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ABSTRACT 
Patients treated in the intensive care unit (ICU) for sepsis induced multiple organ 
failure often suffer from skeletal muscle fatigue after ICU discharge. Since 
mitochondria are the main determinants of muscle fatigability, their function in muscle 
of these patients was the theme of this thesis. Decreased muscle mitochondrial activity 
has been related to mortality in patients suffering from acute sepsis. The present thesis 
has two major aims. The first is to describe mitochondrial derangements in muscle 
from septic patients and the second one was to elucidate the underlying mechanisms for 
these mitochondrial problems.  
 
To describe the mitochondrial derangements in muscle from septic patients, muscle 
biopsies were obtained from respiratory and leg muscle of mechanically ventilated 
septic patients and healthy control patients. In both muscle tissues a decreased 
mitochondrial content was found in comparison to controls. In addition, leg muscle had 
lower concentrations of energy rich phosphates and an increased lactate concentration.  
The second study relating to this problem was performed in a human model for 
studying the very early phase of sepsis. In this study leg muscle biopsies were obtained 
at baseline and 2 and 4 hours after an intravenous endotoxin injection. Mitochondrial 
enzyme activities increased 2 hours after endotoxin and went back to baseline at 4 
hours. The concentration of ATP did not change between baseline and the two 
consecutive biopsies, however an increase in activity was found between 2 and 4 hours 
after endotoxin. 
 
The second aim was to characterize underlying mechanisms that may cause 
mitochondrial derangements in septic patients. The effect of inactivity on muscle 
mitochondria was evaluated in diaphragm muscle from mechanically ventilated piglets. 
The mitochondrial enzyme activity of complex IV was significantly decreased after 5 
days of mechanical ventilation while the other mitochondrial enzymes and content did 
not change. In the last study mitochondrial protein turnover and biogenesis were 
evaluated in leg muscle from septic ICU patients. Mitochondrial protein synthesis and 
mRNA levels of mitochondrial proteins were not different between patients and 
controls. Some of the mitochondrial transcription factors increased in mRNA levels, 
whereas the others did not change in comparison to controls. The mRNA levels of the 
active subunits of two mitochondrial matrix proteases increased significantly while the 
membrane bound proteases did not change.  
 
In summary, the mitochondrial content is decreased in respiratory and leg muscle from 
septic ICU patients. In leg the lower mitochondrial content was accompanied by low 
concentrations of energetic phosphates. A human model of sepsis indicated a biphasic 
development of mitochondrial derangements were an initial increase in mitochondrial 
enzyme activity is followed by a decrease. The cause of the decrease in mitochondrial 
content does not seem to be related to inactivation by mechanical ventilation as 
evaluated in piglets. Decreased mitochondrial content cannot be explained by a 
decreased mitochondrial protein synthesis or biogenesis. It is more likely that an 
increased mitochondrial protein breakdown is responsible for the decreased 
mitochondrial content in patients with sepsis induced multiple organ failure. 
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1 INTRODUCTION 

1.1 PATIENT BACKGROUND 

Critically ill patients with sepsis admitted to the general intensive care unit (ICU) 

usually have threatening or established failure in one or several vital organs. Organ 

failure is a common consequence of severe infection, surgical complications or trauma. 

As the disease progresses more organs may be affected and approximately 10-15% of 

the patients admitted to the ICU will ultimately suffer from multiple organ failure 

(MOF) [Awad SS, 2003, Sharma S et al., 2003, Singer M et al., 2004, Vincent JL et al., 

1996]. ICU treatment is needed to support the failing organs for the patients to survive, 

and usually a prolonged stay of more than 5 days is needed when MOF ensues. Patients 

staying more than 5 days and suffering from MOF have a one-year mortality rate of 

almost 50% in comparison to 5% in patients staying for a period <5 days (Wernerman 

J, unpublished data). These longstayer patients consume a large part of the ICU budget 

despite the relatively low number of patients. In addition, the patients that do recover 

have a long way back to normal life. 

 

1.1.1 ICU patients and muscle fatigue 

When the patients are recovering from their initial illness, decreased 

muscle strength (muscle weakness) and increased tiredness (muscle fatigue) of the 

muscle are common problems. An extreme case scenario is that the patient suffers from 

total paralysis due to critical illness polyneuropathy or myopathy [Bolton CF, 2005, de 

Letter MA et al., 2001, Friedrich O, 2006, Friedrich O et al., 2005, Latronico N et al., 

1996].  

Most patients in the ICU are treated with mechanical ventilation because 

of respiratory failure. As the patients recover from their initial illness the aid from 
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mechanical ventilation is progressively decreased and the patients are weaned off the 

ventilator. If the respiratory musculature is weak or easily fatigued a prolonged 

weaning off period occurs. In these patients an increased risk of developing ventilator-

induced pneumonia is apparent [MacIntyre NR, 2005, Meade MO et al., 2001, Sprague 

SS et al., 2003].  

In locomotive skeletal muscle (such as vastus lateralis) the dysfunction is 

a more obvious problem after ICU discharge. The patients usually need rehabilitation, 

including physiotherapy, for a long period of time after ICU treatment. In ICU patients 

treated with mechanical ventilation for acute respiratory distress syndrome, a six 

minute walking test 3, 6 and 12 months after discharge disclosed severe walking 

problems [Herridge MS et al., 2003]. After one year, these patients could only walk 

66% of the distance a normal healthy person would walk during these six minutes. 

Whether this is a problem of muscle weakness or fatigue or a combination of the two is 

not known, however subjectively all patients attributed it to muscle fatigue. The overall 

aim of this thesis was to investigate derangements in cellular energy and mitochondrial 

metabolism specifically as a potential reason for the muscle fatigue in these patients. 

 

1.2 CELLULAR ENERGY PRODUCTION AND THE MITOCHONDRION 

 

1.2.1 The mitochondrion 

The mitochondrion is thought to originate from bacteria invading the 

eukaryotic cell millions of years ago. The fact that it is the only organelle that has its 

own DNA, protein synthesis and protein import system supports this theory. The 

mitochondrial DNA (mtDNA) is circular, just like bacterial DNA, and encodes 13 

proteins important for the mitochondrial oxidative phosphorylation system. All the 

other proteins necessary for mitochondrial function, as well as the regulation system for 
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mtDNA transcription, are encoded by the nuclear DNA. Thus the mitochondrion 

cannot function properly without the nuclear DNA. When mitochondria first were 

described it was thought that they were separate units within the cell.  

The mitochondrion plays part in cell signaling and apoptosis initiation, but its main 

function is to produce energy. It is therefore commonly termed the power plant of the 

cell. Cells in the body use the energy dense phosphate bonds of ATP (adenosine 

triphosphate) to store energy for their different processes. Some cells, such as red blood 

cells, do not have mitochondria and they produce ATP through a less efficient 

anaerobic route. However, most cells rely on the mitochondrion to produce the major 

part of the energy needed for their functions. 

 

1.2.2 Mitochondrial energy production 

The energy produced in the mitochondrion comes from the oxidation of several 

metabolites, such as glucose and fat. These are broken down in the cell to respectively 

pyruvate and free fatty acids. The mitochondrion takes up pyruvate and free fatty acids 

from the cytosol of the cell. Within the mitochondrial matrix these metabolites are 

transformed into acetyl coenzyme A and go through the citric acid cycle (Figure 1). In 

this cycle two reducing factors, NADH and FADH2, are produced along with some 

ATP. However the major part of the ATP produced in the mitochondrion is produced in 

the respiratory chain, or electron transport chain. The respiratory chain consists of 5 

enzyme complexes that transport the donated electrons in-between each other. 

Electrons are donated from the NADH and FADH2 produced in the citric acid cycle to 

complex I and II, the first and second complex of the chain (Figure 1). While 

transporting electrons, protons are being pumped from the mitochondrial matrix to the 

intermembrane space, in between the two membranes of the mitochondrion, thus 

building up a proton gradient across the inner membrane. These protons need to be 
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transported back to the matrix to restore equilibrium. The 5th complex (ATP synthase) 

is responsible for this and while doing so ATP is produced. In addition to this process, 

the electron transport chain also produces H2O and CO2. However, under certain 

conditions the electron transport chain is uncoupled and the protons leak back through 

an uncoupling protein in the inner membrane. This process does not produce any ATP 

and the energy leaks out as heat instead. Compromised cell function occurs when the 

cell is subjected to low ATP concentrations for a prolonged period of time. This may in 

turn lead to adverse effects for the affected organ. 
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Figure 1: Energy (ATP) production in the mitochondrion. FFA; Free fatty acid, 

FADH2; flavin adenine dinucleotid, NADH; nicotineamide adenine dinucleotid, ADP; 

Adenosine diphosphate, ATP; Adenosine triphosphate, I, II, III and IV; respiratory 

chain complexes I-IV, H+; hydrogen 
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1.2.3 Mitochondrial biogenesis 

During increased demand for ATP, such as during exercise there is a need 

for a rapid increase in ATP production and this can usually be covered by the 

mitochondria present in the cell. However if the concentration of ATP gets to low the 

mitochondrial copy number needs to increase to cover for this lack of energy. The cell 

is equipped with systems that can cover these events and increase the copy number 

when needed; this phenomenon is called mitochondrial biogenesis. One of the signals 

that are important for mitochondrial biogenesis is the increase of a breakdown product 

of ATP, the AMP molecule. An increased content of AMP activates the enzyme AMP-

activated protein kinase (AMPK) that initiates mitochondrial biogenesis, increases 

glucose uptake and fatty acid oxidation [Hardie DG et al., 2006, Hood DA, 2001, 

Ojuka EO, 2004]. Ca2+ is another factor that controls mitochondrial biogenesis in 

skeletal muscle. Exactly how these factors control gene expression of mitochondrial 

related genes is not clear yet. However, it is believed that they interact with nuclear 

encoded transcription factors that control transcription of nuclear and mitochondrial 

encoded genes. A coordinated gene expression and protein synthesis of the nuclear and 

mitochondrial-encoded genes needs to occur in order to increase mitochondrial content.  

 The synthesis of mitochondrial proteins as well as mtDNA copy number 

is regulated by transcription factors encoded in the nuclear DNA. These transcription 

factors are regulating transcription of the mitochondrial related genes encoded in the 

nuclear DNA, and in addition they control the synthesis of factors responsible for 

initiating mtDNA transcription (Figure 2). This is a complex system that has not been 

fully explored yet, but several of these factors are well known and established 

[Fernandez-Silva P et al., 2003]. There are mainly two transcription factors termed 

nuclear respiratory factor (NRF) 1 and 2 that in combination with the coactivators 

PGC-1α and -1β (peroxisome proliferator activated receptor gamma (PPAR-γ) 
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coactivator) are responsible for transcription of the nuclear encoded mitochondrial 

proteins [Goffart S et al., 2003, Scarpulla RC, 2002, Scarpulla RC, 2006]. In addition 

they control the synthesis of factors that initiates mtDNA transcription and replication 

such as TFAM (Mitochondrial transcription factor A), TFB1M, TFB2M 

(Mitochondrial transcription factor 1 & 2 B) and RNA polymerase [Falkenberg M et 

al., 2002, Gleyzer N et al., 2005, Shoubridge EA, 2002]. Mitochondrial copy number 

and protein synthesis is thus controlled from the cell nucleus and a well coordinated 

effort is necessary to increase the mitochondrial content in the cell.  

 

Figure 2: Transcription factors regulating gene transcription of the mitochondrial and 

nuclear encoded mitochondrial proteins. Nc DNA, nuclear DNA; mt-DNA, 

mitochondrial DNA; PGC1α, Peroxisome Proliferator Activated Receptor gamma 

(PPAR-γ) coactivator; NRF, Nuclear Respiratory Factor; TFAM, Mitochondrial 

transcription factor A; TFB1&2M, Mitochondrial transcription factor 1 & 2 B 
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1.2.4 Mitochondrial and oxidative stress 

The system of energy production in mitochondria is complex and needs 

to be tightly regulated to function properly. Each individual enzyme needs to function 

well to be able to obtain an optimal energy production.  

During the process of building up a proton gradient across the inner 

mitochondrial membrane, oxygen is utilized. In fact, mitochondria use more than 90% 

of the oxygen taken up by the body. Under optimal conditions all the oxygen should be 

utilized to produce energy, water and CO2. However, some of the oxygen ends up as 

free oxygen radicals and this is suggested to be prominent in diseased states [Fridlyand 

LE et al., 2006]. Free oxygen radicals are highly reactive molecules that could oxidize 

proteins, DNA and lipids in their close surrounding. When proteins are oxidized their 

confirmation changes and this may affect or even inhibit their function. An inhibition 

can sometimes be reversed, but this does not always work, leading to a degradation of 

the protein instead. Since the mitochondrial enzyme complexes are very close to the 

site of free radical production these radicals are very prone to damage them. Under 

normal conditions, there is a control system consisting of several proteins and enzymes 

such as glutathione, superoxide dismutase, catalase as well as vitamins C and E and 

several other antioxidants. However during increased oxidative stress this system is 

sometimes not sufficient and irreversible damage may be done to the mitochondrion. 

The damaged proteins can then be degraded by proteases within the mitochondrion 

[Bota DA et al., 2001, Käser M et al., 2000]. 

 

1.2.5 Mitochondria in skeletal muscle 

Muscle is depending on a highly adaptable energy production system to 

be able to increase energy supply during increased contractile activity. When the 

supply of substrates is plentiful glycogen, fat and creatine phosphate is stored within 
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the muscle. These substrates are then easily accessible when extra energy is needed 

for muscle contraction.  

How the energy is produced largely depends on the fiber type present in 

the muscle. There is slow-twitch (type I) and fast-twitch (type II) fibers and these 

have different functions within the muscle. The fast twitch muscle fibers are mainly 

active during short periods of exercise such as sprinting and weight lifting and the 

energy necessary for contraction is mainly produced through anaerobic pathways. 

The slow twitch muscle on the other hand is used during endurance exercise such as 

walking and long distance running. To maintain the muscle activity during a long 

period of time the energy is mainly derived from substrates supplied by the blood or 

from substrate stores within the muscle. These substrates are taken care of by the 

mitochondrion that is equipped to keep on working for a long period of time, as long 

as oxygen and metabolic substrates are available. When the mitochondrion is no 

longer able to produce sufficient amounts of energy for the muscle to contract the 

muscle will get fatigued. If there are less or not well functioning mitochondria in the 

muscle it will be more easily fatigued and a normal function cannot be maintained. In 

general, the mitochondrial function improve with endurance exercise [Hood DA, 

2001, Irrcher I et al., 2003, Wibom R et al., 1992, Zoll J et al., 2002] and 

mitochondrial content decrease with a sedentary lifestyle [Berg HE et al., 1993, 

Ferretti G et al., 1997, Häggmark T et al., 1981, Rifenberick DH et al., 1973]. In 

addition, the mitochondrial content decrease with ageing [Conley KE et al., 2000, 

Rooyackers OE et al., 1996a, Tonkonogi M et al., 2003, Trounce I et al., 1989] as 

well as in patients suffering from type 2 diabetes [Kelley DE et al., 2002]. 
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1.3 MUSCLE MITOCHONDRIA IN SEPTIC PATIENTS 

When this thesis work was initiated not much was known about the role 

of the mitochondrion in skeletal muscle of ICU patients. In fact to this day most of 

the knowledge about the impact of sepsis and multiple organ failure on mitochondria 

are based on studies of animal models simulating these conditions. Mainly rats have 

been used in which injections of endotoxin or zymosan at different doses have been 

given resulting in sepsis. The effect of sepsis on skeletal muscle mitochondria in 

these rat models indicates a decreased mitochondrial function, a depletion of ATP and 

ADP stores, a decreased mitochondrial protein synthesis and damage to the 

mitochondrial transcription machinery [Boczkowski J et al., 1999, Brealey D et al., 

2004, Crouser ED et al., 2002, Rooyackers OE et al., 1996c, Schumer W et al., 1971]. 

However, these changes seem to be time and dose dependent and in most of these 

models multiple organ failure has not been achieved. It is also difficult to simulate the 

effect that different drugs and treatment options could have on mitochondrial function 

and ATP synthesis.  

The few human studies that exist have shown similar results as the rat 

models, but have not fully elucidated the underlying cause and time perspective of the 

mitochondrial derangements. In recent years one study has been published were a 

correlation of mitochondrial dysfunction and mortality was established [Brealey D et 

al., 2002]. The study shows that mitochondrial complex I activity is decreased while 

complex IV activity is increased in the non-survivors of sepsis. In addition a decreased 

ATP content and an increased NO production was found. Apart from that study two 

older studies on patients suffering from acute cardiogenic and septic shock have been 

published. In these two studies a decrease in mitochondrial enzyme activity was also 

found [Corbucci GG et al., 1985, Gasparetto A et al., 1983]. However it is not clear 

whether the control groups were well matched for the patients in terms of age and 
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gender in these two articles. Only the early phase of critical illness was described in 

these three studies and what happens in later stages of sepsis and during MOF has only 

been published in abstract form [Helliwell TR et al., 1990]. In this abstract muscle 

biopsies were obtained at different time points during the disease showing a progressive 

decrease of mitochondrial enzyme activities over time. 

  The two main goals of this thesis were 1) to better describe the 

mitochondrial derangements in skeletal muscle of septic patients with MOF with a 

focus on the time perspective and the difference between muscle types and 2) to 

elucidate the underlying molecular mechanisms for these changes. 
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2 AIMS 

The thesis has two major aims covered in the four included studies. The general aim of 

studies I and II was to describe muscle mitochondrial derangements caused by sepsis in 

man. The underlying mechanisms of these mitochondrial derangements were evaluated 

in studies III and IV. 

 

The specific aims of the individual studies were: 

 

Study I:  To elucidate and describe changes in mitochondrial metabolism in two 

different muscle types in septic patients. 

 

Study II: To evaluate the very early effects of sepsis on mitochondrial function and 

metabolism in a human endotoxemia model for sepsis.  

 

Study III:  To describe the effects of prolonged mechanical ventilation on 

mitochondrial function in diaphragm muscle from mechanically 

ventilated piglets. 

 

Study IV: To evaluate the effect of sepsis and multiple organ failure on muscle 

mitochondrial turnover in ICU patients. 
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3 MATERIAL AND METHODS 

All included studies were approved by the appropriate ethical committee as stated in 

the respective papers. 

 

3.1 STUDY SUBJECTS AND STUDY PROTOCOLS 

 

3.1.1 Septic  patients (study I and IV) 

In total 28 ICU patients were included in studies I and IV (Table 1). The 

patients suffered from sepsis according to the Bone criteria [Bone RC et al., 1992]. All 

patients were mechanically ventilated and suffering from single or multiple organ 

failure (MOF). MOF is defined as a sepsis related organ failure assessment score 

(SOFA) [Vincent JL et al., 1996] of ≥2 corresponding to 2 or more organ systems. All 

patients were recruited from the ICU at Karolinska University Hospital in Huddinge 

and informed consent was obtained from their next of kin. The inclusion criterion was 

that the patients should be mechanically ventilated. Patients with known preexisting 

neuromuscular disorders, chronic obstructive pulmonary disorder (COPD) or severe 

coagulopathy were excluded from the study. 

All patients were treated according to the normal routines at the ICU at 

Karolinska Universtiy Hospital Huddinge, including full nutrition from day 2 and 

onwards. The patients were included on different days of ICU stay and biopsies were 

obtained in study I from both respiratory and vastus lateralis muscle, while in study IV 

only from vastus lateralis muscle. The respiratory muscle obtained in study I was 

mainly serratus anterior muscle obtained in-between the 5th and 6th rib and is mainly 

involved in inspiration [Reid DC et al., 1976]. See table 1 and the respective papers for 

detailed information about the included patients.  
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Table 1: Characteristics of subjects/animals included in studies I-IV. Values are given 

as means ±SD. SOFA, sepsis related organ failure assessment score; ICU, intensive 

care unit; F, female; M, male; mech vent, mechanical ventilation 

 n Gender Age SOFA ICU stay Intervention 
Study I 
Septic patients 
Control patients 

 
10 
10 

 
3F/7M 
3F/7M

 
65±13 
66±14 

 
7±2 

- 

 
7±6 

- 

 
- 
- 

Study II 
Healthy volunteers 

 
7 

 
7M 

 
26±3 

 
- 

 
- 

 
Endotoxin  

Study III 
Mech vent piglets 
Control piglets 

 
8 
7 

 
8F 
7F 

 
2-4 months
2-4 months

 
- 
- 

 
- 
- 

 
5 d mech vent 

4-6 h mech vent 
Study IV 
Septic patients 
Control patients 

 
18 
10 

 
8F/9M 
1F/9M

 
64±14 
64±10 

 
6±3 

- 

 
7±12 

- 

 
- 
- 

 
 

3.1.2 Control patients (study I and IV) 

All control patients were metabolically healthy and underwent elective 

surgery at Karolinska University Hospital Huddinge (study I) or Ersta Hospital (study 

IV). In study I the controls were matched for age and gender and in study IV they were 

selected for being of similar age as the ICU patients (Table 1). Biopsies were obtained 

just after induction of anesthesia, but before surgery had started, from the serratur 

anterior muscle in study I and from vastus lateralis muscle in both studies. The control 

subjects underwent elective surgery for hernia repair, ileostomy closure, recurrent 

diverticulitis or colorectal resection. All control patients gave informed consent to 

participate in the respective studies. 

 

3.1.3 Healthy volunteers (study II) 

Seven young healthy male volunteers were recruited for the study. After an over night 

fast the subjects received intravenous endotoxin (4 ng/kg body weight). Blood pressure, 

heart rate and body temperature were monitored continuously throughout the study. 



Muscle mitochondria in sepsis 
 

14 

Vastus lateralis muscle biopsies were obtained before administration of endotoxin as 

well as 2 and 4 hours after endotoxin. Detailed information is given in paper II as well 

as in table 1. 

 

3.1.4 Piglets (study III) 

Female piglets were randomly divided into a ventilated and a control 

group. The ventilated group was subjected to volume controlled mechanical ventilation 

for 5 days and the control group was mechanically ventilated for 4-6 hours as described 

in paper III. The piglets were continuously anaesthetized throughout the study, but no 

muscle relaxants were given. Balanced parenteral nutrition was given. Diaphragm 

muscle biopsies were obtained at the end of the study protocol. Detailed information is 

given in paper III as well as table I. 

 

3.2 METHODOLOGICAL CONSIDERATIONS 

 All details about the methods used can be found in the respective papers. 

In this section the choice of different methods will be discussed. 

 

3.2.1 Isolation of mitochondria 

In skeletal muscle there are two different subpopulations of mitochondria 

located either just under the cell membrane of the muscle, termed subsarcolemmal 

mitochondria (SS), or in between the myofibrils of the muscle, termed intermyofibrillar 

mitochondria (IMF) (Figure 3) [Cogswell AM et al., 1993, Elander A et al., 1985, 

Krieger DA et al., 1980, Palmer JW et al., 1977]. In this thesis mainly the SS 

mitochondria were isolated for reasons specified below. The SS mitochondria are 

suggested to be responsible for producing energy for active transport and 

phosphorylation processes, while the IMF mitochondria are thought to be responsible 
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for energy production for muscle contraction [Elander A et al., 1985, Krieger DA et al., 

1980]. 

 

Figure 3: Electron microscopic image of 2 muscle fibers with the nucleus, 

subsarcolemmal (SS) and intermyofibrilar (IMF) mitochondria indicated.  

 

In rats the two mitochondrial subpopulations have slightly different biochemical 

properties and it has been suggested that the IMF mitochondria have a higher 

respiratory rate and protein synthesis rate than the SS mitochondria, but that the ability 

to produce ATP is the same [Cogswell AM et al., 1993, Krieger DA et al., 1980, 

Palmer JW et al., 1977]. In general in humans these differences have not been observed 

but the results from different studies are diverse [Elander A et al., 1985, Fischer JC et 

al., 1985]. The study from Elander et al. shows that mitochondrial respiration is lower 

in IMF mitochondria, whereas the study from Fischer et al. shows no difference 

between the two mitochondrial subpopulations in human skeletal muscle. This 

difference in between studies might be attributed to the isolation techniques used. In the 
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animal studies as well as in the first human study [Elander A et al., 1985] a proteolytic 

enzyme called nagarse was used to isolate the IMF mitochondria. With this method the 

samples are incubated with nagarse for a short period of time and then the activity is 

stopped through centrifugation to get rid of the enzyme. In the other paper with human 

subjects [Fischer JC et al., 1985] the IMF fraction was obtained using trypsine. With 

the trypsination method the incubation time with the enzyme is better controlled 

through the addition of a specific protease inhibitor. Both these methods are aiming at 

degrading the myofibrilar proteins to get the IMF mitochondria to detach. However, 

these proteases are not specific and therefore work on any protein within the tissue and 

may also degrade mitochondrial proteins. This could potentially influence the 

biochemical properties of the IMF mitochondria and thus a false difference between the 

two subpopulations might be detected. 

 

3.2.2 Assessment of mitochondrial content 

The mitochondrial content can be assessed in several different ways. The mitochondrial 

density can be estimated by maximal citrate synthase activity measurements,or by 

measuring the ratio between mtDNA and nuclear DNA as well as by quantitatively 

counting mitochondrial content using electron microscopic images. All these 

measurements have limitations and none can be considered as giving an absolute 

estimation of mitochondrial content. The quantification of mitochondrial volume using 

electron microscopy is semi-quantitative. In addition, if the mitochondria swell, as has 

been shown in liver from ICU patients [Vanhorebeek I et al., 2005], this method would 

give rise to an increased mitochondrial content even though the function of the 

mitochondria is decreased. Another aspect to take into consideration is if the 

mitochondria are damaged, should they be counted at all, or just ignored? The method 

in which the relationship between mitochondrial and nuclear DNA is evaluated also has 
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limitations in that the mitochondrial DNA has several copy numbers within the 

mitochondrion. This does not necessarily mean that all of these represent the well 

functioning part of the mitochondrion. The mitochondrial genes may not be regulated 

simultaneously and the results can thus depend on which gene is chosen for analysis. 

The method of using maximal citrate synthase activity measurements as an estimation 

of mitochondrial content also has some complications. Immediately after acute 

exercise, citrate synthase activity increases by 43 % [Fernstrom M et al., 2004] and 

stays increased 3 hours after exercise. It is not likely that this acute exercise will give 

rise to increased mitochondrial content immediately after exercise and therefore it is 

more likely that the enzyme activity has increased on its own. However, we chose this 

method because it has the advantage of giving an estimation of the amount of 

functioning mitochondria within the muscle. It would also be possible to assess one of 

the other mitochondrial enzymes, such as complex I or complex IV of the respiratory 

chain, to make this estimation. However, these two enzymes have been shown to be 

acutely down regulated under certain conditions such as during oxidative stress 

[Brealey D et al., 2002], while there are no such suggestions concerning the citrate 

synthase activity. Therefore the maximal activity of citrate synthase has been used as an 

estimation of mitochondrial content in all included studies. 

 

3.2.3 Evaluation of mitochondrial function 

To evaluate the mitochondrial function we measured the activity of two 

key enzymes of the respiratory chain, the complex I and complex IV. These two 

enzymes are the first and the last enzymes of the chain and their function is crucial for 

the chain to work properly. These are convenient methods that give a good estimation 

of the mitochondrial function. However, the golden standard within the field is to 

measure mitochondrial respiration in isolated mitochondria. In septic patients this 
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method is not practical to use since the measurements need to be done on fresh muscle 

tissue samples. The problem with obtaining samples from patients is that the timing of 

biopsies is difficult to control and immediate preparation and measurements is therefore 

not always practical in septic ICU patients.  Another problem with this method is the 

isolation procedure of mitochondria as discussed above. To avoid mitochondrial 

isolation problems an alternative is to measure mitochondrial respiration in skinned 

muscle fibers, however, the muscle tissue still need to be fresh [Tonkonogi M et al., 

2003]. As stated above the isolation of IMF mitochondria poses some problems and it 

is not clear whether damaged mitochondria can be isolated properly. Therefore the 

measurements presented here were performed in both isolated mitochondria and in total 

muscle homogenate.  

 

3.2.4 Measurements of mitochondrial superoxide dismutase (SOD) 

activity 

There are two main forms of SOD, the Cu,Zn SOD and the MnSOD. The 

MnSOD is located in the inner matrix of the mitochondrion while the Cu, Zn SOD is 

found both in the cytosol of the cell and in the intermembrane space of the 

mitochondrion [Weisiger RA et al., 1973]. To evaluate the specific activity of MnSOD 

the Cu,ZnSOD can be inhibited with potassium cyanide (KCN). The activity can be 

inhibited up to 90% by the addition of 1 mM KCN, however if the concentration is too 

high the MnSOD may also be inhibited [Crapo JD et al., 1978]. To test this method, 

KCN was added at different concentrations ranging from 0.5 mM to 3.0 mM and SOD 

activity was measured in muscle homogenate. At KCN concentrations of 0.5 and 1 mM 

no inhibition of SOD could be detected. When the KCN concentration was increased 

further a decrease in the SOD activity was detected, but it was not linear and therefore 
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not obvious which concentration would be the optimal. In order to avoid these 

problems isolated mitochondria were used to measure the mitochondrial SOD activity. 
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4 DICUSSION OF RESULTS 

In the present thesis mitochondrial derangements in muscle due to sepsis 

were evaluated. The first aim of the thesis was to evaluate and describe mitochondrial 

derangements in muscle of ICU patients with sepsis induced multiple organ failure 

(MOF). This was performed in two different muscle groups from septic patients in 

study I and in study II a human endotoxemia model was used to study the very early 

phase of sepsis. The second aim was to elucidate the underlying mechanisms that may 

cause the mitochondrial derangements. The effects of inactivity of respiratory muscle 

on mitochondrial derangements were evaluated in mechanically ventilated piglets 

(study III). Study IV concerns the underlying molecular aspects that may cause 

mitochondrial derangements during sepsis in man. 

 

4.1 DESCRIBING THE PROBLEM OF MUSCLE MITOCHONDRIA IN 

SEPTIC ICU PATIENTS 

Not much work has been done on mitochondrial derangements in skeletal 

muscle from septic patients. There are a few studies involving patients suffering from 

acute septic shock and patients with cardiogenic shock [Brealey D et al., 2002, 

Corbucci GG et al., 1985, Gasparetto A et al., 1983]. These studies all show 

derangement in muscle mitochondrial enzyme activities. The aspect of prolonged 

disease and MOF was, however, not evaluated in these studies since the biopsies were 

taken early on in the diseased state. Study I in the present thesis was designed to 

evaluate the effect of multiple organ failure and in particular respiratory failure on 

muscle mitochondria of two different muscle groups, leg muscle and respiratory 

muscle. Expressed per muscle weight, the respiratory muscle activity of citrate synthase 
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was 53% lower and that of complex I was 60% lower in the septic patients as compared 

to the controls. In leg muscle only the activity of complex IV was lower (38%), 

although citrate synthase had a tendency to be lower in leg as well in septic patients. 

When these measurements were repeated in leg muscle from septic patients in study 

IV, significantly lower activities of citrate synthase (25%), complex I (49%) and 

complex IV (33%) per muscle weight were found. Combining the results from the two 

studies showed significantly lower activity in all three enzymes in the septic patients as 

compared to controls (Figure 4). 

Expressing the mitochondrial enzyme activities per citrate synthase 

activity is a way of correcting for mitochondrial content [Wibom R et al., 1992]. When 

the activities of complex I and IV were expressed per citrate synthase activity no 

differences between the septic patients and controls were present (see papers I and 

IV).This indicates that these patients suffered from a decreased mitochondrial content 

rather than specific changes in mitochondrial enzyme activities. As was also confirmed 

in isolated mitochondria were the complex I and complex IV activities did not differ 

between septic patients and controls (see papers I and IV). 
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Figure 4: The dark grey bars to the left represent the septic patients (n=27 for leg 

muscle and 10 for respiratory muscle) while the light grey bars represent the control 

patients (n=20 for leg and 10 for respiratory muscle). * Statistically different from 

controls p<0.05 
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The decreased mitochondrial content in leg skeletal muscle is 

accompanied by a decrease in the concentrations of energy rich phosphates and an 

increased concentration of lactate (Figure 5). In animal models of sepsis decreased 

concentrations of energy rich phosphates are only found in severely ill animals [Brealey 

D et al., 2004]. Also in patients with acute septic shock a lower ATP concentration is 

found in the patients that died in the ICU, survivors on the other hand have higher ATP 

concentration in comparison to controls, as measured during the first 24 hours of ICU 

stay [Brealey D et al., 2002]. This early phase of sepsis was not evaluated in study I, 

however in study II the initial phase of sepsis was studied in a human endotoxemia 

model. The ATP concentration increased (18%) between 2 and 4 hours after an 

endotoxin injection. However, neither the ATP concentration at 2 nor 4 hours were 

different from the baseline value taken before endotoxin injection (Figure 8). 

Energy rich phosphates - Study I

0

10

20

30

40

50

60

70

80

µm
ol

/g
 d

w

*

*

*

Respiratory Leg Respiratory Respiratory LegLeg

ATP LactateCrP

Figure 5: Concentrations of ATP, creatine phosphate and lactate in respiratory and 

leg  muscle from study I. The dark grey bars represent the septic patients (n=10) and 

the light grey bars the controls (n=10). * significantly different from control values 

(p<0.05). 

 



Muscle mitochondria in sepsis 
 

24 

 The low concentration of ATP taken together with the low mitochondrial 

content in septic patients, may lead to an acute lack of energy when the muscle is 

activated again after ICU discharge. Normally muscle can compensate for an increased 

demand of energy by increasing its mitochondrial activity. However, when 

mitochondrial content is low from start even an increased mitochondrial activity may 

not be able to fully compensate for the energy demand. Rats with a low mitochondrial 

content has a decreased ability to produce ATP during titanic stimulation, causing a 

decreased ATP concentration and increased fatigue in the muscle [Dudley GA et al., 

1987]. In septic patients the ATP concentration was already lower from start, leading to 

an even greater depletion of ATP content during muscle activation. It is therefore likely 

that septic patients are more prone to get muscle fatigue after ICU discharge. 

 

4.1.1 Mitochondrial derangements a time perspective 

In the studies I and IV the mitochondrial enzyme activities were 

measured at different time points of ICU stay. Correlation analysis of the effect of time 

in the ICU on mitochondrial content was performed. Even though there was not a 

statistically significant correlation, a trend to decrease with time could be observed in 

both citrate synthase activity and complex IV activity (citrate synthase: R2=0.0827, 

p=0.13, Complex IV: R2=0.0893, p=0.12). Complex I activity did not show the same 

trend (R2=0.0025, p=0.80). Citrate synthase activities evaluated at two different time 

points of ICU stay decreased by ~32% (p=0.028) over two weeks [Radell P et al., 

2005]. In figure 6 the activity of citrate synthase is plotted against time of ICU stay 

from studies I and IV together with data from Radell et al (2005). As a reference the 

mean and standard deviation of the citrate synthase activity in the young healthy 

controls from study II and in the healthy controls from studies I and IV are given. From 

this figure it is clear that the citrate synthase activity is low in these patients, that the 
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activity decreases over time and that age has a clear effect on mitochondrial enzyme 

activity. 

 

 

 

 

 

 

 

 

Figure 6: The activity of citrate synthase (CS) in relation to ICU stay in patients from 

studies I and IV together with data from Radell et al. (2005). For comparison citrate 

synthase activity from young healthy subjects (26±3 years; n=7) and control subjects of 

similar age as the patients (65±12 years; n=20) are included in the figure.  

 

In study II a human model of the very early stage of systemic 

inflammation was used to evaluate the effect of time on mitochondrial derangements in 

septic patients. It is not possible to obtain samples from septic patients at this early 

stage of the disease as the patients do not reach the hospital until later. In this study we 

therefore evaluated the effects of endotoxin on mitochondrial derangements in muscle 

from young healthy volunteers. This is a well validated and extensively used model to 

study the metabolic effects of early sepsis [Lin E et al., 1998, Martich GD et al., 1993]. 

The mitochondrial enzymes citrate synthase, complex I and IV all increased two hours 

after endotoxin and the activities returned to normal 4 hours after endotoxin (Figure 7). 
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On the other hand the ATP concentration showed a trend to decrease after 2 hours 

(p=0.08) and then increased by 18 % at 4 hours (Figure 8). Creatine phosphate and 

lactate concentrations did not change after endotoxin.  
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Figure 7: The activity of citrate synthase (●) and mitochondrial complex I (▲) and IV 

(■) before endotoxin injection as well as 2 and 4 hours after in healthy human 

volunteers (n=7). Presented here as mean and standard deviation.* Significantly 

different from 0 hours (p<0.05) 
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Figure 8: The concentrations of ATP (●), creatine phosphate (■) and lactate (▲) 

before as well as 2 and 4 hours after an endotoxin injection, in healthy human 

volunteers (n=7). Presented here as means and standard deviation. *Significantly 

different from 2 hours (p<0.05). 
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The results from the human model of sepsis (study II) differ from both 

patient studies and animal models of sepsis. The mitochondrial content in septic 

patients were low (studies I and IV) and also in many animal models of sepsis there is a 

decrease in mitochondrial enzyme activity [Brealey D et al., 2004, Crouser ED et al., 

2002, Rooyackers OE et al., 1996b]. However, a few animal studies report an increase 

in mitochondrial enzyme activity early (<16 hours) after sepsis induction [Dahn MS et 

al., 1995, Dawson KL et al., 1988]. The increased enzyme activities in study II might 

be explained by fever and shivering. All volunteers had mild fever and the peak came 3 

hours after the endotoxin injection (Figure 9). In rat cardiac muscle an increased body 

temperature to around 42°C during 25 minutes was shown to enhance mitochondrial 

enzyme activity [Sammut IA et al., 2001]. We speculate that the mitochondrial 

derangements found in healthy volunteers following an endotoxin challenge was due to 

a dual phase during sepsis, where an initial increase in enzyme activity is followed by a 

progressive decline. 
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Figure 9: Change in body temperature in healthy volunteers (n=7) given endotoxin at 

time 0 hours, presented as means and standard deviation.  
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4.1.2 Different response to sepsis in leg and respiratory muscle 

The mitochondrial content was significantly lower in two different 

muscles (respiratory and leg muscle) in septic patients as compared to controls (study 

I). However when the concentrations of ATP, creatine phosphate and lactate were 

evaluated differences between the two muscle groups became apparent. In the controls 

there was a lower concentration of these compounds in the respiratory muscle as 

compared to leg muscle. Compared to the controls, the septic patients had lower 

concentrations of ATP and creatine phosphate and higher lactate concentrations in leg 

muscle. However, in respiratory muscle there were no differences between the septic 

patients and controls (Figure 5). Similar results are reported for patients with chronic 

obstructive pulmonary disorder (COPD) suffering from acute respiratory failure where 

the concentration of energy rich phosphates are lower in leg muscle but not in 

intercostal muscle in the patients as compared to controls [Gertz I et al., 1977]. 

Furthermore the healthy controls were reported to have lower ATP levels in intercostal 

muscle than in leg muscle. The reasons for the differences between the two muscles are 

not known, but the respiratory muscle is passively stretched during mechanical 

ventilation while the leg muscle is not stimulated at all. The stretching in itself might 

stimulate energy production or possibly increase the blood flow and thereby stimulate 

the transportation of substrates to and from the muscle tissue. These results showed that 

the metabolic alterations found in one muscle group may not be the same as in another 

muscle group. Care should therefore be taken when extrapolating results from one 

muscle type to another. 
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4.2 POTENTIAL CAUSES AND UNDERLYING MECHANISMS OF 
MUSCLE MITOCHONDRIAL DERANGEMENTS DUE TO SEPSIS 

Mitochondrial content in skeletal muscle of humans is very variable and dependent 

upon many factors. In the patient, several factors, such as age, underlying disease, 

medication, treatment, inactivity and a sedentary lifestyle, may have an impact on 

skeletal muscle mitochondria. Ageing has been shown to decrease mitochondrial 

content in humans [Rooyackers OE et al., 1996a, Tonkonogi M et al., 2003]. Most 

septic patients included in studies I and IV were older (mean age 64.4 years) and 

therefore we carefully selected controls of similar age (mean age 64.9 years). The other 

factors are unfortunately more difficult to control for in patients and some of these 

factors will be discussed in further detail below. In addition changes in mitochondrial 

protein metabolism and gene expression will be discussed as potential mechanisms 

leading to the decreased mitochondrial content. 

 

4.2.1 Inactivity and mechanical ventilation 

ICU patients are always bed-bound and this inactivation can in itself 

decrease the mitochondrial content in muscle. However, the mitochondrial enzyme 

activity in septic patients was actually lower than in immobilized healthy volunteers 

(Figure 10). The healthy volunteers were subjected to 30 days of 6° head down bed-rest 

which decreased citrate synthase activity by 18% [Berg HE et al., 1993, Hikida RS et 

al., 1989], while septic patients had a 29% lower citrate synthase activity than the age-

matched controls (studies I and IV). Furthermore the septic patients were in the ICU for 

a median time of seven days and still showed a greater decrease in citrate synthase 

activity than the 30 days immobilized healthy volunteers. Therefore immobilization of 

septic patients may contribute to the decreased mitochondrial content in muscle, but it 

is not the only cause. 
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Figure 10: Difference in citrate synthase activity in septic patients in studies I and IV 

as compared to age-matched controls in comparison to the decrease in activity after 30 

days of immobilisation in young healthy volunteers [Berg HE et al., 1993, Hikida RS et 

al., 1989].  

 

Patients with acute respiratory distress may end up in the ICU needing mechanical 

ventilation to aid respiration. Mechanical ventilation may be regarded as a form of 

unloading for the respiratory muscles which could also affect muscle mitochondria. In 

study III, piglets were mechanically ventilated for 5 days and the mitochondrial 

derangements in the diaphragm muscle were evaluated. To put healthy humans through 

mechanical ventilation would not be safe or ethically appropriate. After mechanical 

ventilation a lower activity of mitochondrial respiratory chain complex IV was found in 

the piglets, but the other mitochondrial enzymes did not change (see paper III). 

Mitochondrial content was unaltered as evaluated using electron microscopy. These 

results indicate that there is a specific decrease in complex IV activity in diaphragm 

muscle of mechanically ventilated piglets. The mechanism behind this specific 

inhibition is not known. However, a reversible inhibition of complex IV by NO has 

been suggested [Moncada S et al., 2002]. In the mechanically ventilated piglets no 
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changes in whole muscle SOD activity or glutathione concentrations in whole muscle 

were found, but we can not exclude an increased oxidative stress inside the 

mitochondrion in these piglets. 

 

4.2.2 Mitochondrial protein turnover 

The decrease in mitochondrial content demonstrated in septic patients 

may be the results of an increased mitochondrial protein breakdown, decreased 

synthesis or a combination of both. Therefore the in vivo mitochondrial protein 

synthesis rates in septic patients were investigated (study IV). In an animal model for 

sepsis, mitochondrial as well as mixed muscle protein synthesis decrease [Rooyackers 

OE et al., 1996c]. However, the hypothesis that the same would be true also in septic 

ICU patients could not be validated. In study IV mitochondrial protein synthesis did not 

differ between septic patients and controls (Figure 11). To further back up these 

findings the gene expression of key mitochondrial proteins that were either nuclear or 

mitochondrial encoded was examined (see paper IV for details). In none of these key 

mitochondrial genes a difference in mRNA levels between septic patients and controls 

was found. Also these results differ from results obtained in animal models of sepsis, 

were a decrease in gene expression of several mitochondrial enzyme subunits is found 

in diaphragm muscle of rats treated with endotoxin [Callahan LA et al., 2005]. 

However, there are several differences between animal models of sepsis and septic ICU 

patients. Even though the animal models generally show signs of systemic 

inflammation, they do not present signs of multiple organ failure [Rooyackers OE et al., 

1996c]. This may be the reason for the differences between results found in septic 

patients and in animal models. In general mitochondrial protein synthesis was not 

decreased in septic patients. This is in line with the finding that total muscle protein 

synthesis measurements in septic patients is not decreased, even though a significant 
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muscle protein loss is seen [Tjäder I et al., 2005]. Thus the mitochondrial content as 

well as the total muscle protein content is decreasing in these patients, despite an 

unchanged protein synthesis rate. This indicates that the protein breakdown in total 

muscle as well as in mitochondria could be increased in septic patients. 
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Figure 11: Mitochondrial protein synthesis in septic patients (n=17) and healthy 

controls (n=10) presented as means and standard deviation. FSR, fractional synthesis 

rate 

 

4.2.3 Molecular control of mitochondrial content 

The content of mitochondria is well regulated in muscle by several 

nuclear encoded transcription factors. PGC1 is a coactivator of mitochondrial genes 

encoded in the nucleus [Goffart S et al., 2003, Scarpulla RC, 2002, Scarpulla RC, 

2006]. PGC1 in turn regulates NRF1 and NRF2α, which are known to be the overall 

transcription factors of mitochondrial genes (see figure in introduction). The NRFs, in 

combination with PGC1, control the transcription of nuclear encoded mitochondrial 

proteins as well as the mitochondrial transcription factors TFAM, TFB1M and TFB2M 

[Falkenberg M et al., 2002, Gleyzer N et al., 2005, Shoubridge EA, 2002]. These 

factors are in turn responsible for initiating the transcription of mitochondrial-encoded 
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genes (Figure 12). Results are obtained from cell cultures of myocytes and other cell 

types, but so far these regulating factors have not been characterized in muscle from 

septic patients. In study IV the mRNA levels of these transcription factors and co-

activators were examined. The mitochondrial transcription factors (TFAM, TFB1M 

and TFB2M) were all increased in the septic patients, while only NRF2α was increased 

among the transcritption factors for nuclear encoded genes (Figure 12). None of the 

genes that these transcription factors control were increased, suggesting an uncoupling 

of the transcription machinery in muscle from septic patients. 

 
Figure 12: Regulation of mitochondrial transcription factors in septic ICU patients. 

The transcription factors in bold were significantly up-regulated in muscle from septic 

patients in comparison to controls. Numbers are difference in mRNA levels from 

control in percent. Nu-DNA, nuclear DNA; Mt-DNA, mitochondrial DNA; PGC1α, 

Peroxisome Proliferator Activated Receptor gamma (PPAR-γ) coactivator; NRF, 

Nuclear Respiratory Factor; TFAM, Mitochondrial transcription factor A; TFB1&2M, 

Mitochondrial transcription factor 1 & 2 B 
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4.2.4 Mitochondrial protein breakdown 

The mitochondrial derangements discussed in this thesis do not seem to 

be caused by a decreased mitochondrial protein synthesis, nor a decreased 

mitochondrial biogenesis as discussed above. The most likely explanation is that 

mitochondrial protein breakdown is increased. However, protein breakdown is difficult 

to quantify, due to a lack of good methods. Therefore mitochondrial protein breakdown 

was evaluated in muscle from septic patients through the analysis of gene expression of 

the four known mitochondrial proteases (study IV). The gene expression of subunits of 

the two matrix located proteases, Lon and ClPP, as well as the two proteases located in 

the inner mitochondrial membrane, iAAA and mAAA was evaluated [Bota DA et al., 

2001, Käser M et al., 2000]. An increased gene expression of the two matrix located 

proteases (Lon and CLpp) was found (Figure 13).  
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Figure 13: Gene expression (mRNA levels) of proteases active in the matrix, Lon and 

CLPP, and inner membrane, YME1L1 and SPG7, of the mitochondrion. The changes 

are expressed in percent of control values. *p<0.05 
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 The most well known and examined mitochondrial protease is the Lon 

and it has been suggested that this protease is particularly important in degradation of 

oxidatively damaged mitochondrial proteins [Bota DA et al., 2002, Bulteau AL et al., 

2006]. Thus the increased gene expression of these two mitochondrial proteases 

indicates an increased mitochondrial protein breakdown, but further investigation is 

necessary to fully elucidate this finding.  

 

4.2.5 The impact of oxidative stress on mitochondrial function and 
content 

As suggested, an increase in mitochondrial protein breakdown is the most 

likely explanation for the decreased mitochondrial content in septic patients. The reason 

for this increased breakdown could be diverse. However, an increased oxidative stress 

has been suggested to modulate mitochondrial proteins. Oxidative stress is an event that 

is very difficult to assess due to the short-lived nature of reactive oxygen species 

(ROS). It is possible to assess the damaged proteins per se, but these are generally 

degraded rapidly to protect the cell. Another possibility is to evaluate the concentration 

or activity of the scavengers (such as vitamin E, glutathione and others). We have 

focused on measurements of a specific enzyme scavenger, the superoxide dismutase 

(SOD). This enzyme is present in 2 distinct forms within the cell, whereof one of them 

(the Mn-SOD) is specifically located within the mitochondrion. The ICU patients in 

studies I and IV had increased activity of the mitochondrial SOD while the SOD 

activity in total muscle homogenates did not differ from controls. The mitochondrial 

SOD increase was highly significant and one of the most obvious changes found in 

septic patients. This suggests an increased oxidative stress in muscle mitochondria of 

septic patients, but what the impact is on mitochondrial enzyme activity is not known. 

To evaluate this, the mitochondrial SOD activity was correlated to the activities of the 
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mitochondrial enzymes in leg muscle from septic patients (study I, IV and Radell P. et 

al. 2005). A negative correlation between muscle citrate synthase and mitochondrial 

SOD (R2=0.69, p <0.001) as well as complex IV activity (R2=0.34, p <0.001) in whole 

muscle homogenates was observed (Figure 14). However, there was no significant 

correlation between the activity of complex I and mitochondrial SOD in septic patients 

(R2=0.08, p=0.062). Taken together there was a correlation between oxidative stress 

and mitochondrial derangements, however this issue will need more attention in future 

studies in order to draw any definite conclusions.  
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Citrate synthase vs mitochondrial SOD
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Figure 14: Correlation between the mitochondrial enzymes, citrate synthase as well as 

complex I and complex IV of the respiratory chain, measured in whole muscle 

homogenates and mitochondrial SOD activity in leg muscle from septic patients. 
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5 GENERAL DISCUSSION 

 

5.1 INSULIN RESISTANCE AND MUSCLE MITOCHONDRIA 

The cause of mitochondrial dysfunction in septic patients is complex and 

may dependent on many different factors. In the present thesis a few of these 

contributing factors have been assessed. The mitochondrial protein synthesis, 

transcription of mitochondrial genes and the increased oxidative stress are all factors 

that influence mitochondrial content. These molecular aspects can be influenced by 

hormones and drugs in the septic patient. Several hormones, such as thyroid and sex 

hormones, insulin, glucocorticoids and leptin, have been shown to have a positive 

influence on mitochondrial energy production, protein synthesis and biogenesis [Stump 

CS et al., 2003]. 

One of the most characteristic hormonal changes in septic and other 

critically ill patients is insulin resistance. Insulin resistance leads to high blood glucose 

levels. Administration of insulin to normalize blood glucose levels decreases mortality 

and morbidity in critically ill patients [Van den Berghe G et al., 2006, van den Berghe 

G et al., 2001]. The decreased mortality was most evident in patients suffering from 

sepsis induced MOF and staying in the ICU for more than 5 days. Whether this is an 

effect of insulin administration itself or an effect of the lowered glucose concentrations 

is not known. 

Insulin administration during glucose clamp in healthy volunteers 

increase ATP production, gene expression of mitochondrial genes, mitochondrial 

protein synthesis and the activities of complex IV and citrate synthase [Boirie Y, 2003, 

Stump CS et al., 2003]. However, when the same experiments were performed in 

insulin resistant diabetic subjects no effect on muscle mitochondrial function was 
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observed [Stump CS et al., 2003]. Septic ICU patients are often hyperglycemic and 

treated with insulin to decrease blood glucose concentrations; however, the 

mitochondrial derangements are still present in these patients (study I and IV) 

indicating that insulin might not have an effect on muscle mitochondrial function in 

septic patients. However, when study I was performed the finding that strict blood 

glucose control lowers mortality was not yet published and patients were only treated 

with insulin if the blood glucose levels were higher then 11 mmol/l. The routines have 

become stricter since then and in study IV blood glucose levels were kept lower, but 

still very few patients had normoglycemia. However, a strict blood glucose control did 

not influence muscle mitochondrial function and morphology in ICU patients studied 

after they died, while liver mitochondria were improved by strict blood glucose control 

in the same patients [Vanhorebeek I et al., 2005]. Also in other studies, has insulin been 

shown to have an effect on liver insulin resistance, but not on peripheral insulin 

resistance. An increased endogenous glucose production is evident causing 

hyperglycemia in critically ill trauma patients [Thorell A et al., 2004]. Insulin 

administration to the critically ill trauma patients together with total parenteral nutrition 

leads to normoglycemia and decreased endogenous glucose production, while glucose 

uptake by the peripheral tissues, such as muscle, is not affected. Hyperglycemia has a 

detrimental effect on β-cell function mediated by superoxide production in the 

mitochondrion [Brownlee M, 2003, Krauss S et al., 2003], leading to a further decrease 

in insulin production and an even greater increase in hyperglycemia. From these studies 

it should be noted that the effect of hyperglycemia and insulin administration in septic 

patients on mitochondria might be different in muscle and other tissues such as liver 

and pancreatic β-cells. However, more studies are needed to validate this finding. 
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5.2 MUSCLE MITOCHONDRIAL DYSFUNCTION - WHAT DOES IT MEAN 

FOR THE PATIENT? 

A decreased mitochondrial content in muscle from septic ICU patients 

was found in studies I and IV. The remaining question is whether and to what extend 

this influences muscle function in septic patients. It is not only the decreased 

mitochondrial content that could influence muscle function in critically ill patients. 

Major loss of muscle protein is also evident, as much as 10 % of muscle protein content 

is lost per week during ICU stay [Gamrin L et al., 1997]. This state is accompanied by 

changes in muscle amino acid pattern, of which the loss of muscle glutamine is the 

most prominent [Gamrin L et al., 1996]. The muscle myofibrilar structure is also 

deranged in septic patients suffering from acute quadriplegia, were a specific decrease 

in myosin to actin ratios has been reported [Larsson L et al., 2000]. The findings of 

decreased muscle protein content, myofibrilar derangements as well as loss of muscle 

mitochondria could lead to both muscle weakness and fatigue in critically ill patients. 

However, it is not clear whether the loss of mitochondrial content found in studies I and 

IV actually leads to a diminished production of energy during rest. Two studies 

performed in rats have shown that a 25-40 % decrease of muscle mitochondrial enzyme 

activity does not influence ATP and creatine phosphate levels at rest [Dudley GA et al., 

1987, Rooyackers OE et al., 1996b]. However, when the muscles were activated by 

electrical stimulation, ATP levels decreased much faster when the rats had decreased 

mitochondrial enzyme activities. In leg muscle of the septic patients in our study, ATP 

and creatine phosphate concentrations were already low and lactate levels high at rest, 

indicating that these patients probably will face great problems coping with the 

increased energy demand during muscle activation. No human data are, however, 

available to confirm this hypothesis and more studies are needed. 
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The second question is whether the mitochondrial derangements are 

specific for muscle tissue in these patients. Loss of mitochondrial function in muscle as 

well as other tissues have been postulated to contribute to multiple organ failure in 

septic patients [Crouser ED, 2004, Fink MP, 2002, Protti A et al., 2006, Singer M, 

2005]. This so-called cytopathic hypoxia theory suggests that septic ICU patients have 

problems with oxygen utilization due to mitochondrial dysfunction. As mitochondrial 

dysfunction progresses the affected organ suffers from lack of ATP and ultimately fails 

to function [Singer M, 2005]. An association between muscle mitochondrial 

dysfunction and increased mortality have been found during the first 24 hours of ICU 

stay in septic patients [Brealey D et al., 2002]. Thus, mitochondrial dysfunction is 

related to decreased muscle function as well as survival in septic ICU patients.  
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6 CONCLUSIONS 

From this thesis it can be concluded that the mitochondrial content is decreased in 

muscle of ICU patients suffering from sepsis and organ failure.  

 

Study I: Mitochondrial content was 30-40% lower in leg and respiratory muscle of 

septic patients as compared to age-matched controls. In leg muscle this decrease was 

associated with a cellular energy deficit.  

 

Study II: An increased mitochondrial enzyme activity was observed 2 hours after an 

endotoxin challenge of healthy volunteers.  

 

Study III: Prolonged mechanical ventilation in a piglet model leads to a specific 

decrease in the activity of mitochondrial complex IV, but did not affect the other 

mitochondrial enzymes or mitochondrial content. 

 

Study IV: The decreased mitochondrial content found in septic ICU patients was not 

related to a decreased mitochondrial biogenesis, but was related to an increased gene 

expression of two mitochondrial proteases suggesting an increase mitochondrial protein 

breakdown as a mediator for the mitochondrial content decrease. 



Katarina Fredriksson 
 

  43 

7 ACKNOWLEDGEMENTS 

There are many people to thank for helping me with this thesis, without you this work 

could not have been done. More specifically I would like to thank: 

 

Olav Rooyackers, my supervisor, for always supporting and helping me to do my best. 

For making me laugh about my mistakes and about other peoples, for teaching me 

about how research is done and how to present it to others. For your endless patience 

and help with technical questions as well as “pepp-talk”. I could not have done this 

without you! 

 

Jan Wernerman, my co-supervisor, for introducing me to ICU patients and how they 

are treated, for shaping up my scientific writing skills, particularly in this thesis, as well 

as being able to help me clear out my patient related questions. 

 

Folke Hammarqvist, my co-supervisor, for supporting me and helping me with patient 

biopsies and tips about writing. For always being so enthusiastic and helpful in every 

way.  

 

Maria Klaude, my unofficial “supervisor” for always being there to discuss technical 

problems in the lab, for reading my manuscripts and this thesis and correcting all my 

grammatical and spelling errors.  

 

Peter Radell, Lars I Eriksson, Karsten Ahlbeck, for help with the piglet study, 

manuscript writing and good collaboration. 

 



Muscle mitochondria in sepsis 
 

44 

Jamie Timmons, for introducing me into the land of microarrays and qPCRs. For 

helping me improving my English and being a good company in the pub after a long 

day at work.  

 

Christelle Guillet, for discussions about science and support with thesis work and 

manuscripts, for showing me that I actually have learnt a few things during my thesis 

work. For a good friendship and lots of fun at work and after working hours. 

 

Camilla Scheele, for actually making it fun to do RNA extractions using the trizol 

method. For all your help with PCR running and explaining gene regulation and cell 

culturing. For always being there when I need to discuss or ask something.  

 

Maiko Mori, Christina Hebert, Farrah Vesali, Eva Nejman, Lisselott Thunblad, my 

colleagues in the lab, for friendship, good company, support and laboratory skills. A 

special thanks for the good company on our boat excursions to Åland, our research 

meetings, conference trips and summer and Christmas parties. 

 

Viveka Gustavsson, for all your excellent nursing and organisational skills necessary to 

do patient studies. For good company and many laughs during studies, research 

seminars and conferences.  

 

Nina Johansson, Ann-Sofie Andersson, Ami Bylund at Ersta hospital, for excellent 

nursing skills and help with performing studies as well as good company at ESPEN. 

 



Katarina Fredriksson 
 

  45 

Inga Tjäder, Urban Fläring, Bosse Ahlman, Karin Strigård, for helping me with 

biopsies and helping me straighten out the patient issues and always being willing to 

answer my questions. For good company at conferences and research meetings. 

 

Kjell Hultenby, my co-author, for help with electron microscopy and manuscript work. 

 

Björn Anderstam, Annki Braghfors-Hellin and Monika Eriksson in the kidney lab, 

for always making me feel welcome in their lab and helping me with machine related 

problems.  

 

Agneta Berg, Anna Januskiewicz, Bo Westman, Lena Gamrin, Ramin Kouchek-

Zadeh, Sari Peltonen, Tammer Hemdan, Ulf Hildingsson, Åke Norberg, Emelie 

Mörtsell, Paul Castillo, Piotr Maslanka, members of the research group, for nice 

discussions at our weekly research meetings and good company at the ESPEN 

conference as well as summer and Christmas parties. 

 

Anette Bratt, Olle Ljungqvist, Mattias Soop, Anders Thorell, Jonas Nygren, Malin 

Wåhlin and several other at Ersta hospital, for nice discussions during our research 

meetings and good company at conferences. 

 

Maria Kaaman, Elisabet Nordström, Vanessa van Harmelen, Andrea Dicker, from 

the lipid lab and members of the book club, for teaching me all about fat, for all the 

nice discussions we had and for making it fun to go through the biochemistry book. 

 

Bosse and Annki Ahlman for introducing me to Olav and thereby initiating this thesis 

work, for being so enthusiastic and helpful in every way.  



Muscle mitochondria in sepsis 
 

46 

 

My colleagues at KFC, Novum for very nice company during coffee breaks and 

lunches. 

 

Matthijs Hesselink, Patrick Schrauwen and my colleagues at Maastricht University, 

for allowing me to finish this work and being understanding that my focus may not 

have been fully on my new project. For making me feel welcome in a new country. 

 

All my friends, for encouragement and support and being willing to listen to my work 

and non-work related problems as well as all the fun we had.  

 

My family for their constant love and support, for believing in my abilities and helping 

me through the things I find difficult. My parents, Karin and Hasse for bringing me up 

in a world of curiosity and science, I don’t think I would have started this without you! 

My sister Lisa, her husband Per and their three children: Axel, Gustav and Isak for 

support, being there for me and a special thanks to the kids for lighting up my life with 

funny remarks and cute questions. My brother Erik and his girlfriend Linda, for always 

supporting, being concerned about my work and helping me sort out all kinds of 

problems.  



Katarina Fredriksson 
 

  47 

8 REFERENCES 

 

Awad SS: State-of-the-art therapy for severe sepsis and multisystem organ dysfunction. 

Am J Surg 2003, 186:23S-30S; discussion 31S-34S. 

 

Berg HE, Dudley GA, Hather B, Tesch PA: Work capacity and metabolic and 

morphologic characteristics of the human quadriceps muscle in response to 

unloading. Clin Physiol 1993, 13:337-347. 

 

Boczkowski J, Lisdero CL, Lanone S, Samb A, Carreras MC, Boveris A, Aubier 

M, Poderoso JJ: Endogenous peroxynitrite mediates mitochondrial 

dysfunction in rat diaphragm during endotoxemia. Faseb J 1999, 13:1637-

1646. 

 

Boirie Y: Insulin regulation of mitochondrial proteins and oxidative phosphorylation in 

human muscle. Trends Endocrinol Metab 2003, 14:393-394. 

 

Bolton CF: Neuromuscular manifestations of critical illness. Muscle Nerve 2005, 

32:140-163. 

 

Bone RC, Balk RA, Cerra FB, Dellinger RP, Fein AM, Knaus WA, Schein RM, 

Sibbald WJ: Definitions for sepsis and organ failure and guidelines for the use 

of innovative therapies in sepsis. The ACCP/SCCM Consensus Conference 

Committee. American College of Chest Physicians/Society of Critical Care 

Medicine. Chest 1992, 101:1644-1655. 



Muscle mitochondria in sepsis 
 

48 

 

Bota DA, Davies KJ: Protein degradation in mitochondria: implications for oxidative 

stress, aging and disease: a novel etiological classification of mitochondrial 

proteolytic disorders. Mitochondrion 2001, 1:33-49. 

 

Bota DA, Van Remmen H, Davies KJ: Modulation of Lon protease activity and 

aconitase turnover during aging and oxidative stress. FEBS Lett 2002, 532:103-

106. 

 

Brealey D, Brand M, Hargreaves I, Heales S, Land J, Smolenski R, Davies NA, 

Cooper CE, Singer M: Association between mitochondrial dysfunction and 

severity and outcome of septic shock. Lancet 2002, 360:219-223. 

 

Brealey D, Karyampudi S, Jacques TS, Novelli M, Stidwill R, Taylor V, Smolenski 

RT, Singer M: Mitochondrial dysfunction in a long-term rodent model of 

sepsis and organ failure. Am J Physiol Regul Integr Comp Physiol 2004, 

286:R491-497. 

 

Brownlee M: A radical explanation for glucose-induced beta cell dysfunction. J Clin 

Invest 2003, 112:1788-1790. 

 

Bulteau AL, Szweda LI, Friguet B: Mitochondrial protein oxidation and degradation 

in response to oxidative stress and aging. Exp Gerontol 2006, 41:653-657. 

 



Katarina Fredriksson 
 

  49 

Callahan LA, Supinski GS: Downregulation of diaphragm electron transport chain 

and glycolytic enzyme gene expression in sepsis. J Appl Physiol 2005, 99:1120-

1126. 

 

Cogswell AM, Stevens RJ, Hood DA: Properties of skeletal muscle mitochondria 

isolated from subsarcolemmal and intermyofibrillar regions. Am J Physiol 1993, 

264:C383-389. 

 

Conley KE, Jubrias SA, Esselman PC: Oxidative capacity and ageing in human 

muscle. J Physiol 2000, 526 Pt 1:203-210. 

 

Corbucci GG, Gasparetto A, Candiani A, Crimi G, Antonelli M, Bufi M, De Blasi 

RA, Cooper MB, Gohil K: Shock-induced damage to mitochondrial function 

and some cellular antioxidant mechanisms in humans. Circ Shock 1985, 15:15-

26. 

 

Crapo JD, McCord JM, Fridovich I: Preparation and assay of superoxide dismutases. 

Methods Enzymol 1978, 53:382-393. 

 

Crouser ED: Mitochondrial dysfunction in septic shock and multiple organ 

dysfunction syndrome. Mitochondrion 2004, 4:729-741. 

 

Crouser ED, Julian MW, Blaho DV, Pfeiffer DR: Endotoxin-induced mitochondrial 

damage correlates with impaired respiratory activity. Crit Care Med 2002, 

30:276-284. 

 



Muscle mitochondria in sepsis 
 

50 

Dahn MS, Lange MP, McCurdy B, Mahaffey S: Metabolic function of the isolated 

perfused rat liver in chronic sepsis. J Surg Res 1995, 59:287-291. 

 

Dawson KL, Geller ER, Kirkpatrick JR: Enhancement of mitochondrial function in 

sepsis. Arch Surg 1988, 123:241-244. 

 

de Letter MA, Schmitz PI, Visser LH, Verheul FA, Schellens RL, Op de Coul DA, 

van der Meche FG: Risk factors for the development of polyneuropathy and 

myopathy in critically ill patients. Crit Care Med 2001, 29:2281-2286. 

 

Dudley GA, Tullson PC, Terjung RL: Influence of mitochondrial content on the 

sensitivity of respiratory control. J Biol Chem 1987, 262:9109-9114. 

 

Elander A, Sjostrom M, Lundgren F, Schersten T, Bylund-Fellenius AC: 

Biochemical and morphometric properties of mitochondrial populations in 

human muscle fibres. Clin Sci (Lond) 1985, 69:153-164. 

 

Falkenberg M, Gaspari M, Rantanen A, Trifunovic A, Larsson NG, Gustafsson 

CM: Mitochondrial transcription factors B1 and B2 activate transcription of 

human mtDNA. Nat Genet 2002, 31:289-294. 

 

Fernandez-Silva P, Enriquez JA, Montoya J: Replication and transcription of 

mammalian mitochondrial DNA. Exp Physiol 2003, 88:41-56. 

 



Katarina Fredriksson 
 

  51 

Fernstrom M, Tonkonogi M, Sahlin K: Effects of acute and chronic endurance 

exercise on mitochondrial uncoupling in human skeletal muscle. J Physiol 

2004, 554:755-763. 

 

Ferretti G, Antonutto G, Denis C, Hoppeler H, Minetti AE, Narici MV, 

Desplanches D: The interplay of central and peripheral factors in limiting 

maximal O2 consumption in man after prolonged bed rest. J Physiol 1997, 501 

( Pt 3):677-686. 

 

Fink MP: Bench-to-bedside review: Cytopathic hypoxia. Crit Care 2002, 6:491-499. 

 

Fischer JC, Ruitenbeek W, Stadhouders AM, Trijbels JM, Sengers RC, Janssen 

AJ, Veerkamp JH: Investigation of mitochondrial metabolism in small human 

skeletal muscle biopsy specimens. Improvement of preparation procedure. Clin 

Chim Acta 1985, 145:89-99. 

 

Fridlyand LE, Philipson LH: Reactive species and early manifestation of insulin 

resistance in type 2 diabetes. Diabetes Obes Metab 2006, 8:136-145. 

 

Friedrich O: Critical illness myopathy: what is happening? Curr Opin Clin Nutr 

Metab Care 2006, 9:403-409. 

 

Friedrich O, Fink RH, Hund E: Understanding critical illness myopathy: approaching 

the pathomechanism. J Nutr 2005, 135:1813S-1817S. 

 



Muscle mitochondria in sepsis 
 

52 

Gamrin L, Andersson K, Hultman E, Nilsson E, Essen P, Wernerman J: 

Longitudinal changes of biochemical parameters in muscle during critical 

illness. Metabolism 1997, 46:756-762. 

 

Gamrin L, Essen P, Forsberg AM, Hultman E, Wernerman J: A descriptive study 

of skeletal muscle metabolism in critically ill patients: free amino acids, energy-

rich phosphates, protein, nucleic acids, fat, water, and electrolytes. Crit Care 

Med 1996, 24:575-583. 

 

Gasparetto A, Corbucci GG, Candiani A, Gohil K, Edwards RH: Effect of tissue 

hypoxia and septic shock on human skeletal muscle mitochondria. Lancet 1983, 

322:1486. 

 

Gertz I, Hedenstierna G, Hellers G, Wahren J: Muscle metabolism in patients with 

chronic obstructive lung disease and acute respiratory failure. Clin Sci Mol Med 

1977, 52:396-403. 

 

Gleyzer N, Vercauteren K, Scarpulla RC: Control of mitochondrial transcription 

specificity factors (TFB1M and TFB2M) by nuclear respiratory factors (NRF-1 

and NRF-2) and PGC-1 family coactivators. Mol Cell Biol 2005, 25:1354-1366. 

 

Goffart S, Wiesner RJ: Regulation and co-ordination of nuclear gene expression 

during mitochondrial biogenesis. Exp Physiol 2003, 88:33-40. 

 



Katarina Fredriksson 
 

  53 

Häggmark T, Jansson E, Eriksson E: Fiber type area and metabolic potential of the 

thigh muscle in man after knee surgery and immobilization. Int J Sports Med 

1981, 2:12-17. 

 

Hardie DG, Sakamoto K: AMPK: a key sensor of fuel and energy status in skeletal 

muscle. Physiology (Bethesda) 2006, 21:48-60. 

 

Helliwell TR, Griffiths RD, Coakley JH, Wagenmakers AJ, McClelland P, 

Campbell IT, Bone JM: Muscle pathology and biochemistry in critically ill 

patients. J neurol Sci 1990, 98 (suppl.):329. 

 

Herridge MS, Cheung AM, Tansey CM, Matte-Martyn A, Diaz-Granados N, Al-

Saidi F, Cooper AB, Guest CB, Mazer CD, Mehta S, et al: One-year 

outcomes in survivors of the acute respiratory distress syndrome. N Engl J Med 

2003, 348:683-693. 

 

Hikida RS, Gollnick PD, Dudley GA, Convertino VA, Buchanan P: Structural and 

metabolic characteristics of human skeletal muscle following 30 days of 

simulated microgravity. Aviat Space Environ Med 1989, 60:664-670. 

 

Hood DA: Invited Review: contractile activity-induced mitochondrial biogenesis in 

skeletal muscle. J Appl Physiol 2001, 90:1137-1157. 

 

Irrcher I, Adhihetty PJ, Joseph AM, Ljubicic V, Hood DA: Regulation of 

mitochondrial biogenesis in muscle by endurance exercise. Sports Med 2003, 

33:783-793. 



Muscle mitochondria in sepsis 
 

54 

 

Käser M, Langer T: Protein degradation in mitochondria. Semin Cell Dev Biol 2000, 

11:181-190. 

 

Kelley DE, He J, Menshikova EV, Ritov VB: Dysfunction of mitochondria in human 

skeletal muscle in type 2 diabetes. Diabetes 2002, 51:2944-2950. 

 

Krauss S, Zhang CY, Scorrano L, Dalgaard LT, St-Pierre J, Grey ST, Lowell BB: 

Superoxide-mediated activation of uncoupling protein 2 causes pancreatic beta 

cell dysfunction. J Clin Invest 2003, 112:1831-1842. 

 

Krieger DA, Tate CA, McMillin-Wood J, Booth FW: Populations of rat skeletal 

muscle mitochondria after exercise and immobilization. J Appl Physiol 1980, 

48:23-28. 

 

Larsson L, Li X, Edstrom L, Eriksson LI, Zackrisson H, Argentini C, Schiaffino 

S: Acute quadriplegia and loss of muscle myosin in patients treated with 

nondepolarizing neuromuscular blocking agents and corticosteroids: 

mechanisms at the cellular and molecular levels. Crit Care Med 2000, 28:34-

45. 

 

Latronico N, Fenzi F, Recupero D, Guarneri B, Tomelleri G, Tonin P, De Maria 

G, Antonini L, Rizzuto N, Candiani A: Critical illness myopathy and 

neuropathy. Lancet 1996, 347:1579-1582. 

 



Katarina Fredriksson 
 

  55 

Lin E, Katz JA, Calvano SE, Coyle SM, Randhawa S, Shahin I, Kumar A, Lowry 

SF: The influence of human endotoxemia on CD95-induced apoptosis. Arch 

Surg 1998, 133:1322-1327. 

 

MacIntyre NR: Respiratory mechanics in the patient who is weaning from the 

ventilator. Respir Care 2005, 50:275-286; discussion 284-276. 

 

Martich GD, Boujoukos AJ, Suffredini AF: Response of man to endotoxin. 

Immunobiology 1993, 187:403-416. 

 

Meade MO, Guyatt GH, Cook DJ: Weaning from mechanical ventilation: the 

evidence from clinical research. Respir Care 2001, 46:1408-1415; discussion 

1415-1407. 

 

Moncada S, Erusalimsky JD: Does nitric oxide modulate mitochondrial energy 

generation and apoptosis? Nat Rev Mol Cell Biol 2002, 3:214-220. 

 

Ojuka EO: Role of calcium and AMP kinase in the regulation of mitochondrial 

biogenesis and GLUT4 levels in muscle. Proc Nutr Soc 2004, 63:275-278. 

 

Palmer JW, Tandler B, Hoppel CL: Biochemical properties of subsarcolemmal and 

interfibrillar mitochondria isolated from rat cardiac muscle. J Biol Chem 1977, 

252:8731-8739. 

 



Muscle mitochondria in sepsis 
 

56 

Protti A, Singer M: Bench-to-bedside review: Potential strategies to protect or reverse 

mitochondrial dysfunction in sepsis-induced organ failure. Crit Care 2006, 

10:228. 

 

Radell P, Ahlbeck K, Rooyackers O, Fredriksson K, Eriksson LI: Repeated 

measurements of neuromuscular function ICU patients during prolonged 

mechanical ventilation. Anesthesiology 2005, 103:Abstract A1124. 

 

Reid DC, Bowden J, Lynne-Davies P: Role of selected muscles of respiration as 

influenced by posture and tidal volume. Chest 1976, 70:636-640. 

 

Rifenberick DH, Gamble JG, Max SR: Response of mitochondrial enzymes to 

decreased muscular activity. Am J Physiol 1973, 225:1295-1299. 

 

Rooyackers OE, Adey DB, Ades PA, Nair KS: Effect of age on in vivo rates of 

mitochondrial protein synthesis in human skeletal muscle. Proc Natl Acad Sci 

U S A 1996a, 93:15364-15369. 

 

Rooyackers OE, Gijsen AP, Saris WH, Soeters PB, Wagenmakers AJ: 

Derangement in aerobic and anaerobic energy metabolism in skeletal muscle of 

critically ill and recovering rats. Biochim Biophys Acta 1996b, 1315:55-60. 

 

Rooyackers OE, Kersten AH, Wagenmakers AJ: Mitochondrial protein content and 

in vivo synthesis rates in skeletal muscle from critically ill rats. Clin Sci (Lond) 

1996c, 91:475-481. 

 



Katarina Fredriksson 
 

  57 

Sammut IA, Jayakumar J, Latif N, Rothery S, Severs NJ, Smolenski RT, Bates 

TE, Yacoub MH: Heat stress contributes to the enhancement of cardiac 

mitochondrial complex activity. Am J Pathol 2001, 158:1821-1831. 

 

Scarpulla RC: Nuclear activators and coactivators in mammalian mitochondrial 

biogenesis. Biochim Biophys Acta 2002, 1576:1-14. 

 

Scarpulla RC: Nuclear control of respiratory gene expression in mammalian cells. J 

Cell Biochem 2006, 97:673-683. 

 

Schumer W, Erve PR, Obernolte RP: Endotoxemic effect on cardiac and skeletal 

muscle mitochondria. Surg Gynecol Obstet 1971, 133:433-436. 

 

Sharma S, Kumar A: Septic shock, multiple organ failure, and acute respiratory 

distress syndrome. Curr Opin Pulm Med 2003, 9:199-209. 

 

Shoubridge EA: The ABCs of mitochondrial transcription. Nat Genet 2002, 31:227-

228. 

 

Singer M: Metabolic failure. Crit Care Med 2005, 33:S539-542. 

 

Singer M, De Santis V, Vitale D, Jeffcoate W: Multiorgan failure is an adaptive, 

endocrine-mediated, metabolic response to overwhelming systemic 

inflammation. Lancet 2004, 364:545-548. 

 



Muscle mitochondria in sepsis 
 

58 

Sprague SS, Hopkins PD: Use of inspiratory strength training to wean six patients 

who were ventilator-dependent. Phys Ther 2003, 83:171-181. 

 

Stump CS, Short KR, Bigelow ML, Schimke JM, Nair KS: Effect of insulin on 

human skeletal muscle mitochondrial ATP production, protein synthesis, and 

mRNA transcripts. Proc Natl Acad Sci U S A 2003, 100:7996-8001. 

 

Thorell A, Rooyackers O, Myrenfors P, Soop M, Nygren J, Ljungqvist OH: 

Intensive insulin treatment in critically ill trauma patients normalizes glucose by 

reducing endogenous glucose production. J Clin Endocrinol Metab 2004, 

89:5382-5386. 

 

Tjäder I, Rooyackers O, Klaude M, Nennesmo I, Wernerman J: Reproducibility in 

skeletal muscle protein synthesis rate in intenisve care patients. Clin Nutr 2005, 

24:611. 

 

Tonkonogi M, Fernstrom M, Walsh B, Ji LL, Rooyackers O, Hammarqvist F, 

Wernerman J, Sahlin K: Reduced oxidative power but unchanged 

antioxidative capacity in skeletal muscle from aged humans. Pflugers Arch 

2003, 446:261-269. 

 

Trounce I, Byrne E, Marzuki S: Decline in skeletal muscle mitochondrial respiratory 

chain function: possible factor in ageing. Lancet 1989, 1:637-639. 

 



Katarina Fredriksson 
 

  59 

Van den Berghe G, Wilmer A, Hermans G, Meersseman W, Wouters PJ, Milants 

I, Van Wijngaerden E, Bobbaers H, Bouillon R: Intensive insulin therapy in 

the medical ICU. N Engl J Med 2006, 354:449-461. 

 

van den Berghe G, Wouters P, Weekers F, Verwaest C, Bruyninckx F, Schetz M, 

Vlasselaers D, Ferdinande P, Lauwers P, Bouillon R: Intensive insulin 

therapy in the critically ill patients. N Engl J Med 2001, 345:1359-1367. 

 

Vanhorebeek I, De Vos R, Mesotten D, Wouters PJ, De Wolf-Peeters C, Van den 

Berghe G: Protection of hepatocyte mitochondrial ultrastructure and function 

by strict blood glucose control with insulin in critically ill patients. Lancet 2005, 

365:53-59. 

 

Vincent JL, Moreno R, Takala J, Willatts S, De Mendonca A, Bruining H, 

Reinhart CK, Suter PM, Thijs LG: The SOFA (Sepsis-related Organ Failure 

Assessment) score to describe organ dysfunction/failure. On behalf of the 

Working Group on Sepsis-Related Problems of the European Society of 

Intensive Care Medicine. Intensive Care Med 1996, 22:707-710. 

 

Weisiger RA, Fridovich I: Mitochondrial superoxide simutase. Site of synthesis and 

intramitochondrial localization. J Biol Chem 1973, 248:4793-4796. 

 

Wibom R, Hultman E, Johansson M, Matherei K, Constantin-Teodosiu D, 

Schantz PG: Adaptation of mitochondrial ATP production in human skeletal 

muscle to endurance training and detraining. J Appl Physiol 1992, 73:2004-

2010. 



Muscle mitochondria in sepsis 
 

60 

 

Zoll J, Sanchez H, N'Guessan B, Ribera F, Lampert E, Bigard X, Serrurier B, 

Fortin D, Geny B, Veksler V, et al: Physical activity changes the regulation of 

mitochondrial respiration in human skeletal muscle. J Physiol 2002, 543:191-

200. 

 

 

 


