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INTRODUCTION 

Free radicals 
Atoms possess electrons that are usually associated in pairs. Each pair moves 
in a defined space around the nucleus referred to as the atomic/molecular 
orbital. If an atom/molecule contains one or more unpaired electrons and is 
capable of independent existence, it is referred to as a ”free radical” [1]. The 
unpaired electron makes the radical reactive; consequently, it seeks energetic 
stability by reacting with other compounds. Most molecules present in living 
organisms are non-radicals and a reaction with a free radical will most likely 
create a new radical. The desired stability may be achieved in several ways 
depending on the reactivity of the radical. Theoretically, a radical can: 
1. meet another radical to join their unpaired electrons forming a covalent 

bond 
2. add on to a non-radical creating an adduct still containing an unpaired 

electron 
3. donate a single electron to a non-radical causing the recipient to become a 

radical 
4. take a single electron from a non-radical causing the donor to become a 

radical 
5. abstract a hydrogen atom from a carbon-hydrogen bond leaving an 

unpaired electron on the carbon 

Sources of free radical production 
Mitochondrial electron transport chain 
Mitochondria are classically recognized as organelles that produce the 
energy required to drive the endergonic processes of cell life, but they are 
also considered as the most important cellular source of free radicals, as the 
main target for free radical regulatory and toxic actions, and as the source of 
signalling molecules that command cell cycle, proliferation and apoptosis 
[2]. A network of intramitochondrial antioxidants is operative in minimizing 
the potentially harmful effects of superoxide radical (O2•-), nitric oxide 
(NO•), hydrogen peroxide (H2O2), hydroxyl radical (OH•) and peroxynitrite 
(ONOO-). NO• and H2O2 participate in cell signalling through narrow 
concentration ranges that signal for opposite cellular situations, i.e. 
proliferation or apoptosis. The role of mitochondria in apoptosis is well 
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established through the mitochondria-dependent pathways of cell death, 
which includes increased NO• production, loss of membrane potential, 
appearance of dysfunctional mitochondria, cytochrome c release, and 
opening of the voltage-dependent anion channel of the outer membrane [2]. 

Endoplasmatic reticulum 
Microsomal fractions containing endoplasmatic reticulum (ER) produce O2•- 

and H2O2 rapidly when incubated with reduced NADPH, in particular at 
elevated O2 concentrations. These reactive oxygen species (ROS) largely 
arise from cytochrome P450 (CYP) via short-circuit of the catalytic cycle or 
the escape of electrons from some of the CYP-reducing enzyme systems. 

Inflammatory cells 
Neutrophils are the first cells to reach sites of pathogenic invasion. They are 
equipped with an array of microbicidal weapons stored in different kinds of 
granules in the cytoplasm. In addition, they have a powerful system for 
generating large amounts of ROS. Patients who have too few or 
dysfunctional neutrophils suffer from recurrent, often life-threatening, 
microbial infections. 

The engulfing and killing of microorganisms by white blood cells are 
called phagocytosis. At the onset of phagocytosis the neutrophils increase 
their oxygen (O2) uptake. Although this process is called respiratory burst it 
is not due to increased respiration and is not prevented by inhibition of the 
electron transport chain. The extra O2 uptake is instead due to the activation 
of an oxidase enzyme complex containing reduced nicotinamide adenine 
dinucleotide phosphate (NADPH). This complex is assembled in the 
vacuole-forming part (phagosome) of the plasma membrane. Proteins 
translocated to the membrane from the cytosol are responsible for the 
activation. The activated complex oxidizes NADPH to NADP+, releasing 
two electrons that are utilized to reduce 2O2 to 2O2•- via stepwise reduction 
of oxidized flavin adenine dinucleotide (FAD) and cytochrome b [3]. This 
movement of electrons across the plasma membrane is compensated by 
influx of cations. The influx of hydrogen ions (H+) via the NADPH oxidase 
complex or via H+-conducting channels prevents excessive acidification of 
the cytosol and reduces O2•- to H2O2; which can be broken down to O2 and 
water (H2O), or can combine with Cl- to form hypochlorous acid (OHCl). 
Both reactions are catalyzed by the enzyme myeloperoxidase (MPO) 
released from azurophil granules [1]. 

Despite the release of the acid contents of granules into the phagosome, 
the pH rises to about pH 8. This rise in pH is due to the generation of O2•- in 
the phagosome, followed by consumption of H+ in the formation of H2O2. 
Charge compensation takes place by H+ transfer into the phagosome, both 
through the NADPH oxidase itself and other H+ channels, but not in 
sufficient amounts to lower the pH [3]. Other cations, especially potassium 
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ions (K+), may enter the phagosome instead of H+. Influx of K+ mediates 
solubilization of proteases (i.e. elastase and cathepsin G) that are tethered to 
the proteoglycan matrix of the granules [4]. Once liberated, they attack and 
in combination with HOCl and other ROS, kill the ingested microorganisms. 

Enzymes 
Several enzymes reduce O2 to O2•-, one of the most studied being xanthine 
oxidase (XO). The enzyme catalyses oxidation of hypoxanthine (HX) to 
xanthine and on to uric acid (UA) whilst reducing O2 to both O2•- and H2O2. 
In healthy tissue, XO mainly exists in a dehydrogenase form not capable of 
producing O2•-, but the enzyme may be modulated to its O2•- generating 
oxidase form via oxidation of critical sulfhydryl groups or via limited 
proteolysis [5, 6]. 

Auto-oxidation 
Auto-oxidation is any oxidation that occurs in the presence of O2 forming 
peroxides and hydroperoxides. Certain types of molecule are particularly 
prone to auto-oxidation, including unsaturated compounds that have an 
allylic or benzylic hydrogen. Auto-oxidation is a free radical chain process 
sometimes initiated by means not well understood but is thought to be a 
reaction of O2 with molecules possessing a readily abstractable hydrogen 
atom. Although O2 is poorly reactive, many biologically important 
molecules are oxidized every day to yield O2•- (i.e. adrenalin, noradrenalin, 
dopamine, glyceraldehyde, and thiol compounds such as cysteine) [1]. The 
oxidation starts slowly but speeds up once some O2•- is produced and is 
greatly accelerated by the presence of transition metal ions and desired 
cofactors. 

Haem proteins 
The iron in the haemoglobin and myoglobin is in the ferrous (Fe2+) state, and 
mostly remain so when O2 binds, although some electron delocalization 
takes place. Free Fe2+ is readily oxidized to Fe3+. However, in haemoglobin, 
with the Fe2+ guarded in a hydrophobic pocket and chelated by the 
porphyrin, the Fe2+ is much more stable. Nevertheless, the Fe2+ haem of 
normal functional haemoglobin continuously undergoes auto-oxidation 
producing Fe3+ haemoglobin and O2•-. It has been estimated that about 3% of 
the haemoglobin present in the erythrocytes undergo oxidation every day [7]. 

Reactive oxygen species 
ROS is a general term that refers to not only O2 centred radicals but also 
includes nonradical but reactive derivatives of O2 (e.g., H2O2) [1]. Similarly, 
the term reactive nitrogen species (RNS) refers to both nitrogen radicals 
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along with other reactive molecules where the reactive centre is nitrogen. 
The term reactive oxygen and nitrogen species (RONS) is also used as a 
collective term for both ROS and RNS and includes both free radical and 
non-free radical species. 

O2 first began to appear 2.2 billion years ago and is the quintessence for 
biological life but is in excess toxic [8]. O2 is actually a weak biradical in 
that it has two electrons with antiparallel spins, each occupying one orbital. 
One electron of the pair has spin quantum number +1/2 and the other -1/2. 
When the electrons are in opposite spins, the electronic state is singlet and 
referred to as ground state. Electrons with the same spin are triplet state. If 
singlet molecules absorb energy without changing spin, the molecule is in an 
excited singlet state. Upon subsequent addition to O2 by one electron at the 
time O2•-, H2O2 and OH• are formed. 

Superoxide radical 
O2•- is primarily formed as an intermediate in biochemical reactions [9]. This 
anion radical is negatively charged and is relatively membrane impermeable. 
During normal cell metabolism, O2•- is generated during mitochondrial 
electron transport reactions reaching 1-2% or less of the total O2 
consumption. In addition, O2•- may be produced by the metabolism of 
arachidonic acid and activation of XO and by activation of NADPH oxidase 
in phagocytes. The O2•- molecule does not cross intact cell membranes but 
may penetrate to the extracellular space through anion channels. Nor does it 
react significantly with DNA, proteins or phospholipids but reacts rapidly 
with NO• to cause the formation of ONOO-, a much more reactive molecule 
that may damage and kill cells by inducing lipid peroxidation and protein 
tyrosine nitration. Its probable role in the pathophysiology is to act as a 
precursor of hydroxyl radicals (OH•) via oxidation of H2O2. 

Nonetheless, compared with other free radicals, O2•- has a relatively long 
half-life that enables diffusion within the cell and, hence, increasing the 
number of the potential targets. Although O2•- is generally considered 
relatively nonreactive compared with other radical species, it can react 
rapidly with some radicals (such as NO•) and with some iron-sulphur 
clusters in proteins [1]. Interest has surrounded the possibility that 
protonation of O2•- to produce the hydroperoxyl radical (HO2•) may occur at 
physiological pH, facilitating the transfer of O2•- across membranes [10]. 
Nonetheless, the probability and circumstances required for the protonation 
of O2•- in cells remain a topic of debate. As a redox active species, O2•- can 
reduce some biological materials (e.g., cytochrome c) and oxidize others 
(e.g., ascorbate). Dismutation of O2•-, both spontaneous and catalyzed by the 
superoxide dismutases, provides a major source of H2O2 in cells. 
 
O2•-  +  O2•-  +  2H+  �  H2O2  +  O2 
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Hydrogen peroxide 
H2O2 easily penetrates lipid bilayers and is a relatively stable molecule, not 
per definition being a radical. H2O2 modulates kinases and phosphatase 
enzymes, but may not be toxic to living cells except in high and non-
physiological concentrations. However, H2O2 can readily generate free 
radicals in specific circumstances. H2O2 has a relatively long half-life within 
the cell. In addition to formation from dismutation of O2•-, a number of 
enzyme systems generate H2O2, including urate and amino acid oxidases. 
The molecule is unable to oxidize DNA or lipids directly but can inactivate 
some enzymes [1]. The cytotoxicity of H2O2 primarily occurs through its 
ability to generate OH• through metal-catalyzed reactions, such as the 
Fenton reaction. 
 
H2O2  +  Fe2+  �  Fe3+  +  OH•  +  OH- 
 

Hydroxyl radical 
OH• are highly reactive with a strong oxidizing potential. OH• damage 
molecules close to the site of their generation, and due to their high 
reactivity, they are not membrane permeable. OH• appear to combine with 
cell components at a rate constant of 109-1010 M-1  x  s-1 [9]. They are 
potentially the most damaging ROS present in biological materials, and their 
reactivity is such that it is virtually impossible to confirm that they exist in 
living organisms other than through demonstration of the presence of 
specific products of their reactions. 

Singlet oxygen 
Another reactive form of O2, singlet oxygen (1O2), can also be generated in 
some biological materials. 1O2 has a very short half-life but is capable of 
diffusion and is permeable to membranes. 1O2 is an electronically excited 
form of O2 and is not a radical because no electrons are unpaired. 1O2 exists 
in one of two states and has no spin restriction, and hence, the oxidizing 
ability is greatly increased [1]. Dismutation of O2•- in H2O can lead to the 
formation of 1O2 in biological systems. 

Nitric oxide 
NO• is synthesized from the amino acid L-arginine by many cell types. 
Synthesis occurs through nitric oxide synthases (NOS) of three main types: 
neuronal, which was originally found in neural tissue but is also present in 
most cell types; endothelial, originally described in endothelial cells; and 
inducible that is predominantly found in inflammatory conditions, but now 
recognized to be more widespread. The NOS convert L-arginine into NO• 
and L-citrulline utilizing NADPH. NO• readily binds to some transition 
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metals, and its major actions in cells relate to its ability to bind to the ferrous 
ion in guanyl cyclase activating this enzyme and resulting in the formation 
of cyclic guanosine monophosphate (cGMP). This binding of NO• to Fe2+ 
not only comprises a major mechanism of action, but also appears to play a 
major role in its inactivation and removal through binding to the Fe2+ in 
haemoglobin. NO• is a weak reducing agent, reacts with O2 to form nitric 
dioxide (NO2), and reacts very rapidly with O2•- to produce ONOO- [11]. 

Peroxynitrite 
The reaction of O2•- with NO• to produce ONOO- occurs approximately three 
times faster than the dismutation of O2•- to produce H2O2 and even faster 
than the reaction of NO• with haem proteins; hence, this is the primary 
reaction when both are present. 
 
O2•-  +  NO•  �  ONOO- 
 
ONOO- (or its protonated form ONOOH) is a strong oxidizing agent and can 
lead to depletion of thiol groups, damage to DNA, and nitration of proteins. 
A further effect of the formation of ONOO- is a reduced bioavailability of 
O2•- and NO•. ONOO- is classified as RNS that also includes NO• and 
some other nitrogen-centred radicals, but much less is known about the 
occurrence and roles of these latter species in biology. 

Hypochlorite 
Hypochlorite (OCl-) is a powerful oxidizing agent formed by the action of 
MPO utilizing H2O2. OCl- is predominantly formed by neutrophils and can 
damage various biomolecules by oxidizing thiols, lipids, ascorbate, and 
NADPH with the generation of various secondary products [1]. In the acid 
form (HOCl) this oxidant can cross cell membranes and cause fragmentation 
and aggregation of proteins by multiple reactions [1]. HOCl is a weak acid 
and is about 50% ionized at neutral pH. 
 
H2O2  +  Cl-  �  HOCl  +  OH- 

Oxidative stress 
The term oxidative stress was first defined in 1985 as a disturbance in the 
pro-oxidant-antioxidant balance in favour of the former [12]. It has, 
however, been argued that the term oxidative stress defies a simple pro-
oxidant versus antioxidant definition and that the description of an “oxidant 
stress” is only useful if the molecular details of the imbalance are known 
[13]. In an effort to elucidate the meaning of oxidative stress the term has 
later been refined to ”a disruption of redox signalling and control” [14]. 
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Redox cellular homeostasis is a delicate balance between the rate and 
magnitude of oxidant generation and the rate of oxidant detoxification and 
oxidative stress is the pathogenic outcome resulting from an imbalanced 
ratio between ROS production and antioxidant capacity of the cell [15]. 

ROS are well recognized for playing a dual role as both deleterious and 
beneficial species. They are normally tamed by tightly regulated antioxidant 
defence systems. Overproduction of ROS, arising either from the 
mitochondrial electron transport chain or excessive stimulation of 
NAD(P)H) among other sources, results in oxidative stress that can be 
deleterious for the cell. In contrast, beneficial effects of ROS occur at 
low/moderate concentrations and involve physiological roles in cellular 
responses to noxia, in the function of a number of cellular signalling 
pathways, and in the induction of a mitogenic response [16]. 

Quantification of oxidative stress 
A major problem in ascertaining the importance of ROS in vivo is that these 
evanescent species are extremely short-lived and exist in very low 
concentrations. Presently, only one technique exists that can observe free 
radicals directly. Therefore, several indirect techniques have been developed. 

Direct measurements 
The only technique today that can “see” free radicals directly and 
specifically detects solely fairly unreactive radicals, beacause reactive ones 
do not accumulate to high enough levels to be measured. The technique is 
too insensitive to detect O2•- and OH•. 

Electron paramagnetic resonance 
Electron paramagnetic resonance (EPR), also known as electron spin 
resonance spectroscopy (ESR), detects the free radicals and paramagnetic 
molecules. By definition, the paramagnetic molecules contain one or more 
unpaired electrons, and consequently have the capacity to be excited in an 
external magnetic field. The basic physical concepts of EPR are analogous to 
those of nuclear magnetic resonance (NMR), but it is the electron spins that 
are excited instead of spins of atomic nuclei. The limited amounts of 
naturally paramagnetic compounds in tissues and short relaxation times of 
electron spins have limited the use in human in vivo studies [17, 18]. 

Indirect measurements 
Some techniques detect signs of radical damage or stable compounds formed 
when a parent compound reacts with radicals. Most commonly measured are 
by-products of lipid peroxidation, but changes in the status of antioxidant 
compounds (such as glutathione, protein and DNA oxidation products, and 
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antioxidant enzyme activities) have also been used. These are all examples 
of indirect measurements of free radical activity [19]. 

Expired pentane 
Metal ions and haem proteins can cause hydrocarbon formation from 
peroxides. Air exhaled by humans consists of a gas phase containing O2, 
NO•, N2, CO2, and some carbon monoxide (CO), and a phase containing 
H2O vapour and non-volatile aerosol particles that can be condensed when a 
breath is cooled [1]. The gas phase in exhaled air contains a range of 
hydrocarbons, including ethane and pentane that can be measured by gas 
chromatography (GC). 

Malondialdehyde 
Malondialdehyde (MDA) arises largely from peroxidation of 
polyunsaturated fatty acids (PUFAs) with more than two methylene-
interrupted double bonds. In human tissue one of the main precursors for 
MDA will therefore be arachidonic acid (20:4) [20]. MDA is rapidly 
stepwise oxidized to acetate. 

TBARS 
The most widely used index of lipid peroxidation is the formation of 
thiobarbituric acid reactive substances (TBARS), often mistakenly called the 
MDA assay. Historically, this assay has been used because of its simplicity. 
Although widely used, the assay is nonspecific, and a commonly cited 
reason for the lack of specificity of the simple TBARS reaction is that the 
majority of detected TBA-reactive material is formed during sample heating 
rather than being present from the outset. Erroneous results can easily be 
obtained [21]. 

Isoprostanes 
Quantification of isoprostanes provides a non-invasive approach to assess 
oxidant status in humans [22]. Isoprostanes belong to a family of 
prostaglandin derivatives that are formed by peroxidation of arachidonic acid 
catalyzed by free radicals. Unlike primary prostaglandins, isoprostanes are 
formed in situ [23] and do not require cyclooxygenase for their biosynthesis. 
Another structural distinction between radical-mediated isoprostanes and 
prostaglandins mediated via cyclooxygenase (COX) is that in the former, cis 
side chains to the cyclopentane ring are predominant as compared with trans 
orientation in the latter [24]. 
When free radicals attack arachidonic acid four prostaglandin F2 (PGF2)-like 
endoperoxide intermediates are formed. They are further reduced to four 
chemically stable F2-isoprostanes depending on the location of the hydroxyl-
group (OH) [25]. PGF2α is a major prostaglandin formed in vivo in 
physiological and pathophysiological situations and has mainly potent 



 19

vasoconstrictive and proinflammatory properties. PGF2α has a relative short 
half-life in human plasma (~16 min, 8-iso-PGF2α) [26]. 

Hypoxanthine 
Hypoxanthine (HX) has long been used as a marker of hypoxia and 
ischaemia because it accumulates in tissues as a consequence of increased 
breakdown of adenine nucleotides and inhibition of XO activity in 
deficiency of O2. Accumulated HX, released from muscle cells, may serve as 
substrate for increased O2•- production by XO according to the theory of 
reperfusion injury [27]. 

Uric acid 
UA is generated in the human body by the oxidation of HX and xanthine, but 
no urate oxidase is present to oxidize it further. Humans do have the gene for 
urate oxidase, but it is non-functional. UA is thus the final step in the 
catabolism of purines in humans. Hence, human plasma contains UA in high 
concentrations [28]. 

Allantoin 
Allantoin, the major oxidation product of urate, has been suggested as a 
candidate biomarker of oxidative stress because it is not produced 
metabolically in humans [29]. It is important to note that urate is converted 
to allantoin under strongly alkaline pH. Such conditions, when used to 
facilitate extraction of allantoin, may lead to significant overestimation of 
allantoin concentration in human samples [30]. 

Antioxidant defences 
The term antioxidant has been defined as any substance that delays or 
prevents the oxidation of a substrate [1]. Free radicals and ROS produced as 
part of metabolic processes are neutralized by an elaborate antioxidant 
defence system consisting of enzymes such as superoxide dismutase (SOD), 
glutathione peroxidase (GPX), catalase, metal-binding, and numerous non-
enzymatic small molecules antioxidants, including carotenoids, vitamins E 
and C, glutathione, ubiquinone, and flavonoids [19]. Some are made in the 
body while others come from the diet. Numerous antioxidant strategies exist 
and can be used to protect against ROS toxicity. Some agents convert ROS 
into less active molecules and thus preventing the transformation of these 
less active species to a more deleterious form. Another antioxidant strategy 
is to minimize the availability of pro-oxidants via metal-binding proteins. 
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Enzymatic 
Principal antioxidant enzymes include SOD, GPX, and catalase. 

Superoxide dismutase 
SOD forms the first line of defence against O2•- in that SOD dismutates O2•- 
to form H2O2 and O2 [31]. Three isoforms of SOD (SOD1, SOD2, SOD3) 
exist in humans, where all require a redox active transition metal in the 
active site to accomplish the catalytic breakdown of the O2•- [32]. SOD1 and 
SOD2 are located within cells, whereas SOD3 is found in the extracellular 
space. SOD1 requires copper-zinc as a cofactor and is primarily located in 
the cytosol and the mitochondrial intermembrane space. SOD2 uses 
manganese as a cofactor and is located in the mitochondrial matrix. SOD3, 
located in the extracellular space requires copper-zinc as a cofactor. The 
relative allocation of the isoenzymes varies across tissues. In skeletal muscle 
15–35% of the total SOD activity is in the mitochondria while the remaining 
65–85% is in the cytosol [22, 23]. SOD is supposed to be uniformly 
distributed throughout the mitochondrial matrix and follows the mechanism 
proposed by Fielden et al. [33], with an overall rate coefficient that is 
constant over the pH range prevalent in that compartment [34]. 

Glutathione peroxidase 
Five GPXs have been identified in humans (GPX1-GPX5) [24, 25]. All of 
these GPX enzymes catalyze the reduction of H2O2 or organic hydroperoxide 
(ROOH) to H2O and alcohol (ROH), respectively, using reduced glutathione 
or, in some cases, thioredoxin or glutaredoxin as the electron donor. When 
glutathione is the electron donor, it donates a pair of hydrogen ions and 
glutathione is oxidized to glutathione disulphide (GSSG). 
 
2GSH  +  H2O2  �  GSSG  +  2H2O 
 
2GSH  +  ROOH  �  GSSG  +  ROH  +  H2O 
 
Although the reaction catalyzed by all GPXs appears to be the same, 
individual GPXs differ in substrate specificity (i.e. varying range of 
hydroperoxides) and cellular localization (i.e. cytosol vs. mitochondria) [35]. 
The varying substrate specificity and cellular location across GPX isoforms 
appear to optimize GPX’s function as a cellular antioxidant enzyme. Indeed, 
the fact that many GPX isoenzymes will reduce a wide range of 
hydroperoxides ranging from H2O2 to complex organic hydroperoxides 
makes GPX an important intracellular antioxidant to protect against ROS-
mediated damage to membrane lipids, proteins, and nuclei acids. Although 
all GPX isoenzymes are efficient peroxidases, various GPX isoforms may 
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exert a variety of specific roles in metabolic regulation such as silencing 
lipoxygenases. 

To function, most GPX isoforms require a supply of glutathione to 
provide electrons. Because glutathione is oxidized by GPX to form GSSG, 
cells must possess a pathway capable of regenerating GSH. The reduction of 
GSSG back to glutathione is accomplished by glutathione reductase, a flavin 
containing enzyme whereby NADPH provides the reducing power. 

Catalase 
Catalase is widely distributed within the cell and serves several biochemical 
functions. The principal purpose of catalase is, however, to catalyze the 
breakdown of H2O2 into H2O and O2. 
 
2H2O2  �  2H2O  +  O2 
 
Iron is a required cofactor attached to the active site of the enzyme. 

Accessory antioxidant enzymes 
In addition to the principal antioxidant enzymes, cells contain several other 
enzymes that can contribute directly or indirectly to the maintenance of 
redox balance. Among these, the thioredoxin, glutaredoxin, and 
peroxiredoxin systems are important contributors. 

Non-enzymatic 
Endogenously synthesized low-molecular-weight agents, such as 
glutathione, UA, and bilirubin along with dietary ingested ascorbic acid and 
vitamin E, are capable of scavenging ROS species. 

Uric acid 
Being the terminal product of purine metabolism in humans, UA is an 
efficient scavenger of oxidizing species and is thought to be an important 
antioxidant in human body fluids [28]. As much as 35-60% of the total free 
radical scavenging capacity of human plasma have been attributed to UA 
[36]. 

Plasma proteins 
The contribution from plasma proteins to the total (Peroxyl) Radical-
trapping Antioxidant Parameter (TRAP) is considerable (10-50%) and the 
first line of defence during peroxyl radical attack is provided by the plasma 
sulfhydryl groups. Even UA is spared during the initial stages of the reaction 
[36]. 
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Albumin 
Each albumin molecule has one high affinity site for copper plus a number 
of weaker binding sites [37]. Copper ions attached to albumin can still react 
with H2O2 which would damage the albumin molecule. Because plasma 
levels of albumin are high and its turnover rapid, this damage is unlikely to 
matter much. Accordingly, albumin has been called a sacrificial antioxidant 
[1]. 

Carotenoids 
Carotenoids can be readily oxidized and thus inhibit other oxidation 
reactions. Carotenoids contain conjugated double bonds and their antioxidant 
activity arises because of the ability of these to delocalize unpaired electrons 
[38]. The efficacy of the carotenoids for physical quenching is related to the 
number of conjugated double-bonds present in the molecule. The 
concentration of carotenoids and the partial pressure of O2 are also important 
factors. In particular, β-carotene exhibits antioxidant properties at low O2 
partial pressure but becomes pro-oxidant at high pressures and at high 
concentrations [39, 40]. 

Vitamin C 
Plants and many animals can synthesize ascorbate from glucose but humans 
have lost the oxidase enzyme required for the terminal step and need 
ascorbate in the diet. Ascorbate is H2O-soluble and well absorbed at lower 
doses, but absorption decreases as the dose increases. Thus ascorbate works 
in aqueous environments of the body and cooperates with α-tocopherol to 
regenerate α-tocopherol from α-tocopherol radicals in membranes and 
lipoproteins [41]. The molecule is transported into the cell by sodium-
dependent vitamin C transporters, which are found in most tissues. 
Ascorbate is not protein bound, so it is filtered and reabsorbed by the 
kidneys in healthy subjects. Decreased bioavailability and renal excretion 
keep plasma levels at less than 100 �mol/L, even with high oral dosage. 
Ascorbate acts as a cofactor for several enzymes. The most striking chemical 
property of ascorbate is its action as a reducing agent. Donation of an 
electron by ascorbate gives the ascorbyl radical (A•) which can be further 
oxidized to give dehydroascorbate. Aqueous solutions of ascorbate are stable 
at normal pH unless transition metal ions are present, which catalyze its 
rapid oxidation. Whether these mechanisms occur in vivo is doubtful [41]. 
The poor reactivity of the A• may explain many of the ascorbate’s 
antioxidant effects. ROS interacts with ascorbyl and a much less reactive 
radical has thus been formed. Attempts to demonstrate antioxidant effects in 
vivo have not given consistent positive effects [1]. 
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Vitamin E 
Vitamin E is a fat-soluble vitamin that requires biliary and pancreatic 
secretions in order to form micelles for uptake by the intestine. Chylomicron 
secretion is also required for transport from the intestine to the circulation. 
The liver is responsible for the disposition, metabolism, and excretion of 
vitamin E. It does this through at least three important mechanisms: 
(a) the �-tocopherol transfer protein (�-TTP) that returns �-tocopherol to the 
plasma 
(b) the excretion of excess vitamin E into the bile 
(c) the metabolism of vitamin E 
In general, the term “vitamin E” includes four tocopherols and four 
tocotrienols (�-, �-, �-, and �-) found in food. Only �-tocopherol is retained 
in significant amounts. Because of its hydrophobic nature, �-tocopherol 
operates in lipid environments and the effects of �-tocopherol as an 
antioxidant are restricted to its direct effects in membranes and lipoprotein 
domains [42]. It is claimed that the major function of �-tocopherol is to be a 
radical scavenger that terminates chain reactions of oxidation of PUFAs [36, 
43]. The importance of this function is to maintain the integrity of long-chain 
PUFAs in the membranes of cells maintaining their bioactivity. There is, 
however, an ongoing debate whether �-tocopherol exerts beneficial actions 
on cells not only through the potential to act as an antioxidant but also 
through modulation of protein and lipid kinase signalling cascades [44][29-
31]. 

When lipid ROOH are oxidized to peroxyl radicals (ROO•), as may occur 
in the presence of Fe2+ or Cu+, the ROO• react faster with �-tocopherol than 
with PUFAs [43]. The rate constant for the reaction is some four orders of 
magnitude faster for reaction with ROO• than with PUFAs. 
 
In the presence of vitamin E: 
ROO• + Vit E-OH � ROOH + Vit E-O• 
 
In the absence of vitamin E: 
ROO• + RH � ROOH + R• 
R• + O2 � ROO• 
 
The tocopheroxyl radical (Vit E-O•) reacts with ascorbate or other hydrogen 
donors, such as thiols, especially glutathione, in a recycling process 
returning vitamin E to its reduced state [43]. 
 
Vit E-O• + AH � Vit E-OH + A• 
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Coenzyme Q10 
Coenzyme Q10 (Q10) is an essential cofactor in the mitochondrial electron 
transport pathway and is also a lipid-soluble antioxidant. It is endogenously 
synthesized via the mevalonate pathway and only minimal amounts are 
obtained from the diet. The benzoquinone portion of Q10 is synthesized 
from tyrosine, whereas the isoprene side chain is synthesized from acetyl-
CoA through the mevalonate pathway, which is also used for the first steps 
of cholesterol biosynthesis. Q10 is present in the body in oxidized form as 
ubiquinone (CoQ) and in reduced form as ubiquinol (CoQH2). Various 
coenzyme Q homologues, containing different numbers of isoprenoid units 
in the side chain exist. Both coenzyme Q9 and Q10 are present in human 
plasma where the latter is the absolute dominant homologue. Q10 is a 
ubiquitous compound vital to energy metabolism. It is an indispensable 
compound in the respiratory chain of the inner mitochondrial membrane and 
acts as an essential antioxidant, assisting in the regeneration of other 
antioxidants [45, 46]. 

Bilirubin 
Bilirubin is insoluble in H2O and binds tightly to albumin. The binding 
prevents uptake by extra-hepatic tissues, particularly lipid-rich organs (e.g., 
the brain). Bilirubin can scavenge ONOOH and HO2• HO• and 1O2 in vitro 
and, bound to albumin, protect albumin-bound fatty acids against free radical 
damage. Whether bilirubin has corresponding antioxidative properties in 
vivo is not clear. 

Metal-ion binding 
Transition metals are found at the active sites of most oxidases and 
oxygenases because their ability to accept and donate single electrons can 
overcome the spin restriction of O2. Their biological roles frequently relate 
to their ability to participate in one-electron transfer reactions. Most, if not 
all, auto-oxidations are stimulated by traces of transition metal ions and 
proceed by free radical mechanisms. Many forms of tissue injury, including 
mechanical disruption, can cause increased free radical reactions by 
inactivating cellular antioxidants and simultaneously liberate transition metal 
ions from their sites of sequestration within cells [47]. 

Iron 
About two-thirds of body iron is found in haemoglobin, with smaller 
amounts in myoglobin, various enzymes, and transport and storage proteins. 
Iron is the most likely candidate for stimulating OH• generation and other 
radical reactions. The general effect of iron catalysts is to convert poorly 
reactive species (RS) into highly reactive ones [47]. Organisms take great 
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care in the handling of iron, using transport proteins and storage proteins to 
minimize the size of the intracellular iron pool. This iron sequestration is an 
important contribution to antioxidant defences because of reduced 
availability of iron to stimulate OH• generation in vivo. Tissue or cell injury, 
by any mechanism, can exacerbate radical reactions if it liberates catalytic 
metal ions from broken cells into the surrounding environment. This is 
especially true in brain because cerebrovascular fluid has no significant iron-
binding capacity [48]. 

Haemoglobin 
Most O2 in the blood is carried by haemoglobin. This protein has four 
subunits, two α-chains and two β-chains each bearing a haem group. The 
iron in the haem is in the Fe2+ state and mostly remains so when O2 binds. 
However, when O2 attaches, there is some electron delocalization and ever 
so often a molecule of oxyhaemoglobin releases O2•-, a H2O molecule or an 
OH- replacing the O2 [1, 47] The reaction product, methaemoglobin, is not 
capable of binding O2. Haemoglobin is carefully compartmentalized in the 
erythrocytes that have high activities of antioxidant enzymes (such as SOD 
and glutathione), probably because of the ease with which free haemoglobin 
can interact with O2•- and H2O2 to produce damaging RS. 

Myoglobin 
Myoglobin contains a single polypeptide chain whose structure resembles 
that of the haemoglobin subunits, also bearing one haem. Myoglobin acts as 
a local store of O2 in the muscle tissue binding O2 more tightly than 
haemoglobin. The O2 is released only if O2 levels fall dramatically. 

Ferritin 
Iron not presently required in the cells is largely stored in ferritin, which 
consists of a protein shell surrounding an iron core that holds up to 4,500 
ions of iron per molecule of protein. Iron enters ferritin as Fe2+, which 
becomes oxidized to Fe3+ and deposited in the interior. This way of storing 
iron is often regarded as a safe way, yet ferritin has been shown to stimulate 
the formation of OH•- from O2•- and H2O2. O2•- mobilizes iron ions from 
ferritin, leading to iron-catalyzed production of OH•-. Hence, generation of 
O2•- and H2O2 adjacent to ferritin deposits could cause tissue damage [49, 
50]. 

Haemosiderin 
Ferritin can be converted to another storage form, haemosiderin. Despite 
being less soluble than ferritin, haemosiderin iron can occasionally 
participate in OH• generation [47]. 
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Transferrin 
The iron taken up by the gut and transferred to the circulation system enters 
plasma bound to transferrin, which functions as a carrier molecule. Each 
molecule has two separate binding sites to which Fe3+ attaches very tightly at 
physiological pH. Under normal conditions, the transferrin present in the 
human bloodstream is only about 30% loaded on average. 

Lactoferrin 
Lactoferrin is found in several body fluids and is similar to transferrin in 
many respects. A major difference in their properties is that iron can be 
released from transferrin at pH values of 5.6 and below, whereas lactoferrin 
holds on to its iron down to pH values of 3.0 [51]. Thus, one assumed anti-
oxidative role of lactoferrin is to bind some of the iron released from ferritin 
at low pH. 

Haptoglobin 
Haptoglobin binds haemoglobin released from erythrocytes with high 
affinity, which neutralizes haemoglobin’s oxidative potential. The resulting 
complex is too large to be excreted by the kidney, preventing loss of iron and 
damage to the kidney. 

Haemopexin 
Haemopexin is a type II acute phase reactant glycoprotein that scavenges 
haem in blood plasma to protect against oxidative damage resulting from the 
catalytic activity of haem released to the circulation by haemolysis or 
rhabdomyolysis. Haemopexin functions as a major haem scavenging protein 
in blood plasma and as such circulates without haem bound to it [52]. 
Scavenging the haem released by the turnover of haemoglobin and 
myoglobin thus protects the body from potential harmful effects that is 
caused by free haem. 

Iron chelates 
A small transit pool of iron chelates, probably in a low molecular mass form, 
is present within mammalian cells [53]. The exact chemical nature of this 
pool is not clear, but it may represent iron ions attached to phosphate esters 
(such as adenosine triphosphate (ATP) and adenosine diphosphate (ADP)), 
to organic acids (such as citrate) and perhaps to the polar head groups of 
membrane lipids, or to DNA. All these iron complexes are capable of 
decomposing H2O2 to form OH•- [54, 55]. 

Copper 
Copper is absorbed from the diet in the stomach or upper small intestine, 
probably as complexes with amino acids or small peptides. Transport to the 
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liver is facilitated by binding of Cu2+ to amino acids and to albumin, which 
has one high-affinity and several low-affinity binding sites for copper ions. 
In the liver copper is incorporated into the protein caeruloplasmin, which is 
then secreted and forms the major copper-containing protein of human 
plasma [47]. 

Caeruloplasmin 
Caeruloplasmin, like ferroxidase, catalyzes oxidation of Fe2+ to Fe3+ and thus 
facilitates the binding of iron to transferrin [56]. Unlike the nonenzymatic 
oxidation of Fe2+ in the presence of O2•-[57], the ferroxidase activity of 
caeruloplasmin does not produce O2•- or OH•- [58]. Partly because of its 
ability to inhibit Fe2+-dependent radical reactions, caeruloplasmin is an 
important extracellular antioxidant. 

Caeruloplasmin may supply copper for incorporation into other copper 
proteins, such as SOD and cytochrome oxidase [58, 59]. This role is often 
referred to as a copper transport function; however, caeruloplasmin does not 
specifically bind and transport copper in the way that transferrin binds and 
transports iron. Caeruloplasmin may have to be irreversibly degraded to 
release copper from it, whereas apotransferrin is released from cells to bind 
more iron [58]. 

Microdialysis 
Microdialysis has become a widely accepted technique for in vivo sampling 
in pharmacokinetic studies. The technique was initially used to monitor the 
concentration of low molecular weight substances in the brain interstitial 
fluid but is now used to study various tissues, including skeletal muscle. 
Microdialysis enables the continuous monitoring of local biochemistry 
studying different kinds of metabolites, including ROS. 

A microdialysis probe contains a semipermeable membrane covering the 
tip of the probe. The probe has been equated to an artificial blood vessel, 
which is introduced into the tissue. As the probe is implanted and perfused 
with a suitable perfusate at a low flow rate, small molecules diffuse along a 
concentration gradient toward or away from the probe. The concentrations of 
compounds in the interstitial space can then be monitored. When perfusate 
flow is slow enough to allow complete equilibration between interstitial and 
perfusate fluids, the concentration in the perfusate is identical to the 
interstitial concentration. However, microdialysis data are influenced by 
changes in blood flow, especially in instances where the tissue diffusivity 
limits the recovery in vivo. 

Several functions of microdialysis have been demonstrated in in vivo 
studies. For drug administration, as a perfusate-containing drug reaches the 
membrane, the drug molecules diffuse away from the probe. For drug 
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sampling, when perfusing artificial biological fluids into the microdialysis 
probe, the endogenous substances or given drug molecules would diffuse 
into the probe allowing the correction and analysis of the dialysate. 

Sampling oxidative metabolites 
Direct measurements of ROS are practically impossible, because of their 
extreme reactivity and short lifetimes. This circumstance has brought about a 
continued search for chemical traps to facilitate their detection. The most 
commonly used technique is based on the hydroxylation of salicylic acid 
[60]. However, several authors have questioned its validity [61-63] and 
others have pointed out difficulties when combining it with microdialysis 
technique in human studies [64]. A new procedure with terephthalic acid as 
an indicator of OH• activity has recently been tested in animal studies [60]. 
Another new procedure is to utilize cytochrome c reduction in combination 
with microdialysis. This technique has been combined with microdialysis 
and applied in humans [65, 66]. 

Salicylic acid 
This procedure is based upon the reaction between the aromatic ring of 
salicylate and OH•. The radicals attack the phenolic ring resulting in the 
formation of three species but only 2,3 and 2,5 dihydroxybenzoic acid are 
produced in sufficient amounts to be useful. 

Reduced cytochrome c 
O2•- is known to react with ferricytochrome c to form ferrocytochrome c and 
the reduction results in an increased absorbance of cytochrome c when 
measured at 550 nm. This change in absorbance can be measured using a 
spectrophotometer. 

Purine degradation products 
In this thesis we present a new technique for the simultaneous detection of 
HX, UA, and allantoin in small microdialysis samples as an indicator for in 
vivo formation of ROS. 

Ischaemia-reperfusion 
Trauma 
ROS are thought to be important mediators of ischaemic and traumatic 
injuries [67-69]. Because of the difficulties in direct measurements of ROS 
in vivo, indirect methods have been developed (e.g., measuring purine 
degradation products in blood and the interstitial fluid). In trauma HX 
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accumulates in the tissue owing to increased breakdown of adenine 
nucleotides. Xanthine dehydrogense is converted by proteolysis to XO 
whose activity is inhibited because of lack of O2 [70, 71]. During 
recirculation after temporary total ischaemia or during incomplete ischaemia, 
HX serves as substrate for O2•- production by XO, according to the concept 
of reperfusion injury [27]. UA has been implicated as an important 
endogenous radical scavenger [28]. Substantial evidence from in vitro 
experiments supports the antioxidant potential of UA [29]. The accumulation 
of UA in brain ischaemia and trauma [72-74] has been regarded as support 
for this concept. However, UA formation is also an indicator of XO activity, 
indicating ROS formation [27]. UA oxidation products, such as allantoin and 
parabanic acid, may be valuable endogenous markers for in vivo free radical 
reactions, reflecting attack on UA by highly reactive ROS [29, 75-77]. 

Tourniquet-induced ischaemia-reperfusion 
In orthopaedic surgery there is a commonly accepted 2-h limit for 
continuous tourniquet ischaemia although recommended limits vary from 
one to three hours [78-81]. Without apparent serious complications, the 2-h 
limit occasionally is exceeded [82]. The impact of second or third periods of 
tourniquet ischaemia after initial application and release is largely unknown 
although some guidelines are given based on animal studies [83]. Elevated 
tissue pressure seems to act synergistically with ischaemia to produce more 
severe cellular deterioration in skeletal muscle than does ischaemia alone 
[84]. Many established concepts on the tolerance of skeletal muscle to 
ischaemia are based on studies of temporary circulatory arrest by application 
of a tourniquet. Few investigators have focused on subtle effects of 
tourniquet-induced ischaemia and reperfusion. In some studies systemic 
metabolic side effects have been reported, including genotoxic effects in 
leukocytes [85], increased plasma viscosity [86], pulmonary dysfunction 
[87], changed coagulation properties [88], modifications of the 
cardiovascular system and metabolism [89], and increased fibrinolysis [90]. 

Skeletal muscle is the tissue in a limb that is most vulnerable to ischaemia 
[91]. Muscle necrosis seems to be greater in the central portion of the muscle 
and external evaluation of the degree of ischaemic damage is clinically 
unreliable [92]. Gross and microscopic changes are minimal for many hours 
following muscle death. Fibre type is also an important anatomic 
determinant of ischaemic injury [93]. Muscle fibres are classified based on 
the amount of myoglobin content of the muscle. Type I fibres have 
predominantly oxidative metabolism of triglycerides as their energy source 
and are more vulnerable to ischaemia than Type II fibres, which have 
anaerobic metabolism of glycogen as their main energy source [94]. Most 
muscles contain fibres of both types, but in certain muscles, such as those in 



 30 

the anterior compartment of the leg, the fibres are predominantly Type I, 
whereas in others, such as the gastrocnemius, Type II fibres dominate. 

During ischaemia, the cell’s energy stores are depleted in an attempt to 
maintain homeostatic functions. Long periods of ischaemia lead to a 
dramatic decrease in the capacity to regenerate ATP through the aerobic 
systems. As a consequence, skeletal muscle cells must alter from oxidative 
phosphorylation to anaerobic glycolysis for energy production, causing a rise 
in lactic acid production. Pyruvate is rapidly consumed and the glucose 
concentration decreases in the ischaemic muscle. Decomposition of 
adenosine monophosphate (AMP), further degraded to HX and UA, is 
necessary for the glycolytic regeneration of ATP. HX has long been used as 
a marker of hypoxia and ischaemia because it accumulates in tissues as a 
consequence of an increased breakdown of adenine nucleotides and 
inhibition of XO activity in deficiency of O2 [70, 71]. At reperfusion there is 
an immediate increase in the plasma levels of XO activity [95, 96]. 
Accumulated HX, released from muscle cells, may serve as substrate for 
increased O2•- production by XO according to the theory of reperfusion 
injury [27]. Additional degradation of UA to allantoin requires in humans, 
because of the absence of uricase, the presence of O2 radicals. 

Oxidative stress and bone 
Our skeleton is constantly renewed at an average rate of 10% per year. 
Osteoporosis is a disease resulting from a decreased renewal of bone, which 
leads to a fragile skeleton and an increased risk of fractures. The aetiology of 
osteoporosis is complex and the fracture risk is influenced both by the 
genetic constitution and by environmental factors, with lifestyle becoming 
more important for bone mass and osteoporotic fractures with increasing age 
[97, 98]. 

Oxidative stress, which presumably increases with age [99], is a condition 
of excess formation of free radicals either by physiological or 
pathophysiological processes and states of insufficient antioxidative defence. 
Free radicals are involved in osteoblastogenesis [100, 101], in apoptosis of 
osteoblasts and osteocytes, and in osteoclastogenesis and therefore also in 
bone resorption as shown in animal and in vitro studies [102]. These 
experimental data clearly establish a biological link between oxidative stress 
and bone [103]. 

A central problem associated with the assessment of free radical-induced 
oxidative stress in disease development has been the limitation in existing 
assay methods for in vivo measurement of free radical generation [104]. 
F2-isoprostanes, structural isomers of PGF2�, are formed during free-radical 
catalyzed peroxidation of arachidonic acid [22, 105]. A major 
F2-isoprostane, 8-iso-PGF2�, is now a well-recognized reliable indicator of 
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oxidative stress in vivo [21, 25, 106]. Indeed, we have shown that there is a 
biochemical link between increased oxidative stress as measured by urinary 
8-iso-PGF2� and reduced bone density at some sites in a small population-
based study [107]. These results have recently been confirmed and extended 
in a study showing that serum levels of 8-iso-PGF2� among both 
hypercholesterolemic patients and hospital-based controls display an inverse 
correlation with bone formation markers and with bone mineral density 
(BMD) at the femoral neck but not at the lumbar spine [108]. The paucity of 
previous human studies examining the association between oxidative stress 
and BMD and the unstable estimates in these few studies suggest the need 
for new studies with a preferentially larger study size. 

Exhaustive exercise 
Contracting skeletal muscle fibres can produce ROS via a variety of different 
pathways [6-10]. ROS are implicated in the aetiology of exercise-induced 
skeletal muscle fatigue [7, 9, 11-13]. Myocytes contain a network of 
antioxidant defence mechanisms to reduce the risk of oxidative damage 
during periods of increased ROS production [109]. 

Exercise can produce an imbalance between ROS and antioxidants, which 
is referred to as oxidative stress. Originally, ROS were thought to be 
enhanced in skeletal muscle during exercise to an extent that could affect 
cell viability by causing lipid and protein oxidation. However, a damaging 
effect of ROS specifically in skeletal muscle tissue in association with 
exercise has been difficult to prove. Instead, an increasing amount of 
evidence is emerging showing that ROS and antioxidants are important for 
many regular cellular processes, including gene expression [50]. Dietary 
antioxidant supplements are marketed to and used by athletes as a means to 
counteract the oxidative stress of exercise. Whether strenuous exercise does 
increase the need for additional antioxidants in the diet is not clear [19]. 
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AIMS 

The general aim of this work was to study the influence of oxidative stress 
on human muscle and bone in vivo. 
 
The specific aims were as follows: 

Paper I 
Develop a clinical applicable one-step high performance liquid 
chromatography (HPLC) method optimized for the simultaneous 
determination of HX, UA, and allantoin in small microdialysis samples in 
humans. 

Paper II 
Evaluate microdialysis as an in vivo method to characterize the time-course 
and relative kinetics of pyruvate, glucose, lactate, glycerol, HX, UA, and 
urea in human skeletal muscle exposed to prolonged ischaemia and 2-h of 
reperfusion. 

Paper III 
Investigate the association between a reliable in vivo marker for oxidative 
stress, urinary 8-iso-PGF2α, and BMD in humans and to study whether 
�-tocopherol modifies the association. 

Paper IV 
Evaluate the effect of 8 weeks of Q10 administration on physical capacity 
using individualized exercise capacity tests to physical exhaustion and 
examine the effect on blood markers of oxidative stress in the skeletal 
muscle. 
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METHODS 

Study participants 

Paper I 
Dialysate samples from a female patient, 56 years of age, suffering from 
severe subarachnoid haemorrhage and treated at the neuro-intensive care unit 
at Uppsala University Hospital were analyzed as an in vivo application of the 
method. 

Paper II 
Eight adult (five men and three women), otherwise healthy patients, with a 
mean age of 32 years (±10.2) having arthroscopic anterior cruciate ligament 
reconstruction participated in the study. 

Paper III 
From 1970 to 1973, all 2841 men in the birth cohort 1920–1924 and living in 
the municipality of Uppsala, Sweden were invited to participate in a health 
survey. A total of 2322 men (82% of those invited), 49 to 51 years of age 
(age 50), agreed to participate. Four more evaluations were performed: at 60 
(n=1,860), 70 (n=1,221), 77 (n=839), and 82 years of age (n=530). The 
participants in both the fourth and the fifth evaluation form the basis of the 
present study. Totally, 405 of them underwent measurement for both 
8-iso-PGF2� and serum �-tocopherol at age 77 years and they had their BMD 
measured by dual energy x-ray absorptiometry (DXA) at age 82 years. These 
men constitute the study base for the present investigation. 

Paper IV 
Eligible for recruitment to the study were 28 healthy moderately trained men 
no older than 50 years of age with stable training level for at least 3 months. 
These men did not take any prescribed medication, and had not taken any 
dietary supplements within 3 months before the study. There were 3 early 
dropouts, 13 men were allocated to intervention and 12 to placebo. 
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Study design 

Paper I 
Dialysate samples (n=135) from one female patient, 56 years of age, 
suffering from severe subarachnoid haemorrhage were analyzed. The 
microdialysis probe was inserted in conjunction with a ventricular catheter 
used for monitoring intracranial pressure. We used a sterilized CMA/10 
probe with a 4 mm long polyamide membrane (CMA/Microdialysis, 
Stockholm, Sweden) and perfusion fluid was sterile mock CSF (containing 
Na+ 140 mM), K+ 2.7 mM, Ca2+ 1.2 mM, Mg2+ 0.9 mM and Cl- 147 mM), 
delivered at 2 μL/min using a CMA/100 micro-injection pump 
(CMA/Microdialysis, Stockholm, Sweden). Dialysate samples were 
collected on a 24-h/day basis, normally in 60-min fractions, during 8 days. 
During the night (11 PM to 8 AM) 3-h fractions were sampled. An 
equilibration period of 30 to 60 min without sampling was allowed following 
probe implantation or resumed pumping after accidental interruptions or 
changing syringes. Samples were injected into the HPLC system without any 
preparation. 

Hypoxanthine, uric acid, and allantoin 
Allantoin, HX and tetrabutylammonium hydrogen sulphate (TBAHS) were 
obtained from the Sigma Chemical Company (St. Louis, MO, USA). 
Phosphoric acid and UA were obtained from Merck (Darmstadt, Germany). 
H2O purified on a Milli-Q H2O Purification System (Milli-Ro 120, Millipore 
Corporation, Bedford, Massachusetts, USA) was used. 
HPLC analyses were performed on a BAS 400 liquid chromatograph 
(Bioanalytical Systems, West Lafayette, IN, USA), using a CMA/200 Auto-
injector (CMA/Microdialysis, Stockholm, Sweden) equipped with a 15.2 μL 
sample loop. The column used was a 5 mm end capped C-18 column 250 x 
4:6 mm (ODS-AM, YMC Europe GmbH, Schermbeck, Germany) and the 
mobile phase 5.0 mM H3PO4, pH 2.4, with 1.5 mM TBAHS as ion pairing 
reagent. The flow rate was 0.8 μL/min. Detection by a BAS UV-8 detector 
equipped with a 9 μL flow cell and a deuterium lamp (Bioanalytical System, 
West Lafayette, IN, USA) at 205 nm was recorded on a Spectra-Physics 
4290 integrator (Mountain View, CA, USA) and the peak heights were used 
for calculating the metabolite concentrations. The mobile phase was used as 
wash fluid in the auto-injector. 

To keep the temperature of the column constant at 28° C a Liquid 
Circulation HPLC Column Heater/Cooler (Croco-Cil, Scantec, Partille, 
Sweden) was used. Cooling was achieved by circulating tap H2O. Stock 
solutions (1 μM) of HX, UA, and allantoin dissolved in H2O were stored at -
70° C. Aliquots were kept at 6° C for 1 week. The final standard 
concentration for all substances, diluted in the mobile phase, was 5 μM. 



 35

Within-run imprecision was determined by repeated analyses (n=10) of one 
sample of standard solution at the same occasion. Between-run imprecision 
was determined by analyzing aliquots (n=10) of one standard solution 
sample on 10 days. The aliquots were stored at -20° C until analysis. 

Recovery data were obtained by adding known concentrations of standard 
(1.0, 2.5, 10.0 μmol/L) to aliquots (n= 10) of a patient dialysate sample with 
predetermined metabolite levels. The limit of detection was estimated as the 
smallest concentration giving a signal to noise ratio of two. Standard curves 
were prepared from standard solution samples with the following 
concentrations: 0.25, 0.5, 1.0, 2.5, 5.0, 10.0, 20.0 and 25.0 μmol/L for each 
metabolite. The stability of endogenous HX, UA, and allantoin in dialysate 
was measured in aliquots of a microdialysis sample stored for 1-5 h at 26° C 
and for 6 days at 6° C. 

The present method was validated by comparing the results for HX and 
UA with reference analytical methods. For HX the HPLC method of 
Fredholm and Sollevi was used as reference method. Microdialysis samples 
were analyzed by both HPLC methods. For UA, a Hitachi 717 Automatic 
Analyzer (Boehringer Mannheim GmbH, Mannheim, Germany) was used as 
reference method. 17 human serum samples analyzed at the Department of 
Medical Sciences, Clinical Chemistry, Uppsala University for UA were 
ultrafiltrated according to the manufacturer's instructions for use (Centrisart 
I, cut off 20 kD, Sartorius AG, 370 70 Goettingen, Germany) diluted 1:100 
with H2O and analyzed for UA by the present HPLC method. 

Paper II 

Introduction of the probe 
The microdialysis probe was placed in the ipsilateral rectus femoris muscle 
15 to 18 cm proximal to the upper part of the patella (distal to the 
tourniquet). After proper cleaning of the implantation area and application of 
1 mL local anaesthesia subcutaneously, the introducing needle was inserted 
into the rectus femoris muscle during maximal muscle contraction at an 
angle of 35° to 45° against the skin. The tubing was skin secured with 
transparent surgical tape. An equilibration period of more than 60 min 
without sampling was allowed after probe implantation. 

Operative procedure 
A pneumatic tourniquet was applied as proximal as possible on the thigh. 
The leg was elevated for a few min and an Esmarch bandage was wrapped 
around the elevated leg and the tourniquet was inflated. 
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Anaesthesia 
General anaesthesia, induced with intravenous propofol and fentanyl and 
maintained with isoflurane, was used for all patients except for one patient 
who received spinal anaesthesia. 

Microdialysis catheter 
In all patients CMA 60 microdialysis catheters were used (CMA 
Microdialysis, Stockholm, Sweden) with a molecular cut-off of 20 kDa. 

Microdialysis pump 
After application of the microdialysis catheter in the muscle, the catheter 
was connected to a syringe filled with 2 mL Ringer’s perfusion fluid at room 
temperature and a microvial was placed in the microvial holder. The syringe 
was fitted in a CMA 106 microdialysis pump and a sequence of flushes 
lasting 16 min (15 μL/min for 6 min followed by 1 μL/min for 10 min) was 
done automatically. Thereafter, the dialysis probes were perfused 
continuously at 1 μL/min. 

Chemical analysis 
The microdialysis samples were collected on ice in 10-min intervals and 
stored at -70°. The samples were analyzed for glucose, glycerol, lactate, 
pyruvate, and urea on a CMA 600 Microdialysis Analyzer. This is a self-
calibrating autoanalyzer designed for microdialysis samples, using ordinary 
enzymatic fluorometric assays. The rate of formation of the red-violet 
substance quinoneimine is measured photometrically for glucose, lactate, 
and glycerol at 546 nm. The rate of formation of quinonediimine is measured 
for pyruvate. For urea, the rate of utilization of nicotinamide adenine 
dinucleotide (NADH) is measured at 365 nm. 

Reagents used for the CMA 600 Microdialysis Analyzer were obtained 
from CMA microdialysis. HX and TBAHS were obtained from Sigma 
Chemical Company. Phosphoric acid and UA were obtained from Merck. 
H2O purified on a Milli-Q H2O Purification System was used. 

Chromatography 
HPLC analyses for simultaneous determination of HX and UA were done as 
previously described [110]. Briefly we used a BAS 400 liquid 
chromatograph (Bioanalytical Systems, West Lafayette, IN, USA), and a 
CMA 200 Auto injector equipped with a 15.2-�L sample loop. The column 
used was a 5-�m end capped C-18 column, 250 × 4.6 mm (ODS-AM, YMC 
Europe GmbH, Schermbeck, Germany) and the mobile phase 5 mmol/L 
H3PO4, pH 2.4, with 1.5 mmol/L TBAHS as the ion pairing reagent. The 
flow rate was 0.8 mL/min. Detection by a BAS UV-8 detector (equipped 
with a 9-�L flow cell and a deuterium lamp; Bioanalytical Systems, West 
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Lafayette, IN, USA) at 205 nm was recorded on a Spectra-Physics 4290 
integrator, where the peak heights were used for calculating the metabolite 
concentrations. 

Paper III 

Assay of F2-isoprostanes 
Urinary samples were analyzed for 8-iso-PGF2� by a specific and validated 
radioimmunoassay at our laboratory as described in detail elsewhere [111]. 
The detection limit of the 8-iso-PGF2� assay was 23 pmol/L. The urinary 
levels of 8-iso-PGF2� were adjusted for urinary creatinine concentration 
(UCC). The intraassay coefficient of variance (CV) was 14.5% at low 
concentrations and 12.2% at high concentrations. 15-Keto-dihydro-PGF2� 
urinary samples were analyzed for 15-keto-dihydro-PGF2� by a specific and 
validated radioimmunoassay at our laboratory as described previously [112]. 
The urinary levels of 15-keto-dihydro-PGF2� were adjusted for UCC. The 
intraassay CV was 12.2% at low concentrations and 14.0% at high 
concentrations. 

Serum �-tocopherol 
Serum �-tocopherol was analyzed using HPLC and fluorescence detection 
with a Hitachi pump and LiChrospher 100 NH2 250×4-mm column [113]. 
The serum tocopherol levels were adjusted for the sum of the total serum 
cholesterol and triglyceride concentration (tocopherol/ 
(cholesterol+triglyceride)) [114]. The intraassay CV for the method was 
4.5%. 

Dual-energy x-ray absorptiometry (DXA) 
At age 82, on average 4 years after the analysis of oxidative stress levels by 
8-iso-PGF2�, the participants agreed to undergo measurements of BMD of 
the total body, proximal femur, and lumbar spine (vertebrae L2–L4), as well 
as total lean and fat mass by DXA (DPX Prodigy, Lunar Corp., Madison, 
WI, USA). When applicable, both extremities were used in the calculation. 
By triple measurements in 15 participants, the precision error of the DXA 
measurements in our laboratory has been calculated to be between 0.8 and 
1.5% for BMD depending on site and between 0.7 and 1.6% for bone areas. 
Total fat mass had a precision error of 1.5% and a total lean mass of 1.0%. 

Paper IV 

Sample data and collections 
A computerized ergometer cycle (Monark 814E, Varberg, Sweden) was used 
in the cycling tests. O2 consumption was measured each min using a Spirox 
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fluidistor pulmonary flow meter (Spirox, Sollentuna, Sweden) combined 
with a polarographic O2 cell (Beckman OM-14, Beckman Instruments, 
Stockholm, Sweden). The Spirox flow meter was validated against a Tissot 
spirometer (Tissot, Le Locle, Switzerland). Heart rate (HR) was monitored 
using a Sport tester PE2000 (Polar, Kempe, Finland). Rate of perceived 
exertion (RPE) was estimated using the modified Borg scale [115]. 

Physical performance tests were performed during 2 days before and after 
the 8 weeks of supplementation. A test for determination of onset of blood 
lactate accumulation (OBLA) and a graded ergometry cycling test for 
determination of maximal O2 consumption (VO2max; identical to test D 
described below) were performed about 3-5 days before each test period. 
After a 4-min warm-up on the ergometer cycle, workload was increased by 
50 Watts with 5-min intervals. Blood lactate concentration was analysed 
during the last min of each five min interval. O2 consumption and HR were 
registered every min. Each test period comprised 2 days of performance tests 
followed by another 3 days of blood sampling. Participants rested for 5 min 
between each test. 

Test day 1 
Test A (EC 15x3min). A submaximal intermittent isokinetic ergometer 
cycling test at 80 rpm was performed at a workload corresponding to the 
workload at a lactate level of 0.5 mmol/L less than OBLA. Fifteen 3-min 
bouts of cycling were separated by a rest of 1 min. HR was measured after 
each 3-min bout of cycling. 
Test B (TR 60min). A 60-min treadmill running test was performed with 
treadmill speed set to as fast as possible without causing lactate 
accumulation. HR and RPE were measured every 10 min. 
Test C (EC 30min). An isokinetic ergometer cycling test was performed over 
30 min at a workload corresponding to 7.5% of body weight. Blood samples 
were collected at 0, 20, and 40 min after termination of test C. 

Test day 2 
Test D (EC 4x5min). An incremental ergometer cycling test was performed 
over four 5-min periods. The test started on 150 Watts and the workload was 
increased by 50 Watts for each interval. Maximal O2 uptake, HR, and blood 
lactate concentration were measured after each 5-min period. 
Test E (EC 15x3min). This procedure was identical to test A but with the 
addition of RPE measurement after each 3-min bout of cycling. 
Test F (interval cycling). Three sets of an interval ergometer cycling test 
were performed at maximal speed and at a workload corresponding to 7.5% 
of body weight. The duration of each set was 10 min and the sets were 
separated by 5 min of rest. Cycling was performed over 10-sec intervals 
followed by a 50-sec rest. Mean power output (MPO) was measured after 
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each 10-second interval. Blood samples were collected at 0, 20, and 40 min 
after termination of test E. 

Blood sampling day 3-5 
Blood was drawn at 7.00 am. Blood samples were centrifuged and serum 
immediately frozen and stored at -70°C until analysis. 

Chemical analysis 
Serum creatine kinase (CK) concentrations (μmol/L) were analyzed 
according to Scandinavian standardized methods [116]. Concentrations of 
UA (mmol/L) and HX (μmol/L) were determined by HPLC [117]. Lactate 
concentrations (mmol/L) were determined immediately after sampling of 
capillary blood from the fingertip [118]. 

Statistics 

Paper I 
For the within-run-imprecision and between-run-imprecision analyses for 
HX, UA, and allantoin the values were presented as means + CV. Recovery 
data were presented as mean±standard deviation (SD) and as percentage of 
expected concentrations when known concentrations were added to patient 
dialysate samples with predetermined metabolite levels. 

Paper II 
Data were presented only as means±SD or as a percentage of baseline 
concentrations. 

Paper III 
Standard linear regression models were used to examine the relationship 
between 8-iso-PGF2�, expressed per SD increase in urine values, and BMD. 
A normal probability plot of the residuals indicated no deviation from a 
linear pattern, as also indicated by Shapiro-Wilk tests with w	0.99. The 
variables were thus kept in their original continuous form. A potential 
nonlinear association was examined by introduction of a quadratic term of 
8-iso-PGF2� in the regression model. Smoking, obesity, and type 2 diabetes 
could be regarded as confounders but their effect on BMD may also be 
mediated by oxidative stress. Therefore, two models were used in the 
analyses: an age-adjusted model, including age at entry and end of follow-up 
(at time of the bone scan), and a multivariable model that included, in 
addition to age, counting height and weight (both at baseline and study end), 
total fat mass, total lean mass, 15-keto-dihydro-PGF2� /creatinine ratio (as a 
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valid measure on degree of inflammation) [112], and the following 
categorical variables at both baseline and at end of follow-up: smoking status 
(never, former, current), leisure physical activity (low, intermediate, high), 
hypertension (yes/no), current oral cortisone use (yes/no), and diabetes 
mellitus (yes/no). We additionally had the possibility of adjusting our 
estimates for plasma vitamin D levels, calcium intake, vitamin D intake, 
vitamin C intake, alcohol intake, and calcium and vitamin D supplemental 
use. These variables were measured in an earlier investigation, at age 71 
years. Dietary and supplemental intakes were recorded in a 7-day dietary 
record. Nutrients were calculated with the use of data from the Swedish 
National Food Administration [119]. Plasma 25-hydroxyvitamin D was 
determined with HPLC atmospheric pressure chemical ionisation (APCI) 
mass spectrometry (MS) at Vitas, Oslo, Norway. None of these covariates 
influenced our estimates and were therefore not included in the final 
multivariable model. 

Exposure combinations of �-tocopherol and 8-iso-PGF2� were constructed 
because we postulated that �-tocopherol modulated the association between 
8-iso-PGF2� and BMD. Forming four categories, levels below or above the 
median of �-tocopherol were combined with levels below or above the 
median of 8-iso-PGF2�. 

All statistical calculations were performed using SAS (SAS version 9.1, 
SAS Institute, Cary, NC, USA). 

Paper IV 
Comparisons between groups were made using Wilcoxon rank sum test for 
continuous variables and the exact test for categorical variables. Results 
were presented as means and SDs or 95% confidence intervals (CI). The area 
under the curve (AUC) was calculated based on serial measurements from 
the work capacity tests using the trapezoidal rule estimation. Changes in 
serial measurements from baseline were calculated both as absolute 
differences and as differences (in %) relative to the baseline values. P values 
<0.05 were considered statistically significant. All analyses were performed 
using Stata 10.0 (Stata Corp. College Station, TX, USA). 
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RESULTS 

Paper I 
A practical one-step HPLC method was developed for the simultaneous 
determination of HX, UA, and allantoin in small (4 μL) microdialysis 
samples. The CV for within and between run imprecision was generally 
below 5%, somewhat higher for concentrations close to the detection limit 
(0.4±1.0 pmoles). Recoveries ranged from 89 to 102% and linearity was 
observed in the concentration range from 0.25 to 25.0 mmol/L. An excellent 
correlation was observed between the present method and available 
reference methods. The overall performance of the method in terms of 
analytical imprecision, accuracy, recoveries, and linearity was satisfactory 
for the intended in vivo application. Moreover, the clinical utility was tested 
successfully in a patient suffering from subarachnoid haemorrhage with 
secondary cerebral ischaemia. 

Analytical precision 
Within-run imprecision was 3.2% or less for concentrations of 2.5 mmol/L 
and above for all three metabolites (HX, UA, and allantoin). At 0.5 mmol/L, 
the CV ranged from 5.7±15.1%. The corresponding between-run imprecision 
was 4.9% or less for the higher concentrations and 8.6±18.0% for the lower 
concentrations. 

Recovery 
The recovery range for HX was 95±101%, for UA 97±102%, and for 
allantoin 89±101%. 

Limit of detection and linearity 
The estimated limit of detection was 0.4 pmol for HX and 1.0 pmol for UA 
and allantoin. The standard curves were linear for all three metabolites in the 
concentration range 0.25±25.0 μmol/L (data not shown). 

Spontaneous decomposition in vitro 
There was no decomposition of HX, UA, or allantoin. All three metabolites 
were stable in dialysate samples for at least 5 h at 26° C and for 6 days at 
6° C. 
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Validation 
An excellent correlation (r=0.996) was found between the present method 
and that of Fredholm and Sollevi [120] for HX and the enzymatic method 
used in routine clinical chemistry for UA (r=0.994). For allantoin, there was 
no splitting of the curve peaks when standard solutions of allantoin at 
different concentrations were added during recovery testing. 

Paper II 
The duration of ischaemia was 90 min for five patients, 100 min for one 
patient, and 120 min for two patients. The reperfusion was observed during 
120 min for all patients. Samples collected during the first 90 min of 
ischaemia were included when presenting results reflecting consequences of 
ischaemia and samples received during the last 90 min of ischaemia and the 
following 120 min of reperfusion were included when presenting results 
reflecting ischaemia and reperfusion. 

At a flow rate of 1 �L/min, the average baseline concentrations in the 
dialysate were 39.8±20.4 �mol/L for pyruvate, 4.3±1.4 mmol/L for glucose, 
2.0±0.6 mmol/L for lactate, 23±8 �mol/L for HX, 241±43 �mol/L for UA, 
175±103 �mol/L for glycerol, and 4.5±0.9 mmol/L for urea. When the 
dialysis fluid was analyzed for concentrations of pyruvate, glucose, lactate, 
HX, UA, and urea, stable baseline concentrations were reached within 60 
min after probe insertion in all patients. In three patients 120 min from probe 
insertion to the start of ischaemia was not long enough to identify a reliable 
baseline concentration of glycerol. 

The dialysate concentration of pyruvate changed dramatically throughout 
the study. For all but one patient the concentration decreased below the limit 
of detection during the ischaemia. Within 20 min after induction of 
reperfusion the concentration increased to 250% of baseline followed by 
normalization within the next 60 min. 

The dialysate concentration of glucose decreased immediately after 
induction of ischaemia. After 90 min of ischaemia the glucose concentration 
averaged 50% of the initial values. 

The dialysate concentration of lactate increased in a linear fashion to 
almost 250% of the baseline concentration after 90 min of ischaemia and 
returned to normal values after 90 min of reperfusion. 

Dramatic changes were also seen in HX concentrations during ischaemia: 
the mean increased almost five-fold. This increment virtually normalized 
within 120 min of reperfusion whereas the concentration of UA remained 
stable. 

The dialysate concentration of glycerol increased almost 50% after 90 
min of ischaemia and returned to baseline after 30 min of reperfusion. The 
dialysate concentration of urea decreased slightly during the first 30 min of 
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ischaemia followed by a plateau. The concentration remained stable during 
the rest of the ischaemic period, returning to normal soon after reperfusion. 

 
 

Table 1. Descriptive characteristics presented as mean (SD) or number (%) 
 
Baseline data 
(at age 77.5 years) 

� Vitamin E 
� Isoprostanes 
 

n=112 

� Vitamin E 
� Isoprostanes 
 

n=91 

� Vitamin E 
� Isoprostanes 
 

n=92 

� Vitamin E 
� Isoprostanes 
 

n=110 

Age (years) 77.5 (0.8) 77.4 (0.8) 77.4 (0.7) 77.5 (0.7) 

Weight (kg) 77.6 (10.4) 80.5 (11.2) 78.9 (11.8) 80.3 (11.4) 

Height (cm) 173.0 (5.3) 174.3 (5.3) 174.1 (4.8) 173.8 (6.3) 

Body mass index (kg/m2) 25.9 (3.1) 26.4 (3.3) 26.0 (3.6) 26.5 (3.1) 

Urinary 8-iso-PGF2� 
(nmol/mmol creatinine) 0.14 (0.03) 0.14 (0.03) 0.26 (0.09) 0.26 (0.08) 

Urinary 15-keto-dihydro-PGF2� 
(nmol/mmol creatinine) 0.27 (0.13) 0.27 (0.09) 0.35 (0.21) 0.34 (0.18) 

Serum �-tocopherol 
(�mol/mmol, lipid-corrected) 4.2 (0.6) 3.3 (0.2) 4.1 (0.3) 3.3 (0.3) 

Smoking status     

   Never smoker 93 (83.1) 76 (83.5) 81 (88.0) 91 (82.8) 

   Former smoker 11 (9.8) 11 (12.1) 7 (7.6) 13 (11.8) 

   Current smoker 8 (7.1) 4 (4.4) 4 (4.4) 6 (5.4) 

Physical activity     

   Low 6 (5.4) 3 (3.3) 8 (8.7) 10 (9.1) 

   Medium 36 (32.1) 32 (35.2) 31 (33.7) 33 (8.1) 

   High 70 (62.5) 56 (61.5) 53 (57.6) 67 (60.9) 

Diabetes 3 (2.7) 10 (11.0) 15 (16.3) 19 (17.3) 

Hypertension 52 (46.4) 26 (28.6) 46 (50.0) 45 (40.9) 

Use of oral cortisone 3 (2.7) 2 (2.2) 2 (2.2) 4 (3.7) 

Dietary intake (at age 71 years)     

   Vitamin C (mg/day) 46 (23) 60 (50) 62 (40) 53 (34) 

   Beta carotene (mg/day) 1.5 (1.0) 1.6 (1.4) 1.7 (1.2) 1.9 (1.6) 

   Vitamin E (mg/day) 6.5 (2.3) 6.9 (3.0) 6.2 (2.1) 6.5 (2.4) 

   Vitamin D (�g/day) 5.9 (1.9) 6.1 (2.5) 5.9 (2.5) 5.9 (2.0) 

Plasma vitamin D (nmol/L) 
(at age 71 years) 71.9 (21.0) 68.4 (17.9) 65.9 (17.9) 70.7 (16.6) 
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Paper III 
Descriptive characteristics of the participants at baseline, at an average age 
of 77.5 years, by combinations of low (below the median) and high levels 
(above the median) of urinary 8-iso-PGF2� and serum �-tocopherol are 
displayed in Table 1. 

There were small differences between the categories in baseline values. 
Nevertheless, men with high �-tocopherol values and low oxidative stress 
values had a lower prevalence of diabetes mellitus. 

Urinary 8-iso-PGF2� levels were negatively associated with total body, 
proximal femur, and lumbar spine BMD. One SD increase in 8-iso-PGF2� 
levels corresponded to a decrease in average BMD values of about 2-4% 
depending on site. After multivariable adjustment, the parameter estimates 
were not substantially altered. We did not discover any threshold effects 
because inclusion of a quadratic term of 8-iso-PGF2� was far from 
statistically significant at all sites (P>0.7). 

Serum �-tocopherol levels seemed to modify the association between 
urinary 8-iso-PGF2� and BMD. Elderly men with �-tocopherol levels below 
the median combined with a high degree of oxidative stress, i.e. 8-iso-PGF2� 
levels above the median, had 7% (95% CI 3–11%) lower BMD at the lumbar 
spine and 5% (95% CI 2–9%) lower BMD at the proximal femur compared 
with the other participants. There was a statistical interaction between 
8-iso-PGF2� and �-tocopherol for BMD at the lumbar spine (P=0.04) and 
BMD at the proximal femur (P=0.04). No association was observed between 
serum �-tocopherol and BMD at our measured sites. We also found a weak 
positive correlation between urinary 8-iso-PGF2� and serum �-tocopherol 
(r=0.08, P=0.04). 

Paper IV 
The study participants did not differ in age, height, weight, or body mass 
index (BMI) at baseline when treatment and placebo groups were compared. 
Furthermore, no differences were observed between the groups regarding the 
baseline values of our main outcome measurements VO2max, workload at 
lactate threshold (HlaT), and HR at HlaT. Workload and HR at HlaT 
remained unchanged after 8 weeks of supplementation in both groups. The 
maximal O2 uptake was lower by 0.2 L/min (95% CI: -0.3, 0.0) in the Q10 
treatment group after 8 weeks of supplementation although no statistical 
difference between active treatment and placebo was observed (P=0.44). 
Results from the individual tests in the test battery comparing results from 
the second assessment with baseline are presented in Table 2. 

Noteworthy is the approximately 30% reduction in RPE during the 
aerobic treadmill running test (test B) seen in both groups. We additionally 
calculated the time to moderate exertion (level 3 on the modified Borg 
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Table 2. Differences in AUC (based on repeated measurements at each 
investigation) between baseline and after intervention (at 8 weeks). 
 Q10  Placebo   

 n 

% change in AUC 
from baseline 
(95% CI)  n 

% change in AUC 
from baseline 
(95% CI)  

p for 
difference 
Q10-placebo 

Test A (ergometer cycling 15·3min) 
HR 12 -1.9 (-5.6, 1.8)  11 -4.4 (-7.2, -1.6)  0.25 
Test B (treadmill running 60min) 
HR 11 -0.6 (-4.0, 2.8)  9 -1.4 (-4.2, 1.5)  0.76 
RPE 11 -31.2 (-50.7, -11.8)  9 -34.5 (-62.7, -6.3)  0.95 
Test C (ergometer cycling 30 min), no individual test results 
Post test measurements day 1     
HX 12 457 (164, 750)  11 873 (370, 1375)  0.39 
UA 12 27.2 (10.8, 43.6)  11 27.4 (8.5, 46.3)  0.67 
Test D (ergometer cycling 4·5min)* 
VO2max 7 -0.6 (-3.4, 2.1)  9 -0.1 (-4.6, 4.4)  0.87 
HR 9 2.0 (-1.7, 5.7)  10 -1.7 (-4.6, 1.2)  0.06 
Lactate 10 -41.4 (-80.3, -2.5)  10 -39.5 (-60.7, -18.4)  0.94 
Test E (ergometer cycling 15·3min) 
HR 12 -4.5 (-7.6, -1.5)  11 0.1 (-1.8, 2.1)  0.01 
Test F (maximal ergometer cycling intervals) 
MPO 8 5.7 (-5.6, 17.0)  7 1.2 (-10.7, 13.2)  0.73 
Post-test measurements day 2 
HX 12 40 (-105, 185)  11 238 (-211, 687)  0.20 
UA 12 -13.1 (-31.8, 5.7)  11 -2.1 (-18.1, 13.9)  0.18 
Post-test measurements day 1-5 
CK 9 -8.0 (-42.7, 26.7)  11 -25.5 (-40.7, -10.4)  0.52 
UA 10 5.1 (-2.4, 12.6)  11 -0.2 (-6.5, 6.2)  0.23 

AUC, area under the curve. CK, creatinine kinase. HR, heart rate. HX, hypoxanthine. MPO, 
mean power output. RPE, rate or perceived exertion. UA, uric acid. 
* values until 250 W only included. 
 
 
 
scale). This time interval was, on average, 2.2 (SD 2.2) min longer in the 
control group and 7.5 (SD 3.3) min longer in the Q10 group after the 
8-weeks of intervention. However, no difference was noted between the 
active Q10 and placebo groups (p=0.30). RPE during the submaximal 
capacity test (test E) was not different from baseline after 8 weeks. 

Lactate concentrations during the maximal capacity test (test D) were 
decreased in both groups. Although without statistical significance, HX 
levels tended to be higher after the intervention period in the placebo group 
compared with the treatment group whereas UA was slightly reduced in the 
Q10 group. 
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The results on HR do not indicate any clear treatment effects of Q10. HR 
measured in test E was lower after Q10 treatment. As a contrast, the post 
intervention maximal HR achieved at test D was lower in the placebo group 
and unchanged in the Q10 treatment group. 
CK was analyzed on each of the test days and on the following 3 days. The 
AUC was reduced by 25% (95% CI: -40.7 to -10.4) in the placebo group. 
There was no reduction in the Q10 group (-8% [95% CI: -42.7 to 26.7]). 
There was no difference between the groups. 
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DISCUSSION 

RONS are widely believed to contribute to the development of several age-
related diseases and even to the ageing process itself by causing oxidative 
stress and oxidative damage [1, 121]. Furthermore, RONS are involved in 
the pathophysiology of ischaemia-reperfusion and in training, especially 
exhaustive exercises. However, less reactive RONS are also important signal 
molecules. 

To establish the value or damage that is caused by oxidative stress it is 
essential to measure it accurately. Whatever method used to trap RONS or to 
measure oxidative damage, it is mandatory to think carefully how the 
method works, what is likely to confound it, what it measures, and how 
quantitative it possibly can be [122]. 

There are several examples in the literature of ways to measure the 
consequences of oxidative stress in vitro in biological systems. Despite many 
procedures to quantify oxidative stress, all the different markers have their 
limitations. In addition, there is a general limitation in extrapolating to 
humans conclusions made from in vitro and animal studies. There are 
important differences between species. Humans accumulate UA because of a 
lack of uricase (also known as urate oxidase), cannot produce vitamin C 
enzymatically, have different antioxidant enzymes, and the polyprenylated 
side chain in Q10 is almost exclusively 10 units long compared to nine units 
in rodents. These and other differences provided the arguments to base this 
thesis on human studies only. It was also the motive to develop a method 
that measures HX, UA, and allantoin via microdialysis sampling as an 
indication of oxidative stress. Such a method is of no value when studying 
animals capable of converting UA to allantoin enzymatically instead of as a 
result of a radical attack. 
 
In paper I we present a practical one-step separation (HPLC) method for the 
simultaneous determination of HX, UA and allantoin in very small (4 μL) 
samples. The rationale for this work was to study the kinetics of purine 
degradation products sampled in humans via microdialysis technique. We 
aimed at a procedure that could analyze these compounds simultaneously in 
very small sample volumes. The HPLC method is based on the different 
retention times obtained by ion-pairing reversed-phase chromatography and 
UV detection. Several reports have described HPLC methods for analysis of 
various purine metabolites and UA oxidation products [29, 75, 77, 95, 123]. 
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The main problem with analyzing UA oxidation products has been to obtain 
a satisfactory separation of allantoin in body fluid samples. Because of its 
polar character, allantoin is not retained well during reverse-phase 
chromatography. To overcome this problem strongly alkaline conditions are 
often used [124, 125]. Lux et al. [126] described a quick (10-min) procedure 
for the determination of UA and allantoin in plasma samples based on ion-
pair separation. This procedure appeared to be a promising approach. 
However, an injection volume of 50 μL was used and HX was not measured. 
Since we needed a method for the simultaneous determination of HX, UA 
and allantoin in much smaller samples, none of the published methods was 
considered useful. However, by employing an end-capped very hydrophobic 
C-18 column (YMC ODS-AM) and the ion-pairing reagent TBAHS we 
managed to separate all three metabolites in one isocratic run and only a 
4 μL sample was needed. The overall performance of the method in terms of 
analytical imprecision, accuracy, recoveries and linearity was satisfactory for 
the intended in vivo application. We also found an excellent correlation 
between our method and available reference methods. 

The clinical utility of the HPLC method described in this report was 
successfully tested in a patient suffering from subarachnoid haemorrhage 
with secondary cerebral ischaemia. The microdialysis catheter was 
implanted together with the ventricular probe for monitoring intracranial 
pressure. Samples were drawn in 60-min fractions for 8 days and purine 
degradation products were successfully analyzed where the kinetics of the 
compounds were revealed. The results from the present in vivo application 
support the hypothesis that the relative kinetics of HX, UA and allantoin 
concentrations in microdialysis samples from the brain may be a useful 
indicator of ROS formation in acute brain injury. The HPLC method may 
prove to be a valuable tool for studying ROS-mediated mechanisms in 
hypoxia/ischaemia in other tissues and organs as well. 
 

In paper II we evaluated microdialysis as an in vivo method to 
characterize the time-course and relative kinetics of pyruvate, glucose, 
lactate, glycerol, HX, UA, and urea in skeletal muscles exposed to prolonged 
ischaemia and 2-h reperfusion in patients having elective arthroscopic-
assisted anterior cruciate ligament reconstruction (ACLR). 

The rational for using these metabolites is based on the physiological 
events related to energy depletion as a consequence of prolonged ischaemia 
in the tissues. During the period of ischaemia, the cell’s energy stores are 
depleted in an attempt to maintain homeostatic functions. Long periods of 
ischaemia lead to a dramatic decrease in the capacity to regenerate ATP 
through the aerobic systems. As a consequence, skeletal muscle cells must 
alter from oxidative phosphorylation to anaerobic glycolysis for energy 
production, causing a rise in lactic acid production. Pyruvate is rapidly 
consumed and the glucose concentration decreases in the ischaemic muscle. 
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Decomposition of AMP, further degraded to HX and UA, is necessary for 
the glycolytic regeneration of ATP. 

The microdialysis procedure has the advantage that metabolite levels in 
micromolar concentrations can be monitored directly in the interstitial fluid 
even when blood flow is restricted. A major limitation of the microdialysis 
technique is that the data can only be considered semi quantitative unless 
specific information relating to the recovery of the analyte is available. 

Most of the microdialysis experiments reported in the literature have been 
performed with an incomplete recovery [127]. The perfusion flows giving 
complete equilibrium for glucose, lactate, glycerol, and urea in non-
ischaemic human skeletal muscle were reported by Rosdahl et al [127]. The 
interstitial baseline levels for glucose, lactate, HX, and urea in the current 
study were compatible with earlier data [127-129] but the interstitial level 
for glycerol was higher than reported previously [127, 130, 131]. We were 
unable to identify reliable baseline concentrations for glycerol within 120 
min from insertion of the probe in three patients, which can explain the high 
average baseline concentration in the current study compared with earlier 
investigations. Traumatic insertion of the probe perhaps in combination with 
movement of the leg during surgery might result in a prolonged leakage of 
glycerol from muscle cells to the interstitial space causing a transitory rise 
and overestimation of the interstitial concentration of glycerol [130, 131]. 

Most animal studies on the tolerance of skeletal muscle to ischaemia were 
focusing on muscle necrosis and nerve injuries caused by considerably 
longer periods of ischaemia than the commonly accepted 2-h limit. Few 
human studies have focused on effects of shorter periods of ischaemia and 
only one study was based on microdialysis in an operative setting similar to 
ours. Korth et al [129] used microdialysis to quantify the extent of 
tourniquet-induced ischaemia in human skeletal muscle. They concluded that 
circulatory occlusion for 75 min with a tourniquet after simple leg raises is a 
less demanding technique than tourniquet using exsanguination with an 
Esmarch bandage when the levels of glucose, lactate, and HX were chosen 
as indicators of tissue ischaemia. At our lower constant flow rate, and using 
leg raise and exsanguination with an Esmarch bandage in all patients, the 
current data were consistent with data of Korth et al when not using an 
Esmarch bandage. Korth et al used a relatively short time between probe 
insertion and the start of the baseline collection (<15 min). In studies of 
interstitial substrates in muscle using microdialysis technique a period of at 
least 90 min from insertion of the probe before start of the baseline 
collection is recommended [127, 130]. We introduced our probes at least 2 h 
before surgery to enable reliable baseline concentrations for all metabolites 
but glycerol. 

Results in the current study indicate that microdialysis is feasible and safe 
to use for monitoring metabolic events during standard tourniquet-assisted 
orthopaedic surgery. The ischaemia-induced metabolic changes in the rectus 
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femoris muscle in patients having arthroscopic-assisted ACLR seem to be 
almost completely restored within 2-h after tourniquet deflation. We advise 
the physician to apply the probes a sufficiently long time before the start of 
the sampling period and to be cognizant of the balance between time 
resolution and incomplete recovery. It is important to choose proper flow 
rates and sensitive analytical methods, which would enable several 
metabolites to be measured simultaneously in small dialysate samples. 
 

In paper III we studied more subtle effects of oxidative stress in 
accordance with a ROS-proposed influence of a number of cellular 
signalling pathways. Experimental data clearly indicate a biological link 
between oxidative stress and bone [103]. Free radicals are involved in 
osteoblastogenesis [100, 101], in apoptosis of osteoblasts and osteocytes and 
in osteoclastogenesis and thus also in bone resorption as shown in animal 
and in vitro studies [102]. We, therefore, in a large prospective study 
examined the association between urinary 8-iso-PGF2� levels at 77 years of 
age and BMD four years later. We hypothesized that the conceivable 
negative influence of oxidative stress measured by urinary 8-iso-PGF2� on 
BMD would be modified by serum �-tocopherol by virtue of its ability to 
scavenge free radicals. In this context we used a well-established cohort of 
elderly men to test our hypothesis. 

The main finding of our study was the negative association between the 
oxidative stress marker urinary F2-isoprostane and BMD at the lumbar spine, 
the proximal femur, and of the total body, and that the association was 
further dependent on serum vitamin E level. The results were independent of 
body composition, smoking, physical activity, serum vitamin C or D status, 
and cyclooxygenase-mediated inflammation status as measured by 15-keto-
dihydro-PGF2� in urine. Even though there was a higher prevalence of 
diabetes among those with high 8-iso-PGF2�, our estimates were unaffected 
after adjustment for the diagnosis of diabetes mellitus. We also found only a 
modest association between urinary 8-iso-PGF2� and serum �-tocopherol. 
This modest association can be explained theoretically both by the vitamin's 
local cellular effect of stabilizing membrane phospholipids from damage by 
free radicals [43], with only minor or no direct influence on systemic 
isoprostane levels at physiological levels of the vitamin [132] and by the 
tight regulation of serum �-tocopherol [42]. 

Oxidative stress may increase bone resorption through activation of 
nuclear factor-�� (NF-��) [133, 134], which is part of the RANK/RANKL-
OPG axis [135] that regulates osteoclast differentiation and thus bone 
resorption and remodelling. The immense significance of NF-�� in 
osteoclastogenesis and bone turnover have recently been revealed by the 
discovery of osteopetrosis in mice lacking NF-�� [136] and the identification 
of the receptor activator of NF-��-(RANK), the RANK ligand, and the 
decoy receptor osteoprotegerin [137]. Of special interest in association with 
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the present study, NF-�� activates release of 8-isoprostane from foetal 
membranes in vitro. When these were treated with the potent free radical 
scavenger N-acetylcysteine, the release was inhibited [138]. Oxidative stress 
is a potential link between osteoporosis and known risk factors such as heart 
failure [139-141], smoking [142, 143], and hypertension [140, 141, 144]. 
This link may at least partly be mediated by NF-�� with its important role in 
modulating the expression of many genes involved in cell proliferation, 
differentiation, apoptosis, stress response, cell signalling transduction, 
inflammation, and other pathophysiological processes. Oxidative stress may 
also influence osteoblastogenesis and bone formation, where the Wnt-�-
catenin pathway has emerged as a central regulator [145]. Recently, it was 
demonstrated that oxidative stress antagonizes the skeletal effects of Wnt-�-
catenin in vitro [100]. In summary, bone resorption can be activated and 
bone formation deactivated by oxidative stress. 

Our study extends previous investigations by the possibility to determine 
the modifying influence of �-tocopherol on the association between 
8-iso-PGF2� and BMD. In an earlier study it was established that an 
inadequate dietary intake of antioxidants increases considerably the risk of 
hip fracture in current smokers, whereas current smokers with a more 
adequate intake of antioxidants appear to have a fracture risk similar to that 
observed among never smokers [146] supporting the theory that oxidative 
stress has important effects on bone in man. A low intake of antioxidants has 
also been associated with an increased hip fracture risk in women [147, 148]. 
It has further been shown that osteoporotic women have lower serum 
antioxidant levels compared with controls [149], and that higher intake of 
antioxidants may suppress bone resorption [150] and retard bone loss in 
some [151-154] but not all [155] observational studies. 

We acknowledge some additional strengths but also limitations in our 
study. A free radical-mediated arachidonic acid oxidation leads to the 
formation of isoprostanes in vivo, and 8-iso-PGF2� is currently recognized as 
the gold marker determinant of in vivo oxidative stress in both humans and 
animals [21, 26]. The measurement of 8-iso-PGF2� in urine is considered 
more appropriate than in plasma when the basal levels are to be evaluated 
because of less fluctuation at higher basal levels in urine than in plasma 
[106]. In addition to having a valid measure of the exposure, our study has a 
favourable design regarding homogeneous age, gender, and ethnicity but has 
as such also the disadvantage of limited generalizability to other ethnic 
groups and women. Further, we studied survivors to the age of 82 years. 
These men had had a healthier lifestyle than the non survivors of the cohort 
[156], which is also indicated by the low proportion of smokers and 
sedentary men among those who attained the DXA measurement at age 82 
years. A possible healthy cohort effect would not lead to false positive 
results but instead tends to reduce the strength of the association between 
high oxidative stress and reduced BMD. Bone is constantly renewed at an 
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average rate of 10% per year. The measurement of BMD was performed on 
average 4 years after the 24-h urine collection used for 8-iso-PGF2� analysis. 
The optimal interval between exposure and outcome in this case is not 
known but given the rate of bone remodelling an induction period of 4 years 
seems reasonable. 
 
In paper IV we did a randomized double-blind controlled study to investigate 
the effect of an 8-week supplementation with a daily dose of 90 mg Q10 
compared with placebo among moderately trained healthy men on exercise 
capacity using individualized exercise capacity tests. Our main outcome 
measures were VO2max, workload and HR, and HR at HlaT. Secondary 
outcomes were changes in serum lactate, CK, HX, and UA. 

Irrefutable evidence exists of the beneficial effects of regular, non-
exhaustive physical exercise [157]. However, the beneficial effects of 
exercise may be lost with exhaustion. Despite Q10 being claimed to improve 
physical exercise capacity, this effect is not well documented. Scientific 
support for Q10 supplementation suggesting enhanced exercise capacity, is 
sparse. Less than 300 healthy participants have participated during the past 
two decades in placebo-controlled peer review Q10 intervention studies 
related to exercise capacity. The few previous interventional studies in 
humans have concluded all from a negative effect on physical performance 
by Q10 supplementation [158], no effect [159-167], to an improved or 
tendency of improved exercise capacity in some tests [168-172] and reduced 
exercise-induced muscular injury in athletes [173]. Relevant interventional 
studies are presented in Table 3. In five of the studies in Table 3 Q10 has 
been administered in combination with other antioxidants. 

The comparison of results from earlier studies to the present study is 
hampered by different physical tests and exercise performance outcomes, 
degree of exhaustion, dosage, and duration of Q10 supplementation. Our 
study had one of the longest interventional periods and probably also the 
most strenuous exercise test regime, which should have increased the chance 
of finding a positive outcome of the intervention. 

The historical view about the contribution of the dietary sources to 
endogenous levels of Q10 [174] is that ~ 6% of orally administered Q10 is 
absorbed and transferred to liver and spleen. Q10 uptake by other tissues 
(e.g., heart and skeletal muscle) is low or completely absent, unless the 
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endogenous levels have fallen below a critical threshold. However, more 
recent studies have reported that this historical perspective was based on 
administration of relatively low dosages of Q10 for a comparatively short 
period [109]. It is therefore not obvious which dosage to choose considering 
the paradoxical property of mitochondrial Q10 claimed to both be potential 
pro-oxidant and an antioxidant [174]. Although there are spokesmen for the 
idea of using larger dosage and longer supplementation periods to increase 
tissue uptake [109], such regimes may negatively influence cell signalling, 
which would prevent desirable training effects. On the other hand, it has 
been hypothesized that an increase in Q10 content in muscles might improve 
the mitochondrial function that is due to a more effective transport of 
electrons through the respiratory chain, which in turn could lead to faster 
aerobic metabolism and lower lactate accumulation [158]. Considering both 
facts we designed our study protocol to reflect the dosage duration 
commonly used and recommended by the Q10 manufacturer and 90 mg of 
Q10 in oil preparation has been shown to be sufficient to raise plasma 
concentrations [175]. We initially considered a cross-over design but such a 
design would have prolonged the study considerably, both doubling the 
supplementation period and adding a necessary long wash-out period in 
between. It is difficult to obtain high compliance and similar test conditions 
over such a long period. 

We did not observe any effects on physical capacity including VO2max, 
HR and workload at HlaT after 8 weeks of Q10 administration. Nor did we 
find a significant effect on serum markers related to oxidative stress, our 
second objective. However, in both the Q10 and the placebo group there was 
an improvement over time in RPE after the aerobic treadmill running test, 
but not after the anaerobic maximal cycling test. We cannot exclude the 
possibility that this finding is due to a placebo effect, a training effect, or a 
general sense of reduced discomfort associated with the familiarity of 
procedures during the second test session. Noteworthy is that the basic 
training effects of these moderately trained men were overshadowed by the 
effects of the first physical exertion test battery because they were still 
noticeable 8 weeks later as reflected by the lower levels of lactate and CK in 
both groups. 

No doubt, Q10 is of major importance to the body. Q10 is the only known 
lipid-soluble antioxidant produced by the cell and there is an enzymatic 
mechanism for its reduction into active antioxidant. [176] Recent research 
suggests that the pro-oxidative function of Q10 may not be related to tissue 
damage but rather has an important role in cell signalling from the 
membrane into the cell via the generation of superoxide anions and hydrogen 
peroxide [177]. 

The main limitation of our study is the small sample size and thus we not 
have enough power to reject the null hypothesis of no difference between the 
groups. However, our CIs for the differences are reasonably narrow. 
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According to our CI for the difference between the treatment groups, we had 
a 95% chance of detecting a difference of at least 7% in VO2max (our 
primary outcome) and of at least 5% in HR at HlaT after the 8 weeks of 
supplementation. We could demonstrate statistically significant differences 
between the groups on HR, although in one occasion the HR was reduced in 
the Q10 group (test E) and in the other occasion it was reduced in the 
placebo group (test D), suggesting that these effects are likely due to chance 
than to any treatment effect of Q10. It may also be argued that the dosage of 
Q10 was too low in the present study. Doses of up to 3000 mg have been 
used to secure tissue uptake of Q10 [175]. 

The major strength of our study is that the intensity level of the test 
battery performed was individualized on body weight, HlaT, and VO2max, 
and that the exercise program was designed to deplete glycogen stores and to 
stress energy metabolism in the working muscle. Before each of the testing 
sessions, the participants performed a work capacity test for determination of 
VO2max and HlaT. The intensity of the tests was then set according to these 
measurements which allows a more accurate comparison of the test results. 
In contrast to most previous studies, we included tests of both aerobic and 
anaerobic physical capacity. Our statistical analyses were designed to 
assessed our outcomes as changes in AUC of serial measurements, a method 
that may be more powerful to assess differences in serial measurements than 
testing differences in point estimates using, for instance, repeated measures 
analysis of variance. 

Although Q10 in theory could be beneficial for exercise capacity and 
reduce oxidative stress, the present study could not distinguish effects of 
Q10 supplementation from those of placebo or the direct effect of the intense 
exercise tests performed in the study. Admittedly, the study is small in size 
but nonetheless we have the power to see effects of training but not of 
supplementation. The practical consequence is that antioxidant 
administration before moderate exercise could be questioned because it 
might be ineffective in low doses and in higher doses might even prevent 
desired useful cellular adaptations induced by the exercise. 

It is now appreciated that while high levels of ROS can damage cellular 
components, low to moderate levels may play multiple regulatory roles in 
the cells. Several authors have postulated that ROS have this signalling 
ability and can also influence the control of gene expression, control 
numerous redox-sensitive transcription factors, and modulate the skeletal 
muscle force production [178-181]. Antioxidant defences control levels of 
ROS rather than eliminate them. Regulation by oxidation and reduction is 
equally important as the regulation of cellular processes by phosphorylation 
and dephosphorylation of enzymes and transcription factors. The two 
systems cross-talk, i.e. the redox state of the cell influences phosphorylation, 
and vice versa [1]. The antioxidant defence minimizes the levels of ROS 
whilst still permitting enough to remain for their essential roles. If this 
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sophisticated and delicate balance is upset or repair systems fail, having too 
many ROS in relation to the available antioxidants, a state of oxidative stress 
occurs. Consequences of oxidative stress, as pointed out by Halliwell and 
Gutteridge [1], can include any, or any combination of the following, to an 
extent that depends on both the cell type and the severity of the oxidative 
stress: 
1. Increased proliferation 
2. Adaptation of the cell by upregulation of defence systems 
3. Cell injury, involving damage to molecular targets 
4. Senescence, the cell survives but can no longer divide 
5. Cell death by apoptosis or necrosis 
Under certain conditions some of these consequences are desirable and 
administration of antioxidants can give protective effects or worsen the 
damage, depending on the timing of the supplementation [182]. Antioxidants 
might cause the following: 
1. Inhibit cell proliferation by preventing transient oxidations that stimulate 

protein phosphorylation and transcription factors 
2. Prevent adaptation to oxidative damage by decreasing transcription-

factor activation 
3. Protect against oxidative damage by scavenging excess RS and thus 

blocking oxidation-dependent release of metal ions that catalyse free-
radical damage 

4. Accelerate oxidative damage by reducing transition-metal ions into their 
lower oxidation states that are better promoters of free-radical damage 

5. Inhibit free-radical-induced apoptosis 
 
Oxidant stress can obviously be positive or negative to the cell, depending 
on the current situation. This thesis presents different human studies related 
to oxidative stress. In paper I we developed an analyze method that proved 
useful in a clinical setting related to ischaemic brain injury; in paper II 
microdialysis was evaluated as an in vivo method to characterize the time-
course and relative kinetics of ROS-related degradation products in 
tourniquet-induced ischaemia-reperfusion; in paper III we did an 
epidemiologic study demonstrating a possible negative influence of 
oxidative stress on BMD; and in paper IV we performed a randomized 
controlled trial to evaluate the influence of Q10 supplementation on exercise 
performance and metabolites of muscular damage. However, the lowest 
common denominator in oxidative stress is the O2 molecule itself. All ROS-
related mechanisms are only possible because of the very special 
characteristics of the O2-molecule. It is important to be aware of that O2 is 
both a reactive and a non-reactive molecule. It can be harmful or beneficial 
depending on the surrounding conditions or external influences. The relative 
reluctance in which O2 reacts with most compounds is seldom 
thermodynamic in origin. Instead, the slow rate of reaction is associated with 
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either the character of the ground state of O2, the strong O-O bond, or both. 
Unlike most other biological molecules who are diamagnetic, the O2 
molecule is paramagnetic as a consequence of having two unpaired electrons 
[183]. The conversion of O2 to its excited singlet forms, both 
photochemically, thermally, or by radiation, weakens the O-O bond and 
removes the spin restriction. The reduction of O2 by absorbing an electron 
also serves to weaken the O-O bond and gives rise to species whose 
reactions are not subject to the kinetic barrier associated with a spin 
restriction. If the species with which O2 reacts also contains unpaired 
electrons or can provide a ready interconversion of spin states, then the spin 
restriction is removed or irrelevant. It is therefore not surprising that much of 
the chemistry of O2 is concerned with reactions with paramagnetic species, 
with electron-donating species, with light, with radiation or with various 
combinations of these factors. Awareness of the important influence of all of 
these factors on most reactions of O2 is essential. These factors are often, if 
not always, responsible for the promotion or catalysis of oxidation reactions 
[183]. 
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CONCLUSIONS 

Paper I 
The HPLC method appears to be a useful tool for studying changes of HX, 
UA, and allantoin levels in microdialysis samples. 

Paper II 
The results show that microdialysis is feasible and safe to use for monitoring 
metabolic events during standard tourniquet-assisted orthopaedic surgery. 

Paper III 
The study demonstrates an association between isoprostane formation and 
reduced BMD in a large well-characterized cohort. This association was of 
particular importance among men with low levels of serum �-tocopherol. 

Paper IV 
Although Q10 in theory could be beneficial for exercise capacity and reduce 
oxidative stress, the present study could not distinguish effects of Q10 
supplementation from those of placebo or the direct effect of the intense 
exercise tests performed in the study. 
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FUTURE PERSPECTIVES 

What kinds of implications can we anticipate from the remarkable 
phenomenon connected to the properties of O2 and ROS? Not only can we 
expect a growing amount of publications emphasizing the signalling 
importance of radicals but we can also expect a change in attitude among 
non-scientists. Radicals will be looked upon as something not so bad and 
something that in most cases are beneficial. One important scientific 
consequence might be related to the shift of physical characteristics when a 
non-radical molecule suddenly becomes a radical, and vice versa. There is 
already a growing body of evidence that changes in the geomagnetic field 
affect biological systems. Radicals are attracted to an external magnetic 
field, based on their paramagnetic properties, and non-radicals are repulsed, 
based on their diamagnetic properties. Furthermore, the magnitude of the 
responses will depend on the strength of the externally applied magnetic 
field. When radicals appear and vanish at tremendous high speed, not only 
will their chemical characteristics change but also their physical qualities. 
Thus, in addition to further disclosing chemical and biological phenomena 
connected to ROS, we can expect that in the future scientists will be able to 
unmask novel ROS-related electromagnetic phenomena. We can also expect 
scientists to focus on ROS-related events in specific tissues and cellular 
compartments. The present strategy, i.e. to administrate antioxidants to large 
populations without knowing the individual needs, will hopefully be 
replaced by more targeted interventions. 



 60 

ACKNOWLEDGEMENTS 

I wish to express my sincere gratitude and appreciation to everyone that has 
contributed to this thesis. In particular, I would like to thank: 
 
My supervisor, Karl Michaëlsson, for always being available for discussions 
and for being enthusiastic and confident about the success of this project. 
 
My former supervisor, Bengt Mjöberg, for inspiring roommate discussions 
and for the expertise knowledge in chemistry. 
 
Professor Lars Hillered, for great friendship ever since we were fellow 
students and for inspiring me in the field of microdialysis. 
 
Liisa Byberg, for invaluable help in preparing the manuscript and for 
returning the answers faster than it takes to formulate the questions. 
 
Professor Olle Nilsson, for creating a stimulating environment for clinical 
research at the Department of Surgical Science, Section of Orthopaedics, 
Uppsala University Hospital. 
 
Associate professor Anders Sjödin, for inspiring discussions and previous 
collaboration. 
 
The administrative director Unn Teslo and members of forskningsutvalget at 
Ringerike Hospital for continuously supporting research projects at the 
Section of Orthopaedics at Ringerike Hospital. 
 
My senior orthopaedic colleagues Odd Warholm and Henrik Moen for 
creating such an extraordinary environment for clinical research at the 
Section of Orthopaedics at Ringerike Hospital, for their skilfulness to create 
a pleasant atmosphere among colleagues, and most of all for a friendship of 
long standing. 
 
This thesis was further supported by grants from the Swedish Research 
Council, The Selander Foundation, The Foundation for Stroke Research, The 
Laerdal Foundation for Acute Medicine, The Åhlén Foundation, and King 
Gustav V and Queen Victoria's Foundation. 



 61

REFERENCES 

1. Halliwell, B. and J. Gutteridge, Free radicals in Biology and 
Medicine. fourth edition ed. 2007, Oxford, UK: Oxford Univ. Press. 

2. Cadenas, E., Mitochondrial free radical production and cell 
signaling. Mol Aspects Med, 2004. 25(1-2): p. 17-26. 

3. Roos, D. and C.C. Winterbourn, Immunology. Lethal weapons. 
Science, 2002. 296(5568): p. 669-71. 

4. Reeves, E.P., et al., Killing activity of neutrophils is mediated 
through activation of proteases by K+ flux. Nature, 2002. 
416(6878): p. 291-7. 

5. Hellsten, Y., et al., Xanthine oxidase in human skeletal muscle 
following eccentric exercise: a role in inflammation. J Physiol, 
1997. 498 ( Pt 1): p. 239-48. 

6. Sachdev, S. and K.J. Davies, Production, detection, and adaptive 
responses to free radicals in exercise. Free Radic Biol Med, 2008. 
44(2): p. 215-23. 

7. Rifkind, J.M., et al., Redox reactions of hemoglobin. Antioxid 
Redox Signal, 2004. 6(3): p. 657-66. 

8. Kasting, J.F., Earth's early atmosphere. Science, 1993. 259(5097): 
p. 920-6. 

9. Halliwell, B., How to characterize an antioxidant: an update. 
Biochem Soc Symp, 1995. 61: p. 73-101. 

10. Salvador, A., J. Sousa, and R.E. Pinto, Hydroperoxyl, superoxide 
and pH gradients in the mitochondrial matrix: a theoretical 
assessment. Free Radic Biol Med, 2001. 31(10): p. 1208-15. 

11. Halliwell, B., Free radicals and antioxidants: a personal view. Nutr 
Rev, 1994. 52(8 Pt 1): p. 253-65. 

12. Sies, H. and E. Cadenas, Oxidative stress: damage to intact cells and 
organs. Philos Trans R Soc Lond B Biol Sci, 1985. 311(1152): p. 
617-31. 

13. Azzi, A., K.J. Davies, and F. Kelly, Free radical biology - 
terminology and critical thinking. FEBS Lett, 2004. 558(1-3): p. 3-6. 

14. Jones, D.P., Redefining oxidative stress. Antioxid Redox Signal, 
2006. 8(9-10): p. 1865-79. 

15. Landriscina, M., et al., Adaptation to oxidative stress, 
chemoresistance, and cell survival. Antioxid Redox Signal, 2009. 
11(11): p. 2701-16. 

16. Valko, M., et al., Free radicals and antioxidants in normal 
physiological functions and human disease. Int J Biochem Cell Biol, 
2007. 39(1): p. 44-84. 



 62 

17. Gallez, B. and H.M. Swartz, In vivo EPR: when, how and why? 
NMR Biomed, 2004. 17(5): p. 223-5. 

18. Swartz, H.M., et al., Clinical applications of EPR: overview and 
perspectives. NMR Biomed, 2004. 17(5): p. 335-51. 

19. Urso, M.L. and P.M. Clarkson, Oxidative stress, exercise, and 
antioxidant supplementation. Toxicology, 2003. 189(1-2): p. 41-54. 

20. Esterbauer, H., R.J. Schaur, and H. Zollner, Chemistry and 
biochemistry of 4-hydroxynonenal, malonaldehyde and related 
aldehydes. Free Radic Biol Med, 1991. 11(1): p. 81-128. 

21. Kadiiska, M.B., et al., Biomarkers of oxidative stress study II: are 
oxidation products of lipids, proteins, and DNA markers of CCl4 
poisoning? Free Radic Biol Med, 2005. 38(6): p. 698-710. 

22. Morrow, J.D., et al., A series of prostaglandin F2-like compounds 
are produced in vivo in humans by a non-cyclooxygenase, free 
radical-catalyzed mechanism. Proc Natl Acad Sci U S A, 1990. 
87(23): p. 9383-7. 

23. Morrow, J.D., et al., Non-cyclooxygenase-derived prostanoids (F2-
isoprostanes) are formed in situ on phospholipids. Proc Natl Acad 
Sci U S A, 1992. 89(22): p. 10721-5. 

24. O´Connor, D.E., E.D. Mihelich, and M.C. Coleman, Stereochemical 
course of the autooxidative cyclization of lipid hydroperoxides to 
prostaglandin-like bicyclic endoperoxides. J Am Chem Soc, 1984. 
106(12): p. 3577-3584. 

25. Morrow, J.D., The isoprostanes: their quantification as an index of 
oxidant stress status in vivo. Drug Metab Rev, 2000. 32(3-4): p. 377-
85. 

26. Basu, S., Isoprostanes: novel bioactive products of lipid 
peroxidation. Free Radic Res, 2004. 38(2): p. 105-22. 

27. McCord, J.M., Oxygen-derived free radicals in postischemic tissue 
injury. N Engl J Med, 1985. 312(3): p. 159-163. 

28. Ames, B.N., et al., Uric acid provides an antioxidant defense in 
humans against oxidant- and radical-caused aging and cancer: A 
hypothesis. Proc. Natl. Acad. Sci., 1981. 11(Nov;78): p. 6858-6862. 

29. Grootveld, M. and B. Halliwell, Measurement of allantoin and uric 
acid in human body fluids. A potential index of free-radical 
reactions in vivo? Biochem J, 1987. 243(3): p. 803-8. 

30. Gruber, J., et al., Allantoin in human plasma, serum and nasal lining 
fluids as a biomarker of oxidative stress; avoiding artifacts and 
establishing real in vivo concentrations. Antioxid Redox Signal, 
2009. 

31. McCord, J.M., Human disease, free radicals, and the 
oxidant/antioxidant balance. Clin Biochem, 1993. 26(5): p. 351-7. 

32. Culotta, V.C., M. Yang, and T.V. O'Halloran, Activation of 
superoxide dismutases: putting the metal to the pedal. Biochim 
Biophys Acta, 2006. 1763(7): p. 747-58. 

33. Fielden, E.M., et al., Mechanism of action of superoxide dismutase 
from pulse radiolysis and electron paramagnetic resonance. 



 63

Evidence that only half the active sites function in catalysis. 
Biochem J, 1974. 139(1): p. 49-60. 

34. Forman, H.J. and I. Fridovich, Superoxide dismutase: a comparison 
of rate constants. Arch Biochem Biophys, 1973. 158(1): p. 396-400. 

35. Brigelius-Flohe, R., Tissue-specific functions of individual 
glutathione peroxidases. Free Radic Biol Med, 1999. 27(9-10): p. 
951-65. 

36. Wayner, D.D., et al., The relative contributions of vitamin E, urate, 
ascorbate and proteins to the total peroxyl radical-trapping 
antioxidant activity of human blood plasma. Biochim Biophys Acta, 
1987. 924(3): p. 408-19. 

37. Halliwell, B. and J.M. Gutteridge, The antioxidants of human 
extracellular fluids. Arch Biochem Biophys, 1990. 280(1): p. 1-8. 

38. Mortensen, A., L.H. Skibsted, and T.G. Truscott, The interaction of 
dietary carotenoids with radical species. Arch Biochem Biophys, 
2001. 385(1): p. 13-9. 

39. Rice-Evans, C.A., et al., Why do we expect carotenoids to be 
antioxidants in vivo? Free Radic Res, 1997. 26(4): p. 381-98. 

40. Stahl, W. and H. Sies, Antioxidant activity of carotenoids. Mol 
Aspects Med, 2003. 24(6): p. 345-51. 

41. malCarr, A. and B. Frei, Does vitamin C act as a pro-oxidant under 
physiological conditions? FASEB J, 1999. 13(9): p. 1007-24. 

42. Traber, M.G. and J. Atkinson, Vitamin E, antioxidant and nothing 
more. Free Radic Biol Med, 2007. 43(1): p. 4-15. 

43. Traber, M.G., Vitamin E regulatory mechanisms. Annu Rev Nutr, 
2007. 27: p. 347-62. 

44. Zingg, J.M. and A. Azzi, Non-antioxidant activities of vitamin E. 
Curr Med Chem, 2004. 11(9): p. 1113-33. 

45. Crane, F.L., Discovery of ubiquinone (coenzyme Q) and an overview 
of function. Mitochondrion, 2007. 7 Suppl: p. S2-7. 

46. Jones, K., et al., Coenzyme Q-10: efficacy, safety, and use. Altern 
Ther Health Med, 2002. 8(3): p. 42-55; quiz 56, 138. 

47. Halliwell, B. and J.M. Gutteridge, Role of free radicals and catalytic 
metal ions in human disease: an overview. Methods Enzymol, 1990. 
186: p. 1-85. 

48. Bleijenberg, B.G., H.G. Van Eijk, and B. Leijnse, The determination 
of non-heme iron and transferrin in cerebrospinal fluid. Clin Chim 
Acta, 1971. 31(1): p. 277-81. 

49. Balla, J., et al., Heme, heme oxygenase, and ferritin: how the 
vascular endothelium survives (and dies) in an iron-rich 
environment. Antioxid Redox Signal, 2007. 9(12): p. 2119-37. 

50. Jin, Y. and R.R. Crichton, Iron transfer from ferritin to transferrin. 
Effect of serum factors. FEBS Lett, 1987. 215(1): p. 41-6. 

51. Baker, H.M. and E.N. Baker, Lactoferrin and iron: structural and 
dynamic aspects of binding and release. Biometals, 2004. 17(3): p. 
209-16. 



 64 

52. Rosell, F.I., M.R. Mauk, and A.G. Mauk, Effects of metal ion 
binding on structural dynamics of human hemopexin. Biochemistry, 
2007. 46(32): p. 9301-9. 

53. Crichton, R.R. and M. Charloteaux-Wauters, Iron transport and 
storage. Eur J Biochem, 1987. 164(3): p. 485-506. 

54. Sutton, H.C. and C.C. Winterbourn, On the participation of higher 
oxidation states of iron and copper in Fenton reactions. Free Radic 
Biol Med, 1989. 6(1): p. 53-60. 

55. Floyd, R.A., Direct demonstration that ferrous ion complexes of di- 
and triphosphate nucleotides catalyze hydroxyl free radical 
formation from hydrogen peroxide. Arch Biochem Biophys, 1983. 
225(1): p. 263-70. 

56. Osaki, S., D.A. Johnson, and E. Frieden, The possible significance of 
the ferrous oxidase activity of ceruloplasmin in normal human 
serum. J Biol Chem, 1966. 241(12): p. 2746-51. 

57. Wong, S.F., et al., The role of superoxide and hydroxyl radicals in 
the degradation of hyaluronic acid induced by metal ions and by 
ascorbic acid. J Inorg Biochem, 1981. 14(2): p. 127-34. 

58. Gutteridge, J.M. and J. Stocks, Caeruloplasmin: physiological and 
pathological perspectives. Crit Rev Clin Lab Sci, 1981. 14(4): p. 
257-329. 

59. Marceau, N. and N. Aspin, The intracellular distribution of the 
radiocopper derived from ceruloplasmin and from albumin. 
Biochim Biophys Acta, 1973. 328(2): p. 338-50. 

60. Freinbichler, W., et al., Validation of a robust and sensitive method 
for detecting hydroxyl radical formation together with evoked 
neurotransmitter release in brain microdialysis. J Neurochem, 2008. 
105(3): p. 738-49. 

61. Linxiang, L., et al., An HPLC assay of hydroxyl radicals by the 
hydroxylation reaction of terephthalic acid. Biomed Chromatogr, 
2004. 18(7): p. 470-4. 

62. Mishin, V.M. and P.E. Thomas, Characterization of hydroxyl 
radical formation by microsomal enzymes using a water-soluble 
trap, terephthalate. Biochem Pharmacol, 2004. 68(4): p. 747-52. 

63. Yan, E.B., et al., Novel method for in vivo hydroxyl radical 
measurement by microdialysis in fetal sheep brain in utero. J Appl 
Physiol, 2005. 98(6): p. 2304-10. 

64. Marklund, N., et al., Monitoring of reactive oxygen species 
production after traumatic brain injury in rats with microdialysis 
and the 4-hydroxybenzoic acid trapping method. 2001. 

65. Hellsten, Y., et al., Antioxidant supplementation enhances the 
exercise-induced increase in mitochondrial uncoupling protein 3 
and endothelial nitric oxide synthase mRNA content in human 
skeletal muscle. Free Radic Biol Med, 2007. 43(3): p. 353-61. 

66. Jackson, M.J., Use of microdialysis to study interstitial nitric oxide 
and other reactive oxygen and nitrogen species in skeletal muscle. 
Methods Enzymol, 2005. 396: p. 514-25. 



 65

67. Halliwell, B., Reactive oxygen species and the central nervous 
system. J Neurochem, 1992. 59(5): p. 1609-23. 

68. Watson, B.D., Evaluation of the concomitance of lipid peroxidation 
in experimental models of cerebral ischemia and stroke. Prog Brain 
Res, 1993. 96(69): p. 69-95. 

69. Siesjö, B.K., Basic mechanisms of traumatic brain damage. Ann 
Emerg Med, 1993. 22(6): p. 959-69. 

70. Siesjö, B.K. and T. Wieloch, Cerebral metabolism in ischaemia: 
Neurochemical basis for therapy. Br J Anaesth, 1985. 57(1): p. 47-
62. 

71. Kleihues, P., K. Kobayashi, and K.-A. Hossmann, Purine nucleotide 
metabolism in the cat brain after one hour of complete ischemia. J 
Neuroischem, 1974. 23(2): p. 417-425. 

72. Tayag, E.C., et al., Cerebral uric acid increases following 
experimental traumatic brain injury in rat. Brain Res, 1996. 733(2): 
p. 287-91. 

73. Nihei, H., et al., Cerebral uric acid, xanthine, and hypoxanthine 
after ischemia: the effect of allopurinol. Neurosurgery, 1989. 25(4): 
p. 613-7. 

74. Lyrer, P., et al., Levels of low molecular weight scavengers in the rat 
brain during focal ischemia. Brain Res, 1991. 567(2): p. 317-20. 

75. Hicks, M., L.S. Wong, and R.O. Day, Identification of products from 
oxidation of uric acid induced by hydroxyl radicals. Free Radic Res 
Commun, 1993. 18(6): p. 337-51. 

76. Hillered, L. and L. Persson, Parabanic acid for monitoring of 
oxygen radical activity in the injured human brain. Neuroreport, 
1995. 6(13): p. 1816-1820. 

77. Kaur, H. and B. Halliwell, Action of biologically-relevant oxidizing 
species upon uric acid. Identification of uric acid oxidation 
products. Chem Biol Interact, 1990. 73(2-3): p. 235-47. 

78. Chiu, D., H.H. Wang, and M.R. Blumenthal, Creatine 
phosphokinase release as a measure of tourniquet effect on skeletal 
muscle. Arch Surg, 1976. 111(1): p. 71-74. 

79. Heppenstall, R.B., R. Balderston, and C. Goodwin, 
Pathophysiologic effects distal to a tourniquet in the dog. J Trauma, 
1979. 19(4): p. 234-238. 

80. Klenerman, L., The tourniquet in operations on the knee: A review. J 
R Soc Med, 1982. 75(1): p. 31-32. 

81. Klenerman, L., Tourniquet time: How long? Hand, 1980. 12(3): p. 
231-234. 

82. Santavirta, S., A. Kauste, and K. Rindell, Tourniquet ischaemia: 
Clinical and biochemical observations. Ann Chir Gynaecol, 1978. 
67(6): p. 210-213. 

83. Sapega, A., et al., Phosphorus nuclear magnetic resonance: a non-
invasive technique for the study of muscle bioenergetics during 
exercise. Med Sci Sports Exerc, 1993. 25: p. 656-666. 



 66 

84. Heppenstall, R.B., et al., A comparative study of the tolerance of 
skeletal muscle to ischemia: Tourniquet application compared with 
acute compartment syndrome. J Bone Joint Surg A, 1986. 68(6): p. 
820-828. 

85. Willy, C., et al., DNA damage in human leukocytes after 
ischemia/reperfusion injury. Free Radic Biol Med, 2000. 28(1): p. 1-
12. 

86. Rosenson, R.S. and C.C. Tangney, Effects of tourniquet application 
on plasma viscosity measurements. Clin Hemorheol Microcirc, 
1998. 18(2-3): p. 191-194. 

87. Pollak, A.N., et al., Reamed femoral nailing in patients with multiple 
injuries: Adverse effects of tourniquet use. Clin Orthop, 1997. 339: 
p. 41-46. 

88. Dumanian, G.A. and A. Chen, Microvascular surgery in a bloodless 
field. Microsurgery, 2000. 20(5): p. 221-224. 

89. Girardis, M., et al., The hemodynamic and metabolic effects of 
tourniquet application during knee surgery. Anesth Analg, 2000. 
91(3): p. 727-731. 

90. Aglietti, P., et al., Effect of tourniquet use on activation of 
coagulation in total knee replacement. Clin Orthop, 2000. 371: p. 
169-177. 

91. Blaisdell, F.W., The pathophysiology of skeletal muscle ischemia 
and the reperfusion syndrome: a review. Cardiovasc Surg, 2002. 
10(6): p. 620-30. 

92. Labbe, R., T. Lindsay, and P.M. Walker, The extent and distribution 
of skeletal muscle necrosis after graded periods of complete 
ischemia. J Vasc Surg, 1987. 6(2): p. 152-7. 

93. Petrasek, P.F., S. Homer-Vanniasinkam, and P.M. Walker, 
Determinants of ischemic injury to skeletal muscle. J Vasc Surg, 
1994. 19(4): p. 623-31. 

94. Lindsay, T.F., et al., The effect of ischemia/reperfusion on adenine 
nucleotide metabolism and xanthine oxidase production in skeletal 
muscle. J Vasc Surg, 1990. 12(1): p. 8-15. 

95. Balcells, J., et al., Simultaneous determination of allantoin and 
oxypurines in biological fluids by high-performance liquid 
chromatography. J Chromatogr, 1992. 575(1): p. 153-157. 

96. Friedl, H.P., et al., Ischemia-reperfusion in humans. Appearance of 
xanthine oxidase activity. Am J Pathol, 1990. 136(3): p. 491-495. 

97. Michaëlsson, K., et al., Genetic liability to fractures in the elderly. 
Arch Intern Med, 2005. 165(16): p. 1825-30. 

98. Slemenda, C.W., et al., Genetic determinants of bone mass in adult 
women: a reevaluation of the twin model and the potential 
importance of gene interaction on heritability estimates. J Bone 
Miner Res, 1991. 6(6): p. 561-7. 

99. Golden, T.R., D.A. Hinerfeld, and S. Melov, Oxidative stress and 
aging: beyond correlation. Aging Cell, 2002. 1(2): p. 117-23. 



 67

100. Almeida, M., et al., Oxidative stress antagonizes Wnt signaling in 
osteoblast precursors by diverting beta-catenin from T cell factor- to 
forkhead box O-mediated transcription. J Biol Chem, 2007. 282(37): 
p. 27298-305. 

101. Jilka, R.L., et al., Quantifying osteoblast and osteocyte apoptosis: 
challenges and rewards. J Bone Miner Res, 2007. 22(10): p. 1492-
501. 

102. Garrett, I.R., et al., Oxygen-derived free radicals stimulate 
osteoclastic bone resorption in rodent bone in vitro and in vivo. J 
Clin Invest, 1990. 85(3): p. 632-9. 

103. Manolagas, S.C. and M. Almeida, Gone with the Wnts: beta-catenin, 
T-cell factor, forkhead box O, and oxidative stress in age-dependent 
diseases of bone, lipid, and glucose metabolism. Mol Endocrinol, 
2007. 21(11): p. 2605-14. 

104. Halliwell, B. and M. Grootveld, The measurement of free radical 
reactions in humans. Some thoughts for future experimentation. 
Febs Lett, 1987. 213(1): p. 9-14. 

105. Michaëlsson, K., et al., Serum retinol levels and the risk of fracture. 
N Engl J Med, 2003. 348(4): p. 287-94. 

106. Basu, S., F2-isoprostanes in human health and diseases: from 
molecular mechanisms to clinical implications. Antioxid Redox 
Signal, 2008. 10(8): p. 1405-34. 

107. Basu, S., et al., Association between oxidative stress and bone 
mineral density. Biochem Biophys Res Commun, 2001. 288(1): p. 
275-9. 

108. Mangiafico, R.A., et al., Increased formation of 8-iso-prostaglandin 
F(2alpha) is associated with altered bone metabolism and lower 
bone mass in hypercholesterolaemic subjects. J Intern Med, 2007. 
261(6): p. 587-96. 

109. Powers, S.K. and M.J. Jackson, Exercise-Induced Oxidative Stress: 
Cellular Mechanisms and Impact on Muscle Force Production. 
Physiol. Rev., 2008. 88(4): p. 1243-1276. 

110. Marklund, N., et al., Hypoxanthine, uric acid and allantoin as 
indicators of in vivo free radical reactions: Description of a HPLC 
method and human brain microdialysis data. Acta Neurochir, 2000. 
142(10): p. 1135-1141. 

111. Basu, S., Radioimmunoassay of 8-iso-prostaglandin F2alpha: an 
index for oxidative injury via free radical catalysed lipid 
peroxidation. Prostaglandins Leukot Essent Fatty Acids, 1998. 
58(4): p. 319-25. 

112. Basu, S., Radioimmunoassay of 15-keto-13,14-dihydro-
prostaglandin F2alpha: an index for inflammation via 
cyclooxygenase catalysed lipid peroxidation. Prostaglandins Leukot 
Essent Fatty Acids, 1998. 58(5): p. 347-52. 

113. Ohrvall, M., S. Tengblad, and B. Vessby, Lower tocopherol serum 
levels in subjects with abdominal adiposity. J Intern Med, 1993. 
234(1): p. 53-60. 



 68 

114. Thurnham, D.I., et al., The use of different lipids to express serum 
tocopherol: lipid ratios for the measurement of vitamin E status. 
Ann Clin Biochem, 1986. 23 ( Pt 5): p. 514-20. 

115. Borg, G.A., Psychophysical bases of perceived exertion. Med Sci 
Sports Exerc, 1982. 14(5): p. 377-81. 

116. Standard method for the determination of creatine kinase activity. J 
Clin Chem Clin Biochem, 1977. 15(4): p. 249-60. 

117. Wung, W.E. and S.B. Howell, Simultaneous liquid chromatography 
of 5-fluorouracil, uridine, hypoxanthine, xanthine, uric acid, 
allopurinol, and oxipurinol in plasma. Clin Chem, 1980. 26(12): p. 
1704-8. 

118. Foxdal, P., et al., Improving lactate analysis with the YSI 2300 GL: 
hemolyzing blood samples makes results comparable with those for 
deproteinized whole blood. Clin Chem, 1992. 38(10): p. 2110-4. 

119. Smedman, A.E., et al., Pentadecanoic acid in serum as a marker for 
intake of milk fat: relations between intake of milk fat and metabolic 
risk factors. Am J Clin Nutr, 1999. 69(1): p. 22-9. 

120. Fredholm, B. and A. Sollevi, The release of adenosine and inosine 
from canine subcutaneus adipose tissue by nerve stimulation and 
noradrenaline. J Physiol, 1981. 313: p. 351-367. 

121. Sohal, R.S. and M.J. Forster, Coenzyme Q, oxidative stress and 
aging. Mitochondrion, 2007. 7 Suppl: p. S103-11. 

122. Halliwell, B. and M. Whiteman, Measuring reactive species and 
oxidative damage in vivo and in cell culture: how should you do it 
and what do the results mean? Br J Pharmacol, 2004. 142(2): p. 
231-55. 

123. Kock, R., B. Delvoux, and H. Greiling, A high-performance liquid 
chromatographic method for the determination of hypoxanthine, 
xanthine, uric acid and allantoin in serum. Eur J Clin Chem Clin 
Biochem, 1993. 31(5): p. 303-10. 

124. Chen, X.B., et al., Determination of 15N isotopic enrichment and 
concentrations of allantoin and uric acid in urine by gas 
chromatography/mass spectrometry. J Mass Spectrom, 1998. 33(2): 
p. 130-7. 

125. Pavitt, D.V., et al., Assay of serum allantoin in humans by gas 
chromatography-mass spectrometry. Clin Chim Acta, 2002. 318(1-
2): p. 63-70. 

126. Lux, O., D. Naidoo, and C. Salonikas, Improved HPLC method for 
the simultaneous measurement of allantoin and uric acid in plasma. 
Ann Clin Biochem, 1992. 29: p. 674-675. 

127. Rosdahl, H., et al., Metabolite levels in human skeletal muscle and 
adipose tissue studied with microdialysis at low perfusion flow. Am 
J Physiol, 1998. 274(5 Pt 1): p. 936-945. 

128. Müller, M., et al., Key metabolite kinetics in human skeletal muscle 
during ischaemia and reperfusion: measurement by microdialysis. 
Eur J Clin Invest, 1995. 25: p. 601-607. 



 69

129. Korth, U., et al., Tourniquet-induced changes of energy metabolism 
in human skeletal muscle monitored by microdialysis. 
Anesthesiology, 2000. 93(6): p. 1407-1412. 

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

131. Hagstrom-Toft, E., et al., Absolute concentrations of glycerol and 
lactate in human skeletal muscle, adipose tissue, and blood. Am J 
Physiol, 1997. 273(3 Pt 1): p. 584-592. 

132. Meagher, E.A., et al., Effects of vitamin E on lipid peroxidation in 
healthy persons. JAMA, 2001. 285(9): p. 1178-82. 

133. Schreck, R. and P.A. Baeuerle, A role for oxygen radicals as second 
messengers. Trends Cell Biol, 1991. 1(2-3): p. 39-42. 

134. Schreck, R., P. Rieber, and P.A. Baeuerle, Reactive oxygen 
intermediates as apparently widely used messengers in the 
activation of the NF-kappa B transcription factor and HIV-1. 
EMBO J, 1991. 10(8): p. 2247-58. 

135. Vega, D., N.M. Maalouf, and K. Sakhaee, CLINICAL Review #: the 
role of receptor activator of nuclear factor-kappaB (RANK)/RANK 
ligand/osteoprotegerin: clinical implications. J Clin Endocrinol 
Metab, 2007. 92(12): p. 4514-21. 

136. Suda, N., et al., Participation of oxidative stress in the process of 
osteoclast differentiation. Biochim Biophys Acta, 1993. 1157(3): p. 
318-23. 

137. Iotsova, V., et al., Osteopetrosis in mice lacking NF-kappaB1 and 
NF-kappaB2. Nat Med, 1997. 3(11): p. 1285-9. 

138. Lappas, M., M. Permezel, and G.E. Rice, N-Acetyl-cysteine inhibits 
phospholipid metabolism, proinflammatory cytokine release, 
protease activity, and nuclear factor-kappaB deoxyribonucleic acid-
binding activity in human fetal membranes in vitro. J Clin 
Endocrinol Metab, 2003. 88(4): p. 1723-9. 

139. van Diepen, S., et al., Heart failure is a risk factor for orthopedic 
fracture: a population-based analysis of 16,294 patients. 
Circulation, 2008. 118(19): p. 1946-52. 

140. Sennerby, U., et al., Cardiovascular diseases and risk of hip 
fracture. JAMA, 2009. 302(15): p. 1666-73. 

141. Sennerby, U., et al., Cardiovascular diseases and future risk of hip 
fracture in women. Osteoporos Int, 2007. 18(10): p. 1355-62. 

142. Law, M.R. and A.K. Hackshaw, A meta-analysis of cigarette 
smoking, bone mineral density and risk of hip fracture: recognition 
of a major effect. BMJ, 1997. 315(7112): p. 841-6. 

143. Olofsson, H., et al., Smoking and the risk of fracture in older men. J 
Bone Miner Res, 2005. 20(7): p. 1208-15. 

144. Cappuccio, F.P., et al., High blood pressure and bone-mineral loss 
in elderly white women: a prospective study. Study of Osteoporotic 
Fractures Research Group. Lancet, 1999. 354(9183): p. 971-5. 



 70 

145. Krishnan, V., H.U. Bryant, and O.A. Macdougald, Regulation of 
bone mass by Wnt signaling. J Clin Invest, 2006. 116(5): p. 1202-9. 

146. Melhus, H., et al., Smoking, antioxidant vitamins, and the risk of hip 
fracture. J Bone Miner Res, 1999. 14(1): p. 129-35. 

147. Sahni, S., et al., Protective Effect of Total Carotenoid and Lycopene 
Intake on the Risk of Hip Fracture: A 17-Year Follow-Up From the 
Framingham Osteoporosis Study. J Bone Miner Res, 2009. 

148. Sahni, S., et al., Protective effect of total and supplemental vitamin 
C intake on the risk of hip fracture-a 17-year follow-up from the 
Framingham Osteoporosis Study. Osteoporos Int, 2009. 

149. Maggio, D., et al., Marked decrease in plasma antioxidants in aged 
osteoporotic women: results of a cross-sectional study. J Clin 
Endocrinol Metab, 2003. 88(4): p. 1523-7. 

150. Pasco, J.A., et al., Antioxidant vitamin supplements and markers of 
bone turnover in a community sample of nonsmoking women. J 
Womens Health (Larchmt), 2006. 15(3): p. 295-300. 

151. Sahni, S., et al., Inverse association of carotenoid intakes with 4-y 
change in bone mineral density in elderly men and women: the 
Framingham Osteoporosis Study. Am J Clin Nutr, 2009. 89(1): p. 
416-24. 

152. Sahni, S., et al., High vitamin C intake is associated with lower 4-
year bone loss in elderly men. J Nutr, 2008. 138(10): p. 1931-8. 

153. Hall, S.L. and G.A. Greendale, The relation of dietary vitamin C 
intake to bone mineral density: results from the PEPI study. Calcif 
Tissue Int, 1998. 63(3): p. 183-9. 

154. Morton, D.J., E.L. Barrett-Connor, and D.L. Schneider, Vitamin C 
supplement use and bone mineral density in postmenopausal women. 
J Bone Miner Res, 2001. 16(1): p. 135-40. 

155. Wolf, R.L., et al., Lack of a relation between vitamin and mineral 
antioxidants and bone mineral density: results from the Women's 
Health Initiative. Am J Clin Nutr, 2005. 82(3): p. 581-8. 

156. Byberg, L., et al., Total mortality after changes in leisure time 
physical activity in 50 year old men: 35 year follow-up of population 
based cohort. BMJ, 2009. 338: p. b688. 

157. Gomez-Cabrera, M., E. Domenech, and J. Viña, Moderate exercise 
is an antioxidant: upregulation of antioxidant genes by training. 
Free Radic Biol Med, 2008. 44(2): p. 126-31. 

158. Malm, C., et al., Effects of ubiquinone-10 supplementation and high 
intensity training on physical performance in humans. Acta Physiol 
Scand, 1997. 161: p. 379-384. 

159. Porter, D.A., et al., The effect of oral coenzyme Q10 on the exercise 
tolerance of middle-aged, untrained men. Int J Sports Med, 1995. 
16(7): p. 421-7. 

160. Laaksonen, R., et al., Ubiquinone supplementation and exercise 
capacity in trained young and older men. Eur J Appl Physiol Occup 
Physiol, 1995. 72(1-2): p. 95-100. 



 71

161. Weston, S.B., et al., Does exogenous coenzyme Q10 affect aerobic 
capacity in endurance athletes? Int J Sport Nutr, 1997. 7(3): p. 197-
206. 

162. Zhou, S., et al., Muscle and plasma coenzyme Q(10) concentration, 
aerobic power and exercise economy of healthy men in response to 
four weeks of supplementation. J Sports Med Physical Fitness, 2005. 
45 (3): p. 337-346. 

163. Nielsen, A.N., et al., No effect of antioxidant supplementation in 
triathletes on maximal oxygen uptake, 31P-NMRS detected muscle 
energy metabolism and muscle fatigue. Int J Sports Med, 1999. 
20(3): p. 154-8. 

164. Svensson, M., et al., Effect of Q10 supplementation on tissue Q10 
levels and adenine nucleotide catabolism during high-intensity 
exercise. Int J Sport Nutr, 1999. 9(2): p. 166-80. 

165. Ferrer, M.D., et al., A soccer match's ability to enhance lymphocyte 
capability to produce ROS and induce oxidative damage. Int J Sport 
Nutr Exerc Metab, 2009. 19(3): p. 243-58. 

166. Braun, B., et al., Effects of coenzyme Q10 supplementation on 
exercise performance, VO2max, and lipid peroxidation in trained 
cyclists. Int J Sport Nutr, 1991. 1(4): p. 353-65. 

167. Kaikkonen, J., et al., Effect of combined coenzyme Q10 and d-alpha-
tocopheryl acetate supplementation on exercise-induced lipid 
peroxidation and muscular damage: a placebo-controlled double-
blind study in marathon runners. Free Radic Res, 1998. 29(1): p. 85-
92. 

168. Mizuno, K., et al., Antifatigue effects of coenzyme Q10 during 
physical fatigue. Nutrition, 2008. 24(4): p. 293-9. 

169. Gökbel, H., et al., The Effects Of Coenzyme Q10 Supplementation on 
Performance During Repeated Bouts of Supramaximal Exercise in 
Sedentary Men. J Strength Cond Res, 2009. 

170. Cooke, M., et al., Effects of acute and 14-day coenzyme Q10 
supplementation on exercise performance in both trained and 
untrained individuals. J Int Soc Sports Nutr, 2008. 5: p. 8. 

171. Ylikoski, T., et al., The effect of coenzyme Q10 on the exercise 
performance of cross-country skiers. Mol Aspects Med, 1997. 18 
Suppl: p. S283-90. 

172. Tauler, P., et al., Supplementation with an antioxidant cocktail 
containing coenzyme Q prevents plasma oxidative damage induced 
by soccer. Eur J Appl Physiol, 2008. 104(5): p. 777-85. 

173. Kon, M., et al., Eccentric muscle contractions induce greater 
oxidative stress than concentric contractions in skeletal muscle. 
Appl Physiol Nutr Metab, 2007. 32(2): p. 273-81. 

174. Bentinger, M., K. Brismar, and G. Dallner, The antioxidant role of 
coenzyme Q. Mitochondrion, 2007. 7 Suppl: p. S41-50. 

175. Bhagavan, H.N. and R.K. Chopra, Plasma coenzyme Q10 response 
to oral ingestion of coenzyme Q10 formulations. Mitochondrion, 
2007. 7 Suppl: p. S78-88. 



 72 

176. Beyer, R.E., et al., The two-electron quinone reductase DT-
diaphorase generates and maintains the antioxidant (reduced) form 
of coenzyme Q in membranes. Mol Aspects Med, 1997: p. S15-23. 

177. Linnane, A.W., M. Kios, and L. Vitetta, Coenzyme Q(10)--its role as 
a prooxidant in the formation of superoxide anion/hydrogen 
peroxide and the regulation of the metabolome. Mitochondrion, 
2007. 7 Suppl: p. S51-61. 

178. Droge, W., Free radicals in the physiological control of cell 
function. Physiol Rev, 2002. 82(1): p. 47-95. 

179. Reid, M.B., Invited Review: redox modulation of skeletal muscle 
contraction: what we know and what we don't. J Appl Physiol, 2001. 
90(2): p. 724-31. 

180. Reid, M.B., Nitric oxide, reactive oxygen species, and skeletal 
muscle contraction. Med Sci Sports Exerc, 2001. 33(3): p. 371-6. 

181. Smith, M.A. and M.B. Reid, Redox modulation of contractile 
function in respiratory and limb skeletal muscle. Respir Physiol 
Neurobiol, 2006. 151(2-3): p. 229-41. 

182. Halliwell, B., The antioxidant paradox. Lancet, 2000. 355(9210): p. 
1179-80. 

183. Green, M.J. and H.A. Hill, Chemistry of dioxygen. Methods 
Enzymol, 1984. 105: p. 3-22. 

 
 





�����*���
���������*+����
����
��������	
��������������������
�������������������
��
�
��������������
��������������

�����'��,
�-
������,
�.��	��/����
�����


�������������
���������0��,
�.��	��/����
�����
1�*++����
*���
����/1����	�	���/����	00��/������	0(
����+�+
��2����
3
�+�
�����,
��0+�
�
�����
���������
�4
+�����0�5���3
���,
�
�
���,���(����
�1�3,��
��,
��	00��/����
����������(	�
�
���
���������/��,�	6,��,
��
��
��-�6�����70+�
,
����

�	00���
����*++�����-���
����������0��,
�.��	��/��
�
�����
2�89������:��	��/1�"���1��,
��
��
��3���+	(���,
�
	��
���,
�����
�;70+�
,
����
��	00���
����*++����
-���
����������0��,
�.��	��/����
�����
<2=

-�����(	���'�+	(��������2		2�

	��'�(�'�
'		'����!����#)

����
����	
�������
�����	����
������

����


	Abstract
	List of Papers
	Abbreviations
	INTRODUCTION
	Free radicals
	Sources of free radical production
	Mitochondrial electron transport chain
	Endoplasmatic reticulum
	Inflammatory cells
	Enzymes
	Auto-oxidation
	Haem proteins


	Reactive oxygen species
	Oxidative stress
	Quantification of oxidative stress
	Direct measurements
	Indirect measurements


	Antioxidant defences
	Enzymatic
	Superoxide dismutase
	Glutathione peroxidase
	Catalase
	Accessory antioxidant enzymes

	Non-enzymatic
	Uric acid
	Plasma proteins
	Carotenoids
	Vitamin C
	Vitamin E
	Coenzyme Q10
	Bilirubin

	Metal-ion binding
	Iron
	Copper


	Microdialysis
	Sampling oxidative metabolites
	Salicylic acid
	Reduced cytochrome c
	Purine degradation products


	Ischaemia-reperfusion
	Trauma
	Tourniquet-induced ischaemia-reperfusion

	Oxidative stress and bone
	Exhaustive exercise

	AIMS
	METHODS
	Study participants
	Study design
	Statistics

	RESULTS
	DISCUSSION
	CONCLUSIONS
	FUTURE PERSPECTIVES
	ACKNOWLEDGEMENTS
	REFERENCES

