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ABSTRACT 
The aim of this thesis was to further develop the microdialysis technique for studies of 
glucose metabolism and insulin resistance in human skeletal muscle in vivo and to use 
this technique to explore the effect of exercise on muscle glucose metabolism and 
insulin action. The first two studies were conducted to explore the possibility of using a 
perfusion flow rate low enough to obtain complete equilibrium between the interstitial 
and perfusion fluids and if the colloid included in the perfusion fluid for this purpose 
affected the metabolite concentrations in the dialysate. The following three studies 
focus on glucose metabolism and insulin resistance by examining the extent to which 
insulin and/or the insulin-mimetic trace element vanadate added to the perfusion fluid 
exerted local effects on the glucose metabolism in healthy and in insulin-resistant 
human skeletal muscle, at rest and following a single bout of exercise.  
It was found that to obtain complete equilibration between the perfusion fluid and the 
interstitial fluid in human skeletal muscle, a perfusion flow rate as low as 0.16 µl/min is 
necessary with the presently used catheters (Study I).  
At these low perfusion flow rates a colloid needs to be included in the perfusion fluid in 
order to keep the fluid balance and in this thesis it was shown that the colloid dextran-
70 does not affect the metabolite concentrations in the collected dialysates (Study II). 
A high cut-off microdialysis membrane can be used to infuse insulin into human 
skeletal muscle and to record its effect on metabolite concentrations (Study III).  
When the insulin-mimetic agent vanadate was infused into human skeletal muscle 
(Study IV), it was found to decrease the interstitial glucose concentration in a similar 
way as insulin, but in contrast to insulin, the effect of vanadate was not diminished in 
insulin-resistant skeletal muscle and was not affected by exercise (Study V). 
In insulin-resistant human skeletal muscle, the effect of insulin tended to be larger 
following a single 2-h bout of exercise than in resting muscle (-32 % versus -20%, 
p<0.09) (Study V). The insulin effect in resting muscle of healthy individuals was –30 
% (Study III).  
In conclusion, the studies in the present thesis support the hypothesis that it will be 
possible in the future to measure insulin resistance in skeletal muscle with 
microdialysis and to use the technique to explore the effect on skeletal muscle of 
different therapeutic options in the treatment of type-2 diabetes. On this line, the 
present results indicate that a single bout of exercise normalizes the insulin effect on the 
interstitial glucose concentration in insulin-resistant human skeletal muscle. 
 
Key words: microdialysis, human skeletal muscle, glucose, lactate, pyruvate, glycerol, 
urea, dextran, vanadate, one-legged exercise 
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 INTRODUCTION 
 

Through the degradation of carbohydrates, proteins and lipids, energy is released and 
available to use, e.g. in a muscle contraction or for synthesis of compounds. The energy 
that is not used at once is stored, mainly as triglycerides in the adipose tissue (Cahill, 
1970) or as glycogen in the skeletal muscle and in the liver (Felig, 1976; Hultman, 
1971). The energy liberating reactions are often coupled to the energy demanding ones. 
The interplay between those processes is what we call metabolism. Energy homeostasis 
is achieved when the metabolism is in balance.  
  
 SKELETAL MUSCLE METABOLISM 

Cells in human skeletal muscle use, as most cells, ATP as energy source and generate 
ATP mostly from oxidation of glucose and free fatty acids (FFA). When glucose enters 
the cell it is either stored as glycogen or undergoes glycolysis. The fate of glucose is 
determined by the energy demand on the cell. Glucose initially stored as glycogen can 
later undergo glycogenolysis/glycolysis. Pyruvate, the end product of glycolysis, can 
then be oxidized aerobically via the Krebs cycle or converted to lactate. The glycolysis 
net yield of energy is 2 moles of ATP per mole of glucose (or 3 if the glucose is derived 
from cell glycogen) and the Krebs cycle net yield is 36 moles ATP/mole glucose. The 
energy yield from FFAs varies with its size. The most abundant fatty acid in the body, 
palmitate, yields 129 ATP (Devlin, 1998).  
Glucose entry into cells is not a process of simple diffusion; it requires the involvement 
of a carrier protein in order to facilitate the movement of glucose across the plasma 
membrane. In skeletal muscle cells the predominant carrier protein is GLUT4. If the 
skeletal muscle cell is stimulated by insulin or exercise, GLUT4 is translocated from 
intracellular pools to the plasma membrane and thus facilitates glucose to enter the cell.  
  

 MICRODIALYSIS 

 Background 

The history of microdialysis goes back to the early work of Bito et al (Bito, 1966) and 
Delgado et al (Delgado, 1972). Ungerstedt and Pycock (Ungerstedt, 1974) refined and 
developed the microdialysis sampling technique in vivo in brain tissue. From the early 
applications in monitoring neurochemical events in animals, the use of microdialysis 
has been spread to many other areas of research including measurements in adipose 
tissue (Arner, 1990; Lönnroth, 1987), blood (Arner, 1988), ocular tissues (Ben-Nun, 
1989; Waga, 1991), spinal cord (Backström, 2001), pancreas (Stock, 1990), skeletal 
muscle (Henriksson, 1990), tumors (Palsmeier, 1994), myocardium (Kuzmin, 1992; 
Zemgulis, 2001), skin (Anderson, 1992; Petersen, 1992), liver (Scott, 1993), spleen 
(Shimizu, 1994), bone (Stolle, 2003; Thorsen, 1996), intestine (Oldner, 1996; 
Tenhunen, 1999), tendon (Langberg, 1999), lungs (Herkner, 2002; Oldner, 1999) and 
joints (Lawand, 2000).  
Important reasons for the attractiveness of microdialysis are the atraumatic character as 
well as the possibility to sample from the interstitium rather than from the often less 
relevant blood compartment (Bolinder, 1993; Lönnroth, 1987). Another advantage with 
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microdialysis is that it is possible to analyze the sample immediately, without further 
purification. This is due to the fact that only low molecular weight substances pass the 
membrane, thus the sample is clean and can be used in most assays without further 
treatment. In addition, biologic compounds in the sample are protected from enzymes 
which cannot pass the microdialysis membrane. Microdialysis has also been used in 
several clinical studies (reviewed in Klaus, 2004).  
 
 Principle of microdialysis 

The basic principle of microdialysis is to mimic the passive function of a capillary 
blood vessel. The microdialysis device consists of a catheter which in the distal part has 
a tubular dialysis membrane permeable to water and small solutes. The catheter is 
inserted into the tissue and continuously perfused with a solution that resembles the 
interstitial fluid. Through connective tubing, perfusion fluid is pumped through the 
catheter with a perfusion pump. The perfusion fluid that has passed the membrane, 
named dialysate, is collected at the end of the outlet tubing in a microvial and analyzed 
chemically. When the perfusion fluid passes the membrane it equilibrates with the fluid 
outside the membrane by diffusion in both directions. The composition of the dialysate 
therefore reflects the composition of the interstitial fluid of the tissue being sampled.  
 
 Calibration 

When microdialysis is not performed under equilibrium conditions, the dialysate 
concentrations are only a fraction of the interstitial concentration. In this case 
calibration is a prerequisite. The ratio between the concentration of a particular 
substance in the dialysate and the interstitial concentration of the same substance is 
defined as the relative recovery in microdialysis experiments. The calibration 
procedure aims at finding out the relative recovery of the metabolite of interest.  
 
 Recovery 

In addition to relative recovery, absolute recovery sometimes needs to be considered in 
microdialysis experiments. Absolute recovery is defined as the total amount of the 
substance harvested in the outflow per unit time. If the concentration of a substance 
outside the catheter is increased, more of the substance will diffuse over to the perfusate 
since the concentration gradient is changed. This results in an unchanged relative 
recovery but an increased absolute recovery. Relative recovery can be considered to be 
constant as long as the diffusion conditions are the same, while the absolute recovery 
varies with the interstitial concentration of the substance. The recovery is influenced by 
various factors:  
 
Perfusion flow rate 
Absolute recovery decreases and relative recovery increases non-linearly when 
perfusion flow decreases (Benveniste, 1989). With very low perfusion flow rates, the 
relative recovery may approach 100 % (Alexander, 1988; Menacherry, 1992). In this 
thesis we show that with very low perfusion flow rate that it is possible to reach full 
equilibration between interstitial and perfusion fluids. The relative recovery is then 100 
%. 
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Area of the dialysis membrane 
Both absolute and relative recovery increases proportionally when the effective surface 
area of the dialysis membrane is increased (Benveniste, 1989). When designing a 
microdialysis experiment, the perfusion flow rate and the membrane area are the two 
possible ways of influencing the relative recovery. Usually the limiting factor is the 
sample volume required for analyzing the metabolite of interest. A low perfusion flow 
rate gives a high relative recovery and low absolute recovery, thus minimizing the 
amount of drainage of substances from the tissue, but requires longer collections times.  
 
Speed of diffusion within the tissue 
Diffusion in an inhomogeneous tissue is impeded by cell membranes which will give 
rise to a prolongation of the diffusion pathway (compared to the in vitro situation). This 
is probably the major rate-limiting factor in microdialysis measurements rather than the 
passage through the dialysis membrane (Amberg, 1989). Diffusion is also dependent on 
the radius of the solute. The diffusion coefficient is inversely proportional to the radius 
and hence also to the molecular weight of the solute (Benveniste, 1989).  
 
Properties of the dialysis membrane 
Certain substances may adhere to or interact with the membrane via unknown 
mechanisms and this affects the recovery (Benveniste, 1989). The microdialysis 
membranes are available with different molecular weight cut-offs and this obviously 
determines the size of the substance that can be recovered.  
 
Tissue temperature 
The relative recovery is directly related to the temperature of the tissue. The diffusion 
coefficient is increased at a higher temperature (Benveniste, 1989). This should 
especially be taken into consideration when in vitro recovery is determined. In the in 
vivo situation a perfusate solution at room temperature (instead of body temperature) 
does not seem to affect metabolite concentration as long as the solution is not hypotonic 
(de Lange, 1994).  
 
 No-net flux method 

One method to estimate the in vivo recovery is the no no-net-flux method, introduced 
by Lönnroth et al (Lönnroth, 1987). The procedure involves perfusing the same 
compound at several different concentrations through the microdialysis catheter when it 
is inserted in the tissue. Selected concentrations should be above and below the 
expected interstitial concentrations. The difference between the concentrations in 
dialysate and perfusate is plotted in a graph against the concentration of the compound 
in the perfusion medium. Using linear regression it is possible to calculate the point 
where no diffusion occurs (no-net-flux). At this point, when the concentrations in 
dialysate and perfusate are equal, the concentration in the perfusion medium is the same 
as the interstitial concentration. The slope of the regression line provides the recovery. 
Interstitial concentration has to be stable during calibration and the recovery assumed 
not to change during the experiment. The method is very time consuming and therefore 
most suitable as a reference method when evaluating other calibration techniques. 
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 Zero-flow method 

Another calibration method is the zero-flow method (Bungay, 1990; Ekblom, 1992; 
Jacobson, 1985). The perfusion flow rate is varied and the different dialysate 
concentrations are plotted, then using non-linear regression analysis to extrapolate to 
zero flow, the recovery is determined. At zero flow the relative recovery will be 100 %. 
This method has about the same advantages and disadvantages as the no-net-flux 
method although the zero-flow method is more mathematically demanding.  
 
 Retrodialysis 

The method of retrodialysis or internal reference technique (Jansson, 1994; Larsson, 
1991; Scheller, 1991) consists of adding a marker to the perfusate. The marker should 
be a compound with diffusion characteristics close to the substance of interest, most 
commonly it has been a labeled analogue. The recovery in vivo can be achieved after 
measuring the relative loss of a substance diffusing from the perfusate to the interstitial 
fluid. It is assumed that the flux over the membrane is equal in both directions and that 
the marker has similar diffusion properties as the substance sampled from the 
interstitial fluid. A major advantage with this method is that the recovery can be 
measured continuously and at the same time as the experiment.  
 
 Near-equilibrium 

When the perfusion flow rate is very low and the membrane is long, the recovery is 
assumed to be near 100 % (Alexander, 1988; Bolinder, 1992; Hagström-Toft, 1997; 
Menacherry, 1992; Moberg, 1997). The concentrations on both sides of the membrane 
then have time to equilibrate totally. No calculations are needed and the true interstitial 
concentration is measured directly. The amount of sample obtained is relatively small 
though and therefore requires relatively long sampling periods. A positive feature with 
this technique is that the absolute amount of substances drained from the tissue is kept 
at a minimum. When microdialysis is performed at high flow rates, a concentration 
gradient can develop which depletes the interstitial compartment of the compound of 
interest.  
The near-equilibrium technique seemed to be ideal for our experiments. The papers 
included in this thesis are based on that method. 
 
 Colloid 

To make sampling at low perfusion flows possible in skeletal muscle, without a 
substantial loss of perfusate into the tissue, a colloid needs to be included in the 
perfusion fluid (Rosdahl, 1997). In the referred study it was shown that when dextran-
70 at 40 g/L is used, no net loss of perfusate occurs, even if the perfusion flow is as low 
as 0.16 µL/min (Rosdahl, 1997). When the membrane of the microdialysis catheter has 
a higher molecular cut-off (larger pore-size), the use of a colloid or a push-pull 
pumping setup is necessary even at higher perfusion flow rates to prevent fluid loss 
(Hoffner, 2003; Sjögren, 2002). If the interstitial pressure decreases in the tissue there 
will also be a fluid loss if the perfusion fluid is not supplemented with a colloid 
(Langberg, 1999). 
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 Microdialysis in the human skeletal muscle 

It was reported in 1993 that microdialysis can be used successfully in human skeletal 
muscle (Rosdahl, 1993). Since then microdialysis in human skeletal muscle has been 
used to measure absolute concentrations of glucose, lactate, glycerol, urea, pyruvate, 
thromboxane, amino acids, insulin, prostaglandin, adenosine, AMP, ADP, ATP, 
purines, choline, potassium, glutathione vascular endothelial growth factor (VEGF), 
creatine, neuropeptide Y and calcium (Ernberg, 2004; Frandsen, 2000; Green, 1999; 
Gutierrez, 1999; Hagström-Toft, 1997; Hellsten, 1998; Hoffner, 2003; Korth, 2000; 
Lundberg, 2000; Müller, 1995; Persky, 2003; Samii, 2004; Sjöstrand, 1999; 
Tonkonogi, 2003) as well as blood flow (Hickner, 1994). Most experiments have been 
performed in resting skeletal muscle but in some investigations static (Green, 1999; 
Rosdahl, 1993) or dynamic muscle contractions (Hellsten, 1998; Juel, 2000)(Reviewed 
in (Bangsbo, 1999) were also studied.  
 
 Effect of catheter insertion 

The microdialysis technique involves the introduction of a foreign material into a 
tissue. The response to implantation of a microdialysis catheter can broadly be 
classified as; trauma caused by guide or catheter insertion, effects on the vascular 
system over a wider area and inflammatory reactions to the catheter (Anderson, 1994). 
Most studies investigating the effect of catheter insertion have been performed in rat 
brain or human skin. In the rat brain there are changes in both local glucose metabolism 
and blood flow within three hours following insertion. These changes are not seen 24 
hours after insertion though (Benveniste, 1989). Signs of lesions in the blood-brain 
barrier in the rat brain undergoing catheter insertion are seen 10 – 30 min following 
implantation, but not thereafter. These effects may be due to changes that are 
specifically associated to the brain metabolism and does not necessarily have to occur 
in skeletal muscle. Around catheters inserted into human skin investigators have seen 
an increased blood flow immediately after insertion, which had nearly normalized after 
60 min (Anderson, 1994). Groth et al (Groth, 1998) have suggested that an 
equilibration period of 90 – 120 min is required after catheter insertion in human skin. 
To reduce the effect of insertion, local anesthesia is furthermore suggested prior to 
insertion (Anderson, 1994). Histological examination of rat skeletal muscle at 1, 6, 12 
and 32 hours after catheter insertion reveals very little damage. No pocket of extra 
cellular fluid and no evidence of bleeding were found. Infiltration of lymphocytes could 
be seen beginning at six hours and continued over the next 24 hours but no 
morphological changes were seen and the lymphocyte infiltration did not affect the 
recovery over the dialysis membrane (Palsmeier, 1994). Levels of glutathione were 
high immediately after implantation in rat skeletal muscle and declined to steady state 
levels after 90 min (Sirsjö, 1996). The insertion of a catheter in human skeletal muscle 
results in leakage of glycerol from muscle cells to the interstitial space causing a rise in 
interstitial concentration of glycerol. High glycerol concentration and elevated amino 
acid concentrations in human skeletal muscle caused by cellular damage imply that a 
period of rest of at least 90 – 150 min from insertion of the catheter is required before 
baseline collection starts (Gutierrez, 1999).  
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 INSULIN SENSITIVITY 

Plasma glucose is tightly regulated around an average concentration of 4.5 mM in 
healthy humans. When the concentration falls below 3.3 mM, central nervous system 
function becomes progressively impaired and death may ensue (Berne, 1993). A high 
concentration of glucose in the blood is a characteristic feature of diabetes mellitus and 
can also be a risk factor for a number of complications including cardiovascular 
diseases, cerebrovascular diseases and neoplasms (Balkau, 1998). The key hormone 
regulating blood glucose levels is insulin. Insulin affects almost every type of cellular 
function ranging from acute metabolic effects, including glucose transport and 
inhibition of lipolysis, to long term cell growth and division. Regarding blood glucose 
levels, skeletal muscle is one of three organs that, above all, respond to insulin in a way 
that markedly influences the blood glucose concentration. Of these organs skeletal 
muscle is quantitatively the largest tissue involved in maintaining glucose homeostasis 
(DeFronzo, 1988). The skeletal muscle is also able to take up glucose in response to 
exercise (contractile activity) without involving insulin. An exercise session therefore 
increases the glucose transport activity specifically to the active tissue and this is 
associated with a transient decline in circulating insulin levels during endurance 
exercise (Short, 1997). In exercised trained people the circulating levels of insulin are 
furthermore decreased at rest in response to e.g. oral glucose (Mikines, 1989). Exercise 
trained people therefore need less insulin in order to maintain glucose homeostasis– 
their insulin sensitivity is increased. The insulin sensitivity increases with increasing 
amount of physical activity. This increased sensitivity applies especially to the skeletal 
muscles involved in the exercise (Mikines, 1989). This may be one factor explaining 
why physical activity is one of the best methods to decrease the risk of developing 
cardiovascular diseases.  
 
 Insulin resistance 

The opposite of insulin sensitivity is insulin resistance and this can be defined as a 
condition where insulin is unable to exert a normal biological response in its target 
tissues. Insulin resistance is a well known risk factor in cardiovascular disease and 
together with abdominal obesity, is often referred to as the metabolic syndrome or 
insulin resistance syndrome (Reaven, 1988). Insulin resistance is also a prominent 
feature of individuals with Type II diabetes mellitus. Development of insulin resistance 
in skeletal muscle precedes the development of Type II diabetes mellitus (Vaag, 1992).  
The patophysiological mechanisms of insulin resistance are poorly understood. There 
are a number of sites in the body where the resistance can occur; in the pancreas, from 
where the insulin is released, somewhere along the route of transport to the tissues (e.g. 
the capillary wall), in the liver (which then liberates too much glucose), the muscle or 
fat cell membrane (e.g. lack of receptors) or inside the muscle or fat cell (abnormal 
signal transduction). Also overproduction of FFAs from the adipose tissue and 
adipocyte overexpression of tumor necrosis factor-α (TNF-α) have been implicated to 
cause insulin resistance (Hotamisligil, 1995; Shulman, 1999). The insulin resistance 
causes an increased insulin secretion from the β-cells in the pancreas resulting in 
hyperinsulinemia. This means that the abnormality in insulin-resistant states can be due 
to the insulin resistance itself or chronic effects of compensatory hyperinsulinemia 
(Ferrannini, 1998). 
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 Measuring insulin resistance in vivo 

Since insulin resistance is one of the earliest signs of cardiovascular risk and Type II 
diabetes mellitus there is a need for an accurate and reproducible method for measuring 
insulin resistance in vivo. At a whole body level, based on peripheral blood sampling, 
any insulin effect is a compound effect induced in various tissues. This is probably the 
reason why several techniques to measure insulin resistance in vivo have been devised.  
There is a general agreement that the glucose clamp technique (DeFronzo, 1979) is the 
golden standard for measurement of insulin action. With this technique insulin is 
infused at a constant preset rate and the plasma glucose concentration is clamped at the 
normal fasting (5 mM, euglycemic) or any pre-existing (isoglycemic) level. The 
glucose concentration in plasma is held constant via glucose infusion through an 
adjustable pump and blood is drawn at regular intervals (normally every fifth minute) 
to measure plasma glucose concentration. When a steady state is attained, the glucose 
infusion rate equals the amount of glucose disposed of by all the tissues in the body 
which is a measure of overall insulin sensitivity.  
A more indirect method is the oral glucose tolerance test (OGTT). The technique is 
much less demanding than the glucose clamp technique; it provides information about 
insulin secretion and action but does not directly yield a measure of insulin sensitivity. 
The subject drinks a solution of 75 g glucose mixed in (250 ml) water. Blood samples 
are collected before drinking the solution and thereafter every 30 min for two to three 
hours for the measurement of plasma glucose and insulin. This test is widely used in the 
clinic to diagnose Type II diabetes. The diagnostic criteria for diabetes is a fasting 
blood (venous) glucose > 6.1 mM and/or a 2-hours post load concentration of >10.0 
mM (WHO, 1999). Impaired glucose tolerance is said to occur if the 2-hours post load 
concentration is > 6.7 mM (WHO, 1999).  
All methods available today to measure insulin resistance determine the whole body 
insulin resistance. A method to measure the local insulin resistance in a single tissue 
would be interesting in evaluating the origin of insulin resistance. The hypothesis 
behind the studies in this thesis is that it will be possible in the future to measure insulin 
resistance with microdialysis. 
 
 Insulin adsorption of plastic tubing 

When handling insulin in a solution it is important to be aware that insulin is known to 
be adsorbed by different materials such as glass and polyacrylamide (Petty, 1974). It 
seems as if the adsorption varies inversely with the concentration of insulin in the 
solution (Hirsch, 1977). It is also known that albumin may have a protecting effect in 
reducing the insulin adsorption (Schildt, 1978). This is the reason why a small amount 
of the patient’s own blood is added to the insulin solution when performing a glucose 
clamp experiment (DeFronzo, 1979).  
The extent of adsorption to tubing is determined by a drug’s diffusion coefficient, the 
length of tubing and the solution flow rate (Elliott, 1980). The amount of insulin 
adsorption to the membrane of a microdialysis catheter has not, to our knowledge, been 
examined. This should therefore be investigated more thoroughly before continuing 
examinations of giving insulin via the perfusion solution of a microdialysis catheter.  
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 VANADATE 

Vanadium is a trace element that occurs in concentrations ranging from 0.1 to 3 nmol/g 
(Post, 1979) in most mammalian cells. The physiological role of vanadium is not 
known, but it seems to be needed for normal growth and development (Nechay, 1984). 
Vanadate, the salt of vanadium, which resembles phosphate structurally, has in recent 
years been demonstrated to mimic most of the biological effects of insulin in several 
cell types (Shechter, 1990). This makes vanadate a potential therapeutic tool of clinical 
interest in diabetes mellitus type-2. 
In skeletal muscle most studies report that vanadate stimulates the glucose uptake 
through a different signaling pathway than insulin. Available data indicate that this 
pathway resembles that of the hypoxia-induced glucose transport (Cortright, 1997). In 
human skeletal muscle in vitro, vanadate stimulates glucose transport both in insulin-
resistant (Carey, 1995) and insulin-sensitive muscle (Cortright, 1997). However, 
concerning the function of vanadate in human skeletal muscle in vivo, no information is 
available. 
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 AIMS 
Microdialysis gives a unique possibility to study metabolic events in the interstitial 
water space in vivo. The technique can be applied in many ways. One way is to 
monitor the concentration of small molecules in a tissue and compare this with the 
concentration in blood to evaluate the contribution of that tissue to the metabolism of 
the molecule. Another way to use microdialysis is to add a drug or a hormone to the 
perfusion fluid, which does not cause generalized effects, and study the specific effect 
on that tissue. Focusing on methodological and physiological aspects, the general aim 
of this thesis was to investigate the possibility of using microdialysis in vivo, in human 
skeletal muscle, to study glucose metabolism, with special reference to insulin 
resistance and exercise. The specific aims were: 
 
I. to examine the use of a very low perfusion flow rate in microdialysis in order 

to directly measure interstitial concentrations of the metabolites glucose, 
lactate, glycerol and urea. 

 
II. to examine the effect (on metabolites and collected volume) of adding a 

colloid to the microdialysis perfusion solution (a colloid being necessary for 
avoiding fluid loss at a very low perfusion flow rate). 

 
III. to determine if it is possible to give insulin through the microdialysis catheter 

to study the local insulin sensitivity in human skeletal muscle by measuring 
the interstitial glucose concentration. 

 
IV. to determine the local effect of the insulin-mimetic compound vanadate on 

glucose metabolism in human skeletal muscle and examine if it is possible to 
use vanadate in combination with microdialysis as a measure of insulin 
resistance. 

 
V. to examine the local effect of insulin and vanadate on glucose metabolism in 

insulin resistant human skeletal muscle in the control state and after a single 
bout of exercise 
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 MATERIALS & METHODS 
 
 SUBJECTS 

Table 2.Characteristics of subjects participating in the experiments. Values are mean ± 
SEM.  
Study Number of subjects Age Height (m) Weight (kg) 
I 18 24.9 ± 0.9 180 ± 1.9 79.7 ± 2.6 
II 13 24 ±2.8 182 ± 0.02 77.7 ± 2.7 
III 13 29 ± 2.7 183 ± 1 77 ± 2.0 
IV 13 26.6 ±1.6 1.79 ±0.02 74.8 ± 2.9 
IV 5 54.2 ±7.9 1.86 ±0.03 118.8 ± 6.3 
V 8 51.5 ±2.1 1.78 ±0.02 100.5 ± 5.76
 
 
 MICRODIALYSIS  

 Catheters 

All catheters used consisted of polyurethane tubing and a polyamide dialysis 
membrane. The catheters are needle-shaped with a double lumen cannula and a hollow 
fiber membrane at its tip (distal part). The molecular cut-off point for the dialysis 
membranes were 20 kDa in study I – V and also 100 kDa in study III – V. The length 
of the dialysis membrane was always 30 mm. The 20 kDa catheters used were CMA 60 
(study I – V), figure 1, and the 100 kDa catheters were either CMA 60 (study III and 
IV) or CMA 71 (study V), all obtained from CMA Microdialysis AB, Stockholm, 
Sweden. In study III the microdialysis catheters were equipped with two inlet tubings.  
 
 Insertion of microdialysis catheters 

Before insertion a local anaesthetic (0.3 ml of 1 % Carbocain, Astrazeneca, Södertälje, 
Sweden) was given subcutaneously and above the muscle fascia. Insertion of the 
catheters was performed using a steel-guide cannula or a guide tubing. In the steel 
guide procedure, the catheters were placed in a steel guide cannula when inserted; 
thereafter the steel guide cannula was instantly removed leaving the microdialysis 
catheter in place in the tissue. In the guide tubing procedure, a steel cannula with plastic 
tubing fitted on the outside was inserted in the tissue followed by immediate 
withdrawal of the steel cannula, leaving the tubing in place in the tissue. The 
microdialysis catheter was inserted in the tubing which then was removed by splicing 
upon retraction.  
 
 Perfusion fluid 

The fluid used for perfusion of the catheters was a modified Krebs-Henseleit buffer 
(KHB). The bicarbonate was replaced with phosphate in order to achieve a stable pH in 
room temperature (Hickner, 1992). In all studies, except for half of the catheters in 
study II, the perfusion fluid was supplemented with dextran-70 in order to prevent fluid 
loss. In study III and V the perfusion fluid in some catheters were supplemented with 
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insulin and in study IV and V the fluid in some catheters were supplemented with 
vanadate. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Microdialysis catheter (CMA 60). The catheter consist of a 30 mm long 
polyamide dialysis membrane (o.d. 0.52 mm), outer shaft tubing (polyurethane, o.d. 0.8 
mm, length 20 mm), inlet tubing (polyurethane, o.d. 1.0 mm, i.d. 0.15 mm, length 400 
mm), and outlet tubing (polyurethane, o.d. 1.0 mm, i.d. 0.15 mm, length 105 mm).  
 
 
 Perfusion flow rate 

In all studies a very low perfusion flow rate was used in order to achieve complete 
equilibration between interstitial and perfusion fluids (0.16 – 0.2 µl/min). In study I a 
protocol with successively lower perfusion flows down to 0.075 µl/min were used in 
order to identify the perfusion flow rate where complete equilibration occurs. In study 
III and V a higher perfusion flow rate (1.33 µl/min) was used for the insulin catheters 
and their respective control catheters in order to prevent total adsorption of insulin in 
the plastic tubing and dialysis membrane. The pumps used were either CMA 100 or 
CMA 106 (CMA Microdialysis AB, Stockholm, Sweden) 
 
 BIOCHEMICAL ANALYSIS 

 Analysis of dialysate samples 

The concentrations of glucose, lactate, glycerol, pyruvate and urea in the microdialysis 
samples were analyzed on CMA 600 Microdialysis Analyzer, using ordinary enzymatic 
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methods. The sample (0.2 – 0.5 µl) and reagent volumes (14.5 – 14.8 µl) are handled 
by a high-precision pipetting device. The rate of formation of the red-violet substance 
quinoneimine is measured in a filter photometer at 546 nm for glucose, lactate, glycerol 
and pyruvate. For urea, the rate of utilization of NADH is measured at 365 nm. By 
extracting the maximal absorbance change per second from the generated absorbance 
versus time curve, the instrument performs a kinetic measurement. Depending on the 
substance being measured, the complete measurement cycle takes between 60 and 120 
s. The used reagents were obtained from CMA microdialysis and controls were 
included at regular intervals. 
The concentration of insulin in the microdialysis samples was analyzed with a double-
antibody radioimmunoassay (Pharmacia, Uppsala, Sweden).  
The concentration of ethanol was determined using a modification of the procedure 
described by Bernt & Gutmann (Bernt, 1974). The analyses were made within one day 
of the experiment and are described more thoroughly in Rosdahl et al 1993 (Rosdahl, 
1993).  
 
 Analysis of plasma samples 

The plasma samples were analyzed using colorimetric methods on a Cobas Mira-s 
clinical analyzer (Roche Diagnostics, Basel, Switzerland). Earlier, verification between 
concentrations from the Cobas Mira-s analyzer and the CMA 600 analyzer was made to 
ensure that the concentrations are comparable (Rosdahl, 1998). 
 
 ORAL GLUCOSE TOLERANCE TEST 

After an overnight fast the subjects in study V (and the insulin-resistant subjects in 
study IV) had a catheter inserted in an antecubital vein which was kept patent by a slow 
infusion of saline. The subjects were then given 75 g glucose in 250 – 300 ml water to 
drink over the course of five minutes. Blood samples were taken before the glucose 
load and at time 30, 60, 90 and 120 min after the glucose ingestion for plasma glucose 
and insulin measurements (WHO, 1999). The determination of blood glucose 
concentration were made using FreeStyle (TheraSense, USA). Subjects that had blood 
glucose concentrations (venous) above 6.7 mM (but below 10.0 mM) two hours after 
glucose ingestion (WHO, 1999) were included in the study. Subjects that according to 
the HOMA model (Homeostasis model assessment; fasting insulin (µU/ml) × fasting 
glucose (mM)]/22.5) (Matthews, 1985) were insulin resistant (Nakai, 2002) were also 
included in the study. 
 
 
 STATISTICS 

All values are given as means ± SEM (standard error of mean) except for paper IV, 
were the values are given as medians ± SD (standard deviation). This was due to the 
smaller number of subjects in each group in this study. The statistical significance was 
determined with Student’s t-test for paired comparisons or one, two or three-way 
ANOVA with repeated measures design as indicated in the articles. 
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 RESULTS  
 METABOLITE LEVELS IN HUMAN SKELETAL MUSCLE AND 

ADIPOSE TISSUE (STUDY I) 

 Experimental design 

This study was designed to investigate if it was possible to identify a perfusion flow at 
which the interstitial fluid in human skeletal muscle and adipose tissue completely 
equilibrated with the microdialysis perfusion fluid. The metabolites studied were 
glucose, lactate, glycerol and urea. 18 male subjects had microdialysis catheters 
inserted in the vastus lateralis of the quadriceps femoris muscle and subcutaneous 
adipose tissue. Experiments with successively lowered perfusion flow rate were 
performed; 1.33 – 0.16 µl/min as flow rates in 13 subjects and 0.33 – 0.075 µl/min in 
five subjects.  
 
 Results  

 
 

 
 

 
 

 
 

 
 
 

 
 

 
 

 
 
 
Figure 2. Glucose, lactate, glycerol and urea concentrations in venous plasma and 
microdialysis samples from skeletal muscle and adipose tissue with perfusion flow 
rates 1.33 – 0.16 µl/min.  
 
 
A metabolite was considered completely equilibrated if the concentration did not 
increase when the perfusion flow rate was decreased. The glucose concentration was 
equilibrated completely at 0.16 µl/min in both tissues, since the glucose concentration 
did not differ between 0.16 µl/min and 0.075 µl/min. The lactate concentration was 
equilibrated at 0.33 µl/min, the glycerol concentration at 0.66 µl/min in skeletal muscle 
and 0.33 µl/min in adipose tissue and the urea concentration equilibrated at 0.33 µl/min 
in skeletal muscle and at 0.16 µl/min in adipose tissue. 
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 Conclusion 

We did show that it is possible to find a perfusion flow at which the interstitial fluid in 
human skeletal muscle and adipose tissue completely equilibrates with the 
microdialysis perfusion fluid. At complete equilibration, the measured concentrations 
of glucose, glycerol and urea were in good agreement with expected tissue levels. 
Overall, the study indicates that microdialysis at a low perfusion flow may be a tool for 
continuous monitoring of tissue interstitial concentrations. 
 
 EFFECTS OF ADDING A COLLOID TO THE MICRODIALYSIS 

PERFUSATE (STUDY II) 

 Experimental design 

In this study we investigated the effect of changes in colloid osmotic pressure and in 
hydrostatic pressure of the perfusion solution on net fluid transport across the 
microdialysis membrane and on metabolite concentrations in the dialysate.  
Changes in the hydrostatic pressure were induced by varying the vertical position of the 
outflow tubing. Changes in osmotic pressure were induced by using perfusate with or 
without dextran-70. The experiments were performed both in vitro (the catheters placed 
in vials containing KHB with glucose, lactate, glycerol and urea) and in vivo (in the 
vastus lateralis of the quadriceps femoris muscle) in 13 male subjects.  
 
 Results 

The sample volumes were significantly smaller in catheters perfused without a colloid 
compared with those perfused with a colloid. The sample volumes were also 
significantly smaller when the outflow tubing was influenced by maximal hydrostatic 
pressure (above position) compared with minimal hydrostatic pressure (below 
position). In vivo, glucose concentration at 0.33 µL/min was higher when the catheters 
were perfused without a colloid than with a colloid. There was a tendency to a 
corresponding difference also in lactate, glycerol and urea. At 0.16 µL/min, the glucose 
concentration was the same irrespective of if fluid loss had been counteracted by 
colloid inclusion or by lowering of outlet tubing.  
The mechanisms behind the difference in the glucose concentration at 0.33 µl/min are 
thought to be 1) a higher effective perfusion flow rate when dextran-70 is added and 2) 
that the recovery of glucose is lower than for the other metabolites. Glucose is therefore 
more affected by changes in flow rate at flow rates where the concentrations in the 
interstitial and perfusion fluids are not yet equilibrated. 
 
 Conclusion 

This study illustrates that both hydrostatic and osmotic pressures determine the net fluid 
transport across the dialysis membrane of a microdialysis catheter, both in vitro and in 
vivo in human skeletal muscle. Fluid balance could be achieved in this study by adding 
a colloid (dextran-70) to the perfusate or by maximally lowering an extended outflow 
tubing. This study shows that fluid imbalances can have important implications for 
microdialysis results at low perfusion flow rates. 
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 INSULIN INDUCES LOCAL METABOLIC EFFECTS IN HUMAN 

SKELETAL MUSCLE WHEN PERFUSED THROUGH A 

MICRODIALYSIS CATHETER (STUDY III) 

 
 Experimental design 

In this study the aims were 1) to examine the use of a large pore size dialysis membrane 
in human skeletal muscle 2) if dextran-70 could be used to prevent fluid loss with these 
membranes 3) if these membranes could be used to study interstitial concentrations of 
metabolites in skeletal muscle and 4) if it is possible to deliver insulin to the skeletal 
muscle and monitor its local effect on glucose transport.  
Microdialysis catheters (CMA 60 with a 100 kDa mol. wt. cut-off dialysis membrane) 
were inserted in the quadriceps femoris muscle of 13 male subjects. In four subjects the 
catheters were perfused with succesively lower flow rates (1.33 – 0.16 µl/min), in nine 
subjects the perfusion fluid to one catheter was supplemented with insulin at a 
successively increasing concentration.  
 
 Results 

With different perfusion flow rates the recorded concentrations of glucose, lactate, 
glycerol and urea were in agreement with previously obtained values using a 
conventional membrane with a smaller pore size (20 kDa) (Study I). 
When insulin was added to the perfusate the concentration of glucose was significantly 
reduced whereas no changes occurred in the control catheter. 
 
 Conclusion 

This study shows 1) that the loss of perfusate from microdialysis catheters with a 100 
kDa dialysis membrane can be prevented if a colloid is added to the perfusate and that 
this membrane is suitable for recordings of molecules in the interstitial space and 2) 
that large peptide molecules such as insulin diffuses across the dialysis membrane and 
has cellular effects that can be simultaneously recorded. 
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Figure 3. Glucose, lactate and urea concentrations presented as percent change from 
basal, in microdialysis samples from the insulin infusion experiment. Following a 
basal period, one catheter was perfused with a stepwise increased concentration of 
insulin while the other catheter served as control.  
 
 
 LOCAL EFFECT OF VANADATE ON INTERSTITIAL GLUCOSE AND 

LACTATE CONCENTRATIONS IN HUMAN SKELETAL MUSCLE 

(STUDY IV) 

 Experimental design 

Study IV was undertaken to investigate the effect of the insulin-mimetic trace element 
sodium metavanadate on interstitial glucose and lactate concentrations in human 
skeletal muscle in vivo.  
Interstitial concentrations of glucose and lactate were determined by microdialysis at a 
low flow rate in the quadriceps femoris muscle of 18 men. In the same leg two 
microdialysis catheters were inserted. In one catheter, the perfusion medium was 
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supplemented with sodium metavanadate (10-100 mM) after a basal period, the other 
catheter served as control.  
 
 Results 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. The effect (in percent) of perfusion with vanadate (10-100 mM) through 
microdialysis catheters placed in skeletal muscle of healthy human subjects on glucose (left), 
lactate (middle) and urea (right) concentrations in collected microdialysis samples. Each 
point represents one subject, with a comparison between one vanadate and one control 
catheter. 
 
 
In the catheter perfused with metavanadate, the interstitial glucose concentration was 
decreased by 13 – 50 % compared to the control catheter (p<0.05). The lactate 
concentration was higher in the 50 mM and 100 mM metavanadate catheters compared 
to control (39 – 89 %, p<0.05). There was no difference between control and 
metavanadate catheters in urea concentrations. Five of the subjects were insulin-
resistant and for them the results were similar, although the effect was somewhat 
smaller.  
 
 Conclusion 

Perfusion with vanadate through microdialysis catheters in human skeletal muscle 
results in a decreased interstitial glucose concentration and an increased lactate 
concentration. This study thus indicates that vanadate mimics the effect of insulin in 
human skeletal muscle in vivo.  
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 LOCAL EFFECT OF INSULIN AND VANADATE IN INSULIN-

RESISTANT HUMAN SKELETAL MUSCLE: INFLUENCE OF A 

SINGLE BOUT OF ONE-LEGGED EXERCISE (STUDY V) 

 Experimental design 

Study V was designed to test the hypothesis that a single bout of exercise augments the 
local effect of insulin and the insulin-mimetic trace element vanadate on the interstitial 
glucose concentration in insulin-resistant human skeletal muscle.  
Eight insulin-resistant obese male subjects performed one bout (two hours) of one-
legged cycle exercise. Microdialysis catheters were then inserted in the quadriceps 
femoris muscle in both legs. The perfusion medium was supplemented, after a basal 
period, with insulin (two catheters) or sodium metavanadate (two catheters). The other 
catheters served as control.  
 
 Results 

 
 

 
 
 
 
 

 
 

 
 
Figure 5. The glucose concentration from microdialysis catheters perfused with insulin (left), 
or vanadate (right). Open symbols are control catheters whereas filled symbols designate 
insulin/vanadate catheters, black line = working leg and grey line = resting leg. 
 
In response to exercise the glucose concentration in the previously working muscle is 
decreased during several hours post exercise. This effect is above all seen in the 
catheters perfused with a low perfusion flow rate (Figure 5 right).  
The effect of insulin on glucose concentration in the working leg (-32 %) is comparable 
with the effect seen in healthy muscle at rest (-30 %, Study III). The insulin effect in the 
resting (insulin-resistant) leg (-20 %) tended to be lower (p<0.09) than the effect in the 
working leg.  
This is quite the contrary to the effect seen after vanadate infusion, where the glucose 
concentration decreases to the same extent in both legs, and to the same or even higher 
than in healthy muscle (Study IV).  
 
 Conclusion 

A single bout of exercise normalizes the insulin effect on the interstitial glucose 
concentration in insulin-resistant human skeletal muscle. The effect of vanadate (which 
is not decreased in insulin-resistant human skeletal muscle) was not augmented by 
exercise.  
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 DISCUSSION 
 PERFUSION FLOW RATE 

To obtain diffusion equilibrium between the interstitial and perfusion fluids a very low 
perfusion flow rate is a prerequisite. Study I was performed to find out how low the 
perfusion flow rate had to be to monitor the true interstitial concentrations of glucose, 
lactate, glycerol and urea. In skeletal muscle and adipose tissue, the perfusion flow rate 
for complete equilibrium for glucose concentrations was found to be 0.16 µl/min. For 
lactate the perfusion flow rate should be 0.33 µl/min or lower, for glycerol and urea it 
should be 0.66 µl/min for complete equilibration in skeletal muscle. In adipose tissue, 
the same values were obtained except for glycerol, where the perfusion flow rate had to 
be 0.16 µl/min for complete equilibration.  
 
 Methodological variability 

One of the advantages of using a very low perfusion flow rate is the low 
methodological variability calculated from the substance concentrations in adjacent 
microdialysis catheters inserted in the same tissue. In study I we observed that the 
variability for glucose and urea was reduced when the perfusion flow rate was lowered. 
We also observed that the methodological variation was higher in adipose tissue than in 
skeletal muscle. One of the reasons for the higher variability in the abdominal adipose 
tissue could differences in skinfold thickness between subjects. In study I we found that 
the skinfold thickness was negatively correlated with recovery of glucose and urea. 
This could be due to reduced blood flow when the adipose tissue mass increases 
(Jansson, 1994).  
 
 INTERSTITIAL CONCENTRATIONS OF METABOLITES 

 Glucose 

Glucose concentration in skeletal muscle at 0.16 µl/min, and at 0.075 µl/min, was 
found to be 0.6 mM lower than the concentration in venous plasma in study I. This 
result is comparable with studies using the no-net-flux method (Müller, 1996; Müller, 
1995). In two other studies, where a perfusion flow rate of 0.3 µl/min was used the 
recovery was incomplete (but very close to 100 %) (Moberg, 1997; Rooyackers, 2004) 
which is in agreement with our results since we had to lower the perfusion flow rate 
further from 0.33 µl/min to obtain equilibrium.  
 
 Lactate 

The lactate concentration found in skeletal muscle with microdialysis is higher in our 
study (study I) than in two previous studies based on the internal reference technique 
(Holmäng, 1998; Müller, 1996), where the lactate concentration was similar to that 
measured in human muscle biopsies (Lundberg, 2002). A higher lactate concentration 
in the interstitial fluid compared to the intracellular space is however expected because 
of a higher pH in the interstitial space (Henriksson, 1999). Other studies show as high 
lactate concentrations as in the present studies (Korth, 2000; Östman, 2004). One study 
showed a higher lactate concentration than in the present studies (Axelson, 2002) 
although using the same catheters and a perfusion flow rate of 0.3 µl/min.  
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 Pyruvate 

In study V we measured the pyruvate concentration in skeletal muscle for the first time. 
The achieved pyruvate concentration is higher than previously reported in studies 
performing microdialysis in human skeletal muscle (Axelson, 2002), (Östman, 2004). 
One possible reason for this could be the use of higher perfusion flow rates in the 
referred studies. The pyruvate concentration recorded is also higher than previously 
measured in muscle biopsies (Constantin-Teodosiu, 1999) and circulating levels 
(Berne, 1993). The reason for this discrepancy could be the higher pH in the interstitial 
space, which influences pyruvate as well as lactate (see above) (Henriksson, 1999).  
 
 Glycerol 

The glycerol concentration in microdialysis samples from skeletal muscle is high 
initially which most likely is due to cellular damage caused by the insertion of the 
catheter. The glycerol concentration requires 90 – 120 min after catheter insertion to 
become stable (study I). This is in agreement with another study stating that the 
glycerol concentration should be back to baseline 90 – 150 min after insertion of the 
catheter (Gutierrez, 1999). The glycerol concentration in skeletal muscle in our studies 
are in agreement with other studies from the same muscle (Djurhuus, 2004; Hagström-
Toft, 2002). It should be noted that the glycerol concentration differ between different 
muscle groups (Hagström-Toft, 2002). 
 
 Urea 

The urea concentration in skeletal muscle in our studies is in agreement with other 
investigations (Östman, 2004). The measurement of the urea concentration was 
included since it provides information about the recovery and the diffusion condition of 
the tissue. Some investigators have attempted to use urea as a reference compound for 
in vivo calibration of the recovery of microdialysis catheters (Brunner, 2000; Ettinger, 
2001). 
 
 
 PERFUSATE LOSS 

At very low perfusion flow rates loss of fluid is a problem that must be solved in order 
to use the technique. Both hydrostatic and osmotic pressures determine the net fluid 
transport across the dialysis membrane and therefore measures to change both 
hydrostatic and osmotic pressures can be applied to create fluid balance across the 
microdialysis membrane. In this thesis the fluid loss was counteracted by adding a 
colloid (dextran-70) to the perfusion solution in all studies. Another approach to 
counteract fluid loss is to use a “push-pull” pumping system (Sjögren, 2002) instead of 
the ordinary push pumps (like CMA 100) or to apply suction to the outflow tubing 
(Hoffner, 2003). However, in spite of the inclusion of a colloid, fluid imbalances can 
influence the metabolite concentrations, as was shown in study II. To carefully control 
for fluid imbalances we always weigh the microvial before and after sample collection.  
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 INFUSION THROUGH THE MICRODIALYSIS CATHETER 

By perfusion with different hormones/drugs through the catheter, the microdialysis 
technique allows direct measurement of effects on metabolite concentrations thus 
avoiding generalized effects that can be seen in metabolic infusion studies.  
 
 Insulin 

Both in study III and V we infused insulin through the microdialysis catheter in human 
skeletal muscle and recorded a decreased glucose concentration which is assumed to 
reflect a higher rate of glucose uptake. To our knowledge this procedure has only been 
used once previously (MacLean, 2001) showing the same results.  
Before study III we performed pilot experiments where we added insulin to the 
perfusion fluid and used a low flow rate (0.2 µl/min) without seeing any effect on the 
glucose concentration (unpublished results). This could be due to higher adsorption of 
insulin to the tubing when the flow rate is lowered (Hewson, 2000). This is the reason 
why the insulin catheters in study III and V are perfused with a higher flow rate (1.33 
µl/min). The adsorption of insulin was measured in study III where the actual insulin 
concentration in the syringe (connected to the inflow tubing of the microdialysis 
catheter) was 14 mU/ml. The insulin concentration in the dialysate was then found to 
be 3.2 mU/ml. 
We did not measure the recovery in these studies, but a previous study, measuring 
interstitial insulin concentration in human skeletal muscle reported a recovery of 3 %, 
using the same catheters and similar (1 µl/min) perfusion flow rate (Sjöstrand, 1999). 
Taking this value and the observed adsorption of insulin (to the syringe, plastic tubing 
and dialysis membrane) into account the tissue immediately surrounding the catheter 
was estimated to be influenced by an insulin concentration of around 90 µU/ml in both 
study III and V. The study by MacLean et al perfusing with insulin showed a 
significant glucose uptake (measured as the difference between recovery of D-glucose 
and L-glucose) at 1.0 µU/ml with no further increase at 10 µU/ml. However, these 
authors did not report any adsorption of insulin (MacLean, 2001). 90 µU/ml insulin 
concentrations in serum are often seen during studies with the euglycemic 
hyperinsulinemic clamp technique (Rosdahl, 1998).  
One could argue that insulin causes an increased blood flow, although this is still under 
debate (Clark, 2003). If the blood flow was increased due to the insulin infusion the 
glucose concentration would rise, therefore resulting in an underestimation of the 
cellular effect of insulin. However, the present results (Study V) using the microdialysis 
ethanol technique indicates that insulin does not cause a change in nutritive blood flow 
when added to the perfusate.  
 
 Vanadate 

In study IV and V sodium metavanadate was infused through the microdialysis catheter 
in human skeletal muscle. The results clearly show that metavanadate mimics the effect 
of insulin. This is true also in insulin-resistant skeletal muscle where the effect does not 
seem to be decreased relative to healthy insulin-sensitive muscle. In fact, using 100 
mM sodium metavanadate, the effect on the interstitial glucose concentration was 
higher in the insulin-resistant subjects (Study V: -66 % in the exercised leg and -71 % 
in the rested leg) than in the healthy subjects (Study IV, no exercise had been 
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performed: 47%). The corresponding values for the interstitial lactate concentration 
were 61 % and 43 % (exercised and rested leg, respectively) in insulin-resistant muscle 
and 89 % in healthy muscle. A possible explanation for this different results could be 
systemic effect following the exercise on the glucose homeostasis (Ahlborg, 1975) 
That vanadate induces glucose lowering in insulin-resistant states is in agreement with 
other studies (Goldfine, 1995; McNeill, 1994; Shechter, 1990).  
After oral treatment in type-2 diabetic patients, 50% of the patients (4 out of 8) 
improved their insulin sensitivity (Willsky, 2001). In another study with oral treatment 
in healthy human subjects no effect of vanadyl sulphate on insulin sensitivity, fasting 
plasma glucose and insulin levels was found (Jentjens, 2002).  
The precise mechanism of action of vanadate on tissue glucose uptake has been 
difficult to reveal (reviewed in (Cam, 2000). The reasons for this could be that there are 
different kinds of vanadium salts used and also that the effect of different 
concentrations of the compound have been reported in different studies. The reason for 
choosing the metavanadate in the present studies was that a solution of metavanadate 
has a neutral pH (Elvingson, 1997).  
Earlier studies have shown a maximal rate of glucose transport at 30 mM vanadate in 
muscle samples (in vitro) from morbidly obese patients (Carey, 1995). The results from 
Study IV are in general agreement with this finding, since we observed a larger effect 
with 50 than with 10 mM of sodium metavanadate, whereas the effect was not further 
increased when100 mM sodium metavanadate was used. The concentrations of 
vanadate used in the present studies are however markedly higher than what is 
generally observed in the blood after oral treatment (Willsky, 2001). Therefore it is 
possible that the observed therapeutic effect of vanadate in insulin-resistant states is 
related to other effects than an increased glucose uptake in skeletal muscle. 
 
 
 GLUCOSE TOLERANCE  

In study IV and V we performed oral glucose tolerance tests to identify individuals with 
an insulin-resistant state. Since obesity decreases glucose tolerance by progressively 
increasing the insulin resistance (Carlsson, 1998), we chose to test obese subjects. In 
the Stockholm Diabetes Prevention program 12.5 % of the population with a BMI 
above 28 kg/m2 and 6.9 % of the population with a family history of diabetes have 
impaired glucose tolerance (Carlsson, 1998). The insulin resistance also increases with 
increasing age; in the above mentioned program 4.4 % of the population between 35-45 
years of age and 6.2 % of the population between 46-56 years of age had impaired 
glucose tolerance (0.8 % and 2.4 % had type-2 diabetes, respectively). With this in 
mind we tested obese subjects in the older age group (51.5 ±2.1 yr), preferable with a 
family history of diabetes. Out of 23 subjects tested prior to study V, eight were shown 
to have impaired glucose tolerance (blood glucose concentration above 6.7 mM but 
below 10 mM two hours after glucose ingestion) or a HOMA well above 2.77 (Nakai, 
2002).  
 
 
 PHYSICAL ACTIVITY AND INSULIN SENSITIVITY 

 In study V, the obese insulin-resistant subjects exercised with one leg for two hours in 
order to increase the insulin-sensitivity of one leg, the other leg serving as control. The 
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insulin-sensitivity should be increased after two hours since other investigators have 
reported enhanced insulin sensitivity in the working leg of healthy individuals after one 
hour of one-legged exercise at varying intensity (measuring glycogen synthase activity 
in muscle biopsies before and after a hyperinsulinemic-euglycemic clamp) 
(Wojtaszewski, 2000) as well as increased insulin sensitivity following 30 min of high 
intensity exercise (hyperinsulinemic-euglycemic clamps and measuring glycogen 
synthase activity in muscle biopsies) (Devlin, 1985). However, 30 min of one-legged 
exercise at moderate intensity did not increase insulin sensitivity in healthy or type-2 
diabetic subjects (measuring glycogen synthase activity in muscle biopsies before and 
after hyperinsulinemic-euglycemic clamps) (Dela, 1995).  
The increase in insulin sensitivity (measured with biopsies and hyperinsulinemic-
euglycemic clamps) after one bout of exercise may last for as long as 48 hours 
(Mikines, 1988). A previous microdialysis study shows that a 2 h exercise bout leads to 
a prolonged decrease in muscle interstitial glucose concentration. This decrease may 
last for 6-7 hours or more (Henriksson and Knol to be published in Acta Physiologica 
Scandinavica). To avoid these acute effects of exercise the microdialysis measurements 
were performed six hours after the exercise bout in Study V.  
The glucose concentration at basal, from the low-flow catheters was decreased in the 
working leg compared to the resting leg indicating an acute effect of exercise still 
present. This result is not seen in the high flow catheters, though. We have previously 
seen that the methodological variability for glucose and urea was lower when the 
perfusion flow rate was decreased (Study I). This higher methodological variability 
could be the reason why the lower glucose concentration is not detected in the high-
flow catheters. 
Part of the lowering of the glucose concentration in the working leg could however also 
represent the higher insulin sensitivity since the present results showed that the lowered 
effect of insulin on the interstitial glucose concentration in insulin-resistant muscle was 
normalized following the 2-hour bout of exercise. A previous study has indicated that 
the arterial-interstitial (a-i) difference in glucose concentration can be used as a 
measure of insulin sensitivity (Holmäng, 1998), as no arterial-interstitial (a-i) 
differences were found in insulin-resistant skeletal muscle but were present in insulin 
sensitive human skeletal muscle. Taken together, the available data indicate that the 
microdialysis technique could be used to measure the degree of insulin resistance in 
human skeletal muscle both from insulin infusion experiments and from measurements 
of the arterial-interstitial (a-i) glucose difference. 
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 CONCLUSIONS 
 
The microdialysis technique has been shown to be useful in many ways since it was 
first introduced in human skeletal muscle. In this thesis the main focus has been to 
evaluate the technique of using very low perfusion flows in order to obtain equilibrium 
between interstitial and perfusion fluids and to use this technique to study glucose 
metabolism and insulin resistance in human skeletal muscle. 
 
We found that to obtain complete equilibration between the interstitial and perfusion 
fluids in human skeletal muscle, a perfusion flow rate as low as 0.16 µl/min is 
necessary with the presently used catheters (Study I).  
 
At these low perfusion flow rates a colloid needs to be included in the perfusion fluid in 
order to keep the fluid balance and in this thesis it was shown that the colloid dextran-
70 does not affect the metabolite concentrations in the collected dialysates (Study II). 
 
A high cut-off microdialysis membrane can be used to infuse insulin into human 
skeletal muscle and record its effect on metabolite concentrations (Study III). 
 
When the insulin-mimetic agent vanadate was infused via the microdialysis catheter 
into human skeletal muscle (Study IV), it was found to decrease the interstitial glucose 
concentration in a similar way as insulin, but in contrast to insulin (see below), the 
effect of vanadate was not diminished in insulin-resistant skeletal muscle and was not 
affected by exercise. 
 
Following one-leg cycling for two hours, the effect of insulin in insulin-resistant 
subjects tended to be higher in the working compared to the resting leg. The effect in 
the working leg was similar to the effect in healthy resting muscle seen in study III. 
Therefore it is concluded that a single bout of exercise normalizes the insulin effect on 
the interstitial glucose concentration in insulin-resistant human skeletal muscle. This is 
contrary to the effect seen after vanadate infusion, see above.  
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 POPULÄRVETENSKAPLIG SAMMANFATTNING  
 NY TEKNIK FÖR ATT STUDERA INSULINRESISTENS I 

SKELETTMUSKULATUR.  

Insulinresistens (sänkt insulinkänslighet) är ett känt riskfaktorsyndrom för 
hjärtkärlsjukdom, även kallat det metabola syndromet. Skelettmuskulaturen är den 
vävnad som till största delen svarar för insulinresistensen. Insulinresistensen kan vid 
ärftlig predisposition leda till typ-2 diabetes (”åldersdiabetes”).  
 
Känsligheten för insulin ökar med ökad fysisk aktivitet. Det betyder att man får en ökad 
insulinkänslighet i de muskler som har varit aktiva, men inte i de muskler som varit 
inaktiva. Ökningen i insulinkänslighet är troligen en av förklaringarna till varför fysisk 
träning är en av de bästa metoderna för att minska risken för att dö en alltför tidig död i 
hjärt-kärlsjukdom. Tillgängliga data antyder dessutom att en betydande effekt kan 
uppnås med en ganska beskedlig dos fysisk aktivitet. Mekanismerna bakom de positiva 
effekterna av en ökad fysisk aktivitet är idag inte helt kända. 
 
Det finns ett antal olika metoder för att mäta graden av insulinresistens hos en individ. 
Gemensamt för dessa är att de framförallt mäter insulinresistens i hela kroppen. Många 
gånger skulle det räcka med att enbart titta på skelettmuskulaturen eftersom 
insulinresistensen ofta syns först där.  
 
Mikrodialys är en metod som gör det möjligt att kontinuerligt följa en vävnads 
ämnesomsättning. En mikrodialyskateter är en tunn slang tjock som en fin 
injektionsnål. Den kan liknas vid ett konstgjort blodkärl (kapillär), som förs in i den 
vävnad man vill studera (i vårt fall human skelettmuskulatur). Katetern består bl a av ett 
semipermeabelt membran och en fysiologisk buffertlösning spolas långsamt igenom 
katetern. Kemiska substanser diffunderar till och från mikrodialyskatetern på samma 
sätt som ämnen diffunderar till och från en kapillär. Vätskan som har spolats igenom 
katetern innehåller olika substanser, t ex glukos, i samma koncentration som i muskelns 
vävnadsvätska. Mikrodialysen ger därmed ett mer vävnadsspecifikt värde än ett 
blodprov som representerar ett medelvärde av alla kroppens organ.  
 
Först utvecklade vi mikrodialystekniken för att kunna använda den på ett enkelt sätt i 
skelettmuskulaturen. Genom att genomföra en undersökning där vi successivt sänkte 
flödeshastigheten för vätskan som spolades genom mikrodialyskatetern kom vi fram till 
vilken flödeshastighet som måste användas för att se sanna koncentrationer av olika 
ämnen i vävnadsvätskan. Om man vid mikrodialys använder en hög flödeshastighet så 
hinner inte diffusionen med att skapa en jämvikt mellan vävnadsvätskan och 
mikrodialyskatetern – det blir en lägre koncentration av olika ämnen i 
mikrodialyskatetern än i vävnadsvätskan. I undersökningar där man använder en hög 
flödeshastighet måste man genomföra kalibrering av mikrodialyskatetern för att få fram 
den sanna koncentrationen av ett ämne i vävnadsvätskan. 
Vi insåg att vid de låga flödeshastigheter som vi ville använda så försvann en del av 
perfusionsvätskan (den vätska som spolas igenom mikrodialyskatetern) ut i vävnaden. 
För att motverka detta tillsattes en kolloid i vätskan, dvs. en molekyl som är för stor för 
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att kunna diffundera ut i vävnaden och som därför håller kvar vätskan i 
mikrodialyskatetern (bildar sk kolloidosmotiskt tryck). I arbete II genomförde vi en 
undersökning där vi visade att denna kolloid (dextran-70) inte påverkade resultaten av 
mikrodialysen i övrigt. 
 
Mikrodialystekniken användes sedan för att se om det var möjligt att studera effekter av 
hormonet insulin i skelettmuskulatur genom att tillsätta det i perfusionsvätskan. Insulin 
är det hormon i kroppen som får musklerna att ta upp glukos (socker) från blodet och 
därmed sänka blodsockernivån. När insulin tillsattes i perfusionsvätskan kunde vi se att 
insulinet diffunderade ut till muskeln eftersom skelettmuskulaturen svarade genom att 
ta upp mer socker (glukoskoncentrationen i mikrodialyskatetern sänktes). 
Vi fortsatte därefter med att tillsätta vanadat i perfusionsvätskan. Vanadat är ett ämne 
som har liknande effekter som insulin. I mindre undersökningar i USA har vanadat 
testats som ett möjligt läkemedel till patienter med typ-2 diabetes. Man har då sett att 
vanadat sänker blodsockernivån i blodet.  
När vanadat fanns med perfusionsvätskan sänktes glukoskoncentrationen i 
mikrodialyskatetern – samma resultat som när vi tillsatte insulin. I denna undersökning 
inkluderade vi även några äldre insulinresistenta individer som också visade på samma 
resultat. Kanske går vanadat ”förbi” deras insulinresistens.  
 
I den sista undersökningen tillsatte vi antingen insulin eller vanadat i 
mikrodialyskatetrarna (insulin i två och vanadat i två). Försökspersonerna var alla 
insulinresistenta men fick före undersökningen cykla med ena benet på en 
motionscykel i två timmar. 
 
Efter en-bens cyklingen hade försökspersonerna ett ben där musklerna var 
insulinresistenta (vilobenet) och ett ben som var insulinkänsligt (arbetsbenet). 
Mikrodialysundersökningen visade att insulin hade bättre effekt på 
glukoskoncentrationen i arbetsbenet än i vilobenet, medan vanadat hade lika bra effekt i 
båda benen. Effekten av insulin i arbetsbenet var lika stor som insulineffekten hos de 
friska individer studerades i arbete III. Slutsatsen är att endast ett arbetspass kan 
normalisera skelettmuskelns insulinkänslighet. 
Arbetet stöder också teorin att effekten av vanadat inte påverkades av 
insulinresistensen. Vanadateffekten var varken sänkt hos dessa insulinresistenta 
individer i jämförelse med de friska individerna i arbete IV eller förändrades av arbete. 
 
 
 
 



 

  27 

 ACKNOWLEDGEMENTS 
 
I wish to express my sincere gratitude to everybody who has helped, supported and 
encouraged me during these years. In particular, I would like to thank: 
 
My supervisor, Professor Jan Henriksson, for giving me the opportunity to study the 
exciting field of skeletal muscle. I am grateful for his never failing support for me and 
for sharing his great ideas about science. 
 
Dr. Hans Rosdahl, for introducing me to the world of research, teaching me about 
microdialysis and especially for your interest in canoeing. Without you this work would 
not have been begun. 
 
Dr. Charlott Wretman and Dr. Ulrika Widegren, for friendship, encouragement and 
for always being happy and helpful. Dr. Arimantas Lionikas, the Lithuanian post-doc 
and fika friend, for providing a stimulating atmosphere and always being helpful and 
most of all for making me speak English. 
 
Professor Urban Ungerstedt, for his generous support and his optimism. I am deeply 
honoured to have collaborated with you. 
 
Margareta Fästh and Gunilla Hedin, for lots of help and for providing a cheerful 
atmosphere in our group. 
 
Friends and colleagues, former and present, at Physiology Lidingövägen, Karolinska 
Institutet for support and general discussions about exercise physiology. Special thanks 
to Dr. Karin Söderlund and Berit Sjöberg for always providing generous help with 
everything. 
 
The group of Docent Per Tesch owes my gratitude for providing such a good, creative 
atmosphere in the lab. A special thanks to my roommates Björn Alkner and Lena 
Norrbrand for valuable friendship and stimulating discussions about everything. 
 
My sincere gratitude goes to everybody involved in the “labteaching”, especially 
Robert Frithiof, Helene Ameln, Jessica Norrbom, Stéphanie Montmerle, Peter 
Lindholm, Anna Wiik, Malin Rohdin, Lars Karlsson, Niklas Poijes and Anders 
Dahlstedt for being there. I also wish to thank Peter Wolf and Lena Åhman for 
support in the student’s lab. 
 
The staff at CMA Microdialysis is thanked for always having a positive attitude and 
for a very good collaboration. Special thanks to Håkan Björk, Katarina Fransson, 
Anders Carlsson and Annika Clark. 
 
Ulla Lindgren, Ann-Christin Johansson and Lena Öhman for always being helpful 
with administrative support. 
 



 

28 

Klinisk Forskningsavdelning, KFA, at Karolinska hospital for help with clamps, 
especially Eva-Lena Forsberg. 
 
Christine Parnemo and Mikael Rohdin for helping out with study IV and V.  
 
All subjects participating in the studies, for their courage and patience during the often 
long-lasting experiments. Without their contribution this thesis would not have been 
written. 
 
My parents, Leif and Birgitta, and my two sisters, Maritha and Jenny with their 
families, for their support, invaluable friendship and unconditional love. 
 
Finally and most of all I wish to thank Sune, my husband, for neverfailing support and 
patience during all phases of this work and Karl-Johan, my son, for your 
unconditional love and for always bringing me joy and happiness. 
 
The work of this thesis was supported financially by: 
The Swedish Research Council (project 07917), The Swedish National Centre for 
Research in Sports, the Karolinska Institutet Foundations and the Stockholm University 
College of Physical Education and Sports. Financial support was also given by the 
Swedish Society for Medical Research, Magn. Bergvall, Clas Groschinskys 
Minnesfond, Lars Hiertas Minne, Fredrik and Ingrid Thuring and the Research 
Foundation of Novo Nordisk. We thank CMA Microdialysis, Stockholm, Sweden, for 
generous support.  
 
 



 

  29 

 REFERENCES 
 
Ahlborg G, Hagenfeldt L, Wahren J. 1975. Substrate utilization by the inactive leg during one-leg or arm 

exercise. J Appl Physiol 39 (5):718-723. 
Alexander GM, Grothusen JR, Schwartzman RJ. 1988. Flow dependent changes in the effective surface 

area of microdialysis probes. Life Sciences 43:595-601. 
Amberg G, Lindefors N. 1989. Intracerebral microdialysis: II. Mathematical studies of diffusion kinetics. 

J.Pharmacol.Methods 22(3):157-183. 
Anderson C, Andersson T, Andersson RG. 1992. In vivo microdialysis estimation of histamine in human 

skin. Skin Pharmacol 5 (3):177-183. 
Anderson C, Andersson T, Wårdell K. 1994. Changes in skin circulation after insertion of a microdialysis 

probe visualized by laser Doppler perfusion imaging. J.Invest.Dermatol. 102:807-811. 
Arner P, Bolinder J, Eliasson A, Lundin A, Ungerstedt U. 1988. Microdialysis of adipose tissue and 

blood for in vivo lipolysis studies. Am.J.Physiol. 255:E737-E742. 
Arner P, Kriegholm E, Engfeldt P. 1990. In situ studies of catecholamine-induced lipolysis in human 

adipose tissue using microdialysis. J Pharmacol Exp Ther 254 (1):284-288. 
Axelson HW, Melberg A, Ronquist G, Askmark H. 2002. Microdialysis and electromyography of 

experimental muscle fatigue in healthy volunteers and patients with mitochondrial myopathy. 
Muscle Nerve 26 (4):520-526. 

Backström T, Saether OD, Norgren L, Aadahl P, Myhre HO, Ungerstedt U. 2001. Spinal cord 
metabolism during thoracic aortic cross-clamping in pigs with special reference to the effect of 
allopurinol. Eur J Vasc Endovasc Surg 22 (5):410-417. 

Balkau B, Shipley M, Jarrett RJ, Pyorala K, Pyorala M, Forhan A, Eschwege E. 1998. High blood 
glucose concentration is a risk factor for mortality in middle-aged nondiabetic men. 20-year 
follow-up in the Whitehall Study, the Paris Prospective Study, and the Helsinki Policemen 
Study. Diabetes Care 21 (3):360-367. 

Bangsbo J. 1999. Vasoactive substances in the interstitium of contracting skeletal muscle examined by 
microdialysis. Proc Nutr Soc 58 (4):925-933. 

Ben-Nun J, Joyce DA, Cooper RL, Cringle SJ, Constable IJ. 1989. Pharmacokinetics of intravitreal 
injection. Assessment of a gentamicin model by ocular dialysis. Invest Ophthalmol Vis Sci 30 
(6):1055-1061. 

Benveniste H. 1989. Brain microdialysis. Short review. J.Neurochem. 52 (6):1667-1679. 
Berne RM, Levy MN. Physiology: Mosby Year Book, 1993. 
Bernt E, Gutmann I. Determination with alcohol dehydrogenase and NAD. In: Bergmeyer HU, editor. 

Methods of Enzymatic Analysis. Weinheim, FRG.: Verlag Chemie GmbH, 1974. pp. 1499-
1505. 

Bito L, Davson H, Levin E, Murray M, Snider N. 1966. The concentrations of free amino acids and other 
electrolytes in cerebrospinal fluid, in vivo dialysate of brain, and blood plasma of the dog. 
J.Neurochem. 13:1057-1067. 

Bolinder J, Ungerstedt U, Arner P. 1992. Microdialysis measurement of the absolute glucose 
concentration in subcutaneous adipose tissue allowing glucose monitoring in diabetic patients. 
Diabetologia 35:1177-1180. 

Bolinder J, Ungerstedt U, Arner P. 1993. Long-term continuous glucose monitoring with microdialysis in 
ambulatory insulin-dependent diabetic patients. The Lancet 342 (8879):1080-1085. 

Brunner M, Joukhadar C, Schmid R, Erovic B, Eichler HG, Muller M. 2000. Validation of urea as an 
endogenous reference compound for the in vivo calibration of microdialysis probes. Life Sci 67 
(8):977-984. 

Bungay PM, Morrison PF, Dedrick RL. 1990. Steady-state theory for quantitative microdialysis of 
solutes and water in vivo and in vitro. Life Sciences 46 (2):105-119. 

Cahill GF, Jr., Marliss EB, Aoki TT. 1970. Fat and nitrogen metabolism in fasting man. Horm Metab Res 
2:Suppl 2:181-185. 

Cam MC, Brownsey RW, McNeill JH. 2000. Mechanisms of vanadium action: insulin-mimetic or 
insulin-enhancing agent? Can J Physiol Pharmacol 78 (10):829-847. 

Carey JO, Azevedo JL, Jr., Morris PG, Pories WJ, Dohm GL. 1995. Okadaic acid, vanadate, and 
phenylarsine oxide stimulate 2-deoxyglucose transport in insulin-resistant human skeletal 
muscle. Diabetes 44 (6):682-688. 



 

30 

Carlsson S, Persson PG, Alvarsson M, Efendic S, Norman A, Svanstrom L, Ostenson CG, Grill V. 1998. 
Weight history, glucose intolerance, and insulin levels in middle-aged Swedish men. Am J 
Epidemiol 148 (6):539-545. 

Clark MG, Wallis MG, Barrett EJ, Vincent MA, Richards SM, Clerk LH, Rattigan S. 2003. Blood flow 
and muscle metabolism: a focus on insulin action. Am J Physiol Endocrinol Metab 284 
(2):E241-258. 

Constantin-Teodosiu D, Simpson EJ, Greenhaff PL. 1999. The importance of pyruvate availability to 
PDC activation and anaplerosis in human skeletal muscle. Am J Physiol 276 (3 Pt 1):E472-478. 

Cortright RN, Azevedo JL, Hickey MS, Tapscott EB, Dohm GL. 1997. Vanadate stimulation of 2-
deoxyglucose transport is not mediated by P13-kinase in human skeletal muscle. Biochimica et 
Biophysica Acta - Molecular Cell Research 1358 (3):300-306. 

de Lange EC, Danhof M, de Boer AG, Breimer DD. 1994. Critical factors of intracerebral microdialysis 
as a technique to determine the pharmacokinetics of drugs in rat brain. Brain Res 666 (1):1-8. 

DeFronzo RA. 1988. Lilly lecture 1987. The triumvirate: beta-cell, muscle, liver. A collusion responsible 
for NIDDM. Diabetes 37 (6):667-687. 

DeFronzo RA, Tobin JD, Andres R. 1979. Glucose clamp technique: a method for quantifying insulin 
secretion and resistance. Am.J.Physiol. 237:E214-E223. 

Dela F, Larsen IJ, Mikines KJ, Ploug T, Petersen LN, Galbo H. 1995. Insulin-stimulated muscle glucose 
clearance in patients with NIDDM. Effects of one-legged physical training. Diabetes 44 
(9):1010-1020. 

Delgado JMR, Defeudis FV, Roth RH, Ryugo DK, Mitruka BK. 1972. Dialytrode for long term 
intracerebral perfusion in awake monkeys. Arch.Int.Pharmacodyn.Ther. 198:9-21. 

Devlin JT, Horton ES. 1985. Effects of prior high-intensity exercise on glucose metabolism in normal 
and insulin-resistant men. Diabetes 34:973-979. 

Devlin TM. Textbook of Biochemistry with clinical correlations: Wiley-Liss, 1998. 
Djurhuus CB, Gravholt CH, Nielsen S, Pedersen SB, Moller N, Schmitz O. 2004. Additive effects of 

cortisol and growth hormone on regional and systemic lipolysis in humans. Am J Physiol 
Endocrinol Metab 286 (3):E488-494. 

Ekblom M, Gardmark M, Hammarlund-Udenaes M. 1992. Estimation of unbound concentrations of 
morphine from microdialysate concentrations by use of nonlinear regression analysis in vivo 
and in vitro during steady state conditions. Life Sci 51 (6):449-460. 

Elliott RL, Amidon GL, Lightfoot EN. 1980. A convective mass transfer model for determining intestinal 
wall permeabilities: laminar flow in a circular tube. J Theor Biol 87 (4):757-771. 

Elvingson K. Characterisation of Vanadium Complexes of Biochemical Interest. Department of Inorganic 
Chemistry. Umeå: Umeå University, 1997. 

Ernberg MM, Alstergren PJ. 2004. Microdialysis of neuropeptide Y in human muscle tissue. J Neurosci 
Methods 132 (2):185-190. 

Ettinger SN, Poellmann CC, Wisniewski NA, Gaskin AA, Shoemaker JS, Poulson JM, Dewhirst MW, 
Klitzman B. 2001. Urea as a recovery marker for quantitative assessment of tumor interstitial 
solutes with microdialysis. Cancer Res 61 (21):7964-7970. 

Felig P, Sherwin R. 1976. Carbohydrate homeostasis, liver and diabetes. Prog Liver Dis 5:149-171. 
Ferrannini E, Mari A. 1998. How to measure insulin sensitivity. J Hypertens 16 (7):895-906. 
Frandsen U, Bangsbo J, Langberg H, Saltin B, Hellsten Y. 2000. Inhibition of nitric oxide synthesis by 

systemic N(G)-monomethyl-L- arginine administration in humans: effects on interstitial 
adenosine, prostacyclin and potassium concentrations in resting and contracting skeletal muscle. 
J Vasc Res 37 (4):297-302. 

Goldfine AB, Simonson DC, Folli F, Patti ME, Kahn CR. 1995. Metabolic effects of sodium 
metavanadate in humans with insulin- dependent and noninsulin-dependent diabetes mellitus in 
vivo and in vitro studies. J Clin Endocrinol Metab 80 (11):3311-3320. 

Green S, Bulow J, Saltin B. 1999. Microdialysis and the measurement of muscle interstitial K+ during 
rest and exercise in humans. J Appl Physiol 87 (1):460-464. 

Groth L, Serup J. 1998. Cutaneous microdialysis in man: Effects of needle insertion trauma and 
anaesthesia on skin perfusion, erythema and skin thickness. Acta Dermato-Venereologica 
(Stockholm) 78:5-9. 

Gutierrez A, Anderstam B, Alvestrand A. 1999. Amino acid concentration in the interstitium of human 
skeletal muscle: a microdialysis study. Eur J Clin Invest 29 (11):947-952. 

Hagström-Toft E, Qvisth V, Nennesmo I, Ryden M, Bolinder H, Enoksson S, Bolinder J, Arner P. 2002. 
Marked heterogeneity of human skeletal muscle lipolysis at rest. Diabetes 51 (12):3376-3383. 



 

  31 

Hagström-Toft E, Enoksson S, Moberg E, Bolinder J, Arner P. 1997. Absolute concentrations of glycerol 
and lactate in human skeletal muscle, adipose tissue, and blood. Am.J.Physiol. 273 ((3 pt 
1)):E584-E592. 

Hellsten Y, Maclean D, Rådegran G, Saltin B, Bangsbo J. 1998. Adenosine concentrations in the 
interstitium of resting and contracting human skeletal muscle. Circulation 98 (1):6-8. 

Henriksson J. 1999. Microdialysis of skeletal muscle at rest. Proc Nutr Soc 58 (4):919-923. 
Henriksson J, Fuchi T, Oshida Y, Ungerstedt U. 1990. Microdialysis for in vivo studies of skeletal 

muscle glucose metabolism. Acta Physiol.Scand. 140(1):9A. 
Herkner H, Muller MR, Kreischitz N, Mayer BX, Frossard M, Joukhadar C, Klein N, Lackner E, Muller 

M. 2002. Closed-chest microdialysis to measure antibiotic penetration into human lung tissue. 
Am J Respir Crit Care Med 165 (2):273-276. 

Hewson M, Nawadra V, Oliver J, Odgers C, Plummer J, Simmer K. 2000. Insulin infusions in the 
neonatal unit: delivery variation due to adsorption. J Paediatr Child Health 36 (3):216-220. 

Hickner RC, Bone D, Ungerstedt U, Jorfeldt L, Henriksson J. 1994. Muscle blood flow during 
intermittent exercise: comparison of the microdialysis ethanol technique and 133Xe clearance. 
Clin.Sci. 86:15-25. 

Hickner RC, Rosdahl H, Borg I, Ungerstedt U, Jorfeldt L, Henriksson J. 1992. The ethanol technique of 
monitoring blood flow changes in rat skeletal muscle: implications for microdialysis. Acta 
Physiol.Scand. 146(1):87-97. 

Hirsch JI, Fratkin MJ, Wood JH, Thomas RB. 1977. Clinical signigicance of insulin adsorption by 
polyvinyl chloride infusion systems. Am J Hosp Pharm 34 (6):583-588. 

Hoffner L, Nielsen JJ, Langberg H, Hellsten Y. 2003. Exercise but not prostanoids enhance levels of 
vascular endothelial growth factor and other proliferative agents in human skeletal muscle 
interstitium. J Physiol 550 (Pt 1):217-225. 

Holmäng A, Muller M, Andersson OK, Lonnroth P. 1998. Minimal influence of blood flow on interstitial 
glucose and lactate- normal and insulin-resistant muscle. Am J Physiol 274 (3 Pt 1):E446-452. 

Holmäng A, Müller M, Andersson OK, Lönnroth P. 1998. Minimal influence of blood flow on interstitial 
glucose and lactate-normal and insulin resistant muscle. American Journal of Physiology 274 (3 
pt 1):E446-E452. 

Hotamisligil GS, Arner P, Caro JF, Atkinson RL, Spiegelman BM. 1995. Increased adipose tissue 
expression of tumor necrosis factor-alpha in human obesity and insulin resistance. J Clin Invest 
95 (5):2409-2415. 

Hultman E, Bergstrom J, Roch-Norlund AE. 1971. Glycogen storage in human skeletal muscle. 
Advances in Experimental Medicine and Biology (11):273-288. 

Jacobson I, Sandberg M, Hamberger A. 1985. Mass transfer in brain dialysis devices - a new method for 
the estimation of extracellular amino acids concentration. J.Neurosci.Methods 15:263-268. 

Jansson P-A, Larsson A, Smith U, Lönnroth P. 1994. Lactate release from the subcutaneous tissue in lean 
and obese men. The Journal of Clinical Investigation 93(1):240-246. 

Jansson P-A, Veneman T, Nurjahan N, Gerich J. 1994. An improved method to calculate adipose tissue 
interstitial substrate recovery for microdialysis studies. Life Sciences 54 (21):1621-1624. 

Jentjens RL, Jeukendrup AE. 2002. Effect of acute and short-term administration of vanadyl sulphate on 
insulin sensitivity in healthy active humans. Int J Sport Nutr Exerc Metab 12 (4):470-479. 

Juel C, Pilegaard H, Nielsen JJ, Bangsbo J. 2000. Interstitial K(+) in human skeletal muscle during and 
after dynamic graded exercise determined by microdialysis. Am J Physiol Regul Integr Comp 
Physiol 278 (2):R400-406. 

Klaus S, Heringlake M, Bahlmann L. 2004. Bench-to-bedside review: Microdialysis in intensive care 
medicine. Crit Care 8 (5):363-368. 

Korth U, Merkel G, Fernandez FF, Jandewerth O, Dogan G, Koch T, van Ackern K, Weichel O, Klein J. 
2000. Tourniquet-induced changes of energy metabolism in human skeletal muscle monitored 
by microdialysis. Anesthesiology 93 (6):1407-1412. 

Kuzmin AI, Tskitishvili OV, Serebryakova LI, Saprygina TV, Kapelko VI, Medvedev OS. 1992. Cardiac 
microdialysis measurement of extracellular adenine nucleotide breakdown products during 
regional ischemia and reperfusion in canine heart: protective effect of propranolol against 
reperfusion injury. J Cardiovasc Pharmacol 20 (6):961-968. 

Langberg H, Skovgaard D, Bulow J, Kjaer M. 1999. Negative interstitial pressure in the peritendinous 
region during exercise. J Appl Physiol 87 (3):999-1002. 

Langberg H, Skovgaard D, Petersen LJ, Bulow J, Kjaer M. 1999. Type I collagen synthesis and 
degradation in peritendinous tissue after exercise determined by microdialysis in humans. J 
Physiol 521 Pt 1:299-306. 



 

32 

Larsson CI. 1991. The use of an "internal standard" for control of the recovery in microdialysis. Life 
Sciences 49(13):PL73-PL78. 

Lawand NB, McNearney T, Westlund KN. 2000. Amino acid release into the knee joint: key role in 
nociception and inflammation. Pain 86 (1-2):69-74. 

Lundberg G, Olofsson P, Ungerstedt U, Jansson E, Sundberg CJ, Sundberg C. 2002. Lactate 
concentrations in human skeletal muscle biopsy, microdialysate and venous blood during 
dynamic exercise under blood flow restriction. Pflugers Arch 443 (3):458-465. 

Lundberg G, Wahlberg E, Swedenborg J, Sundberg CJ, Ungerstedt U, Olofsson P. 2000. Continuous 
assessment of local metabolism by microdialysis in critical limb ischaemia. Eur J Vasc 
Endovasc Surg 19 (6):605-613. 

Lönnroth P, Jansson P-A, Smith U. 1987. A microdialysis method allowing characterization of 
intercellular water space in humans. Am.J.Physiol. 253(16):E228-E231. 

MacLean DA, Ettinger SM, Sinoway LI, Lanoue KF. 2001. Determination of muscle-specific glucose 
flux using radioactive stereoisomers and microdialysis. Am J Physiol Endocrinol Metab 280 
(1):E187-192. 

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. 1985. Homeostasis model 
assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin 
concentrations in man. Diabetologia 28 (7):412-419. 

McNeill JH, Battell M, Cam M, Dai S, Thompson K, Yuen V. 1994. Oral vanadium and lowering of 
blood glucose. Diabetes 43 (10):1268. 

Menacherry S, Hubert W, Justice JB, Jr. 1992. In vivo calibration of microdialysis probes for exogenous 
compounds. Anal.Chem. 64:577-583. 

Mikines KJ, Sonne B, Farrell PA, Tronier B, Galbo H. 1988. Effect of physical exercise on sensitivity 
and responsiveness to insulin in humans. Am.J.Physiol. 254:E248-E259. 

Mikines KJ, Sonne B, Farrell PA, Tronier B, Galbo H. 1989. Effect of training on the dose-response 
relationship for insulin action in men. J.Appl.Physiol. 66(2):695-703. 

Moberg E, Hagström-Toft E, Arner P, Bolinder J. 1997. Protracted glucose fall in subcutaneous adipose 
tissue and skeletal muscle compared with blood during insulin-induced hypoglycaemia. 
Diabetologia 40:1320-1326. 

Müller M, Holmäng A, Andersson OK, Eichler HG, Lönnroth P. 1996. Measurement of interstitial 
muscle glucose and lactate concentrations during an oral glucose tolerance test. Am.J.Physiol. 
271 ((6 pt 1)):E1003-E1007. 

Müller M, Schmid R, Nieszpaur-Los M, Fassolt A, Lönnroth P, Fasching P, Eichler H-G. 1995. Key 
metabolite kinetics in human skeletal muscle during ischaemia and reperfusion: measurement by 
microdialysis. Eur.J.Clin.Invest. 25 (8):601-607. 

Nakai Y, Nakaishi S, Kishimoto H, Seino Y, Nagasaka S, Sakai M, Taniguchi A. 2002. The threshold 
value for insulin resistance on homeostasis model assessment of insulin sensitivity. Diabet Med 
19 (4):346-347. 

Nechay BR. 1984. Mechanisms of action of vanadium. Annu Rev Pharmacol Toxicol 24:501-524. 
Oldner A, Goiny M, Rudehill A, Ungerstedt U, Sollevi A. 1999. Tissue hypoxanthine reflects gut 

vulnerability in porcine endotoxin shock. Crit Care Med 27 (4):790-797. 
Oldner A, Goiny M, Ungerstedt U, Sollevi A. 1996. Splanchnic homeostatis during endotoxin challenge 

in the pig as assessed by microdialysis and tonometry. SHOCK 6 (3):188-193. 
Palsmeier RK, Lunte CE. 1994. Microdialysis sampling in tumor and muscle: Study of the disposition of 

3-amino-1,2,4-benzotriazine-1,4-di-N-oxide (SR 4233). Life Sciences 55 (10):815-825. 
Persky AM, Hochhaus G, Brazeau GA. 2003. Validation of a simple liquid chromatography assay for 

creatine suitable for pharmacokinetic applications, determination of plasma protein binding and 
verification of percent labeled claim of various creatine products. J Chromatogr B Analyt 
Technol Biomed Life Sci 794 (1):157-165. 

Petersen LJ, Kristensen JK, Bülow J. 1992. Microdialysis of the interstitial water space in human skin in 
vivo: Quantitative measurement of cutaneous glucose concentrations. J.Invest.Dermatol. 
99:357-360. 

Petty C, Cunningham NL. 1974. Insulin adsorption by glass infusion bottles, polyvinylchloride infusion 
containers, and intravenous tubing. Anesthesiology 40(4):400-404. 

Post R, Hunt D, Walderhaug M, Perkins R, Park J, Beth A. Vanadium compounds in relation to 
inhibition of sodium and potassium adenosine triphosphatase. In: JC S, Norby J, editors. (Na+ + 
K+)ATPase Structure and Kinetics. New York: Academic, 1979. pp. 389-401. 

Reaven GM. 1988. Role of insulin resistance in human disease. Diabetes 37:1595-1607. 



 

  33 

Rooyackers O, Myrenfors P, Nygren J, Thorell A, Ljungqvist O. 2004. Insulin stimulated glucose 
disposal in peripheral tissues studied with microdialysis and stable isotope tracers. Clin Nutr 23 
(4):743-752. 

Rosdahl H, Hamrin K, Ungerstedt U, Henriksson J. 1998. Metabolite levels in human skeletal muscle and 
adipose tissue studied with microdialysis at low perfusion flow. American Journal of Physiology 
274 (Endocrinol. Metab. 37):E936-E945. 

Rosdahl H, Lind L, Millgård J, Lithell H, Ungerstedt U, Henriksson J. 1998. Effect of physiological 
hyperinsulinemia on blood flow and interstitial glucose in human skeletal muscle and adipose 
tissue studied by microdialysis. Diabetes 47 (8):1296-1301. 

Rosdahl H, Ungerstedt U, Henriksson J. 1997. Microdialysis in human skeletal muscle and adipose tissue 
at low flow rates is possible if dextran-70 is added to prevent loss of perfusion fluid. Acta 
Physiol.Scand. 159:261-262. 

Rosdahl H, Ungerstedt U, Jorfeldt L, Henriksson J. 1993. Interstitial glucose and lactate balance in 
human skeletal muscle and adipose tissue studied by microdialysis. Journal of Physiology 
471:637-657. 

Samii S, Khan MH, MacLean DA, King N, Herr MD, Sinoway LI. 2004. Muscle interstitial calcium 
during head-up tilt in humans. Circulation 109 (2):215-219. 

Scheller D, Kolb J. 1991. The internal reference technique in microdialysis: a practical approach to 
monitoring dialysis efficiency and to calculating tissue concentration from dialysate samples. 
J.Neurosci.Methods 40:31-38. 

Schildt B, Ahlgren T, Berghem L, Wendt Y. 1978. Adsorption of insulin by infusion materials. Acta 
Anaesth.Scand. 22:556-562. 

Scott DO, Lunte CE. 1993. In vivo microdialysis sampling in the bile, blood, and liver of rats to study the 
disposition of phenol. Pharm Res 10 (3):335-342. 

Shechter Y. 1990. Insulin-mimetic effects of vanadate. Possible implications for future treatment of 
diabetes. Diabetes 39 (1):1-5. 

Shimizu N, Hori T, Nakane H. 1994. An interleukin-1 beta-induced noradrenaline release in the spleen is 
mediated by brain corticotropin-releasing factor: an in vivo microdialysis study in conscious 
rats. Brain Behav Immun 8 (1):14-23. 

Short KR, Sheffield-Moore M, Costill DL. 1997. Glycemic and insulinemic responses to multiple 
preexercise carbohydrate feedings. Int J Sport Nutr 7 (2):128-137. 

Shulman GI. 1999. Cellular mechanisms of insulin resistance in humans. Am J Cardiol 84 (1A):3J-10J. 
Sirsjö A, Arstrand K, Kagedal B, Nylander G, Gidlof A. 1996. In situ microdialysis for monitoring of 

extracellular glutathione levels in normal, ischemic and post-ischemic skeletal muscle. Free 
Radical Research 25 (5):385-391. 

Sjögren F, Svensson C, Anderson C. 2002. Technical prerequisites for in vivo microdialysis 
determination of interleukin-6 in human dermis. Br J Dermatol 146 (3):375-382. 

Sjöstrand M, Holmang A, Lonnroth P. 1999. Measurement of interstitial insulin in human muscle. 
American Journal of Physiology - Endocrinology & Metabolism 39 (1):E151-E154. 

Stock S, Fastbom J, Bjorkstrand E, Ungerstedt U, Uvnäs-Moberg K. 1990. Effects of oxytocin on in vivo 
release of insulin and glucagon studied by microdialysis in the rat pancreas and autoradiographic 
evidence for [3H]oxytocin binding sites within the islets of Langerhans. Regul Pept 30 (1):1-13. 

Stolle LB, Arpi M, Jorgensen PH, Riegels-Nielsen P, Keller J. 2003. In situ gentamicin concentrations in 
cortical bone: an experimental study using microdialysis in bone. Acta Orthop Scand 74 
(5):611-616. 

Tenhunen JJ, Kosunen H, Alhava E, Tuomisto L, Takala JA. 1999. Intestinal luminal microdialysis: a 
new approach to assess gut mucosal ischemia. Anesthesiology 91 (6):1807-1815. 

Thorsen K, Kristoffersson AO, Lerner UH, Lorentzon RP. 1996. In situ microdialysis in bone tissue. 
Stimulation of prostaglandin E2 release by weight-bearing mechanical loading. J Clin Invest 98 
(11):2446-2449. 

Tonkonogi M, Henriksson J, Cotgreave IA. 2003. Human skeletal muscle interstitial glutathione levels 
are elevated in comparison to adipose tissue and blood plasma. Arch Biochem Biophys 413 
(1):147-149. 

Ungerstedt U, Pycock C. 1974. Functional correlates of dopamine neurotransmission. 
Bull.Schweiz.Akad.Med.Wiss. 1278:1-13. 

Vaag A, Henriksen JE, Beck-Nielsen H. 1992. Decreased insulin activation of glycogen synthase in 
skeletal muscles in young nonobese Caucasian first-degree relatives of patients with non-
insulin-dependent diabetes mellitus. J Clin Invest 89 (3):782-788. 

Waga J, Ohta A, Ehinger B. 1991. Intraocular microdialysis with permanently implanted probes in rabbit. 
Acta Ophthalmol (Copenh) 69 (5):618-624. 



 

34 

WHO. Definition, diagnosis and classification of diabetes mellitus and its complications. World Health 
Organization, 1999. 

Willsky GR, Goldfine AB, Kostyniak PJ, McNeill JH, Yang LQ, Khan HR, Crans DC. 2001. Effect of 
vanadium(IV) compounds in the treatment of diabetes: in vivo and in vitro studies with vanadyl 
sulfate and bis(maltolato)oxovandium(IV). J Inorg Biochem 85 (1):33-42. 

Wojtaszewski JF, Hansen BF, Gade, Kiens B, Markuns JF, Goodyear LJ, Richter EA. 2000. Insulin 
signaling and insulin sensitivity after exercise in human skeletal muscle. Diabetes 49 (3):325-
331. 

Zemgulis V, Ronquist G, Bjerner T, Henze A, Waldenstrom A, Thelin S, Wikstrom G. 2001. Energy-
related metabolites during and after induced myocardial infarction with special emphasis on the 
reperfusion injury after extracorporeal circulation. Acta Physiol Scand 171 (2):129-143. 

 Östman B, Michaelsson K, Rahme H, Hillered L. 2004. Tourniquet-induced ischemia and reperfusion in 
human skeletal muscle. Clin Orthop (418):260-265. 

 



 

  35 

 ORIGINAL PAPERS AND MANUSCRIPT I - V 


