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Introduction

There is a scientific basis, mainly established on observational studies, indicating that a high intake of fruit and vegetables decreases the risk of chronic
diseases, primarily certain forms of cancer (1, 2) and cardiovascular diseases
(CVD) (3, 4) but also type 2 diabetes (5). Hence, different international and
national organisations and authorities have formulated dietary recommendations advocating an increased intake of fruit and vegetables with the purpose
to decrease the risk of these diseases (6-11). Fruit and vegetables contain
bioactive plant compounds, many of which have antioxidative properties. It
is hypothesised that these compounds contribute to the health beneficial
effects in humans by counteracting oxidative stress and inflammation (12,
13).

Antioxidants
An antioxidant has been defined by Halliwell as “any substance that, when
present at low concentrations compared with those of an oxidisable substrate, significantly delays or prevents oxidation of that substrate”. A simplified definition is “any substance that delays, prevents or removes oxidative
damage to a target molecule” (14). The oxidised substrate could be e.g. proteins, lipids and DNA. Many substances are shown to have antioxidative
properties in vitro but do not necessarily work in the same way in vivo. The
substance could be metabolised and lose its antioxidative properties when
applied in vivo. The antioxidative ability is influenced by the qualities of
each individual substance, such as the antioxidative mechanism, the target
biomolecule, the place of action (extra- or intra-cellular) and the concentration needed for antioxidative effect.
The antioxidants primarily act by three different mechanisms; either by
preventing the formation of radicals, by scavenging radicals or by repairing
the damages that oxidative stress has caused (15). The first step in the antioxidative defence involves preventive compounds that suppress the generation of reactive oxygen species (ROS), such as the metal binding proteins
transferrin and albumin. The second step includes the radical-scavenging
antioxidants. These antioxidants inhibit initiation of the oxidation chain,
prevent chain propagation and terminate chain reaction by forming a stable
by-product. Vitamin C (ascorbic acid) and vitamin E (mainly -tocopherol)
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are important scavenging antioxidants. The third step of antioxidant defence
repairs damages caused by free radicals by means of e.g. DNA repair enzymes and lipases.
The antioxidant defence includes both antioxidants produced in the body
(endogenous) and antioxidants derived from the diet (exogenous) (15). The
endogenous antioxidants are found both intracellularly and extracellularly.
Uric acid, bilirubin, ubiquinol, glutathione and the metal binding proteins
albumin, transferrin and ferritin are examples of non-enzymatic endogenous
antioxidants. Superoxide dismutase (SOD), catalase and glutathione peroxidase (GSH-Px) are examples of enzymatic endogenous antioxidants. Exogenous antioxidants are provided by the diet and include vitamins and other
antioxidative plant compounds but also essential minerals required in the
active site of antioxidative enzymes such as selenium in GSH-Px.
The antioxidant defence is considered to be a complex integrated system
where substances are suggested to interact synergistically. When an antioxidant is oxidised, another antioxidant can regenerate and reduce the antioxidant in question (16). Examples found in vivo are the regeneration of the
tocopheryl radical with help of ascorbic acid (17) and the regeneration of
oxidised ascorbic acid by glutathione (18, 19). In vitro studies have also
observed synergistic interactions between flavonoids, -tocopherol, carotene and vitamin C (20, 21).

Vitamin E
The fat soluble vitamin E consists of four tocopherols (α, β, γ and δ) and
four tocotrienols (α, β, γ and δ) where α-tocopherol is suggested to have the
most potent antioxidant properties. Vitamin E is a chain breaking antioxidant
that protects lipids against peroxidation by donating hydrogen from the phenolic groups, reacting with peroxyl radicals and forming a relatively stable
tocopheroxyl radical (22). The tocopheroxyl radical might have prooxidative effects under certain conditions, or it might be regenerated by reaction with the water soluble antioxidant vitamin C. Vitamin E may have other
properties than being an antioxidant, -tocopherol has for example been
shown to possess anti-inflammatory properties. Vitamin E is present in and
protects cell membranes and low-density lipoproteins. Dietary vitamin E is
mainly found in vegetable oils with high levels of polyunsatured fatty acids.
Rich sources of -tocopherol are wheat germ and sunflower oil, sunflower
seeds and almonds. Oil from soybean, corn and rapeseed are rich sources of
γ-tocopherol. The recommended daily intake (RDI) in the Nordic countries
is 8 mg vitamin E for women and 10 mg for men (23). A Swedish dietary
survey observed a daily intake of 8 mg vitamin E for women and 9.5 mg for
men, with a contribution from several foods, e.g. 12 % from edible fat and
10 % from meat and poultry (24). The intake of -tocopherol in Europe is
reported to be between 8-11 mg/day according to data based on several in12

take surveys and -tocopherol is estimated to be the most abundant tocopherol found in the European diet. The ratio of : is assumed to be 1:2 and the
intake of -tocopherol 4-6 mg/day (25).

Vitamin C
If vitamin E is one of the major lipid soluble antioxidants, the water soluble
vitamin C (ascorbic acid) is one of the key aqueous phase antioxidants. Vitamin C is capable of scavenging ROS, such as superoxide, hydrogen peroxide and singlet oxygen (26). Vitamin C might also reduce oxidised tocopherol. Ascorbic acid itself is oxidised to dehydroascorbate and reduced
back to ascorbic acid by e.g. glutathione. The concentration of ascorbic acid
in plasma is clearly related to the dietary intake. Certain organs and tissues
contain a higher concentration than plasma, especially the adrenal glands,
brain and leukocytes. Black current, pepper, brussels sprout and kiwi are
food items especially rich in vitamin C. The RDI is 75 mg in Sweden (23).
The observed intake is 93 mg for women and 80 mg for men, with fruit,
berries, vegetables and juice being the main sources (24).

Carotenoids
Until today more than 600 different carotenoids have been characterised in
plants, and at least 60 of them are found in the human diet. Eighteen carotenoids have been identified in human serum by high performance liquid
chromatography (HPLC), and usually α-carotene, -carotene, lycopene,
lutein, -cryptoxanthin and zeaxanthin are analysed (27). The carotenoids
are scavenger antioxidants, inactivating ROS, especially singlet oxygen (22).
The activated carotenoid is regenerated by emitting energy. -Carotene is
considered to be an effective antioxidant at the oxygen tension found in most
tissues but at higher oxygen tension, such as the one found in lung, carotene exhibits pro-oxidative character (28). Un-refined palm oil is one of
the most carotenoid rich foods in nature. The carotenoids are also found in
bright coloured fruits and vegetables, the orange ones being rich in α- and carotene (e.g. carrot, apricot), the red ones rich in lycopene (e.g. tomato) and
the green ones containing high levels of lutein and zeaxanthin (e.g. spinach,
broccoli). Official recommendations for carotenoids currently do not exist in
the Nordic countries. The estimated dietary intake of -carotene in Sweden
is approximately 2.0 mg/d mainly derived from vegetables and root vegetables (24).

Flavonoids
Flavonoids are a group of polyphenolic compounds with antioxidative properties. More than 4000 flavonoids have been identified. The flavonoids can
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exist as glycosides (bound to a sugar molecule) or as aglycones (not bound
to sugars). They are divided into six subclasses according to their chemical
structure, see Table 1 (29).
Table 1. Flavonoids
Flavonoid subclasses
Flavonols
Flavones
Isoflavonoids
Flavanones
Anthocyanins
Flavans

Exampel of specific substances
quercetin/rutin, kaempherol
apigenin, luteolin
dadzein, genistein
hesperidin, naringin
cyanidin, delphinidin
cathechin, procyanidin

Flavonoids have been shown to work through three different antioxidative
mechanisms. They are suggested to be effective scavengers of free radicals,
to have inhibitory effects on enzymes responsible for superoxide production
and to have metal binding (chelating) characteristics (30, 31). The most ubiquitous flavonoid subclasses found in a Western diet are the flavonols and
flavones. Flavonols are present in onions, leeks, broccoli, red wine and tea.
Flavones are less common than flavonols in fruit and vegetables. Celery and
parsley are the most important dietary sources. Isoflavonoids are predominantly found in leguminous plants, e.g. soya. Flavanones are present in high
concentrations in citrus fruit, especially in the membranes separating the
segments. Anthocyanins gives the pink, red, blue and purple colour in the
skin of different berries and fruits. Green tea and chocolate are rich sources
of flavans (32). The calculated dietary intake of flavonoids in the United
States is approximately 1 gram per day and serves as reference data, although it is based on old data and analysis methods (33). The intake of different classes of flavonoids has been studied in European countries, showing
a relatively wide range of intake, from a few mg up to hundreds of mg (32,
34-37). Both the number of investigated flavonoid classes and food habits
influence the observed intake. No official recommendations exist at present
for flavonoids or any of the specific substances included in this group of
bioactive plant compounds. The bioavailability must be taken into consideration when investigating flavonoids since absorption and biological effects
appears to differ between various compounds (32).

Minerals
Antioxidant enzymes contain essential minerals that are usually provided via
diet. Endogenous antioxidative enzymes include different minerals (26).
SOD includes catalytically active copper, zinc or manganese. Selenium is
part of the enzyme GSH-Px. Both SOD and GSH-Px are scavenger antioxidants which eliminate superoxide radicals or hydrogen peroxide, respectively. Swedish food items have a relatively low content of selenium since the
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soil is poor in selenium. The most important food sources of selenium in
Sweden are meat, poultry and dairy products and the observed intake is 3040 μg per day (24). RDI in the Nordic countries is 40 μg selenium for women and 50 μg for men (23). Game meat, beef, lamb and hard cheese are
rich in zinc. The intake of zinc in Sweden is 10 mg for women and 13 mg for
men with meat and poultry being the most important sources (24). RDI is 7
mg zinc for women and 9 mg for men (23).
Table 2. Dietary intake and recommended intake of antioxidants
Antioxidant

Dietary intake/day a
(women/men)

Recommended intake/day b
(women/men)

Vitamin E (mg) c

8.2/9.5

8/10

Vitamin C (mg)

93/80

75

-Carotene (mg)

1.9/1.7

not established

Flavonoids (mg)

1000 d

not established

Selenium (μg)

32/36

40/50

Zinc (mg)

10/13

7/9

a

According to Swedish national wide dietary survey (24)
b
Nordic Nutrition Recommendations (23)
c
-Tocopherol equivalents
d
Calculated dietary intake in the United States (33)

Oxidative stress
Oxidative stress is a term introduced and defined by Sies as “a disturbance in
the prooxidant-antioxidant balance in favour of the former leading to potential damage” (38). The term and the definition has recently been redefined as
“a condition that disrupts redox signaling and control” since oxidative stress
includes individual signaling and control events that occur through discrete
redox pathways rather than through mechanisms that are directly responsive
to a global balance (39, 40). Oxidative stress is caused by a diminished antioxidant defence and/or an increased production of reactive species (RS) (14).
RS are generated endogenously and exogenously, with the release of superoxide radicals in the electron transport chain being the most important
source. Other sources are RS produced by inflammatory response, ischemia,
radiation, air pollution and cigarette smoke (15). RS should be differentiated
from the term “free radicals”. RS can be divided into different categories;
ROS and reactive nitrogen species (RNS), but also reactive chlorine, bromine and sulphur species. These categories contain both radicals and nonradicals. Superoxide (O2•−), hydroxyl (OH•) and peroxyl (RO2•) are examples of major ROS radicals. H2O2 and singlet O2 are examples of non-radical
ROS. Nitric oxide (NO•) and nitrogen dioxide (NO2•) are examples of RNS
radicals and peroxynitrite (ONOO−) is an example of a non radical RNS. A
15

radical is a species capable of independent existence that contains one or
more unpaired electrons in the atoms orbital. Since the radical strives to become a stable molecule by filling the orbital with an electron it is often a
reactive substance.

Endogenous sources
Electron transport chain

Inflammatory response

Ischemia

Reactive species
Radiation

Air pollution

Cigarette smoke

Exogenous sources

Figure 1. Sources of reactive species

Humans are continuously exposed to RS. These species have vital roles in
the body´s normal cellular signalling, cell generation, degeneration and defence against micro-organisms. RS might also cause damages to different
biological molecules including lipids, proteins and DNA, damages that are
associated with the formation of a variety of bioactive oxidation products. If
the damages and formation of oxidative products overwhelms the capacity of
the defence system it may activate and/or accelerate the disease process of
e.g. CVD, cancer, diabetes, neurological, immune and eye diseases (15).
Increased oxidation of low density lipoprotein (LDL) is a suggested mechanism linking oxidative stress with CVD (41). Direct damage to DNA by RS
but also suppressed apoptosis and oxidative damage to DNA repair enzymes
might contribute to the development of cancer (12, 42). Some diseases are
probably caused by oxidative damage to lipids, DNA and proteins but in
most diseases oxidative stress is probably a consequence of the diseases
since RS formation accompanies tissue injury (14, 15).

Assessment of oxidative stress
A large number of methods are available to quantify oxidative processes and
oxidative damage in the body. Since RS are highly reactive and often ex-
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tremely short-lived they are very difficult to measure directly. The level of
oxidative damage can instead be estimated by analysis of sufficiently stable
end products, biomarkers, which are involved in the oxidative processes. A
reliable biomarker of oxidative stress should be a stable oxidation product
that can accumulate to detectable concentrations, it should also reflect a specific oxidative pathway. To yield useful information about a disease it also
has to correlate with the severity of the disease.
Another way to investigate oxidative processes is to study the antioxidant
defence. By measuring the antioxidant capacity in vitro one can get an understanding to what extent free radical generation is inhibited by antioxidants present in the samples. However, the value of antioxidative capacity
measurements for studying potential health effects has limitations (43). The
antioxidants present in the in vitro sample are metabolised in the body which
might alter the antioxidative capacity and effects. There are also considerable differences between the conditions found in the in vitro assay and those
found in tissues.
In this thesis a range of different biomarkers of oxidative stress are studied as discussed below.
Lipid peroxidation
The high concentration of unsaturated fatty acids in the cellular membrane
makes the membranes particularly prone to oxidation by ROS, so-called
lipid peroxidation. The peroxidation leads to alterations in the biological
properties of the membrane and could be seriously damaging. In addition,
lipoproteins and fatty acids in the blood are targets for oxidative damage.
F2-isoprostanes are oxidative products formed in vivo during free radicalcatalysed peroxidation of arachidonic acid, initially formed from phospholipids. Isoprostanes are considered to be one of the most reliable indicators
of lipid peroxidation caused by oxidative stress in vivo. They are stable and
specific products of lipid peroxidation, and present in detectable levels in a
range of tissues and body fluids. The formation of F2-isoprostanes is increased at in vivo oxidative stress, has not been shown to be modified by diet
and is influenced by antioxidant supplementation (44). 8-Iso-prostaglandin
F2 (8-iso-PGF2) is one of the major F2-isoprostanes and could be measured
in plasma, urine or other body fluids. Urine samples do not suffer from autooxidation because the lipid concentration is generally very low (45). Elevated levels of 8-iso-PGF2 have been observed in conditions with oxidative
stress such as type 2 diabetes (46-48), obesity (49), hypercholesterolaemia
(50) and in smokers (51).
Malondialdehyde (MDA), a ketoaldehyde, is generated from peroxidation
of polyunsaturated fatty acids. MDA in the thiobarbituric acid (TBA) reacting substances assay is a widely used biomarker for lipid peroxidation but is
generally regarded as a less specific marker of lipid peroxidation since other
compounds, like sugars and amino acids, also can react with TBA in vivo
17

(52). Increased concentration of MDA have been observed in diabetes mellitus (53, 54) and obesity (55).
Oxidative damage to DNA
DNA can be damaged by ROS, either directly or indirectly via lipid peroxidation products (56). Oxidative damage to DNA seems to be associated with
increased risk of cancer development.
The comet assay is widely used as a method for detecting a variety of
DNA damages; single strand breaks, alkali labile sites and specific types of
oxidatively damage DNA by use of lesion specific repair enzymes. The
DNA damages are due to availability mainly studied in white blood cells in
human trials but can be measured in many other cell types. DNA damages
measured by the comet assay have been shown to be influenced by age, sex,
smoking, body mass index (BMI), infections, and environmental exposures
(57, 58). An enhanced level of DNA damage measured with help of the
comet assay has been observed in insulin-dependent diabetic subjects (59).
Another commonly used biomarker for oxidative damage to DNA is
8-oxo-7,8-dihydro-2´-deoxyguanosine (8-oxodG) that reflects one specific
DNA damage. 8-OxodG is generated when ROS attacks the guanine base in
DNA (60). Guanine is easily oxidised and precautions have to be taken during preparations of samples to avoid artefacts that give false results. Enhanced 8-oxodG levels are observed in carcinogen-treated tissues (14) and
have also been found in type 1 and type 2 diabetes patients (61).
Another assay, somewhat linked to oxidative stress but seldom used to
determine oxidative stress is based on the formation of micronuclei. A micronucleus sometimes appears in cells in addition to the main nucleus. As a
result of breakage or loss of chromosomes during the preceding mitosis,
micronuclei contain fragments of, or whole, chromosomes. A low frequency
of micronuclei occurs in all dividing cells. Micronuclei in erythrocytes are
formed at the last cell division of the erythroblasts in the bone marrow. Older erythrocytes have passed the spleen several times where an elimination of
micronucleated cells occurs. For that reason the analysis of micronucleated
erythrocytes in humans is concentrated to the very youngest erythrocytes, the
transferrin positive reticulocytes (62). The method does not measure oxidative stress directly but quantifies chromosomal breakage formed during replication that, among other factors, can be caused by oxidative stress on DNA.
Subjects with folate-deficiency or a high intake of high intake of strongly
heated food have been observed to have elevated levels of micronucleated
cells (63-65).
Protein oxidation
The level of nitrotyrosine can be measured to estimate oxidative damage to
proteins. Nitrotyrosine is generated from the oxidation of tyrosine and is
considered to be a biomarker for RNS (66). The method has methodological
18

problems such as generation of nitrotyrosine during sample preparations. It
has resulted in large variations of the nitrotyrosine level between different
studies. Nitrotyrosine is generally not detectable in plasma in healthy subjects but has been found in plasma in patients with type 2 diabetes (67).

Inflammation
Inflammation is a complex process generally caused by tissue injury which
in turn is caused by e.g. bacteria, ischemia/reperfusion, chemicals or heat. It
is characterised by vasodilatation of local blood vessels, migration of leucocytes, increased permeability of the capillaries and tissue oedema. In addition, there is also a systemic reaction with increased concentrations of acutephase cytokines and proteins, and cyclooxygenase (COX) mediated prostaglandin formation. If the elimination of the acute phase reaction products is
disturbed or if the tissue injury is of chronic nature, chronic inflammation
might occur. Low-grade inflammation is detected in type 2 diabetes mellitus
(68), the metabolic syndrome (69) and obesity (70) and is believed to be of
importance in the pathogenesis of these diseases.

Assessment of inflammation
The extent of inflammation in vivo can be estimated by different methods
that reflect different parts of the inflammatory process.
White blood cells synthesise cytokines, e.g. interleukin-6 (IL-6) and tumour necrosis factor (TNF), as a response to tissue injury. IL-6 is regarded
as the major regulator of the acute phase response including formation of
acute phase proteins (71).
C-reactive protein (CRP) is formed in the hepatocytes, and is one of the
acute-phase proteins that increases during an acute phase response. By using
highly sensitive assays for CRP it is possible to analyse low levels of CRP
(<10 mg/L) found in low-grade inflammation. CRP-levels between 3-10
mg/L are generally regarded as an indicator of low-grade inflammation.
15-Keto-13,14-dihydro-prostaglandin F2 (15-keto-dihydro-PGF2) is a
stable and major metabolite of primary prostaglandin F2 that reflects in vivo
PGF2 biosynthesis. PGF2 is derived from arachidonic acid by COX. 15Keto-dihydro-PGF2 is regarded as a reliable indicator of both acute and
chronic inflammation. (72). Elevated concentrations of 15-keto-dihydroPGF2 have been found in patients with type 2 diabetes (73), rheumatic diseases (74) and in smokers (51).
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Oxidative stress and inflammation in overweight and
type 2 diabetes
Overweight
Overweight is a condition associated with an increased level of oxidative
stress. Elevated levels of markers of lipid peroxidation and oxidative damage
to DNA have been found in overweight and obese subjects (58, 75-78). Several factors are suggested to contribute to these elevated levels including fat
accumulation in adipocytes, increased muscle activity in order to carry excessive weight and chronic low-grade inflammation (78). Overweight and
obese subjects have also been documented to have an inadequate antioxidant
defence that contributes to oxidative stress. In an observational study by
Öhrvall measures of adiposity (e.g. BMI and bodyweight) were inversely
associated with serum tocopherol concentrations (79). The inadequate antioxidant defence is suggested to originate from a low intake of dietary antioxidants. The low intake together with increased production of ROS formation might cause decreased levels of plasma antioxidants and lowered antioxidative enzyme activity (78).
Obesity is also associated with a state of chronic low-grade inflammation.
Fat accumulation in the adipose tissue increases the production of the proinflammatory cytokines IL-6 and TNF-. IL-6 activate the production of CRP
(80).

Type 2 diabetes
Diabetes is a disorder associated with hyperglycaemia and an increased risk
of developing vascular complications. Oxidative stress and low-grade inflammation are major pathogenetic mechanisms considered to be implicated
in the pathogeneses of type 2 diabetes (68, 81).
Increased levels of lipid peroxidation (46, 47, 54), oxidative damage to
DNA (61, 82-84) and protein oxidation (67) have been reported in patients
with type 2 diabetes. This is probably a result of hyperglycaemia that leads
to increased in vivo production of ROS. Several mechanisms seem to be
involved in the formation of ROS, namely glucose autooxidation, stimulation of the polyol pathway, protein glycation and formation of advanced
glycation end products (85). The increased production of ROS is also related
to hyperinsulinemia and impaired insulin action (86, 87). Oxidative stress
might impair insulin action by altering the physical state of the membrane of
the target cells.
It has also been implied that defects of the antioxidative defence may occur
in diabetic patients (88, 89). The antioxidative defence has been shown to
correlate inversely with glucose levels, duration of diabetes and complica20

tions (90, 91). In addition, increasing glucose concentration correlated with
lower activity of antioxidative enzymes that might be a result of glycosylation.
Enhanced levels of prostaglandin F2 metabolite in urine is observed as an
early event in the development of type 2 diabetes (73). Increased levels of
IL-6 and CRP have been shown in type 2 diabetes patients and are believed
to predict the development of type 2 diabetes (92-95).

Antioxidants in overweight and type 2 diabetes
Findings from observational studies generally predict that high intakes of
antioxidants by diet or supplement, and also high plasma levels of antioxidants, are related to risk reduction of chronic diseases (1, 15, 96). These
findings have resulted in the hypothesis that antioxidants lower the risk of
chronic diseases. The hypothesis has been investigated in a number of clinical trials performed with supplementation of one or a few antioxidants at
high doses. The results have been diverse. Some studies reported beneficial
risk-reducing effects (97-98), others showed no such effect (99-100), and
some even reported unexpected and harmful effects of antioxidant supplementation (101-103). A number of meta-analyses and systematic reviews
have found that supplementation does not affect the morbidity and mortality
in CVD and all-cause-mortality. Whether antioxidant supplements are beneficial or harmful is still an open question but there are no convincing evidences that supplementation prevents diseases or decreases mortality (15, 96,
104-108).

Overweight
Overweight subjects have been observed to have a dietary pattern characterised by low intakes of fruits and vegetables (109-111). In a review by
Lendoux et al it was found that higher fruit and vegetable intake was associated with less or slower weight gain among adults in longitudinal studies
(112). Experimental studies only showed weak associations between higher
consumption of fruit and vegetable and weight loss. The increased fruit and
vegetable intake might be part of a dietary pattern including enhanced fibre
intake and/or decreased energy intake. The change in fibre and energy intake
might be part of the mechanism explaining the weight loss.
Blood concentrations of antioxidants are shown to be lower in obese subjects than non-obese with a reported negative association between BMI and
concentrations of antioxidants (55).
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Type 2 diabetes
Dietary factors are known to affect the health status of type 2 diabetes
patients. A daily intake of a range of fruit and vegetables are recommended
since they contribute to an adequate intake of many vitamins and antioxidants (113).
Observational studies indicate that a higher intake of fruit and vegetables
might decrease the risk of diabetes, but the evidence is limited and not conclusive (114). Risk reduction seems to be related to vegetable but not fruit
intake (5, 115), to certain groups of vegetables, such as green leafy vegetables and dark yellow vegetables (116) as well as to a dietary pattern high in
fruits and vegetables (117-122). In an interventional study of subjects with
impaired glucose tolerance, a reduced incidence of type 2 diabetes was
shown in those subjects assigned to a diet rich in vegetables (123).
It has also been suggested that the incidence of type 2 diabetes can be reduced by increased intake of certain antioxidants in the diet. Dietary intake
of antioxidants was associated with reduced risk of type 2 diabetes in a metaanalysis by Hamer (114). Risk reduction was mainly attributed to intake of
vitamin E and carotenoids. The findings in the meta-analysis was supported
by others showing that dietary intake of -tocopherol and -carotene predicted type 2 diabetes incidence (124, 125). Another study reported that a
reduced risk of type 2 diabetes was associated with a higher intake of flavonoids (quercetin and myricetin) (126), a result in contrast to a previous study
by Nettelton et al (127) that failed to show any beneficial associations.
In an observational follow-up study, a regular use of vitamin supplements
was observed to have a benefial effect on the incidence of diabetes mellitus
(128). Vitamin E supplementation alone was not associated with the incidence of diabetes in a longitudinal multicenter study (129). The protective
findings in the observational study have not been supported by randomised
clinical studies. Neither -tocopherol nor -carotene supplementation
showed beneficial effect on the risk of diabetes (130, 131). Similar, Stranges
et al found no effect of supplementation by selenium in the prevention of
type 2 diabetes. In contrast, long-term supplementation may increase the risk
of the disease (132).
Studies investigating the association between plasma antioxidant levels
and diabetes incidence show diverse results. Low serum -tocopherol and carotene concentrations were both significantly and non-significantly associated with increased risk of diabetes (124, 129, 133, 134). Higher plasma
concentrations of vitamin C showed an inverse correlation with risk of diabetes (135).
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Aims

Observational studies have shown a decreased risk of chronic diseases associated with a high intake of fruit and vegetables, and dietary antioxidants.
However, interventional studies investigating the effects of supplementation
with a few antioxidants in high doses have not been able to verify these findings. It was therefore hypothesised that a supplement, containing a combination of antioxidants, mainly extracted from fruit and vegetables, and supplied
at moderate doses, might act more beneficially than single antioxidants given
at high doses. Such a combination of antioxidants may perhaps more closely
resemble the wide range of natural antioxidants found in fruit and vegetables
that may act synergistically in the body.
The overall aim of this thesis was to investigate if such a supplement
might increase antioxidant status, improve the metabolic control and decrease oxidative stress and inflammation when given to humans where an
elevated oxidative stress and inflammatory activity could be expected. This
was studied in two interventional studies.
The specific aims of the papers were
• to study to what extent supplementation with a combination
of antioxidants, mainly extracted from fruit and vegetables,
would affect the concentration of biomarkers of oxidative
stress in overweight middle-aged non-diabetic men (Paper I).
•

to investigate whether fruit and vegetable intake, dietary antioxidants and levels of plasma antioxidants are related to
oxidative stress and inflammation in patients with type 2 diabetes (Paper II).

•

to study the relationships between glycaemic control and levels of oxidative stress and inflammation in patients with
type 2 diabetes (Paper III).

•

to investigate if supplementation with a combination of antioxidants, mainly extracted from fruit and vegetables, would
affect the concentrations of plasma antioxidants, glycaemic
control and biomarkers of oxidative stress and inflammation
in patients with type 2 diabetes (Paper IV).
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Subjects and methods

Subjects
The participants of the two interventional studies were recruited through
advertisement in a local newspaper (Uppsala, Sweden) year 2000 (Paper I)
and year 2003 (Paper II-IV). All subjects completed a self-administered
questionnaire and underwent clinical assessment in order to collect data for
inclusion or exclusion in the studies. Instructions were given to all subjects
to keep their food habits and the level of physical activity stable during the
study. Subjects with cancer, known CVD, acute inflammatory, thyroid, liver
or kidney disease were excluded, as well as subjects with a high intake of
alcohol or with medication that could affect antioxidative or oxidative status.

Paper I
Overweight or obese men 35-65 years old with a BMI of 25-40 were included in the study. Subjects with diabetes as well as smokers were excluded. Antioxidant supplementation was not allowed during one year prior
to the study start. A total of 60 subjects participated in the study.

Paper II-IV
The participants were to have type 2 diabetes treated with either diet or diet
and oral hypoglycaemic medication. Additional inclusion criteria were glycated hemoglobin (HbA1c) levels <10 %, age between 40 and 75 years, BMI
<35 kg/m2 and a stable body weight during the last three months before entering the study. However, three subjects with BMI >35 kg/m2 but 37 kg/m2
were included in the study as they in all other aspects fulfilled the inclusion
criteria. Subjects with insulin dependent diabetes were excluded as well as
those with medication that could affect inflammatory status. Patients treated
with non-steroidal anti-inflammatory drugs were excluded but those with
low dose (75 mg) acetylsalicylic acid (ASA) treatment were allowed to participate in the study. The subjects were instructed to stop any antioxidant
supplementation at least one month before the start of the study. Fifty-sex
subjects were included in the cross-sectional studies (Paper II and III) before
inclusion in the interventional study. Forty-seven subjects were enrolled in
and forty completed the interventional study presented in Paper IV. One
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treatment arm of the interventional study was not included in this thesis,
namely sixteen people who consumed tomato juice only.

Study design
Paper I
The intervention, performed during 6 weeks between April and June 2000,
had a parallel randomised double-blind and placebo-controlled design. The
participants were randomly divided into three test groups. The control group
(n=20) consumed eight placebo capsules, the single dose group (n=21) consumed four antioxidant capsules and four placebo capsules, and the double
dose (n=19) group consumed eight antioxidant capsules per day. Four capsules were consumed at breakfast and dinner respectively. Four antioxidant
capsules contained amounts of extracts with antioxidant quantities approximately corresponding to 500 g fruit, berries and vegetables (Table 3).

Paper II-III
The studies had a cross-sectional design and used baseline data obtained
from the interventional study presented in Paper IV.

Paper IV
The intervention had a parallel randomised double-blind and placebocontrolled design. The study was performed during 12 weeks between March
and June 2003, followed by an 8-week washout period. The participants
were randomly divided into three test groups. The control group (n=13) consumed sixteen placebo capsules, the single dose group (n=13) consumed
eight antioxidant capsules and eight placebo capsules, and the double dose
group (n=14) consumed sixteen antioxidant capsules per day. Eight capsules
were consumed at breakfast and dinner, respectively.

Ethical considerations
The studies were conducted according to the guidelines laid down in the
Declaration of Helsinki and all procedures involving patients were approved
by the Ethical Committee of the Medical Faculty at Uppsala University,
Sweden. Written informed consents were obtained from all patients.
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Antioxidant supplement
The antioxidant supplement capsules used in paper I and IV contained antioxidants mainly extracted from fruit, berries, and vegetables. The capsules
were supplied by Semper AB (Stockholm, Sweden). Standardised extracts
were used to ensure stable concentrations of specific antioxidative compounds in the supplement. One or several antioxidants were used for standardisation of the extract.
Table 3. Characterisation of antioxidant supplements used in Paper I and IV
Ingredient

Antioxidant content/capsule

Corresponds to

Green tea extract

40 mg

Catechins

37 mL green tea

Vegetable oil
concentrate

5 mg
0.36 mg
8 mg
22 mg

α-Tocopherol
β-Tocopherol
δ-Tocopherol
γ-Tocopherol

42 g soy oil

Rosehip extract

22.5 mg

Ascorbic acid

125 mL rosehip soup

Rutin

15 mg

Rutin

25 g lingonberry +
25 g blackcurrant +
50 mL black tea

Grape seed extract

12 mg

Proanthocyanidins

32 mL red wine

Citrus extract

10 mg

Flavanones + Flavones

20 mL orange grapefruit juice

Acerola extract

7.5 mg

Ascorbic acid

12% of RDI of vitamin C a

Cranberry extract

5.5 mg

Quinic acid

5 mL cranberry juice

Zinc sulphate

3.5 mg

Zinc

50% of RDI of zinc (women) a

Carrot extract

1 mg
2 mg

α-Carotene
β-Carotene

30 g carrot

Bilberry extract

1.5mg

Anthocyanidins

500 mg bilberry

Marigold extract

1 mg

Lutein

10 g spinach

Tomato extract

0.75 mg

Lycopene

30 g tomato

Artichoke extract

0.75 mg

Cynarin

500 mg artichoke

Thyme oil

30 μg
2 μg

Thymol
Carvacrol

300 mg fresh thyme

Selenium chelate
+ Selenium Yeast

25 μg

Selenium

50% of RDI of selenium (men) a

Garlic oil

Antioxidant not specified

a

RDI according to Nordic Nutrition Recommendation
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1.5 g garlic
(23)

The source of antioxidants and the composition of the antioxidant capsules
are shown in Table 3. Placebo capsules contained cellulose and paraffin oil
(Paper I) or paraffin oil (Paper IV). The antioxidant capsule and the placebo
capsule were identical in size, shape and colour and were pre-packed in daily
doses labelled with the day of consumption. The production and prepacking of the capsules were in accordance with Good Manufacturing Practice. The content of antioxidants in the capsules was verified by analyses
both at time of production and at study start.

Dietary data
A dietary survey was performed one week before study start (Paper II and
IV) and after 3 weeks of intervention (Paper IV) to examine if the participants food habits were influenced by taking part in the interventional study.
It included a pre-coded 3-day record book. Subjects were instructed to
record everything they ate during two weekdays and one day during a weekend. The food record used was a shorter modified version of a pre-coded 7day record book called “Menyboken”, validated (136) and used in two
nationwide dietary surveys in Sweden (24, 137). The food records were analysed with a computer program estimating food-groups and macro- and micronutrients. Vegetables, root-crops, fruits, berries, marmalade, jam and
stews, and preserves made of fruit, berries and root-crops were included in
the fruit and vegetable intake.

Sample and data collection
Data collections were made at study start, after the treatment period (Paper I
and IV) as well as after an 8-week washout period (Paper IV). Blood and
urine samples were drawn in the morning after an overnight fast. Systolic
and diastolic blood pressures (Paper II-IV) and anthropometric measurements were performed at the same occasion. Subjects received both oral and
written instructions to refrain from heavy physical activity and alcohol intake 24 hours prior to the clinical examination in order to eliminate the influence of exogenous exposure that could interfere with the effects from the
antioxidant supplementation.
Systolic and diastolic blood pressures (Paper II-IV) were measured with
an Aneroid Sphygmomanometer Blood Pressure Cuff (Umedico, 12x35) in a
supine position after a five minutes rest.
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Anthropometry
All anthropometric parameters were measured while the subjects wore light
indoor clothes but no shoes. The body weight was measured using a digital
scale to the nearest 0.1 kg and height to the nearest whole cm. The waist
circumference (waist) in cm was assessed midway between the lowest rib
and the iliac crest, in a supine position, using a non-stretchable tape measure.

Biochemical measurements
Metabolic control
Paper I
Serum triacylglycerol and cholesterol concentrations in serum were measured by enzymatic methods in a Monarch 2000 centrifugal analyser (Instrumentation Laboratories, Lexington, MA).
Paper II-IV
Blood glucose concentration was assessed by using an enzymatic technique
(HemoCue). HbA1c was assayed with HPLC. Plasma insulin was analysed
in a Coda Automated EIA Analyser (Bio-Rad Laboratories, CA, USA) by an
enzymatic immunological assay (Mercodia, Uppsala, Sweden). Serum triacylglycerol, high density lipoprotein (HDL) cholesterol and cholesterol
concentrations were measured in a Konelab 20 Clinical Chemistry Analyser
(Thermo Electron Corporation, Vantaa, Finland) by enzymatic colorimetric
methods (Thermo Electron Corporation,). The concentration of LDL cholesterol was calculated according to Friedewald et al (138).

Antioxidants
α- and γ-Tocopherols (Paper I, II and IV)
The serum concentrations of α-tocopherol and γ-tocopherol were analysed
with HPLC according to Öhrvall et al (79) and adjusted for the sum of triacylglycerol and cholesterol concentrations (139). Intra-assay coefficient of
variation (CV) for the method was 4.5 % for -tocopherol and 7.2 % for tocopherol.
Ascorbic acid (Paper II and IV)
Ascorbic acid concentration in plasma was measured fluorimetrically after
oxidation using ascorbate oxidase and derivatisation with 1-orthophenylenediamine (140, 141). Samples were stabilised by metaphosphoric
acid and stored at 70° C before analysis. Intra-assay CV for the method was
~ 4 % and inter-assay CV ~ 5 %. The detection limit was ~ 5 mol/L.
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Carotenoids (Paper I, II and IV)
The concentrations of carotenoids were analysed by adding ethanol to serum
in order to precipitate proteins. Thereafter, the carotenoids α-carotene, βcarotene, lycopene and lutein were extracted into hexane and evaporated
under nitrogen to dryness. The residue was re-dissolved in ethanol and the
carotenoids were identified by HPLC with a diode array detector using a
Chromolith Performance column (MERCK, Darmstadt, Germany). The mobile phase for the analysis was acetonitrile/dichloromethane/methanol
(72.5:2.5:25).
Plasma selenium (Paper I)
The plasma selenium concentration was analysed by electrothermal atomic
absorption spectrometry with Zeeman background correction (142).
Selenoprotein P (Paper I)
The plasma selenoprotein P (SeP) concentration was assayed with a radioimmunoassay (RIA) (143) and expressed in arbitrary units (a.u.) relative
to a standard of pooled plasma.

Oxidative stress biomarkers
F2-Isoprostanes (Paper I-IV)
Urinary concentrations of free 8-iso-PGF2, a major F2-isoprostane, were
analysed using a validated RIA developed by Basu (144). The intra-assay
CV was 14.5 % at low concentrations and 12.2 % at high concentrations.
The cross-reactivity of the 8-iso-PGF2 antibody with 15-keto-13,14dihydro-8-iso-PGF2, 8-iso-PGF2, PGF2, 15-keto-PGF2, 15-keto-13,14dihydro-PGF2, thromboxane B2, 11-PGF2, 9-PGF2 and 8-iso-PGF3 was
1.7, 9.8, 1.1, 0.01, 0.01, 0.1, 0.03, 1.8 and 0.6 % respectively. The detection
limit of the assay was 23 pmol/L. Concentrations of 8-iso-PGF2 were adjusted by urinary creatinine concentrations to correct for variations in the
glomerular filtration rate.
Malondialdehyde (Paper I-V)
Plasma concentrations of MDA were analysed by HPLC and fluorescence
detection including TBA reaction (145).
8-Oxo-7,8-dihydro-2´-deoxyguanosine (Paper I-IV)
For the analyses of 8-oxodG, DNA from lymphocytes and monocytes was
isolated using a cold work-up procedure followed by enzymatic hydrolysis.
The amount of 8-oxodG per undamaged 2’-deoxyguanosine (dG) was measured using electrochemical and ultraviolet detection after separation of the
nucleosides with HPLC (146, 147).
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Formamido pyrimidine glycosylase sensitive sites (Paper I-IV)
Single strand breaks, alkali labile sites and oxidatively damaged purines,
specifically formamido pyrimidine-DNA glycosylase (FPG)-sensitive sites,
were measured in DNA from lymphocytes and monocytes. In paper I FPGsensitive sites were measured with a low alkaline version of the comet assay
as previously described by Johansson et al (148). In Paper II-IV FPGsensitive sites were analysed with a high alkaline version of the comet assay
(149) with some modifications (150).
Frequency of micronucleated erythrocytes (Paper II-IV)
The previously described flow cytometry-based micronuclei assay was used
for analysis of frequency of micronucleus human transferrin-positive reticulocytes (fMN-Trf-Ret) (62). The young erythrocytes were separated from
mature erythrocytes before analysis. The detection limit was approximately
0,2 of the background fMN-Trf-Ret of 1 ‰, i.e. 1 ‰ ± 0.2.
Nitrotyrosine (Paper III-IV)
The concentration of plasma nitrotyrosine was assayed by a commercially
available enzymatic immunological assay (Bioxytech, OxisResearch).

Inflammatory biomarkers
Interleukin-6 (Paper II-IV)
IL-6 in plasma was assessed using a high sensitivity ELISA kit (IL-6 HS,
R&D Systems, Minneapolis, MN). Standards and samples were pipetted into
a microtitre plate coated with monoclonal antibody against IL-6. After incubation and washing, enzyme substrate solution was pipetted and followed by
anti-IL-6 antibody. The colour reaction was proportional to the bound IL-6.
The total CV of the method was 7 % and inter-assay CV was 5 %.
High sensitivity C-reactive protein (Paper II-IV)
High sensitivity CRP (hsCRP) in plasma was analysed using a latex enhanced reagent (Dade Behring, Deerfield, IL, USA) and a Behring BN
ProSpec analyser (Dade Behring). The intra-assay CV of the hsCRP method
was 1.4 % at both 1.23 mg/L and 5.49 mg/L.
Prostaglandin F2-metabolite (Paper II-IV)
15-keto-dihydro-PGF2, a major metabolite of primary PGF2 was measured
in urine by a validated RIA developed by Basu (151). The intra-assay CV
was 12.2 % at low concentrations and 14.0 % at high concentrations. The
cross-reactivity of the antibody with PGF2, 15-keto-PGF2, PGE2, 15-keto13,14-dihydro-PGE2, 8-iso-15-keto-13,14-dihydro-PGF2, 11-PGF2, 9PGF2, TXB2 and 8-iso-PGF3 was 0.02, 0.43, <0.001, 0.5, 1.7, <0.001,
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<0.001, <0.001, 0.01 %, respectively. The detection limit was 45 pmol/L.
Concentrations of 15-keto-dihydro-PGF2 were adjusted by urinary creatinine concentrations to correct for variations in the glomerular filtration rate.

Other assays
Creatinine (Paper II-IV)
Creatinine concentration was analysed in urine samples by a colorimetric
method using IL Test creatinine, 181672-00 in a Monarch 2000 centrifugal
analyser (Instrument Laboratories, Lexington, MA, USA).

Statistical analyses
The statistical software JMP version 3.2 (SAS Institute, Cary, N.C., USA)
was used for statistical analyses. Probability values less than 0.05 were considered as significant (unless otherwise stated). All tests were two-tailed.

Paper I, III and IV
Variables with skewed distribution (Shapiro Wilks W test <0.95) were transformed with natural logarithms before analyses. Nonparametric tests were
used for variables that were not normally distributed after logarithmic transformation. Differences between treatment groups were analysed by one-way
ANOVA test or Kruskal-Wallis test followed by unpaired t-test or Wilcoxon
two-sample test when required. The Pearson’s or Spearman’s correlation
coefficient was calculated when analysing relations between continuous
variables. Analysis of covariance was used in Paper I and IV to adjust for
potential confounders. Willets residual method was used to adjust for potential confounders for variables in this thesis that were not normally distributed
(Paper I and IV).

Paper II
Spearman’s correlation coefficient was calculated when analysing correlations. Probability values of <0.01 were considered as significant to reduce
risk of false positive significances due to multiple analyses. In the correlation analyses including oxidative stress or inflammation probability values of
<0.05 were regarded as significant after correction with Bonferroni-Holm
(152). This correction was performed in order to find the significant correlations between 0.05 and 0.01 that were not false positive correlations.
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Results

Results Paper I
Table 4 shows the clinical characteristics at baseline for the 60 participants
in the study. No significant differences were observed between the three
treatment groups at the start of the study and it is concluded that there was a
random distribution of individuals in the three different groups at the start of
the study. Two subjects had serum - and -carotene levels that were classified as outliers. Excluding these two subjects did not alter the results of the
intervention. Thus, all presented data and statistical analyses included 60
subjects. Eleven subjects used antihypertensive drugs, three lipid lowering
drugs and four anticoagulant drugs.
Table 4. Baseline clinical characteristics of participants (60 subjects)
Variables

Mean (SD)

Median

Range

Age (year)

52 (8)

54

36-66

Weight (kg)

92.7 (10.2)

91.1

78.4-120.9

Waist (cm)

100.2 (6.9)

100.0

87.5-118.0

BMI (kg/m2)

28.8 (2.7)

28.4

24.3-37.7

Triacylglycerol (mmol/L)

1.5 (0.6)

1.4

0.6-3.2

Cholesterol (mmol/L)

5.9 (0.9)

5.8

4.0-8.4

1.23 (0.18)

1.23

0.84-1.77

γ-Tocopherol (mg/mmol)

0.09 (0.03)

0.08

0.03-0.19

α-Carotene (mg/L)

0.08 (0.06)

0.07

0.02-0.43

α-Tocopherol (mg/mmol)

β-Carotene (mg/L)

0.27 (0.20)

0.19

0.09-1.20

Lycopene (mg/L)

0.25 (0.12)

0.23

0.08-0.58

Lutein (mg/L)

0.16 (0.07)

0.14

0.06-0.36

Selenium (g/L)

94.0 (20.1)

91.8

46.1-149.3

SeP (a.u.)

1.30 (0.17)

1.29

0.83-1.81

8-Iso-PGF2 (nmol/mmol crea)

0.14 (0.04)

0.14

0.08-0.33

MDA (mol/L)

0.55 (0.11)

0.52

0.35-0.99

8-oxodG/106 dG

0.74 (0.34)

0.69

0.22-2.15

FPG-sensitive sites (tail moment)

27.7 (5.9)

27.1

12.1-38.7
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Effect of intervention
The influence of the intervention on plasma antioxidant concentrations are
presented in Figure 2-5. Both the single dose group and the double dose
group showed elevated levels of all measured plasma antioxidants compared
with control group, except for -tocopherol, indicating generally good bioavailability of antioxidants in the supplement and compliance with the supplementation regimen. The increased concentrations of -tocopherol, carotene, -carotene, lycopene, and SeP were higher in the double dose
group than in the single dose group. The increased concentrations of lutein
and plasma selenium were, however, not significantly different between the
two groups receiving active treatment.

A.

B.

-Tocopherol

150%

150%

100%

100%

-Tocopherol
142%
75%

50%

50%

0,3%

1,6%

15%

2,1%
0%

0%
Placebo

Single dose

Placebo

Double dose

Single dose

Double dose

Figure 2. The relative change (%) from baseline to 6 weeks in serum levels of
(A) -tocopherol and (B) -tocopherol.
(A): Placebo vs Single dose P=n.s. Placebo vs Double dose, P=n.s. Single dose vs Double
dose P=n.s.
(B): Placebo vs Singel dose P=0.0008, Placebo vs Double dose, P<0.0001, Single dose vs
Double dose P=0.003.

C.

-carotene

D.
352%

400%
300%

400%

149%

300%

200%

200%

97%

100%

37%

100%

0%
-100%

-carotene

0%

-26%
Placebo

-100%
Single dose

Double dose

-33%
Placebo

Single dose

Double dose

Figure 3. The relative change (%) from baseline to 6 weeks in serum levels of
(C) -carotene and (D) -carotene.
(C): Placebo vs Single dose P<0.0001, Placebo vs Double dose P<0.0001, Single vs Double
dose P<0.0001.
(D): Placebo vs Singel dose P<0.0001, Placebo vs Double dose P<0.0001, Single dose vs
Double dose P<0.0001.
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E.

Lycopene

50%

F.
35%

25%

Lutein

50%

18%

25%

-23%

7%

41%

-13%

0%

0%

-25%

-25%
Placebo

Single dose

Double dose

Placebo

Single dose

Double dose

Figure 4. The relative change (%) from baseline to 6 weeks in serum levels of
(E) lykopene and (F) lutein.
(E): Placebo vs Single dose P<0.0001, Placebo vs Double dose P<0.0001, Single dose vs
Double dose P=0.03.
(F) : Placebo vs Single dose P<0.0001, Placebo vs Double dose P<0.0001, Single dose vs
Double dose P=n.s.

G.

Plasma selenium
22%

30%

30%

21%

15%

20%

Selenoprotein P

H.

20%

12%
10%

10%

1%

2%
0%

0%
Placebo

Single dose

Double dose

Placebo

Single dose

Double dose

Figure 5. The relative change (%) from baseline to 6 weeks in plasma levels of
(G) selenium and (H) selenoprotein P.
(G): Placebo vs Single dose P=0.0002, Placebo vs Double dose P<0.0001, Single dose vs
Double dose P=n.s.
(H): Placebo vs Single dose P<0.0001, Placebo vs Double dose P<0.0001, Single dose vs
Double dose P=0.04.
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Changes of BMI, weight, serum triacylglycerol or cholesterol did not differ
between any of the three treatment groups after the intervention. No changes
of concentrations of lipid peroxidation (8-iso-PGF2 and MDA) or oxidative
damage to DNA (8-oxodG and FPG-sensitive sites) were observed in the
single or double group compared with the control group after 6 weeks of
antioxidant supplementation (Table 5).
Table 5. Biomarkers of oxidative stress at baseline and after 6 weeks of intervention
in the three treatment groups a
Variables

Baseline
Mean (SD)

6 weeks
Mean (SD)

Absolute
change
Mean (SD)

Pb

8-Iso-PGF2
(nmol/mmol crea)

Placebo
Single dose
Double dose

0.14 (0.03)
0.15 (0.04)
0.15 (0.05)

0.18 (0.07)
0.17 (0.08)
0.17 (0.13)

0.037 (0.057)
0.020 (0.068)
0.025 (0.092)

n.s.
n.s.

MDA
(mol/L)

Placebo
Single dose
Double dose

0.56 (0.09)
0.55 (0.13)
0.52 (0.09)

0.54 (0.13)
0.51 (0.16)
0.53 (0.16)

-0.020 (0.111)
-0.042 (0.123)
0.001 (0.150)

n.s.
n.s.

8-oxodG/106 dG

Placebo
Single dose
Double dose

0.67 (0.29)
0.77 (0.43)
0.76 (0.28)

0.66 (0.23)
0.82 (0.31)
0.71 (0.38)

-0.009 (0.323)
0.050 (0.333)
-0.048 (0.467)

n.s.
n.s.

Placebo
Single dose
Double dose

27.4 (6.0)
28.0 (5.8)
27.6 (6.2)

29.9 (4.0)
28.9 (6.4)
26.4 (3.3)

2.42 (7.70)
0.90 (7.98)
-1.18 (6.79)

n.s.
n.s.

FPG-sensitive sites
(tail moment)
a
b

Control group n=20, single dose group n=21, double dose group n=19.
Comparison of absolute change between single or double dose group, and control group
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Results Paper II-III
Characteristics
Fifty-six patients with type 2 diabetes participated in the study. The clinical
characteristics, and the level of antioxidants in plasma, biomarkers of oxidative stress and indicators of inflammation are shown in Table 6. In studies
investigating low-grade inflammation a maximum CRP-level of 10 mg/L is
used to eliminate the influence of acute inflammatory diseases. Levels both
with and without hsCRP >10 mg/L are shown in Table 6.
Women had higher levels of all measured plasma antioxidants than men,
except for -tocopherol and lycopene. Sexes differed in weight (men were
heavier than women), and cholesterol, HDL and LDL cholesterol (women
had higher levels than men). Women had higher concentrations of 8-isoPGF2 and nitrotyrosine while men had a higher level of the inflammatory
indicator IL-6. Smokers had higher IL-6 levels compared to non-smokers.
Twenty-one subjects were treated with diet only for their diabetes. Thirtyfive subjects were treated with diet plus anti-diabetic medication; seven subjects with biguanides, five with sulfonylureas or other compounds stimulating insulin production, thirteen with both types while ten did not report
which type of antidiabetic medication they used. No subjects were treated
with thiazolidinediones (glitazones). Subjects treated with diet only had lower levels of blood glucose and HbA1c compared with subjects on antidiabetic medication. These subjects also had a lower frequency of micronucleated erythrocytes and a tendency to a lower level of 8-oxodG compared
with subjects treated with anti-diabetic medication.
Thirty-one subjects used antihypertensive treatment, 23 lipid lowering
treatment and 15 treatment with low dose ASA.
The result of the dietary survey is presented in Table 7. Intake of fruit and
vegetables, and intake of dietary antioxidants was in accordance with the
recommendations (11, 23), except for vitamin E and selenium for males,
which were lower than the recommended level. Sexes did not differ in dietary intake when corrected for energy intake.
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Table 6. Clinical characteristics and level of antioxidants, biomarkers of oxidative
stress and indicators of inflammation
Variables

Mean (SD) and No

Subjects (women/men)

56 (30/26)

Non-smokers/smokers

48/8

Median

Range

Diabetic treatment (diet/diet + medication)

21/35

Age (year)

62 (7)

63

46-75

Weight (kg)

81.9 (13.8)

83.1

54.9-114.5

Waist (cm)

100 (11)

100

70-127

BMI (kg/m )

28.3 (3.8)

28.1

19.7-37.2

Systolic blood pressure (mmHg)

143 (14)

141

117-179

2

Diastolic blood pressure (mmHg)

78 (9)

79

60-95

Triacylglycerol (mmol/L)

1.7 (0.9)

1.5

0.5-4.8

LDLcholesterol (mmol/L)

2.9 (0.9)

2.8

1.1-5.3

HDL cholesterol (mmol/L)

1.1 (0.2)

1.0

0.6-1.8

Cholesterol (mmol/L)

4.7 (1.0)

4.6

2.6-7.3

Blood glucose (mmol/L)

7.8 (2.3)

7.4

4.1-14.6

HbA1c (%)

6.1 (0.9)

6.0

4.7-8.0

Insulin (mU/L)

11.6 (6.7)

9.1

3.6-28.6

α-Tocopherol (mg/mmol)

2.03 (0.32)

2.02

1.46-3.48

γ-Tocopherol (mg/mmol)

0.10 (0.04)

0.09

0.03-0.22

Ascorbic acid (mol/L)

34.0 (12.0)

33.3

13.2-62.8

α-Carotene (mg/L)

0.11 (0.15)

0.06

0.01-0.98

β-Carotene (mg/L)

0.28 (0.38)

0.18

0.04-2.58

Lycopene (mg/L)

0.17 (0.08)

0.16

0.01-0.37

Lutein (mg/L)

0.11 (0.05)

0.11

0.04-0.28

8-Iso-PGF2 (nmol/mmol crea)

0.19 (0.09)

0.17

0.06-0.56

MDA (μmol/L)

0.68 (0.08)

0.66

0.52-0.85

8-oxodG/106 dG

0.96 (0.45)

0.88

0.19-2.97

FPG-sensitive sites (% tail)

30.2 (15.1)

28.4

6.8-65.6

fMN-Trf-Ret (‰) a

0.90 (0.50)

0.78

0.21-2.28

Nitrotyrosine (nmol/L) a

245 (401)

76.5

1-1500

IL-6 (ng/L)

2.5 (2.2)

1.8

0.4-11.2

hsCRP (mg/L) b

2.5 (2.4)

1.8

0.2-9.5

hsCRP (mg/L)

3.1 (4.2)

1.8

0.2-27.6

0.24 (0.10)

0.24

0.08-0.68

15-Keto-dihydro-PGF2 (nmol/mmol crea)
a

38 subjects
b
54 subjects, CRP <10 mg/L

37

Table 7. Dietary intake calculated from the 3-day dietary survey a
Dietary intake per day

Mean (SD)

Median

Range

Recommendations b

Energy (kJ)

8488 (2148)

8024

5226-13722

-

Proteins E%

17.4 (2.3)

17.5

12.5-22.5

10-20

Fats E%

31.4 (5.7)

31.7

18.8-44.6

25-35

Carbohydrates E%

48.1 (7.0)

48.0

32.8-67.2

50-60

Vitamin E ( -TE) c

9.7 (7.1)

8.1

4.3-53.5

8/10 d

-Tocopherol (mg)

9.2 (7.0)

7.6

4.1-52.8

Vitamin C (mg)

131.1 (77.9)

111.4

43.0-376.4

75

β-Carotene (mg)

3.7 (2.6)

3.3

3.7-16.3

not established

Selenium (μg)

44 (12)

42

22-68

40/50 d

Zinc (mg)

12.2 (3.1)

11.8

6.14-18.8

7/9 d

Fruit and vegetables (g)

502 (323)

427

92-2054

500

a

53 subjects
Nordic Nutrition Recommendations (23)
c
-TE = α-Tocopherol equivalents
d
Women/Men
b

Relationships between dietary intake, plasma antioxidants and
indicators of oxidative stress and inflammation (Paper II)
Dietary intake of β-carotene, vitamin E and vitamin C were positively associated to intake of fruit and vegetables. Table 8 presents the observed associations between fruit and vegetable intake, dietary antioxidant intake and
plasma antioxidants. Strong positive associations were observed between
fruit and vegetable intake and serum - and -carotene concentrations. Dietary -carotene intake was strongly positively associated to serum - and carotene concentrations. Several positive associations between the measured
plasma antioxidants were found, especially between the different carotenoids
and between ascorbic acid and -carotene (data not shown).
The observed associations between dietary or plasma antioxidants, and
biomarkers of oxidative stress or inflammation are presented in Table 9.
Fruit and vegetable intake was negatively related to DNA damage (FPGsensitive sites) and lipid peroxidation (8-iso-PGF2), and dietary vitamin C
was inversely associated with lipid peroxidation (8-iso-PGF2). Serum γtocopherol and ascorbic acid were inversely associated with MDA and 8oxodG, respectively. All measured serum carotenoids were inversely related
to IL-6.
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Table 8. Correlations between dietary intake (per energy unit) and plasma antioxidants
Dietary intake/energy unit

Plasma antioxidant

Fruit and vegetable

γ-Tocopherol

-0.43

0.001

α-Carotene

0.40

0.003

β-Carotene

Vitamin C

P

r

β-Carotene

0.44

0.001

γ-Tocopherol

-0.51

<0.0001

α-Carotene

0.64

<0.0001

β-Carotene

0.66

<0.0001

α-Tocopherol

0.38

0.005

γ-Tocopherol

-0.36

0.008

α-Carotene

0.36

0.008

β-Carotene

0.41

0.003

Two participants who did not stop taking food supplements until 1-2 weeks
before study start were excluded to eliminate effects from undesired intake
of antioxidants. This elimination resulted in 54 subjects being included in the
statistical analyses. Of these, 53 subjects (28 women and 25 men) had performed the dietary survey and were included in the dietary data analyses.
Fifty-one subjects (27 women and 24 men) had a concentration of hsCRP
<10 mg/L and were included in the correlation analyses of relations between
antioxidants (dietary and plasma) and inflammatory variables.
Table 9. Correlations between dietary intake (per energy unit)/plasma antioxidants
and oxidative stress/inflammatory biomarkers
Oxidative stress or
Inflammation biomarkers

r

P

Dietary intake (per energy unit)
Fruit and vegetables

FPG-sensitive sites

-0.27

0.049

Fruit and vegetables

8-Iso-PGF2

-0.28

0.044

Vitamin C

8-Iso-PGF2

-0.33

0.015

γ-Tocopherol

MDA

-0.29

0.037

Ascorbic acid

8-oxodG

-0.29

0.037

α-Carotene

IL-6

a

-0.41

0.002

β-Carotene

IL-6 a

-0.36

0.008

Lycopene

IL-6

a

-0.28

0.045

Lutein

IL-6 a

-0.30

0.033

a

-0.31

0.023

Plasma antioxidants

γ-Tocopherol
a

CRP

Patient with CPR >10 mg/L excluded from the analyse
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Relationships between glycaemic control, antropometry and
indicators of oxidative stress and inflammation (Paper III)
Blood glucose as well as HbA1c were positively correlated to urinary 8-isoPGF2α (Figure 6). A positive correlation was seen between HbA1c and nitrotyrosine (r=0.43, P=0.010) and a negative correlation between HbA1c and
MDA (r=-0.32, P=0.017). Waist, BMI and weight were all correlated positively with hsCRP (Table 10).

Figure 6. Correlations between glycaemic control and isoprostanes.
(A): Blood glucose - 8-iso-PGF2. (B): HbA1c - 8-iso-PGF2.

Some correlations were found between biomarkers of oxidative stress and
inflammation. A negative correlation was observed between 8-iso-PGF2 and
MDA (r=-0.33, P=0.012). The two inflammatory indicators hsCRP and IL-6
showed a strong positive association (r=0.61, P<0.0001). A positive correlation was also seen between the biomarker of oxidative stress, 8-iso-PGF2
and the COX-mediated inflammatory product, 15-keto-dihydro-PGF2α
(r=0.27, P=0.048). Excluding smokers (n=8) from the correlation analysis
did not change the main results but decreased the power of the analyses. No
change in the main results of correlation analyses was found when studying
the subjects treated with diet only or with diet plus anti-diabetic medication
separately. However, one exception was a strong positive association between FPG-sensitive sites and blood glucose (r=0.70, P=0.0004) in subjects
treated with diet only.
In Paper III all statistical analyses were performed with and without two
subjects with hsCRP >10 mg/L. Since the analyses did not show any principal differences in results, the presented results in Paper III include all 56
subjects.
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Table 10. Correlations between indicators of obesity
and inflammatory markers
r

P

Weight – CRP

0.36

0.006

Waist – CRP

0.37

0.005

BMI – CRP

0.32

0.016

Relationships between dietary intake, antioxidants and
glycaemic control (Paper II and III)
Fruit and vegetable intake as well as dietary intake of vitamin C were inversely correlated to plasma glucose (r=-0.37, P=0.005, r=-0.30, P=0.026
respectively). Serum -Carotene was negatively associated to insulin
(r=-0.31, P=0.018). -Tocopherol was positively correlated with insulin
(r=0.27, P=0.042).
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Results Paper IV
Out of 47 enrolled subjects, 40 completed the study. Reasons for withdrawal
were gastrointestinal problems, nausea, lack of time and ear disorders. Excluding one subject classified as outlier for triacylglycerides did not alter the
results of the intervention. The statistical analyses were performed with and
without two subjects with hsCRP >10 mg/l since studies investigating lowgrade inflammation use a maximum CRP-level of 10 mg/l to eliminate the
influence of acute inflammatory response, but the two analyses did not show
any differences in results. All presented data and statistical analyses therefore include 40 subjects.

Baseline characteristics
Baseline characteristics are presented in Table 11. The three groups were
well-matched except for age. The mean age in the double dose group was
somewhat higher than in the single dose and control groups.
Table 11. Baseline characteristics of the participants given as mean (SD) or No
Variable

Control group

Single dose group

Double dose group

Subjects (women/men)

7/6

6/7

9/5

Non-smokers/Smokers

12/1

11/2

11/3

Diabetic treatment
(diet/diet+medication)
Age (years)

3/10

5/8

8/6

60 (7)

58 (6)

67 (5)

Weight (kg)

83.1 (17.1)

86.8 (13.6)

75.6 (12.7)

Waist (cm)

99.4 (12.9)

103.8 (10.0)

94.2 (8.9)

BMI (kg/m2)

28.5 (3.9)

29.5 (3.8)

27.1 (3.7)

Systolic blood pressure
(mmHg)
Diastolic blood pressure
(mmHg)
Triacylglycerol (mmol/L)

145 (12)

138 (10)

143 (14)

77 (11)

78 (8)

74 (9)

1.8 (1.1)

1.6 (0.5)

1.4 (0.7)

LDL cholesterol (mmol/L)

2.8 (0.9)

3.1 (1.0)

2.9 (0.8)

HDL cholesterol (mmol/L)

1.1 (0.2)

1.0 (0.2)

1.2 (0.2)

Cholesterol (mmol/L)

4.7 (1.0)

4.8 (1.1)

4.7 (0.9)
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There was no difference concerning mean energy intake, fat E%, protein
E%, carbohydrate E%, fibre intake or intake of fruit and vegetables between
the three groups at baseline, except a somewhat higher intake of fruit and
vegetables in the double dose group compared with control group

Effect of intervention
With the exception of -tocopherol, the single as well as the double dose
group showed elevated levels of all measured plasma antioxidants after the
intervention compared to the control group (Table 12). The increase in tocopherol and lycopene concentrations was higher in the double dose group
than in the single dose group following treatment. The increased concentrations of ascorbic acid, -carotene, -carotene and lutein did, however, not
differ between the two groups receiving active treatment. No change in food
habits was observed during the intervention when comparing the three
groups.
Table 12. Plasma concentrations of antioxidants at baseline and after 12 weeks of
intervention in the three treatment groups a
Variable

-Tocopherol
(mg/mmol)
-Tocopherol
(mg/mmol)
Ascorbic acid
(mol/L)
-Carotene
(mg/L)
-Carotene
(mg/L)
Lycopene
(mg/L)
Lutein
(mg/L)

- Placebo
- Single dose
- Double dose
- Placebo
- Single dose
- Double dose
- Placebo
- Single dose
- Double dose
- Placebo
- Single dose
- Double dose
- Placebo
- Single dose
- Double dose
- Placebo
- Single dose
- Double dose
- Placebo
- Single dose
- Double dose

Baseline
Mean (SD)

Week 12
Mean (SD)

Absolute change
Mean (SD)

2.00 (0.24)
1.93 (0.24)
2.01 (0.31)
0.10 (0.04)
0.10 (0.04)
0.09 (0.04)
33.7 (11.4)
28.8 (12.5)
36.3 (9.6)
0.13 (0.26)
0.07 (0.05)
0.14 (0.16)
0.35 (0.69)
0.19 (0.12)
0.33 (0.31)
0.16 (0.07)
0.22 (0.08)
0.14 (0.08)
0.10 (0.02)
0.12 (0.06)
0.12 (0.06)

2.06 (0.24)
1.89 (0.35)
2.12 (0.32)
0.11 (0.03)
0.30 (0.09)
0.40 (0.10)
35.9 (15.0)
53.2 (12.9)
58.5 (10.3)
0.09 (0.18)
0.36 (0.15)
0.46 (0.21)
0.22 (0.40)
0.62 (0.35)
0.88 (0.49)
0.14 (0.05)
0.33 (0.10)
0.31 (0.13)
0.11 (0.04)
0.31 (0.17)
0.37 (0.27)

0.053 (0.241)
-0.038 (0.336)
0.105 (0.110)
0.005 (0.024)
0.199 (0.061) c
0.310 (0.088) c
2.14 (7.53)
24.36 (14.35)
22.16 (14.04)
-0.035 (0.083)
0.282 (0.138)
0.317 (0.159)
-0.127 (0.287)
0.431 (0.283)
0.551 (0.334)
-0.021 (0.047)
0.115 (0.057) c
0.172 (0.078) c
0.005 (0.040)
0.198 (0.155)
0.242 (0.232)

Pb

n.s.
n.s.
<0.0001
<0.0001
<0.0001
0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

a

Control group n=13, single dose group n=13, double dose group n=14.
Comparison of absolute change between single or double dose group, and control group
c
Significant difference between the single dose group and the double dose group (P<0.05)
b
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No changes in glycaemic control (Table 13), BMI or blood lipids were observed after the intervention in the single or double dose group compared
with the control group, except for a decreased level of HDL cholesterol in
the single dose group. In comparison to placebo, there were no changes in
biomarkers of oxidative stress (8-iso-PGF2α, MDA, 8-oxodG, FPG-sensitive
sites, fMN-Trf-Ret, nitrotyrosine) or inflammation (IL-6, hsCRP, 15-ketodihydro-PGF2) in subjects receiving antioxidant supplements (single and
double dose groups) after 12 weeks (Table 13). Adjustment for potential
confounders (weight change, HbA1c, age, sex and baseline values) did not
alter these observations.
The levels of -carotene and -carotene remained increased in the groups
receiving active treatment compared to the control group after 8 weeks of
wash-out. No changes of the other investigated plasma antioxidants and
biomarkers of oxidative stress and inflammation were observed in subjects
receiving antioxidant supplement compared with placebo at the end of the
washout period. Insulin, ascorbic acid, MDA, fMN-Trf-Ret and nitrotyrosine
were not measured after the washout phase.
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Table 13. Biomarkers of glycaemic control, oxidative stress and inflammation, at
baseline and after 12 weeks of intervention in the three treatment groups a
Variable

Pb

Baseline
Mean (SD)

Week 12
Mean (SD)

Absolute change
Mean (SD)

- Placebo
- Single dose
- Double dose

8.8 (2.2)
8.4 (3.0)
7.2 (1.4)

8.4 (1.7)
7.9 (2.3)
7.2 (1.0)

-0.39 (1.01)
-0.49 (1.93)
0.00 (0.76)

n.s.
n.s.

HbA1c
(%)

- Placebo
- Single dose
- Double dose

6.5 (0.8)
6.0 (1.0)
6.0 (0.6)

6.7 (1.0)
6.2 (1.2)
5.9 (0.7)

0.19 (0.35)
0.18 (0.38)
-0.03 (0.41)

n.s.
n.s.

Insulin
(mU/L)

- Placebo
- Single dose
- Double dose

11.3 (5.7)
13.1 (7.5)
9.5 (6.3)

10.9 (5.3)
12.0 (6.1)
7.8 (4.7)

-0.35 (2.72)
-1.08 (5.23)
-1.66 (3.60)

n.s.
n.s.

- Placebo
- Single dose
- Double dose

0.22 (0.14)
0.20 (0.07)
0.17 (0.07)

0.20 (0.11)
0.20 (0.08)
0.18 (0.06)

-0.018 (0.049)
-0.006 (0.066)
0.008 (0.036)

n.s.
n.s

MDA
(mol/L)

- Placebo
- Single dose
- Double dose

0.66 (0.09)
0.67 (0.08)
0.71 (0.09)

0.62 (0.07)
0.65 (0.06)
0.68 (0.09)

-0.043 (0.084)
-0.034 (0.061)
-0.025 (0.077)

n.s.
n.s.

8-oxodG/106 dG

- Placebo
- Single dose
- Double dose

1.00 (0.67)
0.97 (0.36)
0.84 (0.34)

1.56 (2.88)
0.89 (0.34)
1.05 (1.16)

-0.242 (0.738)
-0.082 (0.496)
0.207 (1.183)

n.s.
n.s.

FPG-sensitive sites
(% tail)

- Placebo
- Single dose
- Double dose

29.0 (16.0)
31.7 (13.7)
31.0 (13.3)

26.3 (7.7)
22.6 (5.8)
26.4 (6.1)

-2.72 (14.74)
-9.08 (15.68)
-4.62 (15.26)

n.s.
n.s.

fMN-Trf-Ret
(‰)

- Placebo
- Single dose
- Double dose

1.08 (0.58)
0.91 (0.56)
0.73 (0.30)

1.25 (0.54)
1.08 (0.89)
0.77 (0.31)

0.114 (0.349)
0.169 (0.426)
0.046 (0.186)

n.s.
n.s.

Nitrotyrosine
(nmol/L)

- Placebo
- Single dose
- Double dose

349 (493)
197 (312)
198 (402)

363 (491)
145 (186)
194 (404)

14.1 (183.9)
-52.5 (154.1)
-4.1 (16.1)

n.s.
n.s.

- Placebo
- Single dose
- Double dose

2.6 (2.7)
2.3 (1.9)
3.0 (2.9)

1.8 (1.1)
2.2 (1.7)
2.6 (2.7)

-0.82 (2.33)
-0.14 (1.21)
-0.39 (2.68)

n.s.
n.s.

hsCRP c
(mg/L)

- Placebo
- Single dose
- Double dose

1.7 (1.0)
2.1 (1.9)
3.1 (3.0)

1.5 (1.1)
2.5 (2.7)
2.5 (3.4)

-0.18 (0.66)
0.39 (1.49)
-0.54 (4.16)

n.s.
n.s.

15-Keto-dihydroPGF2
(nmol/mmol crea)

- Placebo
- Single dose
- Double dose

0.23 (0.07)
0.29 (0.14)
0.25 (0.05)

0.22 (0.06)
0.22 (0.07)
0.22 (0.05)

-0.014 (0.048)
-0.077 (0.156)
-0.026 (0.047)

n.s.
n.s.

Glycaemic control
Blood glucose
(mmol/L)

Oxidative stress
8-Iso-PGF2α
(nmol/mmol crea)

Inflammation
IL-6
(ng/L)

a

Control group n=13, single dose group n=13, double dose group n=14.
Comparison of absolute change between single or double dose group, and control group
c
38 subjects, CRP <10 mg/L
b
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Discussion

Observational studies have indicated that dietary antioxidants may play an
important role in risk reduction of chronic diseases potentially by affecting
various pathogenetic mechanisms, such as oxidative stress and inflammation
(12). Clinical trials investigating the effects of supplementation with a few
antioxidants in high doses have however, shown inconsistent results and thus
have not been able to confirm the observational findings (15, 96, 104).
Numerous different RS are generated in humans endogenously but also
environmental factors lead to the production of RS. These RS have the ability to cause many different types of tissue damage. Consequently, it might
have been too optimistic to presume that one or few antioxidants when added to the diet could show clear health protective effects. Nature has developed a cascade of different phytochemicals that are present in food, many of
them possessing antioxidative properties. A combination of antioxidants may
work through additive and synergistic mechanisms, targeting different RS
and being biologically active in different cellular compartments.
A high intake of fruit and vegetables may facilitate the beneficial interactions between antioxidants while at the same time not disturbing the balance
between different antioxidants included in the complex antioxidant network
in the body. On the other hand, too high doses of antioxidants might interfere
with the generation of RS that are needed for beneficial functions in the body
(such as apoptosis in precancerous cells and normal immune response) and
might in some situations cause prooxidative effects (153). This might be
avoided by giving lower doses of combinations of antioxidants similar to
those found in a diet rich in fruit and vegetables.
The present thesis investigated the hypothesis that a supplement containing a combination of antioxidants trying to resemble the range of antioxidants found in fruit and vegetables at moderate doses might act beneficially
in subjects expected to display increased oxidative stress and low grade inflammation. The possible influence on plasma antioxidants, lipid peroxidation and oxidative damage to DNA were measured in overweight men. The
same analyses together with biomarkers of protein oxidation, inflammatory
markers and glycaemic control were also performed in type 2 diabetes patients.
Paper I could not demonstrate that the antioxidant supplementation had
any significant effects on oxidative stress in moderately overweight men.
Even though the dose was doubled in paper IV and the chosen study group
46

was expected to have higher levels of oxidative stress (type 2 diabetes patients) and even though the measurement of glycaemic control, inflammation
and additional markers of oxidative stress were included, no effect could be
shown. The lack of effects on biomarkers of oxidative stress and inflammation in Paper I and IV were observed despite of noticeably increased concentrations of plasma antioxidants.

Antioxidants and oxidative stress
Several previous studies have investigated whether antioxidants can influence oxidative stress. The effect of different doses of -tocopherol supplementation on F2-isoprostane concentrations in healthy subjects seems to be
absent (154, 155), while decreased isoprostane concentrations have been
observed in patients with elevated levels at baseline, e.g. patients with diabetes (46) and with hypercholesterolemia (50). Vitamin C supplementation
has been shown to decrease the levels of 8-iso-PGF2 in overweight smokers
(156). Studies of the effect of fruit and vegetables on isoprostane concentrations in healthy subjects do not generally suggest an influence on 8-isoPGF2 formation (157-159). However one study, investigating an increased
fruit and vegetable intake during 2 weeks in women at risk of breast cancer,
showed decreased concentrations of 8-iso-PGF2 and 8-oxodG concentrations while no effect was observed on the MDA concentration (160). In a
group of healthy men, decreased concentrations of MDA were only shown in
the group with highest initial concentration of MDA after 12 weeks of supplementation with vitamin E, vitamin C, -carotene and selenium (161).
MDA was reduced and the glycaemic control (HbA1c and blood glucose)
improved in type 2 diabetes patients in a 2-month interventional study with
dietary treatment. The treatment included dietary advice and resulted in an
increased intake of vitamin C and increased concentrations of plasma antioxidants (ascorbat, -carotene and -tocopherol) (162).
It has been suggested that intake of antioxidants is connected to decreased
levels of oxidatively damage DNA in white blood cells even though the effect does not appear to be strong . However, it could not been shown that
antioxidants from food have more beneficial effects than multiple or single
antioxidants supplied as tablets (163). Our results are in line with two other
studies also investigating the effects of antioxidant combinations on oxidative damage to DNA. Dried fruit and vegetable juice concentrate were used
in a 14-week double-blind cross-over study including healthy middle-aged
subjects without any significant effect on 8-oxo-dG despite significant increased plasma antioxidant concentrations (164). In a parallel placebo controlled intervention 600 g of fruit and vegetables or a supplement containing
the corresponding amounts of vitamins and minerals were given to healthy
subject during 4 weeks. No effect on oxidative damage to DNA measured by
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the comet assay and as urinary 8-oxodG was shown (165). A supplement
including a number of fruit and vegetable extracts, resembling the one used
in this thesis, and given to subjects over 60 years of age, decreased the level
of DNA damage analysed by the comet assay after 80 days of intervention.
However, the trial was not placebo-controlled and information about the
amount of different antioxidants included in the extracts was missing (166).
Several associations were found at baseline between antioxidants (intake
as well as plasma level) and oxidative stress (Paper II). Fruit and vegetable
intake, dietary vitamin C and plasma ascorbic acid were all three inversely
associated with oxidative damage to DNA and lipid peroxidation in patients
type 2 diabetes patients. It might indicate that dietary antioxidants decrease
the level of oxidative stress. Block et al also reported inverse associations
between levels of lipid peroxidation and plasma antioxidants in healthy subjects. Plasma ascorbic acid showed a strong inverse relation with both F2isoprostanes and MDA. In addition, serum -carotene, a suggested biomarker of fruit and vegetable intake was inversely related to the level of F2isoprostanes (167). In contrast, no association between levels of F2isoprostanes and intake of vitamin C, tocopherols or -carotene was found in
men who were part in a large population-based study in Sweden (168). A
previous review by Möller et al concluded that there are both cross-sectional
studies showing inverse correlations, studies with null results and even studies reporting positive correlations between oxidatively damaged DNA and
antioxidant intake/level of plasma antioxidants (163). Although the results
are contradicting an inverse relation between antioxidants and oxidative
stress might still exist since food habits differ around the world, including
different food items with various contributions to the intake of antioxidants.
It might also be that subjects enrolled in the studies had relatively good antioxidative status, causing low correlation coefficients because of a narrow
range of antioxidant intake and plasma antioxidant concentrations.

Antioxidants and inflammation
In agreement with the results in Paper IV, Wu et al did not observe any effect on CPR or IL-6 when 500 mg -tocopherol or a mixture of tocopherols,
resembling the supplement and dose used in Paper IV, was given to type 2
diabetes patients for 6 weeks (169). Long-term supplementation (3 years)
with vitamin E (200 mg -tocopherylacetat) and/or vitamin C (500 mg) did
not affect the levels of CRP or IL-6 in healthy men either (170). Contradictory to these results, other studies have observed decreased levels of inflammatory markers. CRP and IL-6 concentrations declined after 3 months supplementation with -tocopherol in high doses (1200 IU -tocopherol/day) in
type 2 diabetes patients and matched healthy controls (171). Similar findings
were reported by Upritchard et al who showed a decreased CRP level in
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diabetes patients daily supplemented with 800 IU vitamin E (-tocopherol)
during 4 weeks, but not in those treated with 500 mg vitamin C or 500 ml
tomato juice (172). One reason for the inconsistent results may be that different doses and types of tocopherols were used in these studies. High doses
of -tocopherol might have the potential to modify the level of inflammation. A high intake of carotenoid rich fruit and vegetables given to healthy
men also reduced the plasma CRP after 4 weeks (173).
All measured serum carotenoids in Paper II were inversely associated
with the inflammatory marker IL-6. Since fruit and vegetable intake showed
strong positive associations with serum - and -carotene it is compatible
with the thought that a high intake of fruit and vegetables is associated with
anti-inflammatory effects. However, the direction of the inverse relationship
is uncertain, the increase in ROS formation from inflammation might cause
reduced levels of circulating antioxidants. Inverse associations between dietary or plasma antioxidants and inflammatory markers have also been reported by others. Plasma CRP concentrations were inversely associated with
serum carotenoids and selenium levels in men and women (174). Intake of
dietary vitamin C, plasma vitamin C levels and fruit intake showed inverse
associations with CRP levels in older men (175), and a higher frequency of
fruit and vegetable intake was associated with lower CRP levels in elderly
subjects (176).

Antioxidants and glycaemic control
Improved glycaemic control in type 2 diabetes patients have been reported
after vitamin E and vitamin C supplementation in some studies but not in
others. Supplementation with 900 mg -tocopheryl acetate daily for 4 month
improved insulin action (177). A daily intake of 900 -tocopherol for 3
months was observed to improve glycaemic control (178) but no improvement occurred after supplementation with 500 -tocopherol for 6 weeks
(179). Vitamin C appeared to have beneficial effects on glucose metabolism
after a daily intake of 1 gram during 4 month (180), it also improved glycaemic control after supplementation with 2 gram vitamin C/day for 90 days
(181). However, daily intake of 3 grams during 2 weeks did not lower
HbA1c and fasting glucose levels (182). Data on the effect of polyphenols
on glycaemic control is limited. No effect was found in type 2 diabetes patients after 2 months consumption of a supplement including antocyanidins,
hydroxycinnamic acids, flavanones and ascorbic acid (183).
Beneficial associations between dietary carotenoids and fasting plasma
glucose levels have been shown in men at high risk of developing type 2
diabetes (184). These results are in agreement with the findings in this thesis.
Inverse associations between intake of fruit and vegetables, as well as intake
of vitamin C, and level of blood glucose were observed in Paper II and III.
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Furthermore, serum -carotene showed an inverse relationship with insulin.
Since intake of fruit and vegetables showed strong positive associations with
intake of dietary vitamin C and serum beta-carotene (Paper II) it may suggest that a high intake of fruit and vegetable has a beneficial influence on
glycaemic control.

Glycaemic control, oxidative stress and inflammation
The results in Paper III indicate that glycaemic control and oxidative stress
are linked even in patients with relatively well-controlled type 2 diabetes.
This indicates that glycaemic control may affect the level of several biomarkers of oxidative stress, where some (8-iso-PGF2α and nitrotyrosine) may
be more sensitive to enhanced blood glucose levels than others (MDA, 8oxodG and FPG-sensitive sites).
The association between glycaemic control and lipid peroxidation has
previously been observed. Davi et al found a positive correlation between
blood glucose and 8-iso-PGF2α and an improved glycaemic control associated with a reduction of 8-iso-PGF2 concentrations in diabetic subjects
(46). However, Helmersson et al did not observe any associations between
glycaemic control and 8-iso-PGF2 (73). The inverse correlation between
HbA1c and MDA found in Paper III was opposite to observations by Altomare et al in patients with type 2 diabetes (54) who showed positive association between MDA and blood glucose, and normalised MDA levels after
insulin therapy. MDA is generally considered to be a less reliable biomarker
of lipid peroxidation which might explain the finding (185). A positive correlation between HbA1c and nitrotyrosine was observed at baseline in Paper
III. Ceriello et al could not verify such a correlation but observed a positive
association between nitrotyrosine and plasma glucose in diabetic patients
(67). No association between glycaemic control and oxidative damage to
DNA, measured as 8-oxodG or FPG-sensitive sites, was found in Paper III.
Other investigators have reported such associations in type 2 diabetes patients (82, 186). The diverse results between the studies might be due to differences in glycaemic control between the study populations. This is supported by results showing that patients with poor glucose control have higher
levels of oxidative damage to DNA than well-controlled subjects (82, 186).
It has also been found that improved glycaemic control (with help of antidiabetic medication) is associated with a lowering of oxidative stress (MDA)
but not decreased to levels found in the control group. Vitamin E supplementation caused a further reduction of oxidative stress (187). Similar results
were reported by Armstrong et al where 2 months dietary advice (according
to the dietary recommendations for people with diabetes) resulted in improved glycaemic control and decreased oxidative stress (MDA). The decreased level of oxidative stress was suggested to be due to both an im50

proved glycaemic control and an improved antioxidative status. The improved status might have been caused by an increased intake of antioxidants,
but also by decreased oxidative stress leading to lower consumption of antioxidants (162). Consequently, improvement of glycaemic control may have
an important role in lowering oxidative stress and antioxidant supplementation may contribute to further reduction.
The well-known association between low-grade inflammation and obesity
was confirmed in Paper III. CRP was positively associated with all investigated indicators of obesity (weight, BMI and waist), with waist showing the
strongest association. Similar findings have also been shown by others in
type 2 diabetes patients (93). As expected, a strong positive association between IL-6 and CRP was shown in Paper III.
Glycaemic control did not relate to any of the investigated inflammatory
markers in Paper III, findings which agree with Pickup et al (188). Contradictory observations were shown by Ford (93) who found that participants
with impaired fasting glucose and diabetes mellitus had higher odds ratio for
elevated CRP concentrations.

Fruit and vegetable intake and plasma antioxidants
A reliable biomarker for fruit and vegetable intake would be a helpful tool to
validate food intake from dietary assessment methods. Several biomarkers in
plasma such as carotenoids, folate, vitamin C and different flavonoids, have
been proposed in this context but all have several limitations. The intake of
fruit and vegetables generally varies between different countries which may
lead to variability in the correlations between individual fruit and vegetable
consumption and specific biomarker measured in plasma (189). The bioavailability of a marker can differ substantially between raw foods, cooked food,
food prepared in oil or supplements which may influence the strength of the
association with the dietary intake.
Serum levels of - and -carotene were positively associated with total
fruit and vegetable intake in Paper II. It supports the value of serum carotene and -carotene as biomarkers for fruit and vegetable intake in the
Swedish population. Several other studies have investigated the usefulness
of carotenoids as a biomarker for intake of fruit and vegetables. A randomised crossover study observed that plasma concentrations of -carotene
and -carotene changed markedly in parallel with the intake of mixed fruits
and vegetables (190). Andersen et al showed in an observational study that
serum -carotene is the best biomarker for intake of vegetables alone and for
total intake of fruit and vegetables in a population of Norwegian men (191).
The sum of plasma carotenoids was highly correlated to intake of fruit and
vegetables in another cross-sectional study in Minnesota. Among the carotenoids -carotene showed the highest correlation with both total fruit and
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total vegetable intake (192). In a multi-centre prospective cohort plasma cryptoxanthin levels predicted fruit intake, while -carotene levels predicted
root vegetables and carrot intake, and lycopene intake of tomato products.
These carotenoids have been shown to be appropriate biomarkers of specific
fruits and vegetables and might be a complement to food questionnaires
(193).
The positive correlations between several dietary antioxidants and their
plasma levels found in Paper II supports the reliability of the dietary survey
in Paper II and IV. As expected, several dietary antioxidants were positively
associated to the intake of fruit and vegetables.
The serum level of -tocopherol in European populations is 4-20 times
lower than the serum level of -topopherol, which is probably caused by an
intake ratio between : of 1:2 (25). It can be expected that the intake ratio in
Paper II was approximately the same. Serum levels of -tocopherol, but not
-tocopherol, increased in Paper I and IV. The observation was in line with a
previous study by Tomasch et al (194) who investigated the effect of a 2
week supplementation of two mixtures of - and -tocopherol in healthy
males. A high content of -tocopherol compared to -tocopherol (similar to
the supplement in this thesis) increased the serum level of -tocopherol but
not the serum level of -tocopherol. A low content of -tocopherol compared
to -tocopherol increased the serum level of -tocopherol but reduced the
serum level of -tocopherol. Other studies have also reported that tocopherol supplementation down-regulates the plasma level of -tocopherol
(195, 196). -Tocopherol and -tocopherol are equally absorbed by the intestine in humans but -tocopherol might be preferentially excreted in the bile
giving a rapid turnover while -tocopherol is suggested to be preferentially
incorporated in very low density lipoprotein (VLDL) secreted from the liver
(196). This might explain the differences in serum levels of tocopherols.
Serum levels of -tocopherol showed a positive association, and tocopherol a negative association, with intake of fruit and vegetables in Paper II. The serum -tocopherol was, however, positively associated to CRP
and insulin (data not shown). These results might be caused by the suggested
relations between - and -tocopherol and the expected intake ratio.

Why no demonstrable effect?
Studies investigating the effects of antioxidant supplementation or intake of
fruit and vegetables on biomarkers of oxidative stress, inflammation and
glycaemic control have given various results. The reason could be a number
of different factors including the status and choice of study subjects, duration
of the study, dose of the antioxidant supplement or the choice of biomarkers.
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Choice of participants
To increase the possibility to show effects of antioxidant supplementation it
is reasonable to investigate an appropriate risk group where a decreased antioxidative status and/or enhanced oxidative stress and inflammation could
be expected. Beneficial effects of antioxidants might be more evident among
such risk groups.
Overweight men were enrolled in Paper I as overweight and obesity has
been observed earlier to be related to enhanced oxidative stress (49, 75, 76,
167, 197, 198). It might be hypothesised that overweight men could be a
group that benefit from antioxidant supplementation since the intake of fruit
and vegetables in Swedish men on average only reaches half of the recommended intake of 500 g (24). Patients with type 2 diabetes were included in
Paper IV since this patient group has been observed to have elevated levels
of oxidative stress and inflammation (54, 61, 67, 73).
Somewhat unexpected the level of biomarkers of oxidative stress (8-isoPGF2, MDA and 8-oxodG) in Paper I and IV were in the same range as
concentrations found in healthy control groups in other studies (53, 58, 73,
145). However, the level of oxidatively damaged DNA measured as FPGsensitive sites was higher in Paper I and IV compared with the levels found
in healthy subjects investigated by Hofer et al (58). The enhanced levels of
FPG-sensitive sites might explain the observed correlation between protection against DNA damage and change in serum concentration of γtocopherol observed by Johansson (148), when investigating the same subjects as in Paper I. The concentration of nitrotyrosine in Paper IV was in the
same range as levels observed in type 2 diabetes patients (67). The present
thesis is probably the first one that has investigated the fMN-Trf-Ret in patients with type 2 diabetes (paper II-IV). A previous study using the same
method as in this thesis observed a similar frequency of MN when investigating healthy subject (62). In Paper IV, the concentrations of the inflammatory markers CRP and 15-keto-dihydro-PGF2 were comparable to those
observed in healthy subjects (73, 93). IL-6 levels were comparable to levels
found in type 2 diabetes patients (188).
The impact of the antioxidative status among the participants may also be
of importance with regard to the outcome. It can be expected that supplementation with antioxidants is more prone to decrease oxidative stress and
inflammation in subjects with a low intake of fruit and vegetables and/or low
antioxidant concentrations in plasma. The Linxian study included malnourished subjects with low intake of several nutrients. The study is one of few
that has shown a beneficial effect (reduced incidence of cancer and total
mortality) of supplementation with antioxidants (vitamins and minerals)
(97). The levels of plasma antioxidants in Paper I and IV were similar to
those observed in healthy subjects (184, 199-201). The dietary survey performed in Paper IV found that the intake of fruit and vegetables, as well as
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dietary antioxidants was in accordance with Swedish dietary recommendations (11). Hence, it might be that the absence of beneficial effects from
antioxidants in Paper I and IV to some extent is due to the levels of oxidative
stress, inflammation and antioxidative status in the subjects included in the
studies. Since the levels generally were comparable with those observed in
healthy subjects, this might have decreased the ability to observe any beneficial effects from antioxidant supplementation. The type 2 diabetes patients in
Paper IV had, on average, relatively well-controlled diabetes, which also
might have contributed to a low level of oxidative stress and inflammation.
The absence of significant effects in Paper I and IV might also have been
influenced by the number of participants. The lack of knowledge about the
intra-individual variation of the biomarkers precludes a strict power calculation. Confidence intervals of differences between treatment groups can be
used as approximate analyses of power. Such analyses indicated that a clinically relevant effect of antioxidant supplementation might exist in Paper IV
for some biomarkers (e.g. CRP and 8-oxodG) but due to the limited number
of participants it couldn´t be shown. Other biomarkers that showed narrow
confidence intervals (e.g. nitrotyrosine and FPG-sensitive sites in paper IV
and most biomarkers of oxidative stress in paper I) are not likely to have
been affected by antioxidant supplementation. Even if the number of subjects had been increased it is not probable that clinical relevant differences
could have been shown between the control group and the groups receiving
active treatment for these variables.

Duration and dose
The antioxidant dose and the length of the interventional study are considered to influence the possibility to show any effects on oxidative stress in
vivo (44). A significant reduction of F2-isoprostane concentration was observed only when given vitamin E at very high doses (1600 IU), and the
reduction did not occur until after 16 weeks of supplementation in a study
investigating individuals with hypercholesterolemia (202). Two other studies
also investigating vitamin E supplementation in different doses, but during a
shorter time span, did not observe any effect on F2-isoprostane concentration (154, 203). These results demonstrate the potential importance of appropriate antioxidant doses and sufficient duration of the intervention to get
a counteractive effect on oxidative stress. It raises the question if the absence
of demonstrable effects in the present thesis was caused by too short duration or low doses of antioxidants given an insufficiently increased level of
antioxidants in plasma.
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Choice of biomarkers
Various biomarkers have the possibility to detect oxidative damages in
blood, urine and tissues such as lymphocytes. To use data received from one
or few biomarkers as an overall estimate of oxidative damage in the body
might therefore not be preferred. Depending on the objective of the research
various biomarkers are relevant, each biomarker representing different oxidative processes. No parameter could alone be considered as an appropriate
index for oxidative stress. Griffiths et al and Mayne concluded that measurement of isoprostanes and oxidative damage to DNA could be expected to
provide the most relevant and reliable information for use in nutritional interventional studies (185, 204).
Despite of using a considerable number of biomarkers in the present thesis no effect could be observed. It could only be speculated if the choice of
biomarkers influenced the results, but it seems less likely since six biomarkers of oxidative stress together with three inflammatory markers were included.
In Paper III two negative correlations were found, one between MDA and
8-iso-PGF2, and the other between CRP and the micronuclei assay at baseline, associations that we have no plausible explanation for. Positive correlations between different markers have been observed by others. The positive
correlation between 15-keto-dihydro-PGF2 and 8-iso-PGF2 found in Paper
III has also been observed by Helmersson et al (73), showing a link between
oxidative stress as measured by F2-isoprostanes and inflammatory response.
It was earlier reported in a previous review that good correlations exist between the concentrations of several peroxidation products, including MDA
and F2-isoprostanes but not between peroxidation products and oxidative
damage to DNA such, detected by e.g. the comet assay (205). This is in accordance with England et al who observed a lack of associations between 8iso-PGF2 and 8-oxodG when studying healthy subjects (206). Since each
biomarker represents a specific oxidative process with different biochemical
pathways it might not be surprising that only a few positive associations
between the biomarkers were found.

Strengths and limitations
The strengths and limitations of this thesis deserve to be mentioned.
One limitation was the absence of healthy reference groups in the two
interventional studies. As a result, comparisons regarding levels of plasma
antioxidants, glycaemic control, oxidative stress and inflammation had to be
made with other investigations of healthy subject. Such comparisons have to
be done with great care since methodology and study conditions generally
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could differ in many aspects, leading to diverse outcomes. The results of the
comparisons should be interpreted with caution.
Furthermore, diabetes duration was not recorded in the type 2 diabetes patients in Paper II-IV. The duration of the disease has been shown to be positively related to enhanced levels of oxidative stress in type 2 diabetes patients (73).
The lack of distinct criteria for inclusion of subjects that may benefit from
antioxidant supplementation, such as reference values for biomarkers of
oxidative stress, complicates the designing of antioxidant interventional studies. No quantitative means is available to characterise subjects with oxidative stress. There is also a shortage of knowledge of how to choose the optimal antioxidant dose as well as the duration of the intervention.
The number and selection of participants may bias the results in Paper II
and III. To use baseline data from an interventional study including a limited
number of participants might not be the optimal way to design a crosssectional study. However, a large number of performed measurements and
the inclusion of type 2 diabetes patients made it possible to study research
areas that are relatively sparsely investigated.
Seasonal variations as well as changed food habits might interfere with
results in interventional studies. A placebo controlled study design was used
in the present thesis to avoid interferences of seasonal variation regarding
sun exposure and fruit and vegetable intake.
A panel of different biomarkers were used simultaneously to examine
oxidative stress, gene toxicity and inflammation. Together they cover a relatively wide area of different oxidative and inflammatory processes in the
body. It also gives the possibility to study a number of pathogenetic mechanisms since different diseases and pathologies are proposed to be associated
with different types of oxidative stress and need to be evaluated by the use of
specific biomarkers.
An innovative quality of the thesis was the design of the antioxidant supplement containing a broad combination of antioxidants extracted from fruit,
berries and vegetables aiming to resemble the spectrum of antioxidants
commonly consumed via a daily intake of fruit and vegetables. To investigate the effects of such an antioxidant supplement by means of a number of
different biomarkers in overweight men and type 2 diabetes patients has to
our knowledge not been studied earlier.

Concluding remarks and future perspectives
The two interventional studies (Paper I and IV) included in the thesis could
not verify the hypothesis that antioxidants from fruit and vegetables contribute to healthy effects by counteracting oxidative stress and inflammation.
However, interesting associations were observed at baseline between intake
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of antioxidant rich food as well as levels of antioxidants in plasma, and
markers of oxidative stress and inflammation (Paper II and III). These associations are compatible with the hypothesis that a high intake of fruit and
vegetables and dietary antioxidants might decrease levels of oxidative stress,
have anti-inflammatory effects and a beneficial influence on glycaemic control. The results also indicate that glycaemic control may affect the level of
oxidative stress (Paper III).
Continued investigations are, however, needed to characterise the individuals who potentially might benefit from antioxidant supplementation. Do
individuals who generally have a low intake of antioxidants benefit from
supplementation with antioxidants more than others? Are individuals with
elevated levels of oxidative stress more receptive to antioxidant supplementation than others? There is a need of defined reference values for biomarkers of oxidative stress and antioxidative status at the inclusion of these individuals. Is there a critical duration of supplementation, an optimal dose and a
combination of antioxidants to get a beneficial effect?
It has been shown that a low consumption of fruit and vegetables is associated with unfavorable nutrient profiles and life style. It could therefore be
speculated that the beneficial associations shown in observational studies is
explained by the fact that a high intake of fruit and vegetables is a marker of
a healthy life style and not necessarily related to antioxidants only. The intake of other constituents in the diet, or other life style related factors, could
mediate the healthy effect. Until more knowledge is available from interventional trials about possible benefits and potential risks of antioxidant supplementation, the recommendation to eat a diet rich in fruit and vegetables
still seems reasonable.
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Conclusions

From the present thesis it is concluded that:
•

Supplementation with a combination of antioxidants mainly
extracted from fruit, berries and vegetables, did not show
any protective effect on lipid peroxidation, oxidative damage
to DNA or protein oxidation in overweight men or type 2 diabetes patients. This in spite of a markedly increased concentration of plasma antioxidants (Paper I and IV).

•

The antioxidant supplementation did not affect glycaemic
status or levels of inflammatory indicators in relatively wellcontrolled type 2 diabetes patients (Paper IV).

•

Better glycaemic control and higher habitual intake of fruit
and vegetables was related to lower levels of oxidative stress
at baseline in type 2 diabetes patients despite lack of an effect of antioxidant supplementation on oxidative stress (Paper II-III).

•

Inflammation was positively associated with weight, waist
and BMI but not with fasting blood glucose, HbA1c or insulin at baseline. This finding suggests that inflammation may
be more related to obesity than to glycaemic control (Paper
III).

•

Serum values of carotenoids were inversely associated with
inflammatory levels at baseline despite the observed null effects of antioxidant supplementation on inflammation (Paper
II).

•

Serum - and -carotene were positively related to intake of
fruit and vegetables at baseline. It supports the utility of serum -carotene and -carotene as biomarkers of fruit and
vegetable intake (Paper II).
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Svensk sammanfattning

Observationsstudier har indikerat att frukt och grönsaker och dietära antioxidanter har en viktig roll i att minska risken för kroniska sjukdomar genom
möjlig påverkan på patogena mekanismer såsom oxidativ stress och inflammation. Kliniska studier som undersökt effekterna av supplementering med
en eller ett fåtal antioxidanter i höga doser har dock visat motsägelsefulla
resultat och har följaktligen inte kunnat stödja resultaten från observationsstudierna.
Vi gjorde därför antagandet att ett supplement innehållande en kombination av antioxidanter, huvudsakligen extraherade från frukt och grönsaker
och som tillfördes i moderata doser kunde ha en mer fördelaktig verkan än
enstaka antioxidanter i farmakologiska doser. Effekterna av ett sådant supplement undersöktes i två randomiserade interventionsstudier. Effekterna på
antioxidativt status, metabol kontroll, oxidativ stress och inflammation studerades hos överviktiga män och hos patienter med typ 2 diabetes, alla personer som kan förväntas ha en förhöjd oxidativ stress och inflammatorisk
aktivitet.
Vi kunde inte verifiera hypotesen att supplementering med antioxidanter
från frukt och grönsaker kan orsaka gynnsamma effekter genom att motverka oxidativ stress och inflammation, trots påfallande förhöjda koncentrationer av plasmaantioxidanter. Dock observerades intressanta samband mellan
intaget av antioxidantrika livsmedel och plasmaantioxidanter å ena sidan,
och markörer för oxidativ stress och inflammation å andra sidan. Dessa samband är förenliga med hypotesen att ett högt intag av frukt och grönsaker och
dietära antioxidanter sänker nivån av oxidativ stress, har en antiinflammatorisk effekt och har en positiv påverkan på glykemisk kontroll hos
diabetespatienter. Resultaten indikerar även att glykemisk kontroll påverkar
nivån av oxidativ stress.
Frånvaron av gynnsamma effekter av supplementering med antioxidanter
skulle till viss del kunna förklaras av nivåerna av oxidativ stress och inflammation och av antioxidativt status hos de personer som deltog i de två
interventionsstudierna. Nivåerna var generellt jämförbara med de man finner
hos friska individer vilket kan ha minskat möjligheten att finna en fördelaktig effekt av supplementering med antioxidanter.
Fortsatt forskning behövs för att karaktärisera de individer som skulle
kunna ha nytta av supplementering med antioxidanter. Med hänsyn till observationella studier som påvisat positiva effekterna av ett högt intag av frukt
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och grönsaker, och till dess att mer kunskap finns tillgänglig från interventionsstudier om möjliga fördelar och risker med antioxidantsupplementering,
förefaller det rimligt att fortsatt rekommendera en kost rik på frukt och grönsaker.
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