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Introduction

General background 

All living organisms are characterized by their ability to grow and repro-
duce.  Cellular growth and division depend upon the ability of cells to take 
up from their environment raw materials for organization and maintenance 
of cell viability. All living cells and therewith the whole organism require 
certain indispensable inorganic and organic compounds for sustenance of 
life. The present thesis will primarily concentrate upon the organic (carbon-
containing) molecules central to both cellular structure and energy metabo-
lism.  The energy needed for the mammalian cell is derived from carbohy-
drates, triglycerides ( ”lipids”) and proteins. The enzymatic breakdown of 
these food stuffs results in monosacharides, fatty acids and glycerol as well 
as amino acids, respectively. Each metabolite has its own pathway or path-
ways of breakdown but all of them (under aerobic conditions) end up in the 
same energy generating processes, viz. the oxidation of reduced coenzyme, 
yielding energy in form of ATP (adenosine triphosphate). The monosacha-
ride glucose is of special importance in energy metabolism. Hence, all living 
systems require an ongoing  supply of energy where glucose (all cells) and 
fatty acids (especially heart muscle cells) play important roles. One broad 
definition of energy would be the capacity to do work and therefore, the 
more work that has to be carried out, the more energy is needed. This has 
been dealt with in some detail in the present thesis where individuals (both 
physically trained and untrained) have been subjected to various types of 
work-loads in regard to both intensity and duration and the energy turn-over 
has been monitored. Another definition could be that energy is the ability to 
cause specific changes into given directions. To this end we can imagine 
three major classes of cellular events that involve change and require energy 
in form of ATP. These categories are as follows: 

1. Changes in location or orientation (mechanical work). A typical 
example is muscle contraction (chemo-mechanical coupling) and 
the overall energy metabolic consequences of such contractile ac-
tivities have been monitored under controlled and various condi-
tions in the present thesis. 



10

2. Changes in concentration (osmotic and electrical work). Concen-
tration work involves the movement of e.g. cations and amino ac-
ids across a membrane against an electrochemical gradient (in case 
of a cation, since it is loaded) or a chemical gradient (in case of an 
amino acid). Therefore, intracellular taurine, that has been accu-
mulated inside the cell against its concentration gradient (osmotic 
work has been performed), represents an energy state that can be 
used by the cell in any case of energy crisis. Accordingly, intracel-
lular taurine (along its gradient) can be used to transport excess 
sodium ions (against their gradient) out of the cell. This has been 
discussed in Paper III.

3. Changes in chemical bonds (biosynthetic work). Synthetic work 
involves the formation of the energy-rich chemical bonds, e.g. the 
high energy phosphate bonds in ATP and creatine phosphate. 
Most of the ATP formed in eukaryotic cells is generated in the mi-
tochondria by means of oxidative phosphorylation, a step-wise 
oxidation reaction of reduced coenzymes coupled to the formation 
of a proton gradient across the inner mitochondrial membrane and 
the phosphorylation of adenosine diphosphate (ADP) to yield ATP 
(chemi-osmotic coupling). However, the initial, stepwise degrada-
tion of glucose involves an anaerobic phase where so called “oxi-
dative phosphorylation on a substrate level” takes place. This 
phase may be of special importance when discussing plasma 
membrane-compartmentalized ATP formation (see below). 

The total body energy expenditure (TEE) of humans is dependent on fat 
free mass (FFM), age, sex, genetics, environmental factors and physical ac-
tivity. The human energy stores consist of carbohydrates (glycogen and glu-
cose), lipids and protein as mentioned above. However, the ability of the 
human body to store carbohydrates in the form of glycogen is very limited 
and most of the excess carbohydrate is converted to lipids (lipogenesis). 

Energy expenditure 
The role of human energy expenditure and energy balance has become of 
utmost interest as the prevalence of obesity has increased markedly during 
the last 3-4 decades (Hill and Peters, 1998; Bray and Popkin, 1998). On the 
other hand it has recently been shown that increased free-living activity en-
ergy expenditure is strongly associated with lower risk of mortality in 
healthy elderly adults. Thus, increasing energy expenditure through any ac-
tivity may influence survival in adults (Manini et al., 2006). 
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The molecular origin of standard metabolic rate and thermogenesis is multi-
factorial. There are important differences and distinctions between the cellu-
lar reactions that: 1) couple to oxygen consumption, 2) uncouple metabolism, 
3) hydrolyze ATP, 4) control metabolic rate, 5) regulate metabolic rate, 6) 
produce heat, and 7) dissipate free energy. 

The quantitative contribution between these different cellular reactions 
has been assessed in mammals. It has then been estimated that approxi-
mately 90% of oxygen consumption under normal conditions is mitochon-
drial, of which approximately 20% is uncoupled by the mitochondrial proton 
leak and 80% is coupled to ATP synthesis. Out of the 80% of oxygen con-
sumption coupled to ATP synthesis, approximately 25-30% is used by pro-
tein synthesis, 19-28% by the Na+/K+-ATPase, 4-8% by the Ca2+-ATPase, 2-
8% by the actinomyosin ATPase, 7-10% by gluconeogenesis, and 3% by 
ureagenesis, with mRNA synthesis, lipid synthesis and substrate cycling also
making significant contributions (15-20%).  

The main cellular reactions that uncouple standard energy metabolism are 
the Na+, K+, H+, and Ca2+ channels and leaks of cell membranes and protein 
breakdown. Cellular metabolic rate is controlled by a number of processes 
including metabolic demand and substrate supply. The differences in stan-
dard metabolic rate between different body components appear to be due to
proportionate changes in the total energy expenditure. Heat is produced by
some reactions and taken up by others (exergonic and endergonic reactions) 
but is mainly produced by the reactions of mitochondrial respiration, oxida-
tive phosphorylation and proton leakage across the inner mitochondrial 
membrane. Free energy is dissipated by all cellular reactions, but the ATP-
utilizing reactions and the uncoupling reactions are the major contributors 
(Rolfe and Brown, 1997). 

UNIT OF ENERGY 
Most energy expenditure created and needed for the body’s functions, as mechanical work, 
finally ends up in heat production. The measurement of heat is called calorimetry. The unit for 
heat production as well as for energy expenditure is joule, but the calorie concept is still the 
dominating unit used in the nutritional literature. The calorie, or gram calorie, is the quantity 
of heat required to raise the temperature of 1 gram of pure water 1°C. To convert calories into 
joules the conversion factor 4.184 J = 1 calorie is recommended, which also identifies the 
calorie used by nutritionists with the thermo-chemical calorie. It should be expressed as 
MJ/kg, as a matter of convenience. In calculating the metabolizable energy value of food 4 
kilocalories (kcal) per gram for carbohydrate and protein and 9 kcal per gram of fat are used 
in rough estimates. If such values are converted from kilocalories to kiloJoules (kJ) rounded 
off figures of 17 kJ per gram for carbohydrate and protein and 38 kJ per gram for fats are 
suggested. Also converting calorie requirements and allowances into joules, figures may be 
rounded off in which energy allowances are given in both kilocalories (kcal) and megajoules 
(MJ), for example men from 18 to 35 years, sedentary, weighing 65 kg., 2700 kcal or 11.3 MJ 
and women 18 to 55 years for most occupations, weighing 55 kg., 2200 kcal or 9.2 MJ.  

References; Ames. The Joule - Unit of Energy.  1970;  FAO/WHO Expert Committee on 
Nutrition. Seventh Report. Food and Agric Org of the UN, Rome, 1967) 
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Energy turnover at an organism level 
Energy turnover in the body is based on oxidation. The release of energy in 
the body comprises a controlled and stepwise oxidation of the chemical 
components which leads to heat production, thermogenesis.  

The following forms of thermogenesis occur during the energy turnover 
in the body: Total energy expenditure (TEE) can briefly be divided in three 
main parts.

Firstly, resting metabolic rate (RMR) often referred to as basal metabolic 
rate (BMR).  

Secondly, dietary-induced thermogenesis (DIT), refers to energy turnover 
due to digestion, assimilation and storage of food.  

Thirdly, activity-induced thermogenesis or physical activity- (exercise) 
induced energy expenditure (AEE), due to voluntary muscular activity. This 
is related to life style achieved not only by daily occupational work, but also 
leisure activities as well as moving from one place to another, walking, 
standing, sitting, carrying and lifting.  

Forth, environmentally induced thermogenesis which is essentially related 
to thermoregulation of the body.  

1. Basal thermogenesis (BMR); Basal Metabolic Rate (BMR) or Resting 
metabolic Rate (RER) refers to the energy needed for the basic vital functions 
of the body, i.e. keeping body temperature, involuntary muscular contrac-
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tions for heart and lung function as well as the chemical processes in various 
metabolically active organs that keep us alive, i.e. liver and kidney. BMR is 
measured under standardised conditions of thermal neutrality (around 25º C) 
when the body is at complete rest and not moving but awake. It is usually 
measured in the morning just after the individual has been awake. The low-
est metabolic rate is usually recorded during sleep in the early morning (be-
tween 3.00 and 5.00 AM) and called sleeping metabolic rate (SMR). The 
amount of energy needed for maintaining the basal metabolic rate (BMR) in 
order to keep an individual healthy varies thereby with the person’s age, 
weight, and sex as it is related to the amount of active cell mass. Differences 
in body composition will consequently have an effect on energy needs. 
Changes in body temperature increases BMR with 10% per centigrade.  

Special tables based on empiric data can be used for calculation of RMR 
using body weight and height, sex and age as variables. The Harris-Benidict 
classic equations from the early part of the 20th century still remain the most 
common method for calculation of RMR for clinical and research purposes 
and can be applied over a wide range of age- and body types with a reason-
able but not perfect validity (Harris and Benedict, 1919; Frankenfield et al., 
1998).

2. Dietary induced Thermogenesis (DIT); Dietary induced thermogenesis 
(DIT) (earlier called specific dynamic action, SDA) refers to heat production 
due to the oxidation of various chemical compounds in the liver as well as 
increased circulation of blood in the digestive tract. DIT differs with regard 
to energy substrate ingested and metabolic situation in the body at time for 
the intake, i.e. energy balance, size of energy stores and endocrine status. 
Maximal effect of DIT is observed about 6 hours postprandially. DIT usually 
represents 5-15% of the energy content of the compound, depending on the 
relative amounts of energy-yielding substrates. 

3. Thermogenesis due to physical work; Activity-induced thermogenesis or 
physical activity- (exercise) induced energy expenditure (AEE). Any form of 
physical activity and muscular work, i.e. the conversion of chemically-bound 
energy to mechanical energy, ends up to some extent in heat production. The 
efficiency of the energy conversion to mechanical work in the muscles is calcu-
lated to be about 25 %, i.e. equivalent to what is reported for a two-stroke en-
gine. It seems to be about the same for all individuals, no matter if they are well 
trained or not. Better technique may however call for less muscle work in some 
individuals to perform physical work. 

4. Environmentally induced Thermogenesis; Environmentally induced 
thermogenesis is essentially related to thermoregulation of the body. Optimal 
clothing can reduce the effect of the environment. However it is not only a 
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problem of energy losses in a cold climate but also the cost of cooling at 
high temperature during sweat production. 

AEE is by far the most variable part of the TEE and plays a key role in 
energy balance (Toth 2001). Under conditions of a sedentary life style it 
represents about 25 % of RMR, but can increase to several times of RMR on 
a 24 hour basis. In addition to the more stable RMR it is ultimately the day 
by day differences between daily free-living AEE and energy intake that 
dictates energy balance and consequently body weight fluctuations over 
time, such as development of obesity.  The 2004 WHO/FAO/UNU report on 
energy requirement thus stresses that the term “lifestyle” is preferred to “oc-
cupational work”. The lifestyles have been classified in relation to the inten-
sity of habitual physical activity, and should not be based on physical effort 
demanded by occupational work only, but on the total life style including 
activities in spare time, i.e. discretionary physical activities. As industrialisa-
tion of today has lead to less heavy work loads, the relative impact of energy 
turnover during work hours in relation to activities outside the job has sig-
nificantly changed. 

The concepts of BMR factors and PAL; The total energy turnover com-
prises basal metabolic rate (BMR) as well as the energy needed for daily life. 
Based on large population studies, equations have been established in order 
to calculate BMR with reasonable accuracy based on anthropometrical data 
(weight, length, age and sex) (FAO/WHO/UNU, 1985). In order to calculate 
the total daily energy needs, information of life style of the individual must 
thus be known, i.e. time spent on various forms of activities (sleeping, sit-
ting, walking, household work) in addition to basic anthropometric data 
(mentioned above) for calculation of BMR. In the 1985 version of the inter-
national energy and protein requirements (WHO/FAO/UNU, 1985) the daily 
energy requirement of man expressed as multiples of BMR (BMR factors) 
was first introduced. Various activities in daily life as well as during various 
forms of physical activities should be expressed as multiples of BMR, often 
characterised as BMR-factors (FAO/WHO/UNU, 1985; Schofield 1985), 
PAR (physical activity ratio) or MET-values (MET = metabolic energy turn-
over) (Ainsworth et al., 2000). In this case the BMR or MET-factor multi-
plied by the minutes of physical exercise times BMR (expressed per minute) 
gives the total energy turnover for that specific activity (FAO/WHO/UNU, 
1985). The total energy turnover (ET) per 24 hour can then be calculated 
based on BMR with the addition of energy for various physical activities 
based on intensity and duration throughout the day. The total energy turn-
over (TEE) in relation to BMR per 24 hour is an indicator of the Physical 
Activity Level (PAL) of the individual, thus expressing the life style. This 
concept of lifestyle includes physical activity during work as well as during 
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leisure time. It has been postulated that for “survival”, 24-hour TEE repre-
sents about 1.20 times BMR,. A sedentary lifestyle TEE represents about 
1.55 times BMR, while e.g. an individual with a lifestyle including heavy 
work can be estimated to have a PAL-value over 2.0 (> 2 times BMR) 
(Hambraeus et al., 2003).  

Environmental factors such as temperature also have an impact and die-
tary intake, energy content as well as different food components, diurnal 
variation due to circadian rhythms, mental status as anxiety, job and social 
stress, and last but not least, physical activity. Specific gender differences in 
energy expenditure beyond disparity in active cell mass (principally muscle 
mass) are still not fully clarified and will partly be dealt with in Paper IV.  

Energy balance 
The energetic cost saved is primarily a consequence of the ability to depress 
ion pumping activities of cells, macromolecular synthesis, and macromo-
lecular turnover. It is likely that the rate of macromolecular degradation is a 
key feature that sets the upper limit for survival during e.g. starvation and 
chronic anoxia. Unbalanced diets and stressful situations disrupt energy ho-
meostasis and are implicated in the development of severe pathologies. Even 
a moderately unbalanced, fat-enriched diet can within a short time disrupt 
the metabolic neuro-endocrine balance and the metabolic stress response, 
rendering the organism more vulnerable to potential stressful insults (Kitraki 
et al., 2004). Food intake is a complex behaviour with multiple levels and 
controls (Schwartz et al., 2000). Food intake provides the energy necessary 
to enable the body to grow and function, and addresses both acute energy 
needs and the long-term storage of energy mainly as lipids. Most controls of 
food intake are related to energy homeostasis, while others are related to 
different co-phenomena, such as during illness and acute stress situations 
when generally less food intake occurs, most possibly caused by interactions 
relied on neural and hormonal signals arising throughout the body and im-
pinging on regulatory control areas of the brain. The energy equation holds 
that if body weight is to remain stable, food intake (i.e. energy intake) must 
equal energy expenditure (i.e. metabolism including effects of exercise) over 
long intervals. If energy balance equation is not in equilibrium, body weight 
will drift upwards or downward over time. The organism has a feed back 
mechanism that monitors energy stores and perhaps energy expenditure, and 
uses this information to influence both food intake and body weight. (Flier 
2004; Schwartz et al., 2000). The existing regulatory system acts both robus-
tly and precisely. Furthermore, the regulatory system of energy expenditure 
differs partly between long-term and short-term duration. 
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The energy equation 
According to the first law of thermodynamics, energy-in must balance energy-

out, which leads to the following equation: 

Ediet + Estore#1 = Eurine + Efaeces + Emiscellaneous + Ework + Eheat + 
Estore#2 + Ebody temperature change

The energy intake term of the equation comprises the chemical energy bound in 
the food consumed (dietary intake) (Ediet) and available in body stores (Estore#1)
The energy “losses” comprises not only real losses from the body by excretion 
of components in urine and faeces but also components that represent the costs 
of metabolic turnover and the conversion of chemically bound energy from one 
energy source to another as well as to mechanical (Ework ) and thermal energy 
(Eheat).
The equation also comprises the changes in body energy stores (i.e. glycogen in 
muscle and liver, fat in adipose tissue, protein in the muscles (Estore#2 - Estore#1 )
as well as in body temperature (Ebody temperature change).

When the energy intake is higher than energy losses, the surplus is stored as 
energy reserve, which may include a conversion between various forms of 
chemically bound energy, and on a long-term duration mainly as body fat.  

An energy imbalance may also result in changes in body temperature. 

For maintenance of energy homeostasis a complex interplay is required 
among a number of organ systems and includes a complex neuro-endocrine 
control. Thus, hypothalamic neuro-circuits critically regulate appetite, en-
ergy expenditure, and metabolism, by receiving and integrating signals from 
the periphery that convey information about the status of energy fluxes, 
stores and possible also different dietary composition like its fatty- and 
amino acid concentrations and qualities. These signals must be able to pro-
vide appropriate output to balance energy expenditure and intake and must 
sense both immediate nutritional status as needs of physical activity and 
amount of energy stored in form of glycogen in liver and muscles and also 
triglycerides in adipose tissue. Different hormones such as insulin, leptin and 
ghrelin are considered to exert pivotal roles in this energy expenditure feed 
back system (Flier 2006). An important enzyme with energy sensor implica-
tions both for the hypothalamus and in peripheral cells like the muscles, 
seems to be the AMP-activated protein kinase (AMPK), with many interest-
ing functions for the energy balance from the organism via organ to cellular 
and molecular levels (Kahn et al., 2005).   
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Undernutrition- energy-deficiency -malnutrition minus; Severe undernu-
trition profoundly affects whole body metabolism. An understanding of the 
pathophysiological effects of undernutrition is essential to provide a scien-
tific basis for strategies of efficient nutritional intervention, in order to pre-
vent this vicious circle of events. Although scientific data are limited, field 
studies of exercise and food deprivation, have reported that 4-5 % body fat 
seems to be the normal lower limit to use as fat reserves in physically active 
underfed young males, while females might use more fat mass and less fat 
free mass (FFM) to meet the same metabolic stress fuel requirements. More-
over, field studies during long-term physical activity have shown that energy 
reserves in young males in energy deficient states been suggested to be esti-
mated as percentage body fat minus 5%, and initial body fat mass has a sig-
nificant positive influence on fat oxidation rates per kg FFM during rapid 
body weight loss associated with underfeeding (Hoyt and Friedl, 2006).  

Insulin - energy turnover and substrate utilisation 
At the whole body level, insulin shifts substrate utilisation from lipids to 
carbohydrate as documented by a prompt rise in respiratory quotient (RQ or 
RER, se below). Normally the switch-over is thermogenic, in that increase in 
net carbohydrate (glucose) oxidation exceeds the reduction in net lipid and 
protein oxidation, leading to a small but consistent rise in heat production. 
Because feeding meals of various compositions is also followed by increased 
heat production, the effect is known as diet-induced thermogenesis and insu-
lin must be the prime mediator of this response. Consequently, the ther-
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mogenic action of insulin has been found to be a direct function of insulin 
sensitivity of glucose metabolism, regardless of age and obesity. This find-
ing has obvious implications both for development and maintenance of obe-
sity and the metabolic syndrome as well as the dietary management of these 
conditions.  The substrate cycle links glucose and lipid metabolism to ther-
mogenesis in skeletal muscle through a multifaceted complex neuro-
endocrine network of signalling pathways operating through insulin, leptin, 
CRH and catecholamines that regulates body weight, blood glucose, and 
intra-myocellular lipids (Unger and Orci, 2001; Dullo et al., 2004). Perturba-
tions of this hormonal network may thus be early events in the insulin resis-
tance as well as an impaired thermogenesis might be an early event in the 
dysregulation of blood glucose and skeletal substrate metabolism contribut-
ing to the development of obesity and metabolic syndrome. It might also be 
an effector mechanism by which glucose is spared in skeletal muscle for 
redistribution towards fat storage during the phenomenon of “catch-up fat” 
and thereby suppressed thermogenesis caused by fluctuations in body 
weight. That is, the phenomenon of suppressed thermogenesis for the pur-
pose of sparing glucose for “catch-up” fat via induction of skeletal muscle 
insulin resistance and adipose tissue insulin hyper-responsiveness might be a 
central event in the link between body weight fluctuations, hyperinsulinae-
mia and risk of the metabolic syndrome (Dullo 2005). 

Substrate and energy storage 
Table 1 shows an overview of the energy stores in an average non-obese 
man. Energy stored as lipids and glycogen but also available protein stores in 
the body are controlled by overlapping feedback loops that influence food 
intake and energy expenditure. Another system is sensitive to food that is 
consumed, including its energy content (density) and macronutrient compo-
sition. This feedback system controls meal size and sensation of satiety. Still 
other systems function to control the level of glucose and other energy con-
taining substances such as lipids in the blood as they relate to food intake. 
When energy is abundant, such as during and immediately after food intake, 
most cells in the body have the ability to synthesise fatty acids via the en-
zyme fatty acid synthase system and store lipids in different compartments 
(lipogenesis), especially in subcutaneous- and deep visceral adipose tissue as 
triglycerides. Small but metabolically interesting quantities of triglycerides 
are also present in lipid droplets inside muscle fibers, intra myocellular tria-
cylglycerol (IMTG). In addition to the normally well regulated small quanti-
ties of glucose in the circulation, carbohydrates are mainly stored to a limited 
extent as glycogen in the liver and muscles (glycogenesis) after food intake. 
Hence, glycogen stores are small (normally 0.5 kg) and will under normal 
conditions be filled rapidly after ingestion of carbohydrates.
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Table 1 Energy stores in an average, non-obese man (body weight   70 kg) 

 Energy source Weight (g) Energy (kJ) 

Lipids    
 Plasma fatty acids 0.4 15 
 Plasma triglycerides 4 150 
 IMTG 300 11 400 

Adipose tissue trig-
lycerides 12 000 460 000 

Carbohydrates    
 Plasma glucose 20 350 
 Liver glycogen 100 1700 
 Muscle glycogen 350 6100 
Metabolizible Pro-
tein    
 Muscle, Skin, Visce-

ral
5000 85 000 

Estimations adapted from references Forbes et al., 1953; Felig and Wahren, 1975; Jeukendrup 
et al., 1997; Horowitz and Klein, 2000; Gleeson 2000. 

Since fat contains more than twice the amount of energy per unit weight 
compared to carbohydrates (and protein) it is quite practical that more than 
97% of our entire energy stores are covered by endogenous fat sources. In 
addition, carbohydrate as energy storage (and protein) is less efficient due to 
that 1 mol glycogen bind 3 mol water when stored in liver and muscles. 
However, carbohydrates main importance as fuel source is that more ATP 
will be generated per unit of time compared to oxidation of lipids. For a 
working muscle, glucose is either directly provided from muscle glycogen 
and/or from glucose transported via the blood from e.g. liver glycogen to the 
muscle where it is taken up by facilitated diffusion, by glucose transporters, 
GLUT-1 and GLUT-4, situated at the plasma cell membranes (Kristiansen et 
al., 1997) (see below).  

Gluconeogenesis: Although, liver glycogenolysis provides the majority of 
the hepatic glucose output, gluconeogenesis from glycerol, lactate and amino 
acids can provide an additional and often important glucose fuel source dur-
ing energy metabolic stress situations such as during endurance exercise 
(Coggan et al., 1995), and gluconeogenesis may play an essential role for 
macronutrient utilization in energy turnover (Wagenmakers 2000; Watford 
2005). It has been estimated that muscle protein constitutes about 20 per cent 
of the total energy reserve in the body in a normal adult. In early phases of 
energy deprivation protein catabolism is increased and an increased glu-
coneogenesis results in release of endogenous carbohydrate. It is also well 
established that a high protein intake which surpasses protein requirement 
will lead to increased gluconeogenesis. This was illustrated in a study on the 
effect of protein intake and physical activity on pattern and rate of macronu-
trient utilization in our laboratory (Forslund et al., 1999). It showed that a 
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high protein diet and a normal protein diet at the same total energy intake 
lead to the same total carbohydrate (endogenous + exogenous) intake. The 
endogenous carbohydrate from increased gluconeogenesis compensated for 
the lower exogenous carbohydrate in the high-protein diet and interestingly 
the high-protein diet resulted in a lower insulin/glucagon ratio which was 
speculated to result in an apparent carbohydrate sparing effect and enhanced 
lipid oxidation. 

Respiratory Exchange Ratio (RER) or Repiratory Quotient (RQ): To esti-
mate the amount energy used by the body, RER or RQ, is often used as a 
simple method to determine what type of substrate (carbohydrate, fat or pro-
tein) being oxidized. The carbon and oxygen content of glucose, FFA and 
amino acids differs significantly. The amount of oxygen used during me-
tabolism depends thereby on the mixture of fuel being oxidized. By indirect 
calorimetry the amount of carbon dioxide (CO2) released and oxygen (O2)
consumed are measured. The ratio between the two values is called the respi-
ratory exchange ratio (RER) or respiratory quotient (RQ). RER = VCO2/VO2.
Since FFA have considerably more carbon and hydrogen but less oxygen 
than glucose, more oxygen is needed to oxidize lipids than carbohydrates. 
That means that the RER value for lipids is substantially lower than carbo-
hydrates and the RER value is 0.7 while if the cells are using only glucose 
(or glycogen) there will be a RER of 1.0. When there is a substantially lac-
tate production the RER value will of the same reasons be over 1.0.  

Obesity enigma 
An enigma in the western world is why body weight is increasing in the 
population in the face of the existence of a regulatory system with feed back 
loops whose function is to prevent deviations on a chronic basis. However 
there is a relatively wide range of body weight that an individual is willing to 
accept and defend (Berridge 2004). The exact locations within this range, 
and thus defended by the regulatory system, will be a function of environ-
mental factors. For example, individuals with increased access to palatable, 
energy dense food and with less average needs of physical exercise to obtain 
it, will set their body weight higher, than individuals living with chronic 
stress and/or exercising regularly, who possibly will tend to defend a lower 
body weight.  

A misconception that often occurs is that body weight is synonymous 
with body adiposity, i.e. we assume that a change in body weight reflects an 
underlying change of body weight, and that body fat, rather than weight per 
se, is the regulatory variable. The fact is however that these systems accept a 
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rather wide range of body weight that depends on both genetically and envi-
ronmental factors.  

Another consideration involves the magnitude of the “error” of the regula-
tory system. For example, if an adult of 75 kg consumes around 2500 kcal 
per day, it would only represent an error of ± 20 kcal per day to gain or lose 
1 kg per year in body weight. It obviously represents a very small “slippage” 
of the regulatory system, and in that point of view, this regulation seems to 
be quite precise. Thus, only a minor imbalance between energy intake and 
energy expenditure during long time (months to years) may lead to obesity 
or body weight loss. Interaction between our conserved “thrifty genotype” 
and current trends toward reduced physical activity and increased food in-
take are supposed to be the root cause of the rising prevalence of obesity in 
modern era.  

Body weight cycling  
Bodyweight cycling, “yo-yo dieting” or repeated body weight loss and re-
gain has been suggested to disturb metabolism and might even be associated 
with higher rate of morbidity and mortality (Hamm et al., 1989; Ernsberger 
et al., 1993). Body weight cycling (see also above insulin) might result in a 
decrease in energy expenditure expressed per kg body mass, however, not 
clearly shown if related to kg lean body mass (FFM). Changes in body fat 
mass have also been postulated. However, there are few short-term adverse 
consequences shown in obese people but are not clarified in lean individuals 
(Keim et al., 1998). When significant weigh loss occurs, energy expenditure 
decreases, whereas weight gain leads to a rise in energy expenditure (Della 
et al., 1994). Resting energy expenditure will decrease as a function of loss 
of FFM and for a given rate of physical activity the absolute energy expendi-
ture will also drop because of lower body size. That is, during body weight 
loss as well as regain, the rate of total energy expenditure and resting meta-
bolic rate normally follows the changes in body composition (Froidevaux et
al., 1993).  
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High intensity physical activity 
Exercise-induced energy expenditure depends on the intensity, frequency, 
duration and type of physical activity and also the training status of the indi-
vidual. Sustained high power output or speed of mechanical movement of 
the muscles for a long time creates such amounts of the energy expenditure 
rates that it reaches levels several times of that of the basal metabolism (see 
above, PAL). This in turn switches on the metabolism, though craves for, 
and depends on the rate and efficiency in which chemical energy can be 
effectively converted into mechanical energy for skeletal muscle contraction. 
During physical activity, multiple physiological and metabolic adaptations 
are induced to enable the individual to increase the rate of energy production 
from both aerobic and anaerobic pathways. In maintaining tight metabolic 
control (i.e. match ATP production with ATP hydrolysis), the body attempts 
to minimise cellular disturbances, increase economy of motion and improve 
the resistance of the working muscle to fatigue during exercise (Hawley 
2002). The training-induced shift in substrate selection in working muscle is 
such a mechanism that plays a major role in the increased endurance capac-
ity. Endurance training reduces uptake and oxidation of plasma glucose and 
this adaptation to spare muscle glycogen is compensated for by a propor-
tional increased fatty acid oxidation, reflected by a lower RER at the same 
relative exercise intensity (Coggan et al., 1990; Coggan et al., 1995). It is 
generally accepted that a trained muscle has better phosphorylation potential 
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than an untrained muscle and it depends on differences in effectiveness in 
handling substrate oxidation to generate ATP. However, all underlying 
causes are not completely understood. Although the body’s strive in physical 
activity to navigate substrate shifts in substrate selections from carbohydrate 
to lipids, is caused by improved muscle respiratory capacity such as enzymes 
and mitochondria, other factors are also important for the subsequent shifts 
of metabolic fuel. Such factors might include greater supply of lipids due to 
an increase in intramuscular triglyceride concentration (Hurley et al., 1986) 
and/or morphological adaptations, such as greater recruitment of active cell 
mass and/or changes in muscle fiber types in muscles (Coyle 1995). 

Cellular metabolism 
Metabolically active cells comprise complex energy-producing and energy-
utilising chemical reactions. Energy expenditure is strongly dependent on 
activities of the metabolic pathways. On a cellular level the energy expendi-
ture cycle is a conversion of carbohydrates, i.e. glucose, lipids and amino 
acids to produce high energy phospho-compounds and principally adenosi-
netriphosphate (ATP) (see General background). This ATP can be used to 
power the cellular energy demanding processes like mechanical movements, 
chemical synthesis and maintaining membrane electrochemical potentials 
(see above). Most cells in the body have complex means of maintaining ade-
quate ATP levels due to their ability to oxidize alternative energy substrates 
like fatty acids, amino acids and ketone bodies. Moreover, it is an estab-
lished position that transport and uptake of glucose can be rate-limiting in 
cells under large metabolic demands. In principle, two modes of uptake of 
glucose are operative. One is represented by the concentrative Na+/glucose
transporters (SGLT), e.g. SGLT3 that is localized in the plasma membrane 
of skeletal muscle (Mueckler et al., 1985). A subgroup, GLUT1 is highly 
expressed in erythrocytes and brain (Maurer et al., 2006). Another subgroup, 
GLUT4 is the insulin-regulated glucose transporter of adipose tissues, heart 
muscle and skeletal muscles that is responsible for insulin-regulated glucose 
transport (Lanner et al., 2006). Hence, transport complexity of glucose into 
different cells is obvious and two of the determinants in this complex inter-
play are insulin and the electrochemical potential of the cell. 

The acute metabolic response associated with increased energy expendi-
ture is highly specific to the mode, intensity and duration of the stimulus 
(Hildebrandt et al., 2003). At the onset of elevated metabolic energy de-
mands there are rapid (ms) increases in cytosolic and mitochondrial calcium 
(Ca2+) and Na+/K+-ATPase activity and depending on the relative intensity, 
changes in concentrations of ATP (i.e. increases in ADP and AMP). Ever 
since it was disclosed about 40 years ago that the plasma membrane has the 
capability to form ATP (Ronquist and Ågren, 1965; Ronquist and Ågren, 
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1966), it has been speculated upon the existence of a membrane metabolic 
compartment involving glycolysis-derived ATP and "pump" ATPases 
closely linked to each other (Parker and Hoffman, 1967; Al-Habori 1995). 
Thus, in smooth muscle cells, ATP is synthesized by a plasma membrane-
associated glycolytic cascade which is used purposely to drive the Na+/K+-
ATPase (Lynch and Paul, 1983; Paul et al., 1979). This finding was sup-
ported by another report (Weiss and Lamp, 1987) claiming that ATP-
dependent K+-channels in cardiac myocytes were more strongly linked to 
glycolytic than oxidative metabolism. Isolated skeletal muscle was subse-
quently found to contain a compartmentalized glycolytic reaction sequence 
leading to synthesis of ATP. What was more, the ATP formation occurred 
transiently and appeared to be kinetically compartmentalized, i.e. the synthe-
sized ATP was not in equilibrium with the bulk ATP (Han et al., 1992). 
Hence, in all the vicissitudes of cellular life, the availability of glucose is 
absolutely obligatory for sustenance of ion pumps and therewith cellular 
viability. When the cell energy metabolism has been brought to an extreme, 
the availability of glucose is imperative for compartmentalized ATP forma-
tion (see above) in the plasma membrane to guarantee the maintenance of 
the electrochemical potential as has been discussed in Paper IV. 

Metabolic stress 
Optimal cellular bioenergetics rely on: (1) adequate delivery of oxygen and 
substrates to the mitochondria, (2) the oxidative capacity of the mitochon-
dria, (3) adequate amounts of high-energy phosphate and the PCr/ATP ratio, 
(4) efficient energy transfer from mitochondria to sites of energy utilization, 
(5) adequate local regulation of ATP/ADP ratios near ATPases and (6) effi-
cient feed back signalling from utilization sites to maintain energetic homeo-
stasis of the cell. Derangement at any of these various steps of the cells ener-
getic pathways cause metabolic stress, i.e. energy metabolic stress.

Metabolic stress can be considered as a state where there is either a hypome-
tabolic or a hypermetabolic situation in the cells. All kinds of disturbances 
elicit such stress. ATP depletion, energy deprivation (starvation), hypogly-
cemia, anoxia (hypoxia) and ischemia are well-known energy-metabolic 
stressors. Survival time of organisms during exposure to environmental 
stresses that limit energy availability is, in general, directly related to the 
degree of metabolic stress achieved. Hypometabolism is controlled by en-
dogenous factors. Metabolic downregulation is observed in response to un-
favourable environmental conditions such as cold, dehydration (desiccation), 
anoxia, and/or starvation. Thus, energy limitation due to lack of nutrients is 
often accompanied by a substantially decreased metabolic rate. A metabolic 
downregulation is coordinated by different hormones and cytokines for dif-



25

ferent time periods, while cellular messengers like nitric oxide and oxygen 
free radicals have regulatory functions more directly (Hand and Hardewig, 
1996). 

Different protective systems are activated during all forms of metabolic 
stress and will be particularly important during situations whereas the inten-
sity and duration are greater than that to which the organism is normally 
adapted. It seems likely, although not conclusively proven, that adaptive 
mechanisms are activated by the increase in cellular AMP/ATP ratio that 
accompanies such extended intensive energy metabolic stress. The response 
to metabolic stressors, such as starvation and intensive exercise, includes e.g.
synthesis of different protective enzymes like the AMP-activated kinase 
(AMPK) system that  protects muscle against the metabolic stresses caused 
by muscle contraction, in which demand for ATP can be increased by more 
than 100-fold within seconds. Hence, AMPK is a fuel-sensing enzyme that 
responds to cellular energy depletion by increasing processes that generate 
ATP and inhibiting others that require ATP (Hardie et al., 2006). However, 
multicellular organisms, have acquired the ability to regulate the AMPK 
system via hormones and cytokines. Particular interesting were findings that 
AMPK is activated by the adipokines, leptin in skeletal muscle and the liver 
(Minokoshi et al., 2002). The increase in energy expenditure in muscle is 
compensated by increasing fatty acid oxidation and up-regulation of mito-
chondrial biogenesis. Conversely, leptin inhibits AMPK in the hypothala-
mus, consistent with the ability of the adipokine to inhibit food intake (Mi-
nokoshi et al., 2004). These results suggest that AMPK also has an impact 
on the regulation of body weight and the whole energy balance.  

Leptin is thought to regulate whole-body adiposity and insulin sensitivity 
by stimulating fatty acid metabolism via muscle adipokinase. Leptin and 
adiponectin are the major adipokines produced by adipocytes (Trayhurn P et 
al., 2006). Leptin effects energy homeostasis by decreasing food intake and 
by acting on lipogenesis and fatty acid oxidation. Adiponectin is a hormone 
considered to be a major insulin-sensitizing hormone. Adiponectin and leptin 
have an impact on muscle and liver cells via regulating of AMPK function. 
Even, a human skeletal muscle metabolic pathway has been suggested by 
which adiponectin influence mitochondrial number and function (Bluher et
al., 2006).  

Mammalian cells show with few exceptions a high intracellular level of 
the potassium ion and a low intracellular level of the sodium ion, whereas 
the external environment of these cells shows the converse pattern. These 
two media are separated by the plasma membrane of the cell, which main-
tains the necessary high level of discrimination. The differentiating charac-
teristic for Na+ and K+ cannot be explained in simple physicochemical terms. 
For example, the charge and valence of these two ions are the same. Fur-
thermore, since both Na+ and K+, to a restricted degree, can penetrate the 
membrane, an active state must be maintained in which Na+ is extruded from 
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the cell and K+ is accumulated. In other words, even after we have taken into 
consideration the process of exchange diffusion, significant quantities of 
sodium and potassium ions have to be transported across the cell membrane 
in order to balance the passive movements of these ions back down their 
electrochemical gradients. 

The Na+/K+-ATPase of the plasma membrane 
Early experiments by Whittam and collaborators (1958) demonstrated the 
ATP potentiation of K+ uptake by human red blood cells. For up to 4 h he 
studied red blood cells suspended in a solution containing radio-labelled K+,
together with glucose in some experiments and without glucose in others. In 
that way an effect of intracellular ATP was shown by the parallel fall in ATP 
content and in K+ influx in glucose-free cells. The cell suspension containing 
glucose, on the other hand, maintained a high intracellular ATP concentra-
tion and showed undiminished potassium uptake. Hence, hydrolysis of ATP 
is coupled to a process by which Na+ and K+ are transported across the 
membrane, so that energy may be transferred from the first process to the 
second. The molecular basis for these membrane-linked events is the AT-
Pase enzyme. The transport ATPase system has a high specificity for its 
organic substrate, ATP being the only effective nucleoside triphosphate. We 
should note from the first that any transport driven by ATP cleavage must à 
priori act as an ATPase, just as the process of muscle contraction must also 
act as an ATPase. The term ”ATPase” suggests that a simple hydrolase 
drives transport, while actually the phosphoryl group takes a complicated 
course between the time it leaves ATP and the time it appears as an inor-
ganic phosphate ion. The stoichiometric relationship between the Na+ trans-
ferred, the K+ transferred, and the energy-rich phosphoryl bond split is three 
moles to two moles to one mole. The ultimate guarantor for the ion pump to 
operate is of course the supply of ATP from cell metabolism. The lower 
critical level of ATP for human red blood cells is 0.3 umol per mL cells. 
This is about 20% of the normal content of fresh cells, below which the 
pump does not work and as a consequence the cell goes into lysis. Early 
findings in the 1960ies made it clear that the plasma membrane itself has its 
own capacity of energy metabolism and ability to form ATP (Ronquist and 
Ågren, 1965; Ronquist and Ågren, 1966). This juxtaposition of ATP-
forming reactions to ”pump”-ATPases is important for rapid generation of 
ATP through glycolysis rather than through mitochondria-derived ATP 
within the cell at a certain distance from the membrane. Glucose metabolism 
in membrane-associated compartments has indeed been demonstrated which 
is related functionally to the activity of membrane ion pumps or channels 
(Lynch and Paul, 1983). There is strong evidence that in vascular smooth 
muscle, ATP is synthesized by a plasma membrane-associated glycolytic 
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cascade which is employed specifically to drive the Na+ and K+ -dependent 
ATPase (Paul et al., 1979). Particularly notable to this end is the report by 
Weiss and Lamp, (1987), who claimed that ATP-dependent K+ -channels in 
cardiac myocytes were more strongly linked to glycolytic than to oxidative 
metabolism. Isolated skeletal muscle was found to contain a compartmental-
ized glycolytic reaction sequence leading to synthesis of ATP (Han et al.,
1992). Furthermore, the ATP formation occurred transiently and appeared to 
be kinetically compartmentalized, i.e. the synthesized ATP was not in equi-
librium with the bulk ATP. In other words, a correlation exists between gly-
colysis and function in the plasma membrane of many cells including skele-
tal muscle cells as discussed in the present thesis (Paper IV). It should be 
pointed out, however, that in Paper IV no established hypoglycemia was 
apparent but still, a restricted availability of glucose inside the cells was 
probably the case due to a suspected insulin resistance possibly combined 
with a reduced capacity of the glucose transporter as a consequence of an 
assumed oxidative injury. 

Physical activity and metabolic stress 
Exhaustive exercise represents a physiological and metabolic stress model 
where the cellular energy homeostasis is under large pressure. The body 
responds to intense exercise by increasing circulating levels of stress hor-
mones such as cortisol, catecholamines, insulin and leptin that act in a bi-
phasic way to support oxygenation of tissues and facilitate substrate avail-
ability. In addition to the physiological changes, intense exercise introduces 
several factors that could result in cellular damage (Armstrong et al., 1991). 
These factors include energy depletion, generation of oxygen species (ROS), 
decreased pH and mechanical damage to the muscles (Paroo et al., 2002). 
However, skeletal muscle exhibits remarkable adaptive capabilities in re-
sponse to a number of these physiological and pathophysiological conditions 
such as from metabolic energy stress. Thus, the metabolic and mechanical 
stresses of physical activity stimulate many healthful adaptations in numer-
ous tissues in a dose response manner (Holloszy and Coyle, 1984). Never-
theless, physical activity can also place various tissues under a metabolic 
stress from which cells are unable to recover properly (Newcomer et al.,
2005). The metabolic stress during physical activity is generally determined 
by the type, intensity and volume of exercise. The individual’s state of 
physical fitness, nutritional status and environmental conditions such as heat 
does also influence the degree of metabolic stress. To some extent, these 
determinants of metabolic stress can be controlled. Other factors that influ-
ence the metabolic stress during physical exercise include genetic predispo-
sition, age and gender.  
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Metabolic stress during low intensity exercise is not great and thus re-
sponses remain relatively stable and not differing substantially after ½ hour 
as those observed after 3 hours as long as there is not any state of nutrient 
deficiency which could change the situation dramatically. The increase in 
oxygen consumption and mitochondrial respiration for increased ATP resyn-
thesis is generated by the greater disturbance of metabolic homeostasis in the 
muscle fiber during more intense exercise. The metabolic stress of substrate 
depletion in the exercising muscle at the point of fatigue suggests an energy 
production imbalance (e.g. ATP flux) as reflected by oxidative stress and 
ammonia concentrations (Spenser et al., 1992). The metabolic stress is also 
reflected in hormonal responses, which, among other functions, serve to 
regulate substrate utilization and cardiovascular responses (Goto et al., 
2005). Thus, hypoglycaemia markedly stimulates epinephrine release and 
muscle glycogen depletion is associated with elevations in plasma cortisol, 
indicating the involvement and activation of the hypothalamic-pituitary-
adrenal axis (HPA-axis). These hormonal markers of metabolic stress influ-
ence numerous physiological systems and some of these responses do not 
appear to be productive, especially those who are performing exhaustive 
exercise on a daily basis without enough recovery (Hartmann and Mester, 
2000). Metabolic stress can to some extent be quantified by different aspects. 
Rate of ATP generation cause metabolic or mechanical reactions that can be 
gauged by measuring whole body oxygen consumption and/or total muscle 
force developed. Measurement of substrate turnover (i.e. flux of kinetics), 
substrate depletion, enzymatic activities, heat production and/or accumula-
tion of metabolites (e.g. lactate, hydrogen ions, ammonia, free radical spe-
cies) and hormonal responses are other ways indicative of metabolic stress a 
given stimuli will create under certain conditions. Impairments of any steps 
can lead to defective electron transport, a subsequent failure of ATP produc-
tion and inability to maintain energy homeostasis. At the onset of contractile 
activity, a number of rapid events occur that form part of the initial signal-
ling process leading to downstream protein and lipid synthesis. These 
changes include Ca2+ influx, ATP turnover and the stimulation of oxygen 
consumption within the contracting muscle cells (Hood et al., 2006).  

Adaptation to exercise provoked metabolic stress 
The capacity of human skeletal muscle to adapt to repeated bouts physical 
activity over time so that subsequent exercise capacity is improved is highly 
dependent on the individual’s nutrition status before, during and after the 
exercise session. The acute metabolic responses associated with exercise and 
subsequent training induced adaptations are highly specific to the mode, 
intensity and duration of the physical training stimulus (Hildebrandt et al.,
2003; Nader and Esser, 2001) and the corresponding pattern of muscle fibre 
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recruitment (Costill et al., 1973). The elementary goal of physical training is 
to induce multiple physiological and metabolic adaptations to the working 
muscles to increase the rate of adenosine triphosphate (ATP) production 
from both aerobic and oxygen-independent pathways, maintain tighter meta-
bolic control (i.e. match ATP production with ATP hydrolysis), minimize 
cellular disturbances and improve fatigue resistance during exercise (Hawley 
2002). The major perturbations to cellular homeostasis and muscle substrate 
stores occur during exercise, the activation of several signalling pathways 
important for chronic training adaptation take place during the first few 
hours of recovery, normally returning to the baseline values within 24 h after 
exercise. Although long-term muscle adaptations are likely to be the result of 
the cumulative effects of repeated bouts of exercise, the initial responses that 
lead to chronic changes occur during and directly after each training session. 
The molecular and cellular events that occur in the body’s tissues in re-
sponse to any type of energy metabolic stress are dependent of the nutri-
tional status both before and after the stress situation that then will modulate 
these responses and promote or inhibit subsequent exercise adaptations. It is 
thus clear that all physical training and nutrition are highly interrelated in the 
optimal adaptation to the demands of repeated training sessions and typically 
requires a diet that can sustain muscle energy reserves to the best level pos-
sible (Coyle 2000). However, for any specific cascade of muscular adaptive 
reactions including growth stimuli to the activation of energy stores and 
different protein synthesis both enzymes and muscle cell mass there is also 
needs of amino acids and hormonal adaptations that are still not fully re-
solved.

Oxidative stress 
Free radicals can be defined as molecules or molecular fragments contain-
ing one or more unpaired electrons in atomic or molecular orbitals (Evans 
and Halliwell, 1999). Free radicals (e.g. hydroxyl and superoxide radicals) 
are produced as a result of regular energy production, particularly by mito-
chondria. These highly reactive free radicals, also called reactive oxygen 
species (ROS), are associated with damage to DNA, proteins and lipids 
(lipid peroxidation), including cell membrane phospholipids and proteins 
(Halliwell 1996). Lipid peroxidation of membranes is ascribed to loss of 
membrane function and increased permeability of cells. Thus, ROS produc-
tion can under some circumstances lead to impairment of vital biochemical 
processes including dysfunction of the mitochondria and plasma membrane 
(Rafique et al., 2004).

Oxidative stress is a disturbance in the free radical production and anti-
oxidant protection balance in favour of the former. The balance between free 
radical production and antioxidant capacity is also termed redox equilibrium. 
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Overproduction of ROS, most frequently either by excessive stimulation of 
NAD(P)H oxidases by e.g. cytokines, or by the mitochondrial electron trans-
port chain and xanthine oxidase result in oxidative stress. Oxidative stress is 
a deleterious process that can be an important mediator of damage of cellular 
structures such as the membrane and its proteins and ion pumps. It is well-
known that this high generation of ROS results in an attack upon cell com-
ponents involving polyunsaturated fatty acid residues of phospholipids (e.g.
in cellular membranes), which are extremely sensitive to oxidation (Siems et 
al., 1995). In turn this cell membrane damage can lead to retardation of 
Na+/K+-ATPase, Na+/Ca2+ exchange and Ca2+-pump activity. Such distur-
bances have been proposed to lead to an overload of intracellular Ca2+ caus-
ing further alterations of cellular function including additionally increased 
free radical production (Hayat et al., 2004). Lipid peroxides, formed by at-
tacks of radicals on polyunsaturated fatty acid residues will give rise to e.g.
malon-dialdehyde (MDA) products (Valko et al., 2005), which thus also 
may be used as an indirect marker of excess free radical formation and 
membrane damage. 

Antioxidants. Excess production of ROS is strongly associated with vari-
ous disease states and ageing as well as with excessive physical activity. 
Cells continuously produce free radicals as part of most metabolic processes. 
These free radicals are neutralized by an elaborate antioxidant defence sys-
tem consisting of enzymes such as catalase, superoxide dismutase, glu-
tathione peroxidase, and numerous non-enzymatic antioxidants, including 
vitamins A, E and C, glutathione, ubiquinone, and flavonoids Fang et al., 
2002).

Erythrocytes represent a major component of the antioxidant capacity of 
the blood via the enzymes contained in the cell, the glutathione system (GSH 
versus GSSG), and other antioxidants of the erythrocyte. The erythrocytes 
are considered as important regulators of oxidant reactions in the surround-
ings, and through their role as the body’s oxygen and carbon dioxide trans-
porter, they are under constant exposure to possible sources of oxidative 
stress. Its extracellular antioxidant capacity and its mobility render the eryth-
rocyte an ideal antioxidant, not only for its own membrane and local envi-
ronment, but also for other cells and tissues (Richards et al., 1998). How-
ever, when the erythrocyte loses some of the critical enzymes needed for 
intermediary metabolism and antioxidant capacity, oxidation of critical 
membrane proteins, phospholipids and haemoglobin would follow, resulting 
in distortion and rigidity of the cell membrane and finally hemolysis. Eryth-
rocytes subjected to extracellular oxidative stress undergo haemoglobin oxi-
dation and membrane damage, which however can be modulated by main-
taining the energy requirements of the cells. Thus, a balance exists between 
the oxidation state of haemoglobin and the oxidative deterioration of mem-
brane phospholipids, which is dependent on the metabolic state (available 
ATP and reduced coenzyme) of the erythrocytes (Rice-Evans and Baysal, 
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1987). Macrocytosis (elevated cell volume, MCV) after oxidative injury of 
erythrocytes has also been reported (Zinkham and Winslow, 1989). Con-
versely, oxidative stress itself has been implicated in the oxygen dependent 
activation of the K-Cl cotransporter and the Gardos channel due to Ca2+

overload (“Gardos effect”, see below) leading to excessive KCl loss and 
erythrocyte shrinkage (Muzyamba and Gibson, 2003). Thus, imbalance be-
tween ROS production and antioxidant cell defences due to lack of ATP and 
reduced coenzyme promotes a rapid increase in erythrocyte volume and fi-
nally cellular shrinkage and cell death. 

Insulin resistance. There is evidence that oxidative stress might be impli-
cated in promoting a state of systemic inflammation as in e.g. diabetic pa-
tients and a relationship between cytokine systems, IL-6, with oxidative 
stress in plasma of diabetic subjects has been demonstrated (Gumieniczek et 
al., 2006). Erythrocytes may provide a simple system for the study of insulin 
resistance pathways and cellular effects. The intracellular sodium influx has 
been shown to increase after addition of insulin in erythrocytes. Weight loss 
is related to reduction of oxidative stress and inflammatory activity and es-
pecially to IL-6. This beneficial effect could possibly be translated into re-
duction of cardiovascular risk in obese individuals losing weight (Bougoulia 
et al., 2006). Several studies have reported that insulin resistance and com-
pensatory hyperinsulinemia increase lipid peroxidation, suggesting a linkage 
to each other. Accordingly, a prolonged high circulating glucose level en-
hances free radical production from glucose autooxidation and protein glyca-
tion. Insulin resistance of hypercholesterolemic patients increased oxidative 
stress and negatively influenced plasma antioxidant system, thus linking 
insulin resistance and oxidative stress accompanied by a reduced antioxidant 
capacity (Shin  et al., 2006). Protein glycation and lipid peroxidation caused 
by high glucose levels have been shown in erythrocytes and may cause cel-
lular dysfunction including resistance to insulin. Antioxidants may inhibit 
this oxygen radical production, and thereby improve membrane function and 
increase glucose utilization in erythrocytes (Jain et al., 2006). Moreover, 
insulin given to patients with type 2 diabetes mellitus can reduce intracellu-
lar oxidative stress in erythrocytes via an improved GSH/GSSG ratio (Bravi  
et al., 2006). Erythrocyte glucose-6-phosphate dehydrogenase (G6PD) activ-
ity and the production of NADPH (reduced coenzyme) are closely related to 
the defence against ROS. G6PD is the starting enzyme of the so called pen-
tose phosphate pathway and most important for erythrocyte survival in the 
circulation. Alpha-tocopherol is implicated in the reduction of lipid peroxi-
dation. Interestingly, supplementation with alpha-tocopherol may protect 
G6PD activity from inhibition induced by energy metabolic stress such as 
from forced exhaustive physical training (Tsakiris et al., 2006). 

Taurine (2-aminoethanesulfonic acid) is a potent antioxidant (in addition 
to its role as an osmoregulator, se below) and inhibits cell apoptosis in is-
chemic reperfusion injury. Cells exposed to oxidative stress can undergo 
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cellular swelling that can be counteracted by the scavenger effect of taurine 
(Law 2005). Taurine can react with the aldehyde group of the glucose mole-
cule and has a higher reactivity than other amino acids such as glycine. Fur-
ther, the taurine-glucose reaction product showed antioxidant effects on lipid 
peroxidation of constituted liposomes. The observed effects of taurine could 
also be attributed to its ability to resist cell damage in a non-specific way by 
membrane stabilisation and by osmoregulation (Hansen 2001). However, the 
main beneficial effects of taurine as an antioxidant in biological systems 
have been attributed to its ability to stabilize biomembranes, to scavenge 
reactive oxygen species, and to reduce the peroxidation of unsaturated mem-
brane lipids (Huxtable 1992). Experimental data also suggest that taurine 
could have beneficial effects in diabetes mellitus by reducing organ lipid 
peroxidation and plasma lipids (Franconi  et al., 2006).  

Exercise. Muscular contraction increases the production of reactive oxy-
gen species (Reid and Durham, 2002) in addition to the naturally burst of 
ROS due to the highly increased energy expenditure. Moreover, lack of en-
ergy on the cellular level during exhaustive exercise causes even more oxi-
dative stress which may in concert damage membraneous structures by lipid 
peroxidation. Accordingly, extreme exercise can produce an imbalance be-
tween ROS and antioxidants, and thus generate a high level of oxidative 
stress. It has also been suggested that exercise-induced production of ROS 
may be harmful to performance but this is under debate and there is still no 
clear evidence for detrimental effects other than small to moderate increases 
in levels of oxidatively modified biomarkers (Vollaard et al., 2005). In the 
recovery of physical activity there is also an adaptive increment of the anti-
oxidant protective system mainly in the muscles. Hence, metabolic stress can 
be increased by volume and/or intensity mode of physical activity, which is 
contemporaneous with enhanced energy expenditure. Excessive exercise of 
an untrained and/or unadapted muscle causes energy metabolic stress which 
consequently can generate massive production of ROS. Resultant damage to 
the muscle can be structural and/or metabolic. Increased uric acid production 
as a resultant of high energy turnover and altered thiol-redox homeostasis 
(GSH versus GSSG) has indeed been shown in connection with exhaustive 
exercise (Svensson et al., 2002). Moreover, high-intensity endurance train-
ing can elevate antioxidant enzyme activities in erythrocytes, and reduce 
neutrophil free radical production. Furthermore, this up-regulation of anti-
oxidant defences was accompanied by a reduction in exercise-induced lipid 
peroxidation in the erythrocyte membrane (Miyazaki et al., 2001). That is, 
endurance training may be useful to prevent acute exhaustive exercise-
induced oxidative stress in erythrocytes by up-regulating some of the anti-
oxidant enzyme activities which may have implications in exercise. 

Gardos effect: When an increased metabolic pool of intracellular free 
Ca2+ concentration in erythrocytes occur, a selective K+ loss due to the acti-
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vation of the K+ channel by intracellular Ca2+ will follow. This specific Ca2+

activated K+ channels (Gardos channel), are presented in several cell types 
but most shown in erythrocytes where approximately 100-150 Gardos chan-
nels are present. With the large intracellular K+ loss by the activated Gardos 
channel, an accompanying movement of e.g. Cl- and water will follow, and 
finally this increased intracellular Calcium ion pool thereby can lead to that 
the erythrocyte will turn into a xerocyte/echinocyte formation due to dehy-
dration state and finally apoptosis (Gardos 1958; Ronquist et al., 2001).  

Caloric restriction
Interestingly, prolonged calorie restriction without malnutrition attenuates 
age-related pathophysiological changes such as diabetes and hypertension 
and even seems to increase life span in rodents (Bevilacqua et al., 2004). 
However, the mechanisms responsible for the “anti-aging” caloric restriction 
effects are not known, although several studies have suggested that caloric 
restriction decreases age-associated damaging cellular ROS production (So-
hal and Weindruch, 1996; Drew et al., 2003). It has been suggested that the 
observed increase in lifespan and decrease in ROS production may be de-
pendent on a decrease in cellular energy expenditure (Ramsey et al., 2000).
Whether prolonged calorie restriction affects biomarkers of longevity or 
markers of oxidative stress, or reduces metabolic rate beyond that expected 
from reduced metabolic mass, has not been clearly investigated in humans. 
However, carbohydrate intake during exhaustive exercise attenuates oxida-
tive stress and IL-6 production by tissues other than skeletal muscles which 
under such energy demanding conditions is contradictory to the theory of 
longevity through long term slightly energy deficient state, at least if some-
one is subjected to regular and hard physical training (Moulias et al., 1999). 
Rather, an opposite reaction is at risk, viz. the development of an energy 
metabolic stress syndrome. This thesis compromises individuals subjected to 
strenuous exercise and they are expected to have been exposed to energy 
metabolic stress and thus elevated oxidative stress. 

Cellular swelling
There is evidence that cellular hydration state is important for the mainte-
nance of vital cellular functions as control of metabolic turnover like protein 
synthesis and protein degradation that are affected in opposite directions by 
cell swelling and shrinking. An increase in cellular hydration (swelling) acts 
as an anabolic proliferative signal, whereas cell shrinkage is catabolic, anti-
proliferative and even portending apoptosis (Schliess and Häussinger, 2002). 
The cellular hydration state is mainly governed by the activity of ion and 
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substrate transport across the plasma membrane (Ronquist et al., 1995 and 
2001). Hormones, substrates, and oxidative stress can change the cellular 
hydration state promptly, thereby affecting protein turnover (Lang et al., 
1998). It is generally accepted that the electrochemical gradient of monova-
lent cat-ions across the plasma membrane is involved in the maintenance of 
resting and action membrane potential, cell volume adjustment, intracellular 
Ca2+ handling and accumulation of glucose, amino acids, nucleotides and 
other precursors of macromolecular synthesis. Intracellular ion homeostasis 
is accomplished through the concerted actions of ion pumps, carriers and 
channels. Ion transport across cell membranes is the basis for generation of 
membrane potentials as has been described above. Besides the Na+/K+-
ATPase transport system, other membrane transporters are also involved in 
cell volume regulation viz. volume-sensitive K+ and Cl  channels, the Na+,
H+, Cl , HCO3 , and K+, H+ exchangers and other co-transporters. The role 
of amino acids, particularly taurine, has also strong cellular osmolyte func-
tion. ATP produced through the glycolytic pathway appears to be necessary 
for cellular functions, including Na+ homeostasis (Carvajal et al., 2003). The 
proportion of ATP produced glycolytically is further increased during e.g.
exhaustive exercise and other stressful physiological conditions with in-
creased energy demand, leading to an increased requirement for H+ extrusion 
(Goodwin et al., 1998). Cell volume perturbations occur predominantly un-
der pathophysiological conditions, e.g. diabetes coma, septic chock, or is-
chemia. Hypertonic cell shrinkage negatively affects muscular (cardiac) 
contractility, and hypotonic swelling shortens the cardiac action potential 
(Wright and Rees, 1998). Energy metabolic stress requiring regulating of pHi
occurs under physiological conditions because cells undergo significant 
shifts in pHi during increased activity, but may induce drastic shifts in cell 
electrolyte distribution. Interestingly, exercise induced energy metabolic 
stress increases [K+

i, [Na+
 i, and [Cl i in human erythrocytes. Erythrocytes 

may thus play a role in buffering plasma K+, at least during high-intensity 
exercise (Lindinger and Grudizien, 2003). Decrease in Na+/K+ pump activity 
leads to a gradual Na+ accumulation, cell swelling and finally even to cell 
death.

Insulin resistance. In the liver, insulin-induced cell swelling is critical for 
stimulation of glycogen and protein synthesis as well as inhibition of glyco-
genolysis and proteolysis. These insulin effects can largely be mimicked by 
hypoosmotic cell swelling, pointing to a role of cell swelling as a trigger of 
signal transduction. Cellular dehydration impairs insulin signalling and may 
be a major cause of insulin resistance, which develops in systemic hyperos-
molarity, nutrient deprivation, uremia, oxidative challenges, and unbalanced 
secretion of insulin-counteracting hormones (Schliess and Haussinger,  
2000). However, so far there is no compelling evidence that the effects of 
insulin on metabolism of liver, fat, or muscle cells can be accounted for by 
changes in cell volume. On the other hand, highly specific insulin receptors 
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with binding characteristics have been demonstrated in human erythrocytes, 
similar to other insulin target sites, e.g. myocytes, hepatocytes and adipo-
cytes (Gambhir et al. 1978). Similarly to liver and fat cells, erythrocytes 
have high and low affinity insulin receptors and contain -subunits for bind-
ing, and -subunits, i.e. tyrosine kinase, that displays sulfhydryl groups for 
enzymatic activity (Gambhir and Agarwal, 1991). Increased levels of circu-
lating insulin can cause down-regulation of its receptors. A reduced number 
of insulin receptors have indeed been demonstrated in erythrocytes of both 
hyperinsulinemic- and noninsulinemic hypertonic patients (Sanchez-
Margalet et al., 1994) as could be suspected as a result of long turn energy 
metabolic stress. Thus, lack of energy supply on the cellular level (e.g. by 
insulin intolerance) causes oxidative stress which may in concert damage 
membraneous structures by lipid peroxidation. Moreover, exhaustive energy 
metabolic stress means an imbalance on the cellular level between ATP on 
one hand and ADP, AMP and adenylate catabolites, on the other. This in 
turn leads to less ATP to fuel ion pumps, especially the Na+/K+ ATPase. The 
decreased electrochemical potential results in not only increased Na+ but also 
increased water and Ca2+ inside the cell causing cellular swelling. 

Taurine. Interestingly, taurine supplementation might have a beneficial 
effect in overcoming insulin resistance and its associated abnormalities by 
modifying the post-receptor events of insulin action (Nandhini  et al., 2005). 
Morover, taurine seems to be a useful marker of cellular membrane leakage. 
For example, cell membrane rupture by oxygen-derived free radicals is a 
systematic feature of ischemia/reperfusion (I/R) injury. Cell membrane rup-
ture through stimulated lipid peroxidation promotes leakage of intracellular 
taurine, leading to increased plasma taurine after reperfusion and may be 
considered as a prognostically unfavourable sign in terms of organ function 
reversibility (Nanobashvili  et al., 2003). Cellular swelling is to some extent 
counteracted by taurine, known as an osmoregulator in many cells (Heacock 
et al., 2004; Shaffer et al., 2002). The cellular uptake of the amino acid tau-
rine is Na+-dependent and intracellular taurine represents an energy state of 
the cell (osmotic work has been performed at the expense of the Na+ gradi-
ent). In any case of cell energy metabolic disturbance, taurine efflux along 
its gradient (downhill) can occur together with Na+ against its gradient (up-
hill). This extracellular Na+ can in turn be utilized in a Na+/Ca2+ counter-
transport, reducing the intracellular Ca2+ load, and again, intracellular Na+

can undergo co-transport with intracellular taurine out of the cell as de-
scribed above. The final result is an increased extracellular accumulation of 
taurine together with Ca2+ efflux to favour cell survival. Taurine accounts for 
25% to 50% of the amino acid pool in skeletal muscles as in the myocar-
dium, possesses antioxidant (scavenger) properties, sensitise contractile pro-
teins to Ca2+ , increase the ability of the sarcoplasmatic reticulum to store 
Ca2+ and can inhibit Ca2+ channels. Taurine being a metabolite of methionine 
has been shown to have strong cytoprotective effects (Kavianipour et al., 
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2004). Taurine supplementation may increase cellular reduced glutathione 
(GSH) concentration. Enhanced release of taurine is associated with cellular 
injury and has e.g. been suggested as a marker of ischemic myocytes injury. 
Taurine enters the cell via a Na+/taurine symport that is responsible for a 
200-fold gradient between cytosolic vs. plasma taurine. Following energy 
metabolic stress events, causing an imbalance in intracellular Na+/Ca2+ con-
centrations, an inward taurine flow via the Na+/taurine symport may be re-
versed (to an outward flow) in order to restore the intracellular Na+ levels 
(Song et al., 1998). This in turn creates opportunities for a cellular Na+/Ca2+

antiport mechanism which is imperative for restoration of a disturbed intra-
cellular C2+ level to energy crisis (energy metabolic stress). Hence, the high 
intracellular level of taurine may constitute an osmotic energy reserve which 
can be exploited to maintain ionic homeostasis and prevent Ca2+ overload 
during osmotic and energy metabolic stress (Zemgulis et al., 2001; Kaviani-
pour et al., 2004). Thus, plasma taurine levels seem to be a good marker of 
intracellular energy metabolic stress and cellular membrane ion leakage as 
postulated in Papers III and IV in this thesis.  

Body composition 
The human body consists of more than 30 components (compartments) 
which can be organized at different levels: atomic (C, O, H, N, others), mo-
lecular (fat, protein, carbohydrates, H2O, minerals), cellular (extracellular 
fluid, extracellular solids, cell mass- including storage of lipids and “active” 
body cell mass) and tissue system (adipose tissue, skeletal muscle, bone and 
visceral organs) (Heymsfield et al., 2005). The sum of all components of 
each body composition should be equivalent to total body mass.  

Many different methods are used for the assessment of body composition 
and they overlap many fields and disciplines. Each of them has its own mer-
its and disadvantages. Several comprehensive books and reviews exist that 
deal with different methods, techniques, usage and reliability (Heymsfield 
and Lohman, 2005; Mattsson and Thomas, 2006). 

There are many good reasons for the assessment of body composition 
from the nutritional point of view:  
(1) Skeletal muscle mass and fat mass are very good health predictors. 
(2) Changes in body fat mass (FM) will be an indicator of energy balance. 
(3) Changes in muscle mass will be (partly) an indicator of protein bal-
ance (and indirectly    energy balance);  
(4) Catabolism of fat free mass (FFM) affects both quality of life and 
mortality. 
(5) Density of bone tissue indicates risk for osteoporosis; 
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(6) Changes in body water compartments may indicate important cellular 
metabolic events as shifts between the largest fluid systems in so called 
cellular swelling and shrinkage; 

Increased body weight with age in sedentary adults is a result of an increase 
in FM, whereas physical activity of moderate intensity at least 3 h per week 
will help to keep body weight and FM in balance. A loss of approximately 
50% of FFM leads to death, whereas up to 90% of fat mass is available as 
energy source. Evaluation of nutritional status should thus include a dynamic 
assessment of body composition changes during metabolic stress, catabolism 
and for general life health issues.
The most common way to discuss body composition is to distinguish be-
tween fat mass (FM) (total body lipid mass) and fat free mass (FFM) includ-
ing body water, ions and cellular proteins and the osseous (i.e. bone) mineral 
mass. These two different compartments can then be divided in more or less 
detailed components depending on the methods used.  

FM compartment can be divided into phospholipids of the membranes 
(including central nervous system), neutral lipids (triglycerides) in the adi-
pocytes and also lipids transported as lipoproteins in the blood. The largest 
pool of easily mobilised energy in the body is the FM compartment (excl. 
CNS) and thus of importance to measure when energy homeostasis is evalu-
ated over time.

FFM compartment consists, in addition to body water, of connective tis-
sue, bone mass and cellular solids including proteins of the muscles. The 
body water is commonly assumed to constitute 73.2 per cent of FFM. All 
protein exists within the FFM. Protein is functionally and metabolically an 
important component of body composition at the molecular level. Protein 
mass in healthy adults is relatively large, representing normally about 15% 
of body mass in the “reference man” (Jones et al., 1973).

On the cellular level, FFM can be divided into 3 compartments: 1) body 
cell mass (BCM), 2) extracellular fluid (ECF) and 3) extracellular solids 
(ECS)

1) BCM consists of 4 chemically components, protein, intracellular water 
(ICW), minerals- and polysaccharides intracellular fluid (ICF). 
The largest and most metabolically active compartment in BCM, muscles, 
is sensitive to changes in nutritional status and to catabolic effects. BCM 
has been defined as a "component of body composition containing the 
oxygen-exchanging, potassium-rich, glucose-oxidizing, work-performing
tissue" (Moore and Boyden, 1963). 
2) ECF consists chemically of extracellular water (ECW) including 
plasma volume (PV) and interstitial water (ISW), with small amounts of 
protein and inorganic   ions. The ECF is the fluid that surrounds cells and 
provides a medium for gas exchange, transfer of nutrients and excretion 
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of metabolic end products but is non-metabolizing in the sense that it has 
no intrinsic metabolic activity such as ATP production. 
3) ECS is distributed in several tissues and organs and includes bone, car-
tilage, periarticular tissue, tensons and fascia. ECS consists of two parts, 
an organic and an inorganic part. The organic ECS includes the proteins, 
collagen-, reticular- and elastic tissues (connective tissues, CT), whereas 
the inorganic ECS includes bone, with calcium hydroxyapatite as the ma-
jor constituent.

Total body water (TBW) consists of ICW and ECW. 

The size, proportions and composition of the body’s different pools of 
available fuels for oxidation can to some extent be quantified and evaluated 
by a number of various methods, anything from the field-adapted anthro-
pometric methods such as weighing, skin caliper measurements and use of 
double labelled water (DLW), to more sophisticated and less field-adapted 
ones as under-water weighing and lately plethysmography. Two methods, 
which have been developed over time and have been found to be suited for 
field applications are e.g. bioimpedance measurements and use of DLW. A 
combination of two or more techniques, making the best use of each meas-
urement’s strength and avoiding its weaknesses, is probably the most appro-
priate way of analyzing body composition data. Many multi-compartment 
models have thus been developed in order to provide estimates of various 
components of the lean body mass as well as distribution of the adipose tis-
sues and water compartments. Procedures are now available that evaluate 
body composition from the classic 2-compartment model, when body weight 
is divided into fat mass (FM) and fat-free mass (FFM), up to 6-compartment 
models dividing the body in more details, all giving rise to different prob-
lems, as e.g. accuracy. Since long ago, there are 3 well-known methods that 
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use the 2-compartment model and each of these has often been used as a 
reference method to evaluate new techniques. These methods are based on 
measurements of body density by under water-weighing (UWW), body cell 
mass by whole body potassium counting, and total body water (TBW) by the 
isotope dilution (Ellis 2000). For a long time the predominant opinion has 
been that the body should ideally be measured by the gold standard-old den-
sitometry method UWW (Ellis 2001). However, new methods measuring 
body volume have recently been developed and shown good agreement with 
UWW. Air-displacement plethysmography is an easily adopted method, 
where the differences in air pressure in a sealed chamber enable calculations 
of body volume. These techniques, however, need investment in expensive 
equipment and are complicated to run and also not suited for field studies.   

Anthropometry is an applicable and non-invasive method that includes 
measurements of weight, height, body circumferences at various body re-
gions and skinfold thickness. The outermost commonly used body composi-
tion method is body mass index (BMI, bodyweight in kg/length in meter2),
which is only suitable at population level. Anthropometric measurements, 
such as subcutaneous skinfold thickness and segmental girths like the popu-
lar waist hip ratio (WHR), provide a more accurate assessment of the re-
gional distribution of body fat. However, equations used to predict total body 
fat from subcutaneous skinfold measurements are possibly most relevant for 
individuals with a more normal fat distribution and less accurate in obese or 
very thin or cachectic persons like in malnutrition states. Moreover, skinfold 
measurement are generally agreed to be unreliable to measure visceral fat, 
which is found to be strongly associated with insulin resistance and cardio-
vascular disease. Thus, it is not advisable to use skinfold measurement as the 
only method when evaluating visceral fat in obese individuals. However, it 
can be an inexpensive, practical and reliable choice in field studies if used in 
fairly lean subjects (provided that skinfold measurement places were spread 
at adequate locations and over a reasonable area) and carried out by the same 
experienced investigator to evaluate differences over time.  

A relatively inexpensive and simple method practical for field use, is the 
bioelectrical impedance analysis (BIA). This method is based on the finding 
that when an electrical current is passed through the body, the voltage drop 
between two electrodes is proportional to the body’s fluid volume in that 
region of the body. Hence, using BIA means that tissues rich in water and 
electrolytes are less resistant to passage of an electric current than lipid rich 
adipose tissue. Therefore, BIA can be used at the whole body level but also 
to evaluate regional parts of the body such as the legs. An important phe-
nomenon is that intracellular and extracellular fluids respond differently with 
respect to conductance at various wavelengths and thus BIA offers a good 
opportunity for observing changes in fluid distribution and balance. How-
ever, BIA is often less accurate when measuring body fat, as its calculations 
are indirect, and based on the assumption that water represents 73.2% of 
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FFM (as in most other methods). This might not be completely right as it 
may vary with various physiological and clinical conditions. However, BIA 
combined with skin caliper measurements is a practical method of which the 
calculations result in a 3-compartment model, TBW (ICW+ECW), FM and 
FFM, well suited for field-work.  

Dual-energy x-ray absorptiometry (DEXA) is another technique that is 
used to measure the amount of mineral within bone mass, has also been 
commonly used to indirectly measure whole and segmental body fat and lean 
body mass (LBM). Computed tomography (CT), at L1-L4 vertebral levels, 
being an accurate method measuring abdominal adipose tissue (Glickman et
al., 2004). Another important development is the implementation of mag-
netic resonance imaging (MRI). This fairly new promising technique has so 
far mostly been implicated for use to characterize the quantity and distribu-
tion of adipose tissues and skeletal muscles. However, DEXA, CT and MRI 
are not possible to use in field studies and are expensive methods, and also 
include assumptions, e.g. water content being 73.2% in FFM, and equations 
which are not always verified or presented. 

There are different available isotope dilution methods, where e.g. the 
double labelled water technique (DLW), is a technique which uses water 
labelled with 2H2

18O to provide a measure of energy expenditure of free liv-
ing individuals over periods of several days to weeks, and thus is well suited 
for field study conditions and can also be used to evaluate body composition. 
Once dilution volume is known, TBW volume and mass can be calculated 
from isotope exchange fraction and water density. The early phase of weight 
loss (1-2 weeks) may be associated with relatively greater water loss than 
other FFM components. Thus, assumed TBW/FFM ratio may not be con-
stant with dynamic weight change.  

In this thesis a 3-compartment model (Forslund et al., 1996) is mainly 
used to estimate FM, FFM and also ICW and ECW compartments and 
thereby indirectly been able to monitor metabolic processes over time. In 
Paper IV, we have also used a partly newly developed technique to investi-
gate compartments of the legs, for study of volumes and the water distribu-
tion in muscular tissue during strenuous exercise, using a leg segment vol-
ume water-displacement volumetry method. 

Segmental measurements 
In addition it is of great interest, when studying metabolism, to measure 
body water content and its main two compartments ICW and ECW. It should 
be kept in mind in this context that dynamic shifts may occur in ICW and 
ECW, which, accordingly, by no means are constant. When evaluating cellu-
lar metabolism e.g. in working muscles during physical activity, it is, in ad-
dition to analysing glycogen and lipid stores within the muscles, also of in-



41

terest trying to quantify regional changes of different local compartments. 
MRT offer certainly specific advantageously help in quantifying e.g. muscle 
cell lipids, but are expensive and time consuming. However, to be able to 
evaluate volume changes of a segment, for example muscles of an entire leg, 
determination by water-displacement volumetry offers a reliable method. We 
have used this method in Paper IV to study local “cellular swelling” under 
extraordinary metabolic conditions, and see active flux of water into the 
muscular intracellular space (ICW), of the expense of the water content of 
ECW of the whole leg compartment.  

Relation between body composition and energy 
expenditure
Energy metabolism in man can be estimated from the calculated whole-body 
total amounts of cells in various tissues and organs, where various types of 
cells differ in their resting metabolic rates. However, it is not practical to 
subdivide the body’s metabolically active cells into different organs when 
trying to evaluate whole body energy metabolism. When excluding the low 
metabolically active lipid storage cell mass (i.e. FM), body cell mass (BCM) 
has often been defined as the “metabolically active” compartment of body 
composition, containing the oxygen-exchange, potassium-rich, glucose-
oxidizing, work-performing tissue. In healthy adult humans, the relationship 
between RER and FFM has been shown to fit well by a direct linear function 
and many different descriptive regression equations where diverse body 
composition methods have been used with good agreements (Wang et al., 
2004). It is consequently of value for nutritional assessment to evaluate the 
changes in FFM- and FM changes during periods of metabolic stress.  Re-
cording body weight gain and/or weight loss will indicate the changes of 
energy stores by quantifying lipids and proteins of the body.  
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Aims

General Aim 
In recent years energy expenditure and its homeostasis have received in-
creasing attention since there is a continuously swelling epidemic of obesity 
among human beings with many adverse health implications such as the 
metabolic syndrome with increased morbidity and mortality. Incorrect die-
tary habits and reduced energy turnover as result of a sedentary life-style are 
factors of outmost importance. Other life-style factors like mental stress have 
been suggested to contribute to e.g. abdominal obesity. A public health goal 
is thus to reach energy balance by decreasing the total energy intake and/or 
augment physical activity in the population. The overall ambition should be 
to reduce the energy intake combined with augmented physical exercise, in 
groups with, or in risk for obesity. However, such a principle is not unambi-
guous due to uncontrolled energy balance. Any kind of energy deficit state 
causes an energy metabolic stress for the whole body. Little is known about 
the long-term impact of energy metabolic stress on free living healthy hu-
mans on a normal or high caloric diet.  

The general aim of this thesis was therefore to study physiological and 
metabolic effects on various levels of high energy expenditure of different 
workload intensity and duration under normal but controlled conditions and 
dietary intake.  

Specified Aims 

Various models were developed to study energy expenditure, calcu-
lated from dietary intake and release of endogenous energy as a re-
sult of changes in body composition under controlled conditions 
(whole-body level).  
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To investigate the impact of high-energy turnover by studying the 
effect of high-volume, low-intensity physical activity on blood lipid 
pattern, with a tight control of diet, and energy balance (whole-
body level, and molecular level).  

To investigate, prospectively, the effects of intense and long term 
stress, during various high- and moderate energy expenditures, on 
metabolic and neuro-endocrine functions (whole-body level, or-
gan/tissue level, cellular level, and molecular level). 

To investigate energy metabolic consequences of a prolonged pe-
riod of continuous, strenuous physical work with very high-energy 
expenditure under standardised and controlled conditions (whole-
body level, organ/tissue level, cellular level, and molecular level). 
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Methods

Energy expenditure measurements 

Double labelled water technique: In Paper I, energy turnover was meas-
ured using double labelled water technique (Westerterp et al., 1986) during 
leg 3 in 6 crew members. In the evening before start of the race, subjects 
were given a weighed dose of a mixture of 99.84 atoms% 2H2O in 10.0 at-
oms% H218O so that baseline levels (ppm) were increased from 150 to 300 
ppm for 2H and from 2000 to 2300 for 18O. A second weighed dose of 4 g 
99.84 atoms% 2 H2O in water (for total body water measurement only) was 
given in the evening of the day of arrival. Urine samples were collected for 
isotope measurements immediately before the first evening dose, and two 
independent urine samples were obtained from the second voiding the next 
morning and from the morning of arrival. Isotope presence in the urine sam-
ples was measured with an isotope-ratio mass spectrometer (Aqua Sira, Viga 
Isogas, Middlewich, Cheshire, UK), and CO2 -production and total body 
water were calculated using isotope dilution as previously described 
(Westerterp et al., 1995). All samples were measured in duplicate. The val-
ues of  CO2 -production were converted into energy turnover using energy 
equivalent that was based on the food quotient (FQ) calculated from the food 
inventories and from individual changes in body composition calculated 
from deuterium dilution at the start and at the end of the observation period. 
Fat free mass (FFM) was calculated from body mass and total body water 
assuming a hydration coefficient of the FFM of 73.2% (Marken Lichtenbelt 
et al., 1994).

Direct calorimetry: To be able to monitor a more accurate estimation of 
total daily energy needs before food was calculated and prepared for the 
subjects in Paper II, in 4 of 8 subjects, energy turnover was  evaluated by 
direct suit calorimetry, measuring heat release including skin and body tem-
perature registration continuously during a test period of 4 hours, including a 
200 Watt, 2 hour bicycle physical work session, using the calorimetry suit 
developed by Hambraeus and collaborators (1994), in combination with 
indirect respiratory calorimetry. The specially modified suit calorimeter, 
include high cooling capacity of the suit by means of an increased density of 
cooling tubes in the suit and a variable water flow pump which permit higher 
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flow rates making the suit calorimeter an effective heat exchanger that could 
also be used for studies on high energy turnover during heavy exercise. Fur-
thermore, specially designed absorption clothing makes it possible to collect 
any sweat produced before it has evaporated, thus minimizing potential error 
in measuring heat loss. The suit calorimeter offers a valuable tool in the 
analysis of the specific thermogenic responses to dietary changes and physi-
cal activity in studies on energy and protein metabolism and their interaction 
in humans. It also makes it possible to perform direct calorimetric measure-
ments in metabolic balance studies since the subjects do not need to be 
sealed in a calorimeter chamber (Hambraeus et al., 1994).  

Indirect calorimetry: Resting Metabolic Rate (RMR) and Respiratory Ex-
change Ratio (RER). In the morning, after an overnight fast, RMR (Basal 
Metabolic Rate, BMR), was measured during 45 min by indirect calorimetry 
using an ergospirometer (SensorMedics 2900Z, Anaheim, CA, USA), while 
the subjects were maximally relaxed when lying awake in bed. The rates of 
O2-consumption and CO2-production during this indirect calorimetry were 
assessed continuously. Inspiratory air was checked every min. Auto-
calibration was performed every 15 min using two standard gases with 
known content of O2 and CO2 (16% O2 + 4% CO2, and 26% O2 + 0% CO2 
in nitrogen, respectively). Energy expenditure was then calculated according 
to Schutz (1995) and fat and carbohydrate oxidation were calculated accord-
ing to Jéquier and collaborators (1987). Energy expenditure, RER and both 
fat and carbohydrate oxidation were calculated according to Simonson and 
DeFronzo (1990). Data for resting RER calculations were taken from the last 
15 min of the 45 min measurements. Additionally, heart rate (HR) was re-
corded simultaneously every 15 seconds using the heart frequency monitor 
system (Polar® Electro, X-trainer , Finland). 

VO2 -max assessment: The VO2-max tests were carried out using  a stan-
dard  incremental progressive heightened treadmill exercise protocol cycling 
on a bicycle ergometer (Monark 829E; Monark Bodyguard, Vansbro, Swe-
den) to volitional exhaustion (Åstrand and Rodahl,  2001). VO2, minute ven-
tilation, VCO2 and RER were recorded continuously with an automated 
open-circuit gas analytic system using O2 and CO2 analyzers in a cardio-
pulmonary exercise system (Medical Graphics System, CPX2-Spiropharma). 
Heart rate (HR) was recorded simultaneously every 5 seconds using a heart 
frequency monitor system (Polar® Electro, X-trainer , Finland). VO2- and 
HR peak values at exhaustion were determined when a maximal plateau in 
VO2 was reached despite increased work load. During the maximal O2 uptake
test (VO2 -max test) in Paper II, an initial estimation by a submaximal 10 
min-test was also performed. 

Energy expenditure- and RER assessments during field endurance exer-
cise test (Paper IV): During the bicycle test race in Paper IV, the energy 
expenditure (EE) was assessed according to calculations using the subjects’ 
mean HR measurements by the heart frequency monitor system that was 
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continuously registered (every 5 seconds) throughout the 7 h bicycle race. 
The HR data from the testing of VO2- peak and RMR from the former tests 
described above (day before), employing the relation between HR and O2-
consumption during standardized resting and maximal cycle work in the 
laboratory, were used for the individual energy calculations. In addition, on 
2 occasions during biking, after 50 km (100 min) and 150 km (300 min), 
expired air was collected in Douglas bags kept in a car driving beside the 
cyclist. This mixed expired air collected during the race in the classical 
Douglas bags was later analyzed by a Beckman OM-14 and Leybold-
Heraeus instrumentation for determination of VO2 and VCO2 and for calcu-
lation of exercise energy expenditure (EEE) and RER. In addition to obtain-
ing the RER data on these occasions of the race, the pulmonary O2-uptake 
and expired CO2 -results were also applied to validate the accuracy of using 
a HR monitoring system for the total EEE and workload intensity calcula-
tions during the whole test race. 

Anthropometric measurements 

Body composition: Flexible multicompartment equations evaluated in our 
laboratory (Forslund et al., 1996) have been used to calculate body composi-
tion on the field basis. Body volume was measured by underwater weighing 
(UWW) in Paper II or with a skinfold caliper (Papers I, III and IV), and body 
water by bioelectrical impedance analysis (BIA) in Papers I-IV. The 3-
compartment models based on field-adapted methods were used in our stud-
ies. These methods of measuring skinfold thickness + BIA (+UWW) to cal-
culate percentage body fat and fat free mass (FFM) have been well corre-
lated with the more complex 4-compartment model (UWW + BIA + Dual 
Energy X-Ray Absorptiometry (DXA); r = 0.95, P < 0.001) checked by the 
same equipments in our laboratory (Forslund et al., 1996).  

Heights: Heights were measured to the nearest ½ centimetre.  

Body weights: In Papers II and IV, body weight were assessed using a high-
precision scale (type KC120-ID1 Multirange; Mettler Instruments, Greifen-
see, Switzerland) and in Papers I and III, by an electronic scale (from EKS® 
International AB, Sweden). An accuracy of ± 0.05 kg was used for all body 
weight measurements and subjects were always weighed in their underwear.  

Underwater weighing (UWW): Under water weighing measurements were 
used in Paper II as the main body composition evaluation method. The sub-
jects came to our laboratory in a fasted state (12 hours) in the morning. Total 
body weight was measured on high precision normal scales, in air (Mettler 
KC120-ID1 MultiRange) and in water (Mettler, model GM 49-1) with the 
body totally submerged. Lung volume, including residual volume (RV), was 
estimated during the UWW by helium dilution technique (Volugraph 2000, 
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Mijnhardt BV, Bunnik, The Netherlands). The mean value from 6-8 re-
cordings performed at varying lung volumes, i.e. during maximal inhalation 
as well as exhalation (i.e. only RV remaining in the lungs under water), was 
used in the calculations according to the classical equation suggested by Siri 
(1956, 1961), with the assumption that the fat density is 0.9 g per cm3, and 
that the FFM has a constant density of 1.1 g per cm3. 

Skinfold thickness: Subcutaneous skinfold was measured to the nearest 0.1 
mm at 4 locations of the right side of the body, at biceps, triceps, subscapular 
and suprailiac in Papers I, II and IV and in Paper III, also at an additional 
point, the anterior abdominal (2 cm lateral from umbilicus). A Harpenden 
skin caliper was used for the measurements (John Bull, British Indicators, St. 
Albans, England) following the procedures of Lohman and collaborators 
(1988). An average of 3 measurements at each site was used for analysis.  

Bioimpedance spectroscopy (BIS): Whole body Bioimpedance spectros-
copy (BIS) measurements that used multiple frequencies from 5 kHz to 1000 
kHz were performed using XITRON 4200 (Xitron Technologies Inc. San 
Diego, CA, USA). Software provided by Xitron was used to calculate intra-
cellular- and extracellular resistance and intra- and extracellular fluids (ICW 
and ECW) were thereby calculated. Total body fluids in the segment (TBW) 
were calculated as the sum of ICW and ECW. TBW, ICW and ECW data 
were obtained from the equations obtained from the software provided from 
the manufactory company, however mainly based on the calculations by 
Kushner and Schoeller (1986). Electrodes were placed on carefully standard-
ized and separated places on the right hand (2 electrodes) and foot (2 elec-
trodes).

Double labelled water technique: In Paper I, the double labelled water 
technique (Westerterp et al., 1986) used during leg 3 for EE measurements, 
was also used for calculation of fat free mass (FFM) and total body water 
from the body mass data. An assumed hydration coefficient of the FFM of 
73.2% was used (van Marken Lichtenbelt et al., 1994). The double labelled 
water technique could thus also be used as an additional check of accuracy 
of our regularly used 3 -compartment field methods.  

The same experienced investigator assessed all subjects and carefully 
standardized anatomical points and conditions. Body composition field data 
including the proportions of water, body fat and lean body mass (LBM) were 
determined applying the above-described 3-compartment method based on 
skinfold and Bioimpedance spectroscopy measurements and calculations 
(Forslund et al., 1996). From these anthropometric data, protein mass was 
calculated (Siconolfi et al., 1995; Siri 1956). 
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Segmental leg volume measurement: Leg segment volume was deter-
mined by water-displacement volumetry (Brijker F et al., 2000). Prior to 
these measurement the length and location of the leg segment was deter-
mined by a specially made apparatus that measures the distance from the 
foot to the lower part of the pelvis. Based on this measurement the upper and 
lower limit of the leg segment was established and marked carefully on the 
legs (near the great trochanter and ankle, respectively), see Figure. In two, 
in-house developed, water tanks, total leg volume and foot volume were 
measured on the right side. Leg segment volume was calculated by subtract-
ing foot volume from total leg volume. The water tanks were filled with 
water (30° C). Before and after exercise the right leg was carefully placed in 
a water-filled tank. The equilibrated over-flown water was collected and 
weighed on the high-precision scale and water volume (that equals leg vol-
ume) was calculated. Before exercise, the right foot volume was quantified 
in a foot water tank. The remaining water in the foot tank, after the foot had 
been immersed and removed, was weighed and the volume was calculated 
(subtracted) from the initial weighed volume value. The same foot volume 
was used in the post-exercise calculations. The same leg segment marks 
were used to place the electrodes during segmental BIS measurements. All 
athletes were assessed lying on a bench by the same experienced investiga-
tor. Software provided by Xitron was used to calculate segmental intracellu-
lar- and extracellular resistance and together with segmental volume data 
derived by water-displacement volumetry the amount of intra- and extracel-
lular fluids (ICW and ECW) were calculated according to modified equa-
tions (Siconolfi et al., 1997). Total body fluid in the segment (TBW) was 
calculated as the sum of ICW and ECW.  
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Biochemistry assessments 

Paper II 
Blood analyses: Total cholesterol and TAG concentrations were measured 
by enzymatic methods in a Monarch 2000 centrifugal analyzer (Instrumenta-
tion Laboratories, Lexington, MA). Low density lipoprotein and HDL cho-
lesterol were assayed by a combination of preparative ultracentrifugation 
(Havel et al.  1955) and precipitation with a sodium phosphotungstate and 
magnesium chloride solution (Siegler et al., 1981). ApoA-1, Apo-B and 
Lp(a) concentrations were analyzed every second week. The concentrations 
of apolipoprotein A-I and B were measured by immunoturbidimetry with a 
Monarch apparatus. Lp(a) was determined by an apo(a) radioimmunoassay 
method (Pharmacia (a) RIA, Pharmacia Diagnostics AB, Uppsala, Sweden), 
which is based on the direct sandwich technique with 2 monoclonal antibod-
ies specifically directed against apo(a). The concentration in U/L were then 
converted to mg, where 1 U is approximately equal to 0.7 mg Lp(a) accord-
ing to the manufacturer. For determination of the fatty acid composition of 
cholesterol-esters in serum, 5 mL menthol was added to 1 mL of plasma. 
Then 10 mL chloroform, with 0.005% butylated hydroxytoluene (BHT) as 
an anti-oxidant, were added followed by 15 mL of 0.2 mol · L-1 sodium di-
hydrogen phosphate (Boberg et al., 1985). After thorough mixing, the ex-
tract was kept at + 4º C for 1-4 days. The chloroform phase was evaporated 
to dryness under nitrogen and the lipid residue was dissolved in chloroform. 
The lipid esters were separated by thin-layer chromatography (Boberg 1996) 
and then transmethylated and separated by gas chromatography (Vessby et
al., 1994). The fatty acids were identified by comparing retention times with 
those of Nu Check Prep fatty acid methyl ester standard (Elysaian, MI) and 
PUFA-mix No. 2 (Supelco, Bellafonte, PA).  

Papers III and IV 
Blood analyses: All blood samples were collected from a cubital vein using 
routine Vacutainer® tubes containing EDTA, heparin, citrate and tubes with-
out additives. EDTA blood samples were immediately analyzed (Department 
of Clinical Chemistry, University Hospital, Uppsala, Sweden) for glycated 
hemoglobin (HbA1c) and hematological variables (hemoglobin (Hb), hema-
tocrit (Hct), MCV, MCHC. In addition, these analyses were carried out a 
certified laboratory at the respective local harbor’s town (Paper III). Blood 
tubes without additives were kept at room temperature for 20 min, and then 
centrifuged (at 1800 g) for 10 min whereupon the serum was frozen on dry 
ice. Blood tubes prepared for plasma with heparin, citrate and EDTA addi-
tives, respectively, were immediately put on ice for 5-7 min, directly centri-
fuged (at 1800 g) for 6-8 min and the plasma was finally promptly frozen on 
dry ice. Serum/plasma samples were then kept at -70° C until analysis. 
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Routine methods at the Department of Clinical Chemistry laboratory of 
the University Hospital of Uppsala were used to analyse serum/plasma sam-
ples for total cholesterol, LDL, HDL, triglycerides (TG), glucose and lactate. 
Serum concentrations of free fatty acids (FFA) and glycerol were analysed 
by enzymatic colorimetric methods (FFA: Wako Chemical GmbH; Glycerol: 
Boehringer Mannheim) applied for use in a Monarch 2000 centrifugal ana-
lyzer. Serum concentrations of thyreoid stimulating hormone (thyreotropin; 
TSH), free thyroxin (fT4), total triiodothyronine (fT3), insulin, C-peptide, 
testosterone and cortisol were measured by an automated system for immu-
nological analyses (Auto-Delfia, Wallac OY, Turku, Finland). Plasma con-
centration of ACTH was determined using a commercial RIA-kit (CIS bio 
int. Oris Group, France). Plasma concentrations of glucagon and leptin were 
measured using commercial RIA-kits (Linco Research Inc., St. Charles, MI, 
USA). GH was analysed with a non-competitive sandwich time-resolved
fluoroimmunoassay (AutoDELFIA hGH kit; Wallac Oy, Turku, Finland). 
IGF-I was determined by a non-extraction IGF-I immunoradiometric assay 
(Nichols Institute Diagnostics, San Juan Capistrano, CA, USA) using two 
region-restricted affinity-purified polyclonal antibodies. Measurement of IL-
6 concentration was performed in citrate plasma with a commercial enzyme-
linked immunosorbent assay (Elisa) kit (Quantikine from R&D systems, 
Abingdon, UK; Enzygnost TAT, Behring Diagnostics, Marburg, Germany). 
Taurine concentration was analysed in heparin plasma after deproteinization 
within 10 min by means of 50 mg sulphosalicylic acid per mL plasma, cen-
trifuged and frozen at -70° C. The taurine content in plasma was thereafter 
determined by means of an automated amino acid analyzer (LKB4151 Alpha 
Plus Amino Acid Analyser, Pharmacia-LKB Biochrom, Cambridge, UK) by
use of a lithium buffer system according to the manual. Each analysis had 
DL-2,4-diamino-n-butyric acid as internal standard (Forslund et al. 2000). 
MDA was analysed in EDTA plasma, by using an HPLC fluorimetric detec-
tion method, modified from the methods of Young and Trimble, (1991) and 
Wong and collaborators (1987). 

Muscle biopsies: Muscle biopsies using the semi-open muscle biopsy tech-
nique (Henriksson 1979), were obtained from the vastus lateralis muscle 
during local anesthesia before (at rest) as well as within 5 min after termina-
tion of the race. The biopsies were taken from the same leg before and after 
the race with the first distal to the second, 1 cm apart and at the same depth. 
The biopsies were divided in 2 parts; one was immediately frozen in liquid 
nitrogen and stored for later determination of MCTG and glycogen and the 
other part was trimmed, mounted and frozen within 2-3 min in isopentan 
cooled at the temperature of liquid nitrogen and stored at -80  C until analy-
sis by histochemical methods. 
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Biochemical analyses: The muscle biopsy samples were freeze-dried and 
dissected free from blood, connective tissue and debris under a microscope. 
The muscle biopsy (1-2 mg) intended for glycogen determination was hydro-
lysed by boiling for 2 h in 1 mol·L-1 HCl and the glucose residues were de-
termined fluorometrically (Lowry and Passonneau, 1971). MCTG were ana-
lysed by extracting the muscle tissue (1-2 mg) with chloroform-methanol 
(Folch extract) and the glycerol content was determined enzymatically after 
evaporation and ester-hydrolysis of the organic solvent phase (Chernick 
1969).  

Histochemical analysis: The biopsy sample obtained for histochemical 
analysis was cut (10 m) in a cryostat at –20 C. Transverse serial sections 
were stained for myosin ATPase after both acid (pH 4.3 - 4.6) and alkaline 
(pH 10.3) preincubations. Muscle fibres were identified as type I, IIA, IIB 
and IIC and fibre type composition was determined by examining around 
200 fibres per biopsy. The glycogen depletion pattern in the different fibre 
types was determined on basis of histochemical PAS staining (Pearse 1961). 
The fibres were classified as having high, medium or low staining intensity. 
Fibre type distribution, fibre areas for each type, relative fibre type distribu-
tion and glycogen depletion pattern were investigated by a computerised 
image analysis system (Bio-Rad Scan Beam, Hadsund, Denmark), linked to 
an optical microscope (Leiz, Germany) by a videocamera (DAGE MTI, 
CCD-72).

Diet

Paper I 
The competition and practical conditions during an offshore sailing race 
make it impossible to do individual food records. However, the race organi-
zation itself, with a total isolation during a leg of up to one month, makes it 
an excellent opportunity to calculate the mean food intake of the crew during 
a defined period of days by careful food inventory records obtained immedi-
ately before start and after the finish of each of the legs. The inventories 
were performed by the crew members responsible for the diet planning, to-
gether with the responsible research investigator. Any losses from leftovers 
or products thrown overboard were also recorded for later calculations. The 
total amount of food items consumed was then used to calculate energy and 
nutrient intake using food tables and, when necessary, available declaration 
of content according to manufactures. The mean daily dietary intake of en-
ergy, proteins, fats, and carbohydrates during each of the three first legs was 
calculated on the results from each leg’s food inventories by dividing total 
amount of energy and nutrients consumed by the number of crew members 
and number of days on sea during that specific leg. The energy intake and 
energy distribution among the macronutrients were partly altered throughout 
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the race based on the results of food inventories and nutritional assessments 
during the previous leg. All diet data were calculated with the MATS com-
puter program (Rudans Lättdata; Västerås, Sweden).

Paper II 
The diet for both protocols was calculated to comprise 39 energy percent 
(E%) fat, 48 E% carbohydrates (CHO) and 13 E% protein, a diet somewhat 
close to the habitual Swedish diet (Becker 2001). The polyunsaturated fatty 
acids/saturated fatty acids (P/S) ratio of the diet was ~0.12 and it contained 
~1.5 g fiber per MJ · day-1. This P/S ratio was lower than the typical Swedish 
diet but we wanted to reach a high total cholesterol concentration. All diet 
data were calculated with the MATS computer program (Rudans Lättdata; 
Västerås, Sweden). All food items were prepared by registered dieticians and 
no other food was allowed except limited amounts of tea and coffee. In addi-
tion to initial basal investigations of the subjects in our laboratory using the
calorimetry suit in combination with indirect respiratory calorimetry during 
both rest and the planned 200 W bicycle-work, adjustments of BMR was 
calculated from the WHO equations (FAO/WHO/UNU 1985) with a physi-
cal activity factor of 1.7 (PAL) during the sedentary protocol. During the 
activity protocol, an additional mean 4.2 MJ · day-1, were then added to the 
diet on days with physical activity to balance the increased energy turnover 
due to the physical activity. To maintain energy balance, the energy intake 
was adjusted (maintaining the energy percent distribution between the 
macronutrients) on a weekly basis, based on changes in body weight and 
body composition measured in the laboratory.  

Paper III 
During sailing: During sailing (3 legs) the diet-plan was set to reach a 

mean intake per subject between 4000 and 5500 kcal per day (depending on 
body size, weather conditions, etc.), containing 55 energy per cent (E%) 
carbohydrates, 30 E% fat and 15 E% protein. Food on the boat consisted 
mainly of lyophilized food, cereals and powder soups. Olive oil was the only 
extra fat used for cooking. Mixed dried fruits, nuts, energy bars and a “re-
covery” sport-drink containing 70 E% carbohydrates and 30 E% protein 
were additives. The dietary intake during sailing was assessed by recording 
all packed food on the boat before start and remaining food on the boat after 
finishing the sailing leg. All inventoried food data were then calculated by 
means of a dietary food record computer program (Dietist TM, version 1996, 
Stockholm, Sweden). Dividing total nutrient results by the number of each 
boat’s crew members (12 subjects) and days of sailing, a mean dietary intake 
per sailor was possible to calculate as described in Paper I.  

Stopovers: Both teams participating in the study had their own chefs who 
took care of most of the sailors’ food intake by cooking and serving 3, some-
times 4 meals per day, during all stopovers. We used menus with food simi-
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lar to a Mediterranean diet including high glycemic index (de Lorgeril et al., 
1996) The principal food composition given to the sailors during the stop-
overs was set by the menus, which therefore had the biggest impact on 
reaching the following goals: carbohydrates, 55 E%; proteins, 15 to 20 E%; 
total fat, 25-30 E%; saturated fat, less than 10 E%; and cholesterol consump-
tion, less than 300 mg per day. Moreover, chefs used at least 3 kinds of 
vegetables (> 300 g) per day, and added 15-30 g nuts into dishes (preferably 
walnuts and cashew nuts) per subject and day. Sailors were also encouraged 
to consume at least 2 fruits (200 g) per day. Fish was served at least 3 times 
per week and approximately 1 of 3 dishes of red meat changed to lean 
chicken. Olive oil was used as fat source in cooking. In addition, whole 
grains were included in the cooking (100-200 g daily), as well as different 
kinds of beans. Moreover, whole grain cereals (75-100 g) were served at 
each breakfast and whole grain bread was served and encouraged to eat. The 
food record computer program calculated the menus during stopovers. A 
mean food intake of each meal was approximately set to an average portion 
size for these sailors judged by an experienced dietician with help from ob-
servations of the chefs and the research investigator. The chefs registered 
each meal eaten by the sailors. Moreover, the sailors’ food and alcohol hab-
its were checked by interviews prior to entering the sailing race (dietary his-
tory) and possible changes were registered.

Paper IV 
Dietary intake for all participants was weighed and registered with an accu-
racy of 1 g during a preceding 7-day-period in 10 out of the 12 participants 
(4 males and 6 females) before the test days. A computer program (Dietist 
TM, version 1996, Stockholm, Sweden) was used to calculate all recorded 
energy and nutrient intake.  All participants had similar dietary characteris-
tics, preferentially based on carbohydrate-rich food as typical for endurance 
training athletes (65-70 energy % (E%) from carbohydrates, 25-30 E% from 
fat and 10-15 E% from protein). The subjects were then told to consume 
their normal diets during the period (weeks) prior to the tests.  An ordinary 
breakfast was consumed before the test-day. During the exercise race, water 
consumption (in addition to 1000 mL conventional sport drink with 5% glu-
cose) was ad libitum and the only solid food eaten was bananas.  All food 
and liquid intakes were weighed and recorded during the whole day (includ-
ing the race) for later calculation. 

Statistical analyses 
All results are reported as means ± standard deviation (SD). Two-tailed 95% 
confidence intervals and statistical significance was set at P < 0.05. No ad-
justments were made for multiple comparisons. In Paper II, P values < 0.1 
are reported as tendencies. Study variables were first reviewed for means 
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and dispersion measures. Differences between two contrasting sampling 
times were analyzed by Student's t-test for paired samples with regard to 
variables with normal distributions and with non-parametric methods (Wil-
coxon signed rank test) for all other variables. Correlations were calculated 
using the Spearman correlation coefficient. A P-value < 0.05 was considered 
significant. Statistical software package (Statistica 6.0, StatSoft Inc, Tulsa, 
OK, USA) was used for the analyses. 

In Paper II, variables measured before and during the two protocols, two-
factor analyses of variance (ANOVA), with repeated measures for the time 
factor, were performed to test for effects of physical activity or changes due 
to time. Unequal variances were corrected with the Huynh–Feldt correction 
factor (Baguley 2002). The two factors were: “protocol” (difference between 
sedentary and activity protocol); “week” (difference between the weekly 
measurements, using combined data from both protocols); and interaction 
effects (i.e., how “protocol” affected the pattern of “week”). Significant re-
sults and tendencies were further explored with Tukey HSD post hoc tests. 

In Paper III, changes over the entire study period were assessed using 
one-way analysis of variance (one-way ANOVA using Greenhouse-Geisser 
corrections). When warranted, post-hoc adjustment, using Tukey's proce-
dures, was done. Statistical significance was set at P < 0.05, two-sided.  

In Paper IV, owing to non-normal distributions and small sample sizes (n 
= 6 per group) quantitative variables were compared between groups (gen-
ders) using nonparametric methods. The Wilcoxon rank sum test was used 
for unpaired comparisons between groups and the Wilcoxon signed rank test 
was used for paired comparisons (e.g. change over time). 
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Results

Paper I. Energy turnover in a sailing crew during 
offshore-racing around the world 
Eleven male members with a mean age of 33.9 ± 7 years of one crew team 
were studied during the first three legs of the 1993-1994 Whitbread Round 
The World Race (Southampton to Punta del Este, 25 days; Punta del Este to 
Freemantle, 26 days; Freemantle to Auckland, 13 days). The stopovers lasted 
23 days in Punta del Este and 32 days in Freemantle. Before the start of the 
race the mean body weight was 83.7 ± 8 kg with a body fat of 20.8 ± 4 %. 
According to estimation, using the age-gender-anthropometry (weight and 
height) related equations given by WHO/FAO/UNU 1985, their mean BMR 
was 7.8 ± 0.4 MJ per day. 

Food intake was inadequate and caused a state of negative energy balance 
during all three legs as a weight loss occurred in almost all crew members 
and the mean weight loss was 3.2 kg during the first leg and 1.1 kg during 
the third leg. The rate of weight gain during the 32-day-stopover between the 
second and third leg (131 g·d-1) was similar to the rate of weight loss during 
leg one (128 g·d-1). Figure 1 illustrates the energy turnover, based on the 
double-labelled water technique, and the endogenous energy released as a 
result of the reduction of body weight and the calculated individual dietary 
energy intake needed to balance the energy turnover in the 6 crew members. 
The total energy intake (calculated as the sum of total energy turnover minus 
endogenous energy released in each individual) of the 6 studied crew mem-
bers (99.1 MJ) was close to that calculated by multiplying the mean dietary 
energy intake, calculated from the food inventories, by 6 (101.4 MJ). These 
estimates were based on studies of changes in body composition by means of 
anthropometric measurements and on dietary intake based on food invento-
ries. Thus, the results for total food consumption based on the food invento-
ries in addition to calculations of EE data is a reliable method, comparable to 
the sophisticated and “state of the art” double-labelled water method. More-
over, our finding showed that energy turnover during this type of offshore 
racing is remarkably high. This finding had not been reported previously. 

In conclusion, this study of offshore sailing race presented a unique nutri-
tional challenge and offered a unique possibility to study energy metabolic 
stress under field (but controlled) conditions. The findings showed that our 
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field methods with food inventories, combined with anthropometry to esti-
mate changes in body composition, give valid information about group mean 
total energy expenditure and energy balance. 

Figure 1. Energy turnover (ET) vs. energy intake (EI) and endogenous energy (EE) 
based on body weight differences (wd) and double labelled water (dlw) technique 
duringthe third leg of  Whitbread Around the World Offshore Sailing  Race 1993-
1994. 

Paper II. Minor changes in blood lipids after 6 weeks 
of high-volume, low- intensity physical activity with 
strict energy balance control
Eight fairly untrained men with a mean age of 42.5 ± 12 years and a mean 
body mass index (BMI) of 24.2 ± 2.8 kg · m 2, were tested in two different 
energy turnover 6-week protocols. In the sedentary protocol, the subjects 
were instructed to limit their everyday physical activity. In the high-volume, 
low-intensity physical activity protocol, a 2-h physical activity bout was 
performed 5 days per week (~ 40% of VO2 -max; equivalent of an additional 
21 MJ · week 1 in energy expenditure). The diet for both protocols com-
prised ~ 40 energy percent (E%) fat, ~ 50 E% carbohydrates (CHO). The 
polyunsaturated fatty acids to saturated fatty acids ratio of the diet was ~ 
0.12. There were no changes during each 6-week period or differences be-
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tween the two protocols in body weight, body composition or aerobic capac-
ity. Low-intensity physical activity did not affect lipid parameters substan-
tially, except for a slightly lower Apo-B/Apo-A1 ratio with the activity pro-
tocol (P < 0.05).  

In this study we report that 6 weeks of high-volume, low-intensity physi-
cal activity did not affect blood lipids substantially in men eating a high-
saturated fatty acid diet with strict control of energy balance. The impact of 
elevated energy turnover was small; there was a difference in Apo-A1 and 
Apo-B between the protocols, suggesting a minor effect of elevated energy 
turnover on apolipoprotein concentration. Although an extra 10 h · week 1 of 
activity was added in the physical activity protocol, energy balance was 
maintained as no statistical differences were seen in body weight and body 
composition. Thus, our field-controlled method worked in achieving energy 
balance. We did not observe a difference in VO2-max after the activity pro-
tocol, which was expected as the training intensity was below 45% of VO2-
max. Although the men expended an extra 20 MJ · week 1, which is well 
above the suggested threshold (4.2 MJ · week 1) for beneficial effects 
(Durstine et al. 2002; Lee and Skerrett, 2001), 6 weeks might have been too 
short a time period to see substantial blood lipid changes using this low in-
tensity. 

In conclusion, 6 weeks of high-volume, low-intensity physical activity 
during strictly controlled energy balance were possible to achieve under field 
conditions. Neither the high volume of low intensity physical activity nor the 
high saturated fatty acid diet did substantially affect blood lipids in healthy 
men. Most probably the intensity of the physical activity was too low to see 
an effect on blood lipids during this 6-week protocol.  
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Figure 2. Paper II. 
(A) Total/HDL cholesterol 
(B) Triacylglyceral (TAG)/HDL  
(C) ApoB/ApoA1
Ratios during sedentary protocol (filled triangele) and 
activity protocol, 2 h exercise 5 d per week (filled circle)

Values are means (SD).  
* P < 0.05 for lower ApoB/ApoA1 ratio during activity protocol.  
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Paper III. Development of abdominal fat and 
incipient metabolic syndrome in young healthy
men exposed to long-term stress 
Sixteen healthy male sailors (mean age 36.5 ± 7 years) participating in the 
offshore sailing race around the world (Volvo Ocean Race 2001-02) were 
recruited for the study. Investigations were done before the start and at stop-
overs after finishing laps 1, 2 and 4 (1, 2½ and 5 months, respectively). Food 
intake and exercise were chartered and largely controlled.  

A mean weight loss of 4.5 ± 2 kg (P < 0.005), comprising both fat and 
lean body mass, was recorded during the first lap. Subsequently after 
5 months, a weight gain, mainly consisting of 1.2 ± 1.1 kg body fat 
(P < 0.05), took place, concomitantly with a protein mass drop of 
0.6 ± 1.1 kg (P < 0.05). The body fat gain accumulated in the abdominal 
region. Elevated blood levels of HbA1c, insulin and the triglycerides/high-
density lipoprotein ratio were also observed during the race. Likewise heart 
rate and systolic blood pressure increased slightly but to a statistically sig-
nificant extent. What was more, (not presented in Paper III) other strong 
signs of cellular metabolic stress appeared during the 5 months’ study period 
viz., changes of the erythrocytes indicating small but significant (P < 0.005) 
decreased cell volume (MCV), despite otherwise stable haematological val-
ues, in addition to a distinctly significant (P < 0.001) Ca2+ accumulation 
inside the erythrocytes (measured by the method of PIXE), indicating the 
Gardos effect. Furthermore, the resting plasma concentrations of lactate, LD 
and taurine increased significantly during the 5 months’ study period, which 
are all strong signs pointing at compromised energy economy of the cells 
due to energy metabolic stress and disturbed cellular osmoregulation.   

In conclusion, non-obese healthy young men exposed to long-term men-
tal- and metabolic stress developed indications of serious cellular membrane 
disorder, abdominal obesity and signs of a metabolic syndrome in embryo, 
also emphasized by biochemical and blood pressure alterations. It is sug-
gested that long-term and sustained mental- and metabolic stress activation 
might be an additional risk factor for the development of the metabolic syn-
drome, even after control of dietary and exercise habits. A disturbed cellular 
osmoregulation might have contributed to these deleterious metabolic ef-
fects.
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Figure 3. Schematic description of different factors in the development of 
the metabolic syndrome and diabetes mellitus type II and cardiovascular 
disease. Red “star” illustrate findings in subjects during the study of Paper 
III.

Paper IV. Metabolic stress-like condition induced by 
prolonged strenuous exercise in well-trained athletes 
We recruited 12 endurance-trained athletes (6 males and 6 females) who 
performed a 7-h bike race on high work load intensity. Physiological, bio-
chemical, endocrinological and anthropometric muscular compartment vari-
ables were monitored before, during and after the race.  

The energy expenditure was high, being 5557 kcal, significantly lower in 
females (5000 kcal) than in males (6114 kcal).  Work load intensity (% of 
VO2 peak) was higher in females (77.7 %) than in men (69.9 %). Muscular 
glycogen utilization was pronounced, especially in type 1 fibers (>90%) in 
both sexes. Additionally, muscular triglyceride lipolysis was considerably 
accelerated. Plasma glucose levels were increased concomitantly with an 
unchanged serum insulin concentration reflecting an unsuspected insulin 
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resistance. Increased reactive oxygen species (malondialdehyde adducts, 
MDA), were additional signs of metabolic stress. What was more, MDA 
levels correlated with glycogen utilization rate. A relative deficiency of en-
ergy substrate on a cellular level was indicated by increased intracellular 
water of leg muscle concomitantly with increased extracellular levels of the 
osmoregulatory amino acid taurine. Increased plasma CK concentrations 
were other signs of cellular membrane leakage.  A kindred nature of a pre-
sumed insulin resistant state with less intracellular availability of glucose 
was noted for erythrocytes showing a decreased MCV (Gardos effect) to-
gether with increased MCHC (hemoconcentration) after the race. An exer-
cise-linked increase of IL-6 was seen and since insulin is coupled to the acti-
vation of the lipolysis in the adipocytes (Steinacker et al., 2004), this might 
in turn lead to a decrease in leptin secretion irrespective of body fat stores. 
The decrease of serum leptin was significant only in the females and the 
inverse correlation between glycogen depletion and leptin levels was note-
worthy as was the finding of a similar inverse correlation between glycogen 
depletion and testosterone levels only in the males.

In conclusion, the endurance-trained athletes subjected to 7-h strenuous 
exercise session showed an unusually high energy expenditure and substrate 
utilization. Due to these circumstances an energy metabolic stress-like con-
dition developed, including signs of insulin resistance and deteriorated intra-
cellular glucose availability leading to supposedly compromised fueling of 
ion pumps culminating in a disturbed cellular osmoregulation. 
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General discussion 

Metabolism is the whole range of biochemical processes that occur within a 
living cell or organism that are necessary for the maintenance of life. Me-
tabolism represents the sum of all the physical and chemical processes by 
which living organised substance is produced and maintained (anabolism) 
and also the transformation by which energy is made available for the uses 
of the organism (catabolism). That is, in metabolism some substances are 
broken down to yield energy for vital processes, while other substances, 
necessary for life, are synthesized. Disorders of metabolism principally in-
volve an imbalance in nucleic acids, proteins, lipids, and/or carbohydrates. 
They are usually associated with either a deficiency or an excess resulting in 
a disturbance in a particular metabolic pathway. 

Factors affecting metabolism, besides specific genetic diseases, include in-
ternal control mechanisms that are superimposed on the genetic predisposi-
tion. One of the most important mechanisms is the hormonal control system, 
which consists of the endocrine, paracrine, and autocrine systems. The HPA-
axis with signs of inappropriate cortisol, ACTH and insulin levels was high-
lighted in Paper III, most possibly due to the combination of long turn meta-
bolic- and mental stress even causing signs of abdominal obesity and glucose 
intolerance well-known components of the metabolic syndrome. Leptin and 
testosterone showed interesting influences on the metabolism in Paper IV 
during high energy store utilisation, where expected insulin sensitivity sur-
prisingly did not appear. Another control system is the immune control sys-
tem, which relates to both the endocrine and neural systems, where e.g. in-
tracellular Ca2+ accumulation might have triggered IL-6 production, which in 
turn is involved in the energy metabolic stress syndrome and also in theory 
might have influenced the leptin levels shown in Paper IV. 

Genetic background, environmental factors, and the major control mecha-
nisms, in conjunction with age and sex, bring about profound changes in 
metabolism on different levels such as the whole body (organism) and single 
organs/tissues. These changes are, however, ultimately the result of struc-
tural and functional alterations in the basic cellular energy ATP yielding 
system. A disturbance of the ATP production will end up in an energy meta-
bolic disorder. An energy metabolic disorder is from a clinical point of view 
a medical disorder which affects the production of energy within individual 
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humans cells, although, not always recognized. These energy metabolic dis-
orders will secondarily affect ion channels and ion transport systems in the 
cell and organelle membranes, resulting in improper or inefficient transfer of 
ions across the membranes and can end up in suboptimal or non-functioning 
cells and/or whole body systems, causing a cluster of cellular stress reac-
tions, culminating in what could be denoted the energy metabolic stress syn-
drome.

Energy metabolic stress can be caused typically by muscle contractions (me-
chanical work) (chemo-mechanical coupling) if the overall energy metabolic 
consequences of such contractile activities will overwhelm energy availabil-
ity and supply to the muscle. Such situations have been monitored under 
controlled forms in the present thesis under two different conditions in shape 
of low intensity, high volume physical activity on the one hand, and intense, 
strenuous work for a prolonged respective limited  period of time, on the 
other. Anthropometric, physiologic and biochemical/endocrinological data 
gave an unanimous pattern of a metabolic syndrome in embryo in fairly 
well-trained individuals subjected to strenuous work for a prolonged time 
under mentally stressful conditions as was illustrated in the offshore sailors. 
In harmony with this, these sailors also demonstrated the development of 
conspicuous abdominal, subcutaneous obesity (albeit their ongoing physical 
activity), hyperinsulinemia and a slight but significant elevation of HbA1c 
indicating a growing peripheral insulin resistance (Paper III). Intense, 
strenuous work for a limited period of time (7 h cycling) was to some extent 
confirmatory of the effects registered for the offshore sailors but some addi-
tional findings on a cellular level are worth mentioning. Circulating glucose 
levels were indeed increased concomitantly with an unchanged serum insulin 
concentration. The somewhat paradoxical situation might reflect an insulin 
resistance based on energy metabolic stress on a cellular level. The energy 
metabolic stress-like state was also supported by the elevated plasma MDA 
concentration after the race indicative of increased generation of ROS re-
flecting metabolic exhaustion. That means an imbalance on the cellular level 
between ATP on one hand and ADP, AMP and adenylate catabolites, on the 
other, which in turn leads to less ATP to fuel ion pumps, especially the 
Na+/K+-ATPase. Since 3 Na+ are transported out and 2 K+ in per ATP mole-
cule that is hydrolyzed, this ATPase is electrogenic giving a negative charge 
inside the cell. The decreased electrochemical potential due to reduced sup-
ply of ATP results in not only increased Na+ but also Ca2+ and water inside 
the cell causing cellular swelling (see figure). Cellular swelling is to some 
extent counteracted by taurine, known as an osmoregulator in many cells. It 
should be noted in this context that the cellular uptake of the amino acid 
taurine is Na+-dependent and intracellular taurine represents an energy state 
of the cell (osmotic work has been performed at the expense of the Na+-
gradient). In any case of cell energy metabolic disturbance, taurine efflux 
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along its gradient (downhill) can occur together with Na+ against its gradient 
(uphill). This extracellular Na+ can in turn be utilized in a Na+/Ca2+ counter-
transport, reducing the intracellular Ca2+ load, and again, intracellular Na+

can undergo co-transport with intracellular taurine out of the cell (see fig-
ure). The final result is an attenuated intracellular Ca2+ load and an increased 
extracellular accumulation of taurine to favour cell survival. This was typi-
cally demonstrated in skeletal muscles of our athletes subjected to intense, 
strenuous work for a more or less prolonged period of time.  

We also noticed interesting phenomena in the erythrocytes of these athletes 
(Papers III and IV). Human erythrocytes have indeed highly specific insulin 
receptors with binding characteristics similar to other insulin target sites 
(Gambhir et al., 1978). Increased levels of circulating insulin can cause 
down-regulation of its receptors. A reduced number of insulin receptors have 
been demonstrated in erythrocytes of both hyperinsulinemic- and noninsu-
linemic hypertonic patients (Sanchez-Margalet et al., 1994). Therefore, we 
cannot exclude the possibility of down-regulated insulin receptors and a 
reduced glucose uptake into erythrocytes of also the studied athletes. It is 
accordingly reasonable to suggest that our subjects displayed a relative defi-
ciency of intracellular glucose and therewith of ATP in their erythrocytes 
during their strenuous physical activity. Again, the ATP fuelling of the 
Na+/K+-ATPase of their erythrocytes might have been deficient. The in-
creased Ca2+ load due to deficient pump activity in erythrocytes may elicit 
the opening of the Ca2+ sensitive K+ channel leading to a selective efflux of 
K+ (Gardos effect) (Ronquist G et al., 2001). This in turn results in a ten-
dency towards cellular dehydration (xerocytosis) reflected by distinctly di-
minished MCV-values combined with significantly elevated MCHC-values 
(hemoconcentration) (see figure). Therefore, these changes of the erythro-
cytes observed during strenuous and prolonged exercise are suggested to be 
another component of the energy metabolic stress syndrome. 
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Conclusions
Energy expenditure can be studied on the whole body (organism) 
level under controlled and reliable conditions during long-term, 
field activities by using careful calculations from dietary intake and 
endogenous energy store determinations by body composition 
measurements and combined heart frequency-, indirect-, and direct 
calorimetric methods.  

When non-obese, healthy men are in a well-controlled energy bal-
ance, a diet rich in saturated fatty acids did not elicit any major 
metabolic stress signs concerning serum lipoproteins and/or insu-
lin/glucose homeostasis during a test period including high volume, 
low intensity energy turnover.  Only slight decrease in the Apo-
B/Apo-A1 ratio was observed on the same high saturated fatty acid 
diet, when the participants instead were under a period of totally 
sedentary life-style, but likewise in energy balance.  

Non-obese healthy fairly well trained men exposed to long-term 
mental- and energy metabolic stress, developed abdominal obesity 
and signs of a metabolic syndrome in embryo, also emphasized by 
biochemical and blood pressure alterations, despite a fairly healthy 
lifestyle concerning diet and exercise habits. 

Well-trained healthy athletes, subjected to an exhaustive endurance, 
high intensity exercise session causing very high energy metabolic 
stress-like conditions, developed signs of insulin resistance and de-
teriorated intracellular glucose availability leading to supposedly 
compromised fueling of ion pumps culminating in a disturbed cel-
lular osmoregulation. 

An energy metabolic stress syndrome has been described including 
symptoms of muscular intracellular swelling, tendencies towards 
erythrocyte shrinkage (xerocytosis), as a consequence of insulin re-
sistance and extra- and intracellular ion disturbances (Gardos ef-
fect), oxidative stress and osmoregulatory taurine leakage on the 
basis of impaired membrane ATP availability and therewith defi-
cient ion pumping (see Figure). 
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Figure 4. Energy metabolic stress with cellular swelling and shrinkage on 
the basis of impaired energy (ATP) availability to membranes and its ion 
transport mechanisms.  
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