sepsis kan syrgas-
extraktionen vara annorlunda mot normalt, och ämnesomsättningen kan vara 
ökad på grund av stresshormoner. De flesta celler i kroppen har en egen spe-
cialiserad underenhet, mitokondrien, vars uppgift är att utvinna energi genom 
att förbränna molekyler till koldioxid och vatten under upptag av syrgas. En 
förklaring till ansamlingen av laktat kan vara att mitokondrierna inte fungerar 
som de ska vid sepsis, trots att syrgas finns närvarande. 
Vi undersökte hur blodcirkulationens förmåga att leverera syrgas vid experi-
mentell sepsis påverkade nivåerna av laktat och fann en laktatökning vid mins-
kad syrgasleverans. Dock skedde detta utan att syrgaskonsumtionen minskade 
vilket talar emot att laktatökningen berodde på syrebrist. Vi jämförde också 
blodcirkulationens förmåga att leverera syrgas med det inflammatoriska sva-
ret och fann att båda hade lika stor effekt på laktatökningen. Detta talar för att 
laktatökningen beror på fler saker än enbart syrebrist. 
Vi letade också efter kritiska steg i dessa förändringar i septisk ämnesomsätt-
ning genom att stänga av cellens energikonsumtion och att hämma förhindra 
det sista steget i mitokondriernas förbränning. Kombinationen av sepsis och 
hämmad mitokondrieförbränning ledde till energikris i cellen. Detta talar för 
att sepsis försämrar mitokondriernas funktion redan tidigt i förloppet. 
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Supplement 1. Interventions performed to maintain vital parameters within preset limits. 

Parameter Threshold values for intervention Interventions 

PaO2 
<10 kPa first time Increase FiO2 to 0.6 

PaO2 <10 kPa thereafter 1. Increase FiO2 to the next level: 0.6à0.8à1.0
AND

2. Increase PEEP to the next level: 5à8à10à14
cmH20
AND

3. Lung recruitment maneuvera

PaO2 >30 kPa Decrease FiO2 to the next level: 1.0à0.8à0.6à0.3 

MAP 

and/or CI 

MAP <60 mm Hg 

and/or CI <2.0 L x min-2 x m-2 

Start noradrenaline infusion 0.07 µg x kg-1 x min-1. If 
ongoing noradrenaline infusion increase rate one step: 
0.07à0.13à0.29à0.54 µg x kg-1 x min-1 

MAP MAP =MPAP (at <1h after baseline) Single dose of 40 µg noradrenaline IV 

MAP MAP =MPAP (at >1h after baseline) 1. Single dose of 20 µg noradrenaline IV.
AND 

2. Start noradrenaline infusion 0.07 µg x kg-1 x min-1. 
If ongoing increase rate one step:
0.07à0.13à0.29à0.54 µg x kg-1 x min-1

AND

3. Fluid bolus of 10 mL x kg-1 Ringer’s Acetate
AND

4. Increase FiO2 to the next level: 0.3à0.6à0.8à1.0
AND

5. Increase PEEP to the next level: 5à8à10à14
cmH20
AND

6. Lung recruitment maneuver a

MAP >100 mm Hg If ongoing noradrenaline infusion, decrease rate one 
step: 0.54à0.29à0.13à0.07 µg x kg-1 x min-1 

aPEEP was increased stepwise until a peak pressure of 35 cm H2O was reached. At this 
point an inspiratory hold was performed for 10 s. Thereafter the PEEP was stepwise 
decreased to the PEEP defined by the protocol. If MAP decreased to the level of the MPAP 
the recruitment maneuver was aborted. 
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