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Tausta: Syöpä on maailman johtavin kuolinsyy ja vaatii vuosittain 7.6 miljoonan ihmisen hengen. Viiden 

elintapatekijän on arvioitu olevan vastuussa 30 %:sta tapauksista. Yksi näistä riskitekijöistä on vähäinen hedelmien 
ja kasvisten syönti. Hedelmien ja kasvisten on osoitettu suojaavan syövältä, mutta taustalla toimivia mekanismeja ei 
vielä kunnolla ymmärretä. Etenkin kasviravinnossa runsaasti esiintyvien antioksidanttien on epäilty mahdollisesti 
selittävän osittain tätä suojavaihkutusta. 
 
Tavoite: Tämän tutkimuksen tavoitteena oli selvittää, löytyykö ruokavalion kokonaisantioksidanttikapasiteetin (total 

antioxidant capacity = TAC) ja syöpäriskin väliltä yhteyttä. Tutkimuksessa käytettiin hyväksi uutta antioksidantti 
mittaria, joka pyrkii määrittämään kokonaisuudessaan ruokavalion sisältämät suorat antioksidanttipelkistäjät (C-
vitamiini, alfa-tokoferoli, karotenoidit ja flavonoidit). Tutkittavien ruokavalion keskimääräinen TAC määritettiin, 
samoin kuin pääasialliset lähteet, joista ruokavalion TAC koostui.  
 
Aineisto: Tutkimusaineisto koostui 67 634:stä ranskalaisesta keski-ikäisestä naisesta, jotka osallistuivat edelleen 

käynnissä olevaan kohottitutkimukseen nimeltä E3N.  Naisten ruuankäyttöä tutkittiin kesäkuusta 1993 heinäkuuhun 
1995 käyttäen semikvantitatiivista ruoankäyttökyselylomaketta. Tämä lomake arvioi 208 eri ruoan, reseptin ja 
juoman päivittäistä käyttöä sekä kvantitatiivisesti että kvalitatiivisesti. Syöpä vastemuuttujana perustui tutkittavien 
itseraportoimiin tapauksiin, jotka vahvistettiin potilastiedoista. Tutkittavien seuranta loppui toukokuussa 2008. 
 
Menetelmät:Työssä luotiin neljä eri TAC-indeksiä käyttäen kahta eri kokonaisantioksidanttikapasiteetti menetelmää 

(FRAP ja TRAP), jotka molemmat laskettiin sekä ilman kahvia sekä kahvin kanssa. Kahvin poisjättö voidaan 
perustella mm. sillä, että se oli ruokavalion tärkein TAC:n lähde, ja koska kahvi on yhteydessä moniin terveydelle 
epäedullisiin elintapatekijöihin, voi se toimia sekoittavana tekijänä jopa silloin, kun tätä on yritetty huomioida 
vakioimalla. Tilastolliset analyysit syöpäriskin ja ruokavalion TAC:n välisestä yhteydestä suoritettiin käyttämällä 
Coxin selviytymismallia ja vakioimalla energiansaannilla ilman alkoholia, tupakoinnilla, alkoholinkäytöllä, 
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kokonaisantioksidanttikapasiteetti oli (p trendille < 0.05 sekä FRAP:n että TRAP:n osalta). Sen sijaan, kun kahvi 
jäettiin pois TAC-indekseistä, syöpäriski pieneni, mitä suurempi ruokavalion kokonaisantioksidanttikapasiteetti oli (p 
trendille = 0.016 sekä FRAP:n että TRAP:n kohdalla ilman kahvia). Kahvi vastasi 43 % ja 76 % FRAP- ja TRAP-
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kun kahvista saatu TAC otettiin mukaan. Kun kahvi jätettiin pois laskuista, TAC saannit putosivat  9.4 mmol:iin ja 4.9 
TE:iin. 
 
Johtopäätökset: Ruokavalion kokonaisantioksidanttikapasiteetti oli käänteisesti yhteydessä syöpäriskiin, kun kahvi, 

ruokavalion tärkein TAC:n lähde, jätettiin pois TAC mittarista. Kahvi näyttäisi sekoittavan yhteyttä, sillä kun siitä 
saatu TAC laskettiin mukaan idekseihin nähtiin syöpäriskin lisääntyvän TAC:n myötä. Tulevia tutkimuksia varten olisi 
tärkeää, että TAC menetelmät standardoitaisiin, jotta tutkimusten välinen vertailu helpottuisi. Toisaalta mielessä 
täytyy aina pitää TAC menetelmien in vitro luonne, joka asettaa haasteita tulosten tulkinnalle biologisten 
mekanismien kannalta. 
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Abstract 
 

Background: Cancer is the leading cause of death worldwide, claiming 7.6 million lives a year. Five behavioural 

factors have been recognised to be responsible for 30 % of the disease burden. Among them is low fruit and 
vegetable consumption. Fruit and vegetable consumption has been inversely associated with cancer risk but the 
mechanisms behind this effect are still largely debated. Dietary antioxidants present in large quantities in plant foods 
have been hypothesised to contribute to this protection.  
 
Objective: The aim of this study was to investigate the relationship between dietary total antioxidant capacity (TAC) 

and overall cancer incidence. This was done applying a new antioxidant measurement that reflects the whole set of 
direct antioxidant reducers (vitamin C, alpha-tocopherol, carotenoids and flavonoids) present in diet. The average 
TAC intake levels of the participants were assessed and the main dietary contributors to the TAC scores were 
examined.  
 

Subjects: Study subjects included 67 634 middle aged French women participating in an on-going prospective 

cohort study called E3N. Their dietary assessment was made between June 1993 and July 1995 using a semi-
quantitative food frequency questionnaire able to quantitatively and qualitatively assess the average daily intake of 
208 different foods, recipes and beverages. Cancer cases were self-reported and validated against medical records. 
The follow up of the participants ended in May 2008. 
 
Methods: Four different total antioxidant capacity scores were created using two different TAC methods, the ferric 

reducing ability parameter (FRAP) and the total radical-trapping antioxidant parameter (TRAP), and including or 
excluding coffee from the dietary TAC calculation. Coffee exclusion was justified with the fact that it is the largest 
contributor to the dietary TAC intake, and because of its association with some negative lifestyle behaviours, it can 
act as a confounder even if adjustments are made. Statistical analyses for cancer risk according to dietary TAC 
intake were made using Cox proportional hazards model adjusting for energy intake without alcohol, tobacco 
smoking, alcohol intake, BMI, physical activity level, educational background, region of residence and family history 
of cancer. 
 
Results: When coffee was included in the dietary TAC scores a significant but modest increase in cancer risk was 

observed towards higher TAC intakes (p for trend < 0.05 for both FRAP and TRAP). On the contrary, when coffee 
was excluded from the TAC scores a significant although modest decrease in overall cancer risk was observed (p 
for trend = 0.016 for both FRAP and TRAP without coffee).  In the indexes where coffee was included in the score it 
contributed up to 43 % and 76 % of total FRAP and TRAP scores respectively. After coffee the main contributors to 
dietary TAC intake were tea, wine, fruits, vegetables, fruit juice and chocolate. The mean daily intake of TAC was 
20.5 mmol of FRAP and 20.2 TE of TRAP in the scores including coffee. When coffee was excluded from the 
scores, the mean intake levels dropped to 9.4 mmol and 4.9 TE.  
 
Conclusion: Dietary total antioxidant capacity was associated with a statistically significant but modest decrease in 

cancer incidence when intake of coffee, the main TAC source, was not taken into account. Coffee seems to be 
acting as a confounding factor since when it was included in the TAC scores, there was a small but statistically 
significant positive association with cancer risk. For future studies it would be crucial to standardise the TAC 
methods so that comparisons between studies could be made. On the other hand in vitro nature of the TAC 

methods should be kept in mind; a fact that challenges the interpretation of the results from the biological 
perspective.  
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1   ABBREVIATIONS 

 
CAA cellular antioxidant activity 
 
FFQ  food frequency questionnaire 
 
FRAP ferric reducing ability parameter 
 
HAT  hydrogen atom transfer 
 
NEAC non-enzymatic antioxidant capacity 
 
ORAC  oxygen radical absorbance capacity 
 
RONS  reactive oxygen and nitrogen species 
 
SET  single electron transfer 
 
TAC  total antioxidant capacity 
 
TEAC  Trolox equivalent antioxidant capacity 
 
TRAP  total radical-trapping ability parameter 
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2   INTRODUCTION 

 

Cancer is the world leading cause of death, claiming 7.6 million lives each year (WHO 

2012). Beside fatal cases, cancer has been estimated to involve over one third of the 

Western population at some part of their life. Although major advancements have been 

achieved in cancer diagnosis and treatment, thereby improving overall cancer survival, 

reducing cancer incidence is still a major challenge. Thus emphasis should be put to the 

preventive side of the battle. Five behavioural and life style factors have been identified to 

account for around 30 % of cancer deaths. These are tobacco use, overweight and obesity, 

low fruit and vegetable intake, alcohol abuse and lack of physical activity.  

 

Most common cancers worldwide are lung, stomach, liver, colorectal and breast cancers 

(WHO 2013). Lung cancer is for a large part (70 %) explained by tobacco use which indeed 

represents the biggest individual risk factor for cancer in general. Alcohol abuse strongly 

raises liver cancer risk and also cancer risk in general. The three remaining main risk factors 

- overweight and obesity, low vegetable and fruit intake and lack of physical exercise - all 

contribute to the general cancer mortality and are often associated with one another, thus 

exposing the individual to elevated cancer risk.  

 

With low fruit and vegetable intake recognised as one of the main risk factors for cancer 

there has been steaming research into finding out the mechanism behind this relationship. 

Fruits and vegetables contain a cocktail of nutrients and phytochemicals that are regarded 

as beneficial for health. They are high in fiber, vitamins and minerals but none of these 

ingredients have been shown to independently lower cancer incidence as much as the 

intake of the actual foods (WCRF/AICR 2007). So what is the magical substance explaining 

the protective effect? 

 

One theory supports the protective role of antioxidants present in large quantities in plant 

foods. Antioxidants are responsible for maintaining the redox status of the human body, 

quenching free radicals and stopping chain-reactions induced by these radicals. When 

present in large quantities, free radicals are capable of damaging DNA, which can lead to 

mutations and subsequent development of cancer. Thus the dietary antioxidants from fruits 

and vegetables have been suspected to contribute to cancer prevention. 
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This study aims to shed more light into the topic of dietary antioxidants and their relation to 

cancer incidence. To do this a fairly new approach is applied using total antioxidant capacity 

assays of foods to create a dietary antioxidant score for the study participants. This score is 

then linked to the cancer incidence in our cohort with the ultimate goal of trying to see if 

there is a relationship between the antioxidant capacity of a diet and overall cancer risk. 
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3   BACKGROUND 

 

Antioxidants have gained large interest both in the general public and in the scientific 

community in recent years. Considered as nature’s own multi-function wonder drugs these 

substances have been associated with the prevention of cancer, cardiovascular disease, 

mental disorders and degenerative diseases (Pham-Huy et al. 2008). So far most of the 

evidence has been based on either the in vitro effects of isolated antioxidants on 

pathogenesis or on the associations between single antioxidant vitamin intakes and disease 

risk. The recent interest in analysing the total antioxidant content of foods and diets has led 

to a new approach that tries to consider the synergic effects of antioxidants as well as their 

relative capacities to work as cellular protectors. Relating total antioxidant capacity of diets 

to disease risk could also better indicate the actual role of dietary antioxidants in the disease 

prevention; is it the antioxidant capacity of fruits and vegetables that protects us or is there 

maybe another mechanism behind the action that confers this beneficial effect?  

 

In the following 5 sections I shall first describe the mechanisms by which antioxidants are 

supposed to protect our system; how oxidative stress is produced and how antioxidants 

work to counterbalance this state. This is followed by a short introduction to cancer 

aetiology concentrating on the ways oxidative stress relates to the disease. Thereafter are 

described the findings from the field of dietary antioxidant nutrients and cancer. The new 

total antioxidant capacity measurement is presented and its application to foods discussed. 

Finally the latest research on the associations between dietary total antioxidant capacity and 

cancer incidence is revealed. 

 

 

3.1   Antioxidants and redox balance in cells 

 

Antioxidants are agents capable of fighting against the deleterious effects of free radicals in 

the body (Sies 1997). They are responsible for maintaining a healthy redox balance in 

response to different levels of oxidants produced in the cells. With endogenous and 

exogenous antioxidants contributing to this constant battle, each agent has its own role to 

play in the antioxidant network with some acting as direct reducers of oxidising agents and 

some merely in the background boosting other antioxidant responses. Their common goal 

is, however, to avoid a state of chronic oxidative stress that can have deleterious effects on 

cells. 
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3.1.1   Oxidative stress 

 

Oxidative stress is the imbalance between the formation and the removal of oxidative 

compounds in cells in favour of the former, resulting in potentially harmful oxidation of cell 

organelles and macromolecules (Sies 1997). Taking part in this equilibrium are for one part 

the oxidising radicals produced in the cell and for the other the antioxidant defence system 

including endogenous enzymes together with dietary antioxidants. Under normal conditions 

equilibrium exists between oxidising and reducing agents called the redox balance. A rise in 

the oxidant concentration stimulates cells antioxidant response thus taking care of the redox 

balance (Sies 1997). 

 

Oxidative compounds are produced in the cells in response to endogenous and exogenous 

stimuli. Endogenously reactive oxygen and nitrogen species (RONS) can be released for 

example as by-products of energy metabolism or when transition metal ions react with 

oxygen or nitrogen compounds. Under normal conditions energy production is the main way 

of reactive oxygen species (ROS) formation (Valko et al. 2006). In the energy production 

pathway, oxygen (O2) is reduced to two water molecules (H2O) by adding two hydrogen ions 

(H+) and two free electrons (e-) to the oxygen molecule. Sometimes this transport chain 

leaks; as a result an electron is lost to oxygen, creating a ROS. Reactive nitrogen 

compounds, on the other hand, are produced when for example ferric ions (Fe3+) get 

reduced to ferrous ions (Fe2+) in a reaction with nitric oxide (NO) creating a reactive 

Fe2+NO● molecule (Valko et al. 2006). 

 

Exogenously RONS can be produced for example as a result of exposure to UV radiation or 

tobacco smoke (Valko et al. 2006). These carcinogens excite molecules in exposed cells 

(skin and lung epithelia) creating ROS and other free radicals that start oxidising chain 

reactions. While a moderate oxidant production plays a role in cell signalling, excessive 

amounts of oxidants produced for example in response to chronic exposure to free radicals 

can be harmful to cells. 

 

RONS attack other molecules in cells and steal a hydrogen atom or an electron from them. 

This way they initiate a chain reaction where the attacked molecule will then try and 

compensate the lost atom by reacting with other compounds, and so the chain continues 

until the reaction reaches a molecule that is stable even when lacking an electron/hydrogen 
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atom (see Figure 1). In the meanwhile the molecules involved in the chain reaction lose 

their original structure and are no more functional to the cell (Valko et al. 2006). 

 

 

 

 

Figure 1: ROS-induced chain reactions to cellular molecules.  ROO● is the reactive species lacking an 

electron, LH is a cellular molecule. 

 

 

3.1.2   Antioxidants 

 

Antioxidants are often defined as “any substance that when present at low concentrations, 

compared to those of an oxidizable substrate significantly delay or prevent oxidation of that 

substrate” (Halliwell et al. 1995). This definition of antioxidants only considers those agents 

with the direct capacity to reduce or quench oxidants and it encompasses the understanding 

that this agent reacts fast with oxidising agents but once oxidised does not further react with 

other molecules. 

 

In a broader sense, however, antioxidants can be seen to include any substance that 

contributes to the inhibition of oxidation; that is, working either as direct reducer or 

scavenger of oxidative agents or indirectly enhancing the other antioxidative agents 

(FAO/WHO 2001). This ensemble is then called the antioxidant network.  

 

The antioxidant network is often divided into two subunits: endogenous and exogenous 

antioxidants (Sies 1997). Endogenous antioxidants are enzymes produced in cells to 

respond to the oxidative stimulus. They include enzymes and co-enzymes such as 

superoxide dismutase, catalase and glutathione peroxidase, which are all involved in the 

transformation of reactive oxygen species into less reactive molecules.  

 

Exogenous antioxidants, on the other hand, can be obtained from the diet and they work in 

collaboration with the endogenous antioxidants (Sies 1997). Exogenous antioxidants 
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include nutrients such as vitamin C, tocopherols, carotenoids, flavonoids, selenium, zinc 

and some polyunsaturated fatty acids. Of these, only vitamin C, alpha-tocopherol, 

carotenoids and flavonoids have direct radical reducing or scavenging ability. The other 

nutrients work as enhancers of the defence system by up-regulating the production of 

endogenous antioxidant and down regulating the release of radicals. 

 

Antioxidants work either by a) preventing the formation of free radicals, b) deactivating 

existing free radicals, or c) repairing the damage done by free radicals on other compounds 

(Sies 1997). In the prevention phase antioxidants can for example inhibit enzymes involved 

in the production of reactive species or chelate metal ions that would otherwise catalyse 

RONS production. In the second phase, once RONS have already been formed, 

antioxidants can sacrifice themselves and donate a hydrogen atom or an electron to 

stabilise these molecules. Finally, if damage has already been done antioxidants can 

enhance the production of agents involved in the repair of cellular molecules (Duracková 

2010). 

 

Depending on their solubility, antioxidants can be divided into lipophilic and hydrophilic 

compounds (Sies 1997). Lipophilic antioxidants are largely responsible for the protection of 

the cell membrane where lipid peroxidation takes place and harm the cell membrane. Also 

plasma lipoproteins are protected by lipophilic antioxidants. Hydrophilic antioxidants, on the 

other hand, work in the cell cytosol and blood plasma. Examples of hydrophilic antioxidants 

include antioxidant enzymes, glutathione as well as vitamin C. Lipophilic antioxidants count 

in alpha-tocopherol and carotenoids.  

 

 

3.2   Cancer and oxidative stress 

 

Cancer is the result of an imbalance in the regulation of cell fate towards an excessively 

proliferating state with reduced apoptosis (Hanahan and Weinberg 2011). Endogenous and 

exogenous factors that influence cell growth, differentiation and cell death contribute to this 

imbalance. Oxidative stress has been proposed to play a role in these processes (Valko et 

al. 2006). It has been seen to be able to provoke alterations in cell signalling as well as 

promote mutations (Klaunig and Kamendulis 2004).  

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Klaunig%20JE%5BAuthor%5D&cauthor=true&cauthor_uid=14744246
http://www.ncbi.nlm.nih.gov/pubmed?term=Kamendulis%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=14744246
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3.2.1   Cancer – key alterations 

 

The cancer development is a complex and multistep process encompassing various 

enabling characteristics that result from modifications to normal cell functioning (Hanahan 

and Weinberg 2011). These characteristics are acquired through changes in both epigenetic 

and genetic levels (Muntean and Hess 2009). Epigenetic changes result in a) excessive 

expression of genes promoting cell proliferation and b) inhibition of tumour suppressor 

genes. Genetic changes include mutations in the DNA which result in a malfunctioning of 

the genome.  

 

DNA lesions occur continuously in the genetic matrix when DNA is exposed to other 

molecules upon cell division and transcription. To fight against these lesions, cells have 

been equipped with a wide arsenal of repair instruments to detect and reverse the potential 

mutagenic lesions. Under normal circumstances the cell will either repair the lesion before 

the cell is divided or if the lesion is irreparable then the cell starts a programmed cell death 

i.e., apoptosis (Sarasin 2003). 

 

When the lesion is not detected before replication begins and cell divides there is a risk for 

mutation to occur (Kryston et al. 2011). Mutations form when during replication the part of 

the DNA suffering from the lesion is not copied identically from the original DNA sequence 

to the new developing strand. This can be only a small one-nucleotide difference that results 

in a false amino acid being added to the polypeptide chain during translation or in the other 

extreme it can be a bigger translocation of a larger DNA sequence resulting from DNA chain 

breakages. In cells that develop into cancer, the rate of lesions far exceeds the repair 

potential, leading to replication of a mutated genome. While a mutated genome alone will 

not per se result in cancer, when combined with an altered gene expression towards a 

proliferating state it becomes a risk factor (Kryston et al. 2011). 

 

Gene expression is a process starting from a signalling molecule and resulting in the 

creation of a protein or a functional RNA. This pathway encompasses multiple steps starting 

from long message chains to reach the DNA to the actual stimulation of the transcription of 

a target gene and to the subsequent translation of this sequence into a functional protein or 

RNA. Thus there exists countless sites for interventions on gene expression; the message 

cascade reaching the genome can be interrupted, transcription can be disabled and 

translation can be inhibited (You and Jones 2012). 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Muntean%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=19717641
http://www.ncbi.nlm.nih.gov/pubmed?term=Hess%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=19717641
http://www.ncbi.nlm.nih.gov/pubmed?term=You%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=22789535
http://www.ncbi.nlm.nih.gov/pubmed?term=Jones%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=22789535
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Alterations in gene expression can be the result of more permanent type changes at 

epigenetic level or be of more temporary nature affecting only for the time a certain stimulus 

is given (You and Jones 2012). For example changes in DNA methylation patterns account 

for longer term gene expression alterations. DNA methylation is an epigenetic way to control 

gene expression; simply put when a gene is methylated its expression is inhibited whereas 

when it is not methylated it can be expressed. On the other hand exposure to certain 

cytokines can bring about alterations in gene expression but the alteration is rapidly 

reversed when the cytokine is no more present.  

 

 

3.2.2   Cancer stages and carcinogens involved in the process 

 

Traditionally cancer development is divided into three stages named initiation, promotion 

and progression (Pitot et al. 1981). Each stage involves somewhat different alterations at 

cellular level and each alteration is required for cancer to be established. Also, the order of 

the events is important as the promotion does not take place before initiation has occurred. 

 

In the initiation phase a normal cell suffers a genetic mutation located in some of the gene 

loci responsible for maintaining cell integrity (Irigaray and Belpomme 2010). This is either a 

mutation in an oncogene responsible for cell growth regulation or in a tumour suppressor 

gene involved in regulation of cell survival and death. Agents capable of inducing mutations 

are called initiators. Initiators are thus mutagens attacking DNA either directly or indirectly 

harnessing other compounds to mutate DNA. These include agents such as tobacco smoke 

and various drugs (Pitot and Dragan 1991). The first stage is considered irreversible as 

once the mutation has been replicated to the new cell it will remain unchanged in the DNA 

and be copied to every new cell replicated from this one.  

 

In the promotion stage the initiated cell starts cloning itself more rapidly than normal cells 

due to an accelerated cell proliferation and/or a suppressed apoptosis. Agents inducing this 

second stage are called promoters and they include agents such as alcohol, estrogens and 

UV radiation (Pitot and Dragan 1991). This phase can take tens of years due to variability in 

cell replication speed in different organs as well as the numerous mechanisms involved in 

the cell growth signalling. The second stage is still reversible so that if the cell growth 

manipulating factor is removed the tissue can recover back to a normal one.  

 

http://www.ncbi.nlm.nih.gov/pubmed?term=You%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=22789535
http://www.ncbi.nlm.nih.gov/pubmed?term=Jones%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=22789535
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The last stage, progression, is characterised by further genetic mutations in the cloned 

initiated cells with disruption of chromosomal integrity. This stage is catalysed for example 

by viruses such as papilloma and hepatitis, but can also simply result from the accelerated 

cloning of genetic material that predisposes the DNA to further mutations (Moolgavkar 

and Luebeck 2003). The disruption of chromosomal integrity leads to progressive 

transformation of a benign cell to an aggressive invasive cancer cell.  

 

While the ultimate reason behind the initial kick towards a lesion prone status is still 

disputed, a lot of attention has been given to free radicals as promoters of both DNA 

mutations and altered gene expression. 

 

 

3.2.3   Oxidative stress and cancer development 

 

Cancer development entails both DNA modifications as well as alterations in the gene 

expression to favour cell growth. Oxidative stress plays a role in both processes. It exposes 

DNA to mutations thus working as an initiator and interferes with gene expression being 

capable of acting as a promoter inducing cell proliferation and suppressing apoptosis (Valko 

et al. 2006). Oxidising agents can also contribute to the progression phase by further 

oxidising DNA and thus predisposing the genome to major chromosomal disruptions. 

 

Reactive oxygen and nitrogen species are considered the biggest contributors to DNA 

damage in cells (Loeb 2011). These radicals attack DNA base parts and sugars and either 

steal a hydrogen atom from them or merge themselves into the nucleotide. This results in 

false substitutions in the base pairs upon replication and in the case of sugars DNA strand 

breakage occurs (Evans et al. 2004). Consequently DNA lesions and mutations are formed 

(Evans et al. 2004). Apart from attacking DNA directly, RONS can indirectly cause 

mutations by oxidising lipids that will consequently adhere to the DNA strand and inhibit its 

correct replication (Klaunig and Kamendulis 2004).  

 

Concerning the effect of oxidising agents on gene expression various pathways have been 

found to be affected. First and foremost, oxidative stress provokes alterations in DNA 

methylation. Cells growing under oxidative stress have been seen to exhibit hypomethylated 

DNA especially on oncogenic sites, thus promoting cell growth and differentiation (Klaunig 

and Kamendulis 2004). Furthermore, oxidative DNA damage has been seen to modify DNA 

http://www.ncbi.nlm.nih.gov/pubmed?term=Moolgavkar%20SH%5BAuthor%5D&cauthor=true&cauthor_uid=14566848
http://www.ncbi.nlm.nih.gov/pubmed?term=Moolgavkar%20SH%5BAuthor%5D&cauthor=true&cauthor_uid=14566848
http://www.ncbi.nlm.nih.gov/pubmed?term=Luebeck%20EG%5BAuthor%5D&cauthor=true&cauthor_uid=14566848
http://www.ncbi.nlm.nih.gov/pubmed?term=Klaunig%20JE%5BAuthor%5D&cauthor=true&cauthor_uid=14744246
http://www.ncbi.nlm.nih.gov/pubmed?term=Kamendulis%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=14744246
http://www.ncbi.nlm.nih.gov/pubmed?term=Klaunig%20JE%5BAuthor%5D&cauthor=true&cauthor_uid=14744246
http://www.ncbi.nlm.nih.gov/pubmed?term=Klaunig%20JE%5BAuthor%5D&cauthor=true&cauthor_uid=14744246
http://www.ncbi.nlm.nih.gov/pubmed?term=Kamendulis%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=14744246
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methylation patterns as methyltrasferases are incapable of attaching to DNA when this has 

been oxidised (Weitzman et al. 1994).  

 

Apart from epigenetic alterations, oxidative stress can have temporary influence on the 

gene expression by activating cell signalling cascades or transcription factors resulting in 

cell proliferation and apoptosis inhibition (Klaunig and Kamendulis 2004). For example 

calcium has been seen to be released from intracellular stores as a result of exposure to 

oxidising agents. Calcium release triggers a cell signalling cascade resulting in the 

transcription of genes involved in cell proliferation and apoptosis. Oxidising agents can also 

directly activate transcription factors such as AP-1 and NFκB, both seen to play a role in 

carcinogenesis. 

 

In addition to DNA and gene expression manipulation, a third mechanism for oxidative 

stress to promote cancer process is by disrupting the communication between cells. It has 

been reported that oxidants block intercellular communication thus inhibiting the controlling 

effect of the surrounding cells on the progressing cancer cell (Klaunig and Kamendulis 

2004). 

 

The above described effects of oxidants lead easily to fast conclusions about the 

harmfulness of oxidants for cancer development. However, even in this respect oxidants 

should be seen as playing an important role in the redox balance which is constantly in 

movement. In fact different redox states serve as triggers for cells to uptake different cellular 

functions. Thus it has been seen that a predominantly reducing environment enhances cell 

proliferation (Valko 2006). A mildly oxidative environment, on the other hand, will favour cell 

differentiation and an excessively oxidative state will result in cell death. This fluctuation can 

therefore be considered functional and might even be crucial for cellular actions. 

 

 

3.3   Dietary antioxidant nutrients and risk of cancer 

 

Antioxidant nutrients provided by the diet have been in the centre of nutrition research for 

some years already. The idea that, by dietary means our body’s redox balance could be 

influenced and hence excessive oxidation of tissues prevented, is a tempting one.  

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Klaunig%20JE%5BAuthor%5D&cauthor=true&cauthor_uid=14744246
http://www.ncbi.nlm.nih.gov/pubmed?term=Kamendulis%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=14744246
http://www.ncbi.nlm.nih.gov/pubmed?term=Klaunig%20JE%5BAuthor%5D&cauthor=true&cauthor_uid=14744246
http://www.ncbi.nlm.nih.gov/pubmed?term=Kamendulis%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=14744246
http://www.ncbi.nlm.nih.gov/pubmed?term=Kamendulis%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=14744246
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3.3.1   Dietary antioxidant nutrients – characteristics and sources 

 

Dietary antioxidants are substances present in foods that exert antioxidative functions in the 

body. That is, they participate in the fight against oxidative stress. As is the case with 

antioxidants in general, dietary antioxidants do not have a universally accepted definition 

and there is no uniform list of substances to be included in this group. Some only consider 

substances that have the direct reducing capacity such as vitamin C, alpha-tocopherol, 

carotenoids and flavonoids, whereas others also include substances indirectly involved in 

the protection process (by for example enhancing endogenous antioxidant enzyme 

production) such as selenium and zinc (USDA 1998, FAO/WHO 2001). Here I will mainly 

concentrate in the direct reducers as the method used to measure antioxidant capacity in 

this study will only be able to detect these substances.  

 

Vitamin C is usually the most abundant individual antioxidant in the diet with a daily average 

intake level of 93 mg in the French population (Pham-Huy et al. 2008, ANSES 2006). It is a 

direct reducer capable of donating two electrons (Padayatty et al. 2003). Vitamin C is a 

water soluble vitamin and thus works mainly in the cytosol and plasma. Also it has an 

important role in the reduction of oxidised alpha-tocopherol after the latter has been 

oxidised by a free radical. Fruit and particularly citrus fruits are good sources of vitamin C 

(García-Closas et al. 2004). 

 

Alpha-tocopherol (a vitamin E precursor) is often cited as the most important dietary 

antioxidant even though its average daily intake only attains 11.5 mg/day (ANSES 2006). It 

is a fat soluble molecule and thus operates at the cell membranes inhibiting lipid 

peroxidation that is considered the main oxidation reaction at tissue level (Traber and 

Stevens 2011). Alpha-tocopherol sacrifices one hydrogen atom to stabilise lipid 

hydroperoxyls and becomes a radical itself. The tocopheryl radical is then reduced back to 

its functional form by vitamin C. Good sources of vitamin E are vegetable oils, fruits, 

vegetables, nuts and seeds (García-Closas et al 2004). 

 

Another lipophilic dietary antioxidant is the group of carotenoids containing a variety of pro-

vitamin A compounds (Tanaka et al. 2012). A usual human diet contains around 40 different 

carotenoids of which the most common are beta-carotene and lycopene (Paiva and Russell 

1999). Carotenoids are strong singlet oxygen (1O2) quenchers catalysing the stabilization of 

this exited state molecule before it reacts with other compounds. The stabilizing reaction 

involves an electron exchange resulting in an energy transfer away from the singlet oxygen. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Traber%20MG%5BAuthor%5D&cauthor=true&cauthor_uid=21664268
http://www.ncbi.nlm.nih.gov/pubmed?term=Stevens%20JF%5BAuthor%5D&cauthor=true&cauthor_uid=21664268
http://www.ncbi.nlm.nih.gov/pubmed?term=Paiva%20SA%5BAuthor%5D&cauthor=true&cauthor_uid=10511324
http://www.ncbi.nlm.nih.gov/pubmed?term=Russell%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=10511324
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Carotenoids are found in red and yellow vegetables and fruits such as carrots, tomatoes 

and mangos (García-Closas et al. 2004). 

 

The large group of flavonoids represents the newcomers in the dietary antioxidant discovery 

field. They are characterised by a molecular structure containing two aromatic rings with 

hydroxyl groups to serve as reduction sites in reactions with free radicals (Beecher 2003). 

This said flavonoids act as direct hydrogen atom donors quenching free radicals and 

chelating metal ions. Dietary intake of flavonoids far exceeds that of other antioxidant 

nutrients with an average intake of 159 mg/day in the US (Chun et al. 2007). Main sources 

of flavonoids in a Western diet are coffee, tea, wine, fruits and chocolate (Beecher 2003). 

 

Nutrients such as selenium and zinc also have a potential role to play in the antioxidant 

system. Selenium is needed for the production of endogenous antioxidants such as 

gluthathione peroxidase and thioredoxin reductase (Jayaprakash and Marshall 2011). 

Chronic administration of zinc induces the production of endogenous antioxidant enzymes 

and acutely protects protein sulphur groups from oxidation (Powell 2000). Also alpha-lipoic 

acid has been proposed as an antioxidant (Packer et al. 1995). However as these agents do 

not contribute to the in vitro antioxidant capacity measures used in this study they will not be 

conferred further interest here. 

 

 

3.3.2   Fruits and vegetables and risk of cancer  

 

As seen in the previous section, fruits and vegetables are major sources of antioxidant 

nutrients. Indeed, the hypothesis that these nutrients can act as cancer preventive agents 

rose from the observational studies relating high consumption of fruits and vegetables to 

lower risk of cancer (Greenwald et al. 2001).  

 

The World Cancer Research Fund noted in their latest report that there is convincing 

evidence for the protective effects of fruits and vegetables against cancers of mouth, 

pharynx and larynx, oesophagus, lung, and stomach (WCRF/AICR 2007). In the case of 

hormone related cancers such as breast and prostate cancer, protection has been obtained 

particularly from carotenoid- and polyphenol-rich vegetables, whereas gastrointestinal 

cancers seem to receive protection from allium vegetables (Greenwald et al. 2001). Even if 

convincing evidence is lacking for overall cancer incidence, a general consensus dominates 

considering fruit and vegetable consumption preventive against cancer. To support this 

http://www.ncbi.nlm.nih.gov/pubmed?term=Jayaprakash%20V%5BAuthor%5D&cauthor=true&cauthor_uid=22122767
http://www.ncbi.nlm.nih.gov/pubmed?term=Marshall%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=22122767
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notion a recent meta-analysis reported a moderate decrease in overall cancer risk in people 

consuming a diet rich in fruits and vegetables (Soerjomataram et al. 2010).  

 

What could then explain this effect? Fruits and vegetables are abundant in dietary fibre, 

vitamins, minerals and other phytochemicals. All these elements have been associated with 

reduced risk of some cancers, but none can explain independently the effect size 

(WCRF/AICR 2007). Thus attention has been directed to identifying patterns or 

combinations of agents behind the protective effect. 

 

 

3.3.3   Dietary antioxidant nutrients in cancer prevention – from cell cultures to human 

intervention trials 

 

Much of the protective effect of fruits and vegetables has been linked to antioxidant 

nutrients present in these food items. In experimental studies on cell cultures and animal 

models dietary antioxidants have been shown to act as anti-proliferative, anti-angiogenesis 

and pro-apoptotic substances, thus exerting possible cancer preventive functions (Borek 

2004). Vitamin C for example inhibits carcinogenesis induced by radiation or smoking 

(Borek 2004). It also exhibits carcinostatic properties, meaning it inhibits tumor growth, and 

when administered in pharmacological doses, it is able to kill cancer cells without harming 

normal cells in cell culture (Mamede et al. 2010). Alpha tocopherol, on the other hand, has 

been shown to inhibit the transformation of benign cells to malignant cells and their 

subsequent migration to intact tissues (Yu et al. 2008). When administered in large enough 

doses it can also induce apoptosis in cancer cells. Furthermore, in recent studies it has 

been suggested that flavonoids reduce angiogenesis and invasiveness of progressed 

cancer cells (Neergheen et al. 2010). As for carotenoids, they have been demonstrated to 

enhance cellular communication often blocked in cancer cells (Tanaka et al. 2012).  

 

To support these experimental findings many observational studies have found inverse 

associations between antioxidant vitamin intakes and cancer incidence. High vitamin C and 

beta-carotene intake have both been repeatedly associated with lower cancer incidence 

(Padayatty et al. 2003, Al-Delaimy et al. 2005). Similarly serum alpha tocopherol levels have 

been associated to reduced risk of many cancers (Greenwald et al. 2001). Flavonoid 

content of diet has also been suggested to be related to cancer protection in some studies 

(Duthie et al. 2000, Jin et al. 2012).  

 



17 

Problem with this kind of observational associations is that intakes of these nutrients often 

correlate with overall fruit and vegetable intake, which makes it difficult to estimate the 

independent contributing role of these agents to cancer prevention. This is true for both 

beta-carotene and vitamin C and very probably so for flavonoids as well (Padayatty et al. 

2003, Al-Delaimy et al. 2005).  

 

In order to gather stronger evidence, several human intervention trials have been 

performed. These intervention studies include trials using supplements of vitamin C, vitamin 

E, beta-carotene, selenium, retinol and zinc (Goodman et al. 2011). To the great 

disappointment of the scientific community these trials have largely failed to show any 

protective effect of antioxidant nutrients on cancer incidence. Most studies reported results 

pointing to either no difference between study groups or a non-significant protection of 

supplementation with some studies even revealing an increased risk for the supplemented 

group (Goodman et al. 2011).  

 

Problems listed to explain this discrepancy include too short an intervention period, use of 

pharmacological instead of dietary doses and the limitation to consider individual instead of 

multiple antioxidant nutrients at a time (Goodman et al. 2011). Indeed, when considering the 

average duration of less than 10 years of these intervention studies and relating it to the 

time (10-30 years) needed for a neoplastic lesion to occur, it is improbable that cases arise 

before the study finishes.  

 

Concerning the often pharmacological doses used in the trials another issue comes up; that 

is the potential harmful effect of excessive antioxidant intake also reported in some trials. 

Indeed it appears that while dietary doses of beta-carotene and alpha-tocopherol might still 

be beneficial to our system, pharmacological doses of these nutrients actually shift the 

balance towards an oxidative state (Goodman et al. 2011). Another variable to be added in 

this equation is that the effect varies according to gender and oxidation status. A French 

study observed a protective effect of antioxidant supplementation by dietary doses on 

cancer incidence in men but in women this association could not be established (Hercberg 

et al. 2004). The prevalent oxidative status can also distort the antioxidant actions as 

observed in a study on smokers and individuals exposed to asbestos where their lung 

cancer rate was actually increased when supplemented with beta-carotene (ATBC Group 

1994). In this respect also other lifestyle factors such as high fat diet, red meat, high BMI 

and physical exercise that are all known to alter the oxidative stress status, might need to 

be taken into account when assessing antioxidant actions.  
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With a clear discrepancy between results from observational and intervention studies, new 

study methods are being demanded to discover the real relation between antioxidant 

nutrient intake and cancer incidence. One possible method is to use the total antioxidant 

capacity (TAC) measurement of whole diets and relate this score to cancer incidence. This 

rather new approach aims to put together different antioxidant nutrients to create an 

antioxidant capacity value that would also consider the synergistic effect between different 

agents. 

 

 

3.4   Total antioxidant capacity assays 

 

Instead of quantifying individual dietary antioxidant nutrient intakes, there has been 

increasing interest in trying to measure the total antioxidant capacity (TAC) of different foods 

or whole diets. To do this various methods have been developed (Schlesier et al. 2002). 

Each method differs in terms of reagents used, specific reaction measured and the way to 

determinate antioxidant activity. This means that each method has its own suitability issues. 

To date no single method has been judged to accurately enough measure the whole 

spectrum of antioxidant capacities of foods. Instead, when using total antioxidant capacity 

measurements at least two different analysis methods should be considered (Huang et al. 

2005). 

 

In general TAC assays are divided into methods measuring either hydrogen atom transfer 

(HAT) or single electron transfer (SET) (Schlesier et al. 2002). Both transfer reactions have 

ultimately the same result with a hydrogen atom being added into a radical converting this 

into a harmless molecule (Prior et al. 2005). Yet, as the assays measure different “routes” to 

get to the end point and as a result involve different kinetics, they have to be considered 

separately (Figure 2).  
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Figure 2: Reaction kinetics of HAT and SET assays, where SET assay only measures the first reduction 

of ROO● to ROO-. 

 

 

3.4.1   HAT assays 

 

HAT based assays measure the ability of antioxidants to quench radicals by sacrificing a 

hydrogen atom to stabilise the free radical (Prior et al. 2005). As a result the antioxidant 

itself is converted into a radical. Nevertheless, the antioxidant radical is much less reactive 

than the original radical and in biological environments can be safely metabolised or 

reconverted to its original form. The two most known and used HAT assays for food 

samples are the oxygen radical absorbance capacity (ORAC) assay and the total radical 

absorbance parameter (TRAP) assay.  

 

The ORAC method is a fairly new technique developed for the dietary TAC assessment. 

The ORAC assay measures the inhibition in fluorescence decay provided by the antioxidant 

when a strong oxidant is added to a fluorescent probe solution (Huang et al. 2002). The 

fluorescence decay is monitored for 35 minutes giving a curve to describe the antioxidant 

activity. The TAC is then measured as the area under the curve and compared to a 

measurement given by Trolox, a vitamin E equivalent. ORAC is considered as the method 

of choice for describing substances free radical scavenging ability. Its main critique has 

been its sensitivity to minor temperature differences leading to challenging reproducibility 

(Gülçin 2011). 

 

Another HAT assay for measuring dietary TAC is the total radical-trapping ability parameter 

(TRAP; Ghiselli et al. 1995). The TRAP assay is based on the same principle as ORAC in 

that it measures the ability of the antioxidant to inhibit fluorescence decay. Instead of 

measuring the area under the curve the TRAP assay measures the lag time that the 
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antioxidant produces in the inhibition of fluorescence decay. That is, the assay starts when 

the antioxidant in added to the oxidising fluorescent solution and stops when the 

fluorescence starts to decrease. The TRAP assay is a popular method shown to correlate 

well with other HAT based assays. Its main drawback is in the lag phase measurement as 

not all antioxidants have a clear lag phase e.g. flavonoids (Somogyi et al. 2007). 

 

In general HAT based assays are considered more relevant to biological systems and to 

represent better the dietary antioxidant nutrients capacities than the SET assays (Serafini et 

al. 2004). 

 

 

3.4.2   SET assays 

 

SET based assays measure the ability of an antioxidant to work as a direct reducing agent 

donating electrons to the radical to stabilise it (Prior et al. 2005). While the assay only 

reports this part of the reaction, in biological environments the reaction precedes from here 

so that the reduced radical further gains a hydrogen atom and the oxidised antioxidant will 

be reduced back to the original form. The two most widely used SET assays for food 

analysis are the ferric reducing ability parameter (FRAP) and the Trolox equivalent 

antioxidant capacity (TEAC).  

 

FRAP represents probably the easiest and fastest antioxidant capacity analysis technique. 

The FRAP assay uses the ability of antioxidants to reduce ferric ions (Fe3+) to ferrous ions 

(Fe2+) (Benzie and Strain 1996). The ferric molecule forms a complex with a tripyridyltriazine 

molecule that will produce a colour effect when the ferric ion is reduced to a ferrous ion. 

This way the antioxidant capacity can be measured on a spectrometer reflecting the 

absorbance compared to start point. Result is given as mmol of Fe2+ produced. The reaction 

requires low pH environment. This leads to a criticism for the FRAP assay as oxidation 

reactions in biological systems happen mostly in neutral environments. Nevertheless, the 

FRAP assay has been widely used as it is an easy and fast antioxidant capacity detection 

method.  

 

Another SET based method is the TEAC assay (Re et al. 1999). The TEAC method uses a 

fluorescent oxidised probe (ABTS+) to measure the inhibition in fluorescence provoked by 

the reduction of ABTS+ to ABTS by the antioxidant. Inhibition is measured as percentage of 

loss in absorbance compared to a pure probe solution. Different concentrations of 
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antioxidants are analysed to define the concentration corresponding to 1 mmol of Trolox. 

The TEAC assay is a common assay among TAC measurements because like FRAP it is 

easy and quick to perform. However, the TEAC values of pure antioxidants do not reflect 

the number of electrons the molecule can release, thus challenging whether the assay can 

be generalized (Re et al. 1999). Moreover, as it represents an end point measurement the 

rate of oxidation is not taken into account.  

 

The often quoted drawbacks for SET-based assays relate to the strong supposition that 

reducing capacity equals antioxidant capacity (Pulido et al. 2000). Problem is that not all 

reducers are antioxidants and not all antioxidants are direct reducers. In SET assays any 

reducer with a smaller redox potential to ferric ion can contribute to the reaction thus 

exaggerating the results for the antioxidant capacity (Benzie and Strain 1996). On the other 

hand some antioxidants such as carotenoids do not work as direct reducers and therefore 

cannot be detected by these assays. Another problem that especially affects the FRAP 

assay is the short measurement time. Slow antioxidants such as some flavonoids do not 

attain their full capacity before the end of the measurement and thus some antioxidative 

power is lost in the analysis (Pulido et al. 2000).  

 

 

3.5   Applying TAC assays to foods – use in epidemiology 

 

A few considerations should be made when applying TAC assays on food items. First is the 

fact that TAC assays were initially created to measure body’s non-enzymatic antioxidant 

network. Numerous studies have successfully used it to document changes in plasma 

antioxidant capacity after acute dietary exposures (Serafini and Del Rio 2004). Yet, no long 

term changes in blood TAC value have been reported from intervention trials with diets high 

in antioxidant capacity (Wang et al. 2012). This said it should be remembered that the TAC 

analysis of foods is another area of research. TAC measures of foods can only tell us the in 

vitro capacity of a certain sample to reduce or quench a specific oxidant (Serafini and Del 

Rio 2004). It does not tell us about the foods in vivo capacities. In other words, there is no 

guarantee that this antioxidant capacity reaches the cell levels to actually contribute to the 

redox balance. Many questions related to absorption, distribution, cellular intake and actual 

roles in cells still remain to be answered. Also, it should be noted that the TAC method only 

considers direct reducers and not for example nutrients, such as selenium and zinc, that 

contribute to the antioxidant network in indirect manners. The food TAC can, however, be 

used as a score variable that combines the intake of several antioxidant nutrients. 
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3.5.1   Food and dietary TAC values 

 

In foods the total antioxidant capacity value is largely determined by their flavonoid and 

vitamin C content (Carlsen et al. 2010). Vitamin E barely contributes to the value as it is 

present in such low quantities. As for carotenoids their reducing capacity is specific to 

singlet oxygen, which is not the oxidant used in most assay reactions.  

 

Food groups expressing the highest TAC values per portion size include chocolate, berries, 

coffee, tea, red wine, fruits and nuts (Carlsen et al. 2010, Serafini et al. 2002). If portion size 

is ignored then ingredients such as spices, herbs and dried berries appear as the best 

sources of food TAC value. The exact ranking of food items according to their TAC value 

depends on the assay method of choice. Different assays emphasise different aspects of 

the antioxidant potential, and due to the lack of standardisation of methods, even 

comparison of results between different studies using similar methods can be challenging. 

This explains partly why in a comparison for ranking of food items according to their TAC 

value, correlation between HAT and SET based assays was considered low (r < 0.744). 

While the SET based methods of TEAC and FRAP gave highest values to spinach and 

peppers, TRAP assay accentuated the antioxidant capacity of asparagus, beetroot and 

artichoke (Pellegrini et al. 2003). Similar trends were obtained by comparing ORAC and 

FRAP assays where very low correlation between the two methods was obtained (Ou et al. 

2002). In general, it appears that SET based assays give more emphasis to phenolic 

compounds and HAT assays to vitamin C (Prior et al. 2005). Table 1 presents TAC values 

of common food items when measured with ORAC, FRAP, TRAP and TEAC methods. 
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Table 1: Examples of TAC values for some food items measured with ORAC, TRAP, FRAP and TEAC 

methods 

 HAT based SET-based 

 ORAC
1
 

(mmol TE /100g) 

TRAP
2
 

(mmol TE /100g) 

FRAP
2
 

(mmol Fe
2+

 /100g) 

TEAC
2
 

(mmol TE/100g) 

Coffee (espresso) - * 6,60 12,94 3,65 

Tea (black) 1,13 0,48 1,01 0,36 

Chocolate (dark) 20,82 9,16 18,22 9,48 

Spinach (raw) 1,51 0,58 2,69 0,85 

Carrot 0,70 0,07 0,11 0,04 

Tomato 0,39 0,13 0,51 0,17 

Blueberry (wild) 9,62 0,93 1,86 0,74 

Apple (Golden 

Delicious, w/ skin) 

2,67 0,15 0,38 0,11 

1 
ORAC measured by  USDA 2010 

2 
FRAP, TRAP and TEAC measured by Pellegrini et al. 2003 and Pellegrini et al. 2006

 

* no measurement available 

 

 

Despite the challenging comparability between food TAC values from different studies, 

when taken to population level some generalisations can be done about the main sources 

contributing to the dietary TAC value (Serafini et al. 2012). In this respect it can be observed 

that the main contributors to whole diet TAC vary between countries and respect cultural 

and gender differences as can be seen in general food intakes. For example in Asian 

populations green tea is the major contributor to dietary TAC value whereas in European 

countries coffee consumption gains more importance along with red wine and chocolate 

(Kobayashi et al. 2012, Serafini et al. 2012). Concerning gender differences, it was 

observed in Italy that while the main sources of dietary TAC value for women were coffee 

and tea followed by alcoholic beverages (mainly red wine), in men the order changed listing 

alcoholic beverages as the main contributor followed by coffee and tea (Pellegrini et al. 

2007).  

 

Keeping in mind the methodological challenges it is important to consider results from 

different epidemiological studies relating dietary TAC value to diseases in the light of the 

applied TAC assay. Also what should not be confused are the dietary TAC values derived 
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from food TAC assays and the ones calculated on the basis of antioxidant nutrient intake 

values (Kim et al. 2002).  

 

 

3.5.2   TAC values of diet and plasma and their relevance in cancer 

 

Whether dietary TAC score translates to plasma level is a question still remained to be 

answered. A Swedish study found a correlation between dietary TAC and plasma ORAC 

and TRAP but not with plasma FRAP (Rautiainen et al. 2008). Further on, Pellegrini et al. 

(2007) did not observe any correlation between plasma TEAC or FRAP and dietary TEAC 

or FRAP values, respectively. In general, it is considered that SET based assays such as 

FRAP and TEAC are not very relevant to biological samples as they do not measure lipid 

peroxidation, that is often referred to as the most critical oxidation reaction (Serafini et al. 

2004). 

 

Another question is whether plasma TAC score has any relevance to the cancer process. 

Many studies have observed reduced plasma TAC in cancer patients in comparison to 

healthy subjects (Serafini et al. 2006). However, this observation is not telling us whether 

the reduction is the cause of the disease or its consequence. No follow-up study has so far 

reported on plasma TAC values predicting later cancer incidence. Also of importance is to 

understand the difference between plasma and cellular antioxidant networks. In plasma the 

main antioxidant is uric acid followed by vitamin C, whereas at the cellular level glutathione 

and enzymatic antioxidants gain importance (Serafini et al. 2006). Further on, depending on 

the oxidant used and the environment, the rate of reduction in different antioxidants varies. 

Thus in plasma the vitamin C content is immediately decreased by cigarette smoke while in 

cells an acute administration of oxidants reduces first the glutathione concentration (Valko 

et al. 2006).  

 

As a conclusion it can be questioned whether antioxidant nutrients have any effect at the 

cellular level as argued by many experts (Halliwell 2012, Poljsak and Milisav 2012). Much of 

the antioxidant research has shifted to study the endogenous antioxidant network and its 

enhancers. Nonetheless, this does not mean that antioxidant nutrients could not work at the 

systemic level and in the gastrointestinal tract fighting the oxidative stress in these 

environments.  

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Poljsak%20B%5BAuthor%5D&cauthor=true&cauthor_uid=22655114
http://www.ncbi.nlm.nih.gov/pubmed?term=Milisav%20I%5BAuthor%5D&cauthor=true&cauthor_uid=22655114
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3.5.3   Dietary TAC value in relation to cancer incidence 

 

Results from studies investigating the relationship between cancer incidence and dietary 

TAC have provided some interesting observations. Gastric cancer risk has been shown to 

be lower for those with high dietary TAC intake compared to low TAC intake measured with 

FRAP and TRAP assays in two large-scale studies (Serafini et al. 2002, Serafini et al. 

2012). Also, an inverse association between dietary TAC intake and non-Hodgking’s 

lymphoma has been reported when TAC was measured with the ORAC assay (Holtan et al. 

2012).  

 

On the contrary, several studies have reported a null or a non-significant result for the 

relationship between dietary TAC and incidence of other types of cancer. An American 

case-control study found no association between ovarian or endometrial cancers and 

dietary TAC measured with ORAC and FRAP assays (Gifkins et al 2012a&b). Another 

American cohort study reported no association for colorectal cancer and dietary TAC based 

on FRAP assays (Mekary et al. 2010).  

 

Since prevailing oxidative stress status is hypothesised to influence the effect dietary 

antioxidants have on cancer risk (Block et al. 2008), complementary analyses of the above 

mentioned studies have in some cases been made for smokers and overweight/obese 

(Ozguner et al. 2005; Vincent and Taylor 2006). These revealed that while smokers 

benefited of a 60 % risk reduction of gastric cancer with high TAC intake, non-smokers did 

not experience any benefit (Serafini et al. 2012). On the contrary, no effect modification was 

observed for colon cancer or endometrial cancer risk according to smoking status (Mekary 

et al. 2010, Gifkins et al. 2012b). Regarding BMI, only one study stratified by BMI and this 

resulted in no effect modification for dietary TAC in relation to colorectal cancer incidence 

(Mekary et al. 2010). 

 

To my knowledge, there has so far been no publication reporting on the relation between 

overall cancer incidence and dietary TAC. Thus this study is the first one relating dietary 

TAC intake to general cancer incidence.  

http://www.ncbi.nlm.nih.gov.libproxy.helsinki.fi/pubmed?term=Vincent%20HK%5BAuthor%5D&cauthor=true&cauthor_uid=16302012
http://www.ncbi.nlm.nih.gov.libproxy.helsinki.fi/pubmed?term=Taylor%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=16302012
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4   RESEARCH OBJECTIVES 

 

The major goal of this study is to investigate the relationship between total dietary 

antioxidant capacity and overall cancer incidence. While previous studies have reported on 

the association of dietary TAC with several specific cancer sites none has so far studied the 

overall cancer incidence. The main question to be answered in this study is: “Do participants 

with a diet high in total antioxidant capacity have a lower cancer risk than participants with 

low dietary antioxidant capacity?”  

 

To answer to the main question, new variables that reflect the dietary TAC intake needed to 

be created. The new TAC variables enabled the setting of some further sub aims for the 

study. These include answering questions such as:  

a) what are the main sources contributing to the dietary TAC scores in French middle-aged 

women? 

b) what is the average total antioxidant capacity of the study population’s diet?  

c) how are the background characteristics of the study population (such as smoking status, 

BMI and educational level) distributed according to the TAC quintiles?  

d) how well do the TAC indexes correlate with antioxidant nutrient intakes and other dietary 

factors? 

d) does smoking or excessive body weight influence the association between dietary TAC 

intake and cancer risk?  
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5   SUBJECTS AND METHODS 

 

The current study is part of a larger French research initiative investigating the relation 

between diet and cancer in women. Named “E3N” after its official name « Etude 

Epidémiologique auprès des femmes de l’Education Nationale », the study was started in 

1990 by recruiting around 100 000 women from all around France insured by a national 

health plan covering mainly teachers. At the time of the recruitment participants were 

between 40 and 64 years of age. The E3N is an ongoing cohort study that follows the 

participants biannually with different lifestyle and health factors being monitored at each 

round. Full description of the study protocol can be found elsewhere (Clavel-Chapelon et al. 

1997). 

 

 

5.1   Subjects 

 

In this sub study all cohort participants that had filled out the first dietary questionnaire sent 

out in 1993 with no previous cancer diagnosis and who had answered to at least one 

subsequent questionnaire were included. From these participants were excluded those with 

extreme values for the ratio between reported energy intake and estimated expenditure (1 

% from both the top and the bottom end of the scale) and those with missing information on 

the date of cancer diagnosis. These final criteria corresponded to a total of 67 634 women. 

The full flow chart of the exclusions is illustrated in Figure 3.  

 

 

5.2   Dietary assessment 

 

The dietary assessment was performed between June 1993 and July 1995 and consisted of 

a validated structured semi-quantitative food frequency questionnaire (FFQ) covering the 

daily consumption of 208 food items, beverages, and recipes on the eight different meals 

during an average day (van Liere et al. 1997). To assess the quantity of food consumed, 

this FFQ was accompanied by a validated booklet of photographs illustrating portion sizes 

(Lucas et al. 1995). A section of the used FFQ is provided as Annex 1 to serve as an 

example of the type of questions asked. 
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Figure 3. Flow chart of the exclusions of the study population. 

 

 

The conversion of dietary intakes of foods to nutrients was done using a French food 

composition table compiled ad hoc for the E3N study. This table includes information on the 

macronutrient distribution as well as micronutrient content of the foods. Concerning 

antioxidant nutrients only vitamin C, vitamin E and beta-carotene contents are available. 

Thus, to better grasp the majority of antioxidants in diet, a new variable needed to be added 

to the food composition table reflecting the total antioxidant capacity per 100 grams of each 

food item. This compilation was done by the Master student and the procedure is described 

in more detail in the next section. 
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5.3   Variables used: outcome, explanatory and background 

 

5.3.1   Cancer incidence as outcome variable 

 

Cancer as outcome variable was based on the self-reported diagnosis. These cases were 

subsequently validated against participants’ medical and histological records. In total 8 136 

cancer cases arose from the study population during the follow-up period starting in June 

1993 and ending in May 2008.  

 

 

5.3.2   Dietary TAC score as the explanatory variable 

 

To estimate the total antioxidant capacity of diet, a table reporting antioxidant capacities of 

the foods present in our FFQ needed to be created. Since many TAC databases are 

available, the first task was to decide which assay methods and databases should be used. 

Therefore an extensive literature search was conducted to compare the different available 

methods and databases and to obtain the relevant data. The premise was to include two 

different methods, one representing a hydrogen atom transfer based method and the other 

a single electron transfer based method, in order to compare these with regards to cancer 

risk. 

 

5.3.2.1   Selection of the TAC assays  

 

Only one recent database was found covering most food categories present in our FFQ. 

This was the database compiled by the University of Oslo of more than 3100 food items 

analysed using the FRAP assay (Carlsen et al. 2010). With all analyses performed by the 

same laboratory with standard procedures, the table was estimated to be of good quality 

and was selected as one of the dietary TAC parameters to be used in the present study. 

 

Another comprehensive database held by the US Department of Agriculture (USDA) 

including ORAC values for over 270 items was recently withdrawn from public distribution. 

The database had been compiled using data from several different sources and was 

criticised for heterogenous results. To avoid similar discrepancies in our study a decision 

was made to use when possible only one source of food TAC analysis per method. This 
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meant using a non-comprehensive list of items for the second parameter, since no other full 

database on food TAC values, beside the Norwegian FRAP table, was available.  

 

Since the FRAP assay represents a SET based method, the other dataset was to be based 

on either the ORAC assay or the TRAP assay that are based on hydrogen atom transfer 

reactions. Several analyses with both assays on different food items have been published. 

The most comprehensive of these are an American ORAC-based dataset and an Italian 

TRAP dataset (Wu et al. 2004, Pellegrini et al. 2003, Pellegrini et al. 2006). Giving priority to 

the most comprehensive and the most compatible source compared to our FFQ, the Italian 

TRAP dataset was chosen. 

 

 

5.3.2.2   Particularities of the chosen TAC assays  

 

The basics of the two total antioxidant capacity assay methods behind the chosen datasets 

have been described in the Background section (3.4  Total antioxidant capacity assays, 

page 18). However, applying these techniques to food assays requires always some 

modifications of the methods which in turn have implications on the results and their quality. 

Thus these modifications should be defined in order to be able to evaluate the quality of the 

datasets.  

 

The Norwegian FRAP analysis technique followed in large part the original assay 

procedures set up by Benzie and Strain (1996) with the modification of using three different 

solvents: 1) a liposoluble (2-propanol) solvent, 2) a hydrosoluble (H2O/methanol) solvent 

and 3) a mixed (H2O/2-propanol) solvent. Therefore oils could be measured in liposoluble 

extract, water containing foods in hydrosoluble solvent and fat-rich foods in a mixed solvent. 

One food item was always measured in only one solvent. Three measurements of the same 

sample were made and the mean of these was taken as the TAC value for that food item 

(Carlsen et al. 2010). 

 

The Italian TRAP analysis followed the procedure described by Ghiselli et al. (1995). The 

same food item was first extracted in watersoluble solvent to get the watersoluble 

antioxidants out, and then the remaining pulp residue was diluted in fat-soluble solvent to 

extract the lipophilic antioxidants. Thus the same food item went through two treatments 

and three measurements in each solvent were taken. The result value was then created 

summing up the mean measurements of both solvents. 
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5.3.2.3   TAC table compilation 

 

The existing food composition database was completed with the FRAP and TRAP values of 

each item according to the values given in the Norwegian and Italian datasets. Since neither 

of the datasets was completely exhaustive some rules were created to serve as guidelines 

in compiling the tables.  

 

The Norwegian dataset included most items in our FFQ. When no exactly matching item 

was found in the Norwegian table, the value of a similar item based on a similar polyphenol 

and vitamin E content of the products and a resemblance in botanical group was assigned. 

This was the case for some oils and green beans as well as some more uncommon 

vegetables.  

 

The Italian dataset only included values for plant-based foods. Thus all animal products 

were assigned a zero value. Concerning elaborated cereal products such as bread, pasta 

and rice the raw material values of flour and grains had to be used as no baked or cooked 

values were available. Cereal products accounted for 2.5 % of the daily TAC in average 

measured by FRAP and thus their relevance to the daily TAC score was estimated to be 

minimal. Likewise to the FRAP table, when no exactly matching item was found in the Italian 

TRAP dataset, the value of a similar item with similar polyphenol and vitamin E content and 

a resemblance in botanical group was assigned. This concerned some juice and more 

exotic fruit species. 

 

Concerning the values of cooked vegetables both datasets lacked some values and in such 

cases the raw values were used. This was because large variation was observed in the 

cooked to raw ratio of vegetables and thus the use of a general coefficient was not 

estimated reliable. In the Norwegian FRAP table the cooked value was missing for Brussels 

sprout, fennel, endive, celery, eggplant and summer squash that together accounted for 

around 27 % of the whole vegetable category (freshly eaten and cooked) in terms of mean 

daily weight. In the Italian TRAP table this was the case for celery, fennel, tomato and 

cabbage that together accounted for 16 % of the total vegetables in terms of mean daily 

weight. 
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5.3.2.4   FRAP and TRAP with and without coffee 

 

Coffee is a major contributor to TAC intake in Western populations (Pellegrini et al. 2007, 

Rautiainen et al. 2012). However, the absorption of its antioxidative compounds is poorly 

understood. It appears that the major compound contributing to the in vitro TAC 

measurement of coffee is the Maillard products produced during the roasting of coffee 

beans (Delgado-Andrade and Morales 2005). These molecules are too big to be absorbed 

as such from the gut and thus it is unclear whether they contribute to the antioxidant 

defence at the cellular level (Morales et al. 2012). 

 

Leaning on these arguments several publications have excluded coffee from their TAC 

score (Serafini et al. 2012, Holtan et al. 2012). Others have opted for using an “absorption 

coefficient” for coffee (Rautiainen et al. 2012). In current study, four total antioxidant 

capacity indexes were created; two to represent FRAP and TRAP intake when coffee is 

included in the score and two to represent the intakes when coffee is excluded from the 

scores. Each participant has thus four scores for dietary TAC calculated from the FFQ.  

 

 

5.3.3   Background characteristics as possible confounders 

 

A set of background characteristics that were estimated to be relevant for cancer 

development, were studied. These characteristics include energy intake, tobacco smoking, 

alcohol consumption, body mass index (BMI), educational level, family history of cancer, 

physical activity level and region of residence. All characteristics were studied as reported at 

baseline in 1993 except for the family history of cancer which took into account later 

declarations of family cancers. Most of these background characteristics can also act as 

confounders and thus in the cancer risk analysis they were controlled for. 

 

Energy intake was studied as intake in kilocalories without alcohol consumption. Further on 

it was used as an adjustment variable since the intake of most nutrients, as for example 

vitamin C, increases proportionally to energy intake. Thus to understand the independent 

effect of the nutrient of interest adjustment for energy is advisable (Willet et al. 1997).  

 

Tobacco smoking status was examined as a) never smokers, b) ex-smokers and c) current 

smokers at the time of the dietary assessment. Tobacco smoking has been shown to 

http://www.ncbi.nlm.nih.gov/pubmed?term=Delgado-Andrade%20C%5BAuthor%5D&cauthor=true&cauthor_uid=15740014
http://www.ncbi.nlm.nih.gov/pubmed?term=Morales%20FJ%5BAuthor%5D&cauthor=true&cauthor_uid=15740014
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increase the overall risk of cancer and it is one of the most frequently used adjustment 

variables in cancer epidemiology research (WCRF/AICR 2007).  

 

Alcohol consumption was categorised into four classes according to daily consumption 

level of alcohol converted into grams. Thus four groups are obtained: 1) non-drinkers 2) 

consumers of 1-10g of alcohol /day, 3) consumers of 11-20g of alcohol /day and 4) 

consumers of 21g or more of alcohol /day. Alcohol consumption in women has been shown 

to raise breast cancer risk and possibly overall cancer risk (WCRF/AICR 2007). Thus it was 

considered as a possible confounding factor in need to be adjusted for.  

 

BMI was calculated as weight (kg) /height (m²) reported at baseline in 1993. Categories 

used for BMI in the study follow the WHO cut off points with one extra division inside the 

normal weight category. Thus the five BMI categories are: < 18,5 kg/m²; 18,5-22,4 kg/m²; 

22,5- 24,9 kg/m²; 25-30,0 kg/m²; 30 kg/m²> . BMI was used as an adjusting variable as 

overweight and obesity have been demonstrated to raise the risk of overall cancer 

(Renehan et al. 2008).  

 

Educational level in this study was categorized in three groups with a) those without a high 

school diploma, b) those with a high school diploma and up to 2 years of further studies and 

c) high school diploma and over 2 years of further studies. Even though our cohort mostly 

consists of teachers there is still some variability in the level of education with 13 % in the 

lowest category and 35 % in the highest. And as educational level has been demonstrated 

to impact cancer incidence it was taken into account as a confounder (Aarts et al. 2012). 

 

Family history of cancer was studied as ‘yes’ or ‘no’ first degree relatives (parents, siblings 

or children) with cancer reported by the participant. Family history is considered an 

important risk factor of especially breast and colorectal cancer and thus it was adjusted for 

(Eberl et al. 2005).  

 

Physical activity level was studied at baseline as the sum of self-estimated weekly hours 

dedicated to sport, gardening, household activities, walking and cycling. These activities 

were converted to metabolic equivalent cost hours (MET-h) per week. Physical activity has 

been associated with cancer risk, particularly breast and colon cancer; inactivity is 

estimated to cause 10 % of the disease burden of both of these cancers in Western 

countries (Lee et al. 2012).  
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Region of residence was studied as the participants were distributed throughout the 

country. A simplified division of regions into three was used: North, Centre and South of 

France. Region was considered a potential confounding factor as there are known 

differences in the lifestyle factors, healthcare resources and life expectancies between them 

(Salem et al. 2000, Kesse et al. 2005).  

 

Western dietary pattern characterised by the consumption of coffee, alcohol, meat, eggs, 

beans, cake, pizza and chocolate was studied. This pattern was created using the factor 

analysis that identifies the main components of the diet and creates an axis on which 

participants can be placed according to the resemblance of their diet with the pattern. This 

pattern was later used to test it as a confounder in the cancer risk analysis.  

 

Antioxidant nutrient intakes, more precisely vitamin C, vitamin E and beta-carotene 

intakes, were calculated based on the food consumption data. These were studied as 

continuous variables and used especially for correlation analyses with dietary TAC indexes. 

 

 

5.4   Statistical analyses 

 

The data were analysed using the Statistical Analysis System (SAS) program. The dietary 

TAC values for participants were calculated by multiplying the quantity of each food item 

consumed per day by participant with their respective TAC value per 100 grams. 

Contributions of different food items to the TAC score were calculated based on the average 

intake level of all items. Participants were divided into quintiles according to their daily TAC 

intake and the mean TAC score for each quintile was calculated along with interquintile 

ranges. The distribution of background characteristics (described above) according to TAC 

quintiles was analysed using means and frequencies commands. Correlations between 

TAC indexes and dietary antioxidant nutrient intakes were calculated using the Pearson 

correlation coefficient.   

 

The associations between dietary TAC scores and cancer incidence were studied using the 

Cox proportional hazards model. This model enables the consideration of the risk as a 

function of time so that information about the age at diagnosis can be taken into account. 

This is particularly useful in cohort studies where participants are of different age when 

included in the study and when the time the outcome occurs varies. Thus the model 

calculates “survived” person-time taking into account the age at entry to the study (dietary 
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assessment in 1995) and age when exiting the study (with 3 possible end points: 1) cancer 

diagnosis, 2) death or 3) last returned questionnaire).  

 

Cancer risk according to TAC intake is then calculated for the linear TAC trend based on the 

mean TAC intakes of each quintile. In addition the hazard risk with 95 % confidence interval 

is estimated for each TAC quintile separately compared to the first TAC quintile.  

 

Two risk estimation models are proposed. In the first model only energy adjustment (without 

alcohol) is taken into account to get a “crude” hazard risk score. In the second “fully 

adjusted” model further seven known cancer affecting variables are added to the first model. 

These are tobacco smoking status, alcohol consumption, BMI, educational level, family 

history of cancer, physical activity level and region of residence. Missing values for the 

adjustment variables accounted for less than 5 % of the cases and thus were imputed to the 

modal (qualitative variables) or mean (quantitative variables) value of the variable in 

question. Previous work on the same subjects demonstrated that replacing missing values 

by estimates from multiple linear imputation models provided identical estimates for the 

confounders and the main variable than imputation to the modal/mean value. 

 

In addition, interaction was tested in subgroups that were suspected to have a higher 

oxidative stress status. These included smokers and overweight/obese individuals. For 

these analyses smoking status was categorised into two with a) those not currently smoking 

(including both ex-smokers and never smokers) and b) current smokers. In the case of 

overweight/obesity the WHO reference cut off point was used thus categorising individual 

into a) BMI < 25 kg/m² or BMI ≥ 25 kg/m². Interaction was tested for each TAC quintile 

according to smoking and BMI category and using the fully adjusted model. Further on 

stratified analysis were also conducted according to smoking status and BMI and following 

the same categories and models. 
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6   RESULTS 

 

The current study consisted of 67 634 French women, mainly teachers, aged 43 to 67 years 

with an average of 53 years at baseline. Participants were rather highly educated with 35 % 

presenting a curriculum with more than 2 years of further studies after high school. Mean 

body mass index of the participants was 22.9 kg/m² and the mean reported weekly physical 

activity level was 49.2 MET-h, which corresponds to around two hours of brisk walking daily. 

Average alcohol consumption per participant was estimated to 11.6 grams of ethanol/day 

which converts to less than a glass of wine. Around 14 % of the participants reported 

themselves as current smokers at baseline.  

 

 

6.1   Dietary TAC score 

 

6.1.1   Contributors to the TAC scores and average TAC intakes 

 

Contributions of different food items to all four dietary TAC scores are illustrated in Figures 4 

and 5. In general drinks provided most of the antioxidant capacity of diets with coffee, tea, 

wine and fruit juice as the richest sources of TAC. As for foods, the main contributors to 

dietary TAC accounted fruits, vegetables and chocolate.  

 

More precisely, in the case of the Norwegian FRAP with coffee included in the measure, the 

main individual sources contributing to TAC intake were coffee drinks (44 %), tea (10 %), 

wine (8 %) and chocolate (4 %). When considering the food group level, non-alcoholic 

beverages (56 %) were the main source of dietary TAC followed by fruit and fruit juice (13 

%), alcoholic drinks (9 %), vegetables (7 %) and sugar and confectionary (5 %) (including 

chocolate, honey and jams). The average intake of dietary TAC according to the Norwegian 

FRAP values was 20.5 mmol/day. Excluding coffee from the FRAP score resulted in an 

average daily intake level of 9.4 mmol. 

 

The Italian TRAP method highlighted even more the contribution of coffee to the dietary 

TAC score with 76% of the total TAC intake coming from coffee drinks. Wine and tea both 

contributed 5%, fruits another 5%, vegetables 4% and chocolate 3%. The average total 

antioxidant capacity with the Italian TRAP values was 20.2 TE/day for the index with coffee 

included and 4.9 TE/day for the index without coffee.  
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Figure 4. Contribution of different food groups to dietary TAC score with and without coffee when 

using the ferric reducing ability parameter (FRAP) method. 

 

Figure 5. Contribution of different food groups to dietary TAC score with and without coffee when 

using the total radical-trapping ability parameter (TRAP) method. 

 

 

6.1.2   Correlation of TAC measure with dietary factors 

 

Pearson’s correlation coefficients for correlation between dietary TAC indexes and other 

dietary factors are reported in Table 2. With coffee contributing 43 % and 74 % of the TAC 

scores of FRAP and TRAP, respectively, it is not surprising that coffee intake also 

correlated very strongly with these indexes (Pearson r = 0.84 for FRAP and r = 0.99 for 

TRAP, p < 0.001 for both). In the indexes without coffee the intake of tea was strongly 
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correlated with both FRAP and TRAP (Pearson r = 0.67 for FRAP without coffee and r = 

0.58 for TRAP without coffee, p < 0.001 for both). 

 

Fruit and vegetable intake correlated somewhat with the FRAP and TRAP when coffee was 

included and increasingly so when coffee was excluded from the TAC scores. Similarly, 

correlations between antioxidant vitamin intakes (vitamin C, vitamin E and beta-carotene) 

and TAC indexes increased substantially, when coffee was excluded from the scores. This 

was especially true for the TRAP index that was so much relying on the coffees contribution 

to the score. Wine and alcohol intakes correlated well with dietary TAC scores and again 

increasingly so when coffee was excluded from the scores. Western type dietary pattern, 

which is characterised by a high consumption of coffee, alcohol, meat, eggs, beans, cake, 

pizza and chocolate, was well correlated with all dietary TAC scores; in the case of the 

FRAP index the correlation coefficient decreased when coffee was excluded from the score 

while for the TRAP index inverse effect was observed. 

 
 
 

Table 2. Pearson’s correlation coefficients for correlations between daily TAC score and dietary 

factors. All correlations are statistically significant (p < 0.001). 

 
FRAP 

FRAP 

without coffee 
TRAP 

TRAP 

without coffee 

coffee 0.84 -0.14 0.99 -0.11 

tea 0.09 0.67 -0.17 0.58 

fruits 0.15 0.30 0.02 0.27 

vegetables 0.19 0.25 0.10 0.24 

wine 0.30 0.48 0.15 0.53 

alcohol intake 0.32 0.45 0.18 0.51 

chocolate -0.05 0.05 -0.07 0.09 

vitamin C 0.24 0.43 0.07 0.36 

vitamin E 0.22 0.27 0.11 0.24 

beta-carotene 0.19 0.30 0.08 0.27 

Western dietary 

pattern 0.34 0.29 0.25 0.28 
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6.1.3   Correlation between the two TAC measures 

 

Pearson’s correlation coefficients were used to study correlation between the four total 

antioxidant capacity indexes. This revealed a consistent positive correlation between all 

indexes (p < 0.001 for all). As expected the strongest correlations were between the FRAP 

and TRAP with coffee (r = 0.91) and FRAP and TRAP without coffee (r = 0.97). These 

findings are illustrated as scatter plot images in Figures 6 and 7. FRAP with and without 

coffee were correlated with each other (r = 0.40) while TRAP with and without coffee were 

not correlated (r = 0.06; not illustrated in the Figures).  

 

 

Figure 6. Correlation between TAC indexes when coffee intake is included in the scores. r = 0.91, p < 

0.001. 
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Figure 7. Correlation between TAC indexes when coffee intake is not included in the scores. r = 0.97, 

p < 0.001. 

 

6.2   Describing the study population according to dietary TAC scores 

 

Characteristics of the study population according to TAC quintiles are described in Tables 3 

and 4.  No difference could be seen as for the average age of the participants between TAC 

quintiles. Energy intake increased with increasing TAC score in all indexes along with 

alcohol intake. The percentage of smokers increased as well with TAC score regardless of 

the index. There was also a clear trend towards a higher physical activity level and higher 

education when moving from the lowest to the highest TAC quintile for all TAC indexes.  

 

In the indexes with coffee intake included in the TAC scores, BMI slightly increased with 

higher TAC scores, but this effect was not seen in the models with coffee intake excluded 

from the TAC scores. As for what comes to family history of cancer there were no 

substantial differences between TAC quintiles for any of the indexes.  

 

Regional differences were also studied according to TAC quintiles.  A slight increase in TAC 

intake was observed when moving from the south towards the north (average TAC: south < 
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centre < north) in all TAC indexes. Dietary pattern was also more Western towards higher 

TAC scores. These results, as well as further detail on the distribution of baseline 

characteristics, are displayed in the Annex 2. 

 

 

Table 3. Distribution of adjustment variable characteristics according to FRAP quintiles 

 
FRAP quintiles 

Q1 Q2 Q3 Q4 Q5 

FRAP range (mmol/day) < 11.4 11.4-14.7 14.8-18.1 18.2-22.7 22.7 > 

FRAP mean (mmol/day) 8.8 13.1 16.4 20.2 28.9 

age mean (years) 53.3  53.2  53.0  52.5  51.8  

energy intake mean (kcal/day) 1930 2045 2122 2216 2340 

current smokers (%) 6.8 10.1 12.9 16.1 22.4 

alcohol intake mean (g/day) 5.1 8.7 11.4 14.4 18.3 

BMI mean (kg /m²) 22.6  22.7 22.9  23.0  23.3  

high educational level¹ (%) 29.7 34.3 35.4 36.8 39.3 

family history of cancer² (%) 44.4 44.6 45.1 45.6 45.6 

physical activity (MET-h/week) 46.3 48.1 49.6 50.3 51.9 

      

 
FRAP quintiles without coffee 

Q1 Q2 Q3 Q4 Q5 

FRAP range (mmol/day) < 6.0 6.0-7.8 7.8-9.7 9.7-12.4 12.4 > 

FRAP mean (mmol/day) 4.7 6.9 8.8 11.0 16.0 

age mean (years) 52.5 52.7  52.9  53.0  52.6  

energy intake mean (kcal/day) 1812 2040 2159 2250 2392 

current smokers (%) 12.1 12.1 12.9 14.2 17.0 

alcohol intake mean (g/day) 4.1 7.4 10.5 14.3 21.5 

BMI mean (kg /m²) 22.9  23.0  22.9  22.9  22.8  

high educational level¹ (%) 29.3 32.0 34.1 37.1 42.9 

family history of cancer² (%) 43.7 46.0 44.6 44.9 46.1 

physical activity (MET-h/week) 45.0 47.3 49.0 51.0 53.8 

¹ measured as over 2 years of studies after high school    

² one or more family members (parents or siblings) diagnosed previously with cancer 
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Table 4. Distribution of adjustment variable characteristics according to TRAP quintiles 

 
TRAP quintiles 

Q1 Q2 Q3 Q4 Q5 

TRAP range (TE/day) < 8.2 8.2-14.4 14.4-20.9 21.0-30.0 30.0 > 

TRAP mean (TE/day) 5.2 11.3 17.7 25.0 41.9 

age mean (years) 53.3 53.5 53.0 52.5 51.6 

energy intake mean (kcal/day) 2040 2104 2125 2155 2230 

current smokers (%) 6.4 10.7 13.1 15.9 22.2 

alcohol intake mean (g/day) 6.1 10.9 12.5 13.8 14.6 

BMI mean (kg /m²) 22.5 22.7 22.9 23.1 23.3 

high educational level¹ (%) 31.1 36.6 35.5 35.2 37.0 

family history of cancer² (%) 44.4 45.1 45.2 45.5 45.1 

physical activity (MET-h/week) 47.9 49.2 49.5 49.4 50.3 

      

 
TRAP quintiles without coffee 

Q1 Q2 Q3 Q4 Q5 

TRAP range (TE/day) < 2.9 2.9-3.9 4.0-5.1 5.2-6.7 6.7 > 

TRAP mean (TE/day) 2.2 3.5 4.5 5.8 8.6 

age mean (years) 52.5 52.8 52.9 53.0 52.7 

energy intake mean (kcal/day) 1873 2047 2139 2223 2371 

current smokers (%) 11.7 11.9 12.6 14.5 17.6 

alcohol intake mean (g/day) 3.8 6.9 10.1 14.3 22.9 

BMI mean (kg /m²) 22.9 22.9 22.9 22.9 22.9 

high educational level¹ (%) 28.5 32.0 34.8 37.3 42.8 

family history of cancer² (%) 43.5 45.6 44.8 45.6 45.8 

physical activity (MET-h/week) 45.3 47.3 48.8 51.0 53.7 

¹ measured as over 2 years of studies after high school    

² one or more family members (parents or siblings) diagnosed previously with cancer 
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6.3   Dietary TAC score and cancer risk 

 

Results regarding the cancer risk estimations were quite different when including or 

excluding coffee from the dietary TAC score (see Table 5). With both FRAP and TRAP 

methods the inclusion of coffee in the score resulted in an increased risk of cancer towards 

higher TAC intakes (p for trend < 0.05). This increase was particularly apparent in the 

energy-adjusted model where the highest FRAP and TRAP intake quintiles suffered from a 

15 % and 14 % higher risk for cancer respectively compared to the first intake quintile (p for 

trend < 0.0001 for both FRAP and TRAP). While the trend of increased risk with higher TAC 

intakes remained statistically significant (p for trend < 0.05 for both) in the fully adjusted 

models, the hazard ratios for individual quintiles were levelled up to borderline statistically 

significant (last quintile of FRAP: HR = 1.08, 95% CI 1.00-1.16; last quintile of TRAP: HR = 

1.08, 95% CI 1.01-1.16).  

 

When coffee was excluded from the dietary TAC scores the increase in TAC intake was not 

associated with cancer incidence in the energy-adjusted model. When all adjustments were 

made a small but statistically significant risk reduction trend was observed towards higher 

TAC intakes (p for trend = 0.016 for both FRAP and TRAP). Compared to the first TAC 

quintile in the highest quintiles of FRAP and TRAP intake without coffee cancer risk was 

reduced by 9 % and 7 % respectively (95% CI 0.84-0.99 for both FRAP and TRAP).  

 

The multivariate models were adjusted for energy intake without alcohol, tobacco smoking 

status, alcohol intake, BMI, educational level, physical activity, region, family history of 

cancer. The additional adjustment by Western dietary pattern did not influence the risk and 

thus the variable was left out of the final model. 
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Table 5. Energy-adjusted and multivariate hazard ratios of cancer according to dietary TAC quintiles.  

 TAC quintiles  

 
Q1 

(n = 13 526) 

Q2 

(n = 13 527) 

Q3 

(n = 13 527) 

Q4 

(n = 13 527) 

Q5 

(n = 13 527) 

p for 

trend 

FRAP 

Median intake (mmol/d) 9.2 13.1 16.3 20.1 26.9  

Energy-adjusted HR 

                (95 % CI) 

1.00 1.06 

(0.99-1.14) 

1.06 

(0.98-1.13) 

1.13* 

(1.05-1.21) 

1.15* 

(1.07-1.24) 

<.0001* 
 

Multivariate¹ HR 

                (95 % CI) 

1.00 1.04 

(0.97-1.12) 

1.02 

(0.95-1.10) 

1.07 

(1.00-1.16) 

1.08 

(1.00-1.16) 

0.048* 

 

       

FRAP without coffee 

Median intake (mmol/d) 4.9 6.9 8.7 10.9 14.8  

Energy-adjusted HR 

                (95 % CI) 

1.00 0.98 

(0.91-1.05) 

0.95 

(0.89-1.02) 

0.94 

(0.87-1.01) 

1.00 

(0.93-1.07) 

0.898 
 

Multivariate¹ HR 

                (95 % CI) 

1.00 0.96 

(0.89-1.03) 

0.92* 

(0.85-0.99) 

0.88* 

(0.82-0.95) 

0.91* 

(0.84-0.99) 

0.016* 

       

TRAP 

Median intake (TE/day) 5.3 11.3 17.7 24.8 38.0  

Energy-adjusted HR 

                (95 % CI) 

1.00 1.02 

(0.95-1.09) 

1.08* 

(1.00-1.15) 

1.11* 

(1.04-1.19) 

1.14* 

(1.07-1.23) 
<.0001* 
 

Multivariate¹ HR 

                (95 % CI) 

1.00 0.99 

(0.93-1.07) 

1.04 

(0.97-1.12) 

1.07 

(1.00-1.15) 

1.08* 

(1.01-1.16) 

0.005* 

 

       

TRAP without coffee 

Median intake (TE/day) 2.3 3.5 4.5 5.8 8.1  

Energy-adjusted HR 

                (95 % CI) 

1.00 0.97 

(0.91-1.04) 

0.99 

(0.93-1.06) 

0.94 

(0.88-1.01) 

1.01 

(0.94-1.08) 

0.894 
 

Multivariate¹ HR 

                (95 % CI) 

1.00 0.96 

(0.89-1.03) 

0.95 

(0.89-1.03) 

0.88* 

(0.82-0.95) 

0.93* 

(0.84-0.99) 

0.016* 

 

              

* p < 0.05 

¹adjusted for energy intake without alcohol, tobacco, alcohol, BMI, education, region, physical activity and family history of cancer 
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6.4   Stratifications 

 

No interaction between smoking status and dietary TAC intake or BMI and dietary TAC 

intake could be observed (results not shown). When studying the dietary antioxidant 

capacity according to smoking status or BMI very similar associations were obtained as 

from the general analysis. Figures 8-11 illustrate the risk estimations according to the four 

TAC scores in the total population and in the stratified groups. Hence, when considering 

TAC intakes with coffee included in the score, a small but non-statistically significant 

increased cancer risk was observed in all sub categories; non-smokers, smokers, those with 

BMI < 25 kg/m² and those with BMI ≥ 25 kg/m². With coffee excluded from the TAC scores, 

a small risk reduction was observed for all groups except in women with a BMI ≥ 25 kg/m² 

whose risk was not affected by TAC intake level.  

 

Taking a closer look at the stratified results revealed an interesting, although mostly non-

significant, observation concerning the association of increased TAC intake with cancer 

incidence (when coffee was excluded from the score) for smokers; it seems that they were 

benefitting from a bigger reduction of cancer risk compared to non-smokers. In the fourth 

quintile of TRAP score without coffee the hazard ratios were 0,90 (95% CI 0.83-0.98) for 

non-smokers and 0,79 (95% CI 0.64-0.97) for smokers. However, due to the reduced 

population size and consequent enlarged confidence interval, the significance of these 

observations of stronger protection among smokers could not be established for most TAC 

quintiles. Detailed result tables can be found in Annex 3.  
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Figure 8. Hazard ratio for cancer in relation to FRAP intake when coffee is included in the score and 

according to smoking status and BMI with 95 % confidence interval. P for trend shown for each 

group. * p < 0.05 for the HR of this TAC quintile.  

 

Figure 9. Hazard ratio for cancer in relation to FRAP intake when coffee is not included in the score 

and according to smoking status and BMI with 95 % confidence interval. P for trend shown for each 

group. * p < 0.05 for the HR of this TAC quintile. 
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Figure 10. Hazard ratio for cancer in relation to TRAP intake when coffee is included in the score and 

according to smoking status and BMI with 95 % confidence interval. P for trend shown for each 

group. * p < 0.05 for the HR of this TAC quintile. 

 

 

Figure 11. Hazard ratio for cancer in relation to TRAP intake when coffee is not included in the score 

and according to smoking status and BMI with 95 % confidence interval. P for trend shown for each 

group. * p < 0.05 for the HR of this TAC quintile. 
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7   DISCUSSION 

 

7.1   Study aims and main findings 

 

The aim of this study was to investigate the total antioxidant capacity (TAC) intake in a 

population of middle aged French women and study whether dietary TAC intake is 

associated to cancer incidence. Four TAC indexes were created using two different total 

antioxidant capacity measuring methods (FRAP and TRAP) and including or excluding 

coffee from the scores. The main dietary contributors to the average TAC intake were 

explored to determine the main sources of direct antioxidants in the cohort. In addition, 

correlations between the dietary TAC indexes and other dietary factors such as fruit and 

vegetable intake and antioxidant nutrient intakes were studied to see how well they 

corresponded to one another. 

 

The mean dietary TAC intake calculated using the FRAP method was 20.5 mmol/day. When 

coffee intake was excluded from the score, the FRAP intake level dropped to 9.4 mmol/day. 

With the TRAP method the mean TAC intake of the cohort was 20.2 TE/day which dropped 

to 4.9 TE/day when coffee was excluded from the score.  

 

The main finding of the study was the observation that cancer risk a) increased with TAC 

intake when coffee was included in the indexes, and b) decreased with TAC intake when 

coffee was excluded from the scores. Since coffee was the main contributor to the TAC 

scores in this study (43 % and 76 % of FRAP and TRAP intake respectively), and because 

of its association to deleterious health behaviours (Freedman et al. 2012), it can be argued 

that coffee acts as a potential confounder and therefore should not be taken into account. 

When looking at the risk estimations without coffee, the highest FRAP intake quintile 

benefitted from a 9 % risk reduction (95% CI 0.84-0.99, p for trend = 0.016) in cancer 

incidence compared to the lowest FRAP intake quintile. Similarly the highest TRAP intake 

quintile (without coffee) benefitted from a 7 % risk reduction (95% CI 0.84-0.99, p for trend = 

0.016) of cancer compared to the lowest TRAP intake quintile. 

 

Following coffee, the main contributors to the TAC score in this cohort were tea, wine, fruits 

and fruit juice, vegetables and chocolate in different proportions depending on the chosen 

TAC index. Tea and wine intake accounted for 10 % and 8 % of FRAP, respectively, and 5 

% (both) to TRAP. Fruit and fruit juice together contributed 13 % and 6 % to FRAP and 
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TRAP, respectively. Vegetables accounted for 7 % and 4 % of FRAP and TRAP, 

respectively, while chocolate contributed an average of 4 % FRAP and 3 % of TRAP. 

 

 

7.2   Methodological considerations relevant to the current study 

 

7.2.1   Study subjects and dietary assessment 

 

The current study is based on a cohort of French middle aged women. These women were 

recruited in 1990 from the lists of a national health coverage plan targeting mainly teachers 

and co-workers. The participants possess in average a higher education level than the 

general French population and due to the recruitment strategy represent a rather narrow 

professional variety. Thus the dietary TAC intakes reported here only describe the intake 

level of a specific group and generalisations should be avoided.  

 

Nevertheless, the large sample size (67 634 participants) and the small number of 

participants lost to follow up (768 participants) remain as strengths of this study and give 

importance to the results. In female populations with similar TAC intake levels the observed 

risk estimations could be expected to apply when using the same TAC measuring database. 

 

The FFQ used in the current study to evaluate the dietary intake of study participants has 

been validated and can be judged to accurately enough reflect the quantitative and 

qualitative intake of different foods (van Liere et al. 1997). The prospective nature of the 

study also limits bias due to recall. In addition, because participants with extreme values for 

the ratio between energy intake and expenditure were disqualified from the study, the data 

should reflect a fairly normal distribution of dietary intakes.  

 

 

7.2.2   Creating the TAC indexes for the study 

 

The Norwegian and Italian datasets from where the TAC values of each food item were 

extracted in this study represent somewhat different types of approaches to TAC analysis. 

While the Italian dataset concentrates only in typical Italian foods and presents a limited 

number of products, the Norwegian database is broader and includes products from all over 

the world. This initial difference is reflected in the sample collection protocol. Italian food 
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items are meant to be representative of the country and thus three similar products are each 

time collected from three different vendors to create one sample. In the Norwegian dataset 

samples are single food items from specified shops. 

 

Why this is important to specify is the fact that TAC values for specific foods vary greatly 

according to cultivation area, season and variety of the raw material (Carlsen et al. 2010). 

This complicates the use of these datasets at a more precise level and, on the other hand, 

their application to more global contexts. This remark, however, concerns any dietary study 

that relies their nutrient values on simplified food composition data often obtained by 

analysing single items at single time points. But epidemiological research is always limited 

by generalisations applied into the study population. Regarding nutritional studies this 

includes ignoring differences in individual cooking habits and product origin that are hard to 

trace on such a large scale. Thus from an epidemiological point of view the used TAC 

scores can be judged indicative, although not absolute, of the dietary TAC intakes of the 

study population.  

 

In the present study where the diet of a French population is being investigated, the Italian 

food dataset might better represent the product variety and growing conditions of French 

food items than the more international Norwegian dataset. But given the much greater 

variability of products analysed in the Norwegian dataset (including animal products) and 

the recommendation to use multiple dietary TAC methods to ensure a more reliable risk 

estimation, I opted to include both measures and encourage further studies to do the same.  

 

 

7.2.3   The four dietary TAC indexes - case for coffee exclusion 

 

The creation of TAC indexes without coffee was defended in previous publications arguing 

that the antioxidant molecules in this beverage were not necessarily biologically relevant 

(Serafini et al. 2012). The argument of antioxidant molecules too big for absorption applies, 

however, also to cooked vegetables. For example frying can lead to huge rise in total 

antioxidant capacity of vegetables. This is partly due to the Maillard effect upon heating 

which is the same reaction responsible for coffee’s high antioxidant activity after roasting 

(Morales et al. 2012). The effect that cooking of vegetables has on the absorption of the 

antioxidant elements in these foods has, however, never been taken into account in the 

previous publications.  
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Further on the whole biological relevance argument can appear somewhat curious 

considering that the use of TAC methods on food samples is always accompanied with the 

reminder underlining the in vitro nature of these assays, and the fact that they do not take 

into consideration the absorption of the molecules or any other aspect of their biological 

effects. This premise is crucial as it applies to all flavonoids and enables the consideration 

of flavonoid rich foods such as tea and wine in the TAC assays. In this respect, it is also of 

no interest debating on the possible effects of different metabolites of flavonoids produced 

in the gut as this would reflect once more the in vivo situation where many more variables 

should then be taken into account. 

 

However, another and somewhat more justified argument for excluding coffee from the TAC 

score relates to its association to other lifestyle factors; coffee intake has been linked with 

many negative health behaviours such as tobacco smoke, alcohol intake, low physical 

activity level, low consumption of fruits and vegetables and higher consumption of red meat 

which can act as confounders in the risk analyses even when adjustments are made 

(Freedman et al. 2012). In the current cohort, since the correlation between coffee intake 

and TAC score was very strong, this procedure can be justified. The differences in the 

results from the TAC scores with and without coffee inclusion are discussed in the “7.3   

Appraisal of results” section (page 52). 

 

 

7.2.4   Ignoring supplement use in the TAC indexes 

 

Intake of vitamin supplements was not taken into account in this study as there is no 

knowledge on the exact dosage of the supplements used by participants. Nevertheless, this 

should not be of critical importance since regular supplement use was considerably low 

(27%) in this cohort (Touvier et al. 2009). Only 6.0% reported taking vitamin C supplements, 

5.6% taking vitamin E supplements and 2.3% taking beta-carotene supplements. 

Furthermore, in most cases the intake was limited to short periods. Thus the impact of 

supplementation can be expected to be minimal in the current study.  

 

In the US where supplement use is much more common some interesting observations 

have been made concerning dietary antioxidant intake with and without supplement use and 

cancer risk. In a study by Mekary et al (2010) the protective effect observed for dietary TAC 

to rectal cancer was lost when supplement use was included in the TAC measure. In 

another study supplement use of vitamin C, vitamin E or beta-carotene were all associated 
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with increased risk of ovarian cancer while total TAC (from diet and supplements together) 

was not associated with ovarian cancer (Gifkins et al. 2012). These results suggest that 

supplements do not necessarily have the same protective effect as foods rich in 

antioxidants and their incorporation to dietary TAC measures may not be suitable. 

 

 

7.3   Appraisal of results 

 

7.3.1   Considerations on the dietary TAC intakes 

 

The average daily total antioxidant capacity intake of the cohort was 20.5 mmol with the 

FRAP method and 20.2 TE with the TRAP method. When coffee intake was excluded from 

the scores, the FRAP intake level dropped to 9.4 mmol/day and the TRAP intake to 4.9 

TE/day. The FRAP averages are well in line with previously reported mean intakes by 

European populations (Pellegrini et al. 2007, Serafini et al. 2012). However, the average 

TRAP score of 20.2 TE/day with coffee included is much higher than that obtained in a 

similar Italian study population of 9.6 TE/day. This is most probably due to the major 

contribution of coffee and tea to our TRAP score (76 % and 5 % respectively) which was 

less highlighted in the Italian study (51 % together; Pellegrini et al. 2007). Indeed, in the 

Italian cohort the average consumption of coffee and tea together was only 143g/day 

compared to 479g in the current study (Pellegrini et al. 2007). Apart from this observation, 

the main contributors remain the same as reported in the Italian study with tea, wine, fruit, 

vegetables and chocolate as major sources of dietary TAC (Pellegrini et al. 2007). 

 

The TAC indexes correlated strongly with each other, which is a positive observation from 

the methodological point of view (r = 0.91 for FRAP and TRAP with coffee and r = 0.97 for 

FRAP and TRAP without coffee). It suggests that animal products that are not taken into 

account in the TRAP scores affect only minimally the TAC intake. While the percentages of 

individual contributors to the TAC score deviate slightly between the indexes, what is 

noteworthy is that the ranking of main food groups and top 5 individual items remain the 

same in the two scores. In this respect the two total antioxidant capacity measures can be 

considered equally informative.  

 

The FRAP assay seems to correlate slightly better with dietary vitamin C than the TRAP 

assay, whereas TRAP correlated better with coffee and wine intake that are abundant 

flavonoid sources. This could be interpreted as a support to the initial claims of the FRAP 
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method working through a SET reaction and TRAP method working via a HAT reaction. 

Thus FRAP should better detect vitamin C which is an electron donor and TRAP should 

better detect flavonoids that usually work as hydrogen atom donors. These differences are, 

however, minimal and both assays obviously highlight the intake of flavonoids, considering 

that coffee, tea and wine were the main contributors to the score, all of which are great 

sources of flavonoids. 

 

An intriguing detail was also observed when examining the correlation between the TAC 

indexes and the Western dietary pattern. Due to its mainly “unhealthy” reputation it could be 

expected that the Western pattern, characterised by the consumption of such items as 

pizza, meat, eggs and alcohol, were inversely correlated to dietary total antioxidant 

capacity. Surprisingly, a rather strong positive correlation (r > 0.25) between these dietary 

factors was observed. This is probably due to the high contribution of coffee and wine to the 

TAC score as they are also included in the Western dietary pattern.  

 

 

7.3.2   Relationship between TAC intake and cancer risk 

 

Dietary total antioxidant intake was associated with an increased risk of overall cancer when 

coffee was included in the TAC scores (HR = 1.08, 95% CI 1.00-1.16 for the last quintile of 

FRAP intake and HR = 1.08, 95% CI 1.01-1.16 for the last quintile of TRAP intake). When 

coffee was excluded from the TAC score a decrease in cancer risk was observed for higher 

TAC intakes (HR = 0.91, 95% CI 0.84-0.99 for the last quintile of FRAP intake and HR = 

0.93, 95% CI 0.84-0.99 for the last quintile of TRAP intake). The opposite risk estimates of 

the total antioxidant capacity intakes when scores included or excluded coffee was an 

observation that has so far not been reported in previous publications (Serafini et al. 2012, 

Holtan et al. 2012, Rautiainen et al. 2012, Mekary et al. 2010, Gifkins et al. 2012a&b). It 

reflects well the problem with TAC measurement and its use in epidemiology without 

standardised methods regarding the building of the TAC score or even the assay procedure. 

While some research groups have simply left coffee out of the score, others have used an 

“absorption coefficient” or included coffee as such to the score (Serafini et al. 2012, Holtan 

et al. 2012, Rautiainen et al. 2012). As a result depending on the construction of the score 

any result can be obtained from the analyses. Thus, when considering previous results on 

TAC intake and cancer incidence, the inclusion or not of coffee should be taken into 

account, especially considering its contribution to the total score (43% and 76% of the total 

FRAP and TRAP intake, respectively, in the current study).  
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Thus comparing the current results with previously published ones and paying attention to 

the coffee inclusion/exclusion criteria, it appears the results are well in line with one another. 

When dietary TAC intake has been measured excluding coffee from the score most studies 

have found an inverse relationship between TAC intake and cancer (Serafini et al. 2012, 

Serafini et al. 2002, Holtan et al. 2012). On the contrary, those studies that included coffee 

to their TAC score found no association between dietary TAC score and cancer (Mekary et 

al. 2010, Gifkins et al. 2012a&b).  

 

Another detail worth noting is that in those studies where a possibly protective effect of 

dietary TAC against cancer was observed, the cancer types investigated were either gastric 

cancer or non-Hodkings lymphoma (Serafini et al. 2012, Serafini et al. 2002, Holtan et al. 

2012). These are both cancer sites that could hypothetically benefit from an elevated dietary 

TAC even if this antioxidant activity is in general non-relevant on the cellular level. In other 

words, even if the antioxidant is not expected to reach the cells it can still have an effect at 

the gastrointestinal tract and systemic level.  

 

The observation that smokers seemed to benefit from a stronger protective effect of higher 

dietary TAC scores (without coffee inclusion in the scores) is in line with previous 

publications (Serafini et al. 2012, Serafini et al. 2002). This is, nevertheless, again an effect 

so far only observed for gastric cancer while for example for colorectal cancer the 

association has not been confirmed (Hansen et al. 2012). 

 

 

7.3.3   Interpreting the obtained results 

 

In this study a reduction in cancer risk was observed in association with higher intakes of 

dietary total antioxidant capacity when coffee intake was excluded from the dietary 

assessment. So it seems that the more direct antioxidants a diet contains, the better we are 

protected against cancer. Even if this observation does not allow any conclusions to be 

drawn about the biological mechanism behind the association, it justifies some discussion 

on the matter. 

 

As proposed in the background section dietary antioxidants could work to reduce excessive 

oxidative stress and prevent the consequent DNA damage. The abundantly antioxidant 

environment could also maintain an optimal state for normal cell signalling and gene 
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expression to reign. Hence cells would be protected against the deleterious effects of free 

radicals and cancer process could be delayed to the maximum. Yet, as much as this 

reasoning is tempting, alternative explanations need to be considered as well. 

 

When examining the main contributors to the dietary TAC indexes, tea, wine, fruits, fruit 

juice and vegetables come out first when coffee is not considered. Consumption of black 

tea, the main tea beverage consumed in France, does not seem to be associated with 

cancer risk (Yuan et al. 2011). Wine consumption, on the other hand, has been associated 

with both a decrease and an increase in cancer depending on the cancer type in question 

(Arranz et al. 2012). Thus the consumption of these foods can not be expected to draw 

significantly the risk estimation towards the observed decrease in cancer incidence. 

 

The case for fruits and vegetables is different. In the current study fruits, fruit juices and 

vegetables contributed together up to 36 % and 38 % of FRAP and TRAP intake, 

respectively. In the European Prospective Investigation Into Cancer and Nutrition (EPIC) 

study, fruit and vegetable intake was shown to be associated with a decreased risk of 

cancer with a hazard ratio of 0.89 (95% CI 0.85-0.93) for the fifth intake quintile when 

compared to the first one (Bofetta et al. 2010). This result appears quite close to the ones 

observed in the current study where the 5th FRAP and TRAP intake quintiles benefitted from 

HRs of 0.91 and 0.93, respectively, when compared to the 1st TAC intake quintiles.  

 

The main food items contributing to the dietary TAC intake are also major polyphenol 

sources (Manach et al. 2004). Dietary polyphenol intake has been shown to correlate 

strongly with dietary total antioxidant capacity (Floegel et al. 2010). Polyphenols are 

suggested to play a protective role in cancer (Mitjavila and Moreno 2012). Experimental 

studies have yielded abundant evidence of polyphenols anticarcinogenic effects (Mitjavila 

and Moreno 2012). However, only few large scale epidemiological studies have been 

performed to investigate at the association between the intake of polyphenol rich foods and 

cancer incidence. This is mainly due to the difficult estimation of total polyphenols in diet as 

the group is composed of a large quantity of very different molecules and their concentration 

is still lacking from large scale food databases. This said, the quantification method for 

polyphenols is often done using a similar in vitro measurement to the TAC methods and 

thus is based on food composition data. However, a recent meta-analysis comprising of 12 

studies suggested that dietary flavonoids may protect against lung cancer (Tang et al. 

2009).  

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Mitjavila%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=22858365
http://www.ncbi.nlm.nih.gov/pubmed?term=Moreno%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=22858365
http://www.ncbi.nlm.nih.gov/pubmed?term=Mitjavila%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=22858365
http://www.ncbi.nlm.nih.gov/pubmed?term=Mitjavila%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=22858365
http://www.ncbi.nlm.nih.gov/pubmed?term=Moreno%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=22858365
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7.4   Challenges concerning dietary TAC use in epidemiology 

 

7.4.1   Role of flavonoids in the dietary TAC score 

 

One of the main concerns regarding the dietary TAC measures relates to flavonoids and 

their contribution to the in vitro measurement. Flavonoids are responsible for most of the 

antioxidant capacity value of our diets (Ji et al. 2011, Yang et al. 2011). In our study the 

main contributors to dietary TAC were coffee, tea and wine – all abundant in flavonoids. But 

the absorption of these molecules from gut and further on the in vivo antioxidant function is 

still unclear. Estimations about flavonoids bioavailability hover between 0.3% and 43% 

(Landete 2012). Moreover, the cellular uptake and metabolism are not always 

straightforward for these agents. This raises questions about the biological relevance of the 

dietary TAC -intake measure. 

 

However, this is not to say that flavonoids could not contribute to the protection against 

cancer. On the contrary, it does seem that at least some dietary flavonoids exert some kind 

of protective action against at least lung, oral, ovarian and endometrial cancers (Romagnolo 

and Selmin 2012). However, whether this protection is due to the direct antioxidant 

(reduction) function or some other mechanism of action, is debatable. Bandyopadhyay et al. 

(2013) found recently that the antioxidant capacity of vegetables was not correlated with 

their antimutagenicity. Thus the dietary TAC assay might not represent the most appropriate 

measure, as it focuses in the reducing capacity measurement without consideration on the 

type of flavonoids in question nor their biological function. Indeed, many scientists are tilting 

towards emphasising other biological mechanisms behind flavonoids beneficial effects on 

health (Corcoran et al. 2012).  

 

 

7.4.2   Synergy between molecules 

 

One of the main claims of the TAC assays has been that they consider the synergy between 

different antioxidants when they work together. This synergy is, nevertheless, largely lost in 

the food assays due to sample preparation separating hydrophilic and lipophilic antioxidants 

(Carlsen et al. 2010, Serafini et al. 2002). Question arises should the antioxidant nutrient 

content of the consumed foods just be calculated separately summing up each antioxidant 

intake. 
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Concerning the synergies of antioxidant activities on dietary level another obstacle comes 

up. This is the potential effect that mixing foods on a meal has on the antioxidant capacity. It 

has been well recorded that for example the addition of milk to tea reduces dramatically the 

TAC of the drink (Serafini et al. 1996, Langley-Evans 2000). It can thus be expected that 

similar mixing effects happen between other food items as well. This has so far not been 

taken into account in the dietary TAC scores analysis.  

 

 

7.4.3   Timing of the exposure and relevance to cancer pathophysiology 

 

In epidemiology we are often faced with the problem of the exact timing of the exposure as 

well as the occurrence of the outcome. In the case of cancer this problem is ever more 

present. Indeed, as the cancer process evolves, the same stimulus may result in different 

responses as cells go through changes in the genetic material, cell signalling and redox 

balance (Moolgavkar and Luebeck 2003). Thus what can be a protective effect of 

antioxidants in the early stages of cancer (initiation and promotion) might actually be 

harmful in the progressive phase of the disease (Valko et al. 2006, Watson 2013).  

 

The notion that antioxidants might actually further speed up the metastatic phase of cancer 

is based on the idea that antioxidants by default try and keep the cell alive and functioning 

as long as possible not permitting the excessive oxidative state that initiates apoptosis in the 

cell (Watson 2013). However, in cancer treatment the objective is to destroy these 

advanced cancer cells. Thus the scientific community is increasingly questioning the 

ambiguous role of antioxidants in cancer (Poljsak and Milisav 2012, Hart et al. 2012).  

 

Especially seen the long promotion phase of cancer it would be crucial to know what the 

optimal dose and combination of antioxidants is at this point. In future studies it could be 

interesting to do a separate analysis without those who were diagnosed with cancer in the 

following two years after dietary assessment. Moreover, if there is information about the 

dietary patterns along life course, it could be examined whether antioxidant nutrient intakes 

at different periods in life have different effect on cancer risk. 
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7.5   The use of dietary TAC – the past, the present and the future 

 

7.5.1   Previous applications of TAC in epidemiology 

 

The total antioxidant capacity measurement was initially created to measure the redox 

capacity of body fluids. Its application to food samples is somewhat troublesome. The in 

vitro nature of the assays restricts the interpretation of the score to dietary pattern level. 

That is, no hypothesis can be done on its biological function, as it is not clear whether this 

activity is translated to cells. Instead the score should be descriptive of a certain dietary 

behaviour that includes the consumption of direct reducing elements.  

 

The dietary quality point of view has already been proposed in a previous publication by 

Puchau et al. (2009). They found a positive correlation between dietary TAC score and a 

Mediterranean dietary score and other healthy eating scores. His group also found an 

inverse relationship between TAC score and early markers for metabolic syndrome (Puchau 

et al. 2010). Another study reported that food selection based on TAC score increased 

antioxidant nutrient intake even when fruit and vegetables intake was kept the same 

(Valtueña et al. 2008). Thus dietary TAC score could be used as an indicator of a certain 

dietary pattern containing direct reducing agents.  

 

However even this way it is questionable whether the TAC assay is suitable for 

epidemiological research due to a lack of standardised assay methods. This drawback 

makes it hard to compare results between different studies. Moreover each study uses a 

different list of food items that are included in the TAC score. For example coffee is 

randomly included or excluded from the scores. The all-encompassing term “total 

antioxidant capacity measurement” is thus misleading meaning very different things 

between different studies.  

 

 

7.5.2   Total antioxidant capacity – evolution of the measurement 

 

One thing to keep in mind is the fact that the food TAC analyses only consider dietary 

antioxidants that exhibit direct reducing or chain braking power. This way nutrients such as 

zinc, selenium and omega-3 polyunsaturated fatty acids that work in collaboration with 

endogenous antioxidants do not get acknowledged. Once again the term “total antioxidant 
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capacity” seems a bit misleading. To solve this problem some researchers have suggested 

replacing the name “total antioxidant capacity” by “non-enzymatic antioxidant capacity” 

(NEAC; Bartosz 2010). This would better reflect the actual measurement that focuses on 

direct reducers. But even in this case it is misleading to say that all non-enzymatic 

antioxidants would be considered equally in the assays. It is worth remembering that 

carotenoids, being very specific singlet oxygen quenchers, are not detected in most 

antioxidant capacity assays.  

 

An alternative way of measuring the non-enzymatic antioxidant capacity of foods was 

proposed by Floegel et al. (2010) who used an algorithm to calculate the antioxidant 

capacity of a diet based on single antioxidant nutrient intake values. Thus all direct reducers 

from the diet (vitamin C, vitamin E, carotenoids and flavonoids) were appointed a certain 

coefficient to be used to calculate the reducing ability per weight of intake. This reducing 

ability was based on the vitamin C equivalent antioxidant capacity (VCEAC) values 

developed by Kim et al. (2002). Thus no separate measurement of food TAC is needed as 

long as there is information on the antioxidant nutrient (including flavonoid) contents of 

foods. 

 

While the VCEAC offers a somewhat new TAC measurement it is still restricted to the in 

vitro capacity. To imitate better the bioavailability of the antioxidants the cellular antioxidant 

activity (CAA) assay was created (Wolfe and Liu 2007). This method is based on cell culture 

to which different antioxidant containing samples are introduced. Thus the antioxidants need 

to access the cells to provide protection against oxidation. This assay method has been 

used to measure the antioxidant capacity of foods and supplements and is seen to reflect 

more the actual biological relevance of the agents, taking into consideration aspects of 

cellular uptake, metabolism and localisation. 

 

 

7.5.3   Antioxidants - endogenous versus exogenous agents, quantitative versus qualitative 

measurement 

 

From the clinical point of view the antioxidant capacity will only be relevant if it really 

contributes to the RONS scavenging and elimination in cells. In this respect the relevance of 

the direct reducing effect can be discussed, whether it actually represents an effective way 

of combating oxidants. While a simple reducing molecule is only capable of reacting with 

one oxidising molecule, an agent up-regulating endogenous antioxidant response (i. e. ALA) 
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can activate many genes at the same time and as a result a multifold protection is provided. 

From this perspective it might be interesting to evaluate the whole set of dietary agents 

influencing the antioxidant network and making a score out of these.  

 

To take a step even further it could be questioned whether the simple quantification of 

dietary antioxidant agents will be meaningful. Even if we manage to consider bioavailability 

issues and cellular functioning can different antioxidant nutrients be evaluated on the same 

scale? Or should we maybe start considering more the variety and quality of antioxidant 

defences instead of quantity? Our diet is a source of an incredible variety of antioxidant 

nutrients that together and in different combinations can work in synergy and collaboration 

to boost our defence. It seems unlikely that the excessive intake of one source could 

provide the same effect than a more modest intake of a combination of agents. 
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8   CONCLUSIONS 

 

The antioxidant hypothesis was first introduced by Harman in 1956 to suggest these agents 

could delay aging and disease development caused by accumulating free radical damage in 

tissues. Oxidative agents were recognised as causing DNA damage and increased 

oxidative stress was identified as a characteristic common among many cancer patients. 

Antioxidants, on the other hand, fight against these oxidative agents and thus have been 

seen as possibly crucially protective in disease processes.  

 

The idea that by increasing dietary antioxidant consumption we could overwhelm our 

system with beneficial agents and prevent cancer is indeed intriguing. Laboratory studies 

based on chemical assays, cell cultures and animal experiments have all proved supportive 

of this hypothesis; it appears that antioxidant can slow down the development of cancer. 

Epidemiological evidence has also been promising in associating higher antioxidant nutrient 

intakes to a decreased risk of cancer.  

 

However, when searching confirmation for these findings through interventional trials results 

were disappointing. Not only were supplementary antioxidants unable to provide protection 

against cancer, but in some cases they actually increased the risk. One proposed 

explanation was that the approach was too simplistic i.e. in using supplements containing 

only one antioxidant nutrient at a time. New intervention trials have been launched with 

different antioxidant cocktails simultaneously given to participants at a time. And indeed in 

the French Suvimax study, such a cocktail proved efficient in reducing cancer burden in 

men but not in women. 

 

Parallel to these studies, a new epidemiological approach has evolved suggesting the use 

of total antioxidant capacity (TAC) measurement of diet as an indicator of antioxidant intake. 

Unlike previous studies that were limited to quantifying only a few antioxidant nutrients, this 

method could also consider the antioxidant capacity of flavonoids, a group of compounds 

with direct reducing ability and that are increasingly recognised as anticarcinogenic agents.  

 

Scientists precipitated to create vast databases of food TAC values that could then be used 

by epidemiologists to create dietary TAC scores and calculate associations with different 

disease risks. The current study investigated the relationship between dietary TAC intake 

and overall cancer incidence. This was done using two different food TAC database and 
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creating four dietary TAC indexes; FRAP and TRAP with and without coffee inclusion. Some 

interesting findings were obtained. It was observed, that when coffee was included in the 

TAC scores, a high TAC intake was associated with an increase in cancer risk. However, 

when coffee, the main source of dietary TAC in this cohort, was excluded from the scores, a 

decrease in cancer risk was observed with high TAC intake. It was suspected that other 

negative behavioural factors associated with coffee consumption would explain this 

discrepancy. 

 

The interpretation of these results highlights the importance of understanding the methods 

used. Not only the inclusion criteria of food items in the TAC score is decisive. Questions 

are also raised about the standardisation of the assay procedures and the overall biological 

relevance and meaningfulness of the measurement. The in vitro nature of the antioxidant 

capacity assays does not convince all scientists that are claiming for a more quality oriented 

approach instead of the simple quantity based measurement. More and more emphasis is 

also directed towards endogenous antioxidants. 

 

While the current study seems to raise more questions than it provides answers, one thing 

remains clear: fruit and vegetable intake is consistently associated with a lower risk of 

cancer. In this study a very similar risk trend was observed between TAC intake without 

coffee and cancer incidence than the one reported between fruit and vegetable intake and 

cancer incidence in a European wide study. Even though the mechanisms behind these 

relationships can be debated, the health benefits cannot be ignored. More research is 

needed to discover the real link between plant foods and reduced cancer incidence. 
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Annex 1: A section of the used dietary questionnaire 
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Annex 2: Distribution of background characteristics according to TAC intake quintiles 

   

 FRAP quintiles with coffee 
 

 
Q1 Q2 Q3 Q4 Q5 total 

FRAP interval <11,4 11,4-14,7 14,8-18,1 18,2-22,7 22,7> 
 mean (mmol/day) 9 13 16 20 29 
 average age Q3 (years) 50 50 49 49 48 
 energy w/o alcohol (kcal) 1930 2045 2122 2216 2340 

 fruit (g) 214 244 254 271 289 

 vegetables (g) 241 264 277 291 317 

 coffee (g) 62 155 246 353 642 

 tea (g) 118 187 203 214 213 

 wine (g) 36 68 91 119 152 

 chocolate (g) 36 22 20 21 23 

 vitamin C  (mg) 121 137 145 155 166 

 vitamin E  (µg) 12 12 13 14 15 

 beta-carotene (µg) 3731 4074 4241 4443 4770 

 

       BMI 
      < 18,5 26.9 21.7 19.7 15.7 15.9 100.0 

18,5-22,4 21.2 20.8 20.2 19.5 18.3 100.0 

22,5-24,9 18.3 19.7 19.8 21.1 21.2 100.0 

25-29,9 18.0 18.6 19.7 20.8 22.9 100.0 

30> 19.2 16.5 20.4 19.0 25.1 100.0 

 

          

 tobacco 
      non-smokers 25.1 22.0 20.1 17.8 15.1 100.0 

ex-smokers 10.0 14.8 18.8 23.6 32.8 100.0 

current smokers 15.9 18.9 20.4 22.1 22.7 100.0 

 

          

 alcohol 
      non-consumers 38.4 20.5 15.4 12.5 13.2 100.0 

< 10 g 24.8 22.8 20.0 17.4 15.0 100.0 

10-19,9 g 12.5 20.3 23.1 23.3 20.9 100.0 

> 20 g 4.8 12.7 19.6 27.5 35.4 100.0 

 

          

 educational level 
      < high school 23.4 20.5 19.6 18.3 18.2 100.0 

max 2 years after high school 21.2 20.2 20.0 19.8 18.9 100.0 

> 2 years after high school 16.9 19.5 20.2 21.0 22.4 100.0 

 

          

 Dietary pattern from the least to most Western 
    1 33.4 24.5 18.5 13.9 9.8 100.0 

2 21.8 22.5 22.0 19.3 14.4 100.0 

3 16.0 19.3 21.1 22.1 21.5 100.0 

4 8.9 13.7 18.4 24.8 34.3 100.0 

 

          

 physical activity level 
      1 22.8 20.3 19.4 18.8 18.6 100.0 

2 19.8 20.5 20.5 19.6 19.6 100.0 

3 19.4 20.3 19.9 20.2 20.2 100.0 

4 18.0 18.8 20.2 21.2 21.6 100.0 
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FRAP quintiles without coffee 

 

 
Q1 Q2 Q3 Q4 Q5 total 

FRAP interval < 6.0 6.0-7.8 7.8-9.7 9.7-12.4 12.4> 
 mean (mmol/day) 5 7 9 11 15.71   

average age Q3 (years) 53 53 53 53 53   

energy w/o alcohol (kcal) 1812 2040 2159 2250 2392   

fruit (g) 167 234 262 285 324 
 vegetables (g) 221 266 281 297 324 
 coffee (g) 336 321 300 270 233 
 tea (g) 19 60 128 232 496 
 wine (g) 23 53 83 119 188   

chocolate (g) 20 23 26 26 29 
 vitamin C  (mg) 101 133 148 160 181 
 vitamin E  (µg) 11 13 13 14 15 
 beta-carotene (µg) 3327 4066 4334 4557 4975 
 

       BMI 
      < 18,5 26.2 18.9 18.1 18.6 18.2 100.0 

18,5-22,4 19.8 19.9 20.0 20.2 20.2 100.0 

22,5-24,9 18.9 19.8 20.2 20.2 20.9 100.0 

25-29,9 20.5 20.6 20.6 19.5 18.8 100.0 

30> 23.4 21.3 18.5 18.7 18.2 100.0 

 

          

 tobacco 
      non smokers 22.4 21.5 20.2 19.2 16.6 100.0 

ex-smokers 17.7 17.7 19.0 20.8 24.9 100.0 

current smokers 17.0 18.5 20.1 20.9 23.5 100.0 

 

          

 alcohol 
      non-consumers 38.1 21.8 16.9 12.8 10.4 100.0 

< 10 g 27.1 24.1 19.6 16.3 12.9 100.0 

10-19,9 g 9.7 21.3 25.1 23.8 20.2 100.0 

> 20 g 2.4 7.7 17.5 29.5 42.9 100.0 

 

          

 educational level 
      < high school 25.9 22.2 19.8 17.3 14.9 100.0 

max 2 years after high school 20.7 20.6 20.5 19.9 18.4 100.0 

> 2 years after high school 16.7 18.3 19.4 21.2 24.4 100.0 

 

          

 Dietary pattern from the least to most Western 
    1 32.9 21.8 18.0 15.0 12.16. 100.0 

2 22.3 22.2 20.5 19.0 16.1 100.0 

3 16.4 20.9 21.6 21.2 20.0 100.0 

4 8.5 15.1 19.9 24.9 31.6 100.0 

 

          

 physical activity level 
      1 24.5 21.3 19.6 17.9 16.6 100.0 

2 20.5 20.0 19.9 20.1 19.4 100.0 

3 18.3 19.5 20.7 20.7 20.8 100.0 

4 16.7 19.2 19.8 21.3 23.1 100.0 
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TRAP quintiles with coffee 

 

 
Q1 Q2 Q3 Q4 Q5 total 

TRAP interval < 8.2 8.2-14.4 14.4-20.9 21.0-30.0 > 30.0 
 mean (TE/day) 5 11 18 25 42 
 average age Q3 (years) 53 53 53 53 52 
 energy w/o alcohol (kcal) 2040 2104 2125 2155 2230 
 fruit (g) 248 258 252 256 259 
 vegetables (g) 261 276 274 279 299 
 coffee (g) 18 113 241 383 703 
 tea (g) 219 287 189 132 108 
 wine (g) 48 89 102 112 116 
 chocolate (g) 36 26 21 20 20 
 vitamin C  (mg) 137 145 144 146 151 
 vitamin E  (µg) 12 13 13 13 14 
 beta-carotene (µg) 4085 4235 4195 4275 4471 
 

       BMI 
      < 18,5 27.6 22.2 18.1 16.1 16.0 100.0 

18,5-22,4 22.0 20.6 19.9 19.3 18.2 100.0 

22,5-24,9 18.0 19.9 20.5 20.6 21.0 100.0 

25-29,9 16.5 18.5 20.1 21.9 23.0 100.0 

30> 16.7 17.3 19.3 20.4 26.3 100.0 

       tobacco 
      non-smokers 24.8 21.3 19.9 18.4 15.7 100.0 

ex-smokers 9.3 15.6 19.2 23.3 32.6 100.0 

current smokers 16.6 19.8 20.5 21.3 21.8 100.0 

       alcohol 
      non-consumers 36.9 17.9 15.6 14.1 15.5 100.0 

< 10 g 23.2 21.0 19.5 18.3 17.9 100.0 

10-19,9 g 14.4 20.4 21.7 22.6 20.9 100.0 

> 20 g 7.5 18.6 22.1 25.0 26.8 100.0 

       educational level 
      < high school 21.3 18.9 20.3 20.0 19.4 100.0 

max 2 years after high school 21.2 19.7 19.8 20.0 19.4 100.0 

> 2 years after high school 17.7 20.9 20.2 20.1 21.1 100.0 

       Dietary pattern from the least to most Western 
    1 30.4 23.7 18.8 15.4 11.8 100.0 

2 21.2 21.6 21.3 19.7 16.2 100.0 

3 17.0 18.9 20.5 21.9 21.7 100.0 

4 11.4 15.8 19.5 23.0 30.3 100.0 

       physical activity level 
      1 21.0 19.6 19.5 20.0 19.9 100.0 

2 19.7 20.1 20.6 19.6 19.9 100.0 

3 20.1 20.3 20.1 20.0 19.5 100.0 

4 19.1 20.0 19.9 20.4 20.7 100.0 
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TRAP quintiles without coffee 

 

 
Q1 Q2 Q3 Q4 Q5 total 

TRAP interval < 2.9 2.9-3.9 4.0-5.1 5.2-6.7 > 6.7 
 mean (TE/day) 2 3 5 6 9 
 average age Q3 (years) 52 53 53 53 53 
 energy w/o alcohol (kcal) 1873 2047 2139 2223 2371 
 fruit (g) 172 238 265 283 314 
 vegetables (g) 219 268 283 297 321 
 coffee (g) 333 316 292 272 246 
 tea (g) 23 73 146 241 452 
 wine (g) 20 48 78 118 202 
 chocolate (g) 19 22 24 25 32 
 vitamin C  (mg) 105 136 149 158 174 
 vitamin E  (µg) 11 13 13 14 15 
 beta-carotene (µg) 3346 4106 4356 4556 4895 
 

       BMI 
      < 18,5 25.6 18.8 19.2 18.6 17.7 100.0 

18,5-22,4 19.8 19.9 20.1 20.2 20.0 100.0 

22,5-24,9 18.9 19.8 19.8 20.6 21.0 100.0 

25-29,9 20.3 20.6 20.4 19.2 19.4 100.0 

30> 24.5 20.5 19.7 17.9 17.7 100.0 

       tobacco 
      non-smokers 22.7 21.5 20.2 19.0 16.6 100.0 

ex-smokers 17.2 17.5 18.4 21.2 25.8 100.0 

current smokers 16.8 18.7 20.3 21.1 23.1 100.0 

       alcohol 
      non-consumers 39.7 22.3 16.2 12.5 9.4 100.0 

< 10 g 27.6 24.9 20.1 15.7 11.8 100.0 

10-19,9 g 7.9 21.3 26.2 25.4 19.2 100.0 

> 20 g 2.0 5.4 15.7 29.6 47.3 100.0 

       educational level 
      < high school 26.6 22.3 19.0 17.4 14.8 100.0 

max 2 years after high school 20.8 20.6 20.4 19.9 18.4 100.0 

> 2 years after high school 16.2 18.3 19.9 21.2 24.4 100.0 

       Dietary pattern from the least to most Western 
    1 31.1 22.5 18.8 15.7 11.8 100.0 

2 21.7 21.9 20.8 19.7 16.0 100.0 

3 17.1 19.9 21.3 20.9 20.7 100.0 

4 10.1 15.7 19.1 23.8 31.5 100.0 

       physical activity level 
      1 24.4 21.1 19.7 18.1 16.6 100.0 

2 20.3 20.1 20.1 20.0 19.6 100.0 

3 18.5 19.5 20.4 21.0 20.7 100.0 

4 16.9 19.3 19.8 20.9 23.2 100.0 
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Annex 3: Cox hazard ratios for cancer from stratified analysis according to smoking status 

and BMI. Models are fully adjusted. * p < 0.05. 

 

 

FRAP 

Non-smokers   Smokers 

FRAP 
quintiles HR p-value CI (95%)   

FRAP 
quintiles HR p-value CI (95%) 

Q1 1.00         Q1 1.00       

Q2 1.05 0.18 0.98 1.13   Q2 0.95 0.68 0.74 1.21 

Q3 1.01 0.80 0.94 1.09   Q3 1.10 0.42 0.87 1.39 

Q4 1.09* 0.04 1.01 1.17   Q4 1.02 0.88 0.81 1.28 

Q5 1.07 0.12 0.98 1.16   Q5 1.13 0.28 0.91 1.41 

                      

                      

BMI < 25   BMI ≥ 25 

FRAP 
quintiles HR p-value CI (95%)   

FRAP 
quintiles HR p-value CI (95%) 

Q1 1.00         Q1 1.00       

Q2 1.06 0.18 0.98 1.14   Q2 0.98 0.79 0.84 1.15 

Q3 1.02 0.60 0.94 1.11   Q3 1.01 0.91 0.86 1.18 

Q4 1.07 0.09 0.99 1.17   Q4 1.07 0.43 0.91 1.25 

Q5 1.09 0.06 1.00 1.19   Q5 1.03 0.69 0.88 1.21 

        

  
 
 
       

  
     

                      

FRAP without coffee 

Non-smokers   Smokers 

FRAP 
quintiles HR p-value CI (95%)   

FRAP 
quintiles HR p-value CI (95%) 

Q1 1.00         Q1 1.00       

Q2 0.97 0.41 0.90 1.05   Q2 0.92 0.43 0.76 1.13 

Q3 0.93 0.06 0.86 1.00   Q3 0.85 0.13 0.70 1.05 

Q4 0.90* 0.01 0.83 0.97   Q4 0.83 0.07 0.67 1.01 

Q5 0.93 0.08 0.85 1.01   Q5 0.85 0.13 0.69 1.05 

                      

                      

BMI < 25   BMI ≥ 25 

FRAP 
quintiles HR p-value CI (95%)   

FRAP 
quintiles HR p-value CI (95%) 

Q1 1.00         Q1 1.00       

Q2 0.96 0.31 0.89 1.04   Q2 0.97 0.66 0.83 1.12 

Q3 0.90* 0.01 0.83 0.98   Q3 0.97 0.70 0.83 1.13 

Q4 0.85* 0.00 0.78 0.93   Q4 1.03 0.73 0.88 1.21 

Q5 0.89* 0.01 0.81 0.97   Q5 1.01 0.94 0.85 1.20 
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TRAP 

Non-smokers   Smokers 

TRAP 
quintiles HR p-value CI (95%)   

TRAP 
quintiles HR p-value CI (95%) 

Q1 1.00         Q1 1.00       

Q2 0.92 0.54 0.72 1.19   Q2 1.00 0.96 0.93 1.08 

Q3 1.12 0.34 0.89 1.42   Q3 1.03 0.40 0.96 1.11 

Q4 1.11 0.36 0.88 1.40   Q4 1.07 0.09 0.99 1.15 

Q5 1.15 0.21 0.92 1.44   Q5 1.07 0.07 0.99 1.16 

                      

                      

BMI < 25   BMI ≥ 25 

TRAP 
quintiles HR p-value CI (95%)   

TRAP 
quintiles HR p-value CI (95%) 

Q1 1.00         Q1 1.00       

Q2 1.01 0.85 0.93 1.09   Q2 0.93 0.34 0.79 1.08 

Q3 1.06 0.16 0.98 1.15   Q3 0.98 0.78 0.84 1.14 

Q4 1.10* 0.03 1.01 1.19   Q4 0.97 0.70 0.83 1.13 

Q5 1.11* 0.01 1.02 1.20   Q5 0.99 0.94 0.85 1.16 

        

  
 
   

  
 
 
         

                      

TRAP without coffee 

Non-smokers   Smokers 

TRAP 
quintiles HR p-value CI (95%)   

TRAP 
quintiles HR p-value CI (95%) 

Q1 1.00         Q1 1.00       

Q2 0.96 0.30 0.89 1.04   Q2 0.92 0.44 0.76 1.13 

Q3 0.96 0.30 0.89 1.04   Q3 0.93 0.46 0.76 1.14 

Q4 0.90* 0.01 0.83 0.98   Q4 0.79* 0.03 0.64 0.97 

Q5 0.92 0.06 0.84 1.00   Q5 0.89 0.30 0.73 1.10 

                      

                      

BMI < 25   BMI ≥ 25 

TRAP 
quintiles HR p-value CI (95%)   

TRAP 
quintiles HR p-value CI (95%) 

Q1 1.00         Q1 1.00       

Q2 0.95 0.18 0.87 1.03   Q2 0.99 0.87 0.85 1.15 

Q3 0.94 0.13 0.87 1.02   Q3 1.01 0.93 0.86 1.17 

Q4 0.85* 0.00 0.78 0.93   Q4 1.01 0.95 0.85 1.18 

Q5 0.89* 0.01 0.82 0.98   Q5 1.00 0.99 0.84 1.19 

 


